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ABSTRACT We demonstrate a surface energy modification method exploiting graphene film. Spin-cast,
atomic layer thick, large-area reduced graphene film successfully played the role of surface energy modifier for
arbitrary surfaces. The degree of reduction enabled the tuning of the surface energy. Sufficiently reduced graphene
served as a neutral surface modifier to induce surface perpendicular lamellae or cylinders in a block copolymer
nanotemplate. Our approach integrating large-area graphene film preparation with block copolymer lithography
is potentially advantageous in creating semiconducting graphene nanoribbons and nanoporous graphene.
KEYWORDS: block copolymer · self-assembly · graphene · nanolithography ·
surface energy modification

raphene is a monolayer of carbon
atoms tightly packed into a twodimensional honeycomb lattice.
Since its unexpected isolation from natural
graphite, the extraordinary properties of
graphene have immediately fascinated the
scientific community. The typical properties
of graphene include the quantum Hall effect at room temperature,1,2 the ambipolar
electric field effect,3 a tunable band gap,4
and high elasticity,5 which hold great promise for many technological fields such as
nanoelectronics,6,7 sensors,8 composites,9
and energy conversion/storage.10,11 While
a considerable body of research has been
devoted to investigating these novel properties, the surface energy of graphene has
rarely been investigated yet. Given that
graphene is one of the thinnest materials
ever known, it can serve as a highly effective surface energy modifier.
Modification of surface energy affords
precise control over the surface and interfacial properties, ranging from wetting to adhesion, of a material. In the particular case
of block copolymer thin films, surface modification is crucial for controlling the orientation of nanoscale domains, which is required to fully exploit the potential of these
materials for nanolithographic templates.
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On a chemically neutral surface, the surface energy to each block of a given copolymer is balanced such that surface perpendicular nanoscale cylinders or lamellae are
assembled within a thin film
confinement.12⫺15 The block copolymer
thin films with such surface perpendicular
nanodomains are attractive self-assembled
nanotemplates. The vertical side wall profiles of such morphologies ensure facile and
robust pattern transfer by further etching
or deposition.12⫺15
Herein, we introduce a straightforward
surface energy modification method using
large-area reduced graphene film. Our approach relies on the thermal or chemical reduction of spin-cast graphene oxide film to
tune the surface energy. To date, various
synthesis methods for graphene, such as
mechanical exfoliation,3 thermal decomposition of SiC,16 reduction of graphene oxide,17 liquid-phase exfoliation of graphite,18
and chemical vapor deposition (CVD),19
have been exploited. Among them, the
chemical oxidation of natural graphite and
the subsequent reduction is a truly scalable
method for wrinkle-free, large-area
graphene film. In our approach, neutral surface modification with spin-cast reduced
graphene films successfully induced the
surface perpendicular lamellae or cylinders
in block copolymer thin films, which play a
role as a lithographic mask for further nanofabrication. This strategy exhibits a number
of advantages: (i) a rapid and straightforward processing, intrinsically scalable to arbitrary large-area processing, is established;
(ii) noncovalent surface modification universally applicable to various substrates, including inert substrates such as Au or polymers, and nonplanar substrates, and
flexible/stretchable substrates, is possible;
www.acsnano.org
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Figure 1. (A) Schematic representation of graphene film surface modification. (a) Spin-casting of graphene oxide thin film
on various substrates assisted by N2 gas blowing. (b) Thermal or chemical reduction. (c) Spin-casting a PS-b-PMMA thin film
and thermal annealing for self-assembly. (B) SEM images of PS-b-PMMA thin films self-assembled upon graphene films thermally or chemically reduced at various temperatures. The reduction was performed thermally at (a) 200 °C, (b) 300 °C, (c)
400 °C, (d) 500 °C, and (e) 600 °C or chemically at (f) 40 °C, (g) 60 °C, (h) 80 °C, (i) 100 °C, and (j) 120 °C.

(iii) a highly flat, electroconductive, mechanically flexible surface modification layer is ensured; and (iv) conventional lithographic approaches are compatible for
generating surface energy modulated substrates.
RESULTS AND DISCUSSION
The overall process of our surface modification using large-area reduced graphene film is schematically
described in Figure 1A. Various substrate materials including metals, semiconductors, ceramics, or polymers
were prepared by thin film deposition methods.14 The
substrate surfaces were cleaned by UVO irradiation before graphene film deposition. Graphene oxide was produced by oxidizing natural graphite using a modified
Hummers method.17,20,21 Fully exfoliated graphene oxides sheets were separated by centrifuge and resuspended in the mixed solvent of water and methanol. A
graphene oxide thin film was deposited from this fully
exfoliated solution onto various substrates by a spincasting assisted by nitrogen gas blowing (Figure
1A.a).22 We note that, unlike CVD or other graphene
film preparation methods, spin-casting enabled
www.acsnano.org

wrinkle-free, highly uniform graphene film preparation
over a large area. This wrinkle-free morphology is crucial for the subsequent large-area block copolymer
nanotemplate preparation and pattern transfer. After
deposition, the graphene oxide thin film was thermally
or chemically reduced (Figure 1A.b).17,23 A lamellar or
cylindrical polystyrene-block-poly(methyl methacrylate)
(PS-b-PMMA) thin film (80 nm) was spin-cast on the reduced graphene film and thermally annealed at a high
temperature (200⫺280 °C) to generate a surface perpendicular lamellar or hexagonal cylinder nanotemplate (Figure 1A.c).
Figure 1B presents plane view SEM images of lamellar block copolymer thin film morphologies on
graphene films at various reduction temperatures (a⫺e,
thermal reduction under hydrogen atmosphere; f⫺j,
chemical reduction with hydrazine monohydrate vapor). A number of processing parameters, such as the
hydrogen gas flow rate in thermal reduction or hydrazine monohydrate vapor pressure in chemical reduction, may influence the reduction of graphene film.
Among them, the most critical parameter was found
VOL. 4 ▪ NO. 9 ▪ 5464–5470 ▪ 2010
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der nanodomains spontaneously orient
in the surface perpendicular direction
due to the confinement from the thin
film geometry. Several seconds or minutes of reduction were sufficient to induce surface perpendicular
nanodomains.
Figure 2A shows the variation of the
water contact angle on the reduced
graphene film as a function of reduction temperature. It has been reported
that organic modified substrates with a
water contact angle of 75⫺85° may induce surface perpendicular lamellar or
cylinder nanodomains of PS-b-PMMA.13
The advancing water contact angle on
reduced graphene film entered this
neutral window when the thermal reduction temperature and chemical reduction temperature were 600 and 120
°C, respectively. These results are quantitatively consistent with the experimental observation of nanodomain orientation presented in Figure 1B. We
note that the water contact angle of reduced graphene film saturated around
80° upon a further increase of the reduction temperature over the critical temperatures. The interfacial tensions of PS
and PMMA homopolymers to reduced
graphene film were also straightforwardly measured by contact angle measurements of molten PS and PMMA
droplets upon reduced graphene film
(Supporting Information). The similar
Figure 2. (A) Advancing water contact angles measured upon reduced graphene films prevalues of 26.31 and 26.37 mJ/m2 were
pared at various reduction temperatures. The advancing water contact angle entered the
neutral window for PS-b-PMMA block copolymer (contact angle ⴝ 75ⴚ85°) at 600 °C for ther- obtained for PMMA and PS compomal reduction and 120 °C for chemical reduction. Surface perpendicular lamellar or cylinder
nents, respectively, confirming the neumorphology was self-assembled upon the neutral graphene film. (B) XPS C1s peaks of
trality of reduced graphene film.
graphene oxide and reduced graphene after thermal (600 °C) and chemical reduction (120 °C).
The basal plane and edge of
graphene oxide are known to be decoto be the reduction temperature for both thermal and
rated with polar oxygen containing functional groups
chemical reduction. As shown in Figure 1B, surface per- such as epoxide, hydroxyl, carbonyl, and carboxyl
pendicular nanodomains were achieved over the engroups.24⫺31 The evolution of the surface chemistry of
tire block copolymer film above 600 °C for thermal
graphene oxide film before and after thermal or chemitreatment and 120 °C for chemical treatments. Below
cal reduction was monitored by X-ray photoelectron
the critical temperatures, the underlying graphene oxspectroscopy (XPS) (Figure 2B).23 Before reduction, the
ide film was insufficiently reduced with a significant
C1s peak of the graphene oxide consisted of a sp2 caramount of polar oxygen functional groups remaining
bon peak (C⫺C, 284.5 eV) and higher binding energy
at the basal plane and edge. As a result, the polar PMMA sp3 carbon peaks such as C⫺O (286.2 eV) and CAO (carblock preferentially segregates at the block copolymer
bonyls, 287.8 eV) peaks. The relative intensities of those
film/graphene oxide film interface, inducing surface
C⫺O and CAO peaks dramatically decreased after therparallel lamellar morphology. In contrast, above the
mal or chemical reduction. This confirmed the decrease
critical temperatures, the underlying graphene film was of polar oxygen functional groups upon thermal or
sufficiently reduced to become neutral to PS-b-PMMA
chemical reduction. Such a decrease of the polar oxyblock copolymers (the same interfacial tension for PS
gen functional groups rendered the graphene surface
and PMMA blocks). In this condition, lamellar or cylinless polar and, eventually, the reduced graphene surVOL. 4 ▪ NO. 9 ▪ KIM ET AL.
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face became neutral to PS-b-PMMA
and induced surface perpendicular
lamellar or cylinder nanodomains. We
note that a negligible intensity of polar C⫺N peak (285.7 eV) was observed
after chemical reduction. This was attributed to the partial transformation
of carbonyl functionalities into hydrazine groups.23
Facile deposition of large-area reduced graphene film upon arbitrary
substrates via spin-casting and reduction enables an unprecedented surface energy modification method
generally applicable to arbitrary substrates including chemically inert surfaces such as gold or polymers.14 Figure 3 shows scanning electron
microscopy (SEM) images of block copolymer thin films with surface perpendicular lamellar or cylinder nanodomains prepared on metal (gold,
Figure 3A), semiconductors (silicon,
Figure 3E,F), ceramics (silicon oxide
and titania, Figure 3B,C), and polymer
(polyimide, Figure 3D) substrates. Reduced graphene films were deposited
on all substrates and mediated the
neutral surface energy for surface perFigure 3. Tilted 45° SEM images of surface perpendicular lamellar or cylinder nanotemplates of
pendicular lamellar or cylinder nanoPS-b-PMMA (lamellar period ⴝ 48 nm, center-to-center distance between neighboring cylinders
domains. When the annealing temⴝ 42 nm) self-assembled on (A) Au, (B) SiO2, (C) TiO2, and (D) polyimide substrates with reperature was high enough (250 °C) to duced graphene neutral layer. PS-b-PMMA block copolymer thin films with surface perpendicular lamellar morphologies self-assembled on either (E) single-layer graphene flake or (F) multihave a neutral interface with
vacuum,32 the cylinder or lamellar nano- layer graphene film. The inset in panel E shows the graphene flake remaining after removing
block copolymer film.
domains in a PS-b-PMMA thin film
assembled on a multilayer crumpled graphene film.
vertically oriented throughout the film thickness over
Owing to the mechanical flexibility of graphene film,
200 nm. We used the same approach for other substrates, such as Ru, Ti, Pt, and SiN, and succeeded in pre- surface perpendicular lamellae were assembled on such
paring block copolymer thin films with surface perpen- nonplanar geometry. Since flexible graphene film can
dicular nanodomains. It is noteworthy that, despite the be readily transferred to nonplanar substrates or flexible/stretchable substrates via wet or dry transfer methatomic scale thickness of graphene flakes, the layer
ods, the graphene neutral layer is useful for potential
number of spin-cast graphene film does not signifiuse of block copolymer lithography in the nanocantly influence the surface energy. Surface perpenpatterning of nonplanar three-dimensional geometry
dicular nanodomains could be prepared on either
surfaces or flexible/stretchable nanodevice
single-layer (Figure 3E, Supporting Information Figure
structures.21,33⫺36 We note that our approach of using
S1) or thick multilayer graphene (about 10 layers) (Figgraphene film as block copolymer lithography subure 3F). Figure 3E presents a plane view SEM image of
strate is also useful for other widely used block copolylamellar PS-b-PMMA block copolymer film selfmers, such as polystyrene-block-poly(ethylene oxides)
assembled on a single-layer reduced graphene flakes.
(PS-b-PEOs), polystyrene-block-poly(2-vinylpyridine)
The inset shows the shape of the graphene flake re(PS-b-P2VP), and PS-b-P4VP. The solvent evaporation asmaining on the silicon substrate after removing block
copolymer film. The shape exactly matches the surface sisted vertical nanodomain alignment of those block
copolymers does not require neutral surface.37 Noneperpendicular lamellar morphology region. Upon the
surrounding bare silicon substrate region, block copoly- theless, the mechanical flexibility and transferability of
mer lamellae were oriented in the surface-parallel direc- graphene film are still beneficial for the nanopatterning
tion, revealing featureless in-plane morphology. Figure of nonplanar or flexible substrates (Supporting Information Figure S2).
3F shows surface perpendicular lamellar morphology
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thin film was spin-cast on the chemically patterned graphene film and selfassembled via high-temperature annealing. Figure 4B,C shows the SEM
images of the resultant block copolymer morphologies observed at a low
and high magnification. In the lowmagnification image (Figure 4B), the
different orientations of lamellar
nanodomains provide the image contrast in the plane view. The areas exposed to RIE (Region II) exhibited featureless in-plane morphology of
surface parallel lamellae, while the
area protected by a TEM grid (Region
I) maintained the neutral surface energy and, thus, showed surface perpendicular lamellar morphology. Figure 4C
shows the sharp morphology distinction at the boundary between surface
parallel and perpendicular lamellar regions. This sharp morphology distinction demonstrates the chemical patternability of the graphene layer into
fine nanoscale patterns, which is
greatly advantageous for the directed
assembly of block copolymer into
device-oriented nanostructures. We
note that the chemical patterning of
graphene film required a very low dose
of RIE, which is attributed to its extremely thin thickness. In addition, owing to the electroconductivity of
graphene film, chemical patterning
Figure 4. (A) Schematic illustration for the chemical patterning of graphene film using selecwith modulated electric potential is
tive etching and the resultant lamellar block copolymer morphology. (B) Low- and (C) highpossible. This is potentially useful for
magnification SEM images of lamellar block copolymer film self-assembled on a chemically patthe directed assembly of charged obterned graphene layer. Region I was protected against RIE by the Cu TEM grid, while Region II
was etched. (D) Schematic illustration of nickel nanodot array generation. After the selective re- jects such as polyelectrolytes or
moval of PMMA domains of a PS-b-PMMA cylinder nanotemplate, nickel film was deposited
charged nanoparticles.
by conventional thermal evaporation. (E) Tilted 45° view of SEM images of nickel dot arrays
The easy lift-off of block copolymer
generated via block copolymer lithography assisted by neutral graphene film layer.
template film is another advantage of
We have presented the versatility of graphene film
the graphene neutral layer for block copolymer lithogto produce surface perpendicular lamellar or cylinder
raphy (Figure 4D,E). Surface perpendicular lamellae or
nanodomains in block copolymer thin films. For further cylinders in PS-b-PMMA block copolymer film can be
utilization of block copolymer lithography in deviceutilized as a lithographic mask after the selective reoriented nanofabrication, the directed assembly into
moval of PMMA domains. Figure 4D describes seleclaterally ordered morphology is highly
tive metal deposition using a PS nanoporous mask predemanded.12,37⫺43 In order to achieve such a directed
pared from a cylindrical PS-b-PMMA copolymer film.
assembly, chemically prepatterned substrates have
After metal deposition over the entire area, the PS nanobeen frequently utilized. As shown in Figure 4, the
porous mask must be lifted off. When a neutral brush
graphene film neutral layer is compatible to the chemi- layer was used, this lift-off process typically performed
cal patterning process. Figure 4A schematically depicts via sonication in organic solvent took at least several
the chemical patterning process relying on the selective hours. This is due to the strong interfacial interaction
oxidation or selective etching of the graphene neutral
caused by the interpenetration and entanglement of
layer by argon or oxygen RIE. The copper TEM grid with the polymer brush into the block copolymer thin film.
hexagonal openings was used as a shadow mask to im- In contrast, if atomically flat graphene film was used as
a neutral layer, the block copolymer nanotemplate
pose the selective RIE. After RIE, a block copolymer
VOL. 4 ▪ NO. 9 ▪ KIM ET AL.
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CONCLUSIONS
We have first demonstrated a promising route of
using spin-cast, large-area reduced graphene film
as a surface energy modifier. We found that suffi-

ciently reduced graphene film, which can be deposited upon arbitrary substrate materials over a large
area, can be effectively used as a neutral layer for PSb-PMMA block copolymer nanotemplates. Further
development of our approach toward directed block
copolymer assembly upon chemically/topographically patterned graphene is anticipated for the largearea scalable production of nanopatterned
graphene such as graphene nanoribbons, nanoporous graphene, and so on.41,42,44⫺46

METHODS
Preparation of Graphene Oxide Film: Graphene oxide was prepared from natural graphite (SP1 Bay Carbon) by a modified
Hummers method. Single-layer or multilayer graphene oxide
thin film was spin-cast onto various substrate materials by controlling the graphene oxide composition in methanol/water suspension. For single-layer graphene oxide flake deposition,
graphene oxide solution with the weight ratio of graphene oxide/methanol/water ⫽ 1:500:2500 was used. For uniform multilayer film deposition, graphene oxide solution with the weight
ratio of graphene oxide/methanol/water ⫽ 1:1750:100 was used.
Spin-casting was assisted by nitrogen gas blowing at the center
region. Large-area multilayer graphene oxide thin film was
achieved on a 4 in. wafer surface by several repeated spincastings.
Thermal or Chemical Reduction of Graphene: We used two methods
for graphene reduction: (i) thermal treatment under H2 gas or
(ii) chemical treatment with hydrazine monohydrate vapor exposure. The thermal treatment was performed at various temperatures from 200 to 1000 °C at 100 °C intervals. Chemical treatment
was also performed at various temperatures from 20 to 200 °C
at 20 °C intervals.
Self-Assembled PS-b-PMMA Nanotemplate: A PS-b-PMMA block copolymer thin film was spin-cast onto reduced graphene film.
The block copolymer with a molecular weight of 48⫺46 K or
46⫺21 K kg mol⫺1 for PS and PMMA blocks, respectively, was
spin-cast from a toluene solution. Thermal annealing was conducted at 250 °C for 3⫺5 h to accomplish self-assembled morphology. The PMMA domains in a block copolymer film could be
selectively removed by dry O2 plasma RIE. The resultant nanoporous PS template was applied as a lithographic mask for further pattern transfer.
Chemical Patterning of Graphene with Selective RIE: The chemical
patterning of graphene was performed via selective oxidation
or selective etching using RIE (30 W, 40 sccm) with a Cu TEM grid
shadow mask.
Characterization: The nanoscale morphology was characterized using a Hitachi S-4800 SEM with a field emission source of
1 kV. The advancing water contact angle was measured with Surface Electro Optics PNX 150. XPA data were obtained using
Thermo VG Scientific ESCA 2000.
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