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Abstract: Using a simulation, we investigate the effects
of the light source size and derive an effective method
for suppression of the subfringes that appear in ArF Tal-
bot lithography, which has been proposed for submicron
pattern transfer applications. The appearance of the sub-
fringes, which were caused by interference, was related
to the size of the light source. If an appropriate light
source size is chosen, then, a large process window can
be obtained. Guidelines for source size selection are given.
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1 Introduction

Gratings have many interesting behavioral aspects. The
structure of a grating is simple, but many papers continue
to be published about grating structures today. In the
1830s, H.F. Talbot reported a phenomenon, which, accord-
ing to Talbot, was ‘any more than ever-changing figures
of the kaleidoscope’ when he viewed ‘the light which had
passed through this grating with a lens of considerable
magnifying power’ [1]. He was viewing a grating made
by Fraunhofer. Forty-five years after Talbot’s observa-
tion, Lord Rayleigh explained this effect mathematically
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[2]. Today, this effect is known as the Talbot effect: a self-
imaging phenomenon that enables lensless imaging.
There are many applications of this phenomenon, and
a review paper that describes the principle and recent
studies of the phenomenon is available [3].

We would now like to consider semiconductor lithog-
raphy. The most advanced lithography tools use sophis-
ticated multimirror optics with an extreme ultraviolet
source or an immersion lens with an ArF excimer laser
source [4, 5]. At the same time, reduction of the produc-
tion costs for semiconductor chips continues to act as an
incentive for further development of lithographic technol-
ogy [6], and from this viewpoint, proximity lithography
is a strong candidate to provide a cost-effective method
because it requires no projection optics, although it does
have limitations in terms of resolving power. Several ideas
have been proposed to overcome these limitations [7],
and Talbot lithography is expected to demonstrate good
performance levels [8-16]. Because Talbot lithography
involves a type of interference patterning, it generates
interference fringes, which are called the Talbot carpet.
If the pattern pitch is close to the wavelength of the light
source, then a simple repeated pattern is obtained [8,
10]. However, if the pattern pitch is much larger than
the source wavelength, the transferred pattern is not so
simple [17]. These fringes could yield unwanted results
for the transferred pattern. Therefore, suppression of the
unwanted fringes is likely to be an issue in the develop-
ment of Talbot lithography. Here we focus on submicron
pattern transfer using a 193-nm light source and discuss
the appearance of the unwanted fringes. These subpat-
tern fringes are simulated and are shown to be a pitch
dependency of the Talbot effect. We then discuss the
effects of the size of the light source and derive an effec-
tive method to suppress the fringes.

2 Simulation

Our discussion of the Talbot effect begins here on the
basis of an optical simulation. The Talbot effect is known
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to be dependent on the polarization when the grating
pitch is close to the wavelength of the light source [14, 18].
However, the light source here is assumed to be unpolar-
ized and has an operating wavelength of 193 nm. There-
fore, the discussion here does not consider either the
pattern direction or the polarization. The repeated pattern
is assumed to be fabricated using Cr on a SiO, mask plate.
In the simulation, the pattern is defined as the single cycle
shown in Figure 1, but it is repeated virtually to produce
an infinite line-and-space pattern. The optical distribu-
tion near the mask is simulated by the finite-difference
time-domain method. The aerial image at a distance from
the mask is simulated by a method based on Fourier optics
theory. The gap between the mask and the wafer can be
regarded as being defocused from the Fourier imaging
plane. The self-imaging point of the Talbot effect appears
to correspond to the focusing point of the imaging optics.
In proximity lithography, the mask pattern is transferred
to the wafer surface at a gap from the mask. This gap offset
is used for defocusing in projection optics. The litho-
graphic tolerance is shown as a relationship between the
exposure latitude and the gap offset variation for pattern
width variation [19].

180 nm

Figure 1: Mask pattern assumed for simulation. The mask has a
repeated pattern formed in Cr on a Si0, mask plate.
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The self-imaging point is repeated along the direction
of light transmission at points separated by the Talbot dis-
tance. The Talbot distance, Z,, is expressed as [2, 14]:

2p’
ZT= 7

, 2A<p, 6]

or

) 2
ZT:p7 1+ 1(%] , p~1, ©)

where p is the pattern pitch, and A is the wavelength of the
light source.

3 Simulation results

In Figure 2A-C, the aerial images under the mask are
shown at distances that range from one half to one and
a half times the Talbot distance for each pattern pitch of
(a) 230 nm, (b) 460 nm, and (c) 920 nm. The mask is illu-
minated through optics with a numerical aperture (NA)
of 0.0002, which means that the light source is simply an
untreated laser beam. In all cases, self-imaging appeared
at the Talbot distance, and reversed images appeared at a
distance of +0.5Z, away from the Z, point. The pitch size
of 230 nm shown in Figure 2A is < 2. For this pattern size,
the interference at the first Talbot distance is generated by
only three waves from the neighboring secondary sources
of the center aperture on the mask and the mask sides. If
the pitch size is increased from 24 to 34, then the interfer-
ence at the first Talbot distance is generated by five waves,
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Figure 2: Aerialimages under the mask shown at distances ranging from half to one and a half times the Talbot distance for each pattern
pitch of (A) 230 nm, (B) 460 nm, and (C) 920 nm. The mask is illuminated using optics with a numerical aperture (NA) of 0.0002.
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including the next neighboring waves. In this way, the
self-imaging patterns with pitches of 230 nm, 460 nm, and
920 nm are composed of three waves, five waves, and nine
waves, respectively. More waves are included as the pitch
increases, and this leads to greater interference complex-
ity. From a lithographic viewpoint, multiple fringe pat-
terns caused by complex interference along the z-axis are
not desirable because they lead to poor pattern fidelity tol-
erance of the gap variation between a mask and a wafer.
A method is, therefore, required to remove this complex
interference for increased process tolerance. During expo-
sure, it is possible to average the image along the z-axis by
moving the wafer stage. This method has previously been
implemented in a projection tool [20]. Speckle in lithogra-
phy, which is caused by use of a coherent source, has been
also discussed [21]. This speckle is related to the interfer-
ence of the coherent source. To reduce this interference,
the coherent source must be changed until it is almost
incoherent. The size of the source also has an influence
on the interference.

Figure 3 shows aerial images of 920-nm-pitch line-
and-space patterns produced using various illumination
source sizes with NAs ranging from 0.01 to 0.05. The gray
scale here matches that used in Figure 2C. As the NA of
the illumination source increases, the interference fringes
become less visible, while the image contrast simulta-
neously decreases, with values of 0.98 for a NA of 0.01,
0.95 for a NA of 0.02, 0.82 for a NA of 0.03, 0.57 for a NA
of 0.04, and 0.29 for a NA of 0.05. To realize the effect of
the source size on the pattern transfer characteristics, the
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Figure 3: Aerial images of 920-nm-pitch line-and-space patterns
with various illumination source sizes with NAs ranging from 0.01
to 0.05.
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exposure-defocus (ED) tree of the aerial image is analyzed.
Analysis of the ED tree is a useful method to ensure use
of the appropriate exposure transfer tolerance and depth
of focus (DOF), which is the depth of gap in this case [19,
22-26]. Figure 4 shows the intensity relative to the devia-
tion of the gap from the Talbot distance for the linewidth
of the 920-nm-pitch line-and-space pattern when the
illumination source NA is 0.01. In this figure, the x-axis
represents the intensity because the aerial image is simu-
lated, but this intensity corresponds to the exposure dose
applied to the resist. The three lines denote the exposure
doses for -10%, nominal, and +10% varied linewidths.
Using these lines, the process windows for the lithogra-
phy process are obtained. The light blue square indicates
the maximum window of the depth of gap at an expo-
sure latitude of £10% within a linewidth variation limit
of £10%. The red square indicates the nominal window
for that depth of gap. The nominal window includes both
the so-called best focus and the best dose. In many cases,
both in experiments or when processing send aheads,
process windows are set based on this nominal window.
In contrast, while the maximum window does not need
to include the best dose, it offers no problems from a
line width error perspective. The maximum window may
be preferable, but many of the experiments are required
to be performed at levels outside the range of the best
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Figure 4: Intensity and deviation of the gap from the Talbot
distance for the linewidth of the 920-nm-pitch line-and-space
pattern when the illumination NA is 0.01. The x-axis represents the
intensity because the aerial image is simulated, but this intensity
corresponds to the exposure dose applied to the resist. The nominal
window includes both the so-called best focus and the best dose. In
many cases, both in experiments or when processing send aheads,
process windows are set based on this nominal window. In contrast,
while the maximum window does not need to include the best dose,
it offers no problems from the line width error perspective. The
maximum window may be preferable, but many of the experiments
are required to be performed at levels outside the range of the best
dose.
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dose. If the exposure latitude criterion is changed, then
the maximum and nominal DOFs will also change. The
nominal DOF is smaller than the maximum DOF. Figure 5
shows the nominal and maximum DOFs for various illu-
mination source NAs with 10% linewidth tolerance for the
920-nm-pitch line-and-space pattern. The nominal DOF
for an illumination source with NA of 0.015 is 0.63 pum.
If the illumination source is larger than that, then, the
nominal DOF will be 1.83 um at an illumination source NA
of 0.03 or more. However, the nominal DOF is almost O um
when the illumination source NA is 0.05.

4 Discussion

The simulation results indicate that the appropriate illu-
mination source NA should neither be too small nor too
large. At the plane at the Talbot distance, the imaging
pitch is the same as the original mask pattern pitch, p. The
linewidth is p/2 under equal line-and-space pattern condi-
tions. As mentioned in the previous section, the 920-nm-
pitch pattern is composed of nine waves, which all have
the same phase at the Talbot plane. However, outside
the Talbot plane, these waves have different phases. This
difference generates interference fringes, and then the
imaging line is split. The width of the imaging line around
the Talbot plane is approximately p/2. If the line is split
into two lines, then, the new pitch for these two lines will
be p/4. In the case where the line is split into more than
two lines, the pitch of the new lines will be less than p/4.
Therefore, the maximum split pitch is p/4, as shown in
Figure 6A. Now, if a point light source is used, then, the
interference will have ideal contrast. When the position
of the source is gradually shifted, then, the interference
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Figure 5: Nominal and maximum DOFs for various illumination NAs
with 10% linewidth tolerance for the 920-nm-pitch line-and-space
pattern.
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Figure 6: (A) Minimum illumination source size. (B) Maximum
illumination source size.

fringe position will also be gradually shifted. Additionally,
if the light source has an area, then, the interference fringe
will also have an area that corresponds to that light source
area. Here, the split fringes will be unified when each
fringe is enlarged by the area light source. Those splits
can, therefore, almost be made invisible by expanding the
source to a radius of p/8. Under this condition, the space
between the fringes is closed. This can be expressed as

gszT siné 3)

2

2p° .
< 0 4
7 sin (4)

Therefore, the following relationship is obtained:

sinezi. (5)

16p
The split subfringes are then erased when this expres-
sion is satisfied. The line in the imaged line-and-space
pattern may be split into more than two parts. The source
size required to make the split almost invisible is included
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in the relationship of equation (5). However, the source
will be limited to a maximum size. The pattern formed by
the expanded source at the Talbot distance should not be
allowed to overlap another neighboring pattern made by
the expanded source, as shown in Figure 6B, so that high
image contrast can be maintained. Figure 6B shows that
the expanded source produces a pattern where the area
corresponds to the source size and also shows that some
space is required between these areas. This requirement
can be expressed as:

§>ZT sind ©)

2p’

> sinf @)

Therefore, the following relationship is obtained:
sin9<i. 8)
4p

Sufficient contrast is maintained by satisfying this
expression. These expressions are valid only for small
values of 6 and low NAs. From the above discussion, the
minimum and maximum conditions for the illumination
source can be determined to be

is sin0<i. 9)
16p 4p
This shows the appropriate region for the illumination
source NA for use in submicron patterning by ArF Talbot
lithography. The illumination source NA values that were
obtained in the simulation results, where large process
windows were shown, lie within in this region. This can,
thus, be used as a guideline to determine the appropriate
source size for Talbot lithography.

5 Conclusion

We investigated the effect on the DOF of the illumina-
tion source size based on interference patterns such as a
Talbot carpet through simulations. In this study, submi-
cron pattern transfer using a 193-nm ArF source was simu-
lated. When the pattern pitch size was more than twice
the wavelength, the Talbot carpet becomes complex, and
many subfringe patterns appear because of interference.
The appearance of the subfringes was related to the illumi-
nation source size. When a larger source size was applied,
the subfringes became weaker. However, if the source size
was so large as to overlap with the neighboring pattern
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at the imaging plane, then, the image contrast would
become very low. Therefore, to provide a large process
window, a guideline to determine the appropriate source
size was derived. We can select an appropriate source size
using this guideline, and by suppressing the subfringes, a
larger DOF for the process can be expected.
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