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Self-organization of colloidal particles on surfaces to form
2D or 3D nanofabrication templates has been explored ac-
tively in the past decade as an effective bottom-up method to
produce a plethora of nanoarchitectures with diverse func-
tionalities. Specifically, several elegant approaches to pattern
surfaces with large-scale 2D arrays of nanosized structures
through lateral self-assembly of colloidal spheres have been
developed. These methods are commonly termed colloidal li-
thography (CL). A frequently used version of CL, nanosphere
lithography (NSL) employs organized 2D colloidal crystals
with a hexagonal close-packed motif as an evaporation mask,
often in combination with reactive ion etching. Evaporation
through the holes between close-packed nanospheres defines
the resulting pattern, and in many applications material de-
position conditions such as evaporation angle or specific de-
position technique (e.g., sputtering, thermal deposition) are
used to vary the achieved patterns. With this method facile
production of vast planar arrays of diverse nanostructures has
been accomplished.[1–8]

In an alternative approach, referred to here as sparse colloi-
dal lithography (SCL), charged colloidal beads are utilized in
a similar manner as in NSL.[9,10] This method, developed in
our group, enables facile production of large areas (several
cm2) of nanoscopic features like holes in thin films, disc-, ring-
and crescent-shaped structures with overall sizes currently
down to 20 nm and which occupy 10 to 50 % of the total sur-
face area.[11–16] The size distribution of SCL-fabricated nano-
structures is largely determined by the size dispersions of the
masking colloids and is typically less than 5 % for colloids
with average diameters > 100 nm and up to 10 % for smaller

colloids. In contrast to NSL, a sparse monolayer of colloidal
particles defines the evaporation/etch mask in SCL. The con-
venience of this technique, employing charged polystyrene
(PS) nanoparticles as etch and/or evaporation mask, has re-
cently been demonstrated in a variety of applications such as
investigation of fibroblast response to nanotopography,[17]

model catalysts of Pt/alumina and Pt/ceria[18] and in the study
of optical properties of macroscopic arrays of supported me-
tallic nanostructures like discs, crescents, or rings or nanoholes
in optically thin films.[11,13,14,16]

In spite of the general advantage of facile bottom-up nano-
fabrication and a large variety of possible nanostructural mo-
tifs, SCL has so far been subject to limitations in producing
nanostructures composed of materials with unfavourable
etching selectivity, that is, where the substrate or polystyrene
etch rates compete with the etch rate of the actual materials
of the nanostructure. Examples of such systems are Pt on Au
or Au-silica hybrid structures on glass. Another disadvantage
of the method is the necessity of the reactive oxygen treat-
ment for the PS mask removal so that nanostructures com-
posed of the materials prone to oxidation (like Ag or Ru) rap-
idly deteriorate and/or change their functionality. Finally,
using SCL, the structure size cannot easily be continuously in-
creased, since it simply mimics the size of the masking poly-
styrene beads.

To address the fabrication issues mentioned above and ex-
tend the applicability of the colloidal mask-based nanofabri-
cation approach we introduce here a novel method, which we
call hole-mask colloidal lithography (HCL). The essential
new feature of HCL compared to the original SCL is the pres-
ence of a sacrificial layer combined with a thin film mask with
nanoholes (thus the name “hole-mask”). The hole-mask is
used in evaporation and/or etch steps to define a pattern and
the sacrificial layer is used to remove the hole-mask after pro-
cessing. As we show below, the HCL nanofabrication tech-
nique significantly increases the versatility and usefulness of
the SCL method, enabling new material combinations and a
variety of new nanoarchitectures that can be easily realized.

The basic fabrication steps in HCL, as demonstrated here,
are presented in Scheme 1. A sacrificial polymer film (in the
present work poly(methyl methacrylate) (PMMA) was used)
is spin-coated onto a flat surface (e.g., glass slide, Si wafer).
PMMA spin coating is followed by a short (5 s) oxygen plas-
ma etch to improve its hydrophilicity. A water suspended,
charged polyelectrolyte is pipetted onto the surface forming a
thin adhesive layer on the polymer surface. This is followed
by deposition of a colloidal solution containing PS beads
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charged oppositely compared to the polyelectrolyte layer.
Electrostatic repulsion between the colloids and attraction be-
tween the colloids and the surface defines a short-range-or-
dered PS nanoparticle array similar to the ones produced with
the SCL technique. An intense nitrogen flow is applied in or-
der to achieve rapid removal of the colloidal solution and in
order to avoid rearrangement of the colloids (resulting from
capillary forces) during the drying process. A thin film, which
is resistant to reactive oxygen plasma etching, is then depos-
ited onto the surface. The PS beads are tape-stripped away,
leaving nanoholes in the plasma-resistant film (“hole-mask”)
resting on the sacrificial PMMA layer. The average spacing
and diameters of the holes are thus determined by the separa-
tion distance and size of the removed colloidal particles. Re-
active oxygen plasma etching is applied to selectively remove
the PMMA exposed underneath the nanoholes in the masking
film. At this stage the mask resembles the ones produced with
electron-beam- or photolithography (EBL, PL): a thin, pat-
terned resist film covering the surface, with addition of the
hole-mask film on top. The hole-mask can then either be used
as a deposition- or etch-mask, or both. In the first case the
hole-mask can either be removed prior to the evaporation
step (the advantage of this will be described below) or used
during the evaporation and lifted off using the procedures al-
ready well developed for EBL and PL. The etching selectivity
of the double-layer film (hole-mask + polymer) leads to a par-
tial undercut of the polymer film, which is perfectly suited for

lift-off processing. In the simplest case of materials evapora-
tion normal to the surface, the described procedure results in
a surface structured with short-range-ordered, circular nano-
discs with average spacing, diameters and size distributions
determined by the PS colloidal particles as with SCL.

Obviously the HCL nanofabrication method includes all
the advantages of traditional SCL, that is: large area coverage;
high fabrication speed (the fabrication time does not scale
with area); independent control over feature size and spacing;
simplicity (the nanofabrication process is reduced down to
conventional material deposition and reactive ion etching)
and thus economical viability. Most importantly, additional
advantages include substantially increased range of materials
and nanostructure geometries, the substrate-independence of
the method and that it essentially relies on well-established
routines like polymer film (resist) preparation and lift-off di-
rectly analogous to those in EBL processing. The technique
also adds several less obvious advantages all deriving from the
characteristic formulation with a patterned mask suspended
on a sacrificial polymer layer. Below we demonstrate some of
these advantages by fabricating arrays of five different types
of nanostructures with different topology and/or material
combinations. We also present two specific examples of the
functionality of the fabricated nanostructures addressing the
issues of designing effective substrates for surface enhanced
Raman scattering (SERS) experiments and the fabrication of
buried nanostructures aimed for catalytic and photovoltaic
applications.

The common starting point in the five examples demon-
strated here (Scheme 1 and Fig. 1) were PS beads (110 or
190 nm diameter) adsorbed on a PMMA film that was spin-
coated onto 1 cm2 Si wafer surfaces. Thin films (Au or Cr)
were deposited onto the PMMA/PS-overlayer and the colloi-
dal particles were removed by tape stripping. Patterns were
etched through the PMMA film using oxygen plasma and Au
(or Au and Ag) was evaporated onto the substrate surface
through the mask pattern, followed by lift-off in acetone. The
choice of material in the fabricated nanostructures (Au) is be-
cause of its relative chemical inertness and interesting optical
properties. Gold nanostructures support localized surface
plasmons (LSP) – collective oscillations of the conduction
electrons – in the visible part of the electromagnetic (EM)
spectrum. Strong EM field enhancement in the direct proxim-
ity of the resonant plasmonic nanostructures combined with
the dependence of the LSP resonance on the nanoparticles
size, shape, and dielectric environment is the basis for their
numerous applications, ranging from molecular spectroscopy
and photonics circuitry to biosensing and nanomedicine. The
structures were imaged using scanning electron microscopy
(SEM) and structure diameters were estimated with the image
analysis software ImageJ[19]. Structure heights were taken
from the thickness of the deposited films except for in Fig-
ure 1b (nanocones) where atomic force microscopy (AFM)
was used to measure heights.

Arrays of nanodiscs or oriented elliptical nanostructures
are presented in Scheme 1a and corresponding Figure 1a.
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Scheme 1. Diagram illustrating the basic process steps and resulting
structures produced with HCL nanofabrication. Resulting structures are
a) arrays of nanodiscs and oriented elliptical nanostructures, b) nano-
cone arrays, c) (binary) arrays of nanodisc pairs, d) embedded nano-
discs, and e) discs with fine-tunable diameters.



Nanodiscs arrays are important model systems in biophysics,
catalysis, and nano-optics. Closely related structures are ellip-
tical particles, where LSP resonances corresponding to the
short and long axis are developing. The latter are responsible
for the high local field intensity enhancement and high sensi-
tivity of the elliptical (and rod-shaped) nanostructures to-
wards the surrounding medium change.[20–23] The basic fabri-
cation scheme described above can be used to produce
elongated structures instead of discs simply by tilting the sam-
ple, with respect to the evaporation source, during the hole-
mask deposition (cf. Scheme 1). After tape-stripping, round
or elliptical nanoholes in the mask are achieved depending on
the deposition angle. Subsequent pattern transfer and materi-
al (Au) deposition produces arrays of circular or elliptical
nanodiscs. The elongated nanostructures all end up with a
common long axis orientation. Structures demonstrated here
(Fig. 1a) are 30 nm high Au ellipses with a short and long axis
of 186 nm and 435 nm respectively.

Scheme 1b and Figure 1b show arrays of nanocones. Cone-
shaped nanostructures are appealing for applications in en-
hanced optical spectroscopy and (photo)catalysis due to the
strong localization of enhanced EM fields associated with the
sharp terminal features.[20,24] Furthermore, the structures are
potentially interesting for electrocatalytic applications, also

due to the expected local field enhancement at the cone tips.
With the HCL method successive decrease in diameter of the
nanoholes in the mask upon material evaporation is achieved
as a result of material deposition onto the rims of the nano-
holes. The nanohole shrinkage yields a corresponding de-
crease in the nanodisc diameter during evaporation, thus re-
sulting in conical structures. While negligible in the case of
low height-to-width ratio structures such as nanodiscs, this ef-
fect becomes important when the thickness of the deposit is
comparable to the diameter of the individual features. In the
presented example gold nanocones in the array have a
110 nm base diameter and 191 nm height. Since the conical
shape is derived from a successive decrease in diameter and
eventually complete closure of the holes in the mask, it is not
justified to use the thickness of the deposited gold film as a
measure of structure heights. Therefore cone heights have
been measured with AFM. From these values it can be esti-
mated that the holes in the mask decrease with 0.58 nm per
deposited nm of material, a value that should depend strongly
on evaporation technique and conditions as well as on (depos-
ited and hole-mask) material. In addition, to facilitate produc-
tion of nanocone arrays, the HCL nanofabrication technique
offers the opportunity to terminate nanocones with a second
material. This feature can be used to lithographically position
a small particle at the tip of the nanocone or to functionalize
the tip chemically.

Arrays of nanodiscs pairs and binary arrays are visible in
Scheme 1c and Figure 1c. Planar nanoparticle dimers are the
prototype geometry to study plasmonic coupling and asso-
ciated EM field enhancement and optical nanoantenna ef-
fects.[25–31] Recently, ordered binary arrays of nanoparticles
(where two different nanoparticle sizes constitute the pair)
were introduced with a modified NSL approach.[32] Using
HCL it is possible to fabricate large areas of nanodiscs dimers
or (binary) pairs with different particle materials aligned
along a common direction. This offers the opportunity to
study polarization dependent phenomena without illumina-
tion (scattering) limitations stemming from the small array
size typically associated with EBL-fabrication. Moreover, the
fabrication of trimers and quadromers is readily available
with this approach simply by adding other evaporation angles.
Presented example (Fig. 1c) specifically demonstrates the op-
portunity to fabricate binary arrays containing laterally sepa-
rated non-identical particles of different materials (Au and
Ag). A longer oxygen plasma etch step compared to the one
required for the production of single nanodiscs arrays was
used to provide a sufficient undercut in the PMMA film. The
pairs were then realized by depositing Au through the hole-
mask at 20° angle from the surface normal and subsequent Ag
deposition at –20° angle. The result is Au/Ag binary nanodiscs
pairs with well-defined inter-disc separation (140 nm center to
center) and size (100 and 90 nm diameter respectively). Here
the same effect that results in cone-shape structures (closing
of the nanohole in the mask upon material evaporation) leads
to a non-identical character of the nanodiscs in the pair. This
effect can be avoided by more frequent alternation of the two
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Figure 1. SEM images of the five different nanostructure types produced
by HCL: a) array of identically oriented elliptical Au nanostructures; b) Au
nanocone array; c) binary arrays of Au-Ag nanodisc pairs (note the
slightly different imaging conditions for Au and Ag nanodiscs in each
pair – Au is imaged brighter); d) embedded nanodiscs, e) discs with fine-
tuned diameters, where disc size increases from left to right (same scale
bar for all four sizes is given).



deposition angles (or by simultaneous deposition from both
angles), which yields an array of identical nanodiscs pairs.

Arrays of embedded nanodiscs are shown in Scheme 1d
and Figure 1d. It has been suggested that the enhancement of
the EM field around plasmonic nanoparticles at LSP reso-
nance can be used to excite electrons in the surrounding medi-
um.[33] Thus embedding plasmonic nanoparticles into, for ex-
ample, a titania (TiO2) thin film might open a way to tune
and/or enhance the optical response of this already widely
used and well-studied photocatalyst and photovoltaic solar
cell material. In our example (Fig. 1d) the HCL is performed
on a pre-fabricated 27 nm thick TiO2 film. Reactive CF4 etch-
ing is then used to extend the hole-mask pattern into the TiO2

prior to the Au deposition forming the nanodiscs (concep-
tually resembling the work by Black et al.[34]). As a result,
gold nanodiscs, 110 nm in diameter and 20 nm high, are em-
bedded into the circular nanoholes in the TiO2 film.

Scheme 1e and Figure 1e show fine-tuning of the nanodisc
diameters in the array. Most applications of plasmonic nano-
structures rely on the tunability of their resonant response.
Consequently, fine-tuning of the nanoparticle size as one of
the ways to influence plasmonic resonance is of crucial impor-
tance. In HCL the fine-tuning of the feature diameter is read-
ily achieved simply by varying the duration of the reactive
oxygen etch step, i.e. longer oxygen etch time results in a con-
trolled lateral expansion of the holes in the PMMA film under
the hole-mask. Selective removal of the hole-mask leaves the
substrate with the structured PMMA-mask, still suitable for
materials evaporation. In the presented example the HCL
fabrication of 20 nm high and 203, 210, 220 and 252 nm diam-
eter nanodiscs using initial 190 nm PS beads is demonstrated
(Fig. 1e). Remarkably, nanodisc diameters vary linearly with
the etch time over the tested interval of 40–90 sec. Standard
deviations of the disc diameters are less than 5 nm for all four
demonstrated cases. This value corresponds well to the size
distribution of the masking colloids, suggesting that no (or
very little) additional polydispersity is introduced to the nano-
structures by the fabrication method, a statement that holds
also for other structures presented above.

Other than the geometrical properties, size and
polydispersity, discussed above, and dispersion of
the structures on the surface (thoroughly discussed
in [10]) at least three “quality factors” of structures
produced with HCL can be identified: i) internal
structure of the nano objects (e.g., polycrystallinity,
grain size), ii) chemical properties, and iii) adhe-
sion of nanostructures to the surface. Since the
latter three are general to many lithographic tech-
niques (EBL, PL, CL) they are not further dis-
cussed here.

Finally, with two examples we demonstrate prac-
tical applications of the nanostructures fabricated
with the HCL method. Firstly, arrays of Ag nano-
cones were fabricated using the procedure de-
scribed above (Scheme 1b and Experimental sec-
tion). The structure and homogeneity of the

resulting single nanocones and nanocone arrays were charac-
terized by AFM and scanning electron microscopy (SEM)
(not shown), revealing individual and short-range ordered,
51 nm diameter, 40-nm high Ag nanocones (with a thickness
of the initially evaporated Ag film of 60 nm). These values in-
dicate that the diameter of mask holes (and the structures) de-
crease with 1.275 nm per deposited nm of Ag. The density of
nanocones in the array was estimated from SEM micrographs
to be 50 cones/lm2. Notably, the central area of the surface
has strongly reduced density (down to 0.5 nanocones/lm2) of
the nanocones in the array, which is not seen with any other
nanostructures types. A tentative explanation is that since the
sacrificial PMMA film is approximately of the same thickness
as the targeted nanocones height (40 nm), the nanocones tend
to ‘stick up’ into the hole-mask, which induces partial removal
upon lift-off. This explanation is supported by SEM micro-
graphs of a processed hole-mask (not shown), where struc-
tures were observed, stuck in the lifted off mask, and by the
fact that this effect did not occur when a thicker PMMA film
was used (example 1b). The optical properties of the
nanocones were characterized with dark-field scattering spec-
troscopy, showing distinct resonance behavior in the visible
range of the optical spectrum for both single structures and
short-range ordered arrays (Fig. 2a–c). As mentioned above,
HCL fabrication offers high tunability of the geometrical
properties of the nanostructures. Consequently, the plasmonic
resonant behavior of the system can be effectively tuned for
specific applications, where resonant excitations and enhance-
ments are of central importance. For the present system, the
LSP resonance position of the fabricated nanocone structures
was tuned to match both the laser excitation line (514.5 nm)
and the intrinsic molecular absorption used to probe the
SERS activity of the system (Fig. 2d). The red-shift of the res-
onance upon adsorption of candidate molecules for SERS en-
hancement was taken into account when choosing the struc-
ture resonance. The SERS measurements were conducted
both with individual nanocones and with short-range ordered
arrays, soaked in aqueous solution of benzotriazole dye with a
concentration of 10–4 M and then rinsed with water. The spec-

C
O

M
M

U
N

IC
A
TI

O
N

4300 www.advmat.de © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2007, 19, 4297–4302

Figure 2. Optical properties of an array of Ag nanocones. a) Darkfield scattering spec-
tra from an array of nanocones (solid) and single nanocones (dashed), along with the
corresponding dark-field images illustrating the difference in particle distributions in
the two examples, i.e. in the array (b) and with individual nanocones (c). d) SERS
spectra (average of five individual measurements) of benzotriazole dye adsorbed on
the nanocones. The background signal was measured from a spot in between the
structures shown in (c).



tral features were similar in both cases although the signal in-
tensity was roughly 25 times stronger from the dye on the par-
ticle array as compared to the individual nanocones (Fig. 2d).
With the nanocone density of 50 cones/lm2 and for a probed
surface area of about 0.2 lm2 at the given excitation wave-
length, about 10 nanocones are contributing to the observed
SERS signal in the array. Remarkably, even single nanocones
yield signal intensity well above the detection limit and show
excellent reproducibility of the SERS features.

Another example demonstrating the potential of HCL is
the fabrication of gold nanodiscs embedded into a 100 nm
thick TiO2 film, supported on glass, according to a scheme
similar to that described above (example 1d, for fabrication
details see Experimental section). We have fabricated struc-
tures with and without an additional silica evaporation step,
applied to ‘seal’ the nanodiscs in the cavities. Note however,
that in the present example the sealing SiO2 disc has a smaller
diameter than the underlying gold disc and thus does not form
a perfect seal. This can be avoided by lifting off the Cr hole-
mask before SiO2 deposition, which would lead to a disc di-
ameter determined by the hole in the polymer film as demon-
strated in example 1e. For reference measurements we have
prepared a TiO2 film with empty cavities, a TiO2 film with
discs on top and an extended TiO2 film. Figure 3 shows a typi-
cal overview of a sample surface (nanoholes in TiO2) as seen
in an AFM scan (Fig. 3a) and the line profiles over single
nanoholes from the sequence of the evaporation steps, i.e.
empty nanohole in TiO2, nanohole with embedded gold nano-
discs and finally SiO2-capped, embedded gold nanodisc
(Fig. 3b). The initial nanohole depth is estimated from the
AFM images to be 55 nm. It subsequently reduces to 30 nm
and 20 nm for the gold and the gold/SiO2 filled nanoholes,
respectively. For the arrays of nanodiscs, supported on TiO2

and embedded in the titania film, we conducted optical ex-
tinction measurements both to verify the actual presence of

gold in the nanoholes and to investigate the influence of the
embedding on the plasmonic resonance of the nanodiscs
(Fig. 3c). All extinction measurements where referenced to a
glass substrate without TiO2 coating or nanostructures. For
the nanodiscs embedded in TiO2, the spectral position of the
extinction peak is red-shifted by 0.25 eV as compared to the
particles supported on top of the titania film. A further red-
shift of 0.15 eV was measured for the SiO2 capped particles
embedded in TiO2. These observations can be qualitatively
described as an effect of the increase in the refractive index of
the surrounding of the particles as described earlier, theoreti-
cally and experimentally[35, 36] and thus confirm the presence
of gold in the holes as well as the ‘sealing’ cap on the
nanodiscs. For comparison we show the optical spectra of the
flat TiO2 film along with a TiO2 film structured with nano-
holes (but without embedded gold nanodiscs), both lacking
the characteristic LSP resonant features (Fig. 3c). The differ-
ence in the optical spectra for the latter two surfaces is
thought to be due to light interference effects in the glass-sup-
ported titania film, with the interference conditions being
slightly altered between the structured and non-structured
surfaces.

In summary, we have presented a truly versatile and simple
bottom-up nanofabrication method – hole-mask colloidal li-
thography (HCL) – that is based on recent advances in colloi-
dal self-assembly lithographic patterning. The HCL provides
effective means of patterning vast surface areas with diverse
functional nanoarchitectures. Examples of the latter include
arrays of nanodiscs and oriented elliptical nanostructures, ar-
rays of nanodisc pairs, nanocones shown to be excellent SERS
substrates, and optically resonant nanodiscs embedded in a
surrounding matrix. A strong advantage of the method is that
all presented nanostructures can be fabricated using the same
initial mask formulation with slight alteration of the etching
and evaporation steps. Further advantages and prospects of

the method include fabrication of
nanostructures from a wide range of
materials (Au, Ag, Pd, Pt, SiO2 etc.)[37],
development of complex layered na-
noarchitectures [38] and exploration of
their structural and functional diversity.

Experimental

HCL: The following process steps were
applied in all presented examples. Spin coat-
ing of PMMA film (Microchem Coorpora-
tion, 2 or 4 wt % PMMA diluted in anisole,
MW = 950000) onto a clean surface and soft
baking (170 °C, 10 min on hotplate). Reac-
tive oxygen plasma treatment (50 W, 5 s,
250 mTorr, Plasma Therm Batchtop RIE
95m), to decrease the polymer film hydro-
phobicity. This is done in order to avoid
spontaneous de-wetting of the surface during
subsequent polyelectrolyte and particle de-
position steps, which would introduce inho-
mogenities in the particle distribution. Pro-
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Figure 3. Au nanodiscs embedded into the TiO2 thin film. a) AFM topograph of the TiO2 film with
etched pattern of nanoholes (diameter – 110 nm). b) Typical line profiles along a single nanohole
etched in the TiO2 film (solid), etched nanohole with embedded Au nanodisc (dashed), same
capped with SiO2 layer (dotted). c) Optical extinction spectra from the array of Au nanodiscs (di-
ameter – 110 nm, height – 20 nm) supported on a TiO2 film (solid circles), gold nanodiscs (diame-
ter – 110 nm, height – 25 nm) embedded in nanoholes (dashed), same with SiO2 capping layer
(dotted). The spectra from TiO2 film patterned with nanoholes (diameter 110 nm, solid line) and a
flat unpatterned TiO2 film (squares) are shown for comparison. The thickness of the TiO2 film is
100 nm for all cases. All extinction measurements are presented in reference to the optical extinc-
tion of an identical glass substrate, without TiO2-film.



viding a net charge to the PMMA surface by pipetting a solution con-
taining a positively charged polyelectrolyte onto the film (polydiallyl-
dimethylammonium (PDDA) MW 200000–350000, Sigma Aldrich,
0.2 wt % in Milli-Q water, Millipore), followed by careful rinsing with
de-ionized water in order to remove excess PDDA and blow-drying in
a N2 stream. Deposition of a water suspension containing negatively
charged polystyrene particles (sulfate latex, Interfacial Dynamics Co-
orporation, 0.2 wt % in Mili-Q water) and N2 drying in a similar fash-
ion as described above, leaving the PMMA surface covered with uni-
formly distributed PS-spheres. Evaporation of a thin, oxygen plasma
resistant film of Au or Cr. Removing the PS-spheres using tape strip-
ping (SWT-10 tape, Nitto Scandinavia AB), resulting in a mask with
holes arranged in a pattern determined by the self-assembled colloidal
particles. Transfer of the hole-mask pattern into the sacrificial layer
via an oxygen plasma treatment (50 W, 250 mTorr, Plasma Therm
Batchtop RIE 95m), which effectively removes all PMMA situated
underneath the holes in the film, leaving the surface covered with a
thin film mask supported on a perforated, undercut polymer film.

Hole-Mask Utilization: In the Supporting Information a table con-
taining the details on film materials, thicknesses and etch steps for
each demonstrated example is presented. In example 1–8, Si wafers
(Siltronix) cut into 1 cm2 pieces were used and for example 9, a
10x10x1 mm piece of microscope slide glass (VWR International). In
example 10–13 we used borofloat 33 glass (10x15x0.75 mm, Schott
AG, Germany) and reactively sputtered a 100 nm thick TiO2 film
(Nordiko 2000) onto it. The symbols [a] and [b] in Supporting Infor-
mation Table 1 indicates the evaporation equipment used in each
case. A 2 nm thick Ti layer was deposited prior to gold deposition in
example 2 to increase the adhesion of the nanocones to the SiO2 sur-
face. For example 5–8 the Au hole-mask was removed prior to the
final deposition step by immersion in a potassium-iodide solution
(Gold etch 22196, Sunchem electrograde products) for 10s and subse-
quent rinsing with water. In this case the polymer film alone constitu-
tes the evaporation mask. Lift off was done using acetone at room
temperature or 50 °C for 5–10 min except for sample 2 which was left
for 16 h in acetone and sample 10–13 where an additional lift off in
hot Microposit remover 1165 (70 C; Micro resist technology) was
used. For samples 11–13 a concluding cleaning sequence consisting of
immersion in fresh piranha solution (20 min. Caution, piranha solu-
tion is potentially dangerous and appropriate handling precautions
must be ensured!) and in a post plasma etch polymer remover, PRX-
417 (10 min, T = 21 °C, Micro resist technology), followed by a final
oxygen plasma strip (100W, 500 mTorr, 2 min) was applied.

SERS Measurements: SERS measurements were performed in
backscattering geometry using a single grating Raman microscope
set-up (Renishaw, Ramascope 2000). The spectral resolution of the
system was typically 8 cm–1. An Ar-ion laser operated at 514.5 nm
was used for excitation. The laser beam was focused onto the sample
with an air objective 100x/NA = 0.90. Laser power as low as ca.
10 lW was used in order to minimize photo-induced and thermal pro-
cesses. Accumulation time was 10 s. for all measurements. 10–4 M
Benzotriazole dye was used as an analyte for SERS experiments re-
markable for the chemical stability and high enhancement factor ow-
ing to the molecular absorption at ca. 450 nm in water [39].

Optical Microscopy: A standard inverted optical microscope
(Nikon TE300), fiber-coupled to a miniature grating spectrometer
(AvaSpec-2048, Avantes), was used for the elastic scattering measure-
ments of the samples with different densities of nanocones. Light from
a halogene lamp was focused onto the sample using a dark-field con-
denser (NA = 0.8–0.95) and the scattered light collected with a 60x
objective (NA = 0.7). Images from the samples were taken with a digi-
tal camera coupled to the microscope.

For the gold particles on and in TiO2 we conducted optical extinc-
tion measurements (Varian Cary 500 Spectrophotometer).

The samples were characterized using SEM (SEM JEOL- JSM
630 1F) and/or tapping mode AFM (DI-dimension 3000 SPM) in air.
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