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ABSTRACT: Directed self-assembly (DSA) of block copolymers
is one of the most promising patterning techniques for patterning
sub-10 nm features. However, at such small feature sizes, it is
becoming increasingly difficult to fabricate the guiding pattern for
the DSA process, and it is necessary to explore alternative guiding
methods for DSA to achieve long-range ordered alignment. Here,
we report the self-aligned assembly of a triblock copolymer, poly(2-
vinylpyridine)-b-polystyrene-b-poly(2-vinylpyridine) (P2VP-b-PS-
b-P2VP) on neutral graphene nanoribbons with the gap consisting
of a P2VP-preferential silicon oxide (SiO2) substrate via solvent
vapor annealing. The assembled P2VP-b-PS-b-P2VP demonstrated
long-range, one-dimensional alignment on the graphene substrate
in a direction perpendicular to the boundary of the graphene and substrate with a half-pitch size of 8 nm, which greatly alleviates the
lithography resolution required for traditional chemoepitaxy DSA. A wide processing window is demonstrated with the gap between
graphene stripes varying from 10 to 100 nm, overcoming the restriction on widths of guiding patterns to have commensurate domain
spacing. When the gap was reduced to 10 nm, P2VP-b-PS-b-P2VP formed a straight-line pattern on both the graphene and the
substrate. Monte Carlo simulations showed that the self-aligned assembly of the triblock copolymer on the graphene nanoribbons is
guided at the boundary of parallel and perpendicular lamellae on graphene and SiO2, respectively. Simulations also indicate that the
swelling of a system allows for rapid rearrangement of chains and quickly anneal any misaligned grains and defects. The effect of the
interaction strength between SiO2 and P2VP on the self-assembly is systematically investigated in simulations.

KEYWORDS: graphene, triblock copolymer, solvent vapor annealing, one-dimensional assembly

1. INTRODUCTION

Directed self-assembly (DSA) of block copolymers (BCPs) is
one of the leading alternative lithography techniques, with vast
potential applications in the semiconductor industry.1−3 It
features low-cost, high-resolution patterning and has versatile
access to a wide range of pitch sizes. Recently, DSA has been
implemented in the fabrication of ultra-high-density bit-
patterned media and fin field-effect transistors (FinFETs).4−7

It has also been employed to fabricate next-generation
nonvolatile memory.8−10 In the DSA process, BCPs undergo
microphase separation and their domains can self-assemble and
register to a prepatterned substrate surface to form the desired
nanostructures. The common ways to guide the self-assembly
of BCPs include chemoepitaxy and graphoepitaxy.11−14 In
chemoepitaxy, the alignment of the BCP domains is directed
by an array of narrow guiding stripes that are separated by
regions of an energetically nonpreferential surface.15,16 Usually,
these narrow guiding stripes are energetically preferential to
one block in the BCP and have an optimized width that

corresponds to 0.5× or 1.5× the pitch of the BCP domains, L0.
A sparse array of chemically functionalized topographic
columns is used to control BCP self-assembly to form complex
patterns.17 Graphoepitaxy uses nanostructures, which are
created either by etching into the underlying substrate or
depositing structures on the substrate, to guide the alignment
of the BCP domains within those structures.18,19 The success
of graphoepitaxy depends on the precise control of the BCP
film thickness and edge roughness of the guiding nanostruc-
tures.20 The critical dimension of the guiding pattern has to
correspond to (n − 1/2) L0. The period of the guiding
structures, LS, is an integer multiple of L0, LS = DL0, where D is
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the density multiplication factor. The development of a high-
resolution DSA technique relies on continuously decreasing L0.
As a result, it is more challenging to fabricate progressively
smaller guiding structures with both chemoepitaxy and
graphoepitaxy.21 More design details, including the surface
topology of the created pattern,22 interdigitation of polymer
chains with grafted brush layer,23 and the edge roughness of
the guiding structures, will severely affect the perfection of
BCP alignment. Therefore, it is necessary to develop
alternative guiding structures for the self-assembly process
that are more effective in directing the alignment of BCP
domains and are easier to fabricate.
One promising method is to use two-dimensional materials,

such as graphene, to replace the polymer brush that is used to
make the guiding pattern. Graphene is atomically thin with a
very smooth edge. The graphene surface can be chemically
modified to have wetting properties similar to those of polymer
brushes.24,25 Chang et al. reported using graphene stripes as a
chemical guide pattern with germanium as a neutral substrate
to direct the self-assembly of polystyrene-block-poly(methyl
methacrylate) (PS-b-PMMA) with D = 10.26 The self-
assembled lamellae were aligned in a direction parallel to the
stripe/substrate boundary. In comparison to the chemoepitaxy
using a polymer brush, their work showed faster assembly
kinetics and had broader processing windows. However, the
width of guiding stripes was still required to be in the vicinity
of either 0.5L0 or 1.5L0. Eliminating the demand of stringent
pattern size requirements, Shin et al. proposed an alternative
method where the self-assembled lamellae are aligned
perpendicular to the stripe/substrate boundary.27 In their
work, stripes of polymer brushes were energetically neutral to
both blocks in the BCP, and these neutral stripes were then
deposited on a preferential substrate. The neutral/preferential
surface combination leads to the self-alignment of PS-b-PMMA
on neutral stripes. The neutral stripe had a width of 200 nm,
which was several times larger than L0 of PS-b-PMMA (36
nm). This neutral/preferential interface modulation phenom-
enon provides an alternative solution to realize BCP alignment
and greatly alleviates the requirement of making a high-
resolution guide pattern for the conventional DSA process.28

Here, we propose using graphene nanoribbons as the neutral
stripes with the gap among them consisting of the P2VP-
preferential silicon oxide (SiO2) substrate to realize one-
dimensional self-aligned assembly of the triblock copolymer
poly(2-vinylpyridine)-block-polystyrene-block-poly(2-vinylpyri-
dine) (P2VP-b-PS-b-P2VP). The P2VP-b-PS-b-P2VP used in
our experiment has a pitch size of 16 nm. The created
graphene stripes have a width on the scale of a few hundred
nanometers. We explore different processing conditions and
their effects on the final morphologies of assembled P2VP-b-
PS-b-P2VP. Monte Carlo (MC) simulations are used to
explain the mechanism of the self-aligned assembly of the
P2VP-b-PS-b-P2VP on the graphene−substrate pattern.

2. METHODS
2.1. Materials. PMMA electron beam lithography resists were

purchased from Microchem. FeCl3, acetone, isopropyl alcohol (IPA),
methyl isobutyl ketone (MIBK), trimethylaluminum (TMA, 96%),
toluene, and PMMA were purchased from Sigma-Aldrich and used as
received. Styrene, 2-vinylpyridene monomer, and a random
copolymer of styrene and 2-vinylpyridine (PS-r-P2VP, Mn = 30 kg/
mol) were purchased from Polymer Source and used as received.
Cross-linkable PS, with glycidyl methacrylate (GMA) as a cross-
linking agent, was provided by AZ Electronic Materials. P2VP-b-PS-b-

P2VP triblock copolymers (8k-17k-8k, L0 = 16 nm) were synthesized
via living anionic polymerization using a bifunctional initiator with the
sequential addition of styrene followed by 2-vinylpyridine.

2.2. Preparation of the Graphene Chemical Pattern on the
SiO2/Si Substrate. A monolayer of graphene was deposited on a Cu
foil using a customized chemical vapor deposition (CVD) tool. The
graphene synthesis process is similar to that previously reported.26 A
piece of Cu foil was annealed at 1200 °C with 4 sccm of H2 gas at 40
mTorr for 10 min, followed by 50 sccm of CF4 gas at 40 mTorr for 30
min. To transfer the as-grown graphene monolayer, a thin layer of
PMMA was spin-coated on the deposited graphene. After dissolving
the Cu foil in an FeCl3 solution (0.05 M), the obtained graphene/
PMMA thin film was transferred to a SiO2/Si substrate. The PMMA
layer was completely removed through a rinsing process (acetone,
isopropyl alcohol, and deionized water). Before patterning the
graphene, the sample was annealed at 300 °C for 2 h at ∼10−6
mTorr. This temperature heating process was repeated until all of the
organic residues in graphene were completely removed by thermal
decomposition. Electron beam lithography was used to produce a
chemical pattern on the graphene. A 95 nm-thick film of photoresist
(PMMA 950 A2) was spin-coated onto the graphene at 4000 rpm and
baked at 180 °C for 3 min. The photoresist was patterned with a
scanning electron microscope (SEM, LEO-1, aperture 10 μm, 20 keV)
and developed for 30 s in MIBK/IPA and rinsed for another 30 s in
IPA. The pattern on the exposed photoresist was then transferred to
the underlying graphene with an oxygen plasma etch in a reactive ion
etching (RIE) tool (Unaxis 790 Series) at 50 W and 10 sccm O2 for 3
s. The residue of photoresist was stripped with chlorobenzene. Finally,
the graphene chemical pattern was thermally annealed at 350 °C for 2
h under vacuum to complete the preparation. The thickness of the
graphene chemical pattern was measured with an atomic force
microscope (AFM, Veeco MultiMode SPM). The obtained graphene
pattern was imaged with an SEM (Zeiss SUPRA 60).

2.3. Solvent Vapor Annealing of P2VP-b-PS-b-P2VP on the
Graphene Chemical Pattern. P2VP-b-PS-b-P2VP (1 wt % in
toluene) was spin-coated on the patterned graphene stripes. The
thickness of the P2VP-b-PS-b-P2VP thin film (∼1L0) was measured
by both ellipsometry and AFM. The solvent annealing process was
carried out in a customized chamber using acetone as the annealing
solvent, and nitrogen was used as the carrier and diluting gas.29 Mass
flow controllers (5−500 sccm) were applied to accurately control the
amount of acetone vapor in the chamber. Reflectometry (Filmetrics
60) was used to monitor the P2VP-b-PS-b-P2VP film thickness in situ
during the solvent annealing process. After solvent annealing, the
acetone vapor was vented by purging with nitrogen continuously for 5
min.

2.4. Pattern Transfer to the Underlying Silicon Substrate.
Sequential infiltration synthesis (SIS) was used to form AlOx in the
P2VP domains of self-assembled P2VP-b-PS-b-P2VP.30−32 The SIS
process was performed with an atomic layer deposition (ALD) tool
(Fiji F200, Cambridge Nanotech/Ultratech). Self-assembled P2VP-b-
PS-b-P2VP samples were placed in the ALD chamber, which was
purged with Ar at a flow rate of 20 sccm for 5 min to reduce its
impurities and moisture content. Two precursors, trimethylaluminum
(TMA) and H2O were introduced into the ALD chamber through
different valves at room temperature in an alternate mode at 90 °C.
During the deposition, the reaction between TMA and H2O occurred
preferentially in the P2VP domain. After each TMA/H2O deposition
cycle, a purge-and-wait step (5 min) was applied to allow the
complete reaction of two precursors inside the P2VP domains, while
removing the byproducts. In our case, we completed the SIS process
with three cycles of TMA/H2O deposition. After SIS, the P2VP-b-PS-
b-P2VP template was removed by O2 RIE for 300 s. The remaining
AlOx patterns, which replicated the P2VP microdomains, were used as
a hard mask for pattern transfer into the Si substrates. The Si substrate
was etched by RIE with CF4/CHF3 gas, and the residual AlOx was
dissolved in a NaOH bath at room temperature.

2.5. Monte Carlo Simulations. The model used in this work
relies on a particle-based representation of copolymer molecules,
which has been described extensively in the literature33−35 and
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validated with available experimental data for copolymer thin
films.36−43 Here, we only mention the model’s main characteristics
that are used to simulate our system of interest. All n A-b-B-b-A block
copolymer chains in our system are in a constant volume and constant
temperature environment and discretized into N beads. The bonded
interactions are derived from harmonic springs attached between
adjacent beads in a given chain. The total harmonic potential Hb at a
given temperature T for the above system is defined as
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= =
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where bk(i) is a vector connecting ith and (i + 1)th bead in chain k, Re
is the mean-squared end-to-end distance for an isolated non-
interacting chain, and kb is the Boltzmann constant. The nonbonded
interactions, Hnb, modeled in this work are expressed as a functional of
local densities, ϕA(r) and ϕB(r). These densities, as discussed later,
are estimated from bead positions. The nonbonded interactions are
given by
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where the first term represents the incompatibility between A and B
beads and is proportional to the segregation strength, χN, which is the
product of the Flory−Huggins interaction parameter, χ, and the
number of segments in the polymer chain, N. The second term, which
is derived from the Helfand quadratic approximation, restricts the
fluctuations of local densities away from the average value and is
proportional to product κN, where κ is the incompressibility

parameter. The term N̅ is an interdigitation parameter that provides
an estimate of the number of chains with which a given chain
interacts.
To calculate Hnb, the local densities must be inferred from the

beads’ positions. A commonly used “particle-to-mesh” (PM)
technique is applied, where we split the simulation box into M
number of cubic grid cells and estimate the densities of species in
these grids. The grid discretization length is defined as ΔL. The
implementation details are discussed by Detcheverry et al.43 The local
density for the grid cell p, ϕα(p) (α ∈{A,B}), is defined as
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where the above summation runs over all beads, and t(i) denotes the
species of bead, i. The delta function here represents that each bead is
assigned to its nearest grid cell and contributes to ϕα(p).

In the experimental study, the substrate and stripe regions at the
bottom are also interacting with beads. To include these interactions
in a model, the following potential is added to the model:44
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where zi is the vertical distance of ith bead from the bottom. The
potential decays over a short distance ds = 0.15Re and the strength of
the interaction between the bottom surface and the BCP is
characterized by the product λN, where λ represents the interfacial
energy between the surface and a segment of the polymer. In this
work, both the A and B blocks of the BCP can interact with both the
substrate gap (SiO2/Si) and the stripe (graphene) region, resulting in
four potential strengths of interaction denoted by λA‑stripeN, λB‑stripeN,
λA‑substrateN, and λB‑substrateN. Their values are adjusted such that the
substrate is preferential to A and the stripe is nonpreferential to B.
The values used for λA‑stripeN, λB‑stripeN, λA‑substrateN, and λB‑substrateN are
0, 0, −0.65, and 0, respectively.

Having defined our model, we perform MC simulations with an
NVT ensemble. In this simulation technique, a move is proposed
where a randomly selected bead or a collection of beads are displaced
from their original positions. The difference between the energy of the
new configuration and the original configuration is estimated, which
then determines the probability of accepting the move. The
acceptance probability is determined by the Metropolis criterion,
which is given by min [1, exp(−ΔE/kBT)]. In this work, two types of
moves are used, single-bead displacement and chain reptation. In a
bead displacement move, we randomly select a bead and propose a
move in all three directions by random amounts in the range of [−dq,
dq]. The value dq is set as 0.8b, where b is the mean square bond
length of an ideal chain. In a reptation move, we randomly select a
chain and propose a move in which m randomly chosen beads are
selected from either end of the chain and then reattached to the
opposite end of the chain (m ≤ 5). In this work, an MC cycle consists
of nN + 2n MC moves, where on average nN bead displacement
moves and 2n reptation moves are performed.

The values of κN, χN, N̅ , and ΔL are set to 50, 35, and 0.16Re,
respectively. To capture the screening of polymer−polymer

interactions by solvents in our implicit solvent model, a lower N̅
value is used for a low swelling ratio (L-SWR) system than for a high

swelling ratio (H-SWR) system. Specifically, the N̅ values used for

Figure 1. Process flow of self-assembly of a block copolymer (BCP) on graphene chemical patterns on a Si/SiO2 substrate. (a) Schematic of the
generation of the graphene-based chemical pattern and subsequent self-assembly of the triblock copolymer on graphene chemical patterns. (b)
SEM image of patterned graphene stripes, with the accompanying schematic in the lower-left corner. (c) SEM image of a self-aligned BCP on
graphene stripes, whose width is 300 nm and the gap between two graphene stripes is 100 nm. The schematic in the lower-left corner shows the
orientation of the domains relative to the graphene nanoribbons and the exposed substrate.
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H-SWR and L-SWR are 120 and 60, respectively. The simulation box
sizes in the x and y directions are chosen to be 14L0 and 10L0,
respectively, where L0 is equated to 1.25Re. The values of the
simulation box in the z-direction for the H-SWR and L-SWR systems
are selected to be 1.5Re and 1.3Re, respectively.

3. RESULTS AND DISCUSSION

A schematic illustration of the process for generating the
graphene nanoribbons on a substrate and then using them for
DSA of the BCP is presented in Figure 1a. Graphene was
grown with CVD on a copper film and then transferred to a
silicon oxide wafer. E-beam lithography was used to pattern the
graphene film into lines, as shown in the SEM image in Figure
1b. The BCP was spin-coated onto the patterned wafer and,
subsequently, solvent annealed in acetone to drive the self-
assembly of the BCP on the graphene nanoribbons. Above the
nanoribbons, the BCP self-assembled with the lamellae
oriented perpendicular to the substrate, and the lamellae ran
orthogonal to the direction of the nanoribbons, as shown in
the SEM image in Figure 1c. In contrast to the lamellae above
the graphene, the lamellae above the exposed substrate portion
of the chemical pattern self-assembled in a disordered pattern.
It is of great importance to explore the effects of process

parameters, such as solvent vapor annealing (SVA) conditions
and the geometry of the graphene pattern, on the self-assembly
of P2VP-b-PS-b-P2VP on the graphene guide pattern. We first
explored the influence of SVA conditions on the final pattern
of P2VP-b-PS-b-P2VP on the graphene guide pattern. In this
experiment, the patterned graphene stripes have a width of 300
nm and the gap between the two graphene stripes is 100 nm.
The SVA process is schematically depicted in Figure 2a.
Briefly, during the SVA process, the absorption of annealing
solvent in P2VP-b-PS-b-P2VP swells the polymer and
effectively lowers its glass transition temperature (Tg) by
weakening the polymer−polymer interactions, which greatly
increase the polymer chain mobility and therefore accelerates
the self-assembly of P2VP-b-PS-b-P2VP.45 In this experiment,
acetone vapor was used as the annealing agent for P2VP-b-PS-
b-P2VP, and the amount of acetone vapor in the annealing
chamber was controlled by adjusting the flow rates of diluting
gas (N2) and carrier gas (N2). The swelling ratio (SWR) of
P2VP-b-PS-b-P2VP was obtained by measuring the changes of

P2VP-b-PS-b-P2VP film thickness during SVA (SWR =
(tSWOLLEN − tAS‑CAST)/tAS‑CAST) and was proportional to the
amount of acetone vapor in the chamber. The self-assembly
results of P2VP-b-PS-b-P2VP at different SWRs are demon-
strated in Figure 2b−d. It was found that at a low acetone flow
rate (SWR = 35%) on both a neutral graphene stripe and a
P2VP-selective SiO2 substrate, P2VP-b-PS-b-P2VP self-as-
sembled into a perpendicular lamellar fingerprint structure,
which was the same as self-assembly of P2VP-b-PS-b-P2VP on
an unpatterned graphene substrate (Figure S1, Supporting
Information). However, when SWR was increased to 45%,
P2VP-b-PS-b-P2VP achieved ordered, one-dimensional self-
alignment on the graphene stripes, whereas perforated
lamellar-like structures were observed on the SiO2 substrate.
As seen in Figure 2c, the observed one-dimensional alignment
is long-ranged and is at a direction perpendicular to the
graphene/SiO2 boundary. As explained later in detail through
simulations, such direction of alignment is guided by Scherk
surfaces, which is the morphology obtained by combining two
planes that are perpendicular to each other.27 In this work,
Scherk surfaces formed at the interfaces of the parallelly
aligned lamellae on the SiO2 and the perpendicularly aligned
lamellae on the graphene. The increase in the mobility of
chains due to the swelling helped in the rapid rearrangement of
chains along the Scherk surface-guided direction of alignment,
resulting in the long-range ordering over the large graphene
stripe widths. One-dimensional alignment of P2VP-b-PS-b-
P2VP on graphene stripes could also be obtained at higher
SWR (SWR = 50%), but defects, such as bridging, appeared at
a higher acetone flow rate. The vapor pressure of the solvent
controls the thickness of the swollen film and thus the relative
concentrations of the polymer and solvent in the film. The rate
of the ordered phase growth is the product of two terms, a
polymer relaxation rate and a thermodynamic driving force. A
higher concentration of solvent results in faster chain dynamics
but also lowers the driving force for the growth of a particular
ordered state. Therefore, at the same annealing temperature
and time, there are more defects at SWR = 50% than at 45%.
Therefore, it is important to control the amount of acetone
vapor in P2VP-b-PS-b-P2VP to obtain a defect-free, one-
dimensional, self-aligned nanopattern. Based on our experi-
ment, the SWR should be controlled to ∼45% to realize defect-

Figure 2. (a) Schematic of solvent vapor annealing (SVA) on a graphene stripe and SiO2 gap. SVA of P2VP-b-PS-b-P2VP (8k-17k-8k) with
different swelling ratios of (b) 35%, (c) 45%, and (d) 50% in an acetone atmosphere. The SEM images are taken after the SIS process.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c08940
ACS Appl. Mater. Interfaces 2021, 13, 41190−41199

41193

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c08940/suppl_file/am1c08940_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08940?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08940?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08940?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08940?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c08940?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


free, one-dimensional self-alignment of P2VP-b-PS-b-P2VP on
graphene stripes.
After the optimization of the annealing conditions, we

further explored the impact of the graphene guide pattern on
the self-assembly of P2VP-b-PS-b-P2VP. Three sets of
graphene guide patterns with the same stripe width (300
nm) but with different gap widths (100, 30, and 10 nm) were
prepared. After spin-coating the P2VP-b-PS-b-P2VP films,
these samples were annealed in acetone at the optimized SWR

(45%). The annealed samples were characterized by SEM after
the SIS process, as shown in Figure 3. The micronscale SEM
images are also provided in Figure S2 of the Supporting
Information. It was observed that when the gap width was 100
or 30 nm, P2VP-b-PS-b-P2VP could self-assemble into one-
dimensional, self-aligned lamellar patterns on the graphene
stripes with a perforated lamellar-like structure on the SiO2

substrate. Interestingly, when the gap was reduced to 10 nm,
P2VP-b-PS-b-P2VP formed a straight-line pattern on both the

Figure 3. Solvent vapor annealing of P2VP-b-PS-b-P2VP (8k-17k-8k) on graphene stripes with different gap widths, indicated by the labels on the
top row and shown in the corresponding schematics. The SEM images in the bottom row were taken after the SIS process.

Figure 4. Subfigures (a)−(e) and (f)−(j) show the obtained BCP morphologies on a stripe/substrate template with the substrate placed at a
template center in our MC simulations for L-SWR (film thickness = 1.3L0) and H-SWR (film thickness = 1.5L0) systems, respectively, as they
approach equilibrium. The subfigures (a)−(e) are morphologies obtained at 104, 4 × 104, 9 × 104, 1.75 × 105, and 3.95 ×105 MC cycles,
respectively, whereas the subfigures (f)−(j) are morphologies obtained at 104, 2.5 × 104, 4 × 104, 4.15 × 105, and 5.8 × 105 MC cycles, respectively.
For each subfigure, the top and bottom views of each morphology are shown. For subfigures (b), (d), (g), and (i), cross-section views along the
dotted white line (middle of the substrate region) are also shown labeled as substrate cross-section view in subfigure (b). The dotted black lines in
the top and bottom views represent the left and right locations of the substrate region. A-rich and B-rich domains are represented by red and blue
colors, respectively. The yellow boxes in the top and bottom views in subfigure (j) are drawn to depict the location of boundary edges of Scherk
surfaces. For both systems, the width of the substrate region, i.e., the gap between the stripes, is 2L0.
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substrate and stripe. At a gap of 10 nm, the width of the
exposed SiO2 area was comparable to half the pitch size of the
block copolymer, and thus the entire surface corresponded to
the P2VP-preferential SiO2 substrate inserted between the
neutral graphene surface stripes. Such bottom surfaces with
regularly placed neutral and ∼0.5L0 preferential regions are
similar to guiding substrates used in conventional chemo-
epitaxy DSA processes. However, as shown in Figure 3, self-
assembled P2VP-b-PS-b-P2VP lamellae in this study are not
aligned parallel to the neutral/preferential surface boundary as
in the case of chemoepitaxy; they tend to align in a direction
perpendicular to the boundary similar to the results obtained
for larger gaps. This observation is further discussed later with
the help of simulations.
To study the mechanism of the self-assembly of the triblock

copolymers on the graphene patterns with different gap widths,
we applied a theoretically informed coarse-grained (TICG)
implicit solvent model46,47 in combination with MC
simulations. TICG is a particle-based model in which each
chain is represented by a number N of coarse-grained beads.
The model was used to understand the self-assembly of a
generic A-b-B-b-A BCP (where A and B are different blocks)
on a generic stripe/substrate system placed at the bottom
surface (for details, see the Methods section). The simulated
stripe, substrate, A, and B corresponded to graphene, the SiO2
substrate, P2VP, and PS, respectively, in the experiments. As
mentioned in the Methods section, the relevant interactions
described in our model were (i) the bonded interactions of
polymer chains adapting a Gaussian random-walk config-
uration of coarse-grained polymer beads, (ii) interactions due
to incompatibility between unlike beads, (iii) an energy penalty
due to the deviation of local bead densities away from the
average value, and (iv) the interactions between stripe/
substrate and beads. These interactions were parameterized

by the model parameters, N̅ , χN, κN, and λN. The
interaction strengths of the stripe and substrate surfaces with
each polymer block were adjusted to reproduce the
experimental preferentiality of the SiO2 substrate to P2VP
and the neutrality of the graphene stripe toward both PS and
P2VP blocks. Annealing of a disordered A-b-B-b-A film coated
onto a stripe/substrate template with the substrate placed at a
template center was simulated by performing a combination of
single-bead displacements and reptation moves. Further model
and MC simulation details, including relevant equations to
describe all interactions and values of model parameters, are
provided in the Methods section.
Figure 4 shows the self-assembled morphologies after

solvent annealing of a P2VP-b-PS-b-P2VP film with an initial
thickness of L0 at different swelling ratios. The addition of
solvent swells the P2VP-b-PS-b-P2VP thin film, thereby
screening out the interactions among polymers. The
weakening of the polymer−polymer interactions lowers its
glass transition temperature and increases chain mobility. The
increase in SWR not only increases the screening effect of
polymer−polymer interactions but also increases the overall
film thickness. To mimic these experimental conditions, we
conducted simulations for two different systems: a system with
1.3L0 swollen film thickness of a lower swelling ratio (L-SWR)
and a system with 1.5L0 film thickness of a high swelling ratio
(H-SWR), representing the low (35%) and high (45%) SWR
experimental conditions, respectively. The weakening of
interactions among polymer chains upon swelling is reflected

by setting a smaller interdigitation number N̅ for the H-SWR
system compared to the L-SWR system in our implicit solvent
model while keeping the other model parameters fixed (the
values of model parameters are given in the Methods section).

Smaller N̅ values imply that a given polymer bead interacts
with fewer neighboring beads, which effectively captures the
screening of interactions by the solvent. The width of the
substrate region, i.e., the gap between the stripes, is set to 2L0.
The dotted black lines drawn in Figure 4 represent the left and
right boundaries of the substrate region. Figure 4a−e and
Figure 4f−j show the L-SWR and H-SWR systems,
respectively, after different numbers of iterations of our MC
simulations as they approach equilibrium. For each figure, top
and bottom views of each morphology are shown. Cross-
section views along the dotted white line (middle of the
substrate region) are shown in Figure 4b,d,g,i. A-rich and B-
rich regions are represented by red and blue colors,
respectively. In both systems, randomly placed beads with
fixed bond lengths are used as an initial configuration.
In the L-SWR simulation, at the early iterations shown in

Figure 4a,b, the A block wets the A-selective bottom substrate
and surface-parallel lamellae are formed. The cross-section
view in Figure 4b shows alternating A and B domains across
the film thickness, whereas the randomly oriented surface-
perpendicular lamellae are observed on the neutral stripe.
However, during the equilibration process of the L-SWR
system, the initially formed parallel lamellae on the substrate
are unstable due to chain stretching/compression required for
stabilizing the parallel lamellae at an incommensurate film
thickness of 1.3L0. Thus, the parallel lamellae strive to reshape
into perpendicular lamellae, as shown in the top and bottom
views in Figure 4c,d. Also, as clearly depicted in the cross-
section view of Figure 4d, perpendicularly aligned grains are
developed, including the area near the substrate. Also, the
weakened segregation strength caused by the solvent screening
effect and the enhanced chain mobility in the swollen state
enables the polymer chains to rearrange from parallel lamellae
into perpendicular lamellae over a small number of MC
iterations. Therefore, as shown in Figure 4e, a fingerprint-like
structure is observed from the top; the observed result matches
with the experimental result for low swelling ratios of 35%
(Figure 2a).
Similar to the L-SWR system, the H-SWR system forms

parallel and perpendicular morphologies on the substrate and
stripe regions, respectively, at the early stage of the simulations,
as observed in Figure 4f,g. The alternating A and B domains in
the cross-section view along the middle of the substrate are
shown in Figure 4g. In the H-SWR system, parallel lamellae on
the substrate region are stable because of the commensurate
film thickness of 1.5L0. As discussed in Shin et al., the most
stable morphology at the interface connecting the parallel and
perpendicular lamellae is referred to as a Scherk surface
morphology.27 The Scherk surfaces lower the interfacial energy
penalty of the system and can act as a guiding template to
uniformly align the perpendicular lamellae on the neutral stripe
region in the direction orthogonal to the stripe/substrate
boundaries. Randomly oriented perpendicular lamellae with
multiple grains can be clearly observed from Figure 4f−h. Also,
misaligned grains are quickly annealed during our simulation
(see Figure 4h,j) because the H-SWR system allows for the
rapid rearrangement of polymer chains in pursuit of a
uniformly aligned structure on the stripe region. During the
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course of the MC simulations, fluctuations are observed at the
edge locations of the perpendicular lamellae (i.e., the location
of the boundary edges of the Scherk surfaces). Two such edges
are highlighted in the yellow box in the top and bottom views
of Figure 4j. While the nonselective top surface allows such
edges to penetrate in the substrate region (inside the black
dashed lines) due to the thermodynamic driving force toward
uniformly aligned perpendicular lamellae, the chemical
contrasts at the substrate pin down the edges’ position near
the bottom at the boundary of the stripe and the substrate,
limiting the extent of penetrations and preventing the
formation of perpendicular lamellae over the whole domain.
Instead, perforated lamellar-like structures are observed, similar
to what was seen in the experiments. It is also notable that
there exist fluctuations in the orientation of the perpendicularly
aligned structure on the stripe region.
The tilted orientation in simulations, as depicted in Figure

4j, is partially due to the limited number of cycles performed to
equilibrate the system. Figure S3a,b of the Supporting
Information shows that on increasing the number of cycles,
defects get further annihilated and lamellae are oriented further
in a direction orthogonal to the stripe/substrate boundary.
Another reason for tilting is the lack of registration of A/B

domains at Scherk surfaces. The lamellae ends are pinned
along the stripe/substrate interfaces through Scherk surfaces.
When the vertical positions of pinning locations of a left
interface are not in coordination with a right interface, it could
result in slight tilting of aligned lamellae. For comparison, the
cropped SEM image highlighting the interface of a couple of
aligned lamellae with dotted black lines is shown in Figure S3c.
Finding a method to provide registration of the domain and
controlling the slight tilting is our planned future work.
Similar to the experiments, the effect of the gap between the

stripes is investigated via simulations of varying widths of the
substrate region in the center of our simulation box. Figure 5a
shows the top views of the equilibrated morphology for three
different widths. In all cases, Scherk surfaces uniformly align

the perpendicular domains on the stripe region. Notably,
because these Scherk surfaces occur at the interface between
the perpendicular and parallel domains regardless of the gap
size, they should be effective in aligning the domains even for
significantly larger gap sizes. When the width of the substrate
gap is large (3L0), parallel lamellae on the substrate region are
favorable and perforated AB domains on the substrate region
are observed from the top, which is similar to the experimental
observations. In contrast, when the width of the substrate gap
is small (1.25L0), as viewed from the top, uniformly aligned
lamellae are observed across the top surface, as is observed
experimentally (the rightmost figure in Figure 3). The
orientation of the lamellae is orthogonal to the stripe/substrate
boundary, unlike the normal chemoepitaxy DSA, in which the
stripe guides the orientation of the ordered phase. Bezik et al.47

recently reported that the free energy difference between the
orthogonal and parallel alignment of the lamellae is small in
comparison to the large energy barriers separating the two
states. Thus, once the orthogonally aligned lamellae are
kinetically trapped, they can be long-lasting within a reasonable
process time. To further understand the formation of the
surface-perpendicular lamellae that are aligned orthogonally to
the stripe/substrate boundaries, morphologies at different
stages of MC simulations during the equilibration are shown in
Figure 5b. The leftmost part of Figure 5b shows the early stage
when Scherk surfaces are formed by reorienting perpendicular
lamellae that were initially randomly oriented. Shown in the
middle and right top view of Figure 5b, surface-perpendicular
grains at the left and right boundaries of the substrate/stripe
become aligned along the same direction and are connected,
thereby decreasing the AB interfacial area. Concomitant with
the fluctuations in the boundary edge locations of the Scherk
surfaces, the uniform one-directionally aligned assembly
obtained at the top then endeavors to propagate throughout
the film (see bottom views of middle and right subfigures in
Figure 5b).
We further investigate the effect of the surface interaction

strength on the assembly by conducting simulations for
different λA‑substrateN. Figure S4 shows the obtained morphol-
ogies for both L-SWR and H-SWR conditions from the system
of 2L0 gap and λA‑substrateN values of −0.1, −0.4, −0.7, and
−1.0. The values of −0.1 and −0.4 are not strong enough to
stabilize the parallel lamellae on the substrate region at the
early stage of structure evolution and result in fingerprint
perpendicular lamellae over both neutral and weakly selective
domains, as shown in the top and bottom views of
morphologies (Figure S4a,b,e,f). At a moderate λA‑substrateN
value of −0.7, the obtained results are similar to Figure 4 of
λA‑substrateN = 0.65. On further increasing λA‑substrateN to −1.0,
for the L-SWR system, perpendicular lamellae are viewed from
the top (Figure S4d) on the substrate region, but they do not
strive to be throughout the film as the B block prefers to be
fully wetted by the substrate because of strong attraction
among them. Therefore, parallelly aligned lamellae are
observed on the substrate region when viewed from the
bottom. In the case of the H-SWR system, the strongly
preferential substrate shows a similar result as that of the
moderately preferential substrate with aligned lamellae directed
by Scherk surfaces. However, for smaller gaps of 1.25L0, the
strongly preferential substrate (λA‑substrateN = −1.0) does not
result in the experimentally observed perpendicular assembly
throughout the film on both stripe and substrate regions (see
Figure S5). Instead, identical to the systems on the graphene

Figure 5. (a) Top views of the equilibrated morphologies for three
different substrate widths (i.e., gap between stripes): 3, 2, and 1.25L0.
(b) In the gray dotted box, the BCP morphology changes during the
equilibration of the 1.25L0 system. From left to right, the shown
morphologies are obtained at 2.5 × 104, 9 × 104, and 1.585 × 106 MC
cycles. Both top and bottom views of each morphology are shown.
The A-rich and B-rich domains are represented by red and blue
colors, respectively.
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with wider gaps, perforated lamellae are observed on the
substrate gap.

4. CONCLUSIONS
In this work, we used the bottom surface of graphene stripes
with the gap among them consisting of P2VP-preferential
silicon oxide (SiO2) substrate to direct the self-assembly of a
P2VP-b-PS-b-P2VP. The P2VP-b-PS-b-P2VP successfully
formed sub-10 nm one-dimensional lamellar nanostructures
on the graphene stripes with a SVA process. We also explored
the influence of various solvent annealing conditions and the
geometry of the graphene guide pattern on the final
morphology of assembled P2VP-b-PS-b-P2VP and obtained
the optimized processing window to obtain a defect-free
pattern. MC simulations were performed to understand the
mechanism of automatic, one-dimensional self-alignment of
the triblock copolymer on the graphene stripes. Simulations
show that the Scherk surfaces formed at the boundary of
parallel and perpendicular lamellae on graphene and SiO2,
respectively, act as a guiding template to uniformly align the
perpendicular lamellae on the neutral stripe region in the
direction orthogonal to the stripe/substrate boundaries.
Simulations also indicate that when swelling ratios correspond
to commensurate film thickness, the swelling of a system allows
for rapid rearrangement of chains and quickly anneal any
misaligned grains and defects.
Our work using two-dimensional materials for the Scherk

surface-induced assembly has been shown as a viable solution
for a sub-10 nm DSA process in this work. Guiding the
assembly using Scherk surfaces has been explored previously.
However, the aligned assembly reported in earlier works is only
on the neutral stripe while the gap region has the parallel
assembly. In this work, with a reduced gap size, we have
achieved a well-aligned lamella over a large area both on the
stripe and substrate. In conventional chemoepitaxy, which
allows large area aligned pattern formation, the critical
dimension of the guiding pattern features has to correspond
to (n − 1/2)L0. Therefore, it is difficult to fabricate such
features, if we want to achieve BCP assemblies with sub-10 nm
domains via chemoepitaxy. Moreover, at sub-10 nm scales,
line-edge and surface roughness of the guiding features can
become significant compared to L0, disrupting BCP registra-
tion. Our approach removes this stringent requirement on the
size of guiding features and does not require that LS of the
guide pattern is commensurate to L0 of the BCP. Graphene is
robust to a broad range of manufacturing conditions with
strong thermal and mechanical properties. The use of a
smooth, flat, and rigid surface of graphene as a patterning
material provides perfect 2D chemical contrast on the bottom
and enables a long-ranged straight-line pattern over a large area
with a half-pitch size of 8 nm. We believe that our method
demonstrates a facile solution to pattern sub-10 nm features
that should work with a broad variety of BCPs and therefore
has the potential to broaden the scope of use of BCPs in
electronic device manufacturing.
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