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Abstract

The tendency of PS-b-PDMS to phase separate, the tunability of the resulting morphology and
the sufficient etch contrast between PS and PDMS makes the block copolymer ideal for creating
patterns that can be transferred onto magnetic media. The aim of this study was to determine
optimal BCP film thicknesses that produce spherical micro-domains with long range order on a
Co substrate brushed with PS-OH and to transfer this pattern onto the underlying Co. Thin films
of PS-b-PDMS were spun-cast onto Co substrates brushed with PS-OH, solvent annealed and
consequently etched in a series of steps that removed one constituent polymer at a time. Patterns
with periods between 36-39nm and with great long-range order were observed for BCP film
thicknesses in the 32-35 nm range and successful transfer of the pattern onto Co film was
achieved, resulting in fabrication of nanoscale, discrete domains.
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1. Introduction
1.1 Background

One of the hallmarks of the digital age is an ever- increasing insatiable appetite for data
and consequently an ever-increasing need to store more data. From the internet corporations
interested in the browsing behavior of visitors to the typical modern teenager carrying mobile
devices that practically function as mini-computers, there has been a dramatic change in the
sheer volume of available data. As a result, there is a pressing technological need to develop
devices with significantly more storage capacity than traditional devices.

Even though there are many components in a data storage device, the part responsible for
data storage in traditional devices is a magnetic Co alloy layer' — depicted in Figure 1.A single
bit of memory consists of adjacent, similarly magnetized grains. For instance, a typical bit could
span a 20 nm x by 80 nm area. ' With this design, a read-write head detects differences in
magnetization across the magnetic layer. It also magnetizes grains appropriately when data is
written onto the layer. A dramatic shift in grain magnetization across a grain boundary
corresponds to a ‘1’ in the binary system while an unchanged magnetization corresponds to a ‘0’.

The active layer is often deposited on a substrate at a high temperature so as to facilitate
the diffusion of non-magnetic elements to the grain boundaries. These nonmagnetic elements act
as a barrier to minimize exchange coupling between individual grains so the magnetization of
each grain can be relatively independent of the magnetization of neighboring grains.2 Decoupling
the grains makes it possible for the dramatic magnetization transitions needed to distinguish

between a “0” and a “1”.



Figure 1%: Magnetized grains used as bits. No change in magnetization direction of grains

corresponds to a “0”. A dramatic change in magnetization direction corresponds to a “1”.

Thus, it follows that in order to increase the storage efficiency of a device, more bits need
to be packed into the same area. This requirement has two implications. Either a bit must have
fewer grains or the sizes of the grains comprising a bit must shrink. Unfortunately, neither are
viable options. Since the grains within a bit are only similarly magnetized — as opposed to being
perfectly magnetized — a sizeable number of grains is needed to ensure a high signal-to-noise
(SNR) ratio. At the same time, shrinking the grain size could leave the grains thermally unstable,
i.e. their magnetizations could spontaneously change direction at room temperature. An
unwanted change in magnetization effectively corrupts the data that is stored. Thermal instability

occurs if
40k*T> K*V, €))

where k is the Boltzmann’s constant, T is the temperature, K is the magnetic anisotropy and V is

the volume of the grain. This equation suggests that one could just simply utilize a magnetic



material with a high K in order to prevent thermal instability. However, a write-head would
struggle just to write the data since K is a measure of how easy it is to magnetize a material. As
such, the three previously described interdependent scenarios present a quandary or more
specifically, a “trilemma”’.

One promising solution that has been proposed is the patterning of magnetic media,
similar to how electronic circuit boards are patterned. With this method, a single bit of
information is represented by a “grain island”' and opposing magnetizations would be recorded
as a“1” or “0”.Since grain islands are physically separated from one another, the transition noise
is effectively minimized as there is a stark difference when bit magnetizations change. In
addition, since the island bits would be composed of several grains that are exchanged coupled,
the bits would enjoy a higher thermal stability." Though the bits can be magnetized individually,
the surface with all the bits behaves as if it were one unit. Consequently, the anisotropy constant
and volume in equation 1 are now attributes of the bulk magnetic surface as opposed to just one
bit.? Finally, a lower number of grains is needed to form one distinct bit than is needed in the
conventional method. Thus, more bits can effectively be packed into storage devices than before.
Figure 2 provides a visual representation of the differences between conventional media and
patterned media.

This methodology could allow up to an areal density 4 Tbit/in%, a whole order of
magnitude over what previous technologies are able to accomplish.! In order to achieve this high
density of data, the period of the island bits would have to be around 12 nm. (A period is defined
as the diameter of one island plus the spacing between islands). Leading materials candidates for
such an high areal density are Co systems such as Co/Pd or Co/Pt due to their “high

perpendicular anisotropy and controllable magnetic properties.” 4



Figure 2°: Diagram comparing conventional media to patterned media.

1.2 Block- Copolymer Patterned Media

Various existing methods are available for patterning the surfaces of materials. One such
method is photolithography. However, many of these fabrication methods are not suitable for the
production components that are as small as the ones needed to store a high number of data bits
on patterned media.

One promising method of forming these nanostructures involves the use of block
copolymers(BCP).BCPs have a tendency to phase-separate into nano-sized structures and
consequently, they are able to form interesting tunable morphologies over large areas.®” Once

the desired pattern has been formed, the constituent polymers can then be etched away at varying
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rates in order to inscribe and preserve the pattern on an underlying substrate. For patterned
media, the underlying substrate would be the active magnetic layer.
BCPs are able to form these geometries because of their inherent incompatibility. From a

thermodynamic standpoint, systems want to minimize their Gibbs free energy. The change in

Gibbs free energy of mixing A Gpx for two homopolymers is governed by

AG,,
mix — Ja 1oy
N, (f.)

= Low(ry+ £.1,X,

N, ; )

where ky is the Boltzmann constant, T is the temperature, f and N are the respective volume

fractions and degrees of polymerization of each constituent polymer and gy, is the Flory-Huggins

parameter. A positive A Gpix ensures that the polymers will phase separate. To attain this
positive AGpix, high values of y, and N are needed.

In response to a positive free energy of mixing, the segmented fragments of each polymer
phase-separate and organize themselves at the nano-scale as a way to minimize “their free-
energy cost of contact”, described by 7. . In summary, this tendency to phase separate is
dictated by the product y.,N, known as the segregation strength.®

In addition to impacting the tendency for a BCP to phase separate, N also exerts a huge
influence on the size of the nanostructures formed as a result of the separation. A smaller degree
of polymerization corresponds to a smaller structure. In fact, the period D of the micro-domains

formed is proportional to
ANy 16, 3)

where a is the characteristic length of a monomer unit.®

Thus, it follows that for the purposes of a patterning magnetic media, BCPs with high y., and
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low N is optimal. A high . ensures phase separation while a small N minimizes the period of
micro-domains.

The exact morphology that results from the phase-separation is a function of the volume
fraction of the two polymers that joined to form the BCP. For instance, in an A,;B, copolymer, if
n<<m, then spheres of A form in a matrix of B. However, if n~m, then a lamellar structure is
formed.”. Even structures such as cylinders or more complex gyroids can be achieved by altering
the volume ratio of the two polyme:rs.9

However, there are alternative ways to control the pattern the BCP forms. For instance,
the patterns are also tunable via processing conditions. Solvent annealing is one such condition.
Jung and Ross showed that solvent annealing can be used to adjust component size, component
spacing — two things that constitute the period — as well as the morphology the two polymers
form when they phase-separate. As mentioned earlier, a high yN is needed to ensure that
constituents polymers phase-separate on a substrate to begin with. This value can then be
tempered accordingly to control how far apart the minority polymer domains are from one
another. Solvent annealing is well suited for this purpose as it reduces the effectiveness of the

Flory-Huggins parameter. In fact, the effective Flory-Huggins parameter y.¢is given by
Xef=x(1-f,). “

% is the interaction parameter if there were no solvent present, and f; is the volume fraction of the
solvent in the thin film.'” The general idea is that the vapor from the solvent provides a screening
effect between polymers and consequently lowers the equilibrium spacing between minority
domains. Thus, the higher the vapor pressure from the solvent, the lower x.s and the lower the
period length.

The individual domain sizes themselves can be tuned by the chemistry of the particular
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solvent used to anneal the BCP. For example, Jung and Ross found that the width of the PDMS
cylinders formed in a PS matrix decreased more quickly than the period length with increasing
vapor pressure when toluene was the solvent. Since toluene is a partially selective solvent for PS,
there is more swelling in PS than in PDMS. This problem can be remedied by using a mixture of
two solvents to anneal the BCP. When they subjected the same co-polymer blocks to a mixture
of toluene and heptane, the PDMS cylinder width increased. The increase can be attributed to the
fact that heptane is a selective solvent for PDMS. Thus, it swells PDMS, causing an increase in
its effective volume fraction. As the heptane volume fraction increases in the solvent, the
resultant PDMS swelling can cause the cylindrical domains to give way to perforate lamellae and
eventually to more disorganized morphology.'°Evidently, vapor pressure is the main factor
controlling period length while toluene/heptane ratio is the dominant factor controlling domain
size.

However, it was found that vapor pressure also exerts a minor influence on morphology.
Even with a high heptane fraction, cylindrical morphologies were observed as long as the net
vapor pressure was low and a disorganized morphology was observed with low heptane fraction
and high vapor pressure. The explanation provided by Jung and Ross holds that this behavior is
due to the partial selectivity of toluene. “As the degree of PS swelling increases, an entropic
effect resulting from the stretching may drive more toluene molecules into the PDMS block and
therefore make toluene a less selective solvent.”'® Thus, toluene itself starts to swell its less
preferred polymer PDMS. Similarly, cylindrical shapes are observed at low vapor pressures
because there is just not enough solvent to cause swelling of the PDMS domains even with a
relatively high concentration of PDMS-friendly heptane.

In addition, solvent-annealing serves another useful purpose. Not only are the right
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morphology and appropriate domain size needed to make BCPs useful in patterning media, the
formed pattern has to be sustained over a long range. Solvent annealing helps to promote the
requisite long-range order.’

The final important part of the patterned media technique is the transferring of the
patterns formed using BCPs onto a desired substrate. In order, to accomplish this goal, BCPs are
gradually etched away. For this method to work, the two polymers comprising the BCP must
have a sufficiently high etch-contrast. Thus, the polymer forming the matrix can be removed first
so as to expose parts of an underlying magnetic layer. Through further etching, the lithographic
“mask” formed by the remaining micro-domains can then be used to transfer the initial BCP
pattern that was formed onto the magnetic layer.’

The sufficient etching contrast that is needed in order to make this technique viable is
what makes PS-b-PDMS an ideal candidate for patterning magnetic media. When it’s subjected
to oxygen plasma during etching, a silicon-oxygen intermediate compound is formed. This
resulting compound has a much higher etch resistance than PDMS alone, and consequently it is

this intermediary compound that acts as a mask while the PS matrix is removed.®

1.3 Problem Statement

Thus far, one major challenge to patterning a magnetic substrate with BCP via using
etching techniques has been intentionally negated. The desired pattern of PDMS spheres in a PS
matrix is sandwiched between two thin PDMS layers, as shown in Figure 3. This formation is
due to the varying surface tension between PS and PDMS. The surface tension of PDMS is 19.9
mN/m while that of PS is 40.7 mN/m !!. Etching away the PDMS layer at the BCP/air interface
as well as the PS matrix reveals the desired spherical morphology.m. In order to obtain distinct

magnetic islands, the exposed Co that was previously underneath PS must be removed before the
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intermediary silicon-oxygen compound is removed. However, the underlying PDMS layer could

further impede the removal of the Co that is exposed once the PS matrix has been etched away.

Figure 3”: Schematic of the layers formed after application of BCP with no PS brush.

O’Driscoll et.al demonstrated that brushing Si substrate with PS prevents formation of the PDMS
wetting layer at the film/substrate interface. One of the primary aims of this study is to show that
a good pattern can be obtained using a PS-OH brush on a Co substrate and to determine a range
of optimal BCP thicknesses that can result in a well-defined pattern. A good pattern is
characterized by uniform spherical shapes, long range order and lack of a PDMS wetting layer at
the substrate/BCP interface. The second goal of the experiment is to investigate whether the

removal of this PDMS layer results in a good pattern transfer onto the underlying Co substrate.

2. Materials & Methods
2.1 Sputter

Numerous rectangular Si wafers were cut from a thin wafer slice. The wafers measured

approximately 1cm x 1cm and served as a substrate for the samples created for the purpose of the
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experiment. The Si wafers were first cleaned with acetone to rid them of possible contaminants
and subsequently air-dried. Then, a thin layer of Co was deposited on the substrates over a 30 s
duration using a sputter gun in a vacuum chamber (~ air pressure of 107 atm). Co thickness is

estimated to be approximately 6 nm based on the sputter gun’s deposition rate.
2.2 Spin-Coating Block-Copolymer onto Substrate

All samples were brushed with PS-OH. Specifically, 50 pl of a 1% solution(by weight) of
PS-OH(M,,=7000 kg) in PGMEA was spun-cast onto all samples at 3000 rpm and at an
acceleration setting of 10,000 using a spin-coater manufactured by Headway Research Inc. Then,
the brushed samples were thermally annealed at 170° C for 18 hours and then rinsed with toluene
to rid them of excess PS-OH.

The BCP used was a 1% solution (by weight) of Poly(styrene-b-dimethylsilohexane)
(M,: PS(43000)-PDMS(8500); Mw/M,=1.04) in cyclohexane. The PS-PDMS used to make the
solution was supplied by Polymer Source Inc. It has a sample number of P3282-SDMS. 50 pl of
this solution was spun-cast on each substrate for 30 seconds at varying rotational speeds and at
accelerations chosen to achieve specific film thicknesses. Table 1 lists the spin-coating settings
that correspond to varying film thicknesses. Care was taken to apply solution to substrates in a
perpendicular fashion and to ensure that the solution was spun almost as soon as the entire
sample was coated. Such practice enhanced the uniformity of the BCP coating. In order to
determine the optimal settings that would yield the desired film thicknesses, plain Si wafers were
coated with PS-PDMS and the thicknesses of coatings were measured using a Filmetrics F20

Thin-Film Analyzer. The polystyrene recipe was used to analyze the thickness of the BCP layer.
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Table 1: Spin-Coating Settings for Samples

Thickness(nm) Solution Concentration Spin Acceleration (unitless)
(Weight %) Speed(rpm)

~27 0.66 4,000 10,000

~32 1 10,000 10,000

~35 1 7,000 10,000

2.3 Solvent Annealing

All samples were solvent-annealed in a sealed glass chamber using 3.25 ml of toluene
and 0.65 ml of heptane in order to obtain a 5:1 ratio. This amount provides sufficient vapor
pressure to selectively swell the PDMS domains and achieve the desired spherical shapes. Each
sample rested on a beam connected to the side of the chamber. In addition, the chamber was
connected to a gas flow system. Solvent vapor pressure within the chamber was indirectly
controlled by introducing Nitrogen into the chamber as needed. Film swell thickness corresponds
to increased vapor pressure since the film absorbs more solvent. Thus, the swell thickness serves
as a quantitative gauge of solvent uptake. While the vapor pressure of the solvent was not
measured, the Nitrogen flow rate corresponding to varying swell thicknesses was recorded and is
shown in Table 2. The target solvent vapor pressure was gradually approached over the course of
two minutes by varying the Nitrogen flow rate. Then, all samples were subjected to the target

vapor pressure for thirteen minutes so as to allow for the polymers to equilibrate.
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Table 2: Nitrogen Flow Rates Corresponding to Varying Thicknesses

Initial Thickness(nm) Swell Thickness(nm) N Flow Rate(Sccm)
32 80 3.00

35 50 10.00

35 65 7.00

35 80 3.25

2.4 Reactive Ion Etching (RIE) & Ion Milling
Samples were treated for 5s with a 15mTorr, SOW CF, plasma and for 22s with a 6mTorr,
90W O, plasma in order to remove the PDMS layer at the air/film interface and remove the PS

matrix. Samples were sputter-etched using Ar and at 1.8 x 10 Torr.

2.5 Additional Information

In all, thirteen distinct samples were prepared. The first nine samples did not have a Co
layer and were mainly prepared to test out which film thicknesses and swell thicknesses would
result in a good pattern after RIE. Then, the parameters that produced the best results were used
to prepare four more samples in order to verify that the same results would be observed once the
Co layer was introduced. Table 3 lists all the samples with respective initial thicknesses and post-

annealing thicknesses.
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Table 3: Samples Prepared

Sample Co Layer Initial Thickness(nm) Swell -Thickness(nm)
A No 27 51
B No 27 65
C No 27 81
D No 32 50
E No 31 65
F No 32 84
G No 36 52
H No 36 65
I No 35 81
J Yes 35 51
K Yes 32 80
L Yes 35 65
M Yes 35 80
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3. Results

Table 4: Period and Domain Size

Sample Average Period Average Domain
Length(nm) Size(nm)
K 36.4(+/- 2.6) 20.8(+/-5.2)
L 39.0(+/- 2.6) 20.8(+/- 2.6)
M 39.0(+/- 2.6) 18.2(+/- 2.6)

Figure 4: SEM Images of sample K after RIE.

ssa-igure 5: SEM Image of Sample L after RIE
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Figure 6: SEM Images of Sample M after RIE
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Figure 7: Sample M after Ion-Milling for 90s
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Figure 8: AFM Image of Sample M. Domain height ~ 4.4.5nm.
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Figure 9: Hysteresis Loops for Sample M after Varying Ion-Milling durations
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4. Discussion

As defined previously in the introduction, a good pattern must have good long-range
order, i.e. domains of similar shapes must organize themselves in a very predictable pattern.
Visual inspection shows that samples K, L and M all have very good long-range order. This
long-range order is achieved due to the absorption of solvent during the annealing process. The
annealing process ensures that the PDMS micro-domains are able to uniformly space themselves
out. In addition, it ensures the robustness of the spherical morphology. Also, the significance of
the duration of the solvent annealing cannot be understated. Giving samples enough time to
equilibrate ensures the distinctiveness of the micro-domains that are formed.

Since samples with varying swell thicknesses yielded good patterns, it can be concluded
that once a critical swell thickness is reached, additional solvent vapor pressure did not really
help with the morphology. The smallest swell thickness of a sample shown in the results is 65
nm. While maintaining the initial BCP thickness, it is possible that smaller swell thicknesses,
which correspond to less solvent vapor pressure and consequently less solvent uptake by the
film, could still result in a good pattern. More experimentation is needed to ascertain the
minimum swell thickness needed to achieve a good pattern for films that fall in the optimal BCP
thickness range.

Based on the achieved results, it can be concluded that an optimal BCP thickness on a
surface brushed with PS is in the range between 32 and 35 nm. This result was expected as it is
consistent with an optimal BCP thickness reported by O’Driscoll et al. without the Co layer. It is
worth noting that this optimal thickness is noticeably thinner than the thickness which O’Driscoll
et al. recorded on a substrate not brushed with PS. This result was also expected and can be

explained by the missing PDMS layer at the substrate/film interface. Since the substrate is
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brushed with PS, the surface favors adherence by PS coming from the film as opposed to PDMS.
RIE then etches all the PS in the substrate away to reveal some of the underlying Co and the end
result is the desired mask without the PDMS wetting layer. The top PDMS layer is removed
during RIE.

It is quite possible that the optimal thickness range for substrate brushed with PS and
containing a Co underlayer could exceed 35 nm. The experiment only tested for initial film
thicknesses up to and including 35 nm. However, based on the results, it can be reported that the
film thickness needs to be at least 32 nm in order for a good pattern to be formed.

The periods of the patterns formed were between 36 and 39 nm with domain diameters
between 18 and 21 nm. Similar results were observed by Jung and Ross in a study that used PS-
b-PDMS(My=51.5 kg/mol) to pattern magnetic films. The authors were able to create patterns
with an average period of 35.0 nm (+/- 1.5 nm) and average sphere diameter 0f17.9 nm (+/-1.1
nm).'? Though the pattern dimensions observed in these two experiments are quite small, they
are larger than the ideal period of 12nm that is needed to achieve an areal density of 4 Tbit/in’, as
discussed in the introduction. However, the observed periods are still on the same order of
magnitude as the target period size. More experimentation is needed to figure out the best
processing conditions that will yield component sizes as small as 12nm.

Figure 7 presents an image of sample M after it had been sputter-etched for 90s. This
time duration was found to produce the best results but other images showing what the sample
looks like after various ion-milling times can be found in the appendix. Qualitatively, the
magnetic domains are boldly distinct from one another, which indicates a successful pattern
transfer from the block-copolymer onto the Co substrate. The pattern formed on the thin Co film

can be expected to have similar periodicity, long range order and morphology as sample M prior
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to ion-milling. In addition, an AFM image of the sample — shown in Figure 8 — reveals that the
domain height is 4-4.5nm, roughly half of the height reported by Jung and Ross in the
aforementioned report.

Aside from the qualitative evidence of the pattern transfer, the hysteresis data (Figure 9)
collected for the sample using a Vibrating Sample Magnetometer (VSM) confirms that the white
domains shown in Figure 7 are indeed nano-sized Co domains. Two main pieces of information
can be gathered from the hysteresis loops. First, the magnetic remanence (M) of the sample
decreases with increasing ion-milling time. After RIE, PDMS domains as well as Co regions that
were once underneath PS remain on the substrate. lon-milling gradually etches away both these
Co regions and the PDMS domains to expose the distinct Co islands beneath them. Since the
process gradually rids the sample of some Co, the magnetic remanence decreases as more Co is
removed from the sample. This trend is due to the fact that remanence is an extrinsic magnetic
property, meaning its value is dependent on how much of a given material there is.

The second observation to be taken from the hysteresis plots is that the coercivity of the
whole sample increases with increasing ion-milling time. Jung and Ross also observed the same
changes in film coercivity when BCP patterns were transferred onto a thin Co film.'? This
behavior is also linked to the removal of large regions of Co and the simultaneous exposure of
tinier Co domains. Large magnetic bodies tend to form several magnetic domains with varying
magnetizations as a way of minimizing magnetostatic energy, which is a result of the stray
magnetic field emanating from the material. However, the creation of domains and
corresponding domain walls also has an energy penalty. While the magnetostatic energy
increases in proportion with the volume (L*) of a material, the domain wall energy increases with

the area of the domain wall (L?). **Thus, nucleation and growth of a domain wall is not worth the
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associated energy for really small magnetic bodies. Such is the case for the Co domains shown in
Figure 7.

Generally speaking, coercivities of single-domain particles tend to be higher since the
entire particle has to be magnetized in one direction at once whereas for multi-domain particles,
the domain wall gradually moves through the material and the material is gradually magnetized.
Thus, the increased coercivity resulting from ion-milling further serves to confirm that small

distinct Co islands were indeed created.
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5.Conclusion

The goals of this experiment were to ascertain that good patterns suited for patterned
media applications can be obtained on a Co substrate brushed with PS-OH and to transfer this
pattern onto Co. The brush was instrumental in ridding the substrate of an undesired PDMS
wetting layer that rested on top of the magnetic layer. A quality pattern, characterized by long-
range order and domain uniformity, was achieved for BCP film thicknesses that were at least
32nm. In addition, this pattern was successfully transferred onto the Co layer, resulting in the
fabrication of nano-sized magnetic domains. More research needs to be done on how to further
reduce the domain size of the bits in order to maximize areal density. Additionally, it will be
useful to investigate the magnetic behavior of individual “islands” as domain uniformity is
critical to making bit-patterned media a truly viable technology. Of course, domain uniformity is

a property that needs to be continuously improved.
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6. Appendix

Sample M after being sputter-etched for 60s.

100 nm EHT = 2:00 kV Signal A= InLens Dats :23 Apr 2014 [
H WD = 39mm Photo No. = 974 Time ;15:48:18

Sample M after being sputter-etched for 120s.

100.nm EHT = 2.00kV Sidgnal'A = InLens Date :23-Apr2014 ?n\\
WD = 4 mm Photo No. = 871 Time::15:39:33
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