
Abstract 
 

LUO, YONG. Nanostructures Design and Fabrication for Magnetic Storage Applications. 
(Under the direction of Veena Misra.)  

 As technology scales down, many opportunities are available for conventional 

magnetic storage devices. The advent of nanofabrication technology offers capabilities in 

patterning materials and modifying the magnetic properties. The focus of this research is 

to design and fabricate magnetic nanostructures and understand the magnetic behavior 

modified by nanostructures, to generate new devices for magnetic storage applications. 

This dissertation has concentrated on the fabrication, simulation and characterization of 

magnetic nanostructures for new storage applications. 

 First, novel techniques have been successfully developed to fabricate nanostructures 

with different shapes and dimensions below the resolution limit of photolithography tool. 

Anisotropic nanostructures, diamonds and triangles, have been obtained by over-exposure 

technique; nano-rings, both centered and de-centered, have been obtained by lateral etch 

technique and ALD spacer mask technique. All these techniques are simple and use 

conventional photolithography. Large area, high density nanostructures have been 

obtained at low cost. The above techniques have been investigated and optimized for 

better control of magnetic properties. 

 Second, anisotropic nanostructures have been characterized correlated with 

simulation to understand the shape anisotropy effect on magnetic behavior. Coercivity 

change and angular dependent behavior result from pinning the magnet by the 

nanostructures and these have been explored. Dimensions of nanostructure also play an 
 



important role in changing the magnetic properties. At constant density, nanostructures of 

larger size introduce more anisotropy and result in higher coercivity and remanence. 

 Third, nano-rings have been characterized correlated with simulation to study the 

magnetic state switching process. Various dimensions of rings have been compared and 

have revealed that the vortex state in rings is affected by the dimensions of inner diameter, 

width and thickness. The shape anisotropy and magnetostatic energy play an important 

role in vortex state formation and maintenance. The interaction effect in ring array has 

also been explored for high density MRAM design application.  

 Fourth, feasible design and fabrication of de-centered rings have been developed for 

vortex chirality control. The process is simple and the shift of the inner circle can be 

easily adjusted. The asymmetry in the de-centered rings controls the movement direction 

of the domain walls, leading to predictable vortex chirality.  

 Finally, future research on the application of the nanostructure on the magnetic 

storage devices is presented. The etching of magnetic materials needs to be further 

optimized for nanostructure geometries control. Ring-shaped magnetic tunneling junction 

(MTJ) needs to be fabricated and characterized especially using spin-torque-transfer 

technique to investigate the advantages of rings. Other applications of nano-rings can be 

further explored. 
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Chapter 1 Introduction 

 Magnetic recording, since its invention over 100 years ago, has played a key role in 

the development of storage technologies, including audio, video and data storage. 

Magnetism contributes greatly to the goal of storing information for long time periods (10 

years), so called non-volatile. Most magnetic devices used are based on the properties of 

thin-film or bulk materials. As technology scales down, lots of challenges have been 

encountered, such as storage density limit and data access time.1 However, the advent of 

nanofabrication technology offers unprecedented capabilities in patterning materials with 

size smaller than magnetic domain wall, and in manipulating the size, shape, 

magnetization orientation, and composition of the structures. Therefore, nanofabrication 

allows us to achieve unique magnetic properties that do not exist in a thin-film or bulk 

material and gives us new freedom in controlling magnetic material properties, leading to 

better understanding of micromagnetics, innovative magnetic materials and devices, for 

applications in patterned media, magnetic random access memories (MRAM) and spin 

transistor. 

 

1.1 Description of Key Magnetic Terms 

Prior to discussing details about the area of magnetic memory devices, some key 

terms that are used in this are briefly defined.  
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Magnetic Hysteresis Loop 

When a ferromagnetic material is magnetized in one direction, it will not relax back 

to zero magnetization when the imposed magnetizing field is removed. It must be driven 

back to zero by a field in the opposite direction. If an alternating magnetic field is applied 

to the material, its magnetization will trace out a loop, which is called hysteresis loop. 

The lack of retraceability of the magnetization curve is the property called hysteresis. It is 

customary to plot of the magnetization M of the sample as a function of the magnetic 

field strength. (Figure 1.1) 

Magnetic Domain 

Magnetic domain is a region within a material which has uniform magnetization. The 

individual moments of the atoms (the electron spins) are aligned to each other. 

Domain Wall 

 Domain wall is the boundary separating magnetic domains, where the magnetization 

rotates coherently from the direction in one domain to that in the next domain. Domain 

walls have a finite width that is determined principally by exchange and 

magnetocrystalline energy 

Saturation 

 Saturation is the state when the material cannot absorb a stronger magnetic field. The 

magnetic flux density of the material has no significant change when the magnetic field 

increases. (Figure 1.1) 
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Remanence 

Remanence is the magnetization left behind in a material after an external magnetic 

field is removed. (Figure 1.1) 

Coercivity 

Coercivity is the intensity of the applied magnetic field required to reduce the 

magnetization of the material to zero after the magnetization of the sample has been 

saturated. Coercivity is usually measured in oersted (Oe) or ampere/meter units and is 

denoted HC. (Figure 1.1) Typical coercivity of bulk magnetic materials: Co, 20 Oe; Ni, 

150 Oe; Permalloy, Ni81Fe19, 0.5-1 Oe.  

Magnetization reversal 

A magnetized material reverses its magnetization direction under external opposite 

magnetic field.  

Switching Field 

At certain magnetic field intensity, the magnetization state of material is reversed or 

change to other state. This field is called switching field, normally it is coercivity. 

Magnetic Grain 

A magnetic grain is a unit of material on a hard disk that can be magnetized in a 

predictable direction. Current technology uses magnetic grains that are about 8 

nanometers long. 

Exchange Coupling 

The magnetic moments of two magnetic elements align themselves parallel or 
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antiparallel, due to the quantum effect. 

Magnetocrystalline Anisotropy 

Magnetocrystalline anisotropy is an intrinsic property of a ferrimagnet, independent 

of grain size and shape. It can be most easily seen by measuring magnetization curves 

along different crystal directions. Depending on the crystallographic orientation of the 

sample in the magnetic field, the magnetization reaches saturation in different fields. The 

easy axis is the direction in which the sample could be easily magnetized, i.e. magnetized 

by the smallest applied field. This difference arises from the interaction of the spin 

magnetic moment with the crystal lattice.  

Shape Anisotropy 

The magnetic anisotropy arising from the anisotropy of the element, tend to make the 

magnet aligned to the element’s long axis. A magnetized body will produce magnetic 

charges or poles at the surface. This surface charge distribution is itself another source of 

a magnetic field, called the demagnetizing field. It acts in opposition to the magnetization 

that produces it. The demagnetizing field will be less if the magnetization is along the 

long axis than if is along the short axes. This produces an easy axis of magnetization 

along the long axis. 

Exchange Bias / Exchange Anisotropy 

It occurs in bilayers (or multilayers) of magnetic materials where the hard 

magnetization behavior of an antiferromagnetic thin film causes a shift in the soft 

magnetization curve of a ferromagnetic film. The reason is the exchange interaction 
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between the antiferromagnet and ferromagnet at their interface. (Figure 1.2) Since 

antiferromagnets have a small or no net magnetization, their spin orientation is only 

weakly influenced by an externally applied magnetic field. A soft ferromagnetic film 

which is strongly exchange-coupled to the antiferromagnet will have its interfacial spins 

pinned. Reversal of the ferromagnet's moment will have an added energetic cost, causing 

the hysteresis loop shift. 

Exchange Energy 

 The exchange energy represents the adjacent spin-spin interaction that gives rise to 

ferromagnetism, and is minimized by having all spins parallel. 

Magnetoresistance 

Magnetoresistance is the relative change in electrical resistance of a material when an 

external magnetic field is applied to them.  

Curie Temperature 

The Curie temperature of a ferromagnetic material is the temperature above which it 

loses its characteristic ferromagnetic ability. Below the Curie temperature the magnetic 

moments are partially aligned within magnetic domains in ferromagnetic materials. 

Above the Curie temperature, thermal fluctuations increasingly destroy the alignment, 

and the net magnetization becomes zero, the material becomes to paramagnetic. The 

Curie temperature gives an idea of the amount of energy takes to break up the long-range 

ordering in the material. Typical Curie temperature of crystalline ferromagnetic materials: 

Co, 1388K; Fe, 1043K; Ni, 627K. 
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Vortex State 

The magnetic flux in an element forms a circle. Figure 1.3 shows the vortex state in a 

ring. 

Dipolar Interaction 

Magnetic dipole-dipole interaction, also called dipolar coupling, refers to the direct 

interaction between two magnetic dipoles. 

Stray Field 

 Stray field is the magnetic field generated by the magnetic body itself. The sinks and 

sources of the magnetization work like positive and negative "magnetic" charges. There is 

analogy with an elecotrostatic field from electric charges. The stray field energy (or 

magnetostatic energy) can be minimized by flux-closure domains (vortex state). 

Zeeman Energy 

Potential energy of domains in the presence of an applied field. 

 

1.2 Hard Disk Drive’s Challenge 

1.2.1 Superparamagnetism 

One of the most widely used information storage system is the magnetic-mechanical 

device. Cassette tapes, floppy disks, and hard disk drives are all examples 

magnetic-mechanical storage. Since the sale of the first magnetic hard disk drive by IBM 

in 1956, the data density, data rate and other performance metrics have continuously 
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increased (Figure 1.4). These improvements have generally been achieved by scaling 

down the dimensions of the disk drive components. The read-write head is smaller, the 

head is closer to the medium and the effective write field from the head increases. Also, 

the medium thickness and the grain diameters are reduced, higher coercivity of materials 

is adopted. However, this trend will eventually be limited by thermal instability 

(superparamagnetism) of the grains comprising the medium.2, 3 The energy barrier 

between opposite magnetization of a particle is proportional to the volume. The 

superparamagnetic effect occurs when the grain volume is too small to prevent thermal 

fluctuations from spontaneously reversing the grain magnetization direction, with 

consequent loss of information. This superparamagnetic limit has been predicted to occur 

at densities of 36–100 Gbit/in2,2, 4, 5 depending on the scaling assumptions chosen for 

extrapolation.  As shown in Figure 1.4, this limit is already being reached in current-day 

drives. Therefore, considerable effort has been expended in improving media to reduce 

thermal instability and in designing alternative methods for data storage, for instance, 

reducing the bit aspect ratio (the width of the data track divided by the bit spacing), 

improving the grain size distribution in the media, and improving signal detection. But at 

some point superparamagnetic effects will limit further density increases. 

1.2.2 Patterned medium vs. Continuous film 

Patterned medium, wherein each bit is a single magnetic switching volume, has been 

one of the more widely discussed possibilities for extending data densities.6, 7 A 
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comparison between conventional thin film medium and patterned medium is illustrated 

in Figure 1.5. The conventional thin film medium consists of single-domain 

weakly-coupled grains (typically ~10nm in diameter). Bits are represented by the 

transitions between oppositely magnetized regions. Each bit cell contains tens or 

hundreds of grains to provide enough SNR (signal-noise-ratio), making the bit size 

around 50-100nm. On the other hand, patterned medium consists of a regular array of 

magnetic nanostructures, of which the easy axis can be oriented parallel or perpendicular 

to the substrate. Each nanostructure behaves as one bit data storage, depending on its 

magnetization state; for instance magnetization up could represent 1, and down could 

represent 0.  

Unlike the thin film continuous medium, the grains within each patterned 

nanostructure are coupled so that the entire nanostructure behaves as a single magnetic 

domain. This leads to many benefits. First, the transition noise is eliminated because the 

bits are now isolated by the physical location of the nanostructures instead of by the 

boundary between two oppositely magnetized regions as in a thin film. Second, the 

stability criterion depends on the volume and anisotropy of the entire magnetic 

nanostructure, not on the individual grains of which it is composed. The nanostructures 

could therefore be as small as a few nanometers (beyond the superparamagnetism limit). 

In fact, 400 Gbit/in2 storage density nano-compact disks fabricated by nanoimprint have 

already been demonstrated8, and it is expected higher data densities (possibly approaching 

2 Tbit/in2) can be obtained.9  
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1.2.3 Antidot vs. Dot 

Besides the typical nano-dot being used as in patterned medium, antidot (hole in the 

film) arrays are also of interest because the introduction of the stray field energy 

associated with the holes into a continuous magnetic thin film significantly modifies the 

magnetic properties. The presence of holes or antidots improves the thermal stability and 

signal to noise ratio of conventional media.10 Antidot was also proposed to be used as 

data storage bit by Cowburn in 1997,11 followed by many other research activities.12-18 

Novel domain configurations, additional magnetic anisotropies, and modification of the 

magnetization reversal, which in turn affects the switching fields and magnetoresistance 

behavior have been observed. As shown in Figure 1.6, around the antidots, the 

demagnetizing fields associated with the antidots tend to align the magnetization parallel 

to the edge of the antidot. Interplaying with the intrinsic anisotropy of the magnetic thin 

film, the resulting domain configuration contains regions with remanent magnetization 

parallel to the intrinsic hard axis of the magnetic thin film (the white region). These 

regions can be used to store bits of information,19, 11 and it has been predicted that in such 

systems areal densities of 750 Gbit/in2 can be achieved.20 By changing the size, 

separation, shape, lattice symmetry and orientation of the antidots, it is possible to tailor 

both the switching fields and magnetoresistance behavior.  

There are several advantages of antidot over dot as patterned medium. First of all, 

there is no superparamagnetic lower limit to the bit size because the whole medium is 

connected together and there is no isolated volume; the shape anisotropy increases with 
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decreasing anti-dot size. Hence the stability of written bits increases with increasing 

storage density, rather than remaining unchanged as in the dot array where the anisotropy 

is determined by the intrinsic properties of the continuous film and hence is independent 

of dot size; the entire film remains exchange coupled together and so the Curie 

temperature of the system should not be affected as much as for very small isolated dots.  

1.2.4 Challenges of Patterned Medium 

The challenges in patterned medium are, however, severe. Fabrication of large-area 

arrays of elements with dimensions on the sub-50-nm scale requires advanced lithography 

or accurate self-assembly techniques, and addressing of the array requires the precise 

application and detection of magnetic fields on a very small scale. In particular, during 

the writing process the applied field must be synchronized with the physical location of 

the elements. Most patterned media research has focused on the fabrication and magnetic 

characterization of media, but read-write mechanisms and system integration are now also 

receiving significant attention. 

 

1.3 Magnetic Random Access Memory (MRAM) 

1.3.1 Status/Drawback of current memory devices 

Another information storage system in the market is the solid-state memory device, 

divided into volatile and non-volatile. The volatile memory requires power to maintain 
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the stored information, like Dynamic Random Access Memory (DRAM) and the Static 

Random Access Memory (SRAM). They are capable of nanosecond (ns) access times in 

both read and write operations, but the power consumption becomes more critical as 

density increases. On the other hand, the non-volatile memory can retain stored 

information even when not powered. The need for a non-volatile memory is reflected in 

the increasing demand for flash memory, fueled by its use in portable electronic devices, 

as shown in Figure 1.7, which compares the market of Flash with DRAM and hard disk 

drive. However Flash technology suffers from slow write access time in the μs range and 

poor bit cyclability limited to 106 write events. Hence, significant resources are being 

devoted to the development of alternative storage technologies.  

1.3.2 Perspectives of MRAM  

Magnetic random access memory (MRAM) is one technology promising to close the 

performance gap between existing volatile and non-volatile memory technologies. This 

technology promises a universal random access memory with the density of DRAM, the 

speed of SRAM and with non-volatility. Other alternatives are ferroelectric random 

access memories (FRAM) based on ferroelectric materials and phase change based 

Ovonic unified memory (PRAM or OUM). The most important characteristics of all these 

memory types are summarized in Table 1.1. Here we compare several important 

parameters of MRAM to other conventional technologies (SRAM, DRAM, Flash), and 

give a brief review on FRAM and PRAM. 
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Table 1.1  Comparison of memory technologies21 

 MRAM FLASH FRAM PRAM DRAM SRAM(6T) 

Cell Size (F2) 2-4 8-12 9-13 5-8 8-12 50-80 

Read Cycles >1015 >1015 >1012 >1015 >1015 >1015 

Write Cycles >1015 106 - 108 >1012 >1012 >1015 >1015 

Non-volatile Yes Yes Yes Yes No No 

Write Time <10ns 200 μs ~1ns 10ns ~1ns ~1ns 

Read Time 5-40ns 40-70ns 40-70ns 20ns 40-70ns 6-70ns 

Non-destructive 
Read 

Yes Yes No Yes No Partial 

Scalability 
Limit 

Current 
density 

Tunnel oxide 
/High voltage 

Capacitor Lithography Capacitor 6 Transistors

 

 Density 

The main determinant of a memory system's cost is the density of its components. 

DRAM uses small capacitors as memory elements, wires to carry current to and from it, 

and a transistor to control it – referred to as a "1T1C" cell. This makes DRAM the highest 

density RAM currently available, and thus the least expensive. 

MRAM is physically similar to DRAM in makeup. However, as will be discussed 

later, the most basic MRAM cell suffers from the half-select problem, which limits cell 

sizes to around 180 nm or more. Several techniques have released this limitation. 

Toggle-mode MRAM offers a much smaller size, around 90 nm22, the same size as most 

current DRAM products. Spin-torque-transfer (STT) can further move down to 65nm 

size. 
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Speed 

DRAM speed is limited by the rate at which the current stored in the cells can be 

drained (for reading) or stored (for writing). MRAM operation is based on measuring 

voltages rather than currents, so there is less settling time needed. Sony researchers have 

demonstrated MRAM devices with access times on the order of 2ns with 180nm CMOS 

process.23 The differences compared to Flash are far more significant, which is as much 

as thousands of times slower for writes. 

The only current memory technology that competes with MRAM in terms of speed is 

SRAM. SRAM consists of a series of transistors arranged in a flip-flop, which will hold 

one of two states as long as power is applied. Since the transistors have a very low power 

requirement, their switching time is very low. However, since an SRAM cell consists of 

several transistors, typically four or six, its density is much lower than DRAM. This 

makes it expensive. Moreover, even with fast speed, SRAM cells are volatile whereas 

MRAM offers both speed and non-volatility. 

Power Consumption 

DRAM must periodically refresh all the cells in their chips, demanding a constant 

power supply. As DRAM cells decrease in size, the refresh cycles become shorter, and the 

power draw more continuous. 

In contrast, MRAM requires no refresh at any time. It retains the data without 

continuous power draw. In general MRAM is expected to have much lower power 

consumption (up to 99% less) compared to DRAM. For conventional MRAM, the write 
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process requires more power in order to overcome the existing field stored in the junction, 

varying from three to eight times the power required during reading.24 STT-based MRAM 

eliminates the difference between read and writing, further reducing power requirements. 

Another non-volatile memory, like MRAM, is Flash which also does not lose its 

memory when power is removed. When used for reading, Flash and MRAM are similar in 

power requirements. However, re-write of Flash requires a large pulse of voltage (> 10 V) 

that is stored up over time in a charge pump, which is both power-hungry and time 

consuming. Additionally the current pulse physically degrades the Flash cells, which 

results in the very low cyclability or endurance (106 write cycles) compared with other 

memory types. In contrast, MRAM requires only slightly more power to write than read, 

eliminating the need for a charge pump. This leads to much faster operation, lower power 

consumption, and no effective lifetime.  

 

FRAM 

Similar as DRAM, FRAM also has 1T1C design, except that the cell capacitor 

includes ferroelectric material, typically lead zirconate titanate (PZT). When an external 

electric field is applied across to ferroelectric crystal, the positions of atoms have a small 

shift in the direction of the field because the dipoles tend to align themselves with the 

field direction. After the field is removed, the dipoles retain their polarization states, 

thereby the data can be stored by the atoms into the up or down orientation. When reading, 

the transistor forces the cell into a particular state, say "0". If the cell already held a "0", 
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nothing will happen in the output lines. If the cell held a "1", the re-orientation of the 

atoms in the ferroelectric material will cause a brief pulse of current in the output as they 

pass through an energy barrier to the other state. The presence of this pulse means the cell 

held a "1". The power required to read and write is low. However, since the read process 

overwrites the cell, reading FRAM is a destructive process, and requires the cell to be 

re-written if it was changed. Additionally, to scale down and realize three-dimensional 

capacitor structures a uniform deposition technique inside walls of deep trenches has to 

be developed for thin ferroelectric films. The major issue of shrinking film thickness is 

degradation of the ferroelectric material as well as loss of switching charge.25  Therefore, 

3-D capacitor and ultra thin PZT film technologies need to be developed for FRAM to 

survive. 

 

PRAM 

PRAM uses the unique behavior of chalcogenide glass (normally alloy of germanium, 

antimony and tellurium called GST), which can be switched between crystalline state and 

amorphous state with the application of heat. These two states have different electrical 

resistivity values, and can be used as data storage. This phase transition process can be 

completed in as quickly as several nanoseconds. PRAM has excellent scalability since the  

switching of phase change material has been demonstrated experimentally down to the 

few nanometer dimensions. However, the write requires a significant current to heat the 

chalcogenide glass to phase change temperature (several hundred degrees). The lifetime is 
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limited by mechanisms such as degradation due to chalcogenide glass’s thermal 

expansion during programming and metal (and other material) migration. The most 

notable drawback of PRAM may be the temperature sensitivity, which may require 

changes in the production process of manufacturers incorporating the technology. 

Additionally, the manufacturer using PRAM must provide a mechanism to program the 

PRAM "in-system" after it has been soldered in high temperature environment.  

 

So in a summary, MRAM has high speeds as SRAM, similar high density but much 

lower power consumption than DRAM, and is much faster and suffers no degradation 

over time in comparison to Flash memory. It is this combination of features that some 

suggest make it the "universal memory", able to replace SRAM, DRAM and Flash, and a 

strong competitor to FRAM and PRAM. 

1.3.3 Conventional MRAM operation 

MRAM has been in development since the 1990s. A basic MRAM consist one 

transistor and one magnetic tunnel junction (MTJ), referred as 1T1MTJ cell (Figure 1.8). 

The MTJ is a sandwich structure in which two ferromagnetic (FM) layers are separated 

by a thin tunnel barrier, commonly made of Al-O or Mg-O. The bottom “fixed” layer (or 

hard layer) is a permanent magnet set to a particular polarity, implying that its 

magnetization direction cannot be changed during operation. Whereas the magnetization 

direction of the top ‘‘free’’ layer (or soft layer) can be controlled by the application of an 
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external magnetic field or a spin-aligned current. While conceptually simple, the fixed 

and free layers are in fact multilayer structures constructed to achieve the desired read, 

write, and thermal stability characteristics. Additionally, the MTJ is patterned in various 

shapes as a circle, an oval, an ellipse, or other shapes. 

1.3.3.1 Principle of MRAM 

When a small bias voltage is applied between the fixed and free layers, a tunneling 

current flows through the thin barrier layer. This current is governed by spin dependent 

tunneling, which was discovered by Julliere in 1975.26 As illustrated in Figure 1.9, when 

the magnetizations of FM layers are in parallel to one another, the tunneling current is 

high; on the other hand, a low current flow when the FM layers are in anti-parallel to one 

another. The resistance change between the low resistance parallel alignment and the high 

resistance anti-parallel alignment is defined as Tunneling Magneto-Resistance (TMR): 

1 0 (1 )R R TMR= +  

where R1 is the effective resistance of the anti-parallel state and R0 is that of the parallel 

state. The higher the TMR signals, the greater the separation of the low and high 

resistance values corresponding to the two bit states. Recent breakthroughs in tunnel 

junction fabrication led to TMR signals close to 70% in junctions with Al-O27 and up to 

410%28 in Mg-O tunnel barrier at room temperature operation. 

The mechanism behind TMR is that in ferromagnets, current is carried independently 

by spin-up and spin-down electrons in the conduction band. Therefore, each electron type 
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has its own density of states (Ns) associated with the spin orientation. Figure 1.10 

illustrates the density of states in two FM layers, FM1 and FM2, separated by a tunnel 

barrier. Assume that the spin-up electrons are the majority and the spin of the electron is 

conserved during tunneling. At both parallel and anti-parallel cases, the minority 

spin-down electrons in FM1 layer have enough states in FM2 to tunnel to, resulting in 

same current. However it is different for majority spin-up electrons. In parallel state, there 

are equal densities of states for the spin-up electrons in both sides of the tunnel barrier as 

depicted in Figure 1.10(a). Therefore the majority of the spin-up electron in FM1 can 

tunnel to FM2, resulting a large current and maximizing the conductance. On the other 

hand, in anti-parallel state as shown in Figure 1.10(b), there are not enough states in the 

FM2 for the spin-up electrons in FM1 to tunnel to. As a result, the current provided by 

spin-up electrons is small and the conductance decreases. 

Julliere proposed a simple model based on two major assumptions.26 First, the spin of 

electron is conserved during the tunneling process. Secondly, the conductance of each 

spin direction is proportional to the densities of states of that spin in each FM layer. 

Based on these assumptions, the conductance is expressed as follows: 

1 2 1 2pI N N N N↑ ↑ ↓ ↓∝ +  

1 2 1 2API N N N N↑ ↓ ↓ ↑∝ +  

TMR ratio can be calculated as follows: 
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where RAP and RP are the resistance when MTJ are in anti-parallel and parallel 

respectively, P1 and P2 represent the degree of spin polarization in FM1 and FM2 

respectively. N is the density of states of spin electron in the FM layers.  

A more realistic mathematical model for TMR was reported recently by several 

authors.29, 30 This model takes into account the effect of the disorder and roughness of the 

insulating barrier on the spin-dependent transport. 

1.3.3.2 MTJ Read Operation 

The MTJ device is read by measuring the effective resistance of the cell, which is a 

function of the state of the MTJ free layer. This can be achieved by applying a voltage 

and sensing the current (current sensing) or by applying a current and sensing the voltage 

(voltage sensing).  By comparing the resulting parameter with a reference value, the 

polarity of the soft layer inside any particular cell can be determined. Typically if the two 

layers have the same polarity this is considered to mean "0", while if the two layers are of 

opposite polarity the resistance will be higher and this means "1". 

1.3.3.3 MTJ Write Operation 

 There are various methods to write the data into the cells. The conventional and 

simplest way relies on the Stoner–Wohlfarth theory of coherent rotation in single domain 

particles.21  Energy minimization can be used to find that the easy axis field He required 
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to reverse the magnetization is reduced by applying simultaneously a second 

perpendicular field along the hard axis Hh. The solution yields an astroid equation, 

2 2 2
3 3 32( )h e

s

KH H
M

+ =  

where K is the effective anisotropy, including both crystalline and shape anisotropies, and 

Ms is the saturation magnetization. Switching occurs for combination of fields which 

vector lies outside the astroid. This allows the selective switching of one bit in the matrix 

by choosing easy and hard axis fields inside the astroid.  

Figure 1.11 illustrates the MRAM write operation. The selected MTJ is situated 

between the selected word line (WL) and the selected bit line (BL), which are orthogonal 

to each other. The long axis of the MTJ is parallel to the WL. The half-selected MTJs lie 

along the selected WL or BL. During the write, currents flow along the selected WL and 

the selected BL, creating magnetic fields around these wires. The magnetic field 

experienced by WL or BL half-selected MTJs is perpendicular to the wire that generates 

the field, and must not switch the state of the MTJ. The field applied to the fully selected 

MTJ is the vector sum of the fields, which points to somewhat diagonal direction. It must 

be sufficient to switch the selected MTJ’s state. 

The astroid plot, illustrated in Figure 1.11(c), describes the switching of the free layer 

in response to both field strength and direction. If the applied field begins at the origin (no 

applied field), moves to a point to the right of the y-axis and the astroid, and returns to the 

origin, the free layer’s magnetization will point to the right (data state 1). Similarly, if the 
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applied field begins at the origin, moves to a point to the left of the y-axis and the astroid, 

and returns to the origin, the free layer’s magnetization will point to the left (data state 0). 

If the applied field remains inside the astroid, the state of the MTJ remains unchanged. 

The astroid shown in Figure 1.11(c) is hypothetical. The shape and size of the astroid are 

dependent upon the shape, size, and other properties of the MTJ. 

Since the polarity of the x field component or BL current determines the written data 

state, the BL write circuitry must support a bidirectional current. The y field component is 

independent of the data state to be written, simplifying the design of the WL write circuit. 

1.3.3.4 Write margin 

To avoid half-select disturbs (data loss between an MTJ being written and read), the 

half-select field points must always lie inside the astroid, while the selected fields always 

lie within the astroid. This leads to the issue of write margin, which is the ability to 

reliably write the selected MTJ without disturbing other bits. There are several 

mechanisms which can degrade the write margin. First of all, the MTJs immediately 

adjacent to the fully selected MTJ experience not only the field induced by the 

half-selected WL (or BL), but also a small component field because of the adjacent BL 

(or WL) current. These stray fields further degrade the write margin. This problem 

becomes more significant as the cell size and hence the distance to the adjacent WL and 

BL are reduced. Second, there exists switching field distribution of MTJs within a chip 

because of local variations in roughness and physical properties of magnetic materials 
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such as magnetization, thickness, and grain size. The resulting statistical spread of the 

astroid further degrades the write margin. In addition, the applied field varies with 

variations in circuit parameters such as FET parameters, wiring resistance and supply 

voltage. 

1.3.4 New approaches 

1.3.4.1 Novel shape MTJ 

To improve the write margin of the conventional MRAM, several approaches have 

been developed. One is the use of special shapes instead of the conventional ellipse-like 

shape to find reproducible magnetic domain configurations with higher selectivity to the 

hard axis field. This research includes end shape tapering31-33, “pac-man” shape34, 

“saturn” shape35, 36, “google” shape37, “sandglass” shape38 and ring39. The asteroid curves 

for selected shapes are shown in Figure 1.12. The ring is especially interesting since it has 

no stray field at vortex state, and small deviations in shape dimensions and edge 

roughness have less influence in the switching field distribution than other shapes. The 

ring will be expatiated in chapter 3.  

1.3.4.2 Toggle mode 

Another approach, the toggle mode, proposed originally by Savtchenko,40 uses a 

multi-step write with a modified multi-layer cell. As illustrated in Figure 1.13, the 

structure is similar to that of the conventional MTJ except that the free layer is now 



 

23

synthetic antiferrimagnet (SAF) layers (two ferromagnetic layers separated by a 

non-magnetic coupling spacer layer). In addition, the long axis of the structure lies at 

approximately 45 degrees with respect to the WL.  

The toggle approach provides a more reproducible magnetization reversal process 

than the Stoner–Wohlfarth astroid. The read operation is similar while the magnetization 

of the lower free layer determines the TMR. The toggle write sequence is illustrated in 

Figure 1.14. upon the application of a magnetic field higher than the spin-flop field, the 

SF free layer system minimizes the magnetostatic energy by a scissoring of the two 

coupled ferromagnetic electrodes and orienting itself perpendicular to the applied field.41 

Given a WL and BL current pulse sequence, the dipoles of the SAF free layer rotate 

slightly in the direction of the applied field from its initial state (1), first perpendicular to 

the WL field (2), then perpendicular to the sum of WL and BL fields (3), and finally 

perpendicular to the BL field (4).  At the end of the sequence, the field is removed and 

the SAF layer will orient itself along the easy axis (5), resulting 180 degrees rotation of 

the dipoles from the initial state, regardless of the initial state.  

There are several advantages of toggle-mode MTJ compared with the conventional 

MTJ. Because of the way a SAF responds to applied fields, a single line alone cannot 

switch the state, regardless of WL and BL field strength, providing greatly enhanced 

selectivity over the previous approaches to MRAM switching. Secondly the SAF free 

layer has no net magnetic moment. There is no stray field to interfere the state of adjacent 

devices, so the cell size and distance can be scaled down. A final advantage is that only 
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one BL write current direction must be supported, simplifying the design of the write 

circuits. However, because of the toggle nature of the device, the bit state must be read 

prior to the write cycle to determine if a change in bit resistance state is required. This 

represents a write performance drawback compared with that of a conventional MTJ. 

1.3.4.3 Spin Torque Transfer (STT) 

In addition to write margin difficulty, the power consumption also becomes critical 

when the size scales down, since larger field (higher coercivity) or higher current is 

required to switch a smaller MTJ. The typical write current is more than 10mA. This 

degrades the expectation of MRAM’s low power consumption advantage. A novel 

switching technique, spin torque transfer or spin transfer switching, uses spin-polarized 

current to directly torque the domains. This lowers the amount of current needed to write 

the cells, making it about the same as the read process. The STT phenomenon was 

predicted by Slonczeski42 and Berger43 respectively in 1996 and has been proved 

experimentally by various researchers later.44-46 

The STT process is described in Figure 1.12. The structure is composed a thick/large 

or otherwise pinned magnetic layer as fixed layer, a thin magnetic layer as free layer and 

a spacer between. When the electrons flow from fixed layer to free layer as shown in 

Figure 1.12(a), the fixed layer polarizes the spin of the incoming electrons. The polarized 

current applied a torque on the local moment of the free layer that tends to induce a 

precession of the local magnetization along this spin direction. When the current is 
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sufficiently large so the spin torque is much greater than the damping force, the free layer 

magnetization direction will be eventually reversed (if initially anti-parallel to fixed layer) 

to be along the spin direction (parallel alignment). Figure 1.12(b) illustrates the 

anti-parallel alignment process when the electrons flow from the free layer to the fixed 

layer. Some of the spin-down (anti-parallel to the fixed layer magnetization) electrons 

will be reflected back from the interface of fixed layer and spacer, and exert opposite 

torque on the free layer to anti-parallel its magnetization to the fixed layer.  

Applied to MRAM, the spin induced reversal mechanism could lower power 

consumption since the write current is significantly reduced, and the write current scales 

with the area of the device, opposite of previous MRAM model.47 Also there is no 

addressing error because the writing current only flows through the addressed cell. As it 

has no half selection issue, it will not affect adjacent cells and is fully compatible with 

multi-bit (parallel) writing, whatever the integration level is. However, the write current 

determines the size of the write transistor, which sets a limit on the memory areal density. 

In order for STT to be viable in the 90 nm technology node and beyond, the switching 

current density must be lower than 1 MA/cm2 to be driven by a MOS transistor that can 

deliver typically 100μA per 100nm gate width. The challenges come from reduction of 

switching current density while keeping high TMR to get high read signal. Incorporating 

MgO as tunnel barrier, researchers have achieved 2MA/cm2 current density and 160% 

TMR by Grandis48 and 0.8MA/cm2 and 70% TMR by Hitachi49. A 4kb MgO spin torque 

MRAM (Spin-RAM) on 180nm CMOS process has been demonstrated by Sony in 2005, 
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23 with parameters of 2ns write speed and 0.2mA (1.3MA/cm2) write current. STT 

proponents expect the technique to be used for devices of 65 nm and smaller. 50 

1.4 Objective of the Work 

The purpose of this work is to explore the capability of nanostructures design and 

feasible fabrication for emerging new storage devices, to enhance to understanding of 

nanostructures magnetic properties by correlating simulation with experimental results, 

and to characterize the magnetic properties modified by the nanostructures geometries as 

guidance for device design.  

 

1.5 Outline of the Thesis 

Chapter 2 provides the over-exposure technique to fabricate anisotropy nanostructures 

and study the anisotropy of magnetic antidots as a function of dimensions and shapes. 

Chapter 3 describes the ring design for the MRAM and fabrication by lateral etch 

technique and ALD spacer mask technique. The magnetic properties of rings are 

characterized dependent on the geometries and simulation is performed to further explore 

the switching mechanism and interaction effect. 

Chapter 4 proposes the design of vortex chirality control by de-centered ring and feasible 

fabrication technique. 

Chapter 5 summaries the work and proposes the possible future work in this area. 
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1.6 Figures 

 
Figure 1.1 Typical magnetic hysteresis loop51 
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Figure 1.2  Illustration of exchange bias. (a) an ideal, single-crystal ferromagnet, all spins at the 
smooth interface (red arrows) are pinned by the underneath antiferromagnet and contribute in the 
same way to the internal field; (b) hysteresis loop without exchange bias; (c) hysteresis loop with 
exchange bias. 

 
Figure 1.3 Vortex state in a ring. The arrows indicate the local magnetization directions. 
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Figure 1.4 Magnetic disk storage areal density vs. year since its invention3 
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(b)
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Figure 1.5 Schematic of (a) conventional thin film medium. (b) A patterned medium with in-plane 
magnetization. (c) A patterned medium with perpendicular magnetization. Binary 1 and 0 are shown6 
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Figure 1.6 Schematic diagram of antidot array with ideal remanent state for storage; the antidots 
are hatched, w is the antidot size, d is the antidot separation, and p is the antidot period. In the 
gray/white regions, the magnetization (black arrows) is parallel to the intrinsic easy/hard axis. 
Detailed micromagnetic calculations predict a 45° rotation of the magnetization as indicated by the 
white arrows.14 

 
Figure 1.7 Estimated memory device revenue for 2005 and 2008, arranged by market segment. 
The vertical axis is the revenue in $B. The market segments are shown on the horizontal axis, broken 
down by year. The total market revenue is shown on the right. 52 
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Figure 1.8 Illustrative drawing (not to scale) of fundamental MRAM (1T1MTJ) device structure, 
with indicated directions of layer magnetization. 53 
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Figure 1.9 MTJ switching. 53 
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Figure 1.10 Density of state in FM/I/FM structure when FM layers are (a) in parallel, and (b) 
anti-parallel. 
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Figure 1.11 Ideal astroid plot describing the switching of the free layer of an MTJ (a) and the 
corresponding MRAM array (b). 53 
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(a) (b) (c)(a) (b) (c)  
Figure 1.12 (a) saturn shape(solid line) comparing with conventional MTJ cell with tapered ends.36 
(b) google shape. Circle and asterix represent mean switching field and ±1.3s switching field 
distribution.37 (c) 260x420 nm sandglass shape comparing with 200x400 nm elliptic shape. 38 
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Figure 1.13 Illustrative drawing of Toggle-Mode MTJ structure 
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Figure 1.14 Illustration of toggle-mode switching53 
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Figure 1.15 Spin torque transfer(STT) (a) electrons flow from fixed layer to free layer, favor 
parallel state; (b) electrons flow from free layer to hard layer, favor anti-parallel state.  
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Chapter 2  Design and Fabrication of Anisotropic Nanostructure 

 As we have already discussed in chapter 1, the size, shape and lattice symmetry 

of nanostructures impact the magnetic properties such as anisotropy, switching fields and 

magnetoresistance behavior. As the lateral dimension of the magnets is reduced to domain 

wall width scales(100~200nm), the magnetic properties such as coercivity and 

magnetoresistance have a drastic change from those of uniform films, due to the tendency 

of the magnetization to follow the edges of the nanostructures1-3 and the interdot dipolar 

interaction.4, 5 Moreover, the shape anisotropy of the nanomagnets leads to complex 

remanent states that depend on the direction of the magnetic field and the intrinsic 

anisotropy axis. Several shapes of nanostructures (dots and antidots) have been studied, 

including circular, ring, ellipse, square, rectangular, hexagonal and diamond. Of these, the 

latter five shapes have shown to introduce in-plane anisotropy due to geometry,6-12 and 

are believed to have higher shape anisotropy along certain directions than the circular 

shape, therefore can be more thermal stable as data storage. Enhanced coercivity and 

directional magnetization have been proven with these anisotropic shaped nanostructures 

on the micron or half micron scale. The specific magnetic domains formed due to the 

shape anisotropy are also proposed as data storage sites. Additionally, the magnetic 

anisotropy and magnetoresistance are also dependent on the nanostructure lattice 

geometry.13 However, there are only a few reports on ordered in-plane anisotropic shaped 

nanostructures with dimensions and periodicity on deep submicron scale. In this case the 
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domain morphology differs considerably from that of larger period arrays and can give 

higher coercivity compared to larger anisotropics.14-16 To better understand the shape 

anisotropy in deep-submicron-scaled magnetic nanostructures, as they will be used in 

patterned media and MRAM, it is necessary to find the appropriate fabrication technology 

and explore their properties. 

2.1 Fabrication Technologies 

  Conventional optical lithography is limited in resolution to the wavelength λ of light 

used and the system numerical aperture (NA), giving a minimum feature size of ∼(λ 

/2NA). In the meantime, for anisotropic shaped feature on the mask with size close to the 

resolution limit of the lithography tools, the exposed region on the substrate will always 

be circular due to Fraunhofer diffraction (more discussion is provided in section 2.1.4). 

Thus it is hard to fabricate anisotropic shaped nanostructures to deep submicron scale by 

conventional optical lithography. Alternative methods have been used for this purpose, as 

discussed in the following sections. 

2.1.1 Electron beam / focus ion beam lithography 

Electron beam lithography systems (EBL) have been used for many years and are 

probably the most widely used method for fabricating sub-100 nm patterns. EBL has the 

advantage of being able to control the size, shape and position of any structure within the 

nanometer regime. The wavelength of the electrons used in these exposure tools is less 



 

40

than 0.1nm, so diffraction effects and the limits they impose on optical exposure systems 

are not an issue in e-beam systems. Focus ion beam lithography is another similar 

technology. Magnetic elements of many sizes and shapes have been created using these 

techniques in conjunction with a variety of pattern transfer processes.16, 17 However, the 

major drawback of e-beam and focus ion beam systems is the very small throughput due 

to the discrete writing process. It is expensive and time-consuming to fabricate large areas 

of patterned media, but may have applications for the fabrication of masks for 

master/replication methods, such as nanoimprinting. 

2.1.2 Interference lithography 

Laser or x-ray interference lithography is a maskless method in which two or more 

beams of coherent light waves are allowed to interfere on a resist-coated substrate to form 

a standing-wave pattern of fringes. A simple 2-beam interference is shown in Figure 

2.1.18  The period of the pattern is given by λ/(2nsinθ), where λ is the light wavelength, n 

is the refraction index of the material, and θ is the half angle of intersection of the two 

light beams. After the exposure, the substrate can be rotated in plane through 90° and a 

second exposure carried out to produce a set of fringes perpendicular to the first. The 

resulting grid pattern defines an array of holes or dots in the resist.19-22 The period of the 

pattern can be changed easily by varying the angle of incidence of the light. By 

superimposing different beam combinations, different patterns are made possible (Figure 

2.2).23 Samples of anisotropic (square and hexagonal) nanostructures obtained by 
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interference lithography is shown in Figure 2.3.  

The benefit of using interference lithography is the quick generation of dense features 

over a wide area without loss of focus. The drawback of interference lithography is that it 

is limited to patterning arrayed features only. Hence, for drawing arbitrarily shaped 

patterns, other photolithography techniques are required.  

2.1.3 Template growth 

Self-organized templates have been developed for making arrays of magnetic 

nanostructures. The template is used as a mask for the etching of a magnetic material or 

as a mold for deposition of magnetic material. 

One example is the use of anodized aluminum oxide (AAO) film. When aluminum is 

anodized, the resulting oxide layer contains hexagonally arranged arrays of fine circular 

pores, with diameters varying between 4 and 300 nm and lengths up to several hundred 

microns. The diameter of the columnar cells and the pores mainly depends on anodization 

voltage with proportionality constants of 2.5 and 1.29 nm/V;24 while temperature, 

electrolyte type and concentrate also have impact on the parameters.25 Ordered AAO by 

two-step anodization process was first reported by Masuda,26 in the order range of several 

microns(Figure 2.4(a)). Long-range order could be improved by pre-pattern the aluminum 

surface by a master mold with triangular lattice as shown in Figure 2.4(b). 27 Additionally, 

anisotropic pores can be achieved using pre-pattern technique with square or graphite 

lattice mode.28 After pore-widening, the initial circular pores are enlarged to square or 
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triangular shape, due to that the dissolution rate of the anion-free inner wall of the cells is 

lower than that of the anion-incorporated outer wall.29 

Block copolymers can also be self-assembled to make structures with various 

geometries. A diblock copolymer molecule consists of two immiscible polymer blocks A 

and B covalently bonded at one end. If the molecules are given sufficient mobility, they 

self-organize to minimize the free energy of the material system, arriving at one of several 

possible phase morphologies characterized by a small interaction area between the two 

unlike blocks. A block copolymer system composed of polystyrene (PS) and polymethyl 

methacrylate (PMMA) was used to self-assemble nanoscale patterns, as reported by K. W. 

Guarini, et al.30, 31  

The drawback of these template methods is that the structures typically have poor 

long-range order and lot of defects, and it is hard to perform alignment later for circuit 

implementation. 

2.1.4 Over-exposure lithography 

Over-exposure lithography is a technique that utilizes the photolithography tool and 

conventional mask but exposes with higher energy than normal. Due to Fraunhofer 

diffraction in projection systems, the laser diffracts outside of the light region on the mask, 

and the photoresist will be exposed if the laser energy is high enough. 

Shown in Figure 2.5, the total electrical field at point P(x’,y’,z’) can be found from far 

field Fraunhofer diffraction as: 
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where I(0) is the irradiance at the center of the aperture. 

Figure 2.6 shows the calculated light intensity from a single small square hole 

(choosing light wavelength λ=193nm, square width a=500nm). The light intensity isolines 

on the aerial plane are like circles as shown in Figure 2.6(c). This means that the exposed 

region on the photoresist will be like circular shape instead of square shape when the 

mask hole size is comparable with light wavelength. Therefore although the holes array 

on our mask are square shape, the holes on the photoresist will be circular. Other shapes 

have similar phenomenon due to the diffraction. This makes the fabrication of nano-scale 
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anisotropic structures a big challenge for the photolithography tool.  

To obtain non-circular patterns using optical lithography, we will utilize an 

over-exposure technique. From Figure 2.6 we notice that the light intensity distributed 

outside the mask feature region can be high enough to expose the photoresist, which we 

refer as over-exposure. By carefully designing the mask, over-exposure technique can 

achieve novel nanostructures. As illustrated in Figure 2.7, the patterns on the dark field 

mask are holes that make up either a square or a triangular lattice. By over exposure, i.e., 

choosing high energy dose carefully, the pattern on the unexposed resist remaining on the 

substrate can be converted into diamond shape with an initial square lattice pattern, and 

triangular shape with initial triangular lattice pattern. The size of the nanostructures 

(diamond and triangle) can be tuned by adjusting the exposing energy. Additionally, the 

density of triangle nanostructures doubled from the density of pores on the mask, as one 

pore creates 6 triangles and each triangle is shared by 3 pores. 

The calculation of light intensity distribution for hole array is a little complicated 

involving the interference. The actual light intensity distribution on the wafer through the 

masks we used by ASML 5500/950B scanner at 193nm wavelength was simulated using 

Silvaco software. The mask we used has the following patterns: (1) square lattice with 

125nm holes and 300nm periodicity and (2) triangular lattice with 100nm holes and 

275nm periodicity. For the square lattice mask, a 5x5 hole array was calculated while the 

incident light intensity was chosen to be 1 and 10 to compare the exposure result on the 

aerial plane, as shown in Figure 2.8 - Figure 2.10. The simulation file is attached in 
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Appendix 1. Comparing the light intensity distribution, higher exposure energy (higher 

incident light intensity) results in diamond shaped photoresist unexposed, as predicted in 

Figure 2.7. 

Figure 2.11 and Figure 2.12 show the simulation of the pattern exposed on the wafer 

through the triangular lattice mask. A 5x5 hole array was calculated while the incident 

light intensity was chosen to be 1 and 5 to compare the exposure result on the aerial plane. 

Comparing the light intensity distribution, higher exposure energy (higher incident light 

intensity) results in triangular shaped photoresist unexposed. 

In summary, over-exposure is a simple nanofabrication technique for synthesizing 

large area in-plane anisotropic patterns by using deep ultraviolet (UV) lithography. High 

density, long-range ordered arrays of nanostructures below the conventional resolution 

limit of the tool can be created.  

 

2.2 Experiment 

Anisotropic nanostructures were fabricated by two techniques, pre-patterned 

anodized aluminum oxide (AAO) and over-exposure technique. 

2.2.1 Anisotropic AAO fabrication 

 The process of anisotropic AAO fabrication is shown in Figure 2.13. First, the pattern 

mold was prepared by photolithography (ASML 193 scanner), titanium evaporation and 
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reactive ion etch (RIE), as illustrated in Figure 2.13 (a) - (d). The resulting silicon pillars 

mold was examined by scanning electron microscopy (SEM). Figure 2.14(a) shows the 

topview of square latticed silicon pillars, with diameter of 100nm and period of 300nm, 

which was used to fabricate square AAO. Figure 2.14 (b) shows the topview of triangular 

latticed silicon pillars, with diameter of 100nm and period of 375nm. The silicon pillars’ 

height is around 100nm, as shown in Figure 2.14(c).   

 Pure 99.995% aluminum foil was first electrochemically polished in 

H2SO4(25vol%):H3PO4(25vol%):H2O(50vol%) solution at voltage 20V for 2 minutes to 

get a bright and smooth surface. Next the mold was printed onto the Al surface using oil 

press at 5000lbs/cm2 and room temperature. This process generated the array of concaves 

on the surface of Al, which was the replicated negative of the convexes of the mold. Then 

the Al foil was anodized in 2wt% H3PO4 at 120V/0°C for 5 minutes. During the process, 

Al foil was the anode and platinum foil was the cathode. The array of concaves on the Al 

surface acted as the nucleation sites during anodization process, resulting in ordered 

arrays of AAO with patterned lattice. Finally the Al foil with AAO on the surface was 

soaked into a 5wt% H3PO4 solution for pore enlargement for 45 minutes. The AAO film 

was detached from Al foil underneath by spinning a 950 MW PMMA (10% in anisole) 

layer on AAO as a mechanic supportive layer and removing the Al using HCl (20wt%): 

CuCl2 (0.2M/l) first for 3 minutes followed by CuCl2 (0.2M/l) for 4-5 hours. The mixture 

of HCl and CuCl2 has a fast etch rate of Al, and the CuCl2 solution did not react with 

alumina. The bottom alumina barrier layer was removed in a 5% solution of H3PO4 for 
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about 30 min to obtain a through-hole template. All these processes were carried out at 

room temperature except the anodization step.  

 Square AAO pre-patterned by square lattice mold is shown in Figure 2.15(a). The 

square hole is around 250nm wide with 300nm period. As a comparison, the hexagonal 

lattice AAO, pre-patterned by triangular lattice mold and anodized in 2wt% H3PO4 at 

110V/0°C for 5 minutes, is shown in Figure 2.15(b). The pore diameter is 170nm and 

period is 275nm. The AAO film can be attached to silicon substrate as a mask to get 

nanostructures. However, it involves lots of difficulties, for instance, the AAO film is so 

fragile that easily broken during transfer, contaminations remain on the silicon surface 

after cleaning PMMA on AAO, gaps exist between AAO and silicon substrate here and 

there. All these problems motivated the search for other techniques to fabricate 

anisotropic nanostructures. 

2.2.2 Over-exposure lithography 

The samples were fabricated using ASML 5500/950B scanner at 193nm wavelength 

with 130 nm resolution (half-pitch). The substrate was first coated with 82nm thick 

antireflective layer (BARC) followed by a 280nm thick photoresist. After exposure and 

develop, 1.5 minutes oxygen plasma RIE etch (50W, 60mtorr, 10 sccm oxygen) was used 

to remove the BARC layer in exposed region. The mask we used has the following 

patterns: (1) square lattice with 125nm holes and 300nm periodicity and (2) triangular 

lattice with 100nm holes and 275nm periodicity. Both patterns are 1.1mm X 1.3mm 
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(These are parameters on the wafer. The parameters on the mask will be 4 times larger as 

ASML 5500/950B scanner use 4X reticles). The scanner allows for pattern transfer on to 

a whole 6-inch wafer allowing for large area nanostructure formation.  

The standard energy doses to optimally transfer these patterns have been found to be 

110mJ/cm2 for square lattice mask pattern 1. Next, over exposure by higher energy dose 

has been studied; as energy increases, the pore diameter increases and the unexposed 

region evolves to diamond shapes, as illustrated in Figure 2.16. As the exposing energy 

went higher, the diamond shape gradually changed to circle dots with dimension down to 

40nm at 400mJ/cm2 (Figure 2.17). The typical sizes of the nanostructures (pores and 

diamonds) tuned by changing the exposing energy is shown in Table 2.1.  

Table 2.1  Nanostructures size adjusted by exposing energy for square lattice pattern mask 

Energy(mJ/cm2) 110 230 310 350 

Pore diameter(nm) 125 300 345 370 

Diamond width(nm) N/A 107 80 53 

 

Table 2.2  Nanostructures size adjusted by exposing energy for triangular lattice pattern mask 

Energy(mJ/cm2) 210 390 430 470 

Pore diameter(nm) 100 260 275 285 

Triangle width(nm) N/A 100 73 55 

 

Similarly analysis applied to triangular lattice mask pattern 2. The standard energy 
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dose to optimally transfer mask 2 is 210mJ/cm2; as energy increases, the pore diameter 

increases and the unexposed region evolves to triangular shapes, as illustrated in Figure 

2.18 and Table 2.2. These typical long-range ordered anisotropic nanostructures SEM 

images are shown in Figure 2.19. Figure 2.19(a) shows 80nmX 80nm (113nm axis length) 

with 300nm periods diamond shaped pattern through mask pattern 1 by exposing energy 

dose 310 mJ/cm2. Figure 2.19(b) shows ~73nm side with 159nm( 275 / 3 ) periods 

triangular shaped pattern through mask pattern 2 by exposing energy dose 430 mJ/cm2. 

In this sub-100nm scale, the conventional lithography technique using the 5500/950B 

scanner normally creates circular dots even with anisotropic patterned mask, and also it is 

difficult to fabricate the mask with sub-100nm anisotropic patterns. Using the over 

exposure technique to trim the unexposed region, we can easily obtain good shapes of 

diamond and triangular scaling down to 50nm with circular patterned mask. 

2.2.3 Magnetic nanostructures 

The anisotropic patterns on the photoresist were transferred to the substrate to create 

nano-dots and nano-antidots. To prepare the dots, a 5nm thick nickel film was sputtered 

on the substrate prior to lithography. After developing, oxygen plasma RIE was used to 

remove remained BARC layer, followed by 2 minutes Ar plasma RIE etching nickel to 

get in-plane anisotropic shaped dots. To obtain antidots, samples were deposited with 

20nm thickness of cobalt film by e-beam evaporation after lithography and lifted off by 

soaking into acetone with ultrasonic. After removal of photoresist by lift off, 1.5 minute 
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oxygen plasma RIE (50W, 60mtorr, 10sccm oxygen) was used to remove the remaining 

BARC layer, leaving the cobalt film containing in-plane anisotropic shaped antidots. The 

surface of the cobalt film was oxidized in the oxygen plasma, forming a thin layer of 

cobalt oxide, which is anti-ferromagnetic. This leads to exchange bias between cobalt and 

cobalt oxide, which manifested itself in the hysteresis loops measurement, and will be 

discussed in section 2.3. Figure 2.20 gives a view of some of the nickel dots and cobalt 

antidots that have been created using over-exposure techniques. 

 

2.3 Magnetic properties study 

2.3.1 Hysteresis measurement by SQUID 

The measurement of magnetic properties of the nanostructures were focused on 

antidots samples, since antidots have advantages over dots when applyed to patterned 

media, as discussed in Chapter 1, and also because dots’ sample have less volume of 

magnetic material and our equipment can not detect the signal due to resolution limit. 

The hysteresis loops of cobalt samples with diamond and triangular antidots were 

measured using SQUID (superconducting quantum interference device). The temperature 

of measurement is 4K to get high coercivity and high signal-noise-ratio (SNR). 17 SQUID 

is a very sensitive magnetometer used to measure extremely small magnetic fields, based 

on superconducting coil containing Josephson junctions (two superconductors separated 

by a thin insulating layer). In Josephson junctions the flux is quantized, thus the current 
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flowing around the coil has a periodic dependence on the magnitude of the applied field.  

Detecting this circulating current enables the use of a SQUID as a magnetometer.  

The magnetic field was applied in parallel to the sample surface, scanning between 

±5000 Oe. The control sample (20nm thick continuous cobalt film on silicon) was 

measured along different field orientations giving the same hysteresis loops, which 

suggests that the intrinsic anisotropy of the cobalt film can be neglected. Four antidots 

samples were measured: 

A: diamond antidots with width ~53nm and thickness of 20nm. 

B: diamond antidots with width ~107nm and thickness of 20nm. 

C: triangular antidots with width ~55nm and thickness of 20nm. 

D: triangular antidots with width ~100nm and thickness of 20nm. 

According to the symmetry of the shape, diamond antidots samples were measured 

along 0° and 45°, while triangular antidots samples along 0° and 90°.  

2.3.1.1 Diamond antidots hysteresis 

The normalized hysteresis loops of diamond antidots samples A are shown in Figure 

Figure 2.21. The magnetic field is applied along 0°, 45° and 225° in plane, while another 

vertical H measurement was done applying filed perpendicular to the sample plane. The 

measured antidots’ loops were compared with control sample. Figure 2.21(a) shows the 

hysteresis loops between ±5000 Oe, while a zoom in plot between ±1000 Oe is shown in 

Figure 2.21(b). For in plane magnetic field, the sample saturated at around 2000 Oe, 
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while 5000 Oe perpendicular field still did not saturate the sample, because the 

magnetization of thin magnetic film prefers in-plane orientation to minimize anisotropy 

energy. The hysteresis loop of antidots sample differs a lot from that of continuous thin 

film, confirming that the patterned film changes the magnetic behavior from the 

continuous film. The loop along 45° had a larger coercivity than along 0°, resulting from 

the anisotropy introduced by the diamond shape, which has different domain wall pinning 

strength along different direction (detail discussion in next section). Additionally, the 

hysteresis loop along 45° showed an obvious horizontal left-shift, which was caused by 

the exchange bias between the cobalt and the cobalt oxide film. This is confirmed by the 

hysteresis loop along 225°, which had a horizontal right-shift. This horizontal shift 

induced by exchange bias was also observed in other antidots samples. 

The hysteresis loops of diamond antidots samples B are shown in Figure 2.22. The 

magnetic field is applied along 0° and 45° in plane. Figure 2.22(a) shows the hysteresis 

loops between ±5000 Oe, while a zoom in plot between ±1500 Oe is shown in Figure 

2.22(b). The result is similar as sample A, the 45° loop had a larger coercivity than 0°, 

while both were larger than the control sample.  

Comparing sample A with 53nm width diamond antidots, sample B with 107nm 

width had a higher coercivity change, and Figure 2.23 shows the comparison of the 

hysteresis loops both along 45°.  



 

53

2.3.1.2 Triangular antidots hysteresis 

The hysteresis loops of triangular antidots samples C and D are shown in Figure 2.24 

and Figure 2.25 respectively. The magnetic field is applied along 0° and 90° in plane. 

Figure 2.24(a) and Figure 2.25(a) shows the hysteresis loops between ±5000 Oe, while a 

zoom in plot between ±2000 Oe is shown in Figure 2.24(b) and Figure 2.25(b). The loop 

along 90° had a larger coercivity than along 0°. Similar as diamond antidots, the larger 

triangular antidots sample had a larger coercivity change than the smaller ones. Figure 

2.26 shows the comparison of the hysteresis loops both along 90°. 

2.3.2 Simulation correlating to measurement result 

To better understand the experimental result and explore the magnetic properties 

modified by the shape anisotropy, we did simulation of the antidots’ magnetization and 

correlated with the measurement results.  

2.3.2.1 OOMMF introduction 

The properties of magnetic nanostructures, such as hysteresis loops and domain walls, 

were simulated by OOMMF (Object Oriented Micromagnetic Framework), a public 

domain micromagnetics program developed at NIST (National Institute of Standards and 

Technology)32. Given a problem description, the simulator integrates Landau-Lifshitz 

equation: 

( )eff eff
s

dM M H M M H
dt M

γ α
γ= − × − × ×  
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where 

M  is the pointwise magnetization (A/m), 

Heff  is the pointwise effective field (A/m), 

γ    is the Landau-Lifshitz gyromagnetic ratio (m/(A·s)), 

α  is the damping coeffcient (dimensionless). 

The micromagnetic problem is impressed upon a regular 2D grid of squares, with 3D 

magnetization spins positioned at the centers of the cells. The Landau-Lifshitz Ordinary 

differential equation (ODE) is integrated using a second order predictor-corrector 

technique of the Adams type. The right side of the equation at the current and previous 

step is extrapolated forward in a linear fashion, and is integrated across the new time 

interval to obtain a quadratic prediction for M at the next time step. The right side of the 

equation is evaluated at the predicted M, which is then combined with the value at the 

current step to produce a linear interpolation of dM dt=  across the new interval. This is 

then integrated to obtain the final estimate of M at the new step. The step is accepted if 

the total energy of the system decreases, and the maximum error between the predicted 

and final M is smaller than a nominal value. If the step is rejected, then the step size is 

reduced and the integration procedure is repeated. If the step is accepted, then the error 

between the predicted and final M is used to adjust the size of the next step. For a given 

applied field, the integration continues until a control point is reached. For detail, please 

check the OOMMF manual online.33 
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2.3.2.2 Diamond antidots simulation 

The simulation pattern is 10X20 cobalt diamond antidots with dimension of 100nm 

and thickness of 20nm, as obtained from the square mask 1, shown in Figure 2.27(a). The 

antidots are first saturated along 0° or 45°, then the magnetic field is removed and the 

remanent states are calculated. To best avoiding the boundary condition effect (since the 

spins along the whole pattern’s edge will be pinned), we focus our study at the center of 

the pattern. 

Figure 2.28 is the cut from the center of the 10X20 diamond antidots pattern, which 

illustrates the simulation results of 100nm diamond antidots after saturation along 0° and 

45°. The arrows in the image indicate the local magnetic direction. At the remanent state, 

the spins near the edge of the antidots are pinned (magnetic moments orientate parallel to 

the edge of the antidots) to lower anisotropy energy, forming special domains. Therefore a 

larger field is required to overcome the anisotropy energy to reverse these pinned domains 

and reach saturation, leading to higher coercivity than the continuous film, as we 

observed from the SQUID measurement. Additionally, the shape anisotropy provides 

favorite magnetization direction, and higher coercivity along certain field direction than 

the normal circle feature. Therefore, these pinned domains can be used for data storage 

sites since they are expected to be more thermal stable than continuous film, and also than 

the domains obtained from circle feature. 

The angular dependent switching is from the shape anisotropy of the diamond 

antidots. As shown in Figure 2.28(a), when measuring along 0°, the pinned domains along 
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90° contribute only a little to the coercivity, although they have a large contribution to 

requirement of high field for saturation. When measuring along 45° (Figure 2.28(b)), the 

pinned domains both along 0° and 90° have components on the diagonal axis and affect 

the coercivity, resulting in a higher coercivity than 0°. 

The dimension of the diamond antidots also affects the switching. Since the pitch of 

the antidot array is constant in our work thus the density does not change, antidots with 

larger dimension have higher shape anisotropy than those with smaller dimension by 

pinning more spins along the edge of the antidots. This leads to higher coercivity at larger 

antidots, as compared in Figure 2.23. On the other hand, if the antidots dimension 

decreases while keeping the density increasing, more shape anisotropy will be introduced 

into the thin film. Therefore ultra high density of patterned medium using antidots is 

possible with enough anisotropy energy to overcome thermal fluctuation.   

2.3.2.3 Triangular antidots simulation 

The simulation of triangular antidots is similar as above. A large size of pattern (5X12 

triangular antidots with dimension of 100nm, shown in Figure 2.27(b), as obtained from 

triangle mask 2) is simulated and the center part is used to study the magnetic remanent 

state.  

Figure 2.29 is the cut from the center of the 5X12 triangular antidots pattern, which 

illustrates the simulation result of 100nm triangular antidots after saturating along 0° and 

90°. The higher coercivity than continuous film comes from the pinned domains at the 
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edge of the triangular antidots, similar as the case of the diamond antidots. The 

angular-dependence can be explained similar as above. When the magnetic field is along 

0°, the spins pinned along two sides of the triangle antidots are 60° apart from the 

direction of the field. To lower the exchange energy, these pinned spins force lots of spins 

nearby to deviate from 0°, as shown in Figure 2.29(a). On the other hand, when the 

magnetic field is along 90°, the spins deviation is not so severe since the pinned spins 

along the edge of antidots are only 30° apart from the field direction. Although one side 

of the triangle antidot is orthogonal to the field direction, the total spins’ components at 

the field direction (90°) are still larger than the case of 0° (Figure 2.29(b)). Therefore 

higher coercivity was observed along 90° than along 0°. The larger coercivity change 

from larger triangular antidots is also due to the larger shape anisotropy at a constant 

pitch. 

2.4 Conclusion 

In this work, we have developed a novel over-exposure technique to successfully 

fabricate large area long-range ordered nanostructure arrays with diamond and triangular 

symmetries. The dimension of the diamond and triangle can be scaled down to ~50nm 

with periods of 300nm and 159nm separately using UV lithography by adjusting the 

exposing energy. This technique overcomes the challenge of fabricating nano-scale 

anisotropic structures demanding for large area and low cost, and can be easily transferred 

to manufactures. More impressively, with the technology scaling down (higher resolution 
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photolithography), this technique can also be scaled down to achieve higher density of 

anisotropic nanostructures for patterned medium application.  

 The magnetic behavior of the cobalt antidots was studied by SQUID. Hysteresis 

loops of the antidots showed higher coercivity than continuous film and angular 

dependence. This is attributed to the shape anisotropy introduced to the film by the 

antidots thus magnetic domains are pinned along the edge of the antidots. These pinned 

domains can be utilized as data storage sites. By designing the nanostructures geometries, 

the switching process of the magnetic film can be modified. The use of over exposure 

technique allows the symmetry, size and magnetic properties of nanostructures to be 

controllable. 

Our work of simulation correlating with experimental results improves the 

understanding of nanostructure’s magnetic properties. The shape of nanostructure plays 

an important role in modifying magnetic domain formation and switching. This study is 

also a guide for the MRAM cell design, as described in the next chapter.  
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2.5 Figures 

 
Figure 2.1 Two interfering coherent beams created in a spatial variation in the intensity 
dependant on the angle between the beams and the wavelength.18 

 
Figure 2.2 2-D interference profiles that results with N beams equally spaced around the 
azimuth. The optical patterns for N =4 through 9 are shown in (b) through (g), respectively. 23  
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Figure 2.3 SEM of the inverted pyramid square (a) and hexagonal (b) templates obtained by 
interference lithography, and the square (c) and hexagonal (d) CoFe antidot arrays with 
70-nm-square pores and 80-nm-diameter pores, respectively. 20 
 

(a) (b)(a) (b)  
Figure 2.4 (a) SEM top view of AAO by 2-step anodization process. 26 (b) SEM top view of AAO 
with pre-patterning(right half side). Left half side is untreated as a comparison. 27 
 
 



 

61

P(x’,y’,z’)

x

z

y

R
P(x’,y’,z’)

x

z

y

R

 
Figure 2.5 Calculation of Fraunhofer diffraction from an aperture. 
 

 

Mask

(a) 

(b) 

(c)  

Figure 2.6 Calculation of light intensity by Fraunhofer diffraction from a square aperture. (a) 3D 

graph of intensity; (b) cross view of intensity, the mask shows a square hole; (c) top view of intensity, 

the black square frame defines the transparent region on the mask.  
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(a)

(c) (d)

(b)

 
Figure 2.7 Schematics of over-exposure technique. (a) and (b) are mask design with square and 
triangular lattice. (c) and (d) are diamond and triangular pattern after over-exposure. 
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Figure 2.8 Calculated light intensity on the aerial plane through square lattice mask using 
incident light intensity = 1. 
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Figure 2.9 Calculated light intensity on the aerial plane through square lattice mask using 
incident light intensity = 10. Note: the highest intensity limit is set to be 0.185 in the display for 
comparing to the Figure 1.7. The actual intensity distribution can be observed in the Figure 1.9. 
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Figure 2.10 Light intensity distribution across the hole array on the aerial plane for incident light 
intensity to be 1(top) and 10(bottom). 
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Figure 2.11 Calculated light intensity on the aerial plane through triangular lattice mask using 
incident light intensity = 1. 
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Figure 2.12 Calculated light intensity on the aerial plane through triangular lattice mask using 
incident light intensity = 5. Note: the highest intensity limit is set to be 0.095 in the display for 
comparing to the Figure 1.10
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Figure 2.13 Process schematics of anisotropic AAO fabrication. 
 

(a) (b) (c)(a) (b) (c)
 

Figure 2.14 SEM images of silicon pillars as mold for pre-patterning on aluminum. 
 

(a) (b)(a) (b)
 

Figure 2.15 AAO fabricated by pre-patterning. (a) square pores by square lattice pattern, and (b) 
circular pores by triangular lattice pattern. 
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(a)

(c)

(b)

(d)
 

Figure 2.16 Square lattice pattern under increasing exposing energy (mJ/cm2): (a) 110, (b) 230, (c) 
310 and (d) 350. 
 
 

 
Figure 2.17 40nm dots obtained from exposing energy at 400 mJ/cm2. 



 

70

(a)

(b)

(c)

(b)

(d)
 

Figure 2.18 Triangular lattice pattern under increasing exposing energy (mJ/cm2): (a) 210, (b) 390, 
(c) 430 and (d) 470. 
 

(b)(a) (b)(a)
 

Figure 2.19 Long range ordered anisotropic nanostructures obtained by over-exposure technique. 
(a) 80nm diamond at 310 mJ/cm2 , (b) 73nm triangle at 430 mJ/cm2. 
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Figure 2.20 Anisotropic pattern transferred to metal film. (a) 5nm thick nickel diamond shaped 
dots were created by RIE etch; (b) 20nm thick cobalt diamond shaped antidots and (c) 20nm thick 
cobalt triangular shaped antidots were created by sputtering followed lift off method. 
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Figure 2.21 Hysteresis loops of sample A (diamond antidots with width 53nm) along different field 
orientation, 0°, 45°, 225°, and vertical, as illustrated in the insert. Ctrl stands for the continuous film 
as control sample. (b) is a zoom in of (a). 
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Figure 2.22 Hysteresis loops of sample B (diamond antidots with width 107nm) along different 
field orientation, 0° and 45°. (b) is a zoom in of (a). 
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Figure 2.23 Comparison of diamond antidots samples A (53nm) and B (107nm) along 45° magnetic 
field orientation. 
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Figure 2.24 Hysteresis loops of sample C (triangular antidots with width 55nm) along different 
field orientation, 0° and 90°. (b) is a zoom in of (a). 
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Figure 2.25 Hysteresis loops of sample D (triangular antidots with width 100nm) along different 
field orientation, 0° and 90°. (b) is a zoom in of (a). 
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Figure 2.26 Comparison of triangular antidots samples C (55nm) and D (100nm) along 90° 
magnetic field orientation. 

 (a) (b)  

Figure 2.27 Simulation pattern of (a) 10X20 diamond antidots with dimension of 100nm; (b)5X12 

triangular antidots with dimension of 100nm. 
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(a) (b)  
Figure 2.28 Simulated remanent state of diamond antidots after saturation along (a) 0°; (b) 45°. 
The arrows indicate the magnetization orientations. 
 

(a) (b)  
Figure 2.29 Simulated Remanent states of triangular antidots after saturation along (a) 0°; (b) 90°. 
The arrows indicate the magnetization orientations. 
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Chapter 3 Magnetic Centered Ring 

With increasing trends in miniature electronics, the need for high-density devices has 

become the main focus. Magnetic random access memory (MRAM) offers a big 

advantage over the currently used memory devices as it has a high density, low power 

consumption and fast data access rate. It is non-volatile and also insensitive to radiation, 

which makes it very stable under extreme operation conditions (refer to Chapter 1).  

3.1 Ring-shape design in MRAM cell 

3.1.1 Why use ring-shaped MRAM  

The important characteristics, which define the efficiency of MRAM, are the data 

read and write times and the stability of data storage. These are determined by the 

formation of the two stable data storing memory states and by the switching mechanism 

between those two states. Other important requirements are the uniformity and reliability 

in performance, i.e., repeatable magnetic states and controllable directions of 

magnetization in the data storing layers. It was found, that two of the most important 

factors affecting the formation of these two stable states and the type of switching 

mechanism between them are the magnetocrystalline anisotropy and the shape of the 

storage layer. Different geometries have been studied for this purpose. Early designs 

focused on thin film rectangular or ellipse shaped elements based on a linear 

magnetization mode.1-3 However, because of the demagnetizing field induced by dipole 
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interactions, the magnetization direction will always change close to the borders to form 

edge domains. As shown in Figure 3.12, the magnetization alignment at both ends of cell 

can be either antiparallel (C state) or parallel (S state) to each other due to the 

demagnetizing field. These two alignments cause different switching fields, which in turn 

lead to the switching field distribution increase. In addition, it is very difficult to control 

the end domain configurations because the energy difference between C and S states is 

small, therefore the two stable states formed at remanence could not be predicted reliably, 

causing irreproducible switching behavior. To suppress the edge domain formation and 

improve the switching field uniformity, other advanced geometries have been introduced, 

including sharp tapered edges4-6, “saturn” shape7, 8, “pac-man” shape9, 10, “google” 

shape11 and “sandglass” shape12 (Figure 3.2). In these shapes, the edge inhomogeneity in 

the magnetization acts as nucleation sites, leading to a complicated nucleation 

propagation switching process, where the magnetization passes through inhomogeneous 

intermediate states. Therefore the magnetic configurations in these elements will be very 

sensitive to shape fluctuations and edge roughness. Shown in Figure 3.3, large switching 

field variation over the various end shapes indicates that the switching field distribution 

can be very significant in a memory array if the element width is the minimum fabrication 

feature size while the end shapes of the elements become poorly defined.13 The complex 

switching mechanism can also lead to different remanent states depending upon the 

applied field history and hence influence the switching itself. Furthermore, the reliable 

and cost-efficient fabrication of those edges appeared to be a problem. 
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One possible way to overcome these complications is to employ circular structures. 

Circular magnetic disks have two vortex states that are used as stable data storage states, 

in which the field lines encircle the center of the disk clockwise and anticlockwise (Figure 

3.4 first column). In the circular geometry, the edge roughness and edge domains play a 

minor role, and the zero stray field in the vortex state will minimize magnetostatic 

interaction between the elements, which is favorable in high density storage. However, 

when the disk diameter becomes smaller, the exchange energy in the element becomes 

more and more comparable to the magnetostatic energy, and the circular magnetization 

mode can no longer be maintained. The vortex is stable only in circular disks for 

diameters above 100 nm,14 depending on the thickness and the material, which limits the 

density achievable. Moreover, the vortex formation is complex and hard to control.14, 15 

Figure 3.4 shows the calculated switching process of 0.6μm diameter disk memory stack 

(NiFeCo(15Å)/Cu(40Å)/NiFeCo(30Å)). The switching of magnetization circulation 

directions in both soft and hard layer sets shows irregular steps and is no longer 

repeatable.13 

Since the instability of the vortex state in sub-100 nm disks is due to the high energy 

vortex core at the center of the disk, the vortex state can be made more stable with a ring 

geometry by removing the core, which has also been proposed by Zhu et al, for magnetic 

random access memory (MRAM) utilization.13 The ring shaped element results in a 

significantly lower exchange energy than that of the disk with the same outer diameter, 

and the introduction of the inner edge reinforces the circular magnetization configuration. 
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3.1.2 Magnetic switching of ring 

 Two stable magnetic states in the rings are observed by simulations and 

measurements, as shown in Figure 3.5, the flux-closure vortex state (clockwise and 

anti-clockwise configuration), and the onion state (two opposite head-on domain walls). 

These two states come from the competition between the magnetostatic energy and 

exchange energy. Applying a uniform magnetic field, at intermediate field the rings 

switch from the onion to the vortex state and at high field they switch from the vortex to 

the reverse onion state. The experimental data show that the reversal mechanism from the 

onion state to the vortex state occurs through domain wall propagation, as proposed by 

Rothman.16 In the fabricated ring, there always exists some nonuniformity which 

strengthens pinning of one domain wall than the other one. Under certain field, the less 

pinned domain wall moves earlier while the other domain wall keeps fixed. Therefore the 

less pinned domain wall propagates 180° and annihilates with the other one. The direction 

in which the domain wall will move and consequently which vortex chirality results, 

depends on the nonuniformity of the ring and stochastic mechanism due to thermal 

fluctuations.17 The reversal from the vortex to the onion state occurs through domain wall 

nucleation.16, 18 The switching between these states has been found to be reproducible, 

simple, and fast (~1ns).19 Here we define the coercive field Hc as the value of the in-plane 

field where the net magnetization become zero, i.e., at the field where the vortex state 

enters from onion state (Figure 3.4). The switching field Hs is defined as the value of the 

in-plane field where the the vortex state is finally removed and enters onion state. The 
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difference between Hc and Hs, is defined as vortex window ΔH (= Hs - Hc, vortex 

window). When vortex state is used as date storage, a large vortex window is preferable 

to have a chance of higher write margin. Researches on the magnetic rings show that the 

switching field and the coercivity are dependent on the diameter, width and thickness of 

the rings 18, 20-24. For instance, Figure 3.6 shows the coercive field and switching field as a 

function of inner diameter for 10 nm thick cobalt rings with 400 nm outer diameter, both 

Hc and ΔH increase as the inner diameter is increased, which means narrower rings are 

harder to switch.23 Figure 3.7 illustrates the switching field as a function of thickness for 

permalloy rings, showing vortex state favors in thicker rings.20  

 The data is stored as clockwise vortex state (“1”) and anticlockwise vortex state (“0”). 

But in order to switch between vortex states of different circulation using uniform field, 

the ring has to be switched to the appropriate onion state first with a high field, then 

switched to the vortex state with the field within the vortex window. Spin torque transfer 

(STT) technology, which was discussed in chapter 1, can switch directly from one vortex 

state to the other reverse one. Therefore STT should be able to simplify the switching 

process of ring-shaped MTJ. What’s more, the vertical spin-polarized writing current I 

induces the classical Oersted field B, which has the following expressions: 
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where R is the distance to the center of the ring, J is the current density, Rin and Rout are 
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the inner and outer radius of the ring. The electron current is assumed to be distributed 

uniformly over the crosssection of the ring. Within the ring itself, the magnetic field is 

proportional to the current amplitude, and is radially symmetric and points in the 

tangential direction. The Oersted field is believed to be critical to onset of precession and 

switching in linear magnetization mode of ellipse disk.25, 26 For ring-shaped MTJ, the 

vortical Oersted field could play a more important role and further help switching the 

vortex states in the rings, indicating a possible lower STT current required than other 

shaped MTJ.  

3.1.3 Current research status on magnetic ring 

A lot of study of magnetic ring has been performed on the magnetic states formation, 

switching process, dimensions effect, etc. To obtain the ring, e-beam lithography is 

mostly used for fabrication. A feasible nano-scale ring fabrication technique achieving 

large area and low cost is still being explored. Recently the interaction among rings also 

gains interest for achieving high density. 27, 28 But the implementation of ring in MRAM 

design has little pursuit due to the fabrication challenge. 

 

3.2 Fabrication Technologies 

3.2.1 Challenge of photolithography 

Based on reported research and simulation, ring with inner diameter and width 
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(difference between radii of inner circle and outer circle) of ~100nm is a good start point 

to achieve high density MRAM implementation. However, fabrication of large area 

magnetic rings in nanometer scale becomes a huge challenge. Conventional 

photolithography technique is difficult to pattern nanoscale rings through mask. For a 

dark mask which has ring region as transparent, the center of the ring will be exposed on 

the aerial plane due to Fraunhofer diffraction; while for a light mask which has ring 

region as dark, the light intensity must be high enough to expose the inner hole, however, 

this high intensity will damage the outer circle.  

A mask (both dark and light) with ring pattern with outer diameter of 375nm, inner 

diameter of 125nm and periodicity of 750nm, has been simulated to find the light 

intensity distribution on the aerial plane processed by ASML 5500/950B scanner at 

193nm wavelength. The results are shown in Figure 3.13. The figures show the detail of 

one ring. From the calculations we can notice that: (1) for a dark mask, the light intensity 

in the inner circle (shadowed by the mask) is so high that it will be exposed under the 

light intensity large enough to expose the ring region; (2) for a light mask, the light 

intensity in the inner circle (transparent) is extreme low comparing with the normal light 

intensity to expose the outer circle. Experiments using the same dark mask also proved 

this as shown in Figure 3.14. The exposure energy was scanned from 12.7mJ/cm2 to 

13.5mJ/cm2 at a step of 0.1mJ/cm2, the pattern on the aerial plane (wafer) changed from 

underexposure (no orbicular rings) to overexposure (whole holes). At the interval, the 

pattern has both underexposure and overexposure here and there. It is therefore 



 

85

demonstrated that the ASML 5500/950B scanner is unable to process the ring mask at this 

scale.  

To avoid these issues, the ring structure by photolithography must be much larger. A 

possible ring mask design, as shown in Figure 3.15, has inner diameter of 200nm and 

width of 150nm. The patterned ring on the aerial plane will have inner diameter of 100nm 

with width of 200nm. This large-scale ring design results in low density. Additionally, we 

can notice from Figure 3.15 that the pattern from a simple square-ring design mask is a 

quasi-square ring. This square-like configuration degrades the ring’s advantage of vortex 

state. The simulation of hysteresis loops for a single ring evolving from circular to square 

is shown in Figure 3.16. All three configurations of rings have inner diameter of 100nm, 

width of 100nm and thickness of 20nm, and material is cobalt. An ideal circular ring has 

largest vortex window; the quasi-square ring, as can be obtained from the 

photolithography as shown above, has smaller vortex window; while a square ring has the 

least one. The degradation from circle to square ring results from the stray field existing 

at vortex state for square-like ring. Figure 3.17 shows a square ring at vortex state 

switched from onion state by certain external magnetic field. The stray field at the 

diagonal axis (Figure 3.17(b)) results in high magnetostatic energy, making the vortex 

state not as stable as in the circular one. The more circle-like a ring is, the more stable its 

vortex state is. But the design of the ring mask that can both be circle-like and 

successfully exposed is complicated.    

Therefore other approaches must be found to fabricate nanoscale rings, and several 
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methods can be adopted as discussed in the follows. We will compare these methods with 

the two novel methods developed in this dissertation: i) lateral etch technique and ii) ALD 

(atomic layer deposition) spacer mask. 

3.2.2 E-beam lithography 

Electron-beam lithography is known to have the highest resolution compared with 

other lithography methods. It is commonly used to study the magnetic rings at the deep 

submicron scale, 22, 29, 30 and Figure 3.8 shows the rings down to 90nm outer diameter 

with 30nm width. The difficulty with rings lies in the delineation of the central hole. It is 

known that electrons scatter in resist and substrate away from their intended area of 

exposure, causing the proximity effect. As a consequence, the smaller the central hole the 

more difficult it is to avoid exposure of the central area. The most drawback of e-beam 

lithography is the difficulty to achieve high output. 

3.2.3 Multiple-beam achromatic interference lithography 

Multiple beam interference can be used to create periodic patterns with complex 

interference patterns.31, 32 In gratings based interference lithography, a mask bearing a 

number of diffraction gratings is illuminated with a spatially coherent beam as illustrated 

in Figure 3.9(a), in the normal direction. By properly designing the grating positions and 

their periods, one can bring together a number of diffracted beams at a certain distance 

from the mask and make it possible to create periodic patterns with a variety of unit cell 

shapes while maintaining the large depth-of-focus advantage of the interference technique. 
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The resolution limit depends on the light wavelength. Figure 3.9(b) shows the nano-rings 

pattern obtained with eight-beam extreme ultraviolet interference lithography 

(EUV-IL).33 It has potential for use in applications where periodically repeated cell 

structures are needed such as display units, optical filters, electronic memory and logic 

circuits and magnetic storage devices.  

3.2.4 Template 

Nano-rings can also be made using templates. Anodized aluminum oxide (AAO), as 

discussed in Chapter 2, was reported to be used as template to fabricate rings by sputter 

redeposition.34 The process is schematically shown in Figure 3.10. In method I, Figure 

3.10(a)-(c), a through-hole AAO template is used as a sputter mask on 20 nm of SiO2 on 

a thick layer of the desired ring material. Figure 3.10(b) shows the results of ion etching 

through the AAO pores leading to the redeposition of ring material around the pore walls. 

Finally, the AAO template is removed (Figure 3.10(c)), leaving behind the sputter 

redeposited rings on the SiO2 layer. In method II, Figure 3.10(d)-(f), the AAO template is 

used as an evaporation shadow mask to define an array of dots as shown in Figure 3.10(d). 

This is followed by an ion etching step that leaves behind sputter redeposited dot material 

around the pore walls as shown in Figure 3.10(e). After removal of the AAO template an 

array of nanorings or tubes remains as shown in Figure 3.10(f).  

Another nanosphere-template method, illustrated in Figure 3.11, relies on the 

assembly of a large number of monodisperse nanospheres.35 A monolayer of nanosphere 
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is first formed on the substrate by manipulating its surface chemistry. A thin magnetic 

film, which thickness up to the radius of the nanosphere, is then sputter-deposited onto 

the substrate. Ar+ ion-beam etching is then used to remove all the deposited film except 

that under the nanospheres, resulting in an array of nanorings as shown in Figure 3.11(c). 

The nanospheres may be left on the rings or be chemically removed. The images of 

nanorings obtained by AAO template and nanosphere template are shown in Figure 3.12. 

Using template method, we can achieve very small size and high density of rings, but 

long range order and pattern uniformity will be a big challenge. 

3.2.5 Lateral etch 

Lateral etch technique is a novel and simple method we have developed to fabricate 

nano-rings using conventional holes mask by photolithography. Large area, high density 

of ordered nano-rings below the resolution limit of the tool can be created. The process is 

illustrated in Figure 3.18. The substrate is coated with bottom antireflective layer (BARC) 

and photoresist layer. Conventional holes mask is used to pattern the photoresist. After 

developing, holes are patterned into the photoresist layer, while the BARC layer is 

unattacked (Figure 3.18(a)). Then a thin metal film is deposited on the samples covering 

the top surface of both the photoresist and the BARC layer, while keeping the sidewall of 

the photoresist exposed (Figure 3.18(b)). After that, the samples are dry etched by an 

oxygen plasma RIE. During the RIE etching, the thin metal film acts as a mask, resulting 

in lateral etching of the sidewall of the photoresist and leaving the BARC layer 
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underneath exposed in the oxygen plasma. Simultaneously the revealed BARC layer is 

etched vertically, resulting anti-rings in the BARC layer as shown in Figure 3.18(c). After 

removing the photoresist layer, magnetic metal film can be deposited into the anti-rings 

on the BARC layer, followed by another lift-off process of remaining BARC layer 

leaving behind metal rings on the substrate, as shown in Figure 3.18(f).  

During the RIE lateral etch, the outer diameter of the rings increases with etching 

time, while the inner diameter of the rings decreases. Thus the width of the ring is 

dependent on the RIE etch time, making it possible to overcome the resolution limit of 

photolithography. This method makes full use of the antireflective layer, which is 

normally used in present photolithography processing. In addition, it utilizes a 

conventional holes mask, simplifying the mask design and increasing the compatibility to 

the standard silicon process. 

3.2.6 ALD spacer mask 

ALD spacer mask technique is another novel method we have developed to fabricate 

nano-rings using conventional mask by photolithography. 

Atomic Layer Deposition (ALD) utilizes sequential precursor gas pulses to deposit a 

film one monolayer at a time. The film is conformal, pin-hole free, and chemically 

bonded to the substrate. With ALD it is possible to deposit coatings perfectly uniform in 

thickness inside deep trenches, porous media and around particles. Chemists have 

synthesized many precursors for ALD and have created a large number of materials that 
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can be deposited (metals, semiconductors, insulators, oxides, nitrides, dielectrics, 

magnetics, refractives, etc). 36 

Take Al2O3 film deposition for example. Two precursors, Trimethyl Aluminum (TMA, 

(Al(CH3)3) and H2O are alternately pulsed into the reaction chamber using gas switching 

valves. The Al2O3 ALD film growth proceeds according to two self-limiting surface 

reactions:  

* *
3 3 3 2 4

* *
3 2 4

(A) Al-OH +Al(CH ) Al-O-Al(CH ) +CH

(B) Al-CH +H O Al-OH +CH

→

→
 

where the asterisks denote the surface species. The product CH4 and unreacted precursors 

are pumped out by N2 flow. When performed in an ABAB... reaction sequence, these 

sequential reactions produce linear, atomic-layer controlled Al2O3 growth. Al2O3 can be 

deposited by ALD with precise thickness control at a large range of temperature, from 

room temperature to several hundred degrees,37 making it possible to various substrates 

and applications. 

Our ALD spacer mask process is illustrated in Figure 3.19. The sample is prepared by 

photolithography using mask with dots. Next Al2O3 is deposited on the sample by ALD, 

which covers both the top surface and sidewall due to its conformability. Dry etch is 

performed to remove the Al2O3 on the top surface, followed by oxygen plasma to remove 

the photoresist (and BARC, if used), leaving Al2O3 spacer (rings). Al2O3 is known as a 

very hard material which is difficult to remove by reactive ion etching (RIE). Therefore 

the Al2O3 rings can be used as a mask to obtain the magnetic metal rings on the same 
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substrate, or as a template for nanoimprint technique.   

In this ALD spacer mask technique, the ring width is controlled by the ALD 

deposition time, which has a very high resolution (~0.8Å/cycle at 120°C). The deposition 

is processed at low temperature that the photoresist can tolerate, which simplify the 

process. In contrast, other spacer techniques (such as CVD) are processed at high 

temperature that a sacrifice layer is required to replace the photoresist. Additionally, high 

density of ring arrays can be obtained since only dots is patterned by the photolithography 

step. And it also utilizes the conventional mask, simplifying the mask design and is 

compatible to the standard silicon process. 

 

3.3 Experiment 

Two fabrication techniques are used to make nano-rings in this research, i) lateral 

etch technique and ii) ALD spacer mask technique. The experimental implementations of 

these techniques are discussed in detail in the follows. 

3.3.1 Lateral etch  

Lateral etch technique process is explained above. The substrate was first coated with 

82nm thick antireflective layer (BARC, Brewer Science AR29A-8) followed by a 490nm 

thick photoresist (Rohm & Hass V41). The photolithography was performed using ASML 

5500/950B scanner at 193nm wavelength with 130 nm resolution. The mask used had the 
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following patterns (Figure 3.20): (1) square lattice with 125nm holes and 300nm 

periodicity and (2) triangular lattice with 125nm holes and 375nm periodicity. Both 

patterns are 1.1mm X 1.3mm (on substrate). The scanner allows for pattern transfer on to 

a whole 6-inch wafer allowing for large area nanostructure formation. Next a 5nm nickel 

film was sputtered on the samples, followed by oxygen plasma RIE etch (100W, 60mtorr, 

5 sccm oxygen). SEM images (Figure 3.21) after etch clearly shows the lateral etch of 

photoresist and anti-ring pattern in the BARC layer. The RIE etch time is controlled to 

tune the size of the rings. During the RIE lateral etch, the outer diameter of the rings 

increased with etching time, while the inner diameter of the rings decreased. Thus this 

technique enabled the fabrication of rings with dimensions below the resolution limit of 

the photolithography.  

The samples were then soaked into acetone with ultrasonic to remove the photoresist, 

while the BARC layer remained unattacked. Representative anti-rings in BARC with 

different sizes are shown in Figure 3.22. 

Finally magnetic metal cobalt (10nm and 20nm thick) was sputtered on the BARC 

layer and lifted off in ultrasonic 5% NH4OH solution. Figure 3.23 shows some ring arrays 

after lift off. The rings connect together when the lateral etch time is long enough that the 

outer diameter reaches to the periodicity of the hole pattern, as shown in Figure 3.23(b). 

The challenge of this lateral etch technique is associate with BARC layer. There is no 

solvent, as we know, can dissolve the AR29A-8 after it is baked during lithography. Thus 

the removal of BARC after magnetic metal deposition is quite painful. The 5% NH4OH 
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solution attacks the cobalt and silicon substrate a little bit during long lift-off time, 

resulting in defects after lift off. Additionally, the dimensions of the rings are difficult to 

control by the RIE etch time precisely, and the inner diameter and width of the ring is 

correlated. Therefore another technique, ALD spacer mask, is developed to fabricate 

nano-rings. 

3.3.2 ALD spacer mask 

3.3.2.1 Photolithography 

The photolithography step is similar to the lateral etch technique described above. 

Here, the mask is an array of dots with diameter of 150nm and periodicity of 400nm. The 

exposure energy was varied to obtain different diameters, as shown in Figure 3.24 and 

summarized in Table 3.1 (Note: here it is the size after BARC removal in RIE(5sccm O2, 

50mT, 50W, 1.25min), which also trims the diameters). 

Table 3.1  Dot size after BARC removal at various conditions 

Exposing Energy (mJ/cm2) 8 8.5 9 

Diameter (nm) 150 130 100 

 We observed from the SEM that the photoresist/BARC pillars show some facet (the 

sidewall has a slope), mainly from etch of BARC by RIE. This facet can create large 

challenges in subsequent etching processes and result in large geometries dependies. 
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3.3.2.2 ALD deposition of Al2O3 

Al2O3 deposition was processed in Cambridge Nanotech ALD tool. The precursors 

used were H2O and Al(CH3)3, and the deposition condition was chosen as shown in Table 

3.2 at 120°C. 

The deposition time were 120 and 370 cycles, with the deposition rate of ~0.8 

Å/cycle, giving the thickness of ~10nm and ~30nm respectively. 

Table 3.2  Al2O3 ALD deposition condition 

 Pulse Time(s) Exposure Time(s) Pump Time(s) 

H2O 0.015 0 10 

Al(CH3)3 0.015 0 8 

3.3.2.3 Al2O3 dry etch 

To function as a hard mask, a well controlled etch process, with not only a acceptable 

etching rate and etching selectivity, but also good profile control, is required. Most 

researches have been focused on the former, 38-40 while the latter has not obtained enough 

attention. In this work, we tried various recipes to optimize the etching profile of Al2O3. 

Dry etch of Al2O3 and metals is performed in a reactive ion etching (RIE) or 

inductively coupled plasma RIE (ICP RIE) tool. RIE uses a combination of ionic and 

chemically reactive plasma to remove materials. The plasma is generated by a high 

electric field across two electrodes under low pressure and the energy of ions is supplied 

by the RF power. On the other hand, ICP RIE separates the plasma density and ion energy 
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by using a second excitation source (inductive supply) to generate plasma. The ion 

density is two orders of magnitude higher than in RIE, allowing fast etch rate. In general, 

in an IPC RIE system, the ion energy depends on the RIE RF power, while the ion density 

depends on the ICP power. 

The etching of Al2O3 is processed in RIE at 15mtorr, with total gas of 20sccm. Two 

mechanisms are involved in the dry etching of Al2O3: sputter etching and reactive ion 

etching.40 Five chemical gas combinations have been used to study the etching profile, as 

summarized in Table 3.3. The etching results are shown in Figure 3.25. 

Table 3.3  Etching recipes of Al2O3 

Recipe Gas (sccm) RIE power (W) Pressure (mT) Etching Tool 

B Ar(20)  150 15 Semigroup RIE 

C38 Cl2(10)/BCl3(10) 150 15 Trion Minilock ICP RIE 

D Ar (15)/Cl2(5) 150 15 Trion Minilock ICP RIE 

E41 BCl3(20) 100 15 Trion Minilock ICP RIE 

F Ar(15)/BCl3(5) 100 15 Trion Minilock ICP RIE 

Using these recipes, Al2O3 etching can be explained by a competing reaction of a) ion 

etching of Al2O3 by formation volatile AlCl3, Al2Cl6 or BOCl3 and b) physical sputtering 

by energetic ions (mainly by Ar).39  

All the etching results show facet and redepostion effect. Both the photoresist/BARC 

profile and the dry etching contribute to the facet, while the redeposition is mainly from 

the sputtering product. These effects significantly modify the etching profile and are 
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compared in the following section. 

Recipe B comprises of Ar sputter etching, which normally results in a steep sidewall. 

However, sputter etching is well known for redeposition problem, which produces fence 

structures. Figure 3.25(b) shows Al2O3 pillars with larger diameter comparing to the 

initial structures before etch (Figure 3.25(a)).  

Recipe C is reactive ion etching, wherein the increase of BCl3 in Cl2/BCl3 generally 

increased the etch selectivity and the highest etch selectivity was obtained with pure BCl3 

over photoresist. Additionally the increase of BCl3 in the Cl2/BCl3 plasmas changed the 

etched Al2O3 surface from Al-rich to oxygen-rich surface. The most stoichiometric 

surface composition can be obtained with 50% Cl2/50% BCl3. 38 However, this recipe 

gives out a facet profile as shown in Figure 3.25(c), the sidewall is well sloped and is also 

vulnerable to a small degree of redeposition. 

Recipe D is a combination of sputter etching and reactive ion etching, which 

produces the steepest sidewall as shown in Figure 3.25(d). There is almost no facet 

problem, but the redeposition is quite severe and lots of residue remains after etching. 

Recipe E is a pure reactive ion etch by BCl3. Fast etch rate can be obtained, and there 

is almost no redeposition problem and the facet is reasonably acceptable (Figure 3.25(e)). 

Recipe F is an Ar sputter etching plus a few BCl3 reactive ion etch. The Ar sputter 

etching produces steep sidewall, while the BCl3 removes the redeposition (Figure 

3.25(f)).  

Comparing these five recipes, it was concluded that recipe F produced the best 
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profile with acceptable redeposition and facet formation. In the following experiments, 

this recipe is chosen to etch Al2O3, with the etch rate of ~50Å/min. 

Once the Al2O3 rings mask is ready, two methods are adopted to fabricate magnetic 

rings: lift off and etching down, as explained in the follows. 

3.3.2.4 Photoresist spin and lift off 

This method is illustrated in Figure 3.26. The Al2O3 rings were fabricated directly on 

silicon substrate, without the oxygen plasma etch to remove the photoresist/BARC inside 

the rings. Then photoresist (Rohm & Hass V41) was spun on the samples at speed of 

2500 rpm, which resulted in a thickness of around 300nm. This photoresist layer filled the 

gap between the rings. To reveal the Al2O3 rings, oxygen plasma etch was performed in 

RIE (50W, 5sccm O2, 50mtorr, 1.5min, etch rate ~70nm/min) to trim the photoresist 

(Figure 3.26(d)). After that, the samples were soaked into 10:1 BOE (buffered oxide etch, 

NH4F/HF/H2O) to etch all the Al2O3, leaving anti-ring pattern in the photoresist layer. The 

width of the rings pattern in the photoresist layer can be further enlarged by oxygen 

plasma etch. Then 20nm thickness of cobalt was deposited on the samples by sputtering, 

following by 5nm platinum deposition as capping layer. Finally, lift off is processed in 

ultrasonic acetone and the remaining BARC layer was removed by oxygen plasma. 

The experimental results are shown in Figure 3.27. The top graphs show the anti-ring 

pattern in the photoresist after removing Al2O3 by BOE, while the bottom graphs show 

the metal rings after lift off and removal of the BARC layer. Ring arrays with width of 
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100nm and inner diameter of 120nm & 160nm obtained are shown in Figure 3.27. The 

benefit of this lift off method is that the dimensions of the ring are excellent controllable. 

And the samples are clean since there is no magnetic metal etching involved. However, a 

major drawback is that patterns with small dimensions/high density are hard to lift off due 

to the spacers created on the sidewall during Co/Pt sputtering. As shown in Figure 3.28, 

as the inner diameter of the rings decreases to 100nm, the lift off is only completed 

partially. In this case we switch to etch method to create metal rings. 

3.3.2.5 Metal stack etch down 

This method is illustrated in Figure 3.29. The substrate was first deposited 

Pt(30nm)/Co(10nm – 50nm)/Pt(5nm) from bottom to top by sputtering. The bottom 30nm 

Pt layer acted as a buffer layer during the dry etch, and the top 5nm Pt layer was to 

protect the cobalt from oxidization. After obtaining Al2O3 rings as mask, the dry etch of 

metal stack underneath is processed in Trion Minilock ICP RIE etcher.  

Magnetic materials have known issues when it comes to their dry etching. Most 

magnetic materials do not form volatile etch products in conventional reactive ion etch 

(RIE) or ion milling processes. By contrast, high-density plasma etching techniques such 

as inductively coupled plasma (ICP) and electron cyclotron resonance (ECR) plasma 

produces a relatively high etch rate for magnetic materials due to the efficient desorption 

of the etch products by high ion fluxes.42, 43 Many researches have been devoted to study 

the etching rate and etching selectivity of magnetic materials, and the main etching 



 

99

mechanism is sputtering, which results in severe redeposition and geometry change. The 

research on the etching profile for high density nanostructures has not been paid enough 

attention. In our work, similar to the Al2O3 etching optimization, the etching profile 

should also be considered carefully in addition to the etching rate. Mixtures of Ar and Cl2 

are one of the recipes normally used to dry etch magnetic materials. Here we studied the 

etching profile of Co/Pt in an ICP RIE etcher. The mixture rate of Ar/Cl2 was changed 

while the total gas was kept at 20sccm. The pressure was 15mtorr, ICP power was set to 

500W, and RIE power was 150W except that 400W for pure Ar. The recipes are shown in 

Table 3.4. 

Table 3.4  Etching recipe of Co/Pt 

Recipe Gas (sccm) ICP power(W) RIE power (W) Pressure (mT) 

B Cl2 (20)  500 150 15 

C Cl2(15)/Ar(5) 500 150 15 

D Cl2(5)/Ar (15) 500 150 15 

E Ar(20) 500 400 15 

The etching results are compared in Figure 3.30. All the samples were etched down to 

the silicon substrate to ensure complete etching of the metal stacks. Both pure Cl2 and 

pure Ar typically have slow etch rates, indicating that the rate is mainly due to physical 

sputtering with only Ar whereas it is attributed to the chemical etch component with pure 

Cl2. while the mixture of them gives a faster rate, due to the ion-enhanced effect. In 

picture (c) (recipe C), some of the Al2O3 spacer rings collapsed down after etching and 
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clearly show the metal rings underneath. The insert in picture (d) shows the metal rings 

after removing the Al2O3 by BOE. Comparing the etching profile and the metal rings 

geometries, recipe C (75% Cl2/ 25% Ar) gives the best result. The change of the 

dimensions of the metal rings from the Al2O3 ring mask is less than the other recipes we 

tried. We should note that this mixture rate is frequently observed to have the maximum 

etch rate for the materials producing relatively low-volatility etch product.43 Therefore 

there is less redeposition, although the dimensions of the pattern are still degraded. For 

example, the ring mask has inner diameter of 150nm with width of 50nm, the metal rings 

after etching have their inner diameter shrunk to 89nm and width enlarged to 81nm. 

Recipe C is adopted to etch Co/Pt, the etch time is 60sec/10nm cobalt and all samples 

were overetched to silicon substrate to ensure there is no continuous metal film. 

After etching, the Al2O3 mask either remains on the sample or is removed by BOE. 

Figure 3.31 shows the metal rings after removal by BOE. The top row shows the metal 

rings resulting from 10nm Al2O3 deposition, while the bottom row shows the result from 

30nm Al2O3 deposition.  

The etch down technique provides much more uniform ring array with less defects than 

the previous two techniques. The statistics of the metal rings geometries obtained by etch 

down are summarized in Table 3.5, and the evolution of geometries from photoresist to 

metal rings is summarized in Table 3.6. 
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Table 3.5  Statistics of rings geometries obtained by etch down technique 

Ring 

index 

Do mean 

(nm) 

Range 

(nm) 

Std. Dev 

(nm) 

Di mean

(nm) 

Range 

(nm) 

Std. Dev 

(nm) 

Width=(Do-Di)/2 

(nm) 

A 220 ±9 5.4 57 ±4.5 2.2 81.5 

B 235 ±8.5 4.3 75 ±5.5 4.8 80 

C 252 ±8 4.5 89 ±7.5 4 81.5 

D 293 ±9 3.8 63 ±5.5 4.5 115 

E 315 ±8 4.2 74 ±7 4.3 120.5 

f 356 ±8 4.4 93 ±8 4.2 131.5 

 

Table 3.6  Summary of geometries evolution by etch down technique 

Photoresist/BARC diameter(nm) 100 130 150 

Al2O3 ALD(nm) 10 30 10 30 10 30 

Metal ring inner diameter(nm) 57 63 75 74 89 93 

Metal ring width(nm) 81.5 115 80 120.5 81.5 131.5 

The inner diameter is controlled not only by photolithography, but also by the etch 

redeposition. Around dimensions of 37 ~ 60nm shrinking of diameter occurs after the 

metal etch. Similarly, the ring width is controlled not only by the Al2O3 deposition, but 

also by the etch redeposition. For 10nm Al2O3 spacer ring, the width is enlarged to around 

80nm; while for 30nm Al2O3 spacer ring, the width is enlarged from 115nm to 130nm. 

The smaller the gap between photoresist pillars (larger diameter), the larger the width 
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increases due to lower etching rate and more redeposition. Therefore, precise dimension 

control by photolithography and ALD deposition is suppressed by etching. To better 

control the geometries of nanostructures, the etching method should be further explored 

in future work. 

The next section will discuss some simulation results aimed to study the interaction of 

ring diameter on magnetic properties. As the ring geometries are statistical values, we 

have used 60nm, 75nm and 90nm to represent the inner diameters, and 80nm and 120nm 

to represent the width of the rings. 

3.4 Simulation 

The cobalt ring’s hysteresis loops were simulated by OOMMF. The parameters we set 

for cobalt film is saturation magnetization 1.4x106 A/m, exchange stiffness 3x10-11 J/m 

and zero anisotropy constant (the uniform cobalt film did not show a significant 

difference along different field directions, as will be discussed in the next section).  

To better display the dimension effect on the switching process of a single ring, a 

slightly larger scale difference of cobalt rings than what we fabricated were used for 

OOMMF simulations. Smaller scaled rings similar to those fabricated in this work display 

the same trend. 

3.4.1 Inner diameter effect 

Rings with 20nm thickness and 100nm width were simulated with three inner 
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diameters: 60nm, 100nm and 120nm. Figure 3.32 shows the hysteresis loops for a single 

cobalt ring with various inner diameters. As the inner diameter becomes smaller, the ring 

displays a larger vortex window. This can be explained by the shape anisotropy effect. 

The smaller ring has stronger local shape anisotropy, forcing the magnet aligning along 

the inner and outer circle and forming vortex state. It is similar to the magnetic domains 

pinned to the edge of the antidots, as was discussed in Chapter 2. 

3.4.2 Ring width effect 

Rings with 20nm thickness and 100nm inner diameter were simulated with three 

widths: 85nm, 100nm and 115nm. Figure 3.33 shows the hysteresis loops for a single 

cobalt ring with various widths. As the width become smaller, the ring displays a larger 

vortex window. The explanation is similar to the inner diameter effect. The narrower ring 

has stronger local shape anisotropy, forcing the magnet aligning along the inner and outer 

circle and forming vortex state.  

3.4.3 Thickness effect 

Rings with 100nm width and 100nm inner diameter were simulated with three 

thicknesses: 10nm, 20nm and 30nm. Figure 3.34 shows the hysteresis loops for a single 

cobalt ring with various thicknesses. As the ring becomes thinner, it displays a smaller 

vortex window. This can be explained by the fact that as the thickness is decreased, the 

magnetostatic energy (a.k.a. stray field energy, self-energy or demagnetizing energy) is 

reduced thus the exchange energy dominates and makes the vortex state unfavorable so 
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that it becomes unstable. 

 In a summary, the simulation results show that the vortex state favors smaller, 

narrower and thicker rings, further detail is discussed correlating with the experimental 

result in the following section. 

3.5 Characterization of magnetic rings 

3.5.1 Hysteresis study 

The hysteresis loops of the samples obtained by ALD spacer mask etch technique 

were measured by SQUID, which has a resolution of 10-7 emu. Thin films of cobalt 

depicted a saturation magnetization of about 1400emu/cc. For rings with inner diameter 

of 100nm, width of 100nm and thickness of 20nm, the amount of rings required to obtain 

observable signal is calculated by 

7
4

3 2 2
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emu cm nm nm nmπ

−
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At least 1.4x104 rings are required to measure the hysteresis loop. For better 

signal-to-noise (SNR), this number should be much larger.  The measured sample is 

~5mmx5mm, which has ~1.5x108 rings. The magnetic field was applied parallel to the 

sample surface. The measured results were carefully explored by correlating with 

simulations. 

3.5.1.1 Isotropy 

The control sample, which is a uniform metal films (30nm Co/ 5nm Pt), was first 
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analyzed by x-ray diffraction (XRD). The result is shown in Figure 3.35. Although many 

research reported the sputtered Co thin film was polycrystalline, in our work the (111) 

phase is dominant.  The control sample was measured with the field direction was 

applied at 0° and 90°. The result (Figure 3.36(a)) did not show any significant difference, 

implying the intrinsic magnetocrystalline anisotropy of the sputtered magnetic film can be 

neglected. Next, rings with inner diameter of 90nm, width of 80nm and thickness of 

30nm (thickness means the magnetic metal cobalt layer thickness) were measured with 

the field direction at 0° and 90° (Figure 3.36(b)). These rings also did not have observable 

differences. This means the rings we fabricated are satisfactory symmetric and the 

macroscopic shape anisotropy can be ignored. Therefore the results shown later are 

measured at 0° field direction. We will compare the measurement results and correlated 

them to critical parameters: i) inner diameter, ii) ring width and iii) ring thickness. 

3.5.1.2 Inner diameter effect 

  First we investigate the switching of magnetic ring array as a function of inner 

diameter, while keeping the ring width and thickness constant. Figure 3.37 compares the 

ring arrays with cobalt thickness of 30nm and ring width of ~80nm (from Al2O3 ALD 

10nm). The inner diameters of the rings are 60nm, 75nm and 90nm (from 100nm, 130nm 

and 150nm photoresist pattern). From the hysteresis loops (Figure 3.37(a)), we observed 

that the smaller rings (smaller inner diameter) enter vortex state (from onion state) earlier 

(at smaller reverse magnetic field), and switching to reverse onion state later (at larger 
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magnetic field). Here we define the field value at which the total magnetization drops to 

zero as coercivity Hc, and switching field Hs is at the inflexion point of the curve where 

most of the rings start to switch from vortex state to onion state. These values can 

partially reflect the magnetic state switching in the ring arrays and are listed in Table 3.7. 

Table 3.7  Hc, Hs and ΔH as function of inner diameter with T=30nm and W=85nm 

Inner diameter(nm) 60 75 90 

Coercivty Hc (oe) 590 560 550 

Switching field Hs(oe) 1250 1100 1000 

Vortex window ΔH(oe) 660 540 450 

 Figure 3.38 compares the ring arrays with cobalt thickness of 50nm and width of 

80nm. The inner diameters of the rings are 75nm and 90nm. The coercivity, switching 

field and vortex window are listed in Table 3.8. 

Table 3.8  Hc, Hs and ΔH as function of inner diameter with T=50nm and W=85nm 

Inner diameter(nm) 75 90 

Coercivty Hc (oe) 378 333 

Switching field Hs(oe) 1550 950 

Vortex window ΔH(oe) 1172 617 

 The measurement results display the same inner diameter effect as the simulation 

results. Further understanding can be assisted with simulation. Figure 3.39 shows the 

simulated magnetic state of a single cobalt ring (Din=100nm, W=100nm, T=20nm). The 

ring is first saturated by 3000Oe field along horizontal direction and then the field is 

dropped to 1000Oe (refer to Figure 3.37). At this lower field (lower zeeman energy also), 
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the spins at the initial domain wall region (0° and 180°) start to align (be pinned) along 

the circumference to lower the shape anisotropy energy. The pinned spins forced the spins 

that are away from the circumference align to them to reduce exchange energy, which 

leads to formation and maintenance of vortex state. As rings get smaller, the local 

curvature (shape anisotropy) becomes higher and the ratio of perimeter over area gets 

larger, more spins are pinned along the circumference, resulting in a larger vortex 

window.  

3.5.1.3 Ring width effect 

The effect of ring width on the switching property is investigated with same inner 

diameter and thickness. Figure 3.40 compares the ring arrays with cobalt thickness of 

30nm and inner diameter of 75nm (from 130nm photoresist pattern). The ring widths are 

80nm and 120nm (from 10nm and 30nm Al2O3 ALD). From the hysteresis loops (Figure 

3.40(a)), we observed that the narrower rings (smaller width) have a larger vortex window. 

The coercivity, switching field and vortex window are listed in Table 3.9. 

Table 3.9  Hc, Hs and ΔH as function of ring width with T=30nm and Din=75nm 

Ring width (nm) 80 120 

Coercivty Hc (oe) 555 498 

Switching field Hs(oe) 1100 1000

Vortex window ΔH(oe) 545 502 

The measurement results display the same width effect as simulation resulst, with 

similar explanation as inner diameter effect. In wider rings, the spins are less strongly 
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aligned to the circumference; also the spins between the two circumferences are less 

exchange-coupled to the pinned spins along the circumference and can be reversed easier 

to lower the magnetostatic energy. Thus it requires less reverse field to switch from vortex 

state to onion state. 

3.5.1.4 Ring thickness effect 

The effect of ring thickness on the switching property is investigated with same inner 

diameter and width. Figure 3.41 compares the ring arrays with inner diameter of 75nm 

(from 130nm photoresist pattern) and width of 80nm (from 10nm Al2O3 ALD). The ring 

thicknesses (cobalt) are 10nm, 30nm and 50nm. From the hysteresis loops (Figure 

3.41(a)), we observed that the thicker rings enter vortex state (from onion state) earlier (at 

smaller reverse magnetic field), and has a larger vortex windows. The coercivity, 

switching field and vortex window are listed in Table 3.10.   

Table 3.10 Hc, Hs and ΔH as function of ring thickness with Din=75nm and W=80nm 

Ring thickness (nm) 10 20 30 50 

Coercivty Hc (oe) 750 705 560 335 

Switching field Hs(oe) 1050 1250 1175 1400 

Vortex window ΔH(oe) 300 545 615 1065 

 

The measurement results display the same thickness effect as simulation results. This 

is due to the stray field of the ring at onion state. Figure 3.42(a) is a schematic drawing of 

the stray field at onion state. The simulation results are shown in Figure 3.42(b) and (c). 
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(b) shows the total field (external field + stray field) distribution, while (c) shows the 

stray field distribution only. Competing with the external field, the stray field makes the 

onion state unstable and tends to become a multi-domain state (especially vortex state) to 

lower the stray field energy. As the ring gets thicker, the stray field gets higher; the stray 

field energy increases and dominates compared to exchange energy. The vortex state is 

therefore formed earlier and remained longer to lower the total energy. 

3.6 Discrepancy between simulation and measurement results 

The simulation results in section 3.4 show a sharp transition between onion state and 

vortex state, and a large vortex window for single ring. However, the measurement 

hysteresis loops of ring array display gradual change between two states, with a small 

vortex window. In our work, this discrepancy can be mainly attributed to two reasons: 

nonuniformity/defects and interaction, as will be discussed as follows. 

3.6.1 Nonuniformity and defects 

Lateral dimensions variations of a few nm among the ring array are inevitable during 

lithography and etch processing, as already summarized in Table 3.5. The thickness of the 

film is also not uniform during sputter deposition. These various dimensions result in 

switching distribution in ring array, as discussed in the previous sections. 

Secondly, edge roughness or microstructural variation can locally alter the nucleation 

or pin of the domain walls.4, 16, 44 For example, defects such as notches in the ring can pin 
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the domain walls and make it difficult to switch from onion state to vortex state. 45    

The random orientation of grains within the films also causes local variations in 

magnetocrystalline anisotropy, further increase the switching distribution.  

These nonuniformity and defects effects will be amplified by the interaction among 

rings, making the situation even worse, as will be discussed in the next section. 

3.6.2 Interaction 

Another important effect, the interaction, occurring when the distance of the rings is 

small, also changes the measured hysteresis loop of ring array. The interaction in dense 

ring array is drawing attention in recent research.27, 28 In this work, we explored the 

interaction effect by assistance of simulations. 

 Figure 3.43 is a comparison of measured hysteresis loop with simulation results. 

The measured ring array has inner diameter of 90nm, width of 80nm, thickness of 30nm, 

and pitch of 400nm. A 5X5 ring array and a single ring with same dimensions are 

simulated to compare the results. The simulation shows the significant change of the 

hysteresis loop from single ring to ring array. The gradual switching curve of ring array is 

from the switching distribution. When the magnetic field starts to decrease from the 

saturation field (2500oe), some of the rings start to switch to the vortex state while others 

remain at the onion state, as shown in the right image in Figure 3.43. In simulation this 

switching distribution is due to nonuniformity of mapping the array pattern into 2-D grid 

of squares, which results a small difference between rings. This reflects the fact of 
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nonuniformity in the real fabricated ring array, as discussed in the previous section. In 

addition, it is also noticeable from the simulation result that when the rings switch to 

vortex state, they can be clockwise or anti-clockwise, as shown in the right image in 

Figure 3.43. The distribution of chirality depends on randomness during simulation, and 

varies each time. It indicates that the chirality in ideal symmetric ring is uncontrollable, 

which we will further discuss in the next chapter. 

The more important factor that degrades the vortex window in ring array is the 

interaction among rings. Stray field exists at onion state, as discussed before and shown in 

Figure 3.44. When the ring array is in onion state, the domain wall positions in two 

adjacent rings are aligned. The stray field leaves one domain wall of one ring as source, 

and enters the domain wall of the adjacent ring as sink, as displayed in Figure 3.44 (a)-(b). 

In addition to the external field, this stray field from the adjacent ring increases the 

stability of the domain wall positions. Hence the onion state is stabilized and a larger 

reverse field is required to switch to vortex state. Also it leads to various switching 

(coercivity) of the rings.  

During the transition from stray-field-free vortex state to onion state, some of the 

rings in the array will switch earlier due to the switching distribution as discussed in 

previous section. Again, the switched rings (onion state) have stray field, which adds to 

the external field and facilitate the switching of the adjacent ring, as displayed in Figure 

3.44 (c)-(d). This results in chain reaction thus the total ring array switch from vortex 

state to onion state easier than the single ring. 
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Therefore the interaction due to the stray field degrades the hysteresis loop of ring 

array with a gradual switching curve and smaller vortex window. The measured hysteresis 

loop of ~1.5x108 ring array has more degradation than simulation result of 5X5 uniform 

ring array, because of the dimensions distribution and defects in the fabricated samples. 

This leads to more interaction effect in the ring array.  

Since the interaction effect is dependent on the stray field strength between adjacent 

rings, it is correlated to the ratio of spacing over ring dimensions. Ring array with large 

spacing and small dimensions will have less interaction, as demonstrated from simulation 

result. Figure 3.45(a) compares the hysteresis of single ring (Din=100nm, W=100nm, 

T=20nm) to 5X5 ring array with same dimensions but different spacing (pitch of 400nm 

and 600nm). The array with larger pitch (thus larger spacing) has larger vortex window 

and is more closer to the single ring’s switching. Figure 3.45(b) shows the hysteresis of 

single ring (Din=100nm, W=50nm, T=20nm) and 5X5 array with 400nm pitch. 

Comparing to the 100nm width ring array with 400nm pitch in Figure 3.45(a), narrower 

ring array is more closer to single ring’s switching for a larger spacing. 

In the application of MRAM circuits, the interaction effect of ring-shaped cell is not 

as bad as other shapes. The other configurations, as detailed in 3.1.1, utilize linear 

magnetization as data storage state, which always has stray field thus interaction issue. 

On the other hand, in ring-MRAM all the rings are at vortex state as the data storage state, 

which is free of stray field. During writing, the external high magnetic field is only 

applied to selected cell and switch to appropriate onion state (refer to 3.1.2) for a short 
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cycle. The stray field from selected cell has only a small effect on the adjacent 

vortex-state ring since the external field is much low there. Additionally, when STT is 

utilized as switching technology instead of in-plane magnetic field, the state in 

ring-MRAM cell is switched from vortex state (like clockwise) directly to opposite vortex 

state (like anticlockwise). There exists no onion state thus no stray field, minimizing the 

coupling. In the sight of density, regular shaped MRAM can achieve smaller cell size but 

has interaction problem at high density; while the ring-MRAM has much less interaction 

thus high density is still achievable although the cell size may be larger.  

However, interaction is still an important effect even in ring-MRAM. The 

nonuniformity and defects in rings are inevitable during fabrication, thus small stray field 

always exists. As the technology scales down, interaction can become remarkable finally. 

The study of interaction in our work helps the understanding of this mechanism and is a 

guide for the future research and circuit design. 

 

3.7 Magnetic force microscopy (MFM) 

The magnetic states of the ring arrays were observed by MFM. The MFM is derived 

from atomic force microscopy (AFM), with the tip being magnetized. By measuring the 

magnetic interaction between the sample and the tip, the spatial distribution of magnetism 

can be mapped. The MFM tool in our research has the tip made from cobalt alloy hard 

magnetic coating, and the diameter of the tip is around 100nm. Therefore only low 
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resolution image can be obtained.  

 Figure 3.46 shows the AFM and MFM images from cobalt ring arrays with inner 

diameter of 90nm, width of 80nm and thickness of 30nm. The sample was saturated at 

4000oe magnetic field first, followed by applying -1000oe reverse field (refer to Figure 

3.37). At this field some of the rings began to switch to onion state while others remained 

at vortex state. The MFM observed the remanent state after removing the magnetic field.  

In Figure 3.46, the clearly distinguishable black and white spots are caused by the 

interaction between the MFM tip and the magnetic stray field leaving the ring. When the 

magnetic stray field leaving the ring is parallel to the magnetization vector in the MFM 

tip, the tip is attracted towards the sample, resulting in a black spot. When the magnetic 

stray field is antiparallel, the MFM tip will be repelled and a white spot appears. In Figure 

3.46 of 6X6 ring array, 12 rings show strong stray field, which indicates onion state; 

while other 24 rings do not have strong stray field or can not be observed by our MFM, 

indicating vortex state. This observation further confirms the switching distribution in 

ring array due to nonuniformity and interaction.   

Further detailed study of switching properties of rings could be possible by MFM with 

variable field module option. The states switching of individual ring and the interaction of 

ring arrays can be observed by MFM, applying various magnetic fields in the meantime. 

Unfortunately we are lack of this equipment. 
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3.8 Conclusion 

In this work, we analyzed the scale requirement of ring in MRAM application and the 

fabrication challenge of conventional photolithography. To realize the requirement in 

MRAM circuits design, such as large area, high density, low cost, easy alignment, simple 

process, etc, we have designed three novel techniques to fabricate nano-rings using UV 

lithography patterning. These three techniques, lateral etch, Al2O3 ring spacer mask lift off 

and Al2O3 ring spacer mask etch down respectively, can all obtain dimensions and density 

of the rings below the resolution limit of the photolithography tool. Among them, the 

Al2O3 ring spacer mask etch down technique gave the best uniformity and least defects. 

The dimensions of the ring can be controlled easily and the density can be same as the 

photolithography tool provides for other normal structures. Our novel techniques use 

simple mask design (dot or hole), and can be smoothly transferred to manufactures. More 

impressively, with the technology scaling down (higher resolution photolithography to 

pattern higher density of dots/holes), this technique achieve higher density of rings for 

MRAM application. 

Secondly, we have investigated the dry etching of Al2O3 and magnetic material 

(cobalt), achieving better profile and dimensions control by comparing various etching 

recipes. In addition to the etch rate and etch selectivity, the etching profile is becoming 

more and more important as technology scales down and requirement of nanostructures’ 

dimension variations becomes more rigid. Our work is a great complement in this 
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research area. 

The magnetic behavior of the cobalt ring array was studied by correlating simulation 

with experimental measurements. The magnetic states existing in rings depend on 

minimizing the total energy. Hysteresis loops of the rings showed smaller, narrower and 

thicker rings favor the formation and maintenance of vortex state. In other words, 

attributed by stronger local shape anisotropy, vortex states in rings, as data storage states, 

become more stable and robust to nonuniformity and defects as scaling down. The write 

margin of MRAM will benefit from this large vortex window.  

Additionally, we also explored the interaction effect among ring array. The interaction, 

due to stray field, affects the switching of the rings and results in small vortex window. 

This effect can be less in MRAM circuits as only applying magnetic field to selected cell. 

STT technology with ring-shaped cell design can be the best solution to the interaction 

problem in MRAM design. This makes ring-shaped MRAM most attractive with 

technology scaling. 
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3.9 Figures 

S state C stateS state C state

 
Figure 3.1  Transient magnetization configurations during magnetization reversal 
from (a) remanent state S and (b) remanent state C.2 

(a) (b) (c)

(d) (e)

(a) (b) (c)

(d) (e)
 

Figure 3.2 Several shapes proposed for MTJ. (a) sharp tapered edges4 (b) saturn7 (c) pac-man9 (d) 
google11 and (e) sandglass12 
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Figure 3.3 Calculated switching fields of NiFe film elements with different end shape. All the 
elements have the same size of 0.2x0.1μm2, counting tip-to-tip, and a thickness of 20 Å.13 
 

 
Figure 3.4 Simulated magnetization switching process for the 0.6 μm diam disk shape NiFeCo(15 
Å)/Cu(40 Å)/NiFeCo(30 Å) trilayer element.13 

 
Figure 3.5 Simulation of hystersis loop for cobalt rings with dout=300nm, din=100nm, t=20nm. 
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Figure 3.6 Coercive field Hc and ΔH as a function of inner diameter for 10 nm thick Co rings with 
400 nm outer diameter.23 

 
Figure 3.7 Switching field (Hcrit in the graph) as a function of thickness for permalloy rings with 
out diameter= 1μm and different values of internal diameter.20 
 

 
Figure 3.8 SEM images of the smallest 10 nm-thick permalloy rings achievable for three different 
PMMA resist thicknesses. The linewidth is 30 nm and the PMMA thickness and ring outer diameter 
are given for each image.29 
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(a) (b)(a) (b)  
Figure 3.9 (a) Multiple-beam interference lithography with diffraction gratings. A mask bearing 
a number of gratings is illuminated with spatially coherent light in the normal direction (z direction). 
Beams diffracted by the gratings overlap and form an interference pattern in the image plane x’y’. (b) 
SEM image of an array of nano-rings in 50 and 100-nm thick PMMA, respectively, obtained with 
eight-beam EUV-IL. 33 
 

 

Figure 3.10 Schematic views of rings fabricated by AAO. Method I: (a) shows the AAO template 
on 20 nm of SiO2 on the desired ring material, (b) shows sputter redeposited material around the 
pore walls after sputter etching, (c) shows the rings after AAO mask is removed (with a plan-view 
added to guide the eye). Method II: (d) shows AAO mask on a silicon substrate after ring material is 
evaporated down the mask, (e) shows sputter redeposited material around the pore walls after sputter 
etching, (f) shows the rings after AAO mask is removed. 34 
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Figure 3.11 Schematic views of rings fabricated by nanosphere. 35 
 

(c)

(d)

(f)

(c)

(d)

(f)

(c)

(d)

(f)

 

Figure 3.12 SEM images of (a)-(b) rings fabricated by AAO; 34 (c)-(f) rings fabricated by 
nanosphere.35 
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(a) (b)

(c) (d)

 

Figure 3.13 Calculations of light intensity distribution for ring mask processed by ASML 
5500/950B scanner. (a) and (b) are dark and light mask, the ring has 125nm inner circle diameter and 
375nm outer circle diameter. (c) and (d) are the light intensity distribution. 
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Figure 3.14 Exposing energy scan at step 0.1mJ/cm2 of a ring dark mask. The rings have diameters 
of inner circle 125nm and outer circle 375nm, with periodicity of 750nm. The exposing energy starts 
at (a) 12.7mJ/cm2 and ends at (i) 13.5mJ/cm2. 

 
Figure 3.15 Simulation of light intensity distribution of large scale ring patterned by 
photolithography. Mask: Din=200nm, W=150nm. 
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Figure 3.16 Simulation of hysteresis for various configurations of cobalt rings. (a) ideal circular 
ring; (b) quasi-square ring; (c) square ring. All configurations have inner diameter of 100nm, width 
of 100nm and 20nm thickness. 

(a) (b)  
Figure 3.17 Square ring at vortex state under certain external field. (a) magnetization of vortex 
state. The arrows indicates the local magnetic direction; (b) Total field (external field + stray field) at 
vortex state. The arrows indicate the field direction and magnitude.  
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Figure 3.18 Schematics of ring fabrication process by lateral etch technique. (a)Thin layer of metal 
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A deposition after photolithography; (b) RIE oxygen plasma dry etch; (c) Crosssection view after RIE 
etch; (d) Remove photoresist and deposit magnetic metal film B on the BARC with anti-ring pattern; 
(e) Cross-section view after magnetic metal B deposition; (f) Magnetic rings after lift-off. 

substrate

(a) (b) (c)

ALD Al2O3

substrate

PR

Al2O3 dry etch

substrate substrate

O2 dry etch

(d)

Al2O3 rings

 
Figure 3.19 Process of fabricating Al2O3 spacer as ring mask. (a) Al2O3 is deposited by ALD on 
photoresist (PR) pillars; (b) Al2O3 layer on the top surface is removed by dry etch; (c) the remaining 
photoresist can be removed by oxygen plasma etch; (d) Al2O3 rings can be obtained as a mask. 

 

Figure 3.20 Top view of hole array patterned on the photoresist. (a) Square lattice with 300nm 
pitch; (b) Triangular lattice with 375nm pitch. 

 
Figure 3.21 After RIE oxygen plasma etch (a) Cross-section view, which shows the lateral etch of 
photoresist and the anti-ring in the BARC layer; (b) Top view, some photoresist was peeled off to 
reveal the anti-ring in the BARC underneath. The hole size at the top surface of the photoresist does 
not change after etch. 
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Figure 3.22  Representative anti-rings in BARC after different RIE etch time. (a) 2 min; (b) 2.3min; 
(c) 2min; (4) 2.8min. 

 
Figure 3.23 Representative magnetic rings after lift off with different inner diameter and width; (a) 
Din = 90nm, width = 80nm; (b) Din = 50nm, width = 125nm; (c) Din = 90nm, width = 70nm; (d) Din = 
80nm, width = 120nm; 



 

127
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(c1)(b1)(a1)
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Figure 3.24 Photoresist/BARC pillars after lithography. The top row is the top view while the 
bottom row is side view. (a1)(a2) diameter of 100nm; (b1)(b2) diameter of 130nm; (c1)(c2) diameter of 
150nm. 

(a) (b) (c)

(f)(e)(d)

 
Figure 3.25 Etching profiles of Al2O3 pillars by different recipes. (a) Initial Al2O3 pillars; (b)Ar; (c) 
Cl2/BCl3; (d) Ar/ Cl2; (e) BCl3; (f) Ar/BCl3. All recipe details are listed in Table 3.3. 
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Figure 3.26 Process of fabricating magnetic rings by lift off using Al2O3 mask. (a) Al2O3 ALD 
deposition after photolithography; (b) Dry etch Al2O3; (c) Photoresist spin on the sample; (d) Oxygen 
plasma etch away some photoresist to reveal the Al2O3 rings. (e) BOE wet etch all the Al2O3, leaving 
anti-ring pattern in the photoresist layer; (f) Co/Pt are deposited into the anti-ring pattern by sputter; 
(g) Sample is lifted off in acetone and oxygen plasma is used to remove the remaining BARC layer. (h) 
Remaining magnetic rings on the substrate. 

(a) (b)

(c) (d)

 
Figure 3.27 Metal rings obtained by spacer mask and lift off technique. (a) & (b) show the 
anti-ring pattern in the photoresist after removing Al2O3 by BOE; (c) is lift-off result form (a), with 
inner diameter of 160nm and width of 100nm; (d) is lift-off result form (b), with inner diameter of 
120nm and width of 100nm. 
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Figure 3.28 Partially lift-off result with inner diameter of 100nm and width of 100nm. 
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Figure 3.29 Process of fabricating magnetic rings by etching down using Al2O3 mask. (a) Al2O3 
ALD deposition after photolithography; (b) Dry etch Al2O3; (c) Oxygen plasma etch to remove the 
photoresist and BARC inside the Al2O3 rings; (d) Dry etch metal stack underneath; (e) The remaining 
Al2O3 can be removed by BOE; (f) Remaining magnetic rings on the substrate. 
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(c)

 
Figure 3.30 Etching profile of Co/Pt by different recipes. (a) initial Al2O3 ring mask before etch; 
(b)100% Cl2; (c)Cl2(75%)/Ar(25%); (d)Cl2(25%)/Ar(75%); (e)100% Ar. All recipe details are listed in 
Table 3.4. 
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(a) (b) (c)
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Figure 3.31 Metal rings after etching and removing Al2O3. (a)-(c) are the result from 10nm Al2O3 
ALD, while (d)-(e) are from 30nm Al2O3 ALD. (a) Din=57nm, Width =82nm; (b) Din=75nm, Width 
=80nm; (c) Din=89nm, Width =81nm; (d) Din=63nm, Width =115nm; (e) Din=74nm, Width =120nm; 
(f) Din=93nm, Width =130nm. 
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Figure 3.32 Simulation of inner diameter effect on switching process. The ring width is 100nm and 
thickness is 20nm. The inner diameters are 60nm, 100nm and 120nm. 
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Figure 3.33 Simulation of width effect on switching process. The ring inner diameter is 100nm and 
thickness is 20nm. The widths are 115nm, 100nm and 85nm. 
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Figure 3.34 Simulation of thickness effect on switching process. The ring inner diameter is 100nm 
and width is 100nm. The thicknesses are 10nm, 20nm and 30nm. 
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Figure 3.35 XRD result of 30nm Co/ 5nm Pt film. 
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Figure 3.36 The measurement result with magnetic field applied along 0° and 90°, parallel to the 
sample surface. (a) Hysteresis loops from control sample with 30nm thick Cobalt film. (b) Hysteresis 
loops from rings sample with 30nm thick cobalt, 80nm width and Din=90nm. 
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Figure 3.37 Hysteresis loops comparison with various inner diameters. The samples have 30nm 
thick cobalt with 80nm width. The inner diameters are 90nm, 75nm and 60nm. (a) shows the 
hysteresis loops; (b) shows Hc, Hs and ΔH as a function of inner diameter. 
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Figure 3.38 Hysteresis loops comparison with various inner diameters. The samples have 50nm 
thick cobalt with 80nm width. The inner diameters are 90nm and 75nm. (a) shows the hysteresis loops; 
(b) shows Hc, Hs and ΔH as a function of inner diameter. 

 
Figure 3.39 Simulation of magnetic state in a Co ring (Din=100nm, W=100nm, T=20nm) at 1000Oe 
field after saturation.  The arrows indicate the local magnetic direction. 
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Figure 3.40 Hysteresis loops comparison with various ring width. The samples have 30nm thick 
cobalt with 75nm inner diameter. The ring widths are 100nm and 80nm. (a) shows the hysteresis 
loops; (b) shows Hc, Hs and ΔH as a function of ring width. 
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Figure 3.41 Hysteresis loops comparison with various ring thickness. The samples have 75nm inner 
diameter and 80nm width. The ring thickness are 10nm, 30nm and 50nm. (a) shows the hysteresis 
loops; (b) shows Hc, Hs and ΔH as a function of ring thickness. 

(a) (b) (c)  
Figure 3.42 (a) Illustration of stray field at onion state; (b) Simulation of total field at onion state; 
(c) Simulation of stray field at onion state. The arrows indicate the local stray field direction and 
magnitude. 
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Figure 3.43 Comparison of measured hysteresis loop of ring array with simulation result. The 
right image shows the magnetic states of 5X5 ring array during switching. 
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(a) (b)

(c) (d)  
Figure 3.44 Interaction in ring array due to stray field. (a) all rings at onion state, arrows indicate 
the local magnetic direction; (b) total field distribution corresponds to (a), arrows indicate local total 
field direction and magnitude; (c) during switching, some rings in vortex state while others not; (d) 
total field distribution corresponds to (c). 

-2000 -1000 0 1000 2000

-1.0

-0.5

0.0

0.5

1.0

 

 

N
or

m
al

iz
ed

 M
ag

ne
tiz

at
io

n

Field (oe)

 5X5 ring array, P=600nm
 5X5 ring array, P=400nm
 Single ring

Din=100nm
W=100nm
T=20nm

-2000 -1000 0 1000 2000

-1.0

-0.5

0.0

0.5

1.0

N
or

m
al

iz
ed

 M
ag

ne
tiz

at
io

n

Field (oe)

 5X5 ring array, P=400nm
 Single ring

Din=100nm
W=50nm
T=20nm

(a) (b)  
Figure 3.45 Simulated interaction effect in ring array with different spacing and dimensions. 
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Onion State

Vortex State

 
Figure 3.46 (a) AFM image of cobalt ring arrays; (b) Remanant state of cobalt ring arrays 
observed by MFM. The sample was saturated at 4000oe magnetic field first followed by applying 
-1000oe (reverse field). The dashed frame shows the rings in onion states, while other rings are at 
vortex states. 
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Chapter 4 Vortex Chirality Control in Rings 

4.1 Necessity of vortex chirality control 

The two stable vortex states in magnetic rings where the field lines encircle the 

center to form either clockwise or anti-clockwise formations were proposed as data 

storage sites, i.e., 1s and 0s. The switching of the states is controlled normally using an 

in-plane uniform magnetic field. However, the micromagnetic simulations performed on 

narrow symmetric circular rings predicted only one transition: the ring switches directly 

from one onion to the reverse onion state without going into the vortex state, as shown in 

Figure 4.1. The switching mechanism in this case is simple and close to coherent rotation. 

The two walls start to move simultaneously in the same rotational direction so that they 

chase each other around the perimeter of the ring. The onion state is completely switched 

when the walls have reached the opposite side.1, 2 The above mechanism is not reflected 

by the experimentally observed switching, where vortex state always exists between the 

onion states. The discrepancy between the experiment and simulations is due to the small 

asymmetry in the ring’s shape. If any asymmetries are present in the ring, the domain 

walls will not start to move simultaneously. One wall will be more strongly pinned than 

the other, and a transition into a vortex state will take place when the other wall has 

depinned and moved to the pinned wall, which results in the annihilation of both walls. 

This asymmetry always occurs due to fabrication process defects and nouniformities and 

is difficult to control. 
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Therefore in an array of “symmetric” circular rings embedded on the substrate for 

MRAM application, will suffer from asymmetry, and will therefore have a distribution 

leading to unpredictable vortex chirality after switching from onion state if using an 

in-plane uniform field. The vortex could be either clockwise which is datum 1, or 

anticlockwise which is datum 0. This is unacceptable in writing process if we want to 

utilize ring-shape in MRAM application, and precise control of the vortex state with a 

desired direction of circulation become necessary and important. 

Radial magnetic field was applied to control the chirality of the ring dots.3 A current 

flows perpendicular to the film plane to create these magnetic fields. However, this 

method might be hard to realize experimentally for MTJs because the MTJs include 

insulators. Therefore, high electric current cannot flow into the MTJs to produce large 

enough switching field. STT technology, as discussed in previous chapters, might 

requires less vertical current. On the other hand, finding a solution to control the chirality 

by in-plane magnetic field is also under consideration. 

4.2 Approaches 

Since entering the vortex state from onion state is the result of the small asymmetry 

of the ring, intentional introduction of asymmetry in the ring will help control the chirality. 

Several approaches have been proposed for this purpose. 
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4.2.1 Norch as domain wall pin 

  Klaui et al. introduced a notch in the ring as a domain wall pinning feature, as shown 

in Figure 4.2.4, 5 The positions of the two domain walls are determined both by the 

magnetocrystalline anisotropy and by pinning due to geometrical features and will, in an 

experiment, always be misaligned with respect to the applied field. Due to this 

misalignment the applied field will exert a force on the walls. As the wall without the 

notch (the upper one in Figure 4.2(a) and (b)) is pinned less strongly, it will depin at a 

lower field than the other, and it will start to move in the direction indicated by the arrow. 

When it arrives at the notch it will annihilate the pinned wall. This nucleation free 

switching process yields the vortex states shown in Figure 4.2(c) and (d). Therefore due 

to the different pinning process of the two domain walls present in the onion state, rings 

switch from the onion state into the desired vortex state with predictable chirality. 

However, the reliable fabrication of the notches in small rings could present a 

technological challenge. 

4.2.2 Partially planned outer sides 

Nakatani et al. proposed rings with partially planed outer side.2, 6, 7 The 

micromagnetic simulation, as sketched in Figure 4.3(a), showed that the two domain 

walls move oppositely to the planned part and annihilate when they meet each other. This 

resulted in the vortex state and the chirality is determined by the direction of the 

magnetization on the arced side. The origin of the direction of the domain wall movement 
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is believed to be related to the difference in the total energy between two domains. The 

energy of the domain on the planned half side is higher than that of the domain on the 

arced half side, because the planed part causes a few stray fields. Therefore the domain on 

the planned side shrinks in order to reduce the total energy and the direction of the 

magnetizations of the arc side is preferentially maintained. The experimental results 

confirmed this method, as shown in Figure 4.3(b)-(c). 

4.2.3 De-centered rings 

Saitoh et al. modified the inner hole to an ellipse and shifting its center from the 

middle of the ring, as shown in Figure 4.4.8  The mechanism of chirality control is 

similar as partially planned outer side ring, confirmed by both simulation and experiment. 

Both the domain walls move toward the narrower semicircle of the ring to reduce the 

domain-wall energy, thus the magnetization of the wider semicircle is maintained and 

decides the vortex chirality for 500nm-diameter rings. Comparing to Saitoh’s design, 

Subramani et al. stated by simulation that using a circle instead of ellipse as the inner hole, 

the de-centered rings also have precise control of vortex chirality (Figure 4.5) Instead, in 

micron scale (1.23μm outer diameter, 235nm inner diameter, 31nm center shift), the 

vortex circulation direction is determined by the magnetization of the rings’ narrower 

semicircle after switching. 9 

 In a summary, two mechanisms have been proposed to control the vortex chirality in 

asymmetric rings, by pinning one domain wall or by control the movement direction of 
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the two domain walls. A feasible fabrication method should be developed to realize the 

vortex control and explore the properties of asymmetric rings. 

4.3 Experiment 

Comparing the geometries proposed above for vortex chirality control, the 

de-centered ring is more attractive for its feasible fabrication. To demonstrate 

Subramani’s simulation, we designed two novel techniques to fabricate de-centered rings, 

lateral etch with tilt substrate and ALD spacer mask with tilt substrate etch. 

4.3.1 Lateral etch with tilt substrate 

We developed a method to fabricate de-centered rings based on lateral etch 

technique discussed in chapter 3. The process flow is schematically shown in Figure 4.6. 

All the steps are similar as described in Section 3.3, except that the substrate was tilted at 

a small angle θ (10° - 30°) during the RIE oxygen plasma etch. The tilt leaded the shift of 

the inner circle’s center, and the distance of shift can be controlled by the tilt angle. Again 

this shift can be below the lithography resolution limit. Figure 4.7 shows the anti-ring 

pattern in BARC whose inner circle shift as the tilt angle changes. Representative cobalt 

de-centered rings achieved by this way are shown in Figure 4.8, the dimensions (ring size 

and shift) are summarized in Table 4.1. 
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Table 4.1  Summary of center shift as the tilt angle for de-centered rings 

 Square Lattice Triangular Lattice 

Tilt angle θ 10° 20° 10° 20° 

Ring dimensions Dout /Din(nm) 240/75 250/55 340/75 240/85 

Center shift(nm) 10 50 12 70 

4.3.2 ALD spacer etch with tilt substrate 

Another fabrication of de-centered rings is based on ALD spacer mask technique 

discussed in chapter 3. The process flow is similar as lateral etch with tilt substrate, 

schematically shown in Figure 4.9. All the steps are similar as described in Section 3.2.5, 

except that the substrate was tilted at a small angle θ (10° - 30°) during the RIE etch of 

Al2O3. Representative cobalt de-centered rings achieved by this way are shown in Figure 

4.10. The sample had photoresist pillars of 130nm diameter and 30nm Al2O3 ALD. The 

substrate was titled at 20° during Al2O3 etch, and the final magnetic metal rings had inner 

diameter of 80nm, out diameter of 280nm, and 60nm center shift. 

These two techniques are simple, and have most of the advantages as we stated in 

Chapter 3. The drawback is the nonuniform etch rate for tilted sample in RIE. The lower 

edge close to the RIE wafer holder (right side in Figure 4.9(b)) has higher etching rate 

than the higher edge separate from the substrate (left side in Figure 4.9(b)). This is due to 

the spatial potential difference. Therefore the center shift is larger near the lower edge of 

the sample. The etch rate difference can be avoided by using ion milling instead of RIE.      
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4.4 Simulation 

4.4.1 Shape anisotropy 

The shift of the inner circle leads to shape anisotropy of the rings, which results in 

angular dependent switching, as we discussed in Chapter 2. The ring width varies along 

the circumference, with their minima and maxima separated by 180°. Therefore the 

domain wall energy, depending on the thickness and width, changes with the angular 

position, with minima at thinnest width and maxima at thickest width. 10 As shown in 

Figure 4.11, when the magnetic field is along the symmetry axis (0°), one domain wall 

will be generated at the thinnest location (180°) and the other domain wall will be at 

thickest location (0°). Under reverse field, these two domains have two possible 

directions to move since it is symmetric, the situation is not much different from that of 

centered rings. Therefore the hysteresis loop along the symmetry axis is similar as the 

centered ring. However, when the magnetic field is along the asymmetry axis (90°), the 

domain walls will be generated at the middle of the width locations (90° and 270°). Under 

reverse field, both domain walls tend to move the same energy minima position (180°) to 

minimize the domain wall energy, speeding up the formation of vortex state. Also since 

the de-centered ring is asymmetric, net magnetization exists at vortex state from the 

thicker arm.  

4.4.2 Center shift effect 

The deviation of the inner hole affects the switching process of the rings (Figure 
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4.12). Four de-centered cobalt rings were simulated, with outer diameter of 300nm, inner 

diameter of 100nm and thickness of 20nm. The shift of the inner hole is 0 (centered ring), 

25nm, 50nm and 75nm respectively along the diameter of the outer circle. The magnetic 

field is applied perpendicularly to the inner circle shift orientation. The vortex chirality 

after switching from the onion state follows the magnetic moment direction of thicker 

arm of the de-centered rings. Also the de-centered rings enter and leave the vortex state 

earlier for larger shift of the inner hole, while the remaining net magnetization at vortex 

state becomes higher because the thicker arm has more magnetic moment. For the 

application in storage device, the shift (the tilt angle) should be chosen optimally as a 

trade-off between the switching field and the full chirality control regardless of the 

thermal disturbance and fabrication defects. 

4.5 Characterization of de-centered rings 

As we discussed in Section 4.4.1, the de-centered rings have different switching 

process when the magnetic field direction rotated. Hysteresis loop, therefore, was 

measured by SQUID at different field direction to observe the chirality control effect. The 

magnetic field was applied parallel to the sample surface. Then the rings sample (inner 

diameter 80nm, outer diameter of 300, thickness of 20nm and center shift of 60nm) was 

measured with the field direction at 0° and 90°. Figure 4.13 compares the obtained 

hysteresis loops. The hysteresis loop has a little larger vortex window when magnetic 

field is along the asymmetry axis (90°). The measurement result did not show much 
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difference as we expected from single ring simulation. This might be from several reasons. 

The shift of the inner circle is not uniform on the whole sample, resulting in various 

switching process (as discussed in 4.4.2). The de-centered ring arrays have stray field at 

vortex state, increasing the interaction between adjacent rings. 

Another possible technique to observe the chirality control by de-centered nano-rings 

could be high-resolution MFM. With enough resolution, the vortex state can be 

recognized. However, the MFM we have has the tip around 100nm, which is comparable 

to the de-centered ring size. We were not able to observe the vortex chirality from the 

nano-rings we fabricated. 

4.6 Conclusion 

In conclusion, we have developed feasible design and fabrication technique to obtain 

de-centered rings for vortex chirality control. The deviation between the center of the 

inner and outer circles can be easily controlled by the tilt angle during etch. Simulations 

have been used to study the switching process of de-centered ring with various 

parameters. The vortex chirality control is implemented by changing the domain wall 

energy around asymmetric ring width. However, hysteresis loops by SQUID did not show 

much evidence of the vortex chirality control. Further research could be done with 

advanced characterization techniques.  
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4.7 Figures  

 
Figure 4.1 Magnetic configurations at various applied fields in the symmetric ring with 

dout=1000nm, din=500nm and t=5nm. The arrows indicate the magnetizations. The field is applied 
along the horizontal direction.2 
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Figure 4.2 Rings in the two onion states (a), (b) and after switching to the resulting vortex states 
(c), (d). The lower domain wall in the onion state is the more strongly pinned wall due to the notch. 
The curved arrow indicates the direction of domain wall motion.4 
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(a)

(b)

(c)(a)

(b)

(c)
 

Figure 4.3 (a) Magnetic configurations at various applied fields in the asymmetric ring with 
partially planned outer side, dout=1000nm, din=500 nm and t=5nm. The arrows indicate the 
magnetizations. The field is applied along the horizontal direction.2 (b) SEM images and size of 
asymmetric ring. (c) MFM images at a zero field show the vortex chirality. Upper: after applying a 
field in the right direction; lower: after applying a field in the left direction.6 
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(a) (b)(a) (b)  
Figure 4.4 (a) Transition of the magnetic-moment distribution with decreasing external field 
obtained from micromagnetic simulation by OOMMF. (b) AFM and MFM images for Ni81Fe19 

de-centered rings shows the vortex chirality. 8 
 
 

(a) (b)(a) (b)
 

Figure 4.5 Switching of a de-centered ring (dout=1.23μm, din=235nm, center shift 31nm) from (a) 
saturation to (b) vortex state with decreasing external field, obtained from micromagnetic simulation 
by OOMMF. 9 
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Figure 4.6 Schematics of de-centered ring fabrication process by lateral etch technique. (a)Thin 
layer of metal A deposition after photolithography; (b)RIE oxygen plasma dry etch while substrate is 
tilted at an angle θ; (c)Crosssection view after RIE etch; (d)Remove photoresist and deposit magnetic 
metal film B on the BARC with anti-ring pattern; (e)Cross-section view after magnetic metal B 
deposition; (f) Magnetic de-centered rings after lift-off. 

 
Figure 4.7 Anti-ring pattern in the BARC layer with inner circle center shift as the tilt angle θ 
changes during RIE etch. The white arrows indicate the center shift direction. (a)θ =10°, shift = 15nm; 
(b)θ =20°, shift = 35nm; (c)θ =15°, shift = 25nm; (d)θ = 25°, shift = 75nm. 
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Figure 4.8 Cobalt De-centered rings from lateral etch. The white arrows indicate the center shift 
direction. (a)θ =10°, Dout = 240nm, Din= 75nm, shift = 10nm; (b)θ =20°, Dout = 250nm, Din= 55nm, shift 
= 50nm; (c)θ =10°, Dout = 340nm, Din= 75nm, shift = 12nm; (d)θ =20°,Dout = 240nm, Din= 85nm, shift = 
70nm. 
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Figure 4.9 Schematics of de-centered ring fabrication process by ALD spacer mask technique. (a) 
Al2O3 ALD deposition after photolithography; (b) Dry etch Al2O3 while the substrate is tilted a small 
angle θ; (c) Oxygen plasma etch to remove the photoresist and BARC inside the Al2O3 rings; (d) Dry 
etch metal stack underneath; (e) The remaining Al2O3 can be removed by BOE; (f) Remaining 
magnetic de-centered rings on the substrate. 
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Figure 4.10 Cobalt de-centered rings from ALD spacer mask technique. θ=20°, Dout=280nm, 
Din=80nm, T=30nm, shift=60nm. 
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Figure 4.11 Simulation of hysteresis loop of cobalt de-centered ring with outer diameter of 280nm, 
inner diameter of 80nm, thickness of 30nm and 60nm center shift. The magnetic field is parallel to the 
surface, and rotated at 0°and 90°.  
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Figure 4.12 Simulation of switching process for centered and de-centered cobalt rings with outer 
diameter of 300nm, inner diameter of 100nm and thickness of 10nm. Magnetic field is in horizontal 
orientation. (a) centered ring; (b) 25nm shift; (c) 50nm shift; (d) 75nm shift. 
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Figure 4.13 The measurement result from de-centered ring arrays with magnetic field applied 
along 0° and 90°, parallel to the sample surface.  
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Chapter 5 Summary and Future Research Directions 

5.1 Summary of approach towards nanostructures design and fabrication for 

magnetic storage application 

The focus of this research has been on designing and fabricating magnetic 

nanostructures to (1) understand the properties of nanostructures modifying the magnetic 

behavior; (2) generate new devices for magnetic storage application; and (3) open new 

route for developing magnetic devices compatible to standard silicon process technology. 

The following is a list of findings from this work: 

A. The magnetic states in nanostructures are determined by energy minimization 

(the sum of exchange energy, magnetostatic energy, anisotropy energy, 

zeeman energy, etc). By engineering the geometry of nanostructures, specific 

energies are modified and the magnetic states of nanostructures become 

controllable. 

B. Novel techniques have been designed to fabricate nanoscale anisotropic 

structures and rings. Large area, high density nanostructures with dimensions 

below the resolution limit of photolithography tool have been obtained. 

C. Anisotropic nanostructures (antidots) have been characterized by simulation 

and hysteresis measurement. The shape anisotropy of the nanostructures 

modifies the magnetic behavior of thin films, leading to higher coercivity and 

angular-dependent switching. 
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D. Nano-rings have been characterized by simulation, hysteresis measurement 

and MFM. The dimensions of the rings affect the formation and maintenance 

of vortex state. Ring array have different hysteresis loop from single ring, due 

to the interaction effect and nonunifomity of geometry. 

E. Feasible design and fabrication technique have been proposed for vortex 

chirality control, which is important in MRAM implementation. 

F. Vortex state in rings, as data storage state, become more stable and robust to 

defects as scaling down, attributed by stronger local shape anisotropy. The 

free of stray field in vortex state minimizes the coupling. These specialities 

make ring-shaped MRAM most attractive with technology scaling.   

5.2 Major contributions of this work  

a) We have successfully developed a novel design and fabrication technique, 

over-exposure technique, to create large area long-range ordered anisotropic 

nanostructure arrays with diamond and triangular symmetries for application 

of magnetic patterned medium. The dimensions of the anisotropic 

nanostructures can be easily adjusted and scaled down well below the 

resolution limit of the photolithography tool. 

b) We analyzed the scale requirement of ring in MRAM application and the 

fabrication challenge of conventional photolithography. Three novel 

techniques, lateral etch, Al2O3 ring spacer mask lift off and Al2O3 ring spacer 
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mask etch down respectively, have been designed to obtain nano-scale and 

high density of rings with controllable dimensions for application of 

ring-shaped MRAM. 

c) All of the above novel techniques we designed use conventional 

photolithography with simple mask design (hole and dot). The objective of 

large area, high density, low cost, easy alignment, simple process, 

dimensions below the resolution limit of photolithography, scalable with 

technology, has been achieved successfully. Our techniques are fully 

compatible with standard silicon technology and smoothly transferable to 

manufactures. 

d) Dry etching profile of Al2O3 and magnetic material (cobalt) has been 

investigated and optimized for better geometry control in high density 

nanostructures fabrication, which is a great compliment to the etching 

rate/selectivity research carried on in this area. 

e) By correlating simulation with experimental results, we improved the 

understanding of magnetic nanostructure properties and special domains 

formed due to shape anisotropy.  

f) In addition to explore single ring, we further probed into the interaction in 

ring array and its effect in implementing in MRAM design. 
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5.3 Future Research Directions 

From this work, feasible fabrication techniques have been developed to realize 

nanostructures applying for magnetic storage devices, especially MRAM. The properties 

of the magnetic nanostructures have been explored. To continue the research in this area, 

there are several areas that need further investigation.  

First, the etching method of magnetic materials needs to be further optimized for 

nanostructure dimensions control. In addition to the etch rate and etch selectivity, the 

etching profile is becoming more and more important as technology scales down and 

requirement of nanostructures’ dimension variations becomes more rigid.  

Second, alternative fabrication techniques, such as interference lithography, can be 

explored to obtain nano-rings.  

Third, fundamental magnetism physics can be further studied using ring structure, 

such as domain wall formation, pinning, movement, field induced switching and current 

induced switching. The vortex chirality control by the asymmetry needs to be further 

investigated in de-centered rings. 

Fourth, ring-shaped magnetic tunneling junction (MTJ) needs to be fabricated and 

characterized. Spin-torque-transfer technique needs to be utilized to investigate the 

advantage of rings as technology scaling. Next, system integration, coupling, read-write 

programming, etc, need to be explored for implementation of ring-shaped MRAM circuit. 

Fifth, in addition to data storage, nano-rings have lots of applications in other areas, 
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such as bio-detection1, superconductor2, optical sensor3, etc. Integrating our nano-rings 

into these areas offers opportunity to design many new devices.  
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Appendix 2  Simulation File  

 

go athena 
# This file is created for AERIAL IMAGE under 193 ASML SCANNER LITH 
# AR layer is not included 
# The illumination wavelength and intensity 
illumination lambda=.193 intensity=1 
# 
# The shape of the illuminating source 
# CIRCLE 
illum.filter clear.fil circle sigma=0.75 
#ANNULAR 
illum.filter circle in.radius=0.45 out.radius=0.75 
# 
# The projection system numerical aperture 
# 
projection na=0.63 
# 
# The shape of the pupil of the projection system 
# 
pupil.filter clear.fil circle 
# 
INTERFERENCE AR.INDEX=1.72 AR.THICK=0.8 
# Mask define 
#First column  
layout lay.clear    x.low=0  z.low=0   x.high=0.125 z.high=0.125  trans=1 
layout           x.low=0.3 z.low=0   x.high=0.425 z.high=0.125  trans=1 
layout           x.low=0.6 z.low=0   x.high=0.725 z.high=0.125  trans=1 
layout           x.low=0.9 z.low=0   x.high=1.025 z.high=0.125  trans=1 
layout           x.low=1.2 z.low=0   x.high=1.325 z.high=0.125  trans=1 
#second column 
Layout          x.low=0  z.low=0.3  x.high=0.125 z.high=0.425  trans=1 
layout           x.low=0.3 z.low=0.3  x.high=0.425 z.high=0.425  trans=1 
layout           x.low=0.6 z.low=0.3  x.high=0.725 z.high=0.425  trans=1 
layout           x.low=0.9 z.low=0.3  x.high=1.025 z.high=0.425  trans=1 
layout           x.low=1.2 z.low=0.3  x.high=1.325 z.high=0.425  trans=1 
#3rd column 
Layout          x.low=0  z.low=0.6  x.high=0.125 z.high=0.725  trans=1 
layout           x.low=0.3 z.low=0.6  x.high=0.425 z.high=0.725  trans=1 
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layout           x.low=0.6 z.low=0.6  x.high=0.725 z.high=0.725  trans=1 
layout           x.low=0.9 z.low=0.6  x.high=1.025 z.high=0.725  trans=1 
layout           x.low=1.2 z.low=0.6  x.high=1.325 z.high=0.725  trans=1 
#4th column 
Layout         x.low=0  z.low=0.9  x.high=0.125 z.high=1.025  trans=1 
layout           x.low=0.3 z.low=0.9  x.high=0.425 z.high=1.025  trans=1 
layout           x.low=0.6 z.low=0.9  x.high=0.725 z.high=1.025  trans=1 
layout           x.low=0.9 z.low=0.9  x.high=1.025 z.high=1.025  trans=1 
layout           x.low=1.2 z.low=0.9  x.high=1.325 z.high=1.025  trans=1 
#5th column  
Layout          x.low=0  z.low=1.2  x.high=0.125 z.high=1.325  trans=1 
layout           x.low=0.3 z.low=1.2  x.high=0.425 z.high=1.325  trans=1 
layout           x.low=0.6 z.low=1.2  x.high=0.725 z.high=1.325  trans=1 
layout           x.low=0.9 z.low=1.2  x.high=1.025 z.high=1.325  trans=1 
layout           x.low=1.2 z.low=1.2  x.high=1.325 z.high=1.325  trans=1 
 
# Calculation of the aerial image 
image win.x.lo=-0.125 win.z.lo=-0.125 win.x.hi=1.45 win.z.hi=1.45 dx=.025 
# 
# Store the aerial image in a structure file 
# 
structure outfile=square.str intensity 
# 
# Plot the aerial image 
# 
tonyplot square.str  
# 
quit 
 




