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Metallic apertures remain one of the most intensively investigated optical structures due to their rich
behavior. This encompasses physical phenomena such as Bragg scattering, surface plasmons, or localized
modes, offering great potential for many applications in the growing fields of nanophotonics and plas-
monics. Here, we show that isolated metallic nanoholes can additionally support edge plasmons in the
form of whispering-gallery modes and we demonstrate that, although high-order modes remain dark at
normal incidence, they can be excited at oblique illumination. As revealed by simulations, the existence
of these modes in nanohole arrays is fundamental to understanding complex resonant phenomena and to
explaining previous unexpected experimental results found in metamaterials. Notably, the symmetries of
the employed lattice determine the excited mode orders, which, together with a strong dependence on the
film thickness, yields an easily and highly tailorable optical response. Furthermore, some modes display
unusually narrow line widths (approximately 7 nm) and a high sensitivity to the environment, resulting
in one of the highest sensing figures of merit (approximately 80) reported for a localized plasmon. These
singular features may find application in the construction of special polarizers and filters, single-layer
zero-transmittance absorbers, and high-performance nanosensors.
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I. INTRODUCTION

A whispering-gallery mode (WGM) is a kind of wave
that loops around the surface of a cavity (typically with a
circular or spherical shape) due to continuous total internal
reflection. Optical WGMs have been widely used across
the whole electromagnetic spectrum [1–3] and have an
ample range of applications, from on-chip photonic filters
and biosensors to ultralow-threshold lasers [4]. Surface
plasmon polaritons (SPPs) are a special type of electro-
magnetic wave confined to the surface of conductors and,
as such, can also appear in the form of WGMs [5,6].

On the other hand, it is well known that finite metal
films not only support SPPs propagating along two-
dimensional (2D) interfaces, but also edge modes with
reduced dimensionality, i.e., one-dimensional edge plas-
mons (EPs), which are highly confined to the ridges of the
film [7]. Recently, it has been shown that this kind of SPP
remains mostly unaltered when curvature is introduced,
even for bending radii as small as a few tens of nanome-
ters [8]. As a result, the ridge modes appearing in straight
films can become EP-WGMs if a disk is formed by bend-
ing the film [Figs. 1(a) and 1(b)]. In that work, Schmidt

*cargarm2@ntc.upv.es

et al. experimentally demonstrated the existence of these
modes and showed that a standing wave exhibiting a spe-
cific number of field antinodes—a WGM—appears if the
condition for constructive interference is met. However,
it has so far been overlooked that film bending may also
lead to a completely different scenario: the creation of a
nanohole [Fig. 1(c)].

This suggests that nanodisks and nanoholes can be
understood as particular cases of convex and concave
bends, respectively. In general, these two kinds of struc-
tures have experimentally proved to exhibit a similar
optical behavior for both isolated particles and disordered
arrays [9,10]. Therefore, the existence of EP-WGMs cir-
cling along the ridges of nanoholes should be naturally
expected. This is supported by the observation of an
edge mode with dipolar character in an isolated nanohole
by Degiron et al. [11] and later related studies [10,12].
Notably, nanohole EP-WGMs resemble the original acous-
tic WGMs discovered by Lord Rayleigh [13] more closely
than nanodisk EP-WGMs.

This work is thus aimed at showing that the dipo-
lar modes reported in Ref. [11] and similar works are
just the lower-order EP-WGMs of the nanohole. More-
over, we prove that higher-order multipolar modes become
accessible to free-space light at oblique incidence. Our
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(a)
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FIG. 1. The transformation from straight to curved edges: from
(a) a straight metallic edge to (b) a nanodisk following a convex
bend and (c) a nanohole following a concave bend.

findings serve to explain previous unexpected experimen-
tal results found in negative-index metamaterials [14]
as well as other complex resonant phenomena involving
various combined mechanisms [15–17]. Additionally, the
studied EP-WGMs exhibit several remarkable features of
interest for applications such as biosensing, optical filter-
ing, and the realization of special polarizers and absorbers.

II. RESULTS

The modes supported by circular nanoholes with radius
r drilled into a free-standing silver film with thickness t
are the focus of this study. The optical response of iso-
lated nanoholes is initially investigated via finite-difference
time-domain simulations using LUMERICAL [18]. In this
case, a total-field scattered-field source is assumed as the
excitation. Such a source emits plane waves while enabling
the automatic separation of the scattered field from the
total field. In addition, EP-WGMs in nanohole arrays are
analyzed through full-wave simulations performed with
CST MICROWAVE STUDIO. In the following and without
loss of generality, the film is considered to be parallel to
the x-y plane, as shown in Fig. 2(a). The permittivity of
silver is described using a Drude model with a plasma

frequency ωp = 1.37 × 1016 rad/s and a damping constant
� = 40 THz [19].

A. Isolated nanoholes

To demonstrate the existence of the aforementioned EP-
WGMs, it is instructive to analyze the optical response
of isolated nanoholes. As a representative example, a film
with t = 30 nm and a hole with r = 160 nm is initially
studied (Fig. 2). The scattering cross section σscat normal-
ized to the area D of the nanohole when illuminated by a
p-polarized plane wave is depicted in Fig. 2(b). At nor-
mal incidence (θ = 0◦), a single maximum arises in the
scattering spectrum, at a frequency f ≈ 340 THz. Figure
2(d) illustrates the absolute value of the corresponding
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FIG. 2. The optical response of isolated nanoholes. (a) The
structure under consideration and the field polarization. The blue
arrow represents the E field for p polarization and the H field for
s polarization. (b),(c) The normalized scattering cross section for
the t = 30 nm case when (b) r = 160 nm and θ varies between 0◦
and 60◦ and (c) θ = 45◦ and r varies between 160 and 200 nm.
(d)–(g) Hscat at the input interface at a frequency of (d) 340 THz,
(e) 333 THz, (f) 510 THz, and (g) 660 THz. The angle of
incidence is as follows: (d) θ = 0◦; (e)–(g) θ = 45◦.
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scattered magnetic field distribution Hscat at the film input
interface, with Hscat = Hw − Hwo, Hw and Hwo being the
total magnetic field with and without a hole, respec-
tively. Clearly, the field is concentrated at the edges of
the hole and exhibits a dipolar character. Remarkably, as
the angle of incidence increases, new resonances arise
in the spectrum [Fig. 2(b)], which, according to Figs.
2(e)–2(g), correspond to multipolar edge modes. Specifi-
cally, the dipolar resonance remains at approximately the
same frequency as in the θ = 0◦ case [Fig. 2(e)], while a
second maximum arises at a higher frequency (f ≈ 510
THz) as a result of the excitation of a quadrupolar edge
mode [Fig. 2(f)]. A hexapolar resonance can also be dis-
tinguished at f = 660 THz [Fig. 2(g)], although it is
much weaker. Along the same line, higher-order modes
are expected at higher frequencies. These results allow us
to identify the observed resonances as different orders of
an EP-WGM. In particular, only the first-order EP-WGM
(dipole) is excited at θ = 0◦, as this is the unique order
possessing the correct symmetry to be excited by a nor-
mally incident plane wave, which is dipolar in nature.
Nevertheless, higher-order modes, which remain dark at
normal incidence, can be excited at oblique illumination
due to the symmetry breaking introduced by phase retar-
dation. Indeed, as the angle of incidence increases, the rel-
ative contribution of higher-order modes to σscat is larger.
These observations reveal that no additional bright mode is
required for their coupling to free-space light, in contrast
to other localized modes appearing in similar structures
[20]. Note that the observed asymmetry in the field pro-
files is a mere consequence of the oblique illumination and
that the resonant frequencies are almost independent of the
angle of incidence, as expected for localized modes. On the
other hand, the studied EP-WGM should not be confused
with the well-known waveguide or cavity modes that can
also appear in nanoholes [17,21–23]. The two modes are
different and can coexist at different frequencies. A clear
example is provided below in relation to the experimen-
tal observation of a quadrupolar EP-WGM. Furthermore,
the wavelength λm of a given WGM must be a submulti-
ple of the perimeter of the hole (i.e., λm = 2πr/m, m being
a natural number representing the mode order). To verify
this property, a parametric study of the nanohole spectra
at θ = 45◦ as a function of the value of r is presented
in Fig. 2(c). Here, the various scattering peaks red shift
for increasing values of r. Note that the higher-order res-
onances are broader in frequency due to increased losses.
However, the condition for constructive interference is still
satisfied.

B. Nanohole arrays

Nanoholes are more commonly found in the form of
2D periodic arrangements. Metallic hole arrays offer addi-
tional degrees of freedom for tailoring their interaction

with light, broadening the range of potential effects and
applications [24–26]. Among these, negative-index meta-
materials [14,27] and extraordinary-optical-transmission
(EOT) structures [28] stand out. The former are the base
of the so-called perfect lens and other advanced optical
devices [27], while the latter find application in optoelec-
tronics, biosensing, or beaming [29]. Notably, the literature
on EOT shows that transmission through hole arrays is
a complex phenomenon in which various coupled effects
“such as Bragg scattering, SPPs, and localized modes” are
involved [17,22,23,29–31]. EP-WGMs may also appear
when the nanoholes are arranged in groups; thus, under-
standing the properties of EP-WGMs in this specific situa-
tion is crucial for a better comprehension and an accurate
prediction of the optical response associated with this kind
of structure. In the following, 2D arrays of nanoholes
forming a square lattice with period a are analyzed.

Figures 3(a) and 3(b) show the angular transmittance
and absorption spectra for t = 30 nm, r = 160 nm, a =
400 nm, and p-polarized plane-wave incidence. The
absorption is calculated as A = 1 − T − R, where T and
R denote the zeroth-order transmittance and reflectance,
respectively. When θ �= 0◦, three different modes, leading
to minima (maxima) in the transmission (absorption) spec-
tra, can be distinguished. These are the second-, third-, and
fourth-order WGMs (at f = 460 THz, f = 585 THz, and
f = 660 THz, respectively). Figures 3(d)–3(f) show the
corresponding normalized z component of the magnetic
field (Hz) at the hole center for off-normal illumination,
which exhibits the different expected multipolar patterns;
namely, from lower to higher frequencies, a quadrupole
[Fig. 3(d)], a hexapole [Fig. 3(e)], and an octupole [Fig.
3(f)]. These results are in good agreement with those
obtained in the case of isolated holes, although slightly red
shifted. This shift is attributed to the interaction between
adjacent nanoholes via near-field coupling [9,32,33].

In addition, our results show that the EP-WGM resonant
frequencies depend very weakly on the angle of incidence,
confirming that they are not enabled via grating coupling.
An exception to this occurs when WGMs appear inter-
fered by Wood’s anomalies (WAs) [34,35] [see the dashed
lines in Figs. 3(a)–3(c)]. A WA arises when a grating order
changes its character from evanescent to propagating. In
this situation, the zeroth-order scattering response may suf-
fer strong variations, such as frequency shifts or increased
damping [36]. Note that the magnetic field of the studied
EP-WGMs is mainly z directed. Therefore, the excitation
via p-polarized waves is basically mediated by the electric
field, as in this case Hz is zero. However, s-polarized plane
waves have a nonvanishing Hz component, which results
in a more complex coupling mechanism, as both the elec-
tric and magnetic fields of incident light and EP-WGMs
overlap. Actually, as shown in Fig. 3(c), the quadrupole
is not excited for this polarization, while the third band
does not correspond to a pure octupole as in the case
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FIG. 3. The optical response of periodic hole arrays. The
geometrical dimensions are t = 30 nm, r = 160 nm, and
a = 400 nm. (a)–(c) Angular spectra for (a) p-polarization trans-
mittance, (b) p-polarization absorption, and (c) s-polarization
absorption. The first-order Wood’s anomaly is indicated with
dashed lines. (d)–(f) Normalized Hz at the hole center for p polar-
ization, θ = 5◦, and (d) f = 457.5 THz, (e) f = 583 THz, and
(f) f = 661.4 THz.

of p polarization (the nature of this mode changes with
frequency).

C. Tailoring the optical response via lattice symmetries

Figure 3(a) reveals another interesting feature of the
studied structure: the third-order EP-WGM (hexapole) is
unexpectedly excited at normal incidence. This brings to
light the fact that the lattice plays a key role in enabling the
coupling of light to some EP-WGMs orders, which would
not be excited in isolated nanoholes. This can be explained
by considering the symmetries of the structure. In partic-
ular, excitation at normal incidence can only occur when
the interaction between neighboring holes modifies the EP-
WGM in such a way that the symmetries that prohibit its
excitation are broken (i.e., if the resulting field distribution
has the symmetries of a dipole).

The symmetries that a given mode will exhibit, once it
is hosted by the lattice, are given by the intersection of

its symmetry group and the point symmetry group of the
lattice. For example, the point symmetry group of a square
lattice is the dihedral group of order 8 (D8). The symme-
tries of an mth-order multipole are D2m, which correspond
to a regular even polygon with vertices alternating in color
[see Fig. 4(a)]. If the result of intersecting the sets D8 and
D2m is D2 (i.e., the symmetry group of a dipolar mode),
then the mth-order EP-WGM can be excited by a plane
wave at normal incidence. This is the case of modes with
an odd order m = 2k + 1, k ∈ N (the symmetry group of
which is D4k+2), for which the interaction between hori-
zontal and vertical neighboring holes can be different, and
a net dipole moment can be introduced [see the 6-pole case
shown in Fig. 4(b)].

However, if the result of the intersection is Dl with l ≥ 4,
excitation at normal incidence is prohibited. This is the
case of even-order modes (the symmetry group of which
is D4k). Since D4 ⊂ D4k, i.e., the symmetries of the 4-
pole are within the symmetries of the original multipole,
and D4 ⊂ D8—that is, the symmetries of the 4-pole are a
subgroup of the symmetries of the lattice—these modes
cannot be excited at normal incidence [see the 4-pole and
8-pole examples in Fig. 4(b)].

A similar reasoning can be followed to show that the first
mode to be excited at normal incidence within a hexagonal
lattice (with point symmetry group D12) will be a decapole
[the third-order mode (6-pole) cannot be excited because
D6 ⊂ D12, and even-order modes (i.e., those with m = 2k)
cannot be excited either because D4k ∩ D12 = Dl with l ≥
4; see Fig. 4(c)]. Figure 4(d) illustrates these peculiarities
with an example.

As can be seen, a variety of optical responses can be
obtained by using different lattice models. This is a very
interesting property of the EP-WGMs supported by hole
arrays, which can be exploited to develop novel polarizers
and filters. For instance, in a square lattice, the quadrupolar
mode is only excited for p-polarized waves, for which the
transmittance is almost zero. That is, the structure trans-
mits normally incident and off-normal s-polarized waves,
while it rejects off-normal p-polarized waves, even for
very small incidence angles and with a low frequency
dispersion.

D. Influence of the film thickness

To gain additional insight into the physics underly-
ing the response of the hole array, a parametric study
of the film thickness and its effects on the excitation of
EP-WGM is performed. Figure 5 depicts the absorption
spectra of a hole array with a = 400 nm, r = 160 nm,
θ = 2◦, and varying t. Depending on the value of t, three
different regimes can be identified in Fig. 5(a). In the case
of thick films (t > 400 nm), a single EP-WGM, highly
confined to the rim of the input interface, is excited. In
this case, T = 0 and A ≈ 0.5. These features may allow
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FIG. 4. The influence of the lattice symmetries on the hole-
array optical response. (a) The symmetry groups of the second-
and third-order EP-WGMs (4- and 6-pole) and of the square and
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dipole moment is indicated with a green arrow. (d) The trans-
mittance spectra of a hole array with t = 5 nm, r = 160 nm, and
a = 400 nm for different lattice and/or angle configurations. The
number of poles is indicated next to each resonance.

the construction of low-dispersion absorbers with just
one metal film (either polarization dependent or indepen-
dent, by using the appropriate EP-WGM order). Note that
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the center of the hole. (c),(d) The Hz distribution through the cut
plane shown in (b) for t = 300 nm at (c) f = 579.3 THz and (d)
f = 592.7 THz. The black lines indicate the location of the metal
film.

this kind of zero-transmission absorber usually requires
two metallic films (one of them patterned) separated by
a dielectric [37]. For medium-thick films (50 nm < t <

400 nm), the two interfaces come close enough for the
input EP-WGM to evanescently excite a second one at
the output interface. Hybridization results in the resonance
splitting up into symmetric and antisymmetric WGMs of
the same order resonating at different frequencies. This is
further confirmed in Figs. 5(c) and 5(d), which show the Hz
distribution at a diagonal cut plane [Fig. 5(b)] for t = 300
nm at the resonant frequencies of both modes. Specifi-
cally, at f = 579.3 THz, Hz is in phase at both hole ends
(symmetric mode), while the EP-WGMs at each interface
are out of phase at f = 592.7 THz (antisymmetric mode).
Lastly, for thin films (t < 50 nm), the two hybridized
modes become a unique mode, with a resonant frequency
that rapidly decreases with t. This feature could be used to
obtain low-frequency resonances with compact resonators
[see the examples in Fig. 4(d)]. The case of t → 0 is espe-
cially interesting. In practice, such a 2D structure may
consist of a sheet of monolayer graphene perforated with
antidots. Recent studies on the plasmonic properties of
antidot arrays indicate a close relation with ultrathin hole
arrays [38]. Moreover, in analogy to the results reported
for structured thin metal films, edge plasmons have already
been observed in graphene nanoribbons, disks, and slit
waveguides [39–41]. Therefore, one might expect plas-
monic WGMs to arise along the edges of graphene
nanoholes.
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E. Localized surface plasmon resonance sensors with
ultrahigh figures of merit

One of the most important applications of WGMs is
related to the high Q factors that they can exhibit [4].
This is an essential characteristic of the studied EP-WGMs
as well. For instance, the Q factor associated with the
quadrupolar resonance of the studied nanoholes is 81
(for t = 50 nm), with a corresponding narrow line width
[defined as the full width at half maximum (FWHM) of an
EP-WGM dip [42,43]) of 7.3 nm; see Fig. 6(b)]. Actually,
higher plasmonic WGM Q factors are difficult to achieve
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FIG. 6. The EP-WGM sensing performance in a square hole
array with t = 50 nm, r = 160 nm, and a = 400 nm. (a) The res-
onant wavelength, sensitivity, and FOM as a function of n (each
circle corresponds to a different simulation). (b) The variation
in the transmittance as n changes from 1 to 1.1. The solid and
dashed lines correspond to the simulated response of an array of
holes with sharp and blended edges, respectively. (c) The unit
cell with a blended-edge hole considered in the simulations.

[6] (the few cases in which this value is exceeded often rely
on microstructures much larger than the studied nanoholes
[6,44]), while line widths below 10 nm are considered as
ultrasharp [45].

Another relevant property of this EP-WGM is its high
sensitivity to the environment [S, defined as the free-space
resonant wavelength shift per background refractive index
unit (RIU)], which is a sought characteristic of localized-
surface-plasmon-resonance (LSPR) sensors. These devices
are becoming increasingly important owing to their sim-
plicity, low cost, and ability to probe nanoscale sensing
volumes and to observe nearby molecular interactions
[42,46,47]. To evaluate the potential of the quadrupolar
EP-WGM as the basis of an index sensor, we simulate the
transmittance of the corresponding nanohole array for a set
of background index values (n) ranging from 1 to 1.4 in
steps of 0.01. The free-space resonant wavelength λR and
sensitivity for each value of n are shown in Fig. 6(a). It can
be seen that λR varies almost linearly with n (a desirable
feature of plasmonic sensors), yielding an approximately
constant sensitivity S ≈ 600 nm RIU−1 in the considered
range, which covers both gas- and liquid-sensing applica-
tions. This implies a sensitivity dynamic range of at least
0.4 RIU, typically regarded as a high value [48]. As an
example, Fig. 6(b) depicts the transmittance for n = 1 and
n = 1.1. Under this index change, λR experiences a 60-
nm shift, which is consistent with the obtained sensitivity
value.

The main quality parameter of plasmonic sensors is
the so-called figure of merit (FOM), which is defined as
the ratio of sensitivity to line width (FOM = S/FWHM),
being below 5–10 in most cases [42,47]. When com-
bined, the reduced line width and high sensitivity of this
EP-WGM result in an extremely efficient sensor with a
FOM around 80 at n = 1 [see Fig. 6(a)]. This is among
the highest values reported to date for plasmonic sensors
[42,46,47] and the highest for an LSPR illuminated with
free-space light (higher values have been obtained for non-
edge-coupled localized and distributed modes [20,43,49,
50]), with the advantage that no additional bright mode is
required for its excitation. The FOM gradually decreases
down to 50 at n = 1.4, which is still a very high value for
a LSPR.

Since the field is concentrated at the edges of the
hole, the EP-WGM resonance may be influenced by
imperfectly sharp edge shapes in real implementations,
which would be especially relevant for sensing applica-
tions. To analyze this possibility, we repeat the simula-
tions of the studied array (for n = 1 and n = 1.1), this
time with the holes having a blended edge [see Fig.
6(c)]. As seen in Fig. 6(b), the EP-WGM resonances
are almost unaltered by this modification. This indicates
that the EP-WGM is tolerant to variations in the edge
geometry.
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F. Experimental observation of a quadrupolar
EP-WGM

In general, the analyzed modes can also be supported
by holes with noncircular shapes. Actually, a kind of
EP-WGM has been experimentally measured in a metama-
terial consisting of a periodic array of square holes [14].
However, that work was focused on a different optical
band displaying a negative refractive index and the pres-
ence of the EP-WGM was overlooked. Specifically, we
find that the zero-transmission band appearing at approx-
imately 1.6 eV (774 nm) in Fig. 4 of [14] corresponds
to a quadrupolar EP-WGM. This can be verified by sim-
ulating the magnetic field in the hole at the mentioned
wavelength, which has a quadrupolar profile and is concen-
trated at the hole edges [Fig. 7(a)]. To better fit the actual
shape of the fabricated structures, a square hole with round
angles is considered in the numerical calculation. The sim-
ulation domain is discretized by using a tetrahedral mesh
optimized through an adaptive-refinement algorithm [see
Fig. 7(b)].

Note that the aforementioned zero-transmission band
splits into two as the incidence angle increases. The rea-
son is that, in this case, the structure under consideration
consists of a stack of two metallic hole arrays (t = 35 nm)
separated by a 30-nm-thick dielectric layer. As a conse-
quence, the EP-WGM of each hole array hybridizes and
splits into symmetric and antisymmetric modes. This is
not to be confused with the hybridization appearing in
medium-thick films. The thin-film regime applies in this
case and a single EP-WGM per film is excited. This
analysis explains the results (band diagram) reported in
Ref. [14]. In turn, such results constitute an experimen-
tal validation of the theory presented here. Moreover, this
example illustrates the difference between EP-WGMs and
waveguide modes. In particular, in Ref. [14], the first-order
waveguide mode is identified with the transmission band
appearing at 667 nm, while the second-order (quadrupolar)
EP-WGM is excited at considerably longer wavelengths

–1

1
Hz

(a) (b)

FIG. 7. A quadrupolar EP-WGM supported by a square array
(periodicity a = 400 nm) of square holes (side l = 250 nm) with
round corners (bending radius b = 25 nm) milled in a film with
t = 35 nm. (a) The simulated Hz field. (b) The tetrahedral mesh
employed in the simulation.

(consequently, the first-order resonance would appear at
even larger wavelengths).

III. CONCLUDING REMARKS

This work shows that, in addition to the rich variety
of phenomena supported by nanoholes (e.g., waveguide
resonances), EP-WGMs in the form of whispering-gallery
modes may also be excited and may strongly influence the
spectral response of both isolated nanoholes and 2D arrays.
Therefore, an understanding of EP-WGMs is crucial to
better explain the optical response of nanohole-based plas-
monic structures, as well as to prevent interference that
may degrade their intended performance in relevant appli-
cations such as extraordinary optical transmission and
metamaterials (e.g., negative index media).

The EP-WGMs studied here further exhibit some
remarkable features. First, by appropriately selecting the
type of lattice in 2D nanohole arrays, it is possible to
select which orders are excited, while the mode behav-
ior strongly depends on the film thickness. This in turn
provides the designer with a simple and yet powerful and
versatile tool to tailor the optical response of these struc-
tures. As an application example, thick films can be used
to build zero-transmittance absorbers with a single metal
layer.

Second, some EP-WGMs present unusually narrow line
widths under specific configurations, which is useful in
applications such as optical filtering and spectroscopy.
In combination with the uncommon polarization depen-
dence of the EP-WGM resonances, this property can be
employed to design special polarizers.

Lastly, the ultrahigh sensing FOM that some EP-WGMs
exhibit is of particular importance as an alternative and
more efficient mechanism to build LSPR sensors, with
application in the detection of nanoscale analytes, as well
as in the observation of molecular interactions.
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