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The optical properties of single nanoholes in optically thin (t ) 20 nm) gold films on glass have been studied
experimentally and theoretically. The measured elastic scattering spectra from the nanoholes exhibit a broad
resonance in the red part of the visible spectrum, which is qualitatively similar to localized surface plasmon
(LSP) resonances in gold nanodisks. The hole resonance red-shifts with increasing hole diameter (D ) 60107 nm), similar to particle LSP resonances. These features could be well reproduced by electrodynamic
simulations based on the boundary element method (BEM). Further, the electric field distribution around the
resonant nanoholes, obtained from the BEM simulations, exhibits a clear electric dipole pattern. This confirms
the assignment of the hole resonance to a dipolar LSP resonance mode. However, in comparison with Au
nanodisks of similar size, the hole LSP resonance exhibits a shorter dephasing time (τ). This observation can
be understood in terms of an additional decay channel that is dominated by the short wavelength antisymmetric
bound (ab) surface plasmon polariton (SPP) mode of the surrounding Au film. Experimental verification of
the LSP-SPP coupling is obtained from near-field scanning optical microscopy images, which exhibit
interference fringes due to SPP emission from the hole. The fringe periodicity corresponds to a SPP wavelength
of λab ≈ 285 nm, much less than both the free space wavelength λ0 ) 633 nm or the wavelength of the more
well-known symmetric leaky mode.

1. Introduction
The discovery of enhanced optical transmission through subwavelength hole arrays1 has attracted considerable interest to
optical phenomena and applications associated with nanoscale
apertures in metal films.2-9 It is generally agreed that surface
plasmon (SP) resonances play a key role in enhancing the
transmission of light through apertures in noble metal films,
although diffraction effects, especially in the presence of longrange order, also need to be considered.10,11 Isolated nanoholes
in optically thick metal films exhibit distinct optical properties12
in comparison to nanohole arrays.13 In order to make a clear
distinction between diffraction and plasmonic coupling effects,
a deeper understanding of single nanohole optical properties is
needed. Zakharian et al.14 recently presented a qualitative picture
of the behavior of the electromagnetic fields around single
elliptical apertures in optically thick metal films. It was argued
that electric and magnetic dipoles are induced and that these
contribute significantly to the enhanced transmission. Such
dipolar modes can be expected to result in localized surface
plasmon (LSP) resonances, similar to those observed for noble
metal nanoparticles.15 However, the presence of the metal film
obviously constitutes a major difference between a hole and a
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particle, because a nanohole LSP resonance can be expected to
couple not only to ordinary light waves but also to spatially
extended surface plasmon polaritons (SPPs). Chang et al.16 and
Popov et al.17 recently performed electrodynamic simulations
which indicated that illumination of a nanohole in an optically
thick gold film leads to polarization dependent SPP patterns,
in good agreement with experiments using near-field scanning
optical microscopy (NSOM).18
Concerning holes in optically thin metal films, the key role
of surface plasmons has also been invoked.19 We have previously demonstrated experimentally that isolated and short-range
ordered arrays of circular nanoholes in 20 nm thick gold films
on glass support excitations that are qualitatively very similar
to particle LSP resonances.20 Similar to particle plasmons, the
nanohole resonance was shown to vary with hole diameter D,
hole density, and surrounding refractive index. Further, it was
argued that these holes allow SPP excitation, which in turn
renormalizes the nanohole resonance. However, we were not
able to present rigorous experimental proof for LSP-SPP
coupling, and the assignment of the hole resonance to an electric
dipole LSP mode remained speculative due to the considerable
difficulty of performing high quality electrodynamic simulations
for this type of nanooptical system. Despite these uncertainties,
we were able to use the nanohole structures for advanced sensing
applications.21,22 Short-range ordered nanoholes were utilized
in biosensing experiments, in which it was possible to func-
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tionalize the inner SiO2 part of the holes with lipid bilayers for
“biomimetic” surface plasmon resonance detection of molecular
binding events.21 This kind of measurement was even possible
to perform using a single 60 nm diameter nanohole.22
Utilizing alkanethiol self-assembled monolayers, we estimated
that the spatial extension of the sensing region was 10-20 nm
(i.e., similar to what is expected for nanoparticle LSPs).22 Still,
the development of the nanohole structure into a competitive
system for plasmonic bio/chemo sensing requires a more
thorough understanding of hole plasmons in thin gold films.
In this paper, we focus on the fundamental optical properties
of single nanoholes in optically thin gold films. We compare
experimental elastic scattering spectra with simulated spectra
obtained using the boundary element method and find excellent
agreement. This allows us to analyze the nature of the nanohole
excitation through electromagnetic field distribution maps.
Moreover, new NSOM data gives indisputable evidence for
coupling to extremely short wavelength SPPs, which we identify
as so-called antisymmetric bound modes of the thin Au film.
The paper is organized as follows. Section II briefly describes
the experimental methods used to prepare and study the single
nanoholes. In section III, the theoretical models that were
employed to simulate the optical properties of the nanoholes
are described, whereas section IV discusses results and analyzes
the LSP-SPP interaction in single nanoholes. The work is
summarized in Section V.
2. Experimental Methods
The single nanoholes were prepared using colloidal lithography23 on glass substrates. First, colloidal white-sulfate polystyrene spheres (sulfate latex IDC USA) were electrostatically
adsorbed on clean glass coverslips. A gold film (20 nm in
thickness) is then thermally evaporated onto the colloidal sphere
mask, after which the gold-capped spheres are removed by
sonication in ethanol. The result is a 20 nm thick gold film
containing circular holes with SiO2 at the bottom. Isolated single
nanoholes (dinterhole J 8 µm) were prepared by kinetically
interrupting particle adsorption at extremely low coverage. The
diameters of the nanoholes are controlled by choosing the size
of the spheres: for this study, we prepared three different
samples with average hole diameters 60, 76, and 107 nm, as
determined by scanning electron microscopy (SEM) imaging.
The variation in hole diameters caused by sphere polydispersity
was approximately (10 nm. The optical properties of the
isolated holes were quantified using elastic (Rayleigh) scattering,
measured in a dark-field (DF) microscopy setup. A standard
inverted optical microscope (Nikon TE300) and an optical
spectrometer (AvaSpec-2048) were used. As schematically
depicted in Figure 1a, unpolarized white light from a 100 W
halogen lamp, A, is focused on the sample, B, using a darkfield condenser (NA ) 0.8-0.95, θ ≈ 53-72 deg). The
scattered light is then collected with a 100× oil immersion
objective (NA ) 0.5), C, and guided through a fiber to the
spectrometer, D. For the objective/fiber combination used, the
probe area has a diameter of ∼1.3 µm. Scattering spectra were
obtained by first subtracting the background signal obtained
from a hole-free region of the Au- film from the raw DF
spectra, and then dividing by the white-light spectrum measured
under bright-field conditions. Identical conditions were used for
different hole samples, so that relative scattering intensities could
be determined. Figure 1, panels b and c, shows typical SEM
and DF images of single holes.
To complete the experimental methodology, near-field optical
imaging of a single 60 nm hole was performed by a scattering-
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Figure 1. (a) Schematics of the dark-field (DF) setup, (b and c)
representative SEM images of single ∼107 and ∼60 nm nanoholes in
20 nm thick gold film, respectively. The insets show corresponding
single hole images under DF illumination.

type near-field scanning optical microscope (s-NSOM)24 that
employs Pt coated Si tips as light scattering probes. The tip is
illuminated from the side by a TM polarized HeNe laser beam
(λ ) 633 nm). The illumination angle of the slightly focused
laser beam is about 40°, measured from the gold surface, and
the laser beam illuminates the hole from the air side. The light
backscattered from the tip is detected with a heterodyne
interferometer yielding amplitude and phase.
3. Theoretical Methods
Near-field calculations for nanoholes were performed using
BEM.25,26 The electric and magnetic fields are written in terms
of scalar and vector potentials φ and A, and the solution to
Maxwell’s equations that vanishes away from the hole is
expressed in terms of a distribution of charges σj and currents
hj that are defined on either side of all boundaries between the
different media. In our case, j ) 1, 2, and 3 will label vacuum,
gold, and glass, respectively. For r inside medium j, one has

φ(r) ) φe(r) +

∫S ds Gj(|r - s|)σj(s)

(1)

∫S ds Gj(|r - s|)hj(s)

(2)

j

and

A(r) ) Ae(r) +

j

where Sj refers to the boundary of medium j

Gj(|r - s|) )

eikj|r-s|
|r - s|

(3)

is the scalar-wave Green function propagator in medium j; kj
) (ω/c)xj is the momentum of light inside medium j of
permittivity j; and φe and Ae are scalar and vector potentials
associated with the incoming light, which are nonvanishing only
for j ) 1 (i.e., in the medium above the film, which is
illuminated by an incoming plane wave). The boundary conditions of the electromagnetic field are then imposed and yield a
set of self-consistent surface integral equations that determine
the surface sources and that are solved by linear algebra
techniques upon discretization of the integrals.26 The BEM relies
on parametrization of finite structures. The near field is thus
calculated for films of finite increasing size until convergence
is achieved.

Nanohole Plasmons in Gold Films
The far-field optical response is, however, extremely sensitive
to the termination of the film. We have therefore extended the
BEM to cope with infinite planar interfaces. In our scheme,
the BEM is used to parametrize a hole-like void inside the metal
and to calculate forward and backward scattering coefficients
for planar and evanescent waves incident from above and from
below the hole. These coefficients are regarded as elements of
a scattering matrix. The film boundaries lead to diagonal
scattering matrices for incident plane waves, whose elements
are given by Fresnel’s reflection and transmission coefficients.
All of these elements (the hole and the film boundaries) are
combined into a multiple-scattering scheme, producing the full
scattering matrix of the film with the hole-like inclusion. The
film boundaries are made increasingly close to the hole until
the actual hole-in-a-film structure is realized. Convergence with
increasing number of parametrization points in the underlying
BEM calculation, with increasing number of planar and
evanescent waves, and with decreasing distance between the
film boundaries and the hole has been checked. We are
interested in the matrix elements that connect the incoming light
with transmitted waves. The latter are integrated over all
transmission directions, so that the resulting transmission
intensity can be compared with dark-field scattering measurements.
In addition to the BEM simulations, we calculated the SPP
characteristics for a homogeneous planar 20 nm gold film
between glass and air. The calculation of the in-plane wavevector and field distribution of the antisymmetric surface plasmon
polariton has been carried out using a transfer matrix formalism.27 Such a formalism allows us to relate the tangential
components of the electromagnetic fields at the two sides of
the metallic layer. Since SPPs are transversal magnetic (TM)
waves, only the TM field components are required.27 To
calculate the dispersion of the bound antisymmetric mode, we
assume that there are no incident plane waves from the
surrounding dielectrics. With this condition, a homogeneous
system of equations for the amplitudes of the TM field
components at both sides of the metal is obtained. The nontrivial solution of the system generates an equation, which
solution provides the in-plane wavevector (k) of the bound mode.
Once k is calculated, the electromagnetic field distribution in
each medium can be determined.
In order to find the complex propagation constants of leaky
modes in this lossy waveguide, the reflection pole method was
implemented.28 The technique is based on the transfer matrix
method, and it monitors the phase of the reflection coefficient
denominator. A numerical differentiation of the phase of the
reflection coefficient denominator vs the effective index produces Lorentzian-type peaks (real part of the normalized mode
propagation constant). The half width at half-maximum of these
peaks is equal to the normalized imaginary part of the mode
propagation constants.
4. Results and Discussion
4.1. Optical Properties of Isolated Nanoholes. Using the
dark-field spectroscopy setup, it is relatively straightforward to
identify individual nanoholes and measure elastic scattering
spectra, see insets in Figure 1, panels b and c. Figure 2a shows
scattering spectra averaged over 30-40 single nanoholes for
each of the three diameters. The spectra are inhomogeneously
broadened because of the spread in polystyrene sphere sizes,
but the effect is not significant due to the intrinsically large
line-width of the individual hole spectra. Consequently, the
averaged spectra are well described by Lorentzian line-shapes
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Figure 2. (a) Averaged elastic scattering spectra of 30-40 isolated
nanoholes per sample with average diameter of 60, 76, and 107 nm.
The spectra are fitted to Lorentzian functions. The inset shows the
variation in average resonance energy versus average hole size. (b)
Calculated intensity transmitted to the half-space below the hole (see
inset) normalized to hole area for 60 and 107 nm holes. (c) Correlation
between resonance energy and the full width at half-maximum (fwhm)
for the whole ensemble of isolated holes. Inset shows peak width vs
hole diameter together with the trend reported for Au nanodisks of
similar sizes according to ref 29.

without any Gaussian (inhomogeneous) contribution. The averaged peak positions extracted from the Lorentzian curve fits
are 1.80, 1.70, and 1.57 eV for 60, 76, and 107 nm holes,
respectively. The hole resonance thus red-shifts monotonously
with increased hole diameter, see inset of Figure 2a, in
agreement with our earlier investigations20 and qualitatively
similar to gold nanodisks.29 However, the nanohole spectrum
is red-shifted and broader in comparison with that of a nanodisk
of identical size.
In a simplified analysis, the LSP resonance position for a
nanodisk is determined by the real part of a dipole polarizability
denominator, which primarily depends on the disk aspect ratio.30
However, to the best of our knowledge, an equivalent electrostatic point dipole model for a hole in a thin film has not been
formulated. Consequently, the single hole problem has to be
treated by rigorous electrodynamic methods that give the
solution to Maxwell’s equations. In this work, this is done using
the BEM. The gold dielectric function was taken from Johnson
and Christy.31 Figure 2b shows the calculated transmission
spectra of 60 and 107 nm nanoholes. To illustrate the large
increase in the transmission cross section for larger nanoholes,
the spectra in Figure 2b were normalized to the geometrical
cross-section. The calculated transmission peak positions are
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Figure 3. Calculated E-field distribution around 60 nm, (a-c), and
107 nm, (d-f), holes in a 20 nm thick Au film on SiO2. The near-field
plots were made 20 nm (a and d) and 5 nm (b and e) above the hole.
The calculations were produced using the BEM, and the normally
incident monochromatic light was polarized in the x direction.

Figure 4. (a) Scattering-type near-field optical image of a single 60
nm nanohole on glass taken with a 40° illumination angle and λ )
633 nm. The beam is TM polarized. (b) Schematic illustration of SPP
excitation around a nanohole. (c) Optical signal amplitude as a function
of distance from the hole averaged over a cone with 90° opening angle
along the x-axis. The data was fitted to the expression for the signal
amplitude, Et. (d) Side-view of the s-NSOM experiment.

1.95 eV for D ) 60 nm and 1.65 eV for D ) 107 nm single
holes, in excellent agreement with the experimental spectra. This
is a good indication that also the near-field properties of the
nanohole resonance can be analyzed using the BEM, as will be
discussed below.
As can be seen in Figure 2a, an increase in hole diameter
not only leads to a red-shift but also causes spectral broadening;
that is, the lifetime of the hole resonance is shortened. This is
in contrast to gold nanodisks, for which the LSP lifetime is not
significantly affected by a change in a disk diameter from D )
60 to 120 nm (see inset in Figure 2c).29 To illustrate the spectral
broadening effect in more detail, we show the relationship
between the resonance energy and the full width at halfmaximum (Γ) for a large number of different nanoholes in
Figure 2c. In this plot, we utilize the spread in individual hole
diameters, and thus in resonance position, in the three samples
to access a more continuous range of resonance parameters. The
plot clearly indicates a more or less linear relationship (i.e., [Γ]
≈ 1.96 - 0.77Eres [eV]) even within each sample. For 60 and
107 nm nanoholes, the average dephasing times, which are
related to the resonance widths through [Γ] ) 2p/τ, are 2.4 and
1.7 fs, respectively, which can be compared to τ ≈ 2.2 fs for
disks of D ) 60-120 nm. The difference is most notable for
the larger diameters, where both the hole and the disk resonances
are well bellow the interband region of gold (i.e., τdisk ≈ 1.3τhole
for D ≈ 110 nm).
4.2. Electric Field Distribution around Single Nanoholes.
In order to further our understanding of the nature of the resonant
hole excitations, the near-field distribution around single holes
excited at resonance are necessary, see Figure 3. The BEM plots
were made at 1.96 eV for the D ) 60 nm hole (Figure 3a-c)
and at 1.65 eV for the D ) 107 nm hole (Figure 3d-f; i.e. at
energies corresponding to the scattering maxima of Figure 2b).
At a distance of 5 nm above the metal surface, the E-field
distribution exhibits clear electric dipole patterns for both hole
sizes, Figure 3, panels b and e. If the E-field is plotted 20 nm
above the nanoholes instead, the dipolar pattern is lost more

quickly for the smaller hole, compare Figure 3, panels a and d,
similar to the case of plasmonic nanoparticles, for which the
spatial extension of the dipolar near-field component is essentially determined by particle size.32 The maximum E-field
enhancement is observed close to the hole edges (i.e., |E|/|E0|
) 4.1 and 5.5 for the 60 and 107 nm holes, respectively) because
it is at these positions that the charge accumulation associated
with the dipolar excitation is the largest. The calculations are
thus fully consistent with the idea that the hole resonance can
be viewed as a localized electric dipole plasmon (i.e., a “hole
LSP”). However, the E-field enhancement around the nanoholes
is small in comparison with nanodisks33 and nanorings34 of
similar dimensions, but this is not surprising, considering the
lower quality factor of the hole resonance compared to disk or
ring LSPs.
The near-field plots can also be used to estimate the decay
length of the E-field inside the holes, which is an important
parameter in, for example, biosensing applications.21,22 If the
field decay is assumed to be exponential {i.e., E(r) ∝ E0(exp(x/δ) + exp(-x/δ))}, we obtain decay length of the order of
∼30 and ∼40 nm in the x direction toward the center of the
hole for the 60 and 107 nm holes, respectively. This is in
reasonable agreement with experimental data for 60 nm holes,
which yielded a surface-averaged value of δ ≈ 10-20 nm.22
4.3. Generation of SPPs by Single Nanoholes. To study
possible LSP-SPP coupling effects in more detail, we used
scattering-type near-field scanning optical microscopy. This
experiment confirmed that the nanoholes indeed act as point
sources of SPPs, see Figure 4, panels a and b. The measurement
is qualitatively similar to NSOM experiments on isolated holes
in optically thick gold films.18 As can be seen from the figure,
the emanating SPPs are more pronounced in the direction of
electric field polarization, and the cone-like SPP fringes have
different periods across the x axis (defined as the projection of
the incident wavevector along the surface), see Figure 4c.
Close to the hole, the near-fields at the metal probe tip are
likely to disturb the LSP. For this reason, we do not consider
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Figure 5. (a) Dispersion relations for the antisymmetric bound (ab)
and the symmetric leaky (sl) modes in a 20 nm thick gold film on a
glass substrate in air obtained using the reflection pole method. The
dashed lines show the light lines at grazing incidence in the two media.
The “+” symbol is the experimental value of kSPP obtained from the
Figure 4a. (b) Illustration of a dipole moment created by a nanohole,
P, and the charge distributions created by the ab and the sl modes.

the immediate vicinity of the hole in the following and adjust
the gray-scale for optimal visibility of the fringes further away
from the hole. Similar to surface phonon polariton probing,35
the fringes far from the hole can be explained by interference
of the incoming field Ei with the surface plasmon polariton
wave ESPP, see Figure 4d. The signal amplitude we detect,
Et, is proportional to the coherent sum of the incident field and
the surface plasmon field {i.e., Et ) Ei + ESPP ∝ (1 + A exp[i(kSPP - k cos(θ))x + φ0])}, where A is the SPP field amplitude
relative to the incoming field Ei, is the SPP wavevector, and
[φ]0 is the phase of the SPP relative to the incoming field Ei at
the source. The fringe spacing in the forward direction is then
2π/(kSPP - k cos(θ)), which is larger than it is in the opposite
(-x) direction, 2π/(kSPP + k cos(θ)). The SPP wavelengths
estimated from the fringe periodicity in the +x and -x
propagation directions were found to be 304 ( 10 nm and 266
( 10 nm, respectively. The average value, λSPP ≈ 285 nm, is
less than half the free space wavelength, which rules out classical
diffraction effects as the source of the fringe pattern.
Figure 5a shows the calculated SPP dispersion relations for
a 20 nm Au film on glass (nglass ) 1.52) in air (nair ) 1.00)
within the energy range of interest. We consider here the Fano
modes that are physically admissible36 (i.e., the symmetric leaky
(sl) and the antisymmetric bound (ab) modes). The film only
supports one bound mode, as the gold film thickness is below
the cutoff (≈50 nm) for the symmetric bound mode.36 As can
be seen from the figure, the dispersion curve for the ab mode is
well below the light-lines in either media; that is, the SPP
wavelength is much shorter than for any free-space light-waves
of the same energy. This means that direct excitation of the ab
mode, for example via prism coupling, is prohibited and the
SPP mode can only be launched through defect coupling.
The SPP wavelength of the ab mode at the free space
wavelength of λ ) 633 nm is found to be ∼308 nm, which is
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in good agreement with the value λSPP ≈ 285 nm estimated
from the s-NSOM experiment (see “+” symbol in Figure 5a).
We note that the ab mode is characterized by a charge
displacement pattern that consists of equal sign charges on the
two interfaces,37 which results in an antisymmetric field
distribution, see Figure 5b. The charge distribution around the
hole thus coincides with that of an electric dipole, which explains
why the hole LSP mode can couple to the ab-SPP mode. In
addition to the ab mode, the structure also supports the sl mode.
In this case, charges of opposite sign occurs at the two interfaces,
resulting in a symmetric field distribution, see Figure 5b. The
sl mode should therefore not couple to a dipolar hole plasmon.
From the results above, the most plausible explanation of why
the hole resonance has a shorter lifetime than the corresponding
disk LSP is simply that it has access to an additional decay
channel in the form of surface plasmon polaritons. Calculations
of the energy dissipation of a dipole emitter close to a semiinfinite Au slab (not shown) indicate that the quantum efficiency
for SPP generation (i.e., the probability that an emitted photon
launches a SPP wave instead of propagating to the far field) is
of the order several tens percent for the energy range of interest
here.38 Although the LSP-SPP coupling strength will depend
sensitively on the detailed geometry of the hole-film system,
similar to the case of a spherical metal particle outside a thin
metal film,39 it is clear that SPP interactions will have a large
impact on the lifetime of any localized resonance with an energy
that overlaps with the SPP density of states (DOS). In a solidstate physics picture, the broadening caused by LSP-SPP
coupling corresponds to the imaginary part of a LSP self-energy,
whereas the real part corresponds to a frequency shift. The DOS
of the relevant SPP mode (the ab-mode) peaks at high energies
(∼2.3 eV), and we therefore expect that the hole LSP mode is
pushed toward lower energies compared to the LSP of a disk
of the same size, which is not renormalized by LSP-SPP
coupling. This picture can thus qualitatively explain why hole
LSP’s are red-shifted compared to disks.
5. Summary
In this paper, we have studied the optical properties of single
nanosized holes prepared by colloidal lithography in optically
thin (20 nm) gold films. The holes exhibit a resonance that redshifts and broadens when the hole diameter is increased. These
features could be well reproduced by electrodynamic simulations
based on the boundary element method. The calculated E-field
distribution around the nanoholes displayed a clear electric
dipole character, which supports our previous assignment of
the hole resonance to a localized surface plasmon resonance.
The shorter dephasing time of the hole LSP compared to disk
plasmons was interpreted as an effect of LSP-SPP coupling.
This picture was supported by near-field microscopy of an
isolated 60 nm nanohole, which showed that the hole indeed
acts as a scattering center for SPPs. The fringe period obtained
from the s-NSOM image was found to be ∼285 nm for an
illumination wavelength of 633 nm, which agrees with the
wavelength of the antisymmetric bound SPP mode of a
homogeneous 20 nm Au film on glass.
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