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T
hin films with nanometer scale pat-
terns have many fascinating applica-
tions for novel material structures

and devices. Among those, periodic pillar

and hole structures of tens of nanometer

pitch are potentially useful for applications

in magnetic storage media, photovoltaic

cells, organic semiconductors, plasmonic

nanophotonics, and filtration

membranes.1�5 Electron-beam lithography

and focused ion beam (FIB) lithography are

widely used methods to fabricate these

types of patterns for which conventional

photolithography faces resolution limit.

However, the time-consuming process and

the high cost associated with such tech-

niques seriously restrict the large-scale pro-

duction of high density nanopatterns. As al-

ternatives, nanotemplate approaches using

track-etched membrane and anodized alu-

minum oxide (AAO) have been extensively

used to produce tens of nanometer scale

patterns. However, the poor adhesion of

template to a substrate, the harsh process-

ing conditions to remove the template, or

the resolution of the patterns often limit

these pattern transferring techniques.6,7

Recently, the self-assembly behavior of

diblock copolymers has drawn significant

attention for nanotemplate fabrication.8 It

is well-known that the self-organization of

block copolymer can access extremely

dense and complex nanostructures. The

density and the dimension of such self-

organized nanostructures are usually be-

yond the reach of typical conventional top-

down nanofabrication techniques.9

Furthermore, various techniques that have

been developed to control the orientation

of the nanoscale morphology in the thin

film make it possible for these self-

organized nanostructures to be used as
templates for various applications.8,10,11 De-
spite the numerous advantages offered by
these nanotemplates fabricated by block
copolymer self-assembly, the long process-
ing time needed to develop the self-
assembled structures has drastically re-
duced the potential impact of this versatile
nanopatterning technique. To overcome
this limitation, we report in this paper reli-
able and practical methods of fabricating
SiO2 molds for nanoimprint lithography
(NIL) using the block copolymer template,
which were then used in NIL for high-speed
nanopatterning.12,13 Such an approach rep-
resents a big step forward to mass produc-
tion of nanostructures with dimension, den-
sity, and areal coverage only accessible by
the block copolymer self-assembly process.
We will also illustrate several examples of
useful nanostructures fabricated by using
this approach, including large area plas-
monic nanoparticle arrays and nanopat-
terning of conjugated polymer material.
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ABSTRACT We developed simple fabrication methods to effectively transfer the block copolymer nanopatterns

to a substrate material. High aspect ratio, sub-20 nm nanopillar and nanohole structures are successfully fabricated

in a SiO2 layer in large area format, and the versatile utilities of these nanostructures as nanoimprint molds are

studied. Nanoimprint lithography using these molds makes it possible to easily replicate densely packed block

copolymer nanotemplate patterns on arbitrary substrates in a short processing time by using a large variety of

polymer materials, including functional materials such as conjugated polymers. In addition, the PDMS soft stamps

with both nanohole and nanopillar pattern polarities, which are useful tools for soft lithography and transparent

template applications, are also successfully fabricated using the pillar- and hole-type SiO2 molds. These soft stamps

provide an effective way to fabricate controllable as well as reproducible plasmonic metal nanostructures with

tunable surface plasmon resonances.

KEYWORDS: nanoimprint lithography · self-assembly · block
copolymer · conjugated polymer · soft lithography · plasmonic nanostructures
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NIL is a promising lithographic technique capable
of replicating large area nanostructures with resolution
down to a few nanometers. Though there have been
previous reports to fabricate SiO2 or Si nanostructures
using a self-assembled block copolymer template, the
processing methods were not straightforward for either
pillar or hole polarity patterns and none has succeeded
in applying those nanostructures to NIL.14�17 In this
work, polymer nanotemplate originated from
poly(styrene)-block-poly(methyl methacrylate) (PS-b-
PMMA) diblock copolymer was successfully transferred
to high density, high aspect ratio sub-20 nm SiO2 nano-
pillar and nanohole structures over a large area using
the novel processing techniques. Not only can NIL cre-
ate resist patterns as in a lithographic process but it can
also imprint functional device structures in various poly-
mers, which can lead to a wide range of applications.18

Our imprinting results show that densely packed sub-20
nm nanopillar and nanohole polymer patterns can be
easily fabricated on arbitrary substrates. Also it is pos-
sible to develop sub-20 nm conjugated polymer pat-
terns on ITO transparent electrodes, which are promis-
ing structures for photovoltaic cells. In addition,
elastomeric stamps based on a combination of hard
and soft poly(dimethylsiloxane) (PDMS), which can be
used for soft lithography and transparent template ap-
plications, were also fabricated. Using the nanostruc-
tured flexible PDMS template and a metal transfer
technique,19,20 sub-20 nm dense plasmonic metal nano-
particles were fabricated and exhibited strong light ex-
tinction at the resonance wavelength. Such plasmonic
particle arrays can be used in biosensors21 and photo-
voltaic cells.22

RESULTS AND DISCUSSION
NIL Molds Fabrication. The overall processes for fabricat-

ing the NIL molds are described in Figure 1. A SiO2 layer,
which was thermally grown on a Si wafer surface, was

first treated by poly(styrene-ran-methyl methacrylate)
(PS-r-PMMA) random copolymer to produce the neutral
surface to polystyrene (PS) and poly(methyl methacry-
late) (PMMA).8,10,11 Subsequently, PS-b-PMMA diblock
copolymer with 0.7 volume fraction of PS was spin-
coated and annealed above the glass transition temper-
ature of the copolymer for the self-assembly process
to proceed. This process results in the equilibrated mor-
phology of hexagonally packed cylinders. The identical
interfacial tension provided by the neutral PS-r-PMMA
layer to each block of the PS-b-PMMA copolymer on the
surface eventually led to vertically oriented cylindrical
PMMA nanodomains surrounded by PS. This morpho-
logical structure could be used to fabricate a PS nano-
template with hole arrays by removing the PMMA cylin-
drical nanodomain utilizing the etching selectivity be-
tween PS and PMMA, which is about 1:1.5�2 by typi-
cal O2 plasma etching.23 The resultant PS template with
nanohole array patterns is shown in Figure 2a.

There have been previous attempts to directly use
the PS template as an etching mask to transfer the
block copolymer patterns to other materials;14,15 how-
ever, the soft PS mask is not strong enough as an etch
mask to produce structures with high aspect ratios.
Here by using a few nanometer Cr deposited at an
angle to the substrate (i.e., shadow evaporation), we
could successfully transfer the block copolymer pat-
terns into the SiO2 layer having an almost 1:10 aspect
ratio. Cr was chosen because it is highly resistant to the
reactive ion etching (RIE) gases used to etch oxide ma-
terials. Cr was selectively deposited on the top surface
of the PS template by angled deposition, and this Cr
layer acted as the actual mask to etch the SiO2 layer
rather than PS. The resultant SiO2 hole arrays with 20
nm diameter and 150 nm depth are shown in Figure 2b.

The PS nanotemplate from the PS-b-PMMA block co-
polymer patterns was also used to fabricate SiO2 nano-
pillars. Again, Cr was selected as an etch mask. Initially,

Figure 1. Schematic of the process for fabricating both nanohole and nanopillar array patterns in SiO2: (a) cylindrical PS-b-PMMA
morphology is developed on the substrate surface modified by the neutral PS-r-PMMA layer. (b) PMMA nanodomains are selec-
tively removed by O2 plasma etching. (1c�1e) Nanohole array fabrication process; (1c) Cr is selectively deposited on polymer tem-
plate using shadow evaporation; (1d) SiO2 layer is etched using Cr mask by RIE; (1e) Cr mask and polymer template are removed for
SiO2 and form nanohole arrays. (2c�2f) Nanopillar array fabrication process; (2c) Cr is deposited over the polymer template; (2d)
top Cr layer is removed by Cr etching RIE; (2e) Cr nanodots remained after lift-off; (2f) SiO2 layer is etched using Cr mask by RIE and
Cr masks are subsequently removed.
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we tested the conventional lift-off process by deposit-

ing Cr on the PS template and subsequently dipping

the sample into toluene in order to lift-off the Cr film

on top of the PS template, while leaving the Cr pattern

at the bottom of the nanoholes. However, even by

harsh processing conditions, such as 3 h sonication at

60 °C, only small areas of PS template were dissolved

and most areas of PS template remained on the sub-

strate. This is due to the Cr metal deposited on the side

wall of the porous PS template because the profile of

the nanoholes is not perfectly vertical to the substrate.

These problems are usually solved by making undercut

structure to prevent the metal from being deposited

on the side wall; however, the weak etching property

Figure 2. SEM micrographs of various nanostructures (left column, top view; right column, perspective view at 45° tilt angle).
(a) PS template fabricated by etching away the PMMA nanodomains of the self-assembled PS-b-PMMA hexagonal patterns.
(b) SiO2 nanohole structure. (c) SiO2 nanopillar structure. All of the inset images are high-magnification SEM images; and the
inset images in b2 and c2 show the cross-section view of the nanostructure in the fabricated SiO2 mold.
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of the PS template does not allow such process. Our so-

lution to this problem is based on an observation that

it is difficult for the ions in RIE plasma to reach the bot-

tom of the nanoholes in the PS template under moder-

ate conditions, which is due to the high aspect ratio of

the nanoholes and the small hole openings. Therefore,

by inserting a Cr RIE etching step before the lift-off in or-

ganic solvent, as shown in processing flows in Figure

1, we confirmed that the lift-off was thoroughly com-

pleted in only 1 min while leaving the Cr dots at the bot-

tom of the nanoholes. Well-defined and uniform SiO2

nanopillars, shown in Figure 2c, fabricated by further

etching of the SiO2 layer after the lift-off are clear evi-

dence of this successful process, and we were able to

fabricate densely packed SiO2 nanopillar structures with

1:10 aspect ratio. Because of the freedom to insert a

hard etch mask for the fabrication of both polarity pat-

terns, the aspect ratio and the shape of the SiO2 nano-

structure are easily controllable, and the pattern trans-

fers to the substrate materials other than SiO2 are also

possible, simply by choosing the appropriate metal

masks that are resistant to the RIE chemistry for etch-

ing the target layer. Additionally, the dimensions of re-

sultant SiO2 nanostructures are also tunable using ap-

propriate self-assembled block copolymer templates, of

which the dimensions are controlled by the molecular

weight and composition.9

Nanoimprinting Polymer Resist on Arbitrary Substrates. The

nanoimprint molds of both pattern polarities made in

SiO2 described above can be used to fabricate various

functional nanostructures. For example, using the

nanopillar mold fabricated here, it is straightforward to

reproduce the high density nanohole patterns similar to

that produced by the block copolymer self-assembly

process in essentially any polymers in a short time by

using the NIL technique. As shown in Figure 3a, a PMMA

template with densely packed nanoholes was gener-

ated by a simple thermal nanoimprinting step using a

nanopillar mold at a temperature of 180 °C and a pres-

sure of 600 psi within a few minutes. To use them as

masks for further pattern transferring into a substrate

or to produce a porous PMMA membrane, the residual

layer of the imprinted PMMA pattern could be easily re-

moved by a subsequent O2 plasma after an angled

deposition of a metal mask such as Cr on top of the im-

printed PMMA to reinforce the etching resistance, as

shown in Figure 3b.

Conjugated Polymer Pattern Fabrication for OPV. Vertically

oriented sub-20 nm nanohole and nanopillar struc-

tures made in conjugated polymers are highly desir-

able structures for organic photovoltaic (OPV) cells. To

achieve high efficiency OPV cells, it is most essential to

produce interpenetrating networks of an electron-

donor and an electron-acceptor material. It is desirable

to limit the size of each domain to within the exciton

diffusion length, which has been measured to be 4�20

nm.24�28 By making such controlled nanoscale morphol-

ogy between the donor and the acceptor, and having

the donor�acceptor interface vertically oriented to the

cathode and the anode,29 the excitons can be fully dis-

sociated to electrons and holes and can be efficiently

transported to the electrodes before recombination.

Here, as an initial effort to produce the ideal interdig-

ited interface structure, we attempted to imprint di-

rectly a regioregular poly(3-hexylthiophene) (rr-P3HT)

polymer having high crystallinity. This material is one of

the most widely used donor materials in making the

OPV cells. Figure 4 shows that the fabrication of sub-20

nm hole- and pillar-type nanostructures in conjugated

polymer is possible using the SiO2 molds of both polar-

ity patterns. Though there have been several works to

fabricate rr-P3HT nanodomains using NIL,30,31 the struc-

tures reported here are the smallest and approach the

exciton diffusion length, which will permit us to effec-

tively study the exciton diffusion length effect of the

OPVs. The nanoimprint process, carried out at 185 °C

Figure 3. SEM micrographs of (a) PMMA nanotemplate imprinted by SiO2 nanopillar mold. (b) PMMA nanotemplate of which
the residual layer was removed by O2 plasma using Cr mask deposited by angled evaporation. Both inset images are the high-
magnification SEM images. All of the images are 45° tilted views.
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and 750 psi, is successful despite the fact that the high

crystallinity of the rr-P3HT may prevent the polymer

chains from flowing easily. The aspect ratio of the im-

printed P3HT nanostructures can be controlled by ad-

justing the imprint temperature, time, and pressure.

The effectiveness of these ordered nanostructures to

the performance of the OPV cell is currently under

investigation.

Application for Soft Lithography and Plasmonic Nanostructure

Fabrication. Flexible PDMS nanostructures, which are use-

ful tools for soft lithography and transparent nanotem-

plate, were also successfully fabricated by using the

SiO2 molds of both hole and pillar polarities. The soft

lithography technique has been widely used for pat-

tern transferring and capillary force lithography. How-

ever, the fabrication of soft mold with tens of nanome-

ter scale has been very challenging. As shown in Figure

5, large area soft stamps having dense 20 nm features

of both pattern polarities were successfully fabricated.

The nanoscale feature replication was possible due to

the use of a hard PDMS layer possessing a higher modu-

lus. Higher modulus is necessary to effectively prevent

the collapsing of the replicated nanopatterns.32 Our

PDMS nanostructures can also act as transparent tem-

plates, and we discuss a simple technique to fabricate

plasmonic metal nanostructures. Plasmonic nanostruc-

tures have been exploited in many photonic applica-

tions such as biosensors21 and photovoltaics22 due to

their unique capabilities of localizing light at nano-

scopic dimensions.33 Though reproducible metallic

nanoparticle arrays have been demonstrated by using

the NIL technique,34 creating denser and much smaller

particle sizes for many practical applications has been

very challenging by using this approach. We show that

high density sub-20 nm size Ag and Au plasmonic

nanostructures were successfully fabricated simply by

Figure 4. SEM micrographs of (a) imprinted P3HT nanopillars with 15 nm diameter (aspect ratio � 2.5) taken at 45° tilted
view. The inset images on the left and right provide high-magnification top view and 75° tilted view, respectively. (b) The
45° tilted view of imprinted P3HT nanoholes with 15 nm diameter. The left and right inset images are high-magnification top
view and 45° tilted view of the structure, respectively.

Figure 5. SEM micrographs showing (a) 45° tilted view of the nanohole-type PDMS soft stamp imprinted by SiO2 nanopillar
mold. The left and right inset images are the high magnification 85 and 45° tilted views, respectively. (b) The 45° tilted view
of the nanopillar-type PDMS soft stamp imprinted by SiO2 nanohole mold. The inset image is the 45° tilted view with high
magnification.
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an angled deposition of metal onto the nanopillar struc-
tures on the transparent PDMS (Figure 6a,b). More-
over, the position and the peak extinction of the local-
ized surface plasmon resonance (LSPR) of our Au
nanoparticles were tunable by changing the thickness
of the metal, as shown in Figure 6d. Another strong
merit of this approach is that it is possible to transfer
those metallic nanostructures to arbitrary polymer lay-
ers by making use of the low surface tension property of
the PDMS soft stamp. For example, a high density plas-
monic Au nanoparticle was transferred onto a PMMA
layer, as shown in Figure 6c. These unique advantages
provide useful ways to fabricate large area controllable
as well as reproducible plasmonic nanostructures on ar-
bitrary polymer substrates in a short processing time.
Currently, we are investigating the use of such plas-
monic nanoparticles in OPV devices.

CONCLUSIONS
In summary, densely packed, high aspect ratio

nanopillar and nanohole SiO2 structures were success-
fully fabricated using block copolymer template, and
their versatile utilities for nanoimprint lithography were

demonstrated. Because it is well-known that the block

copolymer pattern formation and the NIL are scalable,

our process can be extended to large area applications.

Block copolymer nanotemplate was used to produce a

nanohole-type SiO2 mold by using the angle-deposited

Cr mask that reinforced self-assembled patterns formed

in block copolymer and to produce a nanopillar-type

SiO2 mold using a novel lift-off method to utilize the Cr

island masks left at the bottom of the template. Addi-

tionally, these successful applications of the Cr mask

in these processes made it possible to freely control

the aspect ratio of those etched structures by chang-

ing the RIE conditions. Nanoimprint lithography us-

ing those SiO2 nanostructures provided an effective

way to replicate block copolymer like high density

and large area nanopatterns on arbitrary substrates

using various polymers (e.g., conjugated polymers)

in short processing time. In addition, the nanostruc-

tured PDMS stamps fabricated by using the SiO2

molds are promising tools for soft lithography and

can be applied to fabricate useful structures such as

tunable plasmonic nanoparticles.

Figure 6. SEM micrographs of 45° tilted view of (a) Ag and (b) Au plasmonic nanoparticles deposited on nanopillar-type
PDMS stamp by shadow evaporation. (c) Au nanoparticles transferred to a PMMA layer on a substrate. (d) Extinction spec-
tra of the Au plasmonic nanoparticles for different Au thicknesses. With increasing Au thickness, the peak of the localized sur-
face plasmon resonance is red-shifted along with an increase in the magnitude of light extinction.
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METHODS
Block Copolymer Nanotemplate. Si wafers with 500 nm thick ther-

mal oxide having the size of 1.2 cm � 1.2 cm were used as sub-
strate for the block copolymer self-assembly and subsequently
for NIL mold fabrication. Note that the process can be easily ex-
tended to larger substrates without degradation of pattern qual-
ity. These substrates were cleaned in a hot piranha solution (1:1
mixture of H2SO4 and H2O2) for 1 h and were subsequently
washed with deionized water for 30 min. After the cleaning pro-
cess, the substrate surface was modified by using the PS-r-
PMMA random copolymer. The PS-r-PMMA layer was spin-
coated on the substrate and subsequently thermally annealed
at 165 °C for 48 h in a vacuum. After the annealing, the substrate
was washed by toluene to remove unreacted random copoly-
mer. After the surface treatment, a thin film of PS-b-PMMA
diblock copolymer (molecular weight 73 000 g/mol, polydisper-
sity 1.07, PS volume fraction 70%, thickness �30 nm) was spin-
coated and annealed at 185 °C for 24 h to develop cylindrical
nanodomains oriented normal to the surface. The PMMA do-
mains in the nanostructure were selectively removed by O2

plasma (20 sccm O2, 12 mTorr chamber pressure, and 30 W bias
power). The resultant PS nanostructure was used as a starting
template for the subsequent pattern transferring to the SiO2

layer.
Pattern Transfer into SiO2 Layer for NIL. To fabricate nanohole ar-

rays in SiO2, a 5 nm thick Cr was deposited with an incident
angle of 45° to the PS template at a rate of 2 Å/s using an
electron-beam evaporator. After the Cr deposition, RIE (50 sccm
C2F6/50 sccm He/60 sccm Ar/10 sccm O2, 60 mTorr chamber pres-
sure, and 50 W bias power) was performed to etch the SiO2

layer using the Cr pattern as an etch mask.
In order to fabricate a SiO2 pillar structure, 5 nm Cr was de-

posited normal to the PS template at a rate of 2 Å/s using the
electron-beam evaporator. Subsequently, RIE (25 sccm Cl2/5
sccm O2, 10 mTorr chamber pressure, and 30 W bias power)
was used to etch the Cr layer that was deposited on the top
and the side walls of PS template. Cr dots remained at the bot-
tom of the PS nanoholes as discussed in the Results and Discus-
sion section. Then a lift-off step was performed by immersing the
sample in toluene for 1 min at room temperature. It was easily
observed that all PS templates were quickly dissolved in toluene.
Using the remaining Cr dots as an etch mask, the SiO2 layer was
etched by RIE to produce dense nanopillars by using the same
etch condition as that used to fabricate the SiO2 hole structures.

NIL Using Molds of Both Pattern Polarities Made in SiO2. In order to
fabricate a nanoimprinted polymer nanotemplate, PMMA solu-
tion in toluene was spin-coated on a substrate to an appropri-
ate thickness (as determined by the feature depth on the mold)
and imprinted in a Nanonex NX2000 nanoimprinter (Princeton,
NJ) at a pressure of 600 psi and a temperature of 180 °C for 5 min
by using SiO2 nanopillar mold. Every SiO2 mold used in the NIL
experiment was treated with surfactant, (tridecafluoro-1,1,2,2-
tetrahydrooctyl)trichlorosilane (GELEST). After depositing a 5 nm
thick Cr at a rate of 2 Å/s in an electron-beam evaporator with
an incident angle of 45° to the substrate, the residual layer of the
imprinted polymer template was removed by an anisotropic O2

plasma etch (20 sccm O2, 12 mTorr chamber pressure, and 30 W
bias power).

Both nanohole and nanopillar PDMS stamps were fabri-
cated using the nanopillar and nanohole SiO2 molds, respec-
tively. After treating the substrate by methoxysilane having vi-
nyl groups, a high modulus PDMS solution32 was dropped on the
substrate and subsequently covered by the SiO2 mold. The PDMS
was cured at 120 °C for 5 min under a pressure of 5 psi.

Poly(3-hexylthiophene) (P3HT) was purchased from Rieke
metal (4002E grade) and spin-coated on a PEDOT:PSS layer (Clev-
ios PH 500) that was also spin-coated on the ITO-coated PET.
The P3HT layer was imprinted in a custom-built nanoimprinter
(750 psi, 185 °C, 15 min). All of the area imprinted by SiO2 molds
showed the uniform nanostructure.

Plasmonic Nanoparticle Fabrication. Both Ag and Au nanoparti-
cles were fabricated by depositing metals on PDMS nanopillar
structures with an angle using an electron-beam evaporator at
a rate of 1 Å/s. To transfer the metal nanoparticles to other sub-

strates, the nanostructured PDMS soft stamp, covered by the de-
posited metal nanoparticles, was pressed onto a polymer layer
under 100 °C and 20 psi for 5 min in Nanonex NX2000
nanoimprinter.

Acknowledgment. The authors gratefully acknowledge the
support from NSF Grant ECCS 0836854 and DOC Grant
70NANB8H8134.

REFERENCES AND NOTES
1. Ross, C. A. Patterned Magnetic Recording Media. Annu.

Rev. Mater. Res. 2001, 31, 203–235.
2. Coakley, K. M.; McGehee, M. D. Conjugated Polymer

Photovoltaic Cells. Chem. Mater. 2004, 16, 4533–4542.
3. Halls, J. J. M.; Walsh, C. A.; Greenham, N. C.; Marseglia, E. A.;

Friend, R. H.; Moratti, S. C.; Holmes, A. B. Efficient
Photodiodes from Interpenetrating Polymer Networks.
Nature 1995, 376, 498–500.

4. Henzie, J.; Lee, J.; Lee, M. H.; Hasan, W.; Odom, T. W.
Nanofabrication of Plasmonic Structures. Annu. Rev. Phys.
Chem. 2009, 60, 147–165.

5. Striemer1, C. C.; Gaborski, T. R.; McGrath, J. L.; Fauchet1,
P. M. Charge- and Size-Based Separation of
Macromolecules Using Ultrathin Silicon Membranes.
Nature 2007, 445, 749–753.

6. Martin, C. R. Nanomaterials: A Membrane-Based Synthetic
Approach. Science 1994, 266, 1961–1966.

7. Shimizu, T.; Xie, T.; Nishikawa, J.; Shingubara, S.; Senz, S.;
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