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Enhanced transmission through
subwavelength metallic coaxial apertures
by excitation of the TEM mode

F.I. BAIDA

Institut FEMTO-ST, UMR 6174 CNRS, Université de Franche-Comté,

25030 Besancon Cedex, France

ABSTRACT We present here the first theoretical demonstration of enhanced trans-
mission (up to 90%) through annular aperture arrays engraved into opaque metallic
plates thanks to the excitation of the TEM guided mode inside each coaxial cavity.
The generation of this peculiar mode is obtained, first, by illuminating the structure
under oblique incidence and, second, by considering a TM polarization. Analytical
demonstration is performed to confirm the involvement of these two conditions for the
emergence of this guided mode. The originality of this configuration comes, first, from
the fact that the TEM mode has no cut-off wavelength and, second, from the fact that
the transmission peak position is independent of the angle of incidence.

Light interaction with metallic plates
perforated with subwavelength aper-
tures is now a wide area of research.
This infatuation is mainly due to the
recent technological progress in the
domain of nanofabrication allowing
prospective manufacturing of very large
periodic structures with both high fill-
ing factors and high aspect ratios. Based
on this, new generations of photonic
crystals or other collective structures
are born, promoting broad functionali-
ties and opening up the path to a novel
kind of material exhibiting extraordi-
nary physical properties that were previ-
ously unknown [1] or insignificant [2].
Thereby, the exaltation of linear [3, 4]
or nonlinear [5, 6] responses of the mat-
ter can directly be obtained by a specific
nanostructuring of the material used.
Other phenomena such as the beaming
of thelight [7, 8], invisible bodies [9, 10]
or perfect lenses [11, 12] are now real
technological challenges that could be
achieved thanks to the mastering of the
light by controlling the electromagnetic
field at the nanometre scale [13]. In all

cases, the explanation of the sustaining
physical phenomenon plays a funda-
mental role, in the long term, for a po-
tential commercialisation of the prod-
ucts. In this context, frequency-selective
surfaces (FSSs) [14] exhibiting original
properties were recently proposed in the
optical domain [15, 16] in order to ex-
tend their well-known potentialities to
the visible range. The basic idea con-
sists then in the use of such a structure to
master the light emerging — reflected or
transmitted — from it. Special properties
were latterly demonstrated in the visible
and in the infrared domains [16, 17].
This paper deals with the study of
a FSS structure based on periodically
arranged subwavelength coaxial aper-
tures engraved into metallic layers. Let
us first recall why we chose this struc-
ture. The first idea that brought Baida
and Van Labeke [4] to propose this kind
of structure to enhance the light trans-
mission is linked to the fact that a coax-
ial waveguide made in a perfect conduc-
tor has a guided mode without cut-off,
i.e. the TEM mode. But, at normal in-
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cidence, a linearly polarized plane wave
permits us to excite the TE;; mode [18]
because it is the only mode that can
match the incident linear polarization
(taking into consideration the symme-
try of the waveguide). The TEM mode,
which is independent of the azimuthal
angle, cannot be excited in this config-
uration. In fact, at normal incidence, it
can only be generated if we consider ra-
dially polarized incident beams. How-
ever, such beams, which are currently
obtained by selecting the TMy; mode
of an optical fibre [19], are spatially
limited and allow the illumination of
a small number of patterns. Thus, it is
of great interest to determine the con-
ditions to fulfil in order to excite the
TEM mode using a linearly polarized
plane wave. If we succeed in doing this,
then we can tailor a novel configuration
based on a vast periodic structure al-
lowing high transmission at any desired
value of the wavelength.

Thus, we will demonstrate the pos-
sible generation and the propagation
of this TEM mode inside each annular
aperture when illuminating the whole
structure by a linearly polarized inci-
dent plane wave under oblique inci-
dence. This property will be analyti-
cally demonstrated by expressing the
EM field of the incident plane wave
through its angular spectrum. For a per-
fect metallic coaxial waveguide, the
TEM mode is completely determined by
only two components of the EM field,
i.e. E; and H,,. This means that the elec-
tric field is radial and the magnetic field
is azimuthal. The other four compo-
nents are zero. In addition, these two
components do not depend on the azi-
muthal angle. The basic idea is then: if
we want to excite this mode, we should



illuminate the structure with an EM field
having simultaneously non-zero values
for E; and H, components.

To analytically determine the con-
sequences of this condition, let us ex-
press these two components in the case
of alinear polarization. Figure 1a shows
the geometrical parameters that are ne-
cessary to define the incident EM field.
The angle of incidence is set to 6 and
we fix the wavevector to be parallel to
the (x, z) plane. This can be obtained by
rotational symmetry without any restric-
tion on the illumination.

In the Cartesian coordinate system,
the wavevector k can be expressed by

k= k(sin (98)5 ~+ cos eez) s

where k is the modulus of the wavevec-
tor.

In the cylindrical coordinate system,
we obtain

k = k(sin 6 cos ge; — sin 6 sin pe,,

+cosfbe;) . (D
In order to determine the electromag-
netic field components in cylindrical co-
ordinates, we consider a generally po-
larized plane wave having both TE and
TM components. The divergence of the
electric field allows us to express these
two components by

E E kne,
TE=EmE—7,
Il
Etmre Ak
Etm=Erv—7—r. )
| ETe AKl|

By inserting (1) into these last two equa-
tions, one obtains

Ete = Ete{— singe; + cos pe,} ,
E1v = Emv{cos 6 cos ge;

+cos 0 sin ge, +sin 6 cos 2¢e_ } .

3)

In addition, we have to express the spa-
tial phase in the same cylindrical coordi-
nate system. This leads to

k-R:k” ~r+kzz
=krsinf cos ¢+ kzcosH .

Finally, when expressed in the cylindri-
cal coordinates, the three components of
the electric field become

E.(r,¢,z,f) = A{—Etgsing

+ Etmcos 6 cos ¢},
Ey(r,0,z,1) = A{ETgcos g 4)
+ ETMmcos 6 sin ¢} ,

E.(r,¢,7,0) = AETy sinf cos2¢,
where A = efi(wtfkr sin @ cos ¢p—kz cos 0) .

Similar equations can be found for
the magnetic field via the Maxwell-
Faraday equation. Let us give only the ¢
component:

Hy(r,¢,z,1) = —B{Etg cosf cos ¢

+ ETM(cos2 6 cosg
+sin® g cos2¢)} ,
(%)
where
—k —i(wt—kr sin @ cos p—k [
B= — xe : S ¢ zcos).
U

Furthermore, these components can
be expanded by their Fourier sine and
cosine series. In a general way, we can
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FIGURE 1

(a) The geometrical parameters used to define the wavevector direction in both cylindrical

and Cartesian coordinate systems. (b) The schema of the studied AAA structure

write them through a series of exponen-
tial terms. For example, the radial com-
ponent of the electric field can be ex-
pressed by

El‘(ra wa Zat) ZEP(}’, Z,t)

[o.¢]
+> Er(rz e,

m=1
(6)
with
| 2
E?(r9z9t) = _/.Er(ra(pazat)d(pa
2
0
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El(r,z, 1) = ;/Er(r, ¢, z,0e"dg.
0
(7

As mentioned above, the TEM mode has
no dependence on ¢. Thus, it holds only
components form = 0. The E? compon-
ent is evaluated from (4) and (7) as for
the two other components of the elec-
tric field, while the Hg one is calculated
from (5) and (7).

Because of paper length, we will
only present results for the £V and the
Hg components. After some algebra,
one obtains

E%r, z,1) = C cosOErmJ; (krsin )

—Ck
H)(r,z,1) = ——EM
nw

3 1
X { (4_1 cos 26 + Z) J1(kr sin 0)

sin? @

+

Js (kr sin 9)} , ()

with C = ie—i(wt—kz cos 9)'

It is clearly shown from (8) that
both the E and H;) components are
non-zero only if the incident electric
field has a TM component. This con-
dition is necessary but insufficient be-
cause the Bessel functions (J; and J3)
should also be non-zero whatever is the
value of r. This second constraint is
simply verified when the structure is il-
luminated under off-normal incidence
(6 # 0). Thus, the TEM mode can only
be excited in TM polarization under off-
normal incidence.

To numerically confirm this finding,
we use a finite difference time domain
(FDTD) algorithm that was recently de-
veloped by us [20] in order to handle the



study of periodic structures illuminated
in oblique incidence.

For this goal, we consider a struc-
ture based on an annular aperture ar-
ray (AAA) made in a perfect conductor
(see Fig. 1b). Otherwise, we consider
a self-suspended configuration where
the metallic plate is surrounded by vac-
uum in order to have a simple interpre-
tation of the obtained results.

In order to take away the Rayleigh
anomaly from the transmission peak
that corresponds to the excitation and
the propagation of the TE;; guided
mode, we have adjusted the geometrical
parameters of the annular aperture by
setting the inner radius to R; = p/4 and
the outer one to R, = p/3, p being the
period of the AAA structure. In fact, this
last mode (the TE;; one) is at the origin
of the enhanced transmission through
such structures when illuminated under
normal incidence [18]. It has a cut-off

wavelength at ALEIL ~ (R, + Ri). In

. . TE
our case, this value is equal to Ac "' ~

(1.83£0.2) p. This uncertainty is due to
the spatial meshing of the structure (im-
precision in the values of R; and R,). Let
us note also that because of the spatial
Cartesian meshing, a staircase effect can
appear leading to a small red shift of this
cut-off wavelength.

The transmission spectra of a 2p
thick AAA structure are presented
in Fig. 2 for different values of the angle
of incidence and in the case of a TE po-
larization. As was demonstrated in [16],
the structure is angle-independent, i.e.
the position and width of the transmis-
sion peaks do not depend on the angle
of incidence until the occurrence of ad-
ditional homogeneous diffracted orders.
This can be seen in Fig. 2 through the
change of the amplitude of the first peak
(the left-hand one) for 6§ = 40°. Con-
trariwise, additional transmission peaks
appear in the case of TM polarization

(see Fig. 3) even beyond A "', The am-

plitude of these last peaks increases with
6 and their positions remain indepen-
dent of the angle of incidence. In fact,
the positions of the TEM peaks depend
only on the length of each annular cav-
ity, i.e. on the metal thickness.

The finite length of the annular
waveguides, which can be considered
as opened Fabry—Pérot cavities, plays
the main role in the TEM peaks’ pos-
itions [21]. When the TEM mode is

zero order transmission
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FIGURE 2 Transmission spectra of the AAA
structure for five different values of the angle of
incidence in the case of a TE linearly polarized in-
cident plane wave. Spectra are shifted vertically
by 1 for clarity. As was demonstrated in [16],
the spectral response of such a structure is al-
most independent of the angle of incidence for
wavelengths larger than the one corresponding to
the occurrence of the Rayleigh anomaly (see the
down-arrow located at A/p =~ 1.64 for 6 = 40°).
Note that the up-arrows indicate the position of
the cut-off of the TE; guided mode

excited, the AAA structure becomes
equivalent to a 2D metallic lamellar
grating (slits), for which resonances also
occur under normal incidence.

For a coaxial waveguide made in
a perfect conductor, the effective index
of the TEM mode is equal to 1. Thus, the
occurrence of a TEM transmission peak
is fully governed by a phase-matching
condition:

2mh
Imr—,’

where Atgpm 1s the wavelength relative
to the TEM peak, [ is a non-zero posi-
tive integer and ; is the phase change
occurring at the reflection of the guided
mode at the end of the coaxial aperture.
Its value can then be deduced from the
spectra of Fig. 3 via (9).

To confirm the excitation of the
TEM mode, we present in Fig. 4 aand b
the radial E;(x, y) and the axial E,(x, y)
electric field components. They are cal-
culated inside the annular cavities at
100 nm from the exit side of the struc-
ture. The value of the wavelength cor-
responds to the largest-A TEM peak
when the structure is illuminated under
0 = 40° (see Fig. 3). As expected, the
radial component of the electric field
is independent of the azimuthal angle
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FIGURE 3 Transmission spectra of the AAA
structure for four different values of the angle
of incidence in the case of a TM linearly polar-
ized incident plane wave. In addition, we present,
for the upper curve, the spectral response in the
case of an incident wavevector directed toward the
unit vector u = ((1/+/2)sin40°, (1/+/2)sin40°,
c0s40°). Spectra are shifted vertically by 1 for
clarity. As is expected, the spectral responses
present extra peaks (pointed out by up-arrows)
that are linked to the excitation and the propaga-
tion of the TEM guided mode inside each coaxial
aperture

while the two other components are al-
most zero.

In summary, we have presented
a complete and comprehensive study
of the enhanced transmission through
coaxial apertures thanks to the excita-
tion of TEM guided modes. The cor-
responding transmission peaks are very
narrow (A/AX >~ 250) compared to the
one located at the cut-off of the TEq;
mode. This property is of great im-
portance for spectral filtering. In add-
ition, the peak position can be tuned
by simply modifying the refractive in-
dex of the medium placed inside the
cavities. Even if the TEM mode does
not have a cut-off wavelength, there
exists an upper limit imposed by the
phase-matching condition exactly as
for a conventional Fabry—Pérot cavity.
For microwave and terahertz domains,
this limit is not really a problem be-
cause it is easy to build structures with
very high aspect ratios. Unfortunately,
for the optical range, the fabrication
of nanometric high aspect ratio struc-
tures becomes a very difficult task. Fur-
thermore, in the visible domain, noble
metals cannot be considered as per-
fect conductors and they present losses
that prohibit the use of thick metallic
plates [4]. In fact, the real nature of no-
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FIGURE 4 Modulus of the radial (a) and azimuthal (b) electric field components calculated at 100 nm from the exit side of the structure for parameters of
point A in Fig. 3. These two quantities are normalized according to the maximum of the radial component. (¢) Cross section in the xz plane of the electric
field amplitude in logarithmic scale. (d) Effective index of the TEM mode for an infinite coaxial waveguide made in perfect conductor or in silver. The silver
dispersion is described by a Drude model! and the calculations [22] were done for p = 300 nm

ble metals will play a positive role to by-
pass this constraint because the effective
index of the TEM-like mode is larger
than 1 (see Fig.4d). This means that
a phase-matching condition can be ob-
tained with a thin metallic layer. We are

I The dispersion of silver is described by
a Drude model that is expressed by e(w) =1 —
@3/ (@(o+iy)) with wp = 1.374 % 106 rad/s
and y = 3.21 x 1013 rad/s.

working to integrate a dispersive model
(Drude or Drude-Lorentz model) in our
oblique-incidence FDTD algorithm to
numerically expand the obtained results
in the visible domain.
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