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Excitation of bound surface waves on textured metallic structures edntdestrong
resonant absorption of incident radiation at frequencies determined by tfe&ceur
profile. In the present study however, attention is turned to theofotee surface
structure in the enhancement of transmission through circular, subwavelengtételiam
apertures. Undertaking the experiment at microwave wavelengths afmwa
precision of manufacture and optimisation of the surface structure that wmmuild
difficult to replicate at optical frequencies, and demonstrates that rressson
enhancement may be achieved with near-perfect metals. Further, thef asénite
element method computational model to study the electromagnetic respotise of
sample allows for the fields associated with transmission enhancemanet@amined,
thereby obtaining a better understanding of the role of the surface prafikhe

enhancement mechanism.

1. I ntroduction

Circular apertures of diametetdl <1.8414,/77in an opaque metal layer are

unable to support propagating waveguide modes [1]. As a result, emesgpnly be
transferred by an evanescent tunnelling process leading to velky tvegemission

(which is expected to scale éﬁi//]o)4 [2]). However, the work oEbbesen et &3]

generated great interest by showing that it is possibtEbtain transmission of light
through subwavelength hole-arrays several orders of magnitudgergrihan that

predicted by standard aperture theory. Although studies of the naiceotransmission



through perforated metal substrates have been previously discussed Was
Ebbesen’s work that specifically highlighted the enhanced rtiasgn phenomenon
through subwavelengthapertures. Their work initiated a number of theoretical and
experimental studies at optical frequencies seeking to explain the undeithyisigs.

The enhanced transmission phenomenon has historically been attribtied to
excitation of electromagnetic (EM) surface modes that aen oftferred to as surface
plasmons (SPs) at optical frequencies [5-8]. These authors ashamthe fields
associated with a SP enhance the evanescent field within #he @thers suggest that
the transmission enhancement may be entirely explained using iglendlffraction
argument [9]. Further, it has been proposed that in the case ofran a sub-
wavelength slits, the SP may actually playegativerole in transmission enhancement
due to absorption effects on resonance [10]. However it is impodardgté that the
physics pertaining to slits is fundamentally different to that for circulataes, as slits
support a propagating TEM mode whereas sub-wavelength circular apertures do not [1].

Ghaemi et al[7] strengthened the pro-SP enhancement argument by
demonstrating SP dispersion characteristics in the enhanced igsiosimspectrum
through an array of sub-wavelength circular hotgésipp et al[11] were later able to
show that the magnitude of transmission enhancement was dependant ohky on t
metallic properties of the two in-plane surfaces within a skin depth of the esu&and
metals showed a marked increase in transmission over poor nhetate® they
concluded that the dependence of transmission efficiency on the optical peopkttie
metal-dielectric interface indicated the involvement of SP’s.eMecentlyl ezecet al
[12] used a similar argument to explain enhanced transmission thaasiggle circular
sub-wavelength aperture, surrounded by a “bull's eye” ring tsireicThey attributed
the enhancement in transmission to SP’s supported on the illuminatadesof the
aperture arrangement since the peak transmission wavelengthidesingith the
periodicity of the surface profile, however their theoretical madelsidered only a
one-dimensional slit array in a semi-infinite perfectly condgctimedia. In addition
there was strong angular confinement of the transmitted stgraligh the circular
aperture that was attributed to the re-radiation of light batk free space by a SP
supported on the corrugated exit side of the sanigéetin-Moreno et al [13] had
previously explained resonantly excited transmission of radiation ghrauthin slit
centred within surface grooves with the same arguments. Redgathes et a[14] not

only showed SP polarisation characteristics in the transmittémoaigh a sub-



wavelength hole array, but also SP dispersion characteristiaghei absorbance,
transmittance and reflectance data. They concluded that dithidffigaction is central
to the transmission phenomenon, the effect is dramatically enhariesd aoupling
conditions allow SP excitation on one or both of the in-plane surfaces.

Unlike the majority of previous studies presented in the literatdnehich only
a small number have been commented upon above, the experimental itivastiga
presented here is conducted at microwave frequencies. In thissragenskin depth of
the metal (of the order of microns) is very small comparedhé¢ontavelength, and as
such the substrates are often wrongly considered as perfect acosd@rrugation of
the substrate introduces a surface impedance and hence aiveeflegectric function
[15] thereby permitting resonant excitation of bound surface modes. eudovthe
coupling of incident radiation to such modes is inefficient due tomahabsorption
compared to the degree of reradiation from the mode (the magnitukdeseftivo loss
mechanisms must be equal for optimum coupling to occur [5]). Therefotbese
microwave frequencies, it is suggested that the role playdaebyR in the transmission
enhancement mechanism may be small, yet we will demonstrateithehe addition
of suitable surface topography, a 17-fold enhancement in transmissitih attained

over that observed through a ‘bare’ aperture.

2. Sample Optimisation and Design

Finite element method (FEM) modelling software [16] is usededipt the EM
response of the system and obtain the optimum design of the gramwetge with an
aperture diameter af = 2.50 mm. To reduce the mesh size and computational time, the
model is simplified by making an impedance approximation on thecsurdf the
aluminium substrate using a conductivity 28x10"Sm™. The resonant transmission
wavelength was chosen so that the peak transmission efficiemaly wccur in the

middle of a single experimental frequency rang§é< f, <75 GHBprresponding to
a wavelength ofA, =5 mmTo allow for a sufficiently deep surface corrugation on

both the illuminated and exit side of the sample, the substrate thgckgevas chosen
to be 1.50 mm. Initial computational modelling demonstrated that tineuation of the
transmitted signal through the aperture was too high for sigettion. Hence the area

immediately surrounding the hole was countersunk equally from eachefeldjvely



reducingh to zero and providing a sharp ring around the circumference aiptréure
(Figure 1).
Figure 2a shows field enhancement in the region of the aperture for

f, =60GHz as a function of groove position (measured from the centre of éntisp

to the centre of the groove) for a single circular groovelegth | =0.45mm, and
widthw=150mm, centred about the aperture. The optimum field enhancement at is
found to coincide with a groove spacing of 5 mm. In the same way, figtbeves
were added and individually positioned, giving maximum field enhancewiesn all

grooves were regularly spaced with a pite) =5mm. The variation of field

enhancement as a function of groove depth and width was then also explored at 60 GHz.
(Figure 2b and2c¢). Simultaneous variation of the dimensions of all grooves on the
illuminated side of the sample shows peak field enhancement dar oghen
w=150mm and| =0.50mm. Once these optimum groove dimensions and spacing
were obtained it was possible to evaluate how the field magnituithe region of the
aperture varied with the number of grooves positioned in the illundinztglane
surface.Figure 2dshows that the field magnitude increases steadily as the naiber
concentric grooves increases. It appears that the field enhaniceruld continue to
increase with the addition of yet more grooves but a computatiomaidireached with
seven grooves. Subsequent studies and analysis is however constraansaniple
with four concentric rings in order to improve convergence and eedamputation

time. This is sufficient to establish all principles.

3. Experimental sample and geometry

Three samples were considerddg(re 1): Sample A - a single countersunk
circular aperture ¢ = 250mm) with no patterning, Sample B — an identical aperture
surrounded on one face only by four concentric rectangular-profdeves (two
orientations, B and B), and Sample C - an identical aperture surrounded by four
concentric rectangular-profile grooves on each face. The radii of the gmoveted a
periodicity of 5.00 mm, measured from the centre of the aperture tethee of each
groove. The machined grooves have a measured depth @55 mm and widthv =

1.50 mm. Radiation of frequency0< f, <75 GH® normally incident upon the

sample ¢ = 0°), and polarised such that the electric field vector is irxhesction.



The structures were milled into 300 x 300 x 1.5 mm aluminium alloy sheet, the edges of
which were covered with microwave absorbing material to eliminate Sgagls.

A schematic of the experimental arrangement used to obtaitrath@mission
spectra as a function of transmission angle is showsigare 3. The source horn is
positioned a perpendicular distance of 0.6 m from the sample and tikstech that
the incident electric vector is orientated in #direction. The sample is mounted in a
wooden holder and positioned over the centre of rotation of a computer cahtrolle
turntable. A 45 x 45 mm aperture formed from microwave absorbingrigais
positioned between the source antenna and sample to restrict thetdeawell
collimated central part. A detector horn is mounted on an arnmairte from the
computer controlled turntable and positioned a perpendicular distance ahdr8m
the exit side of the sample. This arrangement allowed the andjstribution of the
transmitted signal to be measured as a function of frequencyarshission angle

for fixed values of the incident angfe

4. Results and Discussion

Figure 4 shows the experimental transmission data obtained from sample B
(with the surface profile on the illuminated in-plane surface ontymalised to the
transmission through an identical countersunk aperture with no sudpography
(sample A). Also shown is the modelled EM response of the sangilé I(se), which
shows very good agreement. Radiation is normally incident upon the sgfwie)
and the detector is positioned normal to the surface on the exi(@gidd). The
presence of the surface corrugation on the illuminated face eathple results in a 17-
fold enhancement in transmission over that observed experimentallthevidbare
countersunk aperture. Note also that the maximum enhanced transmissios atc

A, ~ Ay, a condition compatible with any SP-enhancement argument for normal

incidence, since at microwave frequencies;- kg;[5,15,18].

In order to understand the transmission enhancement mechanismsefus to
examine the modelled EM fields close to the sample at the fieguaf resonance.
Figure 5illustrates (a) the instantaneous E-field, and (b) the timeagedr H-field
magnitudes. Fields are plotted in tkeeplane through the centre of the aperture at a

temporal phase corresponding to maximum field enhancement. evident that the



scattering of incident radiation by the concentric grooves ofs#mple results in a
redistribution of the EM fields such that regions of high energyitjeare located in
the vicinity of the aperture. The E-field is shown to possess naalkioated at the sharp
corners of each concentric groove, with maximum enhancement (35efaddrring at
the sharp ring formed by the countersinking of the aperture eatrame H-field
however has maxima located centrally on each peak and trough of the profile. sHote al
that the magnitude of both the E- and H-fields inxhelane decay as a function of
distance away from the aperturBigure 6 illustrates the relative instantaneous
magnitudes of the fields on a line in this plane at a heightdd.5 mm (wherg = 0 is
defined as being situated at the uppermost part of the sunfiaite illuminated side of
the sample). Not only are the anti-nodes in the E- and H-fiejumrated by 90° of
temporal phase, but they are also separated spatially by appteki 90°. Thus the
surface wave in this region has standing wave character, witblevath equal to the
grating pitch. However, it is nottaue standing wave. The energy density is clearly not
uniform, and in the region immediately surrounding the aperture eptréme spatial
separation of the E- and H-fields reduce slightly. This efedue to the profile of the
countersinking, and distortion of the fields due to the concentration ofeckaugted
on the sharp ring at the aperture entrance as well as the circulaesyrofithe sample.
This results in a small but finite net power flow over the inplaarface toward the
aperture and an increase in the energy density, which musta@xsstong transmission
to occur.

Figure 6 (inse) shows the time averaged E-field magnitude as a function of
perpendicular distancefrom the illuminated surface, at a distance of 6 mm from the
aperture in thex-direction. It is clear that the E-field reduces exponentialtgyafrom
the interface into the incident medium (air) suggesting thgbsbado-standing wave is
associated with a bound surface mode. It is important to note heeydrothat the
surface wave supported by the structure is not radial, but is degenwl the incident
polarisation. This dimensionality is evidentkigure 7in which the time averaged E-
field magnitude is evaluated over anplane aiz = 0.

Taking the Huygens-Fresnel view of wave propagation, when plane wave
radiation is incident on a continuous surface, each point on that sudacasaan
identical coherent secondary source of wavelets that mutuallfeirgeto form the
reflected wave or wavesWhen the incident surface possesses a periodicity, the

reflected wave fronts are perturbed by a set of spatial mpdssessing Fourier



components that are matched to that of the structure. If wedeoribe periodicity in
the x-direction and approximate the structure as an infinite planengrahen thetl
diffracted orders become evanescent at 60 GHz. Hence otr-fhane through the
centre of the aperture, strongly resonant evanescent diffracteds omill propagate
along the surface undergoing succesgjvscattering and setting up the standing wave.
Following the concentric grooves around to thaxis, the component of the electric
vector that is co-linear with the radial wave vector reducebthetE-vector is entirely
orthogonal to the radial wave vector, and tangential to the syfafile at every point.
Through the centre of the aperture in tlyig plane, the surface corrugation results in a
variation in the local H-field due to the exclusion of the fieldsnfthe metal. Hence
diffraction in this direction is plane weak.

It is important to ascertain whether the evanescent fields rigrthie pseudo-
standing wave are further enhanced by the resonant excitatio8Rf &he modelling
of the double sided aperture is therefore reproduced with the alumétioyrsubstrate
being replaced first by a perfect conductor and then a perfedatos This allows for
comparison of each with the modelled response of the structure frone@luminium
(Figure 8). It is clear that peak transmission occurs at a wavelength apaiety
equal to the grating pitch for all three substrates. In theafabe perfect insulator, the
excitation of a SP is prohibited due to the absence of free chargétydat the air-
insulator interface. However diffraction may still occur. Thus inerease in
transmission is entirely due to the establishment of a pseudo-gfandire via near
field diffraction, the fields of which are in no way enhanced bye$éation. For the
perfectly conducting substrate however, we note a 16% increasgngmission over
that observed for the perfectly insulating sample. This ibated to the introduction of
surface charge and increased electric field intensity neguftom the change in
boundary conditions. Due to the exclusion of the fields from the nietsgenerally
assumed that a perfectly conducting structure will not support @rsnindeed, for a
flat, perfectly conducting surface, bound surface waves do not exastevdr, the
presence of a corrugation at such an interface introducesiwffearface impedance,
which results in a bound surface state. This bound surface s&at8Rs possessing a
dispersion of the plasmon form, but which is characterised bgffantivedielectric
function [15].



The transmission for the aluminium alloy substrate shows a fuBffteincrease
over that of the perfect conductor. In the microwave regime abmonpt energy via
Joule heating of the metal is low, but non zero. Coupling strength ®Rhe governed
by the balance of radiative and non-radiative (absorption) loss chawvadlsble, with
optimum coupling occurring when the two are equal [5]. For the pecfawuctor,
absorption is zero, and hence any perturbation from this ideal sysilenmprove
coupling to the plasmon mode. As a result the fields of the pseudo-gtavaire on the
aluminium substrate are enhanced, thereby enhancing the fields thighaperture and
increasing transmission. So, to summarise, a pseudo-standing vienwead, resulting
in a redistribution of energy density such that regions of highggriensity are located
in the vicinity of the aperture. As the substrate is meta8iie, enhancement of the
evanescent fields may occur for real metals, but accountss®thHan a quarter of the
overall enhancement in transmission in the present study.

In order to investigate the angular distribution of the transmdtgdals, the
detector is mounted on a computer controlled turntable sweeping xzghane. This
allows the transmission spectra to be recorded as a functioine@fiency and
transmission angley. Figure 9 shows the un-normaliseg-dependent transmission
response on resonance of samples A, B and C at the resonant frequency. As
expected, sample,Bgrooves on illuminated face only) shows a substantial increase in
transmission over that recorded for the aperture with no corrugatjon K&rther the
corrugation on the exit face of the substrate clearly redultstrong angular
confinement of the transmitted signal in the forward directionis iinportant to note
here that although the results suggest that the samptarBmits more than sample A,
FEM modelling of the absolute transmission normalized to the airélae hole (not
shown) suggests that in fact they are equally effici@nt<222, T, = 221). The

apparent increase in transmission efficierfagyre 9 is because the detector horn used
is only able to detect radiation which enters clas@ormal to its front face. Further,
diffraction of the beam occurs not only in tkeeplane, but in all directions over a wide
range of angles as one would expect for a cirdutde Figure 10. Comparison of the
angular distribution of the transmitted signal fre@ample B with that of sample C
(Figure 10 illustrates the remarkable angular confinemeat thay be achieved with
the addition of grooves on the exit face of thessate. While the former exhibits a

transmission peak at resonance possessing a Widd?f an thexzplane, that of sample



C exhibits a width of only 18°. Thus it is cleaatlwhile the concentric ring surface
structure on the illuminated surface simply enhartbe transmission efficiency of the
aperture, switching the corrugation on to justeki side of the sample results in strong
angular-confinement of the transmitted beam. Aceoifric ring structure on both sides
clearly combines the two effects.

Figure 11shows the un-normalised angle dependent transmisgiectrum of
the double-sided structure (sample C) on resonange= 0, 10, 20 and 30°. The ring
structure on the exit side of the sample not omgfioes the transmitted signal to a
remarkably tight angular distribution but also #scthe signal to exit the aperture
normal to the surface plane largely irrespectivarajle of incidence. ConsidErgure
5a once again. It illustrates that the maxima indfimagnitude on the exit face of the
sample occur with the same regular spacing andtiposrelative to the surface
corrugation as those in the upper half space, adflhoreduced in magnitude. The
standing wave is reproduced on the exit face os#mple and thus there exist a number
of regions of locally high field enhancement thatradiate power. It is these secondary
sources in combination with the primary source éperture) that results in the multiple
source interference responsible for the strong langonfinement and directivity of the
transmitted signal. As the position and relativegmiude of these sources are constant
with respect to each other as a function of indidemgle, the transmitted signal is
emitted normal to the surface of the sample.

5. Summary

In the present study a thorough experimental ingason into the enhanced
transmission phenomenon of a sub-wavelength agertamd photonic surface
arrangement has been presented. As far as we khswis the first such experimental
study conducted in the microwave regime. In addijtithe FEM modelling of the
geometry has provided original insight into thentraission enhancement mechanism.
A 17-fold enhancement of transmission has beestitited, together with an angular
confinement of the transmitted signal. The transiais enhancement mechanism has
been shown to be primarily associated with a psetaloding wave formed by near
field diffraction on the illuminated side of thensple. Its presence results in a strong

redistribution of energy density such that regi@fishigh density are located in the



vicinity of the aperture. However, while it is aftewrongly assumed that metal
substrates at microwave frequencies cannot supPed, we illustrate that the
contribution to the enhanced transmission from &pkng is significant. The angular
confinement of the transmitted signal is shown ecalresult of identical patterning on
the exit side, supporting a standing wave whichatad from the surface as a set of
coherent sources. It is the two dimensional patéisecondary sources that results in a
complex multiple source interference pattern, gjuiise to strong angular confinement

of the transmitted beam, and maintaining indepecelém the angle of incidence.
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Figures

2g=5.00+0.03mm
w = 1.50mm
| =0.55mm

A B, B, C
. e
’19
Figure 1 Sample geometry showing incident angletransmission angles and the
countersink angler of 13.9°. Also shown are the schematic representabf each of

the three aperture geometries.

12



E-Field Enhancement

E-Field Enhancement

45

40+
35+
30+
25+
20+
15+
10+

@ |

4 5 6
Groove position (mm)

© ]

Groove Width (mm)

E-Field Enhancement

E-Field Enhancement

45

40 -
35+
30
25+
20+
15+
10+

45

40
35+
30+
25+
20 -
15+
10+

®) |

oo ul
c T

L
0.2

04 06
Groove Depth (mm)

L
0.8

1.0

L@ ]

Number of Rings

Figure 2 Computed time-averaged maximum electric field asr@ement at a fixed

frequency of 60 GHz as a function of: (a) groovesipon from the centre of the

aperture to the centre of the groove for a singb®ge of dimensions= 0.45 mmw =
1.50 mm; (b) groove depth with 7 grooves each spage5 mm with widthw = 1.50
mm, (c) groove width with 7 grooves each space8 bym with depth 0.50 mm, and (d)

the number of concentric rings centred about ttegtape each spaced from one another

by 5 mm (= 0.50 mmw = 1.50mm), )
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Figure 3 Experimental set up. The detector horn is mountedn arm extending from

a computer controlled turntablenat showh allowing the transmitted signal to be

detected over the range -#8<70°.
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Figure 4 Transmission enhancement of the experimental ldosided sample (C)

normalised to the transmission of an identical &perwith no patterning. Also shown

is the modelled transmission spectrum predictethbyEM model, using the measured

dimensions of the experimental sample.
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Figure 5 FEM predictions of the EM fields at the resonamigtiency: (a) the time
averaged magnetic field (H) magnitude, (b) theanttneous electric field (E) strength.
Both are plotted through the centre of the aperwer thexzplane with the E-field at a

phase corresponding to maximum enhancement.
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Figure6 Relative instantaneous field magnitudes of thel&ck solid line) and H (red
dashed line) fields plotted over a horizontal linghe xzplane. The evaluation line is
situated atz = 0.5 mm and fields are obtained at a phase gneing to maximum
enhancementnset: The exponential decay of the fields of the psestadmding wave.
The time averaged E-field magnitude has been platea function of perpendicular
distancez from thexy-plane, at a distance of 6 mm from the centre efaperture in the

x-direction.
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Figure 7 Modelled time-averaged E-field magnitude evaldaieer thexy-plane atz =
0. Incident radiation is normally incident and padad as shown.
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Figure8 Modelled response of the double sided aperturerid@sg the structure using

the surface impedance approximation for aluminilmlagk solid line), and then as a

perfect conductor (red dashed line) and perfeatlasr (blue dotted line) using the

measured dimensions of the experimental sample.
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Transmission

O (C) surface structure both sides
- - - (B,) surface structure illuminated side
(B,) surface structure exit side
*  (A) no surface structure

Figure 9 Experimental angle-dependent transmission spattfze resonant frequency

of each sample. (Note logarithmic scale)
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Figure 10 The modelled total radiated electric field castatl in the far field. These
plots show the three dimensional angular distrdyutof the transmitted signal for
samples B (enhancement only) and C (enhancement and foqusspectively.
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10° 10* 10° 10° 10* 10°
Transmission

Figure 11 Experimental angle-dependent transmissivity of #iricture having
concentric rings on both surfaces (C), at the rasbrirequency of the sample for
incident angles of 0, 10, 20 and 30°. (Note for-nommal incidence the exit face of the

plate is rotated by the incidence angle relativeh® direction of the incident beam

which defines Bin this figure.)
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