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Optical near-field in the aperture in the thick metallic screen is analyzed numerically by the three-dimensional volume integral
equation with Generalized Minimum Residual Method. Numerical results have been confirmed by the invariance of the results of
the discretized size and reciprocity. The dependence of the scattering cross section on the thickness of the screen have been
calculated. It is found that near-field distribution around the small aperture is a slightly different from Bethe’s results.
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1. Introduction

The interaction between the object and optical near-field of the
aperture on the metallic screen is one of the fundamental physical
process in the near-field optics (NFO) @, So, the investigation
of electromagnetic near-fields in the aperture in the metallic
screen is very important subject of NFO. Three-dimensional (3D)
analysis of electromagnetic fields in the aperture has been treated
in many papers such as famous Bethe’s paper ®_ They treated the
case where the screen is the pérfect conductor that has infinitely
thin or finite thickness “? The scattering of electromagnetic
waves by an aperture in the thick dielectric screen has not been
treated in detail so far. In NFO, we must consider that the metal
screen has a finite thickness and that the metal must be regarded as
the dielectric medium that has complex-valued permittivity.

Recently, several works have reported calculations of optical
fields around the aperture that is made on the tip of the probe in
the practical NFO system by FDTD method (915 1p these papers,
the metal coating on the probe has been treated by the dielectric of
complex-valued permittivity with a finite thickness. However, the
characteristics of optical fields scattered by the aperture have not
been investigated in detail in these papers. The analysis of optical
fields scattered by an aperture in the metallic screen with finite
thickness is one of the important and fundamental problem in
NFO technology.

In this paper, we perform 3D numerical simulations of the
optical field scattered by an aperture in the complex-valued
dielectric screen (slab) with a finite thickness by the volume
integral equation ®®»U7_ The simulation results in this paper will
give the important and interesting information concerning basic
characteristics of near-field scanning microscope (NSOM).

2. Volume Integral Equations

We consider the scattering problem of optical waves by an
aperture in the thick metallic screen shown in Fig. 1. A small
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square aperture whose area is given by a,Xa, has been made in
the thick metallic screen (slab) with thickness w. The metallic
screen has infinitely width and its relative complex-valued
permittivity is given by & = n?, where n; is the index of
refraction of the metallic screen. We consider the coordinate
system (x, 3 z) or (r, 6, ¢ ), whose origin is located at a
geometrical center of the aperture on the upper surface of the
screen, as shown in Fig. 1. The optical plane wave is assumed to
be incident with an incident angle (8, ¢;) from the region (I)
below the metallic screen shown in Fig. 1. An aperture in the
screen makes the optical near-field and makes scattering waves.
When we place the small object near the aperture and measure the
scattered far-field by scanning the object position along the screen
surface, we can simulate the imaging procedure of the
illumination-mode of the practical SNOM.
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Geometry of the problem



In this paper, we solve the problem shown in Fig. 1 by the
volume integral (Lippman-Shwinger) equation. The volume
integral equation for the problem shown in Fig. 1 can be written as

E@) =k (" ~D|[[ G, (o) E)dv' + E'(x),
v,

where E(x) ié the total electric field, E'(x) is the incident electric
field given by

E'(x)=Eexp[ — jky(x siné, cosg,+y sinf, sing,+z cos6,)]

and E, represents the incident amplitude vector. In Eq. (1) Gu(x}x")

is an electric-type free~space dyadic (tensor) Green’s function. The -

volume integral region V] represents the region of metallic screen
with an aperture shown in Fig. 1. Since the integration region V;
has an infinite volume, it is impossible to solve Eq. (1)
numerically. So, we use the following idea: We can consider that
the total electric field E(x) in the metallic screen will be close to
the field inside the metallic (dielectric) screen (slab) without
aperture at points far away from the aperture. The field inside the
dielectric slab without an aperture can be obtained analytically by
solving the well-known problem of reflection and transmission by
the two-dimensional dielectric slab. We denote this field by
E*(x) and call slab-field in this paper. Namely, we use the
following assumption for the electric field inside the metallic
screen as

E(x) = E°(x) + E*® (x).

It is possible to expect that the field denoted by E°(x) in Eq. (3)
will be confined in the vicinity of the aperture. We neglect the
effects of surface waves that propagate along the screen surface,
because the dielectric is dissipative. Substituting Eq. (3) into
Eq.(1), we can obtain following equation:

E° () +E™ ()= k" (" - D [[ G, (e B (e)dv'
v

o' (n” = Df[[ G e B @eydv' + B (v).

We notice that slab-field E**(x) satisfy the volume integral
equation as

k' (7 - D[[[ G, (ebe) B )V + B e)=E™ () €7}
Vi+Y,
E'(x)[x (),

where V, represents the volume region of the aperture shown in
Fig. 1 and E'(x) represents the transmitted plane wave in the upper
region (II) above the metallic slab. The fields E¥*(x) and
transmitted plane wave EYx) can be expressed analytically.
Substituting Eq. (5) into Eq. (4), we can derive the volume integral
equation for the field ES(x) only as -
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E° ey k) (n” = D[ G (o) B Gedv
v,

k" (" =D[[ G, (xebe)- B (e)dv,
V.

a

Comparing Eq. (6) with original volume integral equation (1), we
can see that the unknown function i.e., total filed E(x), in Eq. (1)
is replaced by the field denoted by ES(x) in Eq. (6) and the
incident wave E'(x) in Eq. (1) is replaced by the volume
integration of slab-filed through the region ¥,in Eq. (6). So, the
basic structure of Eq. (6) is same as that of Eq. (1). When an
aperture in the screen disappears, the last term of right-hand side
of Eq. (6) disappears and the solution of Eq. (6) is given by
E°x)=0.  So, the slab-field E**(x) becomes the rigorous
solution of the problem without an aperture from Eq. (3).

Since we can consider that the field denoted by ES(x) in the
screen becomes negligibly small at points far away from thé
aperture, we can regard the infinite-sized volume integral region
Vias the finite-sized volume region in Eq. (6) and we can solve the
integral equation (6) numerically.

Once the electric field denoted by E°(x) in the metallic screen
have been obtained numerically, the total electric field in the upper
region (IT) above the metallic screen can be obtained as

E(xy= k' (0" =D [[ G, () [E° () HE™ (x)]dv'+ E* (x),

4
=k, (0" ~D|[[ G, (ele)- E° (v
2
k(0" = D[[ G, (ebx)- E** (e)dv+E* (x).
s ©

a

In the derivation of Eq. (7), we used the relation Eq. (4) for the
slab-field.

The scattered far-field by the aperture in the screen without
transmitted plane wave can be expressed as

» E°(1,0,0) = exp(— jky) (k1) F (0,9),kr >1

where F( 0, ¢ ) is the scattering coefficient and can be written as

F(0.4)= jk,’ ¢/ Q)i xi <[k’ (] =) [[[ E° ()exp(ikyx' -1, )dv
v,

1

k" (1 = D[ B (hexp(ikox'i, v
V.

a

where polar coordinates (t, 0 , ¢ ) is shown in Fig. 1 and i, is a unit

vector in the radial direction in the polar coordinates and ¢=( 12 o/ »
£ o). The total scattering cross section of the aperture can be
calculated as

Wz.[o” /z,[:”lF (0,9) sin0dodgp.

We can regard W as the scattering power by the aperture in the
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metallic screen into the region (II) for the case of incident plane
wave of unit amplitude.

3. Numerical Calculation

In this paper, we first fix the parameters as follows: The
wavelength is A =488nm, incident angleis 0 = ¢ =0.0 (vertical
incidence), the incident electric vector E'(x) is parallel to the
x-axis with unit amplitude (|Ep|=1), aperture size is ka=koa,=1.2

(about 0.19X0.19 wavelength), complex permittivity of the
metal slab is given by ¢ =n,? = —1.68 — j4.46 (Gold) "®. We
discritized the volume integral equation (5) by the pulse function
plus point matching (collocation) method and solve the resultant
system of linear equations by the iteration method -called
Generalized Minimum Residual Method (GMRES) 7. Since the
maximum number of unknowns of the linear equations can exceed
10°, the direct solver such as LU decomposition cannot be used.
The finite-sized volume integral region of ¥1=b, X by Xw with the
aperture was used in the practical numerical calculation of Eq. (6)
shown in Fig.1.

In order to confirm the numerical values obtained, we derived
the reciprocity relation for the problem shown in Fig. 1. We first
define vectors Ry, T}, R,, and T by the relation as

E', (x)=T, exp[ - jko(x si119jcos’¢j+y sinfcosg +z cosf))]

..................................... (11)
E’; (x)=R, exp[— jk,(x sinf cosg +y sindcosg —z cosd)],
(=12~ ~(12)

where E'j(x), and E"(x) denote the transmitted and reflected plane
waves by the dielectric slab without an aperture with incident
angles of (6 ;, ¢ ;)(j=1,2). Using Maxwell’s equations, Eqgs. (5), (8)
and (12), we can derive the following reciprocity relation as

R -F, (z-6,4)+1,-F,(6,4,)

= R’z ' Fl (”_927¢2) + Tz ’ Fl(ez:¢2)

In Eq.(13), F1( 0, ¢) and F,( 0, ¢ ) represent the scattering
coefficients given by Eq. (8) for the case of incident angle of (0 ;,
¢ ) and (0 4, ¢ ,), respectively. Since the derivation of Eq. (13) is
not difficult and is straightforward, it is omitted in this paper. The
results of Eq. (13) are shown in Table 1 for the case of ¢ =0, ¢,=0.

From Table 1, we can confirm that numerical values obtained
satisfy the reciprocity relation Eq. (13) within the accuracy of 2-3
effective digits. This result shows that the computer-code does not
contradict to Maxwell’s equations.

We have confirmed the numerical resulis by observing the
invariance of the results on the volume integral region ¥; used in

Table 1. Verification of numerical results by reciprocity
0=00 0,=100
LHS of Eq. (13) = —0.028228 +;0.045532
RHS of Eq. (13) = —0.030675+j0.046152

6,=00 6,=20.0
LHS of Eq. (13)= —0.022155 +j0.040944
RHS of Eq. (13)= —0.029433+j0.044629
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the numerical calculation. Since the solution of Eq. (6) must be
that of the infinitely large metallic screen, the numerical results
must be independent of the volume integral region ¥ used in the
numerical calculation. In Fig. 2 and 3, near-field distributions |Exf?
and |} obtained on the line parallel to the x-axis (koy=0, koz=0.1)
are shown with the size of volume integration size by=by as a
parameter. In these results, the thickness of the slab is given by
kow=0.3 and |Ey|2 was omitted because it was small compared with
|EJ? and |EJ*. From these figures, when the size of the volume
integral region ¥, is greater than that given by about
kob=kob=11.2, we can see that near-field distribution become be
independent of the size of the volume integration region V. This
result also shows the validity of the mathematical formulation in
this paper and of our code.
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Fig. 2. Dependence of near-field distribution |Ex (kox, 0, 0.1)[
on the size of the region V) used in the numerical
calculation [(a) kobx= koby=3.2, (b) kob=koby=9.2, (c)
koby=koby=11.2, (d) kob,= kob,=13.2]
1
01 | i
0.01 -
EN 0.001 | g
=
0.0001 |- d
1005 L ,
18-06
-8 -6 -4 2 1] 2 4 B 8
ko
Fig. 3. Dependence of near-field distribution |E, (kox, 0, 0.1)7

on the size of the region Vi used in the numerical
calculation [(a) kobx=keby=3.2, (b) kobyx=koby=9.2, (c)
koby=koby=11.2, (d) kob,= koby=13.2]



4. Throughput

The dependence of scattered power (throughput) of the aperture
on the thickness of the metallic screen (slab) is the most

interesting information in the NFO technology. The dependence of

_ total scattering cross section ¥ can be regarded as the throughput
of far-fields and its dependence on the screen thickness kw is
shown in Fig. 4. In Fig. 4, the power transmission coefficient of
the screen without aperture for incident wave of unit amplitude,
i.e, |T |?and Bethe’s results of total scattering cross section are
shown. We can find that there is a thickness that gives maximum
throughput of the far-fields i.e., kw=0.9 in Fig. 4 and it will be
related to the skin-depth of the material of the metallic screen. The
maximum value of W is close to Bethe’s result. When the
thickness of the screen becomes much larger than the skin depth
of the screen, the throughput W becomes smaller than Bethe’s
result. Bethe’s results treated the case of infinitly thin screen of
perfect conductor. Since the aperture in this paper is a cutoff
waveguide and optical field must decay inside the aperture for the
case where the screen is sufficiently thick, this result is physically
reasonable. So, the thickness of the screen must be carefully
designed in the practical application

5. Field Distributions Above Aperture

Total field distributions in Fig. 5 represents that on the line
parallel to the incident electric vector i.e., parallel to the x-axis and
koy=0, kyz=0.1, with thickness as a parameter and those in Fig. 6
represents that on the line perpendicular to the incident electric
vector ie., parallel to the y-axis and kyx=0.0, kyz=0.1, with
thickness as a parameter. The near-field intensity of the aperture
.decreases according to the increase of the thickness of the screen.
When the thickness of the screen is rather large, the distribution of
the total electrical near-field can be approximated by the
two-peaks distribution along x-axis and by the single-peak

distribution along the y-axis as shown in Figs. 5 and 6. It is also
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Fig. 4. Dependence of the total cross section W of the

aperture on the thickness of the metallic screen kyw
(solid circle). The power transmission coefficient of
plane wave of the metallic slab without aperture |7'[*

' and is also shown by solid triangular

found that the size of the near-field distribution, that determine the
resolution of the NSOM images, cannot be reduced by the
increase of the thickness of the screen in the range of practical
thickness of the metallic screen. :
Distributions of total electric near-field |E(kox, koy, 0.1)? of thin
metallic screen of k;w=0.3 (about 0.02 wavelength) and that of
thick metallic screen of k;w=1.7 (about 0.27 wévelength) are
shown in Figs. 7and 8, respectively. They are distributions of the
plane that is parallel to the x-y plane of k;z=0.1 (about 0.02
wavelength) above the screen. We found that basic characteristics

" of the results of thin screen are rather similar to those of Bethe’s
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result that are results of infinitely thin perfect conductor. However,
results of thick metallic screen are slightly different from those of
Bethe’s results.
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Fig. 5. Near-field distribution of total field |E(kox, 0.0, 0.1)]
along the line parallel to the x-axis [(a) kow=0.3, (b)
kow=0.6, (c) kow=0.9, (d) kow=1.2, (&) kow=1.5, ()
ow=1.6, (g) kow=1.7] '
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Fig. 6. Near-field distribution of total field |E(0.0, &y, 0.1)

along the line parallel to the y-axis [(a) kw=0.3, (b)
kow=0.6, (c) kw=0.9, (d) kow=1.2, (e) kow=1.5, (f)
kgw=1.6, (g) kow=1.7]
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Fig. 7. Near-field distribution of total field |E(kox, %oy, 0.1)
on the plane placed parallel to the x-y plane above the
screen of the thin screen of /cow=0.3. Small square
indicates the shape of the aperture and large square
indicates the volume size of V, used in the numerical

calculation.

Fig. 8.

Near-field distribution of total field [E(kox, gy, 0.1)]
on the plane placed parallel {o the x-y plane above the

screen of the thick screen of kow=1.7. Small square
indicates the shape of the aperture and large square
indicates the volume size of V; used in the numerical

calculation.

6. Conclutions

The scattering of optical wave by a small aperture in the thick
metallic screen has been analyzed by the volume integral equation
with effective iteration technique. The near-field distribution in
the aperture of the thick metallic screen is slightly different from
that of Bethe’s result. These results will give very important
information in the technology of near-field optics.

When the small object is placed in the vicinity of the aperture
and move the object along the metallic screen, we can simulate the
NFO microscope. This problem is under consideration.

(Manuscript received Feb.7, 2002, revised Aug.5, 2002)
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