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1. Introduction

The recent trend in microelectronics towards patterning critical feature sizes of 0.25 m
and below has motivated the development of microlithography at the deep ultra-violet (DUV)
laser wavelengths of 248 and 1 93 nm. In recent years the performance, reliability, and cost of
ownership of excimer light sources have improved. Some key technologies needed for excimer
lasers in microlithography include materials issues, gas lifetime, higher repetition rates and
improved pulse-to-pulse energy repeatibility.

As dimensions of circuit elements shrink, new wavefront engineering technologies such
as phase shifting techniques, off-axis illumination, and other modifications to extend the
lifetime of optical lithography are required [1-5]. Simultaneous improvement of the resolvable
linewidth (CD) and the depth of focus (DOF) is an important issue. Both CD and DOF
are limited by the familiar scaling laws CD = k1X/NA and DOF = k2\/NA2, where ) is
the wavelength and NA the numerical aperture of the projection lens. The parameter k1
depends upon the imaging technology and process control, while k2 has been within range
of 1-2 for many years. The key innovations required for microlithography are those that
reduce k1. The 0.35 im critical feature sizes required for the 64 Mb DRAM can be achieved
with wavefront enhancement technology developed for i—line. Similarly, such techniques can
be added to 248 nm DUV stepper systems to achieve the necessary resolution for 0.25 m
features needed for the production of the 256 Mb DRAM chip slated for initial production
in 1998. The practical limit of optical lithography appears to be 0.12 m required for the
4 Gb DRAM generation.

In 1987 Durnin [6] showed that the field described by E(r, z, t) = A Jo(k1r) . ei(kiiz_t)
is an exact solution of the wave equation where k + = w2/c2, and Jo is the zero-order
Bessel function of the first kind. This field represents a nondiffracting beam, because the
transverse intensity distribution is independent of the propagation distance z. However, such
an ideal beam cannot be realized experimentally over large values of z and r, because the
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electric-field amplitude of the beam cannot be spatially integrated and would be rigorously
exact only in infinite free space [6,8]. An experimental demonstration of a new method
to generate nearly nondiffracting Bessel beams using a Fabry-Perot interferometer will be
described. It was experimantally demonstrated that the DOF can be increased by a factor
of 2 and simultaneously the transverse resolution improved by a factor of about 1.6, when
using this technique to image contact holes.

2. Experiments and Results
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Figure 1 : The image produced by the objective lens is the superposition of the images of the
individual point sources.

Figure 1 shows the experimental arrangement used for generating nondiffracting Bessel
beams. A point like source (Jo) generated by a microscope objective illuminates a scanning
Fabry-Perot interferometer. Such a point like source plays the role of a contact hole on
a mask. The aperture of the objective lens placed after the interferometer is adjusted so
that it only transmits the first Fabry-Perot ring (at the rim of the aperture) and blocks all
other rings. Due to multiple reflection in the interferometer, multiplied images (Ii, 12, 13

..) of the only one real point like source will be obtained beyond 1. The distance between
these images is 2d and the intensity ratio is 112 between adj acent individual sources where
d is the separation and R is the reflectivity of the mirrors. The image produced by the
objective is the superposition of the images of the individual point sources. The distance
between these points is 2dM2, where M2 is the longitudinal magnification of the objective
lens. The intensity distribution on the optical axis strongly depends on the separation of
the individual point like sources. It is possible to distinguish different cases depending on
how many individual image points are in the range of one DOF. Let us define the relative
image density (N) as
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2dM2 (1)

N gives the number of image points in one DOF range. The image produced by the
objective lens was magnified by two microscope objectives (the first was mounted on a
precision translator to examine the axial intensity distribution) and monitored with a CCD
camera (see Fig.2).
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Figure 2: Measured intensity distribution on the optical axis for cases of different N values.

Four different experimental cases were studied (N = 0.5, 1 .5, 4, and 10). In the first case
(N= 0.5), the distance between the image points is twice the DOF, therefore the images can
be observed separately. By decreasing the distance between the image points, the sharp peaks
disappear and the intensity decreases faster on the optical axis. From a microlithographic
point of view, oscillations in the intensity distribution are undesirable. By increasing the N
ratio, the curves become smoother and the oscillations disappear. In the last case (N = 10),
no oscillations occur. Since in case of superimposed images the first minimum is not zero, it
is necessary to give a new definition of DOF so-called tDOF. tDOF is defined as the range
where the intensity is higher than the half of the main peak. The figures show normalized
intensity, but in reality (due to the law of conservation of energy) by increasing the N ratio,
the intensity of the main peak increases. The N = 4 case appears to be the optimum for
microlithographic applications. The oscillations have already disappeared, and the tDOF
range is twice as large as without the Fabry-Perot interferometer.

The theoretically predicted intensity distribution in planes perpendicular to the optical
axis is a Jo function. The measured intensity distribution supports this prediction (Figure 3).

A comparison of the measured Bessel distribution and the Airy pattern showed that the
FWHM of the Bessel beam is 1.6 times smaller than the FWHM of the Airy pattern. This
decrease means an enhancement in the transverse resolution power.
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Figure 3: The measured intensity distribution perpendicular to the optical axis is quasi
equivalent to a zero order Bessel function. The solid line shows the fitted curve to the
measured intensity distribution (depicted by circles)

In microlithography it is often necessary to expose several contact holes simultaneously.
To study the properties of imaging two contact holes (with special regard to the most critical
case, when the first diffraction rings overlap), we placed a Michelson interferometer before
the Fabry-Perot etalon. The experimental setup is shown in Figure 4.

The interferometer created two virtual point sources (P1 and P2) behind the mirror M2.
By slightly turning the mirrors M1 and M2 , the relative transverse separation of P1 and
P2 could be adjusted. Mirror M1 was equipped with a PZT translator; thus, the relative
phase difference between the virtual P1 and P2 could be arbitrarily adjusted. The inset of
Figure 4 shows four different cases. In case a there is constructive interference between the
first diffraction rings (the phase shift is 0), and the intensity between the two main peaks
can reach 64%. Pictures b and c show intermediary cases, when the phase shift is in the
range of 0 to r. In case d the phase difference is ir and, due to the destructive interference,
the intensity maximum between the main peaks is zero. These experiments, where the effect
of a phase shift mask was simulated by a Michelson interferometer, show that even in the
most critical case the undesirable effects of the interference of the diffraction rings can be
considerably reduced with a phase shifting mask.

3. Discussions and Conclusions

Our experiments have demonstrated that for appropriate phase conditions the depth
of focus could be increased significantly and that the transverse resolution improved by a
factor of 1.6 when this technique is used to image isolated patterns such as contact holes.
Although these experiments were performed with visible laser illumination, this method can
be employed for I-line and deep UV lithography. For applications in a real optical stepper,
further investigations are neccessary to determine the appropriate insertion point, reflectivity
and thickness of the Fabry-Perot etalon. Insertion of a thin Fabry-Perot layer between the
lens and the wafer has several advantages (e.g. separation of the images is independent of

465

150 200
RADIUS (Pixels)

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/19/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



466

the magnification), however scattering may decrease the image quality.

Figure 4: Imaging of two coherent point sources formed by a Michelson interferometer. The
transverse distance and the relative phase difference between the sources was adjustable
by translating and tilting the mirrors. The inset shows CCD images for different phase
conditions.
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