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Squeezing optical fields into resonant modes with deep-subwavelength volumes is crucial for advancing
quantum optics and nanoscale sensing. A promising approach is to harness surface plasmon modes in
resonators composed of stacked metal—insulator—metal cylindrical layers, where optical fields in the
visible and infrared ranges are transformed into strongly confined gap modes. In a structure with
cylindrical symmetry, whispering gallery modes form a family of eigenmodes with a high azimuthal
order, which are typically inaccessible in plasmonic sandwich configurations under plane wave
illumination, and their excitation usually requires carefully positioned focused electron probes. Here, we
propose an efficient method for exciting whispering gallery modes in gap-surface plasmon resonators

using plane wave excitation. The introduction of a nanoscale through-split in the top metal layer enables
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Accepted 28th December 2025 the formation of a rich set of WGMs in the near-infrared spectrum, resulting in 2—-3 orders of magnitude

enhancement in total electromagnetic energy accumulated in the spacer. This strategy offers a practical
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Introduction

Optical nanocavities, devices that are capable of spatially
confining and enhancing electromagnetic waves at certain
frequencies in small-volume cavity modes, can be perceived as
key components in modern photonic systems. The effective
concentration and accumulation of electromagnetic energy at
optical frequencies in deep-subwavelength volumes play an
important role in tailoring the properties of light-matter
interactions.* A widely used optical cavity design incorporates
high-index dielectric structures supporting Mie resonances,
enabling the efficient confinement of wave fields and minimal
losses® in resonators with sizes comparable to the incident
wavelength. An alternative strategy to spatially shrink the
optical fields in subwavelength volumes is exploiting hybrid
resonators incorporating metal-dielectric layers.>* In these
systems, electromagnetic fields emerge as surface plasmon
waves at metallic interfaces because of the collective oscillations
of free electrons in metals,” providing much smaller confine-
ment volumes of optical fields in contrast to conventional Mie
resonators.®*” Among hybrid plasmonic structures, the so-called
gap-surface plasmon (GSP) resonators, comprising a thin
dielectric sandwiched by metallic layers, enable extreme light
confinement and enhancement within the dielectric spacer.®
This is linked to the presence of hybridized states owing to the
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interactions at the nanoscale and to drive the further miniaturization of plasmonic devices.

coupling of surface plasmons at opposite metal-dielectric
interfaces of the spacer, resulting in a series of gap-confined
lateral modes.>™ Due to the rich manifold of possible modes
supported by metal-insulator-metal sandwich configurations,
GSP resonators have been proposed as efficient platforms for
investigations of various phenomena, including the realization
of directional scattering,'> optical magnetic modes*** and
anapole states,” luminescence enhancement and surface-
enhanced sensing,">'® second-harmonic generation,"” nano-
lasers’® and spontaneous emission control.*?** Recently,
increasing attention has been devoted to GSP resonators with
the aim of broadening the range of accessible modes and
engineering higher-order resonances, particularly through the
excitation of whispering-gallery modes (WGMs) in GSP disk
configurations. These resonant modes, concentrated inside the
dielectric spacer of MIM structures and having more than two
extremums along the perimeter of the disk, are formed by the
multiple total internal reflections of the gap plasmons from the
curved boundary of the resonator and in-phase interference
after each round-trip. Various studies have been devoted to
MIM disk-shaped WGM resonators, with different material
compositions incorporating silver or gold as the metallic layers
and semiconductors and insulators as the spacer.”"*> Compared
with their dipolar counterparts (with an azimuthal mode
number of 1), higher azimuthal order whispering-gallery modes
can provide tighter confinement and stronger electromagnetic
energy localization within the spacer.'>* Specifically, for given
resonator dimensions, higher order modes possess a larger

© 2026 The Author(s). Published by the Royal Society of Chemistry
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effective mode index, which enhances the spatial confinement
and reduces the radiation losses owing to the increased contrast
between the mode index and the surrounding.*® Conversely,
dipolar modes exhibit a strong net electric dipole moment,
allowing efficient coupling with the external excitation field.**
However, this results in higher radiation losses, and conse-
quently lower quality factors compared to higher-order modes.

Although whispering gallery modes are characteristic
eigenmodes in GSP resonators with cylindrical symmetry,
similar to disk-shaped resonators, it is challenging to couple the
far-field excitation, for instance, normally incident plane or
Gaussian waves, with high azimuthal-order modes due to the
symmetry mismatch and lack of a wavevector component in the
azimuthal direction.”® In theoretical studies based on numerical
techniques, this issue is bypassed by using a point dipole with
an appropriate dipole moment orientation; placed inside or in
the vicinity of the resonator.>* This is realized by the Purcell
effect, where efficient coupling of an emitter to a specific cavity
mode is achieved by spatially overlapping the former with the
local intensity maximum and alignment of the emitter dipole
moment with the mode electric field direction.>® However, in
practice, spectroscopic methods, such as cathodoluminescence
and electron energy loss spectroscopy in combination with
transmission electron microscopy, with a carefully chosen
impinging position of an electron beam can be adopted to excite
different high azimuthal- and radial-order WGMs. These
methods utilize electrons with kinetic energies of several
hundred keV, which can penetrate thin metallic layers and
excite plasmons.”” They have been exploited to reveal the so-
called “dark” modes in subwavelength metallic disks*® and
GSP sandwich resonators.*’

In this work, we propose a concept for coupling linearly
polarized plane waves to high-azimuthal-order plasmonic
modes of a disk-shaped GSP resonator, which otherwise cannot
be excited by a normally incident plane wave. This is achieved
by introducing a nanoscale through-split in the top metallic
disk of the sandwich structure. In this configuration, visible and
near-infrared light can efficiently couple to the plasmonic
WGMs, leading to a 2-3 orders of magnitude increase in the
accumulated total electromagnetic energy within the spacer.
Further analysis reveals that each semi-disk, coupled through
the split, simultaneously behaves as both a WGM and a Fabry-
Pérot resonator. The strong WGM fields confined in deep-
subwavelength volumes can enable a Purcell-effect enhance-
ment and high-sensitivity sensing. Additionally, the WGM
resonances can be effectively tuned by varying the resonator
diameter. Our approach unlocks access to rich sets of modes in
hybrid cylindrical resonators, enabling advanced light-matter
interaction studies.

Geometry and simulation methods

A schematic illustration of the proposed WGM sandwich reso-
nator is depicted in Fig. 1. The configuration comprises
sequential nanodisks of Au-SiO,-Au layers, where ¢4 and ¢,, are
the thicknesses of the dielectric and metal layers, respectively.
The top Au disk layer is split into two equal semi-disks along the

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

Fig. 1 Schematic of a split metal-insulator-metal disk resonator. D is
the diameter of the disk and ¢, and t4 are the thicknesses of the metal
layers and spacer, respectively. The top layer is split into two semi-
disks, creating a split of width g. The surrounding medium is air. The
incident light is polarized along the x-axis and propagates along the z-
direction.

diameter, creating a concentric air-filled gap with a length equal
to the disk diameter. The resulting split width is g, and the disk
diameter is D. The system is illuminated by a plane wave
polarized along the x-axis (perpendicular to the gap axis) and
propagating along the surface normal of the disks (parallel to
the z-axis). To investigate the modes and their characteristics,
we performed a full-wave three-dimensional numerical simu-
lation in a finite element method-based COMSOL Multiphysics
environment. The simulation model uses the scattered field
formulation, enabling proper calculations of the scattered and
absorbed fields. The structure is enclosed in a sphere with
a radius of 2A,,.x, Where A,y is the maximum wavelength of the
spectrum of interest. Finally, the sphere is surrounded by
a perfectly matched layer (PML) to eliminate backscattered
fields and minimize errors. The discretization of the system
employs a tetrahedral scheme with element sizes varying across
different material domains. Specifically, the maximum element
size is 5 nm in the dielectric spacer and 10 nm in the split and
metallic layers. The frequency-dependent complex refractive
indices for SiO, (ref. 29) and Au®*® were taken from the experi-
mental data. The primary measures for quantitative analysis are
the scattering and absorption cross sections and the energy
accumulated in the dielectric region. The total energy accu-
mulated in a material domain is calculated as follows:

I/Vlolal - lejj. U/ l]incd V7 (1)

where V is the volume of the integration domain matching the
physical volume of the corresponding domain, Ujp. = 50|Einc\2 is
the total energy density of the incident plane wave, and U is the
total energy density in the corresponding domain, which is
defined by taking into account the material dispersion as
follows:
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Here ¢, and u, are the dielectric and magnetic constants of
vacuum, respectively, ¢ is the complex dielectric constant of the
medium, and o is the angular frequency. The amplitude of the
incident plane wave is Ejpe =1V m ™.

Throughout the simulations, the thicknesses of the Au and
SiO, layers are 40 nm and 10 nm, respectively. The air split
width in the top disk is 30 nm, and the diameter of each layer is
450 nm unless otherwise specified.

1
U= ESOSRe (e +w @)

Results and discussion

The scattering and absorption cross-sections of the proposed
split GSP resonator under an electromagnetic field polarized
along the short axis of the split are shown in Fig. 2(a) by black
and red lines, respectively. Multiple dips (peaks), corresponding
to the GSP modes of the resonator, are observed in the scat-
tering (absorption) spectrum. Sharp resonant drops observed in
the scattering spectrum indicate strong confinement of the
wavefields in the GSP resonator. Fig. 2(b) shows the normalized
total electromagnetic energy accumulated in the spacer and
split, calculated according to eqn (1). The appearance of the
resonant modes in the structure is accompanied by the strong
accumulation of electromagnetic energy in both the spacer and
the nanosplit, ranging from 10> to 10® for certain modes.
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Analysis of the modal family of the split GSP resonator
reveals the existence of whispering-gallery-like modes. Fig. 2(c)
illustrates the distributions of the out-of-plane electric field E,
components of these modes in the lateral cross-section of the
spacer. The modes of a configuration with cylindrical symmetry,
such as the one under consideration, are generally character-
ized by radial (¢) and azimuthal (m) mode numbers. The former
is defined by the number of extrema along the radial direction,
whereas the latter refers to the number of full oscillations along
the circumference (azimuthal direction).** Hence, the modes,
appearing at wavelengths of 800, 1025 and 1740 nm, can be
characterized by the radial mode number of ¢=1 and
azimuthal mode numbers of m = 5, 3 and 1, which are also
identified by red, blue and orange arrows in Fig. 2(b), respec-
tively. The strong localization of surface plasmons along each
half of the perimeter of the MIM disks to the left and right of the
nanosized split can be noted. The normalized total electro-
magnetic energy of the WGM-like modes accumulated in the
spacer is approximately 1170, 376, and 134 for the m =1, 3, and
5 modes, respectively. The Q-factors of these modes are calcu-
lated according to the relation Q = A,/04, where A, is the reso-
nant wavelength and 64 is the full-width at half maximum of the
resonance curve. Accordingly, the Q-factors of the three WGMs
are estimated to be 19.3 (m = 1), 24.4 (m = 3) and 35.7 (m = 5),
respectively.

Decomposition of the scattering spectrum of the split GSP
resonator based on spherical harmonics is carried out to further
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Fig. 2

(a) Scattering (black) and absorption (red) cross-sections of the split GSP resonator under normal incidence plane wave polarized along

the nanosplit short axis. (b) Normalized total electromagnetic energy in the spacer (black) and nanosplit (red). (c) Distributions of the normalized
amplitudes of the electric field £, components of WGMs at resonant wavelengths of 800, 1025 and 1740 nm characterized by azimuthal mode
numbers of 5, 3 and 1, respectively. The radial modal number is 1 for all modes. The disk diameter is 450 nm, spacer thickness is 10 nm, and the
split width is 30 nm.
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elucidate the contributions of each multipole moment. The
results are summarized in SI Fig. S1(a). The enhancement in the
electromagnetic field of WGMs in this configuration is
contributed by the magnetic dipole moment, co-existing with
the electric anapole states.**

Additionally, several modes labeled as hybrid modes to
distinguish them from WGMs appear in the split GSP resonator,
resulting from the strong interplay between the gap-plasmons
formed along the half-perimeter of the disk and radial direc-
tion perpendicular to the long axis of the nanosplit. The
distributions of the E, components of these modes are shown in
SI Fig. S2.

Now, to compare the characteristic modal families of the
proposed GSP resonator having a split top disk with that of the
solid MIM resonator, we plotted the scattering (left axis) and
spacer energy (right axis) spectra of the solid GSP resonator of
identical sizes in Fig. 3(a). The inset shows a schematic of the
solid MIM resonator. Three characteristic modes emerge in this
system upon plane wave excitation at wavelengths of 630 nm,
735 nm, and 1035 nm, corresponding to WGMs with an
azimuthal mode number of m = 1 and radial mode numbers of
¢ =4, 3, and 2, respectively.

The normalized distributions of the electric field E, compo-
nents of these modes in the lateral plane of the spacer are
shown in Fig. 3(b). It can be seen that the total normalized
electromagnetic energy of these modes accumulated in the
spacer reaches 2.6, 22 and 150 as the radial mode number
decreases from 4 to 2. The overall lower energy of the modes in
the solid GSP resonator compared to the high-azimuthal-order
WGMs of the split GSP resonator at nearby spectral positions
(see Fig. 2) can be attributed to their dominant electric-dipolar
character, which, together with Ohmic losses,* contributes to
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Fig. 3 (a) Scattering cross-section (left axis) and normalized total
electromagnetic energy in the spacer (right axis) of the solid MIM
structure without a split. (b) Distribution of normalized amplitudes of
the electric field E;, component of three GSP modes at 630, 735 and
1035 nm characterized by radial mode numbers of 4, 3 and 2,
respectively. The azimuthal modal number is 1 for all modes.
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the total losses in the system. Alternatively, the accumulation of
electromagnetic energy is associated with the magnetic dipole
and electric quadrupole resonances, as shown in SI Fig. S1(b) in
further detail. An important distinction between the charac-
teristic whispering-gallery-like modes of solid and split GSP
resonators is that in the latter configuration, the strong elec-
tromagnetic field is concentrated around the perimeter of the
disk, making it particularly promising for biosensing
applications.

Whispering gallery modes in disk-shaped resonators are
generally described by solving the Helmholtz equation in
cylindrical coordinates.® In thin disks, where the resonator
height is much smaller than the radius, the emerging modes are
typically characterized by only azimuthal and radial mode
numbers.’>** In the case of the GSP resonator, its capacitor-like
structure leads to dominant vertical field confinement between
the metal layers. Consequently, the out-of-plane electric field
component E, can be approximated as follows:**

E[r, ¢, 1) = EomIm(kgspr)sin(me)exp(ivt), (3)

where Ey,, is a mode-dependent amplitude, J,, is the Bessel
function of the first kind of order m, referring to the azimuthal
mode number, and kgsp is the in-plane propagation constant of
the plasmonic whispering gallery mode. Note that only the
azimuthal mode number, m, explicitly appears in Expression
(3), and the radial order, ¢, is implicitly determined by m and the
argument of the Bessel function. Outside the resonator, the
fields are determined by the Hankel function of the first kind
and order m; and exponentially decay away from the resonator
surface.

The radial and azimuthal distributions of the normalized
electric field E, component for the (¢,m) = (1,5) mode at A =
800 nm are shown in Fig. 4(a). The left panel displays the field
profile along the x-axis (perpendicular to the split), corre-
sponding to the radial distribution. The right panel illustrates
the azimuthal variation of the mode along the circumference of
the disk. Red asterisks in the left plot denote the Bessel function
of the fifth order. Green and cyan shaded regions illustrate the
separation split and disk diameter, respectively. Perfect agree-
ment can be seen between the Bessel J5; function and the radial
distribution of the mode. The field maxima of all these plas-
monic WGM-like modes of the split-disk system are located
near the resonator edge due to the high-azimuthal orders of
these modes, which, along with the stronger field amplitude of
WGMs, can enable stronger interaction with the adsorbed
molecules at the resonator surface. In contrast, the field
maxima of all the modes in the solid MIM resonator are located
deeply inside the spacer due to the low azimuthal order of these
modes, as seen in Fig. 3(b). Moreover, the azimuthal distribu-
tion resembles a sinusoidal function following Relation (3).
However, in both plots, discontinuity appears at the separation
split edges (green areas). The radial and azimuthal distributions
of the (3, 1) mode of the solid GSP resonator are similarly shown
in SI Fig. S3. The profile of the normalized electric field E,
component of the (1,5) mode discussed above in the lateral XZ
plane is depicted in Fig. 4(b).

Nanoscale Adv., 2026, 8, 1314-1321 | 1317
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Fig. 4 (a) Distributions of the normalized E, field along (left) the x-axis
and (right) the circumference of the disk. The red asterisks correspond
to the Bessel function of order m = 5. Cyan and green regions in plots
show the areas of the disk and split, respectively. (b) Normalized E,
distribution in the XZ plane. (c) Schematic of a Fabry—Perot analogue
of the half-disk. (d) Comparison of the scattering cross-section spectra
of the GSP resonators with the split widths of 10, 30 and 50 nm. All
parameters are same as presented in Fig. 2. (e) Electric charge ¢
distributions at the upper and lower interfaces of the spacer for the
(1,5) mode.

Although the field extrema are located inside the dielectric
spacer near the spacer-air interface, a part of the field extended
into the surrounding air is relatively strong due to the boundary
condition at the spacer-air interface, as also seen in Fig. 4(a),
left panel. Specifically, the E,/E, .« ratio at the spacer-air
interface is nearly 0.89, where E, .« is the maximum of the
mode electric field. The exponential tail of this mode in the
surrounding air drops twice at nearly 6 nm away from the
resonator surface in the radial direction. This can enable rather
strong coupling with a nearby fluorescent molecule.

In solid disk resonators, the localized resonances of WGMs
are formed when the round-trip phase shift of the mode is 2.
Consequently, the spectral positions A, of the resonance modes
with azimuthal mode number m can be approximately deter-
mined from the expression D = mAy/Nesr, Where D and ng are
the disk diameter and effective mode index, respectively.”
However, in the split GSP resonator configuration, the full
round-trip propagation of the gap-plasmons along the circum-
ference is interrupted by the air split. As a result, WGMs in this
structure are formed by reflections at the edges of the split, with
gap-plasmons propagating along the curved perimeter of each
semidisk. This geometry closely resembles a Fabry-Pérot reso-
nator, where the separation split functions as two mirrors, and
the nearly 180° arc between them forms the propagation path.**
A schematic illustrating this analogy is provided in Fig. 4(c).
Continuing this line of reasoning, the resonance condition of

1318 | Nanoscale Adv., 2026, 8, 1314-1321
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the WGMs in the split GSP nanoresonator can be expressed by
the Fabry-Perot resonator formula, as follows:***”

L27nneff =mn —¢ (4)
where L is the resonator length (for the present geometry, L =
mD/2, where D is the disk diameter), m corresponds to the
azimuthal mode number of a WGM, n.g is the effective mode
index, and ¢ is the phase shift acquired upon reflection of the
gap plasmons from the split edges.*® The phase shift ¢ is
generally non-zero because the plasmon modes extend beyond
the split edges; therefore, it depends on the interface material
properties and geometry.

Our numerical simulations further confirm this interpreta-
tion. In Fig. 4(d), the dependence of the scattering spectrum on
the nanosplit width g is shown for values of 10, 30, and 50 nm. A
blueshift in the resonance positions can be seen as the nano-
split width increases from 10 to 50 nm, conditioned by the
decrease in the propagation path. Hence, introducing a split in
the top disk of the GSP resonator breaks the rotational C,
symmetry of the system, also creating two coupled resonators
with a semi-cylindrical base.

Note that the total electromagnetic energy of WGMs accu-
mulated in the spacer remains nearly constant as the split width
varies. The influence of the nanosplit asymmetry on the optical
response of the proposed GSP resonator is discussed in SI,
Section IV. Two types of asymmetries are considered: (i) fixing
one side of the nanosplit while increasing its width by 10 nm,
and (ii) maintaining the nanosplit width while shifting its
center by 20 nm. The resulting optical responses are compared
with those of the symmetric configuration in Fig. S4. In the first
case, the optical response is identical to that of the symmetric
configuration [Fig. S4(a)]. In the second case, splitting of the
plasmonic WGM resonances appears [Fig. S4(b)]. This is asso-
ciated with the formation mechanism of WGMs in the proposed
configuration, which originate from reflections at the nanosplit
edges and propagate along the curved perimeter of each semi-
disk. When the nanosplit is displaced from the disk center, the
propagation path shortens on one side and equivalently
lengthens on the other. Consequently, two semi-cylindrical
resonators with different resonant frequencies are formed
owing to the contrast between the propagation paths of the gap-
plasmons. This results in the splitting of the WGM resonance of
the symmetric configuration into two adjacent resonances. One
should also note that the presence of nanometer-scale surface
roughness on the split interfaces can shift the resonance
wavelength by altering the reflection phase, ¢, in accordance
with eqn (4), as well as can lead to increased radiation losses.?*

Finally, it can be observed that all the WGMs formed in the
proposed resonator are characterized by odd azimuthal
numbers. This is a direct consequence of the excitation
symmetry, where a normally incident plane wave induces
charges of the same polarity on the edges of each side of the
separation split, which in turn forces the fields along the curved
(arched) propagation path to form only an odd number of half-
oscillations. This is elucidated by inspecting the charge distri-
butions at the upper and lower interfaces of the spacer for the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(1,5) mode, as illustrated in Fig. 4(e). Breaking the excitation
symmetry, for instance, by considering an oblique incident
plane wave with its electric field polarized along the short axis of
the split, will introduce a phase difference between the edges of
each side of the split. As a result, charges of opposite polarity are
induced. In contrast to the symmetric excitation, this condition
forces the fields along the semicircular propagation path to
form an even number of half-oscillations, thus extending the
modal family of the split GSP resonator.

It is also evident that this charge distribution produces
a strong E, component of the electric field within the split,
which itself functions as a plasmonic resonator supporting
a capacitor-like mode.

The colour maps in Fig. 5 present the scattering cross-
section and the total electromagnetic energy stored in the
spacer as a function of disk diameter and wavelength. Three
characteristic plasmonic WGMs of the system are identified by
dashed blue lines. As the disk diameter increases from 350 to
550 nm, the resonance wavelengths of these WGMs exhibit an
approximately linear redshift of 230 nm, 360 nm, and 750 nm
for the m = 5, 3 and 1 modes, respectively. This trend is
consistent with the linear relationship between the resonator
diameter and the resonant wavelength of the WGMs.* This fine
control of the dispersion of WGMs of the split GSP disk reso-
nator facilitates an enhancement in nonlinear optical effects. In
particular, the resonance wavelengths of WGMs with azimuthal
mode numbers (resonance wavelengths A, ) m =1 (4,;) and m
=5 (44,5) can be matched such that A; ; = 21, 5 by adjusting the
disk diameter. This feature can be exploited for mode-matched
second-harmonic generation.*®

Another important aspect is the polarization of the incident
electromagnetic field, which significantly influences the exci-
tation of plasmonic WGMs. To investigate this, we compared
the optical response of the GSP resonator for two polarization
states of the incident field, parallel and perpendicular to the
split. The results are shown in Fig. 6(a) and (b), which present
the scattering cross-section and the normalized total electro-
magnetic energy stored in the spacer, respectively. When the
incident field is polarized along the nanosplit, both the
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Fig. 6 Comparison of (a) scattering cross-sections and (b) normalized
total electromagnetic energies in the spacer for the incident electro-
magnetic waves polarized along the nanosplit long (black) and short
(red) axes.

scattering cross-section and spacer energy spectra closely
resemble those of the solid MIM sandwich structure (without
a nanosplit). Specifically, three distinct resonances appear in
the energy spectrum at nearly 630, 730, and 1018 nm, with
slightly reduced energy due to leakage through the split. For
comparison, the results for the perpendicularly polarized field
are reproduced from Fig. 2. The perpendicular polarization of
the incident field leads to a strong electric field within the
nanosplit, with the dominant field component being Ei, as
shown in Fig. 4(e).

The field confinement can be further improved by either
reducing the spacer thickness, which will lead to a higher
effective mode index,* or by employing a spacer material with
a higher refractive index, such as TiO,.** SI Section 5 discusses
the role of the spacer dielectric in the optical response of the
split GSP resonator.

Finally, the presence of multiple high-intensity antinodes
enables this configuration of a GSP resonator to be exploited to
achieve the Purcell effect.*"*> The associated Purcell factor is
a central criterion of the cavity quantum electrodynamics and
describes the enhancement of the spontaneous emission rate of
a quantum emitter placed inside a cavity compared with that of
free space.*® To investigate this, an ideal lossless point dipole is
placed at r = 222 nm, approximately corresponding to the
antinode positions of the WGMs. The dipole moment is

(b) 550 I 10°
SN
500 a8 E
g | B X102
5 il 3
S I é 1
) 10
2 400 =
350 e i 100
500 1000 1500 2000
Wavelength (nm)

Fig. 5 Contour maps of (a) scattering cross-section and (b) normalized total energy in the spacer as a function of the incident wavelength and
disk diameter. Dashed lines indicate wavelengths of the three considered whispering gallery modes of the split GSP resonator with azimuthal

numbers of 5, 3, and 1.
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Fig. 7 Radiative (blue), non-radiative (red) and total decay rate
enhancement of a point dipole located at r = 222 nm in the spacer
corresponding to the maximum intensity point of WGMs with the radial
mode number of 1. The inset shows the cross-section of the GSP
resonator along xz-plane and the position of the dipole. Red, blue and
orange arrows denote the modes with the azimuthal mode numbers
of 5, 3 and 1, respectively. All geometrical parameters are same as
presented in Fig. 2.

oriented along the z-axis, aligning with the dominant electric
field component of the WGMs. This configuration is schemat-
ically illustrated in the inset of Fig. 7.

The spectral dependence of the radiative (I;) and non-
radiative (I',;) decay rate enhancements, along with their sum
corresponding to the Purcell factor (Py), is shown in Fig. 7 by the
blue, red, and black lines, respectively. The resonance peaks at
wavelengths of approximately 790 nm (red arrow), 1010 nm
(blue arrow), and 1742 nm (orange arrow) correspond to the
WGMs. These peaks exhibit some of the highest Purcell factor
values, reaching approximately 3720, 5850, and 8515 from left
to right, respectively. The quantum efficiency** can be calcu-
lated as QE = I',/Py, leading to QE values of WGMs of nearly 52%,
54% and 60% for the m = 5, 3 and 1 modes, respectively. Given
that the Purcell effect requires spatial overlap between the
dipole emitter and the field intensity maximum of the mode,
exploiting WGMs with different azimuthal numbers is advan-
tageous, as the intensity maxima of these modes are located
close to each another. This, in turn, facilitates the coupling of
an emitter to all the WGMSs. Note that this is not the case for
modes with varying radial order, such as those supported by
a solid GSP resonator without a split under linearly polarized
plane wave, where the field maximum shifts towards the reso-
nator center as the radial number increases. Another important
advantage is that a high Purcell factor in plasmonic systems is
achieved due to the ultra-small mode volume of plasmonic
modes rather than a high Q-factor.** Moreover, the inherently
low Q-factor of these modes resulting from the metal losses
enables a relatively high Purcell factor to be maintained over
a broad spectral range. In the estimation of the Purcell factor,
the ideal dipole was placed at the center of the separation
between the top and bottom disks. However, it should be
emphasized that positioning of the dipole emitter close to the
metallic disks will result in fluorescence quenching.*

The fabrication of the proposed split MIM resonator can be
divided into two main steps. In the first step, cylindrical cavities
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are defined in a resist layer spin-coated on a low-refractive index
substrate (such as SiO, or MgF,) using conventional electron-
beam lithography.”® 30-nanometer-thick Au layers can be
deposited by the standard thermal evaporation, whereas the 10-
nanometer-thin intermediate layer can be introduced via atomic
layer deposition. Subsequently, a lift-off process of the resist will
reveal the MIM sandwich structure. In the second step, a highly
precise 30-nanometer-wide split in the top Au disk can be intro-
duced by using focused gallium or helium ion beam milling.*”

Conclusions

In summary, we have demonstrated a practical approach for
enabling the coupling of a normally incident plane wave to high-
azimuthal-order whispering-gallery-like eigenmodes in a metal-
insulator-metal plasmonic disk nanoresonator. This is achieved
by introducing a nanoscale through-split in the top metal disk,
which functions as a plasmonic nanoantenna and facilitates the
conversion of far-field excitation into whispering-gallery modes
localized along the perimeter of the disk. This mechanism,
combined with an estimated enhancement of up to three orders
of magnitude in the total electromagnetic energy accumulated
within the spacer, establishes favourable conditions for bi-
osensing applications and Purcell effect enhancement. Further-
more, the presence of two semicircular disks separated by
a nanometer-wide air gap can enable dynamic control of the
electromagnetic response via electro-optical modulation, partic-
ularly through the use of Pockels materials as the spacer.
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