Enhanced optical microlithography with a
Fabry-Perot-based spatial filtering technique

Miklés Erdélyi, Zsolt Bor, William L. Wilson, Michael C. Smayling, and Frank K. Tittel

A coherent multiple imaging technique for use in optical microlithography was studied. The technique
involves placing a thin Fabry—Perot etalon between the mask and the projection lens of an optical stepper.
An optical lithographic computer simulation tool, Prolith/2, was used to evaluate the aerial image profile
obtained for extended mask structures such as typical contact hole arrays and line-space patterns used
in integrated circuit fabrication. Additionally, a set of experimental studies were performed to validate

the simulation results.

OCIS codes:

1. Introduction

The need to reduce the minimum feature size in mi-
croelectronic devices at less than 150 nm requires
optical techniques that improve resolution while
maintaining depth of focus (DOF). The fundamen-
tal limits of optical lithography are described by the
well-known Rayleigh scaling equations!:

"
D=4k 1
C klNA ’ ( a)
DOF =k, (1b)
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where CD is critical dimension; \ is the exposure
wavelength; N.A. is the numerical aperture (defined
as the sine of the angular semiaperture in the image
space) of the projection lens; and k; and k, are
process- and system-dependent parameters, respec-
tively. As efforts to reduce \ and increase N.A. en-
counter fundamental and economic barriers, new
techniques for reducing %k; and increasing k, have
been developed. In the past 20 years several super-
resolution techniques have been proposed. Four of
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the most frequently studied methods include phase
shifting, modified illumination, optical proximity cor-
rection, and multiple imaging. Phase-shifting tech-
nologies? based on constructive and/or destructive
interference improve the image quality of different
integrated circuit feature types. However, the fab-
rication and cleaning of phase-shifting masks is a
costly and complicated processes that limits the ap-
plicability of phase-shifting techniques. Modified il-
lumination techniques? and control of spatial
coherence have historically been used to optimize the
performance of lithographic projection tools. The
three-dimensional aerial image is influenced by the
method of illumination. Off-axis, annular, and qua-
druple illuminations are the most extensively studied
arrangements. Optical proximity correction* aims
at minimizing feature distortion, linewidth variation,
and line-end shortening by predistortion of the pat-
terns on the mask.

In this paper we focus on an alternative superreso-
lution technique called coherent multiple imaging
(CMI). CMI produces a series of images of the mask
pattern, shifted in position along the optical axis.
This is in contrast to a conventional projection pro-
cess that produces only a single image at the wafer
surface. Because the individual images are added
together coherently, the final pattern is strongly de-
pendent on the phase and the amplitude of each in-
dividual image.

Enhanced image formation by means of CMI has
been investigated by several authors. The super-
FLEX (focus latitude enhancement exposure) method
reported by Fukuda et al. 5 introduces a pupil-plane
filter that creates two images with their focal planes
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shifted by =B and their phases shifted by £¢. The
resultant pattern is the superposition of these two
images. Experimental and theoretical results have
shown that, for a contact hole pattern, the super-
FLEX technique is capable of enhancing the DOF by
a factor of 3 and the resolution by 20%. A CMI
technique that uses a Fabry—Perot etalon placed be-
tween the mask and the optical stepper projection
lens has been demonstrated both theoretically® and
experimentally.” In this approach an etalon gener-
ates multiple virtual images of the mask in front of
the lens, separated by 2d along the optical axis,
where d is the separation of the etalon mirrors. The
projection lens then creates an aerial image that is a
superposition of all the shifted virtual mask images.
The separation of the images along the optical axis
beyond the lens is 2dM?, where M? is the longitudinal
magnification of the lens. It was demonstrated that
an optimized etalon could enhance the depth of focus
and the resolution of a single on-axis contact hole by
300% and 60%, respectively.” However, in Ref. 6,
calculations for extended mask patterns were not
possible, owing to the limitations of the wave optics
model that was used.

Recently, it was shown that a simple and fast sim-
ulation technique could be applied to the CMI ap-
proach for extended mask images by use of an
appropriate pupil-plane filter in the simulator.8 The
thrust of the current study is a comparative experi-
mental and theoretical evaluation of the above-
mentioned CMI technique for contact hole arrays and
line—space patterns. A commercially available mi-
crolithographic simulation tool, Prolith/2, was used
to calculate the aerial images of such mask structures
for various structure sizes and DOF’s.

2. Fabry-Perot Interferometer as a Pupil-Plane Filter

A Fabry—Perot interferometer placed between the
mask and the projection lens of an optical stepper can
be considered to be a spatial filter that transmits
certain spatial Fourier components of the mask pat-
tern while blocking others.8-1© On the basis of this
analogy, the etalon can be substituted by a pupil-
plane filter that can be introduced into any commer-
cially available photolithographic simulation tool
(Prolith/2, Solid-C, Depict, and the like) without soft-
ware modifications. The principle of image forma-
tion based on Fourier optics can be summarized as
follows. The electric field pattern in the focal plane,
E(x,y), is given by

E(x,y) = F {F{m(x, »IP(f., )}, (2)

where m(x, y) is the electric field transmittance of the
mask pattern; P(f;, f) is the coherent transfer func-
tion of the stepper optical configuration; and % and
%1 represent the Fourier and the inverse-Fourier
transforms, respectively. The coherent transfer
function describes the optical imaging system. This
function specifies all the information about the imag-
ing system including optical aberrations, defocus,
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Fig.1. Normalized amplitude and phase distribution of the pupil-
plane filter that was used to simulate a Fabry—Perot etalon with
d =122 pm and R = 0.97.

N.A., and pupil-plane filters, which is necessary for
calculating the aerial image.

For a Fabry—Perot filter with spacing d, and mirror
reflectivity R, the images created by the projection
lens with magnification M are shifted by 2dM?, 4dM?,
6dM?,.... The phase is shifted by ¢, 2¢, 3¢, ...,
where ¢ depends on the exact mirror spacing in the
etalon. The amplitude ratio between the adjacent
images is simply given by R, the reflectivity of the
mirrors. The total electric field is the superposition
of these images. The modified pupil-plane filter that
simulates the effect introduced by a Fabry—Perot eta-
lon can be expressed as follows:

P(r)=—-R D) 3
) ) i) -1 P
2 2\ogps?
(I)Zd)—ZﬂTW-FT‘ 2d , 4)
and r is the normalized pupil radius. This phase-

amplitude filter can be defined by means of a projec-
tion lens pupil filter file in Prolith/2. The main
advantages of this simulation approach are the fol-
lowing:

e Simulation of extended mask structures be-
comes feasible.

¢ A single simulation run is required instead of
multiple runs.

¢ No software modifications are required.

Figure 1 depicts the amplitude and phase properties
of the filter that is studied theoretically and experi-
mentally in this paper. The input stepper parame-
ters for the Prolith simulation are as follows:

¢ Image calculation mode, full scalar.11
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Fig. 2. Schematic view of the experimental arrangement.

creates multiplied images of the mask pattern along the optical axis.

(NA=0.3; M=0.2)

Magnification
System
(M,,~800)

The Fabry—Perot etalon placed between the mask and the projection lens
The projection lens images all the virtual patterns simultaneously.

The final superimposed image is magnified by two microscope objectives and is captured by a CCD camera.

N.A, 0.3.

Wavelength, 441.6 nm (cw He—Cd laser).
Reduction (1/M), 5.

Spatial coherence (o), 0.

The DOF and the resolution limits of this system with
the Rayleigh equations are DOF = 2\/N.A2 = 9.8
pm and CD = 0.61 A\/N.A. = 0.9 pm.

The pupil-plane filter depicted in Fig. 1 represents
a Fabry—Perot etalon with a mirror separation of d =
122 pm and a mirror reflectivity of R = 0.97. The
relative image density, N, defined by the number of
images in one DOF range, (N = DOF/2dM?) beyond
the projection lens is 4. The filter is optimized so
that the amplitude transmission maximum is close to
the edge of the aperture (the relative radius position
of the main peak is 0.92). The phase changes rap-
idly where the filter transmits the incident light.
This special phase property of the filter introduces a
focal shift along the optical axis, as discussed below.
Since the reflectivity of the mirrors is high, and the
relative image density is relatively small, the trans-
mission ring of the filter is sharp.

3. Experimental Arrangement

A schematic view of the experimental arrangement is
depicted in Fig. 2. The experimental and the simu-
lation parameters were identical. The projection
lens available for this study was a Tropel stepper lens
(5116g) optimized for g line (436-nm) stepper illumi-
nation with N.A. = 0.3 and M = 0.2. The image field
diameter of the lens was 20 mm, and the object-to-
image distance was 800 mm. Because of the large
image field diameter of the lens, aberrations intro-
duced by off-axis patterns were essentially elimi-
nated. The chrome mask contained different line—
space and contact hole patterns and was illuminated
by a cw He-Cd laser operating at 441.6 nm. The
choice of illumination wavelength used in this study
was determined by the availability of suitable optics
and diagnostic equipment. All of the results ob-
tained here can be scaled to shorter wavelengths, i.e.,
deep-ultraviolet excimer wavelengths. A scanning
Fabry—Perot etalon (Tropel C.L.-100) was placed be-
tween the mask and the projection lens. The reflec-
tance of the etalon mirrors was R = 0.97 at 441.6 nm,
and the mirror separation was set at 122 pm. We
controlled and checked the mirror separation several

times during the experiment by measuring the radii
of the Fabry—Perot rings. The final image produced
by the projection lens was magnified by two micro-
scope objectives and captured by a CCD camera.
The total magnification in front of the CCD was ap-
proximately 40 X 20 = 800X. The exact value of
magnification was calibrated by means of the pitch
size of the largest pattern on the mask. The first
objective was mounted on a precision translation
stage so that the image could be evaluated as a func-
tion of focal position.

4. Simulation and Experimental Results

A. Contact Hole Arrays

Images of contact hole arrays without and with the
Fabry—Perot filter were studied. A schematic view
of the mask pattern used in these investigations is
depicted in Fig. 3. Since the pattern is periodic, the
figure depicts only a portion of the mask. All the
masks contain 10 X 10 = 100 contact holes in the
form of an offset pattern. The CD varied from 1.0 to
0.52 pm in steps of 0.08 wm, whereas the pitch/hole
size ratio remained constant. In fact, such an offset
hole array can be considered to be a conventional hole

CD

Fig. 3. Offset contact hole array. The CD varies from 1.0 to 0.52
pm in steps of 0.08 wm, whereas the pitch/CD size ratio remains
constant.
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array tilted by 45°, if the optical system is cylindri-
cally symmetric. The pitch sizes of the contact holes
changed from 4.24 t0 2.21 pm. The two-dimensional
Fourier transforms that correspond to the intensity
distribution in the pupil plane of the masks are de-
picted in Fig. 4. The circles drawn in each panel
mark the position of the transmission maximum of
the Fabry—Perot filter. The figure also depicts the
intensity distribution in the pupil plane when a sin-
gle on-axis contact hole was used. The maximum
spatial frequency component transmitted by the lens
is determined by the N.A. of the lens and the illumi-
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Intensity distribution in the pupil-plane using contact hole arrays with different pitch size.
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nation wavelength (v, = N.A./A = 0.68 um™ ).
The quality of an imaged contact hole array is deter-
mined by the number of Fourier components trans-
mitted by the projection lens. Without the filter, for
a given wavelength, the N.A. determines the highest
Fourier frequency (v,,,,) that can contribute to the
imaging process. Figure 4 shows that the smaller
the pitch size on the mask, the larger the diffraction
angle and hence the spatial separation of the diffrac-
tion orders. An image cannot be resolved if only the
zero diffraction order passes through the lens. All
the patterns depicted in Fig. 4 can be resolved, since
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Fig. 5. Two-dimensional simulation results through focus without filter.

The depicted size of the aerial images is 7.5 pm X 15 pum. The

value of defocus (Def) gives the distance between the examined and the focal plane.
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Fig. 6. Two-dimensional simulation results through focus with filter.
In the case of pitch size at 0.84 pm the second diffraction orders are transmitted by the
This is the optimum case from the standpoint of both intensity loss and resolution.

CD’s vary but do not change with focal position.
Fabry—Perot filter.

at least the zero order and first diffraction orders
occur inside the aperture. However, the DOF and the
resolution (measured by the FWHM of the intensity
peaks) strongly vary with pitch size. Figure 5 shows
the simulated aerial images and the FWHM of the
peaks for the seven masks at different focal positions.
The depicted size of the aerial images is 7.5 pm X 15
pm. The FWHM dependence on the CD is similar

The characteristics of the aerial images of patterns with different

for different values of defocus. A noticeable change
in FWHM and DOF can be observed when the critical
feature size falls below 0.84 pm. This phenomenon
is explained in Fig. 4. Below a CD of 0.84 pm (equiv-
alent to 3.56-pm pitch size) the =2 diffraction orders
fall outside the aperture, and they do not contribute
to the final image. Therefore the FWHM increases
rapidly while the DOF decreases. If the CD is re-

~
§_ 0.80
S No Filter
2 0.76 ’
E With Filter .
[ I e ——
T e \ i
0.68 44\ — "
26 2 -1 0 1 2
Defocus (um)

Fig. 7. Experimental results without (upper row) and with (lower row) filter through focus.
However, the increased intensity side lobes cause undesirable interference effects.

secondary and the main peaks become equal.

The filter decreases the FWHM by 8%.
When the defocus is 8 pm, the intensities of the
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duced further, the first diffraction orders get closer to
the edge of the aperture, resulting in improved reso-
lution.

A narrow-band pupil-plane filter introduces a
strong modification of the Fourier components, and
the system becomes extremely pitch sensitive. Only
Fourier components that pass through the narrow
transmission peak of the filter can contribute to the
final image. The simulated aerial images, obtained
by means of the pupil-plane filter defined in the Sec-
tion 3 can be seen in Fig. 6. The characteristics of
the aerial images of patterns with different CD’s vary
but do not change with focal position; i.e., the DOF
has improved significantly. At the same time, the
FWHM has decreased from 0.75 to 0.58 pm (=22%
resolution enhancement), using the pattern with a
0.84-pym CD. This is the optimum case not only
from a resolution standpoint but also in terms of
minimizing light loss. The Strehl ratio (which is
defined as the intensity ratio of the aerial images in
the presence and in the absence of optical aberra-
tions) is ~16%. In this case the second diffraction
orders are transmitted by the Fabry—Perot filter. If
we further decrease the CD, then the diffraction an-
gles of the second orders increase and are not trans-
mitted by the filter. The intensity drops drastically,
and images cannot be evaluated.

Patterns similar to those that were used in the
simulation studies were also evaluated experimen-
tally, with the setup described above. The images
were captured by the CCD camera, and the FWHM
was determined for each focal position. The detailed
experimental evaluation of the optimum pattern with
a CD = 0.84 pm can be seen in Fig. 7. The upper
and the lower rows depict the captured CCD images
without and with the filter, respectively. Without
the filter, the FWHM of the main peaks is 0.74 pm
and the DOF is approximately 3—4 pm. The filter
decreases the FWHM by 8% (from 0.74 to 0.68 pm) at
optimum focus. The thick Fabry—Perot mirror sub-
strates introduce a constant focal shift. Therefore
the zero defocus with and without the etalon does not
represent the same physical position. Thus zero de-
focus is defined as the position where the best image
can be formed. The —4-pm focus shift caused by the
pupil-plane filter is significantly smaller than the de-
focus of several millimeters introduced by the thick
mirror substrates.

There is, however, a secondary effect associated
with the use of a Fabry—Perot filter for imaging con-
tact hole arrays. This is the appearance of diffrac-
tion rings and their undesirable interference effects.
Even in the best focal plane the intensity of the sec-
ondary maxima between the main peaks is 40% and
increases with defocus. When the defocus is 8 pm,
the intensities of the secondary and the main peaks
become equal. Figure 7 also depicts a CCD image
when the defocus is —26 wum. The FWHM of the
main peaks does not change, but the secondary peaks
are higher than the main peaks. A detailed evalu-
ation of the simulation and the experimental results
shows that the high-intensity secondary peaks are
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Fig. 8. High-intensity secondary maxima generated by filter and
optical aberrations.
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No aberration

No filter

Simulation

Experiment

generated by four completely overlapping second dif-
fraction rings. However, high-intensity side lobes
are generated not only by the filter but also by optical
aberrations in the stepper projection system. Sim-
ulation and experimental results depicted in Fig. 8
show that aberration can cause even higher second-
ary peaks than with the filter. During simulation a
typical, predefined aberration file was used to intro-
duce a small aberration into the optical system.

Two methods are proposed to avoid this undesir-
able interference effect.® The first method changes
the spatial coherence of the illumination. The opti-
mum value of spatial coherence, in terms of minimiz-
ing the sidelobe interference, was found to be 0.28.
The other method, based on a phase-shift approach,
introduces a w phase shift between adjacent holes.
Because of the destructive interference between op-
posite fields, the secondary maxima will disappear.
However, it was not possible to observe this effect
with our experimental apparatus.

B. Line-Space Patterns

Besides contact hole arrays, the other key patterns in
optical microlithography are line—space patterns.
This subsection describes the evaluation of nine line—
space patterns with different pitches but with the
same pitch/CD ratio. The pitch is changed in the
range of 2 to 1.36 um in steps of 0.08 wm, and the
width of the lines is equal to their separations so that
the pitch/CD ratio is 2. Every pattern contains ten
lines with a length of 10 pm. The two-dimensional
Fourier transforms of eight patterns can be seen in
Fig. 9. As the pitch is decreased, the diffraction an-
gle of the =1 orders increases. With a conventional
illumination system a line—space pattern can be im-
aged if at least three diffraction orders contribute to
the final image. Since the position of the zero order
does not change, the position of the +1 diffraction
orders determines the resolution limit. However,
the diffraction angle depends only on the wave-
length/pitch ratio and is independent of the width of
the lines. Figure 9 shows that the line-space pat-
terns with 1.52-pm or larger pitches can be resolved,



pitch=2 pm pitch=1.92 pm

Fig. 9.

whereas the 1.44-pm pattern is below the resolution
limit of the lens. This result is in good agreement
with a simple geometrical model that determines
that the minimum resolvable pitch size (\/N.A.) is
1.47 pm. The position of the amplitude maximum of
the filter is also shown in Fig. 9.

The simulated and the experimental aerial images
of the nine line—space patterns in the optimum focal
plane (defocus, 0) obtained without a filter can be
seen in Fig. 10. The simulation results (upper row)
agree with the experimental results (lower row).
The line—space feature with a 1.52-pum pitch is the
smallest resolvable pattern. Above the resolution
limit both the pitch and FWHM results follow theo-

Simulation
Results

0 0

pitch=1.76 pm

pitch=1.84 pm

05 00 05

Intensity distribution in the pupil-plane using line—space patterns with different pitch size.

retical values. The gradient of the FWHM curve is
half the pitch curve. The normalized intensity
curves show that the peak intensities do not change
significantly above the resolution limit. However,
by use of patterns with smaller pitches, the FWHM of
the lines starts to increase, and the peak intensity
decreases rapidly.

The simulated and the experimental aerial images
generated with the use of the pupil-plane filter can be
seen in Fig. 11. The filter shifts the intensity max-
imum toward the lens by 5 pm. Therefore both the
simulation and the experimental data depicted in
Fig. 11 were obtained by introduction of a —5-pm
defocus. The presence of the pupil-plane filter

Experimental
Results
i E

T ~
s E
qé = < Exp. Pitch Si: g
g = <_Sim.Pitch Size m ‘?-’
i E | Exp. Peak Imtensity . Sim. Peak Intensity | §
-g 3 | [ ——————————————— : 1 &
& T hee =
- R e P g
g @ < Exp FWHM ’ 0.5 2
E ﬁ: | < Sri[n.rféWHMr B <
» ™ 0 i I T T T 0

2 1.92 1.84 1.76 1.68 1.6 1.52 1.44 1.36

Theoretical Pitch Size (um)

Fig. 10. Simulation results and experimental results of line—space patterns without filter (defocus, 0).

system is pitch size at 1.52 pm.

The resolution limit of the optical
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Fig. 11. Simulation results and experimental results with the

Fabry—Perot filter (defocus,

-5 pm).

The periods of the patterns

are doubled, since the filter blocks the zero order.

Simulation
Results
with Filter

Experimental
Results
with Filter

changes the aerial image significantly. The zero dif-
fraction order is always blocked by the Fabry—Perot
filter, and hence the angle between the diffraction
orders generating the final image is doubled. Be-
cause of this, the period of the generated pattern is
also doubled. It is important to note that the dou-
bled periodicity is caused by the missing zero order
and not by an interference effect between the “real”
lines.

Because of the narrow bandwidth of the filter, the
system is pitch sensitive. A line-space pattern can
be projected if its first diffraction orders can be trans-
mitted by the filter. This is why Fig. 11 shows only
three patterns. For any other pattern the filter
blocks all the diffraction orders. By use of a pattern
with 1.6-pm pitch the amplitude maximum of the
filter matches the first diffraction orders of the pat-
tern. This is an optimum case, as far as filter trans-
mission is concerned. The peak intensities of the
adjacent patterns (for pitches of 1.68 and 1.52 pm)
decrease rapidly. The FWHM of the lines is de-
creased by 25% (from 0.56 to 0.42 pm).

The aerial image of the optimum line—space pat-
tern (1.6-pwm pitch) was also evaluated with different
defocus values. The first and the second rows in Fig.
12 depict the simulation results and the experimental
results when no filter is used. Since the intensity
distribution is symmetrical with respect to the focal

Simulation
Results
without Filter

Experimental
Results
without Filter

o o
[9,] (=,
1

FWHM (1m)

Wi_th Filter (E)gp.)

1128

APPLIED OPTICS / Vol.

Defocus (um)

Fig. 12. Simulation results and experimental results in the presence and in the absence of the Fabry—Perot filter with line—space pattern
of 1.6-pm pitch. The filter significantly increases the depth of focus and enhances the resolution.
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Fig. 13. Source of light loss. The narrow Fabry—Perot transmis-
sion ring could transmit only a part of the first diffraction order.

point, the figure shows only the defocus range from
—3to0pm. The DOFis~4 pm. The third and the
fourth rows depict the simulation results and the
experimental results with the Fabry—Perot filter in-
serted into the optical system. It can be seen that
the DOF of the doubled periodicity pattern is in-
creased significantly. As the experimental results
show, the filter increased the DOF by a factor of ~9
while maintaining a 25% enhancement in FWHM.

The filter with a narrow bandwidth introduces both
a pitch sensitivity and light loss into the optical sys-
tem. Since the bandwidth of the filter is narrower
than the width of the first diffraction order, the filter
transmits only a fraction of the light contained there.
The Fabry—Perot ring and the diffraction orders (zero
and first orders) can be seen in Fig. 13. The figure
represents an optimum case, in which the Fabry—
Perot ring is in the middle of the first order. The
simulation results and the experimental results show
that the peak intensity decreases to ~4% of the orig-
inal maximum when the Fabry—Perot filter is used.
This significant light loss can be avoided by means of
a Fabry—Perot etalon with lower reflectivity mirrors.
For an optimum case, the bandwidth of the filter
would be set equal to the width of the first diffraction
order so that the filter transmits the =1 diffraction
orders, and the peak intensity will reach 30% of the
original maximum.

5. Conclusions

A coherent multiple imaging technique applied to
both contact hole arrays and line—space patterns has
been evaluated theoretically and experimentally. A
computer simulation method based on Prolith/2 was
developed that is able to analyze the effect of a
Fabry—Perot etalon inserted into a commercial litho-
graphic exposure tool. This method is based on us-
ing a pupil-plane filter to simulate the effect of a
Fabry—Perot filter placed after the projection lens in
a photolithographic stepper. An experimental test
bench was also developed to verify the simulation
results and to demonstrate real-world feasibility.

The results obtained from the simulations agreed
well with the experimental results. It was demon-
strated that, under certain conditions, the use of a
Fabry—Perot filter can simultaneously improve both
resolution and depth of focus. The results showed
that the resolution and the DOF could be enhanced
by 25-29% and 300-900%, respectively, depending
on the selected pattern. The strong pitch sensitivity
and high-intensity side lobes introduced by the etalon
were analyzed, and two methods were proposed to
avoid their undesirable interference effects.
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