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Abstract

It is discovered by optical image calculations that a dark mask line between two
bright mask lines can be imaged with very fine width under a modified illumination.
The fine dark line pattern with the width finer than 100 nm is formed by the
application of the image generated by this method. And with this method you can just
use only the binary mask to get the fine line pattern, but there will be opaque regions
between the pair of bright lines. So it needs another exposure mask to erase the

unwanted region. In order to prevent adding another exposure step, we replace the

iii



opaque regions to be the attenuating non-phase-shifting (Atten-NPS) mask. When the
corrected mask is illuminated by an obliquely incident light with a specific incident
angle, very sharp dark line image is formed at center of the bright lines. Because the
outside of the pair is Atten-NPS area, image intensity for this area can become much
higher than a slice level of the central dark line image, resulting in no resist pattern at
the outside of the pair. So we need just only a single exposure step and can get the
wanted line pattern. Finally, we change the Atten-NPS region to be the thin dark lines
which is so small so will not to be printed. In the last method, we can have the
advantages of former two methods that using only the binary mask and single

exposure to get the fine line patterns.
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Chapter 1

Introduction

1-1 Background

Lithography has been one of the key drivers for the semiconductor industry.
Moore’s Law states that the number of devices on a chip doubles every 18 months.
There are three main constituents of the technology improvements that have kept the
industry on this pace for more than 30 years. They are lithography, increased wafer
size, and design. Roughly half of the density improvements have been derived from
improvements in lithography. With the cost to fabricate a wafer remaining roughly
constant, independent of size or content; this has, resulted in a 30% reduction in cost
per function per year over this period [1].

The trend of minimum featuressizes of ultra large-scale integrated (ULSI)
devices and lithographic performances is'shown in Fig. 1-1. The integration level has
increased fourfold every two or thtee year. Because advances in optics and resist
materials, optical lithography is still the most'important lithographic technologies in
the industrial environment. However, the minimum feature size of ULSI devices
becomes smaller than wavelength of exposure light used in the optical system. In fact,
64M bit DRAMS have been developed with a minimum feature size of 0.19um which
is smaller than exposure wavelength of KrF excimer laser light (0.248um). Ways to
obtain high resolution and better alignment accuracy with minimal increase in cost
and minimal reduction in throughput are needed. Besides the resolution enhanced
optical lithography technique, electron beam (EB) lithography and the combination of
EB and optical technologies have a chance to play important roles in the
mass-production of ULSI devices. X-ray lithography is also an option because they
are considered an extension of present optical lithography using extremely short
wavelength. These technologies have not been used much in industry, though,
because their throughput is lower than optical technique and equipment cost is high.

The schematic design of a typical optical exposure tool is shown in Fig. 1-2. The



tool consists of a light source, a condenser, a stage for mask at the object plane, a
projection lens with very small wavefront aberration, and a stage for the wafer. At
each point on the wafer, light converges with a corn of half angle of 6. The numerical
aperture of the projection lens is defined as NA=sin6. The resolution of a lithography
system is usually expressed in terms of its wavelength and numerical aperture (NA) as
Re solution = k, A
NA (1-1)
where the constant k; is dependent on the process being used. In IC manufacturing,
typical values of k; range from 0.5 to 0.8, with a higher number reflecting a less
stringent process.
The NA of optical lithography tools ranges from about 0.5 to 0.6 today.

Increased NA is, of course, another route to improved resolution in optical
lithography. Improved optical designs aided by sophisticated computer modeling are
enabling larger NA lenses to be designed. KrF systems with NA will be available
shortly with NA systems being designed: The penalties for these very high-NA
systems are primarily in cost and depth of focus (DOF). The cost of the lens and, thus,
the lithography system and wafers printed by it scales-roughly with the cube of the
NA (volume of lens material). At these large NAs, the weight and size of the lenses
also presents many practical issues. The DOF of asystem can also be characterized by
the wavelength and NA as

DOF =k, Lz

NA (1-2)

Where k; is also a process-dependent parameter generally taken to have the same
value as k;. This clearly shows the penalty in DOF for high-NA systems. Reduced
DOF requires extremely tight control and planarity in the wafer process. For even a
modest (0.6) NA system, the DOF is only a few hundred nanometers. Usable NA will
be limited to something less than the theoretical limit of NA by DOF considerations
as well as effects caused by refraction of the high angle light and polarization effects

in the resist film. A practical maximum is currently thought to be NA.

1-2 Resolution Enhancement Techniques
The concepts of increasing resolution of optical lithography are summarized in
Fig 1-3. In the exposure tool, the mask is illuminated by light from the light source,

and patterns on the mask are projected onto the wafer surface through the projection



exposure lens. Resolution enhancement is achieved by modifying the source shape, by
using special mask that introduce a phase difference, or by placing a filter [3-5] at the
pupil plane of exposure lens. Other methods such as multi-exposure method to align
multi-focal level [6-8], and surface imaging process for low optical constant condition
have been proposed. In the following, we will introduce some often used Resolution
Enhancement Techniques.

1-2.1 Off-Axis Illumination

Off-axis illumination [9-13] takes advantage of spatial frequency shifting of a
given object. It can best be illustrated with a simple grating object. The grating being
periodical, contains discrete spatial frequency components, namely, the Oth, £1st,
+2nd, ... orders. When the minimum feature is of interest, only the first order
frequencies are preserved so that the resolution potential of the imaging lens can be
fully utilized. This situation is shown in Fig. 1-4a where on-axis illumination is chosen.
The spatial frequency spectrum consists of the vertically oriented Oth order beam and
the +1st order beams whose angle is a function of the periodicity of the grating. A
smaller periodicity produces large spatial-frequencies, thus larger diffraction angles in
the £1st order beams. When thefeature size istoo small, i.e. the spatial frequency too
high, the angle of the diffracted beams'becomes larger than the acceptance angle of
the imaging lens and the +1st order beams are rejected. Only the Oth order beam
passes. The image becomes a structureless uniform beam.

The electric field on a binary intensity mask (BIM) is simply 1 and O at the
transparent and opaque parts of the mask, respectively. The actual field is obviously
much more complicated when exact electromagnetic diffraction is taken into account.
Here, for illustration purposes, the simple assumption works best. The intensity at the
mask plane is proportional to the square of the simplified electric field and is shown to
be 1 and 0, following the electric field completely. The intensity at the image plane is
uniform just as if no object is present, because the +1st order beams are not accepted
by the lens. Only the Oth order beam, which has no information content, passes
through the lens. The intensity of the image is reduced because the energy of the
rejected beams are not recovered.

Figure 1-4b shows the situation of a single collimated illumination beam
obliquely incident on the mask, thus off-axis. The three beams shown in Fig. 1-4a are
now tilted by the incident angle of the illumination. When the angle is adjusted to

make the Oth order and one of the 1st order beams symmetrical with respect to the



optical axis, the largest angular spread between the two beams is possible without
being cutoff by the acceptance angle of the lens, thus the highest resolution is
achieved. However, the other 1st order beam is cutoff, resulting in a lower exposing
intensity.

In Fig. 1-4c, two symmetrically opposed beams are used. When the angle of the
illumination is optimized for a given periodic object, the Oth order of the left beam
coincides with the 1st order of the right beam and the Oth order of the right beam
coincides with the -1st order of the left beam as shown in the figure. The image
consists of a single frequency component and is well reproduced.

When objects of a lower spatial frequency in Fig. 1-4d are illuminated by the
same set of beams, the spatial frequency vectors no longer coincide, producing
additional spatial frequencies. These frequencies can induce a worse imaging
characteristic than that from on-axis illumination.

Off-axis illumination contains a lot of kinds, and the most kinds are annular and
quadrupole. The two kinds of OAI are shown in Fig.1-5. In Figure 1-5a, the filling of
the projection pupil in DUV lithography (NA=0.6) using annular illumination
(Oouter=0.8/0ime=0.5) is shown for 180nm dense lines: The zero order diffraction
signal is fully captured. This mode does net contain any information about the reticle
periodicity. In the case of a binary reticle containing a line/space pattern, the power
carried by the zero order is just the average transmitted intensity level and is often
referred to as the DC-component. The aerial image is formed by two-beam
interference of the zero order and one of the first order beams. However, both first
order diffraction modes which carry the modulation information from the reticle,
partially lie outside the entrance pupil. In this way, a significant part of the
modulation signal is lost when using annular illumination. By using quadrupole
illumination (round poles with (Goyte;=0.8 andGin,e=05), the amount of first order
signal captured by the lens increases as depicted in Figure 1-5b. In this way,
quadrupole illumination enhances the ratio of first to zero order. It can be easily
demonstrated that the higher the ratio of first to zero order, the higher the contrast of
the aerial image. Therefore, the exposure latitude should be higher in the case of
quadrupole illumination.

1-2.2 Phase Shift Mask
The phase shifting mask (PSM) technique [14-18], as well as illumination

optimization, can improve the contrast of the optical image to improve the resolution
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and DOF. The potential improvement is a reduction of K; by between 0.15 and 0.3,
with a tolerable reduction in K,. That is, the DOF can be maintained at a fixed value
but the resolution is improved In follows, we will introduce some kinds of PSM.

(a) Alternating Phase Shifting [19]

This system is characterized by phase shifting every other element in a closely
packed array. The Alt PSM approach is shown in Fig 1-6(Right). In comparison to the
binary intensity mask (BIM) in Fig. 1-6(Left). In the Alt PSM, the electric field
amplitude is -1 at the shifted areas on the mask. This -1 amplitude effectively reduces
the spatial frequency of the electric field so that it is less inhibited by the lens transfer
function and forms a higher-contrast amplitude image at the wafer plane. When this
electric field is recorded by the photoresist, only the intensity which is proportional to
the square of the electric field amplitude can be recorded. Hence the reduced spatial
frequency is doubled back to the original frequency but the image has much more
contrast. Edge contrast is also improved because the electric field must pass through a
zero to -1 amplitude, which assures a zero intensity at the wafer.

(b) Attenuated Phase Shifting[20]

The Att PSM is another PSM approach that applies to arbitrary mask layouts. It
can be implemented on either a transmissive mask or a reflective one. The dark areas
of the mask can be phase shifted to LI, but with anattenuated amplitude to prevent
producing too much light in these areas (Fig 1-7). The negative amplitude provides
the desired improvement in image edge contrast, and the attenuation prevents the
negative amplitude from becoming too large and subsequently exposing the resist.

(c) Subresolution-Assisted Phase Shifting[21]

The Alternating PSM method demonstrates the potential of phase shifting.
However, it requires closely packed patterns to be effective. In actual circuit layouts
there are many situations where critical dimensions are sufficiently far away from any
adjacent patterns to provide phase shifting. In order to provide phase shifting for
isolated openings such as contact holes and line openings, subresolution phase shifters
are introduced (Fig 1-8).
The dimension of these phase shifters is below the resolution limit of the optical
imaging system. Thus, images cannot be printed. Their sole function is to enhance the
edge contrast of the pattern of interest.
(d) Rim Phase Shifting

Subresolution-Assisted PSM and Alternating PSM are still limited by the



inability to provide phase shift to opaque patterns. Rim PSM (Fig 1-9) overcomes
such a problem and can be applied to an arbitrary mask layout. Here, phase shifting
only takes place at the rim of the mask patterns. The center of the patterns is blocked
by the absorber to prevent large areas of negative amplitude from producing bright
areas where they are supposed to be dark. Again bright areas result from negative or
positive field amplitudes because the

photoresist can only detect intensity which is proportional to the square of the electric
field. Note that edge contrast enhancement is now the sole imaging improving
function of these phase shifters.

(e) Unattenuated Phase Shifting [22-24]

Transparent phase shifters can also be used to improve the optical image without
having to use a mask absorber. The transparent characteristics can be taken advantage
of in spatial frequency doubling, or to make an opaque line image from the phase
shifted edge (edge PSM) as shown in Fig 1-10, respectively. Small phase shifter
patterns in Utt PSM become opaque pattetns because the opaque edges of these
patterns are not resolvable from each other:;Hence,.as shown in Fig 1-11, small
opaque features can be formed by this sub resolution Utt Psm (SU PSM) and large
opaque areas can be synthesized with many SU.features.

1-2.3 Two versus three beam imaging

The light then passes through thereticle, where it is diffracted into orders. The
orders are collected by the entrance pupil of the lens and recombined at the focal
plane to create an image on the wafer. At the resolution limit of the lens (Figure 1-12)
the entrance pupil only captures the zero and first orders of the diffracted light.

Changing the illuminator setup can have a marked effect on image contrast; this
is especially true when comparing conventional (6=0) to off-axis illumination (6>0).
The reason can be explained by comparing the way in which the first and second
orders interfere (Figure 1-12). Conventional illumination results in a three beam

interference effect, while only two beams interfere in the off-axis case.

1-3 Motivation

In recent days, gate length in advanced CMOS logic devices has become much
shorter than an exposure wavelength in applied optical lithography. Then, RETs such
as sub-resolution assist feature (SRAF) , double exposure by alternating phase shift

mask (Alt-PSM) with trim mask and Cr-less phase shift lithography (CPL) are needed
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to form a resist pattern of these devices. While SARF exposure utilize a single layer
mask and single exposure, the performance of this RET is not so great. On the other
hand, so called strong RETs, such as Alt-PSM or CPL show excellent lithography
performance. But, these methods require phase shift mask with complicated structure
and/or double exposure to form one layer pattern, resulting in higher cost and longer
turn around time. In 2001, some of authors have proposed a novel RET which utilize
simple binary masks [27]. In the technique, a pair of bright lines in dark field of
binary mask or Atten-PSM is applied to form fine dark line image. With a specific
modified illumination, ~60 nm isolated space pattern formation has been achieved
with negative-tone chemically amplified resist. But this method still needs two times

exposure, so we hope to find another method to resolve this problem.

1-4 Organization of This Thesis

This thesis includes five chapters. In chapter 1, we make an introduction to
describe the background of the optical Jithography and the role in the semiconductor
industry that optical lithography is playings In.addition, we make a brief to describe
simple concept of the optical lithography. Then, we describe the motivation of this
thesis. Finally, we introduce four kinds of the well-known RETs. They are OAI, PSM,
FLEX and lens pupil-filtering respectively.

In chapter 2 , we will first specify our simulation model and condition. Then, we
will illustrate and define the parameters of image quality with mathematical formula
or example.

In chapter 3, we will explain the principle of iso-focal. Then, we also will discuss
the effect of the iso-focal to the depth of focus, and introduce how to decrease the
iso-focal intensity threshold.

In chapter 4, we first introduce the way to use only binary mask to gain the fine
line pattern. Then, we will replace some regions of above method to gain a similar
mask, and when using the mask we need only one time of exposure to gain the similar
result as former. Finally, we will use another method which can have the advantages
needing only binary mask and one time exposure of above two.

In chapter 5 , we will make a conclusion of this thesis.
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Chapter 2

Image Formation and Quality Parameter

2-1 Image formation in projection optics [28]

The projection system is composed of the illumination optics (light source and
condenser lens), an object (mask), and the projection optics. The purpose of the
illumination optics is to deliver light to the object with proper directionality and
spectral characteristics that sufficient intensity and adequate uniformity across the
field could be achieved. Since the source points are incoherent with one another, the
resulting image is the incoherent sum of coherent images from each source point. We
simplify the analysis of imaging process by assuming an on-axis, monochromatic
point source to provide coherent illumination with wavelength A. The projection
optics is a system composed of several lens elements to achieve maximum field size
with minimum aberration. It is convenient to approximate the image formation by a
projection system in coherent light as a “‘double-diffraction” process. The mask, with

a complex amplitude distribution U, (X,y) 1mmediately behind it, produces by

U, (fo f)

diffraction a complex amplitude distribution in the pupil plane that is

equal to the Fourier transform of Uy (X,y),
U,(fs f,)=F{U,(x ) 2-1)

The symbol F represents the Fourier transform operation, and f, and fy are the spatial

frequencies of the object spectrum and are simply scaled coordinates in the pupil

U,(ff))

plane. The complex amplitude is frequently described as the complex
diffraction pattern. The spatial Fourier component at (fy, fy) can be regarded as the
magnitude of the plane wave propagating away from the mask plane with direction

cosines

O =af o,=Asf, O.=\1-(Af,) ~(Af,)

K )

The light arriving at the pupil continues to form an image. Assume the projector is
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diffraction limit and of unit magnification, the field distribution at the image plane

U,(fof))

resulting from the ray
— —i27(fx+ )
U, (fo e 7

where (X,y) are the image plane coordinates. This equation simply describes the
propagation of a plane wave. The total effect is a sum of all the rays emitting from the
entire pupil, which is a Fourier transformation again. Therefore, the basic equation for

the calculating of electric field Uj(x,y) at the ideal image plane is given by:
— gl
Ui(x,)’)—F {Um(fx7fy)P(fx7fy)} (2_2)

Here an inverse Fourier transform operator F ! instead of F is used to denote
un-reciprocal spatial relation between the object plane and the image plane. The
product of the pupil function P and the diffraction pattern stands for a circularly

symmetric optical system typical in photolithography is defined as:

{ Ly f2+f2<NA/IA
P(f,5)=
0,1/fx2+fy2 > NA/ A

wth the consideration of defocus effect, since'the focal length is sufficiently large
compared with the wavelength of light to validate the application of the
stationary-phase approximation, the three-dimensional amplitude distribution of the
image in the vicinity of the ideal image plane can be expressed by modifying Eq.(2-2)
with an additional complex exponential term that demotes the phase variation due to

defocus. The approximation yields

O-x O-,V

U (x.y,d)=F 0%, 2yp @ O
i Y, AR

2z 2 2,2
l)exp(ZTd\/l—(O'x +0.2)%))

(2-3)
Here we use the direction cosine of the phase waves o, and oy instead of fy and fy to
correlate the image formation with the plane wave propagation. The variable d
specifies the defocus distance from the ideal image point. The aerial image is defined
as the intensity distribution of the image and is simply the square of the magnitude of

the electric field

2-2 Contrast [29-31]
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Image contrast (Fig2-2) is defined in the conventional form

Im _Imin
contrast =———
Imax +Imin

(2-4)
Where I.x and I, are the maximum and minimum intensities in the aerial

image respectively. Generally > high aerial image contrast can achieve better resist

profiles. By increasing the optical contrast of the image, the quality of resist profiles

can be improved. The aerial image contrast varies with NA and c.

2-3 NILS (Normalized Image Log Slop)
It has been demonstrated that the normalized image log-slope (Fig 2-3) is a

function well-suited to characterize the printability of given features:

lﬂ dinl
I dx dx

NILS =w

(2-5)

where CD=critical dimension (line width), I=intensity, and x=length.

2-4 MEEF [32-34]

MEEF was defined as how:reticle CD errors are franslated into wafer CD errors
and its expression is in the following way-where-M is the reduction ratio of the lens,
usually 4.

A CDW(! er
MEEF

" (ACD,,)/M 26)

2-5 Process window [35]

Since the effect of focus is dependent on exposure, the only way to judge the
response of the process to focus is to simultaneously vary both focus and exposure in
what is known as a focus-exposure matrix. Fig. 2-4 shows typical examples of the
output of a focus-exposure matrix using linewidth, sidewall angle, and resist loss as
the responses. The most common of these curves (Fig. 2-4a) is called the Bossung
plot and shows linewidth versus focus for different exposures.

Of course, one output as a function of two inputs can be plotted in several
different ways. And the most useful way to plot the two-dimensional data set of CD
versus focus and exposure is a contour plot—contours of constant linewidth versus

focus and exposure (Fig. 2-5). Obviously, sidewall angle and resist loss could also be
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plotted in these alternate forms if desired.

The contour plot form of data visualization is especially useful for establishing
the limits of exposure and focus which allow the final image to meet certain
specifications. Because of the mature of a contour plot, other variables can also be
poltted on the same graph. Figure 2-6 shows an example of plotting contours of CD

(nominal £109¢), 80 sidewall angle, and 1095 resist loss all on the same graph. The

result is a process window--a region of focus and exposure which keeps the final
resist profile within all three specifications (shown as the shaded area of Fig. 2-6).
The focus-exposure process window is one of the most important plots in lithography
since it shows how exposure and focus work together to affect linewidth, sidewall
angle and resist loss. All values of focus and exposure which lie inside the process
window produce features which meet the profile specifications. All values of focus
and exposure which lie outside the process window produce features which do not
meet specifications.

Next we will find the maximum range of focus and exposure (that is, the
maximum process requirement) that can.fit inside the process window. A simple way
is to graphically represent errors in;focus and-€xposure as a rectangle on the same plot
as the process window. The width of the'rectangle represents the built-in focus errors
of the processes, and the height represents the built-in exposure errors. Then we can
fine the maximum rectangle which fits inside the process window. As shown in Fig.
2-7a, there are many possible rectangles of different widths and heights which are
maximum. Each maximum rectangle represents one possible trade-off between
tolerance to focus errors and tolerance to exposure errors. Larger depth of focus can
be obtained if exposure errors can be minimized. Likewise, exposure latitude can be
improved if focus errors are small. The result is a very important trade-off between
exposure latitude and DOF. Fig 2-7b shows an analysis of the process window where
every maximum rectangle is determined and their height (the exposure latitude) is

plotted versus their width (depth of focus).
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Chapter 3

Principle of Iso-Focal

3.1 Link between the iso-focal point and the DOF
3.1.1 Definition of the iso-focal point

The best contrast of the image is located at best focus. Around this point, the
image degrades as a function of defocus. One of the characteristics of the intensity
profile is that each of them cross at a same point called iso-focal point (figure 3-1). It
is an invariant point in CD as function_of defocus. At the best focus (f=0pm), the
image contrast is the highest and this contrast decréases as function of defocus down
to zero for the largest defocus. In this case, no.image is formed.

3.1.2. Influence of the iso-focal position‘on the DOF

Practically, the depth of focus corresponds to the focus range where the image is
considered to be acceptable. In terms of CD; it corresponds to a focus range where the
CD is between +/- 10% of the target CD. Generally, for a given mask dimension, the
target CD corresponds to the CD at the best focus. But the measured CD at each focus
increases or decreases more or less rapidly depending on the position of the iso-focal
point compared to the position of the target CD. This limits the depth of focus. DOF is
maximum when the
CD is invariant as function of defocus. This is only possible when the target CD is
close to the iso-focal point.

In practice, the depth of focus is determined from the Bossungs curves, variation
of the CD versus dose and focus. At first order, it is possible to fit this CD variation as
a function of defocus, intensity threshold and position of the iso-focal point with this
simple expression [36-37]:

CD = ci(f-fo) (t-to) 3.1
Where

c: constant function of the process
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f et fo : the position of the focus and the position of the best focus.
t et to : the intensity threshold of the measured CD and the iso-focal intensity
threshold.
From the expression (3.1), the depth of focus can be approximated by:
k

e,

DOF =

(3.2)
Where

k et 1 : constants depending on the tolerance (+/-10% of the target CD) and the
process

t et to : the intensity threshold of the measured CD and the iso-focal intensity
threshold.

This expression illustrates the fact that the DOF is closely linked to the position
of the iso-focal point compared to the position of the target CD. When these two
points are at the same level the depth of focus is maximum. Figure 3-2 shows the
evolution of the iso-focal intensity threshold and the evolution of the depth of focus of
a 150nm line as a function of the-pitch with a 193nm-wavelength and for an annular
illumination. For a 1:1 feature (€qual line and space) the iso-focal intensity threshold
is at the same level as the intensity thresholdof the target CD. Then the iso-focal
intensity threshold increases to a constant value for isolated lines. The evolution of the
DOF is function of the evolution of the iso-focal intensity threshold. It is maximum
for the pitch 1:1 then it decreases when the iso-focal intensity threshold moves further
from the threshold of the 1:1 pitch. DOF reaches a constant level when the iso-focal
intensity threshold reaches its constant value for the isolated lines.

Generally for a given pitch and illumination conditions, the intensity threshold of
the target CD is not at the iso-focal level. The aerial image being function of the mask
dimension, illumination conditions (NA, o) and resist parameters (resist thickness,
contrast...), the intensity threshold of the target CD is also function of these same
parameters. It is then possible to correct the position of the intensity threshold of the

target CD and to have it overlapping with the iso-focal point.

3.2 Evolution of the iso-focal point

3-2.1 Theoretical background
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Fig 3-3a shows a schematic sketch of a lithographic system It consists of four
parts: illumination optics, mask, projection optics and wafer. The light that falls onto
the mask can be considered as a sum of plane waves with different angles of incidence.
These plane waves are diffracted by the mask into the several directions Here we will
limit our study to the zero and first orders of diffraction (0, 1 and —1) because in the
case of low k; imaging most of the contribution comes from these orders. We will

consider only one-dimensional patterns.

A feature on a mask is reproduced on the wafer by a light interference process
from the diffracted orders. Considering the coherence properties of lithographic light
sources, we consider that two beams interfere if they come from the same source point.
In the case where the feature pitch is small enough, as we can see in Fig 3-4, from the
source S1, P_j interacts with Py. The first-order contribution P; is not captured by the
pupil. We have here only an interaction between two beams (-1 and 0). We have the
same with another source point S2 where only Py and P, interact together because the
pupil does not capture P_;.

The iso-focal intensity threshold corresponds, to the continuous component
(background intensity) of the aerial image. The intensity expression of the aerial
image can be obtained from the Fourier.decomposition. We can then easily deduce the
background intensity (zero order of the Fourier'serie of the aerial image) and thus also
the variation of the iso-focal point. In the following, we will study the theoretical
variation of the iso-focal intensity threshold for three types of masks: binary mask,
alternated mask and attenuated phase shift mask.

3.2.2 Binary and attenuated masks [38]

Image formation using a binary mask or an attenuated PSM is shown in Fig.
3-5(a).

For a pattern with a pitch of 2L and aperture width of 2w (Fig. 3-5(b)), the amplitude
at the

mask can be expressed as T(x)=1 for | x | < w, and T(x)=t for | x | > w. The value
of t represents the transmittance of dark region at the mask. The case of t=0
corresponds to a binary mask, and 7 < 0 indicates an attenuated PSM. For an opening
ratio f=w/L and fundamental frequency fy=1/2L, the one-dimensional Fourier
spectrum F(f) of the binary mask or attenuated PSM is given as

F(O)={B+(1-B)t}o(f-f*)+{ (1-t)sin(Bt)/m} { o(f+fo-f*)+ d(f-fo-17)} (3.3)
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and Co=p+(1-P)t; C;=(1-t)sin(Bt)/
When the Oth, -1st, and +1st components are transmitted for the set of S3 (Fig. 3-5(c)),
the image at the wafer is formed by three-beam interference and its intensity is
expressed as
1,(X)={Co+2C cos(2nX)}? (3.4)
Similarly, elimination of either the -1st or the +1st component for the case of S, gives
1(X)=Cy*+2C,*+2C;Cocos(2nX) 3.5)
and the elimination of both the -1st and +1st components gives
L(X)=Cy’ (3.6)
Here, let A3 be the source element ratio for three-beam interference, A, that for
two-beam interference, and A; that for one beam transmission. The equation for
defining the image width is then expressed with a certain threshold level Iy, as
follows.
A3{Co+2C1c0s(21X) }2+A2{ Co*+C12+2C Cocos(2nX) } +A 1 Co*=In
(3.7)
and A1+Ar+Asz=1
The ratios A3z, A,, and A; vary depending on both the fundamental frequency of a
pattern fo/fc and the illumination conditions. For conventional circular illumination,

five cases (Fig. 3-6) can be considered to find the Az, A,, and A, values. They are,

(a) for fo/fc<(1-0) As=1 Ar=0 A=0
(b) for (1-0) < fo/fc < (1-6°)*? 0<A3<1 0<A<1 A1=0
(c) for (1-69)*° <f/fc< 1 0<A;<1  0<A<I 0<A <1
(d) for 1 <fy/fc<(1+0) As=0 0<A,<1 0<A <1
(e) for (1+0) < fy/fc, As=0 Ay=0 A=l

From equation 3.7, we can determine the intensity threshold of the iso-focal point.
It corresponds to the continuous components and is written as :
For a binary mask:
Il’X()— ocal = ﬁz +%Sin2(ﬂ'ﬁ) = Iﬂ + IA2
4 (3.8)
For attenuated PSM mask:
Ly = B+ (=P + 22+ 1)sin(zB)
4 (3.9)

The threshold of the iso-focal point is mainly a function of the mask aperture ratio (j3)
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and Aj(area of the diffracted waves participating to the 2 wave interferences). A, is a
function of pitch and illumination (conventional, annular and quadripole).
3.2.3 Alternated PSM masks

Image formation using an alternating PSM is shown in Fig. 3-7(a). Here, the
period of the amplitude transmittance at the mask is 2L, the aperture width is w (using
1X
dimensions for notation), and an opening ratio 3 is defined as w/L. This amplitude at
the
mask can be expressed as T(x)=1 for | x | <w/2, T(x)=-1 for | x | >L-w/2, and
T(x)=0 for other x (Fig. 3-7(b)).

The imaging characteristics of the one-dimensional patterns treated here are
estimated by considering one-dimensional diffraction. The plane wave passing
through the alternating PSM is diffracted and forms a pair of -1st and +1st order and
higher order diffracted waves. Therefore, the Fourier transform F(f,g) of the
one-dimensional alternating PSM can be replaced by F(f), and expressed as

F(f)=2/m)cos{n(1-B)/2} x{o(f+fo/2)+ o(f-fo/2)}+ - - - - - - (3.10)
where fj is the fundamental frequency of the line patterns. The one-dimensional image
formed by a source element is rewritten as

1(x)= | [F(f-F)K(Bexpnifx)df.| * (3.11)
where f” indicates the source image position in the f direction at the pupil plane of the
projection lens and is equivalent to the local position in the 1st or -1st diffracted wave
as shown in Fig. 3-7(c).

When the pair of components of f= fy/2 and -fy/2 indicated as S,can pass through
the lens the image is formed by two-beam interference and its intensity distribution
(eq. (3.11)) is expressed as

1,(x)=(8/m*)cos{m(1-B)/2 }x[ 1+cos{ 2nfy(x+2Df") }] (3.12)
where D is a parameter in proportion to defocus. Assuming the case of the best focal
plane,

1.e., D=0, the point source position {’is eliminated in eq. (3.12). Therefore, intensity
distribution is simplified as

1,(x)=(8/m*)cos*{m(1-B)/2} { 1+cos(2nX)} (3.13)
where X= fpx

On the other hand, when only one component passes through the lens, indicated
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as S in the shaded region in Fig. 3-7(c), the image intensity is given as
L(x)=(4/n*)cos*{n(1-B)/2} (3.14)

The image intensity at the wafer is obtained by summing up the results given by eqs.

(3.13) and (3.14) with the results weighted according to the number of corresponding

point source elements. Let A be the ratio of point sources for two-beam interference to

the total number of point sources; (1-A) is then the ratio of point sources for one

component elimination.

Using the ratio A, the equation defining the image width is expressed with a certain

threshold level I, as follows.

A(8/m*)cos* {m(1-B)/2} { 1+cos(2nX) }+(1-A) (4/n*)cos* {n(1-B)/2}= I, (3.15)

In the same way as before, from the expression of the aerial image intensity, we can

determine the evolution of the iso-focal intensity threshold for alternated PSM masks.

It is given by the following expression

1 ]

iso—focal — (1 + A)(iz) COSz[ﬂ.(l - ﬁ)
{1 2

(3.16)

where

A - the area of the orders contributing to the interferences (normalized by the area of

the source)
f=w/p : the mask aperture rate
w - mask aperture width
p : pitch

The theoretical evolutions of the iso-focal intensity of a 150nm line with the 3
types of masks studied before are presented in figure 3-8. These 3 expressions are
obtained from the expressions (3.8), (3.9) and (3.16). For the attenuated mask, the
transmission is fixed at
10% (t=0.1). In each case, we have used a conventional illumination A=193nm,
NA=0,63 and c=0,8. The theoretical evolutions show that in the three cases the
iso-focal variation is the same: abrupt increases for the dense pitches, low increase for
semi-dense pitches and isolated lines. The difference in term of threshold level
between dense and isolated lines is more important with alternated PSM mask (around
0.6) than with the binary masks (0.5) or attenuated (0.4).
3.3 Analysis of the iso-focal variation

The expressions (3.8) and (3.9) show that the iso-focal intensity threshold varies
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mainly as a function of the transmission rate () and the area of A, (area of the 2 wave
interference).So we will compare the evolution of the iso-focal threshold of Ig and Ia>
(terms of the expression (3.8)) where Ig is mainly function of B and I, function of
Aj,and then see where are the predominant areas of these two parameters ( and A;)
influencing the position of the iso-focal point. Figure 3-9 shows this comparison for a
150nm line obtained with conventional illumination. Ig increases in function of the
space to line ratio. Below the ratio 0.2, there is no 2 wave interference (1 and -1

orders are not captured by the pupil plane). In the dense lines area (between 0.2 and 1),
I increases until reaching a maximum value (for the ratio of 1). Then, it decreases
until the isolated lines where we have any interference. From this curve, we can
distinguish two regions. For any ratio of space/line above 3 or below 0.2, I can be
considered as predominant. The iso-focal intensity threshold varies then mainly as a
function of B. Between 0.2 and 3, 14, is not negligible. The iso-focal intensity
threshold is then function of the two parameters 3 and A,. In the range where the
iso-focal point is mainly function of 3,,any'variation of the line will change the 3
value and consequently the iso-foeal thresholdlevel. That is the reason why we
observe an increase of the threshold.when we decrease the line width.

3.4 Improvement of the DOF

The intensity threshold positron of the 1so-foeal point compared to the threshold
position of the target CD is a fundamental parameter in the improvement of the DOF.
The closer the iso-focal point will be to the target CD, the larger the DOF will be. A
solution to improve the DOF for all structures on a circuit will be to decrease the
1so-focal intensity threshold of the semi-dense and isolated lines to the same level of
the critical structures (which are generally the more dense lines).

The solution is to add assist features. The dimension of these assist features
determines the transmission of the light and so the iso-focal intensity threshold. For
example, the iso-focal intensity threshold of a 150nm line with a pitch of 0,3um is
around 0,35 ($=0,5). For the same lines placed in a semi dense lines with a pitch of
0,5um, the iso-focal threshold level is at 0,6 (3=0,7). The addition of assist features of
70nm besides the main lines decreases this transmission rate to 0,5 and so bring down
the iso-focal intensity threshold of the semi dense lines to the level of the iso-focal
threshold of the more dense lines (at 0,35). We can adjust the iso-focal intensity
threshold of any line of a circuit by adding around the lines the corresponding assist

features. The iso-focal intensity threshold of any pitch can then be at the same level of
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the more dense lines. The depth of focus will be close to the DOF of the more dense
lines.

Figure 3-10 shows the evolution of the iso-focal intensity threshold of a 150nm
line (binary mask) obtained with a simple exposure, with 50nm sub resolution assist
features (SRAF) and with a watching of the size of the assist features to the
corresponding pitch (described in the figure by CODE). At the simple exposure dose,
the iso-focal level increases from the dense to the isolated lines. The difference
between the iso-focal threshold of the dense lines and the one of the isolated lines is
around 0,3. This large difference induces a large difference in terms of DOF. With
50nm SRAF, the iso-focal intensity threshold of the isolated lines decreases by 50%
compared to the iso-focal intensity threshold of the dense lines. Nowadays, this
solution of SRAF is largely used by the integrated circuit manufacturers for the
production of the 90nm and 65nm devices. This improves the DOF of the semi-dense
and isolated lines but it does not fully maximise the DOF as the iso-focal intensity
threshold is still at a high level. The bestisolution for optimizing the iso-focal intensity
threshold is to add around each line the proper-assist features (larger assist features).
The iso-focal intensity threshold of each line will be then close to the iso-focal
intensity threshold of the dense lines. With'this solution, the difference between the
1so-focal intensity threshold is then less than 0,1. The DOF of the iso lines is very
close to the DOF of the dense lines.
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Fig. 3-5 Binary mask or attenuated phase shift mask imaging for periodic line patterns:
(a) schematic structure of exposure optics, (b) transmitted amplitude of light
at mask, (c) diffracted waves for partially coherent light. [41]
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Fig 3-6 Diffracted waves of periodic line patterns for partially coherent light when (a)
all components (-1st, Oth, and +1st) are transmitted, (b) either the -Ist or +Ist
component is eliminated for some point sources, (c) both the -Ist and +1st
components are eliminated for some point sources, (d) some pairs of -1st and Oth
components, or of Oth and +1st components are transmitted, (e) both the -1st and +1st
components are completely eliminated. The areas denoted as S3, S2, and S1
correspond to the source area for three-beam interference, two-beam interference, and
only Oth order wave transmission. [41]
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Chapter 4

Principle and Simulation

4-1 The use of pair of bright lines
4-1.1 Concept of pair of bright lines

Fig. 4-1 shows an original mask for the formation of dark lines. But from the
phenomena described in the last chapter, we can fine the fact that a dark line image
between a pair of bright lines would get the better CD-Focus characteristics. Because
of this reason, we change the original dark line mask (Fig. 4-1) into another kind of
dark line mask pattern in which we let the dark line surrounded by two thin bright
lines such as schematically shown in Fig. 4-2. But-when we use this kind of mask, in
this pair of bright lines mask undesirable dark line is‘inevitability formed between
adjacent pairs, so another time of exposure is‘necessary to erase the undesirable part
by using a mask for 2nd exposure such as schematically shown in the lower part of
Fig. 4-2.

Figure 4-3 shows optical image intensity profiles for a mask pattern of pair bright
lines taking focus offset as a parameter. In the mask, 170 nm two bright lines are laid
out with the separation of 170 nm in dark field. The distance between the pairs is 870
nm. Mask is CoG. In the graph, size and position of mask dark line between bright
lines is schematically shown for comparison with formed images. As can be seen in
the graph, iso-focal characteristics are observed in the image. If the effective image
contrast is sufficiently high for resolution, very fine line pattern should be formed by
the application of this image.

In Figure 4-4, the same image intensity profile is shown in detail by changing
axis scale. In the graph, iso-focal slice level intensity (solid line) and intensity level
which medicates resolution criteria (broken line) are shown with thick lines. The
resolution criteria intensity is defined as 1/1.3 times of the slice level intensity. By this
definition, the image which has the darkest intensity smaller than this resolution

criteria intensity can be resolved as a line pattern with high contrast positive tone
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resist. According to criteria, this image can be printed with CD and resolution DOF of
~1.0pm. The iso-focal width of the image, which is shown in the figure, is ~90 nm.

This mask pattern is effective to form a fine dark line even in the case of
conventional illumination. Figure 4-5 shows calculated image intensity profiles under
conventional illumination. The mask pattern is the same as that in Fig. 4-3. Optical
conditions are NA=0.60, 6=0.85. Even with the conventional illumination, iso-focal
CD of~140 nm is obtained. Also, resolution DOF of~1.0um should be obtained in the
meaning of effective image contrast. In the case of isolated bright line pattern, the
minimum iso-focal CD is estimated to be~200 nm by a strong modified illumination
even with the realizable high NA stepper in KrF wavelength. Thus, it should be worth
surprising that~150 nm width image with iso-focal CD characteristics is formed with
conventional imaging technique. As a consequence, isolated pattern and conventional
large pattern can be formed in the same exposure by this method. As this case uses
conventional illumination, pattern versatility should be high. Thus, this method is
considered useful for gate a pattern printing for general logic devices.
4-1.2 The effect of the width of the bright lines on the image

In the following we will simulate how large of the width of the bright lines pair
would get the best CD-Focus characteristics. Fig. 4-6 shows variation of image
intensity profiles with changing the bright line width on the mask. The width is
changed from 190nm, 170nm, to 150nm. By changing the bright line width, iso-focal
slice level is significantly varied. Therefore DOF is drastically changed with the mask
bright line width. With large width bright line, iso-focal slice level becomes large and
corresponding iso-focal CD is increased. In the case of smaller mask width, iso-focal
slice level becomes smaller and Iso-focal CD becomes small. But, in this case,
effective image contrast also becomes low resulting in poor resolution.
4-1.3 The effect of the width of the dark line on the image

Figure 4-7 shows the variation of optical image intensity profile with changing
dark line width on mask. The width is changed from 190nm, 170nm, to 150nm. In
contrast with Fig. 4-6, iso-focal slice level is slightly changed with the dark line width.
As a consequence, CD-Focus characteristics are not significantly varied with the dark
line width. By increasing the dark line width, iso-focal CD becomes large and
effective image contrast becomes high. On the contrary, by decreasing the dark line
width, iso-focal CD is decreased and effective image contrast is also decreased. As a

result, resolution of such image becomes difficult due to low effective contrast.
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According to the results shown above, in the design of device pattern mask, pair
bright lines with almost the same width should be applied within one layer. By this
procedure, good CD-Focus characteristics should be obtained for wide range of line
width.

4-1.4. Image formation with Att-PSM

Figure 4-8b shows image intensity profiles in the application of atten-PSM
whose transmission is 6%. In comparison with the binary central line (Fig. 4-8a)
which has image dimension=60nm DOF=0.9573um, it shows that when change the

central dark line to 69 attenuated PSM we can get a better image line width of 50nm

with large DOF=0.9279um . From these results shown above, it is found that we can
improve the line image characteristic by changing the central dark line to an

attenuated PSM.

4-2 Change the dark line between the pair lines with Atten-NPS
4-2.1 Concept of the use of Atten-NPS

In this section, imaging scheme of the same as before but replace the dark line
between the pair of bright lines withr Atten-NPS will be shown. In Fig.4-9, typical
mask patterns (Top), optical image profiles (Middle) and these details (Bottom) in
isolated line formation are shown for the former work (A) and for the improved one
which will be discussed in this section (B), respectively. A quadrupole illumination
with a specific incident angle is applied throughout this work. The configuration of
illumination is essential.

In the former work, a pair of bright lines is delineated in binary mask or
Atten-PSM. When this mask pattern is illuminated by the quadrupole illumination,
very sharp dark line image is formed at center of the pair. As can be seen in the left
bottom graph, a fine resist line with width of smaller than 50 nm can be formed by
this image. However, as shown in a left middle graph, the outside of the pair becomes
deeply dark due to large opaque area or phase compensation at an edge of Atten-PSM.
Then, in developed resist pattern after an exposure of this image, the dark areas are
resolved resulting in generation of undesirable patterns. To erase these undesirable
resist patterns, appropriate light dose for this area by an additional exposure with an
additional mask is necessary. Hence, in an application for an actual device pattern

formation, double exposure is inevitable in the former technique.
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In the top part of Fig.4-9 (B), a typical mask pattern for isolated line formation in the
advanced one is shown. Mask pattern layout is very similar to that of the former work,
but the outside of the pair of bright lines is composed with attenuating
non-phase-shifting (Atten-NPS) area, while this area is completely opaque or
phase-inverted attenuating in the former work. By this Atten-NPS whose transmission
is 10~30%, the minimum image intensity at the outside becomes much higher than
that in the central fine dark image. In the case of Fig. 4-9 (B), slice level is set at~0.06.
This is larger than the twice of the minimum intensity of the central fine line image,
but is lower than one third of the minimum intensity at the outside area, which is~0.18.
As a result, when exposure dose is set at the appropriate value, only the central dark
line can be resolved in a resist. The performance of fine isolated line formation seems
a little poorer than that in the former work. But as seen in the bottom of Fig. 4-9 (B),
~50nm line can be formed with a large DOF.
4-2.2 Simulation of the advanced one with binary mask

In this section, imaging performance'of the advanced one with binary mask will
be discussed in detail. Fig. 4-10 shows theimask of ehanging the transmission of
Atten-NPS area of isolated line."And'in Fig. 4-11 shows the simulated results of aerial

image for changing the transmission of Atten-NPS area from 20% to 3094. And in

Fig. 4-12 shows the simulated results of process window for changing the
transmission of Atten-NPS area from 209" to 309.In graphs, aerial image profiles
are plotted taking focus as a parameter. Optical conditions are quadrupole
illumination with dark line width=170nm, the pair of bright line width=90nm,
pitch=770nm, and transmission of the Atten-NPS with 20% (upper) , 259% (middle),
to 30% (lower), respectively.

From the results of simulation, we can see that, for variation transmission of

Atten-NPS, the image line width is 80nm, 90nm, and 100nm for 2095, 259, and 30
9% transmission of the Atten-NPS respectively. This result is due to the reason that

for the lower transmission of the Atten-NPS, it is more similar to the opaque one
which has the better image performance than the clear one. So it has the smaller
image line width than the one which has higher transmission of the Atten-NPS that is
more similar to the clear one.

4-2.3 Compare of the use of 69§ and 209§ Atten-NPS

In this section, similar analysis of former will be carried out. We will replace the
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central dark line of the mask patterns with 6% and 209 transmission Atten-PSM,

respectively. And in Fig. 4-13 shows the simulated results of aerial image for

changing the transmission of Atten-NPS area from 209 to 3096. And in Fig. 4-14

shows the simulated results of process window for changing the transmission of

Atten-NPS area from 20% to 309%. In graphs, aerial image profiles are plotted taking

focus as a parameter. Optical conditions are quadrupole illumination with dark line
width=170nm, the pair of bright line width=90nm, pitch=770nm.

By application of high transmission Atten-PSM for the central line on mask,
imaging becomes like as those by Cr-less phase shift mask. Due to phase
compensation, image intensity for the central line becomes very low resulting in finer
line formation. But, when isolated line is formed with very fine width by application
of high dose, formation of dense lines in the same exposure should become difficult
because of high MEEF. Here, only imaging characteristics of isolated line will be
discussed. Fine dark line image with superior focus characteristics is formed at the

center.

4-3 Change the Atten-NPS with binary mask
In this section, we will use another method-which use only the binary mask and
need only one time exposure to gain the same result as former discussed.

When a pattern pitch is smaller than resolution limit of a projection optics, that is,
the pitch is smaller than 0.5 NA/A, information of fine structure is not transferred to
the image. And in order to let the opaque region of Fig 4-2 to be a partial clear region,
so we change the opaque region to be a set of binary mask. But in order to prevent
forming line image between this region, so we choose the thin line which is about
67nm which is so small for the resolution limit so it will not be printed. And then we
can modulate the space between the thin dark lines to gain an appropriate transmission
between the opaque region. In Fig 4-15 we can see that for a mask which is composed
with 67nm lines and with pitch=140nm can has the similar aerial image with the mask

which is 2595 Atten-NPS. So we can change the opaque region of Fig 4-2 to be the
binary mask and we can thus get the similar result as that of 259% Atten-NPS. From

the aerial image and the process window for the simulation result shown in Fig 4-16

and Fig 4-17, we can prove that the method is useful.
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(c) ®

Fig 4-13 aerial image for (a) atten-PSM=69, atten-NPS=209% (b) atten-PSM=6%,
atten-NPS=259%; (c) atten-PSM=69%g, atten-NPS=309% (d) atten-PSM=209¢,
atten-NPS=209%; (e) atten-PSM=209¢, atten-NPS=259%; (f) atten-PSM=209%;,
atten-NPS=309% (dark line=170nm, bright line=90nm, pitch=770nm)
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Chapter 5

Conclusion

5-1 Conclusion

It is found that the dark line between a bright lines pair can decrease the iso-focal
intensity so to gain a better line pattern. But because in the pair bright lines mask
undesirable dark line is formed between adjacent pairs, so it needs double exposure to
erase the undesirable dark line.

In order to decrease the time of exposure step, so we change the dark lines
between the pair of bright lines with non-phase shifting mask to increase the aerial
image intensity of the place. So-the original aerial image intensity which is low and
can not be resolved will become-highienough-and can resolve.

Finally, we change the non-phase-shifting mask to a set of line patterns. The line
patterns have small width that is below the resolution limit so will not be resolved and
the patterns have the similar transmission behavior as non-phase-shifting mask so can
be the replaced mask of non-phase-shifting mask.

The schemes of the three methods are shown in figure 5-1. And the simulated
results are shown in figure 5-2. From the simulation results can improve our

conclusion of above.
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