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Abstract:

The dependence of electromagnetic transmission through a subwavelength nano-hole in a
plasmonic layer on angle of incidence is examined here for both p- and s-polarizations. Calculations
are carried out for a sampling of incident angles, and the dyadic Greens function method employed
includes the interference between transmission emanating from the nano-hole and transmission
directly through the plasmonic screen. The integral equation formulation employed for the Greens
function obviates the need for a separate imposition of boundary conditions (and no appeal to ideal
metallic boundary conditions is involved). Interference fringes cluster about the aperture and flatten to
uniform transmission far from it. Furthermore, as the incident angle increases, the axis of the relatively
large central transmission maximum through the nano-hole follows it, accompanied by a spatial
compression of interference fringe maxima forward of the large central transmission maximum, and a
spatial thinning of the fringe maxima behind it. For p-polarization, the transmission results show a
strong increase as the incident angle 6, increases, mainly in the dominant E, component
(notwithstanding a concomitant decrease of the E, component as 6, increases). We also find that in
the case of s-polarization of the incident electromagnetic wave, the transmission decreases as 6q
increases. These results, for both p- and s-polarizations, are consistent with earlier results for perfect
metal boundary conditions, although such ideal boundary conditions are not invoked here as we have
treated the problem of a nano-hole in a semiconductor layer and have determined its electromagnetic
transmission including the role of its two dimensional plasma.

Keywords: Dyadic Green'’s function, Incident-Angle Dependence, Electromagnetic Wave
Transmission, Nano-hole, Thin Plasmonic Semiconductor Layer.

1. Introduction conductor, whereas our present interest considers
the layer to be a thin, smooth, planar plasmonic
semiconductor.

A plethora of recent theoretical and
experimental electromagnetic research began
with the report of extraordinary optical
transmission by Ebbeson, et al. [15]. Much of this
work is reviewed by Garcia-Vidal, et al.: ” Light
Passing Through subwavelength Apertures "[16],
and the years since this 2010 review have seen
further developments, both experimental and
theoretical. A variety of electromagnetic studies
have treated apertures that are mostly
subwavelength (and some not so small)

In a recent study of electromagnetic wave
transmission through a nano-hole in a thin,
smooth, planar plasmonic semiconductor layer
Fig.2.1, we examined subwavelength transmis-
sion in detail for normal incidence of the wave
train [1-5]. Our dyadic Green’s function integral
equation formulation eliminated the need for
separate, explicit treatment of the boundary
conditions used in earlier works [6,7]. Other
important works [8-10] using dyadic Green’s
functions [11-14] and variational principles
assumed the layer to be a perfect, ideal metallic
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embedded in layers of varying thickness; some
studies addressed perfect, ideal metallic layers,
others treated real semiconductor layers involving
plasmas. Most treated normal incidence, a few
addressed oblique incidence. A representative list
of pertinent articles is presented in chronological
order in the References [17-39].

Our earlier work [1] involved the analytic
determination of the dyadic electromagnetic
Green's function for the system in closed form,
facilitating relatively simple calculation of the
transmitted radiation through both the hole as well
as through the layer itself for normal incidence.
Employment of the dyadic Green's function in an
integral equation formulation automatically
embedded the roles of the electromagnetic
boundary conditions and the 2D plasmon in the
layer (which is "smeared" due to its lateral
wavenumber dependence), obviating the need for
separate treatment. In the present paper, we
employ the same method to analyze
subwavelength  Electromagnetic  transmission
through such a system for non-normal incidence
[40] of the electromagnetic wave train on the
nano-hole. In Section 2, we review the appropriate
dyadic Green's function for the perforated
plasmonic screen with a subwavelength aperture
and its  application to  electromagnetic
transmission in the construction of the system's
inverse dielectric tensor, with emphasis on non-
normal incidence. The calculated results for
various angles of incidence are exhibited in the
figures of Section 3, and a summary is presented
in Section 4.

2. Dyadic Green’s Function and Inverse
Dielectric Tensor

Figure 2.1 illustrates a two dimensional
plasmonic layer (thickness d, embedded at z=0 in
a three dimensional bulk medium) with a nano-
hole of radius R, area A at the origin of the (x-y)
plane. The dyadic Green’s function for such a thin
perforated plasmonic screen with a nano-hole was
determined as

(B=yAz 4::72%0
hole):
G(F;),0:2,0;) = G (F;,0; 2,0, )

6$§D) (a))Ai A is area of the nano-

o BEY
x[l + G, (0,0;0,0; a))]
Here, éfs is the dyadic Green’s function for the

thin plasmonic layer in the absence of the
subwavelength aperture, and its elements are
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given by (c is the speed of light; | is the unit
dyadic; w is angular frequency)
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Fig.2.1. Schematic of a two dimensional plasmonic
layer (thickness d, embedded at z = 0 in a three
dimensional bulk medium) with a nanohole of
radius R, area A at the origin of the (x-y) plane,
shown with incident, reflected and transmitted wave
vectors (K, K

o r,Et) for waves (EO(X, Y, Z;t), Er(x, y,Z;t)

Et(x,.y, Z;t) ). The angle of incidence is 6 in the
x-z plane (koyE 0).

Gfs[kx,ky:O; 7,0 m]:

AXX 0 .
6 [kx,ky_o, 2,0 m] 0

AXZ 0 .
% 6 [kx,ky_o, 2,0 m)

fs
0 GW(kX,k —02,0; w) 0

fs y
G%;([kxykf();z,o;m] 0 G%g[kx,kyzo;zyo;m] (2)
where k, :(kx,ky) is wavevector parallel to the

2

plasmonic screen, o™ is the conductivity of the

full plasmonic sheet and the matrix elements of

G, are given by
ik,|z| 2
X,ky:O;z,O;a)):—e_ i 1—k—x2 » (3)
2|kz Dl q(u
4)

eikz\z\ i
2k, | D,
24 eikl‘z‘ 1 k2—2k§

2 0]

G¥(k,.k, =0;2,0;0)=0,

67 (k

nysy(k k. =0;z,0:; a)):—

X1ty

(6)
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GE(k, .k, =0;2,0,0)=

el 1 {(kk,son(z)
"k, |:D2{( o J (1)

G2 (k. k, =0;2,0,0)=0, 8)
G2k, .k, =0;2,0;0)=0, )
ikz‘ ‘
G?:(kx,ky :O;Z,O;a))=+eZik{D {(kk;g“(z)jH (10)
G2(k,.k, =0;2,0;0)= (11)
and
[}/_Mé#o-(zm(k w) O_ESZD)(k// a’):%[«??m*é’(a})]d)
S I
2ik, az
D, :[1{ 4 ](kiﬂ (13)
2ik, az
D, :[1{25( H (14)
with a2 — k2 - 2%
d
While the dyadic Green’s function above

determines the electromagnetic response to a
current source, it does not, by itself, describe the
response to an incident electromagnetic wave
field. For that, it is necessary to construct the
inverse dielectric tensor of the system which
provides the relation between the actual field E(F;t)
and the impressed (incident) field E(F;t).
Considering that G(F,,T;;z,2;@) described above
already incorporates the role of induced current, it
provides the system’s response to an externally
impressed current J,, alone as

= (v Ari = 1Alv =t ’ T (7 o
E(F,.z0)= mwjdzr,,jde(r,,,r,,;z,z;a))Jext(r,,,z;a)) (15)
or _
g-470g; (16)
C

in spatial matrix notation. Bearing in mind that
(¢, se>are the conductivities of the full 2D

screen and the excluded hole, respectively; see
Egns.26, 27 below)

driw o

G =G, 2w 17)
where

- . " 18

£ =610 - 5D (18)

and that the incident field E,
distant current source J,, by

is related to its

- Adrioa =
Eo=—7"Gsp Jen

CZ

(19)
or
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- drim 4
’Jexl_|: 2 Gao} Eo: (20)
we have
E-GGLE,
:éél+4$”iw}a
. (21)
:f+4QWGsm}a

Obviously, this introduces the inverse dielectric
dyadic/tensor K as

R {f 4”""024, 22)
in complete analogy to the results[8], [9] of
references [1] and [2].

Thus, we have the actual E -field as
E(} z0)=E(,z0)+ E(, z.0)+E .50 (23

where the electric field contributions El and EZ are
defined by

E(F) z0)=

mwj‘d r,,jd r,,fdz jdz

XG(r// 2,2, Q))O'ED)(F/; 7,2" a))E (f,,",Z";a))

(24)

and

E(F,.z;0)

)= 422 [atg a oz o 25)
X G(F,. 132, 250) 600 (7.2, 7% )6 (7,2 0)
Because the conductivities 622 and &8 are
confined to the 2D screen at z = 0 (thickness d)
they may be written in lateral (7, )- and z — repre-
sentation as

SEO(F), 17,2 0)= 1627 ()5 ()
and

4 (2D)
O-hole

-i1)s(2)s(z") (26)

AGED (@) (F,)
x 5@ (r// -y )5(2)5(2,)
It should be noted that in the absence of the nano-
hole, Ar>0, the field contribution E,(F,,z;w)

vanishes, leaving
E(r).z0)=E(7), z,0)+ E(f,.z.0)
= Efs(r;/’Z;w),

(r,,,r,,,z z'; a))
(27)

(28)

where E — E  jointly with G G, are the field and
associated Green’s function (respectively) for the
transmission/reflection of the field E, impingent
on the full, unperforated 2D layer.

Finally, the resulting electric field E can be
written in position representation as
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E(r,, 2:0)= By (. 20)+ 7,8, Ky, s 2,050, o 7
=B cA;(F// ,0;2,0; a’o) (29)

x{i +7,G4 (IZO” 0,0; a0, )} E,e ™
(notation: G, (&, :0.0;, )=G. (K, :0.0;s,) emphasizes that
both z=0 and z'=0 with a double overbar; also
do; 4rre? H
o and o, - *=L2 is the 3D bulk plasma

Vo =— £
0 CZ

frequency; g, =y,A ; ruzfigo; |ZO and @, are the

incident wavevector and frequency, respectively;
p,and y are g and )} evaluated at incident

frequency o = w,)
—cos(6,)

éxx |Z 0.0: = 30
fs ( 0, 11 1(00) 2i[qm0 +FO COS(QO)] ( )
_ -1
Gk, ;0,0;, )=

2K, 000, 2i[T, +4,, cos(6)] 5D

and

=alc an ) 1 q,, 8in’(6,)+2i5(0)cos(6,)
Gs (k"” ‘0’0’%)_ 2 {cos(&o)[qjc +2i5(0)T,]+4q,, T,sin®(6,) [ (32)

(Note that Gi ('Zo,/ :0,0; a)o) was shown to be diagonal
in reference [1], see appendices)

3. Incident Angle Dependence of
Electromagnetic Wave Transmission Through
a 2D Plasmonic Layer a Nano-Hole

The results above are employed here to
examine the spatial dependence of the
diffracted/transmitted wave arising from an
incoming electromagnetic wave at an arbitrary
angle of incidence, By, in the x-z plane of incidence
(koyEO). Detailed computations are carried out

The

on
2

for incident angles of 30°, 60° and 80°.
figures below present results (based
calculations using Mathematica) for \Ex(x, y, z;t)/E,
[E,(x,y.z:t)/E;[ and |E, (x,y,z;1)/E,|for spatial
regions defined by z = 300R (intermediate zone)
and z = 1000R (far zone), with lateral coordinate

r, = x*+y? extension in the range
r, =10°R-2x10°R =5x10° —~10* nm for both zones.

The results are exhibited in 2D line graphs and in
both 3D and density plots for both p- and s-
polarizations of the incident wave. In all
computations represented in these figures, we
employ the following parameters: R =5 nm,

d =10nm and f, = 300 THz; the semiconductor

screen is taken to be GaAs with effective mass

AdvNanoBioM&D: 2017: 1(1):54-70

m*=0.067m,(mo is the free-electron mass) and
density n,, =4x10%/cm® (& =1 is the dielectric

constant of the host medium). In Figures 3.1-3.8,
we set y=0 and r,=x varies over the indicated

zone range, Figures 3.9a-3.18a exhibit 3D plots of
the transmitted component power distributions,
while Figures 3.9b-3.18b provide the associated
component power density plots, all as functions of
both x and y for the fixed z-values indicated
above.

p - polarization: Middle-Field, z=300R; 6§, =30

(@)

0.23428 -

0234261

0.23424 1

1 E?

0.23422-

11

0.23420-

023418~

0.23416 -
L

L L
~10000 -5000 0 5000 10000

X(nm)

F1T ] L e —

(b)

P-Polarization
Far-Field: d # lg# 1,
R= & nm,d=10 nm;
Ji= 300 THz A= 10° nm |
#=30" 2= 1000 R

0.0780762

00780762

3 o]

IE,

0.0780762

0.07807621

0me
-10000

- 5000 0 5000
x(nm)

10000

Fig.3.1. p — polarization - Middle-Field, Z=300R;
6, =30°: (@) |E,(x,y,z;t)/E,|* @nd (b) |E, (x,y, z;t)/E,|*

produced by a perforated 2D plasmonic layer of GaAs
as a function of lateral distance 1, = X(y =0) from the
aperture.
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p - polarization

0134
P-Polarization
(@) Middle-Feld d 1y ;
R=5nmyd=10 nm;
=300 THz Ag= 107 nm,
013472 B=60",z= 30 R
= omt
N
0.13468-
0134661
10000 = 5000 0 5000 10000
I(nm)
004087 P-Polarization
Micdle-Field: d 4 1~ Ao
(b) =5 nm;d=10nm;
0.404087F Ji= 300 THz A= 10 nm, |
#=50%.z= 0 R
0404087
3 0404087
)
0404087+
0.404086-
0404086
= 10000 = 5000 1] 3000 10000
I(um)
Fig.3.2. p - polarization-Middle - Field, z=300R;

6, =60°: @) |E,(x, v, Z;t)/Ey|" and (b) |E,(x,y,zt)/E,[*
produced by a perforated 2D plasmonic layer of GaAs

as a function of lateral distance I, = x(y=0) from the

aperture.
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. Middle-Field, z=300R; 8, =60" p - polarization: Middle-Field, z=300R; 8, =80’

L P-Polarizati
uam(q) Midle_Fiekt G 1 1y :
R= 5 nm;d=10 nm;
= 300 THz A= 10° om,
#,=80" 7= 300 R
0.024195
5
g
0.024190
0.024185
10000 5000 ] 3000 10000
I(nm)
P-Polarization
Middle-Field: d = r~ Ao ;
=5 nm;d=10nm;
Ji= 300 THz A= 10° nm
077812 =i z= A0R
(b)
= 0.77812-
g
|
077812
0.77812+
R 500 - T
I{nm)

Fig.3.3. p — polarization - Middle-Field, z =300R;

2 2
0, =80": (3) |E,(x, y, Z;t)/Ey| and (b) |E, (x, y,Z;t)/Ey|
produced by a perforated 2D plasmonic layer of GaAs
as a function of lateral distance 1, = X(y =0) from the

aperture.
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s - polarization: Middle-Field, z=300R Far - Field, z=1000R; 6, =30

p - polarization:

§-Polarizzt 0234251 Polarization
(a) Mo Filt d %1+ o o
0210024 R= & nm,d=10 nm; | (a) R=f nm.d=10 im:
Jiz W0 THz = 10 rm, Ji= 00 THzdg= 10 m,
e =30 7= 1[
G=30%z= 30R ool =30 2= 1000R
0210001
5.: g 0303
L] o
0.20908 =
0234220
1.20996
02342
-10000 -500 [ 5000 1000 T 7 )
I(nm) I{nm)
—— :
(b) 5-Polarization . ?F:.'-“:!L;;iz:u;-;
i _Fiald - . ‘ar-reld: r;
o= 300 THz do= 10° i, 0.0780762 (b) Ji= 300 Tz do= 1 nm, | <
0.081400 f=60",z= 300 =3 2= 1000 R
0.0780762
0081305
4 % st
< 00813900 S 00780762
] I
00813830 -
00813801
0.0780762
0.081373F
. . . . wee- e
-10000 — 5000 0 3000 10000 ~10000 5000 0 5000 10000
I(nm) x(nm)
057 T y Fig.3.5. p - polarization - Far-Field, z=1000R;
3 IS—F_clarf.zat\Dn ) _ 0. . 2 . 2
() e 6 =307 @ [B,(xy. zit)/Eg|" and () [E, (x.y.zt)/E,|
LTS ﬁ=333;3ﬂ:=13’m produced by a perforated 2D plasmonic layer of GaAs
1 o =80 z= W0 R . .
ki as a function of lateral distance 1, = X(y =0) from the
aperture.
o DOI05TdE
Y
N
0010573
0010572
T R 17

X(nm)
Fig.3.4. s - polarization-Middle - Field, Z =3OOR;
E,(xy.zt)/E[: @ 6 =30 (b) §,=60" and (c)
o, =80° produced by a perforated 2D plasmonic layer

of GaAs as a function of lateral distance 1, = x(y =0)
from the aperture.
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p - polarization: Far - Field, z=1000R; §, =60°

P-Polarization
Far-Field: d :
I @
0134705 o= 300 THz o= 107 nm, | ]
f=60".2= 1000 R
0134700}
Eumm"’"“w""mw
gt
0134690}
00346851
~20000 ~10000 0 10000 20000
I(nm)
F_—Fclzg'zaiic:
0404087+ (b) "B=Samd=10rm
Ji=300 THzAg= 1 nm,
;=60" 2= 1000R
0404087}
< o085}
L]
0404086
0404085
W w0 TN Toww
I(nm)
Fig.3.6. p — polarization - Far-Field, Z=1000R;

6, =60°: (a) |E, (x, y,z;t)/Eo\2 and (b) |E, (x, y,z;t)/Eo\2
produced by a perforated 2D plasmonic layer of GaAs
as a function of lateral distance r, = X(y =0) from the

aperture.

AdvNanoBioM&D: 2017: 1(1):54-70

E/ Eqll*

p - polarization: Far - Field, z=1000R; 6, =80°
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= g0t
3
L]
0024190+
0.024185-
-10000 - 5000 0 3000 10000
T(um)
P_Polari ion.
0.778120 Far-| Fié\ijé‘z:l::,'éc .
(b) R=5nm;d=10 nm;
o= 300 THz Jo= 10° nim
0.778120 =800.z= 100 R
0.778120
0778120
0778120
0778119
0778119
10000 ~5000 0 5000 10000
Tinm}
Fig.3.7. p — polarization - Far-Field, Z = 1000 R;

0, =80°: @) |E,(x, y,z;t)/E,|" and (b) |E,(x, v, z;t)/E,[*
produced by a perforated 2D plasmonic layer of GaAs

as a function of lateral distance r, = x(y =0) from the
aperture.
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S - polarization: Far - Field, z=1000R p - polarization: Middle-Field, z=300R; 6, =30°
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o e .
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000073} ]
4000
0010572} ]
2000
0000571 ] T
5 0
L 1 1 L >
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Fig.3.8. s - polarization-Middle - Field, z=1000R; —4000)
2.
‘Ey(x, y,Z;t)/EO‘ ) 00 =30°, (b) 00 =60° and (c) Z3000 —2000 0 2000 4000
6, =80° produced by a perforated 2D plasmonic
layer of GaAs as a function of lateral distance Fig. 3.9. p - polarization: Middle-Field, Z=300R; 90:300 -
r, = X(y = O) from the aperture. Field distribution of GaAs layer in terms of 3D (a’s) and density

(b’s) plots: |EX(X,y,Z;t)/E0|2 and |EZ(X,y,Z;t)/E0|2 as

functions of x and y for fixed z.
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Fig. 3.10. p - polarization: Middle-Field, z =300R; 00 =60° -

Fig. 3.11. p - polarization: Middle-Field, 7 =300R; 90 =80° -
Field distribution of GaAs layer in terms of 3D (a’s) and density

(b’s) plots: |EX(X, y,Z;t)/E0|2 and |EZ(X, y,Z;t)/E0|2 as (b’s) plots: |EX(X, y,Z;t)/EO|2 and |EZ (X, y,Z;t)/E0|2 as

functions of x and y for fixed z.

Field distribution of GaAs layer in terms of 3D (a’s) and density

functions of x and y for fixed z.

AdvNanoBioM&D: 2017: 1(1):54-70 ISSN: 2559-1118 62



NanoBioMaterials

Advanced Nano-Bio-Materials and Devices - AdvNanoBioM&D Open Acces Journal
powered by SciEdTech

-
o
Q
c
@
>
T
<<

Applications

NanoBioDevices
Désiré Miessein, Norman J. M. Horing, Harry Lenzing, Godfrey Gumbs
Incident-Angle Dependence of EM Transmission Through a plasmonic Screen with a Nano-Aperture
s - polarization: Middle-Field, z=300R s - polarization: Middle-Field, z=300R

[R =5nm: 4, =10° nm; 2= 300 R (Middle-Ficld); 6, = 30°] | @ |R =5nm; 4, =10° nm;z =300 R (Middle - Field): 6, = 80°|

0.010576..
'

0.010574 By oo

0.010572%

—s000 "

X inm}

[R =5nm: 4, =10° nm:z = 300 R (Middle-Field): 6, =80

4000

= 2000-
E ]
£ =
> £
= 0
£
>
=2000-
—4000 —2000 0 2000 4000
—4000
:

Zs000  f2000 0 2000 1000

[ @ |R =5mm: 4, =10’ nm:z = 300 R (Middle-Field): §, = 60°]
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Fig.3.12. s - polarization: Middle-Field, z = 300 R - Field
distribution of GaAs layer in terms of 3D (a’s) and density
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(b) 6, :30",600 as functions of x and y for fixed z.
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p - polarization: Far-Field, z=1000R;#, =30°  p - polarization: Far-Field, z=1000R; ¢, =60
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Fig.3.14. p - polarization: Far-Field, z =10°R; 6,=30"-  Fig.3.15. p - polarization: Far-Field, z =10°R; 6, =60"-

Field distribution of GaAs layer in terms of 3D (a’s) and Field distribution of GaAs layer in terms of 3D (a’s) and
density (b’s) plots: |Ex(x, y,z;t)/E0|2 and |EZ(X, y,Z;t)/Eo|2 density (b’s) plots: |Ex(x, y,z;t)/E0|2 and |EZ(X,y,Z;t)/EO|2

as functions of x and y for fixed z. as functions of x and y for fixed z.
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Fig.3.16. p - polarization: Far-Field, z =10° R; 6, =80° - Fig.3.17. s - polarization: Far-Field, 7z =10° R- Field

Field distribution of GaAs layer in terms of 3D (a’s) and distribution of GaAs layer in terms of 3D (a’s) and density (b’s)
2
density (b’s) plots: |Ex(x, y,z;t)/E0|2 and |EZ(X, y,Z;t)/E0|2 plots: Ey(X7 y,z;t)/E0| @ 6,=30°,60° and (b)

as functions of x and y for fixed z. 6, =30°, 60° as functions of x and y for fixed z.
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s - polarization: Far-Field, z=1000R;
|R:511111;A0 =10’ nm;z = 1000 R (Far - Field); 6, :800‘
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Fig.3.18. s - polarization: Far-Field, Z =10° R - Field
distribution of GaAs layer in terms of 3D (a’s) and
density (b’s) plots: ‘Ey(X, y,z;t)/EO‘z(a) 6, =80° and

(b) 6, =80° as functions of x and y for fixed z

4. Conclusions

In this work we have explored the role of
non-normal angles of incidence on the
transmission of an electromagnetic wave train
through a nano-hole in a thin plasmonic
semiconductor screen. This study is based on our
previously constructed [1-5] closed-form dyadic
electromagnetic Green’s function for a thin
plasmonic/excitonic layer adapted to embody a
nano-hole. The resulting closed-form dyadic
Green’s function encompasses electromagnetic
wave transmission through both the hole as well
as through the screen itself. This analytic
approach involving closed-form solutions of
associated integral equations has facilitated the
relatively simple numerical computations exhibited
above, and is not in any way restricted to an ideal
metallic screen. Moreover, our formulation, which
is based on the use of an integral equation for the
dyadic Green’s function involved automatically
incorporates the boundary conditions,

AdvNanoBioM&D: 2017: 1(1):54-70

which would otherwise need to be addressed
explicitly. It also incorporates the role of the two
dimensional plasmon of the thin layer, which is
smeared by its lateral wavenumber dependence.

The calculated results shown in the
figures of Section Il contrast sharply with the
corresponding figures for normal incidence. Even
for the lowest incident angle of 30° considered in
the case of p-polarization, the results are highly
asymmetric in X (while the corresponding results
for normal incidence are symmetric) [1]. Such
strong asymmetry persists at higher angles of
incidence considered (60° ; 80°), as may be seen
in Figs.3.1-3.8 for p-polarization and s-
polarization. Further supporting 3D and density
plots are given in Figs.3.9 - 3.18 for the various
angles of incidence and polarizations in the spatial
zones considered.

All of the figures exhibit interference
fringes due to the superposition of the field
transmitted through the nano-hole with the field
transmitted directly through the plasmonic sheet.
At large distances from the nano-hole, the
transmission directly through the plasmonic sheet
dominates, and the interference fringes flatten to a
uniform level of transmission through the sheet
alone, with the nano-hole contribution negligible.

Finally, it should be noted that the figures
show that as the incident angle increases, the axis
of the relatively large central transmission
maximum follows it generating greater asymmetry
accompanied by a spatial compression of
interference fringe maxima forward of the large
central transmission maximum and a spatial
thinning of the fringe maxima behind it. Moreover,
while  there is strong asymmetry  of
electromagnetic transmission with respect to the
x-axis (of the x - z plane of incidence), it should be
borne in mind that the transmission is fully
symmetric with respect to the y-axis (normal to the
plane of incidence). Furthermore, the p-
polarization transmission results show strong

increase as incident angle 6, increases, mainly in

the E, component.

Appendix A: Matrix Elements of Q_l and
GsD(k,,; 2,0 co)

The elements of
(notation: a2 =k’ - 2ik, /d )

A

Q' are given by
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) }/ 1_|(3J:| B ik,|7|
|:+(2|sz[ qz . (33) G;é(k”,z,o,a)):—l—EZIk (kxkzcslzgn(z)Jv (43)

H“(Zﬁ‘z D[“(Zij 1-5@” e”‘zzz (kykZ sgn(z)j
. (44)

Gl (IZ,,;Z,O; a)): + :

|:[ /4 j(kxky :| 2' kZ qa)

ok y - qf K2 &4 Ggy,;(lz,,;z,Om):G%(IZ,,;z,O;a;), (45)
[[l+(2ikz] l+(2isz l_quH x ([, . . _r~x|L - .

G2 (K 2.0:0)=G4 (K, 2.0,0) @O

Ea Ea % @ eplkiz0i0)=GHK200) @

Therefore, Eq.(16) may be rewritten as

oo T I S R 1 o R S S (36)
[Q ]31 [Q }13 [Q L’Z [Q LS : éfs(IZ,,;z,O;w):é3D(lz,,;z,O;a))fz‘l. (48)

k2
a8
i , (37 . . S
[Q—l]zz _ [ 2ik, 9o (37) Appendix C: Matrix Elements of G >

= Klﬂ{ziijj[l{zﬁ(z}(l_ z’z jﬂ GI (I{,,; z,0; a)) e

Grlk,;2.0,w)=—

and 2ik,
N g )
. (38) x| = dl1- 2 | 4| - 1——2 (L (49)
33 {H[ y J[l 2 ]] {Dl{ qz ) \2ik, | a2
2ik q2 )
z @ _ e'kZ‘Z‘
nysy(k,,;z,o;a))z—Zik
Appendix B: z
A [ 1 k2 k2
Furthermore the elements of G (k,,; 2,0; a)) X{E {[1—q—§J+(ﬁj(l—q—gJH (50)
1 @ z 9]
are given by the matrix GED (k,,; z,0; a)) as: s
zz (1, e
ik,|z 2 Gt (k,,;Z,O;a)):— -
. ikl k 2ik,
G;;(k,,;z,o;a)):—z_k 1-%c ], @9) 2
| P
A E (o
GW(R’ 0 ) eikz‘z‘ . k; 2 @
L0 o)=—— —— . ik,|2]
o 2ik, q; ) (40) Gfxsy(k,,;z,o;a)):+e_ {1[@5 H (52)
2|kz Dl qw
ik, |z] )
G2k, 2,0;0)=— o el 1 (kk, san(z)
30( " 60) 2ik Gr (k,,,z,O, a)):+ 2k |:D2{ o , (53)
kz2 —2i kz5(2) (41) ik,|z|
X(l_q—z : 62K, 20,0)=+< [1(kykz S?n(z)ﬂy (54)
@ 2|kz DZ qw
- iklzl (K k (i -5 0 ml=c¥(k -7 0 55
21 kz d., . eikel?
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ik,|z| —
1 GXX

2ik, To = Gy| /e » (64)
1+ /BOGfs

{1 {[ ( ¥ D kzkysgn(z)H (57)
X| =3 1+| =— | |———" |
D, 2ik, q? where

GS(IZ,,;Z,O;w):—

—xx _ —cos(HO) )
6 (kz00)=Giki20:0) (58) e 2i[q +T, cos(@, )] N
and @, 0 0
p p K2 Gfso = G’é‘o(o—o;o,o; a)o); (b) (65)
e o BT KA A
D, =|1+| -2~ 1—a§H.
I: (2|kz ]( %o (60) S 1+ }/Oszy (66)

. vy fs
It should be noted that, in the text above, we 1+ ﬂonysy
choose the coordinate system such that ky =0. In

where
this case k, =k, and k*=q?>-k’. Moreover, with 5y - 1 R
ky = 01 G3D ('Z” ,010, a)) becomes diagonal. s 2i|:l—'0 +qa)0 Cos(go)i|
¥ —c¥ (0-000w,); () 67
A fsO f: 0
Appendix D: Matrix Elements of T° - y:((’ ) (67)
a X G =G r,,0;2,0;w (c)
Since G G (ko// 0,0: wo) G, is diagonal, we have fs —7fs Y
(notation: G =G(F,;0, z,0; w, ) here) o
_ — 2z
G* 0 G°]|l+1G” 0 0 T2 :G;{%} (68)
oo 6 ol 0 wesr o |©Y 1+ BGx,
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XX Xz 0 o 0 oy © 0 0
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where the matrix elements are given by
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~ —— Xz 1 7z
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Xz Xz
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In order to facilitate the calculations of the above
matrix elements, it is important to note that

G=G(F,:0,2,0;m,) and g, G =G, (k,:00,,) are evaluated TO - Z{1+ ]/OGf:x] (72)

and

=V

at the incident wave frequency o, . Therefore, the 1+ BGy,

matrix elements of the dyad T °are given by (note Where S oos)

that ¢, is the angle of incident) fs Zi{qw T, 005(00)}’
G’f‘s" —G;‘;‘ (0-0;0,0;0); (b) (73)
Gg—ezx[rﬁow%] ©
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