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Abstract 

 

Current and potential next-generation magnetic recording technologies are based on the writing 

and reading of bits on a magnetic thin film with a granular microstructure, with grains of the 

magnetic material surrounded by an amorphous segregant. In order to realize the highest 

achievable data storage capabilities, there is a need for better control of the magnetic media 

microstructure, particularly in terms of minimizing grain size and grain boundary thickness 

distributions.  

In this work, a guided magnetic media growth is attempted by creating a pre-fabricated 

template with a specific material and morphology. The template is designed in such a way that, 

when magnetic media consisting of the magnetic alloy and segregant are sputtered, the sites on the 

template result in a controlled two-phase growth of magnetic media.  

The template is fabricated using self-assembling block copolymers, which can be used to 

fabricate nanostructures with a regular hexagonal lattice of spheres of one block in the other’s 

matrix. These are then used as etch-masks to fabricate the template. In this thesis, we describe the 

approach used to fabricate these templates and demonstrate the two-phase growth of magnetic 

recording media. In such an approach, the magnetic grain size is defined by the uniform pitch of 

the block copolymer pattern, resulting in a uniform microstructure with much better grain size 

distribution than can be obtained with conventional un-templated media growth. 
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The templated growth technique is also a suitable additive technique for the fabrication of Bit 

Patterned Media, another potential next-generation technology wherein the magnetic bits are 

isolated patterned islands. Combining nanoimprint lithography with templated growth, we can 

generate a long range spatially ordered array of magnetic islands with no etching of the magnetic 

material.  
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Introduction and Background 

 

2.5 million terabytes (TB) of data are created in the world everyday[1], and the trend is growing 

at an exponential rate, so much so that approximately 90% of the digital data in the world today 

was created in the last two years.  A large portion of this data is stored on magnetic hard disk 

drives. In 2012 alone, 569 million hard disk drives were shipped by the industry, with an average 

data storage capacity of 702 gigabytes (GB) per disk[2]. In order to keep up with such demand, 

hard disks have continually improved, and the areal density of a hard disk has grown an astonishing 

8 orders of magnitude over the last 50 years as seen from Figure 1-1[3]. While the areal density 

using the current magnetic recording technology can be extended to approximately 1 terabit per 

square inch (Tbpsi), extensive research and development is underway on potential next-generation 

technologies such as Heat Assisted Magnetic Recording (HAMR)[4], Microwave Assisted 

Magnetic Recording[5] and Bit Patterned Media (BPM)[6]  to take areal densities much beyond 

that achievable using the current technology. 
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Figure 1-1: Evolution of areal density over the last 50 years[3] 

 

1.1.  Concept of Current Magnetic Recording Technology 

In a hard disk, two states of magnetization of the data storage medium are used to code 0’s and 

1’s or bits. These bits are arranged in circular ‘tracks’ on a disk as shown in Figure 1-2(a)[7]. A 

mechanical arm mounted with the read/write heads moves over these tracks to record or read 

information. In current perpendicular magnetic recording, the media consist of a magnetic CoCrPt-

SiO2 alloy thin film with a granular microstructure, as seen from the plane-view transmission 

electron micrograph (TEM image) in Figure 1-2(b)[8]. The magnetization of this layer is 

perpendicular to the plane of the film. Initially, consider that the entire medium is magnetized in 

one direction. In order to write a ‘1’, a small region of the media, consisting of a group of CoCrPt 

grains is magnetized in the opposite direction using the write-head, creating a ‘transition’. When 

the read-head passes over this ‘transition’, it registers a signal, and ‘1’ is read. An absence of such 

a signal is read as a ‘0’. The magnetic media film stack currently used in commercial hard disks 
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may consist of more than one magnetic thin film, with or without grain boundary segregants. These 

ideas are briefly covered in Section 1.3 (b). 

 

Figure 1-2: (a) Schematic of tracks and bits in PMR media[7] (b) TEM micrograph of PMR media with 

schematic of bits 

 

1.2.  Signal and Noise in Magnetic Recording 

The magnetic recording system needs to have a certain minimum signal-to-noise ratio (SNR) 

in order to be used in a hard disk. The different components of the recording system such as the 

read/write head, the interface electronics and the recording media have different sources of noise 

which affect system performance. The SNR of the system at a particular recording density (bits 

per square inch) is thus a suitable indicator for how much data can be recorded in the system at 

that recording density. The evolution of the magnetic recording media from the longitudinal media 

technology to the perpendicular media technology that is currently in use today can be viewed as 

an attempt to improve the media SNR to further extend data storage capacities. Several aspects of 

PMR technology enabled higher SNR, such as the use of a soft underlayer in the magnetic media 

stack, the development of a ‘single-pole’ write head, development of the magnetic media with 

(a)

Hard disk

Concentric 

‘tracks’ of bits

CoCrPt grains

SiO2 grain 

boundaries

Schematic for up/down 

magnetization
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good perpendicular orientation etc.[9] In this thesis, we focus on the materials engineering of the 

recording layer, where the bits are stored. 

 

1.3.  Materials and Microstructural Considerations in Current PMR 

a. Intrinsic Material Aspects 

The first magnetic material proposed for thin film PMR was a Co-Cr alloy, by Iwasaki et al in 

1978[10].  Co has high uniaxial magneto-crystalline anisotropy with its magnetic easy axis being 

along the c-axis of the hexagonal close packed (HCP) crystal structure with the space group 

P63/mmc (shown in Figure 1-3). Thus a thin film of Co with (00.2) crystallographic fiber texture 

perpendicular to the plane of the thin film is a suitable magnetic film for PMR. However, since it 

is a thin film, the demagnetizing field of the material attempts to force the magnetic moment to be 

in the plane of the thin film. The net anisotropy of the material perpendicular to the plane of the 

thin film is given by, 

𝐾𝑢,𝑛𝑒𝑡 = 𝐾𝑢,𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 − 2𝜋𝑀𝑠
2 

where Ku,net is the net anisotropy energy per unit volume perpendicular to the plane of the film, 

Ku,intrinsic is the intrinsic magnetocrystalline anisotropy energy per unit volume of the material and 

Ms is the saturation magnetization. Plugging in the values for Co (Ku,intrinsic = 4.5x106 emu/cc, Ms 

= 1400 emu/cc) gives a negative value for Ku,net implying that the magnetization will be in the 

plane of the thin film, which is unsuitable for recording. Thus, the Ms of the Co is reduced by 

alloying with Cr in the 5-20 at% range[10]. However, the addition of Cr also reduces the magneto-

crystalline anisotropy, thus limiting the amount of Cr that can be added. 
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Since then, CoCr has been further alloyed with several other elements such as Pt, Ta, B etc. as 

detailed in the review by Piramanayagam et al. [11]. Addition of up to 25-30% of Pt to Co was 

found to increase the uniaxial anisotropy[12]. Above this however, addition of Pt resulted in the 

formation of face-centered cubic CoPt which has no uniaxial anisotropy and is thus not suitable 

for magnetic recording. The additions of alloying elements such as Cr and Pt to Co has thus been 

used to tailor the values of anisotropy constant (Ku), and the saturation magnetization (Ms) to 

obtain maximum SNR. 

 

Figure 1-3: Crystal structure of CoCrPt alloys 

 

Apart from the intrinsic material properties described above, crystallographic texture and the 

media microstructure also plays a critical role in determining the applicability of a thin film as a 

recording layer. 
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b. Microstructural Aspects 

The magnetic easy axis for the CoCrPt is along the c-axis or the (00.2) axis of the HCP CoCrPt. 

Thus the suitable (00.2) texture of the CoCrPt thin film perpendicular to the plane of the film is 

fabricated by epitaxially growing it on a suitable underlayer such as ruthenium (Ru)[13]. Ru also 

has the HCP crystal structure like Co, with good lattice matching with Co (~ 7.3% mismatch), 

which makes it suitable as an underlayer. In order to obtain (00.2) texture with low rocking angle 

(2-3o)(50) (a measure of c-axis distribution) of the Ru, a thin layer of amorphous Ta, Ni based 

alloys such as NiW, or other interlayers are deposited first onto the SUL. These research works 

have been comprehensively reviewed in [11]. Low values of 50 (< 3-5o) are critical for high 

SNR of magnetic media. If there is a high distribution in c-axis (high 50), the component of �⃗⃗�  

perpendicular to the film plane is lowered, thus lowering the signal. Also, if the c-axis is not 

perpendicular to the film-plane, small external fields might be sufficient to flip the direction of �⃗⃗� , 

resulting in an increase in noise. 

Magnetic exchange coupling between the grains increases the transition noise. It was earlier 

found that the Cr added to the magnetic alloy preferentially segregates to the grain boundary at 

high temperatures, resulting in exchange de-coupling between the magnetic grains[14]. However, 

high sputtering temperatures were needed to facilitate this, and the addition of excessive Cr to the 

alloy resulted in a reduction of Ku, making the media less attractive for recording purposes. It was 

then found that oxides such as SiO2 preferentially segregate to the grain boundaries of the magnetic 

media even at room temperature. This solved the earlier problem of exchange decoupling the 

grains while still being able to obtain sufficient Ku for high SNR. The oxide was either introduced 

as a reactive gas during the sputtering process[13], or from the target itself[15]. In the first case, 

the reactive oxygen alloyed with the Cr or other additive elements to form oxides which segregated 
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to the grain boundary. In the latter case, SiO2 was added to the CoCrPt target (making a composite 

target), and it was found to segregate to the magnetic grain boundaries. If the thickness of the grain 

boundary segregant material is too high, the magnetic volume is lowered, resulting in a reduction 

in signal from the bit. If instead the grain boundaries are too thin, a distribution in the thickness of 

the grain boundary segregant results in an increase in noise. Experimental modeling of this effect 

with different oxide segregants with different thicknesses showed that for grain boundary 

thicknesses less than 1 nm, there was an exponential increase in the exchange coupling between 

grains, resulting in poor media performance. One such example is shown in Figure 1-4[16]. In fact, 

an increase in the grain boundary segregant thickness has helped reduce noise and improve media 

storage densities in the last few years as evident from the transmission electron micrographs of 

commercial magnetic media from 2008 and 2010 (Figure 1-5). This increase in storage capacity is 

attributed to better exchange decoupling between the magnetic grains, resulting in better SNR. 

Thus, although thinner grain boundaries will mean that there is higher magnetic volume in the bit 

resulting in a higher signal, the distribution in these thickness values causes an increase in 

switching field distribution. Minimizing the distribution in grain boundary segregant thicknesses 

would mean that thinner grain boundaries can be used, increasing SNR. 
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Figure 1-4: Exchange coupling energy density vs segregant layer thickness for different oxide segregants[16] 

 

 

Figure 1-5: TEM micrographs of commercial PMR media from 2008 and 2010 (Courtesy: Prof. Jimmy Zhu) 

 

Recently, more magnetic thin film layers have been added to the media layer. 

Continuous/Granular Composite (CGC) media consists of a combination of a granular media layer 

as described above capped by a continuous magnetic thin film without grain boundary 
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segregant[17], [18], which is found to lower the switching field distribution by modulation of 

lateral magnetic exchange coupling. In Exchange Spring media, each grain in the granular film has 

exchange break layers along the vertical direction modulating the vertical magnetic exchange 

coupling (apart from being exchange decoupled laterally using grain boundary segregants), 

resulting in better control of switching field and data stability[19], [20]. 

Another important aspect of the magnetic media microstructure is the grain size. We earlier 

saw that bits in a magnetic recording medium are made up of a number of magnetic grains (Figure 

1-2). The SNR from magnetic media varies with the number of grains in each bit as: 𝑆𝑁𝑅 (𝑑𝐵) ∝

log(𝑁). Now, in order to increase the storage capacity, we have to reduce the size of a magnetic 

bit, so that more bits can be stored per square inch on a hard disk. In order to keep SNR high 

enough, we have to keep a similar number of grains in each bit, and so the size of the magnetic 

grains has to be reduced. However, the grain size influences the stability of the recorded 

magnetization direction. The stability of recorded data hinges on the comparison between the 

magnetic anisotropy energy (Eb = KuV) and the thermal energy (kBT). The probability of switching 

of a magnetic grain per second (in the absence of an external applied magnetic field) is given by: 

 ↑−↓ = 𝑓0𝑒
−𝐾𝑢𝑉
𝑘𝐵𝑇  

where P is the probability of switching of the magnetization per second, f0 is an attempt 

frequency (~ 109 / sec), Ku is the anisotropy constant of the material, V is the volume, kB is 

Boltzmann’s constant, and T is temperature. Based on this formula, the thermal stability of data 

can thus be simulated, and is shown below in Figure 1-6(a), which plots the time for 25% data 

decay against the anisotropy energy barrier. In order to ensure the stability of stored data, we have 

to maintain the energy barrier to the right of the curve, i.e., an energy barrier of approximately 40 
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kBT. Assuming ambient temperature of 300 K, an anisotropy constant of 4 x 106 erg/cc (typical 

value for CoCrPt alloys), we can plot the variation of the energy barrier with the grain size 

(assuming cylindrical grains with a height of 10 nm) as shown in Figure 1-6(b) below. We see that 

the cut-off in grain size to maintain an energy barrier of 40 kBT for this particular configuration is 

approximately 8 nm, which is close to what is currently used in commercial magnetic media. 

However, if there is a large grain size distribution, it is likely that some of the grains are unstable 

to thermal agitations, which will result in loss of data. Thus in order to scale PMR media and 

realize its entire potential in terms of recording density, minimization of grain size distribution is 

critical.  

 

Figure 1-6: (a) Plot showing dependence of data stability on anisotropy energy (b) Energy barrier for switching 

vs grain size 

 

Minimization of grain size and grain boundary thickness distributions may aid in further 

extending the data storage capacity close to 1 Tbpsi. However, extensive research is underway to 

find suitable magnetic recording technologies for the future, to enable recording densities of more 

than 1 Tbpsi. The following sections address the ‘media trilemma’ and two potential next-
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generation magnetic recording technologies, Heat Assisted Magnetic Recording [4, 5] and Bit 

Patterned Media[6]. 

1.4.  Media Trilemma 

The stability of the written data depends on the energy barrier that prevents thermal energy 

kBT from reversing the magnetization of a grain. As we discussed earlier, this energy barrier is 

proportional to KuV where Ku is the magneto-crystalline anisotropy constant of the material and V 

is the volume of the grain[21]. In order to increase storage density while keeping the signal-to-

noise ratio (SNR) acceptable (SNR is proportional to number of grains in a bit as discussed earlier), 

the grain size and hence V is reduced. Thus, kBT can overcome KuV and the magnetization in the 

grain could switch even though there is no field applied (superparamagnetism), resulting in a loss 

of data[22]. Choosing materials with high Ku can solve this problem, but higher applied fields 

would be required to switch the magnetization as the switching field scales with the anisotropy 

field 𝐻𝑘 =
2𝐾𝑢

𝑀𝑠
[23], where Ms is the saturation magnetization of the material. Currently, the 

magnitude of the field is limited by the maximum flux density the material used in the write head 

(Fe65Co35) can generate, to about 1.5 T[24].  Thus we see that SNR, thermal stability, and 

writability are interrelated and improvement of one may cause problems with the other.  

1.5.  Heat-Assisted Magnetic Recording (HAMR) 

In case of HAMR, the problem of requiring high write-fields to record data in high anisotropy 

materials is circumvented by writing the data at an elevated temperature close to the Curie 

temperature of the recording medium[4]. A near-field transducer is used for heating the media. In 

the case of thin film recording media with magnetic grains decoupled by amorphous grain 

boundaries, the switching field scales with the anisotropy field Hk. The anisotropy field reduces 
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with an increase in temperature, and vanishes at the Curie temperature (Tc). Thus, the head field 

required to write data on the media heated close to the Curie temperature is much lower, and within 

the head field available today, as illustrated in Figure 1-7. Then, as the media cools, the data is 

maintained in a stable fashion because the material has a high enough anisotropy. 

 

Figure 1-7: Schematic of coercivity and temperature for HAMR recording[4] 

 

 The material chosen for this purpose is FePt, which has an L10 crystal structure (shown in 

Figure 1-8) with a space group of P4/mmm, and a high anisotropy constant of 7x107 erg/cc[25]. 

As we discussed earlier, the higher anisotropy of FePt lowers the grain size where the FePt will be 

superparamagnetic, thus enabling higher grain densities and consequently, higher areal densities. 

Control of material properties such as magnetocrystalline anisotropy, Curie temperature, and 

control of the microstructural aspects such as texture, columnar grains exchange decoupled from 

one another, and minimization of the distributions in all of these has proved quite challenging and 

has attracted intense research over the past decade or so.  
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Figure 1-8: L10 crystal structure of FePt  

 

1.6.  Bit Patterned Media (BPM) 

Another potential next-generation magnetic recording technology is based on bit-patterned 

media (BPM). Here, individual magnetic islands are patterned using lithography techniques, and 

each of these islands act as a bit. The advantage with BPM is that the position and volume of each 

bit is fixed, and so the statistical fluctuations in the position of the transition, which causes noise, 

is no longer an issue. However, the fabrication of BPM with high throughput is a big challenge, 

due to exactly the same reason, that the entire media now has to be patterned. These fabrication 

challenges are reviewed in [6]. As the author explains in that review, to compete with current 

perpendicular magnetic media (approximately ~ 700 Gbpsi), patterned media with center-to-center 

spacings of 36 nm and below are required, and in order to scale the storage density, patterns with 

sub-10 nm features will soon be a necessity, which cannot be achieved by high-throughput optical 

lithography. E-beam lithography can be used, but the throughput in this case is a limiting 

factor[26]. Alternative fabrication techniques, such as nanoimprint lithography, or a combination 
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of electron-beam lithography with directed self-assembly (DSA), are being explored for this 

purpose.  

In case of nanoimprint lithography, a master is first patterned using a combination of electron 

beam lithography and directed self-assembly techniques, and is subsequently used to stamp a 

curable resist coating on every disk for high-throughput manufacturing[6], [27]–[32].  The resist 

is first spin coated onto the disk, and the rigid mold, which is usually made of quartz is then pressed 

onto the resist and UV-cured, leaving behind a negative of the pattern. In case of DSA, self-

assembling materials such as block copolymers, nanoparticles and anodized aluminum oxide are 

used. Anodization of aluminum results in the formation of a periodic close packed arrangement of 

pores. The size and period can be controlled by current, density, or pH during the anodization 

process. After a template is created, the pores can be filled with magnetic metals by 

electrodeposition. Using such a technique, 11 nm pores with periods of 40 nm or more have been 

reported[33]–[35]. Nanoparticles have been found to self-assemble into two or three-dimensional 

structures with sub-10 nm features. For instance, monodisperse Co nanoparticles were synthesized 

in the size range of 3-10 nm by reduction from a salt solution, and solvent-cast to form an ordered 

2-D array [36]. Arrays of nanoparticles can be used to create anti-dot or dot patterns which can be 

used as templates for media growth[37]. The challenges in this approach lie with reducing size 

dispersion during the synthesis of nanoparticles and preventing their agglomeration, which is 

particularly problematic for magnetic particles that have strong attractive forces. Orienting the 

easy axes of these nanoparticles in a specific direction is an additional challenge.  Long-range 

positional ordering of nanoparticles over large areas has also proved quite challenging. Block 

copolymers are self-assembling materials which can form a wide-range of morphologies as 

discussed in chapter 4. They self-assemble into nanostructures which can be ‘guided’ using 
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topographical or chemical variations on the substrate over large areas[38]–[43]. Recently, a 

combination of lamella-forming block copolymers and a double-imprint strategy was used to 

demonstrate the fabrication of bit patterned media[44].  

The approaches for the fabrication of magnetic islands in BPM can be broadly classified into 

two types: additive and subtractive. These two ideas are illustrated using a schematic in Figure 

1-9. 

 

Figure 1-9: Schematic illustrating typical process-flows for additive and subtractive approaches for bit patterned 

media fabrication 
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In case of the additive approach, the substrate is patterned first, and the magnetic media is 

subsequently deposited. The patterning of the substrate is performed as discussed earlier, and the 

magnetic media is deposited typically by sputtering[45]. The sputtering conditions are optimized 

such that the deposition of the film is maximized on top of the patterned substrate and trench 

material is minimized[46]. However, the presence of trench material has been found to result in 

noise during the recording process. Usually, Co/Pd, Co/Ni and other such multilayers are used in 

case of the additive approach since their magnetic anisotropy does not require epitaxial growth. In 

these cases, surface/interface anisotropy fixes the magnetic easy axis perpendicular to the plane of 

the film[47]–[50].  

In the case of the alternative, subtractive approach, the magnetic media is first deposited as a 

sheet film and then patterned using ion milling or reactive ion etching[51],[52]. Pattern transfer is 

quite challenging using RIE since etch-chemistries are not readily available for the etching of 

magnetic metal or alloy films. Pattern-transfer can be accomplished using ion-milling, but there 

are issues due to damage from the physical bombardment of the ion-beam, as well as redeposition 

issues when patterning is attempted at high densities[53]. Scaling to sub-20 nm features may be 

an additional challenge. In the case of ion-milling, patterning of features with aspect ratios (h/d) > 

0.5 is difficult, and so, as the center-to-center distance between adjacent bits is reduced (as is 

required for increasing areal density), the thickness of the film also needs to be reduced, resulting 

in a lowering of signal. There are no limitations on the kinds of materials which can be used in this 

approach, except those imposed by pattern transfer considerations. 

There has been much progress in BPM fabrication, but the current approaches have both pros 

and cons, as described earlier. It is therefore of interest to explore other potential techniques for 
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BPM fabrication, avoiding etching/milling of the magnetic film, while also avoiding trench 

material in case of the additive approach. 

 

1.7.  Problem Statement 

There are several engineering challenges in the media fabrication for each of the magnetic 

recording technologies we discussed in the previous sections. Although current PMR media is 

close to reaching its recording density limits, control of the grain size and grain boundary thickness 

distributions may enable an improvement in achievable areal densities. Better control of film 

microstructure is also critical for the realization of HAMR media. Further, as discussed in Section 

1.6, there is a need for alternative scalable approaches for bit patterned media fabrication. 

 

1.8.  Thesis Outline 

In this chapter, the current and future generation magnetic recording concepts were introduced, 

with focus on the magnetic media aspects, particularly material and microstructure. We also 

discussed the current research in these areas, and the challenges that still need to be overcome to 

further extend data storage capacities. The problem statement was then defined. Chapter 2 provides 

the hypothesis for our research and discusses a potential approach for attempting to control the 

magnetic media microstructure. A suitable process flow is outlined. Chapter 3 briefly describes 

the various structural, magnetic and microstructural characterization techniques used in this 

project.  In chapter 4, we introduce the concepts related to block copolymer micro phase separation, 

and discuss the choice of block copolymer for our project. Short introductions and process 

development details are outlined in chapter 5, with particular focus on block copolymer thin film 
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processing. In chapter 5, we identify suitable template layer materials and compare the magnetic 

properties for the fabricated templated media. We subsequently discuss the microstructure of 

templated media with good magnetic properties and low grain size distribution. In chapters 7 and 

8, we discuss the potential application of this templated growth technique for the fabrication of bit 

patterned media (chapter 7) and HAMR media (chapter 8). While all of the previous chapters dealt 

with the approach outlined in chapter 2, we attempted two other approaches for the fabrication of 

these templates; these results are discussed in chapter 9. In chapter 10, we revisit the conclusions 

from this project, and suggest potential directions for continuing the research.  
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Hypothesis and Approach 

 

2.1.  Hypothesis 

We hypothesize that control of magnetic media microstructure can be achieved by creating a 

pre-fabricated template designed in such a way that, when magnetic media consisting of the 

magnetic material and the segregant is sputtered onto it, the sites on the template facilitate the 

controlled growth of the magnetic media.   

In the first part of this work, the template is patterned using self-assembling block copolymers, 

which form a uniform array of spheres of one block in the other block’s matrix. The grain size of 

the media is thus defined by the center-to-center spacing in the block copolymer nanostructure 

resulting in a control of magnetic film microstructure that is not available just by the current 

untemplated sputtering process.  

2.2.  Approach 

As discussed in chapter 1, current magnetic media consists of multiple magnetic thin films in 

order to optimize properties such as switching field, squareness of hysteresis loop, and for 

modulating the inter-granular exchange coupling between the magnetic grains. A certain degree 

of control over the microstructure of the granular media layer has been achieved using a dual-

Ruthenium (Ru) underlayer[54], [55], wherein the bottom-Ru layer is sputter deposited with a low 
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Argon (Ar) pressure (high mobility condition) and the top-Ru layer is sputter deposited with a high 

Ar pressure (low mobility condition). In doing so, the top-Ru layer grows with a dome-like 

morphology[56], [57] which was found to facilitate a media microstructure where CoPt grows on 

top of the domes and the SiO2 grew in the trenches between the Ru domes. Figure 2-1 below, 

which shows a cross-section Transmission Electron Microscopy (TEM) image of magnetic media 

from a commercial hard disk illustrates this concept. In this bright field image, we can see the Ru 

dome, along with the CoCrPt grain on top and the bright amorphous SiO2 in the trenches. However, 

there is no control over the positions of these Ru domes, which are controlled only by the statistical 

nucleation and growth over the film surface.  

 

 

Figure 2-1: Bright-Field cross-section TEM image of commercial PMR media (Courtesy: Dr. Soyoung Park) 
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For fabricating a suitable template for magnetic media, we utilized the highly regular 

microstructure formed in the block copolymer thin films to pattern the dome-morphology into a 

suitable ‘template-layer’ thin film. The process-flow for this approach is shown in Figure 2-2. The 

initial film stack comprising of an adhesion layer (Tantalum), the template layer (to be discussed) 

and the hard-mask (amorphous carbon) were first sputtered onto single-crystal silicon substrates 

(with native oxide) purchased from MTI Corp. The block copolymer (BCP) chosen was poly 

(styrene-b-dimethyl siloxane) (PS-b-PDMS, m.wt. = 13.9 kg/mol, fPDMS = 17.2%). The various 

sub-steps involved in BCP processing, and pattern transfer into amorphous carbon mask layer are 

discussed in detail in chapter 5. Using this as the hard mask, the required dome-morphology is 

then patterned into the template layer (chapter 6). In the ion-mill, the thin film to be milled is 

maintained such that the ion-beam has a non-zero direction with its plane normal. The thin film is 

also rotated to ensure uniform milling. This angle and the ion-milling time can be varied to modify 

the dome-morphology. The ion-milling and RIE times are optimized in such a way that the carbon 

hard mask is completely depleted upon completion of the ion-milling process. Onto this fabricated 

template, magnetic media consisting of CoPt-SiO2 is deposited using the Z400#1 sputtering system 

using RF sputtering.  
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Figure 2-2: Process-flow for templated growth 

 

As per our discussion, the CoPt should grow on top of the domes, with SiO2 growing in the 

trenches. If this is the case, the grain size is then determined by the center-to-center distance 

between the domes in the template. Figure 2-3 shows a SEM image of the BCP pattern after solvent 

annealing, and a histogram showing the distribution in the ‘pitch’ (center-to-center distance 

between the spheres). The average pitch is 17.3 nm, with a standard deviation of 9.8%. A template 

fabricated using such a BCP pattern will result in magnetic media with a much better grain size 

distribution than what can be achieved just using sputtering[58], which results in grain size 

distributions of 20-25% .  
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Figure 2-3: SEM image of the BCP pattern and histogram showing pitch distribution 
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Characterization Techniques 

 

3.1.  Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is a characterization technique used for studying the 

morphology and chemistry of materials. In a vacuum chamber, an electron beam is generated using 

a filament source or a field emission source and focused onto the sample with a spot size < 5nm 

using a system of magnetic lenses. The incident electron beam interacts with the sample over an 

‘interaction volume’, which increases with the acceleration voltage of the electron beam, and 

decreases with increasing atomic number of the sample. From approximately the first 10% of the 

depth, secondary electrons are emitted from the sample on its interaction with the incident electron 

beam. These are collected by an Everhart-Thornley (ET) detector and information is recorded. The 

electron beam is rastered on the sample using scan coils to study the area of interest. The key 

contributor to contrast in an SEM is topography, since the trajectories of the emitted secondary 

electrons strongly depend on the surface morphology and topography of the specimen. 

Composition/phase contrast can be studied using back-scattered electron imaging modes[59]. 

In order to study the block copolymer patterns in this thesis, we used a more advanced detector 

called a Through-the-Lens Detector. This detector is located above the objective lens inside the 

electron column and a low working distance (distance between the sample and the pole piece) of 

4-5 mm is used. This was critical for the imaging of the block copolymer patterns since it has a 
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much higher resolution compared to the ET detector, thus allowing high-throughput imaging of 

the block copolymer patterns with minimal sample preparation. The SEM was utilized for 

monitoring the sample at various stages of the patterning process. Most of the scanning electron 

micrographs in this thesis were obtained using an FEI Sirion 600 SEM with an acceleration voltage 

of 10kV, spot size of 3, and a working distance of 4 mm. 

We also used a NovaLab 600 Dual Beam FIB (Focused Ion Beam) SEM to prepare cross-

section TEM specimens by a lift-out procedure. The various steps involved in this process are 

outlined below, in Figure 3-1. This TEM sample preparation technique is advantageous since very 

little material from the wafer is used for TEM sample preparation, unlike the grinding and 

polishing technique typically used. Additionally, since an SEM is used, we can prepare TEM 

samples from specific areas after first imaging them to ensure they are an area of interest. 

 

Figure 3-1: Schematic and examples of TEM sample preparation using FIB liftout 
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During FIB-liftout for our samples, ion-beam conditions of 30 kV and 5-7 nA was used for 

creating the lamella, and the current is reduced periodically for the thinning steps, to around 0.5 

nA for the final cleaning step. E-beam conditions of 5 kV, 1.6 nA was used for imaging. 

A Quanta 600 FEG SEM fitted with Energy Dispersive X-Ray Spectrometry (EDS) was used 

to determine the compositions of the CoCrPt-SiO2 and other alloy targets used in this work.  During 

the interaction of the electron beam with the specimen, x-rays characteristic to the elements in the 

specimen are produced. The relative magnitude of these is analyzed to obtain the composition of 

the specimen. The compositions of these targets were determined by sputtering a thick (50-350 

nm) film on an alumina or silicon substrate and doing EDS analysis, and are mentioned in the 

relevant sections. 

 

3.2.  Transmission Electron Microscopy (TEM) 

A TEM probes the interactions of a monochromatic electron beam with an electron transparent 

specimen. The transmitted beam contains information about the microstructure, chemistry and 

crystallography of the specimen. Depending on these characteristics, a fraction of the beam 

undergoes diffraction, while the rest get transmitted without any scattering. The wavelength of the 

electron beam depends on the accelerating voltage, which for a 200kV microscope is around 3 pm. 

Although the resolution of the microscope is ultimately limited by the defects and aberrations in 

its lenses, atomic resolution can be obtained in several advanced microscopes [60].  For the thin 

films used in this work, electron transparent samples were prepared by grinding and dimpling 

followed by thinning using ion-milling in a Gatan Precision Ion Polishing system. We also used 

FIB liftout to prepare TEM specimen as described in Section 3.1. In this project, we used three 
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TEMs: the JEOL 2000, 200kV FEI Tecnai F20 TEM, and the FEI Titan G2. TEM was used for 

the following characterization: 

i. Microstructure: The imaging mode uses both the direct and diffracted beams to provide 

phase-contrast. This is useful in our case, for instance, to observe the segregated 

microstructure for a granular film of CoPt-SiO2. 

ii. Crystallography: Using the diffraction mode, information about the structure and 

texture of the thin films can be extracted. 

iii. HAADF and EDS analyses in STEM mode described below. 

In addition to conventional TEM, advanced microscopes are also fitted with Scanning 

Transmission Electron Microscopy (STEM) capabilities. In this mode, the electron beam is 

focused as a spot and raster scans the sample. The first half of the operation is thus similar to the 

operation in an SEM, with the key difference that the transmitted electron beam is analyzed in this 

case. This mode enables analyses such as EDS (composition analysis technique described in 

Section 3.1), and High Angle Annular Dark Field (HAADF) imaging. In case of HAADF, an 

annular (ring-shaped) detector is placed at a high angle with respect to the direct beam so that the 

signal arises primarily from incoherent scattering, which depends on the atomic number ‘Z’. Thus 

in a HAADF image, elements with higher atomic numbers appear brighter[61]. Such a technique 

can be useful when diffraction contrast is unable to provide us with sufficient information.  

 

3.3.  X-Ray Diffraction (XRD) 

X-Ray Diffraction is used to study the crystallographic aspects of materials. It is based on the 

diffraction of x-rays from the atomic planes of a crystal, which is possible since the wavelengths 
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of x-rays are on the same order of magnitude as the lattice plane spacings. Figure 3-2(a) shows the 

schematic of a typical thin film XRD experiment. An X-Ray tube generates a beam of x-rays by 

striking a metal target, such as copper (Cu), with a beam of high energy electrons. This high energy 

electron beam knocks off inner-shell electrons from Cu atoms, and when outer-shell electrons relax 

into the inner shell, an x-ray with a wavelength corresponding to the energy difference between 

the outer and inner shells is produced[62]. For our studies, we used Cu K- radiation with a 

wavelength of 1.54 Å, which is produced when an L-shell electron relaxes into the innermost K 

shell. All other wavelengths are filtered out and a parallel, collimated beam of x-rays is produced. 

The equipment used was a Panalytical X’pert Pro MPD X-Ray Diffractometer with an acceleration 

voltage of 45 kV and a current of 40 mA. 

 

 

Figure 3-2: (a) Schematic of the XRD experiment (b) Depiction of X-Ray beam with respect to lattice planes of 

the sample 
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The Bragg law describes the diffraction condition for x-rays interacting with the specimen: 

2𝑑ℎ𝑘𝑙 sin 𝜃 = 𝑛 ∙ 𝜆 

where dhkl is the lattice plane spacing,  is the angle between the incident beam and the normal 

to the lattice planes, n is the order of diffraction, and l is the wavelength of the x-ray. The intensity 

of the diffracted beam depends, among other factors, on the square of the structure factor Fhkl, 

given by: 

𝐹ℎ𝑘𝑙 =∑𝑓𝑖 exp 2𝜋𝑖(ℎ𝑥𝑖 + 𝑘𝑦𝑖 + 𝑙𝑧𝑖)

𝑁

𝑖=1

 

Here, fi is the atomic scattering factor for the ith atom in the unit cell, xi, yi, zi are the fractional 

coordinates of the atoms in the unit cell, and h, k, and l are the Miller indices of the lattice planes. 

The intensity of the diffracted beam thus has information about the crystallographic structure of 

the sample. 

For the thin films studied in this thesis, XRD is used to study the crystallographic texture of 

the films[62]. For this purpose, we typically do three kinds of scans: an out-of-plane scan, an in-

plane scan and a rocking curve. In an out-of-plane -2 scan, the diffraction is from the planes 

with their normals perpendicular to the plane of the thin film. In an in-plane scan, the sample is 

rotated about the y axis so that the planes with their normals lying in the substrate plane are probed. 

The rocking curve is an W scan. The Bragg condition is held fixed for a particular peak on the out-

of-plane scan, i.e. a particular set of lattice planes. The W is then scanned around 10o about the 

peak value, and the full-width at half maximum (FWHM) in the intensity vs W curve is a measure 

of the distribution of the plane normal or the fiber texture of the film. 
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3.4.  Alternating Gradient Field Magnetometer (AGM) 

An Alternating Gradient Field Magnetometer (AGFM) can be used to study magnetic 

hysteresis loops and other magnetic properties of a specimen (shown in Figure 3-3). In this 

technique, the sample is subjected to a large applied field (up to 13 kOe) (HDC) and a smaller 

alternating magnetic field (HAC). Now, when a magnetized sample is subjected to an alternating 

magnetic field, it experiences a force as: 

�⃑� =  −∇⃗⃗ ∙ 𝐸 =  ∇⃗⃗ ∙ (�⃑⃗⃗� ∙ �⃑⃗⃗�𝐴𝐶)~ |𝑀|(∇�⃑⃗⃗�𝐴𝐶) 

If there is thus a magnetic field gradient, the sample experiences a force, and the displacement 

due to this force is then recorded using a piezoelectric sample holder, which converts a 

displacement to a voltage signal. Since this force is proportional to the magnetization, a magnetic 

hysteresis loop can be recorded (M on varying HDC)[63]. The measurements on the samples in this 

thesis were performed using a Princeton Alternating Gradient Field Magnetometer with a 

maximum field of 13 kOe. 

 

Figure 3-3: Schematic of an Alternating Gradient Field Magnetometer 
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3.5.  Magneto-Optic Kerr Effect (MOKE) 

The Magneto-Optic Kerr Effect describes the rotation of the plane of polarization of a polarized 

light beam upon reflection from a magnetized specimen. The magnitude of rotation depends upon 

the component of magnetization of the sample parallel to the direction of light propagation[63]. In 

order to utilize this effect for the measurement of magnetic hysteresis loops, the following ‘polar’ 

MOKE setup was constructed in-house, in collaboration with Andrew Gamble. Polar MOKE 

implies that the magnetization of the film is perpendicular to the surface of the thin film and 

parallel to the plane of incidence of the laser beam. Figure 3-4(a) shows the schematic of the 

MOKE setup and Figure 3-4(b) shows a picture of the setup.  
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Figure 3-4: (a) Schematic of the MOKE setup (b) Picture of the MOKE setup 
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The light source consisted of a diode laser purchased from CVI Melles Griot with an output 

wavelength of 642 nm and adjustable power (<100mW). The laser beam was directed first through 

a polarizer to linearly polarize the beam, and then towards the sample by means of a beam splitter. 

The sample is mounted between the poles of an electromagnet powered by a voltage controlled 

Kepco current source (Imax ~ 20 A). Holes are drilled into the pole pieces of the magnet so that the 

laser beam can be incident on the sample. The reflected beam is passed through an analyzer and 

then onto a silicon photodiode. An optical chopper in the incident beam path is connected to a 

lock-in amplifier as a reference signal (5 kHz) along with the photo-diode which records the output 

signal. The polarizer and analyzer are first set at 90o with respect to each other (extinction 

condition), and then the analyzer is rotated by 3o to increase the output signal. A Labview program 

was utilized to vary the current (thereby the magnetic field), and record the voltage output (which 

depends on the magnitude and direction of film magnetization). A calibration plot of current 

applied to the electromagnet vs the generated magnetic field is shown in Figure 3-5(a). This was 

measured using a Hall probe placed at the center of the gap between the two pole pieces of the 

electromagnet. As we can see from the plot, for the maximum current of 20A, a field of 12.5 kOe 

was generated. Figure 3-5 (b) shows the magnetic hysteresis loops of a granular CoPt-SiO2 

magnetic media film with perpendicular anisotropy and exchange decoupled magnetic grains. A 

reference loop taken using the AGM (described in section 3.4) matches well with the hysteresis 

loop generated from the MOKE setup. The laser power used in this case was 15mW and the beam 

was unfocused. The opening of the hysteresis loop obtained from MOKE at the high positive fields 

is due to sample drift. In some cases, the laser spot was focused by means of a lens of 15 mm focal 

length inserted into the pole piece of the electromagnet and a beam spot size of approximately 17 

m could be obtained. This way, samples with different patterned regions can be studied. The 



 

34 

 

MOKE measurements presented in this thesis were recorded either using this setup or another 

similar setup constructed by Zhengkun Dai. 

 

Figure 3-5: (a) Calibration curve showing current applied to magnet vs magnetic field generated (b) comparing 

magnetic hysteresis loops measured from MOKE and AGM for a perpendicular magnetic thin film 
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Background on Block Copolymers 

 

4.1.  Introduction 

Block copolymers are materials which consist of two or more ‘blocks’ of homopolymer chains 

covalently bonded in a linear fashion. The molecular formula of two common di-block copolymers 

poly (styrene-b-methylmethaacrylate) and poly (styrene-b-dimethylsiloxane) are shown in Figure 

4-1. The different natures of these polymer chains which however are constrained by the covalent 

bond results in interesting ‘phase separation’ behavior. Recently, there has been much research in 

these materials due to their self-assembly into nanostructures with periods around 5-100 nms, with 

potential applications in nanolithography and bit patterned magnetic recording media[39], [41]–

[43], [64]–[68]. Micro-phase separation of block copolymers occurs since the two blocks of 

homopolymers are usually immiscible and the equilibrium microstructure is thus the one where 

they have a minimum interfacial area. However, macro-scale phase separation is prevented since 

these two blocks are covalently bonded together. 
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Figure 4-1: Molecular formulae of commonly used BCPs PS-PDMS and PS-PMMA 

  

 

4.2.  BCP Thermodynamics: Flory-Huggins Theory 

The Flory-Huggins theory is one simple way to understand the thermodynamics of such a 

micro-phase separation process. The Flory-Huggins approach examines the Gibbs free energy of 

mixing (Gmix) of these polymers. Using a quasi-lattice approach similar to that used to explain 

the behavior of solid solutions in the regular solution model, the contributions of enthalpy and 

configurational entropy of mixing are used to develop an expression for Gmix as follows[69]: 

∆𝐺 𝑖𝑥 = 𝑅𝑇𝑛𝑠 (𝜒𝜙𝐴𝜙𝐵 +
𝜙𝐴
𝑁𝐴

𝑙𝑛 𝜙𝐴 +
𝜙𝐵
𝑁𝐵

𝑙𝑛 𝜙𝐵) 

where ‘R’ is the gas constant, ‘T’ is temperature, ‘ns’ is the total number of sites in the modeled 

polymer lattice, ‘fI’ is the volume fraction of the ith block, ‘Ni’ is the degree of polymerization, 
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and ‘’ is the Flory-Huggins parameter. For mixing to occur spontaneously, Gmix should be < 0. 

The configurational entropy of the system always increases upon mixing as this results in a larger 

number of configurations of the system, and hence an increase in entropy, which is given by 𝑆 =

𝑘 lnΩ, where Wis the number of possible configurations of the system. Assuming ideal chain 

behavior for the polymer chains, this gives us the expression Δ𝑆 𝑖𝑥 = −𝑅𝑛𝑠 (
𝜙𝐴

𝑁𝐴
𝑙𝑛 𝜙𝐴 +

𝜙𝐵

𝑁𝐵
𝑙𝑛 𝜙𝐵). As we can see, this term is always positive and lowers the Gmix. However, given that 

Ni for polymers is usually a large number, the contribution of Smix is generally quite low. The 

phase separating behavior is thus due to the enthalpy term: Δ𝐻 𝑖𝑥 = 𝑅𝑇𝑛𝑠(𝜒𝜙𝐴𝜙𝐵). If the ‘’ 

parameter is positive (negative), the enthalpy term favors de-mixing (mixing). The Flory-Huggins 

theory is a mean-field theory, which thus assumes that each polymer chain in the system 

experiences a mean field due to the presence of the other polymer chains in the system. The local 

interactions, such as those due to excluded volume interactions, conformational entropy etc. are 

also accounted for using the ‘' parameter in practice. 

In terms of Gmix, the two important parameters from the expression that helps us pick 

polymers which phase-separate are thus ‘’: the Flory-Huggins parameter, and N: the degree of 

polymerization. A large positive ‘’ favors phase-separation since it makes the enthalpy large and 

positive. A large N lowers the negative contribution to Gmix from the entropy term and thus favors 

phase separation. Often in literature, these two parameters are combined as the product N, and a 

large positive value of this product is desirable for phase separation.  

In a block copolymer system, this micro-phase separation process can be considered as a 

transition from a mixed to an ordered state, as illustrated in Figure 4-2(reproduced from [70]). The 
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driving force for ordering arises from the positive enthalpy of mixing. Both configurational and 

conformational entropy oppose the ordering. We already discussed the effect of configurational 

entropy through the Flory-Huggins model. The change in conformational entropy of the system 

arises since ordering is nearly always accompanied by a stretching of the polymer chains, which 

lowers the number of possible conformations. The effect of this entropy term can be seen from the 

critical value of N which is necessary for micro-phase separation. In the case of polymer blends, 

as discussed in the Flory-Huggins theory above, this critical value (N)c is 2, i.e. if the value of N 

for the system is less (greater) than 2, the system will remain in the single phase (two-phase). For 

a symmetric block copolymer system however, this critical value becomes approximately 10[69] 

due to the decrease in the conformational entropy term, as seen in Figure 4-3(a). 

 

Figure 4-2: Schematic of the ordering in BCPs[70] 

 

 

4.3.  BCP Morphologies 

The morphology of the ordered state is the one which has the minimum interfacial area between 

the two blocks, with the constraint that a certain volume fraction of the two blocks have to be 

accommodated, which will thus be the morphology with the lowest Gibbs free energy. Depending 

on the volume fractions of the two blocks, different morphologies can be obtained, as outlined in 
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the structural phase diagram in Figure 4-3, which was computed with a self-consistent mean field 

theory[43], [71], [72]. In this diagram, we see that if N is too small, a homogenous mixed phase 

is obtained, and as the N becomes sufficient for phase separation, an ordered state is obtained 

whose morphology is determined by the volume fractions of the two blocks. 
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Figure 4-3: BCP morphologies (a) structural diagram[71], [72] (b) for thin films[43] 
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4.4.  BCP Thin Films 

The earlier paragraphs describe the behavior of the block copolymers in bulk. When thin films 

of block copolymers are used, as in our research for example, surface energetics and thickness of 

the films also play a critical role. The effect of confinement arises when the thickness of the block 

copolymer film is not commensurate with the period of the nanostructure formed after phase 

separation. In such a case, the polymer chains will have to stretch or be compressed to 

accommodate the excess polymer, which results in an unfavorable reduction in entropy. In these 

cases, the polymer films spontaneously form islands and holes to accommodate the chain 

stretching/compression. Surface energetics play a role depending on the relative wetting behavior 

of the two blocks with the surface. To understand this, let us consider a lamellar block copolymer 

A-B in contact with a substrate C. If B-C interactions are favorable, we will obtain a layered 

morphology where the alternating A-B layers are parallel to the substrate surface in order to 

maximize the B-C interface area. On the other hand, if A and B are neutral to C, no particular 

interactions are preferred, and the stacking of A-B layers will be perpendicular to the substrate 

surface[67]. 

 

4.5.  Choice of Block Copolymer 

In this project, we worked predominantly with the diblock copolymer poly (styrene-b-dimethyl 

siloxane), henceforth abbreviated has PS-b-PDMS. Figure 4-1 shows the molecular formula of 

this block copolymer (BCP) where NA and NB are the degrees of polymerization for the individual 

blocks. There are two key reasons due to which this polymer is suitable for this project. PS-b-

PDMS has a high Flory-Huggins () parameter of 0.26[73] at room temperature. We discussed in 
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Section 4.2 of this chapter that  is an important indicator of the phase-segregating tendency of the 

BCP, which is proportional to N, where N is the degree of polymerization of the BCP. Degree of 

polymerization is a measure of the chain length, or the molecular weight of the polymer. For 

obtaining polymers with small sub-20 nm features, it is thus advantageous to have a high  value 

so that N is still sufficient to drive micro-phase separation[69]. The  value for PS-b-PDMS is 

higher than other commonly studied BCPs, such as poly (styrene-b-methyl metha acrylate) ( = 

0.04 to 0.06)[74] or poly (styrene-b-ferrocenyl dimethyl silane) ( = 0.08)[75]. The other critical 

advantage of PS-b-PDMS lies in reactive ion etching (RIE) which is a commonly used pattern-

transfer technique in subtractive patterning processes. From the molecular formula shown earlier 

in Figure 4-1, we see that the polystyrene block of the BCP has a carbon-based backbone, while 

the polydimethylsiloxane (PDMS) has a silicon-based backbone. This property can be exploited 

in reactive ion etching, in which the polystyrene block etches much faster in an oxygen plasma 

due to its carbon based backbone as compared to PDMS[40], [76]. The volume fraction of the 

PDMS minority block was kept between 15-20%. In this range, as discussed in Section 4.3 of this 

chapter, we obtain spheres of one block in the other block’s matrix upon the micro-phase 

separation of the block copolymer. While the morphology is determined by the volume fraction of 

the minority block, the ‘pitch’ of the resulting patterns depends largely on the overall molecular 

weight as discussed in the next section.  

 

4.6.  Manipulating Feature Sizes in BCP Patterns 

The molecular weight of the BCP is directly related to the chain lengths of the polymer blocks. 

BCPs of different molecular weights result in different pitch or center-to-center spacing between 
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the minority block spheres. Table 4-1 shows a list of the PS-b-PDMS BCPs that we studied, along 

with the molecular weights and PDMS volume fractions, and Figure 4-4 shows the resultant block 

copolymer microstructure. The fabrication details of these films will be described in the next 

chapter. 

  

Table 4-1: Molecular weights and minority volume fractions of PS-b-PDMS 

Polymer ID Molecular weight (kg/mol) Volume fraction of minority 

block (%) 

PSD1 51.5 17.7 

PSD2 18 17.9 

PSD3 13.9 17.2 
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Figure 4-4: SEM micrographs of PS-b-PDMS BCP with different molecular weights 

 

In the plane-view SEM micrographs shown above, we see a regular hexagonal array of spheres 

of PDMS (bright) in a polystyrene matrix (dark). The distribution in pitch for these cases ranges 

from approximately 8% for PSD1 to 12% for PSD3. The distribution in pitch and the number of 

defects in the pattern, such as a missing dot or connected dots increases with decreasing molecular 

weight. As we discussed in Section 4.2, the enthalpic contribution to the free-energy term which 

is responsible for micro-phase separation in BCP is proportional to N, where  is the Flory-

PSD3
Mwt:  13.9 kg/mol
Pitch ~ 17 nm
Density ~ 2.6 Tdpsi
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Pitch ~ 36 nm
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Pitch ~ 20 nm
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100 nm
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Huggins parameter, and N is the degree of polymerization. As molecular weight decreases, N 

decreases, and thus the enthalpic penalty for a mixed phase reduces, resulting in the presence of a 

larger number of defects in the pattern. 

 

4.7.  Summary 

Background on the block copolymer self-assembly and micro-phase separation were 

presented. The Flory-Huggins parameter and pattern transfer considerations enabled the choice of 

poly (styrene-b-dimethyl siloxane) as the block copolymer for this project. The details regarding 

block copolymer fabrication are presented in the next chapter. 
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Nanofabrication Techniques 

 

5.1.  Introduction 

The general approach for template fabrication was presented in chapter 2. In this chapter, we 

introduce the various fabrication techniques used and present the process development details. The 

various steps in the general process flow for template fabrication are: 

 Sputtering the template layer and film stack 

 Spin coating the block copolymer film and annealing 

 Pattern transfer into the hard mask using Reactive Ion Etching 

 Ion-milling into the template layer 

5.2.  Sputtering the Template Layer and Film Stack 

Sputtering is a physical vapor deposition technique which occurs in a chamber that has been 

pumped down to a low base pressure, of the order of 10-7 or 10-8 torr. A schematic of the sputtering 

process is shown in Figure 5-1. An inert (or sometimes reactive, depending on the application) gas 

such as Argon (Ar) is first introduced into the chamber bringing the pressure inside to the mTorr 

range. A plasma is then generated in the chamber by applying a bias between the cathode and 

anode. A stray electron close to the cathode gets accelerated towards the anode due to the bias. 

During this process, it collides with the Ar atoms present in the chamber and if the energy of the 
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electron at this point is higher than the ionization energy of Ar, the Ar atom gets ionized, releasing 

another electron into the system. These two electrons are subsequently accelerated toward the 

anode, and they continue to ionize other Ar atoms, resulting in a stable plasma due to this avalanche 

effect. The Ar+ ions that are generated are accelerated towards the cathode, and they impinge upon 

it. A fraction of these collisions result in the release of atoms comprising the cathode, which then 

get deposited all over the chamber, and also on the substrate, thus forming a thin film. 

Sputtering can be classified broadly into DC or AC depending on the power supply used. DC 

plasma is the simplest method, but when used to sputter insulators, positive charge gets built up 

on the surface of the cathode/target preventing Ar+ ions from further knocking off target atoms. In 

order to circumvent this issue, an AC power supply is used, where the positive and negative 

charges are switched with a MHz (radio-frequency) preventing charge buildup and facilitating the 

sputtering process. In order to make the sputtering process more efficient, a magnet is sometimes 

attached to the target. The magnetic field confines the plasma close to the target resulting in a more 

efficient sputtering process. This is called magnetron sputtering. 

A key advantage of sputtering is its ability to deposit alloy films. One way to sputter an alloy 

film is to modify a sputtering target of A with chips of B which are attached to it using a conductive 

epoxy. This way, both A and B are sputtered off by the plasma, resulting in an alloy film. Another 

way to sputter alloy films involves confocal sputtering where two targets are lit up at once, and 

they are oriented onto the substrate so that both films are being deposited at the same time, resulting 

in an alloy film. A third way is to use a composite target in which the target itself is an alloy. 

Parameters such as Ar pressure, RF/DC power, bias and film growth rate have to be optimized 

to obtain the required sample properties, as will be described in appropriate sections in the 
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forthcoming chapters. Four sputtering systems: Z400#1, Nanofab machine #2, #3 and #4 were 

used in this project. A profilometer was used to determine the sputtering rate by sputtering a film 

on a masked substrate. After sputtering for a pre-determined time, the mask was removed and a 

step was thus created, whose height was then measured using the profilometer to determine the 

average sputtering rate. 

 

Figure 5-1: Schematic of the sputtering process 

 

The choice of template layer and its fabrication for the templated growth of PMR media is 

discussed in detail in the next chapter. The hard mask was chosen to be amorphous carbon (am-

C). Carbon is an excellent hard mask for ion-milling into underlying materials because of its 

extremely low ion-milling rate of approximately 3.5 nm/min. On the other hand, it can be etched 

using an oxygen plasma in a Reactive Ion Etching system (approximately 10 nm/min). As 

mentioned briefly in Section 4.5, this high etch rate in an oxygen plasma can be used for pattern 
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transfer from a PS-b-PDMS film into the carbon mask. A 20 nm carbon film was sputtered using 

sputtering system #4 using DC sputtering with a power of 150W, 5 mT Argon pressure at a rate of 

2.2 nm/min. This sputtered carbon film had an RMS roughness of approximately 6.1 Å as 

measured using Atomic Force Microscopy and is suitable for the fabrication of block copolymer 

films. 

 

5.3.  Spin Coating of BCP Film 

Spin-coating is one of the most convenient and reproducible methods to obtain thin films of 

polymers. PS-b-PDMS powders (as purchased from Polymer Source Inc.) are dissolved in toluene 

Syringe filters with pore sizes of around 0.2 m are used to remove impurities. This solution is 

then dispensed onto the sample wafer which is mounted on a vacuum chuck. During this dispensing 

step, the wafer is rotated at a low speed of about 600 rpm (dynamic dispense technique). This aids 

the spreading of the solution over the entire sample. The rotation is then accelerated to the final 

spinning speed, which is usually between 2000-6200 rpm. The spin speed chosen depends on the 

concentration and viscosity of the polymer solution, as well as the desired final film thickness. 

During the spinning, the centrifugal force pushes the solution to the edges, and once surface tension 

is overcome, the solution falls off, leaving behind a thin film of the solute[77].  

The concentration of the BCP solution and the spin-coating parameters such as spread speed, 

spin speed and the respective times were optimized so that one monolayer of PDMS spheres in a 

PS matrix can be obtained. The thickness required is thus just slightly higher than the pitch of the 

block copolymer, in order to account for the segregation of a PDMS layer to the air-film 

interface[40]. In most cases, the concentration and spin-coating conditions were picked based on 
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the resultant block copolymer microstructure, observed using the SEM. Unless specified 

otherwise, the following spin-coating conditions were used for BCP thin films. 

Table 5-1: Summary of spin-coating conditions 

Step Speed (rpm) Time (sec) 

Spread 600 6 

Spin 4000 (500 rpm per sec ramp) 60 

 

5.4.  Annealing of BCP Film 

Spin coating is not an equilibrium process. In order to obtain the equilibrium microstructure of 

the block copolymer film (refer Figure 4-3), we increase the mobility of the polymer chains 

through solvent or thermal annealing. In case of thermal annealing, the polymer film is subjected 

to an elevated temperature close to its glass transition temperature (Tg) by placing it in a vacuum 

oven. The annealing temperature and time have to be optimized. While too little mobility may 

cause a poorly micro-phase separated microstructure, too high a mobility may cause dewetting of 

the polymer film. Further, the (Flory-Huggins) parameter, which is a measure of the driving 

force for micro-phase separation, is inversely proportional to temperature, and thus a higher 

temperature need not necessarily provide the most regular pattern[69]. The SEM micrographs 

illustrating the effect of thermal annealing on the block copolymer microstructures are shown in 

Figure 5-2.  The annealing temperature for PSD1 was varied from 130 to 222oC, with a constant 

annealing time of 24 hours. For PSD1, an average pitch of 35 nm and the lowest pitch distribution 

of ~ 8.6% was obtained for the 175 oC case, while further increase in temperature both worsened 

the pitch distribution (~ 9.8% for 190oC case) and caused the onset of dewetting. The onset of 
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dewetting is indicated by the appearance of holes in the film which can be seen in the lower 

magnification image for the 192oC case. At 222oC, dewetting was very advanced and only small 

parts of the film remained. For PSD2, which has a lower molecular weight, a lower pitch and thus 

a lower optimal film thickness (to obtain one monolayer of PDMS spheres in a PS matrix), we see 

that the dewetting of the film is complete at 192oC. A temperature 130oC resulted in the lowest 

pitch distribution of ~ 10% for PSD2, with a mean of 20 nm. For PSD3, with an average pitch of 

17 nm, we found that even at 115oC, holes started appearing in the pattern. A temperature of 95oC 

on the other hand is clearly insufficient to form a regular pattern as seen from the SEM image. 

Improvement in the wetting of the block copolymer thin film can be achieved by using different 

‘brush’ layers between the substrate and the polymer film[40][67], and also by the use of solvent 

annealing[67]. Further, the thickness of the block copolymer film is a critical parameter in the 

prevention of dewetting. Islands and holes start to form in the film if the film thickness is not 

commensurate to the pitch of the BCP as shown in  Figure 5-3. Parts (a) and (b) are reproduced 

from [78], showing the effect of an incommensurate thickness during the annealing of the BCP. 

When we zoom in, shown in Figure 5-3 (c), which is an example from our case, (partially etched 

using RIE), we see a region of two layers of spheres and one layer of spheres.  
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Figure 5-2: Plane-view SEM micrographs illustrating the effect of temperature on the micro-phase separation of 

(a) PSD1 (b) PSD2 and (c) PSD3 
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Figure 5-3:  Effect of thickness of BCP film in the solvent annealing process: (a) cross-section schematic of 

thickness evolution with annealing[78] (b) plane-view SEM micrographs[78] (c) zoomed-in image showing regions 

with one and two layers of PDMS spheres 

 

(a)

(b)

(c)
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We also explored the use of solvent annealing for the block copolymer micro-phase separation 

process. Here, the polymer film is subjected to the vapor of a suitable solvent. The schematic of 

the simple procedure we followed for solvent annealing is shown in Figure 5-4(a). Since polymer-

solvent molecule interactions are energetically favorable, the polymer film absorbs the solvent and 

swells, as shown in Figure 5-4(b). 

 

 

Figure 5-4: Schematic of (a) simple solvent annealing setup (b) interaction of solvent with the polymer chains 

 

The chains have an increased free volume and thus increased mobility. The vapor pressure of 

the solvent and the annealing time are optimized to obtain the required microstructure. If the vapor 

pressure or the annealing time is too low, the ordering of the BCP domains is affected. However, 

if it is too long, the polymer film dewets, which is analogous to the dispersion of polymer chains 

in solution as shown in Figure 5-4(b). The degree of swelling of the polymer film also depends on 

the nature of the polymer chain-solvent interactions, thus making the choice of solvent very 

important. Solvent vapor annealing is now a very popular technique for facilitating the micro-
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phase separation of block copolymers in a short-time scale, and with very few defects, particularly 

for applications in next-generation lithography [79]. In order to better control the solvent annealing 

process, precise control of the solvent vapor flow rates, vapor pressure, and monitoring of the 

thickness in-situ using spectral reflectometry or ellipsometry has been explored recently[80]. 

Figure 5-5 shows an example of the effect of solvent annealing on a PSD1 block copolymer thin 

film. This BCP forms a hexagonal lattice of PDMS spheres in a PS matrix with a center-to-center 

spacing of approximately 35 nm as discussed earlier. 

 

Figure 5-5: Plane-view SEM micrograph showing PSD1 film solvent annealed using toluene; inset with higher 

magnification 

 

For our studies, we worked with toluene vapor. Toluene is a good solvent for both PS and 

PDMS, as indicated by the Hildebrand solubility parameters (PS ~ 18.5, PDMS ~ 15, Toluene ~ 

500 nm

35nm
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18.3)[81][82]. The volume of toluene in the solvent annealing system was varied and a constant 

time of 3 hours was used. Figure 5-6 shows the effect of increasing toluene vapor in the micro-

phase separation of PSD1. In the case of no annealing, we see interlinked PDMS regions, due to 

the lack of mobility during the spin-coating process. With increasing amount of toluene in the 

chamber, we see that the defects in the hexagonal lattice of PDMS in the PS matrix get ironed out, 

and for 19 ml, we get the best results. Further increase in toluene volume resulted in dewetting of 

the block copolymer. In case of PSD4 (SEM micrographs shown in Figure 5-7), we see that a lot 

less toluene is required. The time in this case was fixed at 14 hours. Use of 0.2 ml of toluene 

resulted in dewetting, with certain regions of the film having well-ordered monolayer of PDMS 

spheres and the other regions most likely having a double layer of PDMS spheres. In the case of 

0.1 ml of toluene, we see that the dewetting process has just begun, and small regions with two 

layers of PDMS spheres have nucleated in a matrix of the film which has a well-ordered monolayer 

of PDMS. 0.08 ml of toluene was found to be optimum volume for obtaining a uniform monolayer 

of spheres across the entire substrate, with a well-ordered microstructure. The average pitch was 

found to be 17.3 nm, with a standard deviation of 9.8%. 
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Figure 5-6: Plane-view SEM micrographs showing effect of volume of toluene vapor in the solvent annealing of 

PSD1 
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Figure 5-7: Plane-view SEM micrographs illustrating the effect of volume of toluene vapor in the solvent 

annealing of PSD3 
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5.5.  Reactive Ion Etching (RIE) 

Pattern transfer techniques commonly used in lithography can be classified into dry/wet 

etching techniques. Wet-etching techniques involve the use of an etchant solution such as an acid 

depending on the material to be etched. But wet-etching techniques are difficult to control precisely 

when small features have to be transferred. Dry-etching techniques such as reactive ion etching 

(RIE) and ion milling are used in these cases[83].  

A parallel-plate reactive ion etching system is shown in Figure 5-8. The chamber, which 

consists of a wafer platter (anode) and grounded chamber walls (cathode), is typically filled with 

a chemically reactive gas. When a large radio frequency bias is applied to the wafer platter, 

electrons are stripped from the reactive gas leading to the formation of ions and radicals (i.e. a 

plasma) within the chamber.  Given a net difference in the size of the anode and cathode, and since 

the mobility of electrons is far greater than that the heavier ions, a net negative bias is created on 

the wafer platter leading to a DC potential difference between the electrodes. As a result, the 

positively charged ions and radicals are directed towards the substrate surface.  When the ions and 

radicals impinge on the surface of the sample, they cause both physical sputtering and chemical 

etching. By optimizing etch parameters such as gas flow, pressure, bias voltage, and gas 

combination, it is possible to achieve anisotropic etch profiles while minimizing the effects of 

physical sputtering.  
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Figure 5-8: Schematic of the Reactive Ion Etching system 

 

As we discussed earlier in Section, one of the important features of this block copolymer PS-

b-PDMS is the difference in the properties of the polymer chains of polystyrene and polydimethyl 

siloxane. The polystyrene has a carbon-based backbone while the polydimethyl siloxane has a 

silicon-based backbone. A Plasma-Therm 790 Reactive Ion Etching system was used for pattern 

transfer. The pattern transfer recipes were first developed for PSD1, and then applied to the smaller 

pitch polymers with modifications as found necessary. As reported in [40], a thin layer of PDMS 

segregates to the air-film interface due to its low surface tension (19.9 mN/m) as compared to 

polystyrene (40.7 mN/m). This is first etched using a short CF4 plasma of 20-35 seconds. In the 

next stage, an O2 plasma is used to preferentially etch the polystyrene while not etching the PDMS 

spheres. The key parameters in RIE which had to be optimized were the RF power of the plasma, 

and the pressure of the gas, both of which indirectly control the bias voltage. It was found that a 

high pressure, low power oxygen plasma, with a resulting low bias voltage was the most suitable 

for etching the block copolymer. The etching process in RIE is both due to chemical etching by 
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the reactive plasma, as well as physical etching due to the bombardment at high bias voltages. On 

the other hand, a bias voltage is important if the etch has to be anisotropic (directional). From SEM 

micrographs shown in Figure 5-9, we see that in the case of the block copolymer, a high bias 

voltage damages the PDMS spheres, and a low bias voltage is more suitable. 

 

Figure 5-9: SEM micrographs comparing erosion of PDMS spheres due to high bias O2 plasma in RIE 

 

A suitable mask structure can then be developed to improve the aspect ratio of the ‘pillars’. 

The first layer of the mask structure was chosen to be amorphous carbon, since this will have a 

high etch-rate in an oxygen plasma as compared to the PDMS spheres. If high-aspect ratio 

structures are needed, an alternating film stack of C/SiNx/C may be suitable. In case of the smaller-

pitch block copolymers, the recipes developed for PSD1 were found to be suitable with 

modifications in the etching-time of the individual layers. The etch-recipes are tabulated below, in 

Table 5-2: 

Etched with O2/Ar plasma
25W, 10mT, 90 sec, 200V bias

Etched with O2 plasma
9W, 100mT, 7min, 65V bias
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Table 5-2: Table of RIE etch parameters 

Polymer Etch-step Gas Flow Power Pressure Bias Time 

PSD1 Top PDMS layer CF4 20 sccm 20W 10mT 190V 35 sec 

 PS matrix etch O2 20 sccm 9W 100mT 65V 420 sec 

        

PSD2 Top PDMS layer CF4 20 sccm 20W 10mT 190V 25 sec 

 PS matrix etch O2 20 sccm 9W 100mT 65V 300 sec 

        

PSD3 Top PDMS layer CF4 20 sccm 20W 10mT 190V` 20 sec 

 PS matrix etch O2 20 sccm 9W 100mT 65V 270 sec 

        

Mask am-C mask etch O2 20 sccm 20W 10mT 200V 150 sec 

 

5.6.  Ion-Milling 

In contrast to reactive ion etching, ion milling occurs purely due to physical bombardment of 

the substrate by a beam of gaseous atoms. An ion milling system, shown in Figure 5-10, consists 

typically of a Kaufman source in which an electron filament is first heated to produce electrons 

which are then accelerated towards the anode using an applied bias. On its way, it gains sufficient 

energy to ionize the gaseous atoms that were introduced, typically a noble gas such as Argon. 

These gaseous ions are introduced from the Kaufman source into the ion-milling chamber, and 

accelerated towards the substrate surface with a potential between 300 to 1000 V. The pressure in 

the chamber is maintained quite low so that the Ar ions do not undergo many collisions. As a 

result, the beam impinging on the substrate surface is nearly coherent, and vertical. Before the Ar 

ions reach the substrate surface, a neutralizer releases electrons into the chamber to neutralize the 

Ar ions into neutral Ar atoms. These atoms then impinge on the substrate causing physical etching. 
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The advantages of ion milling are the anisotropic nature of the etching process as well as the fact 

that practically any material can be etched using this technique. The substrate is sometimes placed 

at an angle with respect to the ion beam to obtain optimum pattern transfer. Issues such as 

redeposition, beam-damage to the film surface, faceting etc. have to be avoided[32], and the 

desired pattern-transfer characteristics have to be obtained by optimizing the beam current, beam 

voltage and the substrate-beam angle. 

 

Figure 5-10: Schematic of the ion-milling system 

 

The ion-milling process was performed using a Commonwealth Scientific Ion Mill equipped 

with a secondary ion-mass spectrometer (SIMS) end-point detector. A film-stack of Ta 

(3nm)/Pt(30nm)/Ru(15nm)/CoCrPt(20nm)/C(10nm) was sputtered using machine #4, and the end-

point detection system was used to determine the etch-rates of these materials. The samples were 

ion-milled using a 500V, 40mA Ar beam. The substrate was oriented such that the normal to the 
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substrate plane made an angle of 12.5o with the Ar beam, and the substrate was rotated to ensure 

uniform ion-milling. When the film stack is milled, the ejected ions are analyzed using a mass 

spectrometer. Using this technique, individual species of ions can be identified based on their 

charge/mass ratio. The rate of ion-milling was obtained using the full-width at half-maxima of the 

various signals in the plot (Figure 5-11), and are tabulated below (Table 5-4). The etch-rate for 

amorphous carbon could not be calculated using this technique since the background noise for the 

carbon spectrum in the chamber was too high. It was thus determined by the usual procedure 

involving the measurement of a step height before and after etching. 

 

Table 5-3: Sputtering conditions in machine #4 

Layer Machine Power Pressure Rate Thickness 

Ta #4 150W (DC) 2.5mT Ar 24 nm/min 4 nm 

Pt #4 25W (DC) 2.5mT Ar 7.8 nm/min 30 nm 

Ru #4 93W (DC) 2.5mT Ar 13.7 nm/min 15 nm 

CoCrPt #4 50W (DC) 2.5mT Ar 12.3 nm/min 20 nm 
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Figure 5-11: Secondary Ion Mass Spectroscopy of film stack 

 

 

Table 5-4: Milling rates of selected materials  

Material Rate of ion-milling 

Co (CoCrPt) 13 nm/min 

Ru 12 nm/min 

Pt 21 nm/min 

Ta 8.5 nm/min 

am-C 3.5 nm/min 

 

The ion-milling process optimization was done on a case-by-case basis, and the details are 

provided in the relevant sections in the subsequent chapters. 
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5.7.  Summary 

A brief introduction and processing details for the several steps in the process flow were 

discussed in this chapter. Typical spin-coating, solvent annealing and etching recipes were 

specified, while changes are noted in relevant sections in the upcoming chapters.  
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Template Layer Development for PMR Media 

 

6.1.  Introduction 

In this chapter, we discuss the magnetic and microstructural properties of templated media 

based on CoPt-SiO2. The polymer PSD3 (13.9 kg/mol, fPDMS = 17.2%, refer Table 4-1) was used 

to pattern an array of PDMS spheres with a center-to-center distance of approximately 17 nm. The 

pattern was subsequently transferred into an amorphous carbon hard mask using RIE as described 

in chapter 5. Ion-milling was then used to pattern the dome-morphology into different template 

layers. In the following sections, we discuss the various material choices for the template layer and 

compare the magnetic properties of the templated media in each case. The best choice for the 

template layer is then identified and further structural and microstructural characterization is done. 

6.2.  Remarks on the CoPt-SiO2 Sputtering Process 

A CoPt-SiO2 composite target (Co target modified with SiO2 and Pt chips) was used in the 

following study. The films were sputtered in the Z400#1 sputtering system at room temperature 

using a recipe of 100W RF and 45 mT Ar pressure at a rate of approximately 10 nm/min (unless 

otherwise specified). The high Ar pressure was used to enable columnar growth. In order to 

estimate the volume fraction of SiO2 in the sputtered film, a 200 nm thick film was deposited onto 

an alumina substrate and Energy Dispersive X-Ray Spectroscopy (EDS) was used to determine 

the composition (atomic percentage) of Co, Pt and Si in the film. The density of CoPt was 



 

68 

 

estimated using the calculated mass (based on the atomic percentages from EDS) and the 

calculated volume (based on the lattice parameters obtained using XRD), and was found to be 

approximately 15.82 gm/cc. For amorphous SiO2, the reported value of density of amorphous SiO2 

(2.65 gm/cc) was used. Assuming that all of the Si exists in the film as SiO2, the volume fraction 

of SiO2 can thus be calculated. Using this method, the composition of the target was found to be 

Co0.74Pt0.26 (where the subscripts denote the atomic fractions of Co and Pt in CoPt), with 11.5 

volume % of SiO2.  

6.3.  CoCrPt Thin Film as Template Layer 

The first choice for a template layer was a 5 nm thin film of a CoCrPt alloy with 66 atomic % 

Co, 15% Cr and 19% Pt (estimated using EDS). The advantage of using domes of a magnetic 

material such as CoCrPt to template the growth of the magnetic media is that, even if the aspect 

ratio of the domes required to cause templated growth is high, there will be no non-magnetic part 

in the magnetic grain. At a pitch of approximately 17 nm, pattern transfer using ion-milling into 

thick CoCrPt films is challenging, and so, the CoCrPt thickness was chosen to be 5nm. If the 

milling does not separate the magnetic domes in the template, the resulting template will have a 

continuous, exchange coupled CoCrPt layer underneath the CoPt-SiO2 magnetic media grains, 

which will be unsuitable for recording.  

a. Setting up the Film Stack 

The initial film stack consisted of Ta (3nm)/Ru (25nm)/CoCrPt (5nm) and C (20nm). All the 

films were sputtered in sputtering system #4. The Ru layer underneath the CoCrPt facilitates the 

HCP (00.2) crystallographic texture of the CoCrPt layer. The texture of the Ru layer strongly 

depends on the sputtering conditions used for the Ta adhesion layer. Figure 6-1 shows the out-of-

plane XRD patterns for 25nm Ru films sputtered on the Ta adhesion layer. The sputtering 
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conditions for the Ta are specified in the legend, and the sputtering power of the Ru was varied. 

The indexed peaks in the XRD pattern indicate that the Ru grains are randomly oriented, and 

although the (00.2) peak is stronger than the others, it is not suitable for CoCrPt growth. 

 

Figure 6-1: Out-of-plane XRD patterns showing the effect of sputtering power for Ru on its crystallographic 

texture 

 

Figure 6-2(a) shows the XRD patterns illustrating the effect of Ta sputtering power on the Ru 

texture. The Ru (00.2) peaks have been normalized. We see that with increasing Ta sputtering 

power (which in turn implies increased sputtering rate), the (10.0) and (10.1) peaks of the Ru film 

sputtered on the Ta are suppressed. Rocking curves of the Ru (00.2) peak, shown in Figure 6-2(b), 

further illustrate the improvement in texture with increasing Ta sputtering power. Further 
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improvement in the rocking angle of the Ru (00.2) layer can be achieved using NiW or Pt (111) 

intermediate layers. 

 

Figure 6-2: (a) Out-of-plane XRD patterns showing the effect of Ta sputtering power on the crystallographic 

texture of subsequently deposited Ru layer (b) Improvement in the FWHM of the rocking curve for Ru (00.2) peak 

with higher Ta sputtering power 
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When 5 nm of CoCrPt is sputtered onto the Ru layer, the peak intensity of the CoCrPt is too 

low, and due to the proximity in positions of the Ru and CoCrPt (00.2) peaks, it is not discernible 

in XRD. (00.2) texture of CoCrPt can be inferred from the out-of-plane magnetic hysteresis loop 

shown in Figure 6-3. 

 

Figure 6-3: Out-of-plane magnetic hysteresis loop for a 5nm CoCrPt thin film 

 

The optimized sputtering conditions for the film stack are summarized below in Table 6-1. 

Table 6-1: Optimized sputter conditions for Ta/Ru/CoCrPt/C film stack 

Layer Machine Power Pressure Rate Thickness 

Ta #4 150W (DC) 2.5mT Ar 24 nm/min 4 nm 

Ru #4 93W (DC) 2.5mT Ar 13.7 nm/min 25 nm 

CoCrPt #4 50W (DC) 2.5mT Ar 12.3 nm/min 5 nm 

Am-C #4 150W (DC) 5mT Ar 2.16 nm/min 20 nm 
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b. Block Copolymer Fabrication and Pattern Transfer 

Spin-coating the PSD3 block copolymer, solvent annealing and etching into the carbon hard 

mask were performed as described previously. The samples were ion-milled for 20 and 30 seconds. 

During ion-milling the substrate normal was maintained at an angle of 12.5o w.r.t the ion beam. 

Since the template layer here is magnetic, the AGM was used to study the magnetic properties of 

these CoCrPt domes. Figure 6-4 shows the plane-view SEM images and magnetic hysteresis loops 

of the samples after milling for 20 and 30 seconds. After pattern transfer using RIE, the PDMS 

sphere size is ~ 10-12 nm, and post ion milling, this has increased to ~14 nm. A cross-sectional 

view will help understand the morphology after the milling process, and this is discussed shortly. 

From the magnetic hysteresis loops, we see that the coercivity of the CoCrPt sheet film prior to 

milling is low, and the Mr/Ms = 1. Since the CoCrPt is a continuous film with no segregant, the 

magnetic grains are exchange coupled, and the low coercivity is not surprising. The Mr/Ms 

indicates that the film has good HCP (00.2) texture with the magnetic easy axis perpendicular to 

the plane of the film. On milling for 20 and 30 seconds however, we see that the coercivity and 

the Mr/Ms of the sample are sharply reduced. One reason for this could be the presence of a thin 

beam-damaged CoCrPt layer on top with ‘soft’ magnetic behavior. Another possibility is that the 

magnetic volume after milling is close to the superparamagnetic regime.  
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Figure 6-4: SEM micrographs and out-of-plane magnetic hysteresis loops for CoCrPt milled for 0-30 seconds 

 

Cross-section Transmission Electron Microscopy was performed using the Tecnai TEM. 

Figure 6-5 shows the three cross-section micrographs of the un-milled, 20 sec milled, and 30 sec 

milled samples. These were scaled and stacked using the amorphous Ta layer at the bottom of the 

film stack. From these TEM micrographs, we can see the dome-morphology of the patterned 

CoCrPt layer.  In the first image, we see the unpatterned CoCrPt sheet film. After 20 seconds of 

ion-milling, it appears that the milling front (from the top) has reached the Ru layer, giving domes 

of CoCrPt. On 30 seconds of milling, the milling front has moved further down, and from the 

stacking of these TEM images, we see that not much CoCrPt is left. Since the lattice parameters 

of CoCrPt and Ru in the (00.2) planes are similar, it is difficult to pinpoint the location of the 

CoCrPt/Ru interface. Also, it is difficult to discern if the amorphous carbon mask is still remaining 
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because of its electron transparent nature. Approximating these domes as the segments of a sphere, 

the volume of each dome can be written as 𝑉 =  
𝜋ℎ

 
(3𝑎2 + ℎ2), where ‘h’ is the height of the 

segment (considered to be 3 nm) and ‘a’ is the bottom radius of the segment (considered as 5 nm), 

which gives V ~130 nm3
. Since the milling front is now in the Ru layer, the volume of the CoCrPt 

part of the dome is thus less than 130 nm3, which is close to the superparamagnetic regime, which 

explains the lowering of coercivity and low Mr/Ms in the hysteresis loops. We proceeded with the 

templating process-flow to see what effect this would have on the sputtered CoPt-SiO2 magnetic 

media. 

 

Figure 6-5: Cross-section bright-field TEM micrographs showing the evolution of dome-morphology in CoCrPt 

on ion-milling for 0-30 seconds 

 

c. Media Deposition Results and Discussion 

Since the sample is exposed to atmosphere after the ion-milling, a short sputter-etch has to be 

performed in the sputtering machine prior to the sputtering of the CoPt-SiO2. However, the sputter-
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etch is essentially just a milling process, and will damage the morphology of the domes. Also, 

since the Ar beam during the sputter-etch is perpendicular to the plane of the substrate, redeposition 

may occur, and a fresh surface may not really be generated. Another issue with the sputter-etching 

process in the Z400#1 system is that the matching networks are not quite reliable during the 

sputter-etching process, and work for very few sputter-etch conditions. Based on this, a 50W RF 

Ar plasma at 15 mT pressure was selected for the sputter-etching process. The previously milled 

samples were sputter-etched for 6 and 9 seconds, and without breaking vacuum, a 15 nm media 

layer of CoPt-SiO2 was deposited also by RF sputtering, with a power of 100W, at 45 mT Ar 

pressure. AGM was then used to study the out-of-plane and in-plane magnetic hysteresis loops of 

these templated media samples, and are shown in Figure 6-6. 

 

Figure 6-6: Out-of-plane and in-plane magnetic hysteresis loops from the various attempts at templated media 

growth using CoCrPt template layer 
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From the out-of-plane (OP) magnetic hysteresis loop for the first case shown above, we see 

that there appears to be a magnetically soft region that brings the coercivity down. As discussed 

earlier, this could be the effect of the magnetically ‘soft’ CoCrPt domes remaining after ion-milling 

in the template. In the next two cases, where milling was done for 30 seconds, the soft region is 

no longer present, but the coercivity (~ 2500 Oe) and remnant magnetization (~ 0.6 Ms) are low. 

Here, the CoCrPt has likely been milled away during the sputter-etch step. Thus, even if these 

domes template the growth of magnetic media as we require, the poor magnetic properties of these 

domes will influence the magnetic grains, acting as sites where switching starts, and lowering the 

switching field of the media, which is not a desirable effect. CoCrPt is thus not a suitable material 

for the design of the template layer. For the next study, we used Ruthenium (Ru) as the template 

layer material. 

6.4.  Ru Thin Film as Template Layer 

In chapter 1, we discussed the benefits of Ru as the underlayer of choice for PMR media, due 

to its close lattice matching with CoCrPt alloys. It therefore can also function as a suitable template 

layer. 

a. Template Fabrication Details 

The initial film stack consisted of Ta (3nm)/Ru (25nm) and was sputtered in machine #4 using 

the conditions previously specified in Table 6-1. The subsequent process steps are also similar to 

the previously described case.  

b. Media Deposition Results and Discussion 

Once the ion-milling was completed, the sample was sputter-etched for 6 seconds (50W RF, 

16.5mT Ar) prior to the deposition of 15 nm of CoPt-SiO2 magnetic media (100W RF, 45mT Ar). 
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Magnetic hysteresis loops of these templated media samples are shown in Figure 6-7. In order to 

understand the effects of templating, a reference sample was made without any patterning. 

However, in order to emulate the effects of the patterning process, all the steps except for the block 

copolymer patterning were performed on this sample. This was done particularly to understand the 

effects of sputter-etching.  

 

Figure 6-7: Out-of-plane and in-plane magnetic hysteresis loops for templated CoPt-SiO2 media on Ru 

templates milled for 0-40 seconds 
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the dome-morphology will eventually flatten out since ion-milling is a line-of-sight process. The 

in-plane hysteresis loops in all four cases are quite similar. Since the saturation field in the in-plane 

loop is a measure of the anisotropy field of the film, we can say that all these samples have similar 

anisotropy fields, which indicate that the improvement in the out-of-plane hysteresis loops at tmill 

= 30 seconds must be due to microstructural effects such as better segregation of the CoPt and 

SiO2. To further improve the magnetic properties, we tested various sputter-etching conditions on 

sheet Ru films to find the optimum conditions. The results are summarized in the plot below 

(Figure 6-8) of Mr/Ms of the media film vs sputter-etching time for different sputtering conditions 

of magnetic media. 

 

Figure 6-8: Summary of sputter-etching attempts 
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Ideally, after sputter-etching, the Mr/Ms of the film should be 1 if the texture is good, and if 

there are no defects causing premature switching of the magnetization. As seen from the figure, 

none of the sputter-etching conditions resulted in good magnetic properties. This was the case for 

sputter-etching for different times, at different conditions as well as different deposition conditions 

of the magnetic media. Further, the dome morphology patterned into the Ru layer by ion-milling 

is stable only for 6-9 seconds, as seen from the SEM micrographs shown below in Figure 6-9. 

After this time, the damage to the domes is evident. 

 

Figure 6-9: Plane-view SEM micrographs showing effect of sputter-etching 
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results in poor magnetic properties of the magnetic media, which is likely due to damage to the 

underlayer surface, and the subsequent poor texture of the media. We thus need to develop a 

process that avoids sputter-etching completely, and is yet able to template the growth of magnetic 

media, with good texture and magnetic properties. The design of a Platinum (Pt) template layer is 

a key step in this direction. 

 

6.5.  Pt Thin Film as Template Layer 

a. Advantage of using Pt 

Platinum is a transition metal with an FCC crystal structure (space group:  
4

 
3̅

2

 
). It is 

one of the least reactive metals, and does not oxidize at room temperature. Table 6-2 below 

tabulates the Gibbs free energy for the oxidation reactions at room temperature for the various 

metals used here, generated using the software package FactWeb (a part of FactSage, a database 

of thermodynamic properties[84]). A negative free energy of mixing indicates that the reaction is 

spontaneous and vice-versa. We see that Pt has a positive Greaction at room temperature, showing 

that it does not oxidize at room temperature. 
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Table 6-2: Gibbs free energy of oxidation reactions at room temp. 

Element – Oxide Reaction Greaction at 298.15K 

Co (CoO) 
𝐶𝑜(𝑠) +

1

2
𝑂2(𝑔) →  𝐶𝑜𝑂(𝑠) 

-214 kJ 

Co (Co3O4) 3𝐶𝑜(𝑠) + 2𝑂2(𝑔) →  𝐶𝑜3𝑂4(𝑠) -794.96 kJ 

Ru (RuO2) 𝑅𝑢(𝑠) + 𝑂2(𝑔) →  𝑅𝑢𝑂2(𝑠) -253.04 kJ 

Pt (PtO2)  𝑡(𝑠) + 𝑂2(𝑔) →   𝑡𝑂2(𝑠) 165.88 kJ 

 

b. Sheet-Film Test of Modified Approach 

In order to establish if exposure of Ru to atmosphere (as was the case in the previous attempts) 

or lack of exposure (current attempt) influences the magnetic properties of the CoPt-SiO2 media, 

we devised the following test. In the first case, 3 nm Ta/25 nm of Ru was sputtered onto a single-

crystal Si substrate using sputtering machine #4. The sputtering conditions used were the ones 

optimized from the previous studies (Table 6-1). Then, 10 nm of CoPt-SiO2 was deposited onto 

the film stack using a 100W RF plasma at 45 mT Ar pressure, in the sputtering system Z400#1. 

Since two different systems were used, the sample was exposed to atmospheric conditions after 

the sputtering of the Ru layer (Sample I). For the other case, 3 nm Ta/10 nm Pt was sputtered onto 

the silicon substrate using sputtering machine #3 (Sample II). For Pt, DC sputtering was used 

(25W, 2.5mT, 7.8nm/min). Then, 5 nm of Ru and 10 nm of CoPt-SiO2 were sputter-deposited in 

Z400#1. In this case, the break in vacuum is after the deposition of the Pt layer, which will be the 

case for the patterned samples as well. The AGM was used to study the out-of-plane magnetic 

hysteresis loops, which are shown in Figure 6-10. 



 

82 

 

 

Figure 6-10: Out-of-plane magnetic hysteresis loops for untemplated magnetic media deposited on Ru 

underlayer exposed to atmosphere (red), not exposed to atmosphere (blue) 

 

From the out-of-plane hysteresis loops, we see that sample II has Mr/Ms = 1, whereas sample 

I has a poor remanence. This study indicates that Sample II, where the Ru and CoPt-SiO2 were 

sputtered without a break in vacuum, has better magnetic properties, as compared to sample I 

where the vacuum is broken between the two sputtering steps. This supports our hypothesis that 

the use of a Pt template layer which facilitates the above process is a good direction for attempting 

templated magnetic media. It is important to note that the magnetic properties of sample II are 

better than Sample I, but are not suitable for magnetic recording as it is. The coercivity of the 

magnetic film is quite poor, and the magnetic grains are exchange coupled, as indicated by the 

sudden drop in magnetization as soon as the nucleation field is reached. Sample II is used as a 

control sample for the magnetic properties obtained under these sputtering conditions and Ru 

thickness, when the magnetic grain growth is not templated using the block copolymer self-

assembly process. 
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c. Modified Process Flow 

Platinum also has a high milling rate of 21 nm/min (see Figure 5-11), and the dome-

morphology can easily be patterned into the Pt template layer using ion-milling as described in the 

earlier sections, exploiting the difference in milling rates between am-C and Pt. The modified 

process flow for template fabrication and media growth using Pt is shown in Figure 6-11. 

 

Figure 6-11: Modified process flow for template fabrication using Pt 

 

The process flow is similar to the previous case, with the additional step of sputtering a 

thin Ru layer after patterning the dome morphology of Pt. When CoPt is sputtered directly onto Pt 

(111) textured film, it starts to grow with the FCC (111) texture, which does not possess uniaxial 

anisotropy and is thus not suitable for magnetic media. However, the lattice mismatch along the 

close-packed direction of Ru (00.2) and Pt (111) is only 2.5% (Figure 6-12), and so a thin Ru layer 

can be used to obtain the desired (00.2) texture of the CoPt. Pt naturally grows with the (111) 

crystallographic texture when sputtered onto a Ta adhesion layer, and can subsequently be used as 

a suitable underlayer for the epitaxial growth of Ru with the (00.2) texture.  

Substrate

Ta (am)

Substrate

Ta (am)

Substrate

Ta (am)

Pt (111) film

Reactive Ion Etching of am-C Ion-milling of Pt (111) Layer Sputtering of CoPt-SiO2 media

Substrate

Ta (am)

Deposition of thin Ru (002) layer

C pillars CoPt SiO2Ru



 

84 

 

 

Figure 6-12: Schematic of the lattice mismatch in the close-packed plane of FCC Pt (111) and HCP Ru (0002) 

 

Figure 6-13 shows out-of-plane XRD pattern of a 15 nm Pt film deposited on the Ta adhesion 

layer. The peak at 2 = 39.5 corresponds to Pt (111). The BCP fabrication and pattern transfer 

were then performed as outlined and discussed in the process flow (Figure 6-11). The sample with 

the patterned dome-shaped morphology of Pt was then used as the template. The milling time was 

varied between 20 and 30 seconds. 
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Figure 6-13: Out-of-Plane XRD pattern of a Pt thin film deposited on Ta showing FCC (111) texture 

 

As discussed earlier, the next step in the process is the sputtering of the Ru and CoPt-SiO2 

layers. The sputtering conditions for the Ru were picked to obtain a conformal coating over the 

patterned Pt domes, with sufficient texture to enable good c-axis orientation of the CoPt-SiO2 

layer. Thus, an Ar sputtering pressure of 5mT was utilized. In order to determine the minimum Ru 
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As we see from the out-of-plane magnetic hysteresis loops shown in Figure 6-14(a), thickness of 

above 2.4 nm of Ru seems sufficient for obtaining perpendicular magnetization of the CoPt-SiO2 

layer. From the in-plane hysteresis loops (Figure 6-14(b)), we also see that for thicknesses above 
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coefficient. A thickness of 5 nm for the Ru was picked for the subsequent tests leaving sufficient 

margin.  

 

Figure 6-14: (a) Out-of-plane AGM loops (inset showing zoomed in area of interest) and (b) in-plane AGM 

loops for CoPt-SiO2 sheet films with varying Ru underlayer thickness 

 

d. Media Deposition Results and Discussion 

5 nm of Ru and 10 nm of CoPt-SiO2 were sputter-deposited onto the patterned template without 

breaking vacuum as described earlier, and AGM was used to study the magnetic properties (shown 

in Figure 6-15). 25 seconds of ion-milling gives us the best magnetic properties in terms of 

coercivity (~ 5 kOe) and remnant magnetization (~ 0.83 Ms). 
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Figure 6-15: (a)Out-of-plane and (b) In-plane magnetic hysteresis loops for templated media using Pt template 

layer with different milling times 
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further investigation is necessary to confirm this. Poor (00.2) texture of the CoPt with wide rocking 

curve could is another possible reason. The templating process also seems to aid the improvement 

of the uniaxial anisotropy. The saturation field in the in-plane hysteresis loops is a good measure 

of the anisotropy field of the sample, which can be written as, 𝐻𝑘 = 𝐻𝑠 + 𝑁𝑑𝑀𝑠, where Hk is the 

magnetic anisotropy field, Hs is the saturation field for in-plane measurement, Nd is the 

demagnetization factor, and Ms is the saturation magnetization of the material. Further, the uniaxial 

anisotropy constant can be subsequently estimated as 𝐾𝑢 =
𝑀𝑠𝐻𝑘

2
. Assuming that Nd for both the 

templated and untemplated cases are 4 since these are both magnetic thin films, we find that the 

templated CoPt film has a higher Ku of 7.7*106 erg/cc (as compared to 6.5*106 for the untemplated 

sample). This calculated value is an approximate one however, since the demagnetization factor 

Nd could change based on the media microstructure. On the other hand, the non-zero remnant 

magnetization in the in-plane curve indicates the presence of a small percentage of magnetic grains 

with in-plane orientation. As mentioned earlier, this could be the contribution from poorly 

patterned regions, but further investigation is necessary to confirm this. 

 

Figure 6-16: (a)Out-of-plane and (b) In-plane magnetic hysteresis loops for templated media using Pt template 

layer with different milling times 
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We attempted to improve the magnetic properties of the templated media by varying two 

parameters: the ion-milling angle for the Pt template fabrication, and the thickness of the Pt layer 

itself. In the first study, the Pt thickness was still maintained as 15 nm. Ion-milling angle was 

varied between 12.5o and 27.5o. In Figure 6-17 below, we that the optimum ion-milling angle is 

22.5o. For 27.5o, we see that the Mr does not change by much, however, the coercivity reduces, 

and the loop shape indicates that the exchange coupling between the CoPt grains is increasing. 

Increasing the Pt thickness from 15 to 30 nm resulted in an improvement in Pt (111) texture, which 

translated to an improvement in the magnetic properties of the media, as shown in Figure 6-18. 

We see that the improved Pt texture increases both the Mr and the Hc of the templated media. 

 

Figure 6-17: (a) Out-of-plane M-H loops illustrating effect of ion-milling angle of Pt layer on templated media 

(b) Coercivity vs ion-milling angle 
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Figure 6-18: Out-of-plane and in-plane magnetic hysteresis loops illustrating the effect of Pt (111) rocking 

angle on templated media properties 

 

Out-of-plane XRD of the samples after Ru deposition (blue) and after media deposition (red) 
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overlap, and thus on deposition of CoPt-SiO2, we see an increase in the peak around 42.3o, 

indicating (00.2) texture of the CoPt. In the rocking curves for the three peaks, we see that there is 

a slight worsening in the rocking angle as we go from the Pt (111) to the Ru (00.2) layers, while 

there is an improvement in the texture from the Ru to the CoPt (00.2) layer.  
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Figure 6-19: Out-of-plane XRD patterns for templated media before and after media deposition, and rocking 

curves for the Pt (111), Ru (00.2) and CoPt (00.2) peaks 
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grain structure of the CoPt-SiO2 is not quite well defined and the effect of the template on the 

media microstructure can be clearly discerned. Figure 6-21 shows the indexed plane-view electron 

diffraction pattern of the templated region. The presence of the (10.0), (11.0) and subsequent HCP 

CoPt reflections in the plane-view diffraction pattern confirms the perpendicular (00.2) texture of 

the CoPt grains.  

 

Figure 6-20: (a)Plane-view TEM micrograph of templated CoPt-SiO2 media, (b) Grain size distribution and (c) 

TEM micrograph of ‘untemplated’ CoPt-SiO2 media 

20 nm
10 12 14 16 18 20 22 24

0

5

10

15

20

25

30

35

40

45

 

 

C
o
u
n
t

Grain size (nm)

 Grain size (nm)

20 nm

(a) (b)

(c)



 

93 

 

 

Figure 6-21: TEM diffraction pattern for the templated CoPt-SiO2 media. Gray value plot shown is for a vertical 

line drawn through the center of the diffraction pattern 

 

Scanning Transmission Electron Microscopy (STEM) was used to study the cross-section 

microstructure of the templated media in a Philips Tecnai F20 FEG TEM fitted with a high-angle 

annular dark field (HAADF) detector. The specimen was prepared using the FIB lift-out method 

as described in chapter 3. The specimen was first polished using a 30 kV focused Ga+ beam at a 

current of 0.1 nA, and cleaned with a 10 kV ion beam at a current of 30 pA. The HAADF-STEM 

image is shown in Figure 6-22. In HAADF mode, the contrast observed is mostly due to atomic 

number or ‘Z’ contrast. Thus, as seen in the figure, Pt, which has the highest ‘Z’ among the 

materials in the sample, has the highest brightness. CoPt and Ru have similar contrast since the 

signal from Co and Pt gets averaged. SiO2 appears the darkest, and it is evident from the image 

that it goes between the domes, while the CoPt grows on the top of the domes as defined by the 
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template. Further, the elemental distribution in one CoPt grain was mapped using Energy 

dispersive x-ray spectroscopy (EDS) using a FEI Titan 80-300 TEM. Drift-corrected EDS spectra 

were collected at each point with a beam dwell time of 2 seconds. By selecting suitable X-ray 

peaks for each element, maps were then generated, where the brightness at a point corresponds to 

that element’s relative concentration at that point. In the maps, we see the Pt domes demarcated 

clearly, with a continuous layer of Ru on top. The CoPt grain is also clearly outlined, and we see 

that it has grown on top of the dome. We were unable to map the location of Si or O due to poor 

signal to noise ratio in the EDS spectra, but considering the contrast in the HAADF image as well 

as the bright field plane-view images, it is evident that the SiO2 is in-between the CoPt grains, and 

in the trenches defined by the Pt domes.  
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Figure 6-22: (a) Cross-section HAADF STEM micrograph of templated CoPt-SiO2 media (b) High resolution 

EDS of one of the templated media grains 
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6.6.  Conclusions 

In this chapter, we discussed the magnetic properties of templated media fabricated using three 

different template layers, i.e. CoCrPt, Ru, and Pt. Here is a brief summary of the findings: 

 The ion-milling step to fabricate the dome-morphology in CoCrPt resulted in isolated 

magnetic domes which exhibited low coercivity and low remnant magnetization, which 

in-turn acted as a magnetically soft layer after the sputtering of the media.  

 A key consideration to take into account is the generation of a fresh underlayer surface 

prior to media sputtering, as was discussed in section 6.4 of this chapter. While Ru is a 

suitable template layer in terms of lattice matching with CoCrPt, the surface of the 

patterned Ru template needs to be sputter-etched prior to media deposition, and no 

suitable sputter-etching solution was available in our case.  

 The use of Pt as the template layer helped solve this problem: Pt does not oxidize at 

room temperature, and any ion beam damage to the Pt surface is repaired, at least 

partially, by the Ru underlayer sputtered onto the template prior to media deposition.  

 The templated media fabricated using Pt as the template layer had better magnetic 

properties as compared to the Ru template. 

 Plane-view TEM imaging showed a regular CoPt-SiO2 microstructure with grain 

positions defined by the template. An average grain size of 16.2 nm with a distribution 

of 11% was achieved. 

 In cross-section TEM, we found that the Ru forms a conformal coating on the patterned 

Pt domes, and the CoPt grows on the Ru domes, with SiO2 growing in the trenches. 
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In the next chapter, we discuss the application of the templated growth technique for the 

fabrication of Bit Patterned Media. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

98 

 

 

 

                                                                     

Bit Patterned Media using Templated Growth 

 

7.1.  Introduction 

In chapter 1, we discussed the additive and subtractive approaches for the fabrication of Bit 

Patterned Media (BPM). Here, we discuss a new additive approach for BPM fabrication using the 

templated growth process. While earlier studies using the additive approach have focused on the 

fabrication of high aspect ratio posts and minimization of trench material during the sputtering 

process[27], [31], [47]–[50], the templates in our case consist of the dome-morphology discussed 

previously and growth of magnetic material usually along with a suitable segregant. This project 

was done in collaboration with Seagate. 

7.2.  Experimental Details 

For the fabrication of Bit Patterned Media, long range ordering of the magnetic grains/islands 

is essential. On the other hand, the center-to-center distance or pitch between these magnetic 

islands need not be sub-20 nm to begin with, although the process should be suitable for scaling 

to these sizes and further. The Pt (111) template layer in combination with the Ru (00.2) 

underlayer, as discussed in chapter 6, is suitable for the fabrication of CoPt based media. 
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A film stack of Ta (3nm)/Pt (30nm)/C (20nm) was sputtered onto glass disks using system #4, 

and sent to Seagate for nanoimprint lithography and pattern transfer. Figure 7-1 below shows the 

SEM images of the disks returned to CMU after processing at Seagate. The primary region of 

interest (Region A) consisted of a hexagonal array of am-C pillars, which were 20 nm in height 

and spaced by approximately 27 nm (center-to-center). Figure 7-1(b) shows a SEM micrograph of 

the long-range spatially ordered hexagonal array, with a higher-magnification image shown as 

inset. The bands of Region A were approximately 30 m in width, bounded by Regions B and C 

on either side. Region B consisted of a similar pattern, with 52 nm pitch, while Region C consisted 

of periodically spaced patterned mini-bands, each of which consisted of three lines of am-C pillars 

spaced by approximately 20 nm.  

Further processing, including ion-milling and media deposition and characterization of the 

microstructure and magnetic properties were done here in CMU. The ion-milling, as in the earlier 

chapters, were performed using a Commonwealth Scientific ion mill. The sputtering of the Ru 

underlayer and the CoPt was done using the Z400#1 sputtering system. The parameters used for 

the various processes are specified in the relevant sections. 
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Figure 7-1: (a) SEM images of the patterned disk, labeling patterns with different pitch (b) Magnified images of 

1 Tdpsi region (27 nm pitch) 

 

7.3.  Results and Discussion 

Since the pitch of interest here (27 nm) is larger than the block copolymer pitch attempted 

before (17 nm), the ion-milling parameters, and the sputter deposition parameters have to be re-

optimized. The disks obtained from Seagate were diced into 7x7 mm pieces and utilized for the 

process optimization. Figure 7-2 shows the summary of the various parameters which were varied 
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in the first set of experiments, the parameters in red being held constant and the parameters in 

green varied. The MOKE setup with a laser spot size of approximately 17 m was used so that the 

out-of-plane hysteresis loops of Region A could be studied. Regions B and C were too small for 

the magnetic properties to be measured in an isolated fashion. The MOKE results presented in this 

chapter were performed by Zhengkun Dai. 

Figure 7-2 (b) and (c) show the summary of the measured magnetic properties. We see that all 

of the attempted processing parameters resulted in media with low coercivity (between 1500 Oe 

and 3500 Oe) and low remnant magnetization (approximately 0.7 Ms). Further, none of the 

processing parameters attempted resulted in significant changes in the magnetic properties. Two 

of these trends are showcased in Figure 7-2 (c) and (d). The first thing we note in both these figures 

is the low anisotropy for all of the media samples, as seen from the low loop squareness. In Figure 

7-2 (c), we see that varying the ion-milling time of the Pt template layer between 30 to 50 seconds 

results in media properties which are nearly equivalent, with low coercivities of approximately 

2000 Oe and low Mr of 0.67 Ms. Since ion-milling time of the template should affect the dome-

morphology, with higher ion-milling times resulting in lower aspect ratio domes, these results 

indicate that we are not in a region of parameter space where the dome-shape is critical. In Figure 

7-2 (d), we picked 25o as the ion-milling angle, 30 seconds as the ion-milling time and varied the 

thickness of the Ru underlayer from 5-15 nms. The increase from 5 to 10 nms results in a marginal 

improvement in the media coercivity (from 2000 Oe to 3000 Oe), but further increase in thickness 

to 15 nm did not cause any improvement. Further, the squareness of the loop is still low (Mr/Ms ~ 

0.74), indicating to us that while increasing the Ru thickness could improve the magnetic 

properties, we are still not in the right region of parameter space.  
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Figure 7-2: (a) Summary of varied and constant processing parameters (b) Coercivity vs ion-milling time for 

various samples (c) Mr/Ms vs ion-milling time for various samples (d) Effect of ion-milling time on the magnetic 

properties of templated media (e) Effect of Ru underlayer thickness on the magnetic properties of templated media 
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Given the low anisotropy in all of these samples, it is likely that the surface of the template 

after ion-milling (and prior to Ru and media deposition) is not Pt (111). As discussed in the 

previous chapter, Pt (111) surface has only a 2.5% lattice mismatch with a Ru (00.2) surface, and 

should thus result in good (00.2) orientation of the Ru and the subsequently sputtered media. 

However, if the amorphous carbon mask is not completely eroded at the end of the ion-milling 

process, the Ru will encounter an amorphous carbon surface, resulting in a somewhat random 

orientation of the Ru grains. Cross-section TEM using the Tecnai F20 microscope was used to 

confirm this. FIB liftout using the NovaLab 600 Dual-Beam FIB SEM was used to prepare a cross-

section specimen from a Region A sample prepared with the following processing parameters: ion-

milling - 25o, 30 sec, Ru layer - 100W RF, 5 nm, 5 mT and CoPt-SiO2 layer - 100W RF, 10 nm, 

45 mT. 

The TEM results are shown in Figure 7-3. We see bright dome-like features spaced by 

approximately 27 nm in the lower-magnification bright-field TEM image (Figure 7-3(a)). 

Considering the higher diffraction contrast and hence the darker-appearing Pt underneath these 

domes, these are likely to be leftover amorphous carbon. This is confirmed in the HAADF image 

(Figure 7-3 (c)), wherein the regions with lower average atomic number or ‘z’ appear darker; we 

see that the domes composed of carbon (Z = 6), appear darker than the Pt (Z = 78) underneath and 

the Ru (Z = 44) on top. The amorphous carbon is thus not completely eroded at the end of the ion-

milling process. As seen in the high-resolution micrograph Figure 7-3 (b), this results in the growth 

of Ru with random orientation (compare the orientation of the Ru (00.2) lattice fringes with d ~ 

0.214 nm on top of the dome with the Pt (111) fringes with d ~ 0.225 nm underneath the domes), 

which subsequently results in random orientation of the media sputtered later, explaining the poor 

magnetic properties discussed earlier. The lattice fringes seen within the am-C domes also match 
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with Ru (00.2), which can be explained by taking into consideration that the TEM specimen 

thickness is unlikely to be lesser than the width of the dome, and therefore the Ru (00.2) planes 

behind and in front of the am-C dome in the specimen contribute to the 2-D TEM image as well.  

Another observation from the cross-section HAADF image is the presence of regions with dark 

contrast between the Ru grown on each dome. Considering that Ru is not co-sputtered with any 

oxide, this contrast can only be explained by attributing the contrast to the presence of voids 

between the Ru regions. While the self-shadowing effect during sputtering could result in such 

voids, it is surprising that this effect was found although the Ar pressure during sputtering is low, 

i.e. 5 mT. The presence of these voids indicate that the dome-morphology alone could be sufficient 

to create spatially isolated islands in the magnetic media sputtered on top, that a segregant may be 

unnecessary. This idea is discussed further towards the end of this chapter. 
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Figure 7-3: (a) Bright-field cross-section TEM micrograph of chosen sample (b) Magnified high-resolution 

cross-section TEM micrograph of Ru grown on one dome (c) High-Angle Annular Dark Field (HAADF) cross-

section image 
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The HAADF image further gives us information regarding the depth to which the Pt has been 

milled, and the approximate amount of amorphous carbon remaining, as illustrated in Figure 7-4. 

The illustration of the sample before milling shows us that for the current mask structure, i.e., 

carbon pillars which are 20 nm tall and 20 nm in diameter, the ion-milling angle has to be less than 

9.9o for the ion-beam to reach the Pt. If the ion-milling angle is greater than 9.9o (as illustrated by 

the 25o case in the schematic below), the ion-beam clearly does not reach the Pt underneath. We 

also see from the illustration to the right, that only approximately 50% of the carbon domes have 

been milled away, while nearly 10 nm (~ 33% of the Pt has been milled). Given that the milling 

rate for carbon is 5 times slower than Pt, we can estimate that the Pt will be completely milled 

through before the carbon is eroded away. Thus for this Pt thickness, the current carbon mask 

structure is unsuitable. 

One solution for removing the carbon is to dry-etch the carbon after ion-milling using RIE, but 

the Pt template now has a flat top region since the area beneath the carbon has not been milled, 

and this may not be an effective template for our purpose. We thus need to estimate the height and 

width of the carbon pillars in such a way that the carbon is completely eroded away during the ion-

milling process.  

We thus modify (or ‘pre-etch’) the carbon pillars using an oxygen plasma in a Plasma Therm 

790 RIE system. The pre-etching time has to be optimized in combination with the ion-milling 

angle and time in such way that the erosion of carbon is complete when we get the required dome 

morphology for the templated growth. In RIE, the high pressure of 50mT was chosen to increase 

the lateral etching component. Ion-milling angles of 15o and 25o and times of 30-50 seconds were 

attempted. The Ru and CoPt-SiO2 sputtering conditions were held the same and the Z400#1 



 

107 

 

sputtering system was used as before. The RIE and sputtering conditions are summarized in Table 

7-1. 

Table 7-1: Summary of processing parameters for pre-etching and sputtering 

RIE Gas (O2), Flow (20 sccm), Pressure (50mT), Time (varied from 30 to 60 sec), 

Power (20W) 

Ru 

Deposition 

Power (100W RF), Pressure (5mT Ar), Rate (4 nm/min), Thickness (~ 10 nm) 

CoPt-SiO2 

Deposition 

Power (100W RF), Pressure (45mT Ar), Rate (10 nm/min), Thickness (~ 10nm) 

 

 

Figure 7-4: Schematic illustrating the am-C mask structure 

 

The magnetic hysteresis loop results are presented in Figure 7-5. For the 30 seconds ‘pre-etch’ 

time, we see that there is not much improvement in the magnetic properties. However, the 60 

seconds pre-etch time, in combination with 40 to 50 seconds of ion-milling at 15o results in 

magnetic media with good coercivity (~ 5 kOe).  
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Figure 7-5: Effect of pre-etching for (a) 30 sec (b) 60 sec on the magnetic properties of subsequently grown 

templated media 

 

We can then use regions of the sample which are not patterned with the dome-morphology to 

understand the effect of the template on the magnetic and structural properties of the media. The 

templated media has a much higher coercivity of around 5 kOe (see Figure 7-6 (b)) than the un-

templated media (~ 1 kOe). The slope of the normalized hysteresis loop of the templated media is 

approximately 3.6 x 10-4. The slope of a decoupled array of magnetic grains in a thin film is 

approximately 
1

4𝜋𝑀𝑠
, which results in values of 1.6 x 10-4 (if Ms = 500 emu/cc) and 1.3 x 10-4 (if 

Ms = 600 emu/cc). The higher measured value of the slope for the templated media indicates that 

there is some degree of exchange coupling in the media. The slope for the untemplated media 

however, which has a sharp drop in magnetization once the nucleation field is reached, indicates 

that the untemplated media is completely exchange coupled.  
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The out-of-plane diffraction patterns for templated vs untemplated media are shown in Figure 

7-6 (a). The x-ray beam spot size was reduced to 500x500 m and the beam was centered on the 

patterned and then on the unpatterned region so that a representative scan could be obtained. Since 

the templated region is partially masked by carbon unlike the untemplated region, the Pt (111) 

peak for the templated region is higher. On the other hand, the Ru and CoPt peaks are higher and 

better defined for the untemplated region, indicating that the untemplated media has better (00.2) 

texture. One possible explanation for this is that the curved dome morphology in the template 

results in worse (00.2) texture as compared to the flat untemplated region. 
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Figure 7-6: Comparing out-of-plane (a) XRD patterns and (b) M-H loops of templated and untemplated regions 

in the same sample 

 

The plane-view microstructure of the templated sample is shown in Figure 7-7 below. The 

bright-field plane view TEM image from Region A shows a hexagonal array of CoPt grains 

surrounded by bright amorphous SiO2. The spacing between the grains is approximately 27 nm, 

as defined by the template. This microstructure in combination with the high coercivity in the out-
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of-plane magnetic properties indicates that the templated growth technique is promising for the 

fabrication of Bit Patterned Media. One of the aspects that require further improvement here is the 

thickness and uniformity of the SiO2 boundaries. The thin SiO2 boundaries might cause a certain 

degree of exchange coupling between the adjacent grains, which could explain the higher value of 

slope obtained for the templated media. The indexed plane-view diffraction pattern indicates (00.2) 

out-of-plane texture as expected from the XRD pattern. 

 

Figure 7-7: Plane-view TEM (a) Bright-field micrograph (b) Indexed diffraction pattern of templated BPM 

media S2 with Hc = 5000 Oe 

 

Figure 7-8 shows the plane-view TEM micrographs for Region B. The magnetic properties of 

this could not be measured since its width was lesser than the laser spot size of 17 m in our 

MOKE setup. Here we see that CoPt grains surrounded by SiO2 are also present in the regions 
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between the domes. This is because unlike Region A, there is a large gap of approximately 25 nm 

between two domes in Region B.  

 

Figure 7-8: Plane-view bright field TEM micrograph for Region B from the templated BPM media S2 

 

7.4.  Conclusions 

In this chapter, we discussed the mask structure design and process development for the 

fabrication of CoPt islands for Bit Patterned Media application. Samples with a well-ordered array 

of amorphous carbon pillars was fabricated by nanoimprint lithography by Seagate. Here at CMU, 

the height and width of the amorphous carbon pillars was optimized in combination with the ion-

milling time for template fabrication. The effectiveness of the template was evaluated by studying 

the properties of the subsequently deposited CoPt-SiO2 magnetic media. Media with a coercivity 

of approximately 5000 Oe was achieved. Plane-view TEM indicates that the magnetic media 

microstructure is guided by the template, and a regular array of CoPt grains spaced by 

approximately 27 nm and surrounded by amorphous SiO2 was observed. The microstructure and 

50 nm
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magnetic properties thus indicate that the templated growth technique is a promising approach for 

the fabrication of Bit Patterned Media. 
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HAMR Media using Templated Growth 

 

8.1.  Introduction 

In this chapter, we discuss the fabrication of templates for the guided growth of FePt based 

media. As discussed in chapter 1, FePt has an L10 crystal structure, with the magnetic easy axis 

along the c-axis of its structure, which consists of alternate layers of Fe and Pt atoms. In order to 

enable the ordering, FePt is sputtered at an elevated temperature, of approximately 600oC. Thus, 

in this study, we have to address two questions: the first one is regarding the stability of the 

patterned dome morphology at the high temperatures necessary for FePt deposition and ordering. 

The second is whether the templated growth concept works at high temperature sputtering. 

8.2.  Results and Discussion 

For this study, single crystal MgO (001) substrates (purchased from MTI Corp.) were used. 

Tungsten (W) and Platinum (Pt) films were tested as the template layers, and were grown on the 

MgO single crystal substrates. Figure 8-1 shows the crystal structure of the various materials 

involved. As we can see, W (along [110]), Pt (along [100]) have close lattice matching with FePt 

(along [100]), and are suitable conductive underlayers. Sputtering system #2 in the Nanofab 

facility, equipped with a substrate heater, was utilized for the FePt, Pt, MgO film depositions while 

the CVC sputtering system was used for W deposition. 
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Figure 8-1: Crystal structures of (a) MgO (b) FePt (c) W (d) Pt 

 

30 nms of both W and Pt films were deposited. Figure 8-2, below, shows the out-of-plane and 

in-plane diffraction patterns for the W film deposited on the MgO substrate. The W (002) peak at 

approximately 58o confirms the required (002) texture for the W film. Since an MgO single crystal 

substrate was used, the in-plane scans reveal the orientation relationship between the MgO and the 

W. When the MgO substrate was oriented such that the [100] direction was parallel to the x-ray 

beam direction, the W (110) peak is observed, and when the substrate is rotated 45o such that the 

4.2 Å (+9.1%) 3.85 Å

3.71 Å

3.15 Å

4.45 Å

3.92 Å (+1.8%)

(a) MgO – FCC crystal structure (b) FePt – L10 crystal structure

(c) W - BCC crystal structure (d) Pt - FCC crystal structure

O

Mg

Pt

Fe



 

116 

 

MgO [110] is parallel to the x-ray beam, the W (200) peak is observed. This indicates the 

following, expected orientation relationship for the W and the MgO: (002)MgO || (002)W, [100]MgO 

|| [110]W.  

 

Figure 8-2: (a) Out-of-plane and (b) in-plane x-ray difraction patterns for 30 nm W film on MgO 
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Similarly a 30 nm Pt film was sputtered onto an MgO single crystal substrate, at 425oC. The 

presence of the Pt (002) peak at 46o (see Figure 8-3) confirms the required texture. The high 

temperature was used since, at room temperature, Pt tends to grow with the FCC (111) texture[85]. 

A rocking angle of 0.5o was obtained for the Pt (002) peak. The in-plane XRD scans show the 

presence of the Pt (200) peak (when the beam direction is parallel to the MgO substrate [100]) and 

the Pt (220) peak (when the beam direction is parallel to the MgO substrate [110]) indicates the 

following orientation relationship for the Pt film on the MgO: (002)MgO || (002)Pt, [200]MgO || 

[200]Pt. 
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Figure 8-3: (a) Out-of-plane and (b) in-plane x-ray difraction patterns for 30 nm Pt film on MgO 
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from the plane-view SEM micrographs shown in Figure 8-4 that the W film has delaminated (as 

seen from the low magnification image), and the dome-morphology that was patterned into the W 

is clearly flattened. A similar result was obtained for the Pt underlayer case, as seen from the SEM 

images in Figure 8-5. A template consisting of Pt or W is thus not suitable for templated HAMR 

media fabrication since the dome-morphology is not stable at the elevated temperatures required 

for well-ordered FePt. However, in both cases, it was found that if an MgO cap was sputtered on 

the template first prior to increasing the temperature, the dome-morphology was retained (see 

Figures 8-4 and 8-5).  

In order to understand the observations described above, we need to consider the surface 

mobility and surface energy characteristics of the various materials involved. The mobility of these 

materials can be considered to be roughly proportional to their melting points. In such a case, W 

with a melting point of 3422oC should have the lowest mobility as compared to Pt (1768.3oC) and 

MgO (2852oC), and so the W domes should be the most likely to be stable at high temperatures, 

which is clearly not the case. The consideration of interfacial energies help us understand this 

phenomenon better. Pt (002) and W (002) are not the natural growth textures for these materials. 

When sputtered onto an amorphous substrate for example, Pt grows with FCC (111) texture, and 

W grows with the BCC (110) texture. Therefore, the Pt (002) and W (002) are higher energy 

surfaces and thus, when the temperature is raised, the dome-morphology flattens to minimize the 

surface area. When an additional constraint is imposed on these surfaces, in the form of an MgO 

cap, the atomic diffusion along the surface is hindered, and the dome-morphology is stabilized. 

For MgO, FCC (002) is the natural growth texture, and the surface is thus a low energy surface, 

which corresponds to relatively lower surface mobility and thus the dome morphology is retained. 
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Figure 8-4: Process flow and example SEM images showing the various stages of patterning for W and effect of 

heating with/without MgO cap layer 
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Figure 8-5: Effect of annealing on the dome-morphology patterend into Pt with and without the MgO cap layer 

 

In order to evaluate whether the templated growth concept can be utilized for guiding FePt-

SiO2 magnetic media, we can thus simplify the process-flow to patterning the dome morphology 

into the MgO single crystal substrates. The other steps in the process flow are the same. After the 

ion-milling step, multilayers of FePt and SiO2 were sputtered in an alternate manner at an elevated 

temperature of 590oC. The sputtering conditions are summarized in Table 8-1 below. The average 

oxide volume fraction was approximately 15 vol%. 
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Table 8-1: Summary of sputtering parameters for FePt-SiO2 deposition 

Sputtering FePt-SiO2 at 590 oC

  

FePt (RF, 25W, 40mT, 0.09nm/sec) – 0.81 nm 

SiO2 (RF, 50W, 40mT, 0.014 nm/sec) – 0.14 nm 

 

The bright-field plane-view microstructure of FePt-SiO2 templated media is shown in Figure 

8-6(a). The FePt-SiO2 microstructure is not as uniform as obtained in the previous chapters. This 

could be due to the coalescence of grains nucleating on adjacent domes. However, we see that the 

microstructure is quite different for the templated vs the untemplated case (shown in (b)). Further, 

the average spacing between the grains on the templated region is approximately 20 nm, as defined 

by the block copolymer pattern. This preliminary result indicates that the templated growth 

technique is promising for the fabrication of HAMR media. Further optimization using different 

segregants, and different volume fractions of the segregant is necessary to improve the media 

microstructure.  

 

Figure 8-6: Bright field TEM micrographs of (a) templated FePt-SiO2 media and (b) un-templated FePt-SiO2 

media 

20 nm
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8.3.  Conclusions 

In this chapter, we discussed the experiments aimed at testing the templated growth technique 

for the fabrication of HAMR media. The dome morphology was patterned into two metallic 

underlayers, W and Pt using block copolymer PSD2, which had a pitch of 20 nm. On testing at 

high temperatures, we found that the dome-morphology was flattened. It was however retained if 

a thin MgO cap was deposited at room temperature prior to the heating. Preliminary microstructure 

results after FePt-SiO2 media deposition onto MgO domes indicate that the templated growth could 

enable HAMR media microstructure control, but further optimization of the segregant type and 

volume fractions is required to verify this. 
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Alternate Ideas for Templated Growth 

 

9.1.  Introduction 

In this chapter, we discuss two other methodologies which were attempted for the fabrication 

of templates to control magnetic media microstructure. The pros and cons of these approaches are 

discussed and some preliminary results are presented.  

9.2.  Patterning Trenches into a ‘Segregant’ Film 

The template design here comprised of a matrix of patterned segregant (SiO2), with wells 

where the underlayer (Ru) is exposed. Figure 9-1 shows a schematic of such a template. The basic 

idea here is that, when CoCrPt along with SiO2 is sputtered onto this, the SiO2 should preferentially 

grow on the SiO2 part of the template given enough mobility during sputtering, since such a 

configuration will minimize the interfacial area between CoCrPt and SiO2 and hence minimize the 

interfacial energy. 
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Figure 9-1: Schematic of alternate templated growth approach – I 

 

The initial film stack was first sputtered using the Z400#1 sputtering system at room 

temperature, and it comprised of layers of Ta, NiW and Ru. The sputtering conditions and 

thicknesses for each layer are outlined in Table 9-1.  Ta is used as an adhesion layer. NiW has a 

face-centered cubic (FCC) crystal structure, and grows with (111) crystallographic texture. A layer 

of Ru is subsequently sputtered onto the film stack. Ru has the hexagonal close packed (HCP) 

crystal structure, and is typically used as the underlayer to grow CoCrPt magnetic media as 

discussed in chapter 1. A thin SiO2 (segregant) layer was then sputtered. The mask structure 

comprising of alternating layers of C (5 nm)/SiNx (4 nm)/C (20 nm) was sputtered using sputtering 

machine #4. PSD1 was then spin-coated onto the film stack, and solvent annealed using toluene to 

facilitate micro-phase separation. Pattern transfer was then accomplished using RIE to obtain am-

C pillars, shown in Figure 9-2(a). 
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Table 9-1: Summary of sputtering conditions for various thin films 

Layer Machine Power Pressure Rate Thickness 

Ta Z400#1 100W (RF) 5mT Ar 3.8 nm/min 3 nm 

NiW Z400#1 90W (RF) 5mT Ar 6.3 nm/min 20 nm 

Ru Z400#1 100W (RF) 5mT Ar 4 nm/min 5 nm 

SiO2 Z400#1 100W (RF) 5mT Ar 3.1 nm/min 5 nm 

am-C #4 150W (DC) 5mT Ar 2.2 nm/min 20/5 nm 

SiNx #4 300W (RF) 5mT  

(3.5 Ar/1.5 N2) 

3.9 nm/min 4 nm 

CoPt-SiO2 Z400#1 100W (RF) 2.5mT Ar 3.7 nm/min 15 nm 

 

In order to create the template, we need to create a negative of this pattern. To accomplish this, 

we used hydrogen-silsesquioxane (HSQ), which is a commonly used negative e-beam resist and a 

spin-on-glass. The HSQ is dispensed onto the sample by spin-coating. Upon baking, the HSQ 

molecules cross-link, forming a network structure similar to SiO2[86], [87]. The thickness of the 

HSQ layer is much higher than the height of the fabricated pillars, resulting in a nearly planar 

surface, as shown by the SEM image in Figure 9-2(b). HSQ has been used for planarization in the 

semiconductor industry[88], and since it is spin coated from a solution, fills the gaps between the 

pillars as well. Since the properties of the baked HSQ are similar to SiO2 it can be etched using a 

CF4 plasma in RIE. This is done until the tops of the am-C pillars are exposed, as shown in Figure 

9-2(c). Then, using an O2 plasma which does not etch the HSQ, the C pillars were etched away, 

and thus a negative of the pattern was created, as seen from the plane-view scanning electron 

micrograph in Figure 9-2(d). This pattern can then be transferred into the underlying segregant 

layer using a CF4 plasma. 
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Figure 9-2: SEM micrographs (a) tilt-view image of am-C pillars after pattern transfer (b) after spin-coating HSQ 

(planarization) (c) etch-back to expose the tops of the am-C pillars and (d) after removal of am-C pillars in RIE 

 

15 nms of CoPt-SiO2 was then sputtered onto this template using a Co target modified with Pt 

and SiO2 chips in the Z400#1 sputtering machine. Figure 9-3 shows the XRD patterns for the 

underlayer stack and templated media. 
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Figure 9-3: (a) Out-of-plane XRD pattern for underalyer stack (red) and templated media (blue); (b) Rocking 

curve for the Ru (00.2) peak and (c) Rocking curve for the NiW (111) peak 

 

From the out-of-plane XRD pattern of the underlayer stack, we see the FCC (111) peak of the 

NiW, and the HCP (00.2) peak of the Ru. The purpose of the NiW layer here is to improve the 

texture of the Ru (00.2). NiW naturally grows with the (111) fiber texture with low rocking angle 

when sputtered onto Ta (which is amorphous). Further, the lattice mismatch between NiW and Ru 

in the close-packed plane (shown in Figure 9-4) is only 5.5%, which results in good epitaxial 

growth of Ru (00.2) on the NiW (111). The rocking curves of the NiW (111) and Ru (00.2) peaks 

shown in Figure 9-3(b) and (c), show that the distribution in c-axes for both layers are 
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approximately 3.8o, which is an acceptable value for the underlayer stack for growing magnetic 

media. When CoPt-SiO2 is sputtered on the template, there is an increase in the intensity of the 

peak around 2 = 42o in the XRD pattern, which is due to contribution from the CoPt (00.2) peak, 

indicating that the templated media sample has good texture. It is difficult however, to determine 

the distribution of the c-axis of the CoPt by doing a rocking curve in this case due to overlap of 

the XRD peak with the Ru (00.2). 

 

 

Figure 9-4: Figure depicting the lattice mismatch in the close-packed planes of NiW FCC (111) and Ru HCP 

(00.2) 

 

Alternating Gradient Field Magnetometry (AGM) was then used to study the magnetic 

hysteresis behavior. A reference sample with the entire film stack (underlayers + magnetic media), 

with no block copolymer patterning was also sputtered, in order to compare the effect of the 

templating process. An overlay of the out-of-plane magnetic hysteresis loops for the templated and 

un-templated samples is shown in Figure 9-5. From these measurements, properties such as 

coercivity, remnant magnetization, nucleation field, and the shape of the loop in general gives us 

insights into the properties of the film. The reference sample has a low coercivity of about 250 Oe, 
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but the ratio of the remnant magnetization (Mr) to saturation magnetization (Ms) is 1. Also, as soon 

as the field reaches the nucleation field (Hn), the magnetization drops sharply and switches to the 

opposite state. This sample has good texture, as indicated by Mr/Ms = 1, but there is a high degree 

of exchange coupling. In such a scenario, as soon as a domain with opposite magnetization 

nucleates, exchange coupling aids its propagation, and the entire film switches nearly at the 

nucleation field itself. In case of the templated sample however, Mr/Ms is low, and so is the 

coercivity. Thus although there was an increase in the (00.2) peak in the XRD pattern of the 

templated sample, which indicated well-textured CoPt, the magnetic properties show that there is 

either poor texture, or a high percentage of in-plane oriented grains of CoPt, resulting in a low 

Mr/Ms and a low coercivity. The in-plane magnetic hysteresis loops shown in Figure 9-5(b) also 

support our earlier conclusions. The anisotropy constant Ku is directly proportional to the 

saturation field in the in-plane loop. We see that the reference sample has a high saturation field 

of approximately 10 kOe, supporting our earlier conclusion that it has good (00.2) texture 

perpendicular to the plane of the film. On the other hand, high in-plane remanence, such as for our 

templated media sample indicate that a large percentage of the magnetic grains have in-plane 

orientation. The magnetic properties of the templated specimen are thus unsatisfactory. 
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Figure 9-5: (a) Out-of-plane and (b) In-plane magnetic hysteresis loops of templated (blue) and untemplated 

(red) media samples 

 

Plane-view TEM was then used to observe the microstructure. In the bright field images shown 

in Figure 9-6, we can observe a hexagonal array of lighter regions indicating the patterning from 

the block copolymer. The center-to-center spacings between these regions are about 33 nm, which 

is similar to the block copolymer pitch. Although the magnetic media microstructure is not clear, 

we observe squiggles of oxide in the microstructure. We can clearly see however, that the 

templating process we proposed, with the oxide growing on the oxide region of the template, and 

the magnetic media growing in the wells, doesn’t seem to be working. There are a few possible 

reasons for this: one is that the oxide percentages in the target and in the template might need to 

be matched. The volume fraction of SiO2 in the media seems insufficient. Also, from the Thornton 

diagram[56], we see that such squiggles of oxide may result from too high a mobility for the 

sputtered atoms on the sample surface. However, for a template with a pitch of 33 nm, the sputtered 

SiO2 needs to diffuse approximately 10-15 nms if templated growth has to be achieved, and thus 

we need high mobility. One possible direction to continue is thus to first move to smaller pitch 
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block copolymers, and to try different sputtering conditions and different oxide volume fractions 

to see if templated growth is achievable. 

 

Figure 9-6: TEM micrographs of templated media using the initial approach 

 

A similar approach was attempted with PSD2 (refer Table 4-1), with 20 nm pitch, to lower the 

surface diffusion length of SiO2 and CoPt in the templated growth process. Figure 9-7 shows the 

plane-view SEM images after pattern transfer to create am-C pillars, and then the pattern reversed 

using HSQ. At this scale, the process was difficult to reproduce. Variation of bias voltage during 

etching of 5%, or a few additional seconds of etching yielded different results.  
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Figure 9-7: Plane-view SEM micrographs of am-C pillars patterned using HSQ, and after pattern reversal using 

HSQ process 

 

Scalability to sub-20 nm pattern templates was difficult in this approach since the process 

windows for the etching, pattern reversal etc. were too narrow to enable this in a reproducible 

fashion. An additional challenge was the control of well volume fraction so that the templated 

media would have thin, uniform grain boundaries and a high fill-factor. It was thus not conclusive 

whether this approach would be useful for templating the growth of magnetic media, and a 

different approach was necessary. 

 

9.3.  High Aspect Ratio Posts as Templates 

In this approach, we attempted to fabricate an array of high aspect ratio pillars/posts on the 

substrate and looked to achieve decoupled CoCrPt island growth on these pillars, as shown in the 

schematic below (Figure 9-8).  

am-C pillars patterned using PSD2 Reversed pattern using HSQ
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Figure 9-8: Schematic for alternate templated growth approach – II 

 

The choice of material for the posts influence the type of magnetic materials that may be used. 

For example, the magnetic easy axis in case of CoCrPt alloys is defined by magneto-crystalline 

anisotropy (easy axis is along the HCP [001]). The posts would thus have to be fabricated with a 

material that results in (00.2) texture of the sputtered media. The other possibility is to use a non-

magnetic material for the posts and use Co/Pd or Co/Ni multilayers, in which case the magnetic 

easy axis is due to surface anisotropy.  

In this project, we worked with CoCrPt as the magnetic material, and we thus have to fabricate 

high aspect ratio pillars of CoCrPt or Ru, both of which will result in epitaxial growth of 

subsequently grown CoCrPt. The challenge in the template fabrication thus lies in the pattern 

transfer into a CoCrPt thin film using ion-milling. Am-C pillars patterned using block copolymer 

patterns as described earlier were used as the hard mask. The ion-milling process was evaluated 

systematically starting from a pattern with 33 nm pitch, moving then to 20 nm and subsequently 

to 17 nm. 

The initial film stack consists of Ta(3nm)/Ru(25nm)/CoCrPt(10, 15nm) and 20 nm of C as the 

hard mask. The SIMS detector in the ion-mill was used to determine the etch rates of the respective 

materials (Table 5-4). An angle of 22.5o was maintained between the normal to the film plane and 
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the ion beam. Figure 9-9 shows example plane-view SEM images of am-C posts patterned using 

PSD1 (33 nm pitch) and after the ion-milling into CoCrPt. After ion-milling, the spatial isolation 

of the CoCrPt can be inferred by the increase in film coercivity as seen in Figure 9-10(a). This is 

due to the difference in mechanisms for magnetization reversal in the two samples. While the 

magnetization in the sheet film switches by domain wall motion, magnetization reversal in the 

isolated magnetic islands occurs by Stoner-Wohlfarth rotation, which requires a higher field. 40-

80 seconds was found to be sufficient to isolate the CoCrPt pillars for the 10 nm case, while a 

milling time of around 70 seconds was necessary for the 15 nm case. In both cases, after around 

90 seconds, the carbon mask is eroded away completely and the coercivity starts to reduce. 

 

Figure 9-9: Plane-view SEM images of C pillars and after ion milling into CoCrPt 

  

C pillars patterned using BCP CoCrPt pillars after ion-milling

200 nm
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Figure 9-10: (a) M-H loop comparing a 15 nm CoCrPt film before (red) and after (black) patterning (b) 

Coercivity vs milling time for 10 and 15 nm CoCrPt films 

 

We then moved onto patterning into a 10nm CoCrPt film using PSD2 (~ 20 nm pitch). Figure 

9-11 summarizes the ion-milling results characterized using SEM and AGM. The ion-milling angle 

used here was 22.5o. The highest coercivity in this case is achieved for a milling time of 40 seconds. 

After 60 seconds, the entire magnetic material has been milled away, and thus a hysteresis loop is 

not obtained. The line with the negative slope seen in the figure is due to the diamagnetic 

contribution of the substrate and the sample holder; this is usually corrected for before the 

hysteresis loops are plotted. The erosion of the carbon hard mask is much faster in the 20 nm pitch 

case. This is due to the difference in the diameter of the carbon masks prior to milling. As the 

diameter decreases, an increase in the lateral etching contribution hastens the mask erosion. Also, 

the increase in coercivity for patterning using this block copolymer pattern (20 nm pitch) is not as 

dramatic as it was for the earlier case (33nm pitch). It is well known that the ion-milling technique 

is not ideal for pattern transfer into magnetic materials due to the creation of a damaged surface. 

As we go to smaller patterns, the fraction of the damaged surface becomes significant, affecting 
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the maximum coercivity that can be achieved. Reducing the ion-milling angle to 12.5o from 22.5o 

increased the coercivity from 1.8 kOe to 2.65 kOe, as shown in Figure 9-12. 
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Figure 9-11: SEM and AGM results after patterning into a 10 nm CoCrPt film using PSD2 
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Figure 9-12: Effect of ion-milling angle on the coercivity of the patterned film 

 

Cross-section TEM was used to study the morphology of the patterned CoCrPt pillars obtained 

using the 12.5o milling angle, and is shown in Figure 9-13.  
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Figure 9-13: (a) Bright field cross-section TEM after ion-milling into 10nm of CoCrPt using PSD2 (b) High-

resolution TEM image (c) HAADF image of the patterned pillars 
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As seen in (a) and (b), the pattern transfer results in nearly vertical side-walls. However, given 

the close lattice matching between the Ru and the CoCrPt, the boundary between the CoCrPt and 

the Ru is not discernible. The boundary is clearer in the HAADF-STEM image, where the contrast 

is due to ‘Z’. However, the difference in contrast between the patterned region and the continuous 

film underneath could also be due to the reduced amount of material in the patterned region. Thus 

the completion of ion-milling through the CoCrPt layer is understood indirectly using the magnetic 

properties. It also appears that the carbon mask has eroded completely at this time, which explains 

why further milling rapidly degrades the magnetic properties. The aspect ratio that was achieved 

in this case was approximately 3:4 (height:width). As we try to fabricate patterns with smaller 

pitch, the achievable aspect ratio decreases further; this approach may thus also be difficult to scale 

down to sub-10nm dimensions. For example, using the same ion-milling conditions (12.5o, 500V, 

40mA) for a pattern with 17 nm pitch results in ‘domes’ rather than ‘pillars’ as discussed in chapter 

6 and as seen below in the cross-section TEM image. 
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Figure 9-14: SEM images and M-H loops after media deposition on 10 nm tall CoCrPt posts patterned using 

PSD2 
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Figure 9-15: Cross-section TEM showing the morphology after pattern transfer into 5 nm of CoCrPt using 

PSD3 

 

The fabrication of high aspect ratio pillars of CoCrPt is thus quite challenging for patterns with 

pitch below 20 nm. Figure 9-14 shows the magnetic properties and scanning electron micrographs 

after media deposition onto 10 nm tall CoCrPt posts patterned using PSD2. Although the SEM 

images seem to indicate isolated CoCrPt pillars after media deposition, the magnetic properties 

show a clear reduction in coercivity after the media deposition, indicating poorly textured and 

exchange coupled magnetic grains. Given that achieving a similar aspect ratio is difficult for 

smaller pitch, this approach is thus not viable for templated growth using CoCrPt. However, high-

aspect ratio pillars can be fabricated in materials such as carbon, silicon, silicon nitride etc. using 

Reactive Ion Etching, which, as mentioned earlier might be suitable for fabricating isolated pillars 

using Co/Pt, Co/Ni multilayers etc. 

~ 29 nm Ru + Ta

~ 4 nm

Side walls are 
more slopedNo C remaining

Pitch ~ 17 nm

SiO2 deposited as protective cap layer

Si wafer 10 nm
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9.4.  Conclusions 

In this chapter, we discussed two alternate approaches for fabricating templates for magnetic 

media microstructure control. In the first one, trenches exposing the underlayer were patterned into 

a segregant film. In the second, fabrication of high aspect ratio CoCrPt posts were attempted. In 

both cases, developing processes for sub-20 nm pitch proved quite challenging, and the 

effectiveness of the templated media approach could not be verified.  
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Conclusions and Suggestions for Future Work 

 

10.1.  Summary 

With the current magnetic recording technology (PMR) nearing its fundamental limits, better 

control of magnetic media microstructure is essential to scale the recording density to the 

maximum possible limit. Two of the key aspects here are the grain size and grain boundary 

thickness distributions. The microstructure control challenge becomes amplified in Heat Assisted 

Magnetic Recording (HAMR) due to the high temperature sputtering required to facilitate good 

L10 ordering. There are also fabrication challenges to overcome for Bit Patterned Media, in order 

to overcome the limitations of the additive and subtractive approaches currently in use. 

In this thesis, we’ve conceptualized and tested an approach for media microstructure control 

by fabricating a template onto which the media is sputtered. This template consists of an array of 

pre-patterned sites with a dome-morphology which influences the grain nucleation and growth 

characteristics of the media sputtered subsequently.  

A hexagonal array of carbon (hard-mask) pillars were fabricated by two methods: in the first, 

the self-assembly of di-block copolymer poly(styrene-b-dimethyl siloxane) with polydimethyl 

siloxane volume fractions around 17% was used to pattern a hexagonal array of polydimethyl 

siloxane spheres in a polystyrene matrix. An O2 plasma in a Reactive Ion Etching system was used 
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to selectively etch the polystyrene and subsequently the amorphous carbon mask leaving behind 

an array of carbon pillars. In the second, a combination of nanoimprint lithography and reactive 

ion etching was used to create a spatially long range ordered array of pillars by our collaborators 

at Seagate. With these carbon pillars as the hard mask, a dome morphology was patterned into a 

suitable material in order to fabricate the template. 

For the fabrication of current PMR media based on CoPt, we tested three template layers: a 

CoCrPt alloy with HCP (00.2) texture, Ru with HCP (00.2) texture and Pt with FCC (111) texture. 

The use of CoCrPt resulted in a template which caused a magnetically soft region in the media 

sputtered subsequently due to the ion-beam damage caused during the ion milling process. Ru is a 

suitable template layer in terms of lattice matching with CoPt, but no suitable solution was found 

for the sputter-etching process to generate a fresh Ru surface prior to media deposition. Pt however, 

is a material that does not oxidize at room temperature. A template fabricated using Pt, with a thin 

layer of Ru sputtered prior to media deposition was found to be the best choice for the template 

layer. A layer of Ru is sputtered onto the Pt template prior to media deposition for two reasons: it 

enables the correct HCP (00.2) texture for CoPt, and it rectifies some of the beam damage in the 

Pt template so that the CoPt is being deposited on a less-damaged surface. 

Using the Pt-based template, a uniform CoPt-SiO2 media microstructure with a grain size of 

16.2 nm and a grain size distribution of ~ 11% was achieved using a block copolymer with a pitch 

of 17 nm. We thus see that the grain size is determined by the pitch of the block copolymer pattern, 

and that by generating a template with a low pitch distribution, magnetic media with low grain 

size distribution can be fabricated.  
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Cross-section STEM indicates that the CoPt grows on top of the patterned domes while SiO2 

goes into the trenches. During the sputtering process, when CoPt and SiO2 species from the target 

reach the template and impinge on the Ru, the surface mobility of the species is determined by the 

sputtering conditions and the interactions of the species with the template. While CoPt and Ru 

have a similar crystal structures with an epitaxial relationship, SiO2 is immiscible with both CoPt 

and Ru. SiO2-Ru interface is thus higher energy and the SiO2 will consequentially have a higher 

surface mobility. The CoPt thus ‘sticks’ on top of the dome while the SiO2 is pushed to the 

trenches. The other aspect to take into consideration is the shadowing effect during sputtering. As 

discussed by Bales and Zangwill in this paper[89], sputtering on substrates with a certain 

topography under a sputtering condition that causes a high degree of shadowing may cause 

columnar growth of the film sputtered subsequently. It is likely that a combination of these effects 

discussed above facilitates the templated growth process. 

By using a long-range spatially ordered array of carbon pillars as the hard mask for template 

fabrication, we can also apply the templated growth technique for the fabrication of bit patterned 

media. In each case, the mask structure, i.e. the height and width of the carbon pillars has to be 

optimized in combination with ion-milling to achieve the right dome-morphology for the template, 

in order to facilitate the required microstructure of the media. A long range array of patterned 

amorphous carbon pillars were fabricated using nanoimprint lithography at Seagate. After the 

optimization of the mask structure, templated media with 27 nm pitch and long range positional 

ordering of the CoPt grains, along with good magnetic properties was achieved. 

FePt based HAMR media is typically sputtered at elevated temperatures to enable good L10 

ordering. In order to evaluate the templated growth approach for HAMR media fabrication, we 

tested the stability of the dome-morphology in (002) textured Tungsten and Platinum thin films on 
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heating at 600oC for 30 mins, and found that the dome-morphology flattens out. However, on 

sputtering an MgO cap at room temperature before raising the temperature, the morphology of the 

template was retained. Preliminary microstructure results of FePt-SiO2 on the template shows a 

clear difference as compared to the un-templated microstructure, but further optimization is 

necessary to utilize this approach for HAMR media fabrication.  

 

10.2.  Suggestions for Future Work 

a. Perpendicular Magnetic Recording Media 

Current PMR media has an average CoPt grain size of approximately 8 nm. While the 

templated growth technique described in this thesis is a promising approach for the minimization 

of grain size and grain boundary thickness distributions, we need to be able to fabricate templates 

where the center-to-center distance between the domes is sub-10nm. Achieving such feature sizes 

using self-assembling block copolymers still remains a challenge. The smallest feature sizes 

achieved here was 12 nm pitch, using a poly (styrene-b-dimethyl siloxane) block copolymer with 

a molecular weight of 8 kg/mol. The process windows for this block copolymer, such as the 

thickness variation tolerance and bias variation during pattern transfer was insufficient for us to 

develop reproducible recipes. Research on new block copolymers with larger values of the Flory-

Huggins parameter (enabling phase segregation even at smaller degree of polymerizations required 

for smaller feature sizes, see Section 4.2), and new techniques for pattern transfer for a wider 

variety of block copolymers are both necessary for achieving sub-10 nm features. Other self-

assembling materials such as nanoparticles can also be explored for this purpose. 
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Figure 10-1: SEM micrograph showing self-assembled block copolymer pattern with 12 nm pitch 

 

While the fabrication of sub-10 nm self-assembled patterns is challenging, the fabrication of 

the template and the guided magnetic media microstructure should be scaleable. One of the 

advantages of the template here is that the ion-milling requirements are not stringent, since a dome-

morphology with a relatively low aspect ratio is sufficient. Further, during the CoPt-SiO2 

sputtering process, if the feature size is less, the SiO2 needs to diffuse a shorter distance to reach 

the trenches. 

b. Bit Patterned Media 

In the case of Bit Patterned Media using templated growth, the two key things requiring further 

improvement are the crystallographic texture of the magnetic media, and the uniformity of the 

grain boundaries. We discussed in chapter 7 that the un-templated region had better 

crystallographic texture than the templated region. This may be due to the sputtering of the Ru 

underlayer and the media on a curved surface. A study impact of this surface curvature on the 

50 nm

12 nm pitch
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texture of the subsequently sputtered materials will be of great use. The variation in the grain 

boundary thickness in the templated media discussed in chapter 7 is likely due to the variation in 

dome-morphology patterned into the template. Better control of the various etching processes for 

the mask structure fabrication and ion-milling needs to be developed to improve this aspect. 

c. Heat Assisted Magnetic Recording Media (HAMR) 

In order to establish whether the templated growth technique can facilitate uniform HAMR 

media microstructures, further optimization of the segregant type and segregant volume fraction, 

apart from the sputtering conditions is necessary. Further, since the microstructure scaling 

requirements of Heat Assisted Magnetic Recording media are similar to those of current 

perpendicular magnetic media, work regarding the fabrication of sub-10 nm self-assembled 

nanostructures will be applicable here as well.  

d. Exploring Different Material Combinations and Nanostructures 

The templated growth approach could be explored for various other combinations of materials, 

exploiting differences in surface mobilities between the sputtered species on the template layer. 

Further, in combination with electron beam lithography to pattern different nanostructures as 

shown in Figure 10-2, the applicability of templated growth for the fabrication of square lattices, 

aperiodic structures and nanowires could be explored. 
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Figure 10-2: Examples of different nanostructures to be explored using templated growth 
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