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and Gaëtan Lévêque *

We explore numerically and experimentally the formation of hybridized modes between a bright mode

displayed by a gold nanodisc and either dark or bright modes of a nanorod – both elements being either

separated by a nanometer-size gap (disconnected system) or relied on a metal junction (connected

system). In terms of modeling, we compare the scattering or absorption spectra and field distributions

obtained under oblique-incidence plane wave illumination with quasi-normal mode computation and an

analytical model based on a coupled oscillator model. Both connected and disconnected systems have

very different plasmon properties in longitudinal polarization. The disconnected system can be

consistently understood in terms of the nature of hybridized modes and coupling strength using either

QNMs or coupled oscillator model; however the connected configuration presents intriguing

peculiarities based on the strong redistribution of charges implied by the presence of the metal

connection. In practice, the fabrication of disconnected or connected configurations depends on the

mitigation of lithographic proximity effects inherent to top-down lithography methods, which can lead

to the formation of small metal junctions, while careful lithographic dosing allows one to fabricate

disconnected systems with a gap as low as 20 nm. We obtained a very good agreement between

experimentally measured scattering spectra and numerical predictions. The methods and analyses

presented in this work can be applied to a wide range of systems, for potential applications in light–

matter interactions, biosensing or strain monitoring.
Introduction

Fano proles in coupled metal nanoparticles displaying local-
ized surface plasmon (LSP) modes have been investigated in
recent years in view of potential applications, such as biosens-
ing.1,2 Following theoretical predictions,3 Fano resonance has
been observed in various types of structures such as inter alia:
nanoclusters,4 plasmonic particles involving nanorods, metal–
insulator–metal systems,5,6 and between interconnected metal
structures.7 A fundamental condition for the observation of
a Fano prole is the interference between spectrally-overlapping
broad and discrete modes.8 As so-called dark-modes display
weak scattering losses, they generally play the role of narrow
resonance, while the broad one results from the excitation of
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a bright mode with a strong dipolar component. However, Fano
proles can also be obtained between bright modes, as has been
investigated theoretically by Forestiere et al. using a quasi-
electrostatic approach,9 or experimentally and numerically by
Lovera et al.10

Changing the gap which separates the nanoparticles allows
tuning the system between weak and strong coupling. For large
gaps, each nanoparticle maintains its own modal properties,
but below a critical value,11 individual modes hybridize and
Fano resonances result from interference between sub- and
super-radiant collective modes. Strong coupling in plasmonics
has been investigated between metal particles and Fabry–Pérot
resonators,12 propagating surface plasmons,13,14 localized
waveguide resonances,15 and quantum emitters.11,14,16 Besides,
as metal nanorods display an arbitrarily large number of alter-
nating bright and dark modes depending on their length, they
have frequently been used to investigate Fano resonances and
strong coupling, combined in linear arrangements,17,18

“dolmen-type” assemblies,19,20 T-shaped dimers,21 H-struc-
tures,22 c-shaped structures,23 or coupled to nanospheres.24

In both strong and weak coupling, information about
interfering modes can be obtained by comparing extinction
spectra with ad hoc tting equations,1,21 coupled-oscillator
Nanoscale Adv., 2022, 4, 1173–1181 | 1173
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models,10 and analytical expressions based on electrostatic
approximation.23 However, direct numerical access to the so-
called quasi-normal modes (QNMs) displayed by either indi-
vidual or coupled systems has been made possible recently,
allowing one to obtain essential information on pure eigen-
modes—such as resonance wavelengths or widths—without
having to deal with the problem of mode overlapping and
complex illumination conditions necessary to break unwanted
symmetry properties.25–27 Strong coupling has been investigated
using QNM simulations in a variety of systems with interacting
metal nanoparticles.28–31

In this article, we investigate the transition between weak
and strong coupling regimes in the electromagnetic interaction
between metallic nanorods (NRs) and metallic nanodisks (NDs)
in physical proximity or conductive contact. We combine stan-
dard scattering and absorption spectra computation under
plane wave illumination and QNM simulations based on
a home-made iterative procedure allowing one to compute
complex wavenumbers. The modeling allows deep physical
insight and several predictions to be made concerning con-
nected and disconnected NR–ND nanostructures. Practical gold
NR–ND nanostructures are fabricated on silicon wafers using
electron beam lithography for li-off patterning of metalliza-
tion, and are subsequently characterized optically using an in-
house characterization bench.32 The measurements are then
compared with the predictions of the modeling.
Numerical investigation

The NR is parallel to the Oy axis and has a width w¼ 40 nm and
a varying length L, while the ND has a radius R ¼ 66 nm, both
having a thickness e¼ 30 nm and lying on a silica substrate with
a refractive index n¼ 1.5. Two congurations are considered. In
the hereaer called “disconnected” case, (Fig. 1a, top), both
components are separated by a gap g. Its value will be either
varied or xed to a reference value of g ¼ 22 nm. In the “con-
nected” system, (Fig. 1a, bottom), the gap is lled with a small
bridge of gold with length 22 nm. In both situations, the
structure is illuminated from the glass substrate by a plane wave
with wavenumber k0 parallel to the (xz) planes, the polarization
being either p (H0ky) or s (E0ky), Fig. 1(b). The incidence angle q
is set to a reference value of 45� in the following, unless
otherwise specied.
Fig. 1 Schematic of the investigated nanostructure: (a) top-view of
the disconnected (top) and connected (bottom) configurations; (b)
side-view in the incidence plane for p polarization.

1174 | Nanoscale Adv., 2022, 4, 1173–1181
Numerical simulations were done with open-source so-
ware: both plane wave illumination and quasi-normal-mode
nite element simulations have been performed using Free-
Fem++,33 aer elaboration of the geometry and the generation
of a mesh using Gmsh.34 Details on the numerical procedure are
supplied in ESI, Section 1.† Scattering and absorption spectra of
the isolated nanodisk and two nanorods with different lengths
are plotted in Fig. S3.† QNM simulations indicate that the ND
alone has a 114 nm-wide dipolar resonance centered at 682 nm.
The 84 nm-long NR shows one resonance close to 645 nm with
width 48 nm, corresponding to the lowest order bright mode,
while the 244 nm-long NR shows a maximum close to 715 nm
with width 37 nm corresponding to the lowest order dark mode.
In the following, the order of NR modes will indicate the
number of surface charges nodes dsitributed along its axis: odd
modes are bright, while even modes are dark.
Disconnected nanorod–nanodisk

Bright and darkmodes of the NR are susceptible to interact with
the ND dipolar mode when the two components are placed
close to each other. In this conguration, computed scattering
spectra presented in Fig. 2 differ a lot with polarization. Indeed,
as the incidence plane (Oxz) is perpendicular to the NR axis, see
Fig. 1, the incident eld imposes a symmetry selection rule on
modes excited inside each nanoparticle: for p (resp. s) incident
polarization, only NR dark (resp. bright) modes can be excited,
together with the x-oriented (resp. y) dipolar mode of the ND.
For p polarization, the excitation of dark modes is mediated by
the dipolar mode of the nanodisk, which acts as a secondary
localized source facing the center of the nanorod.

Fig. 2(a) and (b) show the effect of varying the nanorod
length L. Fig. 2(a) and (b) show scattering spectra in color,
respectively, for p and s polarizations, together with the wave-
lengths of the QNMs in black solid lines, and the dashed lines
indicate the resonance width of each mode extracted from the
imaginary part of the complex eigenfrequencies. The wave-
lengths of the uncoupled ND and NR are indicated by black
crosses. Below each scattering spectrum are plotted eld
distributions under plane wave illumination or associated with
QNMs, for parameters indicated by colored dots in the spectra.

In p polarization, scattering spectra in Fig. 2(a) show clear
minima for specic ranges of NR lengths where its second (Lz
220 nm) and fourth order (Lz 480 nm) dark modes are close to
the ND resonance. If this behaviour suggests a Fano prole
resulting from interferences between the NR dark modes and
the ND bright mode, QNM simulations clearly indicate
a different type of interaction between the shorter and longer
NR: a mode anti-crossing is obtained, as shown in Fig. 2(a), for
the second order mode, while a mere overlapping occurs for the
fourth order mode. This is in agreement with the scattering
spectra presented in Fig. S4(a),† where a minimum absorption
is obtained close to the middle of the anti-crossing at L ¼
220 nm, while a maximum occurs close to L ¼ 480 nm. Hence,
the ND dipolar mode and the NR second order dark mode splits
into two branches whose widths rapidly change close to the
anti-crossing, demonstrating a plasmonic strong coupling.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Numerical modeling of the disconnected system. Left panel shows the effect of the nanorod length L: (a) scattering spectrum for p
polarization and (b) for s polarization, compared with QNM wavelengths (solid lines) and widths (dashed lines, separated by half the full width at
half maxium for readability). For each polarization, QNMs are plotted for selected parameters indicated by colored dots. Colormaps show the
intensity of the field 10 nm above the interface, whereas the amplitude of the surface charges is plotted in grayscale on the particle surface. The
right panel shows the effect of the gap variation. (c) Scattering spectrum as a function of the gap for p polarization, and QNMs for wavelengths
and gaps indicated by the colored dots (bottom). (d) Fit of the extinction spectra with a coupled oscillator model for a gap varying from 10 nm
(bottom) to 100 nm (top) with a 10 nm step. Inset: evolution of the normalized coupling coefficient with the gap.
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Field distributions for L ¼ 228 nm show light enhancement
within the gap only for the lower branch, which then corre-
sponds to the bonding combination of the NR second order
dark mode and the ND dipole mode, while the upper branch is
associated with the anti-bonding mode. Note that the term
“bonding” refers to the fact that the surface charges are of
opposite sign on both sides of the gap, which implies an
attractive and then a negative electrostatic interaction term
which lowers the energy of that mode. The anti-bonding mode
has charges of the same sign inside the gap, implying a repul-
sive positive term which increases its energy. The red dot marks
the wavelength where minimum scattering is reached for this
NR length: the corresponding eld distribution computed for
plane wave illumination shows a low eld inside the ND
compared to the NR, as the eld scattered by the nanodisk is
mostly absorbed by the NR. Finally, when the fourth-order dark
mode interacts with the ND dipole (close to L ¼ 480 nm), both
modes are slightly shied but no hybridization occurs: the
Fano-type asymmetric proles observed in the scattering
spectra are a sign of interferences between unhybridized NR
dark and ND bright plasmon modes.

For s polarization, the incident eld can only excite anti-
symmetrical modes with respect to (Oxz), which are odd-parity
bright modes of the NR, and the y-oriented dipolar mode of
the ND. In Fig. 2(b), an obvious difference with the p polariza-
tion is that no anti-crossing can be observed. QNM calculations
show that a simple mode crossing is obtained when the NR
length is close to 92 nm. For this parameter, the wide dipolar
© 2022 The Author(s). Published by the Royal Society of Chemistry
mode associated with the ND weakly interacts with the rst NR
bright mode, which mostly results in a small blue shi of the
ND mode, without a noticeable change of the width. Field
distributions of both QNMs at the crossing point, indicated by
a cyan dot, show that the light remains mostly conned close to
the NR for the narrowmode, while the widemode, despite being
localized mostly around the ND, still has a signicant contri-
bution close to the NR. However, interference occurs between
the eld scattered by the nanorod and the disk, as can be seen
in Fig. 2(b), resulting in either reduced (L¼ 92 nm) or enhanced
(L ¼ 360 nm) scattering, whereas the opposite is obtained for
absorption, Fig. S4(b).†

We nally present the inuence of the gap on the coupling
between the ND dipolar mode and the NR second order (dark)
mode, in the case of p polarization. Fig. 2(c) shows the effect of
the gap g on the scattering spectra, together with the position
and width of the QNMs, when the ND interacts with a 228 nm-
long NR. For this particular value of L, the resonance wave-
lengths of the isolated NR and ND are almost identical as can be
veried for g ¼ 100 nm. This simulation clearly evidences
a bifurcation point (E) close to g ¼ 40 nm, below which the NR
dark mode and the ND dipolar mode start to hybridize into
bonding and antibonding modes with comparable widths,
while the system enters into a strong coupling regime. Movie S1
in the ESI† clearly shows the abrupt change in the eld distri-
bution on both sides of the bifurcation point. This is illustrated
by eld maps in Fig. 2(c), where the top half of each plot
corresponds to the upper branch (bonding mode and ND
Nanoscale Adv., 2022, 4, 1173–1181 | 1175
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Fig. 3 Numerical modeling of the connected system. (a) Scattering
spectrum for p polarization and (b) for s polarization, compared with
QNM wavelengths (solid lines) and widths (dashed lines). (c) QNMs
for s and p polarizations (see Fig. 2). Thewhite dashed lines indicate the
areas where surface charges cancel. (d) Surface charge distributions
for the ND mode (red dot on (b)) resulting from the hybridization
between a dipolar and a quadripolar mode. (e) System connected by
a wire of varying lengths and (f) NR or ND connected to an infinitely
long wire.
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dipolar mode) and the bottom half shows the lower branch
(anti-bonding mode and NR dark mode). The blue dot indicates
a gap of g ¼ 14 nm, where a clear distinction between eld
distributions of the bonding and anti-bonding modes is ob-
tained, similar to the above discussion. At the bifurcation point
(red dot), both eld maps are quasi indistinguishable, as are the
wavelength and width of both modes. For a large gap (green
dot), eld distributions and complex wavenumbers are consis-
tent with the isolated particle properties. Note that a strong
coupling is obtained (not shown) at the second crossing close to
L ¼ 480 nm, for a gap lower than 8 nm.

The transition from a weak to strong coupling regime
generally occurs when the coupling strength between the two
oscillators exceeds the losses.10,11,35 In order to assess the
coupling between the two interacting modes, we have used
a coupled oscillator model given by the following set of
equations:36

€xb + gb _xb + ub
2xb + gxd ¼ f exp(�iut)€xd + gd _xd

+ ud
2xd + gxb ¼ 0 (1)
1176 | Nanoscale Adv., 2022, 4, 1173–1181
where xb and xd are the responses of the so-called diabatic (i.e.
uncoupled) bright and dark modes, respectively, ud and ud are
the associated resonance frequencies, gb and gd are the losses
and g is the coupling parameter. The incident plane wave has an
amplitude f and is only coupled to the bright mode. The
analytical resolution of the system of eqn (1) allows expressing
the amplitude of the bright mode dipole as xb(u) ¼ (ud

2 � u2 �
igdu)/[(ud

2 � u2 � igdu)(ud
2 � u2 � igdu) � g2]. The imaginary

part of xb(u) has been used to t the numerical extinction
spectra. When ub ¼ ud ¼ u0, the critical value of g between the
weak and strong coupling is simply expressed as

gc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u0

2 � ðgd � gbÞ2=8
q

ðgd � gbÞ=2. Fig. 2(d) and S5† show

the evolution of the t with the gap variation. Diabatic modes
have a weakly varying width with the gap, consistent with values
found for isolated particles (see Section 2 in the ESI†). The red-
shi of their resonance wavelengths for small gaps is attributed
to the screening effect induced by the proximity of the other
nanoparticles.37 The consistency of this approach is demon-
strated by the fact that for a gap of 40 nm, which corresponds to
the weak to strong coupling transition as found with QNM
simulations, the normalized coupling coefficient g/gc is very
close to 1. Similar calculations performed as a function of the
nanorod length for g ¼ 22 nm show that the coupled oscillator
model predicts as well a strong coupling close to L ¼ 235 nm (g/
gc z 1.6, Fig. S6†), while close to L ¼ 480 nm the weak coupling
is conrmed by the value g/gc z 0.75, lower than 1, Fig. S7.†

Connected nanorod–nanodisk

We examine now the case where the nanocylinder and the
nanorod are connected by a small conductive bridge, the
previous 22 nm gap being lled with gold. This situation is
different from the direct contact between the ND and the NR, g
¼ 0 nm, which is anyway a mathematical limitation realized
along a vertical line and which never occurs experimentally.
Moreover, it is known that for gaps below a few nanometers,
non-locality must be taken into account in the response of the
metal, while quantum effects can occur for gaps below 1 nm,
with important impacts on the resonance wavelengths and
enhancement factors.38,39

Fig. 3 shows the results of the simulated scattering spectra
for s, (a), and p polarization, (b), of the incident plane wave,
together with the QNM wavelengths and widths, and selected
eld distributions, (c). Almost no differences with the discon-
nected nanostructures are observed in the scattering spectra
for s polarization, where two surface plasmon modes with
dipolar eld distributions are identied: the wider mode, with
a resonance wavelength of about 680 nm, is localized mostly on
the disk, while the sharper mode with a L-dependent wave-
length is localized on the rod, see Fig. 3(c), top. As for the
disconnected system, there are particular values of L for which
both modes are degenerate, close to L ¼ 105 nm and L ¼
460 nm, with a slight blue-shi of the larger mode close to the
rst intersection. Overall, the similarity to the disconnected
system for s polarization directly results from the fact that,
because surface charges cancel in the incidence plane (which is
an anti-symmetry plane for the system), the associated plasmon
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Schematic representation of the electron beam lithographic patterning of the Fano-type structures. (i) Ideal patterning without
overdosing or proximity effects; (ii) and (iii) show how the electron beam proximity effect can be harnessed to control the bridge in connected
Fano-type structures whilst maintaining the shape and size of the individual disc and rod mesas. (b and c) Scanning electron microscopy images
of the nanometer-sized, metallic Fano-type structures that we were able to create by harnessing the electron beam lithography proximity effect:
(b) disconnected Fano-type nanostructures and (c) connected Fano-type structures.
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modes barely “see” the gap and the resulting spectra are mostly
unchanged by the metal connection. This can be veried by the
Movie S2 in the ESI† which compares the QNM eld distribu-
tions for disconnected and connected nano-objects in s polar-
ization. However, the resonances of the connected system are
blue-shied compared to the disconnected system, which can
be explained by a reduction of the effective length of the rod due
to the expulsion of the surface charges from the gap.

In p polarization, Fig. 3(b), the situation is very different as
surface charges, which in the disconnected system are for
example enhanced in the gap area for the bonding mode, are
completely redistributed in the presence of the metal connec-
tion, with dramatic effects on the plasmonic properties. The
scattering and absorption (see Fig. S8†) spectra show a succes-
sion of branches well separated by anti-crossings close to L ¼
240 nm and L ¼ 460 nm. Again, QNM simulations help in
understanding the shape of the associated surface plasmon
modes. In the attened portion of the branches, the eld is
mostly enhanced on the nanodisk (Fig. 3(c), red dot), and the
width reaches 0.16 mm�1 for a wavelength of 644 nm, much
lower than the resonance wavelength of the isolated ND. The
eld is localized on the NR part in the oblique branches, and the
resonance width is about 0.12 mm�1 for L � 350 nm, where the
resonance wavelength is 790 nm. These values are to be
compared with 0.24 mm�1 for the isolated nanodisk and 0.096
mm�1 for the isolated nanorod with the same resonance wave-
length. Hence, far from anti-crossings, the ND (resp. NR) plas-
mon mode is narrower (resp. larger) in the connected system
than the disconnected system. A simple qualitative interpreta-
tion can be given in both cases. For the ND plasmon mode, the
surface charge distribution cancels in the metal connection,
which is consistent with the superposition of a longitudinal
dipole and a lower-wavelength, narrower (because dark),
© 2022 The Author(s). Published by the Royal Society of Chemistry
quadrupolar mode, as shown in Fig. 3(d): charges are then
expelled from the gap region, the resonance wavelength is blue
shied and the reduced scattering losses make the mode nar-
rower. In the oblique branches, the eld is localized on the NR;
however the mirror symmetry of the mode along the NR axis is
broken in the presence of the metal connection, resulting in
a non-zero net dipolar momentum along the (Ox) direction:
scattering losses are then increased and the mode is wider.
Similarly in s polarization, the resonance wavelength is blue-
shied due to reduced effective length of the NR related to
the connection. Close to the rst anti-crossing, L ¼ 240 nm, the
low-energy mode (green dot) is characterized by a eld
enhanced on the connection and shows three nodal lines in the
surface charge distribution (white dashed lines) with one in the
middle of the metal connection: like the disconnected system,
the lowest frequency mode has charges of opposite sign on both
edges of the metal bridge. The second mode (blue dot) has no
charge cancellation in this area, consistently leading to a higher
frequency due to the resulting repulsive interaction. Movie S3
included in the ESI† shows the QNM eld and surface charge
distribution as a function of the NR length in p polarization for
both connected and disconnected congurations.

Similarly in the case of the disconnected system, we can
wonder whether it is possible to use a coupled oscillator model
to t the extinction or scattering spectra obtained above in p
polarization, in order to describe the plasmon modes of the
connected system as the interaction between two unhybridized
or diabatic modes and recover a coupling parameter. However,
the fact that both modes are radiative, as discussed above,
makes the model described using eqn (1) inapplicable as both
diabatic modes are excited by the incident plane wave and
interfere in the scattering spectra. As a consequence, a more
general model like the one used by Lovera et al.10 could be used,
Nanoscale Adv., 2022, 4, 1173–1181 | 1177
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but at the cost of three additional parameters: the polar-
isabilities of the diabatic modes and the distance between
them. In practice, the large number of free parameters implies
that a good enough t of the numerical scattering spectra can be
obtained for very different sets of diabatic modes (wavelength
and width), and does not give further physical insight. Finally,
when compared to the disconnected case, it is obvious that it is
not possible anymore to easily describe the plasmon modes of
the connected nanostructure as an interaction between the two
modes of the uncoupled NR and ND. But in the light of the
previous discussion, the effect of the metal junction can be seen
as (i) expelling the surface charges from the contact area and (ii)
inducing a coupling between the two halves of the structures.
Diabatic modes would be the result of (i), and the exact
numerical simulation of these uncoupled modes is not obvious.
The nature of these modes can be however guessed by consid-
ering that the connected system investigated in this work is the
short length limit of a NR and a ND connected by ametal wire of
length g, see Fig. 3(e). In this model, the unhybridized modes
would be associated with a NR or a ND connected to an in-
nitely long wire as shown in Fig. 3(f). The full investigation of
this mechanism is however beyond the purpose of this paper.
Experimental methods and results
Top-down nanofabrication

Individual, stand-alone metallic nanostructures can be
precisely patterned glass substrates using a combination of
electron beam (eBeam) lithography, evaporation of thin lm
metals, and li-off processes.40,41 Such structures have been
optically-characterized.32 However, Fano-type structures require
the precise tailoring of multiple nanometer-sized metallic mesa
features. In addition to this, the small spacing between the
structures must be accurately and precisely controlled as the
gap governs the electromagnetic coupling and hence the overall
behavior of the structure. These structures can involve a nano-
meter-sized gap or a small metallic link bridging the two
mesa features-thus Fano-type structures can be termed
disconnected or connected.
Fig. 5 Comparison between the experimental, (a and c), and numerical, (b
for p, (a and b), and s, (c and d), polarizations. The nanorod length in nano
model, the value of g/gc being given in red for L¼ 208 and 488 nm. Comp
maxima for the nanorod length up to 376 nm for p, (e), and s, (f), polariz

1178 | Nanoscale Adv., 2022, 4, 1173–1181
The lateral size and gap width of the resulting metallic Fano-
type structures are governed by the eBeam lithographic
patterning—the evaporation process governs the thickness.
Ideal patterning of such structures is shown schematically in
Fig. 4a(i) (disconnected Fano-type structure). However, due to
non-ideal dosing and proximity effects,42 such patterning of
metallic mesas in close proximity is challenging to achieve in
practice. In contrast, in order to gain control of the gap and
bridge width of the Fano-type structures—whilst maintaining
the shape and size of the disc and rod—here we have exploited
the lithographic proximity effect43–45 to our advantage. Ulti-
mately, the proximity effect (modied by dosing) between two
patterns leads to a transition from a no bridge and a gap-like
disconnected Fano-type structure somewhat like that shown
in Fig. 4a(i) to connected structures shown in Fig. 4a(ii) and (iii).

The fabrication process of the nanostructures involves
substrate cleaning, resist deposition by spin-coating, eBeam
lithography, resist development, evaporation metallization, and
li-off. First, 170 mm thick glass substrates (Schott D 263®M
Glass – Thorlabs) were cleaned using standard substrate
cleaning methods (solvents, piranha solution)46 and dehydrated
(180 �C for 10 minutes). Following this, a bilayer eBeam resist is
deposited onto the glass wafer surface. The rst resist layer is
a 400 nm thick layer PMMA EL13% (MicroChem, USA) and is
deposited onto the glass substrate by spin coating at 4500 rpm/
1000 rpm s�1/15 s. A second resist layer (PMMA 950k diluted 5/3
Anisole, MicroChem, USA) is then deposited (4000 rpm/
1000 rpm s�1/12 s) onto the rst PMMA resist—this second
resist layer will form the ‘overhang’ feature required for li-off.
The second resist layer has a thickness of 50 nm. Finally, a 5
nm-thick germanium layer is evaporated onto the resist surface
to minimize charging problems during the eBeam writing. The
bilayer resist-coated glass wafers are then patterned using
eBeam in a commercial machine (Raith EBPG 500 Plus) at 100
kV, a dose current of 1000 pA, and a resolution of 1 nm. The
Fano structural patterns were created with soware (LayoutE-
ditor)—the mask allowed the nanogap width (40–70 nm) and
the nanorod length (38–624 nm) to be varied whilst the eBeam
writing enabled the dose to be increased from 600 mC cm�2 to
and d), scattering spectra of those disconnected structures in Fig. 4(b),
meters is indicated in blue. Red crosses: fit with the coupled oscillator
arison between the experimental (black) and numerical (red) scattering
ations.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Comparison between the experimental, (a), and numerical, (b),
scattering spectra of those connected structures in Fig. 4(c) for p
polarization. The nanorod length in nanometers is indicated in blue.
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50 mC cm�2 steps. Aer patterning, the Ge layer is removed in
H2O2/H2O solution with a volume ratio of v/v ¼ 1/1 for 60 s. The
bilayer resist is then developed in a mixture of VLSI-grade
methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA)
with a volume ratio of v/v ¼ 1/2 for 60 s to remove the exposed
part of the resist and form the overhang and undercut features
required for the li-off of the metallization. The resist-patterned
glass substrates are then deposited with gold (30 nm) is
a commercial MEB 550S evaporation system (Plassys, France)—
the evaporation was rotated but not tilted.40,41 Finally, the li-off
patterning of the metallization involves removing the bilayer
resist using a commercial resist remover (Microchem, USA) at
70 �C for 2 h. Finally, the samples are rinsed in acetone and IPA
and dried using dry nitrogen.

To observe the nanodisc/nanorod nanostructures using
scanning electron microscopy (SEM), a thin germanium layer (3
nm) is deposited onto the substrate to ensure accurate imaging
without charging effects – and subsequently removed as previ-
ously mentioned before the optical characterization. Fig. 4(b)
and (c) show practical examples of the nanometer-sized,
metallic Fano-type structures that we were able to create using
our method of dose and dimension variation. Fig. 4(b) shows
disconnected structures having a small gap. The gap width
between the nanodiscs and the nanorods is evaluated to be 22.4
� 4.8 nm. The disc diameter of the disconnected structures is
133� 1 nm. Fig. 4(c) shows connected Fano-type structures. The
disc diameter of the connected structures is 134 � 1.5 nm. As
the nanorod length varies, the bridge neck width varies.
Optical characterization

The optical scattering spectra have been measured using the
setup presented by Eschimèse et al.,32 where the light beam is
incident through a dark-eld microscope objective under total
internal reection from the glass, and the scattered eld is
collected through the same microscope objective. Fig. 5 shows
the comparison between experimental (a and c) and numerical
(b and d) scattering spectra for p, (a and b), and s, (c and d),
polarizations. The simulation has been done taking into
account the experimental values of L, R, w and g of each nano-
structure extracted from the SEM images.

A good agreement is found with some discrepancies attrib-
uted to the imperfections visible in the SEM images and
inherent to the fabrication process. Consistently with the
theoretical part, two anti-crossings are obtained for p polariza-
tion in the investigated parameter range of the nanorod length,
close to L ¼ 208 nm and L ¼ 488 nm. In the experimental
spectra, the second anti-crossing is less visible, which might
again be related to the nanorod imperfections. The agreement
between the experimental measurements and numerical
simulations is clearly evidenced on the evolution of the wave-
length associated with the scattering wavelengths for p
(Fig. 5(e)) and s (Fig. 5(f)) polarizations. For p polarization, we
have performed a t of the numerical scattering spectra close to
L ¼ 208 and 488 nm. The obtained values for the normalized
coupling coefficient g/gc are respectively 1.7 and 0.6, consistent
with a strong coupling between the ND bright mode and the NR
© 2022 The Author(s). Published by the Royal Society of Chemistry
second-order dark mode, and a weak coupling with the fourth-
order dark mode. These results are as well in good agreement
with the above numerical results.

Finally, experimental and numerical scattering spectra are
compared for those connected structures in Fig. 6, in the case of
p polarization. Again, the agreement between both is good
despite the fabrication imperfection and variability of the width
of the metal junction. According to numerical predictions, an
almost L invariant peak is observed close to l¼ 640 nm and two
anti-crossings between the nanorod and nanodisk component
modes occur close to L ¼ 202 nm and L ¼ 420 nm.
Conclusion

We have explored numerically and experimentally the forma-
tion of hybridized modes between a bright mode supported by
a gold nanodisk and either dark or bright modes of a nanorod,
both elements being either separated by an air gap or connected
by a metal junction. On the theoretical side, we have compared
the simulated spectra and eld distribution obtained under
oblique-incidence plane wave illumination with quasi-normal
mode computation using a home-made iterative method
implemented in the open-source nite element method so-
ware FreeFem++. Varying the nanorod length, we evidenced in p
polarization Fano proles in the scattering spectra that dark
modes associated with the nanorod have a resonance wave-
length close to the nanodisk dipole mode, and strong coupling
for a nanorod with a length close to 230 nm, provided that the
gap is below 40 nm. Individual modes combine in hybridized
bonding and anti-bonding modes which have been described in
terms of eld and surface charge distributions. These results
are consistent with the set of parameters extracted from a t of
the extinction spectra with a coupled oscillator model, as for
example the value estimated for the coupling parameter
normalized to the losses reaches 1 for the same critical value of
Nanoscale Adv., 2022, 4, 1173–1181 | 1179
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the gap. Finally, a metal connection between the nanorod and
the nanodisk shows similar behavior to the disconnected
system for s polarization but strongly modied modal proper-
ties for p polarization due to the redistribution of the surface
charges close to the contact. The main consequence is that only
anti-crossings are observed, at least up to 600 nm, when the
resonance wavelength of the nanorod component approaches
one of the disk components. Further investigations are required
to elucidate the nature of the strongly interacting modes
responsible for this behavior, for example by investigating the
effect of a much longer metallic connection between the
nanorod and the nanodisk. On the experimental side, we have
successfully fabricated the investigated structures using top-
down lithography methods. Proximity effects can lead to the
formation of small metal junctions leading to the connected
conguration, while careful compensation allows synthesised
disconnected systems with a gap as low as 20 nm. We obtained
a very good agreement between experimentally measured scat-
tering spectra and numerical predictions. The methods and
analysis presented in this work can be applied to a wide range of
systems, for potential applications in light–matter interactions,
biosensing or strain monitoring.47,48
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6 R. Nicolas, G. Lévêque, J. Marae-Djouda, G. Montay, Y. Madi,
J. Plain, Z. Herro, M. Kazan, P.-M. Adam and T. Maurer,
Plasmonic mode interferences and Fano resonances in
Metal-Insulator-Metal nanostructured interface, Sci. Rep.,
2015, 5, 14419.

7 M. Riccardi and O. J. F. Martin, Role of electric currents in
the Fano resonances of connected plasmonic structures,
Opt. Express, 2021, 29, 11635–11644.

8 B. Luk’yanchuk, N. I. Zheludev, S. A. Maier, N. J. Halas,
P. Nordlander, H. Giessen and C. T. Chong, The Fano
resonance in plasmonic nanostructures and metamaterials,
Nat. Mater., 2010, 9, 707–715.

9 C. Forestiere, L. Dal Negro and G. Miano, Theory of coupled
plasmon modes and Fano-like resonances in subwavelength
metal structures, Phys. Rev. B: Condens. Matter Mater. Phys.,
2013, 88, 155411–155422.

10 A. Lovera, B. Gallinet, P. Nordlander and O. J. Martin,
Mechanisms of Fano Resonances in Coupled Plasmonic
Systems, ACS Nano, 2013, 7, 4527–4536.

11 G. Kewes, F. Binkowski, S. Burger, L. Zschiedrich and
O. Benson, Heuristic Modeling of Strong Coupling in
Plasmonic Resonators, ACS Photonics, 2018, 5, 4089–4097.

12 A. Konrad, A. M. Kern, M. Brecht and A. J. Meixner, Strong
and Coherent Coupling of a Plasmonic Nanoparticle to
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32 D. Eschimèse, P. Hsia, F. Vaurette, D. Deresmes, P. De
Bettignies, J. Schreiber, M. Chaigneau, S. Arscott,
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