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Wafer scale fabrication of porous three-dimensional
plasmonic metamaterials for the visible region: chiral
and beyond†

Johnson Haobijam Singh,*a Greshma Nair,b Arijit Ghoshc and Ambarish Ghosh*abc
We report on a wafer scale fabrication method of a three-dimen-

sional plasmonic metamaterial with strong chiroptical response in

the visible region of the electromagnetic spectrum. The system was

comprised of metallic nanoparticles arranged in a helical fashion,

with high degree of flexibility over the choice of the underlying

material, as well as their geometrical parameters. This resulted in

exquisite control over the chiroptical properties, most importantly

the spectral signature of the circular dichroism. In spite of the large

variability in the arrangement, as well as the size and shape of the

constituent nanoparticles, the average chiro-optical response of

the material remained uniform across the wafer, thus confirming the

suitability of this systemas a large area chiralmetamaterial. By simply

heating the substrate for a few minutes, the geometrical properties

of the nanoparticles could be altered, thus providing an additional

handle towards tailoring the spectral response of this novel material.
Naturally occurring optically active media, such as a collection
of chiral molecules, typically exhibit weak differential response
to circularly polarized light.1 This is in contrast to certain arti-
cial chiral materials, especially those relying on strong light–
matter interactions in plasmonic nanostructures, whose optical
activity can be engineered to be several orders of magnitude
stronger than any naturally occurring substance. Possible
applications for such metamaterials2,3 with strong chiro-optical
response include media with negative refractive index,4,5

photonic devices such as broadband circular polarizers,6

sensors7 for chiral molecules and offer a rich platform to
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enhance and study the interaction of polarized light with chiral
bio-complexes. The working principles8 behind most recent
chiral metamaterials rely on strong light–matter interactions in
a metallic nanostructure of chiral shape, or a chiral assembly of
metallic nanostructures, where most commonly the handed-
ness is introduced through a helical shape, a text book example
of a chiral geometry. Few of the current methods used to
fabricate such systems allow very high exibility in obtaining a
wide range of geometrical parameters, which have been used to
develop optical metamaterials with large and well designed
chiroptical properties. Unfortunately, all these methods rely on
sequential lithographic steps,9,10 and are therefore not suitable
for the development of wafer scale devices of technological
importance. This is in contrast to certain highly scalable11

fabrication schemes, such as those based on decorating12–14

chiral (helical) nanostructures with metallic nanoparticles,
which though scalable, allow limited freedom in choosing the
geometrical properties of the chiral geometry. In this paper, we
demonstrate a new technique of wafer scale fabrication of chiral
and other three-dimensional plasmonic metamaterials, with
unprecedented freedom in designing the geometrical and
spectral characteristics of the medium, and obtained an optical
response whose strength was on a par with the highest that has
been achieved to date in the visible range of the electromagnetic
spectrum. It is important to note that there have been other
chiro-plasmonic materials6,10,15 with even higher chiro-optical
response than the material described here, but none in the
visible region of the spectrum. This is partially related to the
methods used to fabricate these systems, such as electron-beam
or two-photon lithography, which limited the minimum avail-
able sizes of the constituent plasmonic elements, thereby
resulting in plasmonic resonance in the near or mid-IR region.
This limitation has been overcome in the present system.

The wafer scale approach presented here relied on the
placement of plasmonic nanoparticles (NPs) in three dimen-
sions, with exquisite control over the geometrical parameters of
the NP arrangement. The plasmonic interactions between the
NPs could thus be designed with great precision, resulting in a
Nanoscale
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well engineered optical response of the metamaterial. As proof
of principle, we have demonstrated strong chiro-optical prop-
erties arising out of a helical arrangement of Ag and Au NPs,
although the method could easily be extended to various other
three-dimensional variants as well. Our technique was based on
a subtle innovation over the well known shadow evaporation
method, also known as Glancing Angle Deposition16,17 (GLAD),
which has hitherto been used to fabricate nanostructured thin
lms (including chiral18) based on various dielectrics. The
integration of metals to this technique is not trivial, as surface
diffusion of the highly mobile metal atoms destroys the self-
shadowing mechanism that lies at the heart of this technique.
Accordingly, previous attempts to integrate plasmonics onto
structures grown by GLAD have been mostly limited to metallic
nanorods,19 metal lms grown on dielectric rods20 and very
recently, alternate layers21 of metals and dielectric nano-discs,
none of which could give rise to a well dened chiral arrange-
ment of metal NPs of sub-10 nm dimensions. The small size of
the NPs is of paramount importance in engineering the chiro-
optical response in the visible part of the spectrum, assuming
that we are limited to common plasmonic materials, such as
gold and silver.

The rst step of the fabrication method was to use the
conventional method of GLAD to make a template of the chosen
geometry with any suitable dielectric, such as SiO2, MgF2 etc. A
rotating substrate was kept at an extreme tilt angle of 84� to the
incoming source of vapour, in order to grow a helically nano-
structured dielectric lm. In the second and the most crucial
fabrication step, the tilt of the substrate was reduced to around
5�, and subsequently a small quantity of metal was evaporated
(see Fig. 1A). Under these conditions, the surface of the helices
was effectively at an extreme angle to the incoming metal
Fig. 1 (A) Schematic of the fabrication method, where conventional GLAD is
used to fabricate the dielectric 3D template in the first step, followed by an
evaporation of metallic islands in the second step. (B) SEM images of the nano-
structured surfaces without (top) and with (bottom) the Ag metallic islands. (C)
Digital photographs of the samples under white light illumination. The thickness
of the Ag metal layer is shown. (D) Chiral anisotropy factor DA/A vs. wavelength
for various thicknesses of the Agmetal layer for both Left (L) and Right (R) handed
samples. Gradual shifts of the peak wavelengths have been marked.
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vapour, which for low thickness of the evaporated material,
formed isolated metallic islands on the surface of the helix
through self-shadowing. This being a line of sight technique,
themetallic NPs were placed along a chiral geometry, dened by
the geometrical parameters of the dielectric helix. The size,
shape, position and number of NPs depended on the thickness
of the metallic lm, as well as the helix geometry, and as dis-
cussed later, could be further controlled by heating the
substrate. SEM images of the helical lm, with and without
the NPs, are shown in Fig. 1B. The metallic islands arranged on
the helical nanostructures could be seen as white dots, whose
sizes and shapes depend strongly on the thickness of the
metallic lm deposited. Strong plasmonic effects gave rise to
uniform bright colours throughout the substrate which varied
from almost colourless to dark yellow (see Fig. 1C) as the
amount of the evaporated metal (Ag here) was increased. While
there was variability in number, size, spacing and separation
between the Ag NPs assembled on individual helices, the
density of the helices within a single wavelength of light was
very large, almost 350 mm�2, thus resulting in high uniformity
in the measured optical properties across the surface of the
samples. All the lms exhibited large circular dichroism
(CD), where CD is dened as the difference in extinction for
le (AL) and right (AR) circularly polarized (cp) light, given by
CD ¼ AL � AR ¼ log(IR/IL) z 2 (IL � IR)/(IL + IR) (valid for small
IL � IR) and is obtained as the ratio of two measurable quanti-
ties, the difference between intensities of the transmitted light
for the two cp components (IL � IR) to the average transmitted
intensity (¼ (IL + IR)/2). We ensured that the linear dichroism
(LD) from the samples had negligible contribution to the
measured CD values (details in the ESI†). The mechanism of
optical extinction in this system was dominated by absorption
(with minimal scattering losses), as expected for a system of Ag
(or Au) NPs of sub-10 nm dimensions. Wemeasured the circular
differential scattering from the helical template made of silica,22

and found the effect to be negligible compared to what was
observed when the metal NPs were added. A better estimate of
the strength of the chiral interaction is the anisotropy factor,
dened as g ¼ DA/A, where DA and A refer to the circular
differential and average extinctions respectively. For all the
lms shown here, the value of g was around 20%, implying a
stronger chiro-optical response in the visible region than most
plasmonic systems developed so far.

The spectral characteristics of the CD spectrum showed a
strong dependence on the thickness of the metal lm (see
Fig. 1D), with large spectral widths (FWHM � 150 nm) across
the visible region of the electromagnetic spectrum, where the
thickness dependent red shi was related mainly to the larger
sizes, close spacing and ellipticities of the metallic islands at
higher lm thicknesses (see the ESI†). The chiro-optical
response, as expected, reversed its sign when the handedness of
the helix was reversed, also shown in Fig. 1D. These measure-
ments were done for a lm with an incident beam along the
axes of the helices, and the resultant chiroptical signal mostly
arose out of plasmonic interactions between Ag NPs belonging
to the same helix. This is because the smallest distance between
particles on two neighbouring helices (>60 nm) is far more than
This journal is ª The Royal Society of Chemistry 2013
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typical nanoparticle separations within the same helix (�2 to
8 nm), implying that plasmonic coupling between two neigh-
bouring helices may be neglected. We have also measured the
chiroptical response of an isotropic collection (see the ESI†) of
the helices, obtained by sonicating the structures in water. The
isotropic collection showed a dip-peak13,14 shape that had been
experimentally observed before in other isotropic arrangements
of chiro-plasmonic structures. For the light beam incident
along an arbitrary direction with respect to the axis of the helix,
dipolar modes along and perpendicular to the axis were excited,
resulting in CD signals of opposite signs. The energies of these
modes were slightly different, which resulted in the observed
dip-peak shape of the CD spectrum in the isotropic collection,
but could not be observed in a lm where the helices were all
oriented along the direction of the incident light beam. This
also resulted in the strength of the lm CD to be almost an order
of magnitude higher compared to the isotropic collection of
helices, although the number of helices interacting with the
light beam was approximately the same in both cases.

An obvious advantage of the technique described here is the
ease and scalability of the fabrication method allowing the
development of wafer scale 3D metamaterials with strong and
spectrally wide chiro-optical response. However, engineering
the plasmonic coupling between the metallic islands arranged
along the helical geometry dening this material is not easy due
to the large variability in the sizes and shapes of these metallic
islands, which would limit how well the optical response of the
material could be designed. Our solution to this problem was to
simply heat the substrates, which resulted in a dramatically
increased sphericity of the metallic islands. SEM images of the
metallic islands before and aer the heating step are shown in
Fig. 2A, where the reduction of NP ellipticities upon heating23,24

could be easily observed. The corresponding optical properties
of the material had a large visual change (see photographs in
Fig. 2B) for both Au and Ag coated helical lms, while the chiro-
optical spectrum showed a distinct shi to the blue. The
Fig. 2 (A) Change of shape (increased sphericity) of the NPs decorating the
helices upon heating. (B) Change of color of the substrates (white light illumi-
nation) upon heating. (C) Blue-shift and reduction of the spectral width of the
chiro-optical spectrum upon heating for Ag- and Au-decorated SiO2 helical films.
(D) Theoretical chiro-optical spectra for different variations of the size and spacing
of the NPs. See text and ESI for details.†

This journal is ª The Royal Society of Chemistry 2013
observation of the thickness dependent red shi (see Fig. 1D),
as well as the blue shi upon heating (see Fig. 2C), both point
towards the relation of the chiro-optical spectrum to the sphe-
ricity of the constituent NPs, and is qualitatively similar to the
previously reported dependence of the CD spectrum on the
aspect ratio of gold nanorods organized in chiral supramolec-
ular bers.13

The random sizes, shapes and spacings of the unheated
metallic islands (shown in Fig. 2A) were difficult to model using
numerical methods, and therefore not suitable from the
perspective of engineering a chiro-optical material with well
designed properties. In this regard, the heated substrates,
although showed a slightly lower chiral anisotropy factor,
formed an ideal experimental system that could be modelled
with theoretical tools. While it is possible to model a system of
NPs arranged in a helical geometry using standard computa-
tional tools, such as those based on FEM, FDTD etc., investi-
gating the effects of variability of different geometrical
parameters requires tremendous computational resources. A
simpler and possibly more insightful option that allows a
thorough investigation of the impact of geometrical variation is
to use a semi-analytical approach, for example a model based
on coupled dipole approximation25–27 (CDA). This scheme
closely resembles the physical mechanism that gave rise to the
chiro-optical response observed in the experimental system,
originating from the dynamic Coulomb interaction25,28 between
NPs arranged in a chiral geometry. In essence, each NP could be
considered to have a net dipole moment induced by the electric
eld of the incident electromagnetic wave and the electric eld
due to all other dipoles. The strong near eld coupling between
the dipoles arranged in a chiral geometry could thereby result in
the strong chiro-optical response observed here. It should be
noted that additional effects could arise due to the far eld29,30

electromagnetic coupling of the metal NPs and the chiral
dielectric template, an effect that cannot be incorporated within
the limits of the present numerical scheme. Also note that
applicability31 of the coupled dipole approximation is limited to
arrangements of NPs whose centre-to-centre distances (r) are
more than three times their sizes (a), while the r/a ratios of
the geometries discussed here were always less than three.
Furthermore, the system presented here was comprised of two
types of dielectric, e.g. SiO2 for the helical structure, and air (or
water) in the region between the helices, which is difficult to
implement with this method. In spite of these differences
between the real system and what could be modelled with CDA,
we could understand certain important aspects of the chiro-
optical spectrum using CDA based calculations, such as the
heating dependent red-shi and effects of geometrical vari-
ability, as discussed below. The computational model (see the
ESI for more information†) based on Au32 NPs arranged along a
helical geometry was similar to the experimental system, given
by a two turn helix of radius 50 nm and pitch 150 nm. We have
considered spherical NPs of sizes that were similar to those of
the (heated) experimental system, and have investigated the
effects of variation of size and spacing of the NPs. Before dis-
cussing the simulation results, it is important to note an
important difference between the experimental system and the
Nanoscale
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geometries considered here. The average spacing to size ratio
(r/a) between the NPs was chosen to be 4.6 in the simulation,
thus assuming particles to be farther than those in the experi-
mental system (r/a less than 3), which could have important
consequences on the strength and shape of the chiro-optical
signal. As the total number of NPs and their densities in the
theoretical model were lower than the experimental system, it is
reasonable that the anisotropy factors obtained were somewhat
weaker than what was experimentally observed. The shapes of
the chiro-optical spectra were similar to those observed in the
experiments, and most interestingly, the effects of variance in
NP size and spacing had a limited effect on the chiro-optical
response (the average r/a was the same), as observed in the
various spectra shown in Fig. 2D, provided r/a was greater than
three. Assuming the same underlying dielectric template, for
variation of da/a � 50% and dr/r � 50%, the chiro-optical
spectra remained almost invariant, thus implying the suitability
of this fabrication method to develop a well-designed optical
material.

The fabrication method described here provides a novel
platform to study plasmonic interactions in a wide variety of
three-dimensional geometries. As an example, we have consid-
ered two 3D shapes each comprised of two helical constituents
of slightly different pitch (700 nm and 400 nm), where the
helical components were of the same handedness (R–R) in one,
and opposite (R–L) in the other example. Schematic geometries
and the SEM images of the two examples are shown in Fig. 3A.
Evaporation of a thin layer of Ag or Au with a subsequent
heating step resulted in the decoration of the R–R and R–L
helices with spherical NPs with an average size of 20 nm and a
mean spacing of 25 nm. Although the theoretical model
assumed a spacing (21 nm) to size (14 nm) ratio larger than the
experimental system, the overall shapes of the chiro-optical
spectra are in agreement. The dramatic reduction of the chiral
anisotropy factor in the R–L geometry is in agreement with the
Fig. 3 (A) and (B) Schematic and SEM images of 3D structures (dielectric
template only) made of R–R and R–L helical constituents. (C) and (D) Theoretical
and experimental chiro-optical spectra of the R–R and R–L geometries, after
decoration with NPs. See text and ESI for more details.†

Nanoscale
recent demonstration of additive properties of CD observed in
plasmonic diastereomers. Due to negligible near eld coupling
between the chiral centers in the present geometry, the resul-
tant chiro-optical property of the nanostructure was a sum of
the contribution from individual helical constituents. This
points towards the possibility of obtaining highly customized
optical response by designing the individual building blocks
judiciously.
Conclusions

In conclusion, the simple and versatile method described here
could be used to fabricate strongly chiroptical metamaterials
with high spectral tunability by simply changing the lm
thickness of the metallic layer, with or without a subsequent
heating step. As the method is wafer scale with a very large
number of helices interacting with an incident light beam, the
differences between individual constituent components get
averaged out; so different sections of the wafer demonstrate
similar optical response. The yield of this technique is high
where the wafer scale devices could be fabricated in a single
fabrication run, requiring no pre- or post-processing steps. The
inherent porosity and three-dimensional structures of the lms
make this material an attractive and new candidate to investi-
gate the enhancement of chiroptical signals from optically
active molecules in the strongly twisted33,34 electromagnetic
elds around metal coated helices. The most attractive feature
of this technique is the possibility of experimentation with a
wide range of helical, as well as various other geometries,35

which provide an exciting new platform to study and engineer
the dependence of plasmonic interactions on geometrical
characteristics in great detail.
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