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The effect of extreme light transmission through a nanohole in metal film deposited on a glass prism
has been investigated. The Discrete Sources Method has been applied for computer simulation
analysis of this effect in the evanescent wave area. It has been found that the effect appears
together with Plasmon resonance of the film. The dependence of the transmitted intensity on the
wavelength, incident angle, film materials and hole’s filling has been analyzed.
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1. INTRODUCTION

The effect of Enhanced Optical Transmission (EOT)
through subwavelength holes array in a metal screen
detected by Ebbesen in 1988! recently found a lot of prac-
tical applications in nanooptics and biophotonics. Since
the first paper on this topic published by Ebbesen et al.
ten years later,> the EOT attracted considerable interest by
numerous researchers. It has been found that the effect
appears at certain wavelength of the incident light, which
depends of the screen material. Up to now it has been
detected for holes arrays and for single hole as well."* In a
paper by Wannemacher? this effect has been explained by
Surface Plasmon excitation. It is now generally agreed that
Surface Plasmon Resonances (SPR) play a key role in an
enhancement of light transmission through sub-wavelength
apertures in noble metal screens.*> Until now different sci-
entific teams worldwide continue examination of transmis-
sion properties of sub-wavelength apertures in connection
with development of optical antennas and bionsensors.5”
Mostly those investigations correspond to the normal inci-
dence of the light onto the screen. At the same time there
are multiple practical applications, which involve evanes-
cent wave excitation.'®!> The use of evanescent waves
allows avoiding some problems, for example filtering the
refracted wave behind the screen from the scattered one.
In our recent paper'® a new effect of extreme light trans-
mission through a nanohole in a noble metal film deposited
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on the prism surface in the area of evanescent waves has
been reported. As it was found the effect appearance does
not depend on the metal film thickness, hole’s diameter
and its filling, but it is strongly influenced by the film
material. In the present paper spectral characteristics of
the nanohole are modeled and analyzed. Close correlation
between SPR' and Extreme Transmission Effect (ETE)
has been identified.

For the modeling we used the Discrete Sources Method
(DSM),"> which is close to the Multiple Multipole
Method.'® DSM enables to consider light spectral scatter-
ing characteristics of a hole in a multilayered interface both
in the propagating and evanescent wave area accounting for
frequency dispersion of materials. In the following part of
the paper we briefly present the basic outlines of the DSM.

2. SCATTERING PROBLEM STATEMENT
AND DSM OUTLINES

Let the whole space be divided into three domains: air D,
film D, and a glass prism, which is modeled as a half-
space D,. Let the plane 3, separate a film and a glass
prism and the plane X ,—air and the film. A cylindrical
hole occupying a certain domain D; with a smooth bound-
ary dD is located inside the film of thickness d, bounded
by the planes %, and X,. We assume that the symmetry
axis of the hole coincides with the normal direction to %,.
Let us introduce a Cartesian coordinate system Oxyz by
choosing its origin O at the prism-surface 2, in the center
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of the hole’s bottom. Let the Oz axis coincide with the
symmetry axis of the hole and directed into D,,. The plane
z =0 corresponds to the 3, plane (Fig. 1(a)).

We assume that the exciting field {E°, H°} is a linear
polarized plane wave propagating from the prism domain
D, at an angle 6, with respect to the Z-axis. We start with
the solution of the scattering problem of the plane wave
{E°, H°} on the layered interface without the hole. The
result yields field of external excitation {E?, H7},{ =0,
f> 1 in domains D, , ;, which satisfy the transmission con-
ditions at the planes X, ,. While in D, , the exciting field
consists of incident and reflected waves, in D, the field
includes the transmitted wave which is transformed to the
evanescent one behind some critical angle. In particular,
the exciting field inside the film can be represented by
a linear combination of plane waves propagating up and
down inside the film that is:
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Fig. 1. (a) Task geometry; (b) Distribution of the Discrete Sources in
the complex plane with respect to the hole profile.
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where

E.(fi)P = (Fcosbe, +sinbe)x*; H.(fi)P =—nsex*

H =, (Fcosb,e, +sinb,e,) x*; E;” =ex*

x* =exp{—jk;(xsinf, £zcosb,)}:

2 _ g2 Y _
k;=k'eug, ne=/eqps, =01, 1.
e
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=T Ty €f

e; = exp{—jk,dcos0,}

Here rf/’gs, tfbs are the corresponding coefficients of

reflection and transmission at the interface between D,
and Dy domains, for P- and S-polarized plane waves,”
&;, pg—are the permittivity and permeability of the corre-
sponding media, k = w/c, 6 ,—transmission angle accord-
ing to the Snell’s law, e, , ,—orthogonal basis.

Then the mathematical statement of the scattering prob-
lem for the scattering field outside D, and the total field
inside D, can be formulated as follows:

VxH, = jkeE; VxE; =—jkuH, in D,
{=0,1,1,i
n, x (E;(p) —E;(p)) =n, xE}(p),
14 f 14 f peaD (2)

n, x (H;(p) —H,(p)) =n, x Hy(p),
e. x (E;(p) —E,(p)) =0,
e. x (H;(p)—H,(p)) =0, !

e, x (Ey(p)—E;(p)) =0,
e.x (Hy(p) ~H () =0, 7<%

: RS r — s
tim (/578 x T ;) =0,
r=|M|— o0, {=0,1.

(1E¢|, [H;[) = o(exp{—[Imk|p}),

Here, e, is the unit normal vector to the planes El, £
n, is the outward unit normal vector to dD, k = w/c.
If Im(e;, ;) <0 (the time dependence for the fields was
chosen as exp{jwt}) and the particle surface is smooth
enough: 3D C C %, then the above boundary-value scat-
tering problem is uniquely solvable.'®

In the frame of DSM!3 the approximate solution is con-
structed by representing the electromagnetic fields as a
finite linear combination of the electric and magnetic fields
of multipoles distributed over the axis of symmetry inside
the scatterer or in an adjoined complex plane. Besides, the
fields of multipoles analytically satisfy the transmission
conditions enforced at the plane interfaces X, ;. This cir-
cumstance plays a key role because of it provides an

p=Vr+)* > o0
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opportunity to account for all interactions caused by fields
multiple reflections between the hole and the interface ana-
Iytically. Then the approximate solution satisfies Maxwell
equations in the domains Dy, {=0,1, f,i, the infinity
conditions and the transmission conditions at the plane
interfaces 3, ;. Thus, the scattering problem (2) is reduced
to the problem of approximation of the exciting field
{E%, H}} at the hole’s surface dD. Only the amplitudes of
the discrete sources (DS) are to be determined from the
boundary conditions at dD which can be written as:

n, x (E;(p) —E;(p)) =n, xE}(p),
n, x (H;(p) —H;(p)) =n, x H)(p),

To construct the fields of dipoles and multipoles that
analytically satisfy the transmission conditions at the plane
interfaces X, ; we incorporate the Green’s Tensor for a
layered interface.! In the frame of DSM the approximate
solution of the scattering problem is constructed addition-
ally taking into account the rotational symmetry of the
scattering problem geometry (hole together with layered
interface) and the polarization of the exciting field.'?

Let us consider P-polarized excitation first. To account
for the axial symmetry and polarization of the exciting
field we implement a plane wave resolution into a Fourier
series with respect to the azimuth angle ¢. Then for the
Fourier harmonics of the external excitation the following
representation holds:

E}., = {E}; (q) cos(m+ 1)g; ELL(q)sin(m+1)¢;

pedD (3)

mp me
E)P(q) cos(m+1)¢)} @
HY,,, = {H),”(q)sin(m+ 1)¢; HJ."(q) cos(m+1)¢;
H) " (q)sin(m+1)¢}

where g = (p, z) stands for a point located in the half plane
¢ = const. To take the polarization of the external excita-
tion into account we should use some linear combination
of electrical and magnetic multipoles deposited along the
axis of symmetry.'> For the scattered field representation
outside the hole the following vector potentials are used

AL = {gn(q.w,)cos(m+ 1) —g; (g, w,)sin(m+1)¢;
—fmﬂ(q,w”)cos(m—i- 1)¢}’
Ant = {gn(q.w,)sin(m+1)@; g,(q,w,)cos(m+1)g;
_fm+1(q’wll)Sin(m+ 1)@}
ALl ={0: 0: g5(q.w,)}
®)
Here the Fourier harmonics of the Green Tensor g%", f,.,
which accept the form of Weyl-Sommerfeld integrals:
8" (@ w,) = [, 00)vfi" (2w, HATd,
0
oo (©)
Fu@sw) = [ 1u(Ap)vy (2,1, DA™ dA
0
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Here J,,(.) is the cylindrical Bessel function, and the mul-
tipoles are distributed along the axis of symmetry w, € Oz
inside D; or in an adjoined complex plane by setting w =
7'+ j7z” as it was introduced in Eremin Yu. A. Presenta-
tion of Fields in Terms of Sources in the Complex Plane
in the Method of Nonorthogonal Series. Sov. Phys. Dokl.
28, 6 (1983) p. 451. Typical DS distribution in the com-
plex plane with respect to the hole profile can be observed
on Figure 1(b).

The spectral functions v¢;", v$;" corresponding to (6) are
given by

A (ML w,, d)exp{—nolz—d|}, z>d

exp{—mylz—d|}
UT!lh(Z’ Wy, )‘) = nf
—i—Cfihexp{—nfz}, d>z>0

Dfih()\’wn’d)exp{_nlz}’ z<0

+B{;" exp{—mn/|z—d|}

A5 (N w,, d)exp{—nglz—d|}, z>d

B exp{—mn;|z—d|}+C5;"exp{—n,z},

e, h _
U3 (Z’wn’)‘)_ d>Z>0

D5 (A w,.d)exp{mz), <0

Here n? =2 —k%, k% =k’e;pp, £ =0, f.

The associated spectral coefficients Ai’ﬁh, Bibh’ Ci}sh’
DZ’B" are determined from the following one-dimensional
transmission conditions imposed at z =0, d:

1 0v¢ 1 9v”
[vm=[— ”“]:o, [vm=[—ﬂ}=o,
u 0z £

1 1 ove 1
vy | =0, [ =22 =
o ep 0z e

1 1 vt 1

e en 9z e

Here square brackets [.] stay for the jump of values across
the interface. In particular, the equality v§, = v holds at
d > 7 > 0. For the P-polarized total field representation
inside the hole the following vector potentials are used'>

A5 = {Y,(q, w;) cos(m+1)¢g;
—Y, (g, w))sin(m+1)¢; 0}
A ={Y,(q, w,) sin(m+ 1)g; (7)
Y, (g, w,)cos(m+ 1)g; 0}
Ayt ={0; 0; Yo(q. w;)}
Here Y, (q,w)) = hQ(kR,,) - (kip/R,)"s Ry =
VPP +(z—wi)? and hP(.) are spherical Hankel

functions. Let us emphasize that the sets {w’} and {w,}
are different and that w! are located outside D,.
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Thus for the scattered fields in D, , ; which satisfy the
transmission conditions at 3, , and total field inside D,
the following representation is valid:

M N
Biv=3 z{pmk <A gh Y AL
m=0n=1
N§
+Zrn V xVxA%E; (8)
n=1 ks( {

] . .
HLNzk—VXELN(M), {=0,f,1,i; &=f.i
My

The approximate solution for the S-polarized excitation
can be constructed in a similar way. Accounting that the
Fourier harmonics for the exciting plane wave can be writ-
ten as

E} ) = {E) (@) sin(m+1)¢; E)5(g) cos(m+1)¢;
E)(q)sin(m+1)¢}

HY ) = (H),’ () cos(m+1)@; H)3(q)sin(m+1)¢; ®)
H):%(q) cos(m+ 1)}

Here the following electric and magnetic vector potentials
corresponding to the multipoles are employed:

Asl = {g(q. w,) sin(m+1)g; g (g, w,) cos(m+1)g;
—fu1(q, w,) sin(m+ 1)@},
Antl = {gn(qg, w,) cos(m+1)@; —gh(q,w,)sin(m+1)¢;
—fu1(q, w,) cos(m+ 1)},
Apl ={0; 0; g5(q, w,)}
(10)

The vector potential for the total field inside D, accept the
following form

A, = 1{Y,.(q, w,) sin(m+1)¢;
Y,,(q, w,)cos(m+1)¢; 0}
At =1{Y,(q, w) cos(m+1)¢g; (11)
Y, (g, w) sin(m+1)¢; 0};
AP ={0; 05 Yy(q, w))}

Then for the scattered fields in D, ; ,, which satisfy the
transmission conditions at %, , and the total field inside
D, the following representation is valid:

M N
Eg,szz{pmk T XA ahy T X AL
m=0 n=1 { 4
—|—Zr V x VxA"E (12)
n=1 84/“;
J . .
Hy =2V xE (M), (=0.f.1i é=[.i
24

Eremina et al.

The completeness of the system of dipoles and multi-
poles guarantees the convergence of the approximate solu-
tion (8), (12) to the exact one.?’

3. NUMERICAL SCHEME OF THE DSM

In this section a short description of the numerical scheme
of DSM is presented. As mentioned above, the representa-
tions (8) and (12) satisfy all the conditions of the scatter-
ing problem (2) except the transmission conditions at the
hole’s surface (3). These conditions are used to determine
the unknown amplitudes of the DS {p{ , gt ,ré}. Note

that we need to compute the coefficients {p/,., ¢/, r, n}

n=1
and {p' .q’ . rn}ngl only. Because of by using Green’s
Tensor we constructed unitary representation of the field
outside D, with the same amplitudes. Let us remind that
the scattering problem geometry is axially symmetric with
respect to the Z-axis and the DS can be distributed over
the axis of symmetry. To account for the singularities of
the scattered field continuation inside the hole we con-
struct an analytic continuation of the DS’s positions to

the adjoined complex plane {w,}"" ’ﬁ .20 Besides, the DS

for the internal field representation {wn}fjgl are placed
in the complex plane in such a way that theirs projec-
tions to the real axis (Oz) do not touch the domain D,
(see Fig. 1(b)). Therefore, fulfilling the transmission con-
ditions (3) at the surface dD can be reduced to a sequential
set of 1D transmission problems for the Fourier harmonics
of the fields (see (4), (5), (7) for P-polarization or (9)—(11)
for S-polarization). Thus, instead of matching the fields on
the scattering surface (see (3)), we match their Fourier har-
monics separately by reducing the approximation problem
on the surface dD to a set of 1D problems enforced at the
particle surface generatrix J. By solving these problems
one can determine the DS amplitudes.

There are various numerical schemes for the evalua-
tion of the amplitudes. It has been found that most sta-
ble results can be obtained by combining the Generalized
Point-Matching Technique and a Pseudo-Solution of cor-
responding over-determined systems of linear equations. '
As a rule we choose the number of DS (N/ + N!) depend-
ing on the number of Fourier harmonics m twice less
then the number of the matching point distributed over <.
Then we make a separation between the DS numbers for
the scattered field N/ and the internal one N/, following
the film-hole refractive index values. The higher refractive
index is the more DS are required.

For DSM is a direct method, it does not require an
iterative solver. Therefore, it allows solving the scatter-
ing problem for the complete set of incident angles 6,
and both polarizations (P and S) at once.'® This is advan-
tageous especially for investigation of nano-size scat-
terers compared to methods similar to Discrete Dipole
Approximation (DDA), Volume Integral Equation (VIE)
or Finite Difference Time Domain (FDTD), which require
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application of an iterative scheme. Besides, the DSM
numerical scheme provides an opportunity to control the
actual convergence of the approximate solution to the exact
one by posterior error estimation.'

After the amplitudes of the DS have been determined,
one can calculate the far field pattern E_ (6, ¢) of the scat-
tered field, which is determined at the upper semi-sphere
Q={0°<6<90°0° < ¢ <360°} and is given by
exp{—jkor}

r

Ey(M)/[E'(z=0)| = E, (0. ¢)+o(r™),

z>d, r=|M|— o

We asymptotically estimate the Weyl-Sommerfeld inte-
grals involved in (6),'° which yields the following repre-
sentation for the 0, ¢-components of the far field pattern
corresponding to the representation (8):

.k M
EL ,(0,9) = I%o > " (jkosinB)" cos(m+1)¢

0 m=0

Nf

X Z{pnm gnnl Cos 0 + .]k() SIH anm]

n=1

nmgnm} - _Slnazrn gnO’ (13)
n=1
k
E? (6, ¢) = =12 S Gikosin 0)" sin(m + 1)¢
0 m=0
N

X Y AP 8w + @G cOS O

n=1
+ JkO Sil’l2 ef_‘nm]}

For S-polarized excitation following to representation (12)
one gets

ik M
ES 4(0.0)= 1% > (jkocos8)"cos(m+1)¢p

0 m=0
N
X Z{pﬁm[gsmcose_l—jkOSinz efnm] _qr{mgr}:m}’
n= 1
5 0.0) =20 5 Gcos)sin(in+ 1)
0 m=0

Nf
X Z{pnmgnm - qnm [g,lllmCOSO—‘rjko SiIlz anm]}

n=1

204in6 Z rlg,
(14)

Where the corresponding spectral functions g%", f,
accept the form:

m

g;m”(e) = jk,cos B exp{jk,d cos 0} A% (k,sin b, z,, d),
() = jkycos @exp{jkyd cos 0} A5, (kysin b, z,,, d)

nm n’
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Hence, after the unknown amplitudes of DS are deter-
mined, the far field patterns for P/S polarization (13), (14)
are represented as finite linear combinations of elementary
functions. This circumstance ensures a low costs computer
analysis of the scattering characteristics in the far zone.

4. NUMERICAL RESULTS AND DISCUSSION

We are mostly interested in scattered intensity in D, which
is calculated as:

15(6,,0,0) = |EL3(6,, 0, o) +|EL5(6,. 0. 0)]*  (15)

where Eoo f, »(0,, 6, ¢) are the components of the far field
pattern fora P and S polarized incident wave, in a spheri-
cal coordinate system 6, ¢ (see 13-14).

We consider the Scattering Cross-Section (SCS), which
represents the total integrated intensity scattered (transmit-
ted) into the upper semi-sphere () = {0° < 6 < 90°,0° <
¢ <360°}:

" 5(0) = [ 176,06, ) do (16)
Q

Let 6, be a transmission angle of the plane wave in D,.
Snell’s law in this case yields: sin 6, = (n,/n,)sin6,. As
|n,| > |ny| with increase of incident angle 6, from 0
till 77/2 one can get |sinfy| > 1. This circumstance
requires using of a corresponding branch for cosf, =

- j\/ sin? @, — 1 which assures an outgoing wave. Hence,
beyond the critical angle 6. = arcsinny/n; in the upper
half-space an evanescent wave appears, which propagates
along the interface and damps in the normal (z > d) direc-
tion to the interface X :

x" = exp{—jkyxsin6,} exp{—koz\/sin2 6, —1}

Next, we will present some numerical results obtained
by using the DSM model and discuss them shortly. In our
recent paper'’ the dependence of the transmitted intensity
on the incident angle has been investigated. In this paper
we consider the spectral characteristics of the transmitted
light as well. We examine the scattering properties of the
hole excited by a linear polarized plane wave with an excit-
ing wavelength within the range of A =400-700 nm. In the
present paper we consider the cylindrical hole of diame-
ter D =40 nm in a metal film of thickness d =55 nm
deposited on glass prism. As film materials mostly silver
(Ag) and gold (Au) are used, but some selective results
for other metals are presented as well. For the prism mate-
rial we take BK7 glass. The refractive indices of the film
material and the glass depending from the wavelength are
taken from the paper of Lynch and Hunter.?!

In Figure 2 the numerical results for SCS (16) versus
wavelength for different incident angles 6, = 0°,42°, 44°
are presented. From the figure one can see, that while the

5
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Fig. 2. SCS versus wavelength for the cylindrical hole D =40 nm,
in Ag film d =55 nm, on a glass prism. Different incident angles.

curves for S-polarized external excitation monotonically
decrease, the curve for P-polarized light for incidence 0, =
44° has a maximum at about A = 532 nm (Ree, = —10.2).
The incident angle 6, = 44° is located beyond the crit-
ical angle (which is equal to 6, = 41.2° for the system
glass-air) in the area where evanescent wave appears in D,.
In Figure 3 similar results are presented for the hole in Au
film. A closer look shows that the behaviour of the SCS
curves is similar to the case of Ag film, but the P-polarized
curve reaches its maximum in the vicinity of A =670 nm
(Reg, = —11.5).

In Figure 4 the SCS curves versus incident angle for the
same hole in Ag and Au films are presented for the fixed
wavelength A = 532 nm. While the curves for S-polarized
light demonstrate just a slight decay, the P-polarisation
curves both for Ag and Au film drop down behind the crit-
ical angle and then sharply jump up by two orders at the
incidence near 44°. At the same time the maximum value
of SCS for Ag film seems to be more pronounced.

For this particular case we would like to describe
the DSM application in details. In the application two
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o
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Fig. 3. SCS for the hole in Au film on a glass prism, different incident
angles.
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Fig. 4. SCS versus incident angle for the hole in Ag and Au films on
glass prism, A =532 nm.

(M =0, 1) Fourier harmonics plus 2 independent on ¢
harmonics (P and S) are considered. The correspond-
ing DS numbers for the scattered field representation are
Nof = 30, le = 24. The same numbers were chosen for
the internal field representation. Associated distribution
of the DS in the complex plane is shown in Figure 1(b).
The corresponding matrix dimension for M = 0 is 216 x
120, for M =1 —216 x 96, for ¢ independent harmonics
—108 x 60. On a laptop Centrino Duo 2 GHz with 2 Gb
RAM the calculation for 119 incident angles took 3 m
24 s. Estimated result error was about 1.4%. The most time
consuming procedure seems to be the Weyl-Sommerfeld
integrals estimation with a guarantee error less then 1078,

In Figure 5 similar results are presented for the hole
D =40 nm in Ag and Au films, but for the wavelength A =
670 nm associated with the maximum value of SCS for
the Au film. Here we observe a similar behaviour: both Ag
and Au P-polarized curves demonstrate first slight minima
and then sharp maxima, but in this case the maximum SCS
value for Au is much higher. From the observations we

0.00008 - ‘
—— Ag,P
— Ag, S
0.00006 Au, P
Au, S

- 0.00004

SCS, um?

0.00002 \

e B
0.00000 1
30 35 40 45 50 55 60
61 y d eg.

Fig. 5. SCS versus incident angle for the hole in Ag and Au films on
glass prism, A =670 nm.
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Fig. 6. SCS for the hole in Ag film, 6, = 44°. P-polarization, different
fillings inside the hole.

can conclude that while both P-polarized curves for Ag
and Au films demonstrate SCS maxima at the incidence
nearby 44-45°, the maximum seems to be more observable
at the wavelengths corresponding to the maxima for the
spectral curves.

For the next 2 figures we will restrict our considera-
tion just to P-polarized light, as S-polarization does not
seem to be of interest for our demonstrations. In Figure 6
numerical results for the same hole filled with different
materials: air, SiO, and SiN in Ag film for 6§, = 44° are
shown. From the presented SCS results one can see that
the maximum accepts higher amplitude with an increase
of the filling refractive index. Let us now have a closer
look at the influence of the film materials on the spectral
behaviour of SCS. In Figure 7 the SCS versus wavelength
for P-polarized excitation for the same hole, but different
film materials are presented. As film materials besides Ag
and Au, also copper (Cu) and platinum (Pt) have been con-
sidered. From the Figure 7 one can see that while Au, Ag
and Cu demonstrate at least one maximum in presented
wavelength range, Pt shows a simple monotonic behaviour.
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0.00012 Pt [
(aY]
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-~ 0.00008
o
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/ ¥
0.00000 T 1

0.40 0.45 0.50 0.55 0.60 0.65 0.70
Wavelength, um

Fig. 7. SCS for the hole in film, 6§, =44°, A = 532 nm. P-polarization,
different film materials.
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Fig. 8. SCS for the hole in Ag film, A = 532 nm. Different fillings of
the upper half-space.

For the Cu film the maximum value is achieved at (Reg, =
—11.5). Between the other materials, Ag exhibits the high-
est maximum amplitude.

We now would like to analyse the influence of critical
angle value on the ETE. The evanescent waves appear in
the area of lower refractive index when the incident angle
exceeds the critical one 0, = arcsin(n,/n,). To check the
influence of the value of critical angle we now consider
the case when the upper half space is filled with water.
In Figure 8 the comparison of SCS for the same hole in
Ag film is depicted for cases when the upper half-space
is filled with air (0, = 41.2°) and water (6, = 61.1°). The
comparison indicates that in case of water the position of
the maximum shifts to the higher incident angle, which
corresponds to the area of evanescent waves for the system
glass-water.

Let us assume that the prism D, is made from differ-
ent materials. As materials we take besides BK7 glass
with n; = 1.52 (0. = 41.2°), SiN with n, =2.034 (6, =
29.4°), and air with n; = 1.0 as well. In cases of glass
and SiN beyond the critical angles we have the area of
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o
€
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O
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‘}\\
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0 10 20 30 40 50 60 70 80 90
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Fig. 9. SCS for the hole in Ag film for P-polarization, A = 670 nm.
Different prism materials.
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Fig. 10. SCS for the hole in Ag film, P-polarization, A = 532 nm.

evanescent wave, in case of air in D, no evanescent wave
appears, because of D, and D, have the same refractive
index. Corresponding results are presented in Figure 9.
From the results one can see that in case of air, when there
is no evanescent wave, the curve has a strongly monotonic
behaviour. In cases of glass and SiN there are sharp max-
ima in the area of evanescent wave.

From the results presented above, we can conclude that
while the values of the SCS peaks may be manipulated by
varying the film material, hole filling or the wavelength,
the position of the ETE peaks with respect to the incident
angle stays the same. This occurs because of varying the
film material does not affect the critical angle value, which
depends on refractive indices of D, and D, only.

To clarify the nature of the ETE we now would like
to analyze the behaviour of the fields inside a film versus
incident angle. In Figures 10 and 11 the SCS is shown
together with the amplitudes |w/|* of the plane wave prop-
agating from the interface 3, up and |w”|* of the plane
wave propagating from the interface %, down introduced
in (1) (see Fig. 12). Besides, we consider the coefficient

13

s | |
0.1 2 wf w7
1 Ro.1 SCS
1E-3 / —_—
1E-4
1E-5 /\
/ —
1E-6 \\/
1E-7 . . . . . —
30 35 40 45 50 55 60

Incident angle, °

Fig. 11. SCS for the hole in Au film, P-polarization, A = 670 nm.
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z W

Fig. 12. Plane waves inside a film and the corresponding reflection
coefficients.

of the total reflection the exciting P-polarized plane wave
from the layered structure prism-film-air:

riy +riexp{—2ik,cos 0,d}

14 rf;ryexp{—2ik,cos 0,d}

ROPI(BI) =

From the results presented in Figures 10 and 11 we can
observe that the curves for |R{||* and |w/|* demonstrate
minima at an incidence nearby 44°. At the same time the
curve for |w’|* demonstrates strong correlation with SCS
curve. They indicate an increase of values beyond the crit-
ical angle and reach their maxima at the same angle of
about 44°. Thus, the ETE we observe is caused by two
circumstances:

(a) SPR appearance when |R},|* reaches its minimum
value and therefore more energy penetrates into the film;
(b) increase of the amplitude of |w’|? from the upper
interface %, yields stronger excitation of the film’s inho-
mogenity (hole) especially in the evanescent wave area
when the wave can not penetrate into D,,.

?

To summarise our discussion, we can conclude that the
excitation of the evanescent waves plays the key role in
the ETE appearance. An enhancement of the fields inside
the noble metal film and the energy distribution between
two plane waves seems to be important for the ETE.
The effect arising does not depend on the film thickness,
hole’s diameter and filling.? In this paper we have demon-
strated that it strongly depends on the film material. It was
shown that the ETE seems to be more observable at those
wavelengths where the corresponding spectral maximum
of SCS is achieved and these wavelengths depend on the
film material only.

5. CONCLUSION

In the present paper the spectral characteristics of light
scattering by a nanohole in a metal film on a glass prism
have been analyzed. It has been shown that the Extreme
Transmission Effect seems to be more observable at those
wavelengths where the corresponding spectral maximum
of the Scattering Cross-Section is achieved. Moreover it
was found, that this maximum is reached, when the real
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part of the film permittivity depending of the wavelength
belongs to a very narrow range of values [—11.5, —10.2].
This seems to be a necessary condition for the maximum
appearance. Hence, the effect strongly depends on the film
material, which for practical applications can be chosen
a priory following the condition above. Close correlation
between Surface Plasmon Resonance and Extreme Trans-
mission Effect has been determined. It has been shown that
the excitation of the evanescent waves plays the key role
in the Extreme Transmission Effect due to an increase of
the amplitude of the plane wave reflected from the upper
interface, which yields stronger excitation of the hole. This
fact leads to an increase of the scattered field intensity. Let
us emphasize that the extreme transmission occurs as well
for other types of film inhomogeneties: particles, inclu-
sions, etc.
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