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Bottom-up patterning techniques allow for the creation of surfaces with ordered arrays of nanoscale features on large areas. Two bottom-up techniques suitable for the formation of regular nanopatterns on
diﬀerent length scales are nanosphere lithography (NSL) and block copolymer (BCP) lithography. In this
paper it is shown that NSL and BCP lithography can be combined to easily design hierarchically nanopatterned surfaces of diﬀerent materials. Nanosphere lithography is used for the pre-patterning of
surfaces with antidots, i.e. hexagonally arranged cylindrical holes in thin ﬁlms of Au, Pt and TiO2 on SiO2,
providing a periodic chemical and topographical contrast on the surface suitable for templating in subsequent BCP lithography. PS-b-PMMA BCP is used in the second self-assembly step to form hexagonally
arranged nanopores with sub-20 nm diameter within the antidots upon microphase separation. To
achieve this the microphase separation of BCP on planar surfaces is studied, too, and it is demonstrated
for the ﬁrst time that vertical BCP nanopores can be formed on TiO2, Au and Pt ﬁlms without using any
neutralization layers. To explain this the inﬂuence of surface energy, polarity and roughness on the microReceived 16th February 2018,
Accepted 24th April 2018
DOI: 10.1039/c8nr01397g
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phase separation is investigated and discussed along with the wetting state of BCP on NSL-pre-patterned
surfaces. The presented novel route for the creation of advanced hierarchical nanopatterns is easily applicable on large-area surfaces of diﬀerent materials. This ﬂexibility makes it suitable for a broad range of
applications, from the morphological design of biocompatible surfaces for life science to complex
pre-patterns for nanoparticle placement in semiconductor technology.

Introduction
Block copolymer (BCP) lithography is an emerging self-organization technique for large-area surface patterning with nanoscale motifs.1,2 Thin films patterned with regular arrays of features with sizes of a few to a few tens of nanometers can be
easily created by BCP lithography. Such nanopatterns find
applications in many fields such as magnetic storage media,3,4
fin-field eﬀect transistors,5 seeds for nanowire growth,6,7 or
quantum dots.8,9 Hierarchical nanopatterns are of particular
interest in nanotechnologies as they provide a link between
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the micro- and nanoworld. Designed hierarchically patterned
material surfaces allow for the precise positional control of
nanoscale features and exhibit flexibility in pattern shape and
size. The surface patterning with self-assembly techniques
makes such patterns easily accessible on large areas, which is
a prerequisite for the use of tailored surfaces in real world
applications. For this, however, a detailed understanding of
the self-organization driving forces and interfacial interactions
is necessary.
In BCP lithography the self-induced microphase separation
of block copolymers into well-defined self-organized motifs is
the major driving force, leading to a minimization of the BCP
free energy Fmix.10–12 Block copolymers consist of two blocks of
diﬀerent polymer species A and B which are covalently bonded
to each other. In a thin film as well as bulk material the molecules form an intricate network without medium or long range
order. Order is induced by giving the BCP molecules mobility
by annealing above the glass temperature, a process leading to
so-called microphase separation. Due to repulsive forces
between the blocks, areas enriched with either one or the
other polymer-species evolve, minimizing interfacial energies
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between these homopolymer domains. Provided that the tendency to undergo microphase separation (expressed by the
Flory–Huggins parameter13) and the polymer chain length is
large enough,12 the areas can form diﬀerent motifs depending
on the block length ratio between blocks A and B. A phase
diagram predicts e.g. lamellar regions of blocks A and B for
polymers with 50% fractions of A and B or hexagonally
arranged cylinders of A in a matrix of B for a 30/70% ratio.14
For nanopatterning of surfaces, BCP lithography is
exploited in thin polymer films on solid substrates. Once
microphase separation has been accomplished, one of the
polymers can be selectively removed in a solvent, leaving a
topographic nanopattern of the remaining polymer type
behind.14–16 This process step works particularly well if the
BCP motifs (lamellae or cylinders) sit vertically oriented on the
substrate surface,1,17,18 which for surface patterning purposes
is a preferable situation. A well investigated example is the formation of nanoporous polystyrene (PS) films by microphase
separation of polystyrene-b-polymethyl-methacrylate (PS-bPMMA) BCP with 70% to 30% block length ratio into hexagonally arranged PMMA cylinders in a PS matrix.1 Removal of the
PMMA cylinders leads to a PS film with empty cylindrical
pores, the diameter and the next neighbor distance of which
are determined by the molecular weight of the BCP.
In thin films the interfaces with the substrate on one side
and air on the other side aﬀect the microphase separation
process crucially as they contribute to the free energy of the
BCP.17 The total free energy F of the BCP thin film can be
expressed by a phenomenological description:17
F ¼ F mix þ F elast þ F interface :

ð1Þ

Fmix describes the interactions within the BCP, i.e. repulsive
forces between polymer species described by the Flory–
Huggins parameter as a function of the polymerization
degree and block length ratio, resulting in microphase separation as stated above. In the following discussions this energy
will be considered as constant as long as the same PS-b-PMMA
BCP is used. Felast describes the elastic free energy of the
stretched polymer chains including their conformation.17 This
energy contribution is discussed later in this paper to balance
surface inhomogeneities by changing the characteristic dimensions of the microphase separated homopolymer domains.
Finterface includes interactions at all interfaces between the
polymer-species A and B, the air and a solid substrate. Finterface
determines the surface wetting with the polymer and aﬀects
the orientation of the microphase separated homopolymer
domains.
Interactions between polymer and substrate or polymer and
air can lead to a preferential wetting of the substrate with one
or the other polymer blocks of the BCP, resulting in diﬀerent
orientations of PMMA cylinders with respect to the surface. A
surface is said to be “neutral” to both polymer types A and B if
there is no preferential wetting with one polymer species.19
This is the case if the interfacial energies σsubstrate-A and
σsubstrate-B between the substrate surface and polymers A and B,
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respectively, are commensurate. However, if the surface is not
“neutral” but shows an aﬃnity to polymer A, i.e. σsubstrate-A <
σsubstrate-B, microphase separation will lead to an arrangement
of blocks in which the contact area of the surface with block A
is maximized. The interface between polymer and air is commonly considered to be “neutral” and is kept constant
throughout this work. The use of diﬀerent substrates, however,
will be shown to influence the microphase separation crucially.
For cylinder-forming PS-b-PMMA BCP, the surface needs to be
“neutral” with regard to both polymer types A and B in order
to obtain a vertical orientation of PMMA cylinders on the
surface. A non-neutral surface leads to a PMMA cylinder orientation parallel to the substrate surface. Such surface-parallel
cylinders arrange then in the form of “fingerprint” patterns
due to the lack of long-range order.
To control the formation of ordered, well-oriented nanopatterns with well-defined orientation with respect to the surface
it is thus crucial to control the wetting behavior of polymer
blocks on the substrate surface, i.e. to adjust the surface free
energies (SFE) at the interface between the polymer blocks and
the substrate.20,21 To this end, surfaces can e.g. be modified by
functionalization with self-assembled monolayers of chlorosilanes22 or by X-ray or UV/ozone exposure23,24 to make the
surface homogeneously neutral to both BCP blocks. A particularly common approach is the deposition of a random copolymer (RCP) brush layer as a neutralizing interfacial layer.18,24–28
The RCP typically consists of the same polymer species A and
B as the BCP but with monomer units being randomly
arranged in the polymer chains. One end of the polymer chain
typically contains a hydroxy group which can covalently bind
to (oxide) surfaces. Thus, the RCP polymer chain will stretch
away from the substrate surface and build a dense brush layer.
Due to the random sequence of A and B blocks in the RCP this
leads to a random surface termination with the two monomers
A and B providing a neutral surface for the A-b-B BCP. The
deposition of a RCP brush layer today is a standard process
step in order to obtain vertical cylinder patterns in BCP
lithography.17,29–31
In order to control the arrangement and orientation of BCP
nanopatterns, to improve their long-range order, to arrange
blocks into new motifs and to pinpoint their placement on a
substrate, it has been suggested to use directed block copolymer self-assembly. Impressive results have been presented e.g.
by the groups of Ross and Berggren32 or Kim.33 To this end,
surfaces are chemically or topographically pre-patterned prior
to BCP deposition and microphase separation.34–38 Polymers
then again interact with these pre-patterns and arrange themselves during microphase separation into motifs, the arrangement of which is guided by the template. However, pre-patterning of the surface adds more complexity to the interfacial energies determining the self-ordering process.
Typically, substrate pre-patterning is done by conventional
electron beam lithography (EBL). Electron beam lithography
provides a high resolution, which is indispensable for the prepatterning with feature sizes similar to the size of BCP motifs,
i.e. a few to a few tens of nanometers. Both, trenches in the
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substrate surface and nanoposts on the substrate surface, have
been used for the introduction of a long range order of BCP
patterns.39 A drawback of EBL is that this technique uses
sequential pattern writing under vacuum conditions, which is
costly and time consuming and therefore not applicable if
large surface areas are to be structured. The precision and
flexibility of EBL, however, is not always needed. Pre-patterning
can also be done using features substantially larger than the
features of BCP lithography. In terms of pattern density multiplication,40 a pre-pattern density which is a factor of 34
smaller than the BCP nanopattern density41 can be suﬃcient
to have a guiding eﬀect on the BCP self-arrangement. Such
larger features can be conveniently fabricated using other wellestablished bottom-up techniques which are scalable to large
surface areas, as we will show in this paper. By combining selforganizing techniques which operate at diﬀerent length scales
it becomes possible to achieve hierarchical nanopatterns
designed by a coarse self-organized pre-pattern and a finer
nanopattern created by BCP lithography.
The technique which we are proposing here for the pre-patterning is nanosphere lithography (NSL).42 In NSL, nanospheres from a colloidal suspension are deposited onto a substrate to form a hexagonally close-packed mono- or double
layer by self-organization.43 These layers can be fabricated on
large areas. They then act as shadow masks in a subsequent
material deposition step. Particles consisting of the deposited
material and in the shape of the projected mask openings
remain on the substrate after sphere mask removal. By using
e.g. simple sphere monolayers, arrays of nanoparticles with a
triangular footprint can be created. For the preparation of
diﬀerent motifs, the shape of the shadow mask openings can
be modified.43,44 In particular, the use of polymer spheres for
NSL allows for an easy sphere mask modification45–47 e.g. by
thermal, ion beam or plasma treatment.48–51 A treatment of
polymer spheres in an oxygen/argon plasma, for instance,
results in the shrinkage of spheres. The resulting arrangement
of non-interconnected spheres leaves a larger fraction of the
substrate unmasked. In a subsequent material deposition step,
this allows for the creation of material thin films with regular
dots of free substrate. These so-called antidot patterns provide
a topographical and chemical patterning of a surface, which
makes them suitable for many applications e.g. in electrooptics
or bionanotechnology, as we have shown previously.52,53
In this paper we show for the first time how hierarchical
nanopores can be created on large-area surfaces by combining
nanosphere lithography as a pre-patterning technique with
block copolymer lithography.
So far, BCP lithography has been well investigated on SiO2
surfaces by many groups. However, barely any investigation of
the BCP lithography performed on other materials can be
found in the literature.54 In the first part of this paper, we
demonstrate the nanopore formation on surfaces of materials
other than SiO2, i.e. TiO2, Au and Pt, and discuss the need for
neutralization layers such as RCP brushes on these surfaces.
For a better understanding of the interactions between the
material surfaces and the BCP, surface energies are deter-
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mined by contact angle measurements and we discuss the
eﬀect of surface polarity on the BCP microdomain orientation.
Also, the influence of surface roughnesses on the nanopore
formation is shown.
The patterning of thin films of the above materials is introduced in the second part of this paper. Nanosphere lithography is used for the creation of antidot-patterns, i.e. cylindrical
hole arrays in the metal/metal oxide thin films, which exhibit
a topographical and chemical surface pattern with periodicities of a few hundreds of nanometers. We show that such
pre-patterns allow for the creation of hierarchical nanostructures when combined with sub-20 nm patterning by block
copolymer lithography. We discuss the influence of the antidot
film material and the antidot topography on the block copolymer lithography.
We present for the first time how the combination of these
two self-assembly techniques and the choice of the antidot
film material allow for a site-selective nanopore formation,
and we discuss the influence of the wetting state on the selfordering process for such materials systems.

Experimental
Thin film deposition
Planar metal thin films are deposited on Si (100) surfaces by
diﬀerent physical vapor deposition (PVD) techniques. Prior to
deposition the Si crystals with their native oxide layer were
cleaned in an oxygen plasma using an Oxford Instruments
PlasmaLab 80plus instrument. For the electron beam evaporation of pure titanium, gold and platinum films a home-made
deposition system operating at a base pressure of about 5 ×
10−6 mbar was used. Film thicknesses were controlled by a
quartz microbalance and set to 15–30 nm. To improve the
adhesion of Au films, 2 nm of Ti was evaporated prior to Au
deposition without breaking the vacuum. In the case of pure
Ti films, no special care was taken to avoid the formation of a
native oxide film. Thus in the following we consider the
surface of these films to consist of TiO2.
35 nm thin films of gold and platinum were also deposited
by sputter deposition in an ISI PS-2 coating unit at 1.2 kV and
20 µA under an argon atmosphere of 0.1 mTorr.
Antidot preparation
Topographic pre-patterning of thin films on SiO2/Si surfaces is
done by means of nanosphere lithography as depicted in
Fig. 1(a). Monolayers of polymer spheres are deposited on
oxygen plasma cleaned Si surfaces by convective self-assembly.
To this end, a droplet of an aqueous suspension of polystyrene
spheres with a diameter of 618 nm (CV < 3%, 2 wt% solid fraction, Thermo Scientific Inc.) is pipetted onto the substrate and
subsequently moved across the surface with a doctor blade at a
constant velocity. Due to evaporation fluxes of the liquid at the
contact line between the droplet and the substrate, PS spheres
are transported towards the liquid meniscus and capillary
forces between the spheres lead to a hexagonally close-packed
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Fig. 1 Sketch of the experimental procedures of (a) antidot pattern preparation and (b) block copolymer lithography. (a) From left to right: A hexagonally close-packed monolayer of polystyrene (PS) spheres is deposited onto the substrate. PS spheres are then shrunk in a reactive ion etching
process and used as a shadow mask in a material deposition step (electron beam evaporation of TiO2, Au or Pt or sputter deposition of Au or Pt).
After sphere removal an antidot patterned thin ﬁlm remains. (b) From left to right: Thin ﬁlms of the PS-b-PMMA block copolymer are spin coated
onto the substrate, a RCP-covered or uncovered thin ﬁlm of SiO2, TiO2 or electron beam evaporated or sputter deposited Au or Pt on Si (not
shown). Annealing of the thin ﬁlm leads to microphase separation of the polymer, here into PMMA cylinders in a PS matrix. By UV exposure and
development PMMA cylinders can be selectively removed; a regular array of vertical cylindrical nanopores in the PS matrix remains.

arrangement of the spheres in a monolayer. These PS sphere
monolayers are subsequently modified by reactive ion etching
in an Oxford Instruments PlasmaLab 80plus instrument. The
treatment in a plasma with 2 sccm O2 and 8 sccm Ar at
75 mTorr with 50 W RF power for 5 min leads to a shrinking
of the 618 nm polymer spheres to a mean diameter of 415 nm.
The shrunk sphere arrays act then as a shadow mask during a
material deposition step. Gold, titanium and platinum are deposited by both, electron beam evaporation and sputtering, as
stated above for the planar thin films. The sphere masks are
finally removed by dissolution in tetrahydrofuran in an ultrasonic bath. This procedure results in the formation of a thin
film with a hexagonal arrangement of circular openings, which
penetrate down to the SiO2 surface. We call these film openings antidots.52,53
Block copolymer lithography
A poly(styrene-b-methylmethacrylate) (PS-b-PMMA) block copolymer with a molecular weight Mn of 67 kg mol−1 (PDI = 1.09,
purchased from Polymer Source Inc.) with a polystyrene fraction of 68.7% is used for BCP lithography. The experimental
procedure is shown in Fig. 1(b). Thin films with a thickness of
30 nm are deposited by spin coating a 0.8 wt% polymer solution in toluene. The samples are then annealed at a temperature of 180 °C for 24 h at a pressure of 3 × 10−3 mbar for microphase separation. The microphase separation leads to the for-
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mation of hexagonally arranged PMMA cylinders in a PS
matrix. For selective removal of PMMA cylinders the microphase separated films are exposed to UV light with a spectral
maximum at 254 nm for 20 minutes and developed in acetic
acid for 30 minutes leaving the nanoporous PS film.
This procedure is performed on SiO2 and TiO2 surfaces as
well as sputter and electron beam evaporation deposited thin
films of Au and Pt. The same procedure was used to deposit
nominally 30 nm thick BCP films on antidot films of the same
materials ( part B of the Results section). For the partition of
BCP volume fractions within the antidots and on the rims
between them, see the ESI (Fig. S4†).
Some of the SiO2 and TiO2 surfaces were coated with a PSco-PMMA random copolymer (RCP) neutralization layer prior
to the deposition of the PS-b-PMMA block copolymer. The RCP
forms a molecular brush layer on the substrate surface and is
commonly used in the literature to promote a PMMA cylinder
orientation perpendicular to the substrate surface during
microphase separation on SiO2 substrates.10 For the preparation of such a neutralization layer, we use the random copolymer poly(styrene-co-methyl methacrylate) with α-hydroxy and
ω-TEMPO-moiety termination (Mn = 5.3 kg mol−1; PDI = 1.44;
74 mol% PS-content, purchased from Polymer Source Inc.). An
approximately 60 nm thick layer of the RCP dissolved in
toluene with a concentration of 2 wt% is spin coated onto the
substrate surface. This layer is then annealed at 140 °C for
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48 h at 3 × 10−3 mbar, resulting in the brush layer formation.
After annealing the unbonded polymer is removed by rinsing
with toluene and the block copolymer is immediately deposited on the top and processed as described above.
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Characterization methods
The substrate surfaces are characterized prior to BCP lithography by means of atomic force microscopy (AFM) and
contact angle measurements. A Digital Instruments
Dimension 3100 Series Scanning Probe Microscope AFM is
used in contact mode for the measurement of the surface
roughness. Contact angles with water, diiodomethane and
ethylene glycol (analytical grade, Sigma Aldrich) are measured
with a Krüss Drop Shape Analyzer DSA25E in the sessile drop
mode. Test liquid droplets with a volume of 2 µl are deposited
on the surface and the measured drop contour is fitted with
an ellipse fit. By means of the OWRK method,55 polar and disperse fractions of the surface free energies are calculated from
the contact angles.
The nanoporous PS films on diﬀerent substrates are investigated by scanning electron microscopy (SEM) (Zeiss Ultra Plus)
at an acceleration voltage of 2 kV using an in-lens detector.
The images are analyzed with Delaunay triangulation based
software56,57 to determine the quality of the nanopore arrangement with respect to pore densities. Pore size distributions are
determined from SEM images using an intensity thresholding
technique. Typically, average pore densities were determined
on areas of 8 µm2 containing about 7600 pores; pore diameter
distributions were calculated by evaluating about 2700 pores
on areas of 3 µm2.
Cross-sectional samples for transmission electron
microscopy (TEM) were prepared using mechanical sample
cutting and thinning followed by an eventual low-energy ion
milling step, similar to standard techniques used in the field.
In order to protect the BCP film and in order to enhance contrasts of the pores, 10 nm of Ni was evaporated prior to the
specimen preparation. Finished TEM specimens were analyzed
at 200 kV in bright-field TEM mode with the new JEOL ARM
200 F analytical cs-corrected TEM at the University of
Paderborn (OWL-Analytic Centre).

Results and discussion
BCP lithography on diﬀerent planar surfaces
Material impact. The influence of the substrate surface
chemistry on the microphase separation is studied on planar
thin films using SEM imaging as shown in Fig. 2. To this end,
both SiO2 and TiO2 surfaces were used, either covered (left
column) or not covered (right column) with a RCP brush layer,
as illustrated schematically in Fig. 2(a) and (b). Fig. 2(c) shows
the result of BCP lithography performed with a PS-b-PMMA
BCP containing 70% PS on a neutralized SiO2 surface. In
agreement with the results of many other groups for this
material combination,1 the PMMA has formed upon annealing
a hexagonal array of cylinders standing vertically on the SiO2

This journal is © The Royal Society of Chemistry 2018

Fig. 2 Inﬂuence of surface pre-treatment on PMMA cylinder orientation during BCP lithography. Cross-sectional sketch of PMMA cylinder
orientation on a neutral surface perpendicular to the substrate (a) or on
a non-neutral surface in parallel (b). Top view SEM images of nanoporous PS ﬁlms on SiO2 surfaces with a neutralisation layer (c) and without
a neutral layer (d). SEM images of PS ﬁlms on TiO2 surfaces with (e) and
without (f ) a neutral layer.

surface. After exposure to UV light and treatment with acetic
acid, only the PS matrix (grey) remains on the substrate
surface and contains nanopores, which are visible as dark dots
at the position of the former PMMA cylinders. The nanopores
have a mean diameter of 16.8 ± 2.9 nm (standard deviation)
and are hexagonally arranged with a mean distance between
pore centers of 35.0 ± 5.0 nm. These sizes are determined by
the molecular weight of the BCP used. The density of pores
gives information about the pattern homogeneity: the higher
the pore density the more regular is the pore arrangement.
High densities at a narrow size distribution can only be
achieved if the microphase separation of PS and PMMA is
complete and only a few defects occur. Typical defects in such
an arrangement are grain boundaries which come along with
pore coordinations diﬀering from six for perfect hexagonal
arrangements. In Fig. 2(c), the pore density is 9.4 × 1010 cm−2,
which matches the geometrical maximum of 9.43 × 1010 cm−2.
The formation of round looking nanopores by BCP lithography requires the control of PMMA cylinder orientation perpendicular to the surfaces. Two extreme orientations, cylinders
oriented parallel or perpendicular to the substrate surface, are
shown in the sketches in Fig. 2(a and b). PMMA cylinders are
perpendicularly oriented to the surface (Fig. 2(a)) if the interfaces with the substrate and the gas environment are neutral,
i.e. energetically equal for both BCP polymer species A and
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B. The cylinders are oriented parallel within the layer if the
interfaces are not neutral, to maximize the contact areas with
one polymer species like in Fig. 2(b) explained above.
SiO2 surfaces are not neutral as is visible from their
diﬀerent wettability with PS and PMMA. This results in PMMA
cylinders which are oriented parallel to the substrate interface
if no RCP brush layer is used, as shown in Fig. 2(d). Only by a
modification of the SiO2 surface with a random copolymer
brush the PMMA cylinders can be guided to be perpendicular
to the surface (Fig. 2(c)).
We performed the BCP lithography also on a TiO2 surface
with and without RCP. The results are shown in Fig. 2(e) for
BCP lithography with the RCP neutral layer and in Fig. 2(f ) for
a sample without the RCP layer. In both cases, the pore formation always occurs with cylinders forming perpendicular to
the surface.
The mean pore sizes and their standard deviation are 17.7 ±
1.6 nm with RCP and 16.9 ± 2.4 nm without RCP film. The
pore density is 7.68 × 1010 cm−2 on the RCP-neutralized
surface and 7.02 × 1010 cm−2 on the untreated TiO2 surface,
i.e. the use of the RCP brush layer enhances the order in the
BCP pore layer on TiO2 still a bit, but not as much as in the
case of SiO2. This is a very diﬀerent behavior compared to the
case of SiO2 surfaces. Altogether, the pore density on TiO2 is
smaller than that on SiO2, for which we observed densities of
up to 9.4 × 1010 cm−2. However, this demonstrates that the
RCP brush is not essential for the formation of perpendicularly oriented nanopores on TiO2 surfaces.
The surface free energies (SFEs) of these surfaces were
determined to investigate the impact of the surface neutrality
on the PMMA cylinder orientation. To this end, contact angles
with the test liquids water, diiodomethane and ethylene
glycole are measured on SiO2 and TiO2 surfaces with and
without the RCP neutralization layer. The results for these surfaces and some metal thin films deposited by diﬀerent PVD
methods are summarized in Table 1. From these contact
angles the surface free energies can be calculated by the
OWRK method.52 Due to the diﬀerent nature of the test

liquids used, the OWRK method also allows determining the
polar fraction of the surface free energy. These investigations
show that SFEs vary in a narrow range between 36 and 48 mN
m−1 but the planar SiO2 surface has with 46% a much more
polar character than all other surfaces. All others are nearly
completely disperse with polar fractions between 0.1 and 14%.
Thus, we assume that this polar character determines the
interfacial energy contribution Finterface to the total free energy
of the BCP thin film. Due to the polar SiO2 surface this surface
is not neutral to PS and PMMA, leading to PMMA cylinders
being parallel to the surface unless a brush layer is used. The
deposition of the RCP brush layer largely reduces the polar
character of the surface and therefore could promote the vertical orientation of PMMA cylinders. It is also proposed in the
literature that the consideration of just the total SFE is not
suﬃcient to describe the eﬀect of the interfacial energy
Finterface on the diﬀerent BCP microphase separation behaviors
of non-RCP-covered and -covered SiO2 surfaces.20 It was proposed that diﬀerent polar and disperse contributions at the
same total SFE lead to diﬀerent BCP orientations.58
In order to verify this hypothesis we performed BCP lithography also on the metal surfaces. To this end, we deposited
thin films of gold and platinum on SiO2 covered Si crystals
either by electron beam evaporation or by sputter deposition.
The results of the BCP lithography on these surfaces are
shown in Fig. 3. We found that on all the metallic surfaces
PMMA cylinders are formed perpendicular to the substrate
surface during microphase separation without the use of any
surface neutralization film. This result clearly underlines the
close relationship between a high polar fraction of the surface
free energy and the orientation of PMMA cylinders parallel to
the interfaces for PS-b-PMMA BCP lithography. At the same
time it opens a new route for the creation of vertical nanopores
in thin films avoiding the time consuming RCP brush layer
formation steps. The demonstration of BCP lithography on the
surfaces of diﬀerent materials also paves the way for new applications of this nanopatterning technique. For instance, the
presented nanopatterning of TiO2 surfaces can not only be

Table 1 Contact angles (CA) on diﬀerent material surfaces with water, diiodomethane and ethylene glycol and calculated surface free energies
(SFE) with polar fraction. The root mean square (rms) roughness of surfaces is measured by AFM. Nanopore characteristics after BCP lithography on
evaporation and sputter deposited gold and platinum thin ﬁlms. The corresponding data for RCP-functionalized SiO2 and TiO2 for comparison. Pore
densities and pore sizes are determined using Delaunay based software evaluating SEM images of typically 7600 and 2700 pores, respectively. No
pore diameters and densities are available for the SiO2 surface as PMMA cylinders are oriented parallel to the surface. It should be noted that the
polarity of the evaporated Pt ﬁlms is surprisingly high. The origin of this reproducible eﬀect, however, is beyond the scope of this paper and values
are compiled as measured for the ﬁlms used here

CA [°]
H2O
CH2I2
EtGly
SFE [mN m−1]
Polar
rms roughness [nm]
Pore size [nm]
Pore density [1010 cm−2]
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SiO2 + RCP

SiO2

TiO2 + RCP

TiO2

Auevap

Ausput

Ptevap

Ptsput

80
42
57
39
9%
0.3
16.8 ± 2.9
9.4

54
58
42
48
46%
0.2
—
—

78
49
58
36
14%
0.5
17.7 ± 1.6
8.1

75
47
53
39
7%
0.5
16.9 ± 2.4
8.0

92
24
59
46
0.1%
0.4
18.0 ± 2.5
7.1

95
28
67
45
0.1%
5.6
14.4 ± 1.7
8.8

68
44
47
40
12%
0.6
17.4 ± 3.2
8.4

109
41
55
39
0.2%
1.2
15.7 ± 2.4
8.8
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Fig. 3 SEM images of BCP nanopores on metal surfaces without a neutralization layer. (a) Nanoporous PS on (a) an electron beam deposited
Au thin ﬁlm, (b) a sputter deposited Au thin ﬁlm, (c) an electron beam
deposited Pt and (d) a sputter deposited Pt ﬁlm. Sputter deposited ﬁlms
have a thickness of 35 nm; evaporated ﬁlms are 10 nm thick.

applied to native TiO2 on pure Ti surfaces but also on the
native TiO2 on biocompatible Ti-6Al-4V surfaces.59 This
material is widely used in biomedical applications, e.g. as an
implant material. Its large-area nanopatterning with defined
patterns could allow for new insight into the tissue integration
on the surfaces of biomedical devices.
Influence of surface roughness. Due to the diﬀerent metal
thin film preparation techniques used, we see an influence of
the surface roughness on the nanopore morphology.
Roughness data as well as pore sizes and densities for
diﬀerent substrate surfaces are compiled in Table 1. The metal
thin films prepared by electron beam evaporation are very
smooth, which is typical of this deposition technique. The root
mean square (rms) roughness determined by AFM measurements is 0.4 nm for gold and 0.6 nm for platinum films. The
BCP nanopores shown in Fig. 3(a) on a gold surface and those
shown in Fig. 3(c) on a platinum surface show pore diameters
and densities comparable to those on RCP neutralized SiO2
and TiO2 surfaces. The sputter deposited thin films in contrast
are very rough. Film roughnesses are 5.6 nm for gold and
1.2 nm for platinum. This seems to influence the nanopore
formation, as is visible in Fig. 3(b) for gold and in Fig. 3(d) for
platinum. The nanopores are very irregular in shape and their
average size is smaller than that on the smooth surfaces.
However, the pore densities on rough sputter deposited surfaces are higher than those on the smoother oxides and electron beam evaporated metal surfaces. This indicates that
under otherwise the same conditions, microphase separation
is directly aﬀected by the surface roughness.
According to the description of the total free energy F of the
BCP thin film as a sum of mixing free energy, interfacial free
energy and elastic energy (eqn (1)), changes of the interfacial
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energy Finterface and the elastic energy Felast may result in a
slightly shifted energy minimum of the BCP thin film. The
free energy Fmix is assumed to be constant since the same
polymer is used in all experiments.
A change in the contribution of these energies to the total
free energy of the polymer on the surface could result in
changed characteristic properties of the homopolymer
domains, here the nanopore diameter and shape.17,28
The interfacial energy between the polymer and the substrate surface is aﬀected by the roughness as the interfacial
area is increased in comparison with smooth surfaces. Thus,
the influence of the polarity and surface free energy on the
wettability of the surface with the polymer is likely to contribute more strongly to the total energy of the system. The influence of changes in the interfacial energy on the dimensions of
the microphase separated PMMA domains is also visible when
comparing nanopore diameters on smooth surfaces of
diﬀerent materials. The surfaces of SiO2 (RCP neutralized),
TiO2 and evaporated Pt and Au all exhibit rms roughnesses
below 0.6 nm. However, the mean diameters of the nanopores
on these surfaces range from 16.8 nm up to 18.0 nm, as listed
in Table 1. Even though this diﬀerence is small and lies within
the accuracy of the measurement, it is reproducible throughout several experiments.
Diﬀerent pore diameters on the same material surface but
with diﬀerent surface roughness are likely to result from an
additional change of the elastic free energy. In order to wet the
surface completely, polymer chains need to change their conformation, to follow the surface roughness. Thus polymer
bonds need to get stretched or compressed, enhancing the
elastic free energy. As the roughness of the investigated surfaces matches the dimensions of the radius of gyration of the
BCP, which is approximately 2 nm,25 a conformal arrangement
of the polymer on the rough surface would result in a deformation of the PMMA cylinders. Thus, the formed nanopores
would appear irregularly shaped in the top view, exhibiting a
reduced diameter, as observed in our experiments.
Block copolymer lithography in antidots
Preparation of antidot pre-patterns. For the formation of
hierarchical nanostructures we combined block copolymer
(BCP) lithography with nanosphere lithography (NSL). To this
end, the TiO2, Au and Pt thin films described above were patterned by NSL to obtain antidots, i.e. open volumes reaching
down to the SiO2/Si substrate. The preparation process has
already been outlined in Fig. 1(a) but will be described in
more detail in the following, because this is necessary to
understand the results on the formation of hierarchical
structures.
Monolayers of polystyrene spheres with a diameter of
618 nm are deposited onto SiO2 surfaces by convective selfassembly. The spheres arrange themselves into hexagonally
close packed arrays as shown in Fig. 4(a). At present, we can
fabricate monolayers of spheres on areas as large as a quarter
of a 10 cm Si wafer, exceeding what we need for our experiments. Monolayers are occasionally interrupted by double-
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Fig. 4 SEM and AFM images of the steps of the antidot pattern preparation. (a) Polymer sphere monolayer on a SiO2 substrate. Sphere diameter is 618 nm. (b) Polymer spheres from (a) are treated in an O2–Ar
plasma resulting in sphere shrinking. These shrunk spheres can act as a
shadow mask in a metal deposition step. After sphere removal antidot
ﬁlms from the metal with hexagonally arranged free substrate areas
remain. The topography of the antidot edges is determined by the metal
deposition technique. (c + e) AFM images from the top view and the
tilted view after platinum electron beam evaporation. (d + f ) AFM images
(top view + tilted) after platinum sputter deposition.

layers of spheres, their areal fraction being less than 18%
according to numerical evaluations of optical interference
images.60 The exposure of such a polymer sphere layer to an
argon–oxygen plasma results in sphere shrinking, leading to
hexagonally arranged non-interconnected PS mask particles as
is visible in Fig. 4(b). The diameter to which the spheres are
shrunk can be controlled by the duration of the plasma
process.50,53
We use these shrunk spheres as a shadow mask in nanosphere lithography. Ti, Pt and Au, respectively, are deposited
onto the partially masked substrate by physical vapor deposition (PVD) techniques. The mask particles are subsequently
removed, leaving a thin film of the deposited material with
hexagonally arranged antidots of the free substrate. These
antidot patterns are shown in the AFM images in Fig. 4(c–f ).
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Fig. 4(c) and (d) are in top view, and (e) and (f ) in tilted 3D. A
larger section of an antidot-patterned surface is presented in
Fig. S1 of the ESI.†
The topography of the antidots depends strongly on the
chosen PVD technique. Fig. 4(c and e) show antidots prepared
by electron beam evaporation of 15 nm platinum. The antidot
contour is very sharp and the side walls have a steep slope.
The diameter is commensurate with the diameter of shrunk
spheres. Sputter deposition of the same metal, however, leads
to antidot patterns with less defined contours and less steep
antidote side walls, as can be seen in Fig. 4(d and f ). This is
due to the less unidirectional deposition of metal atoms with
the sputtering technique. Metal atoms can reach the substrate
underneath the equator of the shrunk spheres; thus the diameter of the antidots is smaller than the top-view diameter of
the shrunk spheres. The side wall slope is approximately
10–20°.
BCP lithography in sputter and electron beam evaporation
deposited antidots. The antidot-patterned surfaces were used
as templates for directed block copolymer lithography. Fig. 5
shows SEM images of platinum antidot films on SiO2/Si substrates after performing the BCP lithography as described
before. For the antidot preparation PS spheres were shrunk
from a diameter of 618 nm down to 415 nm. Platinum was
then sputter deposited or electron beam evaporated (Fig. 5(a)
and (b), respectively). After sphere removal, PS-b-PMMA dissolved in toluene was spin-coated onto the pre-patterned surfaces. No RCP-neutralization layer was used.
For both cases it is obvious in Fig. 5 that site-selective nanopore formation takes place inside the antidots. That is, microphase separation has led to vertical PMMA cylinders (which
then were removed by acetic acid) inside the antidots, but not
on the planar platinum thin film.
In Fig. 5(a) the rims of antidots are barely visible due to the
small slope of antidot sidewalls. The free SiO2 substrate areas
in the center of the antidots can be observed as dark grey dots
due to material contrast in the SEM. The diameters of antidots
can be estimated from the overlay of SEM images (Fig. S2,
ESI†) taken with an in-lens detector, in which the nanopores
are visible, as in Fig. 5(a), with those of a backscattered electron detector, where the Pt gives a strong contrast. An exemplary antidot rim is marked in Fig. 5(a) (red dotted line). In the
areas where BCP phase separation is clearly observed, solely
cylindrical nanopores are visible which are oriented perpendicular to the substrate surface, as can be deduced from their
circular shape when seen in top view. Pore diameters fit the
results on planar thin films, and the hexagonal arrangement is
nearly defect-free. Thus, pore densities inside the antidots are
as high as 9.2 × 1010 cm−2. In Fig. 5(b) antidot areas are clearly
visible due to the use of electron beam evaporation for the prepatterning. Nanopores in the remaining PS film are again predominantly site-selectively formed inside the antidots and the
orientation of the former PMMA cylinders is perpendicular to
the substrate.
The site-selective nanopore formation inside the antidots is
surprising: the antidot patterns exhibit a topographical pat-
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Fig. 5 SEM images of hierarchical nanopores in polystyrene in platinum antidot patterns. (a) Antidots prepared by Pt sputter deposition (32 nm)
during nanosphere lithography. The red dotted line marks the rim of an antidot. (b) Antidots in a 30 nm Pt ﬁlm formed by electron beam
evaporation.

terning of the substrate along with a chemical contrast
between the Pt thin film and the SiO2 antidot bottom. It was
shown in the previous section of this paper that BCP microphase separation on planar Pt thin films, either sputter deposited or evaporated, results in the formation of perpendicularly oriented PMMA cylinders. On the antidot patterned Pt
film, however, we do not observe any pore formation. However,
we do observe the formation of PMMA cylinders with perpendicular orientation inside the antidots, which is particularly
unexpected as the antidot bottom consists of a free SiO2
surface without a RCP neutralization layer. On planar SiO2 substrates, PMMA cylinders form parallel to the surface (Fig. 2(c)).
On the pre-patterned antidot surfaces this is not the case.
Thus, the predominant pore orientation perpendicular to
the surface is obviously guided by the topography of the antidots, both for antidots with steep (evaporated) and flat
(sputter deposited) side wall slopes. Only a few horizontal
pores (fingerprint-like patterns) are visible in the antidots,
probably due to variations in BCP film thickness and possibly
due to incomplete microphase separation. As on the planar Pt

surface between the antidots, pore containing films can be
found only occasionally, the question arises whether there is
any thin polymer film at all (this would not be observable in
the SEM or AFM) or whether all of the polymer is inside the
pores.
To answer this question we performed cross-sectional
bright-field TEM (Fig. 6) on the hierarchical nanopores formed
by BCP lithography on sputter deposited Pt antidot thin films,
as in Fig. 5(a). A 12 nm thick Ni layer was deposited onto the
sample prior to the cross-sectional TEM sample preparation in
order to create a contrast between open pores and the BCPpolystyrene and prevent filling up of the pores with the glue
used in specimen preparation. Fig. 6 shows that the platinum
thin film sits on a silicon substrate with 4 nm native oxide and
has a thickness of 32 nm. Towards the antidot center the Pt
film thickness decreases and the Pt film is interrupted. It is
obvious that on top of the planar part of the Pt film, there is a
8 nm thick PS film, capped by the Ni protection layer.
Nanopores in the PS film can be located as Ni has penetrated
into the nanopores, forming Ni nanoparticles inside the

Fig. 6 Cross-sectional bright-ﬁeld TEM image of a Pt antidot formed by sputter deposition on a Si surface with 4 nm native SiO2. BCP lithography
was performed on this pre-patterned surface as in Fig. 5(a). A 12 nm Ni ﬁlm was deposited as a protective layer during TEM sample preparation,
allowing us to observe the polymer ﬁlm and pores therein. From this, the critical polymer thickness for the formation of ordered pore patterns can
be determined to be 14 nm.
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polymer film. The polymer film thickness increases with
decreasing Pt thickness towards the antidot center. Nanopores
can be found only at a polymer thickness of 14 nm or above.
It is reported in the literature18,61,62 that the microphase
separation only results in ordered patterns if the film thickness of the polymer is suﬃciently high. This means that for
very thin polymer films, microphase separation does not lead
to the formation of ordered nanopores. In our experiment the
critical thickness for ordered nanopore formation is obviously
14 nm.
Our observations indicate that both the material chemistry
and topography of the pre-patterned surfaces contribute to the
site-selective arrangement of vertical nanopores inside the
antidots.
By a comparison of the sputter deposited antidot films and
the evaporated antidots in Fig. 5 one can exclude a major
influence of the PVD deposition technique, i.e. of the antidot
wall slope, on the site-selective nanopore formation. In case of
the evaporated antidot film with steep antidot sidewalls we
assume that there is also a thin polymer film on the planar
part of the Pt film. Here, the polymer film thickness jumps at
the rim of antidots from a value below the critical thickness
for ordered micropore formation to a value above. By this, the
formation of vertical nanopores occurs selectively inside the
antidots. The orientation of cylindrical pores perpendicular to
the substrate observed for both, flat and steep sidewall geome-
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tries, instead of a parallel orientation as expected for a nonpre-patterned planar SiO2 surface is obviously guided by the
symmetry of the antidots in the Pt metal film.
BCP lithography in antidots from diﬀerent materials: discussion of wetting behavior. For a better understanding of the
materials’ influence on the ordering process and the mechanism leading to the site-selective nanopore formation we produced antidots in thin films of diﬀerent materials. Instead of
platinum deposition in the NSL step, gold and titanium films
were electron-beam deposited, respectively, the latter leading
to TiO2 surfaces before the BCP lithography processing was
performed. Fig. 7 summarizes the results of the BCP lithography experiments on Au antidots (a, b), Pt antidots (c, d) and
TiO2 antidots (e, f ). The top row of Fig. 7 shows SEM images
(a, c, e), the bottom row (b, d, f ) the corresponding AFM
images.
Gold and platinum antidots seem to have a similar eﬀect
on the BCP phase separation: for gold antidots BCP nanopores
are visible mainly inside the antidots as shown in the SEM
image in Fig. 7(a). Here, the perpendicular PMMA cylinder
orientation and the nanopore arrangement are even more
homogeneous than for the Pt films (Fig. 7(c)). In the Au
antidot center (excluding the outermost ring of pores), the
order of pores is remarkably high and pore densities within
the antidots are about 9.4 × 1010 cm−2, matching the geometrical maximum (9.43 × 1010 cm−2). Defects in pore morphology

Fig. 7 Top-view SEM images of the pore structure (top row) and tilted AFM (bottom row) images showing the topography of nanoporous PS in antidots prepared by electron beam deposition of diﬀerent materials. (a, b) Antidots in a Au ﬁlm, (c, d) in a Pt ﬁlm, and (e, f ) in a TiO2 ﬁlm. The schematics
in (a) illustrates the deviating pore ordering near the rim of antidots, for clarity in an exaggerated form.
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only occur at the antidot rim, where the pore arrangement
follows the antidot shape, i.e. deviations of the antidot rim
from a perfect circularity are represented by a commensurate
arrangement of the outer circle of pores. Between this outer
circle of pores and the rim walls there is always a thin film of
PS left. This indicates that the antidot walls are preferentially
wetted with PS rather than with PMMA. The distance between
this outer circle of pores and the next pore row is often larger
than the regular center–center distance between pores apparent in the antidot center where pores arrange themselves in
perfect order. Thus, one can assume that the microphase separation starts in the antidot center and is disturbed only when
approaching the antidot wall in a distance not commensurate
with the pattern periodicity. In a few areas nanopore formation
also occurs in between the antidots on the metal film. We
assume that a polymer film, invisible in the SEM as long as
there is no microphase separation, is present on the entire top
surface of the Au film, similar to the thin polymer film we
observed on the Pt antidots in Fig. 6. However, a locally higher
surface roughness could lead to a better wettability and thus a
locally higher BCP film thickness. It is likely that microphase
separation occurs only at these small patches exhibiting a suitable polymer thickness.
The BCP lithography on an antidot patterned titanium
oxide surface, Fig. 7(e), shows very diﬀerent results. The nanopore formation occurs all over the surface, i.e. inside the antidots and on the planar surface areas in between. Moreover, the
pore size distribution is much broader than for the site-selective pores in Au and Pt antidots. Obviously, in the case of the
TiO2 antidot films the largest pores occur in the antidots. The
broad size distribution could be due to several reasons. One
could explain this to be a result of unfinished microphase separation or an incommensurate polymer film thickness. Most
likely it is completely due to the nature of materials in contact
with the BCP and the topography of the surface: at the bottom
of antidots, the surface consists of SiO2 where in the absence
of a RCP brush layer BCP shows a strong tendency for in-plane
cylinder arrangement (Fig. 2(d)). The antidot side walls consist
of TiO2, on which BCP tends to form vertical PMMA cylinders
upon phase separation (see Fig. 2(f )), i.e. cylinders vertical to
the side walls. On the planar TiO2 top surface the PMMA cylinders are expected to align vertically as well. From this one
would expect that PMMA cylinders should tilt at the upper rim
of an antidot from vertical at the planar top surface to horizontal inside the antidot. This, however, is not observed, indicating that, in addition, a gradient in the polymer thickness near
the antidot rims determines the ordering of PMMA cylinders.
A good wettability of TiO2 with the polymer, i.e. a low interfacial energy between TiO2 and BCP dissolved in toluene,
allows for the deposition of polymer with a suﬃciently large
film thickness on the planar areas between the antidots,
resulting in the overall formation of nanopores. In contrast, a
poor wettability of the metal surfaces results in a low film
thickness on the planar areas between the antidots and thus
in the site-selective nanopore formation exclusively inside the
antidots. In order to check this assumption, we made a test
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sample with antidots from 33 nm electron beam evaporated
titanium oxide and subsequently deposited 5 nm of platinum
by sputtering. This means that the topography is the same as
the one in Fig. 7(e), but the top-surface is covered with a
sputter deposited Pt film instead of an evaporated TiO2 film.
Performing the BCP lithography on such a surface again
results in the site-selective pore formation inside antidots
(Fig. S3, ESI†), similar to the Pt antidot film in Fig. 7(c). This
experiment supports the conclusion that depending on the
antidot material the BCP film thickness varies between the
inner and outer section of the antidots to a diﬀerent extent,
leading to either site-selective or uniform arrangement of vertical nanopores in or on antidot films.
For a better understanding of the morphology of the hierarchically patterned antidot structures we performed AFM
measurements (Fig. 7(b, d and f )). To our surprise the nanoporous PS matrix forms elevated domes on the antidots. In the
case of the noble metal antidot films these domes are very distinct. They have heights of 55 nm for Au (Fig. 7(b)) and 46 nm
for Pt (Fig. 7(d)) with respect to the flat top surface level.
Elevated domes are visible on TiO2 antidot films, too; however
their height reaches only about 5 nm. The pronounced roughness measured by AFM on the flat top TiO2 areas (Fig. 7(f ))
reflects the formation of nanopores in the polymer film
between the nanopores.
The formation of domes occurs during annealing of the
BCP film. AFM measurements of evaporated Au antidots spin
coated with BCP prior to annealing do not show a dome on
antidots, but a polymer film with a regular array of dimples
covering the surface. From the reduction of antidot depth one
can see that a larger amount of BCP is deposited inside the
antidots than outside (Fig. S4, ESI†). We assume that during
the annealing, residual solvent from the BCP spin coating
process evaporates. Due to the topography and the larger
amount of polymer inside the antidots than on the planar top
areas, it is likely that more solvent is trapped inside the antidots, pushing the BCP film up during annealing. This is particularly pronounced for Au and Pt films, because the diﬀerence in BCP film thickness in the antidots and on the planar
top surface is larger than in the case of the TiO2 antidot films.
Thus dome formation on TiO2 antidot films is small. This
thesis is further supported by the fact that dome formation on
sputter-deposited antidots is present but small (10 nm dome
height on sputter-deposited platinum antidots in Fig. 5(a)) as
the volume of these antidots with a small wall slope is smaller
than the volume of electron beam deposited antidots with
steep walls. Thus, less polymer and less solvent are trapped
here. The dome formation corresponds to a local delamination
of the BCP film inside the antidots. The presence of a cavity
underneath the domes can also be concluded from geometrical considerations (see the ESI†).
Such a local delamination of the polymer film oﬀ the substrate could also contribute to the perpendicular PMMA cylinder orientation inside the antidots, which was surprising since
the antidot bottom consists of non-neutralized SiO2 on which
a parallel cylinder orientation would be expected from experi-
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ments on planar surfaces. A polymer film which is pushed
away from the surface would not contact the SiO2 surface at
the bottom of the antidots but form a free-standing film above
the antidots. Thus, two interfaces with air are formed, which
are neutral towards the polymers and allow for the perpendicular nanopore formation.

Conclusions
In this paper, we present the self-organized formation of hierarchical nanopores using a combination of nanosphere lithography and block copolymer lithography. In order to understand BCP lithography with cylinder forming PS-b-PMMA on
pre-patterned surfaces from diﬀerent materials, we first performed BCP lithography on planar surfaces of SiO2, TiO2, Au
and Pt. We demonstrated the creation of ordered nanopores
on these material surfaces – to our knowledge for the first
time – which largely expands the range of possible applications
of BCP lithography. The patterning of TiO2, for instance, is not
only applicable to native TiO2 on a Ti layer but also to the
native oxide on Ti-6Al-4V alloy surfaces (to be published elsewhere), which is interesting for biomedical applications.
We investigated the surface free energies of the diﬀerent
material surfaces and found that the polar fraction of the SFE
determines the pore orientation. A high polar fraction as in
SiO2 leads to cylinder orientations parallel to the surface,
resulting in the need for neutralization layers, such as RCP
brushes in order to obtain vertically oriented cylinders. On the
other hand, on disperse surfaces such as Au, Pt or TiO2 neutralization layers are not required to achieve vertical nanopores
by applying diﬀerent PVD techniques for the creation of metal
thin films, we demonstrate that surface roughnesses influence
the characteristic dimensions of the block copolymer nanopores, i.e. nanopore diameter, density and shape.
For the creation of hierarchical nanopores, we patterned
thin films of these materials (Au, TiO2, and Pt) by means of
nanosphere lithography with antidots, i.e. arrays of cylindrical
holes in the thin films, providing topographical and chemical
surface patterns, for directed BCP self-assembly. We demonstrate that the combination of these self-assembly techniques
allows for the creation of vertical nanopores formed site-selectively inside antidots in metal films, i.e. hierarchical cylinderin-cylinder patterns. The use of sputter deposition and electron beam evaporation for the creation of the antidot patterns
allowed us to exclude the influence of the antidot wall slope
on the site-selectivity. Cross-sectional TEM investigations indicate a dependence of the nanopore formation on the polymer
thickness, which varies due to the inhomogeneous wetting on
of the patterned surface. This eﬀect also becomes obvious
using diﬀerent materials for the antidot thin films: we found
site-selective nanopores for poorly wettable metal surfaces and
surface covering nanopores for homogeneously wetted TiO2
surfaces. AFM measurements show that the nanoporous PS
forms elevated domes on the antidots. We discuss that these
domes evolve due to solvent evaporation upon BCP annealing.
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This results in locally free-standing polymer films with two
interfaces towards the air at the antidots, contributing to the
observed perpendicular cylinder orientation in these films by
matching the SFE conditions as investigated on planar
material surfaces.
In summary, the combination of two low-cost techniques
nanosphere lithography and block copolymer lithography
allows for the guided large-area nanopatterning of surfaces
with hierarchical nanopores. It proved to be a flexible approach
as it is applicable to several substrate materials, opening up a
broad range of possible applications. As such we foresee e.g.
the controlled surface placement of both biomolecules and
quantum dots in devices exploiting the plasmonic properties
of the antidot structures. Other applications may profit from
the hierarchical order and improved mechanical stability
involved, e.g. in advanced filtration techniques, but the range
of application possibilities is yet to be explored.
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