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Abstract

The discrete sources method (DSM) is applied to calculate light scattering by a half-spherical bubble in water on a
substrate. For the first time an algorithm which allows the near-field calculation on the base of DSM is presented. Such
investigations are important in immersion lithography, as the presence of bubbles on a resist surface decreases image
quality. On the base of DSM the numerical algorithm of the near-field calculation is realized. Numerical results for the
near-field inside the resist for different depths under the surface are presented.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

With need for the further miniaturizing of nanostructures, interest in novel lithography methods increases.
Optical lithography is a technique of printing nanostructures onto the surface of a light-sensitive resist using
light. It is a part of the quite expensive process of silicon wafers production. Silicon wafers are the core of
computer parts, mobile telephones and other electronic devices. The principle difference of immersion
lithography from dry one is the presence of an immersion liquid with a refraction index n greater than one
(refractive index of air) between the imaging optics and the surface of resist. Among the candidates for such
liquids, water appears to be an excellent choice due to its high-transparency at an ultraviolet wavelength of
193 nm, as well as its immediate availability and low processing cost [1]. Water has a high index of refraction,
which, combined with low viscosity and absorbance, allows the design of lenses with numerical apertures of
1.2 and greater. The effect of the immersion is twofold. First, the resolution is improved proportionately to n.
For water, the index of refraction at A = 193 nm is 1.44, improving the resolution significantly from 90 to
64 nm. The second effect of immersion is an increased depth of focus at larger features compared with those
that are printable with dry lithography. The development of 193 nm immersion lithography also allows the
conservation of much of the existing optical infrastructure. The light source and illumination optics will not be
affected. The mask and or pellicle material do not have to be changed. Some modifications to the resist may be
required due to liquid-resist interactions and these are currently under investigation. Unfortunately the
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immersion lithography as a technique is very sensitive to possible inhomogenities in the immersion liquid. The
most dramatic index variations are due to air bubbles formed in the layer because of high surface tension of
water. The presence of air bubbles in the immersion layer will degrade the image quality on the resist. Air
bubbles can be of nano or micro-size (larger than 3 pum). Micro-bubbles usually are not attached to resist
surface, like nano-bubbles, but they create a strong shadow under themselves while they are floating in a layer.
Nano-bubbles are fixed on the surface and would not move during exposure. Both kinds of bubbles would
certainly create a printable defect. Therefore scattering produced by air bubbles in the liquid is of significant
concern.

To investigate the influences of bubbles several methods like Mie theory [1] or finite difference time domain
(FDTD) have been applied. The Mie theory faces difficulties in the nano-bubble case due to half-spherical
bubble’s shape and presence of water layer and resist. Mostly the FDTD is used to investigate this effect. But
the FDTD is a rather time-consuming method, as it is based on volume discretization. Therefore we chose the
discrete sources method (DSM), which allows to take into account analytically all the interaction between
bubble and resist surface. Besides, the DSM makes use of the bubble symmetry, which sufficiently reduces
calculation time. One of the advantages the DSM gives is the possibility to estimate an a posterior error of the
numerical results via surface residual calculation [2].

2. Theory

An air-bubble situated on the resist substrate in water is plotted in Fig. 1. We will assume that the bubble
has a half-spherical shape and the hydraulic pressure of water is ignored. Then we consider a half-spherical
bubble with an interior domain D; and smooth boundary 0D deposited above the plane interface ~. We denote
the prism domain by D; and the ambient domain exterior to the particle filled with water by D,. Let us
introduce a Cartesian coordinate system Oxyz by choosing its origin O at the intersection point of the axis of
symmetry of the particle and the plane X. The z-axis coincides with the axis of symmetry and is directed into
domain Dy so, that the plane z = 0 coincides with the X plane. We assume that the exciting field {E°,H"} is a
plane wave propagating from the area D, at the angle n—60, with respect to the z-axis (Fig. 1). Then the
mathematical statement of the scattering problem can be formulated in the following form:

V x Hy = jkeE;, V xE;=—jkuH; in D;,{=0,1,4,
nx (E;—Ey) =0, nxH;—Hy) =0 atdD,

e:x(Eg—E;)=0, e x(Hyo—H;)=0 atZ, (1)

and radiation conditions for the scattered field at infinity.
Here, n is the outward unit normal vector to 0D, k = w/c, Imeg, u, <0 (time dependence for the fields is
chosen as exp{jwr}) and the particle surface is smooth enough 3D ¢ C**. Field {E:, H;} stands for the total
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Fig. 1. Problem geometry.
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field in corresponding domain D;. Note that the total field in Dy is a superposition of the exciting field and the
scattered one.

In the frame of DSM first the plane wave {E°,H’} scattering problem on a layered interface is solved. The
resulting field {E, Hg}, { =0, 1 satisfies the transmission condition of the plane X. Next step is to construct an
approximate solution {E}, Hp} for the scattering fields in the D, {=0,1 and a total field inside a bubble
following the DSM concept [2]. An approximate solution is constructed as a finite linear combination of the
fields of discrete sources (DS) (dipoles and multipoles) deposited in a supplementary domain. Under these
conditions the representation satisfies Maxwell equations in D, { =0, 1,7, transmission conditions at the
interface and infinity conditions. The unknown amplitudes of DS are to be determined from the transmission
conditions at the particle boundary, which can be rewritten as

nx(E—-E)=nxE), nx(H —H)=nxH) atdD. )

So the boundary-value scattering problem under investigation is reduced to the solution of an
approximation problem enforced at an obstacle surface [2].

We will consider an axial symmetrical particle. In this case the system of lowest order multipoles
distributed over the axis of symmetry can be applied to construct an approximate solution [3]. As a
consequence the surface approximating problem can be reduced to a number of one-dimensional
problems enforced at the particle generatrix. The approximate solution will be constructed taking
into account not only the rotational symmetry of the obstacle, but also the polarization of an external
excitation as well.

In case of P polarized light the exciting field accepts the following form:

Eg =e,coslp(y” — Rpyt) +e.sinOy(y~ + Rpy™),
H) = —e,(x + Rpy").

%~ = exp{—ing(xsinly — zcos0y)}, 7 = exp{—iny(xsin by + zcos 0p)}.

Here no) = /2.1t is associating refractive indexes of Dy, 0y is an incident angle and the reflection
coefficient Rp can be written as

ny cos 6y — ng cos 0,
nycos Oy +ngcos 6y

Rp =

To take the polarization of the external excitation into account we use a linear combination of
electrical and magnetic multipoles. For this we need special vector potentials. In case of P-polarization
of the plane wave the representation for vector potentials in a cylindrical coordinate system can be
represented as

AZY (0, z0) = (G, (1, 20) cOS(m + 1); — GE (11, z) Sin(m + 1)p; —Go1 (0, 20) cOS(m + 1)},
A, z,) = {Gh (4, z,) sin(m + 1)g; G2 (1, 2,) cos(m + 1); —g,,41 (11, 2) sin(m + e},

A, 2,) = {0;0; GE<(n, z,).

Here the corresponding azimuthal Fourier harmonics of the Green tensor components in water can be
presented as Weyl-Sommerfeld integrals [2]:
kop

k m o0 ) 4
G 1. 20) = Tohf’f)(koRﬂz") (R> " / TGP (2, 2,) expi—noz) A0,
NZn 0

gm("s Zn) = /0 Jm(/lp)%l(/l, Zn) exp{_noz}llﬂnai: Rizn = PZ + (Z - Zn)z-

Here hﬁi) is a spherical Hankel function, point n = (p,z), belongs to the semi-plane ¢ =0, p, ¢,z are

the coordinates of a cylindrical coordinate system, which origin coincides with 0-point at Fig. 1. {z,}32, is a
dense set of discrete source points distributed over a segment I’ S € D; at the axis of symmetry, and



134 E. Eremina et al. | Journal of Quantitative Spectroscopy & Radiative Transfer 100 (2006) 131-136

uh (z Zn, A), 031(z, 2y, A) are the corresponding spectral functions which are given by

Mo — Holl
(2 = Mo~ o L exp{—1yzn},

Who + Koty Mo

& &
Bz = Moo Loy sz,

&1y + €01y Mo

2( &1 — Hpéo

o1 z) = 1 = Hofo)

exp{—nyzn},
(uymo + pom ) eng + €ony) o=

where 11, =1+ k?,kf k’e; ¢Mg» ¢ = 0,1 1in the paper we will use indices 0 for the water area and 1 for the area
inside resist, we will also use index i for area inside the bubble and e for outer area. The vector potentials for
the field representation inside a bubble have a form

A‘:1 L, 2,) = {J:n(n, z,) cos(m + 1)g; —Jin(n, z,) sin(m + 1)¢; 0}
Ab (1, 20) = {J5,(n, z4) sin(m + Vs T}, (1, z,) cos(m + 1); 0},

ANy, 2,) = {0;0; Jh(n, z)},

where Jm(n,zn) = j(kiRy-,)(p/Ry-,)", jm are the spherical Bessel functions.
So the approximate solution taking into account P-polarization of the plane wave and axial symmetry of the
particle can be represented in the form

N}, .
ZZ{Pmn—V XV x Afnz + qmn_V X Af;z:l} + Zr;k: VX Vx A(e)ﬁ;
m=0 n=1 n=1 LI
H;:kLMVxE;,, {=0,i. 3)

To ensure convergence of the approximate solution to the exact one it is sufficient to provide the
completeness of the system of distributed multipoles which are used for the approximate solutions
representation. The scattering from the S-polarized plane wave can be analyzed in the same manner [4].

Let us shortly describe the numerical algorithm. The approximate solution (3) satisfies Maxwell’s equations
and radiating conditions at infinity. As the approximate solution satisfies all the conditions of the original
scattering problem, except the boundary conditions, the unknown vector of amplitudes of DS

m

N
el
{pmn’qmn’ n }nzl’

is to be determined from the boundary conditions at the particle surface. The indices i,e here belong to DS
which are used for internal and external fields representation. As the DS are distributed on the symmetry axis
of the particle, the approximate solution is a finite linear combination of Fourier harmonics with respect to the
¢ angle variable. The plane wave excitation can also be resolved into a Fourier series with respect to the ¢
angle variable [3]. So, one can reduce the surface approximation problem enforced at the particle surface to a
sequence of one-dimensional problems at the particle generatrix. To solve this problem the general matching-
point technique [2] is used. For the near field calculations inside the resist the spectral functions of light
refracted by the interface are used.

3. Results

The intensity of the scattered light and the intensity of the incident field at z = 0 level can be presented in
form

S)2 P2
[E}°17 4 (B}

IESS2 4 [EOP P
2 ’ '

(M) = 5
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Fig. 2. Intensity of scattered light for an air-bubble of D = 300 nm on resist surface for different depths of near-field d.
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Fig. 3. Intensity of scattered light for an air-bubble of D = 500 nm on resist surface for different depths of near-field d.
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Fig. 4. Intensity of scattered light for an air-bubble of D = 700 nm on resist surface for different depths of near-field d.
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Fig. 5. Intensity of scattered light for an air-bubbles of different diameters D on resist surface, depths of near-field d = 50 nm.

In the paper, we calculate the relative scattered intensity which can be written as I = I*(p,0,d)/I°(p,0,0). The
relative intensity is calculated inside a resist for different depth (d) of a near-field under the surface. The
incident wavelength in water is A, = 137.85. The refractive index of water is n, = 1.4, the resist refractive
index is n, = 1.7 — 0.007i, the bubble refractive index is n, = 1.0. In Fig. 2 the scattered intensity versus the
distance from the axis of symmetry of the bubble is presented for bubble’s diameter D = 300 nm for different
depth under the resist surface. In Figs. 3, 4 the corresponding results for D = 500 and 700 nm are presented.
The results show that the intensity of the scattered light achieves its maximum value on the distance from
axis not exceeding bubble’s radius. Then the intensity rapidly decreases with increasing distance from the axis.
Fig. 5 presents comparative results for different bubble diameters but fixed depths of d = 50nm. Bigger
bubbles show higher scattering, but their influence is considerable also mainly under the bubble itself.
But under a bubble the intensity of scattered light can be much higher than the incidence intensity on the
resist surface.

4. Conclusion

In this paper light scattering by an air bubble on a plane interface is investigated. The numerical results
obtained on the base of DSM are presented. It was shown, that the influence of the bubble is especially strong
in the area under a bubble. In the paper only the scattered near-field has been computed, the total near-field is
the aim of our future investigations.
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