www.advmat.de
www.MaterialsViews.com

Bong Hoon Kim, Yemuk Choi, Ju Young Kim, Hyunjae Shin, Sungyong Kim,
Seung-Woo Son, Sang Ouk Kim,* and Pilnam Kim*
Mechanical deformation of materials into a folded, ridged, or
creased state is called “wrinkling”. Wrinkling is widely observed
in soft and flexible systems ranging from natural animal
skins to new 2D materials such as graphene. A great deal of
theoretical and experimental research has been devoted to
understanding the underlying mechanisms of wrinkling and
translating the phenomenon into engineering applications.[1–6]
Wrinkling has recently been exploited to form functional 3D
architectures in stretchable electronics,[7] photonic structures,[8]
and reversibly stretchable metamaterials.[9] These applications
demonstrated that wrinkling can be used to fabricate large-area,
highly periodic, microscale patterns without the use of rigorous
and complex lithography.
The self-assembly of block copolymers (BCPs) results in the
formation of nanostructures via the microphase separation of
immiscible polymer blocks in BCP chains.[10] The advantages
of BCP self-assembly include structure formation at the sub10-nm scale, scalable parallel processing, and ultrafine pattern precision. Furthermore, BCP self-assembly can be used
to create laterally ordered, device-oriented nanopatterns by
directed self-assembly (DSA).[11] Chemically[12,13] or topographically[14–19] patterned substrates can be used to direct orientational and positional ordering of self-assembled nanodomains
to create highly ordered nanopatterns in BCP thin films. Nonetheless, currently available DSA approaches typically require
complicated photo-lithographic pre-patterning with expensive
equipment. This requirement hampers a broad array of scientific and technological applications.
In this work, we introduce directed self-assembly using
wrinkled graphene for facile, cost-effective processing of
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Wrinkle-Directed Self-Assembly of Block Copolymers for
Aligning of Nanowire Arrays

laterally ordered 10-nm-scale nanopatterns without the use
of photo-lithographic pre-patterning. Highly regular arrays
of microscale wrinkles were formed by the elastic buckling of
poly(dimethylsiloxane) (PDMS) films via conventional plasma
surface treatment, over which multilayer reduced graphene
films were formed by simple solution spin-casting. BCP selfassembly on the wrinkled graphene surface generated highly
ordered, defect-free lamellar nanopatterns with 10-nm feature
sizes. Thickness-modulated BCP films confined at the wrinkled
graphene surfaces enforced geometric anchoring and promoted
strict alignment of self-assembled vertical BCP lamellae in the
direction of the film thickness gradient.[20–24] Further domainselective metallization produced highly aligned metal-nanowire
arrays with 10-nm thickness.[25]
Under uniform compressive surface strain, a stiff film tightly
bound to the soft foundation spontaneously develops microscale sinusoidal wrinkles. Typically, wrinkling occurs when the
in-plane compressive strain exceeds a critical value, leading
to out-of-plane periodic deformation of the layered structures.
The total energy of the wrinkled state is then distributed across
the entire surface, according to U ≈ 2 BKΔ, where B is the
bending stiffness of the stiff film, K is the effective stiffness of
the soft foundation, and Δ is the unidirectional compression.
For an elastic foundation, K is proportional to the Young's modulus (Es). In this case, the wavelength of the wrinkles scale as
λ ≈ (BK )1/4 , and the amplitude A continuously increases as Δ1/2
along with the total energy of the system. Consequently, wrinkling occurs over a large area, and the feature size is controllable by varying the stress level and material properties, such
as the thickness (h) of the stiff layer or the ratio of the moduli
of the stiff layer and soft foundation.[1] In contrast, BCP selfassembles into highly ordered, periodic nanoscale patterns
via microphase separation. Subtle competition between the
interfacial tension of chemically distinct polymer blocks and
the entropy-driven chain elasticity determine the equilibrium
phase-separated state according to L0 ≈ n2/3, where L0 is the
equilibrium pattern period, and n corresponds to the number
of BCP repeating units.
Figure 1A compares atomic force microscopy (AFM) images
and cross-sectional height profiles of the wrinkle pattern at the
polymer surface and the lamellar pattern in the BCP thin films.
Figure 1A(a) shows the surface wrinkling of a Norland Optical
Adhesive (NOA71) UV-curable epoxy thin film, which was
biaxially strained using oxygen plasma (30 W, 40 sccm, 1 min)
and subsequently cured with UV irradiation overnight. The
plasma treatment of the polymer surface produced a crosslinked thin elastic crust. Ion irradiation during the plasma
treatment isotropically expanded the newly formed crust,
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h, elastic modulus Ef) on top of a soft foundation layer (elastic modulus Es). Because of
the uniform equi-biaxial stress on the film
surface, randomly oriented wrinkles were
formed. Figure 1A(b) shows the lamellar
self-assembled pattern of a symmetric polystyrene-block-poly(methyl
methacrylate)
(PS-b-PMMA) (molecular weights for PS and
PMMA blocks: 52 and 52 kg mol−1, respectively) thin film (80 nm), which was spin-cast
on a neutralized silicon wafer surface and
thermally annealed at 200 °C. Surface energy
neutralization
via
hydroxyl-terminated
poly(styrene-ran-methyl methacrylate) (P(Sr-MMA)) brush treatment[26] induces a surface tension that is identical to those of the
PS and the PMMA components, such that
a vertically oriented lamellar or cylindrical
self-assembled morphology occurs after
thermal annealing. Apart from their different
characteristic feature lengths, the micrometer- (wrinkle) and nanometer- (lamellae)
scale features of the self-organized patterns
exhibited morphological similarity. The orientation color maps in the insets of Figure 1
present the non-preferential orientations of
the wrinkles and lamellae. Additionally, the
defect structures, e.g., disclinations (blue circles) and edge dislocations (green circles) in
the two self-organized patterns are similar.
The emergence of defects in the randomly
oriented wrinkle structure was attributed to
the wrinkle growth process. Mechanical surface instability caused by compressive strain
induced protrusions of cap-like nucleates that
eventually coalesced to form wrinkles. As the
compressive stress persisted, the isotropic
growth of the wrinkle became unstable, and
secondary buckling occurred; the buckling
eventually led to local disclinations and dislocations.[27] Meanwhile, the BCP lamellar
structure exhibited the same translational
and rotational symmetries as the layered
smectic liquid-crystalline phase. The typical
BCP self-assembly configurations were also
very similar to those found in smectic liquidcrystal systems, where the defect formation
mechanism is relatively well understood.
Figure 1B(a) shows the schematic proFigure 1. A) AFM images (top) and height profiles (bottom) of randomly oriented a) microscale elastomer wrinkles and b) a nanoscale BCP self-assembly. Typical defects, including cedure for surface wrinkle-directed BCP
disclinations (blue circles) and edge dislocations (green circles), are marked. Inset in top self-assembly. First, a wrinkle pattern was
panels of A: false-color maps enabling visualization of the wrinkle and lamella orientations. formed on the surface of NOA71 under
B) a) Schematic illustration of wrinkle-directed BCP self-assembly. i) A compressive stressequi-biaxial compressive stresses using
induced wrinkled surface. ii) Chemical neutralization with a P(S-r-MMA) brush treatment. iii) A
−1
BCP (80 and 80 kg mol , trench center thickness: 400 nm) thin film is coated onto the wrinkled oxygen plasma. The surface energy of the
wrinkled surface was neutralized with shortsurface by spin-casting and thermal annealing. b) Broad-field SEM image of a lamellar BCP
wavelength, ozone-generating UV (UVO)
pattern embedded along the wrinkle trenches.
exposure and P(S-r-MMA) brush treatment. The wrinkled surface was then coated with a lamellar
leading to equi-biaxial compressive stress (σ < 0) and in-plane
BCP thin film (PS-b-PMMA, molecular weights of the PS and
compressive strain ε (≤ 0). Thus, the system investigated herein
PMMA blocks: 80 and 80 kg mol−1, respectively; see Supporting
was composed of a compressed thin, stiff membrane (thickness
wileyonlinelibrary.com
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compression, a thin film (or a stiff layer) attached to a comInformation, Table S1) by spin-casting followed by thermal
pliant foundation formed straight wrinkles that were uniaxiannealing. Figure 1B(b) shows the broad-field scanning elecally aligned and regularly spaced over a large area. Figure 3A(a)
tron microscopy (SEM) image of the resulting self-assembled
contains a schematic diagram of the procedure used for straight
nanopattern. The Moire pattern in the inset indicates that selfwrinkle patterning. PDMS sheets (thickness 1.0 mm, 70 °C
assembled nanopatterns are formed in the trench region of the
thermally annealing) were uniaxially stretched in a customwrinkles.
designed stretching apparatus and exposed to oxygen plasma
When a BCP thin film with homogeneous neutral surface
(30 W, 40 sccm, 6 min). When the compressive stress was
energy was self-assembled on a planner surface, the self-assemremoved from the specimen, the stiff skin buckled perpendicubled nanodomains were randomly oriented in the film plane,
larly to the direction of the mechanical strain (ca. 20%). Subsewith many defects. The lateral ordering of the nanodomains
quently, polyurethane acrylate (PUA301) thin films on polyester
and relevant defect density can be controlled by DSA. DSA may
terephthalate (PET) film (70 µm thickness) were used to duplibe used to eliminate structural defects and register the orientacate the surface morphology of the PDMS wrinkle array (UV
tion of nanodomains of chemically[12,13] or topographically[14–19]
exposure, 10 h). The replicated morphology in PUA301 wrinpatterned substrates. We previously reported a unique DSA prokles was duplicated in the NOA71 thin film on silicon wafers
cess in which BCP lamellae spontaneously oriented along the
using the method described above. These multiple replications
thickness gradient in thickness-modulated BCP thin films.[22,23]
enabled realization of a low-cost, scalable route to wafer-scale
In the present work, sinusoidal wrinkles may enforce a thicknanopatterning (Figure 3A(b) and (c)).
ness gradient in BCP thin films. The wrinkle wavelength folFigure 3B contains the SEM images of BCP thin films with
lows λ0 ≈ 2π h(E F /3E s )1/3 with a Poisson ratio of ν ≈ 0.5 because
different molecular weights on uniaxially aligned NOA71
the elastic materials used here are generally incompressible.
wrinkle patterns (wavelength ≈ 1 µm). For high-molecular-weight
The critical strain at which wrinkling occurs (εc) is a function of the ratio of elastic moduli Ef/Es and
is given by ε c ≈ 0.25(3E s /E f )2/3 from which
1/2
h ≈ 0.32λ0 ε c .[1] In our experimental process, the thickness (h) and Young’s modulus
of the hard skin (Ef) can be easily controlled
by varying the plasma exposure conditions,
and the Young’s modulus of the soft foundation (Es) can be controlled with the initial thickness. Based on this morphological
controllability, wrinkles are suitable for use
as thickness-modulation templates for BCP
lamellar alignment.
Figure 2A shows highly ordered BCP
(PS-b-PMMA, molecular weights of the PS
and PMMA blocks of 52 and 52 kg mol−1,
respectively; see Supporting Information,
Table S1) lamellar domains observed in the
central region of each wrinkle trench. The
wrinkle period was approximately 4 µm. The
false-color orientation map and the angular
distribution of the lamellae (inset) enable
visualization of the degree of lamellar alignment (Figure 2B). Lamellar alignment is
readily observed because of the difference
in defect density between the well-aligned
lamellar region (region 2) and the remaining
area (region 1). Lamellar nanodomains
in the center of the wrinkle were principally oriented orthogonally to the wrinkle
direction (blue and green area on the left
and right, respectively). This spontaneous
lamellar alignment according to the thickness gradient was caused by ‘geometric
anchoring’, which is also observed in liquid−1
crystal alignment under non-flat geometric Figure 2. A) Plane-view SEM image of BCP (52 and 52 kg mol , trench center thickness: 400 nm)
alignment
along
a
wrinkle
trench.
Regions
1
and
2
refer
to
the entire surface and the central
confinement.[22–24]
region of the trench, respectively. In region 1, BCP lamellae exhibited random orientation; in
To further develop wrinkle-directed region 2, the lamellae were principally aligned perpendicular to the wrinkle trajectory. B) The
BCP assembly, we introduced straight and false-color orientation map of regions 1 and 2. The angle distribution graphs (lower insets)
periodic wrinkle patterns. Under uniaxial clearly indicates that region 2 has dominant orientation directions (45°, 135°, 225°, and 315°).
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Figure 3. A) a) The successive replication process for aligned wrinkle arrays. i) The initial PDMS
master with a wrinkle array, ii) the first replication, which was accomplished using PUA301 fabricated
on PET film, resulted in reverse surface morphology; (iii) the second replication, using NOA71 on a
silicon wafer, resulted in the same wrinkle array as did the PDMS master. Macroscopic optical images
of (b) 4.5 cm × 6 cm aligned wrinkle arrays of PDMS, PUA301, NOA71 and (c) NOA71 wrinkle arrays
on a 4-inch silicon wafer. B) Tilted (45°) SEM images of various molecular-weight BCP films on
regular wrinkle arrays. PS-b-PMMA with molecular weights of: a) 105 and 106, b) 36 and 33.5, and
c) 25 and 26 kg mol−1(trench center thicknesses: 230 nm (a), 120 nm (b), 120 nm (c)).
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PS-b-PMMA (molecular weights of the PS
and PMMA blocks of 105 and 106 kg mol−1,
respectively; see Supporting Information,
Table S1), randomly oriented BCP lamellae
were formed despite the existing thickness
gradient (Figure 3B(a)). A highly ordered BCP
pattern was partially observed for the mediummolecular-weight PS-b-PMMA (molecular
weights of the PS and PMMA blocks of 36 and
33.5 kg mol−1, respectively; see Supporting
Information, Table S1) (Figure 3B(b)). The
high chain mobility in a low-molecular-weight
BCP film may have induced a highly aligned
lamellar morphology under a thickness gradient, as previously reported.[28] Nanopatterns
with near-perfect lamellae were formed with
lowest-molecular-weight PS-b-PMMA (molecular weights of the PS and PMMA blocks of 25
and 26 kg mol−1, respectively; see Supporting
Information, Table S1) (Figure 3B(c)).
In our DSA approach, BCP films with a
thickness gradient, surface energy neutralization[26,29–31] of the wrinkled surface was
critical for effectively introducing a geometric
anchoring effect. Lamellar nanodomains
spontaneously aligned vertically at a neutrally
modified wrinkled surface. Consequently, if
the lamellar orientation was not in the direction of the thickness gradient, the lamellae
underwent mechanical bending that significantly enhanced the energy state. Moreover,
BCP thin films with surface perpendicular
nanodomains and vertical sidewall profiles are
attractive nanotemplates for pattern transfer
via selective etching or deposition. In the
present work, we employed a graphene-filmbased surface neutralization on nonplanar
wrinkled surfaces in addition to conventional
P(S-r-MMA) brush treatment. Because of the
mechanical flexibility of graphene materials,
wrinkled PDMS surfaces could be readily
conformally coated with graphene films.
This method enables rapid, straightforward
non-covalent surface neutralization and is
universally applicable to various substrates,
including chemically inert, nonplanar, and
flexible/stretchable substrates.[32]
Figure 4A contains a schematic diagram
of the DSA of BCP thin films on a graphenewrinkle surface. Graphene oxide (GO) flakes
prepared using a modified Hummers method
were spun-cast to form a monolayer of exfoliated aqueous dispersions onto the polymeric
wrinkle array. Subsequent hydrazine vapor
treatment reduced the GO film such that it
exhibited a surface tension identical to that of
the PS and PMMA components. Next, a thin
film comprising a blend of high-molecularweight PS-b-PMMA (molecular weights of the
PS and PMMA blocks of 25 and 26 kg mol−1,
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Figure 4. A) A schematic diagram of the procedure in which a graphenewrinkle array directs the formation of highly aligned lamellar BCP thin
films. i) A GO thin film was deposited by spin-casting onto an NOA wrinkle
array and chemically reduced. ii) A thin film consisting of a blend of PSb-PMMA (25 and 26 kg mol−1) and PS-b-PMMA (5 and 5 kg mol−1) (9:1 vol.
ratio) (trench center thickness: 120 or 250 nm) was then deposited by
spin-casting and thermally annealed.[33] iii) A highly aligned 10-nm-scale
nanopattern was generated over a 100-µm-scale area. B) a,b) Tilted-view
Adv. Mater. 2014, 26, 4665–4670
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respectively) and low-molecular-weight PS-b-PMMA (molecular weights of the PS and PMMA blocks of 5 and 5 kg mol−1,
respectively) (9:1 vol. ratio) (Supporting Information, Table S1)
was deposited by spin-casting onto the reduced-graphene-oxide
(rGO) wrinkle surface and thermally annealed. We previously
demonstrated that the low-molecular-weight PS-b-PMMA
(molecular weights of the PS and PMMA blocks of 5 and 5 kg
mol−1, respectively) can be blended with high-molecular-weight
PS-b-PMMA to promote self-assembly.[33] The low-molecularweight copolymers are homogeneously distributed in a BCP
film and enhance the chain mobility.
Highly aligned, nearly defect-free 10-nm-scale patterns were
successfully generated over a 100 µm × 100 µm area (Supporting Information, Figure S2 & Movie S3). The lamellae were
well aligned even in the cracked region of the wrinkles (Supporting Information, Figure S4). Figure 4B shows the planeand tilted-view SEM images of the BCP lamellae indicating
alignment along the thickness modulation of the graphene
wrinkles.
An effective pattern-transfer method is critical to the successful integration of the attractive functionalities of inorganic
materials into self-assembled BCP nanotemplates. Lopes and
Jaeger demonstrated a unique approach in which anisotropic
BCP nanodomains were selectively decorated with evaporated
metals to form metal nanowire arrays under a kinetically
trapped condition.[25] Variation in wettability of metallic elements in different BCP domains resulted in remarkable variation in the diffusion rates; thus, the slower diffusion rates characteristic of the metallic elements could be exploited to pattern
the nanodomains. Figure 4C illustrates this procedure for the
formation of 10-nm-scale Ag nanowire arrays from wrinkledirected BCP assembly. The blends of PS-b-PMMA (molecular
weights of the PS and PMMA blocks of 25 and 26 kg mol−1,
respectively) and low-molecular-weight PS-b-PMMA (molecular weights of the PS and PMMA blocks of 5 and 5 kg mol−1,
respectively) (9:1 vol. ratio) were used (Supporting Information, Table S1). After highly aligned lamellar pattern formation
by the wrinkle-directed assembly, Ag was thermally evaporated
onto the BCP thin film. Selective Ag decoration of the PS nanodomains was observed. Figure 4D contains the broad-field SEM
image of the highly aligned Ag nanowire array.
In summary, we demonstrated self-assembled nanopatterning directed by a wrinkled graphene substrate. Microscale
graphene-wrinkle arrays were formed via plasma treatment of
stretched PDMS films and subsequent deposition of surface
graphene layers. DSA of BCP lamellar nanodomains on the
graphene wrinkles generated a highly aligned lamellar formation over a large area via the geometric anchoring effect. Further metallization yielded a uniaxially aligned 10-nm-thick
metal nanowire array. In our approach, multi-level processing
consisting of microscale mechanical wrinkling, nanoscale BCP

(45°) and c) plane-view SEM images of wrinkle-directed BCP nanodomains (trench center thickness: 120 nm). C) Schematic diagram of the
procedure for the formation of highly aligned 10-nm-scale Ag nanowire
arrays. i) NOA wrinkle surface was chemically neutralized, and ii) a BCP
thin film (trench center thickness: 250 nm) was deposited. iii) Highly
aligned BCP lamellae were then formed by thermal annealing. iv) Ag was
selectively deposited onto the PS lamellae domains by thermal evaporation. D) A plane-view SEM image of the highly aligned Ag nanowire array.
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self-assembly, and atomic-scale selective metallization was realized by consecutive self-organization processes at different
length scales. This effective hierarchical control over the formation of nanoscale and atomic-scale functional nanostructures
offers opportunities for cost-effective, scalable self-assembly
based on nanofabrication without the burden of costly lithographic processing steps.

Experimental Section
PDMS Wrinkle and Replication Process: To fabricate randomly oriented
wrinkles, after dispensing a drop of NOA71 onto the substrates, PDMS
flat stamps were used to yield flat and uniform optical adhesive films that
were ca. 20 µm thick; the films were exposed to UV light (315–400 nm
at 72 W) through the flat PDMS stamp. The partially cured films were
biaxially strained using oxygen plasma (30 W, 40 sccm, 1 min) and
subsequently cured by UV irradiation overnight. Ion irradiation during the
plasma treatment isotropically expanded the newly formed crust, leading
to equi-biaxial compressive stress (σ < 0) and in-plane compressive
strain ε (≤ 0). For straight and periodic wrinkles, thin films (or stiff
layers) attached to a compliant foundation formed straight wrinkles that
were uniaxially aligned and regularly spaced over a large area. PDMS
sheets (thickness 1.0 mm, 70 °C thermally annealed) were uniaxially
stretched in a custom-designed stretching apparatus and exposed to
oxygen plasma (30 W, 40 sccm, 6 min). When the compressive stress
was removed from the specimen, the stiff skin buckled perpendicularly
to the direction of the mechanical strain (ca. 20%). Subsequently,
PUA301 thin films on PET film (70 µm thickness) were used to duplicate
the surface morphology of the PDMS wrinkle array (UV exposure, 10 h).
P(S-r-MMA) Brush Treatment: The NOA wrinkled surface was
pretreated with short-wavelength, ozone-generating UV (UVO) exposure
(3 min). End-functional P(S-r-MMA)s (weight-averaged molecular
weight, Mw = 17 000 g mol−1; Mw/Mn = 1.6, where Mn is the numberaverage molecular weight; 60 mol% styrene and 40 mol% MMA) were
spin-cast and thermally reacted to the wrinkled surface at 160 °C for
48 h in a vacuum. Unreacted polymers were thoroughly washed out by
spinning using toluene.
rGO Thin Film: GO was prepared from natural graphite (SP1 Bay
Carbon) by the modified Hummers method. The GO thin film was
deposited on the wrinkled surface (NOA) by spin-casting. For uniform
multilayer film deposition, the GO solution with the GO/methanol/water
weight ration of 1:1750:100 was used. Spin-casting was assisted by
nitrogen gas blowing at the center region. The GO thin film on the NOA
wrinkle array was chemically reduced by vapor exposure with hydrazine
monohydrate (70 °C, 3 min).
BCP Thin Film: A symmetric PS-b-PMMA thin film was spun-cast onto
the chemically neutralized wrinkle surface. The BCPs with molecular
weights of the PS and PMMA of 105 and 106, 80 and 80, 52 and 52, 36
and 33.5, and 25 and 26 kg mol−1 (Polymer Source, Inc.) were spun-cast
from a toluene solution (1–2.5 wt%). To promote BCP self-assembly,
low-molecular-weight PS-b-PMMA (molecular weights of the PS and
PMMA blocks of 5 and 5 kg mol−1, respectively) was blended in a 9:1 vol.
ratio. Thermal annealing was conducted at 200 °C for 24 h to achieve the
self-assembled morphology.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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