Journal of Quantitative Spectroscopy & Radiative Transfer 112 (2011) 1687-1696

ournal of

Contents lists available at ScienceDirect
uantitative
pectroscopy &

Journal of Quantitative Spectroscopy & e
Radiative Transfer ranser

journal homepage: www.elsevier.com/locate/jqsrt

Extreme Scattering Effect: Light scattering analysis via the Discrete
Sources Method

Yuri Eremin ®*, Elena Eremina ™', Natalia Grishina?, Thomas Wriedt 2

2 Moscow Lomonosov State University, Lenin’s Hills, 119991 Moscow, Russia
b Universitaet Bremen, Badgasteiner Str. 3, 28359 Bremen, Germany
€ Institut fiir Werkstofftechnik, Badgasteiner Str. 3, 28359 Bremen, Germany

ARTICLE INFO ABSTRACT

Available online 24 December 2010 The effect of the Extraordinary Optical Transmission (Ebbesen et al. Nature 1998; 391,

667) through subwavelength holes array in noble metal screen is used for multiple

Keywords:
Evanescent wave scattering practical applications in nanooptics and biophotonics. In this paper the Extreme
Gold film Transmission Effect (Eremina et al. Opt. Comm. 2008; 281, 3581) in the noble metal

film deposited on a glass prism in the evanescent wave’s area is in focus. The Discrete
Sources Method (DSM) has been adjusted to calculate the polarized light scattering by an
axially symmetric inclusion located in a film deposited on a glass prism. We extended the
DSM for the evaluation of the Scattering Cross-Section in the prism domain. It has been
shown that the maximum value of the Reflection Cross-Section appears at the same
incident angle as for the Transmission Cross-Section. It has been demonstrated that the
Reflection Cross-Section can exceed the Transmission Cross-Section under certain
circumstances. Analysis of the correlation between the Plasmon Resonance in the gold
film and the Extreme Scattering Effect demonstrates that the Plasmon Resonance plays an
important but not the exclusive role in the appearance of the Extreme Scattering Effect.
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1. Introduction

Since the effect of Extraordinary Optical Transmission
through arrays of subwavelength holes in metal screens has
been detected by Ebbesen et al. [1] it attracted considerable
interest by numerous research groups. The ability to localize
light in spots much smaller than the volume predicted by
diffraction theory offers multiple practical applications in
nanooptics and biophotonics. In the paper of Wannemacher
[2] this effect has been explained by plasmons excitation. It is
now generally agreed that Plasmon Resonance plays a key role
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in the enhancement of the light transmission through sub-
wavelength apertures in noble metal screens [3-9]. Recently
different scientific teams worldwide have examined the
transmission properties of subwavelength apertures in con-
nection with the development of multiple practical applica-
tions in nanooptics [10-15].

In our recent paper [16] the effect of extreme light
transmission through a nanohole in a noble metal film on a
glass prism surface has been reported. The Extreme Trans-
mission Effect differs from the Extraordinary Optical
Transmission. The main differences are that it appears in
the evanescent wave area only; the Transmission Cross-
Section (TCS) connected to the Extreme Transmission Effect
under certain “optimal incident angle” beyond the critical
one exceeds at an order the TCS under normal excitation,
which is usually used in connection with Extraordinary
Optical Transmission; besides, the TCS in the Extreme
Transmission Effect is extremely sensitive to the change
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of the incident angle and varies up to two orders under
variation in the incident angle by just 1.5°. It was found that
the Extreme Transmission Effect itself does not depend on
the metal film’s thickness, hole’s diameter and its filling,
but it is strongly influenced by the metal film material. In
the consecutive papers it was found that the Extreme
Transmission Effect occurs not only for hole but also for
other types of the film inhomogeneities [17-19].

For three-dimensional light scattering simulation accu-
rate modeling requires an appropriate choice of the
method. Since the most interesting nanoeffects are based
onresonances, the corresponding computer model must be
based on rigorous Maxwell theory. There are multiple
approaches, which have been applied to light scattering
analysis: Finite Difference Time Domain (FDTD) [20], Finite
Element Method (FEM) [21], Coupled Dipole Approxima-
tion [22], Volume Integral Equation (VIE) [23], Multiple
MultiPole Technique (MMP) [24], Null Field Method [25]
and Discrete Sources Method (DSM) [26]. However, most of
these methods have different characteristics, restrictions
and advantages. The advantage of pure numerical methods,
such as the FDTD or the FEM, is the simplicity of imple-
mentation. They are applied directly to Maxwell equations.
There was a strong trend toward FDTD solvers in the last
decades. FDTD is a simple technique, because it does not
require profound knowledge of the Maxwell theory. It is
based on simple mathematical operations, which can be
handled even by very simple computers. Time domain
formulations have big advantages when non-linear mate-
rials are present, but they are not really well suited for
dispersive materials with strong nonlinearities in their
frequency response. These models are not accurate enough
in many cases [27]. In addition, a conventional FDTD
scheme does not account for infinite plane interfaces or
uses special trick to approximate it [28]. The simplest way
to get rid of problems connected with materials dispersion
or strong skin effects near the metal films is to work in the
frequency domain. This approach leads to direct methods,
such as the FEM. The FEM implementation leads to matrix
equations with large sparse matrices. The approach allows
to reach a very high accuracy, which is valuable when one
explores nanostructures that have not been fabricated yet.
However direct application of the FEM to structures with
plasmonic features can cause problems related to the
truncation of the simulation domain [29].

Other approaches mentioned above are commonly
known as semi-analytical methods. This means that one
has already applied the Green theorem to the system of
Maxwell equations and reduced the scattering problem
formulated in whole 3D space to the impurity domain.
These methods can be divided into two categories: the
volume based methods similar to DDA [30] and VIE, which
are suitable for modeling of light scattering by arbitrary
impurities, and the surface based methods like MMP, Null
Field Method and DSM. While volume based methods can
handle any kind of inhomogeneities, they are pretty time
consuming, especially for the evaluation of integrated
scattering characteristics. Surface based methods seem
to be more appropriate for the examination of homoge-
neous features deposited near an interface. Among others,
the MMP and the DSM have several advantages. First of all

they are semi-analytical meshless methods, which do not
require any integration procedure. The MMP and the DSM
also provide a unique opportunity for a reliable validation
of the results, as the errors can be calculated explicitly.

In this paper we adjusted the DSM to analyze polarized
light scattering by an inclusion located in a noble metal film
deposited on a glass prism. The DSM was extended to
evaluate first the Differential Scattering Cross-Section and
the Reflection Cross-Section (RCS) in the prism domain. The
theory of the method is presented in the next part of the
paper and is followed by the description of the DSM
numerical scheme. The numerical results based on the
DSM model are presented and discussed in the last part of
the paper.

2. DSM scattering model

In this section the DSM outlines are discussed. Assume
that the whole space is divided into three domains: air Do,
film Dyand the glass prism, which is represented as a half-
space D;. Let the plane X, separate the film and the prism
and the plane X separates air and the film. An axially
symmetric inclusion occupying a certain domain D; with a
smooth boundary oD is located inside the film of thickness
d, bounded by the planes XZ; and X We assume that the
symmetry axis of the inclusion coincides with the normal
direction to X;. Now we introduce a Cartesian coordinate
system Oxyz by choosing its origin O at the prism surface
2. Let the Oz axis coincide with the symmetry axis of the
inclusion and is directed to Do. The plane z=0 corresponds
to the X, plane (Fig. 1).

Then the mathematical statement of the scattering
problem for the scattering field outside D; and the total
field inside D; can be formulated in the following form:

(4

in D;, (=0,1f,i
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Fig. 1. Model geometry.



Y. Eremin et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 112 (2011) 1687-1696 1689

e;(Ef(p)—E1(p)) =0, ~ e(Eo(p)—E;(p) =0
e.(H;(p)-H(p) =0, PEX1 e, Ho(p)-Hyp)=0 P €2s

r

lim (\/ZE -~ /IHE ) =0, 1= M| -0, (=01

( >=0(exp{—\lml<f\p}), p:\/m_wo

Here, k=w/c, e, is the unit normal vector to the plane
X, 5 M, is the outward unit normal vector to oD, k=w/c, {E;,
H:} is the total field in the corresponding domain {=0, 1, f, i
and {E}, Hy} is an associated scattering field.

Assume that the exciting field {E®, H} is a linear polarized
plane wave propagating from the prism domain D; at the
angle 6, with respect to the Z-axis. We start with the solution
of the transmission problem of the plane wave {E°, H’} on the
layered interface without the inclusion. The result yields
fields of external excitation {E?, Hg},C =0,f,1 in domains
Do g1, which satisfy the transmission conditions at the planes
21 While in D the exciting field consists of the incident
and the reflected waves, in Dy the field includes the
transmitted wave, which is transformed into the evanescent
one behind the critical angle. In particular, the exciting field
in the film can be represented by a linear combination of
plane waves propagating up and down inside the film that is

EQ = Wf'SE} +IP.S +Wf,sE}—)P,SH}) _ Wf‘SH} +IP.S +w’,"5H;’)P'5

E

H;

)
where
E}i P = (F cosOsex+sinOre,)y *; H}f P = _nreyy*
H* 5 — n;(F cosOyex+sin0re,)y = ; E}i N
1+ =exp{—jkp(xsinOs + zcosOp)}; k% =ke:pu,
ne— VB =0f1
tP'S
1 .
S — Tfr”sez wps = —rfefw®, e = exp{ —jkpdcosoy }
fr'fo~f

Here 5 and t)S are the corresponding coefficients of
reflection and transmission at the interface between D, and
D, domains, for P- and S-polarized plane waves [31], & and
- are the permittivity and permeability coefficients of the
corresponding media, respectively, 0y is the transmission
angle according to Snell’s law, e, , is a Cartesian basis. So,
the field {E}, H?} is the external excitation in (1).

If Im(e;, u;) < O (the time dependence for the fields was
chosen as exp{jwt}) and the particle surface is smooth
enough: aD<=C?>%), then the boundary-value scattering
problem described above is uniquely solvable [32].

Following the DSM outlines [33] the approximate
solution of the problem (1) is constructed by representing
the electromagnetic fields as a finite linear combination of
the electric and magnetic fields of dipoles and multipoles
distributed over the axis of symmetry inside the scatterer
or in an adjoined complex plane. Besides, the fields of
multipoles should analytically satisfy the transmission
conditions enforced at the plane interfaces X, This
circumstance plays the key role because it provides an

opportunity to account for all interactions caused by
multiple reflections of the fields between the inclusion
and the interface analytically. Then the approximate solu-
tion satisfies the Maxwell equations in the domains D;,{ =0,
1, f, i, the infinity conditions and the transmission condi-
tions at the plane interfaces X, Thus, the scattering
problem (1) is reduced to the problem of approximation
of the exciting field {E}J, H}’} at the inclusions surface oD.
Only the amplitudes of the discrete sources (DS) are to be
determined from the boundary conditions at @D, which can
be written as

n,(Ei(p)—E;(p) = n,E{ (p),

D 3
n,(Hi(p)—Hj(p) = n,H{ (), Pe ®

To construct the fields of dipoles and multipoles that
analytically satisfy the transmission conditions at the plane
interfaces X, s we incorporate Green'’s Tensor for a layered
interface [34]. In the frame of the DSM the approximate
solution of the scattering problem is constructed taking
into account additionally the rotational symmetry of the
scattering problem geometry (axial symmetric inclusion
together with the layered interface) and the polarization of
the exciting field [33].

Let us start with P-polarized excitation. To account for
the axial symmetry and the polarization of the exciting
field we incorporate a resolution of the plane wave (2) into
a Fourier series with respect to the azimuth angle ¢:

exp{—jksp sin 0y cos ¢}

= > 2—=dom)(=)"m(kspsinby) cosme
m=0

Here J,,(.) is the cylindrical Bessel function and dg,, is
Kronecker symbol. Then for the Fourier harmonics of the
external excitation in the cylindrical coordinate system (p,
¢, z) the following representation holds:

€l = (enh(@)cos(m+1)g: el (g)sin(m+1);
e2P(g)cos(m+ 1)}
hy ) = thy (@)sin(m+1)p; hi (q)cos(m+1)¢:
byl (@)sin(m-+1)¢) @)
where q=(p,z) stands for a point located in the half plane
¢@=constant. To take the polarization of the external
excitation into account we use a linear combination of
electrical and magnetic multipoles deposited along the axis

of symmetry [33]. For the scattered field representation
outside D; the following vector potentials are used:

Afy, = (85,(q,Wn)cos(m+1); —g,(q,wp)sin(m+1)¢;
—fm +1(@,Wp)cos(m+ 1)@}
A = (gh(@Wn)sinm+1)¢; gh(q,wa)cos(m+1)¢;
—fm+1(q,Wp)sin(m+ )¢}
AL ={0; 0; gf(@wn)): {=0f1 (5)
Here the Fourier harmonics of the Green Tensor g% fin,
which accept the form of the Weyl-Sommerfeld integrals:

8 (@ Wa) = /O JmGp)ez,wn, )2 " d

Fn(@o W) = /0 I3 2 W, )21, ©)
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The multipoles are distributed along the axis of sym-
metry w,e0z inside D; or in an adjoined complex plane by
setting w =z’ +jz” as it was introduced in [35].

The spectral functions v4/',v4f' corresponding to (6) are
given by

Al (2, wn,d)expi—1o z>d

exp{—1jy|z—wa|)
Ny

+C¢llexp{—1z}, d>2>0

+B¢ exp{ nf|z df}
vz, Wn,2) =

DS, wn,d)expli,2},z < O
Ag'{l(;wwnvd)EXP{—?’lo z>d
Vil zwn,2) = { BSrexp(—ny|z—d|}+C5fexp(—z), d>z>0

D§f (2 wn,d)expii;z), z<0

2 _ 32 1,2 2 _ 12
Here n; = A°—ks, ki=k*¢u;, (=0f.
The associated spectral coefficients A%, BS/,Coyf, DS are
determined from the following one-dimensional transmis-
sion conditions imposed at z=0, d:

118 100" 1
e 1 _ |91 _ h| (25701 —_gllype. | =
V5] = LuTZ ] =0, [Vn] = [s oz } _0{/1”31] =0,

e h
)=l o]0 5]l
Here square brackets [.] stay for the jump of values
across the interface. In particular, the equality v§, = v,
holds at d > z > 0. For the P-polarized total field represen-
tation inside the D; the following vector potentials are to be
used [33]:

A% = (Ym(qWh)cos(m+1)p; —Yim(q,wh)sin(m+1)p: 0}
Al = (Y, (qwW)sinm+1)@;  Yin(g,Wh)cos(m+1)¢; 0}

A ={0; 0; Yo(qwh) @
Here

Yin(q,Wh) = h3 (kiR s JKip /Ry )™

Row, =/ P2 +(z=w})* and h3()

is spherical Hankel function. Let us emphasize that the sets
{wi} and {w,} are different and that wi, are located outside
D;.

Thus for the scattered fields in Do g4, which satisfy the
transmission conditions at X, yand total field inside D;, the
following representation is valid:

h,
:ZZ{pmnkb'uVXVXAeSﬁ—qmnv Ag}

m=0n

+5°r ViV x A% H, = IV x (M)
nZ:l"k.sg e N ke N

é/:()va]vl’ é_fvl (8)

The last term in (8) corresponds to vertical electric
dipoles because for P-polarization Ej? vector belongs to the
incident plane.

We would like to emphasize that following special
construction of the DS fields representation for the fields
{E,, H§}:(8)in the domains Dy is provided by unitary set
of the amplitudes {p{nn,q,fm,,rﬁ}.

The approximate solution for the S-polarized excitation
can be constructed in a similar way. Taking into account
that the Fourier harmonics for the exciting plane wave can
be written as
e = {em,,(q)sin<m+ Do; e, (q)cos(m+1)¢;

he(@sin(m+ 1)}
hf(m) = {h0 mp(@)COS(M+1); h0 S »(@sin(m+1)¢;
hy2(@)cos(m+ 1)) 9)
The following electric and magnetic vector potentials
corresponding to the multipoles are used:
Al = (g5(qWa)sin(m+1)¢; g5(q,wn)cos(m-+1)e;
—fn+1(@,wWy)sin(m+ 1)@}

Al = (gl (q,wp)cos(m+1)¢p; —gh (q,wy)sin(m+1)g;
—fm+1(q,Wn)cos(m-+ 1)} (10)
AR =1{0; 0: gh(gwn)k: (=01

The vector potential for the total field inside D; accept
the following form:
A% = {(Ym(q,W)sin(m+1)@; —Ym(q,w))cos(m+1)¢; 0}
Al = (Yim(q,Wh)cos(m+1)p; Yim(@Wh)sin(m+1)p; 0}
A} =1{0; 0; Yo(q,wh)) an

Then for the scattered fields in Dq; 5 which satisfy the
transmission conditions at X; yand the total field inside D;
the following representation is valid:

Vx V><Afm1+qmnV><Ah‘}

N e h
+ [ V x Ar*
iz ke "
Hﬁ,:—ki VxEyM), (=0f1i ¢=fii (12)
¢

The last term in (12) corresponds to vertical magnetic
dipoles because for S-polarization H}’ vector belongs to the
incident plane.

Completeness of the functional system of dipoles and
multipoles guarantees the convergence of the approximate
solutions (8) and (12) to the exact one [36].

3. DSM numerical scheme

In this section a short description of the DSM numerical
scheme is presented. As mentioned above, the representations
(8) and (12) satisfy all the conditions of the scattering problem
(1) except the transmission conditions at the inclusions surface
(3). These conditions are used to determine the unknown

amplitudes of the DS {pfu, @515 }. For this we need to compute

the coefficients. (B, @ Hh1n" 1 and (Pl Ghph 1, only,
due to the fact that by using Green’s Tensor we constructed a
unitary representation of the field outside D; with the same
amplitudes. Let us remind that the scattering problem geo-
metry 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
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inclusion we construct an analytic continuation of the DS’s
positions into the adjoined complex plane {w, }fffm, 1 [36]. The

DSs for the internal field representation {w/, }n " , are placed
in the complex plane in such a way that their projections
onto the real axis (Oz) do not touch the domain D;. Therefore,
fulfilling the transmission conditions (3) at the surface oD can
be reduced to a sequential set of 1D transmission problems
for the Fourier harmonics of the fields. Thus, instead of
matching the fields on the scattering surface (3), we match
their Fourier harmonics separately by reducing the approx-
imation problem on the surface dD to a set of 1D problems
enforced at the inclusion surface generatrix 3.

There are various numerical schemes for the evaluation
of the amplitudes. It has been found that the most stable
results can be obtained by combining the Generalized
Point-Matching Technique and the method of Pseudo-
Solution of corresponding over-determined systems of
linear equations [33]. For pseudo-solution we employ
Tikhonov regularization in least-square sense [37]. The
unknown vector of the DS amplitudes {p%, q,fﬂ’n rﬁ'i}can be
determined as a pseudo-solution of the following over-
determined systems of linear equations:

Bnp,=fm, m=0,...M (13)

Here B,, is a rectangular matrix B, =[B], I=1 ,..., 4L,
I'=1,.,2(Ni + ) It was found that the reasonable ratlo
between number L of matching points and the number of DS is
2 <L/(N. +NI)<4. In this case the vector of unknown
amplitudes p,, has the length of 2(Ni, +N,fn) and the vector
f,, in the right-hand side has the length of 4L. As a rule we
choose the number of DS for both the internal and the
scattered fields (N, +Ni ) depending on the number of Fourier
harmonics m. Then we separate the DS for the scattered field
N/, and the internal one Ni following the value of refractive
indices of the film and the inclusion. The higher refractive
index of the inclusion the more DSs are required.

For P-polarized excitation the linear system (13) can be
written as

- Wi

ke X ’“i_ﬂf Wh - %X'f" P €m T
el Vi wpYh VR ||| | e
Lo, Gk —,}—fQ{n —WQJJ; P |~ | BT
LU laSe —AUR -l Sh T by €,
(14)

The first two columns result from the representation of
the internal fields and the next two columns result from the
representation of the external fields. The first column of the
matrix corresponds to the electric multipoles and the second
one to the magnetic ones. Rows correspond to the tangential
components of the field in the following order: E, E,,, H;, Hy,
where 7 is the vector tangential to the generatrix 3.

An important fact is that there exist simple relations
between the matrix components associated to the P and S
polarizations:

WP:Ws YP YS QP QS SF SS XP XS' VP=7VS,

QF=_0% UP=-U°

This feature enables to solve the problem for P- and
S-polarized excitations using the single matrix just doing
a simple transformation of the right-hand part and the DS
amplitudes of the vectors system (14) for the S-polarization
[38].

The elements of the matrices associated to the scattered
field accept the following representation:

m+1

R PRI P

+o€(_m+1afm+l +afm+2> ﬁ(afm+] +kf fm+l>

agren+1

p 0z 0z
vl m; gm+1+k g2 _ m+1af272+1
Qf —a%+ﬁgm“+a fm+1
U{nzagzm m+1fm+1 —fm2
X%: 6§Z —OC P fm+l
VL:—%—Z’”—LHmevamu
Q= (Bha " g 7 )
+oc(fm;1 5fgz“ +6f'g;2>ﬁ<62£';2“ +kffm+1>
S =— m; LA gmimTHafg;' T=(%0,5)

The matrix for ¢ independent harmonic for P-polariza-
tion has the following form:

i wi J

ke ke 11
_1yi 1 yf
Hi u l‘f U

where the first row corresponds to E; component and the
second corresponds to H, one. The matrix elements for
scattered field are

h
g0+ﬁ<a £ +k*gh > U =%

f—
W= 072 op

ap 0z

Similar to the previous case the matrix for the
S-polarization accepts the form:

_ gl! yi el_f vf
kl:Ji-Hi Q' - 7 v

ker 1

where the first row corresponds to E,, component and the
second to H, component. Matrix elements in this case can
be presented as

ogs 0
v :,aipo' of =a apazg°+ﬁ(alz +k go)

So, for ¢p-independent harmonic one has to solve two
linear systems independently. Let us remind that the
dimension of the systems is twice less than the dimension
of (14).

Hence, by solving the linear systems (14) for the whole
range of harmonics m=0,M, plus two systems for ¢
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independent harmonics we are able to get the approximate
solutions (8)and (12). Besides, the DSM enables to estimate
errors of the solution obtained by evaluation of the surface
residual by satisfying (3) in the intermediate points with
respect to the matching points.

After the amplitudes of the DS are determined, one can
compute the far field pattern F(0,¢) of the scattered field,
which is determined at the unit sphere 2={0° <60 < 180°,
0° < @ <360°} and is given by

w%,](ﬁmwwz) r=[M|-o0

Ep 1)/ [E'z=0)| =

Here Fo 1(0, ¢)=Fo1(0)€0* Fo,1(4)€0-

By asymptotical estimation of the Weyl-Sommerfeld
integrals involved in (6) the representation of the elements
of the far field pattern takes the form of a finite linear
combination of elementary functions [39]:

M
Fo10,0,0) =jk > (jko,1sin0)™cos(m+1)¢

m=0

N
I . 0,1)
Z{ [P 590D cos 6+ jko 1 sin’ fol(m }

N
Mo rp=hon) | i e N £Psh(0,1)
+ €01 nmgnm _JkSIrlHn; rf gnO

M
F1(0)(0,0) = —jk Z (jko,1 sin®)™sin(m +1)¢

m=0

N},
« Z{ nmge(01)+ .“01q{Im [ghw])cos@

n=1

o,
+jko 1 sin’ an(m 1)]} (15)
For S-polarized external excitation the components of
the far field pattern accept the following form:
M

F3.10)0.9) =jk > (ko1 sin6)™ sin(m+1)¢

m=0

N,
m 0,
Z{ 5 18900 cos 0+ jko  sin® Hfz(mf)}

n=1

#0 5 =h(0,
orgizg ,:;m}

Fo.1(0)(0.0) = jk Z (jko,1sinO)™cos(m+ 1)

m=0
N}y m
50,1 £o1 —h(0,1
Z{ oo — o drim [g( )cos 0
= 20,1
+jko,15in* an$1)]}+1k /“Olsmez rf:Sge@n
n=1

M
10 (0:0) =jk > (jko,1 sin0)™ cos(m+1)¢

m=0

Mo I
.S =€(0,1 0,1 =h(0,1
S fotaamn - [l e coso

+jko,1 in? Oy’ ] }+Jk\/msm(9 Z g (16)

Here {p;&® ¢S5 /P9 are Fourier harmonics of the DS
amplitudes corresponding to P/S excitations and the asso-
ciated spectral functions EZ,’,‘I »m have the form:
22O ) = jko cos 0 expljkod cos O}A (kg sin 0,wp,d)

fZ:,( )(0) = jko cos O exp{jkod cos 0}AS; (ko sin0,wy,d)

221D (0) = jk; cos O DEP (ky sin0,wy,d)
h(1
fim( )(0) = jk; cos 0DS!(ky sin0,wy,d)

Hence, after the unknown amplitudes of DS are deter-
mined, the far field patterns for P- and S-polarized excita-
tions are represented as finite linear combinations of
elementary functions. This circumstance ensures fast and
effective computer analysis of scattering characteristics in
the far zone.

3.1. Results and discussion

In this section we discuss the results of computer
simulations for the inclusion deposited inside a gold film.
We analyze the Differential Scattering Cross-Section (DSC),
which is given by

DSCE5 (01,0.0) = [F55, 01,00 + |3 0100 (A7)

Here the components of far field pattern are given by
(15)and (16). The dimension ofDSCS > is um? units. We also
examine the Scattering Cross-Sections (CS) in the upper
and lower semi-spheres, which represents the integrated
intensity scattered into the prescribed solid angle Q:

001(01)_/ DSCES(01,0,¢)de» as)

where the solid angle 2,={0° <0 <180°, 0° < ¢ < 360°} cor-
responds to the TCS and Q,={90° < 0 < 180°, 0° < ¢ <360°}
corresponds to the RCS.

Let 0 be a transmission angle of the plane wave in D.
Snell’s law in this case results sinfy = (n;/ng)sinf;. As
|n1| > |no| with increase in incident angle 6, from O till 7z/2
yields |sin6p| > 1. This fact requires using a corresponding

branch of cosfy = —ji/sin®6p—1, which assures an out-
going wave. Hence, beyond the critical angle
0. = arcsin(ng/ny) in the upper half-space an evanescent
wave appears, which propagates along the interface and
damps in the normal (z > d) direction to the interface X

1T = exp{—jkoxsinfy}lexp{—kozy/ sin? 0—1).

The plasmon resonance corresponds to the minimum
value of the reflection coefficient Rf; with respect to the
incident angle 0, of the plane wave from X, interface. It
appears in the evanescent wave area for P-polarized
excitation only [40]

rif +TroeXp{—2jks cos Ord)

19
1+ rfexp{—2jks cos yd} (19

Rg1 (91) =

Now we present some numerical results obtained by
using the DSM model. We use an exciting wavelength of
2=633 nm, the prism material is glass N-LASF46A with the
refractive index n,;=1.898. In this case the critical angle is
0. = arcsin(1/1.898) ~31.79°. We use a gold film of
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Si sphere D = 48nm, in Au film d = 49nm,
on N-LASF46A glass, A = 633nm.
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Fig. 2. TCS and RCS (18) for a silicon spherical inclusion of D=48 nm in a
gold film of d=49 nm for P- and S-polarizations versus incident angle.

thickness d and the refractive index ny=0.183 —3.433j[41]. All
refractive indices were taken from the open sources [42]. We
consider two types of inclusions located inside the film: a
spherical particle of D=48 nm and a cylinder of D=48 nm and
h=49 nm. Inclusion material is silicon (1;=3.969 — 0.056j).

Computations were performed on laptop with a
2.14 GHz CPU (Core 2 Duo) and 2 GB of RAM. For the case
of sphere of D=48 nm it takes 230 s including 280 incident
angles of P/S-polarized plane wave (high resolution is
required near plasmon resonance) and integration over
the upper (TCS) and lower (RCS) hemi-spheres.

In Fig. 2 the numerical results for both the TCS and the
RCS (18) for a silicon sphere of D=48 nm in a gold film of
d=49 nm for P- and S-polarizations versus incident angle
are presented.

From the results we can see that both curves for
P-polarized excitation demonstrate sharp minima directly
beyond the critical angle 31.79° and then maxima in the
evanescent waves region. On contrary, the curves for
S-polarized light demonstrate monotonic behavior without
any jumps of values. The results for the DSC (17) versus
scattering angle in the plane of the incidence for the same
particle are presented in Fig. 3.

Here the angles region 90-270° belongs to the prism
area and is responsible for the RCS and the angles region
270-90° belongs to the upper half-space and is responsible
for the TCS. Two of three curves presented in Fig. 3
correspond to incident angles where the TCS and the RCS
demonstrate their minimum (6,=32.0°) and maximum
(01=33.4°) values (see Fig. 2), the third one describes
normal incidence (0;=0°). From these results we observe
a drastic difference in values of the DSC depending on the
incident angles. In addition, if in the upper semi-plane all
curves are smooth and do not demonstrate any special
features, in the lower semi-plane all of them demonstrate
maxima and minima near the incident and the specular
directions.

Similar results are presented in Figs. 4 and 5 but for
another type of inclusion. Here we have a cylindrical silicon
inclusion of D=48 nm in a gold film of d=49 nm. In general,
the behavior of the TCS and the RCS curves is similar to

Si sphere D = 48nm in Au film d = 49nm,
P-polarized, A = 633nm.
0
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Fig. 3. DSC (17) versus scattering angle for the spherical inclusion of
D=48 nm in a gold film of d=49 for different incident angle values.

Si cylinder D = 48nm, in Au film d = 49nm, on
N-LASF46A glass, A = 633nm.
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Fig. 4. TCS and RCS for the silicon cylindrical inclusion of D=48 nm in a
gold film of d=49 nm for P- and S-polarizations.

those we observed in Figs. 2 and 3. From these figures we
can conclude that the general behavior of the effect we
observe does not depend on the inclusion shape. The latter
circumstance allows to rename the Extreme Transmission
Effect into the Extreme Scattering Effect.

Next we would like to investigate the relation between
the thickness of the film and the behavior of the TCS. In Fig. 6
the results for the spherical silicon inclusions of D=48 nm
for P-polarized light are presented for two values of the film
thickness: d=49 and 60 nm. The inclusions are attached to
the upper surface of the film. From these results we can
conclude that despite some variations in the intensity, the
positions of the maxima for all curves stay nearly the same.
Similar results are presented in Fig. 7 for the cylindrical
inclusions of D=48 nm in the same gold films as in Fig. 6. The
results confirm our previous observations.

In Fig. 8 the results for the TCS of spherical and
cylindrical silicon inclusions of D=48 nm in films with
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Si cylinder D = 48nm in Au film d = 49nm,
P-polarized, A = 633nm.
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Fig. 5. DSC versus scattering angle for the cylindrical inclusion of
D=48 nm in a gold film of d=49 for different incident angle values.

Si sphere D = 48nm, in Au film, P-polarized
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Fig. 6. TCS and RCS for the spherical inclusion of D=48 nm in gold films of
different thicknesses for P-polarization.

thicknesses d=49 and 60 nm for P-polarized light are
presented. We can see that the TCS for the spherical
inclusion is higher than for the cylindrical one in spite
the volume of the sphere is less than the volume of the
cylinder. However the position of maxima of all the curves
stays almost the same. In addition, while the maximum
value for the spherical particles increases with respect to
the film thickness, for the cylindrical ones it drops.

Fig. 9 demonstrates the DSC in the incident plane versus
scattering angle for the same inclusions as before for the
fixed incident angle corresponding to the maximum value
of the TCS curves from Fig. 8. From the results presented in
Fig. 9 we can observe that despite the close values of all the
curves in the upper half-space, the values of maxima and
minima of the curves in the prism area differ essentially.

Let us now examine the ratio between the TCS and the
RCS for the silicon inclusion of the same size as before in the
films of different thicknesses. In Fig. 10 the results for TCS/
RCS ratio versus incident angle are presented for the

Si cylinder D = 48nm, in Au film,
P-polarized, A = 633nm.
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Fig. 7. TCS and RCS for the cylindrical inclusions of D=48 nm in gold films
of different thicknesses for P-polarization.

Si particle D = 48nm, in Au film,
P-polarized, A = 633nm.
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Fig. 8. TCS for silicon inclusions of different shapes of D=48 nm in gold
films of different thicknesses for P-polarization.
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Fig. 9. DSC versus scattering angle for silicon inclusions of different
shapes of D=48 nm in gold films of different thicknesses for P-
polarization.
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Si sphere D = 48nm, in Au film, P-polartized,
A =633nm.
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Fig. 10. Ratio TCS/RCS for the spherical inclusions of D=48 nm in gold
films of different thicknesses for P-polarization.
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Fig. 11. Ratio TCS/RCS for the cylindrical inclusions of D=48 nm in gold
films of different thicknesses for P-polarization.

spherical inclusion and in Fig. 11 similar results are
presented for the cylindrical one. From the results pre-
sented above we can conclude that with increase in the film
thickness the TCS value becomes higher than the value of
the RCS, especially in the area of maxima.

Now consider a correlation between the plasmon
resonance with the Extreme Scattering Effect. In Fig. 12
the results for the reflection coefficients (19) and the total
CS including both the TSC and the RSC (SCS=TSC+RSC) are
presented for the silicon spherical inclusion in gold films of
three different thicknesses. While the SCS curves presented
in Fig. 12 show very close maximum values, the curves for
the reflection coefficients at the same region of the incident
angles differ from each other by two orders or more. The
last fact demonstrates that in spite the Extreme Scattering
Effect definitely correlates with the plasmon resonance
[18-19] it does not completely depends on its intensity.
This allows us to conclude that the plasmon resonance
plays an important but not the main role in appearance of
the Extreme Scattering Effect.

Si sphere D = 48nm, in Au film, P-polarized,
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Fig. 12. Reflection coefficients (19) and the total CS for the spherical
inclusions of D=48 nm in gold films of different thicknesses.

The benefits of the application in the DSM model to this
particular task are as follows:

1. It satisfies analytically all conditions of the scattering
problem except transmission condition at the inclusion
surface.

2. It accounts for axial symmetric geometry of the inclu-
sion which requires to consider just a few the Fourier
harmonics (3-4).

3. Generalized Point-Matching Techniques enable to
reduce the number of DS up to 3-4 times compared
to the Boundary Integral Equation Method.

4. It allows to compute all incident angles and both polar-
izations at once.

5. Ithasareliable criterion for errors of the result evaluation
by computing surface residual at the inclusion surface.

4. Conclusion

In this paper the Discrete Sources Method has been
adjusted to calculate polarized light scattering by a silicon
inclusion located in a noble metal film deposited on a glass
prism. We extended Discrete Sources Method to evaluate
for the first time the Differential Scattering Cross-Section in
the prism domain and the Reflection Cross-Section. It has
been shown that the maximum value of the Reflection
Cross-Section appears at the same angles as for the
Transmission Cross-Section. It was demonstrated that
the Reflection Cross-Section can exceed the Transmission
Cross-Section under certain circumstances. The latter fact
allows to rename the Extreme Transmission Effect into the
Extreme Scattering Effect. Analysis of the correlation
between the plasmon resonance in the gold film and the
Extreme Scattering Effect demonstrates that the plasmon
resonance plays an important but not exclusive role in
appearance of the Extreme Scattering Effect.
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