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ABSTRACT
Increasing the areal density of magnetic hard disk drives has drawn considerable research
interest in the last several years. Industry expects that the upper limit of areal density of current
granular media storage methods is reached when the grain size becomes small enough to begin
losing thermal stability. In this dissertation, we examined methods to fabricate a patterned media
that will achieve high areal density without sacrificing thermal stability. We first examined using
different block copolymers to template a pattern onto a magnetic thin film. We then tried to
improve the patterning and size tuning the nanospheres using different methods of processing the
block copolymer. We further examined using the block copolymers to fabricate a hard mask with
different materials, and we examined using a powerful method to examine the switching behavior
of the patterned magnetic films.
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1. INTRODUCTION
1.1. BACKGROUND OF HARD DISK STORAGE AND BIT PATTERNED MEDIA
With the introduction of the hard disk drive in 1956, the disk drive industry has been able
to make great strides in increasing the storage capacity of disk drives from 5 megabytes for the
first storage unit by IBM to multiple terabytes in 2014, representing an annual increase of over
30% for the last sixty years1. Annual increases in areal density in recent years has slowed to less
than 15% due to difficulties in further improving the capabilities of conventional recording media1,
which consists of a continuous thin film of CoCrPt granular magnetic material1. It has been
assumed for the last several years that the maximum achievable areal density of granular media
would be reached when reducing the grain size would result in loss of thermal stability of the
media1. Industry has set a goal of achieving 10 Tb/in2 by 2025, as seen in Figure 1.1 below.
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Figure 1.1 ASTC Technology roadmap (http://www.idema.org/?page%20id=5868)
Thermal stability, signal-to-noise ratio (SNR) and media writability are described as the
“trilemma” of magnetic recording media; mutually exclusive objectives in magnetic storage media
design2. It has become obvious that before this “trilemma” has been reached that scaling granular
media to support areal densities of greater than 1 Tb/in2 is already challenging1. There have been
a number of technologies proposed that might show moderate increases in areal density, two of
which address the fundamental problems of conventional media.

Heat assisted magnetic

recording3 and microwave assisted magnetic recording4 both allow further reduction in size of
granular media by increasing the write field and using higher coercivity media with good thermal
stability. Heat assisted magnetic recording heats the magnetic material above the material’s Curie
temperature, making it easier to change the magnetization.

Microwave assisted magnetic

recording uses a radio frequency field to switch the magnetization of the material. However, both
technologies suffer from the same shortcoming typical of granular media, such as low SNR.

2

The other option is bit patterned magnetic recording media, which replaces granular media
with lithographically patterned islands of magnetic materials.

These patterned islands are

somewhat larger than the random grains of conventional media, resulting in both high SNR and
thermal stability5-7. The theoretical aspects of bit patterned magnetic recording physics have been
thoroughly explored in the literature8-11. An island of single layer magnetic material switches in a
way that is well described by Stoner-Wohlfarth theory12 and is simple. Exchange coupled
composite media, where multiple materials are combined to create writable, thermally stable
islands to achieve the desired areal density also possesses simple recording physics13, 14. Neither
of these methods suffer from the complications from noise and grain size distributions of granular
media. A comparison between conventional media and bit patterned media is shown in Figure 1.2
below. The difficulty for bit patterned media design lies in fabrication, where limitations in
lithography, imprinting, and etch methods are constraints.

Figure 1.2 Comparison of conventional media and bit patterned media
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An important consideration for bit patterned media is thermal stability. The thermal
stability, Δ is given by
Δ=

𝐾𝑉

(1.1)

𝑘𝐵 𝑇

where K is the anisotropy energy, V is the volume, T is temperature and kB is Boltzmann’s
constant. If the magnetic islands are too small, their magnetism can flip randomly with thermal
fluctuations. The thermal stability is a function of volume and magnetic anisotropy. The NéelArrhenius15 equation can be used to estimate the reversal rate and it is given by
τN = τ0exp(KV/kBT)

(1.2)

where τN is the average switching time due to thermal fluctuations, and τ0 is the attempt time
characteristic of the material. If Δ is maintained at an average of ~40, then the media will be
thermally stable for 10 years. Dipole fields can contribute to thermal instability as well as residual
write fields.
1.2. MAGNETIC MATERIALS FOR BIT PATTERNED MEDIA
1.2.1 PERPENDICULAR VS LONGITUDINAL MAGNETIC MEDIA
The switch to perpendicular magnetic anisotropy media from longitudinal magnetic
anisotropy media was important because as the recording density of the longitudinal medium
increases, the effective fringing field demagnetizes the neighboring bit, while for perpendicular
magnetic media, the effective field stabilizes the neighboring bits against demagnetization16. The
effective field for longitudinal magnetic anisotropy materials is given17 by
𝐻𝑒𝑓𝑓 = 𝐻𝐾∥ + 2𝜋𝑀𝑠

(1.3)
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For perpendicular magnetic anisotropy media, the out-of-plane anisotropy is given by
𝐻𝐾⊥ > 4𝜋𝑀𝑠

(1.4)

and the effective field is
𝐻𝑒𝑓𝑓 = 𝐻𝐾⊥ − 4𝜋𝑀𝑠

(1.5)

where Hk is the anisotropy field, Heff is the effective field, and Ms is the saturation magnetization.
Equation 1.2 and 1.4 are derived by adding the demagnetization tensor multiplied by the saturation
magnetization. For an applied field in the x- and y-direction (in-plane) the demagnetization tensor
is -1/2 as for the shape anisotropy of a cylinder, while for an applied field in the z-direction
(perpendicular), the demagnetization tensor is 1 as for a flat plate. Examining equations 1.3 and
1.5, we can see that the longitudinal media has to overcome a demagnetization field that is not
present in perpendicular media.
1.2.2 SWITCHING FIELD DISTRIBUTION AND FIRST ORDER REVERSAL
CURVES
In principle, the initial films for bit-patterned media must be continuous, smooth and
uniform so that they can be patterned into uniform magnetic islands. In practice, significant
differences in physical structure and properties can occur among the array of islands. These
differences can cause variations in the switching field of the islands, often referred to as the
switching field distribution (SFD)18-21. The switching field distribution has several components,
such as thermal effects, defects, grain boundaries, crystal orientation, seed layer effects, edge
damage, edge oxidation22-30 as well as broadening from dipolar fields from neighboring islands31.
The SFD needs to be kept as narrow as possible to ensure the write head properly reverses the
island without disturbing the magnetic state of the island’s neighbors. The SFD is determined by
5

calculating and plotting dM/dH and fitting a Gaussian distribution to the dM/dH plot. The full
width at half maximum of the Gaussian distribution is then divided by the coercivity of the M-H
loop to yield the SFD, which is often reported as a percentage in literature18-21.
First Order Reversal Curve distributions are a more sophisticated way of looking at
magnetization reversal32-36. This will be discussed in detail in Chapter 6.
1.3 FABRICATION METHODS FOR BPM
1.3.1 E-BEAM LITHOGRAPHY
In electron beam (e-beam) lithography, a focused electron beam is scanned on a surface
coated with an electron sensitive polymer called a resist. The electron beam alters the solubility
of the resist, allowing selective removal of either the exposed or non-exposed resist by immersing
the surface in a solvent. The primary advantage of e-beam lithography is the ability to pattern with
a resolution of <10 nm.

However, e-beam lithography is not suitable for high volume

manufacturing due to low throughput, since it is a direct-write technique.
1.3.2 DIRECTED SELF ASSEMBLY OF BLOCK COPOLYMERS
Di-block copolymers consist of two immiscible polymeric blocks connected by a covalent
bond. They phase separate to a minimum interaction volume, which is driven by segregation
strength, given by χN, where χ is the Flory-Huggins interaction parameter and N is the degree of
polymerization37. To use a block copolymer to fabricate BPM, a block copolymer thin film is used
instead of resist and one of the blocks is removed to leave the other block as a mask for pattern
transfer, very similar to resist masks used in traditional lithography. Depending upon the block
copolymer and the phase separation method used, morphologies that block copolymers can form
are spheres, cylinders and lamellae or hexagonally perforated lamellae38 As an example, poly(26

vinylpyridine-b-dimethlysiloxane) (P2VP-b-PDMS) can form different morphologies depending
on the solvent used for phase separation, as seen in Figure 1.3 below.

Fig. 1.3 P2VP-b-PDMS with (a),(b) lamella, (c),(d) hexagonally perforated lamella,
(e),(f) cylinder, (g),(h) sphere morphologies39.
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1.3.3 NANOIMPRINT LITHOGRAPHY
For low cost, high throughput fabrication of BPM, nanoimprint lithography40-42 is the
preferred technique and was developed specifically for the fabrication of BPM43. Nanoimprint
lithography is a method if transferring a pattern onto a substrate using a fabricated template. An
imprint resist is dispensed onto the surface of the substrate, after which the template and substrate
are placed into contact, and after a curing process, the template and substrate are separated.
Although nanoimprint lithography can produce high throughput BPM, defects arising from poor
adhesion, template release and mechanical contacts occur1. Templates are produced using e-beam
lithography, have a limited lifetime, and can be damaged by particles on the surface of the
imprinted substrate1.
1.4 DISSERTATION OUTLINE
Chapter 2 presents the experimental procedures involved in optimizing bit patterned media
using block copolymer lithography techniques. Sputter deposition using the SFI Shamrock system
is explained. Etching using an Intelvac ion mill system is detailed. Characterization of the as
deposited and etched films using alternating gradient magnetometer (AGM) is explained. X-ray
diffraction (XRD) to examine the structure of the films is detailed. Scanning electron microscopy
(SEM) to study the morphology of the films is described.
Chapter 3 compares different phase separation methods for block copolymer lithography.
The effects of solvent annealing with heptane are discussed and compared with thermal annealing
in atmosphere. Magnetic measurements and surface morphology of the two-phase separation
methods are discussed. Chapter 4 presents an examination of patterning media using P2VP-bPDMS block copolymer. Magnetometry and surface morphology of the fabricated nanopillars are
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presented and discussed. The effect of using a Cr hard mask in conjunction with the P2VP-bPDMS block copolymer is discussed. Chapter 5 discusses using ultrasound and a solvent bath to
size tune PFS nanospheres to fabricate smaller nanostructures. Chapter 6 discusses first order
reversal curves to study the switching mechanisms of patterned films. Chapter 7 presents our
conclusions.
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2. EQUIPMENT
2.1 INTRODUCTION
The main purpose of this project was to optimize the best method for nano-patterning
perpendicular magnetic anisotropy material. The thin film multilayers were deposited in the UA
Micro-Fabrication Facility (MFF) using a SFI Shamrock 7-gun planetary sputtering system.
Characterization of the crystal structure and morphology of the thin film multilayers was carried
out by X-ray diffraction (XRD) on a Phillips X’Pert X-ray diffractometer and scanning electron
microscopy (SEM) using a JEOL 7000F FEG-SEM located in the Central Analytical Facility
(CAF) and the Center for Materials for Information Technology (MINT).
Magnetic characterization was carried out on a Princeton Scientific MicroMag 2900
alternating gradient magnetometer in MINT. Nanopatterned magnetic arrays were fabricated
using a SPTS advanced oxide etcher (SPTS-AOE) and an Intelvac ion mill with a Veeco ion source
in UA-MFF. Vacuum annealing was carried out in using the lamp array in the Shamrock as well
as in a custom-built furnace annealer in MINT. This chapter will discuss the equipment used in
the growth, fabrication and analysis of the patterned thin films.
2.2 FABRICATION
2.2.1 SPUTTERING
Sputtering is the ejection of atoms from a material by bombardment of the material by
positive ions. Sputtering is used by industry to manufacture magnetic storage for personal
computers, optical coatings and in semiconductor fabrication. The UA Micro-Fabrication Facility
10

(uamicro) possesses a SFI Shamrock sputter deposition tool [Figure 2.1 (a)] which has a base
pressure of 2 x 10-8 Torr and was used to deposit all the films discussed here.

Figure 2.1 (a) Photo of system and (b)schematic of SFI Shamrock system in UA-MFF [Ref. 44]
Sputter deposition of all materials was carried out with the SFI Shamrock sputter deposition
system. It is a fully automated planetary deposition system with seven 3” diameter cathode
positions designed for physical vapor deposition (PVD) of magnetic, non-magnetic and insulating
materials. One of the cathode positions is used for infrared lamps for rapid thermal annealing
before or after deposition. The SFI Shamrock can operate in one of two operating modes; the
“InTouchTM” mode or in the man-machine interface mode (MMI). The MMI software directly
interfaces with the software that runs the Mistic programmable logic controllers, which allows
direct interfacing with the hardware. The “InTouch™” software mode is used for one-button
operation and is recipe driven, controlling the entire process sequence, from loading the wafers to
deposition. This allows batches of four substrates to be processed using the “InTouchTM” control
mode.
The S-gun magnetron consists of an anode, a cathode and a magnetic field to contain the
electrons. Permanent magnets are arrayed around the cathode in such a way the magnetic flux is
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parallel to the target surface and intercepts two corners of the target, confining the ions and
electrons to the surface of the target. The area of heaviest target erosion in called the “racetrack”,
and the ions and electrons move around the “racetrack” with a drift velocity proportional to the
cross-product of the electric and magnetic fields. The cathodes are powered by AC, DC or RF
supplies. Reactive sputtering of oxides and nitrides is made possible by sputtering with a partial
pressure of the appropriate reactive gases. Sputtering parameters for depositions in this project
were Ar+ ion pressure of 2 mTorr and powers ranged from 50-300 W.

Figure 2.2 Schematic of S-gun cathode in SFI Shamrock system [Ref. 44]
The system consists of a sputter module (SM), and transfer module (TM) and a cassette
module (CM). The cassette module is a loadlock to load and unload wafers, with a cassette holder
that can hold up to 16 6” diameter AlTiC substrates. We used 3” diameter Si wafers or smaller
pieces affixed to the AlTiC substrates for our experiments. The transfer module is used to transfer
the wafer from the cassette module to the sputter module. Before the wafer is transferred to the
sputter module, the turntable must be aligned. Once the alignment is complete, a robotic arm
12

retrieves the wafer from the cassette module to the sputter module by rotating the arm through 180
degrees. The turntable can turn at speeds of 11, 22, and 44 rpm. The sputter module is pumped
down via a turbomolecular pump and a water pump. It also has bake-out heaters. An overnight
pump down with the heaters on allows the sputter module to reach base pressures of 9 x 10-9 Torr.
2.2.2 ION MILLING
Ion milling in a plasma based etching method where anisotropic etching of the substrate
can pattern the wafer resulting in no hazardous waste. Ion milling can be thought of as atomic
sand blasting, but instead of sand, argon ions are accelerated with high energy to bombard the
wafer surface in a vacuum chamber to remove material. The wafer is mounted on a rotating chuck
to ensure uniform removal of material. Since the mask is also under Ar+ bombardment, the mask
needs to last longer than the target materials to ensure pattern transfer. Ion milling has the
advantage of being highly directional, anisotropic and therefore reduces undercuts, i.e. isotropic
etching.

Fig. 2.3 Isotropic vs. Anisotropic etching
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Figure 2.4 Intelvac ion mill system [Ref. 45]
2.2.3 PLASMA TREATMENT
The SPTS advanced oxide etcher (SPTS-AOE) is a load locked, high frequency inductively
coupled plasma (ICP) etch system. The system is configured for dielectric etching and O2
cleaning, operating at 13.56 MHz. Independent energy control is done by biasing the platen via
automatic power control and impedance matching. De-ionized water is used to cool the platen,
while helium cools the backside of the substrate. The gases used for etching are O 2, CF4, C4F8,
H2, He and Ar. It can load no more than two 4” substrates manually. It can etch dielectric materials
such as glass, quartz, other oxides and various polymers very rapidly. It can also etch metals at a
relatively low rate. The high-density plasma (~1012 ions cm-2) results in a high etch rate at low
bias and a low-pressure process leads to good anisotropy and independent ion energy. We used it
to remove the polystyrene from the block copolymer PS-PFS with oxygen plasma, and to remove
the oxide underneath the hard Cr mask described in Chapter 4.
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Figure 2.5 Photo of SPTS AOE and schematic of ICP chamber of SPTS AOE tool. [Ref 45]
2.2.4 E-BEAM EVAPORATION
The Denton E-beam Evaporation deposition tool uses an electron beam to evaporate a
material onto a substrate that is rotating above the heated material. The chamber is pumped down
to a pressure ~1 x 10-6 Torr. The electron beam is accelerated to a high kinetic energy and is
directed onto the evaporation material by a magnetic field. The kinetic energy of the elections is
converted into thermal energy, heating the evaporation material. When the temperature and
pressure is at a certain point, the material will melt or sublimate, resulting in a vapor that coats the
substrate. The accelerating voltage and current is typically 6-8 kV and a 10-15 mA. This tool was
used to deposit Cr and SiO2 onto wafers with magnetic thin films.
2.3. MAGNETIC CHARACTERIZATION
2.3.1 ALTERNATING GRADIENT MAGNETOMETER (AGM)
An alternating gradient magnetometer was used to measure the magnetic moment and the
coercivity of the as deposited and patterned films. The sample is mounted at the tip of a glass rod,
which in turn is attached to a piezoelectric element. The force from the alternating gradient field
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exerted on the sample produces a bending moment on the piezoelectric element, which generates
a voltage proportional to the force on the sample and operates at the resonant frequency of the
gradient field. The AGM software automatically determines the mechanical resonance and the
operating frequency of the sample. The amplitude of the voltage from the piezoelectric element is
proportional to the magnetic moment of the sample and the hysteresis loop can be obtained by
changing the applied DC field46. Before measurements are made, the system must be calibrated
with magnetic material of a known magnetic moment. In this case, the system was calibrated with
a yttrium garnet with a magnetic moment of 82.02 memu/cc. The system was used to measure both
M-H loops and FORC curves.

Figure 2.6 (a) Princeton Scientific AGM and (b) schematic [Ref. 45].
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2.4 STRUCTURAL CHARACTERIZATION OF THIN FILMS
2.4.1 X-RAY DIFFRACTION/REFLECTIVITY
X-ray diffraction measurements were carried out to characterize the crystal structure and
X-ray reflectivity measurements were done to determine the thickness of the deposited films. Solid
matter is either amorphous or crystalline. The crystal unit cell has dimensional axes a, b, and c,
with corresponding angles α, β, and γ. When an X-ray beam strikes an atom, the electrons around
the atom begin to oscillate at the same frequency as the X-ray beam striking it. This causes
destructive interference in all directions. Therefore, there is no energy leaving a solid sample if it
is amorphous. In a crystalline material, there will be a few instances of constructive interference,
where the X-ray beams will be in phase and will leave the material in various directions. The
diffraction pattern is based on Bragg’s Law and Cu-Kα radiation was used to verify the deposition
rate of sputter targets.

Figure 2.7 (a) Phillips x-ray diffractometer and (b) schematic [Ref. 45]
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2.4.2 SCANNING ELECTRON MICROSCOPE
A field emission gun scanning electron microscope (JEOL 7000F FEG-SEM) was used to
image the patterned films. The magnification is up to 300,000X with a resolution of a few nm. It
is also equipped with an Oxford detector for energy dispersive X-ray (EDS) analysis. Magnetic
lenses are used to control the motion of electrons and a detector collects the secondary electrons
or x-rays generated by the interaction of source electrons with the sample surface. The SEM is
effective for examining the morphology, but not the microstructure of the substrates.

Sample

preparation was simplified by the fact the samples were conductive, and could be imaged as-is,
with no additional preparation. Gold was sputtered on some of the samples with PFS spheres
because there was considerable charging when the sample was rotated 90o for cross-sectional
SEMs.

Figure 2.8 (a) Photo of JEOL 7000F SEM and (b) schematic [Ref. 47]
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3. HEPTANE SOLVENT ANNEAL VS. THERMAL ANNEALING
3.1 INTRODUCTION

As the areal density of perpendicular magnetic recording (PMR) keeps increasing, a problem
known as the ‘trilemma of PMR” remains to be resolved. This refers to the difficulty of satisfying
the conflicting requirements of high signal-noise-ratio (SNR), thermal stability and writability. 8,4849

In order to increase density, the media grain size has to be reduced, but it will cause SNR to

decrease and becomes thermally unstable due to volume shrinkage. If high magnetic anisotropy
materials such as FePt is used, the required write field is too high to be reached by current heads,
which causes the writability issue. To solve this problem, bit patterned media (BPM) and heat
assisted magnetic recording (HAMR) have been proposed and intensively researched.48-59

A

single island of magnetic material represents one bit in BPM. The islands are naturally exchange
decoupled because of the space between them.48,53 Using Co/Pd multilayers patterned by block
copolymers (BCP) researchers have demonstrated an areal density of ~ 1 Tb/in.48,52,53 In a typical
block copolymer lithographic process ,48,55,57 a magnetic film is first deposited and then spin-coated
with a block copolymer. Due to its intrinsic properties, blocks of BCP self-assemble and form
nanostructured spheres, and selective removal of the surrounding matrix makes these isolated
nanospheres form etch masks during the ion milling process. Among various methods to facilitate
phase separation,60-66 solvent annealing, which exposes the block copolymer to a solvent during
the annealing, has demonstrated that it can increase the block chain mobility and affect the

19

interaction between blocks. It may thus change the effective periodic length of block copolymer.6466

In this chapter, a systematic study comparing BCP phase separation techniques for
nanopatterning perpendicular magnetic anisotropy (PMA) Co/Pd multilayers was carried out to
determine which method produced a higher packing density as well as higher coercivity. The
polystyrene (PS) was phase separated from the polyferrocenyldimethylsilane (PFS) in a PS-PFS
block copolymer after spin coating onto a Si substrate. The phase separation was carried out by
thermal annealing at atmosphere and by solvent annealing, using heptane to drive off the solvent
(toluene) in which the BCP was dissolved. Nanopillars that demonstrated significantly increased
coercivity have been successfully fabricated.
3.2 EXPERIMENTAL DETAILS

Two designs of experiments (DoE) were undertaken to compare and contrast two methods
of phase separation annealing of polystyrene-b-polyferrocenyldimethylsilane (PS-b-PFS) block
copolymer etch mask for bit patterned media57,60,61. Each DoE used four etch angles and four etch
times in the ion mill, for a total of 16 samples per DoE67. Film stacks of Ta 5/Pd 5/[Co 0.3/Pd
1.0]14/Ta3 nm were sputter deposited onto Si substrates using a SFI Shamrock planetary sputtering
system. The bottom layers of Ta5/Pd5 served as a seed layer for the multilayered Co/Pd stack,
while the Ta on top served as a capping layer. The base pressure before deposition was 5 x 10-8
Torr and the Ar sputtering pressure was maintained at 2 mTorr with DC magnetron sputtering
powers ranging from 50-250 W.12,21
A 1.5 wt % solution of PS-b-PFS BCP with a molecular weight of 68,000 g mol-1 (PS: Mw
= 55,000 g mol-1, PFS: Mw = 13,000 g mol-1, Mw/Mn = 1.2) was produced by dissolving the block
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copolymer in toluene. The block copolymer was spin-coated onto two Si substrates with identical
stacks of magnetic material using a Solitec spin-coater set to 4000 RPM for 40 sec. In order to
phase separate the PS from the PFS, one wafer was placed in a Blue M oven set at 140 °C and
allowed to anneal in air for 48 hours. The other wafer was solvent annealed by placing the wafer
sample in a sealed jar with heptane, which was placed in an oil bath heated to 35° C for 6 hours.
65,66

In order to expose the PFS nanospheres as an etch mask, the PS matrix was ashed away
using oxygen plasma in a SPTS Deep Reactive Ion Etch (DRIE) system. The plasma was
maintained for 4 minutes at a coil power of 350 W, with an oxygen pressure of 17 mTorr. The
patterns were transferred to the magnetic films by argon ion milling in an Intelvac system with an
8 cm Veeco ion source. The beam power was set to 13 W. The angle of the ion beam to the
substrate was varied from 30° to 80° and the etch times were varied from 2 min to 4 min in 0.5
min increments. The patterned samples were imaged by scanning electron microscopy (SEM)
with a JEOL 7000 FE-SEM. The magnetic properties were measured at room temperature by a
PMC Micromag 2900 alternating gradient force magnetometer (AGM) with a maximum applied
field of 18 kOe.
3.3 RESULTS AND DISCUSSION

Figure 3.1 shows the out-of-plane M-H loops of the as-deposited Ta5/Pd
5/[Co0.3/Pd1.0]14/Ta 3 nm thin film. The Co/Pd film is clearly perpendicular, as shown in Figure
3.1. The squareness S*, which is defined as the ratio of remnant magnetization, Mr, to saturation
magnetization, Ms, is 0.9 and the coercivity is 1.3 kOe.
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Fig. 3.1 Out-of-plane M-H loop of unpatterned Ta 5/Pd 5/[Co0.3/Pd1.0]14/Ta 3 nm film.

In order to pattern the thin film, we employed a block copolymer templating method, using
PS-b-PFS.14,15. After removing the PS matrix, Figures 3.2(a) and 3.2(b) show a monolayer of PFS
nanospheres after air annealing and heptane annealing, respectively.

Figure 3.2(c) shows

nanopillars fabricated after ion milling at 45° and 4 min for air annealing, and Figure 3.2(d) shows
nanopillars fabricated after ion milling at 45° and 3.5 min for heptane solvent annealing. It should
be noted that the light square in Figure 3.2(d) was due to electron damage when imaging the picture
in the SEM. The average diameter of the nanospheres of the air-annealed samples after the PS
was removed by plasma ashing was found to be 18.6±2.2 nm, while the average diameter of the
nanospheres of the heptane-annealed samples was found to be 25.3±2.5 nm. It appears that the
heptane annealing caused the PFS to phase separate to a greater degree than air annealing, yielding
larger nanospheres. 64, 66 The average diameter of the nanopillars of the air-annealed samples after
etching was found to be 22.7±2.1 nm, while the average diameter of the nanopillars of the heptaneannealed samples was found to be 33.6±3.2 nm. The cause of the size increase after etching can
be attributed to the self-shadowing effect of the PFS nanospheres during the ion milling process.60,
22

68

It was observed that etching for a long period of time at near normal incidence (80°) smoothed

the surface which is possibly caused by the disappearance of the PFS mask under these etching
conditions.60

Fig. 3.2 SEM images showing (a) air-annealed sample pre-etch (b) heptane-annealed sample pre-etch (c)
air-annealed sample after etching at 45° and 4 min (d) heptane-annealed sample after etching 45° and 3.5
min. All scale bars are 100 nm.
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Fig. 3.3 Plot of (a) coercivity and (b) squareness versus etch time and etch angles of 30°, 45°, 55°, and
80° for air-annealed samples.

For the air-annealed series seen in Figure 3 below, the S* and coercivity exhibited a
decreasing trend with increasing etch time and etch angle in general, except for the etch angles of
30° and 45°. A possible reason for the coercivity remaining more or less constant for the 30° etch
angle could be that such a shallow etch angle does not take advantage of the self-shadowing of the
nanospheres. Less magnetic material was removed, which means well defined nanopillars were
not formed. Enough magnetic material was removed to show a general decreasing trend in S*,
however. At an angle of 45°, the air-annealed samples exhibited an increase in coercivity, while
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there was a concurrent decrease in S*, the decreasing trend being slightly more pronounced than
for the 30° etch angle. At this angle, the nanospheres can act as an etch mask, using the selfshadowing effect to form nanopillars. At an etch angle of 55°, the air annealed samples exhibited
an increase in coercivity, followed by a sharp decrease, while the S* steadily decreased. At this
etch angle, the etch rate increases and the material is etched away much faster, resulting in less
magnetic material. An etch angle of 80° resulted in most of the material being etched away very
quickly, resulting in a sharp decrease in coercivity and squareness. Figure 3.4 shows the M-H
loops of the air-annealed samples for comparison. It may be noted that, after etching at 55° for 4
minutes, the magnetic material was heavily damaged, and thus yielded abnormal M-H loops.

Fig. 3.4 Out-of-plane M-H loops for air annealed samples etched at (a) 30° (b) 45° (c) 55° (d) 80° for 2,
2.5, 3, 3.5, and 4 minutes.
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The heptane-annealed samples also exhibited similar trends to the air-annealed samples (see Figure
3.5), including behavior at an etch angle of 45°. The etch angle of 30° resulted in an increase in
coercivity until the etch time exceeded 4 minutes, where the coercivity then decreased. As with
the air-annealed samples, the heptane-annealed samples etched at 45° showed an increase in
coercivity with a concurrent decrease in S*, indicating the nanopillars were being formed from
self-shadowing. At an etch angle of 55°, the coercivity increased, then decreased sharply, and
never equaled or exceeded the coercivity of the 45° etch angle. The squareness decreased steadily.

Fig. 3.5 Plot of (a) coercivity and (b) squareness vs etch time and etch angles of 30°, 45°, 55°, 80° for
heptane annealed samples.
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At an 80° etch angle, the etch rate was much too fast to control well, and both coercivity and
squareness decreased. For both the 55° and 80° etch angles, etch times at 4 minutes or greater
resulted in magnetic material being etched away such that M-H loops for those data points were
not measurable. Figure 3.6 shows all the M-H loops plotted together for comparison.

Fig. 3.6 Out of plane M-H loops for heptane annealed samples ion milled at (a) 30°;(b) 45°;(c) 55°;(d)
80° for 2,2.5 3, 3.5, and 4 minutes.

For both air- and heptane-annealed DoEs, the maximum coercivity was achieved at an etch
angle of 45° and etch times of 4 and 3.5 minutes, respectively, shown in Figures 3.4(b) and 3.6(b).
The M-H loops for the heptane-annealed samples etched at 45° and 3.5 minutes show two
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switching fields for this sample, one at a very low field and the other at a coercive field of 3.5 kOe.
This implies that there are two regions formed by ion milling that switch at different fields, perhaps
consisting of different ratios of Co/Pd. Ion milling damage may also contribute to the different
switching fields, since coercivity can be changed by ion irradiation. 69,70 This might also contribute
to the two-step switching M-H loops shown in Figure 3.6 (a) for samples etched for 3 and 3.5
minutes.
Contour plots of the two DoEs are shown in Figs 3.7 and 3.8, indicating etching conditions
that, statistically, should produce maximum coercivity. For the air-annealed DoE, the contour plot
indicates that etch times of 3.25 to 4 minutes with etch angles around 40° to 55° should produce
maximum coercivity. However, the range of etch times and etch angles for the heptane-annealed
samples are more restrictive, with etch angles from about 40° to 45° and an etch time at 3.5 minutes
yielding maximum coercivity. Etching for longer than 4 minutes will result in a decrease in
coercivity59.

Fig. 3.7 Contour plot of coercivity vs etch angle and etch time for air annealed matrix.

28

Fig. 3.8 Contour plot of coercivity vs etch angle and etch time for heptane annealed matrix.

3.4 CONCLUSIONS

In summary, Co/Pd multilayered nanopillars were patterned by block copolymer
templating and two methods of phase separation were compared. A matrix study of etch time and
etch angle was undertaken for each phase separation method. It was found that ion milling at 45°
and 3.5 minutes for the heptane annealing method yielded the highest coercivity of 3.5 kOe, a
246% increase over the as-deposited coercivity of 1.3 kOe. Future work will involve air annealing
the samples first, then heptane annealing to achieve improved phase separation of the PFS spheres.
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4. BIT PATTERNING MEDIA USING P2VP-PDMS BLOCK COPOLYMER AND CR HARD
MASK
4.1 INTRODUCTION
After working with PS-b-PFS block copolymer in Chapter 3, we explored a new BCP. A
systematic study using poly (2 vinyl-pyridine-b-dimethylsiloxane) (P2VP-b-PDMS) BCP to
nanopattern68 PMA Co/Pd multilayers71,72,52was carried out. P2VP-b_PDMS produces smaller
nanospheres after phase separation, and should result in greater areal density. In addition, the
P2VP-PDMS BCP combined with a Cr hard mask was explored as another patterning technique.
4.2 EXPERIMENTAL DETAILS
Pd 5/ [Co 0.3/Pd 1.0]8/Pd 5 nm-coated wafers were utilized in this experiment. Each
wafer was spin-coated at 4000 rpm for 40 sec on a Solitec spinner with a 1.5 wt % of 13.2 mg of
Poly (2-vinyl pyridine-b-dimethylsiloxane) (P2VP-PDMS) block copolymer dissolved in 1 mL
of toluene39. In order to phase separate the block copolymer, a sample of the coated wafer was
solvent annealed in a sealed container with pyridine vapor at room temperature for 24 hours39.
After the solvent annealing was complete, the coated and annealed sample was plasma ashed
with a two step ashing process using the SPTS Advanced Oxide Etcher (AOE) described in
Chapter 2. The ashing process first begins with CF4 plasma with a coil power of 350 W and a
bias power of 5 W for 45 sec, followed by O2 plasma with a coil power of 350 W and a platen
power of 0 W for 30 sec39.
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The first plasma ashing process is to remove the surface layer of PDMS that covers a
matrix of P2VP containing PDMS nanospheres. The second plasma ashing process is to remove
the P2VP matrix, exposing and oxidizing the PDMS nanospheres. Several matrices of three etch
angles and three etch times were completed using argon ion milling with beam voltages of 100200 V57,60. The nanopillars were characterized by magnetometry and SEM.
The patterning process utilizing the Cr hard mask combined with the P2VP-b-PDMS
BCP was started in the same way. A 1.5 wt% solution with toluene of P2VP-PDMS block
copolymer was spun coated onto the Co/Pd coated wafer and allowed to solvent anneal with
pyridine at room temperature for 24 hrs. The block copolymer forms a layer of PDMS on top of
a matrix of P2VP embedded with PDMS nanospheres. In order to use the nanospheres as a
mask, the PDMS top layer and the P2VP matrix must be removed. This is accomplished by
using a two-step plasma ashing step in the AOE. The PDMS top layer is removed with a 50 sec
plasma ashing step using CF4 plasma, and then the P2VP matrix is removed using a 25 sec O2
plasma process, exposing the PDMS nanospheres.
Co/Pd thin film coated wafers had 20 nm, 30 nm and 100 nm layer of Cr deposited over
the PDMS nanospheres with a Denton e-beam evaporator system. Due to the relatively poor step
coverage of the e-beam evaporator, the sides of the PDMS nanospheres were not well covered by
the Cr. The PDMS nanospheres were removed with CF4 plasma along with the Cr.on top of
them, leaving behind the Cr hard mask on top of the Co/Pd multilayers. This Cr hard mask will
serve as an etch mask for the ion milling. Figure 4.1 below shows a schematic of this process.
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Fig. 4.1 Cr Hard Mask Process
Nanopillars formed by these two processes were characterized by magnetometry and SEM.
4.3 RESULTS AND DISCUSSION
4.3.1 P2VP-B-PDMS ETCH MASK
The full film out of plane M-H loop of the Pd 5 [Co 0.3/Pd 1.0]8 /Pd 5 nm stack is shown
in Figure 4.2 below. The Co/Pd film is perpendicular with a squareness (S*) of 0.6 and a
coercivity (Hc) of ~2.5 kOe.
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Fig. 4.2 Full film out of plane M-H loop of Pd5 [Co0.3Pd1.0]8Pd 5 nm thin film.
A matrix was completed with etch angles of 60°, 70°, and 80° and etch times ranging from 5 to
30 sec with a beam voltage of 200 V. The magnetic characteristics for these samples showed
that these etch times resulted in degradation of the magnetic thin film. Figures 4.3, 4.4, and 4.5
below show the compared M-H loops for all the etch angle sets of the matrix. Another matrix
was completed, with the same etch angles as before, but with etch times from 1-4 secs and a
beam voltage of 100 V in order to better control the etch rates of the samples.
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Fig. 4.3 Out of plane M-H loops for samples etched at 60° for 5-30 sec at 200 V beam voltage.
As we can see in Figure 4.3, at an etch angle of 60°, the coercivity steadily decreases as
the etch time increases from 5 sec to 30 sec. Etching beyond 30 sec for all the samples results in
more degradation of the magnetic thin film to the point at which there is no thin film remaining.
Figure 4.4 shows the M-H loops for the 70° etch angle for etch times of 5-30 sec. The
coercivity also decreases as the etch time increases, as for the 60° series.
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Fig. 4.4 Out of plane M-H loops for samples etched at 70° for 5-30 sec at 200 V beam voltage.
The 80° series in Figure 4.5 shows the same degradation of the coercivity as the etch time
increases.
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Fig. 4.5 Out of plane M-H loops for samples etched at 80° for 5-30 sec at 200 V beam voltage.
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Etching at 60° at a beam voltage of 100 V for 1-4 sec yielded the greatest increase in
coercivity, with a maximum coercivity of ~2.9 kOe after etching at 60° for 2 sec. Figure 4.6
shows the out of plane M-H loops for all the samples etched at 60° for 1-4 secs.
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Fig. 4.6 Out of plane M-H loops for samples etched at 60° for 1-4 sec at 100 V beam voltage.
Similar results were found with the series of samples etched at 70° for 1-4 secs, except the
increase in coercivity for the sample etched at 70° for 4 sec resulted in a coercivity of ~2.64 kOe.
Figure 4.7 shows the out of plane M-H loops for all the samples etched at 70° for 1-4 secs.
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Fig. 4.7 Out of plane M-H loops for samples etched at 70° for 1-4 sec at 100 V beam voltage.
Etching at 80° for 1-4 sec has similar results for changes in coercivity as the samples etched at
70°, with a maximum coercivity of ~2.69 kOe after etching at 80° for 3 sec at a beam voltage of
100 V. Figure 4.8 shows the out of plane M-H loops for the set of 80° etch angle samples.
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Fig. 4.8 Out of plane M-H loops for samples etched at 80° for 1-4 sec at 100 V beam voltage.
Examining the samples before ion beam etching and after etching at 60° for 1 and 2 sec,
we find that the average diameter of the PDMS nanospheres is ~16.9 nm. Figure 4.9 shows SEM
micrographs of the as deposited samples and after ion beam etching at 60° and 1 and 2 sec of
etching. After ion beam etching for 1 sec, we find that the size of the nanopillars produced has
decreased significantly, and after 2 sec, the nanostructures have become so minute, they are
difficult to see. However, the magnetometry indicates the media has been patterned.
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Fig. 4.9 SEM micrographs showing samples (a) As deposited and after etching at (b) 60° for
1 sec (c) 60° 1 sec.
Initially, we used a matrix with etch angles of 60°, 70° and 80° with etch times of 5, 10,
and 15 sec, keeping the beam voltage set to 200V, then we extended the etch time to 30 and 45
sec. Extracting the coercivity data from Figures 4.3-4.5 and plotting the resulting data in Figure
4.10, we see that the coercivity decreases significantly at these etch conditions.
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Fig. 4.10 Etch Time vs coercivity for etch angles of 60°-80° etched at 200 V.
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Summarizing the results seen in Figure 4.6, we see that the coercivity increases from ~2.5
kOe to ~2.9 kOe, a ~15% increase, indicating that the magnetic media is patterned into magnetic
islands. Figure 4.11 below plots the extracted coercivity versus etch time
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Fig. 4.11 Etch time vs. coercivity for etch angle of 60° etched at 100 V.
Further summarizing the results of the matrix study, Figure 4.12 plots the coercivity versus etch
time for an etch angle of 70°. The coercivity also increased to ~2.6 kOe, a ~5% increase.
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Fig. 4.12 Etch time vs. coercivity for etch angle of 70°.
Extracting the coercivity information from the M-H loops in Figure 4.8, we can see that the
coercivity increased to a maximum of ~2.7 kOe after etching for 3 sec. Figure 4.13 is the
extracted coercivity data versus etch time for the 80° series, and the coercivity increased to a
maximum of ~2.7 kOe after etching for 3 sec.
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Fig. 4.13 Etch time vs. coercivity for etch angle of 80°.
Taking all the data from the M-H loops and creating a contour plot using MiniTabTM of
coercivity vs etch angle and time, seen in Figure 4.14 below, we see that maximum coercivity
can be produced with an etch angle of between 50°-60° and an etch time of ~2 sec. The SFD for
the etched samples was calculated and plotted in figure 4.16 below.
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Fig. 4.14 Contour plot of coercivity vs. etch angle and time.

Plots of the SFD versus etch time are shown in Figure 4.15 below.
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Fig. 4.15 SFD vs Etch time
The SFD for the full film sample was found to be 5.68%, indicating that the domains are
probably switching at the same field. Figure 4.16 below shows the M-H loop for the sample
etched at 60° and 2 secs and has a coercivity of 2.9kOe.
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Fig. 4.16 M-H loop of sample etched at 60° for 2 sec.
The SFD was calculated as for the etched sample in Fig. 4.16 and is found to be 5.65%, very
similar to the SFD for the as deposited sample.
Typically, as the magnetic islands decrease in size the SFD broadens53. Here the SFD is
still very narrow, indicating that the magnetic islands are large or that the thin film has not been
patterned significantly. Indeed, the SFD for the etched samples and the as deposited sample are
effectively the same. However, the coercivity did increase with etching time to a maximum of
~2.9 kOe, indicating that some media patterning took place. We would expect to see some
broadening of the SFD as the magnetic thin film was patterned.
4.3.2 100 NM CR HARD MASK
100 nm of Cr was evaporated onto the Co/Pd-sputtered wafer and coated with plasma
treated P2VP-b-PDMS block copolymer. After the Cr deposition, O2 plasma was used to remove
the PDMS nanospheres and the Cr layer on the nanospheres, as seen in Figure 4.1, above. After
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ion milling at an angle of 70° for 1 min, the hysteresis loop, shown in Figure 4.17, shows a
change in squareness, though there is no significant change in coercivity.
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Fig. 4.17 M-H loop after etching 1 min at 70°.
A series of etches were made from 15 sec to 10 min. The resulting M-H loops are shown in
Figure 4.18 below. As the ion milling proceeds, the coercivity does not change significantly,
until the sample has been ion milled for 10 minutes. At that point, we start to see the coercivity
decrease, indicating that the magnetic film has begun to be etched away. The squareness tends to
decrease as the ion milling proceeds, while the SFD broadens considerably Figure 4.19 below
plots coercivity, squareness and SFD for reference.
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Fig. 4.18 Series of M-H loops after etching at 70° for (a) 15 sec (b) 30 sec (c) 45 sec (d) 60 sec
(e) 5 min and (f) 10 min.
We can see in Figure 4.19 below that a after a minute of etching, there is not a discernable
pattern forming, while after 5 minutes of etching, a slight pattern has formed. The squareness of
the corresponding M-H loop has decreased, while the coercivity did not change significantly,
until significant etching occurred, suggesting the material was being etched away.

Fig. 4.19 Coercivity, squareness, SFD vs etch time for samples with 100 nm etched at 70°
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Fig. 4.20 SEM micrographs of 1000 Å Cr after etching at 70° for (a) 1min (b) 5 min.
4.3.3 30 NM CR HARD MASK
The 30 nm Cr layer was ion milled at 70° and 80°, for 45, 60 and 75 sec. Magnetometry
results are shown in Figure 4.21 below, and coercivity, squareness, and SFD have been extracted
and are shown in Figures 4.22 and 4.23 below. We can see that the coercivity increased slightly,
and there was a concurrent increase in squareness and SFD for samples etched at 70°.
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Fig. 4.21 M-H loops of Pd5[Co0.3Pd1.0]Pd 5 nm magnetic stack with P2VP-PDMS and 30 nm
Cr coat ion milled at 70° for (a) 45 sec, (b) 60 sec, (c) 75 sec and ion milled at 80° for (d) 45 sec,
(e) 60 sec and (f) 75 sec.

Fig. 4.22 Coercivity, squareness and SFD for samples with 30 nm Cr, etched at 70°.

Fig. 4.23 Coercivity, squareness and SFD for samples with 30 nm Cr, etched at 80°
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The results for samples etched at 80°, we can see in Figure 4.23 that the coercivity and squareness
decreased with increased etching time, while the SFD broadened considerably. SEM imaging did
not reveal nanopillars. This suggests that the changes in coercivity and squareness were a result
of either ion irradiation69,70 damage or removal of material from the substrate.
4.3.4 20 NM CR HARD MASK
A 20 nm layer of Cr was deposited onto the wafer in the same way as the 100 nm and 30
nm Cr layer previously described. Samples were etched at 60°, 70° and 80° for 45, 60 and 75
sec. Magnetometry results are in Figure 4.24 below. Again, the coercivity, squareness and SFD
have been extracted and are plotted in Figures 4.25, 4.26, and 4.27 below for the etch angles of
60°, 70° and 80°.
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Fig. 4.24 M-H loops of Pd5[Co0.3Pd1.0]Pd 5 nm magnetic stack with P2VP-PDMS and 20 nm
Cr coat ion milled at 60° for (a) 45 sec, (b) 60 sec, (c) 75 sec and ion milled at 70° for (d) 45 sec,
(e) 60 sec and (f) 75 sec and ion milled at 80° for (g) 45 sec, (h) 60 sec and (i) 75 sec.
As we can see in Figure 4.25, coercivity increased slightly to a maximum of ~2.7 kOe with
squareness increasing concurrently, while SFD generally broadened with etch time.
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Fig. 4.25 Coercivity, squareness and SFD for samples with 20 nm Cr, etched at 60°.
Samples with 20 nm Cr and etched at 70° show very similar trends as for the samples etched at
60°, as can be seen in Figure 4.26 below.

Fig. 4.26 Coercivity, squareness and SFD for samples with 20 nm Cr, etched at 70°.
Samples with 20 nm Cr and etched at 80° show a decreasing trend with coercivity, but similar
trends for squareness and SFD, seen in Figure 4.27 below.
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Fig. 4.27 Coercivity, squareness and SFD for samples with 20 nm Cr, etched at 80°.
SEM imaging again revealed no nanopillars for this set of samples, suggesting that the
changes in magnetic characteristics is also the result of damage from ion irradiation.
4.4 CONCLUSIONS
We coated magnetic thin films with P2VP-PDMS block copolymer, and then
evaporation deposited 100, 30 and 20 nm of Cr on top of the samples. Evaporation generally has
poor step coverage, and it was believed that using a CF4 plasma would remove the PDMS
nanospheres, lifting off the Cr, leaving behind a hard mask. The samples were etched in an ion
mill with a variety of etch angles and times. The magnetic characteristics and SEM images
suggest that the plasma ashing to lift off the Cr was not successful. A possible reason would be
the thickness of the deposited Cr was too great, and therefore the plasma did not remove the
PDMS nanospheres. A possible solution might be trying a thinner Cr layer or a different block
copolymer.
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5. NANOPATTERNING MAGNETIC MEDIA USING ULTRASONIC SIZE TUNED
BLOCK COPOLYMERS
5.1 INTRODUCTION

This chapter introduces a method to shrink block copolymer nanospheres in order to
produce a high areal density patterned magnetic thin film. Since survivability of the block
copolymer is an issue, PS-b-PFS was chosen due to its superior survivability compared to P2VPb-PDMS block copolymer. PS is an organic and is highly soluble in toluene as noted previously;
however, PFS tends to segregate from toluene. However, PFS does contain some organic
components in addition to Fe and Si. Owing to the adage from chemistry, “like dissolves like”, it
was believed that subjecting a sample with PFS nanospheres to an ultrasonic process while in a
toluene bath may result in more organic components being dissolved, leaving behind smaller PFS
nanospheres. A Co25Pd75 alloy was selected due to its high full film coercivity and squareness,
determined from experiment.
5.2 EXPERIMENTAL DETAILS

A stack consisting of Ta5/Pd5/Co25Pd7520/Ta5 nm was sputter deposited onto a 3” Si wafer
using a SFI Shamrock sputtering system with an Ar + pressure of 2 mTorr and then in situ annealed
at 400°C for 8 min. A 1.5 wt % solution of PS-b-PFS, identical to the block copolymer used in
previous chapters was dissolved in toluene and spin-coated at 4000 rpm for 40 sec onto the wafer
with the CoPd alloy57,60,73. The wafer was then baked at 140°C for 48 hrs. to phase separate the
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PS into a matrix containing PFS nanosphere; the PS matrix was removed with oxygen plasma as
previously discussed57. In order to remove/size tune the PFS, samples with CoPd alloy and PFS
nanoparticles were placed in a toluene bath and subjected to ultrasonic cleaning for 2 hrs 74. The
ultrasonic process was performed in 0.5 hr. intervals to minimize heating. After the ultrasonic
bath, the samples were ion milled in argon to etch57,60 the CoPd alloy film. From prior results, it
was decided to maintain a constant etch angle of 55° to yield an optimal coercivity, with etch times
ranging from 30 sec to 2:45 min.
5.3 RESULTS AND DISCUSSION

The full film Ta5/Pd5/Co25Pd7520/Ta5 nm out-of-plane M-H loop is shown in Figure 5.1
below. The film is perpendicular with a coercivity and squareness of ~3.3 kOe and 0.93,
respectively. The switching field distribution is 3.2%.

400

3

Ms(emu/cm )

200

0

-200

-400
-10

-5

0

5

10

Applied Field(kOe)

Fig. 5.1 Full film out-of-plane M-H loop of Ta5/Pd5/Co25Pd7520/Ta5 nm stack.
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A SEM micrograph of the sonicated sample was taken and can be seen in Figure 5.2(a) below.
The average diameter of the nanospheres was found to be ~10 nm with a standard deviation of 0.5
nm. This yields a theoretical areal density of ~1250 Gb/in2; however, etching will result in slightly
larger nanopillars. After etching at 55° for 1: 45 min, the average diameter of the nanopillars was
found to be ~20 nm, yielding an areal density of ~400 Gb/in2.

Fig. 5.2 SEM micrograph of PS-b-PFS nanospheres after (a)2 hr. ultrasonic in toluene bath (b)
etch 55° 1:45 min. Scale bar 100 nm.
After the ultrasonic process, samples were ion milled with etch parameters as discussed in the
preceding section. The resulting M-H loops are in Figures 5.3 and 5.4 below.
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Fig. 5.3 Out-of-plane M-H loops of samples etch at 55° for (a) 30 sec (b) 45 sec (c) 1 min (d)
1:15 min.
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Fig. 5.4 Out-of-plane M-H loops of samples etch at 55° for (a) 1:30 min (b) 1: 45 min (c) 2 min
(d) 2:45 min.
Magnetic characteristic data from Figures 5.3 and 5.4 was extracted and are plotted in Figure 5.5
below.

Fig. 5.5 Coercivity, squareness and SFD vs. etch time.
The coercivity was improved noticeably after etching for 1:45 min, while the squareness remained
comparable to the full film squareness. The SFD for this etch parameter broadened slightly, but
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is still less than 10%, comparable to pre-patterned pillars. For etching times beyond 2 min, the
coercivity decreases, indicating material removal and possible ion irradiation69,70 damage.
5.4 CONCLUSIONS

A method of shrinking block copolymers to pattern magnetic thin films was attempted to
achieve high areal density. The block copolymers were shrunk with a combination of ultrasound
and a toluene bath. The ultrasonic process resulted in PFS nanospheres ~10 nm in diameter, with
an areal density75 of ~1250 Gb/in2. After etching, the patterned film yielded an areal density8 of ~
400 Gb/in2, however the pattern is difficult to see. A possible solution may be to attempt to
improve the survivability of the PFS nanospheres, perhaps by coating the nanospheres with a
metal, such as Cr.
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6. FIRST ORDER REVERSAL CURVES STUDY OF PATTERNED MEDIA
6.1 INTRODUCTION

In order to gain some insight into the switching behavior of our patterned media, we
employed First Order Reversal Curves (FORC). FORC is an experimental technique to study the
internal switching behavior of magnetic materials. The FORC measurement is acquired using the
AGM as described in section 2.3.1. At the beginning of the measurement, an applied field, Hsat,
saturates the sample beyond the saturation magnetization, Ms of the sample. The applied field is
decreased to a reversal field, Hr, where the field is then swept back to Hsat in H steps. Hr is
increased by a regular, set value and the process is repeated until a set of FORC curves are
collected. The magnetization at each point is measured, yielding M (Hr, H). The set of FORC
curves is used to calculate the FORC distribution ρ by taking a second order mixed partial
derivative of M (Hr, H), as given by Equation 6.1 below32-34.
𝜌(𝐻𝑟 , 𝐻) =

∂2 𝑀(𝐻𝑟 ,𝐻)

(6.1)

∂𝐻𝑟 ∂𝐻

It is convenient to transform H and Hr to a coercive field Hc and a bias field Hb using
equations 6.2 and 6.3 below.
𝐻𝑐 =
𝐻𝑏 =

(𝐻−𝐻𝑟 )

(6.2)

2
(𝐻+𝐻𝑟 )

(6.3)

2
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This coordinate transformation tilts the axis at 45° to show the FORC distribution. The FORC
distribution can be used as another method to see the switching field distribution, based on the
location of the peaks in the plot. Coercivity can be determined based on where the peak is located
on the Hc axis, and information about the width and breadth of the coercivity based on the width
of the peak32-34. Note that FORC measurements only capture the irreversible portion of the
magnetization curve, and purely reversible samples would not have a FORC distribution32-34 (i. e.
the mixed second order partial derivative is zero).
A pair of idealized hysteresis loops and their FORC distributions is shown in Figure 6.1
below. Idealized hysteresis loops with positive and negative bias are shown in Figures 6.1(a) and
6.1(b), respectively. The loops are idealized and are therefore represented by points; a realistic
FORC distribution would be Gaussian.
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Fig. 6.1 Idealized FORC example (a) FORC distribution (b) positive bias M-H loop (c) negative
bias M-H loop. Image courtesy B.D. Clark

As previously discussed, each FORC measurement consists of several FORC curves,
which are evenly spaced by the AGM. A finite difference equation based on Equation 6.1 is used
to calculate the FORC distribution (Equation 6.4).
∂2 𝑀(𝐻𝑟 ,𝐻)
∂𝐻𝑟 ∂𝐻

= 𝑀(𝐴) − 𝑀(𝐵) + 𝑀(𝐶) − 𝑀 (𝐷)
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(6.4)

Fig. 6.2 (a) Point selection and interpolation (b) FORC calculation. Image courtesy B.D. Clark

In Figure 6.2(a), we see two FORC curves. Points A and B have been selected, and these have
been interpolated to points C and D on the lower FORC curve. These points are used with Equation
6.4 to calculate the FORC distribution, ρ.
6.2 EXAMPLE FROM HEPTANE ANNEALING STUDY

In order to gain further insight into the switching behavior of our patterned media, we
turned to FORC analysis. The first sample we chose to study is the heptane annealed sample seen
in Figure 3.7(b), due to the “splitting” behavior of the M-H loop. Given that Equation 6.1 must be
evaluated numerically, it is necessary to use software to aid our analysis. There are a number of
software packages that have been developed for FORC analysis; we chose VARIFORC 4 due to
the easy availability of MathematicaTM via the University of Alabama and FORC+5, developed by
Dr. Pieter Visscher at the University of Alabama.
VARIFORC consists of a number of modules based off MathematicaTM that are used
sequentially to calculate and plot the FORC distribution76. FORC+ directly calculates the FORC
distribution without having to open different modules in sequence35. FORC+ also performs less
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smoothing than VARIFORC, which helps preserve some information. Figure 6.3 below shows
the VARIFORC analysis while Figure 6.4 below shows the FORC+ analysis.

Fig. 6.3 (a) FORC curves and (b) VARIFORC distribution of heptane annealed sample etched at
45° 3.5 min.
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Fig. 6.4 (a) FORC curves and (b) FORC+ distribution of heptane annealed sample etched at 45°
3.5 min.
The VARIFORC distribution in Figure 6.3(b), the changes in the mixed second partial
derivative are represented by color contour, while the changes in the same in FORC+ are
represented by red-yellow “positive” change and blue “negative” change, with intensity of the
color representing the magnitude of the partial derivative. The FORC distributions in Figures
6.3(b) and 6.4(b) are similar, both having a “ridge” in the direction of the Hc axis. Dumas, et al
indicate that the ridge in a FORC distribution is similar to an assembly of single domain magnetic
nanoparticles with little dipolar interactions36. The SEM in Figure 3.2(d) show a patterned film,
with clearly separated nanostructures, correlating with the FORC distribution.
6.3 EXAMPLE FROM COPD ALLOY PATTERNING

Another example studied with FORC analysis is a sample of CoPd alloy patterned by ion
milling from the previous Chapter 5. As before, we used both VARIFORC and FORC+ in our
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study. Figures 6.5 and 6.6 show the FORC curves and FORC distributions produced from
VARIFORC and FORC+, respectively. VARIFORC in this case produced a peak that is centered
at ~3.6 kOe, corresponding to the coercivity of the M-H loop seen in Figure 5.4(b). This might
indicate that the switching mechanism is vortex switching, with larger non-single domains36.
However, there is no “ridge”, just the peak. However, FORC+ produced a “ridge” along
the Hb axis. Since FORC+ performs little to no smoothing compared to VARIFORC, FORC+ is
most likely more accurate. The ridge may indicate there is minimal interaction among any
nanostructures on the sample36.

The SEM micrograph in Figure 5.2(b) show very small

nanostructures, again correlating with the FORC analysis.

Fig. 6.5 FORC curves and (b) VARIFORC distribution of CoPd alloy sample etched at 55° 1:45
min.
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Fig. 6.6 FORC curves and (b) FORC+ distribution of CoPd alloy sample etched at 55° 1:45 min.

6.4 CONCLUSIONS

Analysis using FORC was carried out on a variety of samples to study the switching
behavior of the patterned magnetic thin film. FORC analysis was carried out using two software
packages and the results were compared. For heptane annealed samples, the results were similar,
and indicated that the sample had been patterned such that the nanostructures were non
interacting36. A sample of patterned CoPd alloy resulted in distinctly different FORC distributions,
VARIFORC indicating a vortex switching mechanism with non-single domains., while FORC+
indicates non –interacting nanostructures36, correlated with SEM micrographs. Similar results
were obtained for Co/Pd ML with a 100 nm Cr hard mask, though in this case, SEM micrographs
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did not correlate any patterned nanostructures. FORC analysis could be a useful method to verify
whether or not there exist nanostructures exist that may be difficult to image, or whether or not
nanostructures on a patterned film are interacting, as well as the degree to which they are
interacting.
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7. OVERALL CONCLUSIONS

This dissertation discusses different methods to pattern a magnetic thin film with
applications for magnetic storage media. The first chapter presented a brief overview of the history
of magnetic storage media and discussed problems related to storage density, such as thermal
stability and switching field distribution. Different methods of fabricating magnetic storage media,
as well as their attendant difficulties were introduced. To achieve high areal density, a fabrication
method must be able to produce magnetic media with small nanostructures that are thermally
stable, writable and possess a sufficient signal-to-noise ratio.
The second chapter describes the equipment used to fabricate and measure our samples.
The main deposition tools were the SFI Shamrock sputtering system, and a Denton e-beam
evaporator. An Intelvac ion mill with a Veeco ion source and SPTS RIE were used for etching
and plasma ashing. Magnetic characteristic measurements were made using a Princeton Scientific
alternating gradient magnetometer, and a JEOL 7000 FE-SEM was used to obtain images of the
patterned films.

.

The third chapter described comparing two methods of phase separation annealing of a
block copolymer. A matrix study of etch time and etch angle was undertaken for each phase
separation method. It was found that ion milling at 45° and 3.5 minutes for the heptane annealing
method yielded the highest coercivity. The average diameter of the heptane annealed samples was
found to be ~33 nm, yielding an areal density11 of ~300 Gb/in2, and the average diameter of the
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air annealed nanopillars to ~22 nm, yielding an areal density11 of ~ 400 Gb/in2. It seems the
heptane annealing resulted in larger initial nanospheres compared to the air annealing process. It
may be the result of the difference in solubility between heptane and toluene for PFS.
The fourth chapter described two different, but related experiments.

The first part

described using a different, smaller block copolymer as a template for magnetic media. The second
part described using different thicknesses of Cr as a method to create a hard mask in conjunction
with a block copolymer. The P2VP-b-PDMS produced nanospheres that are ~ 15 nm in diameter.
However, the P2VP-b-PDMS did not survive the etching process. We coated magnetic thin films
with P2VP-b-PDMS block copolymer, and then evaporation deposited 100, 30 and 20 nm of Cr
on top of the samples. Evaporation generally has poor step coverage, and it was believed that
using a CF4 plasma would remove the PDMS nanospheres, lifting off the Cr, leaving behind a hard
mask. The samples were etched in an ion mill with a variety of etch angles and times. The
magnetic characteristics and SEM images suggest that the plasma ashing to lift off the Cr was not
successful. A possible reason would be the thickness of the deposited Cr was too great, and
therefore the plasma did not remove the PDMS nanospheres. A possible solution might be trying
a thinner Cr layer or a different block copolymer.
Chapter five describes a method to create smaller nanospheres with block copolymers
using a combination of ultrasound and a toluene bath. The ultrasonic process resulted in PFS
nanospheres ~10 nm in diameter, with an areal density8 of ~1250 Gb/in2. After etching, the
patterned film yielded an areal density8 of ~ 400 Gb/in2, however the pattern is difficult to see. A
possible solution may be to attempt to improve the survivability of the PFS nanospheres, perhaps
by coating the nanospheres with a metal, such as Cr.
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The sixth chapter describes a potent analytical method, FORC analysis, to study the
switching behavior of magnetic thin films. Two different software packages, VARIFORC and
FORC+, were used and results compared. In particular, select samples from previous experiments
were studied using this method. First, a heptane annealed sample was studied and the results from
the two software packages were similar, and it was determined that the magnetic film was patterned
into mainly non-interacting nanostructures. Next, a patterned CoPd alloy sample was analyzed,
and the results of the two software packages were not the same. Since VARIFORC smooths the
data more than FORC+, FORC+ may be more accurate. Magnetic film samples with a 100 nm Cr
deposition and then etched were also studied, with similar results as above.
In conclusion, we have discussed a number of methods to pattern magnetic media. First,
we optimized etch parameters for size and magnetic characteristics using a block copolymer
pattern mask. Then we compared methods of phase separation for a block copolymer pattern mask
to improve magnetic characteristics and size tuning. Then we attempted using a different block
copolymer to improve size tuning, as well as using the block copolymer to fabricate a Cr hard
mask. Next, a method to size tune a block copolymer using ultrasound and toluene is described.
Finally, a powerful analytical method to study switching behavior was described. Table 7.1 below
summarizes the as-deposited samples we investigated during this project.
Ta5/Pd5/[Co0.3/Pd1.0]14-20 /Ta5 nm67
Ta5/Pd5/[Co0.3/Pd1.0]8/Ta5 nm
Ta5/Pd5/[Co25 Pd75 ]/Ta5 nm
Table 7.1 Magnetic Thin Films Investigated.
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