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Ultrafine, uniform nanostructures with excellent functionalities can be formed by self-assembly of block
copolymer (BCP) thin films. However, extension of their geometric variability is not straightforward due to
their limited thin film morphologies. Here, we report that unusual and spontaneous positioning between
host and guest BCP microdomains, even in the absence of H-bond linkages, can create hybridized
morphologies that cannot be formed from a neat BCP. Our self-consistent field theory (SCFT) simulation
results theoretically support that the precise registration of a spherical BCP microdomain (guest, B-b-C) at
the center of a perforated lamellar BCP nanostructure (host, A-b-B) can energetically stabilize the blended
morphology. As an exemplary application of the hybrid nanotemplate, a nanoring-type Ge,Sb,Tes (GST)
phase-change memory device with an extremely low switching current is demonstrated. These results
suggest the possibility of a new pathway to construct more diverse and complex nanostructures using
controlled blending of various BCPs.

or the last several decades, self-assembled block copolymer (BCP) thin films have been extensively studied

for applications involving the generation of functional nanostructures' *. Moreover, excellent pattern reso-

lution (5 - 20 nm), cost-effectiveness, and scalability of directed self-assembly (DSA) based on BCPs suggest
that this is a practical method to complement optical lithography®*. However, extension of the available suite of
geometries has been one of the critical challenges in the applications of those functional nanostructures because
pure diblock copolymer (di-BCP) thin films present restricted sets of self-assembled morphologies such as
spheres, cylinders, gyroids and lamellae'*. Various innovative approaches have recently been suggested as poten-
tial solutions. For example, non-regular patterns with a wide range of geometric variability were demonstrated
using 2-dimensional (2D) dense guiding templates based on electron beam lithography**'. Novel thin film
microdomain structures formed by A-B-C triblock copolymers have also been explored®***. In addition, BCP
double patterning can lead to the formation of hierarchical nanostructures™.

The blending of BCPs has also been widely investigated due to the advantages of simplicity and far more
extensive geometric ranges. A rich phase behavior with interesting bulk morphologies was already reported by
previous studies®®'. The governing parameters such as blend composition, volume fraction and molecular
weight of each polymer component, and the Flory-Huggins segmental interaction parameter () have also been
extensively studied*>*”*. However, the frequent occurrence of macroscopic phase-separation between two di-
BCPs often makes it difficult to achieve new and morphologically uniform nanostructures. One general criterion
based on the minimization of interfacial energy to ensure uniform microphase separation in blends of A-B and A-
C BCPs is that the y between the B and C () blocks must be smaller than that between A and B (%*®) and
between A and C ("), respectively>>****. In addition to considerations related to ¥, the other key parameters
mentioned above also need to be precisely optimized in order to prevent macrophase-separation between
constituent BCPs. These strict requirements result in a very narrow process window for the formation of uniform
microphase-separated morphologies at the nanoscale®.

In this article, we show how to effectively promote the formation of novel, uniformly microphase-separated
thin film morphologies from A-B/B-C BCP blends via host-guest self-assembly mechanism. For example, a
hexagonally perforated lamellar (HPL) microdomain (host) formed by an A-B BCP can spontaneously accom-
modate spherical morphology (guest) made from a B-C BCP, generating ring-shaped nanotemplates. The
minimization of free energy by the position-specific incorporation of spherical nano-spheres at the center of
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the perforations in the HPL structure is theoretically supported by
self-consistent field theory (SCFT). Furthermore, we show the
formation of a ring-type hollow Ge,Sb,Tes (GST) phase-change
memory device with an extremely low switching current using the
blended morphology as a practical nanotemplate.

Results

Figure 1 schematically conceptualizes an example of such hybrid
nanostructures: hexagonally perforated lamellae (HPL) of one di-
BCP (A-b-B) combined with the spherical microdomains of another
di-BCP (B-b-C). The compositional choice was designed for the
fabrication of nanoscale ring geometries, and the complex nano-
structures can be realized by selectively removing the B polymer
and reversing the remaining features comprised of the A and C
blocks. It should be noted that such complex nanostructures cannot
be prepared from a single di-BCP'>*>*. In order to fabricate the
designed nanostructures, we chose poly(dimethylsiloxane-b-styr-
ene) (PDMS-b-PS) and poly(styrene-b-ferrocenyldimethylsilane)

(PS-b-PFS) di-BCPs, where the pure organic PS (block B) are readily
selectively removed and the inorganic-containing PDMS (block A)
and PFS (block C) can be oxidized to form robust inorganic nano-
structures that can subsequently serve as a high-resolution etch mask
as well as a removable template for the formation of functional
nanostructures.

As we demonstrated in our previous study’***, an unusual degree
of geometrical tunability of BCP patterns can be achieved through an
annealing treatment with mixed vapors composed of preferentially
swelling solvent molecules. For PDMS-b-PS (DS45), with a molecu-

lar weight of 45.5 kg/mol and a minority volume fraction of flfg;ws =
33.7% in the dry state, the sample morphologies showed significant
variation depending on the ratio between heptane and toluene used
for the solvent-annealing of the BCP, because heptane preferentially
swells the PDMS block. Morphological transitions are due to select-
ive swelling of PDMS by heptane and a consequent increase in its

effective volume fraction of PDMS (f}ngs) during solvent anneal-
ing*. After the completion of the solvent vapor treatment, the rapid
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Figure 1 | Host-guest self-assembly of blended BCPs. The chemical structures of the PDMS-5-PS and PS-5-PFS diblock copolymers (di-BCPs) used for
the self-assembly is shown. The schematics of the as-spun and self-assembled morphologies of the blended BCPs are also presented. A mixed solvent vapor
of heptane and toluene induces the formation of a perforated lamellar morphology of PDMS-b-PS that can precisely accommodate the spherical
morphology of PS-b-PFS because heptane is selectively segregated in the PDMS blocks, whereas toluene swells PS and PES blocks more preferentially. An
inorganic dots-in-holes nanostructure is produced by oxidation of the hierarchically assembled BCP microdomains. Plasma oxidation selectively
removes the PS, while oxidizing PDMS and PFS into stable inorganic materials. The array of metallic nanorings can be obtained from pattern-reversal of

the dots-in-holes nanostructure.
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removal of solvent molecules from the BCP samples quenches in-
plane morphologies*, due to predominant out-of-plane shrinkage of
the film thickness and due to the rise of the effective glass transition
temperature (Tg) of the matrix PS block above room temperature. All
the solvent vapor treatments in this study were performed at 85°C for
accelerated self-assembly*”. The morphologies were observed using
electron microscopy after subjecting the BCP samples to a two-step
sequential CF, plasma and oxygen plasma treatment process to
remove the thin PDMS top layer and PS matrix, respectively®. As
shown in Figure 2a, the pure PDMS-b-PS BCP presented cylindrical
and HPL morphologies when treated with vapors of pure toluene and
a 1:1 mixture of heptane and toluene, respectively. In the HPL (or
lamellar catenoid structure)®, the minority block (PDMS) forms a
lamellar sheet with well-aligned PS perforations having overall six-
fold symmetry. Uniform thru-pores were generated by the removal
of the PS domains, as can be seen in the SEM image (Figure 2a, top-
middle). The average pore diameter and center-to-center distance
were 36 and 58 nm, respectively. In contrast, the morphologies of
PS-b-PES (SF35), with a molecular weight of 35 kg/mol and a minor-

ity volume fraction of fgps = 11.5%, did not present any noticeable
change by varying the fraction of heptane in the treatment vapor, as

d
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Blend of

shown in Figure 2a (bottom). This can be attributed to the small
difference in the solubility parameters between PS and PFS***', which
may induce almost symmetric swelling for the two constituent
blocks, thereby preserving the morphology regardless of the treat-
ment conditions. These results on the respective di-BCPs suggest that

the effective volume fraction of PDMS (fﬁg;ws) can be selectively
tunable in the blends of PDMS-b-PS and PS-b-PFS via the controlled
incorporation of a preferential solvent (heptane).

As expected, simple mixtures of DS45 and SF35 treated with pure
toluene vapor did not present uniformly assembled morphologies in
any composition ranges. Based on the solubility parameters of PS (&
= 18.5), PDMS (8 = 15.5), and PFS (8 = 18.6)**!, the relation
YFOMSIPES = o PDMSIPS s, o PSIPES jg obtained, and thus spatially nonuni-
form microphase separation occurs due to the strong incompatibility
between the two BCPs. Indeed, all the blend samples with a relative
mixing ratio of Vpgys: Vspass = 1:1to 3: 1 showed local regions with
cylindrical PDMS domains in PS and other regions of spherical PFS
domains in PS (as presented in Figure S1), confirming the macro-
phase separation prediction based on  parameters. As opposed to
the PDMS cylindrical morphology shown in Figure 2a, in the 1:1
blend (Figure S1), the PDMS forms spherical microdomains because

vHep/VTol =1 VHep/vToI =3

Figure 2 | Self-assembled morphologies of pure BCPs and blended BCPs treated by various mixed solvent vapors. (a) Morphologies of single-
component PDMS-b-PS (DS45) and PS-b-PFS (SF35) in response to different solvent vapors. Cylindrical (top-left), hexagonally perforated lamellar (top-
center), and lamellar (top-right) morphologies were obtained from the same PDMS-b-PS BCP by changing the volume ratio of heptane (Vi) and
toluene (Vo). PS-b-PFS maintained the same spherical morphology (bottom) for the different solvent vapor treatment conditions. (b) Morphological
variation of the BCP blends (PDMS-b-PS and PS-b-PFS) treated by mixed solvent vapors. The BCP blending ratio (Vps4s/Vsrss) was fixed at 2.5. Uniform
host-guest assembly between the two BCPs were achieved at Vijep/Vyor = 1.2.
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of the overall decrease of f;ngS in the blend. As the fraction of DS45
in the blends increases, PDMS microdomains gradually transformed
into short cylinders (Figure S1). However, well-ordered microphase-
separated morphologies were not obtained for any blending ratio
when treated with pure toluene vapor. In addition, thermal annealing
also did not induce an ordered morphology of the blend, as shown in
Figure S2.

We now demonstrate how mediation by mixed solvent vapors can
lead to a new uniform microdomain pattern formed by the host-
guest self-assembly of the nominally highly incompatible pair of
BCPs. Figure 2b shows how the morphology depends on the volu-
metric mixture ratio of heptane and toluene (Vyep/Vior) in the mixed
solvent vapors, while the volume ratio of DS45 and SF35 BCPs was

fixed at 2.5. With a small amount of heptane added to increase fﬁg MS
in the blend, the PDMS cylinders formed a partial network structure
(Figure 2b, Vi,¢p/ Vg = 0.33), similar to the mixed morphology of
cylinders and perforated lamellae. The expansion of the PDMS block
by heptane is supported by a gradual increase of the PDMS area
fraction and a decrease of average area per PS perforation with
increasing Viep/ Vol as shown in Figure 4b. When Vye,/Viq ~ 0.5,
the PDMS network structures became more connected and continu-
ous, and multiple PFS dots were isolated as a group inside the net-
work. Further increase of the heptane fraction resulted in more
circular and regular perforations with reduced average diameters,
although the variation in the shape and size of the perforations
resulted in a variation in the number of PFS spheres per pore.

d

However, further tuning of Vy,/Vio to approximately 1.2 induced
the formation of uniform PS perforations. With the optimized vapor
treatment conditions, one-to-one matched host-guest assembly
between a PS perforation and a PFS sphere was obtained with max-
imized pore number density, as presented in Figure 2b (bottom-left),
Figure 3a, and Figure 4a. Atomic force microscopy (AFM) and trans-
mission electron microscopy (TEM) images in Figures 3b-3d show the
well-defined morphology of the binary BCP blend. Elemental mapping
of Fe (Figure 3d, center) and O (Figure 3d, right) confirm that the inner
domains are the PFS block. Additional TEM analysis and elemental
mapping results are provided in Figures S3 and S4. At the optimized
processing conditions, small pores without a central PFS domain were
detected at a small fraction (< 4%). Most of the empty pores, with five
neighboring pores, were observed at a tilt grain boundary where two
pore lattices meet, as shown in Figure S5. This phenomenon is similar
to the formation of considerably smaller central cylinders in the case of
a pentagonal arrangement compared to a hexagonal arrangement in a
cylinder-forming BCP*. This suggests that the spatial constraint
imposed on such pores with five neighboring pores may suppress
the inclusion of spherical microdomains inside the pores. The removal
of the grain boundary and the achievement of long-range ordering
using guiding templates are thus expected to eliminate the defects.

It should also be noted that there was a significant increase of pore
size and pore-to-pore distance by the incorporation of the spherical
PFS microdomains in the PS perforations. The average pore diameter
and periodicity with V},,/Viq ~ 1.2 were 65 nm and 82 nm, which

Figure 3 | SEM and TEM images of the host-guest self-assembly nanostructures. (a) A lower-magnification SEM image of the optimized hierarchical
morphology. (b) AFM image. (c) — (d) cross-sectional (c) and top-down (d, left) TEM images. EDS elemental mapping results for Fe (d, center) and O (d,
right). (d, center) The elemental map is overlapped with a dark field TEM image.
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Figure 4 | Quantitative measurement data of the BCP blends. Graphs for the number of dots per pore (a, top) and pore density (a, bottom) and (b) pore
area fraction and area per pore at various Viye,/Vror ratios. (c) Optimized ratios of Viyep/Viror and for diverse Vipgys/Visss ratios and (d) corresponding

pore diameters.

are 81% and 41% larger, respectively, than the pores of the pure DS45
BCP. The further increase of heptane fraction (Viep/Vior ~ 2 - 3) led
to the irregular morphologies as shown in Figure 2b (bottom-center
and bottom-right). The mixing of a low molecular weight PDMS
homopolymer, as presented in Figure S6, also resulted in a similar
transformation, despite relatively poor uniformity that likely stems
from the less uniform distribution of the homopolymer in the BCP
blends compared to the solvent (heptane) molecules. This under-
scores the critical role of heptane in the highly extensive and effective

manipulation of f}ngs and the morphological tunability.

The effects of the mixing ratio of DS45 to SF35 BCP while fixing
Viep/ Vil at 1.2 were investigated and are shown in Figure S7. The
variations of both Vpgys/Vspss and Vye,/Vior resulted in similar
trends in morphological change, number of PFS dots per pore, pore
number density, PDMS area fraction, and area per pore because both

Vpsss and Vi, are correlated with f;ng in the blends. The best one-
to-one matching between the pores and the dots was obtained at
Vpsas/Vsess ~ 2.5 for Viep/Vig = 1.2. However, it should be empha-
sized that the blend mixing composition for uniform formation of
the blend morphology is not narrow. Figure 4c and Figure S8 show
that Vip/ Vol can be optimized for different mixing ratios of BCPs
(Vpsas/Vsgss) in a range from 2.0 to 5.0. A clear correlation between
the optimum Vye,/Vior and given Vpgys/Vspss was obtained. The
BCP mixture containing less DS45 required more heptane to achieve
uniform microphase separation of the blends. The pore size was
observed to be independent of the change of Vps4s/Vsrss, as shown
in Figure 4d.

A similar host-guest approach can be taken with blends of PDMS-
b-PS and poly(styrene-b-methylmethacrylate) (PS-b-PMMA) for
the formation of ring-in-pore structures, as shown in Figure S9. By
the selective removal of both the pure organic blocks (PS and

PMMA) from the assembled structure, relatively large pores with
an average diameter of 56 nm (which is 56% larger compared to that
of the simple HPL structure made from a neat PDMS-b-PS) were
formed. Figure S10 shows that the blend composed of poly(2-vinyl-
pyridine-b-styrene) (P2VP-b-PS) and PS-b-PFS can form a metallic
(Pt) nano-network structure embedded with oxidized PFS dots after
the selective incorporation of Pt in the P2VP block and plasma
oxidation. These examples demonstrate the promising versatility of
host-guest approach for various other BCP combinations.

The transformation from the as-cast disordered morphology with
separate PDMS and PFS microdomains to an ordered structure
clearly occurred with solvent treatment time as shown in Figure 5.
The decreased average area per pore and the increased PDMS area

fraction during the initial 5 minutes (Figure 5¢) suggest that f;ng
rises with treatment time. At the very early stage of treatment (1 —
5 sec), the PDMS microdomains merged to form networked struc-
tures. With further increase of the treatment time, the number of PES
spheres per pore decreased due to the separation of larger pores into
smaller ones (Figure 5a and Figure 5b). The average pore size and
number of PFS spheres per pore reached plateaus within 5 minutes of
treatment. The spontaneous subdivision of PS perforations and the
invariability of the pore size irrespective of the Vpgys/Vspss ratio
(Figure 4d) for the optimized V}e,/ Vo imply that the nanostructure
is a thermodynamically stable morphology in the solvent annealed
state. These results also exclude the possibility that the ordered struc-
ture is formed by the accidental trapping of SF35 BCP chains in the
PS perforations of DS45.

SCFT simulations were utilized to investigate the spontaneous
formation of the hybrid nanostructure. We designed our host-guest
system by performing simulations of a HPL phase (PDMS-b-PS) and
a nano-sphere with a PS shell, which effectively mimics the spherical
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nature of the PS-b-PFS corona. The unit cell of the hierarchically
assembled structure obtained by the simulations was consistent with
the cross-sectional TEM image of the sample before plasma oxida-
tion, as seen in Figures 6a and 6b. Previous hybrid-SCFT simulations,
employed to study the effects of complex geometries on BCP systems
containing defects and nano-spheres [Kim, Y., Chen, H. &
Alexander-Katz, A. Unpublished data], revealed that the system is
stabilized when a nano-sphere is positioned at a defect center by
minimizing the chain stretching of the host BCP. Figure 6¢ shows
the free energy of the perforated lamellar phase of the PDMS-b-PS
BCP as a function of the nano-sphere size and the position along the
z-axis. For smaller nano-spheres (radius < 0.2 L), the free energy
minimization is achieved when the spheres are located at the junc-
tions (Z ~ = 0.2 L) of the PS-lamellar plane and PS-perforation.
However, when the radii of the nano-spheres are increased above
0.2 Ly, the nano-spheres eventually stabilize the system at the center
of the PS-perforations (Z = 0) because larger nano-spheres can
reduce PS chain stretching simultaneously at the upper and lower
junctions, resulting in the minimum free energy at Z = 0, as shown in

a

Figure 6c. The estimated radius of the PS-b-PFS nano-sphere of the
SE35 BCP in the experiment is 0.216 L, (~17.7 nm), which is con-
sistent with the size that stabilizes the BCP blend system at Z = 0 in
the SCFT calculation.

Figure 7a provides a set of the nanoscale geometries that can be
obtained through the binary assembly and pattern transfer processes.
Structures of dots-in-pores, nanorings, rings-in-pores, and dots-in-
honeycomb are demonstrated in Figure 7a with corresponding SEM
images. The assembly of these nanostructures can be guided by topo-
graphic templates, which control the position and orientation of the
microdomain lattice, as presented in Figure 7b. These patterns can
also be exploited as useful templates for making functional nano-
structures. As an example, Ge,Sb,Tes (GST) nanorings were fabri-
cated by forming self-assembled structures on GST films (Figure 7c)
followed by the use of a Damascene-like pattern reversal process,
which was described in detail in Figure S12 and our previous
report®. Figure 7d and 7e illustrate a phase-change memory
(PCM) cell array with a Pt/GST/TiN nanoring stacking structure
with outer and inner diameters of 45 nm and 20 nm, respectively.
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Figure 5 | Time evolution of the self-assembled morphology. (a) SEM images of samples treated for various annealing times. Due to the use of
solvothermal treatment at 85°C, the morphological transition occurred rapidly. (b) Schematic representation of morphological development, showing
that the PS pores containing multiple PFS dots are spontaneously split into one-to-one matched microdomain structures. (c) Average pore-area (blue)

and PDMS area fraction (red) as a function of annealing time.
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location of nano-sphere at the center. (d) The illustration of periodic configurations achieving the minimum free energy.

For measurement of the current-voltage (I-V) characteristics, a
conductive atomic force microscope (C-AFM) tip with a radius
of 30 nm was used. The results show a clear switching behavior
from a high-resistance (amorphous) to a low-resistance (crystal-
line) state at a threshold voltage of about 3.0 V with a sufficient
sensing window (>10° at a read voltage of 2.5 V) (Figure 7f). It is
noteworthy that these nanoscale GST rings have a very low
switching current of approximately 2 pA, which is close to the
lowest programming current ever reported for nanostructures*.
This is attributed to the hollow nature combined with the small
dimension of the GST nanorings, which significantly shrinks their
switching volumes. The nanoring geometry can also be used for
the fabrication of multi-bit-storage magnetic memory elements*>*¢
without relying on high-resolution templates. Moreover, the sub-
oxide nanostructures directly prepared from inorganic-containing
BCPs without employing pattern-transfer processes can be applied
to high-density resistive memory applications, as we reported
previously””. This simple demonstration shows the promise of
binary BCP blend nanostructures as useful lithographic templates
for the fabrication of ordered functional nanostructures.

Discussion

The uniform assembly of highly incompatible A-B/B-C di-BCP
blends was shown to form useful hybrid nanotemplates by precisely
tuning the volume fractions of constituent polymer blocks for con-
trolled insertion of a guest BCP microdomain into a host BCP
nanostructure. Our SCFT simulations as well as the experimentally
observed morphological evolution of the BCP blends suggest that the
position-specific incorporation of the guest microdomain energet-
ically stabilizes the host BCP nanostructure. This methodology is
significant in that uniform microphase separation between two
BCPs was obtained and it may allow the generation of diverse and
complex self-assembly architectures. The host-guest self-assembly
combined with pattern reversal enabled the formation of unusual
ring-shape nanostructures including hollow phase-change memory
nanostructures.

Furthermore, we anticipate the realization of other combinatorial
morphologies such as nanoscale line patterns with regularly chan-
ging widths or alternatingly occurring dots and line patterns through
the one-step binary assembly of various BCPs precisely manipulated
by controlled solvent vapor treatment. This will extend the geometry
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PCM cell arrays (Pt/GST/TiN/TiW). (f) I-V characteristics of the nanoring PCM structure using C-AFM, showing clear phase-change switching with a

very low switching current.

of self-assembled nanostructures. Using the principles revealed
through this study, the insertion of inorganic nanoparticles functio-
nalized with proper surfactant molecules at the specific positions of
BCP nanostructures can also be suggested as a route to obtain diverse
and controlled nanostructures.

Methods

Binary self-assembly of block copolymers. Si substrates were functionalized with a
polystyrene (PS) brush by spin-coating 2.5 wt% of a hydroxy-terminated

homopolymer (PS-OH, MW = 22 kg/mol). The specimens were then annealed at
150°C for 2 hours in a vacuum oven and washed in toluene to remove remaining
homopolymers. All of the BCPs and end-functionalized homopolymers (PDMS-b-
PS, PS-b-PFS, and PS-OH were purchased from Polymer Source, Inc. Both PDMS-b-
PS (MW = 45.5 kg/mol, fepms = 33.7%) and PS-b-PFS (MW = 35 kg/mol, fprs =
11.5%) BCPs were dissolved at 1.2 wt% in toluene. The two BCP solutions were then
mixed at various ratios. The blended BCP solutions were spin-coated onto the PS
brush-coated Si substrates and annealed at 85°C for 30 minutes under a mixed vapor
of heptane and toluene, which are preferential for PDMS and PS, respectively. The
annealed samples were treated with CF, plasma (20 sec at 50 W) followed by O,
plasma (30 sec at 60 W) using a reactive ion etching (RIE) system, resulting in
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complete removal of PS, oxidized PDMS and PFS nanostructures. Cross-sectional
and top-view TEM samples were prepared by mechanical polishing followed by ion
milling with Ar ions. TEM studies were performed using a JEOL JEM-ARM200F
microscope with energy dispersive X-ray spectroscopy (EDS) operated at 200 kV.

Fabrication of phase-change nanostructures and measurements. Si wafers with a
thermally-grown SiO, layer (200 nm) were used as substrates. The bottom electrode
TiW (150 nm), heater TiN (100 nm), and phase-change material Ge,Sb,Tes

(20 nm) were deposited by radio-frequency (RF) sputtering. Pt was sputter-deposited
onto the self-assembled nanostructures and then back-etched by CF, and Cl, plasma
at 200 W for 2 minutes. To obtain the final GST ring nanostructures, the GST film
was patterned using CF, plasma and Pt nanoring patterns as an etch-mask. The
resistive switching behaviors for PCM cell arrays were characterized by using a
conductive atomic force microscope (C-AFM, SPA 400, Seiko) with a Pt-coated AFM
tip (EFM tips, Nanosensors). While the bottom electrodes (TiW) were grounded, a
bias voltage was swept over the top electrode (Pt) from 0 to 5 V with a step size of
0.01 V.

Self-consistent field theory (SCFT) simulations. We simulated the host block
copolymer (perforated lamellar phase) and guest block copolymer (nano-sphere
attracted to majority block) by utilizing a hybrid particle-field simulation, developed
by Fredrickson and co-workers*. To obtain the perforated lamellar phase, the gyroid
phase (f = 0.675, xN = 20) of the block copolymer was compressed to thin films with
thicknesses comparable to the experiment. The top PDMS brush and bottom PS
brush successfully mimicked the experimental PDMS-air interface and Si substrate.
To simulate the spherical PS-PFS phase, a nano-sphere with an affinity for the PS
blocks and a Gaussian cavity function for the density field of nano-sphere was
inserted. Simulations were performed using the newly developed graphics processing
unit (GPU) optimized Lattice-Boltzmann diffusion-equation solver®.
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