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Large-area arrays of three-dimensional plasmonic
subwavelength-sized structures from azopolymer
surface-relief gratings†

Robert J. Moerland,‡§* Jenni E. Koskela,‡ Aleksandr Kravchenko, Mikael Simberg,
Stefan van der Vegte, Matti Kaivola, Arri Priimagi and Robin H. A. Ras*
The field of plasmonics allows for confinement and control of light on

the nanoscale. Due to potentially strong resonant interactions that

light can have with metal nanoscale structures, metals are a good

candidate to tailor interactions with light, e.g., periodic arrays of

subwavelength metal structures can support extremely narrow reso-

nances and show enhanced transmission. The field of plasmonics has

evolved from using simple geometries to the desire to create complex

nanostructures for improved control. The availability of fabrication

techniques that provide for complex structures, however, is paired

with the seemingly inevitable increase in complexity of fabrication

techniques themselves. We present a facile and scalable method for

the fabrication of periodic arrays of unique three-dimensional sub-

wavelength-sized structures such as tapered holes and pyramidically

shaped subwavelength-sized particles. The procedure consists of

holographic inscription of a two-dimensional surface-relief grating in

an azobenzene-containing polymer film, evaporative gold deposition

and broad-beam ion milling of the relief structure. The method allows

the fabrication of highly uniform arrays with tunable lattice parameters

and dimensions over large sample areas. The optical response of the

fabricated structures is determined experimentally and through

simulation, which confirm the unique plasmonic response of the

structures. While the proposed fabrication method has clear benefits

for plasmonics, it could easily be applied also in other fields, for

example by using other coating materials.
In plasmonics, nanostructured metallic surfaces are used to
modify interactions between incident light and electrons in the
conduction band of the metal, resulting in the creation of
ersity, P.O. Box 15100, FI-00076 Aalto,

; Tel: +358 50 432 6633

(ESI) available: Details on sample
for optical transmission experiments

f sample homogeneity. See DOI:

is work.

6, NL-2600 GA Del, The Netherlands,
surface-plasmon polaritons (SPPs).1 Recent advances in nano-
fabrication methods enable precise control over the nanoscale
features on such metal surfaces in the form of, e.g., nano-
particles, gratings, or hole arrays. By combining these fabrica-
tion techniques with theoretical modelling tools,2 tailored and
complex metal structures with intriguing optical properties
have been demonstrated for possible applications ranging from
miniaturized optical devices to biological sensors.3 Especially,
periodic arrays of subwavelength structures have gained
considerable interest in the eld of plasmonics. Arrays of holes
in an otherwise opaque metal lm became a popular topic of
investigation aer 1998, when Ebbesen et al. rst reported the
phenomenon of enhanced transmission of light through an
array of holes.4 Certain wavelengths show distinctly higher
transmission than what would be expected based simply on the
number of holes and the transmission by a single sub-
wavelength-sized hole. Likewise, arrays of metallic nano-
particles have been shown to be able to sustain sharply peaked
resonances, due to the interaction of a lattice resonance with
the local surface plasmon resonance of the individual metal
nanoparticle.5,6

From an application point-of-view, molecular sensing with
surface plasmon resonances (SPR)7 is based on the fact that SPR
transmission spectra are sensitive to the refractive index of the
dielectric medium in contact with the metal. The presence of
molecules in the proximity of an SPR sensor results in a change
in the effective refractive index, which can be detected as a shi
in the SPR wavelength.8 Therefore, nanostructures based on
plasmonics are among the most popular to build truly nano-
scale sensors.9,10 Moreover, large-scale arrays of such metallic
nanostructures are envisioned to nd use for example in
photovoltaic applications, where plasmonics could improve the
efficiency of solar cells while reducing fabrication costs.11

Traditionally, nanoscale hole or particle arrays have been
fabricated via electron-beam lithography (EBL)12 or focused ion
beam (FIB) milling.4,13 With EBL and FIB, each structural
feature is made one at a time by either sequentially exposing a
layer of photoresist (EBL) for each structure, or by milling away
This journal is ª The Royal Society of Chemistry 2014
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the material from the sample (FIB) at the target location of each
structure. While these methods offer high resolution and
freedom in structure design, typically nite arrays of up to 50
mm in size of commonly strictly planar structures can be
created, making them unsuitable for high-throughput produc-
tion of large substrates. An approach to overcome the size
limitation is interference lithography, which is suited for
fabricating large-scale planar metallic nanohole arrays.14 The
typical steps with photointerference lithography are similar to
the post-processing steps necessary with EBL, such as devel-
opment of the resist and li-off procedures. By combining
interference lithography and so lithography,15,16 multiscale
patterns of planar nanohole arrays have been reported.17 In
such photolithography-based methods, the use of masters can
be an advantage as countless copies can be replicated once the
master is fabricated. However, since the fabrication of masters
is subject to the already mentioned techniques, typically addi-
tional process steps are necessary to obtain non-planar struc-
tures.18 Also bottom-up fabrication techniques utilizing self-
assembly of colloidal spheres are used as a self-assembled
template for metal deposition.19–21 The applicability of the
method is, however, oen restricted by the occurrence of
inherent defects in large-scale self-assembly. The increase in
complexity which seems to be inevitably linked to the additional
degree of freedom in the design of non-planar nanostructures
highlights the need for direct three-dimensional fabrication
techniques such as the recently demonstrated nanoparticle-
assisted etching.22 However, none of the existing methods is
able to produce complex three-dimensional nanostructures at
large areas with easily variable design possibilities while
keeping the fabrication scheme simple, fast and cost-effective.

An intrinsically three-dimensional fabrication route is
available via the use of azobenzene-containing polymers (azo-
polymers). Azobenzene molecules undergo reversible trans–cis
photoisomerization upon light irradiation, which actuates a
cascade of motions beyond the length-scale of an individual
molecule. When a thin lm of an azopolymer is subjected to an
interference pattern of light with spatial variation of intensity
and/or polarization, the photoisomerization of azobenzene
invokes mass migration of the polymer over distances of several
micrometers, forming high-modulation-depth sinusoidal
surface-relief gratings (SRGs) at the polymer–air interface.23,24

These SRG structures have been directly applied in various
optical devices.25,26

While a comprehensive explanation for the SRG phenom-
enon is yet to be found and the driving mechanism depends
strongly on the material system in question, there are several
facts that differentiate azopolymer SRG formation from other
methods of interference lithography. Firstly, the mass transport
phenomenon occurs far below the glass-transition temperature
of the polymer, excluding thermal effects.27 Also photoinduced
crosslinking can be ruled out as the SRGs can be erased by
heating.23,28 Unlike traditional photoresist materials, azopol-
ymers do not require highly controlled humidity, temperature,
and lighting conditions during fabrication. Furthermore, azo-
polymers typically absorb at the visible wavelength range; thus
no UV light sources are required, nor is the use of master molds,
This journal is ª The Royal Society of Chemistry 2014
mask aligners or any post-processing such as photoresist
development and li-off steps, as commonly found in standard
lithographic techniques.

Herein, we describe a simple and cost-efficient approach to
the fabrication of large-area arrays of three-dimensional plas-
monic structures, based on SRG formation of azopolymers and
ion milling. We demonstrate a variety of three-dimensional
structures such as arrays of tapered holes in metal lms and
arrays of subwavelength-sized metallic particles with variable
size and shape that otherwise can be cumbersome to manu-
facture. Both types of structures are of importance, since
particle arrays can, e.g., modify the spectral emission properties
of emitters29 and arrays of tapered holes have been shown to
exhibit an enhanced extraordinary optical transmission.18 Our
method of creating the SRG template combined with ion beam
milling provides an easy way to vary the size, shape and peri-
odicity of the unit cell, and structures are milled homoge-
neously30 over large areas up to at least several square
millimeters. The largest possible size of the structures depends
merely on the size of the optical inscription beam and the ion
milling apparatus used, both of which are scalable. Moreover,
since with our approach the azopolymer layer is an integral part
of the plasmonic structure, typically fewer steps are involved in
the fabrication. The fabrication method does not rely on the
photoresponsive properties of any specic azobenzene–polymer
system; only the intrinsic capability for SRG formation is
necessary. For example, supramolecular azopolymers31–33 that
are easy to prepare would also be well suited for this method.
The current study complements the versatility of azobenzene-
containing polymers in nanofabrication34–38 in general. We
compare measured transmission spectra with simulations,
which show that the fabricated structures function as expected.

The fabrication process consists of four main steps as is
outlined in Fig. 1 (see also the ESI†). The fabrication begins with
spin-coating a thin azopolymer lm on a suitable substrate. The
lm is then exposed to a laser interference pattern and because
of the continuous trans–cis–trans photoisomerization cycling of
the azobenzene chromophores, the polymer chains move away
from areas of the pattern where the grating vector and the
polarization direction are parallel. Upon two orthogonal expo-
sures, two superimposed sinusoidal gratings are formed. The
patterned polymer lm is then coated with gold using electron-
beam deposition. In the last step, the peaks of the grating are
cut away with high precision using broad-beam ion milling at a
low angle of ion incidence, which results in a regular array of
nano-sized structures ranging from tapered holes in the gold
lm to subwavelength-sized gold islands. As illustrated in Fig. 1,
the gold sheet is supported by the underlying azopolymer lm,
i.e., the azopolymer is an integral part of the structure. Both the
dimensions and periodicity of the array are tunable by varying
the SRG inscription and ion milling parameters. The quality of
the structure mainly depends on the quality of the SRG
template, which in turn depends on the initial smoothness of
the polymer lm and on the optical quality of the writing beam.
The unit cell of the structure is uniform throughout the milled
area as the material is precisely and homogeneously removed
from the surface at a pre-determined rate. In this work, we
Mater. Horiz., 2014, 1, 74–80 | 75
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Fig. 1 A schematic representation of the fabrication method. (a) A thin film of an azopolymer is prepared by spin-coating and (b) patterned in three
dimensions using an interference pattern of laser light. (c) The patterned polymer film is coated with a layer of gold, and (d) in the last step, an array
structure is generated in the gold film with ion milling.
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restrict the arrays to be on a square lattice, by performing two
orthogonal exposures. However, the SRG formation process
would also allow for the inscription of other types of structures,
since the surface pattern formed is dictated merely by the
spatial intensity and polarization distribution of the incident
light.

A collection of scanning-electron-microscopy (SEM) images
of plasmonic array structures fabricated with the aforemen-
tioned process is shown in Fig. 2. In general, the duration of the
two exposures leading to SRG formation determines the
symmetry of the periodic azopolymer structure. In Fig. 2, the top
row contains structures where the exposure time of the two
gratings was optimized to yield a symmetric structure, whereas
Fig. 2 A collection of array structures fabricated with the process outlined
two gratings was optimized to yield a symmetric structure, whereas in the
purpose. On the left, contour maps of model SRGs are shown (A cos(x) + B co
Typical examples of manufactured structures that correspond to a contour

76 | Mater. Horiz., 2014, 1, 74–80
in the bottom row structures are shown where asymmetry was
introduced on purpose. On the far le, contour maps of abstract
SRGs are shown, where the double SRG is modelled as a
superposition of two sinusoidal gratings39

A cos(x) + B cos(y); x, y ¼ �p.p, (1)

which implies the assumption that the presence of the rst
grating does not substantially alter the shape of the grating
formed during the second exposure. In the top row, the double
SRG is symmetric (A ¼ B) whereas in the bottom row it is
asymmetric (A ¼ 0.5B). The numbers near a contour line indi-
cate the corresponding structure shown as a SEM image in
in Fig. 1. The top row contains structures where the exposure time of the
bottom row structures are shown where asymmetry was introduced on
s(y); x, y¼�p.p); on the top row A¼ B and on the bottom row A¼ 0.5B.
in the model SRG are indicated with the numbers 1 to 8.

This journal is ª The Royal Society of Chemistry 2014
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Fig. 3 SEM images of a fabricated tapered-hole array structure (nr. 5 in
Fig. 2). (a) A SEM image of a nanohole array in gold at a low magnification
and a fast Fourier transform analysis of the image (inset) showing narrow
peaks at the lattice frequencies and higher orders thereof, characteristic
of the long-range ordering of sharply defined holes. (b) and (c) Higher-
magnification SEM images taken at different locations within the image
(a). (d) A higher-magnification image of (c). The images display a homo-
geneous array of holes with uniform size (0.036 � 0.003 mm2, 1s) and
periodicity (460 nm) over a large area.
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Fig. 2. Obviously, the multitude of structures that are theoreti-
cally possible based on the contour maps can indeed be man-
ufactured with our method.

A more detailed overview of a hole-array structure (sample 5
in Fig. 2) is shown in Fig. 3 as a collection of SEM images with
different magnications. In this particular sample, the elliptical
shape of the holes is a result of the different modulation depths
(A s B) for the two gratings composing the 2D relief structure.
The milling process thus leads to an elliptical hole shape, where
the longer axis of the hole is aligned in the direction of the
grating with the higher modulation depth. A fast Fourier
transform analysis of the large-scale image 3a is shown in the
inset as a proof of the homogeneity and periodicity over the
whole area. The close-ups in 3b and c are taken at different
places of the area shown in 3a, also to present the uniform
quality of the hole array. As can be seen in image 3d, the holes
have very smooth edges with no sign of distortion or roughness,
and the size of the holes is uniform (see also the ESI†).

The unique property of the hole arrays is that they are
tapered, which allows for the enhancement of the extraordinary
optical transmission effect.18 Fig. 4a shows an SEM image of a
fabricated hole array structure, taken while the sample was til-
ted. The modulation of both the top surface and the bottom
surface of the gold layer, due to the double SRG, is visible. To
clarify the difference between planar and tapered structures, we
calculate the plane-wave transmission of an array of tapered
holes and an array of holes in a planar gold lm, each with the
This journal is ª The Royal Society of Chemistry 2014
same periodicity (500 nm) and hole diameter (235 nm). The
holes in the tapered-hole array structure are naturally lled with
the azopolymer material, a dielectric. Therefore, in the case of
the planar hole array, we calculate the transmission by the array
with the holes lled with a vacuum (n ¼ 1) or a dielectric (n ¼
1.5) to illustrate the consequence of dielectrically loading the
hole.40,41 Commercially available soware42 was used for this
calculation. The model for the array of tapered holes is based on
eqn (1), which is used to model the curvature of the polymer
surface and a conformal gold layer of 150 nm on top. The gold
and polymer layers are then truncated from the top (‘chopped’)
to reveal a hole of diameter 235 nm. The modulation depth of
the SRG was set to A ¼ B ¼ 125 nm. Unit cells of the modelled
structures are schematically shown in Fig. 4b and the results of
the calculation are displayed in Fig. 4c. For wavelengths above
the diffraction edge of 750 nm, the array of tapered holes (red
dashed curve) clearly shows a higher transmission than the
planar arrays of holes (black solid and dotted curves), without
sacricing the extinction at the minimum, occurring at the
diffraction edge. Furthermore, the transmission dip is signi-
cantly narrower for the tapered holes than for the planar
counterparts, which, e.g., facilitates the detection of small
changes in refractive index for sensing purposes.7

Optical spectroscopy was used to study the transmission
properties of the symmetric structure number 1 shown in Fig. 2
(see the ESI†). The measured transmission spectrum is denoted
by the black solid curve in Fig. 4d. Note that below about
630 nm, the transmission drops due to absorption of the azo-
benzene molecules. We compare the acquired data with a
simulation model. AFM data indicate that the top surface of the
fabricated tapered-hole array has a lower peak-to-peak height
difference (10 nm) than what can be expected strictly based on
eqn (1) and the typical modulation depths of the SRGs (A ¼ B ¼
80 nm), something that we believe can be attributed to the ion
milling process, e.g., as a consequence of redeposition. There-
fore, though the contours of eqn (1) accurately describe the
outline of the structures formed aer ion milling, a direct
translation to a model as used for the calculation in Fig. 4c is
too simplistic. A simple renement is to describe the top surface
of the gold and the underlying polymer SRG independently with
eqn (1), with separate values for A and B for each surface. The
modulation of the azopolymer surface in the model for the
tapered holes was based on AFM height data typical for the
SRGs formed aer two exposures (80 nm) and themodulation of
the topmost gold surface was based on AFM height data aer
ion milling (10 nm). The height of the polymer SRG is truncated
such that a at, near-circular opening with a diameter of 235 nm
is obtained as conrmed by SEM and AFM data. Overall, the
match between the measured and calculated spectra shown in
Fig. 4d is quite good: all features in the measured transmission
spectrum are reproduced in the calculation, at the right location
and with roughly the correct amplitude. The most striking
difference is that the measured spectrum has a minimum that
is even narrower than the calculated spectrum. An optimized set
of parameters yields a better correspondence between the
measured transmission spectrum and the calculation, but
indicates a stronger modulation of the bottom surface (160 nm).
Mater. Horiz., 2014, 1, 74–80 | 77
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Fig. 4 (a) SEM image of a large-area array of holes (nr. 5 in Fig. 2), taken when the sample was tilted. The modulation, due to the SRG, of both the top
surface and the bottom surface of the gold layer can be clearly seen. (b) Schematic depiction of the unit cell of a tapered-hole array and a planar hole
array. Eqn (1) was used to model the tapered holes. (c) The results of a calculation of the transmission by an array of tapered holes (red dashed curve)
and planar arrays of holes (black solid and dotted curves). Despite the same hole diameter and gold film thickness, the array of tapered holes shows a
higher peak transmittance for wavelengths longer than the diffraction edge of 750 nm, and a distinctively differently shaped spectrum. (d) The
measured transmission spectrum of array number 1 in Fig. 2 is displayed (see also the inset), together with the calculated transmission spectrum (black
dotted curve) of a simulation model which separately describes the modulation of the top and bottom surfaces, and is based on measured quantities.
The FDTD model successfully describes the relevant spectral features. With an optimized modulation depth (A ¼ B ¼ 160 nm, red dashed curve), the
spectrum corresponds even more closely to the measured data. (e) The absolute value of the electric field distributions for the two maxima and single
minimum from (d) is shown in a cross-section through the symmetry plane of the unit cell. At the peaks, the electric field is strongly located near the rim
of the tapered hole. The plane-wave excitation had a polarization as indicated in the figure and an amplitude of 1 V m�1 in all cases.

Fig. 5 Transmission spectrum of a sample containing an array of sub-
wavelength-sized gold islands in a near-homogeneous (n z 1.5) environ-
ment. The clear dip in the transmission spectrum corresponds to a surface
lattice resonance and shows that also this type of array can be successfully
fabricated with the azopolymer SRG/ion milling method. A simple simu-
lation model with a pyramidically shaped subwavelength-sized particle,
based on AFM data, satisfactorily reproduces all the main spectral features
(black dotted curve). A model based on a square, rotated by 45 degrees
with respect to the grating vectors and along the normal of the substrate,
provides a closer match if the thickness is optimized to match the
measured data (red dashed curve).

78 | Mater. Horiz., 2014, 1, 74–80
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For the optimized model, the absolute values of the electric-
eld distributions is shown for the two maxima and the single
minimum in a cross-section through the symmetry plane of the
unit cell. At the maximum transmittance, the electric eld is
strongly conned to the area near the rim of the tapered hole.

Finally, we show the transmission spectrum of gold sub-
wavelength-sized islands (sample number 4 in Fig. 2) in Fig. 5
(solid black curve). In the case of an array of nanoparticles, sharp
dips in the transmission spectra can occur when the nano-
particles are embedded in a (near) homogeneous environment.5,6

Here, this is achieved by adding immersion oil onto the sample
and placing a glass cover slip on top. Therefore, the refractive
index of the surroundings of the subwavelength-sized islands is n
z 1.5. The clear, narrow dip in the transmission spectrum, cor-
responding to a surface lattice resonance, shows that also this
type of array can be successfully fabricated with the azopolymer
SRG/ion milling method. For comparison purposes, the system is
approximated by two models. The rst is an innite array of
pyramids with a square base of 230 nm and a height of 60 nm,
rotated around the normal of the base such that the lattice vectors
of the array and the sides of the base are at a 45-degree angle. The
second model is an innite array of squares with sides of 230 nm
and a thickness of 90 nm, rotated in the same way as the pyra-
mids. The lengths of the base of the pyramid and the sides of the
This journal is ª The Royal Society of Chemistry 2014
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squares are based on SEM data, as is the period of the arrays (500
nm). The height of the pyramid is based on AFM data. The
thickness of the squares is obtained from an optimization
sequence to match the transmission spectrum as closely as
possible. The results of this calculation are shown in Fig. 5 as well.
Despite the fact that the exact geometry of the island is not fully
known, especially underneath the gold surface, all main spectral
features are reproduced satisfactorily by the pyramidal model
which contains no free parameters. The model with squares
provides an even closer match, but indicates that further research
is necessary to model the fabricated structures to full accuracy.

Summarizing, we have developed a new approach to produce
arrays with long-range periodic order of three-dimensional sub-
wavelength-sized structures ranging from tapered holes to
checkerboards and islands. Starting from a two-dimensional
grating pattern on a thin azopolymer lm, various arrays with
plasmonic properties were fabricated by electron-beam metal
deposition and ion milling. The fabricated arrays of sub-
wavelength-sized structures exhibit non-trivial optical trans-
mission properties which are reproduced to reasonable precision
with simplied simulation models. The method is, however, not
limited to grating-based patterns, as the surface pattern formed
is dictated merely by the spatial intensity and polarization
distribution of the incident light. In contrast to other work on
interference lithography that utilizes the polymer layer merely as
a sacricial template, our method shows more versatility as it
could enable further use of the underlying azopolymer layer for
the optical modication of the transmission properties of the
structures, by employing the photo-orientability of azobenzene
molecules. Furthermore, the proposed method is fast and cost-
effective in comparison with EBL, FIB or nanophotolithography
as the azopolymer-based surface patterning does not require
molding, UV light sources or mask aligners, nor does it need any
post-processing steps such as photoresist development. Essen-
tially, the method can be scaled up to much larger arrays than
what is presented in this paper, as the underlying physical
phenomena pose no fundamental limitations when it comes to
sample size, and larger area optical setups and ion milling
devices are commercially available. This is a major asset to the
method as larger metal surfaces are easier to implement into
sensor devices and other applications without compromising the
sensitivity of the plasmonic response. While this work has been
aimed at providing a new way to produce nanopatterned gold
surfaces for plasmonics, possible applications of the proposed
technique are manifold and we foresee a wider use of it also
outside the plasmonics or nanophotonics realm.
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