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Abstract

We use a recently developed electromagnetic theory to get some insight of the physics that governs the extraordinary
transmission of light by a hole pierced in a metallic screen. When the film thickness increases, a comparison is made
between the decay of the total field and the decay of the field of the evanescent mode in the corresponding infinite hol-
low metallic waveguide. The decay behavior and the comparison between their field maps demonstrates that the trans-
mission through the hole is determined by this guided mode. The near field maps below the hole shows small oscillations
around a decaying mean value, when the observation points moves away from the hole ridge. The study of the plasmon
excited at the bottom interface of the screen allows interpreting all the fine phenomena in terms of simple concepts.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Despite the great amount of theoretical work
published since the discovery of the extraordinary
light transmission by subwavelength hole arrays
[1], the physics of the process still remains not fully
understood. Concerning periodic arrays, the key
role of surface plasmons has been invoked from
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the very beginning [2-5]. The plasmon excitation
at bottom interface was shown to occur thanks
to a special channel [6,7] provided by periodic hole
arrays. Then the coupling between the plasmons
excited at both interfaces was shown both by
experiments [8] and theory [9,10] to increase again
the transmission. It was even found that such an
extraordinary transmission could be obtained with
modulated films without holes [11-13], provided
they are thin enough to allow a coupling between
the plasmons at the top and bottom interface.
All the theoretical studies took advantage of the
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bi-periodicity of the device to express the field
components in terms of Fourier series.

A single aperture with subwavelength diameter
inside a metallic screen is a key component for
nanophotonic applications. Despite the fact that
the standard aperture theory [14] has been devel-
oped since 60 years, analyzing a nano hole pierced
inside a real metallic sheet which cannot be as-
sumed as perfectly conducting turns out to be a
difficult task. But due to the interest of the prob-
lem, a recent effort succeeded in developing a rig-
orous electromagnetic theory [15,16] of that
diffraction problem. The analysis makes use of a
Bessel-Fourier basis to represent the various cylin-
drical components of the electromagnetic field and
reduces Maxwell equations into a first order differ-
ential set to integrate. In the case of a cylindrical
hole, the integration is made via an eigenvalue
technique which leads to short computation time.
It is then possible to construct field maps and,
more generally to study the field evolution in terms
of any parameter in order to extract the physical
process which governs the extraordinary
transmission.

2. Fringe structure of the transmitted field map

The nano hole under study is illustrated in
Fig. 1, which states the notations. The radius R
(typically equal to 50 nm) is assumed to be much
smaller than the wavelength 1 =500 nm. The

s
E; cident incident

thickness ¢ will be varied between 10 and 500
nm. The device is lighted under normal incidence
by a plane wave with vector E parallel to the x-axis
with a unit amplitude. We first choose R = 50 nm
and r = 150 nm. We consider an observation point
M located just below the bottom interface at
z=—1 nm and calculate the square modulus of
the total electric field |E(M)|* when the x and y
coordinates of M are varied. Fig. 2(a) shows the
global field map, while Fig. 2(b) is a zoom in the
central part corresponding to the hole. It is clear
that |E|” decreases when x and/or y are increased,
but the slope of the surface is not the same in the
x- and y-direction. Clearly, the polarization of the
incident field introduces an anisotropy. Moreover,
the zoom in the central region clearly shows that
the maximum of |E|” is not located at x =y = 0.
A sharp maximum occurs at the point M with
x =50 nm and y =0, i.e., on the edge of the metal,
while nothing is observed at y =50 nm. This is
consistent with the results that we obtained in a
previous study [17] and is due to the fact that at
the edges of the holes, where the incident electric
vector is perpendicular to the metal-air borders,
there is a charge accumulation caused by the dis-
continuity of the induced current [18], which re-
sults in a sharp increase of the electric field
amplitude (edge effect). Recent experimental re-
sults of Degiron (see Fig. 2(a) of [19]) fully con-
firms the existence of such field enhancement on
the aperture boundary perpendicular to the inci-
dent polarization direction.
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Fig. 1. Illustration of a nanohole inside a metallic screen and notations.
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Fig. 2. (a) Square modulus of the electric field map obtained at z = —1 nm. (b) Detail of the central region (hole). R = 50 nm, 4 = 500
nm, ¢ = 150 nm.
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Fig. 3. (a) Variation of the square modulus of the total electric field at a point M just below the bottom interface (z = —1 nm) as a

function of abscissa x, for various thicknesses of the screen noted in the figure. (b) Variation of |E]* as a function of 1, at a point
M(x,0,1 nm) for a hole pierced in a perfectly conducting screen (full line) and in a silver screen for three values of x noted in the figure;

R =50 nm.

Now, allowing the thickness 7 to take different
values ranging between 50 and 500 nm, we study
the evolution of |E(M) when the point
M(x,0,—1) is moved parallel to the x-axis. Fig. 3
shows the results. Whatever the thickness ¢ may
be, the function |E(x)|* presents a maximum when
x ~ 50 nm and decays from this value when x is in-
creased. As soon as the thickness ¢ is greater than
or equal to 200 nm, the field map remains the same
modulo a vertical translation. On the other hand,
when ¢ is reduced below 150 nm, a quasiperiodicity
in x-direction appears, with an amplitude modula-
tion which increases when ¢ decreases. Of course,
the thinner the screen, the larger the mean trans-

mitted square field modulus. This behavior of light
diffracted by thin screens pierced by a nanohole
has already been predicted by a different theoreti-
cal approach using a multiple multipole technique,
as shown in Fig. 7(b) of [20]. Our first aim is, by
comparing the field map and decay constant with
the properties of the mode guided by an infinitely
long hollow metallic waveguide, to demonstrate
that the transmission through the hole is deter-
mined by the behavior of this mode, propagating
or evanescent, depending on the hole radius.

The quasiperiodic fringe structure has already
been reported in an experimental work [21], and
the authors have used a FDTD simulation to
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account for their observations. They have con-
cluded that the fringes result from an interference
process between a surface plasmon radiated by
the hole edge and a wave directly transmitted
through the metal film. The second aim of the pa-
per is to confirm this explanation.

In order to address the first point, Fig. 3(b)
shows the total electric field intensity as a function
of the film thickness at a point M(x,0,—1 nm) sit-
uated immediately below a nano hole with
R =50 nm pierced inside a perfectly conducting
screen (full line at x = 0) and a silver screen. Con-
cerning the perfectly conducting screen, the
straight line shows a fast exponential decrease,
since the transmitted field may only come from a
guided mode inside the nano hole, which is far be-
low the cut-off. In that case, the field has been nor-
malized to unity for t=0. With the finite
conductivity, the curves present two different re-
gions. For thickness greater than 100 nm, the field
intensity for the three different positions decreases
exponentially with a slope much weaker than the
one observed with infinite conductivity. This re-
gion is discussed in detail in the next section and
its properties are due to the existence of an evanes-
cent mode in the hollow metallic waveguide.

For thickness lower than 100 nm, the exponen-
tial behavior is first slightly modified, due to the
influence of higher order evanescent modes in the
nano hole. Then, for r < 40 nm, a more complex
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behavior occurs, which can be interpreted in the
following manner. For ¢ = 0, the transmitted field
is unity. As soon as a small thickness (10 nm) of
silver is introduced, a charge accumulation occurs
at top and bottom edge, leading to a field enhance-
ment. But for small ¢, Coulomb repulsion limits
the charge accumulation on the two edges on the
side of the hole. This repulsion decreases when ¢
is increased, and we first observe an increase of
|E|*, with a maximum value for /=20 nm, fol-
lowed by a decrease due to the exponential de-
crease of the transmitted field. One can see that,
depending on the observation point, the maximum
of the field intensity enhancement obtained for
t = 20 nm ranges between 13 and 900, occurs near
the ridge (x = R) in agreement with the results pre-
sented in Fig. 2.

3. Guided mode inside a nano circular metallic
waveguide

In view of explaining the origin of the slow de-
cay shown in Fig. 3(b), we first calculated the effec-
tive index y of the fundamental mode of an infinite
metallic circular waveguide made with a perfectly
conducting metal or with silver. Fig. 4 shows the
real and imaginary part of y as function of the ra-
dius R. For a perfectly conducting metal, a sharp
cut-off phenomenon occurs below R = 146.5 nm,

A =500 nm

o = inf: Re(y)
"""""" o =inf: Im(y)
——Ag: Re(y)
———Ag: Im(y)

| cut-off: infinite conductivity

T
100
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‘ T 1
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Fig. 4. Real and imaginary part of the propagation constant of the fundamental mode of an infinite circular metallic waveguide made
with silver or with a perfectly conducting metal, as function of the radius.
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the propagation constant moving from pure real
values to pure imaginary ones. The transition is
smoother in a real metal like silver, for which a
real and an imaginary part always cohabitate.
Anyway, below about R = 103 nm, the fundamen-
tal mode becomes predominantly evanescent. It is
worth noticing that the finite conductivity of silver
greatly reduces the cut-off radius (the field pene-
trates in the metallic walls and the effective radius
is increased) and that below the cut-off, Im(y) is al-
ways smaller for the silver waveguide than for the
perfectly conducting one, which explains the re-
sults shown in Fig. 3(b).

Having determined the cut-off radius, close to
100 nm, we plot the transmission factor of a nano-
hole inside a silver screen, as a function of the
thickness, below, on, and above the cut-off radius
(Fig. 5). The calculations are done twice, the first
time by computing the total field transmitted
through the hole, the second time by considering
the fundamental waveguide mode only. Above
the cut-off, for R=125 nm, the transmission
of the single mode as a function of 7 is almost con-
stant, with a small slope linked with the small
imaginary part of y, close to 1072 The total field
presents small oscillations, due to a Fabry-Perot
interference effect produced by the reflection of
the propagation field at the top and bottom of
the hole. Below the cut-off, the slope of the curves
is much steeper and agree with the value of

Transmission
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Im(y) =~ 1, obtained with R =75 nm in Fig. 4, tak-
ing into account the fact that the transmission is
proportional to the square of the field. This slope
is weaker than the one observed in Fig. 3(b), which
is quite natural since in the latter R =50 nm in-
stead of 75 nm, that leads to a higher Im(y). Of
course, for R =100 nm, the slope shows an inter-
mediate steepness, as could be deduced from
Fig. 4. For all values of R, the decrease of the total
field is governed by the decrease of the fundamen-
tal mode, since the slope of the decay of the total
field and of the mode is the same when staying be-
low the cut-off. Moreover, the maxima of the small
fluctuations observed above the cut-off (R =125
nm) follow the straight line of the corresponding
single mode,which is now propagating.

In view of pointing out the link between the
guided mode inside the hole and the transmission
through the nanohole, Fig. 6 presents the field
maps of the modulus of the r, § and z components
of the electric field, for both the fundamental
guided mode and for the real total field calculated
inside the hole at z = ¢/2. It is evident that the total
field inside the hole has the spatial structure of the
fundamental guided mode. Moreover, as far as the
decay constant of this waveguide mode is always
smaller than the attenuation through the film (ob-
tained in Fig. 4 for R = 0), the former plays a key
role in the extraordinary transmission process (as
viewed in Fig. 5).

Ag: A =500 nm

total field:
R=75nm
R =100 nm
Sso | o R=125nm

single mode:
—a—R=75nm
--0--R =100 nm
--A-- R=125nm

T
1000
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Fig. 5. Transmission of three nanoholes with different radii pierced inside a silver screen as a function of the thickness z.
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Fig. 6. Maps for the modulus of the components of the electric field for the fundamental guided mode and for the total field in the hole

at mid depth.

4. Interference effect

In order to clarify the fringe structure shown in
Fig. 3(a), we study separately the x- and z-compo-
nents of the field. Using the same optogeometrical
parameters as in Figs. 3(a), 7(a) and (b) show |E,|
and |E.| as functions of x for several metal thick-
nesses. Since the incidence is normal, unpierced sil-
ver films will produce a transmitted field with
E. =0, while E, will be different from zero. Thus,
if we follow the explanation developed in [19] and

recalled in Section 2, the field maps are expected to
be different. Comparison of Fig. 7(a) and (b) con-
firms these expectations. One observes fluctuations
of |E,| for thinner layers which are absent in |E.|.
The relative amplitude of these fluctuations in-
crease with ¢ up to #~ 150 nm and rapidly de-
creases when ¢ > 250 nm.

In addition, one can observe a small variation
in their quasiperiod, which becomes shorter for
thinner layers. For example, when the thickness
is increased from ¢ = 50 to 250 nm, the quasiperiod
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propagating on the two faces of the layer. We de-
vote the next section to its study.

Assuming that a surface plasmon E, propagat-
ing at the bottom interface of a silver film has an x-
dependence of the following form [17]:

E,, = % exp (ikoa;x + i(px) exp (—kooch), (1)

E,. = ;—Z)_C exp (ikooc;x + i(pz) exp (—kooch>, (2)
where ko = 2n/A, and ¢, and ¢. are phase factors,
the phase of the plasmon varies with a x-period d,
related to o, by o Taking d =470 nm (for
t > 150 nm) and /1— 560 nm, we find of = 1.064,
which is in excellent agreement with the value of
the plasmon propagation constant along air-silver
interface. Since the z-component of the transmit-
ted field is null, |E.| reduces to the modulus of
the z-component of the plasmon £, and no inter-
ference effect is seen (Fig. 7(b)). On the other hand
(Fig. 7(a)), Ex is the sum of a transmitted field
E, sim equal to a constant a; for z = const., plus
a plasmon field £, . equal to (a,/v/x)exp(ikoox+
i, ) exp(—kooyx). Thus, the square modulus of
the sum is modulated with a period d, —7:
470 nm for large thicknesses. Moreover, when t
is increased from 50 nm, a; is decreased more rap-
idly than the field transmitted through the hole, as
discussed in detail in the previous section. Thus,
the contrast of the interference figure varies with
t and depends on the relative strength of ¢; and
a,. When the film thickness is sufficiently large,
a, becomes negligible compared with a, and the
interference effect disappears. Fig. 3(a) combines
the behaviors of Fig. 7(a) and (b). In order to con-
firm this interpretation, we have plotted in

X (nm)

Fig. 7. Field amplitude at a point M(x,0,1 nm) below a
nanohole in silver screen as a function of x for various
thicknesses 7 (a). |E,| (b). |E.| (c). Modulus of the x-component
of the field below the nanohole minus the field below the
unpierced silver film called E\ g,.

d increases from about 450 to 470 nm. This ten-
dency is even more pronounced for thinner layers
and is due to the coupling between the plasmons

Table 1

Propagation constant of a plasmon along a silver film for

different film thicknesses

t (nm) o, Im(o)
5 4.0181 0.13233
10 2.203 0.061
15 1.6627 0.03651
20 1.425 0.0245
25 1.30215 0.0177
30 1.22985 0.01346
250 1.0668 0.00257
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Fig. 7(c) the modulus of the difference between E,
and the field E, g, transmitted by the unpierced
silver film. No fringes appear and the curves are
quite similar to those obtained for |E.|, not only

for the shape but also for the amplitudes. The con-
clusion is that the interference effect suggested by
the authors of [19] is fully observed on relatively
thin films, not thick enough to completely attenu-
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Fig. 8. Variation of E(x) for several low thicknesses.
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ate the field transmitted through the film when surface plasmons at the upper and lower interface
compared to the field transmitted through the [10,12]. It greatly modifies the plasmon propaga-
aperture. tion constant o, as is shown in Table 1, which pre-

sents o, for several thicknesses. The result is a
reduction of the period of the interference fringes

5. Extremely thin screens by a factor 3-5, when ¢ is reduced from 40 to 5
nm. Such a reduction is thus expected in the exact

We have observed in Fig. 7(a) that when the numerical results. Using the same optogeometrical
thickness ¢ is reduced, the plasmon period reduces. parameters, Fig. 8 shows the real and imaginary
This is due to the increasing coupling between the part of E, calculated using the electromagnetic
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Fig. 9. Variation of E.(x) for several low thicknesses.
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theory [16] as function of x, for different values of ¢
ranging from 5 to 30 nm. Fig. 9 presents the same
results for E.. Comparing Figs. 8 and 9, it is clear
that E, has a non-zero mean value, while for E. it
is not so. This comes from the fact that the device
is lighted under normal incidence, so that the z-
component of the transmitted field is zero. In all
figures, it is seen that the period of the modula-
tions is the same for E, and E. and that it increases
when ¢ is increased, as can be deduced from Table
1, which establishes the plasmon origin of the phe-
nomenon. Moreover, as expected from the discus-
sion in Section 3, whereas the mean value
decreases with ¢ as expected for a transmitted field,
the values of E,(0) and E,(R) increase with ¢ with-
in this range of its variation. An increase of E_(R)
can also be observed.

The reduction of the plasmon phase period due
to coupling phenomena is not limited to thin films.
A recent work [22] demonstrates experimentally
that a significant shift in the phase period of ex-
cited plasmon on a pair of apertures in Au films
when the distance between the apertures decreases,
due to the coupling between the neighboring local-
ized surface plasmons.

6. Conclusion

The extraordinary light transmission through
nano holes is linked with the finite conductivity
of the screen which produces lower attenuation
for guided modes below the cut-off than in the case
of infinite conductivity. In addition, the finite con-
ductivity allows for surface plasmon excitation,
which field dominates the near-field distribution
in the very vicinity below the film. The numerical
results obtained using a rigorous electromagnetic
analysis can be fully explained using the concepts
of leaky guided mode inside the hole, and surface
plasmon at the bottom interface, the latter being,
eventually, modified by coupling with the upper
interface plasmon when the thickness of the screen
is small. For thicknesses at which the transmitted
field through the layer is non-negligible, a fringe
structure of the field map exists for some field com-

ponents, due to interference with the surface plas-
mon field.
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