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Abstract—The near and far field properties of the large-scale metal
plate with slit array are studied by applying the finite-difference time-
domain (FDTD) method. The far region scattering properties at
different incident angles are also discussed. We find out the enhanced
optical transmission (EOT) through the metal plate with suitable
placed narrow slit array is excited by the interaction of the surface
plasmon polarization (SPP) and the Fabry-Perot resonance (FPR), and
the dielectric substrate has significant influence on the transmission
properties by affecting the electromagnetic field distribution on the
metal-dielectric interface. Furthermore, the scattering field would
be reduced and the transmission efficiency could be improved by
the phase shift caused by the dielectric substrate. These unusual
properties suggest possible applications to light-transparent metal
contacts, stealth materials, etc.

1. INTRODUCTION

The extraordinary optical transmission (EOT) through sub-wavelength
apertures on thin metallic films receives lots of attentions from
scientists and engineers since Ebbesen et al. first reported this unusual
phenomenon [1], and has been a rapid and expanding field of research
[2-5]. Recently, the publication by Lalanne et al. [6] suggests that
the EOT is caused by the surface plasmon polarization (SPP) and the
Fabry-Perot resonance (FPR). The SPPs are electromagnetic surface
waves that propagate along the metal-dielectric interface, and they are
non-radiative [7]. Because the electromagnetic fields are localized and
enhanced on the metal surface when the SPPs are excited, the SPPs
have been widely applied in the sub-wavelength optics and plasmonics
[8-13]. It is well known that the metal plates and films reflect and
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absorb the emitting light in ordinary light-emitting diodes (LEDs),
but a metal plate with narrow slit array can be light-transparent
by the excitation of the EOT in some wavelength regions. Besides,
a LED with the large-scale metal contact can make the current
spreading uniform, has better heat dissipation performance to reduces
the junction temperature of the current spreading layer and improve
the internal quantum efficiency. These characteristics suggest possible
application to a new type of LED based on the EOT.

In this paper, we theoretical study the EOT excitation condition,
then the finite-difference time-domain (FDTD) [14] numerical method
for the optical simulation is discussed, the far region data calculation
method and the time domain iterative formulate for metal are
described. In the discussion sections, the transmission properties of
the slit array plate are studied by applying the FDTD method at first.
Then the effects of GaP substrate to the transmission and scattering
properties are studied. At last the near and far field properties of the
structure at three typical EOT excitation conditions are discussed.

2. THE EOT EXCITATION CONDITION

When the incident light irradiates the metal plate with slits, light is
transmitted through the plate along the sub-wavelength slits. Then
the light is scattered from the metal corners and part of the light
propagates along the metal-air interface, which is a creeping wave.
If the propagation constant of the creeping wave (kg,) satisfies the
resonance condition, enhanced electromagnetic fields are excited, and
the light is radiated to the far region by the interaction of the guiding
wave (k,) and the creeping wave (kg,) (Fig. 1).

N/

3

1T n2

Figure 1. The schematic diagram of the EOT excitation. Region I
is the dielectric layer, region II is the silver plate with slit array, and
region III is the free space. The reflective index of GaP n; = 3.2, the
reflective index of Silver at 610 nm is ny = 0.268 + 74.109, and the
reflective index of air is ng = 1.0.
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It is can be seen that the EOT condition is defined by two
parameters, the thickness of the metal plate and the period of the slit
array. The transmission efficiency through the plate reaches maximum
when the slit thickness matches the FPR condition:

mA

Neff

=2(h—20) (m=1,2,..), (1)

where h is the slit thickness, X is the free-space wavelength, the skin
depth is 0 = 1/Im (w\/p€y) [15], and n.g is the effective index, which
is a function of the propagation constant,

neg = Re (Z—;) , (2)

where Re denotes the real part, the free-space propagation constant is
ko = 2w /A, and k, is the propagation constant in the slit. k, could be
calculated by the following equation,

2
ky = \/w2u6 - <n§> —k2, (n=0,1,2,..), (3)

where kg, is the propagation constant along the lower metal-dielectric
interface. The strong coupling is excited when kg, satisfies following
condition,

ksp:kxil% (1=0,1,2,..), (4)

where k, is the transverse component of the incident wave vector (i.e.
k;r in Fig. 1), and p is the period of the slit array. k, = 0 at the normal
incident condition, so Eq. (4) is simplified to

ksp:il% (1=0,1,2,..). (5)

when [ is an even number, Eq. (5) is the SPP condition [1]. By now, the
equations for the EOT wavelength calculation are obtained. For the
intuitive expression a variable ¢ is introduced, and Eq. (1) is modified
to the following form,

o= 27(h —)\20’)716]7. (©)

When ¢ = mm, the FPR condition is satisfied. We substitute Egs. (2),
(3), and (5) into Eq. (6) and get the following equation:
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”( Imw ;wm)>><R6(VA%“E (”2a> <im) )
Y= )
(1=0,1,2,...n=0,1,2.). (7)

3. THE FDTD METHOD

The FDTD method is a time-domain computational method based
on the Maxwell’s equations. It is a powerful technique for analyzing
electromagnetic problems, and has been widely used in electromagnetic
and optical simulations [16-22]. In the following FDTD simulations,
TM plane waves Tj,., where T denotes E and H, are generated on the
total field (TF)-scattered field (SF) boundary (Fig. 2) [23]. The fields
in the total region are calculated as Tyor = Tine + Tscat, i-€., the sum of
the incident fields and the scattered fields, and there are only scattered
fields Tseqt in the scattered region. The near field properties are got
by calculating the maximum field amplitudes and the respect phases
¢ of each points, which are calculated by

Ve 1
¢_27r< )\kAt+4>, (8)
after the calculation domain is stable during the simulation. The far
region data can not be calculated from the simulation directly as the
simulation domain is finite. In order to get the far field properties,
the Kirchhoff surface is introduced, the electromagnetic fields are
defined to zero inside the surface, and the problem becomes a radiation
problem of the electric current and magnetic current on the surface.
The electric current J and magnetic current Jy, are calculated by the
electromagnetic fields on the surface:

{ fJ_enﬂx i ©

m = —€n X K

Then the far region data can be calculated by applying the Green
function [24-27]. The parameters in the simulations are as follows:
the mash size is As = 5nm, the time step is At = As/2c¢, the
total time step is 20000. The perfectly matched layer (PML) [28]
and Bloch’s periodic boundary condition (BPC) are applied to the
absorbing boundaries.
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Figure 2. The layout of the FDTD simulation domain. (a) is the
layout for the transmission and reflection spectrum calculation, the
calculation space is 610 nmx4um. (b) is the layout for the the near and
far field property calculation, the calculation space is 7.5 um x 4 ym.
The slit array period is p = 610nm, the slit width is ¢ = 200 nm,
the silver plate thickness is h = 610nm, and the GaP thickness is
d = 300nm. In layout (b), the silver plate width is 7.1 pm and the slit
number is 11.

The modeling of the metal is a key step in the optical FDTD
simulation. Traditional FDTD analysis for metal is not suitable for
the analysis of nanoscale optics because the metallic structure has the
same scale with the skin depth. The drude model has been introduced
to approximate the dielectric constant of metal:

w2

P
. I
€= o0 T T jo) (10)

where e is the relative permittivity at infinite frequency, w), is the
plasma angle frequency and < is the collision angle frequency. The
parameters of silver (exc = 5.0, w, = 9.5€eV, and v = 0.0987¢eV) is
accordance with the experimental data in optical and infrared regions
[29]. The time domain iterative formulate are calculated by the
frequency-dependent FDTD ((FD)2TD) [30] method,
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.. + Axo .. 1 ..
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(€so + X0) €0AS 1S ’
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w2 w2
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Ve Ve
wp\ 2 A At]?
AXl—_(—P> e At [1 = e (15)
Ve

and ¢ = x,y, v, is the light speed. The magnetic field iterative
formulate are same with that of dielectric. In order to improve the
calculation speed and simplify programming, a two-dimensional array
is introduced to store the material type of each point. The calculations
in this paper were performed on a 2.8 GHz Pentium (R) D computer.
The calculation time cost is 320 seconds and the memory cost is 47 MB
for the spectrum calculation. The time cost is 54 minutes and the
memory cost is 130MB for the near and far field property calculation.

4. RESULTS AND DISCUSSION

The optical property of the infinite slit array at the normal incident
condition is studied at first. The phase-wavelength curve calculated
by Eq. (7) is shown in Fig. 3. From Fig. 3 it is observed that the
longest EOT wavelength is 826.5nm (i.e., point A in Fig. 3), and the
parameters are n = 0, ¢ = 0, and § = m, which means that only
the FPR is excited (f = 7) and no creeping wave coupling is excited
(¢ = 0). The second EOT case corresponds to point B, the wavelength
is 610 nm. The parameters are n = 0, ¢ = 2m, and 6 = 0, which means
that only the SPP is excited (¢ = 27) and no FPR is excited (6 = 0).
The other EOT wavelengths (C, D, E, and F) meet both the creeping
wave coupling condition and the FPR condition. When the wavelength
is shorter than 400 nm (i.e., the gray region in Fig. 3), the curves are
sharp and the phase changes quickly, hybrid modes with different EOT
excitation conditions would interact and cancel each other. In order
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to verify the results, the FDTD method is employed. The layout is
shown in Fig. 2(a). The source is a Gaussian pulse, and field values
on detector lines are stored in the simulation. The transmission and
reflection spectrum are calculated by applying fast fourier transform
(FFT), and the spectra are shown in Fig. 4. It can be seen that the
result is in accord with our calculation. The field distributions at
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Figure 3. The phase-wavelength curve.
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Figure 4. The transmission and reflection spectra of the silt array

silver plate. (a) is the transmission spectrum on the line of y
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3.875 um and (b) is the reflection spectrum on the line of y = 50 nm.
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different points are same when the wavelength is longer than the SPP
wavelength (i.e., 610 nm), for resonance is excited on neither upper nor
lower silver-dielectric interface. Energy is mainly forward transmitted
at the FPR wavelength (i.e., 826.5nm). When the wavelength is
close to the SPP wavelength, both transmission and reflection are
enhanced, and the curves are precipitous. When the wavelength is
shorter than the SPP wavelength, the field distributions at different
points are different because of the resonance and interference. And
the transmission spectrum curve has a peak point at the wavelength
of 510nm. In short, the EOT is caused by two different mechanisms:
the creeping wave coupling and the FPR. This is in agreement with
our discussion in Section 2. The FPR plays the key role in the long
wavelength region, the interference of the creeping waves and the
guiding waves becomes the main factor that excites the EOT in the
short wavelength region.

The optical properties of the slit array plate have been discussed,
however, in the photoelectric fabrication, the metal is usually placed
on dielectric substrates, and GaP is widely used as the LED current
spreading layer. The studies on the effects of the GaP substrate to
the structure have practical significance. For the dielectric constant
of GaP is 11.1, the propagation constant is much smaller than that
in free space, and the transmission properties of the structure would
be different. The transmission and reflection properties of the slit
array plate with GaP substrate are calculated in the same way. The

] x=40nm
' T x=200nm
i - -~ x=280nm
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Amplitude (a.u.)

T T T T T T T T T T T T
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(a) Transmission spectrum (b) Reflection spectrum

Figure 5. The transmission and reflection spectra of the silt array
silver plate with GaP substrate. (a) is the transmission spectrum on
the line of y = 3.875 um and (b) is the reflection spectrum on the line
of y = 50 nm.
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Figure 6. The forward and backward scattering magnetic intensity
with different substrate thickness. The source wavelength is 900 nm.

spectrum curves as seen in Fig. 5, are much sharper than that without
GaP substrate, and the curve shapes are more complex. Furthermore,
the Amplitude of Hz component is 50% stronger than that without
GaP substrate at the SPP wavelength. It can be seen that the GaP
substrate affects the transmission properties greatly. We believe that
the enhancement is caused by the changing of the field distribution
and the phase shift by the EM waves at the lower interface of the Ag-
GaP layers. Moreover, because of the phase shift caused by the GaP
substrate, a suitable GaP substrate thickness can module the phase
of the scattered wave Ti.o¢ with the incident wave Tj,., and make the
structure be a light-transparent meta-material. The scattering features
of the structure at the FPR wavelength (i.e., 900 nm) are studied. A set
of GaP substrate thickness from 0 nm to 950 nm with the step 50 nm are
simulated. The forward and backward scattering curves are shown in
Fig. 6. It can be seen that when the GaP thickness is equal to 300 nm,
rarely light is scattered: the forward scattering magnetic intensity
is only 0.1 a.u. and the backward scattering magnetic intensity is
0.2 a.u.. This unique light-transparent characteristic suggests possible
applications on LEDs, stealth technology, etc. The near and far field
properties on this situation are studied in detail in the following section.

4.1. EOT Excited by the FPR

The layout of simulation is same with that in Fig. 2(b). The magnetic
field distribution is shown in Fig. 7(a). As seen in Fig. 7, the light
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Figure 7. The near field distribution of the silver plate with the source
wavelength of 900nm. (a) is the intensity of the Hz component, (b)
is the magnetic intensities on the line of y = 280 nm, and (c) is the
magnetic intensities on the line of x = 750 nm.
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Figure 8. The far region scattering curves at the FPR condition.
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is resonance enhanced in the slits, and each slit is equivalent to a
new point source on the upper side. the creeping wave component
can not propagates for the wavelength is much longer than the slit
interval, it means that the propagating constant is equal to zero along
the z axis, so the light is radiated to the far region, and the wave
vector direction is along the y axis. The curves in the Fig. 7(c) shows
that the transmission efficiency through the Ag plate is almost 90%.
The magnetic distribution in the GaP substrate, which is displayed in
Fig. 7(b), is enhanced and localized.

The far region scattering properties are also discussed (Fig. 8).
The solid line is the far region scattering curve at the normal incident,
and the dash line is the scattering curve of the structure without GaP
substrate. It is denotes that the light is strongly forward scattered
by the structure without GaP, the reflection is 20 dB lower than the
forward scattering. The GaP substrate cancels the scattering, the
maximum scattering is 15 dB lower than the forward scattering of the
structure without GaP substrate. The performance reduces quickly
with the increase of the incident angle for the FPR in the slits is
attenuated and light is absorbed and reflected by the silver plane.
The dash-dot line is the scattering curve at 30° oblique incident, the
forward scattering is 8.5dB lower than that at the normal incident,
meanwhile the backward scattering is increased by 2dB. In short, the
EOT excited by the FPR is angle-sensitive, large incident angles would
decrease the forward transmission performance greatly.

4.2. EOT Excited by the SPP

The SPP is excited on the upper interface of Ag-air at this excitation
condition, light is coupling to the transverse component kg,, and the
wave vector direction is along the x axis. The near field distribution as
shown in Fig. 9 represents that the magnetic intensity is strongest in
the center, and the intensity reduces with the increase of the distance
from the center as the coupling strength reduces. In addition, the
field amplitude (i.e., about 100 nm) is much larger than the ordinary
SPP amplitude because of the interference of the creeping wave and the
transmitted light from the slits. The field distribution is much complex
in the GaP substrate, the SPPs are excited on the lower Ag-GaP
interface (Fig. 9 (b)), and no significant enhancement occurs at the slit
entry. The far region scattering curves, which are shown in Fig. 10,
denote that the structure is less angle-sensitive. The forward scattering
strength is the same with that at normal incident even the incident
angle is increased to 30°. This characteristic could be explained for the
reason that the EOT is mainly caused by the coupling of the creeping
waves on the upper Ag-air interface. With the continue increase of
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Figure 9. The near field distribution of the silver plate with the source
wavelength of 900 nm. (a) is the intensity of the Hz component, (b) is
the magnetic intensities on the lower interface (i.e., y = 300nm), and
(c) is the magnetic intensities on the line of x = 750 nm.

the incident angle, less light is transmitted through the plate, when
the incident angle is equal to 60°, the transmission efficiency reduces
greatly for the reflection and the absorption on slits and the silver-GaP
interface.

4.3. EOT Excited by the Creeping Wave Coupling and FPR

The last EOT case is the interference of the guiding waves from the
slits and the strong coupling creeping waves on the silver plate surface.
This excitation condition is more common and has better performance
because that the EOT is excited by the interference of the strong
coupling creeping waves and the FPR, the enhanced EM waves are
radiated to the space for the enhancement in the interface is excited
by the creeping waves, which is radiative, not like the non-radiative
SPP. The near field distribution is shown in Fig. 11, the magnetic fields
are enhanced both on the slits and the Ag plate positions in the GaP
substrate (Fig. 11(b)), and the light is enhanced on the upper side of
the slit and Ag plate (Fig. 11(c)). Then the light is radiated to the free
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Figure 10. The far region scattering curves at the SPP condition.
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Figure 11. The near field distribution of the silver plate with the
source wavelength of 900 nm. (a) is the intensity of the Hz component,
(b) is the magnetic intensities on the line of y = 285 nm, and (c) is the
magnetic intensities on the line of x = 750 nm.
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Figure 12. The far region scattering curves with the source
wavelength of 500 nm.

space by the interference of the creeping waves and the guiding waves.
The wave vector is the combination of the z-direction component and
the y-direction component. The far region scattering properties in
Fig. 12 shows that this EOT case has the strongest scattering field and
is not angle-sensitive.

5. CONCLUSION

In conclusion, we have theoretical analyzed the EOT condition of the
metal plate with sub-wavelength slit array, and modeled the FDTD
model for metal. The near and far field properties of the large-
scale silver plate with slit array are numerically analyzed. And three
typical EOT conditions are studied. The effects of the dielectric
substrate are also discussed. We find out that the metallic structure
could be light-transparent, and the EOT would be excited when
the geometry of the structure matches the resonance enhancement
conditions. Moreover, the dielectric substrate has significant influence
on the transmission properties by affecting the field distribution on
the metal-dielectric interface, improves the transmission efficiency and
reduces the scattering by the phase shift at resonance wavelengths of
the structure. These unusual properties suggest possible applications
to light-transparent metal contacts, stealth materials, etc.
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