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This new phase shifting method is particularly useful
for short wavelengths, such as KrF illumination at 248
nm,™ ' or ArF at 198 nm, where it becomes increas-
ingly difficult to find appropriate materials with which
to fabricate the phase shifting elements.

2. Simulations

To confirm and evaluate the performance of this new
approach, the conventional transmission method, the
standard phase shifting method® '*'% and the new in-
terferometric method were simulated using the DE-
PICT® photolithography simulator. Alternating clear
and opaque lines were used to model the conventional
transmission approach. These were changed to include
a 180° phase shift in alternating clear regions to model
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Fig. 2. Phase shifting effects obtained by interferometry using a
one-layered metal mirror type mask.
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the standard-type phase shifting approach. To model
the new method, only clear lines were used, with a 180°
phase shift inserted for each neighboring line. The lines
with 0° phase shift were used to model the transmit-
ting regions of the mask, while the lines with 180° phase
shift corresponded to the reflecting regions of the mask.
Because illumination from a laser with a stable mode
resonator was being modeled, spatial coherence was as-
sumed. Several different wavelengths and mask dimen-
sions were investigated. The imaging lens was assumed
to have a numerical aperture of 0.4. The partial coher-
ence (o) of the illumination system was modeled to be
o ~ 0.2 based on the experimental setup. The small di-
ameter laser beam illuminated the mask and was then
imaged with a microscope objective lens. Simulations
were performed for 0.05 < ¢ < 0.9 and nearly constant
contrast results were obtained for 0.05 < ¢ < 0.4. An
example for a wavelength of 457 nm is shown in Fig. 3.
The figure clearly demonstrates that the new phase mask
offers the same performance as a chromeless mask.

By rearranging eq. (1), we can see that the physical
meaning of k; is the normalized minimum feature size,'”
1.e., the minimum feature size measured in units of illu-
mination wavelength. The normalized minimum feature
size is a fundamental figure of merit for lithographic tech-
niques and, therefore, it provides an illustrative basis to
compare the performance of different phase shifting ar-
rangements. Since the definition of resolution limit is
somewhat arbitrary and depends on several parameters
such as the type of resist used, it is possible to com-
pare the optical characteristics of the different methods
in terms of the contrast (C) of the final image as a func-
tion of the normalized feature size (k;). Usually, the
contrast is defined'® as

C = (Ipeak - Imin)/(Ipeak + Imin) bl (3)
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Fig. 3.

Example of DEPICT results. One dimensional and two dimensional light intensity distributions for a line and

space pattern are shown for the new phase shifting method, compared with the conventional Levenson type phase
shifting method and a transmission mask. A one dimensional intensity profile along the line (AA’) is extracted
from the two dimensional simulation data. A wavelength of 457 nm, partial coherence of 0.2, image period of 0.914
pm, NA of 0.4 and optimum focus are used as the optical input parameters.
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where I, is the intensity at the peak of the pattern
and I, is the intensity at its minimum. The contrast
alone, however, is somewhat misleading in favor of PS
techniques when compared with conventional lithogra-
phy. This is because for images formed by the PS tech-
nique, I,;, remains nearly zero, while I,.,. decreases as
the feature size is reduced. With I,;, &~ 0, the contrast is
nearly 100%, even though the quality of the resultant im-
age is seriously degraded and the intensity at the surface
of the wafer is low. In order to take this effect into ac-
count when evaluating different photolithographic tech-
niques, a performance index (PI) is introduced, where

PI=1,..C. (4)

The PI takes into account the peak intensity of the im-
age, as well as its contrast and, in this case, it is a better
measure of image quality than contrast alone.

Figure 4 shows the results of DEPICT simulations of
all three photolithographic techniques, where the per-
formance index PI is plotted as a function of W - NA/\.
Both PS approaches show significant advantages over the
conventional transmission mask performance. As can be
seen, the performance index of the transmission mask de-
creases rapidly for W - NA/X less than about 0.5, which
is to be expected when the Rayleigh resolution limit is
considered in eq. (1). The performance index for both
phase shifting approaches remains high for W - NA/A
down to about 0.26. This corresponds to a minimum
feature size of about 0.2 ym for KrF (248 nm) illumina-
tion with NA = 0.32. The simulated performance index
of the new phase shifting method shows a slight increase
for W - NA/X ~ 0.3. This peak is caused by the second
order Airy pattern peak that has an electric field of op-
posite sign from the primary peak. This field contributes
to the electrical field intensity of the neighboring phase
shifted line, and increases its performance index. With
this phase shifting technique, the image contrast remains
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Fig. 4. Comparison of the product of contrast times peak inten-
sity for the new phase shifting method (—), Levenson-type phase
shifting method (---), and transmission approach (----) as a
function of linewidth W normalized by the ratio of A/NA using
DEPICT. A wavelength of 457 nm, partial coherence of 0.2 for
laser illumination, and a NA of 0.4 are used as optical input
parameters.
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high, even though the intensity tends to decrease near
critical resolution. It may be possible to take advantage
of this improved performance around W - NA/X of 0.3 to
enhance the image near critical resolution.

In this simulation, alignment errors and aberrations in
the optics were neglected. In practice, however, these er-
rors could become important. Alignment errors caused
by the position of the imaging lens and the silicon wafer
are the same as in conventional PS and transmission
mask approaches. A mask positioning error that de-
termines the difference of the optical paths and thereby
the amount of phase shift between the two beams is a
parameter special to this method. The positioning pa-
rameter, however, can be controlled by some relatively
simple servo mechanism. The reference signal of such a
servo controller can, for instance, be provided by mea-
suring the intensity from a reference pad on the mask
with sub-resolution features. Areas with sub-resolution
features are expected to appear as dark regions assuming
180° phase difference.'® Thus, the control parameter of
the servo system could be the intensity minimum of such
reference pads. The fact that the phase difference can be
controlled is one of the main advantages of the new PS
method. Phase errors that occur during manufacturing
can cause serious difficulties in conventional phase masks,
since they are turned into focusing offsets by the imaging
system.'®) In the interferometric PS technique this effect
is dynamically suppressed.

Strong PS techniques (such as the Shibuya-Levenson
type) offer significant resolution and DOF advantages,
but they are prone to phase conflicts that may lead
to fundamental design issues that can be solved by
subshifters, or by a second exposure with a block-out
mask.'® 2% Attenuated PS techniques,?® on the other
hand, are less effective in improving resolution, but they
are considered to be universally applicable. In practical
implementation of attenuated PS concepts, however, it
is important to fabricate layers that provide the neces-
sary phase shifting and transmission at the same time,
which makes fabrication difficult at UV wavelengths. By
using the interferometric PS technique, any intensity ra-
tio between the two interfering beams can be obtained
and, thus, the attenuated PS concept can be readily im-
plemented with a simple chrome reticle. Furthermore,
the weak interferometric PS technique lends itself to be
combined with off-axis illumination that can be used as
an effective exposure tool with k; = 0.5.20:2%

3. Experiments and Discussion

A series of experiments were carried out in order to
evaluate the feasibility and performance characteristics
of this new approach to phase shifting. A charge coupled
device (CCD) camera was used to quantify the intensity
distribution pattern generated by the new method. Ad-
ditionally, patterns were written onto Hoechst Celanese
AZ1350B-SF photoresist with two different continuous
(CW) lasers and one pulsed laser source. The first co-
herent source was a 1 mW He-Ne laser (632.8 nm, TEMg,
mode, 0.8 mm beam diameter). After initial tests, this
source was replaced with a 100 mW single frequency Ar*
laser (457 nm, TEMy, mode, 1.4 mm beam diameter).
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To study pulsed UV illumination, we used a Nd:YAG
laser (operated at 355 nm using third harmonic genera-
tion, 2.0 mJ, with a pulse duration of 10 ns and a repe-
tition rate of 10 PPS). The experimental setup is shown
in Fig. 5. A 20 X microscope objective lens with a 0.4
NA was used as the imaging lens for visible laser experi-
ments. Similarly, a 20x objective with UV transmitting
glass and a 0.5 NA was used for UV laser illumination
experiments. The mask consisted of a single layer of
chrome with a number of different line and space pat-
terns. Patterns with line size ranging from 2 to 22 um
could be selected. A neutral density filter (density 0.3)
was placed in the transmitting branch in order to equal-
ize the beam intensities. A CCD camera system with a
0.8 NA and magnifying optics that expanded the focused
image onto the CCD image plane was used to evaluate
‘the projected pattern. Each CCD pixel corresponded
to about 0.01 pm in the focused image plane. Beam
profiling software was used to analyze the intensity dis-
tribution at the image plane.

The measured PI is depicted in Fig. 6. Squares, trian-
gles, and diamonds represent the measured points at 632
nm, 457 nm, and 355 nm respectively, while the results
of the DEPICT simulation are given by dashed line. At
632 nm, the experimental data and the DEPICT simu-
lation agree well. In both the experiment as well as the
simulation, line widths corresponding to a W - NA/X of
slightly less than 0.27 (corresponding to a feature size of
about 0.66 )\) were achievable. At 457 nm, the experi-
mental results showed slightly reduced resolution, with
a minimum W - NA/X of about 0.3 (corresponding to a
0.75 X feature size). However, for pulsed 355 nm UV ex-
periments using the third harmonic of a Nd:YAG laser
(with a bandwidth of ~30 GHz), the measured PI is re-
duced corresponding to a minimum W - NA/ of about
0.4 (feature size of 0.8 A). This reduction in PI is not in-
herent to the method but is mainly caused by the beam
quality of the Nd:YAG laser at our disposal.

Patterns were also written on AZ1350B-SF UV photo-
resist. During the photoresist exposure, the CCD camera
was used to observe the reflected image from the silicon
wafer in order to aid in alignment. The photoresist de-
velopment simulation capability of DEPICT was used to
estimate the required exposure fluences. The simulations
indicated a target exposure energy density of approxi-
mately 150 mJ/cm? at 457 nm and 60 mJ/cm? at 355
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Fig. 5. Schematic of the experimental setup. Photoresist expo-
sure experiment setup (left column) and performance measure-
ment setup (right column) are shown in this figure.
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nm.

Experiments were conducted using the UV photoresist
at both 457 nm and 355 nm. A layer of photoresist ap-
proximately 0.5 pm thick was deposited on a 1.5 inch
diameter silicon wafer by spinning the wafer at 3000
rpm. At 457 nm, a laser beam intensity density of 50
mW /cm?® was used to expose the wafer for 4 s, result-
ing in a deposited energy density of 200 mJ/cm? in the
photoresist. This produced a 0.57 pm wide line pat-
tern in the resist. The frequency tripled Nd:YAG expo-
sure at 355 nm consisted of a train of 5 pulses, with a
pulse duration of 10 ns, having a total deposited energy
density of 30 mJ/cm?®. Figure 7 isa scanning electron
microscope (SEM) photograph of the features obtained
using UV laser illumination. A line size of < 0.3 pm
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Fig. 6. Comparison of image contrast times peak intensity be-

tween a DEPICT simulation (----) and experiments with 632.8
nm (—0-), 457 nm (-A-), and 355 nm (—<-) laser illumination
as a function of linewidth W normalized by A\/NA. A NA of
0.4 is used for the 632.8 nm and 457 nm experiments, and a
NA of 0.5 is used for the 355 nm experiment as optical input
parameters.

"Fig. 7. SEM photograph of pattern features of 0.30 pm linewidth
produced by interferometric phase shifting scheme with 355 nm
laser illumination.
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was obtained, which demonstrates the capability of this
new phase shifting method. The depth of the photoresist
patterns was measured with an atomic force microscope
(AFM) and found to be 0.4 pm.

4. Conclusions

The performance of a new phase shifting method suit-
able for the fabrication of high density dynamic random
access memory (DRAM) IC’s has been demonstrated,
based on an interferometric scheme and a single layer
chrome mask. The scheme has been modeled using the
DEPICT photolithographic simulator, and critical error
tolerances were analyzed and compared to the experi-
mentally obtained data. A line and space pattern mask
was used in a 20x reduction scheme to write 0.3 um
thick lines in UV photoresist with light from a 355 nm
frequency tripled Nd:YAG laser. A distinct advantage of
this phase shifting method is that the amount of phase
shift and the relative intensity of the two out-of-phase
images can be independently controlled and adjusted.
Because the image which is created at the wafer sur-
face is the same as that which would be formed using a
chromeless phase-shift mask, similar advantages in terms
of DOF and resolution are anticipated.® Line features as
small as 0.2 um should be feasible with a 248 nm KrF
excimer laser based photolithographic stepper. Hence,
this new phase shifting technique can potentially pro-
vide the 0.25 pym technology that will be required for the
fabrication of 256 Mbit DRAM’s.
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