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Block copolymer (BCP) lithography makes use of the microphase separation properties of BCPs to pattern ordered nanoscale
features over large areas. This work presents the microphase separation of an asymmetric polystyrene-block-poly(ferrocenyl
dimethylsilane) (PS-b-PFS) BCP that allows ordered arrays of nanostructures to be formed by spin casting PS-b-PFS on substrates
and subsequent solvent annealing. The effects of the solvent annealing conditions on self-assembly and structural stability are
discussed.

1. Introduction

Within the microelectronics industry, the continuing drive
towards ever-smaller device dimension is leading to a reval-
uation of the current top-down fabrication techniques such
as photolithography [1]. It is clear that current methodology,
at 193 nm wavelength, is not consistent with extensibility
to ultrasmall feature sizes [2]. Advanced lithographic tech-
niques, currently being explored as potential replacements for
conventional photolithography, include extreme UV (EUV)
lithography, X-ray lithography, and electron-beam writing
but they are not without problems [2, 3]. While X-ray
and e-beam lithographic processes do not face wavelength
limitations both processes are impractical in a production
setting, due to both high capital costs and long production
times [2, 3]. EUV is the front runner of these techniques.
However, light at these wavelengths is absorbed rather than
transmitted by conventional lenses and an extensive and
expensive overhaul of the current lithographic setupwould be
required [3]. With these problems in mind, the next decade
will see fundamental changes the microelectronics industry
as researchers begin focusing an ever increasing amount of

resources into the development of “bottom-up” techniques
that may not only solve the problems of size limitations but
also help reduce cost.

Block copolymers (BCPs) have gained increasing atten-
tion as templates and scaffolds for the fabrication of high-
density arrays of nanostructures because of the size and
tenability of the microdomains, the ease of processing on
flat and patterned surfaces without introducing disruptive
technologies, and the ability tomanipulate their functionality
[3–6]. Various approaches to control the orientation of the
microdomains of BCPs include the use of thermal gradi-
ents [7], solvent fields [8–11], electric fields [12], chemically
patterned substrates [13], graphoepitaxy [14], and controlled
interfacial interactions [15] have been examined. The BCP
patterns can be transferred to the substrate through a poly-
mer selective etch, the height of the transferred features is
determined principally by the etch contrast of the blocks. For
high etch selectivity it would be advantageous to use a BCP
where one block contains an inorganic element, like Si [14] or
Fe [16–18], or in the case of polystyrene-block-poly(ferrocenyl
dimethylsilane) (PS-b-PFS) both.

Hindawi Publishing Corporation
International Journal of Polymer Science
Volume 2015, Article ID 270891, 10 pages
http://dx.doi.org/10.1155/2015/270891



2 International Journal of Polymer Science

Here, we report that by annealing PS-b-PFS thin films
by solvent, arrays of cylindrical microdomains with a high
degree of parallel order can be achieved with little change
of the interdomain distance. Also reported is the effect that
annealing time plays in the structural stability of the micro-
phase separation on a variety of different substrates. The
results described here are obtained by very simple fabrication
steps that are cost-effective and compatible with current
industrial processes.

2. Materials and Methods

2.1. Materials. An asymmetric polystyrene-block-poly(ferro-
cenyl dimethylsilane) (PS-b-PFS) BCP with a molecular
weight of 90,000 gmol−1 (PS: 𝑀

𝑛

= 60,000 gmol−1, PFS:
𝑀
𝑛

= 30,000 gmol−1, 𝑀
𝑤

/𝑀
𝑛

= 1.2, ΦPS = 0.67, and
ΦPFS = 0.33, where 𝑀𝑛, 𝑀𝑤, ΦPS, and ΦPFS are the num-
ber average molecular weight, weight average molecular
weight, volume fraction of PS, and volume fraction of PFS,
resp.), a hydroxyl-terminated random polystyrene-random-
poly(methylmethacrylate) (HO-PS-r-PMMA) copolymer
(𝑀
𝑛

and 𝑀
𝑤

/𝑀
𝑛

were 12,400 gmol−1 and 1.25, resp.), a
polystyrene (PS) homopolymer (𝑀

𝑛

: 38,000 gmol−1 and
𝑀
𝑤

/𝑀
𝑛

= 1.09), and a poly(ferrocenyldimethylsilane) (PFS)
homopolymer (𝑀

𝑛

: 7,000 gmol−1 and 𝑀
𝑤

/𝑀
𝑛

= 1.3) were
purchased from Polymer Source, Inc., Canada, and were
used without further purification. Toluene, tetrahydrofuran
(THF), acetone, hexane, heptane, cyclohexane, isopropanol
(IPA), ethanol, sulphuric acid, and hydrogen peroxide were
of analytical grade purchased from Sigma-Aldrich and used
as received.The substrates used were ⟨100⟩ orientated silicon
(Si), silicon nitride (Si

3

N
4

), silicon oxynitride (SiOxNy),
germanium (Ge), tungsten (W), and grapheme and were
generously provided by Intel, Ireland. Deionized (DI) water
was used wherever necessary.

2.2. Substrate Cleaning/Activation. Substrates were cleaned
either by sonication in toluene or in a piranha solution. Prior
to cleaning, substrates were degreased by ultrasonication in
acetone and IPA solutions for 5min each, dried in flowing N

2

gas, and baked for 2min at 120∘C in an ambient atmosphere
to remove any residual IPA. Piranha activation was carried
out in a piranha solution (1 : 3 v/v 30% H

2

O
2

: H
2

SO
4

) (may
cause explosion in contact with organic material) at 90∘C for
60min, rinsed with DI water several times, acetone, ethanol,
and dried under N

2

flow. Piranha treatment removes any
organic contaminant and creates hydroxyl groups on the Si
substrates.

2.3. Polymer Brush Immobilization on Si Substrate. A HO-
PS-r-PMMA brush solution of 1.0 wt.% in toluene was spin-
coated (P6700 Series Spin-coater, Speciality Coating Systems,
Inc., USA) onto the piranha activated Si substrate at 3000 rpm
for 30 s and annealed in a vacuum oven (Townson & Mercer
EV018) at 170∘C for 6 h. Nonchemically bound polymer was
removed by sonication (Cole-Palmer 8891 sonicator) and
rinsing in toluene.

2.4. Thin Film Preparation and Solvent Annealing. PS-b-
PFS BCP was dissolved in toluene at room temperature
to yield a 1.0 wt.% polymer solution. PS-b-PFS thin films
were fabricated by spin coating typically at 3000 rpm and
a 30 s from a 1.0 wt.% toluene solution to give a film of
approximately 50 nm thick. The films were deposited on
clean substrates with a variety of surface chemistries. As-cast
films were solvent annealed in glass jars (150mL) under a
saturated solvent environment at room temperature (∼15∘C)
for different periods. Samples were removed from the glass
jars after the desired anneal time and allowed to evaporate
the trapped solvent at ambient conditions.

2.5. Characterization

Contact Angle. Static contact angles (𝜃
𝑎

) of DI water were
measured at ambient temperature using a Data Physics
Contact Angle (model: OCA15) goniometer. Contact angles
weremeasured on the opposite edges of at least five drops and
averaged. The values were reproducible to within 2∘.

FilmThickness. Film thickness was determined by ellipsome-
try (Plasmos SD2000 Ellipsometer) at a fixed incidence angle
of 70∘. An average of five readings collected from different
locations on a sample surface is reported.

Atomic Force Microscopy (AFM). Atomic force microscope
(DME 2452 DualScope Scanner DS AFM) was operated
in AC (tapping) mode under ambient conditions using
silicon microcantilever probe tips with a force constant of
60,000Nm−1 and a scanning force of 0.11 nN. Topographic
and phase images were recorded simultaneously.

3. Results and Discussion

3.1. Solvent Effects onMicrophase Separation. Previous inves-
tigations into PS-b-PFS thin films have focused on the use
of thermal annealing as a means of inducing microphase
separation in the film [16, 17]. Another approach used to
induce microphase separation in BCP thin films is to adopt a
solvent exposure technique [19–23] inwhich the polymer film
is exposed to a solvent saturated environment.This technique
produces ordered structures that achieve microphase separa-
tion via either a controlled solvent evaporation rate from the
film [24] or manipulation of surface energies [25]. The basis
of the solvent exposure process is the high residence time
of the solvent in the film, which provides adequate mobility
to allow the system to obtain the most thermodynamically
stable phase separated state [26].

A film that has undergone an optimizedmicrophase sepa-
rationwould formhexagonally close-packed (HCP) cylinders
with two possible orientations; perpendicular to the substrate
(exhibited by a HCP dot structure at the surface) and parallel
to substrate (exhibited by a line/fingerprint structure at the
surface). Figure 1 shows an as-cast film of PS-b-PFS on Si
substrate, which has not been annealed. This film exhibits
a random dispersion of PFS domains in the PS matrix,
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Figure 1: AFM topography (a) and phase (b) images of PS-b-PFS thin films on Si substrates prepared from 1.0 wt.% solution of the polymer
in toluene prior to any annealing.

with no clear pattern. This is due to the rapid formation of
nonequilibrium domains of PFS, which are formed in the
PS matrix during the spin casting process. During the spin
casting process there is sufficient solvent present in the film
to allow the PFSmicrodomains to begin to formwithin the PS
matrix.However, before the equilibrium state can be achieved
the solvent is evaporated, essentially freezing themorphology
in this nonequilibrium state. The corresponding FFT image,
inserted in Figure 1(a), displays a broad indistinct bright
ring confirming the lack of orientational alignment present.
The width/indistinctness of the ring indicates a disordered
arrangement with a range of pitch periods, indicating that
the randomPFS domains formed are of various sizes and that
there is a wide orientation distribution of the domains.

Choice of solvent is critical in optimizing the phase sepa-
ration of the PS-b-PFS thin films using the solvent annealing
technique, and the thin films on Si substrates were exposed to
wide variety of solvent atmospheres, six of which are shown
below in Figure 2. All structures observed are typical of a
morphology of cylinders orientated parallel, or perpendic-
ular, to the substrate surface. When exposed to a toluene
atmosphere for 3 h the film exhibits the structure shown in
Figure 2(a).There is a complete lack ofmicrophase separation
across the film. This is as a result of the very high mobility
that toluene provides both PS and PFS, allowing the blocks to
move beyond microphase separation into macrostructures,
for example, as two layer domains. The corresponding FFT,
inserted in Figure 2(a), has no structure, confirming that
there is no periodicity between the dark and light regions of
the AFM image. Exposure to an acetone atmosphere results
in increased ordering and length of the PFS, as they begin to
achieve the equilibrium structure resulting in the beginnings
of a stripe pattern, Figure 2(b). The FFT image, inserted in
Figure 2(b), displays a complete ring where the width of the
bright line ismuchnarrower comparedwith the ring obtained

for film that was analyzed as-cast, Figure 1, suggesting that
the cylinder spacing is becoming more regular. The presence
of a complete ring is due to the wide orientation distribution
of the domains. When exposed to an atmosphere of hexane,
Figure 2(c), there is no improvement in the microphase
separation in the film from that observed in an as-cast film.
The FFT, inserted Figure 2(c), is also similar to that of the
as-cast film, with a broad, indistinct ring. With heptane,
Figure 2(d), there is only someminor impovement over an as-
cast film in the ordering and length of the PFS domains. This
is confirmed by the FFT, inserted in Figure 2(d), which shows
amuchwell defined ring, suggesting that the cylinder spacing
is becoming more regular. Upon exposure to a cyclohexane
environment, the film’s morphology has changed, with the
majority of PFS cylinders now orienting perpendicular to the
substrate instead of parallel, Figure 2(e). The FFT, inserted in
Figure 2(e), shows a complete ring, confirming that there is
little or no long range hexagonal ordering in the dot pattern,
as this would appear on an FFT as 6 distinct dots. However,
the ring is well defined, indicating that cylinder spacing
is quite uniform. Exposing the film to a THF atmosphere
yielded the best results, as can be seen in Figure 2(f). The
disordered domains of the as-cast film have developed into a
“fingerprint” pattern of PFS cylinders in a PS matrix parallel
to the surface.Thedevelopment of this “fingerprint” pattern is
the result of the reduction in the number of grain boundaries,
as larger grains are formed, further reducing the overall
energy of the system. Rather than isolated grains shrinking,
this process involves the collapse of smaller grains into
the grain boundaries of larger grains [27]. The FFT image,
inserted in Figure 2(f), displays two arcs, which are mirror
images of each other and equidistant from the center point.
As a ring pattern is no longer present and only arcs remain
indicate that the orientation distribution of the domains has
decreased, consistent with the observed decrease in grain
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Figure 2: AFM topography images of PS-b-PFS thin films on Si substrates prepared from 1.0 wt.% solution of the polymer in toluene after
3 h exposure to (a) toluene, (b) acetone, (c) hexane, (d) heptane, (e) cyclohexane, and (f) THF atmospheres at room temperature.
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Table 1: Hildebrand solubility parameter (𝛿
𝐻

) of solvents.

Solvent (𝛿
𝐻

)/MPa1/2

Acetone 19.7
Cyclohexane 16.8
n-Heptane 15.3
n-Hexane 14.9
PFS 18.7
PS 18.0
THF 18.5
Toluene 18.3

boundaries. That the 2nd harmonic is visible on the FFT
further confirms the high level of ordering and uniformity
of the feature size.

The last two experiments, cyclohexane and THF solvent
anneal, show different results thanmight have been expected.
The structure of a PS-b-PFS film, with a PFS volume fraction
(𝑓PFS) of 0.33, is expected to be a hexagonal arrangement
of PFS cylinders in a PS matrix. A stripe or dot pattern
is formed depending on whether the PFS cylinders are
orientated parallel or perpendicular to the substrate, respec-
tively. Current theories relating polymer morphology to the
Hildebrand solubility parameters (𝛿

𝐻

) of the solvent during
solvent anneals do not provide a sufficient explanation of
the structures observed [28, 29]. Indeed, the formation of a
parallel orientation of the PFS (18.7MPa1/2) cylinders should
be expected for cyclohexane as the Hildebrand solubility
parameter of the cyclohexane vapour (16.8MPa1/2) is closer
to that of PS (18MPa1/2) and we would expect a structure that
minimizes the exposure of PFS at the polymer/air interface.
In the case of THF (18.5MPa1/2) which has a Hildebrand
solubility parameter between PS and PFS, the anticipated
result would be perpendicular orientation of PFS, to maxi-
mize the exposure of both PS and PFS at the surface. As can
be seen from Figures 2(e) and 2(f), this is not the case; the
cyclohexane is exhibiting a perpendicular orientation, while
the THF exhibits a parallel orientation. For convenience, the
Hildebrand solubility parameter of the solvents used in the
study along with PS and PFS is listed in Table 1. We suggest
that in this system, with the very similar surface energies of
the two constituent polymer blocks (∼40mN/m) [30], that
instead of the usual structure of vertically aligned cylindrical-
forming films, where only the majority block is present at
the film/air interface, Scheme 1(a), that PS-b-PFS forms a
structure where the PFS cylinders are exposed at the surface,
Scheme 1(b). If the cylinders are exposed at the surface, then
a vertical alignment would be minimizing PFS exposure
(in agreement with cyclohexane result), while a horizontal
alignment would be close to a 50/50 exposure of both blocks
(in agreement with the THF result).

3.2. Anneal Time Effects on Microphase Separation. Another
important factor in the optimization of microphase separa-
tion is the time that the film is exposed to the annealing
conditions, in this case the solvent atmosphere. Exposure
time can affect the microphase separation of a film in several

PS
PFS

Silicon substrate

PS

PFS

Silicon substrate

(a)

(b)

Scheme 1: Schematics of the possible structures of PS-b-PFS thin
films on a substrate, (a) PFS cylinders contained within the PS
matrix, and (b) PFS cylinders exposed at the surface.

ways, for example, allowing enough time for the solvent
vapour to become saturated in the sealed environment and/or
to allow a suitable period for mass transport to occur. A
simple example of this can be seen with as-cast films of
PS-b-PFS. As mentioned previously, an as-cast film exhibits
a random dispersion of PFS domains in the PS matrix,
with no obvious highly ordered alignment; see Figure 1. This
probably occurs because during the spin casting process
there is sufficient solvent present to facilitate limited mass
transport. However, before the equilibrium state can be
achieved the solvent is evaporated, freezing the morphology
in this nonequilibrium state. This is a clear demonstration of
the importance of the residency time of the solvent vapour
within the film.

When exposed to a THF atmosphere for 15min the film
on Si substrate exhibits the structure shown in Figure 3(a).
The film displays no significant increase in the ordering of
the PFS cylinders within the PS matrix over the as-cast film,
Figure 1. The FFT, inserted in Figure 3(a), is also similar to
that of the as-cast film, with a broad, indistinct ring, confirm-
ing the lack of lateral order present in the film.We suggest that
this lack of ordering in the microphase separation of the film
is most likely due to the short annealing time, which prevents
the THF vapour from achieving sufficient concentration
within the film to alter block mobility or the residency time
of the THF within the film is too short to achieve a sufficient
mass transport that would increase the level of ordering
over that of as-cast film. With the lengthening of the time
period to 30min, there is a significant increase in the size
and ordering of the PFS domains, as the film moves through
an intermediate structure towards equilibrium, Figure 3(b).
While the majority of the PFS domains have the expected
parallel orientation, some domains perpendicular to the
substrate can be identified on the AFM image. The fact that
the domains are sufficiently mobile to be able to reorientate
from parallel to perpendicular is a clear indication that there
is adequate solvent within the film after 30min. There are,
however, a high number of energetically unfavourable grain
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Figure 3: AFM topography images of PS-b-PFS thin films on Si substrates prepared from 1.0 wt.% solution of the polymer in toluene after
exposure to a THF for (a) 15min, (b) 30min, (c) 45min, and (d) 1 h at room temperature.

boundaries present. Within each grain the PFS cylinders
are parallel to one another; however, due to the mismatch
of hexagonal lattice of the cylinders grain boundaries are
formed [28].The high number of “grains” present is evidence
of a random nucleation mechanism of cylinder formation,
where a large number of nucleation sites occur randomly
throughout the system. The corresponding FFT, inserted in
Figure 3(b), shows a better defined ring structure indicating
a more regular domain size, along with the presence of the
2nd and 3rd harmonic confirming the increased ordering of
the film.

After 45min solvent exposure, there is a further improve-
ment in the ordering of the PFS domains, Figure 3(c). The
increase in ordering is the result of the reduction in the
number of grain boundaries as larger grains are formed,
further reducing the overall energy of the system. This

process involves the collapse of smaller grains into the grain
boundaries of larger grains [31]. There are still a few isolated
perpendicular domains that indicate that the film is still
in transition to the equilibrium structure. At 1 h, all of the
submicron grains have collapsed into the larger ones and
ordering now extends into the 2 to 5 𝜇m range. The FFT
image, inserted in Figure 3(d), displays two arcs, which are
mirror images of each other and equidistant from the center
point. As a ring pattern is no longer present and only arcs
remain, this indicates that the orientation distribution of the
domains has decreased, consistentwith the observed decrease
in grain boundaries. The arcs also have a very narrow band
confirming a highly regular domain size distribution. Further
annealing does not result in a noticeable improvement in the
overall order of the system and instead leads to an increase in
the amount of dewetting the film undergoes on the substrate.
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Table 2: Static water contact angle within experimental error (±2) for PS, PFS, and substrates with various chemistries.

Surface type PS/Si PFS/Si Si Si3N4 SiO
𝑥

N
𝑦

Ge W Graphene
Contact angle, ∘ 112.0 109.5 32.0 46.6 46.3 91.4 67.3 86.0

For the reasons stated, solvent annealing of PS-b-PFS thin
films at room temperature for 1 h is determined to be the
optimum annealing conditions.

3.3. Structural Stability during Microphase Separation.
Another important consideration in the optimization of
a BCP system is the interfacial interaction between the
polymer and the substrate [14, 21, 26, 32, 33]. Extensive
research has shown that the interactions of the BCP with
the substrate can have a significant effect on the microphase
separation of the system and can also lead to complex
morphologies on the micron scale [34]. BCP systems which
have achieved mobility, either through solvent or thermal
annealing to effect microphase separation, will display
changes in the film structure that occur to minimise surface
energies andmaximise bonding interactions with the surface.
These interactions between the BCP and the substrate are
predominately observed in a number of ways; preferential
wetting layers by segregation of the preferred block to the
substrate or surface; irregular films caused by dewetting of
the film and orientational effects and stability of microphase
separated patterns.

These types of effects are illustrated in the schematics
of Scheme 2 (assuming that the system is lamellar and that
substrate surface effects are dominant and surface interface
effects can be ignored for simplicity). In Schemes 2(a) and
2(b) two different orientations of the same structure can be
seen. In Scheme 2(a) a vertical orientation of the lamellae
occurs if both blocks are equally favoured at the substrate
surface, whilst in Scheme 2(b) a horizontal orientation occurs
as of one blocks is preferentially favoured. This also holds
true for a hexagonal cylinder structure, a substrate surface
that interacts equally with both blocks will favour vertical
orientation of cylinders with respect to the surface, whilst
favourable interactions of one block with the surface and
substrate interfaces can lead to the formation of wetting
layers which will tend to favour a horizontal orientation to
the surface. In general, the block that has the lowest surface
energy will reside at the surface. Interactions of the BCP
with the substrate can also lead to complex morphologies
on the micron scale. If a surface is hydrophobic and both
blocks in a BCP are sufficiently hydrophilic there will be a
tendency to form droplets rather than commensurate films
as illustrated in Scheme 2(c) where hemispheres of phase
separated polymers are formed [35].

With the importance of substrate chemistry in effecting
the morphology of a BCP thin film, investigations into the
effect of various substrates on the microphase separation
of PS-b-PFS thin films were undertaken. Contact angle
measurements of PS and PFS homopolymers and substrates
of differing surface chemistry were undertaken and the
results are compiled in Table 2. Contact angle measure-
ments from these systems can serve as an indicator of

PS

PFS

Silicon substrate

Silicon substrate

PS

PFS

Silicon substrate

PF
S

PF
S

PSPS

(a)

(b)

(c)

Scheme 2: Schematic of the effect the polymer/substrate interaction
can have on filmmorphology: (a) both blocks have an affinity for the
surface, (b) one block preferentially wets the surface, and (c) both
blocks are repulsed by the surface.

the hydrophobicity/hydrophilicity of the substrate.The lower
the angle the more hydrophilic the surface (e.g., Si), while the
higher the angle the more hydrophobic (e.g., Ge). In a simple
case of “like to like,” a hydrophobic block will preferentially
wet a hydrophobic substrate, while a hydrophilic block will
preferentially wet a hydrophilic substrate. But as can be seen
from Table 1, PS and PFS are almost identically hydrophobic
(112∘ and 109∘, resp.). With two blocks with such similar
surface energies it is unlikely that a change in the substrate
chemistry would have a significant effect on their microphase
separation.

This is confirmed by the results shown in Figure 4.
As can be seen from the images, substrates with varying
hydrophobicity/hydrophlicity have no significant effect on
the formation of the expected “fingerprint” structure across
the substrates.The same level of ordering and feature size that
was present on the most hydrophilic of the substrates, Si, is
also present on the most hydrophobic graphene, Figure 4(d).
These results confirm that the similarities in surface energy
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Figure 4: AFM topography images of PS-b-PFS thin films after exposure to THF for 1 h at room temperature prepared from a 1.0 wt.% solution
of the polymer on substrates of (a) Si

3

N
4

, (b) SiOxNy (c) Ge, (d) W, (e) polymer brush modified Si, and (f) graphene.
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of PS and PFS mean that there is little or no substrate effect
on the microphase separation of PS-b-PFS.

4. Conclusions

Microphase separation, resulting in the formation of highly
ordered nanostructures, can be readily achieved in PS-b-PFS
BCP thin films via solvent annealing. During this process
solvent is incorporated into the polymer film providing
mobility to the polymer chains effectively lowering the glass
transition temperature of the system. Solvent annealing in
THF results in ordered structures of PFS cylinders orientated
parallel to the substrate in the PS matrix, while a cyclo-
hexane environment resulted in a perpendicular orientation.
Given current theories regarding the connection between the
Hildebrand solubility parameters (𝛿

𝐻

) of the solvent and the
polymer blocks and the structural orientation of a film, these
results lead to the proposal of new structure for cylindrical
PS-b-PFS thin films, where the PFS cylinders are exposed
above the PSmatrix.With both PS and PFS exhibiting similar
surface energies, the chemistry of the substrate at the film
interface has little to no effect on the system. This gives PS-
b-PFS thin films a very high level of structural stability across
a wide variety of substrate chemistries.
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