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[luminated gapped-gold-nanorod dimers hold surface plasmon polaritons (SPPs) that can be engineered,
by an appropriate choice of geometrical parameters, to enhance the electromagnetic field at the gap,
allowing applications in molecular detection via surface-enhanced Raman spectroscopy (SERS).
Envisioning hybrid devices in which the SERS spectroscopy of molecules in the gap is complemented by
electrical measurements, it arises the question of designing efficient geometries to contact the nanorods
without decreasing the enhancement factor (EF) of the nanoantenna, i.e., the figure of merit for SERS
spectroscopy. Within this framework we theoretically study the feasibility to fabricate designs based on
covering with gold the far-from-the-gap areas of the dimer. We show that by tuning the geometrical
parameters of the designs these systems can reach enhancement factors larger than the best achieved
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vacancies at the interfaces between the nanorods and the covering layers. Our results show that

DOI: 10.1039/d1ra00285¢ geometrical modifications away from the gap can improve the optical response at the gap, thus enabling
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1 Introduction

Gapped metallic nanorods provide an effective way to concen-
trate and manipulate light at the nanoscale through the exci-
tation of collective charge oscillations known as surface
plasmons."”” When working at a fixed wavelength of the
incoming light the geometrical parameters of the sample can be
optimized to produce localized surface plasmon resonances
(LSPRs) leading to the enhancement of the electric field inside
the nanogap.® Due to this hot-spot effect these nanostructures
can be used as antennas for the efficient collection of light, in
analogy to what is done in the area of microwaves and radio-
frequencies.*® This behavior has attracted a great deal of
interest in the last decade due to its wide range of applications
in nanotechnology, such as signal amplification,” molecular
recognition, and biosensing.*® This is achieved through a wide
variety of optical sensing and spectroscopy techniques, most
notably surface-enhanced Raman spectroscopy (SERS),”'**?
giving access to detect particular vibrations identifying target
molecules lying in the gap area. The figure of merit character-
ising the nanoantenna efficiency for SERS spectroscopy is the
well known enhancement factor (EF) which integrates the
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the use of these devices both for hybrid and optical applications.

fourth power of the intensity of the electric field over a surface
inside the gap (see eqn (1))."*" Crucially, even a slight incre-
ment in the EF can prevent false-positive and false-negative
results leading to an overall improvement of biosensing and
biomarker applications.'>*®

In previous works, the effects of the geometrical parameters
of gold gapped nanorods on the EF at the gap were studied
theoretically and experimentally.”” The SERS intensity at the gap
of these structures has a periodic dependence on the length of
the gold segment in agreement with EF calculations. The
interaction between light and surface plasmons generates
surface plasmon polaritons (SPPs) traveling along the cylinder.
As Li et al.*® pointed out, for fixed nanorod diameter and length,
the SPPs arrange in allowed standing waves. In particular, the
EF peaks are associated with LSPRs arising when the standing
wave contains odd-symmetry SPP modes in each segment.
Importantly, the dimer antenna performance is good even at
resonances associated to a several SPP wavelengths allowing the
nanorod lengths to be larger than a few micrometers. Cylin-
drical gapped gold nanoantennas have been fabricated by on-
wire lithography.'*-**> Bowtie type or rectangular nanoantennas
have been synthesized by electron beam microscopy.*>***

As the enhancement factor can reach peak values with arm
lengths surpassing the micrometer, an important feature of
these structures is that they can be used as addressable elec-
trodes.>* Electrical transport measurements can be coupled
with the ability to spectroscopically characterize target mole-
cules at the gap by SERS, either sequentially,””** or

© 2021 The Author(s). Published by the Royal Society of Chemistry
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simultaneously, as would be our final goal. In order to use these
structures as electrodes the rods must be contacted,” i.e.,
a certain amount of gold must be deposited on the nanorods
and this could affect its plasmonic properties.

Some authors have used an approximated method to simu-
late Fabry-Perot resonances in a single cylindrical wire;** FDTD
simulations to study the near-field optical behavior of Fabry-
Perot resonances in thin metal nanowires referred to as quasi
one-dimensional plasmonic nanoantennas;** characteristic
mode analysis to optimize complex plasmonic nanoantenna;**
integral equations formulation solved using the Method of
Moments to study a plasmonic wire-grid array of nanorods;*
the commercial finite-difference time-domain (FDTD) software
(Lumerical FDTD) to study the electric near-field enhancement
of cascaded plasmonic nanorod antenna;** and a circuit
equivalent of a plasmonic nanoantenna.*

However, to the best of our knowledge, until now no theo-
retical and experimental study has been reported about the
geometrical effects on the EF when these nanorods are covered
with gold. In this work, using a discrete dipole approximation
(DDA) method,*** we theoretically study the behavior of the
enhancement factor in symmetric gapped nanorods subject to
geometrically designed gold coverings at the far-from-the-gap
regions of the dimer.

The paper is organized as follows. In Section 2 we introduce
our covered nanoantenna designs and the potential approaches
for their fabrication, describe the applied numerical method,
and define several relevant quantities as the enhancement
factor (EF) and the top and bottom average surface charge
densities. The later location-resolved average densities, intro-
duced for the first time here, prove to be useful in the qualitative
understanding of the improvement of the EF as a result of
a geometrically-assisted in-phase rearrangement of the top and
bottom SPPs. In Section 3 we present the simulations for
covered nanoantennas demonstrating that, even in the pres-
ence of dimer asymmetries or defects, the reached EF values
surpass the highest values obtained in uncovered nanorod
dimers. Finally, in Section 4 we present the conclusions.

2 Covered nanoantenna: designs and
modeling
Geometry and optical setup

The proposed covered designs use as a starting point the dimer
configuration of two cylindrical gold nanorods separated by
a small gap, as shown in Fig. 1 (top). All along this work, envi-
sioning applications of spectroscopic detection of molecules
such as DNA, we consider a gap length of 25 nm. We also fix the
diameter of the cylinders in 360 nm since this case can be
synthesized with good quality and excellent optical properties
as demonstrated in ref. 18. The available fabrication methods
ensure that the two nanorods are well aligned (we take this as
the z axis) achieving large EF within the gap when the dimen-
sions are properly chosen,'”*® see Fig. 2 below. In what follows
we refer to this initial design as the uncovered nanoantenna.
Following the customary optical setup of ref. 18, we considered
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the situation in which the nanoantenna is subject to an exci-
tation from a 633 nm wavelength helium-neon continuous-
wave laser at normal incidence. The incoming wave is polar-
ized along z as in this way it maximizes the field in the gap area.
The main qualitative conclusions presented below can be
straightforwardly extended to other values of diameter, gap and
incoming wavelength.

Selective deposition of gold allows for the syntheses of
samples in which each arm of the dimer has a covered region of
length C located at the far-from-the-gap side. As shown in the
sketches for designs A and B in Fig. 1, each arm has a total
length of L = C + Uwhere U is the length of the uncovered near-
gap region. The deposited gold layer has height 7, this quantity
enlarges the diameter of the circular section describing the
covered part of each arm. Such circle is taken tangential to the
plane of the substrate (x = 0) in order to account for the fact that
the gold-evaporation process is more efficient at the top of the
cylinders. The design B has an extra step of fabrication in which
gold at both arms is etched vertically (planes of y constant, see

[ Design A
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) Ik $360nm + h
E $360nm
& -@
>
O L
Q
m
2 Design B
H E
Eh) I 5360nm + h
[0} nm
d « ¢360nm
§ -0

Fig.1 The starting design is the uncovered nanorod dimer (top) which
is known to have good enhancement factor enabling SERS spectros-
copy on target molecules positioned in the gap region. We use feasible
system dimensions and customary optical setup (see for example ref.
18) having a gap length of 25 nm and subject to A = 633 nm normal
incident light polarized along z axis, i.e., parallel to the axis of the
cylinder, thus maximizing the electric field enhancement in the gap.
For the prospect of electrically contacting the system without
degrading the enhancement factor our goal is studying the optical
response after covering the outer regions of the rods leaving the gap
region unaltered. We focus on two geometrical implementations,
design A: a cylindrical cover, and design B: a cylindrical cover laterally
etched. For both cases we show the 3-dimensional shape of the
nanorods and the definition of the geometric parameters (for clarity
only one dimer's arm is shown).
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Fig.2 Simulated optical response of the uncovered nanorod-dimer antenna design of Fig. 1 (top). (a) Enhancement factor versus nanorod length
L. For specific values of L the EF has peaks and valleys. (b) and (d) Surface charge density on the dimer antenna for peak P, (valley V). For
quantitatively visualizing the top and bottom differences panels (c) and (e) present the top, 7.(z), and bottom, ¢_(z), average surface charge
densities for peak Py, (valley V). A colormap of |E,| at the gap for peak P, is included as an inset of panel (b). Notice that at the peak condition, Ay,
# hy_, i.e., the number of nodes in the top and bottom average charge densities are different. This top and bottom mismatch also appears in all
EF peaks, see Table 1. At valley conditions, although Ay, = Ay_, the top and bottom surface charge averages are out of phase.

Fig. 1) restricting the covered parts to have dimension along y
equal to the uncovered diameter. In this way, the design B has
the advantage of being unaffected by potential lateral imper-
fections of the covered parts.

It is well known that for fixed wavelength, diameter, and gap
distance, the uncovered dimer configuration of ref. 17 and 18
must be fabricated at particular nanorod lengths to ensure
working at a local maximum of EF. In these works, the
numerical simulations of the enhancement factor we are
following, see eqn (1) below, lead to excellent agreement with
the measured SERS of target molecules lying in the gap. One
could do numerical simulations fixing the geometry and finding
the optimal wavelength that maximizes the EF. Instead, as in
ref. 17 and 18, simulations fixing the wavelength and diameter
provide more practical information for experimental
purposes—assuming a standard laboratory having 633 nm
wavelength helium-neon sources and sample templates of fixed
diameters, see next section. The EF optimization is performed
by controlling geometrical parameters that are easier to change
in the design as it is the length of the nanorods.

Different fabrication approaches

On the one hand, the chemical synthesis of the metallic cylin-
ders can proceed by means of well-established methods for the
formation of colloidal nanorods*® or nanowires.***" Electro-
chemical on wire-lithography (OWL) methods using inorganic
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porous scaffolds are also available."” Subsequently, the particles
would be deposited on a substrate and submitted to different
types of nanostructuring by means of top-down techniques,
including electron beam lithography and focused ion beam
milling. One possibility is to cover the deposited nanorods or
nanowires with a positive-tone resist and perform electron
beam lithography to uncover part of the cylinders.*” Metal
deposition on the exposed regions, by either electrodes metal
reduction or by metal evaporation, would complete the addi-
tional diameters for the part C in the designed structure fol-
lowed by lift-off. A similar process could be used to open the gap
region through photo-resist covering, electron beam lithog-
raphy to uncover the gap and finally the metal etching proce-
dure. An alternative route to both opening the gap and etching
the lateral faces of region C is by focused ion beam, in which
a focused beam of Ga' ions is used for the removal of material
with nanometric precision.**** In summary, there exists
a variety of available techniques that could be applied in the
synthesis of high quality design A and B or similar covered
nanoantennas.

In particular, the OWL technique, used in ref. 17 and 18, is
described in ref. 22 achieving sub-5 nm fabrication resolution.
One typically fixes the nanorod diameter to be grown by elec-
trochemical deposition of metals within the pores of anodic
aluminum oxide (AAO) templates. We stress that the diameter
value of 360 nm has proven to be an excellent choice for the AAO

© 2021 The Author(s). Published by the Royal Society of Chemistry
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templates; nanorods of smaller diameters tend to break, thus
defeating the purpose of obtaining long arm dimers that could
be covered and electrically contacted, as it is our goal here. This,
again, justifies the fixing of the diameter in our study to be
consistent with the feasible value fabricated and simulated in
ref. 17 and 18. Reproducing these known results for uncovered
dimers ensures a solid ground from which one can evaluate and
qualify the effect of the covering modifications. Importantly, as
our covered design introduces modifications in the regions far
from the gap, the procedure to compute the EF for predicting
the SERS performance remains unchanged and identical to
these relevant references in the field.

Applied numerical method

In order to solve the Maxwell equations and obtain the electric
field, we make use of the discrete-dipole approximation (DDA)
method,* which has been successfully applied to the uncovered
nanoantenna design.*® In particular, we use the well established
and robust DDSCAT 7.3 implementation of the DDA
method.***”

The input parameters (coordinate of the dipoles and mate-
rial properties) were generated for each nanoantenna design
using a custom-made FORTRAN code. The dipoles are arranged
in a cubic lattice (with lattice spacing here taken 5 nm) suitable
for an speed-up via the fast Fourier transform as implemented
in the DDSCAT package.*® As we work with a frequency of w =
271¢/(633 nm) the real and imaginary part of gold's dielectric
constant are & = —11.79916 and &, = 1.22127, respectively.
Once the full solution is obtained, we post-process the output
and obtain the electric field at the surface and the gap area of
the nanoantenna and proceed to compute the quantities
defined in the next section.

Enhancement factor and surface charge densities

In order to characterize the efficiency for SERS applications of
the antennas we use as a figure of merit the enhancement
factor,® g* = |E|*/|E,|*, where E is the local electric field and E,
is the amplitude of the incident electric field. This enhance-
ment is averaged over a surface at the gap region:

_ JIEF/|E'ds

EF s (1)

where dS is the surface area differential over a plane parallel to
one of the rod faces locate 2.5 nm inside the gap. We stress that
for the purpose of predicting an efficient nanoantenna design,
in practice, it suffices computing the EF at a single surface as it
is done here. In the particular case of gapped nanorod dimers,
Pedano et al."” and Li et al.*® have shown that the experimentally
measured SERS signal is well described by the EF computed at
the position that we are adopting here. Notice that the covered
designs, for the prospect of electrical contacting the nano-
antenna, involve modifications in regions far from the gap.
Therefore, for quantifying the ability to detect target molecules
inside the gap with SERS, it is well justified the adoption of the
experimentally validated method to compute the EF presented
in the mentioned relevant references in the field of gapped gold

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nanorod dimers. In the next section, we start from solid
grounds by reproducing the EF obtained in uncovered designs
and proceed to evaluate the effect of the covering
modifications.

It is useful to have an additional way to characterize a given
design, specially for geometrical conditions in which the EF
achieves a maximum or minimum. In these extremal conditions
we resort to analyse the surface charge density of the antenna:
the patterns of changes of sign of the surface charge along the
device, allow for identifying the morphology of the involved
plasmonic excitations. Even though the covered designs have
a complex geometry, sometimes the parity of the excitations can
be identified.

For obtaining the surface charge density o(r;) we apply, at
each position lying on the surface, rs, the Gauss law eg(Equ(rs) —
Ein(rs))-0(rs) = o(rs): where Equ(rs) (Ein(rs)) is the electric field
outside (inside) the metal and n(rs) the unit normal to the
sample at that position. As our goal is the qualitative inspection
of the plasmonic modes, we work with an approximated charge
density obtained using the numerically obtained E,(rs) and
collapsing all the charge to a thin sheet by assuming the perfect
conductor limit (Ej,(rs) = 0). This procedure suffices to capture
the patterns of charge density induced by the plasmonic modes
of interest.

For a simpler characterization of the plasmonic z-depen-
dence along each cylindrical uncovered part of the nano-
antenna, we perform, at each z, the average of the surface charge
density along the circle. Furthermore, we divide this average
into the top and bottom part of the nanoantenna: as we show
below, this is useful for distinguishing differences between
peak and valley conditions and how they change in the covered
designs. The definition of these top and bottom surface charge
density averages are given by:

/2

5. (z)zn*IJ dio($,2) (2a)
—/2
3m/2

5 <z>=nf'j dgo(,2) (2b)
/2

It is particularly useful to account for the number of sign
changes along z of the former quantities. These number can be
written as

d&i (Z)
dz

A, = J;U dz 6(2 - 6i(z)> (3)

3 Results

Uncovered design

We start by computing the EF for the uncovered nanoantenna
design of Fig. 1(top). Fig. 2(a) presents the behavior of EF as
a function L, or equivalently U, since here C = 0. As it is well
known,® a successful design must be fabricated having special
values of L, thus achieving EF of the order of 1700. We label
these peak conditions as P,, P, P,, and P,. (Similarly we label

RSC Adv, 2021, 11, 9518-9527 | 9521
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Table 1 Enhancement factor, Ay, and hAy_ for the uncovered
configuration (here, since C = 0, U = L) at peaks and valleys: see labels
in Fig. 2. Notice the opposite sign of 7..(z) and ¢_(z) at the positions z:
these are the locations of both external edges of each of the dimer's
arm, namely, ze = 0 and z. = 2L + 25 nm

L [nm] EF Tigs fiy— sgN(7(2¢)7_(z.))
Va 320 202 1 1 -1
P, 640 1729 1 2 -1
Vs 880 84 3 3 -1
Py, 1160 1691 3 4 -1
v, 1440 73 5 5 -1
P, 1760 1586 5 6 -1
Va 2000 79 7 7 -1
Py 2320 1476 7 8 -1

the valley conditions V,, V;, V,, and V, since it is conceptually
important exploring these situations.) As shown below the
geometric modifications involved in the covered designs
generate EF values even larger than the best cases achieved in
the uncovered design.

Fig. 2(b) shows the pattern of |E,| at the gap and the surface
charge density for the uncovered antenna of L = 1160 nm,
which is the case of the peak P, with EF = 1691. It is seen that
o(rs) has a different structure at the top and the bottom (with
respect to the x coordinate) of the nanoantenna. This difference
becomes evident in Fig. 2(c) where 6_(z) and 4.(z) are plotted.
Moreover, the number of nodes (positions in which the average
charge densities change sign) is 7iy, = 3 (i.e., odd) and 7iy,_ =4
(i.e., even) for 6.(z) and &_(z), respectively. The same quantities
are plotted in Fig. 2(d-e) for a nanoantenna of L = 1440 nm
corresponding to the valley V. with EF = 73. In this case there is
an out of phase relation between 4.(z) and ¢_(z) and, at the
same time, iy = fiy- = 5 (i.e., odd). From the oscillating z-
dependence of the charge densities one can estimate the SPP
wavelength arising from the simulation to be near 4, = 600 nm,
in close agreement with previous reports for a gap of 24nm*®,

In Table 1 we list the obtained values of 7. for the peaks
and valleys of EF. In the case of 7iy, it is always odd, increasing
with L every two EF extrema; while 71, takes all positive integer
values. We find that in the EF valleys 7. = fiy— and odd. On the
other hand, in the EF peaks 7iy_ = 7y + 1, meaning that 7iy_ is
even whereas 7y is odd. The odd parity of 7iy. is consistent with
the interpretation that from the resonances of the single
cylinder system, arising when L = (n — 1/2)A,/2,°>* only the odd
ones survive for incoming light polarized along the cylinder
axis. The conditions in the length of the dimer arms for
obtaining the resonances get modified when two cylinders
couple and interact in a way that depends on the gap distance
and cylinder diameter.”® Table 1 also highlights that for both
valleys and peaks the averages densities 6.(z) have opposite
signs at the external positions of the nanorods (see examples in
Fig. 2(c) and (e)) zz = 0 and z. = 2L + 25 nm, and thus
sgn(d.(z.)o_(z.)) = —1. These observations—that are particular
to the current ratio between the SPP wavelength and circular
perimeter of the nanorods—are useful in the comparison to the

9522 | RSC Adv, 2021, 11, 9518-9527
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covered designs because they encode qualitative and quantita-
tive features of the SPP generated surface charge patterns at the
extrema of EF.

Improvement of EF in the covered designs

To analyze how EF changes due to the geometrical modifica-
tions imposed by the gold covering, we first study the effect of
the gold layer height & for the covered designs introduced in
Fig. 1. Fig. 3 shows the nanoantennas' EF versus L for different
values of &, while keeping C = 1200 nm. This C is very close to
twice the SPP wavelength which below is shown to be an
optimal design choice. Changing the total length in this case
implies enlarging U since U= L — 1200 nm. We can see that the
increase of the parameter % shifts the position of the peaks
while the EF maximum grows. Both cases show a great
improvement of the enhancement factor compared to the case
without cover (2 = 0), obtaining a maximal EF equal to 4378 at
(h = 120 nm, L = 1680 nm) for the design A, and EF equal to
5242 at (h = 320 nm, L = 2160 nm) for the design B.

(@)
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1200nm 1200nm
—— —

4500
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o804
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2000 2300

L(nm)
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1200nm 1200nm
o —
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N2/
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Fig. 3 Enhancement factor versus length L for different values of h
taking C = 1200 nm in the covered designs shown in Fig. 1. In both
designs the added covering layer, even though it is added far from the

gap, can generate larger EF than in the uncovered design of h = 0. The
position of the largest obtained EF values are similar in both designs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Simulated optical response of the covered design B presented

z(pum)

in Fig. 1. (@) Enhancement factor versus nanorod length L. For specific

values of L the EF has peaks and valleys. (b) and (d) Surface charge density on the dimer antenna for peak Pg (valley Vp). For quantitatively
visualizing the top and bottom differences panels (c) and (e) present the top, (), and bottom, o_(z), average surface charge densities for peak Pg

(valley V). A colormap of |E,| at the gap for peak Pg is included as an i

nset of panel (b). Notice that for the peak condition, in contrast to the

uncovered case presented in Fig. 2, here Ay, = Ay _, i.e., the number of nodes in the top and bottom average charge densities are equal (see Table

2). This top and bottom in phase matching (see panel(c)), induced by the
achieve larger EF values than the uncovered dimer.

Our simulations demonstrate that the covered designs, if
they are built with the appropriate geometrical parameters, not
only do not degrade the EF but also achieve values of EF that
double or even triple the EF value obtained in an optimal
designed uncovered nanorod dimer. This is one of the main
results of the paper: that this geometry-induced EF improve-
ment appears in slightly different designs. We note at this point
that, due to its lateral etching, the design B is more robust to
imperfections of the gold layer produced in the covering
process. For this reason, in what follows, we explore in detail the
case of design B. Design A behaves qualitatively similar than
design B, ie., it achieves large EF values sharing the below
presented robustness to imperfections.

Surface charge densities in peaks and valleys

Fig. 4(a) shows the improved EF as function of L for the design B
with C = 1200 nm and /2 = 200 nm. In Fig. 4(b) and (d), for the L
value of the peak Py and the valley V; (see labels in Fig. 4(a)), the
surface charge density is shown using 3D positioned colormaps.
We also present the corresponding top and bottom average
charge densities, see eqn (2), as a function of z in panels (c) and
(e). It is important to note that, as shown in the inset of Fig. 4(b),
the |E,| colormap at the gap corresponding to peak P has the
same mode than the uncovered design (see the inset in Fig. 2(b))
but with larger amplitude. Therefore the reason of this
enhancement, as we discuss below in more detail, is not related
to intra-gap physics.

Table 2 presents relevant data for a sequence of peaks and
valleys corresponding to both the C = 1200 nm case of Fig. 4

© 2021 The Author(s). Published by the Royal Society of Chemistry

geometrical modification far from the gap, allows the covered design to

and the C = 120 nm case (not shown). A first difference from the
uncovered case is that the top and bottom average charge
densities have the same sign at the edges of the antenna, ie.,
sgn(.(ze)o_(ze)) = +1. The covering also modifies the behaviour
of the numbers of nodes of the average densities along the
uncovered parts, U, see eqn (3). We find that at the EF peaks 7y
= fiy and even: see for example the case shown in Fig. 4(c) with
fiyx = 4, having an in phase relation between ¢.(z) and .(2)
along the uncovered part. This is in contrast to what happens in
the uncovered design of Fig. 2, see Table 2, in which: (i) at EF-
peak conditions there is a parity mismatch between the top
and bottom average charge densities, and (ii) at valley condi-
tions one finds odd 7y, = fiy— but having an out of phase
relation. Therefore, for designs with optimal C values (see

Table 2 EF, A, and A_ for design B covered nanoantennas of h =
200 nm with either C = 120 nm or C = 1200 nm at U lengths devel-
oping peaks or valleys. The labels for the C = 1200 nm case are pre-
sented in Fig. 4(a)

(C, U) [nm] EF figs fiy— sgn(7(z.)7(zc))
(120, 440) 4628 2 2 +1
(120, 720) 66 2 3 +1
(120, 1000) 3937 4 4 +1
(120, 1280) 71 4 5 +1
Py (1200, 440) 4271 2 2 +1
A (1200, 720) 74 2 3 +1
Py (1200, 1000) 3810 4 4 +1
Vs (1200, 1280) 70 4 5 +1
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Fig. 5 (a) Enhancement factor versus uncovered length U for different

values of h in the covered design B with C = 1200 nm. The dotted lines,
labeled by U, and U,, are located at the U values in which the EF peaks
develop. Notice they lie near the position of the EF valleys for an
uncovered antenna with full length U. Moreover, panel (b) shows that for
values of U that produce peaks in an uncovered antenna of full length U,
the covered nanoantenna of length L = U + 1200 nm worsens its EF
when h grows. Thus, a good design choice based solely on the knowl-
edge of the uncovered case is choosing an uncovered length that would
generate a valley if that section were an isolated uncovered dimer.

below), the geometrical modification imposed by the addition
of the covered part makes the top and bottom average charge
densities in the U region to become in phase, thus enabling the
possibility of achieving higher EF values than the largest EFs
obtained with the uncovered design.

Dependence with geometrical parameters

Fig. 5(a) shows the EF values as a function of the uncovered
length U of the design B with C = 1200 nm nanoantennas for
different covering gold height 4. We only focus on % values up to
the order of the diameter of the original cylinder (360 nm) since
larger values of 7 makes the sample to differ substantially from
the original geometrical configuration, thus falling beyond the
scope of this study. Fig. 5(a) also presents the EF curve for the
fully uncovered case having each arm length equal to U (note
this corresponds to the same curve given in Fig. 2(a)). In
Fig. 5(b) we plot the EF dependence with # for fixed values of U.
We find that the choice of U values near peak conditions in the
uncovered design are undesirable as they lead to low values of
EF. On the other hand, the EF grows with / up to 600 nm when
choosing U values near the valley conditions of the uncovered
design: notice they fall near the U, and U, conditions in which
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Fig. 6 (a) Enhancement factor versus uncovered length U for different

values of C in the covered design B with h =200 nm. Notice that, once
again, the obtained EF is not improved by the existence of a C part for
U values that would develop a peak (see P, and Pp) if the uncovered
section were an isolated dimer. The dotted lines, labeled by U, and U,,
are the ones defined in Fig. 5 lying near the position of the EF valleys for
an uncovered antenna with full length U. Panel (b) shows the EF
dependence as a function of C at U, and U,. These values continue
being favourable choices for achieving large enhancement.

the largest EF values are achieved. This is consistent with the
fact that both at EF valleys of the uncovered design and at EF
peaks of the covered design it holds that 7y, = 7iy_.

For the covered design B with # = 200 nm Fig. 6(a) shows the
enhancement factor as function of the uncovered length U for
different covered lengths C. For U values in which an uncovered
dimer with arms of length U would develop a peak (see P, and
P,) the enhancement factors of the covered design is small.
Fig. 6(b) shows the EF dependence as a function of C for the U,
and U, values presented in Fig. 5: the ones lying near the
position of the EF valleys for an uncovered antenna with full
length U. As in the case of Fig. 5 this choices of Uvalues are good
candidates for amplifying the EF with respect to the uncovered
design. In particular large EF values are reached at a broad
region near C lengths multiples of the surface plasmon polar-
iton wavelength, e.g. 600 nm and 1200 nm. However, very low EF
values are obtained for C lengths near odd multiples of 4,/2, e.g.
300 nm and 900 nm and thus they must be avoided.

Robustness to geometrical asymmetries and defects

Given a particular sample fabrication and design processes, the
detailed geometry and quality of the dimer can be very different
requiring the realization of sample specific simulations.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Robustness of the enhancement factor to differences in the
lengths between the first and second arm of the dimer: see sketch at
the bottom right panel defining AL = L, — Ly, AU = U, — Uy, and AC =
C, — Cy. This design B dimer has a h = 200 nm gold layer and the first
arm is taken along the line Uy, see Fig. 5(a), with Uy =960 nm and C; =
1200 nm: if the second arm were identical the reached EF would be
3405, i.e., slightly lower than the value at the peak Pg given in Table 2.
(@) Enhancement factor for AC = 0 as a function of AU = AL. (b)
Enhancement factor for AU = 0 as a function of AC = AL. (c)
Enhancement factor for AL = 0 as a function of AU = —AC. In all cases
the error can be of the order of 100 nm and the resulting EF is still
higher than the best obtained EF value in the uncovered design: see
the black dotted line.
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Covering all possible cases falls beyond the scope of this work,
however, it is important to explore some simple scenarios of
sample imperfections. We aim at knowing how the improve-
ment of the enhancement factor, demonstrated above for the
case of a perfect dimer, behaves in the presence of geometrical
asymmetries in the fabrication. For this, as shown in the bottom
right panel of Fig. 7, we consider a dimer in which the first arm
has total length L, = C; + U; with C; (U;) its (un)covered length
and the second arm has total length L, = C, + U, with C, (U,) its
(un)covered length. We define the differences AL = L, — Ly, AC
=C, — Cy,and AU=U, — U;.

In Fig. 7 we present simulations of the enhancement factor
for three cases of geometrical asymmetries in the design B with
h =200 nm. The first dimer arm is always fixed at U; = 960 nm
and C; = 1200 nm so that the obtained EF value would be 3405
in the case of perfect symmetry, AC = AU = AL = 0. This EF
value is slightly below the EF at the peak Py presented in
Fig. 4(a) and listed in Table 2. Similar quantitative conclusions
can be reached by working with the first arm dimensions (Cj,
U,) set to other values in which perfect symmetry would make
the dimer to reach an enhancement factor peak surpassing the
uncovered nanoantenna performance. In Fig. 7(a) we consider
the case of AC = 0 and show the EF dependence with AU = AL.
In Fig. 7(b) we consider the case of AU = 0 showing the EF
dependence with AC = AL. These two simulations show that, in
case of good matching one of the lengths (e.g., either U, or C, is
well matched to the first arm), it is better having negative
fabrications errors in the other length (i.e., U, < U; or C, < C;).
Fig. 7(c) shows the EF dependence with AU = —AC for the case
of AL = 0. Notably, all these simulations show that, even for
100 nm errors, the reached enhancement factor still surpasses
the one obtained at the EF peaks of the uncovered design.

(b)

I\ —e—t=30nm
4000 + ——t=40nm
[ * A |+ C=1200nm
' / \, |—c=0
i f \
3000 F /o
| »
[ J |
m / \
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Fig. 8 Robustness of the enhancement factor to defects located at the interface between the original cylinder and the covering layer. (a) Top:
Sketch locating the thickness t layer in which vacancies are introduced. Bottom: Colormaps showing portions of the randomly generated
patterns of vacancies corresponding to t = 30 nm and t = 40 nm. (b) Enhancement factor as a function of L for the two situations with defects,
being compared to the case without defects and to the case of the uncovered design. The simulation corresponds to the design B dimer with h =
200 nm gold layer and C = 1200 nm. The resulting EF curves develop peaks that achieve higher values than the best obtained EFs in the

uncovered design: see the black solid line.
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Finally, we also simulate the presence of defects at the interface
between the original cylinder and the covering layers. First, as
shown in Fig. 8(a), the vacancies are present over a thickness ¢
centered at this interface. To create the pattern we start by
randomly choosing vacancies on the surface with a density of one
every 70 x 70 nm? and randomly grow the defect area and depth
over several algorithm iterations. Colormaps corresponding to
realizations of disorder for ¢ = 30 nm and ¢ = 40 nm are shown at
the bottom of Fig. 8(a). We introduce these vacancies in the
simulation of design B with covering length C = 1200 nm and
layer height 2 = 200 nm. As seen in Fig. 8(b), the enhancement
factor in presence of the vacancies gets reduced with respect to the
case without imperfections. However, even for the large values of ¢
simulated, the EF peaks continue being superior to the largest
values obtained in the uncovered design.

4 Conclusions

We have shown that the covered designs presented in Fig. 1 have
the ability to reach large values of the enhancement factor
surpassing the ones achieved in the uncovered design. This is true
even in the presence of geometrical asymmetries in the dimer or
vacancies at the interface between the nanorods and the covering
layers. We find that the EF improvement arises as a result of
a geometrical-induced rearrangement of the surface plasmon
polaritons. This can be qualitatively understood by means of the
location-resolved average charge densities defined in Section 2
having even number of nodes in the uncovered section with the
top and bottom average densities becoming in phase at the peak
conditions. We have discussed different approaches for the
fabrication of these devices. Optimal choices of the covering
length C prove to be integer multiples of the SPP wavelength, here
around 600 nm. For the uncovered length U we have found that it
is detrimental to the EF choosing values that would produce an EF
peak in the uncovered dimer with length U arms, indeed, the best
choices are near the positions in which such uncovered dimer
would develop an EF valley.

Our results show that, by geometrically engineering the gold
covering added far from the hot-spot, covered designs can reach
EF values larger than the highest ones obtained with uncovered
designs. This finding, that could be extended to other dimer
geometries, paves the way towards electrically contacting
uncovered dimers while at the same time improving their
performance in optical spectroscopy applications. In addition,
due to their superior enhancement factors, non-contacted
covering engineered designs can also expand the toolbox of
high-performing SERS spectroscopy nanoantennas.
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