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Mussel-Inspired Block Copolymer Lithography for Low
Surface Energy Materials of Teflon, Graphene, and Gold
Bong Hoon Kim, Duck Hyun Lee, Ju Young Kim, Dong Ok Shin, Hu Young Jeong,
Seonki Hong, Je Moon Yun, Chong Min Koo, Haeshin Lee,* and Sang Ouk Kim*
Interfacial engineering is of particular significance for self-assembling materials, such
as liquid crystals,[1] amphiphiles,[2] and block
copolymers.[3,4] The molecular ordering and
the nanodomain alignment of self-assembling
materials are delicately influenced by the surface energy and functionality. To date, various
interfacial engineering methods, ranging
from the simple deposition of a surface modifier to a self-assembled monolayer (SAM)[5] or
layer-by-layer assembly,[6] have been exploited.
Nevertheless, currently available methods are
substrate-specific and unable to modify low
surface energy or chemically inert surfaces.
Recently, polydopamine treatment, inspired
by the adhesive proteins secreted by marine
mussels, has been suggested as a facile and
universal strategy for surface modification.
The versatile catechol unit provides a unique
opportunity to modify virtually all types of Figure 1. A) Mussel-inspired surface engineering of cherry tomato and Teflon film. Both the
material surfaces, regardless of their chem- hydrophobic cherry tomato and the synthetic Teflon film surface could become dramatically
ical functionality or surface energy. Moreover, hydrophilic by polydopamine treatment. B) Schematics for mussel-inspired block copolymer
the robust polydopamine treated surface can lithography for low surface energy substrates. After the polydopamine coating and P(S-r-MMA)
accommodate the surface reaction site for the brush treatments, block copolymer thin films were spin-cast and thermally annealed to form
surface perpendicular lamellar or cylinder array templates.
formation of secondary ad-layer.[7–11]
Here, we present that polydopaminepromise for sub-10-nm scale patterning.[12] It is a strong candiassisted interfacial engineering can be synergistically intedate to overcome or complement the intrinsic resolution limit
grated with block copolymer lithography for surface nanopatof conventional photolithography. Nevertheless, the directed selfterning of low-surface-energy substrate materials, including
assembly of block copolymers into device-oriented nanopatterns
Teflon, graphene, and gold. Block copolymer lithography is a
generally requires organic modification of a substrate surself-assembly based nanopatterning technology that holds great
face.[3,4,13–22] Consequently, block copolymer lithography could
hardly be employed on the aforementioned low surface energy
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tomatoes. The left one is a raw cherry tomato
with a fairly low energy surface. Water droplets readily dewetted from the raw cherry
tomato surface. The right one is the polydopamine treated cherry tomato, whose
surface energy was greatly enhanced such
that water droplets were stably stuck at the
nonplanar geometry (see Supporting Information 1). Polydopamine surface treatment
can successfully modify the surface energy
of Teflon, one of the lowest surface energy
materials ever known (see Supporting Information 2). It is well known that any surface
modifier can hardly be deposited on the
Teflon surface. A solution-processible Teflon
AF layer (Teflon Amorphous Fluoropolymers, DuPont) was formed on the entire
area of a silicon substrate, half of which was
subsequently immersed in dopamine solution for 5 h. While water dewetted from the
raw Teflon surface, water stably wetted the
polydopamine-treated Teflon surface, clearly
contrasting the surface modification effect.
Figure 1B illustrates the procedure for
mussel-inspired block copolymer lithography. A low surface energy substrate was
immersed in a dopamine solution (1 mg/mL),
buffered to a pH typical of marine environments (10 mM Tris-HCL, pH = 8.0).
Upon immersion for several hours, a thin
and robust adherent polydopamine film
was spontaneously deposited on the substrate surfaces.[7] A hydroxyl terminated
poly(styrene-ran-methyl methacrylate) P(Sr-MMA) brush thin film was spin-cast on
the polydopamine-treated substrate. We note
that without the polydopamine layer polymer
films readily dewetted from the low surface
energy substrates. Subsequent thermal
annealing facilitated the covalent reaction
between the hydroxyl terminal group of the
polymer brush with the catechols of the polydopamine layer. The resultant brush-treated
surface was chemically neutral (balanced
identical surface tension) to PS and PMMA
components with the optimized chemical Figure 2. A) XPS wide scans and B) narrow scans for C1s peaks of bare, polydopamine treated,
composition of the random copolymer.[3,4] P(S-r-MMA) brush treated Teflon surfaces. C) Variation of advancing water contact angle on
Any excess polymer brush molecules were Teflon, graphene, Au, and Si substrates during mussel-inspired neutral surface modification.
thoroughly spin-washed. Finally, a thin film
The variation of surface chemistry and surface wettability
of polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA)
upon surface treatment was monitored with X-ray photoelecwas spin-cast on the neutralized substrates and thermally
tron spectroscopy (XPS) and water contact angle measurements
annealed. Upon the neutralized surface, the substrate surface
(see Supporting Information 4 and 5).[7] Figure 2A shows the
enforced surface parallel block copolymer molecule alignXPS spectra of a Teflon substrate measured at each processing
ment and, thus, surface perpendicular lamellar or cylinder
step.[26] After polydopamine treatment for 5 h, the F1s peak
nanodomain alignment. The resultant block copolymer thin
from the underlying Teflon substrates was completely screened.
films with vertical nanodomain morphology were employed
Instead, O1s and C1s peaks became enhanced and a new N1s
for further additive or subtractive nanopatterning of the
peak emerged, elucidating the formation of a polydopamine
underlying low surface energy materials (see Supporting
layer. After P(S-r-MMA) brush ad-layer (6–7 nm thick)
Information 3).
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deposition on the polydopamine layer, the
intensity of the N1s peak greatly decreased.
Figure 2B presents the high resolution
spectra in the C1s peak region for pure Teflon
surface, polydopamine treated surface, and
P(S-r-MMA) brush treated surface. After polydopamine treatment, the F–C–F(294.5 eV)
and O–C–F(292 eV) peaks were completely
disappeared, whereas C=O(287.5 eV) and
C–O(286 eV) peaks newly appeared. Finally,
π -> π∗(291.3 eV) and O=CvO–CH3(288.7 eV)
peaks were observed after P(S-r-MMA) brush
ad-layer was formed.
Figure 2C plots the variation of the
advancing water contact angle during the
interfacial engineering of various substrates.
While the raw Teflon surface revealed a
highest angle of ∼120°, graphene and Au
substrates showed moderate angles of ∼90°
and ∼70°, respectively. The piranha-treated
silicon substrate showed the lowest angle of
0°. During polydopamine treatments for 5 h,
the water contact angles gradually increased
or decreased to converge to 55°–60°, regardless of the wide spectrum of initial values.
Finally, all contact angles reached values of
75°–80° after P(S-r-MMA) brush layer deposition, which is consistent with the value for
a neutral surface for PS and PMMA components. We note that the lowest energy Teflon
surface underwent a rapid variation of the Figure 3. A) Schematic procedure for Teflon nanowire fabrication via mussel-inspired block
copolymer lithography. Water selectively resides on the less hydrophobic parts of the “KAIST”
contact angle in the early period of poly- letters. Tilted SEM image of Teflon NWs, and the water contact angle on the nanowire substrate
dopamine treatment. This behavior was due (inset). B) Cross-sectional and TEM images of the vertical nanocyliders in a PS-b-PMMA film
to the oxygen atom present in Teflon AF. The on CVD-grown graphene.
hydroxyl or C=O groups in polydopamine
can form a hydrogen bond network with the
oxygen atoms in the solution processible Teflon AF. This sponTeflon nanowires with a block copolymer lamellar template,
taneous adsorption of polydopamine caused the large decrease
copper foil mask with the letters of “KAIST” were placed over
in the contact angle during the early stage of polydopamine
the lamellar block copolymer template. The resultant etched
treatment.
substrate consisted of “KAIST” letters replicating the parts of
Figure 3A shows Teflon nanowires replicating a block
unetched Teflon (hydrophobic parts) enclosed by the remaining
copolymer lamellar morphology prepared by mussel-inspired
area with etched nanowire morphology (superhydrophobic
block copolymer lithography. The nanowires were fabricated by
part). When water was dispensed upon the entire area of the
a dry etching employing a PS-b-PMMA thin film mask with versubstrate, water droplets were dewetted from the surrounding
tical lamellar morphology. After formation of a lamellar nanosuperhydrophobic surface and trapped on the less hydrophobic
template upon a neutrally modified Teflon surface, CF4 dry
parts of the “KAIST” letters.
etching was employed to selectively remove PMMA lamellae.
The surface energy of CVD- or HOPG-derived graphene
The remaining nanopatterned PS lamellae film played the
with the least defects is generally low such that polymer thin
role of an etching mask for the further etching of the underfilms readily dewet on the graphene surface.[29,30] Kim et al.
lying Teflon film with CF4 and Ar. We note that O2 etching
reported that a P(S-r-MMA) readily dewets on the HOPGderived graphene.[31] They employed an additional silica layer
was avoided to prevent any surface oxidation. It is well-known
that nanopatterning can enhance the surface energy effect of
deposition upon HOPG-derived graphene for the neutral P(Sa surface. A hydrophobic surface becomes more hydrophobic
r-MMA) brush treatment for block copolymer lithography. In
with a surface roughness and, particularly, with the involvecontrast, our simple approach of polydopamine deposition and
ment of an air pocket.[27,28] The water contact angle on the
subsequent neutral brush treatment achieved surface-perpendicular nanodomain alignments on those pure graphitic carbon
Teflon surface increased from 120° to 151° upon the nanowire
substrates with a minimized processing burden. Figure 3B
morphology formation. This extremely high value indicates a
shows the cross-sectional TEM image of a PS-b-PMMA nanosuperhydrophic behavior. An interesting water wetting behavior
template with vertical PS cylinders, which self-assembled on a
is demonstrated in Figure 3A. Upon the masked etching of
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upon the low surface energy Au surface and,
thus, addressed the previous bottleneck. PSb-PMMA thin films with vertical PMMA cylinders were assembled upon Au substrates
via mussel-inspired block copolymer lithography. The PMMA cylinders were selectively
etched and the resultant nanoporous PS template was employed for the masked deposition of Fe catalyst. Copper TEM grids were
supplementary employed as a shadow mask
for large scale patterning of Fe catalysts.
Plasma enhanced chemical vapor deposition
(PECVD) growth of vertical CNTs from the
Fe catalyst generated hierarchically patterned
vertical CNTs directly grown on an Au substrate. The electrical functionality of vertical
CNTs directly grown on Au was exploited
by field emission measurements. Since field
emission requires fluent electron injection
from the bottom substrate, good electrical
contact between CNTs and the bottom substrate is required. Figure 4B presents highly
uniform field emission over the entire CNT
area. This confirms the uniform CNT–Au
Figure 4. A) Schematic procedure, photography, SEM images of the hierarchically organized bottom contacts. Current density vs. applied
vertical CNT array directly grown on an Au substrate. Large-area uniform field emission over the voltage plot and the corresponding Fowlerentire area of vertical CNTs. B) Current density vs. applied voltage plot and the corresponding Nordheim plot were measured. The low
F–N plot for the field emission.
turn on field of 1.86 V/mm and fairly high
β value of 3000 are attriuted to the direct
and robust electrical contact between CNTs and the bottom Au
CVD graphene. The TEM image contrasts the block copolymer
substrate.[35]
layer, the brush and polydopamine surface modification layer,
In summary, we have demonstrated a facile and universal
and the multilayer graphene layer. The HR-TEM image of the
method for surface nanopatterning, which is particularly useful
multilayer graphene film grown by the Ni-CVD method shows
for low surface energy substrates, such as Teflon, graphene, and
the typical graphene layer spacing of 3.4 Å. A block copolymer
gold. Those materials have been longstanding challenges for surnanotemplate can be employed for nanopatterned graphene
face nanopatterning thus far. Our strategy, inspired by a genufilms, including graphene nanomesh, or graphene nanoribbon,
inely universal adhesive protein secreted by marine mussels, can
or graphene quantum dots.[31,32] The periodically nanopatserve as a versatile platform for surface energy modification and
terned morphology may open up the bandgap of graphene,
further surface nanopatterning. A lesson from nature greatly
which is potentially useful for carbon based electronics and
strengthened the potential of block copolymer lithography. Moreoptoelectronics.
over, the universal adhesive polydopamine treatment can be synFigure 4A shows the hierarchically organized CNT array
ergistically combined with any other nanopatterning technology,
directly grown on an Au substrate. This interesting graphitic
especially for nonplanar or soft/flexible geometry.[29,34]
carbon-metal direct junction was realized by virtue of the Fe
catalyst nanopatterning via mussel-inspired block copolymer
lithography.[33,34] Metal catalyst nanopatterning on Au substrates has been a technological challenge. The routinely used
Supporting Information
thin metal film deposition and subsequent thermal agglomSupporting Information is available from the Wiley Online Library or
eration is not successful due to the high interfacial adhesion
from the author.
between metal particles and substrates. Such metal catalyst patterning by spontaneous thermal dewetting has been frequently
employed on dielectric oxide substrates, such as silica or aluAcknowledgements
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