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Abstract

Discrete Sources Method has been extended to analyze P/S polarized evanescent waves scattering by a
penetrable obstacle located on layered interface. Comparison strict model with the approximate one has
been performed. Simulated results associated with synthesis of a metallic film enhances scattering of the
evanescent wave has been presented.
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1. Introduction

The phenomenon of evanescent wave scattering has many potential applications. These include
the total internal reflection microscopy [1], evanescent wave scattering measurements [2],
characterization of thin films [3], and image of nano-structure reconstruction [4]. In particular
employing an evanescent wave scattering in combination with surface plasmon resonance in the
vicinity of metal-coated glass surface leads to image magnification [5]. In the past light scattering
by penetrable particles has mainly been analyzed by approximate models. One of the most
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prevalent models applies Mie theory extended to the evanescent waves scattering. Such approach
as a rule does not fully take into account particle—surface scattering interaction [6].

More recently Videen has developed a model that enables to consider light scattering partially
accounting the interaction between particle and prism. This approach was valuable contribution
to the theory of light scattering analysis [7]. In recent papers [8§-10] computer model for
evanescent wave scattering analysis has been developed based on the Discrete Sources Method
(DSM). The model takes into account complete particle—interface interaction and provides an
opportunity to investigate evanescent wave scattering by any axial symmetric obstacle near
layered interface. In the present paper DSM will be applied to analyze evanescent waves scattering
by penetrable particle deposited near a multi-layered interface. We will consider the results
obtained by approximate model and strict DSM based model. We will investigate the conversion
of evanescent wave into scattered waves by a penetrable particle deposited in the water near
metal-coated glass prism. Based on computer simulation analysis we will treat the problem of
optimal design of a metallic film and optimal choice of incident angle, which provide maximum
enhancement of the scattered intensity in a required solid angle.

2. Discrete sources method

In this section the DSM model for evanescent wave scattering analysis is presented. We start
with the mathematical statement of the polarized light scattering problem. Consider an axial
symmetric penetrable particle with interior domain D; and smooth boundary S is deposited above
the plane surface X, of a metallic film (Fig. 1). The film of thickness d occupying domain Dy is
located on planar surface X of a glass prism. We denote the prism domain by D; and ambient
domain exterior to the particle by Dy. Let us introduce Cartesian coordinate system Oxyz by
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Fig. 1. Model geometry of a particle deposited on metal-coated glass surface.
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choosing its origin O at the intersection point of the axis of symmetry of the particle and the plane
2. The Z-axis coincides with the axis of symmetry and is directed into domain Dy. So that the
planes z = 0 and d coincide with the Xy and X planes, respectively.

We assume that exciting field {E},H}} is a linear polarized plane wave propagating from the
glass prism at angle 8, with respect to the Z-axis. According to the Snell’s law wave {E} ,Hf)}
refracted in Dy propagates at angle f§, to the Z-axis. Then the mathematical statement of the
scattering problem can be formulated in the following form:

Vx H; = jketE;, VxE;=—jkuH; inD;, {=0,f,1,i,

nx (E,—E) =0, nxM;—Hy)=0, ats,

e.x (Eg—Er) =0, e x(Hy—Hy)=0, at2l

e.x(Ef—E))=0, e.x(Hy—H;)=0, at2 (1)

and radiation (attenuation) conditions at infinity.

Here, n is the outward unit normal vector to S, k = w/c and {E;,H;} stands for the total
field in corresponding domain D;. Note that the total field in Dy is a superposition of the
refracted exciting field and the scattered one, that is Eq=E)+Ej, Ho=Hj+H). If
Imeég, u-<0 (time dependence for the fields is chosen as exp{jwt}) and the particle surface is
smooth enough S ¢ C* (Holder space), then the above boundary-value problem is uniquely
solvable.

We construct an approximate solution to the scattering problem (1) via the DSM by
representing the electromagnetic fields as a finite linear combination of the fields of dipoles and
multipoles which satisfy analytically transmission conditions enforced at the plane interfaces Xy
[10]. Then the approximate solution satisfies the Maxwell equations in the domains D;,{ =0,f, 1,
infinity conditions and the transmission conditions at the interfaces 2 ;. Eventually, the scattering
problem is reduced to the problem of approximating the exciting field on particle surface S. The
amplitudes of discrete sources are determined from the boundary conditions at the particle
surface, which can be rewritten as

nx(E-E)=nxE), nx M —-H)=nxH] atS§. 2)

To construct the fields of dipoles and multipoles satisfying analytically the transmission
conditions at the plane interfaces Xr; we apply the Green’s tensor for a stratified interface

ge h 0 0

o 0 g" 0

G(r,ry) = (3)
6f af h,e
ox Oy g

An approximate solution to the scattering problem is constructed fulfilling the transmission
conditions on plane interfaces X, taking into account the rotational symmetry of the
scattering problem geometry (particle plus layered interface) and polarization of the exciting
field [10].
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First, let us consider a P-polarized exciting field. In this case, the refracted plane wave in Dy
accepts the following form:

E)(r) = T" (e, cos fy + e. sin ) exp{—jko(xsin f + = cos )},

Hf)(r) = — TPnoey exp{—jko(xsin f, + z cos )}, 4)

where (e, e,,e.) are unit vectors of the Cartesian coordinate system, ny = /ety and T P is the
transmission coefficient for P-polarization corresponding to multi-layered interface under
consideration

pns _ TUPTS extky cos )

1+ Rﬁzs ijés exp(2jky cos f,d)

here ky =k, /ecuz, (=0,f,1 and B, is refractive angle inside a corresponding domain Dy,
{=0,f,1.

P _ 2n, cos f, p _ M COS B; — nicos f,

T ncos B4+ mcosf,” T nocosf; + mycos

are the transmission and reflection Fresnel coefficients associated with interface between D, and
D; domains for the P-polarization [11]. If ;> arcsin(ny/n;) the exciting wave is totally reflected
from plane X and only an evanescent wave travelling along surface 2, and damped in the e.
direction is present in Dy. It follows from the Snell’s law that in this case: hence, cos ff, becomes

purely imaginary. We choose the value cos f, = —j4/ sin2/30 — 1, since otherwise the amplitude of

the refracted wave would tend to infinity with the increasing distance.

As mentioned above, the approximate solution to the scattering problem is constructed by
taking into account not only the rotational symmetry of the scattering problem geometry, but also
the polarization of the external excitation [12]. In this context, for P-polarized exciting plane wave
(4) we use the following electric and magnetic vector potentials corresponding to the multipoles:

A (1) = {g4,(n, za) cos(m + D)p; —g (1, z0) sin(m + D)@; —f i1 (0, 20) cos(m + 1)g},
Ay = (g" (n, z,) sin(m + Vs g (1, ) cos(m + 1)@; —f 1 (11, 2,) sin(m + 1)},

AGH@) = {0; 0; g5“(n, 20}, 6)

where g%/, f,, are the Fourier harmonics relating to the Green tensor components, which accept

m 2

the following form:
[o¢]
020 = [ TG 0

ol z) = /0 T I p)n 2z A 2, ™

Here J,, is the cylindrical Bessel function, (p, ¢, z) are the cylindrical coordinates, point = (p, z)
belongs to the semi-plane ¢ = 0, Rizn = p® + (z — z,)*. While {za}p2, is a dense set of discrete

source points distributed over a segment I’ ‘Z) € D; at the axis of symmetry, and vj”lh(z, Zny A),
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v31(z, zy, ) are the corresponding spectral functions. The spectral functions provide the continuity
of the field tangential components at the interfaces X, can be represented as

( exp{—olz — zal}
Mo
Bi{(4,2,) exp{—n,lz —dl|} + Cil(, z0) exp{—n,z}, d=z=0;
{ DY z)explmz),  2<0,

A, z)expl—nolz — dl}, z=d, z,>0

(A8t z) expl—nolz —d|},  z=d, z,>0
o5 = By (L zw) expl—ny|z = dl} + C5/(hzn) expl—nyz},  d>z20;
DI, z,) explz),  2<0,

where ;7% =2 - kf ,{=0,f, 1. Spectral coefficients 4, B, C and D can be determined from the one
dimensional transmission conditions at z = 0, d which accepts the form [§]

e 7 1 ov, _ e 7 lavlfl _
[v] = [ﬁg} =0, [v)]l= L P =0,

1 1 ov§ 1 1 1 ovt 1
—v5| =0, — v Uéll =0, — /111
u e Oz el en Oz el

In particular, the equality v§, = v, holds at z>d.
For the total field inside particle D; we determine the following vector potentials [9]:

AG () = {J},(n,z,) cos(m + Dg; —J., (1, z,) sin(m + 1)e; 0},
Al (r) = (JE (n, z,) sin(m + D; J' (1, 2,) cos(m + 1)g; 0},

AGri () = {05 0; J§(n, 20}, ®)

where J' (1, 2,) = j(kiR,z,)(p/Ry:,)", and j, are the spherical Bessel functions. Introduce the
followmg notations:

ol i[keruy, V x Vx ol 1/¢ Vx
RE o (ke S e _ ©)
—1/u Vx Jlkecuy  V x Vx
Now, we can represent the approximate solution to the scattering problem for the P-polarized
excitation as [12]

N,

( ) Z Z{pmnR Aeg +qmnR Aﬁ?i} Z ;R Aeg =0’i' (10)
m=0 n=1 n=1

The last term in (10) is associated with vertical electric dipoles. Here, N is a complex index

incorporating M and N?,. Let us emphasize that in frame of the DSM, scattered field {E5, Hy )} in

domains Dy s can be represented in terms of the unitary set of amplitudes {p?,,, ¢°,,, 0} after the

transmission conditions at the interfaces Xy and X are satisfied using Green’s tensor components

(7) [12].
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Consider now S-polarization of the exciting plane wave

E\(r) = TSey exp{—jko(xsin fy + zcos )}

Hf)(r) = TSno(—e, cos Py + e-sin fy) exp{—jko(xsin , + zcos fy)}, (11)
where T is given by (5) and associated Fresnel coefficients accept the following form [11]:

s _ 2n,cos f, s _ Mcos p; —n.cosf,
4 n.cos B, +mcosf;” T mycos B + ngcos

To take into account polarization of the external excitation for S-polarized plane wave (11) we
should use the following electric and magnetic potentials:

A1) = (95,1, 20) sinGm + 103 g, (1, 22) co8S(m + D)5 —f 1111, 2) sin(m + 1)},

AS(r) = (g (0, z0) cos(m + 1)@ =gy, (0, 2,) sin(m + 1)@ —f 1 (1, 2) cos(m + 1)},

AGH0) = {05 05 g“(n,20)); (12)
So, for § polarization the approximate solution accept the following form:
M_ N, N ot
( ) Z Z {pmn R Afn; + qmn R2Ahg} + Z rél RzAﬁ*S C = O’ 2 (13)
m=0 n= n=1

The last term in (13) is associated with vertical magnetic dipoles [12]. The difference between (10)
and (13) is caused by the fact that for S-polarization vector Hf) belongs to the incident plane.

The completeness of the system of lowest-order distributed multipoles used in (10) and (13)
guarantees the convergence of the approximate solution to the exact one in any closed subset of
Dy [12].

As mentioned above representations (10) and (13) satisfies all the conditions of scattering
problem (1) except the transmission conditions at the particle surface (2). These conditions are
employed to determine amplitudes of discrete sources {p%  ¢% 1%/}, Since the scattering problem
geometry is axially symmetric with respect to the Z-axis and discrete sources are distributed over
the axis of symmetry, fulfilling the transmission conditions (2) at surface S can be reduced to the
sequential solution of the transmission problems for the Fourier harmonics of the fields. So,
instead of matching the fields on the scattering surface (see (2)), we can match their Fourier
harmonics thus reducing approximation problem on the surface to a set of the problems enforced
at the particle surface generatrix 3. By solving these problems one can determine the discrete
sources amplitudes {p%i g% 9},

Various numerical schemes for determination of the amplitudes are at our disposal. It has been
found that stable results can be obtained by using the generalized point-matching technique and
pseudo-solution of an over-determined system of linear equations [13]. The DSM is a direct
method and hence it allows one to solve the scattering problem for the entire set of incident angles
p; and both polarizations (P and S) at once. Besides, the numerical scheme provides
an opportunity to control the convergence of the approximate solution by posterior error
estimation [12].
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After the amplitudes of discrete sources are determined, one can calculate far-field pattern
Ex(0, ¢) of the scattered field, which is determined at the upper part of the unit semi-sphere
Q={0°<0<90°, 0°<¢<360°} and is given by
exp{—jkoR}

R
We asymptotically estimate the Weyl-Sommerfeld integrals involved in (7) [12], which yields to
the following representation for the 0, p-components of the far-field pattern corresponding to
representation (10)

Ej(r)/|E(z = 0)| = Ex(0,¢) + O(R™?), R=[r| — 0o, z>0.

0
Nm

M
EL (0, 0) = jko Y _ cos(m + De(jsin )" Y " {p, cos O], + (v}, — v, sin” O)f,]
n=1

m=0

N?}’l
+ (o + O ) — ko sind > F(f, + S ),
n=1

M Ny,
EL, (0,0) = —jko Y _ sin(m+ De(isin0)" > " {ph, (f1 + v5f,) + ¢, cos 0
m=0 n=1
x[fy + (o) — v,sin*0)f,]} (14)

For S-polarized excitation following to representation (13) one can get:

0

M N
ES, (0, 0) = jko Y _ sin(m + De(isin0)" >~ {p),, cos 0[f, + (1 — vusin’0)f,]

m=0 n=1

- qgnz(f;l + Uh n)}

M N,
ES, ,(0,0) =jko Y _cos(m+ De(jsin0)" > " {py,, cos O[f, + (v — vusin®0)f,]
m=0 n=1
NSI
— Gy U D) ko sin 0 Y r(f, + Uif ), (15)
n=I
where corresponding spectral functions are

U";’h(g, Zy) = Jko cos 0 exp{jkod cos Q}A?lh(ko sin 0, z,)

v,(0, z,,) = jko cos 0 exp{jkod cos 0} A3, (ko sin 0, z,,)
and
S = exp{—jkoz,cos 0}, 17 = exp{jkoz, cos 0}.

Hence, after the unknown amplitudes of discrete sources are determined, far-field pattern for
P/S polarization (14, 15) are represented as finite linear combinations of elementary functions.
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This circumstance ensures economical computer analysis of the scattering characteristics in the
wave zone.

3. Results and discussion

In this section we consider computer simulation results associated with conversion evanescent
waves into scattered ones by a particle deposited on a metal-filmed glass prism. We consider the
Differential Scattering Cross-Section (DSC), which is given by

DSCPS(B,,0,9) = |EZ (1.0, 0)* + |EZS (B, 0, ) (16)

Here EOS 0.0 ¢(0 @) are the components of the far-field pattern (14-15) corresponding to the P/S-
polarlzed excitation measured in pm?. We compute an integral response

LPS(8,) = /Q DSCPS(B,,0, ¢) doo, (17)

which represents intensity scattered in a certain solid angle Q. The integral response is used to
evaluate scattered intensity captured by lens immersed in water [14].

We examine the exciting plane wave at the wavelength in free space 4 = 488 nm. Let the glass
prism have the refractive index of n; = 1.52. Assume that a particle with refractive index n; = 1.59
is located in water characterized by refractive index ny = 1.33. So, an evanescent wave appears at
incident angles f,>p, where critical angle f, = arcsin(no/n;) and for our particular case
B. ~ 61.05°. Consider a plane wave propagating from prism side in this case 90° > 8, >0° and
can be determined using the Snell’s law. Recall that f; =0° corresponds to a plane wave
propagating normally to the prism surface.

We start with the comparison strict DSM model with approximate one similar to [7], which
based on Fresnel approximation for Weil-Sommerfeld integrals (7). Consider glass prism covered
by silver film of thickness ¢ = 45nm characterized by the complex refractive index
ny = 0.13 — 2.82;. Fig. 2 demonstrates DSCPS versus scattering angle in the incident plane for

E
=
[6)
7]
fa ——P-DSM
i i P - Fresnel
108 et —— S - DSM
: : S - Fresnel
- N R
-90 -60 -30 0 30 60 90

Fig. 2. DSCPS: (16) (in pm?) versus scattering 0 (in degrees) in the incident plane. Incident angle ;, = 62°.
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Fig. 3. The same as in Fig. 2 results, but for incidence ff; = 70°.

spherical particle D = 150 nm and incident angle 5, = 62°. Fig. 3 shows the same results but for
incidence ff; = 70°. One can see visible deviation of the results especially for P-polarized light,
which can reach several orders of magnitude at some scattering angles.

One of the specific features of the schemes involved in express diagnosis, which is applied to
detect of bacteria or viruses in solutions, is the presence of metallic film on the glass surface. For
this purpose various metals such as aluminium, copper, silver and gold can be used [5]. The film
thickness varies from 10 to 100 nm. To investigate this effect and optimize the incident field
parameters and film thickness (f3;,d) we analyze the following quantity:

P |TP,S|2
E™ (ﬂ 9d):7, (18)
g
where 755 is the transmission coefficient for the metal-filmed prism expressed by (5) and TOPI’S
coefficient corresponds to the case d = 0. Quantity E™® represents the coefficient of evanescent
wave amplification due to the presence of a metal film. In this case, it has been found that silver
film is the most suitable (aluminium, copper, silver and gold have been treated). The results
associated with the enhancement and reflectivity of the structure ¥ = |R”|? where

RS+ R exp(2jky cos Brd)

RPS —
1+ R{;}S Rf(’)s exp(2jk, cos fyd)

(19)

are depicted on Fig. 4. One can see that in the vicinity of a sharp minimum of the reflectivity
enhancement reaches a maximum value. But at the same time the value of the enhancement is
much smaller then one can expect from the reflectivity curve. It is a consequence that some part of
energy be absorbed inside the film. The same results for gold film are demonstrated in Fig. 5. The
results are agreed with [15].

Fig. 6 shows ES versus incident angle f8; at various values of the film thickness. Salient point of
the curves corresponds to the critical angle f.. One can conclude that S polarized excitation does
not reveal any enhancement of the evanescent wave behind the critical angle.
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Fig. 5. The same as in Fig. 4 results, but for incidence gold film. Two film thicknesses d = 28, 35 nm are considered.
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Fig. 6. ES versus incident angle. Four silver film thicknesses d = 10, 20, 40, 70 nm are considered.
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Fig. 7. E? versus incident angle. Four silver film thicknesses ¢ = 10, 30 50, 70 nm are considered.
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Fig. 8. ET versus Ag film thickness. Three incident angles f; = 76°, 78° and 80° are considered.

Fig. 7 demonstrates the results for P polarized enhancement E”. It is clear that the maximum
value of the intensity enhancement is attained in the vicinity of the point f/; = 78° and exceeds a
value of 10.

The dependence of E” on film thickness d is depicted in the Fig. 8 at several incident angles. The
investigation performed allows one to choose “‘optimal” values for (f,,d). Therefore, it seems
reasonable to choose the film thickness d = 50 nm and incident angle f; = 78° as a basis for the
following specification.

In Fig. 9, we plot the integral response of a spherical particle of the diameter D = 50 nm
corresponding to the solid angle Q = {37.5°>0>0;360° > ¢ >0°}. It is assumed that the lens is
embedded in water far from the interface [5]. These results obtained using DSM model enable us
to correct the optimal values for (8, d) found at the first stage of the investigation. In Fig. 9 one
can see that the film thickness d = 32 nm and incident angle f/; = 75° provide a higher integral
response. This circumstance means that interaction between the field scattered by a particle and a
multi-layered interface plays a key role and must be taken into account.

Fig. 10 demonstrates the integral response versus of the particle diameter. Results for a
spherical particle and equivolume prolate and oblate spheroids with axes ratio 1.5 are depicted. It
is clear that the optimal values work rather well up to the particle diameter D = 150 nm.
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10

107

LP, um?

108

Fig. 9. Integral response L”: (17) (in um?) versus incident angle 8, for spherical particle D = 50 nm. Three values of film thickness
d =0, 32 and 50 nm are considered.
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Fig. 10. Integral response versus particle equivolume diameter. Responses for d = 0, f; = 62° and d = 32 nm, 5, = 75° (sphere, oblate
and prolate spheroids) are considered.
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Fig. 11. Integral response versus distance between spherical particle D = 20 nm and the interface. Responses for d =0, , = 62°;
d=32nm, f; =75 and d = 50 nm, §; = 78° are considered.
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In Fig. 11 the integral response corresponding to the different values of (f,,d) versus the
distance between spherical particle and the interface is depicted. One can see that the optimal
values provide higher response up to distance of 130 nm.

4. Conclusion

Based on the Discrete Sources Method, computer model for analysis of the evanescent waves
scattering by a non-spherical particle located near a metal-coated glass prism has been developed.
The optimal value of (f;, d) providing the maximum lens response has been accomplished. It has
been shown that the interaction between the field scattered by a particle and a multi-layered
interface plays a key role and must be taken into account in any theoretical model.
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