4 Scattering by particles on or near a plane
surface

Adrian Doicu, Roman Schuh and Thomas Wriedt

4.1 Introduction

Computation of light scattering from particles deposited upon a surface is of
great interest in the simulation, development and calibration of surface scan-
ners for wafer inspection [1]. More recent applications include laser cleaning [2],
scanning near-field optical microscopy (SNOM) [3] and plasmon resonances ef-
fects in surface-enhanced Raman spectroscopy (SERS) [4]. Several studies have
addressed this scattering problem using different methods. Simplified theoret-
ical models have been developed on the basis of Lorenz—Mie theory and Fres-
nel surface reflection [5-8]. A coupled-dipole algorithm has been employed by
Taubenblatt and Tran [9] and Nebeker et al. [10] using a three-dimensional ar-
ray of dipoles to model a feature shape and the Sommerfeld integrals to describe
the interaction between a dipole and a surface. The theoretical aspects of the
coupled-dipole model has been fully outlined by R. Schmehl [11]. A model based
on the discrete source method has been given by Eremin and Orlov [12,13],
whereas the transmission conditions at the interface are satisfied analytically
and the fields of discrete sources are derived by using the Green tensor for a
plane surface. More details on computational methods and experimental results
can be found in a book edited by Moreno and Gonzales [14].

Similar scattering problems have been solved by Kristensson and Strom [15],
and Hackmann and Sammelmann [16] in the framework of the null-field method.
Acoustic scattering from a buried inhomogeneity has been considered by Kris-
tensson and Strom on the assumption that the free-field T-matrix of the parti-
cle modifies the free-field T-operator of the arbitrary surface. By projecting the
free-field T-operator of the surface onto a spherical basis, an infinite system of
linear equations for the free-field T-matrix of the particle has been derived. In
contrast, Hackmann and Sammelmann assumed that the free-field T-operator
of the surface modifies the free-field T-matrix of the particle, and in this case,
the free-field T-matrix of the particle has been projected onto a rectangular ba-
sis and an integral equation for the spectral amplitudes of the fields has been
obtained.
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More recently Mackowski [24] extended the T-matrix approach to multiple
spheres on a plane interface.

In this contribution we use the null-field method to analyze the scattering by
particles on a plane surface. Our intention is to treat several scattering geometries
which occur in practice. These include the scattering by single particles on a
plane surface or on a plane surface coated with a film, and the scattering by
systems of particles.

4.1.1 Single particle on or near a plane surface

In this section we extend the results of Bobbert and Vlieger [5] to the case
of axisymmetric particles situated on or near a plane surface. The scattering
problem is a multiple particles problem and the solution method is the separation
of variables technique. To model the scattering problem in the framework of the
separation of variables technique one must address how the radiation interacts
with the particle. The incident field strikes the particle either directly or after
interacting with the surface, while the fields emanating from the particle may
also reflect off the surface and interact with the particle again. The transition
matrix relating the incident and scattered field coefficients is computed in the
framework of the null-field method and the reflection matrix characterizing the
reflection of the scattered field by the surface is computed by using the integral
representation for the vector spherical wave functions.

The geometry of the scattering problem is shown in Fig. 4.1. An axisymmetric
particle is situated in the neighborhood of a plane surface X', so that its axis of
symmetry is normal to the plane surface. The z-axis of the particle coordinate
system Oxyz is directed along the axis of symmetry and the origin O is situated
at the distance zy below the plane surface. The incident radiation is a linearly
polarized vector plane wave propagating in the ambient medium (the medium
below the surface X))

Ee(l‘) = (EGO,ﬁeB + EeO,aea) ejkET, (41)
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Fig. 4.1. Geometry of an axisymmetric particle situated near a plane surface. The
external excitation is a vector plane wave propagating in the ambient medium.
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and the wave vector k., ko = kseg, is assumed to be in the xz-plane and to
enclose the angle Gy with the z-axis.

The incident wave strikes the particle either directly or after interacting with
the surface. The direct and the reflected incident fields are expanded in terms
of regular vector spherical wave functions

Z Z amnl mnl(ksr)—'_b?nnlN:nnl(k ) (42)
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while the coefficients af},, and bY, —are the expansion coefficients of a vector
plane wave travelling in the (7 — Sy, 0) direction. The part of the incident field
that reflects off the surface will undergo a Fresnel reflection and it will be out
of phase by an amount of exp(2jkszo cos §y). This phase factor arises from the
phase difference between the plane wave and its reflected wave in O. The resulting

expressions for a®  and bR are
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Fig. 4.2. Reflection and refraction of a vector plane wave (propagating in the ambient
medium) at the interface X

with 7 (8o) and 71 (Bo) being the Fresnel reflection coefficients for parallel and
perpendicular polarizations, respectively. The Fresnel reflection coefficients are
given by

Mys cOs By — cos 3
Mg cos By + cos B’

71(Bo) =

cos By — mys cos 3
cos By + Mg cos B’

r1(Bo) =

where m, is the relative refractive index of the substrate with respect to the am-
bient medium and f is the angle of refraction (Fig. 4.2). The angles of incidence
and refraction are related to each other by Snell’s law,

sin 8 = sin (g,

s

cos 3= +4/1—sin?p,

and for real values of m.g, the sign of the square root is plus, while for complex
values of m,s, the sign of the square root is chosen such that Im{m, cos 5} > 0.
This choice guarantees that the amplitude of the refracted wave propagating in
the positive direction of the z-axis would tend to zero with increasing distance
z.

The scattered field is expanded in terms of radiating vector spherical wave
functions

Ei(r) = Z Z fmnMEnn(ksr) + gmnN?nn(kSr)a (4.4)
n=lm=-—n

and the rest of our analysis concerns the calculation of the expansion coefficients
fmn and gpmp. In addition to the fields described by (4.2)—(4.4), a fourth field
exists in the ambient medium. This field is a result of the scattered field reflecting
off the surface and striking the particle. It can be expressed as
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EXE) =30 Y frunMR(ker) + gmn N (hor), (4.5)

n=lm=-—n

where MR (kr) and N3.B(kr) are the radiating vector spherical wave func-
tions reflected by the surface. Accordingly to Videen [6-8], the field ER will be
designated as the interacting field. For r inside a sphere enclosed in the parti-
cle and a given azimuthal mode m, we anticipate an expansion of the reflected
vector spherical wave functions of the form

M%%(kbr) . ®mnn, 1 annl 1
( NG (sr) ) - T; (wmml ) M, (hor) + <5mm1 ) Ninny (Rar). - (4.6)

Inserting (4.6) into (4.5), we derive a series representation for the interacting
field in terms of regular vector spherical wave functions,

E?(I’) = § § fT%nerlnnl (k‘sl‘) + gTPr{LnlN}nnl (kSI')], (47)
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In the null-field method, the scattered field coefficients are related to the
expansion coefficients of the fields striking the particle by the transition matrix
T. For an axisymmetric particle, the equations become uncoupled, permitting
a separate solution for each azimuthal mode. Thus, for a fixed azimuthal mode
m, we truncate the expansions given by (4.2)—(4.4) and (4.7), and derive the
following matrix equation:

] =) ([ ] + [ i ]). 1)

where n and n; ranges from 1 to Nyank, and m ranges from —Mank t0 Miank,
with Npank and Mpani being the maximum expansion and azimuthal orders,
respectively. The expansion coefficients of the interacting field are related to the
scattered field coefficients by a so-called reflection matrix:

mn1 | — fmn}
{g%l]_mmw][gm , (4.10)

where, in view of (4.8),

/annl 5mnn1

amnn mnn
[Amnln] = |: o 1:| .

Now it is apparent that the scattered field coefficients f,,, and g, can be
obtained by combining the matrix equations (4.9) and (4.10), and the result is
[17]
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fmn} — [Tomrom] [amm ] , (4.11)
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To derive the expression of the reflection matrix we use the integral repre-

sentations for the radiating vector spherical wave functions,
(M?nmsr) 'l ﬁ))
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where (ks, 3, @) are the spherical coordinates of the wave vector k, and (ex, 3, €q)
are the spherical unit vectors of k. Each reflected plane wave in (4.12) will con-
tain a Fresnel reflection term and a phase term equivalent to exp(2jkszo cos 3).
The reflected vector spherical wave functions can be expressed as

(M) s | (T ) en
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r = «, (ks,Or,ar) are the spherical coordinates of the

where fr = ™ — 0, «
reflected wave vector kg, and (exr,egr,€eqr) are the spherical unit vectors of
kgr. For r inside a sphere enclosed in the particle, we expand each plane wave in

terms of regular vector spherical wave functions
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and obtain the following expressions for the elements of the reflection matrix:

mi—n T/2—joo
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+ rl (B)rfl (7 = B)r(8)] ez sin gag, (4.13)
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An approximate expression for the reflection matrix can be derived if we
assume that the interacting radiation strikes the surface at normal incidence.
Assuming 7(0) = ry (3) = —7)(8), changing the variable from 3 to fr = 7 —
0, and using the relations

m ! (m = Br) = (=1)" "™l (Br),
T (m = Br) = (=1L (R,

yields the following simplified integral representations for the reflected vector
spherical wave functions:

(Mi’;;‘ii(ksr)) )

N (kst) 2t 2n(n + 1)
" (Br) e ' _Tfllm‘(ﬁR) ) e ]
0/7,/2400 K ""‘ () ) ot (mﬂnml(ﬁR) "

« elMmar o—2ikszo cos Br Jkr(Br,aR) T gipy Br dBr dag.
To compute MR and N:B we introduce the image coordinate system O’x'y’2’
by shifting the orlglnal coordlnate system a distance 2zg along the positive z-
axis. The geometry of the image coordinate system is shown in Fig. 4.3. Taking
into account that kg - v’ = kg - r—2ks2¢ cos Or, where ' = (2/, 3/, '), we identify
in the resulting equation the integral representations for the radiating vector
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Fig. 4.3. Image coordinate system.

spherical wave functions in the half-space z < 0:

3,R 3 !
(N ) = camino) (gm0
N (ksr) NG (sr’)
In this case the interacting field is the image of the scattered field and the expan-
sion (4.6) can be derived by using the addition theorem for vector spherical wave
functions. The elements of the reflection matrix are the translation coefficients,
and as a result, the amount of computer time required to solve the scattering
problem is significantly reduced. In this regard it should be mentioned that the
formalism using the approximate expression for the reflection matrix has been
employed by Videen [6-8].

In most practical situations we are interested in the analysis of the scattered
field in the far-field region and below the plane surface, i.e., for 6 > 7/2. In
this region we have two contributions to the scattered field: the direct electric
far-field pattern Eqoo (0, ¢),

Eqo (6, ¢) Z Z n+1 [frnMmn (0, ¢) + j9mnDmn (0, ¢)] (4.17)

Sn=1 m=—n

and the interacting electric far-field pattern EE_(0, ¢),

I3 = an :
E? ]?Z Z (_.]) i [fm7Lm§nn(97(p)+ngnn5Ln(07<p)]7 (418)

where m,,,,, and n,,,, are the vector spherical harmonics, and m » and n
the reflected vector spherical harmonics,
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R —2jkszo cos 6
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Thus, the solution of the scattering problem in the framework of the separa-
tion of variables method involves the following steps:

1. calculation of the T-matrix relating the expansion coefficients of the fields
striking the particle to the scattered field coeflicients;

2. calculation of the reflection matrix A characterizing the reflection of vector
spherical wave functions by the surface;

3. computation of an approximate solution by solving the matrix equation
(4.11);

4. computation of the far-field pattern by using (4.17) and (4.18).

In practice, we must compute the integrals in (4.13)—(4.16), which are of the
form

m/2—joo
I= / f (cos B) e2lacosBgin 3 dg.
0

Changing variables from 8 to x = —2jq (cos 8 — 1) , we have

2q T
s f(l_f%>ew dz,
2jq ) 2jq

and integrals of this type can be computed efficiently by using the Laguerre
polynomials [5].

Scanning near-field optical microscopy [18,19] requires a rigorous analysis of
the evanescent scattering by small particles near the surface of a dielectric prism
[20-23]. The scattering of evanescent waves can be analyzed by extending our
formalism to the case of an incident plane wave propagating in the substrate
(Fig. 4.4).

For the incident vector plane wave given by (4.1), the transmitted (or the
refracted) vector plane wave is

EeT(I') = (E;F()’ﬁeﬁT + Eg[‘)’aeaT) ejkET'r7
where

EeTo,ﬂ = t”(ﬁo) ejkszo(COSﬁ—mrs cos /60)E'607B7

E(:[(‘),Oé = tJ_ (ﬂo) ejkszg(cosﬂ—m,-s cos ﬁO)EGO,OM

Bo is the incident angle and (exr, egr, eqr) are the spherical unit vectors of the
transmitted wave vector ker. The Fresnel transmission coefficients are given by
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Fig. 4.4. Geometry of an axisymmetric particle situated near a plane surface. The
external excitation is a vector plane wave propagating in the substrate.

11(Bo) = 2mys cos (g

N cos By + Mg cos 3’
2m,5 COS

t1(Bo) = = €08 o

Mg cos By + cos B’
while the angle of refraction is computed by using Snell’s law:
sin 8 = m, sin Gy,
cos 3= £4/1—sin? .
Evanescent waves appear for real m,s and incident angles Gy > Boc, where Gy =
arcsin (1/mys). In this case, sin 8 > 1 and cosf is purely imaginary. For negative
values of z, we have
exp(jker - T) = exp(—jksz cos 8 + jksz sin §) = exp(jks |2| cos B + jksx sin ),

and we choose the sign of the square root such that Im{cos 8} > 0. This choice
guarantees that the amplitude of the refracted wave propagating in the negative
direction of the z-axis decreases with increasing the distance |z|. The expansion
coefficients of the transmitted wave are

4™ [

(A — Iml(r — 3) BT Iml (r _ T ]
G, mm, " (7 0.3 + 1 (m Eoals
! 2ny (n1 + 1) ) V(m = B) Beo s V(= B) B,
S L [T\ml(ﬂ - f) ETog _jmﬁ\m\(w - B) ETO } ,
e 2ny (ng +1) L™ - " o

and we see that our previous analysis remains unchanged if we replace the total
expansion coefficients a,,y,, and b, by the expansion coefficients of the trans-

: T T
mitted wave a,,,, and b, .
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4.1.2 Single particle on or near a plane surface coated with a film

The scattering by a particle situated on a plane surface coated with a film can
be also treated with the above formalism. The major changes concern with the
calculation of the Fresnel reflection coefficients which enter in the expression
of the reflection matrix and the reflected incident field. To compute the Fres-
nel reflection coefficients we consider the scattering of a plane wave by a layered
plane-parallel structure. The scattering geometry is shown in Fig. 4.5. The thick-
ness of the film is d, while the relative refractive indices of the film and of the
substrate are m,f and m,s, respectively. The electric fields in the three regions
(ambient medium, film and substrate) are given by

E(r) = (Eges + Faea) @ + (Egresr + Eanear) e,
E((r) = (Egrepr + Barear) 7" + (Egmepm + Bameam) ¢,

jkfr-r
?

E;(r) = (Egrregrr + Eafr€arr) €
while the magnetic fields read as
H(r) = (—Eqep + Egeq) " + (—~Earegr + Egrear) @7,
Hf(I‘) = \/a (_EaTeﬁT + EﬁTeaT) e,ikT'I‘
+ \/‘?rf (_EafRe,Bf‘R + EﬁfReafR) ejkfR'r7
HS(I') = \/{i (_EafTerT + ngreafT) kT T

The incident wave vector encloses the angle By with the z-axis, and as a result,
the wave vectors in the different regions can be expressed as.
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Fig. 4.5. Scattering geometry of a particle on a plane surface coated with a film.
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ks = ks (sin Bpe, + cos foey) ,

kg = ks (sin foe, — cos foey) ,

kr = mu¢ks (sin 1e, + cos Brey) ,
kg = myeks (sin B1e, — cos frey) ,
ket = mysks (sin fae, + cos faey) .

The angles of incidence and refraction are related to each other by Snell’s law:
sin 50 = my¢sin ﬂl = My Sin 527

and the cosine of the refraction angles are computed accordingly to the relations

cos 31 = £4/1 —sin? By, Im (mygcos 1) > 0,
cos By = £1/1 —sin? By, Im (mys cos B2) > 0.

Imposing the boundary conditions at the interfaces between the regions
e, XE(r) = e, x E¢(r), e, xH(r)=e, x H¢(r), r=z0e,
and
e, x Ef(r) = e, x Eg(r), e, xHir) =e, x Hy(r), r=(z0+d)e,
yields the desired relations
Egr =71(00)Es, FEar =7(60)Eas

where the Fresnel reflection coefficients are now given by

01 12 2jmytksd cos B
r (ﬁ ) — T” (ﬁO) +TH (ﬁ())e T ' 2jkszo cos B
11720 1+ Tﬁl(ﬁo)TﬁZ(ﬂo) o2jmackad cos B1 )
0 2 2jmycksd
r (5 ) = Tll(ﬁo) + Ti (ﬂO) e cos 2jkszo cos B
L\Mo) = 1+T0Ll(50 rlf(ﬁo)ezjmrfksdcosﬁl ’
with
01 My €oS o — cos By
| (Bo) = — 0
myg €OS By + cos f1
7,01(5 ) _ cos By — Myt cos By
LA cos 3y + myscos 31’
19 Mg COS 31 — Mg COS (B
Tl (Bo) = )
My €08 B1 + Mg cos Ba
Mg COS 31 — Myg COS (o
ri?(Bo) = — =

Mg €OS 31 + Mg €OS Bo
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It is apparent that when d — 0, then

Tﬁl(ﬁo) + Tﬁz(ﬁo) g?imutkad cos f1 My COS By — COS [ _ 7"02(50)
T (o)) Bmeedoo i myycos o T oy |
and similarly,
01 (Bo) + ri2(By) eHmutksdcos by cos Bo — MysCOS F1 gy
71 (Bo)-

1+ 79 (Bo)ri2(Bo) e2imuehsdcos B " cos By + mygcos By

In this case, the solution corresponds to a particle situated on the plane surface.
For m.t = mys, the identities rﬁQ(ﬂo) =r'2(B8y) = 0, imply that

TH(ﬁo) — Tﬁl(ﬁo) erkszo cosﬁ’ TJ_(ﬂO) _ ,,,S)_l(ﬁo)e%'kszo 00557

and we obtain the solution corresponding to a particle situated on the film.
When the film is absorbing and d — oo, we see that

e2jmrf'ksd cos 31 — 0,

and as before, we obtain the solution corresponding to a particle situated on the
film.

4.1.3 System of particles on or near a plane surface

To compute the scattering characteristics of a system of particles on a plane
surface we have to account for the surface interaction among the particles. In
the following analysis we follow the formulation presented by Mackowski [24] for
sphere clusters on a plane interface.

The situation under examination is illustrated in Fig. 4.6. The system consists
of N particles each characterized by a position vector rg;, while the plane surface
is placed at the distance zg with respect to the origin of a global coordinate
system.

The field exciting the particle i consists of the direct and the reflected inci-
dent field and the contribution from the individual particles. This contribution
includes the direct and the reflected components of the scattered field due to the
particle j, and we have the representation

N
Eexc,i (ri) = Ee (r;) + EY (r;) + EF, (r;) + ZEs,j (r;) + E (r)) .
i

The incident field is expressed in the global coordinate system

E. (r) + E? (r) = Z amlnlM}nlnl (kst) + bmlmN}nlnl (ksr),

miny
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Fig. 4.6. Scattering geometry of a collection of particles on a plane surface.

whence using the addition theorem for regular spherical vector wave functions

[en Bl R bt

ming

yields a representation centered about the origin of the i¢th particle
Ec (r;) + ES (ri) = Zai,mnleqmn<ksri) + bi,mnN}nn(k/’srﬂ

with

bi,mn bmlnl

l:ai,mn:| _ [7-171&”17"1” (k?eri)] |:am1n1:| .

For the field scattered by the jth particle, we consider the series representa-
tion
ESJ (rj) = Z fj,mﬂhM?nlnl (ksrj) =+ gj7m1n1N?n1n1 (ksrj) )

miny

and use the addition theorem

M%@Inl (ksrj) _ 31 M’I:EI’LTL (ksri)

ming

which is valid for r; < rj;, to derive
Eq; (v) = > fijmnMin (k) + gijmn N, (kors)

with
[fij’m"] = [Toinmn (ksti)] [fj’mml} :

9ij,mn 9j,ming
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The reflected field scattered by the jth particle,

) = Z fj,ml’rn m1n1 (k r]) + gj7m1n1N§7;l}n1 (ksrj) )

miny

is first expressed in terms of regular spherical vector wave functions

Z f],m2n2 m2n2 (k rJ) + g] m2n2N717127l2 (ksrj) ’

mang

where

[ ﬁm] — o] [ff’ml"l] ,

g] mansg 9j,miny
and A is the reflection matrix. Further using the transformation

M’Il”ngng (kbrj) 11 M’Il”ﬂn (ksri)
[ N, (kst) } T (ks [N,lm (ks;) } ’

manz

we obtain a series representation centered about the origin of the ith particle,
that is,

Z 7, mn k rl) + gzj mnNmn (k rl) ’

with
|: z}%mn] [Tnlzinz mn (ksl‘ji)] [Am1n1,m2n2] |:fji7m1n1 :| .

gzg mn g]7m17l1

Thus, the field exciting the ith particle can be expressed in terms of regular
vector spherical wave functions centered at the origin O;:

exc i rz Zaz mn ri) + bz man (ksri) )
with the expansion coefficients being given by

|:gz,mn:| = [Twlinl,mn (keri)] |:am17l1 :|

bi,mn mini

+ [Amlnl,mn] |:fi7mln1 :|

gi,mlnl

N
=+ Z ([Tniinl,mn (ksrji)] + [T;Ling,mn (ksrji)} [Amlnhmﬂlz])
J#i

X f],m1n1 ,
9j,miny

Using the T-matrix equation

|:fi,m’n’:| _ [Tm’n’,mn] |:§z,mn:|

gi,m'n’ bi,mn
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we obtain the interaction equations as

(T = [Ty ] [Asnrns mn]) [fmn ]

Gi,m'n’

N
- Z [Tm’n’,mn] ([Tvﬁnl,mn (ksrji)} + [Tv‘rllinmmn (ksrji)] [Amlnhmznz])

J#i
1 a
X [fj}nn1n1j| = [Tm’n’7mn} [Trginl,mn (keri)} |:bm1n1:| .
Gj,ming miny

Ensembling the interaction equations for all particles into a global system of
equations, and using a direct or an iterative solution method, yield the expression
of the scattered field coefficients.

The scattered field will be the sum of the direct and the reflected scattered
fields of all particles. In practice, we use the far-field representation of the field
scattered by the ith particle in the direction e, (6, ¢),

jksTi 1

and the approximation

eiksmi eiksTg—ikserro; 1
“ e (R)]
T T

T

to define the angular-dependent vector of scattering coefficients

fmn (er):| _ Y efjkse,.-rm |:fz,mn:| )
[gmn (er) lz:;

Gi,mn

To account of multiple scattering effects, we then consider the expressions of the
direct and the interacting electric far-field patterns Eqo (6, ¢) and ER_(6, ) as
given by (4.17) and (4.18) respectively, but with the angular-dependent scatter-
ing coefficients f,,, (e,) and gy, (€,), in place of the scattering coefficients f,,
and G-

4.1.4 Numerical simulation

In this section we present scattering results for an axisymmetric particle situated
on or near a plane surface. As reference we use a computer program based on
the discrete sources method [12,13].

Figs 4.7, 4.8 and 4.9 show the differential scattering cross-sections for
Fe-, Si- and SiO-spheroids with semi-axes ¢ = 0.05 ym and b = 0.025 pm.
The relative refractive indices are: m, = 1.35+1.97j for Fe, m, = 4.37+0.08; for
Si, and and m, = 1.67 for SiO. The particles are situated on a silicon substrate,
the wavelength of the incident radiation is A = 0.488 pum, and the incident angle
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Fig. 4.7. Normalized differential scattering cross-sections of a Fe-spheroid computed
with the TPARTSUB routine and the discrete sources method (DSM).
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Fig. 4.8. Normalized differential scattering cross-sections of a Si-spheroid computed
with the TPARTSUB routine and the discrete sources method (DSM).

is B9 = 45°. The plotted data show that the T-matrix method leads to accurate

results.

In the next example we investigate scattering of evanescent waves by particles
situated on a glass prism. We note that evanescent wave scattering is important
in various sensor applications such as the total internal reflection microscopy
TIRM [25]. Choosing the wavelength of the external excitation as A = 0.488 ym
and taking into account that the glass prism has a refractive index of mys =
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DSCS

10 —— TPARTSUB - parallel 3
------ TPARTSUB - perpendicular ]
10°L ® DSM - parallel ]
E O DSM - perpendicular
10'67 | | | | | ]
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Scattering Angle (deg)

Fig. 4.9. Normalized differential scattering cross-sections of a SiO-spheroid computed
with the TPARTSUB routine and the discrete sources method (DSM).

1.5, we deduce that the evanescent waves appear for incident angles exceeding
41.8°. In Figs. 4.10, 4.11 and 4.12 we plot the differential scattering cross-section
for Ag-, diamond and Si-spheres with a diameter of d = 0.2 pym. The relative
refractive indices of Ag- and diamond particles are m, = 0.25 + 3.14j and m, =
2.43, respectively. The scattering plane coincides with the incident plane and the
angle of incidence is By = 60°. The plotted data show a good agreement between
the discrete sources and the T-matrix solutions.

DSCS

—— TPARTSUB - parallel

...... TPARTSUB - perpendicular
10° ® DSM - parallel

O DSM - perpendicular

y | | | | |
1090 120 150 180 210 240 270

Scattering Angle (deg)

Fig. 4.10. Normalized differential scattering cross-sections of a metallic Ag-sphere
computed with the TPARTSUB routine and the discrete sources method (DSM).
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Fig. 4.11. Normalized differential scattering cross-sections of a Diamond-sphere com-
puted with the TPARTSUB routine and the discrete sources method (DSM).
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Fig. 4.12. Normalized differential scattering cross-sections of a Si-sphere computed
with the TPARTSUB routine and the discrete sources method (DSM).

In Figs 4.13 and 4.14 we plot the differential scattering cross-sections for a
spherical particle with radius @ = 0.05 pm situated on a plane surface coated
with a film. The relative refractive indices are m, = 1.67, m,s = 1.46 + 0.1j and
mys = 1.5. The wavelength of the incident radiation is A = 0.488 um, and the
incident angle is By = 45°. When the thickness d of the film is very small or
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0
O
[7p]
)]
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Fig. 4.13. Differential scattering cross-sections for parallel polarization of a spherical
particle situated on a plane surface coated with a film.
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Fig. 4.14. Differential scattering cross-sections for perpendicular polarization of a
spherical particle situated on a plane surface coated with a film.

very large, the differential scattering cross-sections correspond to the extreme
situations of a particle situated on a plane surface with the refractive indices
mys and my, respectively.

The differential scattering cross-sections of two prolate spheroids with semi-
axes @ = 0.1 ym and b = 0.05 pm is shown in Fig. 4.15. Both particles are
situated on the plane surface and the distance between their centers is 0.3 pm.
The relative refractive indices are m, = 1.5 and m,s = 1.5, while the wavelength
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8 —— parallel
10 F ~em - perpendicular
10'9 I I I I I

90 120 150 180 210 240 270

Scattering Angle (deg)

Fig. 4.15. Differential scattering cross-sections of two prolate spheroids situated on a
plane surface

of the incident radiation and the incident angle are is A = 0.628 um and gy = 45°,
respectively

4.1.5 Conclusions

Relations for calculating the light-scattering from particles on or near a surface
are provided. The formalism is based on the null-field method and the integral
representation of vector spherical wave functions over plane waves. An approx-
imate model is obtained as a special case by assuming that the scattered field
reflecting off the surface and interacting with the particle is incident upon the
surface at near-normal incidence. The formalism is of general use and can also
be applied to the scattering of particles on a plane surface coated with a film
and of a system of particles. The intention of this work has not been the com-
prehensively examine of the scattering features of particles on plane surfaces.
Rather, the objective has been to develop a formulation and a code which make
tractable the exact calculations of such features.
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