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 Carbon Nanotube Alignment via Electrohydrodynamic 
Patterning of Nanocomposites 
 Electrohydrodynamic (EHD) pattern formation in carbon nanotube-polymer 
composite fi lms yields well-defi ned patterns on the micrometer scale along 
with the alignment of carbon nanotubes (CNTs) within these patterns. 
Conductive pathways in nanotube networks formed during EHD patterning 
of nanocomposite fi lms results in a substantial increase in the composites’ 
conductivity at loadings exceeding the percolation threshold. The degree of 
nanotube alignment can be tuned by adjusting the EHD parameters and the 
degree of alignment is mirrored by the conductivity across the fi lm. Using 
etching techniques or by embedding relatively long nanotubes, patterned 
surfaces decorated by CNT brushes were generated. 
  1. Introduction 

 The ability to design, manufacture and control highly reliable 
and robust sub-micrometer patterns is of profound interest 
for high-performance integrated nano devices. Owing to 
their exceptional electric, thermal, and mechanical proper-
ties, carbon nanotubes (CNTs) have been a topic of extensive 
research, in particular because of their potential incorporation 
into easily processable and fl exible polymer matrixes. [  1–7  ]  While 
the combination of discrete CNTs as fi llers in polymers to form 
nanocomposites [  8  ]  results predominantly in the reinforcement 
of the material, the use of CNTs as scaffolds for the synthesis 
of inorganic replicas can be used to manufacture hybrid mate-
rials, which have a range of interesting properties. [  9  ]  In both 
systems, bottom-up strategies have been exploited to generate 
new classes of high-performance nanotube-based composite 
and hybrid materials, whose properties can be specifi cally tai-
lored for the desired application. Nanotube-based polymer com-
posites have potential for use in a wide range of applications, 
including electronic devices, solid state sensors, [  7  ,  10  ]  electrical 
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interconnects, high thermal conductivity 
heat sinks, [  11  ]  and fi eld-effect transistors. [  12  ]  
CNT nanocomposites and hybrids have 
also been successfully applied in solar 
cells, [  13–15  ]  as photocatalysts for hydrogen 
production, [  16  ]  and as anode materials [  17  ]  
and additives [  18  ]  in lithium-ion batteries 
and super-capacitors. 

 In order to take full advantage of the syn-
ergistic functions in CNT nanocomposites 
and hybrids, control of the dispersion, 
orientation, and interfacial chemistry of 
CNTs in the organic or inorganic matrix is 
required. Moreover, anisotropic composite 
structures with vertically aligned CNTs are 
essential to realize the full potential of nanotube-based com-
posites both for optimization of their mechanical properties 
and integration into devices. For instance, while Li  et al.  dem-
onstrated that the incorporation of CNTs in a P3HT layer [  19  ]  
increased the photoconversion effi ciency in a photovoltaic 
device caused by a faster electron transport via the nanotube 
network, the performance can probably be further improved 
by using 3D architectures with vertically aligned CNTs. In par-
ticular, nanopillar array photoelectrodes enhance the optical 
absorption effi ciency [  20  ,  21  ]  by enhanced collection of low-energy 
photons absorbed far below the surface, as compared to planar 
photoelectrodes. 

 Exfoliation routes of CNTs have been studied extensively, 
showing that a uniform and stable dispersion can be governed 
by covalent or non-covalent interactions between hydrophobic 
CNTs and the dispersant molecules. [  22–28  ]  Researchers have 
also managed to successfully align CNTs in liquid solutions 
upon applying an external force (e.g., electric or magnetic fi eld, 
mechanical stretching, etc). [  29–32  ]  While some horizontal orien-
tation can be achieved when CNTs are spin-cast into a thin fi lm 
from a pre-aligned liquid-crystalline solution, a near complete 
loss of orientation is typically obtained upon their incorporation 
into a hosting 3D matrix. [  33–35  ]  Hence, achieving a vertically ori-
ented nanotube network in a fully processed composite remains 
an important challenge. There is presently no technique to pro-
duce a well-defi ned CNT structure in a nanocomposite, which 
provides long-range control of feature positions combined with 
the control over CNT orientation in the composite. 

 In the present work we introduce a simple, versatile electrohy-
drodynamic (EHD) lithographic technique for patterning CNT-
based polymer composites. This method provides a straightfor-
ward, single-step approach for generating high-fi delity micro-
meter-sized nanocomposite structures within which anisotropic 
CNTs are vertically aligned. The EHD concept makes use of the 
1895wileyonlinelibrary.com
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    Figure  1 .     Overview of the CNT-polymer composite prior to the EHD 
experiment: A) Optical microscopy image of a black, stable disper-
sion of MWCNTs in a PS solution. B) TEM and C) SEM images of a 
spin-cast thin fi lm of the MWCNT-PS composite. Inset: higher resolu-
tion TEM image, showing polymer-decorated MWCNTs. D) TEM image 
of a perpendicularly microtomed fi lm of the spin-cast MWCNT-PS 
composite prior to EHD patterning reveals round cross-sections of 
MWCNTs, indicating in-plane orientation of some of the MWCNTs in the 
as-spun fi lm.  
destabilization of thin polymer fi lms by means of an electric 
fi eld. Placing a liquifi ed resist between parallel plates, leaving 
a small air gap, and applying a potential gives rise to a homo-
geneous electric fi eld in the polymer layer,  E  p , which causes the 
formation of well defi ned pillars with local hexagonal symmetry 
spanning the capacitor gap. In the presence of laterally varying 
 E  p , i.e. when a topographically patterned top electrode is used, 
the EHD patterning process yields a high fi delity replication of 
the patterns imposed by the master top electrode. EHD litho-
graphy has previously been used to fabricate patterns in a wide 
variety of polymers using both featureless and topographically 
structured masks. [  36–38  ]  Furthermore, as EHD lithography allows 
to pattern most of the amorphous and semi-crystalline poly-
mers. [  38  ]  Positional control of the generated morphologies can be 
adjusted by varying a number of experimental parameters, such 
as the initial fi lm thickness, inter-electrode spacing,  E  p  -strength, 
surface tension and lateral periodicity of the master electrode. 
The degree of CNT orientation is governed by key process 
parameters such as the hydrodynamic fl ow and the strength of 
the applied electric fi eld. The possibility to control self-organized 
patterns on the micrometer scale and the degree of anisotropy 
of the incorporated CNTs within the patterned nanocomposite 
render this technique technologically appealing.   

 2. Results and Discussion 

 An essential requirement for EHD patterning of CNT nano-
composites is a uniform and stable dispersion of CNTs in the 
host polymer matrix. Polystyrene (PS) was used as the matrix 
poly mer for proof of concept, but nearly any polymer can be 
used in a similar manner. Pristine multi-walled carbon nano-
tubes (MWCNTs) with an average diameter of 10 nm were 
incorporated in PS with no additional chemical functionaliza-
tion prior to the dispersion process, thereby preserving their 
properties. A stable and homogeneous dispersion of MWCNTs 
in PS was achieved using an established route described in the 
Experimental Section. A PS-MWCNT dispersion is shown in 
 Figure    1  . Microscopy observations reveal that the individual 
MWCNTs are decorated by PS (Figure  1 B-C), sterically stabi-
lizing the MWNCTs in solution and in the melt, aiding their 
effi cient dispersion, while preserving their electronic and 
mechanical properties. [  39  ,  40  ]  This solution was then spin-cast 
onto a Si-wafer substrate, which serves as an electrode in the 
EHD patterning process, to form a homogeneous nanocom-
posite fi lm. It is important to note that at this stage no pre-
ferred orientation or alignment of MWCNTs was obtained, 
as confi rmed by the random distribution of MWCNTs in the 
cross-sectional image of the composite (Figure  1 D).

   These composite fi lms were then subjected to EHD pat-
terning. The physical mechanism of the EHD pattern formation 
process is well-understood. [  37  ]  In short, an applied voltage across 
a polymer-air bilayer exerts a destabilizing electrostatic pressure 
 p  el  on the interface caused by interfacial polarization charges [  37  ] 

 

pel = − ε0 εp(εp − 1) E 2
p

= − ε0εp(εp − 1)
U 2

[εpd − (ε p − 1)h ] 2

  (1)   
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where   ε   0  is the dielectric permittivity of the vacuum,   ε   p  is the 
dielectric constant of the polymer,  h  is local fi lm thickness and 
 d  is the capacitor plate spacing.  p  el  prevails over the counter-
balancing surface tension of air-polymer interface   γ  . Using the 
lubrication approximation, this gives rise to the amplifi cation of 
an instability with the characteristic wavelength

 
8 = 2B

√
2(

− ∂pel
∂h  

 (2)   

  The amplifi cation of fl uctuation maxima drain the sur-
rounding polymer fi lm, laterally detaching the individual struc-
tures, and fi nally forming liquid cylindrical plugs between the 
two electrodes. The reorganized fi nal morphology has a local 
hexagonal order caused by the repulsion of the polarized wave 
minima and maxima. The set-up is schematically shown in 
 Figure    2  A, indicating the morphological reorganisation of the 
the MWCNT-PS composite.

   Films with a typical loading of 1.5 wt% of MWCNTs were 
fi rst annealed at temperatures above the glass-transition tem-
perature of the polymer ( T  g   ≈  100  ° C), liquefying the material. 
Subsequently, a voltage of 120 V was applied across the elec-
trodes, which gave rise to a laterally homogeneous electric fi eld. 
This electric fi eld causes a fi lm instability which leads to an 
array of columns that span the capacitor gap. The 1.3  ±  0.3  μ m 
high vertical pillars with an average diameter of 1.0  ±  0.2  μ m are 
shown in Figure  2 B and C. The average inter-column spacing 
mirrors the characteristic wavelength   λ    =  1.2  ±  0.3  μ m. The 
mean spacing between formed columns corresponds to the 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 1895–1901
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    Figure  2 .     A) Schematic representation of the experimental set-up and the overall pattern for-
mation process in a laterally homogeneous electric fi eld. Liquefying a thin nanocomposite 
fi lm with randomly dispersed MWCNTs and subsequently applying a destabilising  E  p  causes 
an EHD instability with a characteristic wavelength  λ . Amplifi cation of the fi lm undulations 
results in pillars with local hexagonal symmetry. B) Low- and high-magnifi cation SEM images of 
EHD patterned columns that contain vertically aligned MWCNTs. C) Partial removal of the PS 
matrix provide an improved contrast of MWCNT alignment as seen in the SEM cross section. 
D) Experimental confi guration for exposing nanocomposite fi lms to an electric fi eld, in the 
absence of an air gap. 4 kV were applied across the Kapton, PDMS and nanocomposite fi lm 
to give rise to similar electric fi eld in the fi lm as in (A). E–G) Cross-sections of fi lms annealed 
in such a device: SEM (E), TEM (F) and AFM (G) images for an identical nanocomposite fi lm 
annealed in an electric fi eld. The histogram in (E) shows the relative MWCNT alignment with 
respect to electric fi eld vector.  
wavelength predicted by  Equation 2 . The inter-column spacing 
is determined by the fi eld strength and the polymer surface 
tension and typically ranges from 0.5 to 30  μ m for values of 
 E  p  between 2  ×  10 8  and 0.35  ×  10 8  Vm  − 1  respectively, while the 
column diameter is a function of the initial fi lm thickness and 
the plate spacing. The dimensions and lateral position of the 
generated patterns can be controlled by adjusting the different 
experimental parameters. For instance, since liquid morpholo-
gies are organized according to the ratio of the plate spacing 
 d  and the initial fi lm thickness  h  0 , the variation of these two 
parameters determines the column height (100–1000 nm) and 
diameter (800 nm–3  μ m). On the other hand, the fi eld strength 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2011, 21, 1895–1901
and the polymer surface tension will dic-
tate the position of the formed structures by 
establishing the characteristic wavelength, 
i.e. the inter-pillar spacing. 

 While similar patterns were obtained for 
different MWCNT loadings, shorter insta-
bility wavelengths and hence inter-column 
spacings were observed for high MWCNT 
loading compared to the pure polymer, 
refl ecting a higher destabilization pressure 
gradient ∂ p  el /∂ h . The origin of this effect is 
readily explained in terms of the dielectric 
properties of the composite. Similar to nano-
particles, [  41  ]  MWCNT loading increases the 
dielectric constant of the composite, thereby 
enhancing  E  p . [  42  ]  

 Cross-sectional examination of the pillars 
reveals an additional internal substructure 
comprised of vertically aligned MWCNTs 
along the axis of the columns (Figure  2 B) in 
the direction of the electric fi eld lines. For 
better imaging, the samples were subjected 
to plasma-enhanced etching, which selec-
tively removed a thin polymer layer from the 
surface, thereby further exposing the ver-
tical MWCNTs caused by the faster etching 
rate of PS. A nearly right-angle orientation 
of MWCNTs relative to the capacitor elec-
trodes is seen in Figure  2 C. Although short 
MWCNTs will align in the capacitor gap, 
they do not span the entire height of the 
formed columns. Long MWCNTs, on the 
other hand, align to form an interconnect 
between the two electrodes (see Supporting 
Information). 

 A microtomed cross section parallel to the 
electric fi eld direction examined by transmis-
sion electron microscopy (TEM) and atomic 
force microscopy (AFM) yields additional 
insight into the degree of MWCNT orienta-
tion.  Figure    3   reveals that the vertically ori-
ented MWCNTs are occasionally entangled. 
This is of importance with respect to the 
composite’s electrical properties. MWCNTs, 
which span the entire EHD structure should 
have the highest conductivities for perfect 
vertical alignment, while shorter MWCNTs 
require some entanglements to ensure suffi cient electrical con-
tacts between the individual tubes that allow conduction via a 
percolating network. Note that the concentration of MWCNTs is 
higher at the surface of columns. This is most likely caused by 
high electric fi eld gradients during the intermediate stage of the 
EHD instability: a sinusoidal undulation of a surface in a plate 
capacitor gives rise to a fi eld concentration at the undulation 
maxima. [  43  ]  MWCNTs couple to this fi eld gradient and experi-
ence a force in direction of the highest electric fi eld, leading to 
a MWCNT accumulation in the region of the undulation that 
later makes contact with the upper capacitor plate, as seen in 
Figure  2 B and Figure  3 B.
heim 1897wileyonlinelibrary.com
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    Figure  3 .     Schematic representation of sample analysis: following the embedding in an epoxy resin the lower electrode is removed, followed by 
microtoming ultrathin slices. A,B) and C,E) TEM and AFM ultrathin sections parallel to to the direction of the electric fi eld. Zooming into one of the 
columns of (A) shows the nanotube orientation in direction of the pillar axis (B, arrow), with an increased concentration of aligned MWCNTs near the 
top electrode (B, inset). C) AFM cross-sectional view and 3D top-view showing the columnar pattern (inset). D) High magnifi cation AFM image of 
the cross-section of (C), visualizing nanotube orientation in the EHD-formed pillar. E) Cross-sectional AFM image of the as cast nanocomposite fi lm, 
revealing no preferred orientation of MWCNTs. The histograms show the degree of MWCCNT alignment as an angle of variation from a cylinder axis 
in the patterned fi lm (D, inset), indicated by the arrow, and from an arbitrary direction (E, inset) in the as-cast fi lm.  

    Figure  4 .     Resistivity of a spin-cast (diamonds) MWNT/PS composite fi lm 
compared to an EHD-patterned nanocomposite (squares).  
   To determine the average degree of MWCNT anisotropy 
inside EHD-formed columns, we have performed a quantita-
tive analysis of the TEM and AFM images in (Figure  3 B and 
D). Averaged over the entire patterned area (approx. 200  μ m  ×  
200  μ m, averaged over 25 profi les), 80% of the MWCNTs were 
aligned within  ± 20 °  of the electric fi eld vector (Figure  3 D, 
arrow) and 60% were within  ± 15 °  of the director (Figure  3 D, 
inset). This is in contrast to the as-cast nanocomposite fi lms, 
where no preferred orientation was seen (Figure  3 E). 

 The preferential MWCNT alignment along the cylinder axis 
can be explained by two mechanisms. Firstly, the anisotropic 
MWCNT structure gives rise to a dipole moment that couples 
to the electric fi eld, which exerts an aligning torque on the 
MWCNTs. Secondly, the EHD column formation gives rise to 
a lateral shear fl ow into the columns which may act to align the 
MWCNTs. 

 To address, which of these two proposed MWCNT alignment 
mechanisms is dominant, a second type of experiments was 
performed. Instead of leaving an air gap in the capacitor, the 
top electrode was brought into direct contact with the nanocom-
posite layer (Figure  2 D). In this device geometry, the electric 
fi eld does not cause any fl ow of the composite, but results only 
in an aligning torque on the MWCNTs. 

 The results of these experiments show a somewhat lower 
degree of nanotube alignment (Figure  2 E-G) of 45% and 
37% within  ± 20 °  and  ± 15 °  of the electric fi eld vector, respec-
tively. This result indicates that the vertical orientation of the 
nanotubes in EHD patterned fi lms arises from a combination 
of the electrostatic torque exerted on the nanotubes by the elec-
tric fi eld and hydrodynamic convection forces and rotation by 
elongational component of the fl ow that aligns the MWCNTs 
during pattern formation. 
© 2011 WILEY-VCH Verlag G8 wileyonlinelibrary.com
 The good conductivity of MWCNTs raises the question of 
how MWCNT alignment in the insulating PS affects the con-
ductivity across the composite fi lm. To investigate this, the 
variation of electric resistivity was measured by a four probe 
method at room temperature as a function of MWCNT con-
tent, for as-cast fi lms and for EHD patterned structures, as 
shown in  Figure    4  . The introduction of 0.35 wt% of MWCNTs 
in an as-cast composite fi lm lowered the resistivity by one 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 1895–1901
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order of magnitude. An additional increase in MWCNT con-
tent gradually decreased the resistivity by a further factor of 
10 for a MWCNT content of 2 wt%. While the conductivity 
of the EHD patterned sample measured along the cylinder 
axis (averaged over a large number of cylinders) is similar 
for MWCNT loadings above 1.3 wt%, the results differ for 
small loadings from the unpatterned fi lm. Interestingly, the 
averaged (appropriately normalized) axial resistivity of EHD 
patterned fi lms is higher in the 0–1.3 wt% range, in which 
the resistivity varies only little, with a large drop between 
1 wt% and 1.3 wt%.

   The difference in conductivity for MWCNT loading in the 
0–1.3 wt% range can be understood in terms of of a MWCNT 
percolation model. With a persistence length of  ∼ 300 nm, [  44  ]  
non-aligned MWCNTs are entangled. Above the percola-
tion threshold of  ∼ 0.35 wt% MWCNT loading, continuous 
conducting pathways form across the composite fi lm. The 
uniaxial alignment of the MWCNTs in the EHD-generated 
columns reduces the number of entanglement points per chain 
by straightening and aligning the MWCNTs. This increases 
the percolation threshold to a MWCNT loading of  ∼ 1.3 wt%. 
Although conductivities as high as 1 S/m have been reported 
for composites with a MWCNT concentration of 5.5 wt%, [  45  ]  
this typically causes a short-circuit for the device used in the 
EHD experiments. 

 Finally, the embedded MWCNTs can be partially exposed 
upon process completion by the incomplete removal of the 
polymer from the top of the pillars by plasma etching. This 
results in a brush of vertically oriented partially free-standing 
nanotubes, which are supported by the remaining polymer 
matrix that prevents their collapse ( Figure    5  ). Alternatively, 
exposed vertically standing nanotubes can also be obtained 
without the polymer removal step, by using MWCNTs which 
are longer than the height of the formed columns (Figure  5 , 
inset). The creation of a well-defi ned supported CNT brush 
may be useful to establish an electrical circuit upon mechani-
cally contacting plastic-based conducting composites. These 
hybrid vertically oriented structures therefore have poten-
tial applications for the development of fl exible microelec-
tronics, displays and biocatalytic assemblies, such as fl exible 
© 2011 WILEY-VCH Verlag GAdv. Funct. Mater. 2011, 21, 1895–1901

Figure 5. SEM top-view of partially exposed vertical MWNTs embedded 
in a EHD-generated pillar. Using CNTs which are slightly longer than the 
pillar height results in similarly free standing nanotubes (inset).
fi eld emitters, fi eld emission devices (FEDs) or sensors. For 
example, a crucial aspect for an effi cient FED is the distance 
between MWCNTs, which should be greater than their height 
to minimize the electric fi eld screening effect. EHD generated 
anisotropic patterned MWCNT arrays embedded in a polymer 
matrix not only directly lead to the suppression of the mutual 
screening, but also provide a way to control both the height 
and distance of columns decorated with aligned MWCNTs. 
Oriented CNTs with exposed ends exhibit an increased elec-
trochemically accessible surface area and high electrical con-
ductivity. They may be used to generate well-defi ned electrical 
contacts and may provide a route for incorporating chemical 
functions by functionalization along their longtinudal tube 
axis. This is potentially useful for the development of rapid-
response biochemical sensors which are selective for targeted 
chemical and biological molecules.   

 3. Conclusions 

 In summary, we have introduced a straightforward technique 
for the hierarchical patterning of a polymer-carbon nano-
tube composite by means of an electric fi eld. EHD patterning 
gives rise to well-defi ned microscale columnar patterns with 
embedded MWCNTs which are uniaxially aligned parallel to 
the cylinder axis. With the use of a topographically patterned 
electrode, [  37  ]  EHD lithography allows control and manipulation 
of the position of the formed patterns as well as the alignment 
of the incorporated MWCNTs. Composite fi lm conductivity as 
a function of MWCNT content shows a substantial increase in 
conductivity for a MWCNT loading of  ∼ 0.3wt-%. Conductive 
pathways in percolating nanotube networks can be controlled 
by EHD patterning, shifting the percolation threshold by  ≈ 1% 
for the fi eld strength used in this experiment. Furthermore, the 
aligned MWCNTs can be exposed by selective polymer etching 
to form a MWCNT brush. The possibility of simultaneous struc-
turing of the nanocompsite and control of MWCNT alignment 
by EHD instabilities is an intriguing way to control the prop-
erties of the composite. Despite the reduction in conductivity 
upon MWCNT alignment, the creation of a MWCNT-brush is of 
interest for establishing adhesive conducting electrical contacts, 
possibly paving the way for integration of nanotube-based com-
posites into functional devices. To this end, the incorporation 
and alignment of CNTs into semiconducting polymer (such as 
P3HT) will be an interesting future direction of study.   

 4. Experimental Section 
  Materials :  CVD grown MWCNTs (outer diameter: 8–15 nm, purity: 

higher than 95%) were purchased from Cheap Tubes Inc. Polystyrene, 
(PS) (molecular weight: 100 and 300 kg mol  − 1 , polydispersity 
 <  1.07), was purchased from Polymer Standards Service GmbH, 
Mainz. Highly polished p-doped silicon (Si) wafers, with  < 100 >  crystal 
orientation (Wafernet Gmbh, Eching, Germany) were used as substrates. 
Patterned silicon wafers were obtained from X-lith eXtreme Lithography, 
Ulm, Germany). 

   Experimental Procedure :  The dispersion of MWCNTs in PS is facilitated 
by the high wettability of the aromatic PS on the graphitic MWCNT 
surface. [  26  ]  MWCNT-PS composites were prepared using two established 
procedures: a solution-evaporation method assisted by high-energy 
mbH & Co. KGaA, Weinheim 1899wileyonlinelibrary.com
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sonication, [  46  ,  26  ]  or block polymer stabilization of nanotubes with further 
incorporation inside a PS matrix. [  47  ]  Both processes yielded stable 
and uniform dispersions of nanotubes inside the PS matrix. For EHD 
experiments, a capacitor was assembled using a silicon substrate covered 
by a homogeneous nanocomposite fi lm as a lower electrode. Facing it, a 
planar or structured Si-wafer was mounted as second electrode, leaving 
a thin air gap. Both capacitor electrodes were electrically contacted using 
silver paint (Electrodag 1415M). In some of the EHD experiments, the 
upper electrode was substituted by a thick Kapton CR (DuPont) sheet 
with a thermally evaporated 50 nm thick Au layer on the reverse side. 
In order to avoid the air gap and establish conformal contact with the 
composite fi lm, a thin layer of poly(dimethylsiloxane) (PDMS, Sylgard 
184, Dow Corning) was spin-cast and thermally crosslinked on the 
front side of the Kapton sheet. Since, the presence of a thick Kapton 
layer and a dielectric signifi cantly lowers the effective fi eld across the 
nanocomposite layer, a much higher voltage of 4 kV was applied in such 
an assembly. Etching in an air plasma was used to degrade PS and to 
partially expose the embedded MWCNTs. 

   Characterization :  Scanning electron microscopy images were 
obtained using a LEO ULTRA 55 scanning electron microscopy (SEM) 
with a Schottky-emitter (ZrO/W cathode). The acceleration voltage 
was 15.0 kV and secondary electron images were recorded at various 
magnifi cations. Cross-sectioned surfaces for SEM investigations were 
prepared by fracturing the pillar array, with the fracture plane parallel to 
the pillar axis. A Dimension 3100 atomic force microscope (Bruker) was 
employed for AFM imaging to characterize patterned composite fi lms 
and their cross-sections. All the measurements were performed under 
ambient conditions using the “Tapping Mode”. “Golden Silicon Probes” 
cantilevers (NSG 20 with resonance frequency of 260 kHz and a force 
constant of 28 Nm  − 2 ) were used. For TEM cross sectional imaging, a 
thin layer of Pt was sputtered onto the composite fi lms, followed by 
embedding into a Spurr epoxy resin. The substrate was removed and the 
fi lms were sectioned using diamond knife in a Leica Ultracut Microtome, 
yielding sections with a thickness of 50 nm. The cross-sections were 
analyzed using a FEI Technai 12 transmission electron microscope 
(TEM) at acceleration voltage of 120 kV. The resistivity of the epoxy-
embedded fi lms was measured by a four-probe method using a Keithley 
2000 voltage-current source. 

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