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Abstract

An accurate and self-consistent technique is presented for computing
the electromagnetic field that propagates and is scattered in structures

formed by bodies embedded in a stratified background. The scatterers

can be three-dimensional, with a finite extension in all three directions, or

two-dimensional, extending infinitely in one direction. The background
is composed of an arbitrary number of layers with different permittivi¬

ties (including complex permittivities for absorbing dielectric media and

metals).
This fully vectorial technique is based on the electric field integral

equation and utilizes the Green's tensor associated with the multilayered

background. The explicit formulas for the computation of the Green's

tensor are derived for both three-dimensional and two-dimensional ge¬

ometries and the practical implementation is discussed in detail. In par¬

ticular, we show how to efficiently handle the singularities occurring in

Sommerfeld integrals, by deforming the integration path in the complex

plane. Examples assess the accuracy of this approach and illustrate the

physical substance of the Green's tensor, which represents the field radi¬

ated by three orthogonal dipoles embedded in the multilayered medium.

The advantage of this approach for scattering calculations lies in the fact

that only the scatterers must be discretized, the stratified background

being accounted for in the Green's tensor. Further, the boundary con¬

ditions at the different material interfaces as well as at the edges of the

computation window are perfectly and automatically fulfilled.

The Green's tensor technique is then applied to several scattering

problems in complex structures. The potential and limitations of light-

coupling masks for high-resolution optical contact lithography are dis¬

cussed by calculating the electric field distribution in the photoresist.
The influence of the illumination polarization is studied and the ulti¬

mate resolution with a 248 nm illumination wavelength is determined

for both isolated and packed structures. In the latter case, crosstalk ef¬

fects can limit the maximum pattern density. Further, it is shown how

a bottom antireflection coating can be used to efficiently suppress in-
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terfering backreflections from the substrate. Light-coupling masks are

compared with a different contact lithography mask type and optimized
mask dimensions are found for which the contrast and the depth of fo¬

cus are increased. In a second application the interaction of a mode

propagating in a planar waveguide with a three-dimensional defect in

the structure or a two-dimensional grating on top of the structure is

studied. The scattering by the defect disturbs the propagation of the

mode and optical energy is coupled out of the waveguide. Similarly, the

interaction of a surface plasmon-polariton propagating along a metal-

vacuum interface with a dielectric defect is investigated. This illustrates

the utilization of the Green's tensor technique for the study of the optics

of metals. Our method is then applied to simulate scanning near-field

optical microscopy. It is shown that the metal roughness has a dramatic

impact on the emission characteristics of an aperture probe and, in par¬

ticular, on its polarization sensitivity. Finally, numerical experiments of

light scattering by a circular dielectric cylinder embedded in a stratified

background are presented and the dependence on the illumination angle
is discussed.



Zusammenfassung

Die vorliegende Doktorarbeit stellt eine exakte und selbstkonsistente

Methode zur Berechnung elektromagnetischer Felder in geschichteten
Strukturen vor. Die Felder breiten sich in einem geschichteten Hin¬

tergrund aus und streuen an Objekten, die in dem Hintergrund

eingeschlossen sind. Die Streukörper können dreidimensional mit

endlichen Abmessungen in allen drei Raumrichtungen sein, sie können

aber auch zweidimensional sein und sich in eine Richtung unendlich

ausdehnen. Der Hintergrund besteht aus einer beliebigen Anzahl von

Schichten mit unterschiedlichen Permittivitäten (einschliesslich kom¬

plexen Permittivitäten für absorbierende dielektrische Materialien und

Metalle).
Die vollständig vektorielle Methode beruht auf einer Volumeninte¬

gralgleichung für das elektrische Feld und benützt den Greenschen Ten¬

sor für den geschichteten Hintergrund. Die expliziten Formeln für die

Berechnung des Greenschen Tensors werden sowohl für drei- als auch

für zweidimensionale Geometrien hergeleitet und ihre praktische Imple¬

mentierung wird ausführlich diskutiert. Insbesondere zeigen wir, dass die

in Sommerfeld-Integralen auftretenden Singularitäten effizient behandelt

werden können, indem der Integrationsweg in die komplexe Ebene hinein

verlagert wird. Beispiele untermauern die Genauigkeit unserer Methode

und veranschaulichen die physikalische Bedeutung des Greenschen Ten¬

sors. Er repräsentiert das elektrische Feld, das von drei orthogonalen

Dipolen in der geschichteten Struktur erzeugt wird. Der Vorteil dieser

Methode für Streurechnungen beruht darauf, dass nur die Streukörper
selbst diskretisiert werden müssen, der geschichtete Hintergrund dage¬

gen vom Greenschen Tensor berücksichtigt wird. Weiterhin sind die

Randbedingungen sowohl an den einzelnen Materialgrenzen als auch an

den Rändern des Berechnungsfensters exakt und automatisch erfüllt.

Die vorgestellte Methode wird dann auf mehrere Streuprobleme in

komplexen Strukturen angewandt. Zuerst wenden wir uns den soge¬

nannten "light-coupling masks" zu. Diese Masken für hochauflösende

optische Kontaktlithographie werden auf ihr Potential und ihre
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Beschränkungen hin untersucht, indem elektrische Feldverteilungen im

Photoresist berechnet werden. Wir betrachten den Einfluss der Polari¬

sation der Belichtung und bestimmen die maximale, mit einer 248 nm

Belichtung erreichbare Auflösung sowohl für einzelne als auch für benach¬

barte Strukturen. Im letzteren Fall können sich die Strukturen gegen¬

seitig beeinflussen und so die maximal erreichbare Packungsdichte be¬

grenzen. Weiterhin zeigen wir, dass man mit einer geeigneten Beschich¬

tung Rückreflexionen vom Substrat effizient unterdrücken kann. Die

"light-coupling masks" werden dann mit einem weiteren Maskentyp für

Kontaktlithographie verglichen und die Masse der Maske werden so op¬

timiert, dass der Kontrast und die Tiefenschärfe maximal sind. In einer

zweiten Anwendung betrachten wir, wie eine elektromagnetische Welle,
die sich in einem planaren Wellenleiter ausbreitet, mit einem dreidimen¬

sionalen Defekt in der Struktur oder mit einem zweidimensionalen Git¬

ter auf der Struktur wechselwirkt. Die Streuung an dem Defekt stört

die Ausbreitung der Welle und optische Energie wird aus dem Wellen¬

leiter ausgekoppelt. Ebenfalls untersuchen wir Oberflächenplasmonen,
die sich entlang einer Metall/Vakuum-Grenzschicht ausbreiten und mit

einem dielektrischen Defekt wechselwirken. Das veranschaulicht den

Nutzen des Greenschen Tensors für die Untersuchung der optischen

Eigenschaften von Metallen. Unsere Methode wird weiterhin eingesetzt,

um optische Nahfeldmikroskopie zu simulieren. Es stellt sich heraus,
dass die Rauhigkeit der metallischen Öffnung einen dramatischen Ein¬

fluss auf die Emissionscharakteristik einer Nahfeldsonde besitzt. Betrof¬

fen ist dabei insbesondere die Polarisationsempfindlichkeit. Schliesslich

führen wir numerische Streuexperimente an einem dielektrischen radial¬

symmetrischen Zylinder durch, der sich in einem geschichteten Hinter¬

grund befindet. Besondere Aufmerksamkeit gilt dabei der Abhängigkeit
vom Einfallswinkel der Beleuchtung.
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Chapter 1

Introduction

1.1 Motivation and objective of this thesis

According to Moore's Law the functionalities per chip (bits, transistors)
double every 1.5-2 years. Since at the same time the chip size grows only
with less than half this speed, the features must shrink tremendously. Ac¬

cording to the "International Technology Roadmap for Semiconductors"

the DRAM half-pitch will decrease from 150 nm today to 50 nm in 2011

Because the structures to be printed become smaller than the wave¬

length of common light sources, this development is a difficult challenge
for the lithography process and requires significant technology progresses.

Until now, the size reduction has mostly been achieved through the short¬

ening of the wavelength and resolution enhancement technologies like

projection lenses with increasing numerical aperture or phase-shifting
masks [2]. Currently, the 157 nm technology is being developed using

F2 laser [3], and a strong effort is made for research on "next-generation

lithography" (NGL) technologies using extreme ultraviolet light [4], X-

rays [5], electron beams [6], or ion beams [7]. All these NGLs are still in

the research phase and are expected to incur tremendous development
costs. They generally employ principles beyond those currently used in

optical lithography and innovations will be required in almost all tech¬

nology domains (light sources, lenses, masks, resists, ... ). Hence, the

development of low-cost alternatives, which can at least bridge the gap

until these NGLs are available for commercial manufacturing, is desir¬

able.

Contact lithography techniques are a very promising approach to

high-resolution patterning. In theory, arbitrary small structures can be

optically replicated with the evanescent near-field created by apertures in

the mask [8, 9]. (The optical replication is even completely avoided with
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imprint lithography, where the mask pattern is mechanically transfered

to the substrate [10, 11].)
For the design and optimization of a contact mask, a detailed under¬

standing of light propagation in the mask is essential. Geometrically, the

mask, the photoresist and the substrate build a stack of planar material

layers while openings in the mask define the features to be replicated.

However, the interaction of light with subwavelength structures in the

presence of a multilayer environment is a very complex topic which is far

from being understood for most realistic applications.
There are several further examples where the accurate computation

of light scattering from particles embedded in a stratified background is

extremely important. Ridges on a multilayered waveguide [12], polariza¬
tion gratings on a transparent backplane [13], and nanowires deposited on

a substrate for surface-enhanced Raman scattering [14] all have in com¬

mon that dielectric or metallic scatterers are distributed in a medium

consisting of several layers with different permittivities.

Analytical solutions of such scattering problems only exist for special

configurations. For example, if the system is a bare stratified structure

formed only by different material layers stacked together, the light prop¬

agation is determined by the transmission matrix [15]. Further analytical
or semi-analytical expressions can be derived for very large or very small

particles [16]. In the limit A = 0, if the characteristic dimensions of the

scattering structure are much larger than the illumination wavelength,
the interaction with light can be formulated with the laws of geomet¬

rical optics. For finite wavelengths, however, simple solutions can only
be obtained for the far field, the near-field close to the scattering struc¬

ture being much more complicated. For large structures, the Kirchhoff

approximation provides an integral expression for the far field, whereas

small structures are described by the Rayleigh formulas assuming that

their response to an incident field is basically dipolar.

However, for the above mentioned structures these approximations

are often not practical, because either the dimensions are in the range

of the wavelength or the information about the near-field close to the

structures is required. In these cases Maxwell's equations must be solved

rigorously, taking into account the boundary conditions associated with

the geometry. Many useful numerical techniques have already been de¬

veloped for this task. They include, for example, methods based on

beam propagation [17, 18], discrete sources [19, 20], eigenmode expan¬

sions [21, 22], finite differences [23], finite elements [24, 25], finite dif¬

ference time domain [26, 27], ray-tracing [28, 29], transfer matrices [30]
or the method of lines [31, 32]. However, most of them strongly depend
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on the particular geometry under study. They cannot handle accurately
the hybrid geometries encountered in many experimentally relevant sit¬

uations, where strongly localized structures are combined with semi-

infinite substrates.

The objective of this thesis is to present a very general frequency
domain technique for scattering calculations where the scatterers are

embedded in a background formed by an arbitrary number of layers. It

is based on the electric field integral equation, which provides a solution

to the vectorial wave equation for the total electric field. The advan¬

tage of this approach lies in the fact that only the scatterers must be

discretized, the stratified background being accounted for in the corre¬

sponding Green's tensor. Further, the boundary conditions at the differ¬

ent material interfaces as well as at the edges of the computation window

are perfectly and automatically fulfilled. To make use of these advan¬

tages, first the Green's tensor associated with the stratified background
must be derived and its numerical computation must be implemented

efficiently.

1.2 Outline

This thesis consists basically of two parts. The first part describes in

detail the Green's tensor technique for scattering calculations in stratified

media and discusses several application examples of this technique. The

second part contains a series of publications that were written during
this thesis.

In chapter 2 we introduce our formalism for the solution of scat¬

tering problems using the Green's tensor. We start with the general
three-dimensional case and then particularize the formalism for two-

dimensional geometries.

The detailed derivation of the Green's tensor both for two-dimensional

and three-dimensional systems is presented in chapter 3. It is obtained

by means of a numerical quadrature of so-called Sommerfeld integrals,
which represents the core of the computation. We discuss the practical

implementation and assess the accuracy of this approach. The physical

properties of the Green's tensor are illustrated with several examples.

Having provided the theoretical background, we then apply our tech¬

nique to the simulation of several scattering systems in chapter 4. The

largest part deals with the simulation and optimization of light-coupling
masks (LCMs) for optical contact lithography. We explain in section

4.1 the operation principle of LCMs and discuss their usability for high-
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resolution subwavelength patterning. Section 4.2 treats the modeling of

planar waveguides. The mode propagating in such a layered structure is

scattered on a single defect or a grating edged into the waveguide and op¬

tical energy is coupled out. Similarly, a plasmon-polariton excited on a

metal-dielectric interface strongly interacts with particles on the surface,

as investigated in section 4.3. In section 4.4 we focus on the simulation

of scanning near-field optical microscopy (SNOM). With an aperture

SNOM the evanescent near-field is created by squeezing light through a

subwavelength aperture of a metal tip. Modeling the tip as a metallic

film with an opening, we investigate how surface roughness affects the

performances of a SNOM. As concluding example for our technique, we

study in section 4.5 the scattering on a circular dielectric cylinder in a

two-layer medium. Interesting effects occur when the cylinder is illumi¬

nated with a stationary wave resulting from the reflection of the incident

plane wave on the interface.

Finally, we conclude our work in chapter 5 and give an outlook on

topics which should be tackled in future work.

Throughout this thesis SI units are used in all formulas. The per¬

mittivity and permeability functions e and ß always refer to the relative

values factorizing out the vacuum constants eo and ßo- Non-magnetic
materials are considered, except in chapter 3, where the formalism is

developed for arbitrary permeabilities. Further, harmonic fields with an

exp(—icvt) time dependence are assumed throughout.



Chapter 2

Scattering calculations with the

Green's tensor technique

As already detailed in the introduction, the accurate computation

of the electromagnetic field that propagates and is scattered by bodies

distributed in a non-homogeneous background cannot be accomplished
with conventional numerical methods. The presence of both infinitely

extending interfaces and bodies with a size in the range of the wave¬

length renders the solution very difficult. We tackle this problem with

the Green's tensor technique which provides a general framework for elec¬

tromagnetic scattering calculations in the frequency domain. It is based

on the decomposition of the entire geometry into a background plus em¬

bedded scatterers. The Green's tensor associated with this background
contains the entire response of the background and assures that the radi¬

ation conditions at infinity and the boundary conditions at the interfaces

are fulfilled. However, an analytical expression for the Green's tensor ex¬

ists only for an infinite homogeneous background [33]. For several other

configurations the Green's tensor can be found by eigenfunction expan¬

sion requiring a numerical computation. For example, one can construct

solutions for rectangular or cylindrical waveguides and cavities [34] or

for periodic structures [35, 36].
In this work we focus on the case of a planar stratified background.

A typical system is shown in figure 2.1. Several scatterers described by
the permittivity e(r) are embedded in a stratified background composed
of L layers with permittivity ei, I = 1,..., L. The scatterers can extend

over several layers and need not be homogeneous: e(r) can vary inside

each scatterer. Further, they can be three-dimensional (3D) with finite

extension in all three directions or two-dimensional (2D) extending in¬

finitely in y direction. For convenience, we choose our coordinate system

such that the layers are parallel to the xy plane.

In this chapter we study the solution of the scattering problem using
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£2

y

i

Figure 2.1. Typical geometry under study. Several scatterers with permittivity

e(r) are embedded in a stratified background composed of L layers with

respective permittivity ei, I = 1,... ,
L. Note that the first and last layers

are semi-infinite media.

the Green's tensor. We start with the general 3D case and then partic¬

ularize the formalism for 2D geometries. The detailed derivation of the

Green's tensors associated with a stratified medium (3D and 2D) will be

presented in chapter 3.

2.1 Electric field integral equation

When a scattering system is illuminated with an incident electric field

E°(r) propagating in the background, the total field E(r) is a solution

of the vectorial wave equation [37]:

V x V x E(r) - &o£(r)E(r) = 0 (2.1)

where ko = uj^eoßo is the vacuum wave number. The incident field E°(r)
must fulfill the vectorial wave equation for the bare stratified background:

VxVxE°(r)-fco£KE°(r) = 0, relayera.

Introducing the dielectric contrast

Ae(r) = e(r) — eK ,
r £ layer k

,

(2.2)

(2.3)
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we can rewrite equation (2.1) as an inhomogeneous equation,

V x V x E(r) - fco£«E(r) = k20 Ae(r)E(r). (2.4)

A solution to equation (2.4) is given by the electric field integral equation

[34, 38]:

E(r) = E°(r) + / dr'G(r, r') • kl Ae(r/)E(r/), (2.5)
Jv

where G(r, r') is the Green's tensor associated with the background. The

integration in equation (2.5) runs over the volume V of all the different

scatterers in the structure.

Physically, the Green's tensor G(r, r') represents the response of a

point source in the stratified background. In chapter 3 we will see that

this dyad diverges for r —> r'. Then, the principal value must be used for

the integral and the singularity must be treated separately [39]. We will

also see in chapter 3 that in the case of a stratified background G(r, r')
can be split into two parts (see section 3.1):

G(r,r') = 5KK/G (r, r') + G (r, r'), r £ layer k
,
r' G layer k . (2.6)

GD(r,r/) corresponds to the field radiated directly from r' to r and is

given in closed form by the Green's tensor for an infinite homogeneous
material with permittivity eK [38]. The indirect part G:(r,r') accounts

for all the reflections and refractions at the interfaces and must be cal¬

culated numerically. With this decomposition of the Green's tensor, the

divergence is completely included in GD(r, r') (see section 3.1) and we

can rewrite equation (2.5) using equation (2.6) as

E(r) = E°(r) + / dr'G^r,^) • klAe(r')E(r')
Jv

+ lim / dr'<WGD(r,r')-fcoAe(r')E(r')

_L.M£lE(r), (2.7)

where the infinitesimal volume 5V centered at r is used to exclude the

singularity. The source dyadic L depends on the shape of 5V and is given
in detail by Yaghjian [39].

The incident field E°(r) in equation (2.5) must be a solution of the

vector wave equation (2.2) in the stratified background. For a given

geometry, this solution is not unique. Figure 2.2 shows three different

excitations for the same three-layer structure. The incident field can be
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a plane wave impinging on the stratified system [figure 2.2(a)]. In that

case it must include all the multiple reflections inside the different layers.
The incident field can also be a waveguide mode propagating inside the

structure [figure 2.2(b)] or even the field of a dipolar source embedded

in the system [figure 2.2(c)].

2.2 Discretized equation

For the numerical solution of the volume integral equation (2.7) we use a

technique similar to the coupled-dipole approximation (CDA, also known

as the discrete-dipole approximation, DDA). With the CDA, a common

approach to scattering calculations in vacuum, the field is approximated
with piecewise constant functions. This type of discretization is well

suited when the dielectric contrast is not too large [40]. However, also

more sophisticated techniques such as finite elements can be used to solve

equation (2.7) numerically [41].

We define a grid with TV meshes centered at r^ G layer m with volume

Vj, i = 1,... ,7V, and dielectric contrast Aei = Ae(ri). The only con¬

straint for this discretization is that a given mesh must be entirely inside

a layer and cannot sit astride a boundary between two layers, as illus¬

trated in figure 2.3(a). The discretization needs not being regular but can

vary locally to enhance the required accuracy, with a smaller mesh where

the dielectric contrast Ae(r) is large [42]. Introducing the discretized

field Ei = E(ri) and the discretized Green's tensors G^- = GD(rj,rj)

(a) (b)

z.

F i

f

F
;

Figure 2.3. (a) Using the Green's tensor technique only the scatterers must be

discretized to solve the scattering problem numerically, (b) A "standard"

technique requires the discretization of the entire computation window.
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and Gj;J = G^r^iv,), the discretized form of equation (2.7) reads

N N

E, = E° + Y, GL • koAe.E.V, + ^ £«,«, G^ • klAe3E3V3

Ae
+ Ml-k20AelEl--L -E,, i=l,...,N, (2.8)

with the self-term Mj defined as

M!= lim / dr/GD(rî,r/). (2.9)
ÔY^° Jvt-6V

Since the tensors L and Mj come from the direct contribution, we can

use their analytic form for a homogeneous polarizable background with

permittivity eK, as given in [38, 39].
The system of equations (2.8) is best solved numerically with an it¬

erative solver such as conjugate gradients [43, 44]. We found that a

stabilized version of the biconjugate gradients algorithm is the most effi¬

cient and stable solver [45]. Note that in a stratified medium, the Green's

tensor does not have the same symmetry properties as in an infinite ho¬

mogeneous background. In particular,

G(r,r') / G(r-r'). (2.10)

It is therefore not possible to rewrite equation (2.5) as a convolution and

to use a 3D fast Fourier transform to perform the integration [46]. It is

however possible to use reduced symmetry properties in the xy plane to

expedite the computation [47].
One of the important advantages of this technique lies in the fact that

only the scatterers must be discretized, the background being accounted

for in the Green's tensor [figure 2.3(a)]. In contrast, a "standard" tech¬

nique like a finite difference or finite element solution of the Maxwell's

equations would require the discretization of the entire window [figure
2.3(b)]. Further, the boundary conditions at the different material in¬

terfaces as well as at the edges of the computation window are perfectly
and automatically fulfilled using the Green's tensor technique. There is

no need for a special treatment with artificial absorbing boundary condi¬

tions like perfectly matched layers which are often difficult to implement

[48].
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2.3 Specialization to 2D structures

The formalism presented above is in principle valid for any shape of the

scatterers. However, for two-dimensional (2D) geometries, i.e., systems

where the scatterers extend infinitely in one direction, the integration
volume in equation (2.5) becomes infinite. This configuration needs a

special treatment.

From a practical point of view, in addition to truly two-dimensio¬

nal geometries, 3D structures can often be considered as 2D when the

extension of the scatterers in one particular direction is very large and the

electromagnetic field is so well localized that edge effects in that direction

become negligible. It is then justified to assume that the structures

extend to infinity in that particular direction.

A typical 2D system is shown in figure 2.4. The scatterers extend

infinitely along the y axis so that the material system is invariant in that

direction. If also the excitation has such a translation symmetry, we can

restrict the study of the 3D system [figure 2.4(a)] to a 2D cross section

in the xz plane [figure 2.4(b)]. We then define the coordinate ry parallel
to this plane,

(rlh^y) = {rx,rz,ry) (2.11)

a) (b)
4- z

EY°<%
Er°

k« V

*ui

> dii+i

Figure 2.4. Schematic view of a 2D scattering system, (a) The electric field can

be split into two contributions: the p-polarized part Ep1 lying within the

plane of incidence formed by k° and the z axis, and the s-polarized part

Eg standing perpendicularly to this plane, (b) Projection on the xz plane.
Note that in general all three components of the incident electric field are

nonzero.
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and the parallel wave vector ky,

k=(khky) = (kx,kz,ky). (2.12)

Let us emphasize that it is not necessary that also the incident field E°

propagates in the xz plane [figure 2.4(a)]. The sole constraint is that E°

has an exp(ikyy) dependence in the symmetry direction y. For example,

a plane wave with wave vector k° = (kjj, ky),

E°(r) = E°exp(zk°r) = E° expiry) exp(ikyy), (2.13)

at oblique incidence on the structure fulfills this condition (figure 2.4).
On the other hand, a point dipole is not a valid 2D excitation, because

it breaks the symmetry of the system.

However, if E° propagates in the xz plane (ky = 0) it is possible to

decompose the total field into a transverse electric (TE) part with the

electric field in the xz plane, and a transverse magnetic (TM) part with

the electric field parallel to the y direction. These two polarizations are

then decoupled and the scattered field conserves the polarization of the

incident field, i.e., the x and z field components are independent of the

y component. This is not the case for oblique incidence (ky / 0): All

three field components are coupled together and new components that

were not present in the incident field can be created during the scattering

process [38].
Since we assume that all the fields have a plane wave dependence in

y direction, the electric field can be written as

E(r)=E(r||)exp(^y). (2.14)

Let us note that the wave vector component ky which is tangential to the

different material interfaces is constant throughout the entire stratified

background. It is therefore solely determined by the illumination field

and remains conserved in the scattered field. Further, the dielectric

contrast being constant in y direction, equation (2.5) can be rewritten

as

E(r„) = E°(ni) + / dr;|G2D(r|hr;|) • A;SAe(rj|)E(rj|) , (2.15)
./A

where we introduced

/oo dy'G(r,r') exp[iky(y'-y)]. (2.16)
-oo
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Note that the integration in equation (2.15) runs only over the scatterer

section A.

Recalling that G(r, r') corresponds to a point source, G2D(ry,ry)
gives the field generated by an infinite line source extending in the y di¬

rection and represents the 2D Green's tensor associated with the strati¬

fied background. Again, we postpone the detailed discussion of this dyad
to chapter 3.

From equation (2.15) we see that the results developed for the 3D

case [equations (2.7) and (2.8)] can directly be used for 2D geometries.
For example, equation (2.7) becomes

E(r„) = E°(ry)+ /dr;|G2D(ry,r;|)./c02As(r;|)E(r;|)
./A

+ Aimn / drll 5"",G%v(r\\>r,\\)' fcoAer(r||)E(r(|)
öA^U JA_SA

-L2D.M^E(r||)! (2.17)

The tensor L2D is the source dyad for a 2D system and is given for

different exclusion sections 5A in [39].





Chapter 3

The Green's tensor for stratified media

The Green's tensor G(r, r') plays a key role in our approach to scat¬

tering calculations. It represents the electric field radiated at r by three

orthogonal dipoles located at r'. Whereas G(r,r') can be expressed an¬

alytically for an infinite homogeneous background, the situation is much

more complex in a stratified medium, where the Green's tensor must

take into account all the reflections and refractions that occur at the dif¬

ferent interfaces. However, in that case a numerical solution for G(r,r')
can be found by eigenmode expansion in plane waves. The continuous

spectrum of these eigenfunctions leads to so-called Sommerfeld integrals.
Sommerfeld found this type of integrals first when he treated the simplest
stratified geometry, a dipolar source over a single interface [49]. Since

the quadrature of these integrals is intricate, different methods have been

proposed, such as integration along the steepest descent path [50], ex¬

trapolation methods [51], or the approximation with complex images

[52]. However, these techniques are often limited to special configura¬
tions of r and r' or must be adapted to each particular geometry under

study.

Our approach provides a general, accurate and efficient computation

of the Green's tensor for stratified media by a direct calculation of Som¬

merfeld integrals. It is not restricted by the number of layers or the

location of r and r'. The geometry under study and the corresponding
notation is shown in figure 3.1. In this chapter we explicitly include

magnetic materials with a permeability ß.

3.1 Derivation by plane wave expansion

The Green's tensor G(r,r') for an arbitrary scattering system described

by the dielectric permittivity e(r) and the magnetic permeability ß(r) is



16 The Green's tensor for stratified media

Figure 3.1. Stratified medium consisting of L layers with permittivity and per¬

meability (ei,ßi),... ,(sl,^l) separated by interfaces at z = di,. .. ,d,L-i-
The vector R = r — r' defines the relative distance between r and r' and

p = (x — x',y — y') = (pcos(ß, psin(f)) is the projection of R onto the xy

plane.

the solution of the vector wave equation with a point source term [33]:

V x ß~\r)V x G(r, r') - k%e(r)G(r, r) = /i_1(r)l5(r - r') , (3.1)

where k% = ußeoßo is the vacuum wave number. For a given (r, r') pair,

each column ß = x,y,z of the 3x3 matrix representing the Green's

tensor,

{^xx {Jxy {Jxz

G(r,r)= I Gyx Gyy Gyz
(jzx (jzy (jzz

(3.2)

gives the three components a = x,y,z of the electric field radiated at

position r by a dipole at position r' and oriented in ß direction.

For the derivation of G(r, r') associated with a stratified background
we start with the expression for the Green's tensor Gh(i", r') associated
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with a homogeneous system £b, ßB •
It is given by [33]

r* ( >\ ft , vv>\ exp(z&Bi?) ,Q Q,
GH(r'r)

=

V+ ~WJ **R
( }

ikBR - 1 3 - 3ikBR - kJRBBN

k%R2
+

k^R*
RR

exp(zA;B^R)
(3.4)

4irR

where R = |R| = |r — r'| is the relative distance and k% = cu2£ßAtB
corresponds to the wave number in the background medium.

To deduce G(r,r') for a stratified background it is more convenient

to express Gh(t, r') in reciprocal space (k space) where the boundary
conditions at the stratification interfaces can be enforced more easily.
Fourier transforming equation (3.3) leads to

GH(r, r') =
^ Jff dk ^ k2B_ ^ j exp(zk • R). (3.5)

Since we assume that the layers, which will be added later, are per¬

pendicular to the z axis, we first perform the integration over kz using
calculus of residues. Hence, we must ensure that the integrand vanishes

for kz —> oo and rewrite equation (3.5) as

GH(r.r') = ^///dk(i^+2a)exp(îk.R)
zz

8tt3A;|

"B

ZZ

k

dkexp(zk • R)

dkx dky ( ) exp(zkß • R)8tt2H // ——y \ kB

2 *(R), (3-6)
"B

where kBz = (kB — k2 — k2)1'2 is the z component of the wave vector

and

j,, \ — [ kx* + kyf + kvzz for z > z', , .

\ kxSt + kyy — fezz for z < z'.

Note that in equation (3.6) the singularity of the Green's tensor for

R = 0 manifests in a 5 function. Introducing this expression of the

Green's tensor in the electric field integral equation (2.5) leads to an

L term for a pillbox shaped exclusion volume [39]. This is the natural
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exclusion volume corresponding to the way we expanded Gh(i", r') with

z as preferred direction.

Now that we have the plane wave expansion of the Green's tensor

for an infinite homogeneous background £b , ßB, it is a simple matter to

include additional layers. As a matter of fact, the effect of these lay¬
ers will be to add two plane waves, one propagating upward and one

downward, to each Fourier component, as illustrated in figure 3.2 (note
that the propagation vector (kx,ky,kz) is similar for the three plane

waves, only the sign of kz changes). The amplitudes of these additional

components are determined by the boundary conditions at the different

interfaces. Indeed, each plane wave is reflected and refracted according
to the corresponding Fresnel reflection coefficient [15]. Since these co¬

efficients depend on the polarization of the plane wave with respect to

the stratification it is advantageous to introduce the new orthonormal

system k(kBz), l(kBz), m(fez) [53]

HkBz) = ^^ , (3.8a)

Î(*b*) = ^kBZl X

!, > (3-8b)

m

|k(fcB*)

(kBz) = HkBz) X l(kBz) (3.8C)

Equivalently, another orthonormal system is formed by k(—fez),
1(—kBz), rh(-kBz)- Remark that 1 is perpendicular to the plane de¬

fined by k and z, whereas m lies within this plane. For a given &b, the

electric field component parallel to 1 corresponds therefore to s polariza¬
tion and that parallel to m corresponds to p polarization. Using the fact

Figure 3.2. The effect of the surrounding layers on a given Fourier component

k^ in layer I is to add an upgoing and a downgoing plane wave with similar

k vectors.
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that kk + 11 + mm = 1, equation (3.6) can be rewritten as

GH(r,r') = --p-(5(R) + —— / / dkxdky — exp(zkB • R).

(3.9)
To obtain the Green's tensor G(r, r') for a stratified medium, we can

now superpose to the Green's tensor of a homogeneous medium eK,ßK

the additional terms by formally writing

G(r,r') = -^J(K) + ^ J! dkxdky

x exp{i[kx(x - x) + ky(y - y)]}-
Hkz

x [\\exp[±i(kKZz - kKizz')\

+ RsT exp(ikKZz) + RsJ" exp(—ikKZz)

+ mmexp[±i(fcKZ2 - kK/zz')]

+ RpT exp(ikKZz) + Rpi exp(-ikKZz)},

r E layer k ,r E layer k
, (3.10)

O O / O O 0\1/0 /

where kL = ou eißi and kiz = (kL — kx — ky)
'

,
I = k, k .

The upper

sign in equation (3.10) refers to z > z' and the lower sign to z < z'.

The tensors Rsî, RsJ^, Rpî and RpJ^ can obviously be interpreted as

generalized reflection coefficients that take into account reflections from

all existing surfaces. They are functions of (kx, ky ; r, r') and are explicitly
derived in PI [equations (9), (10), appendix A].

If r and r' are inside the same layer, k = k'
,
we can still identify

the Green's tensor for a homogeneous background in equation (3.10)
[compare with equation (3.9)]. Hence, once we have determined Rsî,
Rs^, Rpî, and Rp^, we can extract again Gu(r,r'), and use its closed

form [see equation (3.4)]. These terms define a direct field Green's tensor

GD(r,r/), whereas the remaining integral constitutes an indirect field

Green's tensor G:(r,r') accounting for the reflections and refractions at

the interfaces. This separation is not possible if r and r' are in different

layers, k / k', since then all plane waves are refracted and reflected

by at least one interface. Hence, the total Green's tensor G(r,r') for a

stratified medium can be written as

G(r,r') = 5KK/G (r,r') + G (r,r') ,
r E layer k, r' E layer k . (3.11)

This decomposition allows us to treat the singularity in the Green's ten¬

sor for R = 0 in the same way as for a homogeneous background, since
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it is completely included in GD(r, r'). Further, the choice of the exclu¬

sion volume determining the L term in equation (2.7) is not restricted

to the pillbox naturally arising in the plane wave expansion (3.6), but

an arbitrary shape, for example a sphere, can be chosen.

Finally, for further discussions, we rewrite the Green's tensor in equa¬

tion (3.10) condensing the terms associated with each polarization into

the tensors hs and hp.

G(r,r') = -^6(H) + ^JJdkxdky
x exp{i[kx(x - x) + ky(y - y')]}

x [hs(kx, ky ; r, r') + hp(kx, ky ; r, r')] • (3.12)

Now we have collected all necessary expressions and could, in principle,

proceed with the solution of the two-dimensional Fourier integral (3.12).
However, for the numerical implementation it is worth developing the

calculation analytically.

3.1.1 The 3D Green's tensor

For 3D scatterers, equation (3.12) can be further simplified by intro¬

ducing a cylindrical coordinate system. In the xy and kxky plane we

introduce the transverse coordinate p

R = (p,z — z) = (x — x ,y — y ,z — z), (3.13)

p = (p cos (f), p sin (f)), (3-14)

and the transverse wave vector kp

K = ^Kp, Kz) = \rixt rfy > K>z) , yo.i-O)

kp = (kp cos k^,kp sin k<$>). (3.16)

The integration over k^ in equation (3.10) is then performed analytically
with the help of Bessel functions [54]:

Jn(kpp) = —— / dk(j>exi)(ikpp cos k(/>) cos(nA^). (3-17)
2tt Jo

For the computation of the Bessel functions we can rely on numerical

standard libraries where efficient algorithms are already implemented.
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Thus, only a one-dimensional integral over the radial component kp
must be calculated numerically:

Ä Ä . /»OO

G3D(r, r') = -||<S(R) + ^ J d^[f3sD(^; r, r') + f3pD(Äp; r, r')] •

(3.18)
The components of the tensors f|D and fpD are obtained after careful

evaluation of equation (3.10). Note that in the case p = 0 no Bessel

functions are necessary. All components are explicitly given in appendix
B of PI.

3.1.2 The 2D Green's tensor

Equation (2.16) shows that the Green's tensor for a 2D system can be

directly obtained from G(r,r') by integration along the translation axis

y. For a stratified medium we perform this integration expressing the

Green's tensor in cartesian coordinates rather than in cylindrical coordi¬

nates. Inserting equation (3.12) in equation (2.16), the integral over y'
can be identified with a 5 function:

77 7 / /

G2D(r||,rJ|) = -—5(Rll) + —dkxdky

x exp[ikx(x — x')] exp[i(ky — ky)y]5(ky — ky)

x [hs(kx, ky; t\\ , ry ) + hp(kx, ky; ry, r\\ )}

i f°°
5(H\\) + — dkxexp[ikx(x - x')]

** J — oo

To.
r»K.

x [hs(A;a;,A;!/;r||,r||) + hp(A;a;,A;!/;r||,r||)], (3.19)

where Ry = ry -rji.
Thus, to obtain the 2D Green's tensor, only a one-dimensional inte¬

gral over the transverse component kx must be calculated numerically.
The explicit components of the tensors hs and hp are explicitly given in

the appendix of P3.

Since the component functions of hs and hp are either even or odd

symmetrical with respect to the integration variable kx, it is further

possible to reduce the integration to the semi-infinite positive kx axis.

Hence, in analogy to equation (3.18) we can rewrite equation (3.19) as

Ä Ä . /»OO

G2D(r||,rJ|) = -|^(R||) + ^- / d/^[f2sDfe ry, ry) + f2PDfe rlh rl|)] >

(3.20)
where the tensors fpD and f|D contain only the even symmetric contri¬

butions to the integrand, the odd symmetric ones canceling out.
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3.2 Numerical implementation

In the last section the Green's tensor for stratified media was expressed as

a set of semi-infinite one-dimensional Sommerfeld type integrals [equa¬
tions (3.18) and (3.20)]. The form of a typical integrand is for a 3D

geometry

G3u(kp;r,r') = g3i)(kp;r,r')Jn(kpp)

x [Ä3r>(kp)exp(ikKZz) + B3r>(kp) exp(-ikKZz)},

(3.21)

and for a 2D geometry

G2D(^;ry,ry) = g2i)(kx;r\\,r\\)exp[ikx(x - x')]

x [Ä2r>(kx) exp(ikKZz) + B2r>(kx) exp(-ikKZz)}.

(3.22)

Note the basic difference between the 3D and 2D integrands: In 3D the

angular integration of exponential functions in k space leads to Bessel

functions, whereas in 2D the bare exponential functions remain.

Integrals of this kind cannot be performed analytically, but have to

be evaluated numerically. However, a straightforward implementation
would fail because of the mathematically awkward behavior of the inte¬

grand: It involves several singularities (see section 3.2.1) and is strongly

oscillating due to the Jn(kpp) terms in the 3D case and the exp[ikx(x—x')]
terms in the 2D case. To avoid these difficulties we use Cauchy's inte¬

gral theorem and deform the integration path in the complex integration

plane [33]. The objective of this section is to determine such an optimum

path. We will first study the 3D case and then discuss the differences for

2D integrands.

3.2.1 3D implementation

A. Singularities of the integrand

The singularities of G3u(kp; r, r') can be classified in two types: branch

point singularities and pole singularities. Branch point singularities are

/ O O \ 1 /o

related to the kiz = (kL —kp)
' dependence of the integrands. Since kiz

is the square root of a complex number, it is double valued and branch

cuts defined by 3m(kiz) = 0 intersect the plane of integration [33]. Each

branch cut ends in a branch point at kp = ±ki (figure 3.3).
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r>

Figure 3.3. Plane of integration: The singularities are avoided by an elliptical

path (solid line). At kp = 2fcmaj the integration is resumed along the real

kp axis using Bessel functions (dashed line) or parallel to the imaginary kp
axis using Hankel functions (dash-dotted line).

One could expect that a branch cut exists for each layer, i.e., for

each ki. However it can be shown that the functional dependence of

G3u(kp; r, r') on kiz is even for all I except the two outermost regions

[55, 56]. Therefore branch cuts and branch points appear only for kp =

zhki,zhkL- Since the integral runs from zero to infinity, we can further

restrict our discussion to singularities with a non-negative real part.

To choose now the appropriate value for k\z and khz-, thereby ensuring
that the integration is performed on the correct Riemann sheet defined

by the branch cut 3m(kiz) = 0, we simply apply the radiation conditions:

We must use the value with 3m(kiz) > 0 to make the integrands vanish

for z —> ±oo.

The second class of singularities, pole singularities, are due to van¬

ishing denominators of G3u(kp; r, r'). These poles correspond physically
to modes guided by the layered structure, as will be illustrated in sec¬

tion 3.3.1. For dielectric media with D\t(e) > 0, such modes propa¬

gate between the interfaces (slab modes) with constants kp smaller than

kf** = max* Dlt(ki) [57]. For metals with D\t(e) < 0 a different type of

modes can be excited: surface modes that are bound to the interfaces

between the material layers and decay exponentially in both directions
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away from the interface (surface plasmon-polaritons) [58]. These modes

can have propagation constants kp > &ax and no upper limit can be

found a priori without an explicit calculation of the pole locations.

For lossy materials with 3m(e) > 0 it can be shown that both branch

points and pole singularities are shifted into the first quadrant of the

complex kp plane (see figure 3.3) [56].

B. Quadrature of the Sommerfeld type integrals

For lossless media both branch point singularities and poles are located

on the original integration path along the real kp axis. For media with

small losses, the singularities remain close enough to this axis and can

still cause serious problems. Hence, our integration path should be de¬

formed into the fourth quadrant of the complex kp plane with Cauchy's

integral theorem. A possible choice would be to leave the real axis only
in close vicinity of the singularities, for example by a semi-circle around

each singularity. This requires to precisely determine the location of each

pole, which is a tedious and time consuming task [59].
In our implementation we use an easier way of surrounding the sin¬

gularities: an elliptical path starting at kp = 0 with the major semi-axis

&aj and the minor semi-axis &m (figure 3.3). From the discussion in

the previous section we take 2&aj = &ax + ko, where the vacuum wave

number ko is added as safety margin. For dielectric media &aj is cho¬

sen large enough to enclose all the singularities. However, we must still

ensure that also all poles corresponding to surface modes are included.

A check for this case will be presented below.

The parameter &m is empirically chosen such that the integration

path is sufficiently far away from the singularities without extending too

much in negative imaginary kp direction, because the Bessel function

Jn(kpp) increases then very rapidly. We have observed that &m =

10_3A;aj was a good choice for this parameter. A typical integrand is

shown in figure 3.4, together with the deformed integration path.

For the remaining integration, we usually follow the real kp axis. The

convergence of the integrand in this direction is mainly governed by an

exponential damping

exp[±i(kKZz — kK/zz')] —> exp(—kp\z — z'\) for kp —> oo
, (3.23)

corresponding to the dipole field radiated through the stratified structure

[see equation (3.10)]. Hence, when \z — z'\ is small, the quadrature
taken along the real axis converges only slowly. In that case, it is more
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y\z(kp) [nm"1]
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-3 x 10"3

-1 3m(fcp) [nm"1]

0

Figure 3.4. Real part of the integrand fxx = fxx + fxx as a function of the

complex integration variable kp [equation (3.18)]. In this example a non¬

magnetic three layer system with s\ = 1,£2 = 4 and £3 = 2 is used. The

elliptical integration path used to avoid the singularities is shown on the

integrand (red line) and on the projection plane.

advantageous to transform the integral using Hankel functions (for p /

0):

Jn(kpp) r(i)(H^(Äpp) + Hr;(M)(2),

r(i) (i)/
H^(Äpp) + (Hki;((M )) ] (3.24)

Because of the asymptotic behavior of the Hankel functions for large
values of kpp [60],

(i)(lim K>{kPp)
\kpp\^rOO

2
r-,

!•
( 1m

-—

exp[ikpp
-

-îtt(ti +-)}

TTKpP A A
(3.25)

we can deflect the integration path from the real axis to a path paral¬
lel to the imaginary axis: for the first term of the right-hand side in

equation (3.24) in positive imaginary direction, for the second term in

negative imaginary direction (figure 3.3). Thus, it is ensured that the
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integral along the closing path vanishes at infinity and Cauchy's inte¬

gral theorem can be used. Note that for each \kpp\ the Hankel function

must only be calculated for the argument with the positive imaginary

part [complex conjugate in the argument of the right-hand side's second

term in equation (3.24)].
From equations (3.23) and (3.25) the path which provides fastest

convergence is determined by a comparison between \z — z'\ and p: If

\z — z'\ > ap we proceed along the real axis, otherwise we follow the

path parallel to the imaginary axis. The empirically determined param¬

eter a = 10 shows that the deflection of the integration path strongly
facilitates the integration.

The comparison between the results of both integration paths offers

now a possibility to check if all poles have been avoided by the elliptical

path discussed above. Following Cauchy's integral theorem, the results

are identical only if no singularity is enclosed [33]. Since the singularities
of the integrals are determined only by the stratified system (and not by
r and r'), it is enough to verify the validity of the elliptical path once at

the beginning of a simulation.

From a practical point of view, we use Gauss-Kronrod quadrature
to evaluate the integrals along the deformed path [61]. This efficient

algorithm can accurately handle the oscillating behavior of the Bessel and

Hankel functions. We are using 15 point Gauss-Kronrod quadrature and

stop the integration when a relative accuracy of 10~9 is achieved. The

application of a much more costly 64 point Gauss-Kronrod quadrature
would roughly double the computation time without an appreciable gain
in precision. Decreasing the desired relative accuracy to 10~6 typically

speeds up the computation by a factor 1.5.

A very useful trick to expedite the computation of the Green's ten¬

sor for a stratified medium is to integrate simultaneously the different

components of G3D(r,r'). However, we do not evaluate directly the

individual components but rather choose a numerically more appropri¬

ate decomposition: The integrands in equation (3.18) can be ordered in

s- and p-polarized terms with first and second order Bessel or Hankel

functions. Thus, 7 independent terms can be defined. We have observed

that for a given (r,r') pair these terms have a similar behavior in the

kp plane, which makes possible their simultaneous integration. In our

practical implementation, we integrate in parallel 14 real functions that

correspond to the real and imaginary parts of these independent con¬

tributions to the Green's tensor. As measure for the Gauss-Kronrod

quadrature (stop criterion) we simply use the sum of these 14 functions.

To demonstrate the accuracy of our integration scheme we first per-
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Figure 3.5. Accuracy of the method: comparison of the Green's tensor for

a homogeneous medium obtained by numerical quadrature assuming four

layers with identical permittivity (solid line) with that obtained from the

explicit free space solution (equation (3.4), crosses). The zx component of

|(j3d| is shown.

form calculations for a system consisting of virtual layers, i.e., layers with

identical permittivity and permeability. The results must be identical to

the explicit solution given by the free space Green's tensor of a homo¬

geneous medium, equation (3.4). Figure 3.5 shows the comparison for a

virtual four-layer medium. Obviously, the agreement between the two

calculations is perfect.

The presented integration procedure provides an accurate, stable and,
in particular, generally applicable computation of the Green's tensor.

The routine does not have to be adapted to the geometry under study
and avoids a time consuming analysis of the integrands as necessary for

calculating the residues [62] or integrating along the steepest descent

path [50].

3.2.2 2D implementation

The mathematical structure of G2u(kx; r,r') is similar to that of

G3u(kp; r, r'): strongly oscillating and with the two above mentioned

types of singularities. Hence, exactly the same integration technique as

— Integral solution

xxxx Explicit solution
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in 3D can be applied if we take into account the following differences.

Since in 2D the integration is performed in the complex kx space and ky
is constant throughout the entire stratified structure, the branch point

singularities are at kx = ki:\\,kL,\\ with ki:\\ = (kL — ky ) ' and the

upper limit for the pole singularities is given by &nfx = max^e(A;^||).
After avoiding these singularities in the forth quadrant we have again two

possibilities to resume the integration: Either we follow the real kx axis

or (for x / x') we deflect the integration path parallel to the imaginary
axis with the correct direction chosen according to the sign of x — x'. In

both cases the integrands converge exponentially [see equations (3.22)
and (3.23)] and a comparison between \z — z'\ and \x — x'\ gives the path
which provides fastest convergence. In contrast to 3D, in 2D both inte¬

gration paths are equivalent with respect to their convergence and the

deciding factor is \z — z'\ 5=s a\x — x'\ with a = 1.

Since the assumption of a translation invariance in one direction

breaks the three-dimensional symmetry, we cannot reduce the number

of independent terms as for G3D(r,r'). In general, 8 components must

be calculated (note that hxy = hyx). Only when the incident field prop¬

agates in the xz plane (ky = 0) TE and TM polarization decouple and

only 5 independent components remain (compare discussion in section

2.3).

3.3 Illustrative examples

In this section the physical substance of our mathematical formalism is

illustrated with different examples. First, we discuss the physical mean¬

ing of the singularities in the 3D Green's tensor integrands and, then,
the interpretation of the 2D Green's tensor as a field created by a line

source.

3.3.1 Singularities of the integrand

Let us consider the most simple case of a stratified medium, a non¬

magnetic two-layer system e\, £2 separated by a single interface at d = 0.

Assuming that r' lies within layer 1 and r within layer 2, the integrand

Gzz(kp; r, r') reduces to

k3
Gzz(kp; r, r') = 2P Jo(kpp)Tf2 exp[i(kizz' - k2zz)] , (3.26)

ii2K\z

where Tp2 = l+JF]^ = 2e2k\z/\e2k\z + e\k2Z) is the Fresnel transmission

coefficient of the interface.
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As already mentioned, branch point singularities exist for kp =

±fe,±fe. By definition, for any kp lying on one of these branch cuts

kz is purely real, forming a wave propagating in z —> ±00 direction.

These waves define a continuum of modes called radiation modes.

In addition, pole singularities appear when the denominator of Tp2
vanishes, i.e., for kp such that

£2^Jk2 -k2p + eiyjk%-k2p = 0. (3.27)

The solutions of equation (3.27) are formally given by

kp = ±J-^-ko. (3.28)

However, one has to verify if this solution is physically meaningful. If we

choose £1 and £2 purely real and positive, obviously kp < fe,fe. Hence,
the square roots being also purely real and positive, equation (3.27) is

not fulfilled. If we now assume that £2 < 0 and £1 < \s2\, a solution does

exist. For such a plasma medium, the wave vectors in z direction k\z

and k2Z at the location of the pole kp become

kiz = ±\/k? - k% = ±\£i ko = ±

£1£2
, _, £1

£1 + £2 V £1 + £2

1 = 1,2. (3.29)

Referring to the discussion in section 3.2.1, the sign of the square root

in equation (3.29) has been chosen such that the imaginary part is non-

negative. Hence, k\z and fez are pure imaginary and the field decays

exponentially from the interface. The pole constitutes a surface plasmon
mode. Similarly, for an appropriate choice of the material properties

other surface modes can be found by analyzing the pole locations [58].
In a three-layer structure, in addition to the branch point singulari¬

ties at kp = ±fe,±fe, poles singularities associated with guided modes

can occur. If k2 > k\ and k2 > k2, the wave vectors in z direction

kiz = (k2 — k2)1'2 and fez = (k2 — k2)1'2 are imaginary and the field

decreases exponentially in these outermost layers. Hence, kp corresponds
to the modes guided by the slab. Their number, i.e., the number of poles,

depends on the wavelength and the thickness of the intermediate layer

[63].
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As an illustration, figure 3.6(a) shows the s-polarized contribu¬

tion of the integrand along the real kp axis for a symmetric pla¬

nar GaAs/Alo.i5Gao.85As/GaAs waveguide structure at a A = 1.5 ßm

wavelength. According to a guided mode analysis, a similar struc¬

ture with a A = 0.5 ßm thick AlGaAs layer has one single s-

polarized mode with kp = 14.6 /im-1. For a thicker AlGaAs layer,
A = 2/im, three s-polarized modes exist with respectively kp =

14.9/im_1,14.7/im_1,14.5/im_1. In figure 3.6(a) we observe that the

integrands' divergences coincide perfectly with these eigenmodes.

We can also investigate more complicated structures, such

as a planar waveguide coupler: We consider a symmetric

GaAs/AlGaAs/GaAs/AlGaAs/GaAs system with the two guiding
Alo.15Gao.85As layers having identical thicknesses A = 0.5/im. The

s-polarized contribution of the integrand along the real axis is plotted
in figure 3.6(b). For a thick separating GaAs layer, A' = 2/im, the

AlGaAs slabs are decoupled: Only one s-polarized mode can be excited

at K (
14.6 /im ,

like in the previous example. However, with

decreasing separating layer thickness, the modes of the two waveguides
can couple via their evanescent tails. The mode is split and the behavior

of the structure develops towards that of a single layer waveguide. For

a thin separating GaAs layer, A' = 0.05/im, the poles are located at

kp = 14.8/im_1,14.4/im-1, corresponding to the modes of a single layer

waveguide with A = 0.5 /im + 0.5 /im = 1 /im.

(a) (b)
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Figure 3.6. Integrand (s-polarization) for multilayer structures at a wave¬

length À = 1.5 /im. (a) GaAs/Alo.i5Gao.85As/GaAs waveg¬

uide with three different widths A of the AlGaAs layer. (b)
GaAs/AlGaAs/GaAs/AlGaAs/GaAs multilayer structure with three dif¬

ferent widths A' of the separating GaAs layer.
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3.3.2 The Green's tensor as a dipole field

To assess the physical substance of the 2D Green's tensor we consider a

simple three layers system £\ = 1,£2 = 9, £3 = 1 with varying thickness

h of the high permittivity slab, and study two components of the Green's

tensor, Gyz and Gzy, as a function of the z coordinate of the observation

point, ry = (A, z). The source point rji = (0,1/im) is held fixed in the

top layer. The vacuum illumination wavelength is A = 633 nm.

Let us first mention that both components vanish if the incident

field does not have a component ky in y direction. (In that case TE

and TM waves are decoupled and G
yx

— {Jxy — Lfyz (j~
Zy

— U.J

In our example, we use an illumination with a 111 orientation, so that

ky = ki/y/3. Figure 3.7 shows Gyz and Gzy when the high permittivity

layer extends from z = 0 to z = 430 nm. Since the Green's tensor

represents the electric field radiated at r by three orthogonal unit dipoles
at r', its components must fulfill the respective boundary conditions

at the interfaces [37]. Correspondingly, Gyz (the y component of a z-

oriented dipole) is continuous across the interfaces, whereas Gzy (the
z component of a y-oriented dipole) jumps by a factor £2/^1 = 9 and

£3/^2 = 1/9, respectively.

It is quite surprising that in the lower layer (z < 0) both components

are identical (figure 3.7). However, it can be shown that for r' and r in

the two outermost layers 1 and L the components of the Greens tensor

h=430 nm h=484 nm

Figure 3.7. Green's tensor components for a stratified background (|Gyz| and

I Gzy |) and a homogeneous background (|(jH,yz| = |GH,zy|) at a wavelength
A = 633 nm. The permittivity of the homogeneous medium is £h = 1-

The line source at z' = 1 /im is located in the top layer and held fixed.

Two different thicknesses of the high permittivity layer are considered: (a)
h = 430 nm and (b) h = 484 nm.
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are coupled (see PI and P3):

-— =
-—, a = x,y, (3.30)

Hlz HLz

where kiz = (kf —kx — ky Y'2,1 = 1, L. Since in our example r' is located

in the top layer and k\z = fez, the components coincide for z < 0 (figure
3.7).

Let us now discuss the asymptotic relation between the Green's tensor

for a stratified medium and that associated with a homogeneous back¬

ground £h. When ry
— rji becomes large, the plane wave expansion of the

Green's tensor is mainly governed by the plane wave which propagates

in radial direction, ky/|ky | = (ry — rj|)/|ry — rji |. Hence, with x fixed and

z —> ±oo, the integrals in equation (3.19) are dominated by the kx = 0

terms. In this limit, the ratio between the free space component and the

component with stratification is given by the reflection and transmission

coefficients of the stratified structure corresponding to this single plane

wave. For a three-layer structure the transmission coefficient T for Gyz
and Gzy reads [15]:

r=
T12T23 exp(ihk2z)

,g ^
1+K12n23exp(2ihk2z)

'

where Hi,i+i and %,i+\ are the Fresnel reflection and transmission coef¬

ficients:

_ £i+ikz - £ih+iz
{qqo„\

lU,l+l = -, : -, , (3.32aj
ei+ikiz + £ih+iz

Ti,t+1 = 2ei+2kll
. (3.32b)

£i+ihz + £ih+iz

Note that equations (3.32a) and (3.32b) give the coefficients for a p-

polarized plane wave which corresponds to the polarization of Gyz and

Gzy (see appendix of PI).
An analysis of equation (3.31) yields as condition for maximal trans¬

mission through the slab with thickness h

/imaxfez = nir, (3.33a)

and for minimal transmission

/iminfez = (n + -)tt , (3.33b)

where n = 1,2,3,.... Since fez = \Jk2 — k^2, maximal and mini¬

mal transmission through the slab in our example are obtained when
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femax ~ n • 107.5 nm and hmin ~ (n + 1/2) • 107.5 nm, respectively.
The corresponding coefficient of maximal and minimal transmission is

|7^nax| = 1 and |7^nin| ~ 0.69, respectively [equation (3.31)]. Hence, the

plane wave is completely transmitted without any reflection through a

slab with thickness fomax •

In figure 3.7(a) [h = 430 nm = 4 • 107.5 nm, maximal transmission,

see equation (3.33a)], we also report the component Gn,yz = Gn,zy of

the Green's tensor associated with a homogeneous background £u = 1.

In the far field limit z —> ±oo we observe that indeed the components for

the stratified structure converge to the free space solution. At z = ±2 /im

the difference is less than 5% and at z = ±10/im it is « 1% (not shown).
For comparison, we also study a second structure with h = 484 nm « (4+
l/2)-107.5nm. Figure 3.7(b) shows Gyz, Gzy and Gn,yz for this geometry

with minimal transmission [see equation (3.33b)]. At z = —2/im the

ratio \Gyz/Gï{,yz\ ~ 0.75 and at z = —10/im |Gyz/GH,yz| ~ 0.70 (not
shown) is close to 0.69, as expected from the above calculation.





Chapter 4

Applications

In this chapter we apply the formalism developed in the previous

chapters to a broad spectrum of scattering problems. The first and most

extensive part is devoted to the study of light-coupling masks for optical
contact lithography. Then we investigate integrated optical waveguides,
surface plasmon-polaritons, scanning near-field optical microscopy and,

finally, in a more academic study, light scattering by a cylinder in the

presence of a surface. The Green's tensor technique is very well adapted
for the simulation of these geometries because it is possible to decompose
them into a stratified background with embedded scatterers.

4.1 Light—coupling masks

Following the laws of image formation in a lens system, the ultimate

resolution A for pattern replication with optical lithography is given by
the diffraction limit [15]:

where a is a process parameter, A is the vacuum wavelength and NA is

the numerical aperture. Whereas for projection lithography this relation

restricts the ultimate resolution to A « A/2, for contact lithography this

limit is further reduced. Since the refractive index n of the mask lowers

the effective wavelength Aeff, structures with a size A « Aeff/2 = A/(2n)
can be realized with this technique. For example, with a conventional

glass mask (n « 1.5) the resolution is enhanced toA« 248/(2-1.5) nm =

80 nm. Even smaller structures can be replicated using the evanescent

near field created by each opening in the mask [64]. Hence, contact

lithography can, in theory, replicate features below the wavelength of the

incident light. Moreover, the required illumination sources are simple,
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no sophisticated imaging optics are necessary and large fields can be

exposed in one step.

However, substrate topography and ubiquitous dust particles prevent

the conventional hard chrome-on-glass mask from establishing a close

contact with the substrate, thus limiting the maximal resolution by the

minimally attainable gap size. On the other hand, excellent optics in

conjunction with step and repeat exposure provide the projection of mask

patterns on slightly uneven resist surfaces with an accuracy close to

the diffraction limit [2]. Nowadays, manufacturing processes are usually
rather based on projection lithographies than on contact lithographies.

In the recent years, with the development of new innovative mask con¬

cepts, research interest has been revived in utilizing the advantages of op¬

tical contact lithography for replicating structures in the subwavelength

regime. There are several approaches to this task: high-resolution con¬

tact masks with protruding metal absorbers (metal-protruding masks)
[8, 65], masks where the absorbers are embedded in the transparent

background material (metal-embedded masks) [66, 67], topographically

patterned masks with air gaps and recessed absorbers (light-coupling
masks) [68], and structured masks where no absorbers are used (phase
masks) [69]. Whereas the latter approach is based on interferences be¬

tween light passing through materials with different optical thicknesses,
the first three techniques use an amplitude contrast between transparent

and opaque parts of the mask. With all of these techniques the for¬

mation of features in the 100 nm range was successfully demonstrated.

The mask concepts have in common that they rely on a flexible glass or

polymer, which allows the mask to be placed in contact with the entire

substrate ("soft lithography"). This is the most important requirement

for reliable subwavelength contact lithography.
In this section we focus on the performances of light-coupling masks

(LCMs) for optical lithography, we test the limits of this approach and

study the dependence of the near-field distribution in LCMs on typical

experimental parameters. We further compare this technique to a related

amplitude mask concept (metal-embedded masks) and investigate the

contrast mechanisms with emphasis to their usability for subwavelength

patterning.

4.1.1 Principle of LCMs

LCMs are siloxane polymer masks for optical contact lithography. Fig¬
ure 4.1(a) shows a schematic view of an LCM and its operation. The

surface of the mask is topographically patterned such that the areas
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(a)
,

(b) (c)

Figure 4.1. (a) Schematic view of an LCM and its operation using a normal

incident field E° through the backside of the LCM. The structures to be

replicated are formed by protrusions at the bottom side of the polymer
mask. For the simulation, we use either (b) 3D "linelets" with a width d

and a length Ad or (c) 2D lines extending infinitely in y direction with a

line width d.

to be exposed in the photoresist form protrusions on the mask surface.

Placing such a "light stamp" in intimate contact with a resist-coated

substrate, mechanical contact between mask and resist layer occurs only
in the region to be exposed. The ability of a rubber elastic polymer
to adapt to the substrate topography allows the formation of a uniform

"conformai" contact with the photoresist over large areas [70]. When

the LCM is illuminated through its backside, the light is differentially

guided by the structure and coupled into the photoresist. In order to sup¬

press the leaking of light through the non-contacting areas of the mask,

a thin metal absorber is added in the recessed parts. It was demon¬

strated experimentally [71] and by simulations [72] that such a metallic

layer considerably improves the contrast compared to an LCM without

additional absorbers.

The mechanical stability of the protrusions limit the achievable res¬

olution of LCMs, especially as lateral dimensions shrink and the ratio of

lateral to vertical dimensions (aspect ratio) becomes large [70, 73]. Using
this approach, Schmid et al. demonstrated the formation of features in

the 100 nm range with a wavelength of 256 nm [71].
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(a) (b) (c)

substrate

Figure 4.2. Cross sectional view of an LCM. (a) The structures to be written

in the photoresist are defined as protrusions on a soft polymer substrate.

This structure can be decomposed into a stratified background (b) with

embedded scatterers of various permittivities (c). In this example, a bottom

antireflection coating is deposited between the substrate and the photoresist

(see section 4.1.3 D).

4.1.2 Simulation with the Green's tensor technique

Since the entire lithography structure is planar [figures 4.1, 4.2(a)], it can

be decomposed into several layers: the polymer layer on top, a thin gold

absorber, an air gap, the photoresist, potentially a bottom antireflection

layer between resist and substrate (see section 4.1.3 C), and the sub¬

strate at the bottom. The light-guiding protrusions define variations of

this stratified background and are obviously identical to the embedded

scatterers from chapter 2. Hence, with our approach only the protru¬

sions must be discretized, the stratified background being accounted for

by the Green's tensor [figures 4.2(b) and (c)].
Note that, although the protrusions are made entirely of polymer, the

discretized dielectric contrast Asj that enters in the system of equations

(2.8) is different for the meshes located in the gold absorber and those

in the air layer [figure 4.2(c)].

4.1.3 Numerical results

For our simulations we consider different structures, depending on the

effect we want to investigate. To study the impact of the polarization of

the illumination light (subsection A below), the resolution limit of LCMs

(subsection B below), and the reflection on the substrate (subsection C

below) we consider short, densely packed lines of width d and length 4d

[see figure 4.1(b)]. These "linelets" are known to be difficult to replicate

optically owing to line shortening effects and crosstalks [2]. Since these

structures are finite in all three directions, the 3D Green's tensor must be
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used for the calculations. On the other hand, to compare the performance
of LCMs with a different approach to high-resolution contact lithography

(subsection D below), we consider isolated lines with a line width d =

100nm [see figure 4.1(c)]. These lines extend infinitely in one direction

and require the 2D Green's tensor.

The determinant parameter to characterize a given exposure is the

intensity I = E • E* in the photoresist. The results presented here

refer to a plane wave illumination normal to the mask surface with a

vacuum wavelength A = 248 nm (the intensity of the incident field is

normalized to unity). The polarization of the incident light is circular

except in subsection A where we show that this polarization provides

a homogeneous illumination for arbitrarily shaped features. The optical

properties of the simulated material systems are assumed to be linear and

isotropic. The relative permittivities at A = 248 nm are £ = 2.25 for the

polymer mask background, £ = 2.5 for the photoresist, £ = —3.4 + z3.6

for chrome, £ = —0.9 + z4.3 for gold, and £ = —9 + ill for the silicon

substrate [74]. If not stated otherwise, the total height of the protrusions

is 60 nm and the thickness of the metal absorber is 15 nm.

For the 3D structures we use a Ax = Ay = Az = 15 nm discretization

mesh and for the cross sections of the 2D lines a Ax = Az = 5 nm

discretization mesh.

A. Polarization effects

The polarization of the illuminating light has a strong impact on the

near-field close to the structure, because the continuity equations at

the material boundaries determine the field distribution. This effect is

particularly important for structures smaller than the wavelength. Since

in the experiment the incident polarization can be chosen in a controlled

manner, we want to investigate to what extent this parameter can be

used to improve the replication of a subwavelength structure.

In figure 4.3 we show isosurfaces of the field intensity distribution in

the photoresist, created by an isolated linelet with d = 120 nm, for three

incident polarizations. The best results are achieved with a polarization
in y direction, i.e., parallel to the linelet. In that case, the structure

shape is reproduced accurately, steep edges providing approximately a

1:1 image of the linelet in the resist layer [figure 4.3(a)]. On the other

hand, using a polarization in x direction leads to an irregular field dis¬

tribution with intensity variations along the feature sides as well as in

the depth [figure 4.3(b)]. As a complete mask possesses structures in

both directions, circular polarization provides a homogeneous illumina-
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a) (b) (c)

Figure 4.3. Illumination of an isolated linelet with d = 120 nm. The isosurface

representing 75% of the incident light intensity is shown in the photoresist.
The polarization of the incident light is (a) linear in the y direction, (b)
linear in the x direction and (c) circular. The extension of the isosurface

in the photoresist is approximately 650 nm.

tion. Indeed, the field distribution for circular polarization turns out

to be close to the ideal parallel polarization case, independent of the

linelets' orientation [compare figures 4.3(a) and (c)].

B. Resolution limits

Let us now study the minimal size of structures replicated with LCMs

at a A = 248 nm illumination wavelength. Figure 4.4 shows isosurfaces

of the field intensity distribution in the photoresist created by an iso¬

lated linelet, but with smaller extensions than in figure 4.3: d = 90nm

and d = 60 nm. In both cases it is still possible to reproduce the struc-

Figure 4.4. Isosurfaces of the electric field intensity (75%) in the photoresist

using isolated linelets with (a) d = 90 nm and (b) d = 60 nm. The extension

of the isosurface in the photoresist is approximately 400 nm.
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ture shape in the photoresist, even for features smaller than 1/4 of the

vacuum wavelength of the illuminating light [figure 4.4(b)]. Note how¬

ever, that deeper in the photoresist the aspect ratio of the isosurfaces

(widthdength) no longer corresponds to the aspect ratio of the original
linelet (1:4). This deformation of the isosurface increases with the depth
in the photoresist, so that 100 nm below the mask the aspect ratio for

d = 90 nm is reduced to 1:3 and for d = 60 nm even to 1:2. The field dis¬

tribution in the photoresist is more constrained leading to a strong line

shortening of the replicated structure. However, figure 4.4 also shows

that structures in the 50 nm range are amenable to this technique but

imply a replication within a very thin layer of photoresist.

A realistic mask is not composed of isolated structures but con¬

tains a high pattern density. For increasing density, the crosstalks be¬

tween neighboring structures become more and more important. Fig¬

ures 4.5(a)-(c) show isosurfaces of the field intensity distribution in the

photoresist for two linelets with d = 120 nm. The separation between

the linelets is 2d, 1.5d, and d. In all cases, crosstalks between neigh¬

boring features are relatively small, especially within the relevant resist

depth, where the field distribution replicates the mask structure accu¬

rately. However, for small separations, the distance between the isosur¬

faces of the two field distributions increases as light propagates into the

(d) (e) (f)

Figure 4.5. Isosurfaces of the electric field intensity (75%) in the photoresist

using two linelets. The top row shows structures with d = 120 nm and

separations of (a) 2d, (b) l.bd, and (c) d, the bottom row shows structures

with d = 60 nm and separations of (d) 2d, (e) l.bd, and (f) d. The extension

of the isosurface in the photoresist is approximately 400 nm in (a), 65 nm

in (d), and 35 nm in (e).
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photoresist [figure 4.5(c)].
In figures 4.5(d)-(f) the extension of the linelets is reduced to d =

60 nm. For such small structures, crosstalks turns out to be much more

important. In the case of a separation equal to d the field distribution no

longer reproduces the individual mask features, and a collective scatter¬

ing behavior is observed: The incident light is focused by the structure

such that a single spot appears between the linelets [figure 4.5(f)]. Note

however that an isolated structure with d = 60 nm can be replicated

satisfactorily [figure 4.4(b)]. By increasing the separation to 1.5d [fig¬
ure 4.5(e)] and 2d [figure 4.5(d)] one recovers the individual features in

the near field. With a separation of 1.5d the isosurface has a length of

100 nm and a width of 40 nm, whereas for a separation of 2d the isosur¬

face length is 140 nm and the width 60 nm. This corresponds to the same

line shortening as for the isolated linelet.

Working with such small structures, therefore, requires special care

to suppress crosstalks. Furthermore, the resist thickness appears to be

crucial in that case.

C. Bottom antireflection coating

Since the absorption in a real photoresist is limited, quite some light trav¬

els through the resist layer, impinges on the substrate and is reflected

back. With a strongly reflecting substrate, this can lead to a disturb¬

ing interference pattern in the photoresist. Figure 4.6(a) shows such a

situation in a practical lithography experiment using a silicon substrate.

To avoid reflections at the resist-substrate interface, usually an ab¬

sorbing layer is added on top of the substrate before spinning the pho¬
toresist (figure 4.2) [75]. The optimal height Abarc of such a bottom

antireflection coating (BARC) is given by the minimum of the reflected

amplitude Aret\. Figure 4.7 shows Aret\ as a function of Abarc for a

normally incident plane wave and a BARC with relative permittivity

£ = 1.98 + il.23. For Abarc = 0, i.e., without the BARC, the elec¬

tric field is strongly reflected, Areii ~ 0.73. With increasing Abarc the

reflection is reduced reaching a minimum for 60 nm with Aïen tu 0.04.

Note that this minimum is not simply given by A/4 as for non-absorbing
media [15]. For large Abarc the entire energy is absorbed in the BARC

and only the first interface between resist and BARC determines the

reflected amplitude, Areii ~ 0.14.

The influence of a BARC with this optimal thickness Abarc = 60 nm

is shown in figure 4.6(b). We observe that the BARC efficiently sup¬

presses the interferences, although the field in the photoresist, created
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Figure 4.6. Electric field intensity for an isolated linelet with d = 120 nm. Cross

sectional views through the center of the structure, (a) Reflections at the

photoresist-substrate interface lead to a disturbing interference pattern in

the photoresist, (b) To suppress this effect a 60 nm thick bottom antire¬

flection coating (BARC) is deposited on the substrate.

250

BARC

Figure 4.7. Relative reflected amplitude Arefi for the layered structure consist¬

ing of resist, bottom antireflection coating (BARC) and silicon substrate

as a function of the BARC thickness Abarc- The structure is illuminated

with a normally incident plane wave.
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by the propagation and scattering at the mask protrusion, is not a simple

plane wave.

D. Contrast mechanisms

To assess the performances of LCMs for subwavelength lithography we

now compare this technique with a related one based on masks where the

absorbers are embedded in the transparent polymer background (metal-
embedded masks, MEMs) [66, 67]. In both cases the light travels through
the homogeneous transparent background material into the photoresist.

Figure 4.8 shows a schematic view of these two mask types. Obviously,
an MEM is equivalent to an LCM with completely metal-filled air gaps.

For this study we consider isolated lines extending infinitely in one

direction [see figure 4.1(c)] and use therefore the 2D model. We first

compare the contrast that can be achieved by the different techniques.
For this purpose we define the contrast C as

C
In In

In la
(4.2)

where Imax is the maximal intensity of the transmitted light and Io is

the intensity of the light that leaks through the absorbers and forms the

background for the exposure.

If the air gaps of an LCM with a fixed total protrusion height h are

filled with metal, the contrast increases, because the additional absorber

significantly lowers the background Io- However, as a thicker metal also

lowers the intensity transmitted into the resist, there is a tradeoff be¬

tween good contrast and enough light passing through the mask. In the

following we shall consider an LCM with a constant metal thickness of

a = 20 nm and study the influence of the lateral air gaps. (In P5 we

(b)

MEM

Photoresist

i'z

LCM

^ d ^^m

Photoresist

Figure 4.8. Schematic view of the two compared masks for contact lithography:

(a) metal-embedded mask (MEM) and (b) light-coupling mask (LCM).
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find this thickness being optimal for the transmitted intensity.) Figure
4.9 reports the contrast of LCMs with chrome or gold absorbers as a

function of the total protrusion height h. Note that h includes both the

absorber thickness a and the remaining air gap. Chrome proves to be

the metal that produces highest contrast because of its greater reflec¬

tivity and absorption. We further notice that C reaches a maximum

at h = 75 nm. This maximum corresponds to the maximal reflectivity
of the metal-air slab, leading to a minimum of Io- Thus, by choosing
the appropriate total protrusion height, the contrast can be increased by
15% for a gold absorber and by 10% for a chrome absorber. As this effect

is solely related to the air gap of the LCM, it is independent of the ab¬

sorber thickness a. For a thicker absorber (leading to a reduction of the

background), a similar effect is observed and an optimal total protrusion

height h can be found.

The intensity distribution should ideally show not only a large dif¬

ference between the regions to be illuminated and the shadowed regions,
but also a shape that accurately replicates the pattern in the resist. To

MEM
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Figure 4.9. Contrast of LCMs as a function of the total protrusion height h at

z = 10 nm. All masks have a 20-nm-thick chrome or gold absorber. The

leftmost values correspond to an MEM with a = 20 nm.
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assess this requirement as a function of the additional air gap we com¬

puted the electric field at different depths in the photoresist, z = 10 nm,

z = 100 nm and z = 250 nm, and determined the full width at half maxi¬

mum (FWHM) of the intensity distribution. Figure 4.10(a) presents line

cuts through the intensity distribution close to the mask (z = 10 nm) for

an LCM and an MEM. The masks have a 20-nm-thick gold absorber,
the total protrusion height h of the LCM is 80 nm, which is close to

the optimum in figure 4.9. The FWHM of both line cuts is approxi¬

mately 90 nm, and the intensity at the edges of the mask has dropped
to I = 0.6 (recall that the intensity of the illumination is normalized,

1=1). With the additional air gap of the LCM, however, the confine¬

ment of the transmitted light is improved, leading to a slightly greater

maximal intensity. This effect is even more pronounced for the intensity
distribution deeper in the photoresist. Figure 4.10(b) shows line cuts of

100 nm and 250 nm depth in the photoresist. The shape of the inten¬

sity distributions becomes substantially more narrow and higher for the

LCM. The FWHM decreases by approximately 10% at z = 100 nm and

even by approximately 20% at z = 250 nm, compared to MEM. Concur¬

rently, at both depths the peak intensity is 10% greater for LCM than

for MEM. The air gap in the LCM improves the guiding of the light into

the resist, resulting in greater directionality without the loss of intensity
that would occur with thick full-metal absorbers. At the corners of the

targeted line, 100 nm deep in the photoresist, the relative intensity is

Figure 4.10. Relative intensity distributions for an MEM and an LCM at (a)
z = 10 nm and (b) z = 100 nm and 250 nm. Both masks have a 20-nm-thick

gold absorber; the total protrusion height of the LCM is h = 80 nm. The

bar represents the original line width.
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I = 0.6 for both masks. This is still close to the value at z = 10 nm [fig¬
ure 4.10(a)], thereby providing steep edges in the developed resist. At

z = 250 nm the targeted line is defined only by the I = 0.5 isointensity
lines for both masks. Hence, this corresponds to the bottom region of

the developed photoresist.
In P5 we further extend the comparison to masks with protruding

metal absorbers (MPMs). We find that these masks, from an optical

point of view, are inferior to MEMs and LCMs, because reflections at

the two interfaces mask-air and air-photoresist lower the transmitted

intensity and the achievable contrast.

In principle, all three amplitude mask types are capable of subwave¬

length resolution. However, the different contrast mechanisms imply
different intensity distributions in the photoresist during exposure. For

MEMs and MPMs a thicker metal absorber leads to an enhanced con¬

trast but also lowers the intensity in the photoresist and, consequently,

requires a more costly experimental setup . Especially with MPMs the

amount of transmitted light is strongly reduced (see P5). The con¬

trast can be further increased by an additional air gap below the metal

absorbers [LCMs, figure 4.10(a)]. Since these air gaps improve the direc¬

tional guiding of light, the intensity distribution remains better confined

even deeper inside the photoresist.

4.2 Planar waveguides

In many applications the coupling of optical energy out of or into a

waveguide is obtained by a grating deposited on top of the structure

[57]. The properties of such a grating, like the coupling efficiency and the

angular distribution of the radiated electric field, strongly depend on the

shape, the size and the periodicity of the individual elements forming the

grating [76]. For a quantitative analysis the collective behavior of these

elements must be taken into account. However, from a physical point

of view, much can be learned from the reduced problem of a "grating"

composed of a single element. Hence, we start in section 4.2.1 with a

study of the scattering by a single 3D defect on top of a planar waveguide.

Then, in section 4.2.2 we investigate the effects due the coupling between

such elements for a 2D grating coupler.

4.2.1 3D defect

In this section we focus on the scattering by a 3D rectangular notch in

the planar InP/InGaAsP waveguide structure depicted in figure 4.11.
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500 nm , Air

z = 0 nm

—-z = -400nm

.... z = -600 nm

Figure 4.11. Geometry of the investigated InP/InGaAsP planar waveguide
structure (permittivities: £inp = 10.05, £inGaAsP = 11-42, wavelength
À = 1.55/im). A notch with depth h = —500nm and finite lateral ex¬

tension (500 nm) in both the x and the y directions is etched through the

structure.

The notch with a negative height h = —400 nm is etched in z direction

through the waveguide cladding and has an extension of 0.5 x 0.5 ßm2 in

the x and y directions. Note that the dielectric contrast Ae associated

with this scatterer is negative, since its permittivity (air, £ = 1) is lower

than the permittivity of the surrounding medium [see equation (2.3)].
For the results presented in this section we use a Ax = Ay = Az = 50 nm

discretization mesh.

At a wavelength A = 1.55 ßm the planar InP/InGaAsP waveguide

supports a transverse electric mode (TEo, electric field polarized in y

direction) and a transverse magnetic mode (TMo, electric field polarized
in the xz plane). The corresponding propagation constants are /3te0 =

12.96ßm'1 and ßTM0 = 12.92ßm'1 [77].

Figure 4.12 shows cross sectional views of the electric field ampli¬
tude |E| = a/E • E*, when a TEo mode is used as excitation (we assume

that the incident mode propagates in positive x direction). The inci¬

dent mode is reflected at the waveguide-air interface and an interference

pattern caused by the interaction of the incident field with the reflected

one appears on the left-hand side of the notch [figure 4.12(a)]. In the

forward direction the propagation of the mode is disrupted and the field

amplitude is depleted just behind the defect. However, because of the

defect's finite lateral extension, this depletion remains localized and the

mode re-establishes after 2/xm « 4AinGaASp = 4A/A/£inGaASp- Further,
the scattering by the notch leads to a deflection of the incident mode

towards the substrate.

Some light is also coupled out upwards into the air, which is empha-
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Figure 4.12. Electric field amplitude for the investigated waveguide structure

(figure 4.11). A TEo mode propagating in x direction is used as illumina¬

tion. Cross sectional view through the center of the structure (y = 0) with

a (a) linear and (b) logarithmic color scale.

sized in figure 4.12(b), where we use a logarithmic color scale. This field

is the forerunner of the field that would be coupled out of the structure

if a long grating formed by many such elements was used (see section

4.2.2).
With the logarithmic scale we can also observe remarkable interfer¬

ence patterns in air at a distance z ~ 500 nm above the InP layer. These

patterns arise on both sides of the scattering element with different peri¬

odicities. They originate from the interaction between the exponentially

decaying electric field of the initial mode and the wave radiated in the

air by the scattering element. For a quantitative analysis of this interfer¬

ence pattern we report in figure 4.13 the electric field computed along a
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Figure 4.13. Electric field amplitude in the symmetry plane (y = 0), 500 nm

above the InP-air interface (see figure 4.11). The bar represents the exten¬

sion of the notch in x direction.

line 500 nm above the InP-air interface (z = 500 nm). Corresponding to

the different propagation constants (kaiT = 2tt/X for the radiated wave

and /3te0 for the mode) the electric field amplitude should be modulated

with the periodicities Afw = 27t/(/3te0 — &air) ~ 705 nm in the forward

direction and Abw = 27t/(/3te0 + &air) ~ 369 nm in the backward di¬

rection [15]. Our numerical results agree perfectly with these predicted
numbers.

Let us now study in greater detail the processes taking place inside

the waveguide itself. Figure 4.14(a) shows a top view of the electric

field amplitude at z = —525nm, i.e., inside the guiding InGaAsP layer.
The mode is scattered strongly by the notch, the region behind the de¬

fect becomes depleted and a complex interference pattern arises: The

interaction of the incident field and the scattered field creates in back¬

ward direction a dense system of fringes and in forward direction a field

distribution which can be interpreted as the diffraction pattern of the

defect.

As last example, we would like to briefly discuss the cross-

polarization coupling that can occur in this waveguide structure. Since

our approach is fully vectorial, the computed electric field includes all

three components, even when the excitation E° is only a scalar field.

For example, the TEo incident field has only a y component. However,

during the scattering process, a TM electric field, with x and z com-
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Figure 4.14. Top view of the electric field amplitude in the InGaAsP layer

(z = —525nm). The white box represents the extension of the notch in

the xy plane, (a) Total electric field and (b) cross-polarized TM field; this

polarization, which was not present in the excitation, is created during the

scattering process.

ponents, is generated. Its amplitude is represented in figure 4.14(b) for

the notch. Note the perfect symmetry of this field with respect to the

y direction. This is related to the fact that the scatterer is symmetrical
and the incident field propagates along one of its symmetry axis. The

diffraction pattern in figure 4.14(b) originates from the finite extension

of the scatterer (in the order of one wavelength). It is similar in the for-
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ward and backward directions because no TM components were present

in the incident field. Therefore no interferences between incident and

reflected fields can occur for this polarization component [compare with

figure 4.14(a)].

Figure 4.15 reports the real part of the electric field component Ez

created during the scattering process: This new field component corre¬

sponds to a field generated at the location of the notch and propagating
in both directions in the waveguide. A mode cross-polarized to the inci¬

dent field can therefore establish in the waveguide. As a matter of fact,

an analysis of the periodicity of the generated field shows that its propa¬

gation constant is identical to the propagation constant expected for the

TMo mode (/3tm0 = 12.92 /im"1). Note however that the amplitude of

this cross-polarized TM mode is much smaller than the amplitude of the

original incident field.

The amplitude distributions for different heights of the defect (in¬
cluding positive heights corresponding to a protrusion deposited on top

of the structure) are presented as movies in P7. In this paper, we also

investigate the scattering when a TMo mode is used as excitation. In

this case, the field distributions far away from the defect are similar to

those for a TEo excitation. However, in the near field close to the defect,

x [|im]

Figure 4.15. Real part of the electric field component Ez created during the

scattering process depicted in figure 4.14(b). This new field component,
that is not present in the TEo excitation, is calculated along the center of

the structure in the InGaAsP layer [z = — 525 nm, y = 0 in figure 4.14(b)].
The bar represents the extension of the notch in x direction.
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the different polarizations lead to different field distributions.

Since our approach is fully 3D, we can position protrusions on the

structure arbitrarily, as illustrated in P6. In particular, we study for

both TEo and TMo excitation the interaction between two protrusions

deposited on the structure with a lateral offset.

4.2.2 2D grating coupler

To study the collective behavior of a larger number of scattering elements

we consider a silicon-on-insulator (SOI) planar waveguide with a finite

rectangular grating on top, as shown in figure 4.16 [78, 79]. If a mode

propagates in the waveguide and scatters on the grating, light is coupled
out of the guiding layer and is transmitted into the air and/or towards

the substrate.

In figure 4.17 we report the electric field amplitude |E| when a grating

consisting of 20 protrusions is illuminated with the TEo mode propagat¬

ing in x direction at a wavelength A = 1.3 ßm. The maximum amplitude
of the incident mode is normalized to unity, the discretization mesh for

the calculations is Ax = Az = 25 nm.

Four periodicities, d = 300 nm, d = 350 nm, d = 400 nm, and d =

600 nm are considered at a fixed filling factor 0.5. On the left side of all

four geometries a standing wave occurs because of the reflection of the

incoming mode by the grating. On the right side, beyond the grating,
similar to the 3D case we can observe an interference pattern created

by the interaction between the field of the mode and the scattered field

(see section 4.2.1). However, the electric field distributions strongly dif¬

fer in the four cases. For d = 300 nm most of the outcoupled light is

,
d

j.^.i.nj /// 150 nm

Figure 4.16. Geometry of the SOI planar waveguide (permittivities: £si =

12.3,£sio2 = 2.1; wavelength À = 1.3/im). A Si grating with 150nm

height and a 0.5 filling factor is etched on top of the waveguide.



54 Applications

x [um]

(b)

~r

0
1

5

x[|im]

(c)

2ts

~r

0
1

5

x [um]

T

10 15

x [um]

0" 10" 10,-l 10u

Figure 4.17. Electric field amplitude in the structure of figure 4.16 with four

different grating periodicities: (a) d = 300 nm, (b) d = 350 nm, (c) d =

400 nm, and (d) d = 600 nm. The bars represent the total length of each

grating. The systems are illuminated with a TEo mode propagating in x

direction. For clarity, the guiding silicon layer is marked with two lines. A

logarithmic color scale is used.
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scattered towards the substrate and nearly no light is scattered upwards

[figure 4.17(a)]. With increasing periodicity the main beam of the out-

coupled light rotates, so that for d = 350 nm and d = 400 nm a larger
fraction of the scattered field is transmitted into the air [figures 4.17(b)
and 4.17(c)]. For d = 600 nm most of the incident mode is scattered out

of the waveguide, strongly reducing the transmission through the grating

[figure 4.17(d)].
For a more quantitative comparison we report in figure 4.18 the an¬

gular distribution of the electric field amplitude |E| far away from the

grating (50ßm). Note first that the central peak at 4> = 180° repre¬

sents the mode in the guiding layer. Of course, the same peak occurs

at 4> = 0° and 360° (not shown). Whereas for d = 300 nm we can

observe a single output beam with an angle 4> ~ 205° (backward direc¬

tion in the substrate), two beams appear for d = 350nm respectively
d = 400 nm: a major one into the air with <ft œ 133° (backward di¬

rection in the air) respectively <ft « 101° (approximately normal to the

waveguide surface) and a minor one towards the substrate with <j> « 244°

respectively 4> ~ 264°. With a larger grating periodicity, the angles of

the output beams rotate both in the air and in the substrate towards

the forward direction. For d = 600 nm, in addition to these two peaks
at 4> ~ 33° and 4> ~ 308° (forward direction both in air and substrate)

300 nm

350 nm

400 nm

600 nm

180

Angle § [degree]

270 360

Figure 4.18. Angular distribution of the electric field amplitude 50/im away

from the center of the four gratings in figure 4.17. The central peak at

4> = 180° is caused by the mode in the guiding Si layer and appears also at

0 = 0° and 360° (not shown).
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a third peak occurs at (f) « 205°. This additional beam, similar to that

for d = 300 nm, is created by the strong scattering at the front edge of

the grating [compare figures 4.17(a) and (d)].

4.3 Scattering of surface plasmons

If one of the layers defining the background is a metal, a surface plasmon-

polariton can be excited [58]. Such a surface mode propagates along a

material interface and decays exponentially from the interface.

To excite a surface plasmon in a planar glass/metal/vacuum structure

the method of attenuated total reflection (ATR) can be used [80]. A p-

polarized plane wave is incident on the glass-metal interface with an

angle larger than the critical angle of total internal reflection. Hence,

an exponentially decaying evanescent field is created in the metal layer.
When the component of the wave vector parallel to the interface fulfills

the eigenvalue equation for the surface mode, a plasmon is excited at the

metal-vacuum interface.

To determine the plasmon resonance angle for a silver film on a glass
substrate (permittivities £Giass = 2.25,£Ag = —18.32 + i0.5) at a wave¬

length A = 633 nm we show in figure 4.19 the relative reflected amplitude

Area in the glass layer as a function of the angle of incidence (p. Indeed, at
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Figure 4.19. Plane wave impinging on a silver film on top of a glass substrate.

The relative reflected amplitude Arefi in the glass substrate is shown as a

function of the angle of incidence. Both the angle of total internal reflection

and the plasmon resonance angle are visible.
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<p = 40.0° the reflectivity drops strongly due to the excitation of the sur¬

face plasmon. Note further the critical angle of total internal reflection

at 0 = 38.7°.

This plasmon propagates along the metal surface and interacts with

any defect on it. As an example, we investigate the scattering by a 100 x

100 x 50 nm3 dielectric protrusion (glass, £ = 2.25) deposited on a 100

nm thick silver film. For the simulations, this protrusion is discretized

with A3 10 nm.

The resulting field amplitude is reported in figure 4.20. A stationary

wave is visible on the left side of the protrusion. It results from the

interaction of the plasmon propagating in positive x direction with the

plasmon reflected by the protrusion. Inside the metal the electric field

appears to vanish. Actually, the field amplitude profiles reported in

figure 4.21 show that the electric field is strongly localized at the surface

of the metal, characteristic of a plasmon. The stationary wave in the

glass substrate resulting from the interaction of the incident field with

the reflected one is also visible in this figure.
Notice in figure 4.21 that, due to the higher index, the field decays

more rapidly in the glass than in vacuum [80]. The second peak that

appears at the glass-vacuum interface is merely related to the continuity
of the displacement field D = eE. As a matter of fact, the field associated

300

N

400-'

-300

Figure 4.20. Attenuated total reflection (ATR) excitation of a surface plasmon

propagating along the metal-vacuum interface. Cross sectional view of the

electric field amplitude. Note the scattering of the surface plasmon by the

protrusion.
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500

Figure 4.21. Field amplitude along the two dashed lines in figure 4.20 (y = 0).
The bar represents the extension of the defect in z direction. Remark the

standing wave in the glass substrate and the localized plasmon field at the

metal-vacuum, metal-glass and glass-vacuum interfaces.

-800
575

y[nm]

500 -575

Figure 4.22. Field amplitude in a constant height plane in vacuum below the

glass protrusion (z = —155nm, see figure 4.20). Both the scattering and

the confinement of the surface plasmon by the protrusion are visible.
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with the plasmon being dominantly polarized in z direction, i.e., normal

to the glass-vacuum interface, it is the displacement field (not the electric

field) that must be continuous [37]. The amplitude difference observed in

figure 4.21 actually corresponds to the dielectric contrast between glass
and vacuum.

The strong field enhancement is evidenced in figure 4.22, where we

report the field distribution in a plane parallel to the surface immedi¬

ately below the protrusion. This figure clearly illustrates how the surface

plasmon interacts with the glass protrusion.

Note that the study of such a complex system depends essentially on

an accurate treatment of the singularities, as presented in chapter 3.2.

It must be guaranteed that all the modes of the structure are correctly
taken into account.

4.4 Roughness in SNOM tips

Whereas the resolution of a classical optical microscope is diffraction-

limited to approximately half of the effective wavelength, scanning near-

field optical microscope (SNOM) techniques overcome this restriction by

using evanescent light [81]. With an aperture probe an evanescent near-

field is created by squeezing light through a subwavelength aperture of

a tip with a metallic cladding. Since this metallic opening determines

the near-field distribution of the probe, surface roughness or small shape
deviations can strongly affect the maximal resolution. In this section the

influence of such a non-ideal aperture on the emission characteristics is

investigated with emphasis on the polarization sensitivity of the probe.

To simulate an aperture SNOM tip with the Green's tensor technique

we model the metallic cladding as an infinitely extending metal layer and

the aperture as a three-dimensional glass-filled hole in this screen (figure
4.23). Illuminating the structure from above, only an evanescent field is

detected below the opening if the metal layer is thick enough to prevent

direct transmission.

We consider an aperture with a 100 nm nominal diameter, defined

in aluminum with a 30 nm metal thickness at the aperture rim. The

permittivity of aluminum at the considered vacuum illumination wave¬

length of 633nm is £ = —54.2 + * 19.5 [82]. We will concentrate our

attention on the influence of a rough aperture and shall not consider

the effect of metallic particles deposited further away from the aperture,

since such a particle primarily influences the tip motion rather than the

light scattered at the aperture [83].
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Figure 4.23. 2 Model of a rough SNOM aperture, cross-sectional view (the
aperture has finite dimensions in all directions). When the structure is illu¬

minated from above with x— or y-polarized light the transmission through
the glass-filled subwavelength aperture creates an evanescent field directly
below the opening.

The near-field distributions are computed in an xy plane 5 nm behind

the aperture and the field intensity is normalized to the illumination in¬

tensity just before the aperture. To model the different roughnesses, the

aperture is discretized with meshes between Ax = Ay = Az = 1 nm and

5 nm. To ease comparison a similar scale is used for the z axis (intensity
axis) throughout the section [except in figure 4.24(f)] and the colorscale

is adapted to emphasize the details of each field distribution. For each

aperture we consider separately two orthogonal linear illumination po¬

larizations (figure 4.23).
In figure 4.24 we illustrate the influence of the roughness on the near-

field distribution. Let us first consider the perfectly smooth aperture in

figure 4.24(a). The field distribution is dominated by two peaks located

in the regions where the incident field is normal to the metallic surface.

They correspond to the depolarization field created during the scattering

process to fulfill Maxwell's equations: The illumination electric field E

in the tip being continuous, it does not fulfill Maxwell's equations when

it is normal to the core-coating interface. As a matter of fact, it is the

electric displacement D = eE that must be continuous in that case [37].
Since the permittivity of the aluminum coating is much larger than that

of the glass core, a strong depolarization field is created in the aperture

at the core-coating interface (figure 4.25). On the other hand, when

the incident field is parallel to the metallic interface, it already fulfills

Maxwell's equations and no depolarization field is created (figure 4.25).
If the incident polarization is rotated, the position of the peaks rotates
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Figure 4.24. Relative electric field intensity transmitted through a nominally
100 nm aperture in aluminum with different roughnesses (shown in the in¬

sets). Two orthogonal incident polarization are calculated: x polarization

(top row) and y polarization (bottom row). The same z axis scaling is used

for the intensity, except in (f) where it is scaled by a factor of 0.5.
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x polarization y polarization

Figure 4.25. Top view of an illumination SNOM aperture. To fulfill Maxwell's

equations in the aperture, strong depolarization fields are generated in the

regions where the incident field is normal to the core-coating interface

(black areas). When the incident polarization direction is changed, these

depolarization regions move [compare figures 4.24(a) top and bottom].

as well [figure 4.24(a), bottom].

A small variation in the roughness and symmetry already distorts the

field significantly and additional peaks appear in the field distribution

[figure 4.24(b)]. When the roughness increases, the original field distri¬

bution with two well defined peaks progressively disappears. In figures

4.24(c)-(e) the field distribution occupies a large portion of the aperture

rim. Further, when the illumination field rotates, the field distribution

does not follow the incident polarization anymore and some regions re¬

main lit up independently of the illumination. For example in figure

4.24(c) only the peak visible on the left for x polarization (top) is dis¬

placed for y polarization (bottom), the other peaks remaining mainly

unchanged.
The overall intensity transmitted through a rough aperture also

strongly depends on the incident polarization: In figure 4.24(e) there is

a factor of 2 between the maximum intensity for both polarizations and

in the more pathological case of 4.24(f) there is an order of magnitude
between the intensity of the x- and y-polarized fields. The importance

of the depolarization fields in that last case is quite striking. The strong

depolarization fields occurring when the incident field is normal to that

slit, together with the field enhancement due to the lightning rod effect

at the sharp corner, dominate the near-field (figure 4.24(f), bottom).
Such strongly disturbed and non-symmetrical field distributions will

produce near-field images that are quite difficult to interpret and re¬

flect more the topology of the aperture than that of the sample under

study. However, this polarization sensitivity, although very disruptive
for practical measurements, could be used to assess the probe roughness

by simply measuring its field throughput as a function of the incident
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polarization.
In [84] this study is extended to apertureless probes, where the

evanescent field is created by scattering by a metal tip. The results

show that these probes are less sensitive to surface roughness providing
a well-defined field, even with a defective tip.

4.5 Scattering by a dielectric cylinder

The optical properties of cylindrical particles have generated a lot of

interest, as they provide a simple model for specific physical systems

such as atmospheric particles or interstellar dust. The scattering by a

cylinder situated in an infinite homogeneous background was for example

already treated by Lord Rayleigh in 1881 [85].
However, most real situations are more complex, the particles are

located on a substrate or embedded in an even more complicated strat¬

ified background. In this section we apply our approach to study the

light scattered by a dielectric circular cylinder with radius r = 150 nm

and permittivity £cyi = 2, embedded in a two-layer background. The

cylinder is located in the top layer with a distance h = 615 nm between

the cylinder center and the interface [see figure 4.26(b)]. This system

is illuminated from the top with a plane wave under different angles of

incidence O. The illumination wavelength is A = 633 nm and we focus

on s polarization, with the electric field E° in y direction. Since the

scattering geometry under study is translation invariant in y direction

we can restrict the investigation to a cross section in the xz plane and

use the 2D formulation developed in sections 2.3, 3.1.2, and 3.2.2. For

the simulation, the cross section of the cylinder is discretized with a

Ax = Az = 30 nm mesh.

Before studying complex effects that can arise when the cylinder is

placed in a stratified background, it is educational to review the simpler

case of the scattering by a cylinder in an infinite homogeneous space

£h = 1. Figure 4.26(a) shows the total electric field amplitude in such

a system, when the cylinder is illuminated with an s-polarized incident

electric field E° propagating in —z direction:

E (x,z) = A exp(zkr) = A exp(ikzz), (4.3)

where A0 = (0,1,0) is the amplitude vector and k = (kx, kz) = (0, — |k|)
is the wave vector of the incident wave. (For all calculations we normalize

the electric field amplitude of the incident field |A°| = (E°-E°*)1/2 = 1.)
The field distribution in figure 4.26(a) shows in backward direction

a stationary wave due to the interference of the incident and reflected
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Figure 4.26. Electric field amplitude distribution for the scattering by a cylinder

(a) in an infinite homogeneous background and (b) above a dielectric surface

(distance between the cylinder center and the interface h = 615 nm). Illu¬

mination with an s-polarized plane wave under normal incidence (O = 0°,
the arrow represents the propagation direction of the illumination wave).

(a) (b)
0=75°

Figure 4.27. Same situation as in figure 4.26, but now the illumination field

is incident at (a) O = 30° and (b) O = 75° (the arrow indicates the

propagation direction of the illumination field).

waves. In the forward direction we recognize the diffraction pattern of

the cylinder. Further, a maximum of the intensity can be observed inside

the cylinder.
Now we divide the background into two half spaces £i = 1 (z > 0)

and £2 = 2 (z < 0), in such a way that the lower layer has the same

permittivity as the cylindrical scatterer, £2 = £cyi- Figure 4.26(b) shows
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the response of the system under normal incidence (O = 0°).
Since the incident wave is now reflected back at the plane interface,

the illumination electric field becomes in the top layer

E°(x,z) = A0[exp(ik1zz) + Rexp(-iklzz)}, z>0, (4.4)

and in the bottom layer

E°(x,z) = A0Texp(ik2zz), z<0, (4.5)

where kiz, I = 1,2, is the z component of the wave vector in layer I, R is

the Fresnel reflection coefficient and T is the corresponding transmission

coefficient for normal incidence [15]:

R=^7T' (4'6)
l£\ + J£2

2*/FT

T = ^V
'

• (4.7)
j£\ + J£2

Note that R and T are real for absorptionless media. The negative
reflection coefficient obtained in our system leads to a phase shift of

180° for the reflected field.

The illumination amplitude reads now in the upper half space

Oi n , t->2
l

A = (E-Eu )2 = |AU| [1 + RZ + 2Rcos(2klzz)} 2
, z>0, (4.8)

and a stationary wave with period A = Tr/kiz = A/2 is created in the

top layer [figure 4.26(b)]. Because of R < 0 the amplitude is minimal

directly at the interface.

The cylinder is not anymore illuminated with a homogeneous plane

wave but moves in the field of the stationary wave. Hence, in the top

layer the total field distribution is a superposition of the stationary wave

and a diffraction pattern similar to that in figure 4.26(a). This pattern

determines also the field distribution in the bottom layer, depending on

the transmittance of the interface.

The stationary wave itself is further amplified in the region between

the cylinder and the interface. This is caused both by the focusing pro¬

vided by the cylinder and by multiple reflections between the surface and

the cylinder. Note also that the interaction between the excitation and

the field scattered by the cylinder creates an interference pattern in x

direction.

Let us now rotate the angle of incidence 0 with respect to the surface

normal. Figure 4.27 shows the scattering for 0 = 30° and for 0 = 75°.
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In this case of non-normal illumination, the Fresnel reflection coefficient

depends on the polarization of the incident wave and reads for s polar¬
ization [15]:

RS =
kiz - k2z

(4g)
kiz + k2z

Again, a stationary wave excites the cylinder, but the period is now

increased to A = Tr/kz = A/(2cos0). The diffraction patterns and the

positions of the near field maxima rotate accordingly to the change of

the incidence angle (compare figures 4.26 and 4.27).
Since the reflection coefficient of the interface Rs approaches 1 in the

limit 0 = 90°, the field transmitted into the lower half space vanishes for

larger angles and the amplitude maxima of the stationary wave converge

towards their upper value for total reflection A = 2 (see equation (4.8)
with kz —> 0 and R —> 1). This produces a strong scattering both in

forward and backward directions when a maximum of the stationary

wave coincides with the cylinder altitude [0 = 75°, figure 4.27(b)].
Note finally that corresponding to the boundary conditions for s po¬

larization the electric field must be continuous across the interface be¬

tween the two layers.
Movies of the electric field distribution as a function of the relative

cylinder position with respect to the background interface as well as of

the illumination direction are presented in P8. In this paper, we also

investigate a p-polarized plane wave illumination. Depolarization effects

corresponding to the boundary conditions at the material interfaces lead

in this case to a strongly different near-field distribution at close vicinity
of the cylinder. Finally, in P8 we study a three-layer system, where the

intermediate slab acts as antireflection layer, i.e., there is no stationary

wave in the top layer due to reflections of the illuminating field by the

slab (compare with the discussion in section 4.1.3 C). We observe that

the antireflection layer remains very efficient, even in the presence of the

cylinder.
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Conclusion and outlook

Many experimentally relevant structures consist of dielectric or metal¬

lic scatterers distributed in a stack of material layers with different per-

mittivies. In this thesis, a Green's tensor approach for the computation

of light scattering in such geometries has successfully been developed.
Based on the electric field integral equation, it requires the calculation

of the Green's tensor associated with the multilayered background. This

dyad is known analytically only for a homogeneous background and must

be computed numerically when the background is stratified. This is best

done in reciprocal space, where the boundary conditions at the material

interfaces can be enforced most easily. The backtransformation in di¬

rect space leads to Sommerfeld type integrals with a strongly oscillating
behavior and singularities in the integration domain. The quadrature
of these integrals is a key issue for our approach. We have found an

accurate and stable integration scheme which is generally applicable and

not restricted to a limited set of geometrical configurations. By an el¬

liptical deformation of the integration path in the complex plane, the

singularities occurring in the integrands are avoided without locating
them individually. The remaining integration is then performed on a

path providing fast convergence.

An important advantage of the Green's tensor technique lies in the

fact that only the scatterers must be discretized, the stratified back¬

ground being accounted for by the Green's tensor. Further, the boundary
conditions at the different material interfaces as well as at the edges of

the computation window are perfectly and automatically fulfilled. The

development and implementation of this technique should be a step to¬

wards the accurate modeling of real structures without the restriction

to special configurations or excessive simplifications as required by other

numerical methods.

In this work, we have successfully applied our approach to the study
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of several optical structures. We have investigated light-coupling masks

(LCMs) for optical contact lithography and demonstrated the feasibility
of subwavelength resolution. In principle, features smaller than 1/4 of

the illumination wavelength can be replicated with LCMs, but crosstalks

limit the minimal distance between individual structures for high-density

patterning. The contrast mechanism of an LCM has been compared with

that of alternative mask concepts and optimized mask dimensions have

been found. If the mask structures are not aligned along one direction,
circular polarized light provides the most homogeneous illumination.

Further, interfering backreflections at the substrate can be efficiently

suppressed with a bottom antireflection coating between substrate and

photoresist. Examples of mode scattering in planar waveguides demon¬

strate that with our fully vectorial approach subtle cross-polarization ef¬

fects can be studied. Since the Maxwell's equations are solved rigorously,
both the near-field and the far-field patterns of a grating coupler can

be accurately computed. For those geometries, it is particularly valuable

that our approach applies "open" boundaries at the edges of the com¬

putation window, because the mode propagation in an integrated optics

structure can be very sensitive to inappropriate boundary conditions [86].
Even the optics of metals can be investigated since the material permit¬

tivities can be chosen arbitrarily, including negative real parts and imag¬

inary parts to account for absorption. This allows the study of surface

plasmon-polaritons and the influence of surface roughness on a scanning
near-field optical microscopy tip. We have demonstrated the dramatic

influence of the aperture shape on the homogeneity of the field distribu¬

tion and on the polarization sensitivity of the probe, with the maximum

field intensity varying in extreme cases by an order of magnitude when

the polarization changes by 90°.

In all these examples our method provides accurate results, the as¬

sumption of a piecewise constant discretized field distribution in section

2.2 turning out to be an appropriate approximation. However, if the

dielectric contrast becomes very large leading to extremely strong field

gradients, more sophisticated methods must be used to solve the volume

integral equation (2.7). Recently, a finite element approach for the so¬

lution has been developed in our group [41]. A set of basis functions

is defined on each discretization element and the fields are expanded in

terms of these basis functions. A regularization scheme helps then to

accurately handle the strong singularity of the Green's tensor. Since tri¬

angular and tetrahedral elements can be used as discretization elements,
the shape of non-regular scatterers can be modeled very smoothly. With

this approach, Kottmann et al. studied successfully plasmon resonances
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of silver particles [87-92]. For two-dimensional geometries, this finite

element solution has already been combined with the Green's tensor for

stratified media developed in the present thesis and gave very promis¬

ing first results. However, some work is still needed to derive a general

regularization scheme to handle the large values of the reflected and

transmitted parts of the Green's tensor for discretization elements at

close vicinity of the interfaces.

Although our technique provides a very efficient discretization, lim¬

ited only to the scatterers, the size of these scatterers is restricted by the

tolerable computation time. If for a large optimization problem many

geometrical parameters must be varied, a typical simulation can become

quite time-consuming. For a homogeneous background, the conjugate

gradient algorithm (see section 2.2) is often coupled with a fast Fourier

transform (FFT) since it uses extensively the symmetry properties of a

regular cubic discretization grid [46]. Its importance lies in the dras¬

tic reduction of both the computation time and memory requirements.

However, for a stratified background the FFT cannot significantly im¬

prove the performance. The bottleneck is the computation of the Som¬

merfeld integrals and all symmetry properties of the structure which

effectively reduce the numerical effort with FFT are already used in our

implementation. Hence, an acceleration could only be provided by faster

quadrature routines. However, the awkward behavior of the integrands

prohibits any generally applicable treatment. All fast integral approxi¬

mations available in the literature have a very limited validity domain

with respect to the location of r and r' and often the surface wave con¬

tributions are neglected. Including these methods in the implementation
would require a very careful inspection, so that the gain in time does

not result in an intolerable loss of accuracy. More promising seems to

apply interpolation methods for the field calculation in the solution do¬

main [93]. Green's tensors could be precomputed on a grid of points

and stored in a look-up table. All further Green's tensor coefficients

are then derived by an appropriate interpolation between these tabu¬

lated values. However, care must be taken that the precomputed grid
is not too coarse, thus neglecting effects like interferences appearing on

a shorter length scale. On the other hand, the mesh should be coarse

enough to provide a reasonable reduction of the simulation time.

Note further that the volume integral equation (2.7) can be reformu¬

lated as a surface integral equation using the vector Green's theorem [15].
Hence, the unknowns of the problem lie on the surface of the scatterer

rather than in the volume. Being mathematically equivalent, at first

view this formulation is advantageous since it reduces the dimensional-
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ity of the problem by one, and only the boundaries of the scatterers must

be discretized for the numerical solution. However, this formulation has

intrinsic limitations since it yields incorrect and non-unique solutions

at discrete frequencies associated with eigenmodes of the structure [56].
To overcome this limitation several remedies have been proposed requir¬

ing either significant modifications to the formulation or a substantial

additional computational effort [94]. Since the volume integral equation

does not suffer from this internal resonance problem, it seems to be more

appropriate for the investigation of resonant structures like cavities and

metals.

Let us finally mention that the scattering calculations with surface

plasmons in section 4.3 gave us the idea to use LCMs alternatively to

the way discussed in section 4.1. The strongly localized fields as shown

in figures 4.20 and 4.21 could provide a replication of subwavelength

patterns with high contrast in the photoresist. Note that in figure 4.20

we have "reproduced" a 100 nm structure with a 633 nm illumination.

The technological realization of such a "plasmon-based light stamp" is

possible, although the roughness of the metalization could lead to unex¬

pected effects. Obviously, the exponential decay of the plasmon field in

the photoresist (see figure 4.21) requires an ultrathin resist layer. The

coupling of the field in the photoresist, however, is still an open question,

since the presence of this additional material layer strongly disrupts the

plasmon excitation.
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We present a technique for the computation of the Green's tensor in three-dimensional stratified media

composed of an arbitrary number of layers with different permittivities and permeabilities (including metals

with a complex permittivity) The practical implementation of this technique is discussed in detail In particu¬

lar, we show how to efficiently handle the singularities occurring in Sommerfeld integrals, by deforming the

integration path in the complex plane Examples assess the accuracy of this approach and illustrate the physical

properties of the Green's tensor, which represents the field radiated by three orthogonal dipoles embedded in

the multilayered medium

PACS number(s) 42 25 Bs, 42 25 Fx, 42 25 Gy, 42 68 Mj

I. INTRODUCTION

The Green's tensor G(r,r') represents the electric field

radiated at position r by three orthogonal dipoles located at

r' For an infinite homogeneous background, this dyadic can

be computed analytically [1,2] The situation is much more

complex in a stratified medium, where the Green's tensor

must take into account all the reflections and refractions that

occur at the different interfaces

The simplest geometry of interest here is that of a dipolar
source above a surface This problem was first treated by
Sommerfeld [3] and then extensively studied in connection

with antennae radiation [4-7]
In this context of a single interface, the intrinsic properties

of the Green's tensor were also used to investigate the varia¬

tion of spontaneous emission for a dipolar transition in the

presence of a surface [8-11] Similar properties were also

utilized to determine the polanton spectrum in semiconduc¬

tor superlattices [12]
The Green's tensor plays a key role in scattering calcula¬

tions As a matter of fact, when a scatterer is discretized into

small enough elements, the response of each element to an

external field is essentially dipolar [13] and the Green's ten¬

sor gives the interaction between these discretized elements

This technique, known also as the coupled dipole approxi¬

mation, has been successfully applied to many scattering

problems in infinite homogeneous backgrounds [14-16] Us¬

ing the Green's tensor associated with a surface, it was also

used to investigate scattering on a surface [17-21]
In this paper we present an efficient technique for the

accurate computation of the Green's tensor for arbitrarily

layered media (l e
,
not limited to a single interface) The

formalism is derived in Sec II It leads to so-called Sommer¬

feld integrals that must be performed numerically in the

complex plane Our numerical implementation is described

in Sec III In Sec IV we illustrate the physical properties of

the Green's tensor and summarize our work in Sec V Ap-

:Correspondence author Email address martin@ifh ee ethz ch

pendixes A and B give the detailed formulas for the practical
implementation of this technique

II. FORMALISM

The Green's tensor G(r,r') for an arbitrary scattering

system described by the dielectric permittivity e(r) and the

magnetic permeability /U.(r) is the solution of the vector

wave equation with a point source term [1]

VXfi~l(r)VXG(r,r')-k20e(r)VXG(r,r')

= ß-\r)lS(r-r'), (1)

where k0 = a>2e0fi0 is the vacuum wave number [throughout
the paper we assume time harmonic fields with an

exp(—iojt) dependence]
In this paper we specifically consider planar stratified sys¬

tems, where each layer 1=1, ,N can be characterized by
the permittivity 6/ and the permeability fii as illustrated in

Fig 1 For convenience, we chose our coordinate system
such that the layers are parallel to the xy plane

For the derivation of G(r,r') associated with a stratified

background, we start with the expression for the free-space
Green's tensor Gff(r,r') of a homogeneous system eB
=

e0er, fiB
=

fi0fir It is given by [16]

/ Vv\exp(ikBR)

/ ikBR-\ 3-3ikBR-k2BR2 \
= i+

2 ,
i+

t~a
RR

\ k2BR2 k2BR4 )

exp(ikBR)

where R = |R| = |r— r' | is the relative distance and kB
= co2eBfiB corresponds to the wave number in the back¬

ground medium

1063-65 lX/2000/62(4)/5797(ll)/$15 00 PRE 62 5797 ©2000 The American Physical Society
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FIG 1 Stratified medium consisting of N layers with

(ejj/ij), ,{eN,fxN) separated by interfaces at z

= d,
,

The vector R=r r' defines the relative distance

between r and r' and p=(x — x',y—y') = (p cos <j),p sin <f>) is the

projection of R onto the xy plane

To deduce G(r,r') for a stratified background, it is more

convenient to use an integral representation of G#(r,r')
Fourier transforming Eq (2) leads to

FIG 2 The effect of the surrounding layers on a given Fourier

component k; in layer / is to add an upgoing and a downgoing plane
wave with similar k vectors

Now that we have the plane-wave expansion of the

Green's tensor for an infinite homogeneous background

eB,/iB, it is a simple matter to include additional layers
Indeed, the effect of these layers will be to add two plane

waves, one propagating upward and one downward, to each

Fourier component, as illustrated m Fig 2 [note that the

propagation vector (kx,ky,kz) is similar for the three plane

waves, only the sign of kz changes] The amplitudes of these

additional components are determined by the boundary con¬

ditions at the different interfaces Since the Green's tensor

represents the electric field radiated at r by three orthogonal

point sources at r', the boundary conditions depend on the

polarization of the corresponding Fourier component It is

therefore advantageous to introduce a new orthonormal sys¬

tem k(kBz), \{kBz), andm(£Bz) [22],

HkBz) =

M£Bz)
(7a)

Gfl(r,r') =
1

8ir3kl

lÂ:2-kk
dU\— exp(jk-R)

k2-kl

(4)

k(kBz)Xz
l(kBz)==-/

\h(kBz)Xz\

m(kBz) = k(kBz)Xl(kBz)

(7b)

(7c)

Since we assume that the layers, which will be added later,

are perpendicular to the z axis, we first perform the integra¬
tion over kz using calculus of residues Hence, we must en¬

sure that the integrand vanishes for £z^°° and rewrite Eq
(4) as

Gfl(r,r') =

1

8ir3kl

8ir3kl

lÂ:2-kk \

c/k — — + zz exp( / k- R)
k2-kl

Jkexp(zk-R)

8ir2kl
dkrdk.

lki

Xexp(;kB-R) -S(R),
ki

(5)

where kBz= (kB — kx — k ) is the z component of the wave

vector and

Equivalently, another orthonormal system is formed by

k( — kBz), 1( — kBz), and m( — kBz) Remark that 1 is perpen¬

dicular to the plane defined by k and z, whereas m lies

withm this plane For a given kB, the electric-field compo¬

nent parallel to 1 corresponds, therefore, to s polarization and

that parallel to m corresponds to p polarization Using the

fact that kk+11+ mm= 1, Eq (5) can be rewritten as

GH(r,r')=--S(R)-
8T72

dkr dk-
11 + mm I

Xexp(/kB-R) (8)

To obtain the Green's tensor G(r,r') for a stratified me¬

dium, we can now superpose to the free-space Green's tensor

of a homogeneous medium e;,/i; the additional terms by

formally writing

G(r,r') = ;S(R)-
8T72

dkxdky exp{i[kx(x — x')

kB(A:Bz) =

kxi+kyy+ kBzz for z>z',

kxi+kyi-kBzz for z<z'
(6)

ky(y-y')-]}—[\Uxp(iklz\z-z'\)

-R*T exp(/Â:/zz)+R^ exp(-/A:/zz)
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+ mmexp(iklz\z — z'\) + 'Rp' exp(iklzz)

+ R^exp(-/A:/Zz)], (9)

where kl=(à ei/ii and kiz={kl—kx — ky) The tensors

Ks', R"^, Rpï, and T&P* can obviously be interpreted as

generalized reflection coefficients that take into account re¬

flections from all existing surfaces

For the explicit calculation of G(r,r') it is necessary to

consider separately the two cases z>z' and z<z' In Eq (9)
each component of the Green's tensor is expressed m terms

of s- and /^-polarized upgomg and downgomg plane waves

with amplitude coefficients A\ aß, B\ aß, APaß, and BPaß

Gaß(r,r')=——\ dkxdkyexp{i[kx(x-x')
OTT J J

1
„

+ ky(y-y')]}—{[la(±klz)AlaBexp(iklzz)

+ h{ + klz)Bslaß exp( - iklzz)]îß(klz)

+ [m a{±klz)Aplaß exp(iklzz)

+ ma( + klz)Blaßexp(-iklzz)]mß(klz)},

(10)

where the upper sign refers to the case z>z' and the lower

sign to z<z' For simplicity, the contribution of the S func¬

tion is omitted m Eq (10) The amplitude coefficients A\ aß,

B\ aß, APi aß, and BP
aß

are functions of (£;z ,r,r') and are

derived m Appendix A

Equation (10) can be further simplified by introducing a

cylindrical coordinate system In the xy and kxky plane we

introduce the transverse coordinate p,

R=(p,z-z') = (x-x' ,y-y' ,z-z'), (11)

p=(p cos c/>,p sin (/>), (12)

and the transverse wave vector kp,

k=(kp,kz) = (kx,ky,kz), (13)

kp=(A:pcosÂ:^,Â:psmÂ:^) (14)

The integration over k^ m Eq (10) is then performed ana¬

lytically with the help of Bessel functions [23]

Jn(kPp) =^t\ dk4> exP(lkpP cos ^)cos(mA^)

(15)

Thus, only a one-dimensional integral over the radial com¬

ponent kp must be calculated numerically

zz

G(r,r')=--^(R)
K

i rœ
+ —Jo dkp[fs(kp,r,r') + fp(kp,r,r')] (16)

1
I Branch cuts

1/
V Xt(kp)

FIG 3 Plane of integration The singularities are surrounded by
an elliptical path (solid line) At kp = 2km31 the integration is re¬

sumed along the real kp axis using Bessel functions (dashed line) or

parallel to the imaginary kp axis using Hankel functions (dash-
dotted line)

The components of the tensors fs and fp, obtained after care¬

ful evaluation of Eq (10), are given m Appendix B

III. PRACTICAL IMPLEMENTATION

The objective of this paper being to provide a useful

framework for the computation of the Green's tensor for

stratified media, we discuss m this section the practical de¬

tails related to the numerical evaluation of Eq (16)

A. Singularities

In the preceding section the Green's tensor for stratified

media was expressed as a set of one-dimensional semi-

mfimte integrals, so-called Sommerfeld integrals [Eqs (16)
and (B1)-(B18)] A typical integrand has the form

G(kp,r,r')=g(kp,r,r')J„(kpp)[A(kp,z')

X exp(ikizz) + B(kp ,z' )exp( - iklzz)~\ (17)

An integral of this kind cannot be performed analytically, but

has to be evaluated numerically However, a straightforward
implementation would fail because of the mathematically
awkward behavior of the integrand To avoid these difficul¬

ties we use Cauchy's integral theorem and deform the inte¬

gration path m the complex k plane The objective of this

section is to determine such an optimum path
The singularities of G(kp,r,r') can be classified m two

types branch point singularities and pole singularities
Branch point singularities are related to the klz=(kl
— k)1 dependence of the integrands Since kiz is the square

root of a complex number, it is double valued and branch

cuts defined by Im(A:/z)=0 intersect the plane of integration

[ 1 ] Each branch cut ends m a branch point at k = ± kt If

the medium is lossless, these singularities are located on the

real kp axis, l e
,
on the integration path (Fig 3)

One could expect that a branch cut exists for each layer,
l e

,
for each kt However, it can be shown that the func¬

tional dependence of G(k r,r') on kh is even for all /

except the two outermost regions [24,25] Therefore, branch

cuts and branch points appear only for k = ±k-l,±kN
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Since the integral runs from zero to infinity, we can further

restrict our discussion to singularities with a non-negative
real part

To choose now the appropriate value for klz and kNz,

thereby ensuring that the integration is performed on the cor¬

rect Riemann sheet defined by the branch cut Im(A:/z)=0, we

simply apply the radiation conditions We must use the value

with Im(A:fe)>0 to make the integrands vanish for z^±°°

The second class of singularities, pole singularities, is due

to vanishing denominators of G(kp,r,r') These poles cor¬

respond physically to modes guided by the layered structure,

as will be illustrated m Sec IV For dielectric media, such

modes have propagation vectors kp smaller than kfax
=max/Re(A:/) [26]

For lossy materials with lm(e)>0, it can be shown that

both branch points and pole singularities are shifted into the

first quadrant of the complex k plane However, if the losses

are small, the singularities remain close enough to the Re(k)
axis and can still cause serious problems

-3x 10
3

1 3m(kp) [nm1]

mt(kp) [nm"1]

FIG 4 Real part of the integrand fxx{kp) [Eqs (Bl) and (B2)]
In this example, a nonmagnetic three-layer system with ei

= 1, e2

= 4, and e3
= 2 is used The elliptical integration path used to avoid

the singularities is shown on the integrand (white line) and on the

projection plane

B. Numerical quadrature

To avoid singularities, our integration path must therefore

run inside the fourth quadrant m the complex kp plane A

possible choice would be to leave the real axis only m close

vicinity of the singularities, e g , by a semicircle around each

singularity This requires us to precisely determine the loca¬

tion of each pole, which is a tedious and time-consuming
task [27]

In our implementation we use an easier way of surround¬

ing the singularities an elliptical path starting at kp = 0 with

the major semiaxis £p
aj and the minor semiaxis km (Fig 3)

Of course, we must ensure that £p
aj

is chosen large enough
to enclose all the singularities From the discussion m the

preceding section we take 2kI"çil = kfçix+k0, where the

vacuum wave number k0 is added as a safety margin

The parameter km is empirically chosen such that the

integration path is sufficiently far away from the singularities
without extending too much m negative imaginary k direc¬

tion, because the Bessel function Jn (k p) increases then very

rapidly We have observed that k^m=\0~3k^ai was a good
choice for this parameter A typical integrand is shown m

Fig 4, together with the deformed integration path
For the remaining integration, we usually follow the real

k axis However, when z
— z' is small, the exponential

damping m Eq (17) becomes weak and the quadrature taken

along the real axis converges very slowly In that case, it is

more advantageous to transform the integral using Hankel

functions

Jn(kpP) = L2[H(nl>(kpp)+H^(kpp)]
(2)/

=i{H\:\kpp)+[H\;\(kpp)*)r} (is)

Because of the asymptotic behavior of the Hankel functions

for large values of k p,

hm 7(1)
#VJ(M=

TTkpp
exp[ikpp-{-iir(n + \)'\

we can deflect the integration path from the real axis to a

path parallel to the imaginary axis for the first term in Eq

(18) in the positive imaginary direction, for the second term

in the negative imaginary direction (Fig 3) Thus, for each

\k p\ the Hankel function must only be calculated for the

argument with the positive imaginary part The exponential
term in Eq (19) ensures then a much faster convergence of

the integrand This is illustrated in Fig 5, where we compare

the integrand using Bessel functions along the real kp axis

with that corresponding to Hankel functions parallel to the

imaginary kp axis Evidently, the integration using Hankel

functions converges much faster

From a practical point of view, we use the Gauss-Kronrod

quadrature to evaluate the integrals along the deformed path
[28] This efficient algorithm can easily handle the oscillat¬

ing behavior of the Bessel and Hankel functions for large
k p We are using the 15-pomt Gauss-Kronrod quadrature
and stop the integration when a relative accuracy of 10~9 is

E
c

6

— Quadrature along real axis

— Quadrature along imaginary axis

0.01 0.02 0.03 0.04

Integration variable [nm"1]

0.05

(19)

FIG 5 Comparison of the imaginary part of the integrand

fxx(kp) along the real axis and the imaginary axis, respectively,

using a formulation in terms of Bessel (solid line) and Hankel func¬

tions (dashed line), respectively The system is identical to that used

in Fig 4



PRE 62 ACCURATE AND EFFICIENT COMPUTATION OF THE 5801

10"

10:

— Integral solution

xxxx Explicit solution

1000 -500 0

z[nm]

500 1000

netic two-layer system e\, e2 separated by a single interface

at d = 0 Assuming that r' lies withm layer 1 and r withm

layer 2, the integrand Gzz(kp ,p,c/>) reduces to

Gzz(kp,r,r')=——-J0(kpp)Tpuexp[i(klzz' -k2zz)], (20)
k2klz

where Tp2 = 1 + ^FP\2= ^2^\zK2^\z~^~ \^2z) is the transmis¬

sion coefficient of the surface

As already mentioned, branch point singularities exist for

kp=±k-[,±k2 By definition, for any kp lying on one of

these branch cuts kz is pure real, forming a wave propagating
in z^±°° direction These waves form a continuum of

modes called radiation modes

In addition, pole singularities appear when the denomina¬

tor of Tpl2 vanishes, l e
,
for kp such that

FIG 6 Accuracy of the method Comparison of the Green's

tensor for a homogeneous medium obtained by numerical quadra¬
ture assuming four layers with identical permittivity (solid line)
with that obtained from the explicit free-space solution [Eq (3),

crosses] The \GZX\ component is shown

achieved The application of a much more costly 64-pomt
Gauss-Kronrod quadrature would roughly double the compu¬

tation time without an appreciable gam in precision De-

e2V*ï-*p+eiV*2-*p= 0 (21)

The solutions of Eq (21) are formally given by

K=±
<?1<?2

-k0 (22)

However, one has to verify if this solution is physically

meaningful If we choose e\ and e2 purely real and positive,
creasing the desired relative accuracy to 10 typically obvlousiy kp<kx,k2 Hence, the square roots being also

speeds up the computation by a factor 1 5

A very useful trick to expedite the computation of the

Green's tensor for a stratified medium is to integrate simul¬

taneously the different components of G(r,r') However, we

do not evaluate directly the individual components but rather

choose a numerically more appropriate decomposition The

integrands in Eqs (B1)-(B18) can be ordered in s- and

/^-polarized terms with first- and second-order Bessel or Han¬

kel functions Thus, seven independent terms can be defined

We have observed that for a given (r,r') pair these terms

have a similar behavior in the k plane, which makes pos¬

sible their simultaneous integration In our practical imple¬
mentation, we integrate in parallel 14 real functions that cor¬

respond to the real and imaginary parts of these independent
contributions to the Green's tensor As a measure for the

Gauss-Kronrod quadrature (stop criterion), we simply use

the sum of these 14 functions

On our system (IBM PS/6000 7012-397, 160 MHz) the

calculation of the complete Green's tensor for 1000 (r,r')

pairs takes for the example shown in Fig 9 approximately
380 s of CPU time Note, however, that this calculation time

strongly depends on the relative position of r and r'

To demonstrate the accuracy of our integration scheme,

we first perform calculations for a system consisting of vir¬

tual layers, l e
, layers with identical permittivity and perme¬

ability These results must be identical to the explicit solu¬

tion given by the free-space Green's tensor of a

homogeneous medium, Eq (3) Figure 6 shows a comparison

for a virtual four-layer medium Obviously, the agreement
between the two calculations is perfect

IV. ILLUSTRATIVE EXAMPLES

To illustrate the physical substance of our mathematical

formalism, let us consider the most simple case of a nonmag-

purely real and positive, Eq (21) is not fulfilled If we now

assume that e2<0 and ei<|e2|, a solution does exist For

such a plasma medium, the wave vectors in the z direction

klz and k2z at the location of the pole k become

klz=^k2-k2 =
<?1<?2

for i = l,2

-k0 = -k0

(23)

Refermg to the discussion in Sec III A, the sign of the

square root in Eq (23) has to be chosen such that the imagi¬

nary part is non-negative Hence, k\z and k2z are pure imagi¬

nary and the field decays exponentially from the interface

The pole constitutes a surface-plasmon mode Similarly, for

an appropriate choice of the material properties other surface

modes can be found by analyzing the pole locations [29]
In a three-layer structure, in addition to the branch point

singularities at k = ±kx,±k3, pole singularities associated

with guided modes can occur If k >kx and k >k3, the

wave vectors in the z direction kiz=(k-[—k) and k3z
= (k3 — k ) are imaginary and the field decreases exponen¬

tially in these outermost layers Hence, kp corresponds to the

modes guided by the slab Their number, l e
,
the number of

poles, depends on the wavelength and the thickness of the

intermediate layer [30]
As an illustration, Fig 7 shows the s-polanzed contribu¬

tion of the integrand along the real axis for a symmetric

planar GaAs/Al0 isGa0 85As/GaAs waveguide structure at a

X = 1 5 fim wavelength According to a guided mode analy¬

sis, a similar structure with a A = 0 5 /im thick AlGaAs

layer has one single s-polanzed mode, located at kp
= 14 6 fim~l For a thicker AlGaAs layer, A = 2 fJUVCi,

three s-polanzed modes exist with, respectively, k
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FIG 7 Integrand (s polarization) for a symmetric

GaAs/Al0 i5Ga0 85As/GaAs planar waveguide for three different

widths A of the AlGaAs layer The wavelength is X = 1 5 fim

= 14 9 fim l, 14 7 fim l, and 14 5 fim
l

In Fig 7 we

observe that the integrands' divergences coincide perfectly
with these eigenmodes
We can also investigate more complicated structures, such

as a planar waveguide coupler We consider a symmetric
GaAs/AlGaAs/GaAs/AlGaAs/GaAs system with the two

guiding Al0 i5Gao85As layers having identical thicknesses

A = 0 5 fim The s-polarized contribution of the integrand
along the real axis is plotted in Fig 8 For a thick separating
GaAs layer, A '

= 2 fim, the AlGaAs slabs are decoupled

only one s-polanzed mode can be excited at k

= 14 6 fim ,
as in the previous example However, with

decreasing separating layer thickness, the modes of the two

waveguides can couple via their evanescent tails The mode

is split and the behavior of the structure develops towards

that of a single-layer waveguide For a thm separating GaAs

layer, A'=0 05 fim, the poles are located at k

150
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-50

-100
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1
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FIG 8 Integrand (s polarization) for a GaAs/

AlGaAs/GaAs/AlGaAs/GaAs multilayer structure for three differ¬

ent widths A
'

of the separating GaAs layer The wavelength is X

= 15 /im

=^ 10"

10:

-''' Ml
\ i

/ \
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/

v
^

'>! v i

> '
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i i
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1000 -500 0

z[nm]

500 1000

FIG 9 \GXX\ and \GZX\ components of the Green s tensor for a

four-layer structure with ej
= 1 £2

= 2. e3=10 and 64=1 The

second layer extends from z = 0 nm to z =
— 500 nm the third

layer to z =
— 1000 nm z' = 750 nm is located in the top layer and

held fixed

= 14 8 fim
l
and 14 4 fim l, which corresponds to the

modes of a single-layer waveguide with A = 0 5 fim

+ 0 5 fim= 1 fim

As the last example, we consider a four-layer medium

with ei
= l, ^2

= 2, e3=10, and e4=l at a X = 633 nm

wavelength The thickness of each inner layer is 500 nm

Two components of the Green's tensor, Gxx(r,r') and

Gzx(r,r'), are given as a function of the altitude z of the

observation point r=(p,<l>,z) = (X,'n-/4,z), whereas the

source point r' = (0,0,750 nm) is held constant in the top

layer Physically, these functions represent the x and z com¬

ponents of the electric field radiated by an x-onented electric

dipole In the slab regions the dipole source excites standing
waves with a period A2 = 224 nmandA3=100 nm, which

correspond to the half-effective wavelength in the according

layer (Note, however, that our source is a dipole, not a plane
wave ) Figure 9 also illustrates the continuity properties

across the interfaces The tangential component of the elec¬

tric field is continuous across all interfaces [Eq (Ala)],
whereas the normal component of the electric displacement
is continuous [Eq (Alb)] Hence, GZI(r,r') jumps at the

interfaces by a factor e31e2 = 5 and e3 Ie4= 10, respectively

V. SUMMARY

We have presented a technique for the computation of the

Green's tensor in stratified media The computation details

have been extensively discussed, which should make the

practical implementation of this technique on a computer

straightforward
Several examples demonstrated the accuracy of this ap¬

proach and illustrated the intrinsic physical properties of the

Green's tensor in a stratified medium This dyadic can also

be used in conjunction with the Green's tensor technique for

efficient scattering calculations in media composed of an ar¬

bitrary number of layers [16]
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APPENDIX A

In this appendix we compute the amplitude coefficients

A\ aß
an(l B] aß ' respectively, for sip -polarized upgomg and

downgomg waves in the different layers forming the struc¬

ture [see Eqs (10) and (B1)-(B18)] These coefficients can

be summarized in the matrices Aj, Bj A?, andBf
At each interface the Green's tensor must fulfill the con¬

tinuity equations resulting from Maxwell's equations

zX(G+-G~) = 0,

z (e+G+ -e G ) = 0,

(Ala)

(Alb)

zXVx| — |=0,

z-VX(G+-G~) = 0,

(Ale)

(Aid)

where G
,
e

,
and fi denote the quantities just above and

G
,
e

,
and fi~ just below the interface Equations (Ala)

and (Alb) are the boundary conditions for the electric field,
whereas Eqs (Ale) and (Aid) are the boundary conditions

for the magnetic field

Using Eqs (Ala)-(Ald), we can deduce iteratively the

amplitude ratios of upgomg and downgomg waves in each

layer / For that purpose, we consider separately the case

when r is above r' and that when it is below

When z>z', we use the fact that no field is reflected from

infinity (z—» + °°), so that B
iaß

= 0 Thus, we can iteratively
determine the amplitude ratio of the downgomg/upgomg
wave in each layer 1 = 2, ,/' using the relation

?l,l-\ eXP[>dl-l(kl-lz + klz)]-
,Bl-1y*'
\A l-n

exp[-'di-\(ki-\z-kh)]

z>z'
exp[idl_1(kl_lz-klz)]+J7l

sip zlzi

A~l~lt

sip

exp[ — idi_l(kl-\z
z>z'

(A2a)

klz)]

In a similar way, for z<z', we use the fact AN aß
= Q (no field is reflected from z^ —oo) Now we obtain for the amplitude

ratio of the upgomg/downgomg wave in each layer l =N— 1, ,/',

lA,\s/p
Ffj+i exp[-id1(k1+lz+ klz)]-

I A, \s,p

>/+!/
exp[idl(kl+lz-klz)']

z'
exp[-/rf,(*/+ir-*b)] + ^/+il

A, \s/p

Bi+\i
exp[idi(ki+lz + kh)']

z<z'

(A2b)

The coefficients Jr('1p_1 and Tl%l in Eqs (A2a) and (A2b)
are the Fresnel reflection coefficients

Ti

i,i±\~
ßi±\kh+ßiki±u

p
_ei±\kh ei^i±\z

u±1 el±1klz+eikl±lz

(A3a)

(A3b)

= CVPaßeXP(lkl'z\Z^Z'\)

+Rflß exp(ik,,zz) +Rs/Plß exp( - ikVzz), (A4)

where A\Faß is the amplitude of the upgomg wave, 1&\?aB
the amplitude of the downgomg wave, and CSj,p ä

the ampli¬
tude of the direct wave [see Eq (9)]

CSV,aß="l<x(kl'z)lß(kl'^> (A5a)

We dropped the aß indices in Eqs (A2a) and (A2b) because

the ratio is the same for each component
In the layer /' the amplitudes can be explicitly calculated

According to Eq (9), the total field in this region can be

written as a superposition of the direct nonreflected wave and

the reflected upgomg and downgomg waves

AVPaß eM'kl'zZ) + BVPaß eXP( ~ lkl'zZ)

CPl> ,aß= *(kl'z) ß(kl> z) (A5b)

Evaluating the products in Eqs (A5a) and (A5b) using Eqs

(6) and (7) shows immediately that Cp,
xz,

Cp,
,
Cp,

zx,
and

Cp, are odd about z = z', whereas all the other amplitudes

are even about z = z' Note that the amplitudes A\? B
and

Bs,,p
a
are not identical to the coefficients As,,p

a
and Bs,,p

a

l,aß t ,aß t ,aß

used above However, they can be connected by comparison
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with the integrands given in Appendix B For example, for

the /^-polarized part of the xx component, they are coupled Ap =

Av_
Bv

z<z'

BAP U,AP

Av AB,,,
1 ' Z>Z' ' L ' z<z'

^=^+®(^')C^exp(-^,zz')

= +Cp Ap (A6a)

Av
zxp{-ik,,zz') + zxp{ik,,zz')

-®(z-z')exp(-ik,,zz'), (A8c)

K^=RPiL+®(z'-z)cPv^M^,,zz')

= +Cp Bp
.

I ,xx I ,xx
(A6b)

where the upper sign refers to z>z' and the lower sign to

z<z'

Using Eq (A4), the amplitude ratio of the downgomg/

upgomg wave reads for z>z'

BP, „,-

Bv_
A,'

z>z'

BAP U,AP

Bv

Av ABv,
1 ' z>z' L ' z<z'

exp(ik,, zz') + exp(- ik,, zz')

+ ©(z' —z)exp(/A://zz') (A8d)

Bl'.aß
sip nslPÏ

l,aß

Av,aß)z>z, q,pzxp{-ik,,zz')+R^
(A7a)

ß

and the amplitude ratio of the upgomg/downgomg wave be¬

comes for z<z'

Physically, this difference is due to the fact that the compo¬

nents with ß = z represent the field of a vertical dipole
whereas the other components come from a horizontal di¬

pole
Since an s-polanzed wave is only generated by a horizon¬

tal dipole, such a distinction does not occur

AvV,aß

sip T)Sip]
V ,aß

Bv,«ßlz<z, CvPaßzMik,,zz')+R,,PA
(A7b)

Solving Eqs (A7a) and (A7b) for Rs/Pl\ß and R^,p]aß and

substituting the result into the equations formed in analogy to

Eqs (A6a) and (A6b) gives the components of A^,p and

B^/ One only has to replace the amplitude ratios formed by

As,,Paß and Bs,,PaB with the ratios of the corresponding coef¬

ficients ASpPaB and BsvPaB, keeping in mind the differences

between z>z' and z<z' It turns out that for/? polarization
two cases must be distinguished For ßi=z the solution reads

Ap eil
Bv

z<z'

Bv\P U,AP

B_v_
Av

Av ABv,
1 ' z>z' L ' z<z'

exp(-ik,,zz')-exp(ik,,zz')

±®(z-z')exp(-ik,,zz'), (A8a)

BPv
«= +l ,aß

BJL
Av

z>z'

Bv\P U,AP

Av_
Bv

Av ABv,
1 ' z>z' L ' z<z'

exp(ik,,zz')-exp(-ik,,zz')

+ ®(z'-z)exp(ik,,zz'), (A8b)

whereas for ß = z, Ap,
aß

and Bp,
aß

are given by

A
Av_
B„

z<z'

Bv A,,

BJL
Av

Av ABv,
1 ' z>z' L ' z<z'

exp(-ik,,zz') + exp(ik,,zz')

®(z-z')exp(-ik,,zz'), (A9a)

V ,aß

Bv_
A„

z>z'

Bv A,,

Av_
Bv

Av ABv,
1 ' z>z' L ' z<z'

exp(ik,,zz') + exp(-ik,,zz')

®(z' -z)exp(ik,,zz') (A9b)

In this case, Av „
and Bv aß

are only defined for a = x,y

and ß = x,y, whereas the five other components are set to

zero

In Eqs (A8) and (A9) the amplitude coefficients m layer
/' are expressed m terms of amplitude ratios which we have

already calculated m Eqs (A2b) and (A2a) Since the ampli¬
tude coefficients of the upgomg and downgomg waves m the

layer / are iteratively connected to the amplitude coefficients

m /' via the boundary conditions (Al), we can explicitly
calculate the components of A;

p and B; p, keeping m mind

that the boundary conditions are different for the x, y, and for

the z components (note, however, that the s-polanzed wave

has no z component) This relationship can be formulated

using propagation matrices [31] with different factors y For

z>z' we have
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where

A'',aß\_ sip I exp[ld,(k,+ lz-k,z)] r,%,exp[-ld,(k,+ lz
+ k,z)]\lA?+\A

BZß)Jz>ZATU+i exp[»rfK*m* + *b)] exp[-id,(k,+ u-k,z)] j Urn,J

1 Pi+\kh+ Piki+u
rz>z'=T—-—i for a=x>y> ß=x>y,

2 Pi+i^i+iz

1 Pi k,+ lz i+\k,z+e,k,+ -lz

* z>z'

2 Pi+\ k,z £i+\kl+lz

1 Pi ei+\kh+e,kl+lz

.

2 fii+i e1+ik1+iz

Similarly, for z<z' we obtain the following expressions

for a = x,y, ß = x,y,z,

for a = z, ß = x,y,z

exp[id,_l{k,_lz-k,z)'] TiJ_x exp[-id,_l{k,_lz+ k,z)\\ IAs(llaAslp \
Al,»Lß\ s/p

Bi'Paßl 7z<zAH,P-iexPl'di-i(ki-iz + k,z)] exd-idt-tft^-kt,)] }\B\'\ai

where

1 Pi-\k,z + Piki-iz
c

Jz<z'
=

^—-—i for <*=x,y, ß=x,y,
1 Pl-\Kl-\z

1 Pi k,-lz e,-^,^ e,k,_lz

yP
,= \

Iz<z'

2 Pi-i k,z £i-\ki-\z

1 Pi £i-\kiz+*iki-\z

for a = x,y, ß = x,y,z,

for a = z, ß = x,y,z
.

2 pi-i £i-\ki-\z

Like this, we obtain the amplitude of s- and /^-polarized upgomg/downgomg waves in each layer

(A10)

(Alia)

(Al lb)

(A12)

(A13a)

(A13b)

APPENDIX B

Using 1( — k,z) = \{k,z) and m( — k,z) = ( — mx(k,z), — my(kiz),mz(kiz)) the components of the integrand for the Green's

tensor (10) read, after evaluation of the angular integral,

1 1

fxx(kp,P,(f>) = -j—\kpJo(kpp)sm (f> + -J1(kpp)cos2(f>\[A!iexp(ikizz) + B!iexp(-ikizz)], (Bl)

fxx(kp,P,<f>)=±-2i\kpJo(kpp)cos2(f)--Jl(kpp)cos2(f) \[Ap,xxexp(ik,zz) - Bp,xxexp(- ik,zz)^\, (B2)

1 / 2 \

fxy(kp ,P,</>)=]-[ -kpJ0(kpp) + -J\{kpp) sin <f> cos c/>[As, exp(ik,zz)+Bs, exp(-iklzz)], (B3)

kiz 2 \

fPy(kp,p,4>)=±^\kpJ0(kpp)--J1(kpp)\sm(f>cos(f>[Alxyexp(ik,zz)-Blxyexp(-ik,zz)],

fxz(kp,p,c/>) = 0,

iki
fxz{kp ,P,<l>)=- —-Ji(kpp)cos 4\A\XZ exp(ik,zz)-Bp,xzexp(-ik,zz)],

(B4)

(B5)

(B6)

fyx(kp,p,cf>)=fxy,

fPyx(kp,P,<t>)=fxy,

(B7)

(B8)
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fyy(kp,p,(f>

fyy(kp,P,<t>

fyz(kp,p,c/>

fyz(kp,P,(f>

fzx(kp,p,4>

fzx(kp,P,<t>

fzy(kp,p,c/>

fzy(kp,P,<t>

fzz(kp,P,4>

fPzz(kp,P,<t>

1 1

z-j—\ kpJ0(kpp)cos (f> Jj(A:pp)cos2(f>\[As, exp(ik,zz)+Bs, exp(-ik,zz)],
tV]7 \ U /

kiz l ,1 \
kJo(kpp)sm (ß + ^J^k p)cos2(f>\[Ap, exp(ik,zz)-Bl exp(-ik,zz)],

2 '-p"UV"-pA-

= 0,

ik
= - -yJ!(A:pp)sm (f>[Ap,yz exp(ik,zz) ~B\yz exp( -ik,zz)],

= 0,

iki

-Jl(kpp)coscß[Alzxexp(ik,zz) + Blzxexp(-ik,zz)],

= 0,

ik

i J\(kpp)sm cß[Alzy exp(ik,zz) + Bphzy exp( -ik,zz)\,

= 0,

k]k,z
Jo(kpp)\_Aphzz exp(ik,zz)+Blzz exp( - ik,zz)\

(B9)

BIO)

Bll)

B12)

B13)

B14)

B15)

B16)

B17)

B18)

The upper sign m these equations refers to z>z' and the ish Furthermore, c/> is not defined for p
= 0 However, ex-

lower sign to z<z' As mentioned m Appendix A [Eqs phcit evaluation of Eq (10) for p
= 0 shows that the upper

(A9), (Al la), and (A13a)], all nonvamshmg amplitude coef- formulas are still valid if we take their value for c/> = 0 and

ficients of 5-polanzed waves are equal, as denoted by the make use of the limit

scalar A\ and B\ Note further that As,paß and Bs,paß are also

functions of k,z and hence, because of k,z =(k,—k)1, func¬

tions of kp
For p

= 0, some of the integrands are no longer defined

because the denominator p and the numerator Jj (kpp) van-

,
Ji(kpP) 1

lim
= -k

p^o P 2 p
(B19)
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We present a new technique for computing the electromagnetic field that propagates and is scattered m three-

dimensional structures formed by bodies embedded m a stratified background This fully vectorial technique
is based on the Green's tensor associated with the stratified background Its advantage lies m the fact that

only the scatterers must be discretized, the stratified background being accounted for m the Green's tensor

Further, the boundary conditions at the different material interfaces as well as at the edges of the computation
window are perfectly and automatically fulfilled Several examples illustrate the utilization of the technique
for the modeling of photonic circuits (integrated optical waveguides), the study of the optics of metal (surface

plasmons), and the development of new optical lithography techniques © 2001 Optical Society of America
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1. INTRODUCTION

Vertical-cavity surface-emitting laser diodes with Bragg

mirrors, complex lens systems with antireflectmg coat¬

ings, optical amplifiers with multiple quantum wells, and

structured masks for optical nanohthography are all ex¬

amples of optical systems that rely on stratified media

formed by stacks of material layers with different permit¬

tivities. Light propagation and scattering m stratified

media therefore cover an extremely broad spectrum of ap¬

plications.
When the system is a bare stratified structure formed

only by different material layers stacked together, the

propagation of light can be investigated by simple tech¬

niques such as the use of a transmission matrix. How¬

ever, most practical applications do not rely on a bare,
stratified medium but rather also incorporate active ele¬

ments m the stratified background: for example, a Bragg

grating on the top of a multilayered waveguide, a metallic

profile on a glass mask for optical lithography, a ridge at

the surface of a semiconductor laser, and a trench to de¬

fine a cavity m a semiconductor substrate.

The objective of this paper is to present a general tech¬

nique for light propagation and scattering in such a sys¬

tem formed by a stratified background with embedded el¬

ements. The techniques available for the study of these

systems depend on the particular geometry under

study. They include, for example, beam propagation

methods, discrete sources, eigenmode

expansions, finite differences, finite-difference time

domain,17 19
finite elements,20 21

the method of lines,22 23

ray tracing," and transfer matrix.

Our approach is related to the coupled dipole approxi¬

mation (also known as the discrete dipole approximation).
This powerful technique has been used extensively for

scattering calculations in systems in an infinite homoge¬
neous background. It has also been applied to scat¬

ters on a surface, the simplest form of a stratified

background.31 33

In the present paper we introduce a technique that can

accommodate scatterers in a stratified background
formed by an arbitrary number of layers. This method is

described in Section 2. In Section 3 we discuss several

application examples that illustrate the utilization of the

technique in different domains of modern optics. We

summarize our results in Section 4.

2. FORMALISM

A. Electric Field Integral Equation
The typical system that we want to study is depicted in

Fig. 1. Several three-dimensional (3D) scatterers de¬

scribed by the permittivity e(r) are distributed in a 3D

stratified background composed of L layers with different

relative permittivities b1,i = 1, . . .
,
L. Throughout the

paper we consider nonmagnetic materials with relative

permeability fi
= 1 and harmonic fields with time depen¬

dence exp(—i cat).

When this system is illuminated with an incident elec¬

tric field E°(r) propagating in the stratified background,
the total field E(r) is given by the integral equation30 34

E(r) = E(0)(r) + dr'G(r, r') k02As(r')E(r'), (1)
Jv

where G(r, r') is the Green's tensor associated with the

stratified background, k0 is the wave number in vacuum,

and Ae(r) is the dielectric contrast:

0740-3232/2001/040854-08$15 00 © 2001 Optical Society of America
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Fig. 1. Typical geometry under study: Several scatterers with

permittivity e(r) are embedded in a stratified background com¬

posed ofL layers with respective permittivity e,. Note that the

first and last layers are semi-infinite media.

(a) (b)

Fig. 2. The Green's tensor gives the electric field radiated at r

by a dipole located at r', which (a) corresponds in an infinite ho¬

mogeneous background to only direct radiation from r' to r and

(b) further includes in a stratified medium all possible reflections

at the L -1 interfaces.

Ae(r) = e(r) —

sK for r e layer (2)

The integration in Eq. (1) runs on the volume of all the

different scatterers e(r) in the structure.

It is important to note that the scatterers do not have

to be embedded inside a background layer but can extend

over several layers (Fig. 1). Further, these scatterers

need not be homogeneous: e(r) can vary inside each

scatterer. Finally, the permittivity of the scatterers does

not necessarily have to be higher than that of their sur¬

roundings, and, for example, holes in a dielectric layer
can be accounted for by use of a negative dielectric con¬

trast Ae(r).

B. Green's Tensor for a Stratified Medium

The Green's tensor represents the response of a point
source in the background. More precisely, each column ß
of the 3x3 matrix Gaß(r, r') gives the three components

a = x ,y ,z ot the electric field radiated at position r by a

dipole located at position r' and oriented in the ß direc¬

tion (ß = x,y,z).
For an infinite homogeneous background, this dyadic is

just the field radiated directly from r' to r [Fig. 2(a)] and

has a simple analytical form [see, e.g., Eq. (15) in Ref. 30].

Such is not the case for a stratified background. As il¬

lustrated in Fig. 2(b), the field radiated at r by a dipole
located at r' now also includes the field reflected and re¬

fracted at all the interfaces. No analytical expressions
exist in this case, and the Green's tensor must be com¬

puted numerically. This is quite a complicated task,
which is best achieved by expressing the Green's tensor in

reciprocal space (Fourier space) and using the symmetry

properties of the background in that space. The Green's

tensor is then obtained in direct space by means of in¬

verse Fourier transform, i.e., by means of a numerical

quadrature. This quadrature, which represents the core

of the computation, is intricate because it involves several

poles and branch cuts associated with the different elec¬

tromagnetic modes that can be excited in the stratified

background.
We recently developed an efficient computation tech¬

nique for the evaluation of the Green's tensor in a strati¬

fied medium and refer the reader to Ref. 35, where the

practical implementation of this technique is discussed in

great detail. In the present paper we shall concentrate

on the utilization of the Green's tensor for 3D scattering
calculations in stratified media.

In that context, let us first discuss the evaluation of the

integral in Eq. (1). For clarity, we use the following no¬

tation for the Green's tensor:

G(r,r')

GD(r, r') + G7(r, r') r,r' in same layer k

G7(r, r') r,r' in different layers
(3)

where GD is the direct contribution and G1 accounts for

the field reflected and refracted by all the interfaces [Fig.
2(b)]. Note that the direct tensor GD is simply the

Green's tensor associated with an infinite homogeneous

polarizable background with permittivity sK.

When r —> r', only the direct contribution G diverges
because the direct interaction path vanishes while all the

indirect interaction paths remain finite [the forthcoming
discretization scheme will impose that the points where

G(r, r') is computed are not on a boundary between two

layers]. We can therefore handle the singularity of the

Green's tensor in a similar manner as for an infinite ho¬

mogeneous medium. Introducing Eq. (3) into Eq. (1) and

taking the principal value as for Eq. (7) in Ref. 30, we ob¬

tain

E(r) = E°(r) + dr'G7(r,r') • ^Ae(r')E(r')
Jv

+ lim dr'GD(r,r') • fegAe(r')E(r')
sv^o Jv-sv

Ae(r)
L • E(r), (4)

where the infinitesimal volume SV centered at point r is

used to exclude the singularity. The source dyadic L,
which depends on the shape of this exclusion volume SV,
was derived in detail by Yaghjian. Note in the last

term of Eq. (4) the permittivity sK of the layer where r is

located. Note also that Eq. (4) is implicit for the un¬

known field E(r).

C. Discretized Equation
To solve Eq. (4) numerically, we define a mesh on the sys¬

tem with N discretized elements centered at rt with per¬

mittivity Ej
= e(rj) and volume Vl. The only constraint

for this discretization is that a given mesh must be en¬

tirely inside a layer and cannot sit astride a boundary be¬

tween two layers (Fig. 3). The discretization volume Vl
need not be constant. To achieve a given accuracy, it is
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actually necessary to use a smaller mesh when the dielec¬

tric contrast is larger. To that extent, one can expect

that the convergence of this scheme will be similar to that

observed for scattering calculations in a homogeneous

background. We refer the reader to Ref. 37, where this

point was discussed in detail.

Keeping in mind that the discrete dielectric contrast

Aej =

Ej
—

eK depends on the permittivity of the layer k

where mesh i is located, we can write the discretized sys¬

tem of equations that correspond to Eq. (4):

E, = E

N

+ s G K^AVj

j e layer k

L E, i = 1 ,...,N. (5)

The self-term Mj is obtained in a similar manner as for an

infinite homogeneous background:

M, = lim

sv^o

dr'GD(r,,r')

3k
;[(1 - ikKRf)exp(ikKRf) - 1]1, (6)

jeffwhere i?f is the effective radius of mesh i:

Ä?
477

-v, (7)

For the integration in Eq. (6) we assumed a spherical ex¬

clusion volume SV. The corresponding source dyadic is

Green's tensor. Similarly, the interaction of scatterers

located at large distances from one another does not re¬

quire the discretization of the stratified background be¬

tween them. Further, the complex boundary conditions

at the edges of the computational window are automati¬

cally fulfilled, since they are included in the Green's ten¬

sor.

We mentioned that Eq. (1) is an implicit equation for

the field E(r). Actually, this is the case only when r is

located inside a scatterer. When r is located in the

stratified background, Eq. (1) gives the field explicitly by

integration on the scatterers'volume [Ae(r') = 0 when r'

is in the background]. From a physical point of view, this

means that knowledge of the field inside all the scatterers

allows one to compute the field at any point in the strati¬

fied background. This can be used to expedite the calcu¬

lation by first computing and storing the solution of Eq.
(5) only for the discretized points inside the scatterers and

then using this solution at a later stage to obtain the field

in the background. Note that the last step does not ne¬

cessitate the solution of a system of equations but re¬

quires only simple vector matrix multiplications.

E2

Fig. 3. Solving the scattering problem numerically requires that

only the scatterers in the structure must be discretized. The

sole constraint on the discretization is that a mesh cannot sit

astride a boundary between two layers.

L= -1.
3

(8)

Note in Eq. (6) the effective wave number kK = k0^s~K m
layer k.

The system of Eq. (5) represents the self-consistent in¬

teraction ofN dipoles. Unlike for the coupled dipole ap¬

proximation in vacuum, each dipole is now a dipole em¬

bedded in a stratified background, and the interaction

includes all possible reflections and refractions at the L

— 1 interfaces.

This system of equations is best solved numerically
with an iterative solver. ' Let us mention that, in a

stratified medium, the Green's tensor does not have the

same symmetry properties as in an infinite homogeneous

background. In particular,

G(r,r') ¥= G(r - r'). (9)

It is therefore not possible to rewrite Eq. (1) as a convolu¬

tion and to use a 3D fast Fourier transform to perform the

integration. It is, however, possible to use reduced

symmetry properties in the x,y plane to expedite the

computation.
One of the advantages of the technique presented in

this paper lies in the fact that only the scatterers must be

discretized, the background being accounted for in the

(a)

^E°

X7
ïiiï~

(b)

"äiÄ~~

Fig. 4. The incident field must be a solution of the wave equa¬

tion for the stratified background. It can correspond, for ex¬

ample, (a) to a plane wave impinging on the system or (b) to a

waveguide mode propagating in the stratified background.
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D. Incident Field

The incident field E°(r) in Eq. (1) must be a solution of

the wave equation in the stratified background. For a

given geometry, this solution is not unique, as illustrated

in Fig. 4. For example, the incident field can be a plane-
wave excitation impinging on the stratified system [Fig.

4(a)]. In that case it must include all the multiple reflec¬

tions inside the different layers. For the same geometry,

E°(r) could also be a waveguide mode propagating inside

the structure [Fig. 4(b)] or even the field of a dipolar
source embedded in the system. The latter can be used

to investigate the radiation properties of a two-level mol¬

ecule interacting with the system.

3. APPLICATION EXAMPLES

In this section we present several examples that illustrate

the application of our technique in domains as diverse as

integrated optics, surface plasmons, and optical lithogra¬

phy-

A. Three-Dimensional Notch on a Planar Waveguide
As a first example, we consider a 3D notch of varying

depth S in a planar InP/InGaAsP waveguide (Fig. 5).

The notch has a finite extension (1 pan) in both the x and

the y directions. For this geometry, only the air notch

must be discretized, the associated polarizability Ae being

negative, since the scatterer permittivity (air; e = 1) is

lower than the permittivity of the surrounding semicon¬

ductor. For the results presented in this section we use a

Ax = Ay = Az = 100 nm discretization mesh.

At a wavelength X = 1.55 pun, this waveguide supports

a transverse electric mode (TE0, electric field polarized in

the y direction) and a transverse magnetic mode (TM0,
electric field polarized in the z direction).

We illustrate in Fig. 6 the electric field amplitude when

this system is illuminated with a TE0 mode propagating
in the x direction (the mode is normalized so that the

maximum electric field amplitude is unity). Some of the

incident field is reflected by the notch, leading to an inter¬

ference pattern caused by the interaction of the incident

field with the reflected field. The incident mode is also

scattered into the substrate and, to a lesser extent, into

the air notch. These effects increase with the depth 8 of

the notch (note the different amplitude scales in Fig. 6).

For the largest perturbation, the propagation of the mode

in the forward direction is strongly disrupted [Fig. 6(c)].

In Fig. 7 we show the field amplitude distribution in

the InGaAsP layer for the two mode excitations. Again
the interference between incident and reflected fields is

visible on the left-hand sides of the figures. The interac¬

tion of the incident field with the scatterer depends on the

mode polarization. It is stronger for the TM0 mode than

for the TE0 mode (note the different amplitude scales in

Fig. 7). The disruption of the mode propagation in the

forward direction, which leads to a dark shadow behind

the notch, is clearly visible in Fig. 7. In spite of the finite

lateral notch extension, it takes a large number of propa¬

gation wavelengths before the mode is reestablished in

the waveguide (not shown).

Since our approach is fully vectorial and takes into ac-

Vol. 18, No. 4/April 2001/J. Opt. Soc. Am. A 857
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Fig. 5. A notch with a depth <5is etched in an InP/InGaAsP pla¬
nar waveguide (permittivities eInP

= 10.05 and eInGaAsP=11.42;

wavelength \ = 1.55 /im). The layer thicknesses are given in

the figure. The notch has a finite extension (1 yttm) in both the x

and the y directions.

Fig. 6. Field amplitude at y
= 0 in the structure depicted

in Fig. 5 illuminated with a TE0 mode propagating in the

x direction. Three notch thicknesses are investigated:
(a) S = 200 nm, (b) S = 400 nm, (c) S = 600 nm.

count all the different field components, subtle effects

such as polarization coupling can also be investigated. '

Figures 6 and 7 also illustrate how perfectly the bound¬

ary conditions at the edges of the computational window

and at the different material interfaces in the stratified

background are fulfilled. In particular, Fig. 6 shows the

field scattered into the substrate and reflected backward

to the incident direction; in Fig. 7 some of the field is scat¬

tered from the notch and escapes on the lateral sides of

the computational window. In every case, the edges of

the computational window remain perfectly transparent.
This does not require any special treatment since these

boundary conditions are already included in the Green's

tensor.

B. Scattering of Surface Plasmons

Since our technique is not restricted to dielectric materi¬

als with a positive real part of the dielectric constant, we

can also investigate the scattering of surface plasmons

propagating along a metal-vacuum interface.
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In this example we excite a surface plasmon with the

method of attenuated total reflection: A p-polarized

plane wave is incident on a planar glass-metal interface

with an angle larger than the critical angle of total inter¬

nal reflection (Fig. 8). Hence an exponentially decaying

x[|Jm]

r-,2.4

x LuaiJ

Fig. 7. Field amplitude in the InGaAsP layer (z = -550 nm)

for the geometry depicted in Fig. 6(c) (S = 600-nm notch). The

system is illuminated with two different modes, (a) TE0 and (b)

TM0, propagating in the x direction. The maximum amplitude
of each incident mode is normalized to unity.

evanescent field is created in the metal layer. When the

component of the wave vector parallel to the interface ful¬

fills the eigenvalue equation for the surface mode, a plas¬
mon is excited at the metal-vacuum interface (Fig. 8).

This plasmon propagates along the metal surface and

interacts with any defect on it. As an example, we use

the technique presented in Section 2 to investigate the

scattering of such a plasmon with a dielectric protrusion

0

11

1 1
/ 1

/ 1

x=0 [nm]

-500 5000

z [nm]

Field amplitude along the two dashed lines in Fig. 8 (y
Note the standing wave in the glass substrate and the

localized plasmon field at the metal-vacuum, metal-glass, and

glass-vacuum interfaces.

Fig. 9

= 0).

-550 -250 0

x [nmj

550

Fig. 8. Attenuated total reflection excitation of a surface plas¬
mon. An incident field propagating in the glass substrate (e
= 2.25, \ = 633 nm) impinges at a 40.03° angle onto a 100-nm-

thick silver film (e = —18.32 + J0.5). This generates a surface

plasmon propagating along the metal-vacuum interface. A

100 X 100 X 50-nm3 glass protrusion is deposited onto the silver

surface. The electric field amplitude is shown. Note the scat¬

tering of the surface plasmon by the protrusion.

-800

500 -575

Fig. 10. Field amplitude in a constant-height plane in vacuum

(z = —155 nm) below the glass protrusion (Fig. 8). Both the

scattering and the confinement of the surface plasmon by the

protrusion are visible.

H I I f* I (b)

substrate

(c)

m m

Fig. 11. LCM for optical nanolithography. (a) The structures to be written in the photoresist are defined as protrusions on a soft poly¬
mer substrate. This structure can easily be decomposed into (b) a stratified background with (c) embedded scatterers of various per¬

mittivities. A bottom antireflection coating (BARC) is deposited between the substrate and the photoresist.
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deposited on the silver surface (the protrusion is dis¬

cretized with A, 10 nm).

The resulting field amplitude is illustrated in Fig. 8. A

stationary wave is visible on the left side of the protru¬

sion. It results from the interaction of the plasmon

propagating in the positive x direction with the plasmon
reflected by the protrusion.

In Fig. 8 the electric field appears to vanish inside the

metal. Actually, the field amplitude profiles in Fig. 9

show that the electric field is strongly localized at the sur¬

face of the metal, which is characteristic of a plasmon.
The stationary wave in the glass substrate resulting from

the interaction of the incident field with the reflected field

is also visible in this figure.
Notice in Fig. 9 that, because of the higher index, the

field decays more rapidly in the glass than in vacuum.

The second peak that appears at the glass-vacuum inter¬

face is merely related to the continuity of the displace-

500 nm

Fig. 12. LCM with a 120 X 480 X 75 nm3 protrusion. An iso-

surface of the field intensity distribution transmitted in the pho¬
toresist is shown. Such an isosurface corresponds to the profile
of the structure that will be developed in the photoresist.

ment field D = eE. As a matter of fact, because the field

associated with the plasmon is predominantly polarized
in the z direction, i.e., normal to the glass-vacuum inter¬

face, it is the displacement field (not the electric field)

that must be continuous. The amplitude difference ob¬

served in Fig. 9 actually corresponds to the dielectric con¬

trast between glass and vacuum. This depolarization ef¬

fect has been discussed in detail in Ref. 47.

The strong field enhancement is evidenced in Fig. 10,
where we show the field distribution in a plane parallel to

the surface immediately below the protrusion. This fig¬
ure clearly illustrates how the surface plasmon interacts

with the glass protrusion.

C. Optical Nanolithography
As last example, we consider a light-coupling mask (LCM)

for optical lithography. This polymer mask has proved to

be an efficient alternative for high-resolution lithography:

Using 248-nm light, it allows one to define structures in

the sub-100-nm range.48'49
The structures to be written in the photoresist are de¬

fined as protrusions on the mask, which will guide and fo¬

cus the light into the photoresist (Fig. 11). To increase

contrast, a thin gold layer is deposited inside the mask.

The mask is illuminated from the top by circularly polar¬
ized light [Fig. 11(a)].

With our approach, only the protrusions must be dis¬

cretized, as illustrated in Figs. 11(b) and 11(c). Note

that, although the protrusions are made entirely of poly¬

mer, the discretized polarizability Aej that enters into the

system of Eq. (5) is different for the meshes located in the

gold absorber and those in the air layer [Fig. 11(c)]. For

this example we use a Ax = Ay = Az = 15 nm mesh.

Typical structures to be written on an integrated cir¬

cuit are formed by so-called linelets with width d and

length Ad. Figure 12 shows an isosurface of the electric

250 250- 1.5

1.0

0.5

0.0

300

x [nm] x [nm]

Fig. 13. (a) In a practical nanolithography experiment, reflections at the photoresist-substrate interface lead to a disturbing interfer¬

ence pattern in the photoresist, (b) To suppress this effect a 60-nm-thick BARC is deposited on the substrate. The electric field in¬

tensity is shown.
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field intensity in the photoresist, below the LCM, for such

an isolated linelet with d = 120 nm. This isosurface cor¬

responds to the volume that will be exposed in the

photoresist. Such calculations are therefore useful for

optimizing the exposition and assessing the ultimate

resolution that can be achieved with this new lithography

technique.
To avoid reflections at the resist-substrate interface,

one usually includes an absorbing layer on top of the sub¬

strate before spinning the photoresist (Fig. 11). The in¬

fluence of such a 60-nm-thick bottom antireflection coat¬

ing (BARC; e = 1.98 + il.23) is investigated in Fig. 13.

Without the BARC we observe strong reflections from the

substrate, leading to an interference pattern in the pho¬
toresist [Fig. 13(a)]. These disturbing interferences are

suppressed by adding the BARC [Fig. 13(b)]. Note again
in this figure how perfectly the boundary conditions are

fulfilled at each medium interface as well as at the edges
of the computation window.

4. CONCLUSION

It should be straightforward to implement in a computer
the technique described in Section 2, together with the

computation of the Green's tensor for a stratified medium

detailed in Ref. 35.

The different examples presented in Section 3 illus¬

trate the versatility of this new approach for propagation
and scattering calculations in stratified media. This

technique can be applied to a broad spectrum of problems

ranging from classical optics to integrated optics and

nanotechnology. Further, it can also be used to study the

optics of metals.
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I. INTRODUCTION

The accurate computation of light scattering from par¬

ticles in the presence of a stratified background is extremely
important for the understanding of realistic structures.

Ridges on a multilayered waveguide [1], opaque regions on a

contact lithography mask [2], polarization gratings on a

transparent backplane [3], and nanowires deposited on a sub¬

strate for surface-enhanced Raman scattering [4] all have in

common that dielectric or metallic scatterers are distributed

in a medium consisting of several layers with different per¬

mittivities.

Recently, we presented a technique for computing the

propagation and scattering of light in three-dimensional (3D)
structures formed by a stratified background with embedded

scatterers of finite extension in all three dimensions [5,6].
This approach is based on the Green's tensor associated with

the stratified background. In this paper, we extend this tech¬

nique to two-dimensional (2D) geometries, i.e., systems with

a translation symmetry in one direction.

A typical 2D system that we want to study is shown in

Fig. 1. Several scatterers described by the permittivity e(r)
are embedded in a stratified background and illuminated with

an incident field E°. The stratified background is composed
of L layers with relative permittivity e,, 1=1, . . . ,L, and the

scatterers extend infinitely along the y axis so that the mate¬

rial system is invariant in that direction. If also the excitation

has such a translation symmetry, we can restrict the study of

the 3D system (Fig. 1) to a 2D cross section in the xz plane

(Fig. 2). We then define the coordinate rj parallel to this

plane,

r=(r\\,ry) = (rx,rz,ry), (1)

and the parallel wave vector k|,

k=(ki,ky) = (kx,kz,ky). (2)

'Correspondence author. Email address: martin@ifh.ee.ethz.ch

Let us emphasize that it is not necessary that also the inci¬

dent field E° propagates in the xz plane (Fig. 1). The sole

constraint is that E° has an exp(ik y) dependence on the sym¬

metry direction y. For example, a plane wave

E0(r,/) = E0exp(/k0r-/w/) = E°exp(/k||)r||-/w/)exp(/Â:°>')
(3)

at oblique incidence on the structure fulfills this condition

(Figs. 1 and 2).

However, if E° propagates in the xz plane (k =0), it is

possible to decompose the total field into a transverse electric

(TE) part with the electric field in the xz plane, and a trans¬

verse magnetic (TM) part with the electric field parallel to

FIG. 1. Schematic view of a 2D scattering system. Several scat¬

terers with permittivity e(r) are embedded in a stratified back¬

ground formed by L layers with permittivity s,, 1=1, ... ,L. The

scatterers are infinitely extended in the y direction. However, the

propagation of the incident field is not restricted and its wave vector

k = ky + k can have components parallel and perpendicular to the

xz plane. Similarly, the electric field can be split into two contribu¬

tions: the />-polarized part E lying within the plane of incidence

formed by k° and the z axis, and the s-polarized part E^ standing

perpendicularly to this plane. If k° = kii (k =0), p polarization is

referred to as TE and s polarization as TM.
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FIG. 2. Projection of Fig. 1 on the xz plane. This plane is nor¬

mal to the direction of translation symmetry and the investigation of

the system can be restricted to this plane. Note that only the pro¬

jection kl of the incident wave vector k° is shown and in general all

three components of the incident electric field are nonzero.

the y direction. These two polarizations are then decoupled
and the scattered field conserves the polarization of the inci¬

dent field, i.e., the x and z field components are independent
of the y component. This is not the case for oblique inci¬

dence (k ¥=0): all three field components are coupled to¬

gether and new components that were not present in the in¬

cident field can be created during the scattering process [7].
For the investigation of such 2D geometries, many useful

techniques have already been developed [8-21]. However,

most of them strongly depend on the particular geometry
under study. The aim of this paper is to present a very gen¬

eral technique for scattering calculations in 2D systems
where the scatterers are embedded in a background formed

by an arbitrary number of layers. The description of our ap¬

proach in Sec. II consists of two parts. First, we study the

general solution of the scattering problem using the Green's

tensor associated with the background of the system. We

then derive this Green's tensor and discuss its numerical

computation. In Sec. Ill, we illustrate the technique with two

examples and summarize in Sec. IV. All the detailed formu¬

las required for the practical implementation of this method

are given in the Appendix.

II. FORMALISM

A. Solution of the 2D scattering problem

To obtain the solution of the 2D scattering problem de¬

picted in Figs. 1 and 2, let us start with the more general
solution of the corresponding 3D problem as developed in

Refs. [5,6]. We consider nonmagnetic materials with relative

permeability fi=\ and harmonic fields with time depen¬
dence exp(-iojt).

When a system formed by a stratified background with

embedded scatterers is illuminated with an incident electric

field E°(r), the total field E(r) is given by the volume inte¬

gral equation:

E(r) = E°(r)+ f rfr'G3D(r,r')-£oAe(r')E(r'),
Jv

(4)

where G3D(r,r') is the Green's tensor associated with the

stratified background, k0 = co2s0fi0 is the vacuum wave

number, and Ae(r) is the dielectric contrast:

Ae(r) = e(r) — eK, relayer k. (5)

The integration in Eq. (4) runs over the scatterer volume V.

The Green's tensor G3D(r,r') is the solution of the vector

wave equation with a point source term [22],

VXVXG3D(r,r')-^eKG3D(r,r') = l<?(r-r'),

r e layer k, (6)

and represents the electric field in the stratified background
radiated at r by three orthogonal unit dipoles located at r'.

In a 2D system, where the scatterer volume extends infi¬

nitely in the y direction, the dielectric contrast does not de¬

pend on this coordinate. Since we assume, as discussed in

the Introduction, that all the fields have a plane-wave depen¬
dence in the y direction, the electric field can be written as

E(r) = E(r,,)exp(/A:yV). (7)

Let us note that the wave-vector component k
,
which is

tangential to the different material interfaces, is constant

throughout the entire stratified background. It is therefore

solely determined by the illumination field and remains con¬

served in the scattered field. Hence, Eq. (4) can be rewritten

as

E(r|) = E°(r|)+ f Jr|jG2D(r|,r,[)• ^Ae(r,[)E(r,[), (8)
Ja

where we introduced

G2D(r|,r|f)= P dy'G3D(r,r')exp[ik°y(y'-y)]. (9)

Note that the integration in Eq. (8) runs only over the scat¬

terers section A Recalling that G3D(r,r') corresponds to a

point source, G2D(r| ,r») gives the field generated by an in¬

finite line source extending in the y direction and represents
the 2D Green's tensor associated with the stratified back¬

ground.
As for 3D systems [6], the Green's tensor can be split into

two parts:

G2D(r| ,r,f)= ^K,GfD(r| ,rp + G2D(r| ,r,f),

r» e layer k, rife layer k'. (10)

G2D corresponds to the direct field from iïÎ to rj and is given
in closed form by the 2D Green's tensor for an infinite ho¬

mogeneous material of permittivity eK [7]. The indirect part

G2D accounts for all the reflections and refractions at the

interfaces and must be evaluated numerically. Since the di-

066615-2
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vergence of the Green's tensor for r|—»riî is completely in¬

cluded in G2D, it can be treated in a similar way to that for

an infinite homogeneous medium Taking the principal value

as in Eq (7) in Ref [7], we rewrite Eq (8) as

E(r||) = E0(ri|)+ \ dr\G2D(rii ,r,f ) •^Ae(r,f )E(r,f )
Ja

hm f Jr|f^K,G21D(r|,r|f).^Ae(r|f)E(r|f)
i.^CiJA-SA6,^0

Ae(rii)
(11)

where the infinitesimal area SA centered at rj is used to

exclude the singularity The source dyadic L depends on the

shape of SA and is given in detail by Yaghjian [23]

B. Discretized 2D equation

The integral equation (11) is solved numerically on a two

dimensional grid with N meshes centered at rj ;
e layer Kr

with area Ar, i=\, ,N, and dielectric contrast Ae,
= Ae(r| J The discretization need not be regular but can

vary locally to enhance the required accuracy, with a smaller

mesh where the dielectric contrast Ae(r|) is large Introduc¬

ing the discretized field Ej = E(r|j) and the discretized

Green's tensors GfJ = G%D(ri,1,r\\J) and GIlJ = GI2D(r\i1,r\\J),
the discretized version of Eq (11) reads

E, = E°+S GlyklAsjEjAj

j
= hj*i

S G^-klAs^Aj

Ae,
-M,-^Ae,EI-L-

i=l, ,N,

with the self-term M, defined as

M= hm f JrifG^ri^rp
ÖA^JA,-SA

(12)

(13)

Since the tensors L and M, come from the direct contribu¬

tion, we can use their analytic form for a homogeneous po-

lanzable background with permittivity eK, as given in Ref

[7] The system of equations (12) is best solved using an

iterative solver such as conjugate gradients [24]

C. 2D Green's tensor for a stratified medium

Equation (9) shows that the Green's tensor for the 2D

system can be directly obtained from G3D(r,r') by integra¬
tion along the translation axis y Whereas G3D(r,r') for an

infinite homogeneous background can be expressed analyti¬
cally [7], this is not possible when the background is strati¬

fied However, a formulation can be found that provides a

numerical solution for G3D(r,r') in that case, as explained in

detail in Ref [5] Let us briefly summarize this procedure

The Green's tensor is expressed in reciprocal space (k

space), where the boundary conditions at the stratification

interfaces can be enforced more easily Since we need the

Green's tensor in direct space, an inverse Fourier transform

is performed and, after analytical integration over kz (z is the

stratification direction), we find the following expression for

the Green's tensor associated with a stratified background

[Eq (10) in Ref [5]]

G3D(r,r')=--<?(R)
ZZ

k~l
dkxdky

8i72.

Xexp{i[kx(x-x') + ky(y-y')]}

X[hs(kx,ky,z,z') + hp(kx,ky,z,z')],

(14)

where R=(x—x',y—y',z — z') and kK=co2sKfiK with r

e layer k The tensors hs and hp take into account all the

reflections and refractions at the different interfaces They
are determined by the boundary conditions for the electric

and the magnetic fields and can be split into two parts cor¬

responding to the s- and p -polarized waves, as indicated by
the superscript

Inserting Eq (14) in Eq (9), the integral over y
'
can be

identified with a S function

G2D(r,r')=--<?(R) dkxdky
kA

' '

4<n\

Xexp[ikx(x-x')]exp[i(ky-ky)y]S(ky-ky)

X[hs(kx,ky,z,z') + hp(kx,ky,z,z')]

zz I

= --^(R)+-
k 4i7j_c

dkxexp[ikx(x — x')]

x[hs(kx,kc;,z,z')+hp(kx,kc;,z,z')] (is)

Thus, to obtain the 2D Green's tensor, only a one-

dimensional integral over the transverse component kx must

be calculated numerically The components of the tensors hs

and hp can be derived from careful evaluation of Eq (10) in

Ref [5] and are explicitly given in the Appendix
The numerical evaluation of the remaining integrals [Eq

(15)] is intricate because it involves several poles and branch

cuts corresponding to the different electromagnetic modes

that can be excited in the stratified medium However, the

mathematical structure of the equations for the 2D case pre¬

sented here is similar to that of the 3D case detailed in Ref

[5] A difference at first view is that in 2D the integrals run

along the entire kx axis while for 3D the integration path is

restricted to the semi-infinite positive kp axis However, in

2D the component functions of hs and hp are either even or

odd symmetrical with respect to the integration variable kx
It is therefore possible to reduce the quadrature to the semi-

mfimte positive kx axis Hence, exactly the same integration

technique as proposed in 3D can be applied [5] We first use

an elliptical deformation of the integration path in the fourth

066615-3
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quadrant of the complex kx plane to avoid the singularities
As in the 3D case, we then have two possibilities to resume

the integration Either we follow the real kx axis or (for x

+ x') we deflect the integration path parallel to the imagi¬

nary axis with the correct direction chosen in accordance to

the sign of x
— x' In both cases the integrands converge

exponentially because of their dependence on exp(/A:KZ|z

-z'|)=exp{/[^-^-(^)2]1/2|z-z'|}^exp(-^|z-z'|)when
kx^°° for the real axis integration [see Eqs (A1)-(A18)],
and on exp(ikx\x—x'\) [see Eq (15)] for the deflected integra¬
tion path Hence, a comparison between \z — z'\ and \x
— x'\ gives the path that provides fastest convergence Let us

finally note the basic difference between the 2D and 3D in¬

tegrals In 3D, the angular integration of exponential func¬

tions in k space leads to Bessel/Hankel functions in the in¬

tegrand, whereas in 2D, the bare exponential functions

III. ILLUSTRATIVE EXAMPLES

A. The Green's tensor as a dipole field

To clarify the physical substance of the Green's tensor for

stratified media, let us start by illustrating some of its basic

properties We consider a simple three-layer system E\
= 1,

e2
= 9, e3= 1 with varying thickness h of the high permit¬

tivity slab, and we study two components of the Green's

tensor, Gyz and Gzy ,
as a function of the z coordinate of the

observation point, r|
= (X,z) The source point rj

= (0,1 fim) is held fixed in the top layer The vacuum illu¬

mination wavelength is A. = 63 3 nm

Let us first mention that both components vanish if the

incident field does not have a component k in the y direc¬

tion (In that case, TE and TM wa\es are decoupled and

ft=430 nm

Gyx = Gxy = Gyz = Gzy = 0 ) In our example, we use an illu¬

mination with a [ 111 ] orientation, so that ky =kx Iy3 Figure
3 shows Gyz and Gzy when the high permittivity layer ex¬

tends from z = 0 to z = 430 nm Since the Green's tensor

represents the electric field radiated at r by three orthogonal
unit dipoles at r', its components must fulfill the respective

boundary conditions at the interfaces Correspondingly, Gyz
(the y component of a z-onented dipole) is continuous across

the interfaces, whereas Gzy (the z component of a y-oriented

dipole) jumps by a factor e2/ej=9 and e3/e2=g, respec¬

tively
It is quite surprising that in the lower layer (z<0) both

components are identical (Fig 3) Using the integrands given

in the Appendix and the iterative derivation of the amplitude
coefficients of Appendix A in Ref [5], it can be shown that

for r' and r in the two outermost layers 1 and L, the com¬

ponents of the Green's tensor are coupled

G
a:

k\z

f~1

kLz
a = x,y, (16)

where k,z = [k
r,2_

r' is located in the top layer and klz-
comcide forz<0 (Fig 3)

(ky) y ,
l=\,L Since in our example

= k3z, the components

FIG 3 Green's tensor components for a stratified background

(|G | and |GZJ,|) and a homogeneous background (|G#^J
= |G//zy|) The stratified structure consists of three layers with ej

= 1, e2
= 9, e3

= 1 The high permittivity slab extends from z = 0 to

z = 430 nm resulting in maximal transmission C^nax=l) The per¬

mittivity of the homogeneous medium is sH= 1 The line source at

z' = 1 fim is located in the top layer and held fixed The wave¬

length is X = 633 nm

Let us now discuss the relation between the Green's ten¬

sor for a stratified medium and that associated with a homo¬

geneous background eH When r»
— rif becomes large, the

plane-wave expansion of the Green's tensor is mainly gov¬

erned by the plane wave which propagates in radial direc¬

tion, k|/|k|| = (r| — ri|)/|r| — rf | Hence, with x fixed and z

^±oo, the integrals in Eq (15) are dominated by the kx
= 0 terms In this limit, the ratio between the free-space

component and the component with stratification is given by
the reflection and transmission coefficients of the stratified

structure corresponding to this single plane wave For a

three-layer structure, the transmission coefficient Tfor Gyz
and Gzy reads [25]

T=
Tl2T23exp(ihk2z)

1 +Tl\2Tl2T,sxp(2ihk2z)
(17)

where TZ, ,+ i
and T, /+1 are the Fresnel reflection and trans¬

mission coefficients

K
ii+i'

T~ii+\ —

ei+\kh eiki+\z

ei+\k,z + e,ki+lz

2si+\k,z

ei+\k,z + e,ki+u

(18a)

(18b)

Note that Eqs (18a) and (18b) give the coefficients for a

p -polarized plane wave corresponding to the polarization of

Gyz and Gzy [see Eqs (A12) and (A16)]
An analysis of Eq (17) yields a condition for maximal

transmission through the slab with thickness h

hmSiXk2z-mr,

and for minimal transmission

(19a)
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FIG. 4. Same situation as in Fig. 3, but with a high permittivity

layer with thickness A = 484 nm. This corresponds to minimal

transmission through the slab (T^m^O.69).

hmmk2z = (n + l)^, (19b)

where «=1,2,3,.... Since for the ky = 0 terms k2z

= yk2 — (k )2, maximal and minimal transmission through
the slab of our example are obtained when hmsx*=*n
X 107.5 nm and hmm^(n+l/2)Xl07.5 nm, respectively.
The corresponding coefficient of maximal and minimal

transmission is 17^x1 = 1 and |7mm|!:«0.69, respectively [Eq.
(17)]. Hence, the plane wave is completely transmitted

through a slab with thickness «max without any reflection.

In Fig. 3 ( « = 430 nm= 4X107.5 nm, maximal trans¬

mission [see Eq. (19a)]), we also report the component

GH yz
= GH zy

of the Green's tensor associated with a homo¬

geneous background eH=l. In the far-field limit z^±°°,

we observe that indeed the components for the stratified

structure converge to the free-space solution. At z

= ±2 fim, the difference is less than 5% and at z

= ±10 fim it is «1% (not shown). For comparison, we

also study a second structure with « = 484 nm!:«(4+l/2)
X 107.5 nm. Figure 4 shows Gyz, Gzy, and GHyz for this

geometry with minimal transmission. At z =
— 2 fim, the

ratio \GyzIGHyz\^Q.15 and at z=
— 10 fim \Gyz/GHyz\

«0.70 (not shown) it is close to 0.69, as expected from the

above calculation.

B. Scattering on a planar waveguide grating coupler

We now use our formalism for a scattering calculation in

an integrated optics structure. We consider a silicon-on-

insulator (SOI) planar waveguide with a finite rectangular
grating on top, as shown in Fig. 5 [26,27]. If a mode propa¬

gates in the waveguide and scatters on the grating, light is

coupled out of the guiding layer and is transmitted into the

air and/or towards the substrate. In Fig. 6, we report the

electric-field amplitude |E| when a grating consisting of 20

protrusions is illuminated with the TE0 mode (transverse
electric mode with electric field polarized in the y direction)

propagating in the x direction at a wavelength X= 1.3 fim.

The maximum amplitude of the incident mode is normalized

y is—*-x

FIG. 5. Geometry of the SOI planar waveguide (permittivities

eSl= 12.3, £Sl0 =2.1; wavelength X= 1.3 pirn). A Si grating with

150-nm height, periodicity d, and a 0.5 filling factor is etched on

top of the waveguide.

to unity. Three periodicities—c/ = 300 nm, d=AQQ nm, and

J =500 nm—are considered at a fixed filling factor 0.5. At

the left side of all three geometries, a standing wave occurs

because of the reflection of the incoming mode by the grat¬

ing. At the right side, beyond the grating, we can observe an

interference pattern created by the interaction of the fields

scattered in the forward direction by the different protrusions
(and the waveguide mode). The electric-field distributions

strongly differ in the three cases. For c/=300 nm, most of

the outcoupled light is scattered towards the substrate and

almost no light is scattered upwards [Fig. 6(a)]. With in¬

creasing periodicity, the main beam of the outcoupled light
rotates, so that for d = 400 nm and d= 500 nm a larger frac¬

tion of the scattered field is transmitted into the air [Figs.
6(b) and 6(c)].

For a more quantitative comparison, we report in Fig. 7

the angular distribution of the electric-field amplitude |E| far

-5 0 5 10 15

x|j»m]

1CT5 KT4 IO"3 IO"2 10"1 10°

FIG. 6. Electric-field amplitude in the structure of Fig. 5 with

three grating periodicities: (a) rf=300 nm, (b) rf=400 nm, and (c)
d= 500 nm. The bars represent the total length of each grating. The

systems are illuminated with a TE0 mode propagating in the x di¬

rection. For clarity, the guiding silicon layer is marked with two

lines. A logarithmic color scale is used.
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FIG 7 Angular distribution of the electric-field amplitude
50 pan away from the center of the three gratings in Fig 6 The

central peak at <f>= 180° is caused by the mode in the guiding Si

layer and appears also at 0 = 0° and 0 = 360° (not shown)

away from the grating (50 fim) Note first that the central

peak at cp= 180° represents the mode in the guiding layer
Of course, the same peak occurs at 0 = 0° and 0=360° (not

shown) Whereas for d=300 nm, we can observe a single

output beam with an angle 0 = 205° (backward direction in

the substrate), two beams appear for d = 400 nm and d

= 500 nm, respectively a major one into the air with cp
= 100° (approximately normal to the waveguide surface) and

0 = 61° (backward direction in the air), respectively, and a

minor one towards the substrate with 0 = 264° and 0
= 293°, respectively

In the substrate region one observes for all three period¬
icities two additional, much broader and smaller peaks at 0
«225° and 0^325° A comparison with the field distribu¬

tions of Fig 6 shows that these peaks correspond to edge
effects at the beginning and at the end of the grating At

these interfaces between the planar geometry and the grating,
the mode scatters strongly

Figure 6 also illustrates that the boundary conditions both

at the edges of the computation window and at the different

material interfaces are perfectly fulfilled These boundary
conditions are already included in the Green's tensor so that

there is no special treatment necessary to avoid unphysical
reflections Let us finally emphasize that the discretization of

the geometry is restricted to the protrusions forming the grat¬

ing The optical processes in the stratified planar waveguide
are completely accounted for in the Green's tensor associated

with the background

IV. SUMMARY

two-dimensional geometries, 3D structures can often be con¬

sidered as 2D when the extension of the scatterers in one

particular direction is very large and the electromagnetic
field is so well localized that edge effects in that direction

become negligible It is then justified to assume that the sys¬

tem extends to infinity in that particular direction
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APPENDIX

In this appendix, we explicitly give the integrands of Eq
(15) To impose the boundary conditions at the different in¬

terfaces, the components of the tensors hs and hp are ex¬

pressed in terms of upgomg and downgomg s -and

p -polarized plane waves

k°„
Kx(kx)=-^-2-[AsKexp(ikKZz)+BsKexp(-ikKZz)],

k„7kn

(Al)

k2kKZ
Kx(kx) = ±—2—2-\-A-Pk xxeM'kKZz)-BpK xxexp( - ikKZz)],

Kk2p
(A2)

kYkx

Ky(kx)=- -—-[AsKexp(ikKZz) + BsKexp(-ikKZz)],
kKzkp

(A3)

k„kji„

Ky(kx) = ±
y

2 2
[APK xyexp(ikKZz)-BpK xyexp( - ikKZz)],

kKkp
(A4)

(A5)Kz(kx) = 0,

hxz(kx) =--r2L[ApK xzexp(ikKZz)-BpK xzexp( -ikKZz)\
K

hsyx(kx) = hsxy,

hpx(kx) = hpy.

(A6)

(A7)

(A8)

In this paper, we have presented a Green's tensor ap¬

proach for the computation of scattering problems with 2D

bodies embedded in a stratified background We have first

described in detail the numerical procedure required for the

computation of the Green's tensor associated with a stratified

background We have then demonstrated the utilization of

this dyadic to perform scattering calculations in complex 2D

systems From a practical point of view, in addition to truly

hyy(kx)=-—-[AsKexp(ikKZz) + BsKexp(-ikKZz)],
kKZk2p

(A9)

kfk„
hyy(kx)=± , , [APK exp(ikKZz)-BpK exp(-ikKZz)],

k2Kk2p
(A10)
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Kz(kx) = 0,'yz\'vx (All)

Kz(kx)=- -\[AP exp(ikKZz)-Bp exp(-ikKZz)Y

Kx(kx) = 0,

(A12)

(A13)

hpzx(kx) = r[ApKiZXexp(ikKZz)+BpKZXexp(-ikKZz)],

Kv(kx) = 0,

(A14)

(A15)

vanishing amplitude coefficients of s-polanzed waves are

equal, we can suppress the indices a and ß and simply write

A"K and B"K
Let us now consider the special case m which the incident

field propagates m the xz plane With k = 0, the tensors hs

and hp reduce to

hxx(kx) = ±TtK xxeM'kKZz)-BpK xxexp( -ikKZz)],
ki

(A2')

Kz(kx) =-—2-\-APk xzexP0kKzz)-BpK xzexp( -ikKZz)],
ki

(A6')

hPzy(kx)=+-^[Apexp(ikKZz) + Bpexp(-ikKZz)],

Kz(kx) = 0,

(A16)

(A17)

hPzz(kxY
k\kKZ

VApKZZexp(ikKZz)+BpKZZexp(-ikKZz)Y

(A18)

where k2 = k2x + (ky\)2 and kKZ= (k\- k2p)m with r

e layer k The upper sign m these equations refers to z

>z' and the lower sign to z<z' The amplitude coefficients

ASK, BSK, APK aß, andBPK aß
must be calculated for the layer k

where r is located and are functions of (kKZ ,z,z') They are

connected to the amplitudes m all other layers and can be

found via an iterative scheme completely identical to that of

the 3D case given m Appendix A of Ref [5] Note that kKZ is

now only a function of kx, since ky is replaced by the con¬

stant parameter k given by the incident field Since all non-

hyy(kx) = —[AsKsxp(ikKZz) +BsKexp( -ikKZz)],

(A9')

hpzx(kx) =+--[ApK zxexp(ikKZz)+BpK zxexp( -ikKZz)],

(AW)

a

Kz(kx)=-2-—[ApKZZexp(ikKZz)+BpKZZexp(-ikKZz)Y
kKkKZ

(A18')

and all other components vanish

These equations clearly show the decoupling of the two

polarizations that can be excited m that case For the com¬

ponent of the illuminating electric field parallel to the trans¬

lation symmetry axis y (TM polarization), G2D reduces to a

scalar [Eq (A9')] For the components perpendicular to that

axis, i e
, lying withm the xz plane (TE polarization), G2D

reduces to a (2X2) matrix [Eqs (A2'), (A6'), (A14'), and

(A18')]
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We discuss the potential and limitations of light-coupling masks for high-resolution subwavelength

optical lithography Using a three-dimensional fully vectorial numerical approach based on Green's

tensor technique, the near-field distribution of the electric field in the photoresist is calculated We

study the dependence of the illuminating light and the angle of incidence on polarization

Furthermore, we investigate the replication of structures of various sizes and separations It is

predicted that the formation of features in the 60 nm range is possible using light with a 248 nm

wavelength However, with decreasing separation among the features, crosstalk limits the ultimate

resolution © 1999 American Vacuum Society. [S0734-211X(99)04606-5]

I. INTRODUCTION

Hard-contact lithographies can, in theory, replicate fea¬

tures below the wavelength of the incident light Substrate

topography and ubiquitous dust particles prevent the hard

chrome mask from establishing a close contact with the sub¬

strate, thus limiting the maximal resolution by the minimally
attainable gap size Projection lithographies have replaced
hard-contact lithographies because excellent optics in con¬

junction with step and repeat exposure are able to direct and

focus light with an accuracy close to its vacuum wavelength
on slightly uneven resist surfaces

Recently a new approach to high-resolution optical lithog¬

raphy based on light-coupling masks (LCMs) was

introduced The surface of a polymer mask is topographi¬

cally patterned such that the areas to be exposed in the pho¬
toresist form protrusions on the mask surface The ability of

a rubber elastic polymer to adapt to the substrate topography
allows the formation of a uniform "conformai" contact with

the photoresist over large areas Placing the mask in intimate

contact with a resist-coated substrate, mechanical contact be¬

tween mask and resist layer occurs only in the region to be

exposed (Fig 1) When the LCM is illuminated through its

backside, the light is differentially guided by the structure

and coupled into the photoresist This technique, called soft

lithography, exploits the virtues of contact lithography and

avoids its weaknesses Soft lithography, on the other hand, is

limited by the mechanical stability of protrusions—

especially as lateral dimensions shrink and the ratio of lateral

to vertical dimensions (aspect ratio) becomes large Using
this approach, Schmid et al. demonstrated the formation of

features in the 100 nm range with a wavelength of 256 nm

Rodgers et al. focused on the effects of the phase delay

Electronic mail paulus@ifli ee ethz ch

between the light beam crossing the air gap and the beam

guided withm the polymer By means of this phase-shift li¬

thography, Aizenberg et al. demonstrated the fabrication of

line structures with a 50 nm lmewidth However, this ap¬

proach is only suitable for the replication of low-density
lines

In this article we test the limits of the LCM approach
when the protrusions guide light into the photoresist We

study numerically the dependence of the near-field distribu¬

tion in LCMs on typical experimental parameters The model

for our calculations based on the solution of the vectorial

wave equation is presented in Sec II In Sec III the results

of our simulations are shown First, we investigate the effects

Fig 1 Schematic view of a LCM and its operation using a normal incident

field E through the backside of the LCM The simulated structures with a

width d and a length Ad are identical and parallel In the z direction a fixed

protrusion height of 60 nm was chosen In order to suppress light leaking

through the noncontacting sections of the mask, a 15 nm gold absorber was

added in recessed parts

3314 J. Vac. Sei. Technol. B 17(6), Nov/Dec 1999 0734-211X/99/17(6)/3314/4/$15.00 ©1999 American Vacuum Society 3314
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500 [nm

Fig 2 Illumination of an isolated linelet with d= 120 nm The isosurface representing 75% of the incident light intensity is shown The polarization of the

incident light is (a) linear in the y direction, (b) linear in the x direction, and (c) circular The extension of the isosurface in the photoresist is approximately
650 nm

of the polarization of the incident field and discuss near-field

distributions for various feature sizes Then, we concentrate

on the interaction between neighboring structures and, fi¬

nally, we examine the consequences of oblique incidence on

the resulting intensity profiles

II. MODEL

We calculate the electric field distribution inside the resist

layer caused by the guiding and scattering processes m a

LCM illuminated by an incident field E° Our calculations

are based on Green's tensor technique and take the vectorial

character of the electromagnetic field into account This ap¬

proach delivers a three-dimensional, self-consistent, and ac¬

curate description of the optical processes m the LCM resist

system Thus, it even allows the simulation of structures with

dimensions far smaller than the wavelength For details

about the formalism please refer to Ref 8 It should be em¬

phasized that our approach is different from the m depth

projection of the aerial image on the resist surface, since it

provides the electric field distribution m the entire structure

One could use our calculated three-dimensional intensity dis¬

tribution m conjunction with a sophisticated resist model to

exactly predict the profile of the developed photoresist '

However, it has been previously shown that for this particu¬
lar nanolithography technique, surfaces of constant intensity

(or isosurfaces) of the electric field distribution do corre¬

spond to the resist profile that is measured experimentally

Fig 3 Isosurfaces of the electric field intensity (75%) in the photoresist

using isolated linelets with (a) d = 90 nm and (b) ^=60nm The incident

light is circularly polarized The extension of the isosurface in the photore¬
sist is approximately 400 nm

For our simulations we selected short, densely packed
lines of width d and length Ad because these "linelets" are

known to be difficult to replicate optically owing to line

shortening effects and neighbor interference We use the

term "design rule" for the width because m a technological
environment the smallest rephcable feature width determines

the design of an electronic circuit based on this lithographic
feature

The results presented here refer to a vacuum wavelength
of the incident light of 248 nm The optical properties of the

simulated resist are linear and isotrop, the refractive index of

LCM and photoresist at this wavelength is assumed to be

1 6 Thus, we do not investigate possible reflections on the

LCM/photoresist or photoresist/substrate interfaces due to a

mismatch of the dielectric constants In order to suppress the

leaking of light through the noncontacting sections of the

mask, a 15 nm gold absorber was added m the recessed

parts

III. RESULTS

A. Polarization effects

The direction of polarization of light strongly affects the

replication by LCM of features elongated m one dimension

In Fig 2 we show isosurfaces of the field intensity distri¬

bution m the photoresist created by an isolated linelet for

three incident polarizations The design rule is d=\20nm

The best results are achieved with a polarization m the y

direction, i e
, parallel to the linelet In that case, the structure

shape is reproduced accurately withm the first 250 nm of

photoresist, steep edges providing approximately all image

of the lmelet m the resist layer [Fig 2(a)] On the other hand,

using a polarization m the x direction leads to an irregular
field distribution with intensity variations along the sides of

the feature as well as m the depth [Fig 2(b)] As a complete
mask possesses structures m both directions, circular polar¬
ization provides a homogeneous illumination Actually, the

field distribution for circular polarization turns out to be

close to the ideal parallel polarization case, independent of

JVST B - Microelectronics and Nanometer Structures
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500 [nm]

Fig 4 Isosurfaces of the electric field intensity (75%) in the photoresist using two linelets with d= 120 nm and separations of (a) 2d, (b) 1 5d, and (c) d The

incident light is circularly polarized The extension of the isosurface in the photoresist in (a) is approximately 400 nm

the linelets' orientation [compare Figs 2(a) and 2(c)] The

shape of the structure is well replicated withm the first 250

nm of photoresist

B. Resolution limit for isolated linelets

Figure 3 shows isosurfaces of the field intensity distribu¬

tion m the photoresist created by an isolated linelet, but with

smaller design rules, d = 90 and d=60 nm In both cases it is

still possible to reproduce the structure shape m the photore¬

sist, even for features smaller than 1/4 of the vacuum wave¬

length of the illuminating light [Fig 3(b)] Note that for d

= 60 nm the aspect ratio of the isosurface no longer corre¬

sponds to the aspect ratio of the linelet, the field distribution

being more constrained The length of the isosurface d

= 15nm below the mask m the photoresist is 190nm, the

width 90 nm This corresponds approximately to an aspect
ratio of 1 2, leading to a strong line shortening However,

this figure also shows that structures m the 50 nm range are

amenable to this technique For d=90 nm, line shortening
increases with the depth m the photoresist, so that 100 nm

below the mask the aspect ratio is reduced to 1 3

C. Two linelets, variation of separation

A realistic mask is not composed of isolated structures but

contains a high density of patterns For increasing density the

mutual interactions between neighboring structures become

more and more important

Figure 4 shows isosurfaces of the field intensity distribu¬

tion m the photoresist for two linelets The design rule is d

= 120 nm, and the separation is 2d, 1 5d, and d In all cases

the crosstalk between neighboring features is relatively
small, especially withm the relevant resist depth, where the

field distribution replicates the mask structure accurately

However, for small separations, the distance between the iso-

surfaces of the two field distributions increases as light

propagates into the photoresist [Fig 4(c)]
In Fig 5 the design rule is reduced to d = 60 nm For such

small structures, crosstalk turns out to be much more impor¬

tant In the case of a separation equal to d the field distribu¬

tion no longer reproduces the individual mask features, and a

collective scattering behavior is observed the incident light
is focused by the structure such that a single spot appears

between the linelets [Fig 5(a)] Note, however, that an iso¬

lated structure with a design rule of c/=60nm can be repli¬
cated satisfactorily [Fig 3(b)] By increasing the separation
to 1 5d and 2d one recovers the individual features m the

near field [Figs 5(b) and 5(c)] With a separation of 1 5d the

isosurface has a length of 100 nm and a width of 40 nm,

whereas for a separation of 2d the isosurface length is

140nm and the width 60 nm This corresponds to the same

line shortening as for the isolated linelet

Working with such small structures, therefore, requires

special care to suppress crosstalk Furthermore, the resist

depth seems to be a particularly important issue m that case

D. Dependence on the angle of incidence

A further important experimental parameter is the depen¬
dence of the field intensity distribution on the angle of inci¬

dence Therefore, we also performed calculations for oblique
illuminations

Figure 6 presents lines of equal field intensity for a cut m

the x direction of the structure shown m Fig 2(c) The angles
of incidence are 0°, 5°, and 10°, circularly polarized light is

used These graphs emphasize the steepness of the edges,
which guarantees the accurate reproduction of the mask fea¬

tures m the photoresist With increasing angle of incidence

the orientation of the isolines follows the direction of the

500 [nm;

Fig 5 Same situation as in Fig 4, but with d= 60 nm linelets and separations of (a) d, (b) 1 5d, and (c) 2d The extension of the isosurface in the photoresist
is in (b) 35 and in (c) 65 nm
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FlG. 6. Isointensity lines for a cross section in the x direction of the structure

shown in Fig. 2(c), d= 120 nm. The illumination directions investigated are:

(a) normal incidence, (b) 5° tilt, and (c) 10° tilt. The line spacing corre¬

sponds to an intensity increment of 10%, where the outer isoline represents
the value of 75% compared to the incident light intensity.

illuminating field. Furthermore, the entire image in the resist

layer is slightly shifted in this direction [Figs. 6(a) and 6(b)].
However, for a thin resist layer, the field distribution within

the photoresist does not differ much from that at normal

incidence, so that a 5° tilt seems tolerable.

IV. SUMMARY

We presented three-dimensional calculations for the near-

field distribution in light-coupling masks. It was shown that

using an illumination with circularly polarized light, struc¬

tures can be replicated accurately with steep edges in the

photoresist, independent of their orientation on the mask.

Even features in the 60 nm range can be reproduced using a

248 nm wavelength. Although crosstalk between neighboring
structures appears to be negligible for features of 120 nm, it

can become dominant when the size shrinks to 60 nm. Fi¬

nally, it was illustrated that the process is not very sensitive

to small deviations of the angle of incidence.

The numerical results emphasize the suitability of light-

coupling masks as a lensless alternative for high-density,

high-resolution optical lithography in the subwavelength re¬

gime.
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Abstract

We compare three different approaches to high-resolution contact lithography with special emphasis on contrast

mechanisms for subwavelength structures Masks with protruding metal absorbers, masks with absorbers embedded in the

transparent background, and masks with air gaps and recessed absorbers are studied Using the Green's tensor technique we

compute the light intensity distribution in the photoresist The intensity and contrast functions are investigated for different

mask geometries (absorber thickness, height of protruding elements), and the difference between chrome and gold as

absorber material is discussed Our results show that embedding the absorbers in a transparent mask material enhances the

transmitted intensity and the contrast compared with a mask having protruding metal absorbers A further improvement is

achieved by a topographically patterned mask with air gaps and recessed absorbers Optimized mask dimensions can be

found for which the contrast and the depth of focus are increased © 2001 Elsevier Science BV All rights reserved

Keywords Contact lithography, Contrast mechanism, Electric field distribution, Scattering calculation, Green's tensor

technique
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1. Introduction

In recent years, research interest has been revived in utilizing the advantages of optical contact

lithography for replicating structures in the subwavelength regime. There are several approaches to

this task: high-resolution contact masks with protruding metal absorbers (metal-protruding masks,

MPM) [1,2], masks where the absorbers are embedded in the transparent background material

(metal-embedded masks, MEM) [3,4], topographically patterned masks with air gaps and recessed

absorbers (light-coupling masks, LCM) [5], and structured masks where no absorber is used (phase

masks) [6]. Whereas the latter approach is based on interferences between light passing through
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materials with different optical thicknesses, the first three techniques use an amplitude contrast

between transparent and opaque parts of the mask. These mask concepts have in common that they

rely on a flexible glass or polymer, which allows the mask to be placed in contact with the entire

substrate. This is the most important requirement for reliable subwavelength contact lithography.
With these techniques the formation of features in the 100-nm range was successfully demon¬

strated. Several theoretical studies have been published to investigate the potentials of these

approaches for subwavelength patterning and to determine the corresponding optical interactions in

the mask [7,8]. However, it has not yet been studied how these concepts compare to each other and

whether one approach provides better performance. In this article we focus on the three types of

amplitude masks (MPM, MEM, LCM) and investigate their optical properties. Fig. 1 shows a

schematic view of these mask types. Whereas in an MEM and an LCM the light travels through the

homogeneous transparent background material into the photoresist, in an MPM it has to cross the air

gap between the mask substrate and the photoresist. It is assumed that further experimental parameters

(e.g. contact with the photoresist surface, resist response, treatment after the exposure) are identical for

all three systems.

2. Model

For the calculation of the electric field distribution E we used a two-dimensional, self-consistent

numerical approach based on the Green's tensor technique [9]. This fully vectorial technique is based

on the electric field integral equation and enables the investigation of the scattering and propagation of

light through the mask/photoresist system. The advantage of this approach lies in the fact that the

Kq —»- ®

TM TE

(a)
MPM

(b)

Photoresist T

MEM

(c)
LOIVÏ

pH d ^^m

Fig 1 Schematic view of the compared masks for contact lithography (a) metal-protruding mask (MPM), (b) metal-

embedded mask (MEM), (c) light-coupling mask (LCM)
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boundary conditions at the interfaces between different materials, as well as at the edges of the

computation window are perfectly and automatically fulfilled.

For our study we consider isolated lines with a line width of d = 100 nm and as absorber material

in the mask we chose chrome or gold because these metals are most frequently used in experiments.
The determinant parameter to characterize a given exposure is the intensity I = E-E*. The results

presented here refer to a plane-wave illumination perpendicular to the mask surface with a vacuum

wavelength of 248 nm. The intensity of the incident field is normalized to unity, and a circular

polarization is used for all computations if not stated otherwise. The optical properties of the

simulated material systems are assumed to be linear and isotropic. The relative permittivities at this

wavelength are e = 2.25 for the mask background, e = 2.5 for the photoresist, e = -3.4 + z3.6 for

chrome, and e = — 0.9 + z4.3 for gold [10].

3. Results

We first compare the contrast that can be achieved by the different techniques. For this purpose we

define the contrast C as

C
+ In

(1)

where 7max is the maximal intensity of the transmitted light and I0 is the intensity of the light that leaks

through the absorbers and forms the background for the exposure.

In Fig. 2 we compare MEMs and MPMs with chrome or gold absorbers as a function of the

absorber thickness a. All curves show a strongly enhanced contrast with increasing absorber

thickness, because the intensity I0 of the light leaking through the absorbers decreases exponentially.

0.2

| MEM | | MPM~|
M

—a MEM with chrome

&— h MPM with chrome

a a MEM with gold
A---& MPM with gold

10 20 30 40

Absorber thickness a [nml

50

Fig 2 Contrast as defined in Eq (1) of MEMs and MPMs as a function of absorber thickness a at z= 10 nm Chrome or

gold is used as absorber material
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b a MEM, chrome

o.—a MPM, chrome

& & MEM, gold
A---A MPM, gold

06 ' ' ' ' *

10 20 30 40 50

Absorber thickness a [nm]

Fig 3 Maximal intensity /max as a function of absorber thickness a at z= 10 nm MEMs and MPMs are compared using

chrome or gold as absorber material

In the limit of a thick absorber, C converges to 1 for all curves because the background I0 in Eq. (1)
becomes 0. Furthermore, the contrast of the chrome masks is greater than the contrast of the gold
masks. The higher absorbance and higher reflectivity of chrome leads not only to a smaller

background at the shadowed regions but also to a stronger field enhancement in the opening and,

consequently, to a larger transmitted intensity. This fact is proved by Fig. 3, where the intensity 7max
for MEMs and MPMs is reported for different absorber thicknesses.

Figs. 2 and 3 also show that the contrast and the intensity of the MEM are slightly superior to those

of the MPM, because reflections at the two interfaces mask substrate/air and air/photoresist lower the

transmitted intensity [33% for the worst case of a A/4 = 62-nm thick air slab (not shown) and by 16%

for a 30-nm thick air slab, Fig. 3].
Note that the intensities for the MEMs have a maximum at a = 20 nm, which represents the tradeoff

between two mechanisms: The transmitted intensity decreases, whereas the confinement of light
becomes more efficient with increasing metal thickness.

The contrast increases similarly if we fill metal into the air gaps of an LCM with a fixed total

protrusion height h, because the absorber significantly lowers the background I0. However, as a

thicker metal also lowers the intensity transmitted into the resist, there is a tradeoff between good
contrast and enough light passing through the mask. In the following we shall consider an LCM with

a constant metal thickness of a = 20 nm (corresponding to the optimum in Fig. 3) and study the

influence of the lateral air gaps. Fig. 4 reports the contrast of LCMs with chrome or gold absorbers as

a function of the total protrusion height h. Note that the total protrusion height h includes both the

absorber thickness a and the remaining air gap. Again, chrome proves to be the metal that produces

higher contrast. In Fig. 4 we also notice that C reaches a maximum at h =15 nm. This maximum

corresponds to the maximal reflectivity of the metal/air slab, leading to a minimum of I0. Thus, by

choosing the appropriate total protrusion height, the contrast can be increased by 15% for a gold
absorber and by 10% for a chrome absorber. As this effect is solely related to the air gap of the LCM,
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Fig 4 Contrast of LCMs as a function of the total protrusion height h at z= 10 nm All masks have a 20-nm thick chrome

or gold absorber The leftmost values correspond to an MEM with a = 20 nm

it is independent of the absorber thickness a. For a thicker absorber (leading to a reduction of the

background), a similar effect is observed and an optimal total protrusion height h can be found.

The intensity distribution should ideally show not only a large difference between the regions to be

illuminated and the shadowed regions, but also a shape that accurately replicates the pattern in the

resist. To assess this requirement as a function of the additional air gap we computed the electric field

at different depths in the photoresist, z= 10 nm, z= 100 nm and z = 250 nm, and determined the full

width at half maximum (FWHM) of the intensity distribution. Fig. 5 presents line cuts through the

| LCM |
ÏIIII liiiiliïïÉïl

MEM

300

Fig 5 Relative intensity distributions at z=10 nm for an MEM and an LCM Both masks have a 20-nm thick gold

absorber, the total protrusion height of the LCM is A = 80 nm The bar represents the original line width
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intensity distribution close to the mask (z = 10 nm) for an LCM and an MEM The masks have a

20-nm thick gold absorber, the total protrusion height h of the LCM is 80 nm, which is close to the

optimum in Fig 4 The FWHM of both line cuts is ~ 90 nm, and the intensity at the edges of the

mask has dropped to 1=0 6 With the additional air gap of the LCM, however, the confinement of the

transmitted light is improved, leading to a slightly greater maximal intensity This effect is even more

pronounced for the intensity distribution deeper in the photoresist Fig 6 shows line cuts of 100 and

250 nm depth in the photoresist The shape of the intensity distributions becomes substantially more

narrow and higher for the LCM The FWHM decreases by ~ 10% at z = 100 nm and even by =20%

at z = 250 nm, compared to MEM Concurrently, at both depths the peak intensity is 10% greater for

LCM than for MEM The air gap in the LCM improves the guiding of the light into the resist,

resulting in greater directionality without the loss of intensity that would occur with thick full-metal

absorbers At the corners of the targeted line, 100 nm deep in the photoresist, the relative intensity is

/=0 6 for both masks This is still close to the value at z = 10 nm (Fig 5) providing steep edges of the

developed resist At z = 250 nm the targeted line is defined only by the 1=0 5 isointensity lines for

both masks Hence, this corresponds to the bottom region of the developed photoresist
If we compare the intensity distributions of MEMs with MPMs having an identical absorber, the

FWHMs of the MPMs are 14% greater close to the mask (z = 10 nm) and 17% greater deeper in the

photoresist (z = 100 nm) Hence, not only a smaller portion of the illuminating light is transmitted, but

the directionality provided by the mask opening is less efficient

Until now computations were carried out for circularly polarized illumination To show in more

detail the influence of the mask composition on polarization, Fig 7 reports the intensity distributions

when a TE or TM-polanzed illumination is used (see Fig 1 for the definition of TE and TM) Again,
an MEM with a 20-nm gold absorber is compared with an LCM with 20 nm of gold and a 60-nm air

gap (total protrusion height A = 80 nm) For both polarizations the LCM shows a slightly higher
transmitted intensity Owing to the orientation of the TE-polanzed electric field vector the intensity is

focused on the center of the opening, resulting in a narrow peak with an FWHM of ==80 nm for both

masks In contrast, the TM electric field vector is perpendicular to the surfaces, and hence the

MEM

1 2

= 0.8
CO

s
Ç

CD
>

ê 04

00
-300 -150 0 150 300

x [nm]

Fig 6 Same as Fig 5, but at a depth of z=100 and 250 nm

| LCM |
ÏIIII |iiiiiïïllïïl
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x [nm]

Fig 7 Polarization-dependent relative intensity distributions for an MEM and an LCM at z= 10 nm TE or TM-polanzed

light is used as illumination (see Fig 1) Both masks have a 20-nm thick gold absorber, the total protrusion height of the

LCM is A = 80 nm The bar represents the original line width

intensity distribution is wider with an FWHM of ~ 110 nm for both masks. This broadening is based

on the continuity of the displacement field D = eE, resulting in a high intensity at the edges of the

opening. Furthermore, the electric field is extremely enhanced at the metal corners, leading to the

broader intensity distribution of the MEM. This effect also depends on the absorber metal and can be

enhanced when surface plasmons are excited in the metal.

Similar results are obtained for an MPM, where the FWHM is about 5% greater for both

polarizations. However, in agreement with Fig. 3, the maximum peak values 7max of the relative

intensity decrease significantly to 1.07 and 0.74, respectively, for the TE and TM polarizations,

respectively. Note that the dimensions used together with gold as absorber are not appropriate for a

polarizing functionality.

4. Discussion

Following the laws of image formation in a lens system, the ultimate resolution A for pattern

replication with optical lithography is given by the diffraction limit [11]:

where a is a process parameter, A0 the vacuum wavelength and NA the numerical aperture. Whereas

for projection lithography this relation restricts the ultimate resolution to A~ X0I2, for contact

lithography this limit is further reduced. Since the refractive index n of the mask lowers the effective

wavelength Aeff, structures with a size A ~ Aeff/2 = X0l(2n) can be realized. With the parameters used

in this study (see Section 2) the resolution is enhanced to 4 = 248/(2-1.5) nm = 80 nm. However,
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even smaller structures can be replicated with the evanescent near field created by each opening in the

mask [7].
All three considered mask types are capable of subwavelength resolution. However, the different

contrast mechanisms imply different intensity distributions in the photoresist during exposure. For

MEMs and MPMs a thicker metal absorber leads to an enhanced contrast (Fig. 2), but also lowers the

intensity in the photoresist (Fig. 3) and, consequently, requires a more costly experimental setup.

Especially with MPMs the amount of transmitted light is strongly reduced. The contrast can be further

increased by an additional air gap below the metal absorbers (LCMs, Fig. 5). Since these air gaps

improve the directional guiding of light, the intensity distribution remains better confined even deeper
inside of the photoresist.

5. Summary

We used simulations based on the Green's tensor technique to precisely model and optimize the

design of high-resolution contact lithography masks. Our calculations show that chrome is a superior
absorber to gold because of its greater reflectivity and absorbance. We compared three different

approaches to high-resolution contact lithography and studied the contrast mechanisms. We showed

that embedding the absorbers in a transparent background material increases the transmitted light and

enhances the contrast. An even further improvement at fixed metal thickness is achieved if

topographically patterned masks are used, where the absorbers are recessed and the lateral air gaps

lead to an enhanced confinement of the light.
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Abstract. We present a three-dimensional (3D) technique for computing light scattering and propagation

in complex structures formed by scatterers embedded in a stratified background This approach relies on

the Green's tensor associated with the background and requires only the discretization of the scatterers,

the entire stratified background being accounted for in the Green's tensor Further, the boundary con¬

ditions at the edges of the computation window and at the different material interfaces in the stratified

background are automatically fulfilled Different examples illustrate the application of the technique to the

modeling of photonic integrated circuits waveguides with protrusions (single element 'grating') and

notches Subtle effects, like polarization crosstalks in an integrated optics device are also investigated

Key words: computational technique, eigenmodes, Green's tensor, integrated optics, light propagation,

polarization, scattering, stratified media, waveguides

1. Introduction

Most photonic integrated circuits (PICs) are built on a stratified background.
This background, formed by a stack of layers with different permittivities, is

used to confine and guide the light. The particular functions in the circuit

(light source, switch, coupler, modulator, detector, etc.) are then incorpo¬
rated as distinct components in this background (e.g., a quantum well in a

stratified laser structure or a grating on top of a waveguide).
Different approaches can be used for the simulation of such PICs,

for example eigenmode expansions (Herzinger et al. 1993; Willems et al.

1995; Derudder et al. 1998), finite difference time domain algorithms (Lee
et al. 1992; Hayes et al. 1999), finite element methods (Davies 1993; Noble

et al. 1998), beam propagation methods (Huang and Xu 1993; Hsueh et al.

1999; El-Refaei et al. 2000) or the method of lines (Helfert and Pregla 1999;

Huang and Syms 1999). For a recent review, see e.g., Scarmozzino et al.

(2000).
We recently proposed a new approach to this problem, based on the

Green's tensor technique (Paulus and Martin 2001). It is a fully vectorial
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model for three-dimensional (3D) structures based on the solution of the

electric field integral equation. We will briefly outline this technique in

Section 2 and illustrate in Section 3 its application to several 3D integrated

optics systems. We will summarize our results in Section 4.

2. The Green's tensor technique

We consider a system formed by distinct 3D scatterers with permittivity e(r)
embedded in a stratified background made up of L material layers with

permittivities s„i — 1,... ,L (Fig. 1(a)). Throughout this paper, we consider

non-magnetic materials [fi — 1 ) and assume a harmonic time dependence

exp(—icot) for the fields.

The core of our technique is the integral equation for the electric field,

E(r) = E°(r) + [ dr'G(r, r') £02Ae(r')E(r'),
Jv

(1)

which gives the total scattered field E(r) when the system is illuminated with

an incident field E°(r) propagating in the stratified background (Tai 1994;
Martin and Piller 1998).

In Equation (1), ko — m/c is the wave number in vacuum; the dielectric

contrast Ae(r) represents the polarizability of the scatterer compared to that

of the background and is defined by

Ae(r) — e(r) — eK for r e layer k. (2)

The tensor G(r, r') is the Green's tensor associated with the stratified back¬

ground. It contains the entire response of the stratified background and

includes all reflections/refractions at any interface, as well as the radiation

conditions at infinity.

e«" £2

(b)

minmim e4

e3

Fig. 1. (a) Typical structure under study: a stratified background formed by L layers of materials with

different permittivities e, contains several scatterers s(r). The structure is illuminated with an incident field

E°(r) and our objective is to compute the total field E(r) in the system. Note that the first and last

background layers represent semi-infinite media, (b) Only the scatterers must be discretized to solve the

scattering problem numerically using the Green's tensor technique. A non-regular mesh, with higher
refinement in the regions of high contrast is used.
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This dyadic cannot be obtained analytically and must be computed

numerically. This is best achieved by expressing G(r, r') in Fourier space and

using the symmetry properties of the stratified background in that space. We

recently detailed this procedure in Paulus et al. (2000) and refer the reader to

this publication. In the present article, we will simply use G(r, r') to perform

scattering calculations with Equation (1).
However, before doing so, we would like to illustrate the physical

signification of the Green's tensor for a stratified background: for a given
source-observer r',r pair, the 3x3 matrix representing the Green's tensor,

C/xx Ctxv
yj:xy

G^r') = Gyx Gyy G

Gzx G-
zy

yz (3)
GZ:

gives the electric field radiated at r by three orthogonal dipoles located at r'.

For example, Fig. 2 illustrates the first column of G(r, r'), corresponding to

the three components of the electric field radiated by an x-oriented dipolar
source. The source point is located at r' — (0,0,250nm) in the stratified

background corresponding to Fig. 3. The wavelength is A = 633nm (note
that in Section 3 we consider a wavelength X — 1.55 urn). The three compo¬

nents of the Green's tensor are computed along a vertical line in the stratified

background, at a one wavelength lateral distance from the source point. One

notices in Fig. 2 that both in the cap InP layer and in the InGaAsP layer, the

electric field oscillates in a manner that corresponds to a stationary wave

10u

-

10 '

^i<r2

10

Gxx
-- Gyx

Gzx

1 /

-2 -1 5 -0 5

z[um]

05

Fig 2 Three components of the Green's tensor for the stratified background corresponding to the

structure depicted in Fig 3
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Fig 3 Geometry and permittivity of the system a notch is etched in, or a protrusion deposited on top of

an InP/InGaAsP structure The structure is illuminated with a TEq or a TM0 mode propagating in x-

direction and the scattered field is computed

excited in the corresponding layer, with a shorter effective wavelength in the

layer with the highest index (InGaAsP). The x and y electric field components

are parallel to the interfaces and therefore continuous. On the other hand, the

z component is normal to the material interfaces and therefore discontinuous,
as is visible in Fig. 2. This figure illustrates the significant physical infor¬

mation contained in the Green's tensor.

To solve Equation (1) numerically, we define a mesh on the system with N

discretized elements centered at r, with permittivity st — £(rt) and volume V,

(Fig. 1(b)). The discretization volume V, need not be constant and, in order to

achieve a given accuracy, it is actually necessary to use a smaller mesh where

the dielectric contrast is larger (Piller and Martin 1998). Each mesh must be

entirely inside a layer and cannot sit astride a boundary between two layers

(Fig. 2(b)).
We can formally write the discretized system of equations corresponding to

Equation (1):

E, = E

7=1

'J klAsjEjVj, ,N. (4)

It should be noted that a special treatment must be applied to the case j — i

since the Green's tensor diverges in that case. This procedure, which is

detailed in Paulus and Martin (2001), leads to additional terms in Equation (4).
The system of Equations (4) is then solved numerically, e.g. with an

iterative solver, to obtain the unknown discretized field E, for a given illu¬

mination E°.

Let us finally note that Equation (1) can also be used for scattering
calculations in an infinite homogeneous background (instead of a stratified

background) by simply using the corresponding Green's tensor. In that case,

G(r,r') takes a very simple analytical form (Martin and Piller 1998).
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3. Results

To illustrate this technique, we consider the InP/InGaAsP waveguide struc¬

ture depicted in Fig. 3. At the wavelength of 1.55 urn, the InGaAsP guide can

support two different modes: a transverse electric TEo mode, with the electric

field polarized in the j-direction, and a transverse magnetic TM0 mode, with

the electric field in the (x,z)-plane.
Fig. 4 gives the total electric field amplitude (square root of E E*) when

the system is illuminated with a TE0 mode propagating in the x-direction.

An InP protrusion has been deposited on the structure. This single step

'grating' somewhat disturbs the propagation of the mode, leading to light
scattered into the substrate. The interaction of this scattered light with the

incident field produces an interference pattern on the left-hand side of the

protrusion in Fig. 4(a). The diffraction of the incoming mode is particularly
visible in the middle of the InGaAsP layer, where a depletion in the field

amplitude appears just behind the protrusion (Fig. 4(b), note that the gray¬

scale is chosen to emphasize the structure of the field distributions, leading to

different saturation values for the distribution in a (x,z)- or a (x,y)-plane).
However, due to the limited lateral extension of the protrusion, this scat¬

tering effect remains localized and, quite rapidly, the incident mode is re¬

established in the structure. A similar behavior is observed when a TMo
illumination is used (not shown).

Let us point out how perfectly the boundary conditions at the edges of the

computation window and at the interface between the different layers are

fulfilled. This at no additional computational costs, since these complex

boundary conditions are already included in the Green's tensor G(r, r').

Fig. 4. Total field amplitude when ax = 500nmj = 1 |im andz = 400nm InP protrusion is deposited on

the structure. TEo illumination, (a) Side view (y = 0), (b) top view (z = -550 nm, the projection of the

protrusion is shown).
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The scattering increases when a second protrusion is deposited on the

structure (Fig. 5). The field amplitude just inside the protrusion is now

somewhat larger than in the case of a single protrusion. This field is the

forerunner of the field that will be diffracted off the structure when a longer

grating is deposited on the surface (Hunsperger 1991; März 1994). The light

intensity diffused into the substrate also increases slightly, while the inter¬

action of the field scattered by the two protrusions produces a more complex

pattern inside the waveguide (Fig. 5(b)).
Since our approach is fully 3D, we can position protrusions on the

structure arbitrarily, as illustrated in Fig. 6. In that case of two protrusions
with a lateral offset, a fairly complex field distribution appears inside the

waveguide. This pattern depends on the mode that is used to illuminate the

structure: for TE0 illumination, the field in the waveguide reaches a maxi¬

mum just after each protrusion, followed by a field minimum (Fig. 6(a)).
For TM0 illumination, the diffraction pattern is broader, with a maximum

field amplitude inside the protrusion (Fig. 6(b)). The interference pattern

resulting from the interaction of the field scattered by the different elements is

particularly visible for TM0 polarization (Fig. 6(b)). Striking on that figure is

the difference in the periodicity of the field in the forward direction and in the

backward direction, the former being related to the interference of the light
scattered by the protrusions and the latter being related to the 'stationary
wave' resulting from the interaction of the incident field with the back-

scattered field.

The difference of behavior observed in Fig. 6 for TE0 and TM0 excitations

can be related to the different boundary conditions experienced by the electric

field, depending on its orientation relative to the protrusion boundaries

(Martin et al. 1994). A quantitative comparison of the scattering amplitudes

x[um]

Fig. 5. Same situation as in Fig. 4 but with two similar protrusions.
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Fig. 6. Same situation as in Fig. 4 but with two protrusions offset in y-direction. The field is computed in

the guiding layer (z = —550 nm) and the projection of the protrusions is shown: (a) TEo illumination and

(b) TMo illumination.

shows that the interaction with the protrusion is stronger for the TE0 mode

than for the TMo mode.

The different scatterers placed in the background do not need to be aligned
in a particular direction, as illustrated in Fig. 7, where the situation is similar

to that of Fig. 6, but with a tilted protrusion. The scatterers can also extend

over several background layers. This direct space discretization is therefore

extremely versatile and can handle a broad range of physical systems.

A more dramatic effect on the guided wave is observed when a notch is

etched inside the cap InP layer, as depicted in Fig. 8. Note that for this

simulation the dielectric contrast Ae in Equation (1) is negative since the

scatterer permittivity (air, e — 1) is smaller than the permittivity of its

surrounding layer (InP).
An important part of the incident TE0 field is now scattered into the

substrate (Fig. 8(b)). The back-scattered field is also larger, producing a

marked interference pattern in the waveguide and in the substrate. Further,
within the simulation window, the incident mode does not re-establish in the

forward direction with the same intensity (compare Fig. 8(b) with Fig. 4(b)).
As a last example, we would like to briefly discuss the polarization cou¬

pling that can occur in the waveguide structure investigated in Fig. 8. Since

our approach is fully vectorial, the electric field computed using Equation (1)
includes all three components, even when the excitation E° is only a scalar

field. As an example, in Fig. 9(a), we consider a TE0 incident field, i.e., an

incident field with only a j-component. However, during the scattering

process, a TM electric field, with x- and z-components, is generated.
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Fig. 7. Same situation as in Fig. 6, but now with one tilted protrusion. The field is computed in the

guiding layer (z = —550 nm) and the projection of the protrusions is shown: (a) TEo illumination and (b)

TMo illumination.

Its amplitude is represented in Fig. 9(a). Note the perfect symmetry of this

field, related to the fact that the scatterer is symmetrical and the incident field

propagates along one of its symmetry axis. The interference pattern in

Fig. 9(a) originates from the finite extension of the scatterer (in the order of

one wavelength). This interference pattern is similar in the forward and

backward directions. This is because no TM components were present in the

x[um]

Fig. 8. Same situation as in Fig. 4 but now a notch with similar dimensions is etched through the InP

layer.
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incident field. Therefore no interferences between incident and reflected field

can occur for this polarization component (compare with Fig. 8(a)).
A similar effect is observed when a notch is etched in the waveguide

(Fig. 9(b)). For that geometry, the interaction is stronger and the amplitude
of the TM field created during the scattering process is larger (notice the

different amplitude scales in Fig. 9(a) and (b)).

Fig. 10 shows for the case of a waveguide with a notch (Fig. 9(b)) the real

part of electric field components created during the scattering process: the

z-component for a TE0 incident field and the j-component for a TM0 inci¬

dent field.

These new field components correspond to a field generated at the loca¬

tion of the notch and propagating in both directions in the waveguide.
A mode cross-polarized to the incident field is therefore established in the

waveguide. As a matter of fact, an analysis of the generated field shows that

its propagation constant is identical to the propagation constant which can

be expected for a mode ofthat polarization (Fig. 10). Note however that the

amplitude of this cross-polarized mode is much smaller than the amplitude
of the original incident field. For the geometry of Fig. 9(a) (protrusion) a

-5 0 5 10
x [|J,m]

Fig. 9. (a) Same geometry as in Fig. 4; the field in the guiding layer (z = -550 nm) is shown. The

waveguide is excited with a TEo mode and the amplitude of the TM field is computed; this polarization,
which was not present in the excitation, is created during the scattering process, (b) Same situation but

with a notch (as in Fig. 8) instead of a protrusion. Note that in both figures a different logarithmic

grayscale is used.
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Fig 10 Real part of the electric field components created during the scattering process depicted in

Fig 9(b) (notch) Ez, respectively Ey, are shown for a TEo, respectively TMo, excitation of the structure

These new field components, that were not present in the illumination field, are shown along the center of

the structure (y = 0 in Fig 9(b))

similar behavior could not be observed because the perturbation of the

incident field by the protrusion is not strong enough to generate a cross-

polarized mode.

4. Conclusion

We have presented a fully vectorial 3D technique, based on the Green's

tensor, for scattering computations in stratified media. In this approach, only
the elements that differ from the stratified background must be discretized;
the response of the background being taken into account by the Green's

tensor. Further, the boundary conditions at the edges of the computation

window, as well as at the different interfaces in the stratified background are

automatically fulfilled.

The different examples presented have illustrated the versatality of this

approach and its suitability for investigating subtle effects such as polariza¬
tion crosstalks in a waveguide.
We believe that this technique can handle a broad range of complex

systems, including integrated optical circuits and photonic band gap

structures. However, since it is a fully 3D vectorial approach, the computa¬

tional costs can become prohibitive for very large systems.

M

H

Ü JJ — Ez, TE excit.
n ii i*

'i
J , L



A FULLY VECTORIAL TECHNIQUE FOR SCATTERING 325

Acknowledgements

We thank B. Michel and R. Vahldieck for their support of the project and

gratefully acknowledge funding of the Swiss National Science Foundation.

References

Davies, JB IEEE Trans Magn 29 1578, 1993

Derudder, H ,
D De Zutter and F Olyslager Electron Lett 34 2138, 1998

El-Refaei, H ,
D Yevick and I Betty IEEE Photon Tech L 12 389, 2000

Hayes, PR, M T O'Keefe, P R Woodward and A Gopinath Opt Quant Electron 31813,1999

Helfert, S F and R Pregla Opt Quant Electron 31 721, 1999

Herzinger, C M ,
C C Lu, TA DeTemple and W C Chew IEEE J Quant Electron 29 2273,1993

Hsueh, Y ,
M Yang and H Chang / Lightwave Technol 17 2389, 1999

Huang, W and R R A Syms / Lightwave Technol 17 2658, 1999

Huang, W P and C L Xu IEEE J Quant Electron 29 2639, 1993

Hunsperger, R G Integrated Optics Theory and Technology 3rd edn, Springer, Berlin, 1991

Lee, J -F
,
R Palandech and R Mittra IEEE Trans Microwave Theory Technol 40 346, 1992

Martin, O J F
,
A Dereux and C Girard / Opt Soc Am A 11 1073, 1994

Martin, O J F and N B Piller Phys Rev E 58 3909, 1998

Marz, R Integrated Optics Design and Modeling Artech House, Boston, 1994

Noble, M J, JA Lott and J P Loehr IEEE J Quant Electron 34 2327,1998

Paulus, M ,
P Gay-Balmaz and O J F Martin Phys Rev E 62 5797, 2000

Paulus, M and O J F Martin / Opt Soc Am A 18 854, 2001

Piller, NB and O J F Martin IEEE Trans Antennas Propag 46 1126,1998

Scarmozzino, R ,
A Gopinath, R Pregla and S Helfert IEEE J Sel Top Quant 6 150, 2000

Tai, C -T Dyadic Green Function in Electromagnetic Theory IEEE Press, New York, 1994

Willems, J
,
J Haes and R Baets Opt Quant Electron 27 995, 1995





P7

How to tap an innocent waveguide

Michael Paulus and Olivier J. F. Martin

Opt. Express 8, 644-648 (2001)





How to tap an innocent waveguide

Michael Paulus1 2 and Olivier J. F. Martin1

1
Electromagnetic Fields and Microwave Electronics Laboratory
Swiss Federal Institute of Technology, ETH-Zentrum, ETZ

CH-8092 Zurich, Switzerland

" IBM Research, Zurich Research Laboratory
CH-8803 Rüschlikon, Switzerland

paulus@ifh. ee. ethz.ch/marlin@ifh. ee. ethz. eh

http://www.ifh. ee. ethz. eh/ "martin

Abstract: We study the interaction of a mode propagating in a pla¬
nar waveguide with a three dimensional rectangular defect (protrusion
or notch) in the structure. The scattering by the defect disturbes the

propagation of the mode and light is coupled out of the waveguide.
To investigate these phenomena we compute electric field distributions

with the Green's tensor technique and show movies with varying defect

geometries and different mode polarizations. These calculations should

be useful for optimizing specific elements in complex photonic circuits.
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1 Introduction

In many applications the coupling of optical energy out of or into a waveguide is obtained

by a grating deposited on top of the structure [1]. The properties of such a grating like

the coupling efficiency and the angular distribution of the radiated electric field strongly

depend on the shape, the size and the periodicity of the individual elements forming the

grating [2]. For a quantitative analysis the collective behavior of these elements must be

taken into account. However, from a physical point of view, much can be learned from

the reduced problem of a "grating" with a single element.

In this paper we focus on the scattering by a three-dimensional (3D) rectangular
defect in the planar InP/InGaAsP waveguide structure depicted in Fig. 1. The extension

of the scattering element in the x and the y directions is 0.5 x 0.5 /tm2 and held fixed.

We deliberately choose a defect smaller than the wavelength to avoid any resonance

effects and concentrate our study on the influence of the vertical extension of the defect.

In the z direction we vary the defect height between h = 500 nm and h = —800 nm.

For positive z values the defect forms a protrusion on the waveguide structure whereas
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negative z values correspond to a notch etched into the waveguide. We show electric

field distributions calculated by computer simulations and discuss the effects associated

with the height variation for different polarizations of the waveguide mode.

2 Model

An accurate calculation of the scattered electric field requires the solution of the vecto¬

rial wave equation with boundary conditions given at the different material interfaces.

In our case the entire structure is formed by the 3D scattering element (protrusion or

notch) embedded in the planar stratified waveguide (see Fig. 1). We recently proposed
an approach to this problem based on the Green's tensor technique [3, 4], This fully vec¬

torial model provides a self-consistent and accurate solution of the electric field integral

equation. The advantage of this approach lies in the fact that the boundary conditions

at the different material interfaces, as well as at the edges of the computation window

are automatically and perfectly fulfilled and artificial absorbing boundary conditions are

not needed. Further, only the protrusion/notch must be discretized, the remaining of

the structure being accounted for in the Green's tensor. We refer the interested reader

to Ref. |4J, where the specificities of this approach are discussed in detail and compared
to alternative techniques for computational optics.

3 Results

At a wavelength A = 1.55/xm the planar InP/InGaAsP waveguide supports a transverse

electric mode (TEq, electric field polarized in the y direction) and a transverse magnetic
mode (TMo, electric field polarized in the xrz plane). The corresponding propagation
constants are /?te0 = 12.96/xm-1 and /?tm0 = 12.92 /tin-1 [5]. For both modes we

present movies of the electric field amplitude (square root of E • E*) as a function of the

defect height h. When h = 0 the defect vanishes and the total electric field is simply

given by the excitation in the stratified background. In all cases we assume that the

incident mode propagates in the positive x direction.

The movies in Fig. 2 show side views of the electric field distribution, when a TEq

mode is used as excitation. Obviously, the field remains fairly unaffected by a protrusion

[h > 0, Fig. 2(a)]. On the other hand, with a notch building up (h < 0), the incident

mode is reflected at the waveguide/air interface and an interference pattern caused by
the interaction of the incident field with the reflected one appears on the left-hand side

of the notch. In the forward direction the propagation of the mode is disrupted and

the field amplitude is depleted just behind the defect. However, this depletion remains

Fig. 1. Geometry of the investigated InP/InGaAsP planar waveguide structure (per¬
mittivities £inp = 10.05. ^InGaAsP = 11-42. wavelength A = 1.55 fim. Either (a) a

protrusion with height h > 0 is deposited on or (b) a notch with depth h < 0 is

etched through the stiucture. This scattering element has a finite lateial extension

(500 nm) in both the x and the y diiections.
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h = -600 nm

Fig. 2. Movies of the electric field amplitude for the investigated waveguide structuie

(Fig. 1) with vaiying defect height/depth h. A TEo mode propagating m the x

direction is used as illumination. Side view through the center of the structure

(y = 0) writh a (a) linear (441 KB) and a (b) logarithmic (459 KB) color scale.

localized and even for the h — —800 nm notch (which completely disrupts the guiding

layer) the mode re-establishes after 2.5 jam « 5AirlGaA&P ~~ 5A/^/einQaAbP because of the

defect's finite lateral extension. Further, the scattering at a notch leads to a deflection

of the incident mode towards the substrate at an angle which increases with the notch

depth h.

Some light is also coupled out upwards into the air, which is emphazised in Fig. 2(b).
where we use a logarithmic color scale. This representation evidences the mode scattering
on the protrusion (h > 0) which produces an electric field distribution with two main

lobes in the forward and the backward direction. These lobes are the forerunners of the

field that would be coupled out of the structure if a long grating formed by many such

elements was used. For a notch the interaction is stronger, with increasing depth h more

light is coupled out and the two lobes merge into a single one.

With the logarithmic scale we can also observe remarkable interference patterns in air

at a distance z
~ 500 nm above the InP layer. These patterns arise on both sides of the

scattering element with different periodicities. They come from the interaction between

the exponentially decaying electric field of the initial mode and the wave radiated in the

air by the scattering element. For a quantitative analysis of this interference structure

we report in Fig. 3 the electric field computed along a line 500 nm above the InP/air
interface (z — 500 nm) for a protrusion and for a notch. Corresponding to the different

propagation constants (fcair — 27r/A for the radiated wave and /?rE0 f°r tne mode) the

0 02

0 01

TE
, protrusion

TE„, notch

TM„, protrusion

TM„, notch

10

Fig. 3. Electric field amplitude in the symmetry plane (y = 0) 500 nm above the

InP/aii mteiface foi two dilTeient defects (protrusion with h = 100 nm and notch

with h — —100 nm) and two different illumination polarizations. The bar represents

the extension of the defect in the x direction.
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(a) h = -600 nm (M h = -600 nm
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Fig. 4. Same situation as m Fig. 2 but with a TMo mode as illumination. The movies

have a (a) linear (435 KB) and a (b) logarithmic (444 KB) color scale.

electric field amplitude is modulated with the periodicities Afw = 27t/(/?te0 — ^air) ~

705 nm in the forward direction and Abw = 27t/(Öte0 + &air) ~ 369 nm in the backward

direction [6]. Our numerical results agree perfectly with these predicted numbers.

In the movies in Fig. 4 we show the same situation as in Fig. 2, but now with a TMo

mode as excitation. With this polarization we can observe qualitatively the same features

as in the TE case. However, now a protrusion also creates a field distribution with only
one main lobe in forward direction. The periodicities of the interference patterns in air

change only slightly since the propagation constants are similar for both modes: Afw =

27t/(/?tm0 — fcair) ~ 709nm in forward direction and Abw = 27t/(/?tm0 + &air) ~ 370nm

in backward direction.

Let us now study in greater detail the processes taking place inside the waveguide it¬

self. The movies in Fig. 5 show top views of the electric field amplitude at z — —525 nm,

i.e. inside the guiding InGaAsP layer. Again, the field distribution remains nearly ho¬

mogeneous in the case of a protrusion (h > 0) or a shallow notch (h < 0). With a deeper
notch the scattering increases strongly, the region behind the defect becomes depleted
and a complex interference pattern arises: The interaction of the incident field and the

scattered field creates in the backward direction a dense system of fringes and in forward

direction a field distribution which can be interpreted as the diffraction pattern of the

defect. On the left-hand side of notches deeper than h « —500 nm one also observes

an interference pattern with a period larger than that mentioned above. However, this

is a Moire pattern due to the finite number of computed field points without physical

significance.

Away from the defect the electric field distributions in Fig. 5 are similar for a TEo or

a TMq excitation. The different polarizations can however be distinguished inside the

(a) h > -600 nm (b) n = -600 nm

-S 0 S 10-5 0 S 10

x [/im] x [/um]

^Mj»t,..jiMjjjjjjlpÉ»... I imi»Mt j^BM|^t,..jiiijjjjjjjiÉip... I wmmgÈl
».» 04 »a ii 1.1 00 0.4 0« t.t 1.S

Fig. 5. Movies of the electric field amplitude in the TnGaAsP layer (z = 525 nm)
for varying defect height/depth h. Top view for a (a) TEo (408 KB. see Fig. 2) and a

(b) TMo illumination (415 KB, see Fig. 4). The white box represents the extension

of the defect m the xy plane.
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defect: The largest fields are created at the edges normal to the electric field vector of

the excitation, especially close to the front side of the defect, where the incident field is

backreflected. Hence, for a TEo illumination with the electric field in the y direction, we

observe sharp peaks at the two left inner corners when the computation plane intersects

the notches [h < —525 nm, Fig. 5(a)]. On the other hand, for a TMo illumination with

the electric field mainly in the z direction, the largest fields occur at the left y-directed

edge of a notch. As a matter of fact, for h = —550nm this edge being close to the

computation plane, the corresponding figure shows a strong electric field enhancement

[Fig. 5(b)].

4 Summary

In this paper we studied the scattering of a mode propagating in a planar InP/InGaAsP
waveguide on a three-dimensional rectangular defect. Our simulations show in detail the

dependence of the scattering strength on the vertical extension of the defect and provide

insights into the local effects taking place when light is coupled out of a waveguide.

However, our approach based on the Green's tensor technique is not only beneficial

for the basic understanding of scattering phenomena but provides also solutions for

technologically relevant problems in device development. For example, we can estimate

an upper limit for the roughness in the layered waveguide system in dependence on the

outcoupled energy and define process windows for the production and operation of the

device.
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Abstract: We present numerical experiments of light scattering by a

circular dielectric cylinder embedded in a stratified background, using

the Green's tensor technique The stratified background consists of two

or three dielectric layers, the latter forming an anti-reflection system
We show movies of the scattered field as a function of different pa¬

rameters polarization, angle of incidence, and relative position of the

cylinder with respect to the background interfaces
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1 Introduction

The optical properties of cylindrical particles have generated a lot of interest, as they

provide a simple model for specific physical systems. The scattering on a cylinder situ¬

ated in an infinite homogeneous background was for example already treated by Lord

Rayleigh in 1881 [1].
However, most real situations are more complex, the particles are located on a sub¬

strate or embedded in an even more complicated stratified background. To investigate
such geometries many analytical and numerical approaches were developed. They in¬

clude, for example, image methods [2-4], applications of the extinction theorem [5, 6],
expansions of cylindrical waves [7, 8] oi integral-equation methods [9-13], Most of these

methods only consider a backgiound medium consisting of two half spaces [2-11] or

restrict the choice of the material or geometry parameters [2 5, 7].
Recently, we presented a general technique for light propagation and scattering in

two-dimensional (2D) structures formed by a stratified background with embedded scat¬

terers [14]. This approach is based on the Green's tensor associated with the stratified

background and provides a rigorous solution of the vectorial wave equation with the

boundary conditions given at the different material interfaces.

In this paper we apply our approach to study the light scattered by a dielectric

circular cylinder in the presence of a stratified dielectric background. We investigate the

different phenomena that can occur, depending on the relative cylinder position with

respect to the background interfaces, as well as on the illumination direction.

In Sec. 2 we briefly recall our computational approach and in Sec. 3 we show cal¬

culations of the total electric field amplitude A = v E • E* as a function of different

geometrical and illumination parameters. Our results are summarized in Sec. 4.

2 Model

Throughout the paper we consider a circular cylinder with radius r = 150 nm and

permittivity tcy\ = 2 embedded in a two or three layer background. This system is

illuminated from the top with a plane wave under different angles of incidence G. The

illumination wavelength is A = 633 nm and two different polarizations are considered: s

polarization, with the electric field E° in y direction, and p polarization with the electric

field E° lying in the xz plane.
Since the scattering geometry under study is translation invariant in y direction

we can restrict the investigation to a cross section in the xz plane [14]. When such

a system formed by a stratified background (L layers, permittivity £;, I — 1,...,L)
with embedded scatterers is illuminated with an incident field E° (r) propagating in the

stratified background [we consider harmonic fields with time dependence exp(—iuit)\,
the total field E(r) is given by the electric field integral equation:

E(r) = E°(r) + / dr'G(r, r') • ^Ae(r')E(r'), (1)
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where G(r, r') is the Green's tensor associated with the stratified background, fc2 —

cu2eoHo the vacuum wave number and Ae(r) the dielectric contrast:

Ae(r) = e(r) — eK ,
r G layer k

. (2)

Whereas the Green's tensor for an infinite homogeneous background can be expressed

analytically [15], this is not possible when the background is stratified. In this case

G(r, r') must be computed numerically with Sommerfeld type integrals [14].
Since the integration in Eq. (1) runs only over the scatterer section A, the dis¬

cretization is limited to this volume, the stratified background being accounted for by
the Green's tensor. Another advantage of this method is that the boundary conditions

at the different material interfaces, as well as at the edges of the computation window

are perfectly and automatically fulfilled [14, 15],

3 Results

3.1 Homogeneous space

Before studying complex effects that can arise when the cylinder is placed in a stratified

background, it is educational to review the simpler case of the scattering by a cylinder in

an infinite homogeneous space ejj = I. Figure I shows the total electric field amplitude
in such a system for both s and p polarizations, when the cylinder is illuminated with

an incident electric field E° propagating in —z direction:

E (x, z) = A exp(ikr) = A exp(ifcz; (3)

where A0 is the amplitude vector with |A°| = 1, k = (kx, kz) is the wave vector of the

incident wave and kz = — jkj. (For all the calculations we normalize the electric field

amplitude of the incident field |A°| = (E° • E10*\l/2 = 1.)

Some features of the field distributions in Fig. 1 are common to both polarizations: in

backward direction stationary waves are created due to the interference of the incident

and the reflected waves. In the forward direction we recognize the diffraction pattern of

the cylinder. However, the near field distribution at close vicinity of the cylinder strongly

depends on the polarization of the incident field. For s polarization a maximum of the

intensity can be observed inside the cylinder whereas for p polarization two peaks occur

on the left and right sides of the scatterer. This behavior can be explained with the

(a) (b)

x [nm] x [nm]

Fig. 1. Electric field amplitude distribution for the scattering by a cylinder in an

infinite homogeneous background. Two different polarizations are investigated: (a)
s polarization, (b) p polarization.
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boundary conditions resulting from Maxwell's equations. When the electric field E is

parallel to a material interface it must be continuous [16]. When it is normal to the

interface, it is the displacement field D — eE which must be continuous. Hence, for

a p-polarized excitation the total electric field amplitude is discontinuous by a factor

£Cyi/£H wherever the incident field is normal to a material interface (i.e. on the left

and right sides of the cylinder in Fig. 1(b)). Such depolarization effects do not occur at

the top and bottom sides of the cylinder for p polarization [Fig. 1(b)] or on the entire

circumference for s polarization [Fig. 1(a)], since in those locations the incident field is

parallel to the material interfaces [17],
As a consequence of the depolarization effects for a p-polarized excitation, the for¬

ward scattered light is focussed by the cylinder and reaches a maximum at z « —300 nm.

For s polarization, on the other hand, the field maximum is situated inside the cylinder.
The total scattering cross section of a dielectric circular cylinder is greater for s

polarization than for p polarization, the difference increasing with a larger dielectric

contast [18]. As a matter of fact, we observe in Fig. 1(a) a more pronounced interference

pattern than in Fig. 1(b). This polarization dependence of the total scattering cross

section is also observable for all further configurations under study.

3.2 Scattering m the "presence of a surface

Now we divide the background into two half spaces £1 — 1 (z > 0) and £"2 — 2 (z < 0),
in such a way that the lower layer has the same permittivity as the cylindrical scatterer.

e2
~~

£Cyl-

The movies in Fig. 2 show the response of the system under normal incidence (G = 0)
for s- and p-polarized illumination. Each movie frame corresponds to a given distance

h between the cylinder center and the material interface.

Since the incident wave is now reflected back at the plane interface, the illumination

electric field becomes in the top layer

E°(x,z) = A°[cx.p(9klzz) + Rexp(-iklzz)}, z>0,

and in the bottom layer

E0(x,z)=A°Texp(ik2zz), z<0,

(4)

(5)

-600 0

x [nm] x [nm]

Fig. 2. Electric field amplitude distribution for the scattering by a cylinder above a

dielectric surface with same peimittivity, as a function of the distance h between the

cylinder centei and the interface. Normal incidence (0 — 0°, the arrow represents

the propagation direction of the illumination wave) (a) s polarization (528 KB), (b)
p polarization (479 KB).
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where kiz, i — 1,2, is the z component of the wave vector in layer i, R is the Fresnel re¬

flection coefficient and T the corresponding transmission coefficient for normal incidence

[191 =

r- vii~v:î, (6)

T= vy. (7)

Note that R and T are real for absorptionless media. The negative reflection coefficient

obtained in our system leads to a phase shift of 180° for the reflected field.

The illumination amplitude in the upper half space reads now

A= (E° -E°*)i = [A0[[l + i?2+2JRcos(2feizz)]i, z>0, (8)

and a stationary wave with period A = njk\z = A/2 is created in the upper half space

(Fig. 2). Because of R < 0 the amplitude is minimal directly at the interface.

The cylinder is not anymore illuminated by a homogeneous plane wave but moves in

the field of the stationary wave. Hence, in the top layer the total field distribution is a

superposition of the stationary wave and a diffraction pattern similar to that in Fig. 1.

This pattern determines also the field distribution in the bottom layer depending on

the transmittance of the interface.

As in the case of the homogeneous background the near field of the cylinder depends
on the polarization of the excitation. Additionally, the location and strength of the

scattered field maxima are modulated by the cylinder altitude h.

The stationary wave itself is further amplified in the region between the cylinder
and the interface. This is caused both by the focusing provided by the cylinder and by

multiple reflections between the surface and the cylinder. Note also that the interaction

between the excitation and the field scattered by the cylinder creates an interference

pattern in x direction.

For h = —15 nm, when half of the cylinder is included in the surface, most of the back-

scattering disappears in a narrow sector of the upper halfspace. Finally, for h = —165 nm

the cylinder is entirely immersed in the lower layer with identical permittivity, and the

total electric field is simply given by the excitation in the stratified background. Since

without the cylinder s and p polarization are indistinguishable for normal incidence, the

field distributions are identical in both frames.

Let us now rotate the angle of incidence 0 with respect to the surface normal. Figure
3 shows again the scattering as a function of the cylinder altitude h, but for G — 30°.

In this case, the illuminating electric field in the top layer becomes

El{x, z) = A°a [exp(iklzz) + Ra exp(-iklzz)] cxp(ikxx), z>0, a = x, y, z
, (9)

where the reflection coefficients correspond to the polarization of the given component:

Rx — —RP, Ry — Rs, and Rz — RP. In this case of non-normal illumination, the Fresnel

coefficients i?s/p depend on the polarization of the incident wave [19]:

K'lz + k2z

i?p-£2fcu~£lfc2z. (11)
£2k\z +£ik2z

The illumination amplitude in the upper half space is then

A = {Af [1 + Rp2 ~~2Rpcos(2klzz)]+jYl2[l+Rs2+2Rscos(2klzz)}
+A°Z2 [l + Rp2 + 2Rpcos(2klzz)]}K z>0. (12)
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x[nm] x [nm]

Fig. 3. Same situation as in Fig. 2, but now the illumination field is incident at a

G = 30° angle, (a) s polarization (530 KB), (b) p polarization (452 KB).

Again, a stationary wave excites the cylinder, but the period is now increased to A =

ir/kz = A/(2cosG) = A/V3.
The diffraction patterns and position of the near field maxima rotate accordingly

to the change of the incidence angle (compare Figs. 2 and 3). For p polarization, one

of the two field maxima previously visible on the lateral sides of the cylinder (Fig. 1)
disappears and only a maximum is now visible on the right, in the direction of the

illumination momentum (Fig. 3).
The computer experiments reported in Fig. 3 also illustrate the polarization de¬

pendence of the boundary conditions at the interface between the two layers: for s

polarization the electric field must be continuous, whereas p polarization enforces a

discontinuity proportional to the ratio £i/e2.
To further investigate the effect of the angle of incidence G, we show in Fig. 4 movies

for a fixed cylinder altitude h = 615nm and a varying illumination angle G.

As expected, the period of the stationary wave increases for larger angles G and

the diffraction pattern becomes more and more twisted (Fig. 4). Since the reflection

coefficients i?s/p of the interface approach 1 in the limit G = 90°, the field transmitted

(b)
#= 75°

Fig. 4. Electric field amplitude distribution foi the scattering by a cylindei above

a dielectric surface with same permittivity, as a function of the illumination angle
0 (the arrow indicates the propagation direction of the illumination field). The

cylinder position is kept fixed: h = 615 nm. (a) s polarization (227 KB), (b) p

polarization (204 KB).
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into the lower half space vanishes for larger angles and the amplitude maxima of the

stationary wave converge towards their upper value for total reflection A — 2 (see
Eq. (12) with kz —> 0 and _Rs/p — 1). This produces a strong scattering both in forward

and in backward direction when the maximum of the stationary wave coincides with

the cylinder altitude (G = 75°. Fig. 4).
At first sight, it may be surprising that in the case of p polarization the stationary

wave in the top layer vanishes for G « 40°-60°. and only the field scattered by the

cylinder can be observed [Fig. 4(b)]. Depending on the angle, two different mechanisms

contribute to this behavior. Fiist, for G = 45° the x and z components of the p-polarized
illumination electric field are identical, Ax = A°z, and Eq. (12) becomes

yt = |A°|(i + Rp2 (13)

Hence, the z dependence of E • E* is cancelled out.

To illustrate the second mechanism we report in Fig. 5 the amplitude ylren reflected

by a plane interface between two half spaces t\ = 1 and t2 = 2, as a function of the

angle of incidence G. At G « 55°, the Brewster angle of the material system under

study, ylreti = 0. At this angle, the reflectivity vanishes for p-polarized plane waves and

all the energy of the incident field is transmitted into the lower half space. Note however

that zero reflectivity does not imply that the amplitude of the transmitted light T in the

bottom layer is 1 [19]. A straightforward calculation gives T =

y e\je2. which yields in

our case T « 0.75, in perfect agreement with our calculations. Both above-mentioned

phenomena do not exist for s polarization.
In Fig. 5 we can further observe that on the entire angle range s polarization leads

to a larger reflectivity. This behavior is similar to the polarization dependence of the

scattering on a cylinder (see Sec. 3.1).

3.3 Anti-reflection layer

In the following, we add a third layer to create a structure with £1 = 1. e2 = 1.334, and

F3 = 1.78. This structure represents an air/water system, separated by an intermediated

slab acting as anti-reflection layer [19]. For normal incidence on the material interfaces,

the reflectivity is indeed strictly zero only if the permittivities are connected by

F2
= y/l-ll-3 « 1.334, (14)

i i ! i i

two layers, s pol
A

two layers, p pol //_
three layers, s pol
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Fig. 5. Relative reflected amplitude ATeß for a two—layer medium with E\ = 1,

£2 = 2, and a three—layer medium with f\ = 1, £2 = 1.334, F3 = 1.78, as a function

of the angle of incidence 0. Incident s and p polarizations arc compared. The minima

for p polarization col respond to the Biewster angle.
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and the thickness d of the slab is

d= [ n + n= 1,2,3, (15)

Taking n = 2 in Eq. (15), we use for our calculations d = 411 nm, so that the cylinder
fits within the antireflection layer.

The movies in Fig. 6 clearly illustrate that, independent of the cylinder location,
there is no stationary wave in the top layer due to reflection of the illuminating field by
the slab. Striking in these movies is the fact that the antireflection layer remains very

efficient, even in the presence of the cylinder. Again, it is the s-polarized illumination

which produces a weak interference pattern. To explain this behavior, in Fig. 5 we also

report the reflected amplitude ^4,-efi for the three layer system under study. Similar to

the case of the single interface, s polarization leads to a stronger scattering for all angles
G and, consequently, to an enhanced backreflection of the field components scattered

by the cylinder and impinging at non-normal incidence on the interface. Note also that

^4refl = 0 for G = 0° since we designed the slab to be reflectionless. Further, in Fig. 5

we observe that for p polarization the Brewster angle is slightly shifted to G » 53°, and

the corresponding reflected amplitude does not vanish completely for that three-layers

system.

4 Summary

When a cylindrical particle is located in a stratified background, the resulting electric

field distribution is determined by the interaction between the cylinder and the differ¬

ent material interfaces. In this paper, we used the Green's tensor technique to illustrate

the scattering phenomena occurring in such structures. The Green's tensor technique is

very well adapted to this kind of geometry because the optical processes in the layered
material system are accurately described by the Green's tensor. Further, only the cylin¬
der needs to be discretized, irrespective of the number of layers forming the stratified

background. Our calculations illustrate the complexity of the phenomena that can occur

in such a rather simple system, depending on the relative position of the cylinder to the

different material interfaces.

-1500

-1200 -BOO 0 600 1200

x [nm]

Fig. 6. Electric field amplitude distribution for the scattering by a cylinder in a

three—layer system, including an anti—leflection slab, as a function of the cylindei
altitude h above the top inteiface. Normal incidence (0 — 0°, the airow represents

the propagation direction of the illumination wave), (a) s polarization (1052 KB),
(b) p polarization (959 KB).
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