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Plasmonic metasurfaces have important applications in life science, optics, and catalysis. However, their

industrial usage is limited by the challenges of high throughput nanofabrication. A promising solution is

the transfer of a pattern into a substrate using block copolymers, nanostructured stamps or molds to

create binary, three dimensional templates, which can then be decorated with plasmonically active

metals. Here, we report on the optical properties of quasi-Babinet complementary arrays in the non-

retarded regime investigated by finite-difference time-domain simulations. The structures consist of

a nanopillar support, which is covered with metal disks on top of the pillars and a quasi-Babinet

complementary hole array film at the base of the pillars. Strong vertical plasmonic coupling occurs for

small separation distances of the plasmonic slabs. We present a comprehensive study of the near and

far-field properties of such vertically coupled plasmonic arrays varying their critical geometric dimension

and the employed metals with their intrinsic plasmonic material properties. In particular, we consider

gold, silver, copper, aluminum, nickel, and palladium. Furthermore, the effect of the refractive index n of

the nanopillar support between the range of n ¼ 1.4 to n ¼ 3.4 is investigated. The plasmonic slabs show

tunable extraordinary transmission and large electric near-field enhancements, which are strongly

dependent on the employed material and geometry. Further, we show that the templates are suitable for

plasmonic heterostructures commonly used in plasmon-enhanced photocatalysis.
1. Introduction

The cost effective fabrication of nanopillar templates by nano-
imprint lithography,1,2 roll-to-roll nanoimprint processing,3,4

block copolymer lithography5 and hot embossing/
nanoinjection moulding4,6 enable an effective route to create
plasmonic metasurfaces on an industrial scale.7 Subsequently,
a thin metal coating can be deposited onto the nanopillar
template to create a plasmonic slab that consists of a hole array
lm at the base of the nanopillars and a quasi-Babinet
complementary disk array on top of the nanopillars. The plas-
monic properties of the template can be adjusted by the choice
of metal and support material and the geometrical dimensions
of the underlying structures.8 For small nanopillar aspect ratios
the plasmon resonance of (i) the disk array, and (ii) the hole lm
can hybridize and couple vertically. The optical response of
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such vertically coupled plasmonic arrays (VCPAs) exhibits
extraordinary optical transmission, which has been exploited to
fabricate optical lters,9–11 refractive index sensors12–14 or plas-
monic nanopixels beyond the diffraction limit.15–17 Further,
small plasmonic junctions between the two plasmonic slabs of
the VCPAs can drastically increase the local electric near-eld.
This effect has been used to increase sensitivity of spectro-
scopic instrumentation such as in surface-enhanced uores-
cence spectroscopy,18,19 surface-enhanced Raman
spectroscopy5,20 and surface-enhanced infrared spectroscopy.21

Previously, we have shown that the plasmon resonance of
VCPAs with hexagonal symmetry can be described as whis-
pering gallery modes in the mid-infrared.8 In this regime the
plasmon resonance is retarded and the plasmon dispersion
follows the light line.22,23 As a consequence, the plasmon reso-
nance is independent of the plasmonic material as long as the
material is conductive.24 This changes drastically in the visible
region of the electromagnetic spectrum where the plasmon
resonance is non-retarded and deviates from the light line.22,23

In this regime the plasmon resonance is governed by Mie
resonances, which are highly material dependent.23,24

The choice of the metal employed in the VCPAs is oen
specic to the intended application, where in addition to the
metal's plasmonic properties, other aspects such as its abun-
dance, stability to oxidation, biological compatibility, magneto-
Nanoscale Adv., 2021, 3, 6925–6933 | 6925
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optical properties, and catalytic activity are important. Gold and
silver are the most commonly employed plasmonic metals due
to their excellent plasmon activity and stability, however they
are expensive. Copper and aluminum are readily available but
oxidize when in contact with air. A protective polymer coating
can hinder this oxidation, however this blocks access to the
metal surface where the plasmonic eld is at its strongest.
Nickel and palladium have received wide attention for their
catalytic capabilities, but as plasmonic materials they face
challenges such as high loss, and high expense, respectively.
Here, we provide a comprehensive overview of the optical
properties of VCPAs consisting of various plasmonic materials,
dielectric supports, and geometrical dimensions, as simulated
by nite-difference time-domain (FDTD) simulations. Such
simulations are routinely used to predict and verify the optical
behavior of experimentally fabricated plasmonic meta-
surfaces.1–6,8–23 Finally, we demonstrate that VCPAs can effec-
tively form plasmonic heterostructures commonly used in
plasmon-enhanced photocatalysis.

2. Results and discussion
2.1. Quasi-Babinet complementarity

Babinet's principle states that the transmittance Tl of a slab and
the transmittance of its complementary counterpart Tl,c are
related as:
Fig. 1 FDTD transmittance spectra of periodic plasmonic gold arrays on
pitch¼ 100 nm and gold thickness¼ 40 nm. The drawings on the sides sh
of the pillars. (B) Nanopillar array with hole film at the base of the pillars. T
80 nm disk diameter arrays extracted from respective curves in panel A. (C
film at the base of the pillars. (D) Multiplication of the respective spectra

6926 | Nanoscale Adv., 2021, 3, 6925–6933
Tl + Tl,c ¼ 1 (1)

The principle assumes that the lm thickness is innitesi-
mally small and does not account for absorption losses or
coupling effects. Eqn (1) implies that the plasmon excitation
energy of a disk array, and that of its complementary hole array
should be identical. In Fig. 1A we have simulated the trans-
mittance of hexagonally-arranged Au nanodisks on glass
nanopillars with varying diameter. The plasmon resonances
feature as a prominent dip in the region 515–630 nm, exhibiting
a slight red shi with increasing particle size. This shi can be
explained by the lower restoring force experienced by opposing
charges as the disk diameter increases, resulting in a lower
resonance energy of the localized surface plasmon.25 In the long
wavelength limit the transmission approaches unity and in the
short wavelength limit the slab shows reduced transmission
due to the intrinsic absorption of Au, which scales with the
fraction of Au covering the surface. In Fig. 1B the transmittance
of the corresponding quasi-Babinet complementary hole array
lms at the base of the nanopillars is shown, and it indeed
obeys approximately eqn (1). The spectra reveal extraordinary
transmission (EOT)26 with peaks that are slightly red-shied
relative to their quasi-Babinet complementary counterparts in
Fig. 1A. We attribute this slight red shi to the increased
polarizability of the hole lm's immediate environment,
nevertheless, eqn (1) holds qualitatively even though absorption
a nanopillar support with varying diameter and fixed height ¼ 70 nm,
ow the simulated structures. (A) Nanopillar array with gold disks on top
he black continuous and dashed line display 1�T plots with 90 nm and
) VCPAs; nanopillar arrays with gold disks on top of the pillars and hole
from (A) and (B).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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losses are not considered in the Babinet picture. This is further
illustrated by the black continuous and dashed lines in Fig. 1B,
which are 1�T plots of the 90 nm and 80 nm disk diameter array
transmission spectra respectively from Fig. 1A.

In Fig. 1C we show the corresponding VCPAs with the pres-
ence of both the Au disk and hole array slabs together. The EOT
peak is highly symmetric, red-shis and increases in trans-
mission with pillar diameter. To understand the origin of this
behavior, we assume that the transmittance through both the
complementary disk and hole layers is given approximately by
Fig. 2 Au-based VCPAs with varying pillar height, metal film thickness, a
pitch ¼ 100 nm, diameter ¼ 50 nm and Au thickness ¼ 40 nm. (A1) Tran
provide a guide for the eye for the shift of the two modes, and (A3) elect
the plasmon resonance for a 10 nm vertical gap between the disks and h
pitch ¼ 100 nm, diameter¼ 50 nm and vertical plasmonic gap ¼ 5 nm. (B
field enhancement. (C) Variation of the pitch with fixed height¼ 45 nm, d
(C2) absorption spectra and (C3) electric near-field enhancement. The in
resonance for a 10 nm lateral gap between the pillars for x-axis polariza

© 2021 The Author(s). Published by the Royal Society of Chemistry
a simple product of the transmittances through individual
arrays. This is expected, as the probability of a photon propa-
gating through these two layers is given by the product of
subsequent penetration probabilities. Indeed, the plots of Ttotal
¼ TdiskThole presented in Fig. 1D, show an impressive resem-
blance to those in Fig. 1C. In particular, they exhibit EOT and
a diameter dependent red-shi, underscoring the power of
Babinet's principle. However, this simple approach ignores the
fact that the pillars are only 70 nm in height, and therefore the
complementary plasmonic arrays are in each other's near-eld
nd array pitch. (A) Variation of the vertical gap (pillar height) with fixed
smission spectra, (A2) absorption spectra where the grey dashed lines
ric near-field enhancement. The inset shows the cross-section map at
oles for x-axis polarization. (B) Variation of the Au thickness with fixed
1) Transmission spectra, (B2) absorption spectra and (B3) electric near-
iameter¼ 40 nm and Au thickness¼ 40 nm. (C1) Transmission spectra,
set shows the in-plane map 1 nm above the hole film at the plasmon
tion.

Nanoscale Adv., 2021, 3, 6925–6933 | 6927
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such that their plasmonic modes can hybridize.27 Furthermore,
the VCPAs show a reduced spectral energy width compared to
the hole lm which is an important design factor for narrow
bandpass lters (Fig. S1† shows the spectra in Fig. 1 vs. eV
instead of wavelength).28
2.2. Pitch, height and metal thickness

The results of Fig. 1 show that the pillar diameter is a signicant
parameter of the VCPA's plasmon resonance position. The
variation of the other geometric parameters is investigated here.
Fig. 2, panels A1–A3, show the effect of pillar height variation for
a xed pillar diameter (50 nm) and array pitch (100 nm). There
is a slight red shi of the VCPA EOT peak for shorter pillar
heights. This is in agreement with the plasmon hybridization
model, which predicts for the bonding modes a red shi for
decreasing plasmonic gaps.27 The absorption spectra (panel A2)
reveal two absorption modes at 525 nm and at 670 nm for
a 5 nm vertical gap (pillar height). The two peaks blue-shi for
larger pillar heights, where the lower energetic mode experi-
ences a larger shi. Eventually the two peaks overlap for larger
gaps and reduced vertical coupling. A similar behavior has been
observed for the plasmon excitation of the dipolar and quad-
rupolar modes in nanoshell arrays caused by a different degree
of hybridization.29 Panel A3 shows the electric near-elds
plotted as a function of the wavelength. The respective electric
near-eld maxima with frequency uNF occur at lower excitation
frequency than the respective far-eld absorption at frequency
Fig. 3 FDTD transmittance spectra of VCPAs made with different metal
45 nm and fixed array pitch ¼ 100 nm. (A) Au, (B) Ag, (C) Cu, (D) Al, (E) P

6928 | Nanoscale Adv., 2021, 3, 6925–6933
uFF. This can be explained by a simple driven and damped
harmonic oscillator model and directly depends on the total
damping (radiative plus intrinsic) g of the system,30 as follows

uNF ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uFF

2 � g=2
p

.30 The shi between near- and far eld
response for traditional plasmonic materials in the visible
spectral region is of the order of up to�100 nm.31 The near-eld
spectra reveal a strong vertical coupling between the disk array
and the hole lm, largest for the smallest vertical gap.

The effect of metal lm thickness at a constant 5 nm vertical
gap between the hole lm and the disk array is illustrated in
Panels B1–B3 (again for a xed pillar diameter of 50 nm and
xed array pitch of 100 nm). It has only a small effect on the
plasmonic response. An increase in the metal thickness shows
a slight blue shi in the resonance position because the
polarizability of the material increases.32

Finally, the variation of the array pitch is examined in Panels
C1–C3 (xed pillar height and diameter of 45 nm and 40 nm
respectively, and Au thickness of 40 nm). A strong red shi is
predicted as the pitch approaches the nanopillar diameter, i.e.
for a smaller lateral gap, as interpillar coupling becomes
important. While the electric near-eld enhancement increases
with the pitch, the absorbance only weakly depends on the
pitch.

2.3. Plasmonic metals

The choice of metal strongly determines the plasmonic
response in the non-retarded regime. Different metals have
films (all 40 nm thick), with varying pillar diameter, fixed pillar height ¼
d and (F) Ni.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a different free carrier bulk plasma frequency, which depends
on the density N of free charge carriers.

up ¼
ffiffiffiffiffiffiffiffiffiffi
Ne2

30me

s
(2)

where me is the effective electron mass, 30 is the free space
permittivity and e is the electron charge. In addition, damping
caused by inter-band or intra-band transitions inuences the
plasmon position and strength.30,33 At inter-band transitions,
incident photons excite electron–hole pairs, reducing the plas-
monic response. For Au this absorption is localized around
�515 nm, for Ag at �310 nm and for Cu at �575 nm. An
exception is Al, which has an inter-band transition spectrally
localized around l ¼ 800 nm, and this enables Al to remain
plasmonically active in the UV.34 The transmittance of VCPAs
for different metals as a function of pillar diameter is shown in
Fig. 3. Au (Fig. 3A), Ag (Fig. 3B) and Cu (Fig. 3C) have a similar
far-eld response owing to their similar refractive index prop-
erties beyond their respective inter-band transitions. While
none of these arrays are active for surface plasmons in the UV,
the Ag array shows a small peak in the UV due to excitation of
the Ag bulk plasmon.35 The Al plasmon resonance is signi-
cantly blue shied compared to the other metals due to its large
bulk, free electron plasma frequency, which is roughly 5 eV
higher than that of Au with up,Au � 9 eV (Fig. 3D). The trans-
mission spectra for Al feature a clear dip in the EOT peak due to
the aforementioned 800 nm inter-band transition. For large
Fig. 4 Simulated electric near-field enhancement of VCPAs made with
varying pillar diameter but fixed pillar height ¼ 45 nm and fixed array pit

© 2021 The Author(s). Published by the Royal Society of Chemistry
diameters it vanishes in the anks of the EOT peaks. Pd and Ni
have a broad and weak EOT peak as a result of their large
damping factors (Fig. 3E and F).32,33

The electric near-eld spectra for VCPAs made with different
metal lms reveal that, as expected, the traditional plasmonic
materials Au, Ag, Cu and Al, have a larger maximum enhance-
ment factor for smaller disk/hole diameters (Fig. 4A–D). For
small pillar diameters the two previously observed modes
overlap and split up for larger diameters. However, the high
energy mode exhibits only a small shi compared to the other
lower energy modes. For larger diameters, a broader but weaker
peak appears that corresponds to the plasmonic bonding mode.
Ag VCPAs show the strongest near-eld enhancement due to
their low imaginary refractive index, in agreement with experi-
mental surface-enhanced Raman studies.36 Pd and Ni feature
signicantly smaller near-eld enhancement which is caused by
their large damping factors (Fig. 4E and F).
2.4. Dielectric support

The plasmon resonance position is extremely sensitive to the
dielectric environment of plasmonic nanostructure.12–14 This
property is extensively used in surface plasmon resonance
spectroscopy to detect binding events of biological macromol-
ecules at the plasmonic template.14 Therefore, the refractive
index of the substrate and the pillars is important. These effects
are illustrated in Fig. 5. We investigated as substrate materials
glass (n ¼ 1.46), sapphire (n ¼ 1.77), cubic zirconia (n ¼ 2.16),
different metal films (all 40 nm thick) at the cross-section plane with
ch ¼ 100 nm. (A) Au, (B) Ag, (C) Cu, (D) Al, (E) Pd and (F) Ni.

Nanoscale Adv., 2021, 3, 6925–6933 | 6929
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Fig. 5 VCPAs using nanopillar materials with varying refractive index and fixed pitch ¼ 100 nm, fixed pillar height¼ 45 nm, fixed metal thickness
¼ 40 nm and fixed diameter¼ 50 nm. Thematerials simulated are glass (n¼ 1.46), sapphire (n¼ 1.77), cubic zirconia (n¼ 2.16), titanium dioxide (n
¼ 2.6) and silicon (n ¼ 3.40). (A) Au transmission spectra. (B) Change of the EOT peak position for different metals depending on the refractive
index. (C) Respective maximum transmission values depending on the refractive index. (D) Electric near-field enhancement of Au. (E) Electric
near-field resonance position for different metals versus the refractive index of the nanopillars. (F) Maximum electric near-field enhancement
depending on the refractive index of the nanopillars.
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titanium dioxide (n ¼ 2.6) and silicon (n ¼ 3.40). All these
materials are optically transparent except silicon. The dielectric
materials were simulated to be dispersionless and absorption
losses of the substrate materials were not considered in the
simulations. The plasmon resonance red shis with increasing
substrate refractive index, as expected (Fig. 5A and D). The line
width and EOT wavelength maximum however are not signi-
cantly altered (Fig. 5A and B). The other metals show a similar
behavior with a linear dependence of the wavelength maximum
on the refractive index (Fig. 5B). The slopes for Pd and Ni are
slightly steeper than for the other metals. The difference is
attributed to their broader EOT maxima. The maximum trans-
mission values of the EOT peaks also do not show a strong
variation with refractive index for any of the metals studied
(Fig. 5C). Fresnel reection coefficients predict a ve times
higher reection from an air–titanium dioxide interface than
for an air–glass interface. However, the EOT does not show
a signicant variation for different refractive indices which
illustrates a fundamental difference in the light–matter inter-
action based on the plasmonic activity.37 A highly polarizable
substrate can be even benecial to enhance the EOT.37

The near-eld resonance wavelength is also linear with
substrate refractive index for all the metals with similar slopes
(Fig. 5E). Previously it was observed that the optical near-eld
6930 | Nanoscale Adv., 2021, 3, 6925–6933
could be reduced more than three times for planar plasmonic
templates on high refractive substrate materials (nSi ¼ 3.4)
compared to on low refractive index substrates (nCaF2

¼ 1.3).38 It
was suggested that placing plasmonic templates on nano-
pedestals could overcome the electric screening by the
substrate.39,40 However, our results indicate that the maximum
electric near-eld enhancement for VCPAs remains the same or
is only slightly decreased for larger refractive index pillars
(Fig. 5F). Furthermore, we observe for Cu a slight increase.
Therefore, we conclude that the vertical plasmonic coupling
alongside the air-substrate interface is robust towards substrate
effects.
2.5. Plasmonic heterostructures

A promising strategy to increase the efficiency of conventional
(photo)catalytic metals is to combine them with metals with
a strong plasmonic response.41,42 This can be in either a core
shell or bilayer conguration where the catalytic system consists
of two or more different metals. Alternatively, the antenna-
reactor geometry consists of a plasmonic antenna, which is
excited optically and then transfers the energy to a proximal
catalytic reaction site to facilitate a chemical reaction.43 The
VCPAs provide a simple route to combine both these strategies
by sequentially depositing two different metals on a nanopillar
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Metallic bilayers on glass nanopillars with pitch ¼ 100 nm, metal thickness ¼ 40 nm and pillar height 45 nm. (A–C) Ag on top of Pd. (A)
Cross section with 50 nm diameter. (B) Absorption spectra and (C) electric near-field enhancement with varying diameter. The black dotted lines
are the respective spectra for pure Pd and 50 nm pillar diameter. (D–F) Pd on top of Ag. (D) Cross section with 50 nm diameter. (E) Absorption
spectra and (F) electric near-field enhancement with varying diameter.
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template. Ideally, the catalytic system should fully absorb light
over a broad spectrum. The plasmon decay generates hot charge
carriers that can subsequently participate in chemical reac-
tions. It has also been reported that some reactions are even
directly driven by strong electric near-elds.44 To explore the
potential of bimetallic VCPAs as plasmonic heterostructures we
have simulated two different series. First, we consider a situa-
tion where the nanopillars are coated rst with Pd and then
with Ag on top. Fig. 6A shows that the heterostructure shows
a strong vertical coupling between the Pd disks and the Ag hole
lms. Absorption spectra reveal that the smaller diameter
VCPAs can absorb up to 90% of the light (Fig. 6B) similar to the
pure Pd VCPA counterpart (Fig. S2†). The electric near-eld
enhancement shows a more than one order of magnitude
higher enhancement than for the pure Pd VCPAs which proves
the superiority of the heterostructures. In the second case we
consider the reverse geometry, i.e. Pd is deposited on top of Ag.
Here, the plasmonic slabs shows strong coupling between the
Pd hole lm and the silver disks. Additionally, the Pd disks also
show a strong electric near-eld enhancement. The overall light
absorption is similar to the rst case where Ag was placed on
top of Pd but the electric-near eld enhancement is reduced by
half. However, for catalytic applications, it is more feasible to
place the Pd on top of Ag because in this conguration the
surface area of the catalytically-active Pd is much larger.
© 2021 The Author(s). Published by the Royal Society of Chemistry
3. Conclusions

The plasmonic response of vertically coupled plasmonic arrays
(VCPA) obeys Babinet's principle qualitatively and is dominated
by the extraordinary optical transmission (EOT) effect which
can be tuned by geometric and refractive index parameters as
explored in detail herein. The diameter of the disks/holes has
the largest inuence on the resonance position. The EOT
maxima red shi for decreasing lateral and vertical plasmonic
gap sizes. The near-eld maxima correspond to the quadrupolar
mode which corresponds to the transmission minima. The best
electric near-eld enhancements are observed for short vertical
gaps and large lateral gaps. Ag showed superior near-eld
enhancement compared to the other metals. The plasmon
resonance of Pd and Ni VCPAs show only a weak and broad EOT
response and small electric near-eld enhancements. The
resonance of Al is considerably blue shied as compared to the
other metals. The variation of refractive index of the nanopillar
shows a small linear dependence on the linewidth, near-eld
enhancement and absolute EOT resonance position up to n ¼
3.4. Finally, Ag–Pd heterostructures were considered for plas-
mon driven catalytic applications and exhibit light absorption
up to 90% and superior electric near-eld enhancements
compared to pure Pd VCPAs. The ability to tune the near- and
far-eld optical response of these VCPAs with such an array of
Nanoscale Adv., 2021, 3, 6925–6933 | 6931
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structural parameters, combined with their potentially cheap
and scalable manufacture, makes VCPAs an exciting target
substrate for surface-enhanced spectroscopic and photo-
catalytic applications.
4. Methods

The electric eld was simulated with the FDTD method and the
open-source soware package MEEP.45 The dielectric function
of the metals were based on Lorentz-Drude models with
experimental data obtained from Rakić et al.46 A periodic
boundary was placed in all dimensions and an articial
absorber layer was placed parallel to the plasmonic array at the
end of the simulation cell to block transmission through the
cell. The plasmonic arrays and nanopillars were hexagonally
arranged. The light is polarized in the x-direction for all simu-
lations except when stated otherwise. The electric near-eld
cross-sections were simulated over a broad spectrum. The
maximum value was extracted for each cross section and plotted
vs. the wavelength. The simulated spectra are based on ideal-
ized structures. Slight variations in the geometrical dimensions
or defects that would lead to an inhomogeneous broadening of
the optical response are not considered. The native oxide layer
of the materials (e.g. of silicon and aluminum) were also not
considered in the simulations.
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