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Super-Resolution Optical Inspection for Semiconductor Defects Using Standing Wave Shift:

Method for Elimination of Negative Values in Point Spread Function with Gaussian Filter

The University of Tokyo

Hiromasa KUME, Chengshuo JIN, Masaki MICHIHATA, Kiyoshi TAKAMASU, and Satoru TAKAHASHI

Optical measurement techniques with high resolution beyond the diffraction limit are required for defect detection
and inspection of microstructures including line patterns on silicon wafers. Conventional methods using standing wave
illuminations cannot be applied to coherent imaging systems because the destructive superposition occurs. The dominant
cause is the differences of adjacent peaks of the standing wave. Another cause is negative values of the point spread
function. We have developed a super-resolution method using a standing wave illumination with three-beam interference
to solve the problem due to the former. In this paper, in order to solve the latter, we introduce a Gaussian filter for modifying
the point spread function. We confirmed the feasibility of the proposed method by simulations.
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Abstract. Optical measurement techniques with high resolution beyond the diffraction limit are
required for defect detection and inspection of microstructures including line patterns on silicon
wafers. Conventional methods using standing wave illuminations with two-beam interference cannot
be applied to patterned wafer inspections which deal with coherent imaging systems because the
destructive superposition occurs. There are two causes of the destructive superposition. The dominant
cause is the differences of phases of adjacent peaks of the standing wave. The other is the point spread
function. We propose a method with a standing wave illumination generated by three-beam
interference and with a Gaussian filter. We confirmed the feasibility of the proposed method by
simulations.

Introduction

As semiconductor devices have been become smaller, measurement techniques with high
resolution are required for defect detection and inspection of microstructures including line patterns
on silicon wafers. Compared to measurement methods with SEM or SPM [1], optical measurement
methods are effective because of being nondestructive and their wide measurement ranges. In optical
measurements, however, resolution is limited by numerical apertures because of influence of
diffraction. Therefore optical measurement methods with resolution beyond the diffraction limit have
been proposed. Methods using structured light can be expected to. have higher resolution than those
using normal light with a flat distribution of intensity [2, 3]. ’

Methods using standing wave illuminations as structured light illuminations have been developed
and applied to fields of biotechnology [4]. However, the range of applications of the methods is
limited to incoherent imaging systems such as fluorescent samples because destructive superposition
occurs.

There are two causes of the destructive superposition. The dominant one is the structured light
illumination used in the methods. In the conventional methods, a standing wave is generated by two
oblique incident beams. The electric fields of adjacent peaks of the standing wave illumination have
different signs. Therefore, scattered lights from scattering objects in the electric fields that have
different signs interfere destructively. This is contrary to a premise that observed intensity
distributions of scattered light depend on distributions of scattering objects. Therefore the range of
applications of the methods is limited to incoherent imaging systems in which destructive interference
does not occur. The other cause of destructive superposition is negative values in the point spread
function expressed by a Bessel function.

In order to solve the problem due to the former, we propose a method with a standing wave
illumination generated by three-beam interference. In the standing wave in the proposed method, the



signs of the electric fields are the same. Therefore, destructive superposition is not caused by the
illumination and consequently reconstruction computations can be applied to this method in coherent
imaging systems. In addition, a Gaussian filter is used to solve the latter. A Gaussian filter is a filter
whose transmittance varies as a Gaussian function. By placing a Gaussian filter at the Fourier plane,
the point spread function can be expressed by a Gaussian function which has no negative values, and
thus the destructive superposition does not occur.

Our simulation results demonstrate the validity of this method. The results show that the proposed
method has a resolution beyond the diffraction limit, and is capable of reconstructing structures of
scattering objects that cannot be reconstructed with the conventional methods in coherent imaging
systems.

Measurement Methods with Standing Wave Illumination in Coherent Imaging Systems

Problems of Application to Coherent Imaging Systems. The outline of methods with structured
light illumination is as follows: First, multiple images are acquired while the position of the structured
light illumination changes. The acquired images vary depending on the position of the illumination,
and each image contains high frequency information of each intensity distribution of the illumination.
Second, an image reconstruction processing is performed in order to obtain the super-resolution
image. In order to make use of the high frequency information contained in the images acquired by
using the structured light illumination, a reconstruction algorithm based on the Richardson-Lucy
method [5] is used after the image acquisition. The diagram of the algorithm is shown in Fig. 1.
Measurement objects are expressed as scattering efficiency distributions, and it is assumed that the
response of each scattering object on the sample is proportional to the product of the electric field
produced by the illumination and the scattering efficiency. In this process, first, estimated image
distributions at each position of the illumination are calculated based on the estimated sample
distribution. The initial solution of the sample distribution is a uniform value. Then, the differences
between the acquired image distributions and the estimated image distributions are fed back to the
estimated sample distribution, which becomes the next estimated solution. The above process is
repeated until convergence and the sample distribution is obtained.
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Fig. 1. Diagram of super-resolution image reconstruction algorithm.

In the conventional methods, a standing wave illumination is used as a structured light illumination.
The standing wave illumination with two-beam interference is generated by two oblique incident laser
beams. The schematic of the standing wave with two-beam interference is shown.in Fig. 2. The
reconstruction processing described above is based on a premise that observed intensity distributions



of scattered light depend on scattering object distributions. However, this premise is not satisfied in
coherent systems. This is because destructive interference in which scattered lights from scattering
objects cancel with each other can occur. In the conventional methods, the signs of the electric fields
of adjacent peaks in the standing wave are different from each other. In incoherent imaging systems,
this difference of signs does not cause the destructive interference because images are formed by
superposition of squares of the electric fields. In contrast, in coherent imaging systems, images are
formed by squares of superposition of the electric fields. Therefore, scattered lights from scattering
objects in electric fields that have different signs interfere destructively. Consequently, the
conventional methods with standing wave illumination cannot be applied to coherent imaging
systems.

There is another problem that causes the destructive interference in coherent imaging systems: the
negative values in the point spread function. Images are formed by convolution of scattering light
distributions and the point spread function. A schematic of the point spread function is shown in Fig.
3. The point spread function is expressed by a Bessel function which has negative values. In coherent
imaging systems, scattered lights from scattering objects in negative parts of the point spread function
of other scattering objects interfere destructively. In cases where scattering objects are distributed
discretely and their scattering efficiencies can be treated as binary digits, it can be assumed that the
performance of the reconstruction processing is hardly affected by negative values of the point spread
function. However, in cases where the scattering distribution varies continuously, the reconstruction
performance can be seriously affected by the negative values.
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Fig. 2. Standing wave formed by
two-beam interference.
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Fig. 3. The point spread function

expressed by Bessel function.

Standing Wave Illumination with Three-beam Interference. In order to solve the dominant
problem due to the difference of signs of adjacent peaks of the standing wave illumination described
in the previous subsection, a standing wave illumination generated by three-beam interference is used
in the proposed method. A schematic of the standing wave is shown in Fig. 4. First, a standing wave
illumination is generated by two oblique incident beams on the sample plane. Then, a plane wave is
entered vertically into it. This vertical incident beam has the same frequency as that of the oblique
beams. This plane wave is synchronized to the standing wave so as to raise its standard, and thus it
makes all of the signs of the electric field same over the whole area of the observation surface [6].
Therefore, the illumination does not cause destructive superposition and consequently the
reconstruction computations can be applied to this method in coherent imaging systems.
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Fig. 4. Standing wave with three-beam interference.



Modified Point Spread Function. In order to solve the second problem described in the previous
section, a Gaussian filter is introduced to modify the point spread function. Transmittances of
Gaussian filters vary as Gaussian functions. Gaussian functions have no negative values and the
Fourier transform of a Gaussian function is also a Gaussian function. A schematic of the method with
a Gaussian filter is shown in Fig. 5. By placing a Gaussian filter at the Fourier plane, the Fourier
transform of the point spread function becomes the product of a Gaussian function and a rectangular
function which is the Fourier transform of a Bessel function. Consequently, the point spread function
becomes a Gaussian function at the image plane which has no negative values. Therefore, the
destructive interference does not occur. In this method, the Gaussian function is designed with the
following condition (Fig. 6): the extent in which values are more than 1 % of the maximum value of
the Gaussian function is equal to that from the negative cutoff frequency to the positive one.
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Fig. 5. Schematic of the method with a Gaussian filter. Fig. 6. Design of the Gaussian filter.

Simulation Experiments '
Simulation with Basic Sample. We conduct basic simulation experiments based on Fourier optics
with a sample that contains two scattering objects. The sample is shown in Fig. 7. The distance of the
two scattering objects is 300 nm. The simulation conditions is described below. The wavelength of
the laser beams is 488 nm and the numerical aperture (N.A.) of the objective lens is 0.55. The incident
angle of the oblique incident beams is 70.0 degree. The standing wave illumination is moved nine
times and 10 images are acquired. The amount of each movement is the quotient obtained from
division of the interval of the standing wave peaks by the number of the images. From the wavelength
and N.A., the Rayleigh diffraction limit is calculated to be 541 nm, which is larger than the distance of
the sample

The results of the conventional method with the two-beam standing wave illumination assuming
incoherent imaging system and coherent imaging system are shown in Fig. 8 and Fig. 9, respectively.
Although the sample structure can be reconstructed by the method of the two-beam standing wave in
the incoherent imaging system, it cannot be reconstructed in the coherent imaging system. It shows
that the conventional method cannot be applied to coherent imaging systems. The result of the method .
with the standing wave illumination generated by three-beam interference assuming coherent imaging
system is shown in Fig. 10. The distance of the scattering objects are reconstructed. These results
indicates that the proposed method has resolution beyond the diffraction limit and can be applied to
coherent imaging systems.
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Simulation with Practical Sample. Additional simulations assuming coherent imaging systems are
conducted with a practical sample in which scattering objects are arranged at different intervals. The
sample is shown in Fig. 11. Scattering objects are arranged at intervals of 300 nm and 900 nm. This
sample is modeled on line patterns on silicon wafers. The simulation conditions are basically the same
as those in the two-point sample simulation. In this simulation, the diffraction limit is 541 nm. The
result of the simulation with the conventional method using the two-beam standmg wave and that
with the proposed method using the three-beam standing wave are shown in Fig. 12 and Fig. 13,
respectively. The results show that the sample that cannot be reconstructed by the method with
two-beam standing wave is reconstructed by the proposed method with three-beam standing wave.
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Fig. 11. Sample in which Fig. 12. Result of the method Fig. 13. Result of the method
scattering objects arranged with two-beam standing wave in  with three-beam standing wave
at different intervals. coherent imaging system. in coherent imaging system.

. To confirm the effect of the Gaussian filter, we also conduct simulations with a sample in which
scattering efficiencies vary continuously, which is shown in Fig. 14. The result of the simulation with
the three-beam standing wave without a Gaussian filter is shown in Fig. 15. The distribution of the
scattering efficiency of the sample is not reconstructed. We speculate that the destructive
superposition due to negative values of the point spread function affects the performance because the



scattering objects are arranged not discretely but continuously. The result of the simulation with the
three-beam standing wave with the Gaussian filter is shown in Fig. 16. The result is improved
compared to that without a Gaussian filter. The results show the effect of the Gaussian filter.
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Conclusions

An optical super-resolution measurement method for coherent imaging systems was proposed. We
introduced a standing wave illumination generated by three-beam interference to solve the problem
caused by the structured light illumination in the conventional method. In addition, we proposed a
Gaussian filter to solve the problem caused by the point spread function. Subsequently, simulations
assuming coherent imaging systems were conducted, and the basic theoretical validity of our method
was demonstrated. Conducting experiments with actual samples forms our future tasks.
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