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Abstract. Numerical analysis revealed that the dependence of transmitted intensity through a
subwavelength dit, milled in thin metal screen on the angle of incidence is divided into two different
zones by the supreme angle. In thefirst zone, the intensity of the non-resonant extraordinary transmission
is described by a weak non-monotonic curve, while a rapid decline is seen in the second zone. The
supreme angle does not depend on incident wavelength, dit width, metal screen thickness or metal type,
and equals to 62° for p-polarized light and 44° for s-polarized light. Independently of the structural
parameters and wavelength, the distributions of transmitted wave fields are represented by the Hankel
functions and are homogeneous by angle.
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1. Introduction

The past two decades gave a rise to new optical phenomena enhancing our understanding of light-
media interaction processes. Metamaterials, small mode volume and high Q-factor cavities, photonic
crystals are only the small amount of novel optical systems. The extraordinary transmission (EOT)
through a subwavelength metallic hole arrays reported by Ebessen et. a. [1] is another example of
new phenomena that inspired great interest to explore the underlying physics, develop new theories
[2-6] and find out possible applications [7-12]. EOT is now confirmed for various structures such as
holes, square, triangle [2- 4, 13-15], various materials including perfect electric conductors (PEC), real
metals[1-2, 6, 16] and even for acoustic waves[17].

The simplest structure, where the EOT phenomenon is observed, is the subwavelength single dlit,
milled in a thin metallic screen. Here, the occurrence of EOT resulted in dubious conclusions and
explanations. Especially, several authors [4, 18-20] consider that EOT, which is accompanied by
extraordinary enhancement of wave field in the dlit, is driven by the focusing of plasmon polaritons
formed on the metal surface. In [21] the authors assume that the main mechanism of extraordinary
enhancement of wave field in the dlit is the magnetoelectric interference between the incident and
evanescent wave fields. In [6] analytically was described light transmission through a single
subwavelength dlit in a thin perfect electric conductor screen and derived simple, yet accurate,
expressions for the transmission efficiency. The following expression was obtained for the ratio of the
electric field in the dlit of a thin metallic screen to the incident electric field, which is in good
agreement with [22]:
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where /1 is the incident wavelength, d is the width of the dlit. Nevertheless, this expression and
transmission efficiency, calculated using the expression above, describes the normal incidence case of
EQT.

Dependence of EOT, explained by localized Fabry-Perot resonances, on the angle of incidence,
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was analyzed in [22] and [23] for p-polarized and s-polarized waves, respectfully. As later
experimentally revealed [12] and analytically described [6, 24] EOT can show non-resonant
(broadband) transmission feature in the mid-infrared region and at lower frequencies.

In this paper, we numerically anayze the dependence of plane incident wave non-resonant
transmission through a single dlit (or dlit arrays), milled in the thin metal screen, on the angle of
incidence in the middle infrared region. Two most important cases are considered: 1. p-polarized
wave, where the magnetic field is parallel to the metal surface and to the axis of a dlit (Fig. 1a), and 2.
s-polarized wave, where the electric field is parallel to the metal surface and perpendicular to the axis
of the dlit (Fig. 1b). It is assumed that the incident wavelength is much bigger than the slit width,
which initsturn is greater than the thickness of the metal screen.

2. Structureof theproblem

The structure of the model under investigation is shown in Fig. 1. A slit with width d ismilled in a
thin metal screen with thickness t. Air is selected as a surrounding dielectric media. We
computationally analyze wave transmission through the structure using Finite-Difference Time-
Domain (FDTD) method close to 5000 nm spectra while keeping the metal thickness smaller than the
width of the dlit. Periodic Broadband Fixed Angle Source Technique (BFAST) boundaries were
selected for X min, X max, Z min and Z max boundaries of the FDTD solver to support plane wave
angular incidence. The k wave vectors on the BFAST boundaries were taken to match the plane wave
port angle of incidence and changed simultaneously with the incidence angle sweep. At the same time,
steep angle 12 layer PMLs (Perfectly Matched Layer) were used for Y min and Y max boundaries of
the FDTD solver region to effectively handle (absorb) waves faling at big incident angles. Lastly,
power monitor was placed at the opposite side of the metal to record the transmitted power through
the dlit. p-polarized (Fig. 1a) or s-polarized (Fig. 1b) incident plane wave port was placed inside the
FDTD region, alittle lower than Y max boundary.
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Fig.1.The geometry of the structure under study. (a) —when the wave vector of the p-polarized plane wave isin XQOY plane;
(b) —when the wave vector of s-polarized plane waveisin ZOY plane

FDTD method converts Maxwell’s curl equations into difference equations and subsequently solves
them depending on boundary conditions. For this, the computational region is divided into Yee cells
having sizes of AX = AY =50 nm and AZ = 150 nm. In addition, refined conformal meshing was
performed for metal and glit regions to get accurate results and ensure the stability of the solution. Yee
cells' sizes at these regions were selected AX = AY =2 nmand AZ =5 nm.
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3. Reaultsand discussons
We start with p-polarized incident wave, when the incident wave vector k isin the XOY plane (¢ =

0°, Fig. 1a) and sweep incident angle 6 from O to 89 degrees in order to obtain the transmitted power
dependence on 4. In Fig. 2 are presented the distributions of E field for different incident angles of the
p-polarized wave. As incident port is located on the upper side of the metal, constructive interference
of the incident and scattered from the metal fields is seen in the upper region. This region is not
informative, so we exclude it from the Fig. 2 and concentrate on transmitted E field on the lower
region from the metal, near to slit. As assumed and later numerically verified in [6], a normal
incidence transmitted electric field is described by Hankel function. Here, the spatial distribution of
the transmitted electric field can be described by Hankel function regardless of the angle of incidence.
The dependence of the transmitted power through the single dit, having the properties mentioned
above, on the incident 6 angleis shown in Fig. 3 (solid line).
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Fig 2. The electric field in aregion near to adlit, at different angles of incidence of p-polarized wave for single dlit,
when dit width d = 100 nm, PEC screen thickness t = 50 nm and wavelength A = 5000 nm. An incident p-polarized wave
direction is presented by arrows.

0= 0 =30°

Furthermore, we take Fig. 3a solid curve as a reference and analyze EOT angular dependence
varying the PEC screen thickness t and dlit width d. In Fig. 3(a) and (b) the transmission curve
behavior stays the same for various structural parameters. The only significant difference in these
curves for PEC when t < d is the amount of the transmitted power at any angle, which is in good
agreement with the [6] for the normal incidence case (6 = 0°). Asit can be assured from the Fig. 3, the
extraordinary transmission happens mainly due to non-resonant transmission phenomenon whent < d
for PEC, asthe EOT angular dependence curve does not depend on structural parameters.
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Fig 3. The dependence of normalized transmitted power through the single dlit milled in thin Perfect Electric Conductor

(PEC) screen on the angle of incidence of a p-polarized wave for 5000 nm wavelength. (a) —when t = 50 nm and dlit width

d is swept; (b) —when d = 100 nm and metal thicknesst is swept. All curves are normalized to the t="50 nm and d = 100 nm
(solid line) curve for reader convenience.

Additionally, we have examined the EOT angular dependence curve for the gold and silver using
the refractive indexes provided in [25]. As it was expected, the curves for gold and silver almost
perfectly match with PEC curve (Fig. 4), as in the middle infrared region these metals have hig
enough refractive index to be considered as PECs. Before moving forward, lastly, we analyze the
spectral dependence of EOT on incident angle 6 in the middle infrared region when t < d. As one can
notice from Fig.5, the angular dependence behavior is amost the same for a wide range of the
spectrum. The only significant difference of curves for various wavelengths is the amount of the
transmitted power at any angle, which isin good agreement for the normal incidence [6].
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Fig. 4. The dependence of normalized transmitted power Fig. 5. The dependence of normalized transmitted power
through the single dlit, milled in the thin metal screen on the through the single dlit, milled in the thin Perfect Electric
angle of incidence of a p-polarized wave for 5000 nm Conductor (PEC) screen on the angle of incidence of a p-
wavelength for gold and silver screenswhent =50 nm, d = polarized wave, when incident wavelength is swept from 4000
100 nm. All curves are normalized to Perfect Electric nm to 7000 nm. Slit width d = 100 nm and PEC thicknesst =
Conductor (PEC) curve (solid line). 50 nm. Curves for any wavelength are normalized to the curve

corresponding to 5000 nm wavelength.
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Summing up the above results, it is obvious that transmitted power of non-resonant EOT amost
does not depend on the angle of incidence until some supreme angle (near to 6 = 62° for PEC in the
middle infrared region) after which the transmittance falls to 0. This angle is ailmost independent of
structural sizes and wavelength.

Now, we consider periodic dlit structure with p-polarized incidence with wave vector k still in the
XQY plane (¢ = 0, Fig. 1a). The dependence of the transmitted power through the periodic dlit system
for different p periods is presented in Fig. 6. As can be seen, the supreme angle is the same as for
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Fig. 6. The dependence of normalized transmitted power Fig. 7. The dependence of normalized transmitted power

through the periodic array of dits, milled in thin Perfect through the structure on the angle of incidence of a s-polarized
Electric Conductor (PEC) screen on the angle of incidence of a wave on 5000 nm wavelength for (a) single dlit, t =50 nm, d =
p-polarized wave for 5000 nm wavelength whent =50 nm, d = 100 nm, (b) single dlit, t = 50 nm, d = 300 nm, (c) single dit, t
100 nm for various p period of the structure. Curves are =10nm,d=100 nm and (d) p = 5000 nm periodic structure
normalized to p = 5000 nm curve (solid line). of dits, t = 50 nm, d = 100 nm. All curves are normalized to (a)

curve (solid line).

single slit and does not depend on the period as well. So we can assume that this angle is the property
of the single dlit, namely periodic system helps to enhance transmitted power (as seen in Fig. 6), but
does not contribute any change on the supreme angle for non-resonant EOT. For the period of p =
25000 nm (five times of incident wavelength) the angular dependence curve (Fig. 5 dotted green line)
almost perfectly matches the single it curve. Therefore, we can think that at these periods slits do not
interact with each other and behave as single dlits. The resulted curves of the periodic structure in Fig.
6 are in good agreement with the angular dependence curves of [5], calculated using homogenization
theory. Lastly, we analyze angular extraordinary transmission through the single slit width d and array
of slits milled in thin PEC screen with s-polarized incidence with wave vector k in the ZOY plane (6 =
0°, Fig. 1b).

A number of simulations were made for various slit widths d, metal thicknesses t and structure
period’'s p to reveal the s-polarized wave ¢ angular transmittance curve dependence on these
parameters. Overall, the dependence of the transmitted power through the single dlit on the incident
angle ¢ is quite similar to the curvesin Fig. 3 from the point of view of transmitted power levels but
has different supreme angle. To not overload the paper with many graphs we show only four
characteristic curves for different dlit widths d, PEC thicknesses t and structure period p in Fig. 7. As
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can be seen, the supreme angle is near to ¢ = 44° and does not depend on dlit width d, PEC thickness t
or the period of the structure.

4. Condugon

Thus, the dependence of non-resonant EOT through a subwavelength slit milled in thin metal
screen on the angle of incidence for p- and s-polarized waves was investigated when incident
wavelength is much bigger than the slit width. Numerical analysis revealed that transmission intensity
dependence on incident angle does not undergo significant changes until its supreme value (62° for
the p-polarized wave and 44° for the s-polarized wave) after which intensity falls rapidly. The
supreme value of incident angle does not depend on wavelength, slit width, metal screen type or
thickness in the wide range of these parameters. It is remarkable that independently of the structural
parameters and wavelength, the distribution of transmitted wave fields is represented by the Hankel
functions and is homogeneous by angle.
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