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The influence of annular aperture parameters on the optical transmission through arrays of co-
axial apertures in a metal film on high-refractive-index substrates has been investigated experimen-
tally and numerically. It is shown that the transmission resonances are related to the plasmonic
crystal effects rather than cut-off of annular apertures. The role of deviations from ideal aperture
shape occurring during the fabrication process has also been studied. Annular aperture arrays are
often considered in many applications for achieving high optical transmission through metal films
and understanding of nanofabrication tolerances are important.

The so-called annular aperture arrays (AAA), consist-
ing of subwavelength coaxial apertures in metal films, are
currently considered as important extension of the plas-
monic nanostructures for achieving the enhanced trans-
mission of light through opaque materials.1–6 Such nanos-
tructures provide additional functionalities compared to
simple circular apertures in terms of very high absolute
transmission related to specific waveguided modes in an-
nular apertures, absent in simple circular holes. Coupled
to surface plasmon polariton modes on metal film inter-
faces, these modes provide a possibility to achieve high
transmission, field enhancement as well as high extrac-
tion efficiency of light trapped in the substrates. The
latter is especially important for high-refractive index
substrates with small angles of total internal reflection.
Therefore, such nanostructures may become important
in a wide range of applications for light extraction from
OLEDs, LEDs, VCSELs, etc.

At the same time, the studies of the enhanced optical
transmission through the plasmonic structures on high-
refractive index substrates are virtually absent, despise
their potential interest in applications. There have been
studies considering AAA with glass as a substrate, in the
near-infrared, and the visible regime.1–6 Recently, it was
experimentally demonstrated an enhanced transmission
around 90%.9 When glass is used a substrate, it is possi-
ble to take advantage of the resonance associated with the
cutoff of the TE11 mode of individual annular apertures.
However, in the case of high refractive index (e.g., n≈
3.59 for GaAs or GaP), this resonance appears at much
longer wavelengths, as it was reported from experiments
in the THz regime.10

In this letter we present systematic studies of the en-
hanced transmission through the annular aperture arrays
and its dependence on size, shape and period of the plas-
monic nanostructures on high refractive index substrates
that allows to emulate the plasmonic structures on LED
chips. The influence of nanofabrication tolerances on op-
tical properties of plasmonic AAA on high-index sub-

FIG. 1: (a) SEM image of a typical array of the FIB-milled
annular apertures. (b) The cross-sections of AFM images
showing the annular apertures profile for 100 nm inner di-
ameter and 200 nm outer diameter apertures in the 600 nm
period array milled with different FIB parameters.

strates are also studied.

We have studied annular aperture arrays fabricated in
100 nm thick Au film on the Gallium Phosphide (GaP)
substrate (n = 3.14–3.59 in the visible spectral range).
Four different type of the arrays of annular holes with a
constant outer diameter of 200 nm and 4 different inner
diameters: 0 nm (circular holes), 50 nm, 75 nm, and 100
nm. The square lattice arrays have been created with
3 different periods: 600 nm, 650 nm and 700 nm. The
structures were fabricated using a Focussed Ion Beam
(FIB) milling into magnetron sputtered Au films.

Scanning Electron Microscopy (SEM) and Atomic
Force Microscopy (AFM) was used to characterise the
structural integrity and parameters of the arrays. These
confirmed good correspondence between the designed
and actual parameters of the structures in terms of lateral
sizes (Fig. 1 (a)). The profiles of the central pillar were,
however, strongly dependent on the FIB milling parame-
ters and for high beam currents, the FIB beam tail is too
large to obtain a centre nanopillar with a height equal to
that of the walls of the aperture. Therefore, in order to
obtain the best shapes possible, low beam currents were
used, typically 10 pA or 30 pA. The beam tail was also
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taken into account when creating the pattern file. How-
ever even considering these effects the ideal annular aper-
tures are difficult to obtain on the required lengthscales
(Fig. 1 (b)). Similar deviations and lack of control of
the shape on such lengthscale are common also for other
nanofabrication techniques such as nanoimprint and fem-
tosecond 2-photon nanostructuring, that are most suit-
able for inexpensive mass-production of such arrays for
photonic applications.

Optical characterisation was performed by measur-
ing transmission spectra of the arrays at various angles
of incidence and light polarisations. The light from a
tungsten-halogen lamp was passed through a polarising
cube before illuminating the sample, through the sub-
strate. A pin hole was used to reduce the size of the illu-
mination beam on the sample. A long-working-distance
objective (×50) was used to collect the light transmitted
through the structure. Part of the light passed through a
beam splitter onto a CCD camera to visualise the illumi-
nated area the sample surface, and the rest of the light
was reflected onto an analysing polariser cube, with axis
oriented parallel to the illumination polarisation, before
being coupled into an optical fibre. The fibre was used
to guide the optical signal to a spectrometer with a liq-
uid nitrogen cooled CCD camera in order to record the
spectrum of the transmitted optical signal.

For comparison to the experimental results, the zeroth
order transmission spectra of each structure have been
calculated using Finite-Difference Time-Domain method.
The calculations were made taking into account a sub-
strate with n = 3.59 covered with 100 nm of Au. The
Au dielectric constant is taken form the experimental
data (Ref.11) implemented in the FDTD formalism as
described in Refs.12,13. The dispersion of the refractive
index and absorption of GaP substrate were neglected for
technical reasons, but the comparison with experiments
shows that this is not an important effect.

The transmission spectra of the SPP crystals described
above are presented in Fig. 2 for different parameters of
the annular apertures and periods of the lattice. Please
note that the strong extinction for wavelengths shorter
than 550 nm is due to the strong absorption of GaP sub-
strate in this spectral range.14 The transmission spec-
tra exhibit generally one dominating resonance with the
period-dependent spectral position. The increase in the
diameter of the inner pillar leads to the significant in-
crease in the transmission magnitude despite the reduc-
tion of the total area of the openings. This is accompa-
nied by a small long-wavelength shift of the transmission
peak position. The maximum transmission was experi-
mentally observed for annular aperture arrays with inner
diameters of about 100 nm.

The spectra of the AAA milled with different param-
eters and therefore featuring different central nanopillar
shape (Fig. 1 (b)) are shown in Fig. 2 (d). The nanopil-
lars have different height and labelled ”A” (tall) and ”B”
(small) as well as they have different effective diameter
at approximately the same outer diameter of the annular

FIG. 2: Experimental transmission spectra of the aperture
arrays fabricated in the 100 nm thick Au films on the GaP
substrate for different periods of the array: (a) 600 nm, (b)
650 nm, (c) 700 nm. The outer diameter of the apertures
are 200 nm, the inner diameters are indicated in the legends.
(d) Experimental transmission spectra of the annular aper-
ture arrays with different profiles of the central nanopillar,
corresponding to the AFM images of Fig. 1(b).

aperture. While exhibiting similar spectrum defined by
the SPP Bloch mode of the crystal, the resonant trans-
mission of sample B is red-shifted and slightly smaller
than for the array with taller nanopillars.

In the range of parameters of the plasmonic structures
under consideration, the cut-off wavelength of individual
annular holes are λc = 590.5 nm for the inner diameter
equal to 50 nm and λc = 1002 nm for the inner diam-
eter equal to 150 nm (Fig. 3). Therefore the observed
resonances are not related to the cut-off of annular aper-
tures. Simple analysis of plasmonic modes of our nanos-
tructures shows that surface plasmon polaritons (SPPs)
are not supported on the GaP/Au interface in the visible
spectral range, since εAu + εGaP > 0 for λ < 620 nm.
Although SPPs exist at lower frequencies, their wave-
length is much shorter than that at the Au/air interface
and propagation length is small in the visible spectral
range due to the high-refractive index of the GaP. This
considerably simplifies the discussion of the transmission
mechanisms that may involve waveguided modes (pho-
tonic and/or plasmonic) in annular apertures and SPP
Bloch modes on the air/Au interface of the plasmonic
crystal.7 The waveguided modes transmit the energy of
the incident light with efficiency depending on the thick-
ness of the film as well as the inner and outer diameters
of the annular apertures since the propagation constant
of the mode depends on them. These waveguided mode
is then hybridised with SPP Bloch modes of the crystal
lattice which are then coupled to photons. Therefore, the
modification of the lattice period leads to the modifica-
tion of the spectral position of the available SPP Bloch
states and their overlap with the waveguided mode. This



3

FIG. 3: Calculated transmission spectra of the annular aper-
ture arrays in Au film for different diameters of the inner
nanopillar. GaP substrate is considered dispersionless and
lossless in the calculations. The film thickness is 100 nm,
the period is 650 nm, the outer diameter of the apertures is
200 nm, the inner diameters are indicated in the legends. The
dashed vertical lines indicate the cut-off wavelengths for holes
and annular apertures of several inner diameters.

translates into both, red-shift of the transmission peak
and the reduction of the absolute transmittance as the
period increases.

Numerical modelling produce the transmission spectra
and trends when the inner diameter and the pillar heights
are varied, which are very similar to experimental obser-
vations (Figs. 3, 4). The spectra obtained with the ideal
shapes of the apertures shows that the transmission in-
creases in the dominating resonance with the increase
of the nanopillar diameter. The position of the peak is
strongly sensitive to the nanopillar diameter and exhibits
strong red-shift when the nanopillar diameter becomes
close to the aperture diameter. Since the absorption in
the substrate is neglected, the second resonance is ob-
served on the short-wavelength side of the SPP band-gap.
A good agreement between theory and experiment is ob-
served for the position of each transmission peak as well
as the relative transmitted intensity for each structure.
Please note that the experiment and modelling are com-
pared for zeroth-order transmission; the calculated total
transmission can be up to 20%.

The transmission spectra modelled for different heights
of the central pillar are shown in Fig. 4. Again the
increase of the nanopillar height leads to the increase
of the transmission of the AAA. Initially, the resonance
redshifts in comparison to the simple hole resonance until
the nanopillar height is a half of the thickness of the
film, for taller nanopillars the opposite trend with blue-
shift of the resonance is observed. The resonance on the
short-wavelength side of the band-gap behaves however
monotonically.

Finally, the modelling of the transmission spectra with
real experimentally acquired profiles shows to recover al-

FIG. 4: Calculated transmission spectra of the annular aper-
ture arrays in Au film for different heights of the inner nanopil-
lar. GaP substrate is considered dispersionless and lossless in
the calculations. The film thickness is 100 nm, the period is
650 nm, the outer diameter of the apertures is 200 nm, the in-
ner diameter is 100 nm. The transmission spectra calculated
for real nanopillar shapes as in Fig. 1(b) are also presented.

most perfectly the observed experimental spectra (Fig.
4). In these spectra the short wavelength peak near the
absorption edge of the GaP is not resolved, and it is clear
that the nanopillar profile and not the dispersion of the
substrate is the reason. In both experiment and model,
it is also clear that this peak is present as a broad shoul-
der. The interplay between the pillar height variation and
the variations in the effective diameter, having opposite
trends, minimise the shift of the resonant wavelength but
have an impact on the absolute transmission.

In conclusion, we have studied the influence of the
nanopillar shape on the resonant transmission through
annular aperture arrays in Au film on high-refractive
index substrate. Although a high-refractive index sub-
strate prevent the efficient use of the SPP modes on
Au/substrate interface for tailoring the transmission
properties, the use of the nanostructure parameters al-
lows to achieve some degree of tunability. At the same
time, simplification of the available SPP Bloch mode
spectrum leads to the observed spectral response which is
robust to the fabrication tolerances while absolute trans-
mission can be significantly influenced by them. Such
AAA structures may find applications for light extrac-
tion and emission conditioning from semiconductor de-
vices such as light-emitting diodes and VCSELs.
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