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 Here, we report a nanolithography scheme that combines 
two established parallel fabrication processes, namely block 
copolymer micelle nanolithography (BCML) and glancing angle 
deposition (GLAD). This allows us to grow quasi-hexagonal 
nanopatterns of nanodots or other, more complex, nanopatterns 
on large scales with tunable feature sizes and a wider array of 
materials than is possible with either method alone. First, this 
technique extends the sizes of “dots” that can be fabricated to 
cover the range from BCML (<10 nm) to NSL (>100 nm). This 
is important for applications in plasmonics for which particle 
size is closely linked to optical response. We further show that 
it is straightforward by this method to also change the materials 
of the nanopatterns and to generate multilayer nanopatterns 
containing a number of different materials, such as spherical 
trilayer particles, which prove useful for certain additional 
processes (including etch masks). By employing wet chemical 
etching our nanolithography scheme can in addition be used to 
rapidly fabricate patterns that cannot be obtained with other col-
loidal lithography techniques, in particular, hollow domes. [ 24–28 ]  
One important feature of this scheme is that a single multi-
functional pattern can, through simple subsequent processing 
steps, generate a series of novel secondary nanopatterns with 
different features and 3D morphology. Finally, we present two 
demonstrations of our nanopatterns in technological applica-
tions: we show that they are effective enhancers for surface 
enhanced Raman spectroscopy (SERS), and we use them as a 
large area mask for nanoimprint lithography. 

 BCML is a parallel nanopatterning technique that is used 
to fabricate highly ordered arrays of spherical Au or Pt nano-
dots with controllable size and interparticle spacing across an 
entire wafer. [ 27,29 ]  The spatially separated (small) nanodots can 
serve as nanoscale seeds for the subsequent growth of complex 
hierarchical nanostructures. While it is possible to enlarge the 
nanoparticle seeds using electroless deposition, [ 30 ]  there is still 
a limited choice of materials and range of sizes and shapes 
that can be achieved. To address this, we have chosen physical 
vapor shadow growth, also known as glancing angle deposi-
tion (GLAD), to grow materials onto the nanoseed pattern, as 
it dramatically extends the range of sizes and materials that can 
be used as well as the shape of the resulting growth. GLAD is 
a vacuum deposition technique that can be used to selectively 
grow nanostructures onto patterns in a parallel manner by 
exploiting the shadow effect between the constituent seed par-
ticles to control the direction of the growth. [ 31,32 ]  A key point 
is that in ordinary (normal incidence) physical vapor deposi-
tion the entire wafer would be coated and the nanoseeds would 
therefore be electrically connected. This is avoided when using 
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   Micro and nanotechnological processes depend critically on 
lithography and patterning techniques. The development 
of rapid and precise nanopatterning methods that are time- 
and cost-effective is a key to fundamental nanotechnology 
research, as well as a number of industrial processes. For 
high-resolution nanopatterns a number of techniques are 
well developed, including electron-/ion-beam-based litho-
graphy [ 1–3 ]  and tip-based lithography, [ 4–9 ]  but they are often too 
slow for wafer-scale processes that demand fast processing 
times. On the other hand, for large-area nanopatterning, 
optical/plasmonic lithography, [ 10–15 ]  contact printing-based 
lithography, [ 16–19 ]  and template-assisted lithography [ 20–23 ]  are 
promising candidates; however, they require additional expen-
sive and time-consuming pre-fabrication processes, such as 
the preparation of a master template. Colloidal lithography 
including nanosphere lithography (NSL), [ 24 ]  nanoparticle 
lithography, [ 25,26 ]  and block copolymer micelle nanolitho-
graphy (BCML) [ 27 ]  are attractive large-scale parallel patterning 
methods that permit time- and cost-effective patterning at the 
wafer-scale. Nevertheless, they suffer from a number of limi-
tations regarding material compatibility, which is an impor-
tant consideration when preparing etch masks, as well as 
limitations in the sizes and the shapes of the nanopatterns 
that can be fabricated by these methods. 
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shadow growth methods, such as GLAD. Shadow deposition has 
already been introduced in conjunction with regular patterns 
formed by e-beam lithography, [ 33 ]  NSL, [ 34–36 ]  and nanoimprint 
lithography (NIL). [ 37 ]  However, these schemes do not readily 
permit simultaneous nanometer scale shape control of the pat-
terns and wafer-scale fabrication. Our previous work combining 
BCML and GLAD has focused on generating nanoparticles with 
complex, often chiral, shapes. [ 31,38 ]  Using BCML-grown seeds 
improved the uniformity of the resulting structures, but the 
pattern itself has so far been of secondary importance. Here, 
we concentrate on producing wafer-level uniform arrays of high 
symmetry nanodot patterns at below 100 nm 
for subsequent use, for instance as a simple 
array of plasmonic structures or as a mask. 
The symmetry and spacing of the pattern is 
governed by the BCML step, while the GLAD 
and following processing steps determine the 
exact shape of the seed pattern, and hence 
the polarity (negative or positive) of the mask. 

 The approach is illustrated by (but not 
limited to) the three-step fabrication process 
depicted in  Figure    1  . First, a quasihexagonal 
array of Au nanodots with diameter 12.1 ± 
1.8 nm was patterned on a silicon wafer by 
BCML (Figure  1 a). Second, this nanoseed 
pattern was exposed to a vapor fl ux in a 
physical vapor deposition system at an inci-
dent angle of 87° with a base pressure of 1 × 
10 −6  mbar to grow hybrid nanoparticles (NPs) 
upon the nanoseeds using GLAD (Figure 
 1 b). The spacing between the nanoseeds is 
chosen to be large enough so that the nano-
structures do not fuse during the growth 
process (see the Experimental Section). The 
deposition process itself consists of three 
steps: fi rst, we deposited Au on the Au nano-
seed pattern to increase the size of the seed 
particles (if necessary). Next, we deposited Ag 
as a sacrifi cial layer. Third, a thin Au fi lm was 
grown on the array of the Au–Ag hybrid NPs 
at normal incidence (0°) to cover the entire 
nanopatterned substrate (Figure  1 c). Figure 
 1 d–f shows SEM images of the array of the 
Au nanodots patterned by BCML (Figure  1 d) 
and the resultant nanopatterned substrate 
after the three-step fabrication process. The 
hybrid NP array can be further processed to 
create a variety of fi nal patterns, so we call 
it a multifunctional pattern (see Figure  1 e 
for top view, Figure  1 f for tilted view, and 
Figure S1, Supporting Information, for large-
area SEM images). It can be grown in a very 
short time (total processing time less than an 
hour) and consists of an array of Au–Ag–Au 
hybrid NPs (37.1 ± 4.0 nm in diameter) that 
cover the entire wafer. We mainly focus on 
patterns formed by the noble metals Au and 
Ag since they can be used both as metal etch-
stop layers in a number of different plasma 

environments [ 39 ]  and since they can also function as plasmoni-
cally active materials. [ 40 ]  However, the fabrication scheme is 
general and permits the use of a wide selection of materials and 
material combinations, including alloys.  

 A key feature of our scheme is that a series of secondary 
nanopatterns can be obtained from the initial multifunctional 
pattern via simple additional processes. In particular, starting 
from the Au–Ag–Au NP layer, we can generate nanoholes, 
nanorings, and hollow nanodomes ( Figure    2  ). A nanohole pat-
tern can be obtained by sonicating the multifunctional pattern 
in water for 1 h (Figure  2 c). During the sonication process, the 
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 Figure 1.    Fabrication of a large-area multifunctional nanopattern. a) Fabrication of a hexagonal 
array of Au nanodots on a silicon (or glass) wafer by BCML. b) Growth of Au and Ag on the 
array of Au nanodots using shadow PVD (GLAD). c) Deposition of an Au thin fi lm on the array 
of Au–Ag hybrid NPs. SEM images of d) the array of Au nanodots and, e) top view and f) tilted 
view of the multifunctional nanopattern (scale bar: 100 nm). The inset shows the side view of 
the SEM image (scale bar: 50 nm) and the TEM image (scale bar: 20 nm) of the multifunctional 
nanopattern.
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NPs (including the original Au seeds) are removed from the 
substrate, leaving behind a hexagonal array of circles in the Au 
fi lm. The spacing of the holes is determined by the spacing of 
the original BCML array, and their diameter by the size of the 
Ag in the second growth step. Selective chemical etching of Ag 
increases the possible secondary nanopatterns that can be fab-
ricated from the multifunctional nanopattern (Figure  2 b). Over-
night immersion of the multifunctional pattern in a mixture of 
H 2 O 2 :NH 3  = 1:1(v:v) produces a pattern of hollow nanodomes 
surrounding Au NPs with a yield of over 90% (this yield might 
be enhanced by reducing the Ag etch rate to reduce the rate of 
bubble generation). The nanocaps (NCs) adhere to the substrate 
due to signifi cant London–van der Waals attraction between the 
structures and the substrate with high Hamaker constant of gold 
of ≈40 × 10 −20  J in water (Figure  2 d). [ 41 ]  The diameter of the NCs 
is again controlled by the Ag deposition step, and the cap thick-
ness by the fi nal Au coverage. Finally, through the sonication pro-
cess on the hollow nanodome pattern, we can readily lift off the 
Au NCs from the substrate and this leaves behind the nanohole 
pattern containing at its center the Au nanodots. We call this pat-
tern a “nanoring” pattern (Figure 2e). The nanodot diameter is 
controlled by the initial Au deposition that was used to enlarge 
the original BCML patterned Au nanodots. An important ancil-
lary benefi t is that after the sonication processes, the removed 
NPs are suspended in the supernatant. In the case of the nano-
hole pattern and the nanoring pattern, sonication yields col-
loidal Au–Ag–Au hybrid structures and hollow NCs, respectively 
(see Figure S2, Supporting Information). Thus, this scheme 
not only generates a patterned surface, but can also be useful 
in generating colloidal solutions of hybrid NPs. Figure  2 f–h 
shows SEM images of the three secondary patterns. The nano-
holes have an inner diameter of 36.7 ± 4.4 nm (Figure  2 f), and 
the nanorings have a gap width of 9.9 ± 1.8 nm separating the 

central Au NP (21.1 ± 1.5 nm) from the surrounding Au fi lm 
(Figure  2 h). For the nanoring pattern, we have optimized the 
sonication time to 10 min to yield the nanoring structures with 
a yield of over 70% of the multifunctional nanopatterned sub-
strate (see Figure S3, Supporting Information). The structural 
dimensions of such fabricated nanopatterns were in the range of 
10–100 nm, which cannot be fabricated by comparable colloidal 
lithography methods; [ 24–28 ] . In particular, the trilayer nanodot, 
the nanoring, and the 3D hollow nanodome are more complex 
and smaller than conventional patterns fabricated by GLAD 
schemes (e.g. dots, rods, rings, triangles, etc.). [ 33–37 ]  Additionally, 
to further illustrate the fl exibility of our technique in terms of 
materials composition, we fabricated a multifunctional pattern 
with a SiO 2  top fi lm (instead of the fi nal Au fi lm in Figure  2 ). 
Since the SiO 2  fi lm is CMOS compatible it may be useful for 
the fabrications of MEMS and CMOS devices, especially 3D 
devices, based on our patterns. [ 42 ]  The resulting nanoring pattern 
is shown in Figure S5 (Supporting Information). We note that 
our scheme is capable of growing many different shapes, but 
of course only shapes that are linear and grow away from the 
substrate are possible. Shapes that branch, or curve downward 
toward the substrate can in general not be fabricated, although 
there are exceptions. [ 43 ]  For a more complete discussion of pos-
sible shapes, we refer the reader to Ref.  [ 31 ] . Further, the multi-
functionality depends on the relative reactivity of the Ag versus 
Au under attack by H 2 O 2 . Using other materials requires con-
sideration of their reactivities or the choice of solvent. Finally, 
interparticle spacing defi nes the size of PVD enlargement that is 
possible.  

 We believe that our fabrication scheme has a number of 
potential uses in nanoscience and nanotechnology. Here, we 
show two applications: patterns for NIL and nanoplasmonic 
patterns. NIL is useful for large-scale repeat patterning of 
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 Figure 2.    Fabrication of secondary nanopatterns from the multifunctional nanopattern in Figure  1 . Schematic views of a) the multifunctional nanopat-
tern as an initial patterned substrate and b) subsequent Ag etching process with the multifunctional nanopattern in the mixture of H 2 O 2 :NH 3  (v:v = 
1:1). The schematic views of the resultant secondary nanopatterns including c) nanohole, d) hollow nanodome, and e) nanoring patterns. The cor-
responding SEM images of f) nanohole, g) hollow nanodome, and h) nanoring patterns (scale bar: 100 nm).
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entire wafers. Its drawback is the preparation of the initial 
mask that is expensive and time-consuming. [ 17 ]  We show 
that our method lends itself to the fabrication of certain NIL 
master templates ( Figure    3  a–d). First, a nanohole pattern on 
silicon substrate was etched using reactive ion etching (RIE) 
under a SF 6 :O 2  (3:1) plasma environment, where the etch rate 
of Si was ≈1 nm s −1  (see Figure  3 b and Figure S6, Supporting 
Information). The Au acts as an etch-stop layer and restricts 
etching of the Si substrate to the exposed circles within the 
nanoholes. Next, the Au etch-stop layer was removed and the 
patterned Si substrate was covered with a fl uoro-silane for 
easy detachment of the imprinted surface after the nanoim-
print process (see Figure  3 c and the Experimental Section for 
further details). Figure  3 d shows an SEM image of the fabri-
cated nanotemplate with ≈120 nm depth. We then tested the 

templating ability of this master under typical nano imprint 
conditions with intermediate polymer stamps (IPS) fi lm 
(Figure  3 e,f). Figure  3 g,h shows SEM images of the large-area 
arrays of polymer nanowires (NWs) with different heights 
of ≈30 nm and ≈120 nm by using two different master tem-
plates that have different depths (see Figure S7, Supporting 
Information for a large-area SEM image). From this, we have 
confi rmed that our patterning technique can be used to create 
master templates that work well with commercial NIL pro-
cesses to imprint nanopatterns with soft organic materials. 
Creating new wafer-scale template patterns with different fea-
ture sizes and periodicity is a simple, parallel, and fast pro-
cess. We anticipate that these polymer NWs could be poten-
tially useful to produce nanostructured gecko tape [ 44,45 ]  or 
super-hydrophobic surfaces. [ 46 ]   
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 Figure 3.    Fabrication of polymer NWs by nanoimprint. a–d) Fabrication of a nanotemplate from the nanohole pattern in Figure  2 c. Schematic views 
of a) the nanohole pattern, b) the patterned substrate after RIE etching under SF 6: O 2  plasma environment, and c) the fabricated NIL template after 
wet-etching the Au fi lm on the patterns functionalized with a fl uoro-silane. d) SEM image of the fabricated Si nanotemplate with nanohole patterns 
of ≈40 nm diameter and ≈120 nm depth. e–h) Nanoimprint lithography. Schematic views of e) NIL process and f) the resultant polymer NWs. SEM 
images of the fabricated polymer NWs with g) AR ≈0.8 and h) AR ≈3.2, respectively (scale bar: 200 nm).
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 We also investigated the suitability of the grown pat-
terns for plasmonic applications. Measuring the extinction 
spectra of patterned arrays on quartz glass substrates reveals 
plasmon resonances that represent the sizes and material 
composition of the nanomaterials ( Figure    4  ). Normalized 
UV–vis spectra of the nanoring and the hollow nanodome 
patterns can be seen in Figure  4 a. The extinction of the multi-
functional nanopattern is stronger than that of the other pat-
terns and shows a superposition of plasmonic resonances 
from the Au–Ag–Au NPs and the nanohole patterned sub-
strate. However, in the case of the nanoring and the hollow 
nanodome patterns, the absence of Ag leads to a sharp dip 
in the extinction at ≈470 nm that corresponds to the Ag 
contribution in the multifunctional pattern. [ 47 ]  Resonance 
modes of Au near the wavelengths of ≈610 nm are clearly 
seen. Moreover, comparison between the spectra from the 
nanoring and the hollow nanodome patterns shows a peak 

broadening and blueshift, which we attribute to the contribu-
tion from the Au NCs (Figure S2, Supporting Information). 
The ease with which different patterns with tunable spectral 
response can be obtained suggests their use for plasmonic-
based sensing, [ 48 ]  imaging, [ 49 ]  and lithography [ 12 ]  applications. 
Electric-fi eld enhancement (“hot-spot” effect) is expected for 
some of the nanopatterns, for instance at the edge of the 
nanohole pattern. [ 50 ]  Here, the interaction between the Au 
NCs and the nanohole pattern on the nanoring patterned 
substrate, [ 51 ]  and the nanogaps between the Au NCs and the 
nanoring patterns on the hollow nanodome patterned sub-
strate, [ 52 ]  can be used to obtain defi ned structures on a large 
scale. This is in contrast to many nanoparticle structures that 
either require lengthy electron beam lithography or that are 
obtained by randomly drying nanoparticles on a substrate. [ 53 ]  
To test the usefulness of our patterns for surface-enhanced 
Raman spectroscopy (SERS), we prepared a hollow nano-
dome pattern and detected chemisorbed 1,4-benzenedimeth-
anethiol (BDMT), a common Raman reporter. The SERS 
signal was measured with 20 s integration time and 0.6 mW 
power at 633 nm using a He–Ne laser (see the Experi-
mental Section for details). The largest SERS signals were 
detected on the hollow nanodome patterns at 659.3, 1171.5, 
1225.8, and 1593.6 cm −1  corresponding, respectively, to the 
667.9 cm −1  ( ν  C–S ), 1197.3 cm −1  (substituent-sensitive band 
of CH 2  wagging), 1254.3 cm −1  (CH 2  wagging), and the 
1607 cm −1  ( ν cc—ring stretch) Raman modes of BDMT. [ 54 ]  
In contrast to the hollow nano dome patterns, we found no 
enhancement of the BDMT signal when we used the ring 
pattern, which suggests that the enhancement in the case of 
the hollow nanodomes is indeed due to hotspots in the array 
structures. In the case of the nanoring pattern, we similarly 
found SERS effects, probably due to hotspots formed by the 
2D gap between the Au seed and its circular hole, and in the 
case of the nanodomes the 3D gap between the Au seed and 
the NCs that covers it. [ 52,55 ]  We anticipate that the SERS effect 
can be further increased by optimizing the material composi-
tion and feature size of the patterns. This work is currently 
under investigation by our research group.  

 In summary, we describe how the combination of block-
copolymer micelle nanolithography with shadow growth phys-
ical vapor deposition, here glancing angle deposition, permits 
us to turn a pattern of more than a hundred billion well-spaced 
nanoseed structures per square centimeter into ones that are 
plasmonically active with a spectral response that can be shape-
tuned. The method encompasses large areas (entire wafers) 
that are quickly patterned with regular arrays of nanoparticles 
as well as tailored 3D structures whose size, material compo-
sition, and exact shape can fl exibly be tuned. We demonstrate 
the size-tuning of hexagonal close packed arrays, as well as the 
fabrication of wafers with nanoring, nanodome, and nanohole 
arrays. The fl exibility in the use of materials permits their use 
for plasmonic or nanoimprint applications. The large choice of 
materials is useful when designing etch masks or for secondary 
processing to obtain complex nanoparticles. Our approach can 
readily be extended to fabricate more complex nanopatterns 
that we expect will be useful for optically, catalytically, electroni-
cally, and magnetically active nano-patterned substrates and 
devices.  
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 Figure 4.    Plasmonic nanopatterns. a) Extinction spectra of the multifunc-
tional nanopattern (blue line), nanoring pattern (green line), and hollow 
nanodome pattern (orange line). b) Raman spectrum of concentrated 
BDMT as a reference (black line) and associated SERS spectra from the 
chemisorbed BDMT on the multifunctional nanopattern (blue line), the 
nanoring pattern (green line), and the hollow nanodome pattern (orange).
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  Experimental Section 

  Block Copolymer Micelle Nanolithography (BCML) : A hexagonal array 
of Au NPs was fabricated using BCML as a seed layer as previously 
reported. [ 27 ]  Poly(styrene)- b -poly(2-vinylpyridine) (S units: 1056; VP 
units: 671) was dissolved in toluene at a concentration of 4 mg mL −1  and 
stirred overnight. HAuCl 4 •3(H 2 O) was added to the polymer solution at 
a molar ratio of 0.5 per vinyl pyridine unit and stirred for at least 48 h. 
This generated self-assembled spherical micelles loaded at the center 
with Au salt. To form quasi-hexagonally close-packed arrays of the 
micelles, the micelles were spin-coated on a 2 in. Si wafer at 8000 rpm 
for 1 min. After that, the micelles were removed under 10% H 2  and 90% 
Ar plasma treatment (power: 350 W, pressure: 0.4 mbar, time: 45 min). 
In this process, Au was reduced and crystallized as 12.1 ± 1.8 nm NPs 
with ≈90 nm interparticle spacing. 

  Glancing Angle Deposition (GLAD) : Ag NPs and Au fi lms were grown 
on the seed layer in a custom-built GLAD system with independent 
control over the substrate’s azimuthal direction  φ , and the molecular 
fl ux direction  α.  The typical base pressure during deposition was 1 × 
10 −6  mbar. To grow NPs, the fl ux angle  α  and the azimuthal rotation 
rates per unit thickness  dφ / dθ  were kept to 85° and 12 ± 0.2° nm −1 , 
respectively, with closed-loop feedback based on measurements of 
material deposition rates using a quartz crystal monitor (QCM). The Au 
nanoseeds with 12.1 ± 1.8 nm diameter were then expanded by the Au 
deposition with the tooling factor of 44.5% to 21.1 ± 1.5 nm. Similarly, 
Ag was grown on the Au nanoseeds with the tooling factor of 12.3% to 
yield Au–Ag hybrid NPs with a diameter of 37.1 ± 4 nm. The growth of 
planar fi lms was performed with a 0° tilt of the substrate and without 
any azimuthal rotation. Figure S1 (Supporting Information) shows the 
SEM image of the grown multifunctional nanopatterns with thicknesses 
of the Au fi lms of, respectively, 5, 10, and 15 nm. To increase adhesion 
between the Si substrate and the Au layer, a 5 nm Cr layer was grown 
before the Au growth. 

  Fabrication of the Nanotemplate : The nanohole patterned substrate 
was etched under SF 6 :O 2  (3:1) plasma environment, where the 
etch rate of the depth of Si was ≈1 nm s −1  (pressure: 8 mTorr, 
forward bias power: 20 W, ICP power: 100 W, temperature: 20 °C). 
Figure S6 (Supporting Information) shows the SEM images of the 
fabricated Si nanotrenches as a function of the etching time and their 
corresponding structural dimensions. After that, the Au etch-stop 
layer was removed by wet chemical etching in the mixture of KI:I 2  for 
1 s and the Cr adhesion layer chemically wet etched in the commercial 
chromium etchant (Technic Inc.). Finally, the patterned substrate 
was modifi ed with 1H,1H,2H,2H-perfl uorodecyltrichlorosilane by gas 
phase silanization for 45 min and followed by incubating in an oven 
at 85 °C for 1 h. 

  Nanoimprint Lithography : Using thermal and UV nanoimprint 
lithography (Eitre 3, Obducat), the array of polymer nanowires was 
fabricated by imprinting the IPS fi lm onto the nanotemplate. The NIL 
process was performed at a pressure of 40 bar and at a temperature 
of 160 °C for 60 s. After cooling down to 70 °C, the IPS fi lm was easily 
peeled off from the template. 

  Characterization by SEM and TEM : The fabricated nanopatterns were 
imaged by SEM under an accelerating voltage of 5–10 kV. The TEM 
images of the nanoparticles were recorded on a Philips CM200 TEM 
under an accelerating voltage of 200 kV. TEM samples were prepared 
by drop casting ≈10 µL of the colloidal solution onto a holey carbon-
coated TEM grid (Cu 400 mesh), followed by drying under a gentle fl ow 
of argon gas. 

  UV–Vis Spectroscopy and Raman Spectroscopy : Extinction spectra of 
the nanopatterns were measured in the range of 400–800 nm with a 
resolution of 1 nm on a Cary UV–vis 4000 spectrometer. For the SERS 
experiments, the nanopatterns were immersed in 1 × 10 −3   M  BDMT 
dissolved in toluene for 3 h. The samples were then gently washed 
with toluene and deionized water, and dried. The SERS signals were 
measured using the 633 nm line of a He–Ne laser for 20 s, where the 
laser power at the sample was 0.6 mW. The Raman spectrum between 
1000 and 1800 cm −1  was collected with a spectral resolution of ≈3 cm −1 .  

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

  Acknowledgements 
 The authors are grateful to C. Miksch and J. P. Spatz for providing 
micellar nanolithographically patterned substrates and for the access 
to SEM and Raman microscope. The authors thank the Stuttgart Center 
for Electron Microscopy for technical support with the TEM imaging 
and the CSF Thin Film for RIE access. This work was in part supported 
by the European Research Council under the ERC Grant agreement 
278213, by the V.I.P program of the Bundesministerium for Bildung und 
Forschung (BMBF; nano.AR 03V0438), and by the Medi-WING program 
of the Bundesministerium for Bildung und Forschung (BMBF; BioSurf 
13N12372).   

Received:  January 26, 2015 
Revised:  April 7, 2015 

Published online: May 6, 2015    

[1]     W. F.    van Dorp  ,   B.    van Someren  ,   C. W.    Hagen  ,   P.    Kruit  ,   P. A.    Crozier  , 
 Nano Lett.    2005 ,  5 ,  1303 .  

[2]     T.    Lukasczyk  ,   M.    Schirmer  ,   H.-P.    Steinrück  ,   H.    Marbach  ,  Small   
 2008 ,  4 ,  841 .  

[3]     S.    Kim  ,   B.    Marelli  ,   M. A.    Brenckle  ,   A. N.    Mitropoulos  ,   E.-S.    Gil  , 
  K.    Tsioris  ,   H.    Tao  ,   D. L.    Kaplan  ,   F. G.    Omenetto  ,  Nat. Nano    2014 , 
 9 ,  306 .  

[4]     D.    Pires  ,   J. L.    Hedrick  ,   A.    De Silva  ,   J.    Frommer  ,   B.    Gotsmann  , 
  H.    Wolf  ,   M.    Despont  ,   U.    Duerig  ,   A. W.    Knoll  ,  Science    2010 ,  328 ,  732 .  

[5]     B. Y.    Ahn  ,   E. B.    Duoss  ,   M. J.    Motala  ,   X.    Guo  ,   S.-I.    Park  ,   Y.    Xiong  , 
  J.    Yoon  ,   R. G.    Nuzzo  ,   J. A.    Rogers  ,   J. A.    Lewis  ,  Science    2009 ,  323 , 
 1590 .  

[6]     J.    Hu  ,   M.-F.    Yu  ,  Science    2010 ,  329 ,  313 .  
[7]     R. D.    Piner  ,   J.    Zhu  ,   F.    Xu  ,   S.    Hong  ,   C. A.    Mirkin  ,  Science    1999 ,  283 ,  661 .  
[8]     J.    Gong  ,   D. J.    Lipomi  ,   J.    Deng  ,   Z.    Nie  ,   X.    Chen  ,   N. X.    Randall  , 

  R.    Nair  ,   G. M.    Whitesides  ,  Nano Lett.    2010 ,  10 ,  2702 .  
[9]     J.    Chai  ,   F.    Huo  ,   Z.    Zheng  ,   L. R.    Giam  ,   W.    Shim  ,   C. A.    Mirkin  ,  Proc. 

Natl. Acad. Sci. USA    2010 ,  107 ,  20202 .  
[10]     L.    Li  ,   R. R.    Gattass  ,   E.    Gershgoren  ,   H.    Hwang  ,   J. T.    Fourkas  ,  Science   

 2009 ,  324 ,  910 .  
[11]     C. N.    LaFratta  ,   J. T.    Fourkas  ,   T.    Baldacchini  ,   R. A.    Farrer  ,  Angew. 

Chem. Int. Ed.    2007 ,  46 ,  6238 .  
[12]     W.    Srituravanich  ,   N.    Fang  ,   C.    Sun  ,   Q.    Luo  ,   X.    Zhang  ,  Nano Lett.   

 2004 ,  4 ,  1085 .  
[13]     W.    Srituravanich  ,   L.    Pan  ,   Y.    Wang  ,   C.    Sun  ,   D. B.    Bogy  ,   X.    Zhang  , 

 Nat. Nano    2008 ,  3 ,  733 .  
[14]     M.    Fedoruk  ,   M.    Meixner  ,   S.    Carretero-Palacios  ,   T.    Lohmüller  , 

  J.    Feldmann  ,  ACS Nano    2013 ,  7 ,  7648 .  
[15]     X.    Liao  ,   K. A.    Brown  ,   A. L.    Schmucker  ,   G.    Liu  ,   S.    He  ,   W.    Shim  , 

  C. A.    Mirkin  ,  Nat. Commun.    2013 ,  4 ,  2103.   
[16]     W.-S.    Liao  ,   S.    Cheunkar  ,   H. H.    Cao  ,   H. R.    Bednar  ,   P. S.    Weiss  , 

  A. M.    Andrews  ,  Science    2012 ,  337 ,  1517 .  
[17]     S. Y.    Chou  ,   P. R.    Krauss  ,   P. J.    Renstrom  ,  Science    1996 ,  272 ,  85 .  
[18]     K. H.    Hsu  ,   P. L.    Schultz  ,   P. M.    Ferreira  ,   N. X.    Fang  ,  Nano Lett.    2007 , 

 7 ,  446 .  
[19]     H.    Cho  ,   J.    Kim  ,   H.    Park  ,   J.    Won Bang  ,   M.    Seop Hyun  ,   Y.    Bae  ,   L.    Ha  , 

  D.    Yoon Kim  ,   S.    Min Kang  ,   T.    Jung Park  ,   S.    Seo  ,   M.    Choi  ,   K.-Y.    Suh  , 
 Nat. Commun.    2014 ,  5 ,  3137.   

[20]     W.    Shim  ,   A. B.    Braunschweig  ,   X.    Liao  ,   J.    Chai  ,   J. K.    Lim  ,   G.    Zheng  , 
  C. A.    Mirkin  ,  Nature    2011 ,  469 ,  516 .  



C
O

M
M

U
N

IC
A
TIO

N

(7 of 7) 1500016wileyonlinelibrary.com© 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.MaterialsViews.com
www.advancedscience.com

Adv. Sci. 2015, 2, 1500016

[21]     O.    Vazquez-Mena  ,   G.    Villanueva  ,   V.    Savu  ,   K.    Sidler  ,   M. A.    F. van den 
Boogaart  ,   J.    Brugger  ,  Nano Lett.    2008 ,  8 ,  3675 .  

[22]     F.    Huo  ,   Z.    Zheng  ,   G.    Zheng  ,   L. R.    Giam  ,   H.    Zhang  ,   C. A.    Mirkin  , 
 Science    2008 ,  321 ,  1658 .  

[23]     X.    Zhou  ,   Z.    Liu  ,   Z.    Xie  ,   X.    Liu  ,   Z.    Zheng  ,  Small    2012 ,  8 ,  3568 .  
[24]     J. C.    Hulteen  ,   D. A.    Treichel  ,   M. T.    Smith  ,   M. L.    Duval  ,   T. R.    Jensen  , 

  R. P.    Van Duyne  ,  J. Phys. Chem. B    1999 ,  103 ,  3854 .  
[25]     T.    Wen  ,   R. A.    Booth  ,   S. A.    Majetich  ,  Nano Lett.    2012 ,  12 ,  5873 .  
[26]     S.    Ullrich  ,   S. P.    Scheeler  ,   C.    Pacholski  ,   J. P.    Spatz  ,   S.    Kudera  ,  Part. 

Part. Syst. Character.    2013 ,  30 ,  102 .  
[27]     R.    Glass  ,   M.    Möller  ,   J. P.    Spatz  ,  Nanotechnology    2003 ,  14 ,  1153 .  
[28]     H.    Fredriksson  ,   Y.    Alaverdyan  ,   A.    Dmitriev  ,   C.    Langhammer  , 

  D. S.    Sutherland  ,   M.    Zäch  ,   B.    Kasemo  ,  Adv. Mater.    2007 ,  19 ,  4297 .  
[29]     T.-C.    Lee  ,   M.    Alarcón-Correa  ,   C.    Miksch  ,   K.    Hahn  ,   J. G.    Gibbs  , 

  P.    Fischer  ,  Nano Lett.    2014 ,  14 ,  2407 .  
[30]     S.    Kruss  ,   V.    Srot  ,   P. A.    van Aken  ,   J. P.    Spatz  ,  Langmuir    2011 ,  28 ,  1562 .  
[31]     A. G.    Mark  ,   J. G.    Gibbs  ,   T.-C.    Lee  ,   P.    Fischer  ,  Nat. Mater.    2013 ,  12 ,  802 .  
[32]     J. G.    Gibbs  ,   A. G.    Mark  ,   T.-C.    Lee  ,   S.    Eslami  ,   D.    Schamel  ,   P.    Fischer  , 

 Nanoscale    2014 ,  6 ,  9457 .  
[33]     M. O.    Jensen  ,   M. J.    Brett  ,  IEEE Trans. Nanotechnol.    2005 ,  4 ,  269 .  
[34]     J.    Zhao  ,   B.    Frank  ,   F.    Neubrech  ,   C.    Zhang  ,   P. V.    Braun  ,   H.    Giessen  , 

 Beilstein J. Nanotechnol.    2014 ,  5 ,  577 .  
[35]     G. K.    Larsen  ,   Y.    He  ,   W.    Ingram  ,   E. T.    LaPaquette  ,   J.    Wang  ,   Y.    Zhao  , 

 Nanoscale    2014 ,  6 ,  9467 .  
[36]     A.    Kosiorek  ,   W.    Kandulski  ,   H.    Glaczynska  ,   M.    Giersig  ,  Small    2005 , 

 1 ,  439 .  
[37]     H.    Jeong  ,   Y.    Pak  ,   Y.    Hwang  ,   H.    Song  ,   K. H.    Lee  ,   H. C.    Ko  ,   G. Y.    Jung  , 

 Small    2012 ,  8 ,  3757 .  
[38]     J. G.    Gibbs  ,   A. G.    Mark  ,   S.    Eslami  ,   P.    Fischer  ,  Appl. Phys. Lett.    2013 , 

 103 ,  213101.   

[39]     K. R.    Williams  ,   K.    Gupta  ,   M.    Wasilik  ,  J. Microelectromech. Syst.    2003 , 
 12 ,  761 .  

[40]     S.    Link  ,   M. A.    El-Sayed  ,  J. Phys. Chem. B    1999 ,  103 ,  8410 .  
[41]     H. C.    Hamaker  ,  Physica    1937 ,  4 ,  1058 .  
[42]     V.    Ray  ,   R.    Subramanian  ,   P.    Bhadrachalam  ,   L.-C.    Ma  ,   C.-U.    Kim  , 

  S. J.    Koh  ,  Nat. Nano    2008 ,  3 ,  603 .  
[43]     A. L.    Beaudry  ,   J. M.    LaForge  ,   R. T.    Tucker  ,   J. B.    Sorge  , 

  N. L.    Adamski  ,   P.    Li  ,   M. T.    Taschuk  ,   M. J.    Brett  ,  Nano Lett.    2014 ,  14 , 
 1797 .  

[44]     A. K.    Geim  ,   S. V.    Dubonos  ,   I. V.    Grigorieva  ,   K. S.    Novoselov  , 
  A. A.    Zhukov  ,   S. Y.    Shapoval  ,  Nat. Mater.    2003 ,  2 ,  461 .  

[45]     H.    Lee  ,   B. P.    Lee  ,   P. B.    Messersmith  ,  Nature    2007 ,  448 , 
 338 .  

[46]     Z.    Guo  ,   W.    Liu  ,   B.-L.    Su  ,  J. Colloid Interface Sci.    2011 ,  353 ,  335 .  
[47]     T. R.    Jensen  ,   M. D.    Malinsky  ,   C. L.    Haynes  ,   R. P.    Van Duyne  ,  J. Phys. 

Chem. B    2000 ,  104 ,  10549 .  
[48]     J. N.    Anker  ,   W. P.    Hall  ,   O.    Lyandres  ,   N. C.    Shah  ,   J.    Zhao  , 

  R. P.    Van Duyne  ,  Nat. Mater.    2008 ,  7 ,  442 .  
[49]     T.    Xu  ,   Y.-K.    Wu  ,   X.    Luo  ,   L. J.    Guo  ,  Nat. Commun.    2010 ,  1 ,  59 .  
[50]     A. E.    Cetin  ,   A. F.    Coskun  ,   B. C.    Galarreta  ,   M.    Huang  ,   D.    Herman  , 

  A.    Ozcan  ,   H.    Altug  ,  Light Sci. Appl.    2014 ,  3 ,  e122 .  
[51]     D.    Wang  ,   W.    Zhu  ,   M. D.    Best  ,   J. P.    Camden  ,   K. B.    Crozier  ,  Nano Lett.   

 2013 ,  13 ,  2194 .  
[52]     H.-Y.    Wu  ,   C. J.    Choi  ,   B. T.    Cunningham  ,  Small    2012 ,  8 ,  2878 .  
[53]     J. F.    Li  ,   Y. F.    Huang  ,   Y.    Ding  ,   Z. L.    Yang  ,   S. B.    Li  ,   X. S.    Zhou  ,   F. R.    Fan  , 

  W.    Zhang  ,   Z. Y.    Zhou  ,   Y.    WuDe  ,   B.    Ren  ,   Z. L.    Wang  ,   Z. Q.    Tian  , 
 Nature    2010 ,  464 ,  392 .  

[54]     K. V. G. K.    Murty  ,   M.    Venkataramanan  ,   T.    Pradeep  ,  Langmuir    1998 , 
 14 ,  5446 .  

[55]     H.    Wei  ,   H.    Xu  ,  Nanoscale    2013 ,  5 ,  10794 .   




