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Preface

The benefits of using liquids in optical microscopes were first demonstrated in
the 1880s. A century later, in the 1980s, experiments with immersion technology
demonstrated its potential for use in modern lithography. In 2002, when 157-nm
lithography was delayed by a host of technical problems, the development of
193-nm immersion lithography for use in fabricating integrated circuits gained
momentum. The development of 193-nm immersion lithography (193i) occurred
much faster than did any previous lithographic technology. Currently, 193i is
widely used to manufacture advanced microelectronic devices at the 45-nm node.
The entire transition from proof of concept to delivery of a mass production tool
took only about four years.

This rapid growth was possible because of the combined efforts of all sectors
of the lithography community, including the manufacturers of scanners, materials,
and integrated circuits. Much of the research critical to the rapid advancement of
193i has been published in the last few years in various journals and proceedings.
One of the goals of this book is to summarize this information so that those new
to the field as well as current practitioners may increase their understanding of
this important technology.

Thus, while actively involved in evaluating new materials, equipment, and
processes for 193i imaging, Yayi Wei began writing the manuscript for this book.
During the summer of 2008, Robert Brainard, a researcher developing new resist
materials, joined Yayi as his coauthor to help prepare the manuscript. Their
collaboration resulted in this timely monograph that presents the knowledge
critical for establishing high-yield cost-effective 193i processes and materials.
The text can be used as course material for graduate students of electrical
engineering, material sciences, physics, chemistry, and microelectronics
engineering. It can also be used to train engineers involved in the manufacture of
integrated circuits.

A large portion of this book is concerned with the challenges and
opportunities of water-based 193-nm immersion lithography. The first chapter
provides a broad overview of 193i lithography. The second chapter describes the
track where most of the processes occur. The book continues with descriptions of
the interactions between the immersion fluid (water) and the resist in terms of
contact angle, leaching of resist components, and topcoats. It also provides a
comprehensive summary of various immersion-related defects and defect-
reduction strategies. It covers topics that were originally developed in “dry”
lithography and are extendable to immersion 193-nm lithography, discussing

Xiii
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Xiv Preface

strategies for antireflection control, shrink processes, trim processes, double
exposure, double patterning, and line-edge roughness. The book concludes with a
chapter describing research efforts aimed at further extensions of immersion
lithography to higher numerical aperture (NA) and resolution through the
development of high-index lithography. Discussion of some topics (e.g., optical
theory of hyper-NA) was kept brief when well described in other monographs.

The knowledge of 193i is still growing and will continue to mature as it is
used more frequently in mass production. We appreciate any suggestions from
our readers on how to update this material. Your input will help us improve
subsequent editions of this book.

Yayi Wei
Altamont, New York

Robert L. Brainard
College of Nanoscale Science and Engineering
University at Albany, State University of New York

January 2009
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Chapter 1
Immersion Lithography and Its
Challenges

As the microelectronics industry continues to follow Moore’s law, the demand to
print ever smaller features continues. Figure 1.1 shows a roadmap of lithographic
technologies from the past, as well as possible technologies of the future. The
microelectronics industry has progressed from 365-nm (i-line) to 193-nm (ArF)
lithography. Currently, both “dry” and immersion 193-nm lithography are being
used to manufacture today’s fastest integrated circuits. For several years
(~2000-2004), the development of 157-nm lithography was pursued but
eventually was abandoned. Although EUV lithography is capable of printing
high-resolution images, advances in supporting technology (source power, resists,
masks) have been slow and EUV lithography is not yet ready for high-volume
manufacturing. Immersion 193-nm lithography (193i) has emerged as the
successor to 193-nm dry imaging and is the subject of this book. The rise of 193i
actually pushed 157-nm lithography off the roadmap. Double patterning of
immersion 193-nm images will most likely follow 193i single patterning.

The immersion technique was first introduced by Carl Zeiss in the 1880s to
increase the resolving power of the optical microscope. Introduction of the
immersion technique into modern lithography was suggested in 1980s." The
technique attracted the I1C industry’s attention in 2002, when 157-nm lithography

Figure 1.1 193-nm immersion lithography (193i) and 193-nm double patterning have filled
the need for higher-resolution technologies, as EUV lithography is not yet ready for
high-volume manufacturing.
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2 Chapter 1

was delayed by several technical problems, such as strong pellicle and resist
absorptions. Since then, the development of 193i has been incredibly rapid.

1.1 Basics of Photolithography

Photolithography is central to the manufacture of microelectronic devices. In this
process, light is projected through a mask onto a silicon wafer covered with a
photosensitive film, or photoresist (Fig. 1.2). Photoresists can be either positive or
negative tone. When a positive photoresist is imaged, the areas exposed to the light
are removed. The resulting resist pattern on the wafers is a duplicate of the pattern
on the mask, where opaque regions on the mask correspond to the remaining resist
pattern on the wafer. After the photolithographic process, the pattern is usually
measured using a scanning electron microscope (SEM) to ensure that the size and
location of the printed features meet specifications. This measurement of features
is called metrology. Finally, the wafer is released for further processing: etch,
implantation, or film deposition. A typical process flow of photolithography
consists of (a) photoresist coating, (b) post-apply bake (PAB), (c) exposure, (d)
post-exposure bake (PEB), and (e) development (see Fig. 1.2). The steps (a) and (b)
can be repeated for bottom antireflection coating (BARC) and topcoat (TC) to
form a BARC / resist / TC stack before exposure. The exposure is accomplished in
the exposure tool, while all other steps are processed in the coating / baking /
developing system called the track. The track and exposure tool are usually linked
to avoid the manual transportation of wafers and to reduce the delay between
exposure and PEB.

Figure 1.2 Simplified process flow of photolithography: (a) photoresist coating, (b)
post-apply bake, (c) exposure, (d) post-exposure bake, and (e) development. Steps (a) and
(b) can be repeated for bottom antireflection coating (BARC) and topcoat (TC) to form a
BARC / resist / TC stack before exposure.
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Immersion Lithography and Its Challenges 3

1.1.1 Resolution of the exposure system

The photolithographic system can be simply described with Kéhler illumination
(Fig. 1.3).2 The light source is located in the focal plane of the condenser lens.
After passing through the condenser lens, the light shines on the mask, generating
diffraction orders of 0, £1, £2, etc. The size of the projection lens will determine
which of the diffraction orders will be collected and projected onto the focal plane
(wafer surface) by the optical system. The convergence of the diffraction orders
forms the image of the mask patterns on the wafer. A larger lens (larger NA as
defined below) will have greater resolving power, since it will be able to collect
more diffraction orders. The ratio of the pattern size in the mask to its image can be
adjusted by the projection optics. Currently, the ratio is 4:1 in almost all 193-nm
lithography systems.

The optics of Koéhler illumination is a standard topic for optics textbooks and
is beyond the scope of this monograph.? However, we describe the basic principles
as they relate to 193-nm immersion lithography. The resolution capability of the
system—the minimum feature that can be printed—is described by the Rayleigh
equation:

Figure 1.3 Koehler illumination of a photolithographic system. The illumination source can
also be located off the optical axis, in a setup called off-axis illumination.?
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Resolution =k; A =k, k (1.1)
NA nsing

where k; is a constant (described below), A is the wavelength of the exposure light
in the vacuum, and NA is the numerical aperture of the projection lens (defined as
nsin®). Theta (0) is the maximum incident angle on the wafer (as labeled in Fig.
1.3) and is a measure of the capture angle of the projection lens; n is the refractive
index of media between the projection lens and the wafer surface. With 193-nm
dry lithography, air is in the gap between the lens and wafer; therefore, n = 1.

Equation (1.1) shows how resolution of the lithographic system can be
improved by reduction of the wavelength A of the exposure light and/or by
increasing the numerical aperture (NA) of the projection lens. Indeed, the
electronics industry has improved resolution by developing imaging tools based on
successively shorter wavelengths: g-line (436 nm), i-line (365 nm), DUV (248 nm),
to ArF (193 nm). Similarly, resolution has been improved by creating exposure
tools with greater NAs for each wavelength. For 193-nm dry imaging, the lenses
have increased from 0.6NA, 0.75NA, 0.85NA to 0.93NA. In addition to the
wavelength reduction and the increase of NA, the resolution can also be enhanced
by optimization of the process parameters, including illumination settings, mask
design, and resist process. These contributions can be included in the k; factor;
therefore, k; is also called a process factor.

The k; factor can be used to simply assess the difficulty of printing specific
feature sizes with a specific exposure tool. A larger k; factor generally means that
the lithographic process control will be easier and the yield will be higher. Usually,
a k; factor above 0.30 is needed for production and k; cannot typically go below
0.25.* A lithographic process in which 0.25 < k; < 0.30 is difficult and requires
very aggressive resolution enhancement techniques. This kind of low-k; process is
useful during early process development. For example, a 193-nm exposure tool
with 0.85NA used for production at the 90-nm half-pitch node (k; = 0.396) could
also be used for advanced development of 65-nm half-pitch processes (k; = 0.286).
Once the 0.93NA tool became available, the 65-nm process could be transferred to
this new tool.

1.1.2 Step and scan

To effectively increase the exposure field size, the concept of step and scan has
been introduced into modern exposure systems.” Instead of projecting the whole
mask to the wafer, the exposure system scans the mask. The mask is illuminated
only by an illumination slit as sketched in Fig. 1.4. To obtain exposure of all mask
patterns, the mask stage can be moved in one direction along the focal plane
relative to the optical system, i.e., the exposure light scans the mask. In response,
the wafer stage moves simultaneously in the opposite direction with a quarter of
the speed. In a modern 193-nm production tool, the reticle stage has a scan speed
of about 2000 mm/s and the wafer stage has a scan speed of about 500 mm/s. High
scanning speeds allow faster exposures, thereby increasing the throughput. After
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Figure 1.4 Concept of step and scan. (a) Top-view diagram of the scan exposure, (b) side-view
diagram, and (c) typical step-and-scan movement of the exposure head over a wafer.

finishing the scan, the exposure system steps to the next field. A typical movement
of the exposure head over a wafer (called routing) is sketched in Fig. 1.4 (c). With
the step-and-scan technique, the maximum exposure field size (i.e., chip size) is no
longer limited by the lens diameter. The exposure field size of 193-nm production
tools is required by ITRS to be 26 mm x 33 mm.® This slit projection approach
makes the exposure less sensitive to lens aberrations, since only a portion of the
lens is used at any given time during exposure.

1.2 Immersion Lithography and Its Advantages

Typically, the projection optics and the wafer stage occur in air or in a vacuum, in
order to reduce the light absorption, which means the refractive index nin Eq. (1.1)
is 1.0 and NA = sin6. The numerical aperture is, therefore, entirely decided by the
size of the projection lens and cannot be bigger than 1, and more practically is <
0.93. Immersion technology provides another way to increase the NA: by
increasing n. The gap between the last lens element and the resist can be filled with
a liquid and all liquids have much higher refractive indices n than air.” Values of n
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6 Chapter 1

can vary from 1.28 to 1.75 at 589-nm light for typical organic liquids.
Conveniently, the index of refraction of water is 1.33 at 589 nm and 1.44 using
193-nm light. Figure 1.5 shows a diagram of the 193-nm immersion (193i)
exposure head with its final lens and wafer.

The water that fills the gap between the projection lens and the wafer is
supplied by an immersion water handling system and must be free of bubbles and
particles. Regular cleanroom deionized (DI) water is connected to this special
immersion water handling system. The water handling system reduces elemental
contamination and silica to parts-per-trillion (ppt) levels, degasses the water,
provides ultraviolet treatment to kill bacteria, maintains the water temperature and
flow, removes particulates, and accommodates in-line metrology. The water flow
under the exposure head is constant, even when the tool is idle. The system keeps
the water fresh and clean and prevents deposition of contaminants. The design of
the exposure head is very critical for immersion scanner performance.®® The
design must contain the water in the gap between the final lens element and the
resist, forming the water meniscus. This water meniscus must move easily with the
exposure head across the wafer without leaving water droplets behind. Minimizing
water evaporation is another objective. Evaporation will cause temperature
fluctuations, causing the wafer to shrink.'’ Dry exposures are not subjected to this
temperature variation and, therefore, cause a significant overlay mismatch
between layers exposed with immersion and those exposed on dry tools.

Two configurations have been considered for 193-nm immersion lithography:
bath and shower. In the bath configuration, the whole wafer is immersed in a water
bath. In the shower configuration, the water is confined to the area on the wafer
immediately below the exposure head (Fig. 1.5), while the rest of wafer stays dry.
Therefore, the immersion has no conflict with the wafer alignment and the leveling
sensors.™ This design makes it easier to maintain a high throughput than does the
design of the “bath” configuration and has, therefore, been universally adopted by
immersion tool suppliers. The technical challenge in the shower configuration is at
the wafer edge. When the exposure head moves across the wafer edge,

Figure 1.5 Shower design for an immersion 193-nm (193i) exposure head. Water fills the
gap between the final lens and the wafer.
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water leakage may occur and air bubbles may be generated. A special wafer stage
has been designed to address these issues.

Despite these technical challenges, the development of 193i has been
incredibly fast. In the immersion workshop organized by SEMATECH in July
2003, scanner suppliers showed their development plans for 193i scanners.
SEMATECH and its member companies then reorientated their development
resources from 157 nm to 193i.%? In 2004, 193i full-field scanners modified from
dry tools (0.75NA and 0.85NA) were available for early immersion process
evaluation and learning. In 2007, tools with NAs of 1.3 and 1.35, which are the
maximum achievable with water immersion, became available on the market.

Compared to 157-nm lithography, the advantage of 193i is obvious. The
change to immersion imaging has had a powerful effect on resolution, since the
effective wavelength of the exposure light in water is 134 nm, which, according to
Eqg. (1.1), provides better resolution potential than does 157 nm lithography.
Additionally, much of the technical infrastructure was already in place, greatly
reducing the time needed to implement this technology. Excimer laser sources and
mask designs for 193-nm dry lithography were applicable to 193i and the regular
193-nm resists demonstrated good lithographic performance with immersion.

1.2.1 Depth-of-focus improvement

Depth-of-focus (DOF) is another important parameter that measures the
performance of a photolithographic system. DOF is a measure of the sensitivity of
the imaging system to variations in distance between the lens and the resist film
plane. The lithographic process yield is highly dependent on the magnitude of the
DOF. The resist coating may not be perfectly planar, as production wafers often
have many embedded patterns and structures. Although chemical-mechanical
planarization (CMP) has been implemented to planarize these surfaces, significant
surface topography variation can still exist. The exposure DOF must be larger than
the wafer topography, so that the wafer surface is in the focal range across the
whole wafer and the size of the printed features (critical dimension or CD) can be
well controlled across the wafer to within +10%.

The immersion technique can improve the exposure DOF. The water in the
gap between the final lens and wafer changes the optical paths of the exposure
light beams. Figure 1.6 compares two-beam interference exposures for dry and
“wet” situations. The exposure beams pass through the air or water gap and are
focused on the wafer surfaces. Refractions occur at the interface of lens-air for the
dry exposure or lens—water for the immersion exposure. According to Snell’s law,
the following relation dictates the refraction angles:

Nigns SINO; =N, SINO, =n,,... SINO, = NA, (1.2)

water

where 0, is the incident angle at the interface and 6, and 05 are the refractive angles
corresponding to dry and immersion, respectively. It is obvious from Eq. (1.2) that

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



8 Chapter 1

the refractive index of water alone does not change the NA. However, the water
does reduce the refractive angle, i.e., 6, > 05 significantly increasing the DOF of
the image.

In a high-NA situation, exposure light can have a high incident angle on the
resist surface, i.e., the paraxial approximation cannot be applied. (The paraxial
approximation assumes that the light beam makes a small angle 6 to the optical
axis of the optical system and lies close to the axis throughout the optical system.
This approximation allows that sin 6 ~ 6 and tan 6 = 6 (0 is in radians) for
calculation of the beam's path.) The contribution of high incident angle beams
must be included.’*** Figure 1.7 shows a spherical image wavefront. The focal
point of the image wave is at Py, i.e., RoPo (0 order beam) = RP, (first order beam).
When out of focus, rays traveling at larger angles undergo a larger phase change
than do rays traveling at smaller angles. As a result, the phase difference between
the O order and first order beams will result in a blurred image. Assuming the
defocus value is & at point P, the optical path difference (OPD) between the two
beams (RoP and RP) is

OPD =R,P—RP = §—(RP —RP,) ~ 3(1—c0s ). (1.3)

The maximum tolerable OPD during exposure is a quarter of the wavelength,
i.e., OPD < \/4. At the OPD of A/4, the zero and first diffracted orders would be
exactly 90 deg out of phase with each other. The DOF is defined as the focus
range that allows the maximum tolerable OPD; therefore,

, (1.4)

Figure 1.6 Optical paths of two-beam interference for both dry and 193i exposures.
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Figure 1.7 Optical path of a spherical image wavefront. The focal point of the image wave is
at Po, i.e., RoPo = RPo.

where k; (<1) is a factor. In the water immersion situation, the wavelength of the
exposure light is reduced, as A/nyaer and the incident angle 6 in Eq. (1.4) can be
replaced by NA. The high-NA version of the DOF is

poF-fe._* (L5)

n—+/n”> = NA’® .

In a low-NA situation, the paraxial approximation can be used: sinf << 1.
Equation (1.5) can be simplified to a more familiar form

ni A
DOF =k, - NA? =Kk,

. . 1.6
nsin’o (L6)

The refractive index n of the media between the projection lens and wafer
contributes to the DOF. Contributions of the illumination setting and mask to the
DOF are included in the factor k,. Even with the same NA and A, the DOF can be
enhanced by using off-axis illumination or alternating phase-shift mask (alt. PSM).

The DOF enhancement of water immersion versus dry exposure can be
calculated from Eq. (1.5). Assuming both the immersion and dry exposures have
the same NA and process factor k,, we have
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DOF,,, 1-+1-NA’ 1-+/1- NA?

- - .7
DOF,, nwater—\/nwa[erz—NAz nwaler[l—\/1—(NA/nwaler)2] 1

The improvement in DOF is at least the refractive index of the fluid and gets larger
for the smaller pitches.* For example, 90-nm dense lines were printed by a dry
lithography and an immersion tool with the same mask and illumination settings
(0.75 NA). About 1.8 x DOF was obtained with the immersion exposure.®
Historically, an increase in imaging resolution is obtained by reduction of
exposure wavelength. This was always accompanied by the DOF loss, as indicated
by Eq. (1.6). With immersion technology, not only does the imaging resolution
improve, but the DOF also increases at the same resolution.

1.2.2 Water as the immersion fluid

The choice of immersion fluid is first based on transparency to 193-nm light.*® The
absorption coefficient a of water is only 0.036 cm™. This is the “base 10”
coefficient, i.e., | = I- 107**. The refractive index of water at 193 nm is 1.44, which
would effectively decrease its wavelength to 134 nm, indicating a 17% potential
resolution improvement using water immersion at 193 nm, when compared to
157-nm conventional imaging for identical air-NA values.

In many ways, water is a nearly perfect immersion fluid. It has been an
essential component in fabrication ever since the beginning of high-volume
manufacturing. DI water is plumbed into every track, since the water rinse is a
standard process step after development. Additionally, water has many other
properties that make it nearly ideal. It has a low viscosity, is stable under the
193-nm wavelength exposure, and does not react with the lens material. In
addition, water’s refractive index is relatively insensitive to changes in
temperature. At 193 nm, dn/dT = —=107/°C, which means 0.01° C temperature
fluctuation causes n change of 107°. With 1-mm working distance, this will cause a
defocus of ~1 nm.' As a part of the optical system, the physical and chemical
properties of water have been investigated in detail. Further results can be found in
other publications.*®

1.2.3 Hyper-NA and high refractive index immersion (193i+)

Another advantage of the immersion technique is that it enables hyper-NA 193-nm
immersion lithography in which the optics have numerical apertures greater than
1.0. The NA of a dry exposure system cannot exceed 1.0. With the air gap between
the lens and wafer, the maximum incident angle 6, at the lens—air interface is
limited to sin™(1/niexs) (Fig. 1.8(a)). Otherwise, if the light beams have an incident
angle larger than sin™*(1/nens), light will be reflected instead of being refracted.
This is called total internal reflection and limits the size of lenses in
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Figure 1.8 (a) The maximum incident angle at the lens—air interface is sin *(1/niens). Beams
with incident angle > sin_1(1/n|ens) are totally reflected. (b) With water in the gap, the
maximum incident angle increases to sin~*(Nuater/Niens)-

193-nm dry steppers. With water immersion, however, the maximum incident
angle 0; can be sin™(Nuate/Niens) ~ 68 deg (Fig. 1.8(b)). This enables a larger lens
design. Currently, 193i full-field exposure systems with a maximum NA of 1.35
are available on the market and can provide lithography solutions down to 45-nm
half-pitch.

Can we realize higher than 1.35NA by introducing high refractive index fluid
(> 1.44 at 193-nm wavelength) into the exposure system? Figure 1.9 shows a stack
lens / immersion fluid / resist / BARC system that mimics the immersion exposure

head. According to Snell’s law, n, sin®, =n,,;,Sin0, =n_, Sino,.

As labeled in Fig. 1.9, 0, 34 are the incident angles of the exposure beam at the
interfaces of lens and fluid, fluid and resist, and resist and BARC (topcoat is not
included in this discussion), respectively. Accordingly, the maximum effective
NA is equal to the lowest value of Niens, Naig, OF Nesist. FUIther increases in NA are
limited by the refractive index of lens, fluid, and resist. Therefore, high refractive
index materials are the key to further increases in NA.

lens resist
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Figure 1.9 Optical path of the exposure beam in lens/immersion fluid/resisttBARC system.

Encouraged by the great success of water immersion, researchers are
developing various high refractive index (RI) materials, including high-RI
immersion fluids, high-RI lens materials, and high RI resists. A high-RI fluid of n
= 1.65 is now available and ready to be tested by scanner suppliers' and various
high-RI lens materials have been screened. Initial results have demonstrated that
LUAG (lutetium aluminum garnet) has an Rl of ~2.2 and may be a strong candidate
for a high-RI lens material.”® Introduction of sulfur into photoresist polymers can
significantly increase their refractive index.? 193i with water as immersion fluid is
commonly referred to as first-generation 193i. Second-generation 193i with
immersion fluids of n = 1.65 and lenses of n = 2.0 are being pursued and are
expected to achieve NAs of 1.55. Third-generation 193i is also being investigated
and is currently targeting an NA of 1.65. Based on these initial studies, 193i+ is
becoming an option for the 32-nm half-pitch node.?? However, development
efforts on high-RI immersion have been much reduced since the summer of 2008.
Double exposure or double patterning are believed to be viable solutions for the
32-nm half-pitch node or even for the 22-nm node before the availability of EUV.

Table 1.1 shows the NA values of various 193-nm exposure tools. The k;
factor is calculated (CDA/NA) for each technology node. Beyond 45-nm half-pitch,
an immersion tool with a high refractive index (193i+) will be needed.

1.3 Challenges for the 193i Process

Apart from the gains of enhancing the DOF and enabling hyper-NA lens design,
193i brings various process challenges. The first challenge is leaching, where the
photoacid generator (PAG), base quencher, and other small molecular components
in the resist can leach into the water. This leaching not only degrades
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Table 1.1 193-nm lithography tools with NA = 0.75-1.35 have been used in IC
manufacturing. The high refractive index tool (193i+) is not yet available.

the resist performance, but also contaminates the water. The contaminated water
can further contaminate the lens and wafer stage of the scanner. Water can also
permeate into the resist film, causing resist swelling and changing its
photochemical properties. Prior to the availability of low-leaching resists, topcoat
was an effective solution to blocking the leaching and, to some extent, the water
uptake.

1.3.1 Topcoat versus non-topcoat

Topcoat is spin-coated onto a resist and is transparent at 193-nm. It serves as a
barrier layer that enables the regular 193-nm resists (i.e., dry resists) to be used in
the wet process. The topcoat layer is removed after exposure/PEB and before
pattern development. According to their solubility in regular aqueous TMAH
(tetramethylammonium hydroxide) developer, there are two types of topcoats:
solvent-based and developer-soluble. Solvent-based topcoats can be removed only
with specific topcoat solvents. Additional process steps and track modules are
required to remove the topcoats (Fig. 1.10(a)). Therefore, developer-insoluble
topcoats were not suitable for use in high-volume manufacturing and the
development of developer-soluble topcoats quickly followed. Developer-soluble
topcoats can be dissolved by regular agueous TMAH developer; therefore, the
topcoat removal step can be done in the develop module and integrated into the
development step (Fig. 1.10(b)). However, compatibility of the resist and topcoat
has to be considered and the process parameters have to be aligned in order to
obtain the best lithographic process window.
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Resist processes without topcoats are preferred for introduction of 193-nm
immersion lithography into mass production. These simplified processes, as
sketched in Fig. 1.10(c), do not need separate coating and baking steps for the
topcoat material and thereby reduce cost of ownership and offer fewer sources of
defects. Conventional 193-nm resists optimized for dry 193-nm imaging are not
generally suitable for use in immersion tools without topcoats, since the dry resist
components typically show water solubility and leach into the water. Leaching of
the components that are present before, or as a result of, exposure can deteriorate
lithographic performance. The selection of components for single-layer 193-nm
immersion resists that can be used without top coatings is challenging, since both
minimized leaching behaviors in water and superior overall lithographic
performance need to be achieved simultaneously. Material innovation is the key
for non-topcoat processes to supercede topcoat processes.

1.3.2 Immersion defectivity

Immersion-related defects are another challenge in the 193i process. The water
between the front lens and the resist forms a meniscus that moves with the
exposure head across the resist surface. VVarious physical and chemical interactions
between the water and the resist stack occur, possibly leading to water
immersion-related defects. Bubbles in the water can distort the exposure image;
water droplets left on the wafer surface may deteriorate the local resist
performance; and water can transport particles to the wafer surface and deposit
there. With an unoptimized 193i process, approximately 4-20% more defects may
be added to a wafer than may be added in dry 193-nm lithography.”® These
immersion defects will limit process yields, and therefore, must be understood and
their numbers reduced before 193i processes can be used in high-volume
manufacturing.

Figure 1.10 Process flow comparison of resist stack (a) with solvent-soluble topcoat, (b)
with developer-soluble topcoat, and (c) without topcoat.
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1.3.3 Imaging at hyper-NA

With the hyper-NA 193i exposure, the maximum incident angle of the exposure
light on the resist stack is high. For example, corresponding to 1.3NA, the
maximum incident angle is sin"'(1.3/1.44) = 64.5 deg, while at 0.75NA of 193i, the
maximum incident angle is only about 31.4 deg. The high incident angle will cause
the contrast loss of the transverse magnetic (TM) imaging component. Figure 1.11
shows a diagram of the two-beam interference. The electric field of the incident
beams E can be divided into two components: one is in the incident plane, the TM

model (E™); and another is perpendicular to the incident plane, the transverse
electric (TE) model

(E™): E,=E/"+E"and E, =E,"+E,". (1.8)

After being focused on the wafer surface, the total light intensity is
| =|E,+E, ’=|E["+E,"  +|E"+E," . (1.9

The TE components (E;° and E;" ) are parallel to each other and their
superposition has no relation to the incident angle. However, the TM components

(E;" and E," ) form an angle of 180 deg —20; and the superposition depends on the

incident angle by a factor of cos(203). At hyper-NA exposure, the cos(265) is much
smaller than 1 and destroys the TM contrast. Therefore, illumination with only the
TE component—TE polarized illumination—has been suggested for hyper-NA
exposure.

Figure 1.11 Two-beam interference. Electric field of the incident beams E can be divided
into two components: TE and TM. The TM components cannot form enough contrast at
hyper-N
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The high incident angle will also lead to a high reflection at the interfaces of
the resist stack and make reflectivity control very difficult. The incident angles of
the exposure lights are scattered in a broad range, especially when patterns with
different pitches are exposed. To reduce the reflection of light with different
incident angles is extremely challenging for a single-layer BARC. Different
BARC strategies have been proposed for the hyper-NA imaging, for example, the
thick organic BARC approach and the double-layer BARC approach.? In order to
prevent line collapse, the resist film thickness is typically 2-3x the CD. For
example, at 45-nm half-pitch, the resist film thickness is about 100-120 nm. Such
a thin resist film can no longer provide enough etch resistance. Si-containing
material and spin-on carbon have been developed to work both as a BARC and as
an etch mask.
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Chapter 2
Process Steps in the Track

The track is a necessary tool for lithographic processing, providing all of the
material processes (coating, baking, rinsing, and developing) except exposure.
Typically, in a mass production environment, the track is linked to an exposure
tool to increase the process efficiency and reduce delays. The linked track and
scanner are sometimes called the litho-cell or the litho-cluster. The track is made
up of several modules; each module does one specific process with its respective
chemicals. Photoresists and solvents are connected from a chemical storage
cabinet to the module via pipelines, filters, and pumps. Before processing wafers
on the track, a process flow must be defined.

Depending on the process requirements, various modules can be assembled.
For example, a track used for 193-nm lithography consists of at least one coating
module for BARC, one coating module for resist, one coating module for topcoat,
several bake modules for post-apply bakes and post-exposure bake, and more
than one development module. If more process steps are needed, more modules
can be added. If the process needs to use the solvent-soluble topcoat for
immersion, a topcoat coating module and a topcoat removal module must be
added into the track design.

This chapter covers the main process modules: coating, baking, and
developing. Each process module consists of various process steps. For each
process step, we review its purpose, its possible failure mechanisms, and some
solutions to these failure mechanisms. Resist line collapse, blob defects, and
surfactant rinse are associated with the development module, and are, therefore,
also included in this chapter. Immersion lithography requires some additional
process modules. These immersion-specific requirements, as well as track
performance monitoring, make up the last part of this chapter.

2.1 Coating Module

A coating module consists of a spin table and several dispense nozzles for
different materials. Solvents are introduced into the module for pre-wetting the
wafer surface, removing the edge bead, and rinsing the back side of the wafer.
Figure 2.1(a) shows a diagram of a coating module, also called a coating bowl or
a coating cup, due to its shape. Although BARCs, resists, and topcoats all have
dedicated coating cups, the configuration and process steps for each coating are

19
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20 Chapter 2

almost the same. The techniques discussed in this section are applicable to all of
these coatings unless specified otherwise.

The coating module recipe consists of several process steps. Figure 2.1(b)
shows a typical process flow in the coating module. However, not all of the steps
in Fig. 2.1(b) are necessary for a specific coating process. After the wafer is
loaded on the spin table, the first process step is a pre-wet. A solvent nozzle
moves to the wafer center and dispenses the solvent while the wafer spins at a
low speed. Before the solvent becomes dry, the material (BARC, resist, or
topcoat) is dispensed. The pre-wet helps to carry the material to the wafer edge,
promoting better coating uniformity. However, the pre-wet solvent has to be
carefully chosen; it should not degrade the film previously coated or deposited on

Figure 2.1 (a) Diagram of a coating module. (b) Universal process flow in the coating
module. Edge bead removal (EBR) and backside rinse are typically performed
simultaneously.
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Process Steps in the Track 21

the wafer. For example, the pre-wet with PGMEA (propylene glycol monomethyl
ether acetate) is prohibited when coating some resists, because the solvent may
elute photoacid generators out of the resist film and degrade its lithographic
performance.

2.1.1 Material dispense

The three chemicals used in a manufacturing fab (BARC, resist, or topcoat) are
typically called materials. These materials are dispensed from a nozzle at the
center above the wafer (Fig. 2.1(a)). During dispensing of the material, the wafer
can either spin at a specified speed or not spin. Introduction of material to a
spinning wafer is called a dynamic dispense; introduction of materials when the
wafer is not spinning is called a static dispense.

The material is pumped to the nozzle from a container. The volume of each
dispense can be adjusted by the pump recipe (typically 1-4 mL for a 300-mm
wafer). After the material is dispensed on the wafer, the wafer is typically set to a
low spin speed in order to allow the resist to cover the whole wafer, and is then
accelerated to a high spin speed to attain target thickness and uniformity. For
example, a 193-nm resist is dispensed on the wafer with a spin speed of 100 rpm
and a dispense volume of about 3 mL. After the resist is dispensed, the wafer is
first accelerated to 500 rpm for 3 seconds and then to 1750 rpm for 45 seconds.
This acceleration speed has only a minor effect on the resist thickness and
uniformity" and is usually set to the maximum available value of above 10,000
rpm/s. Figure 2.2 shows the spin speeds and dwell times in each step. Using this

recipe, a target thickness of 220 nm with 3o of less than 2.5 nm can be obtained
on a 300-mm wafer.

2000
£ 1600 Main spin step to get
5 target thickness
b 1200
QD
a
W
£ 800
a
»
400+ ‘
0 10 20 30 40 50 60 70

Resist dispense Time (s) For EBR and
Backside rinse

Figure 2.2 Example of a spin speed setting in a coating module.
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2.1.2 Viscosity of materials

In addition to the spin speed, the material viscosity is another important factor
that affects film thickness and uniformity; appropriate viscosity is needed to
reach target thickness and uniformity. Usually, the spin speed is set in the range
of 800-3000 rpm for the coating of 300-mm wafers. When spin speeds are set
too low, losses in uniformity can occur. When spin speeds are set too high,
mechanical break-down of the wafer or the spinner may result.

Viscosity can be thought of as internal friction. Friction is a force acting
along the direction of travel. The Sl unit of viscosity is N-s/m?, or Poiseuille, and
is abbreviated as PI. The centimeter-gram-second system (CGS) unit of viscosity
is dyne-s/cm?, also known as Poise and abbreviated as P. In practice, the industry
uses the centi-Poise (cP) or one-hundredth of a Poise, because water has a
viscosity of 1.002 cP at 20° C, which is very close to 1.

1 Poiseuille (P1) = 10 poise (P) = 1000 cP,
1P =0.1PI, and
1 centi-Poise (cP) = 0.01 poise (P).

Viscosity values of some common fluids are listed below.

air @ 18° C: 0.0182 cP
acetone @ 20° C: 0.3cP
methyl alcohol @ 20° C: 0.597 cP
benzene @ 20° C: 0.652 cP
ethyl alcohol @ 20° C: 1.2cP

Most 193-nm resists have a viscosity of ~1.8 cP, which will reach thicknesses of
150-300 nm with spin speeds of 800-3000 rpm. By adding more or less solvent
(e.g., PGMEA), the viscosity can be adjusted to meet the required target
thickness.

2.1.3 Film thickness

The physics behind spin coating involves a balance between centrifugal forces
controlled by the spin speed and viscosity of the resist, which is determined by
the solvent content*® and the molecular weight of the polymer. Solvent
evaporation is another important factor that affects the film thickness. Once the
resist is dispensed on the wafer, solvent evaporation begins. The evaporation rate
determines how fast the resist film loses fluidity and becomes a solid. Therefore,
the dwell time of the high-speed spinning has to be long enough to ensure
solidification of the resist film. The evaporation rate is not a constant; it increases
with the spin speed and exhaust flow rate. This is because the air flow at the
surface of the resist film increases with spin speed and because increasing the
exhaust flow rate decreases the partial pressure of the solvent in the coating
chamber.
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The relationship between the spin speed o and the resist film thickness t can
be expressed as

t=c-1/vo, (2.1)

where ¢ is the material factor. Equation (2.1) is used in the process setup to
predict the spin speed for a target thickness. This equation is generally applicable
to most resists, BARCs, and topcoats.

In practice, process engineers must use the basic principles described here, in
combination with experimentation, to arrive at the best process for a specific
material and application. A good coating recipe should not only reach the target
thickness and uniformity, but must also consume the minimum amount of
material. This material saving is especially important for large volume
production. A typical production fab processes 30,000 wafers per week; each
wafer may need 30 lithographic levels. Saving 1 mL resist per coating means a
total savings of 900 liters of resist per week.”

2.1.4 Reduction of material consumption

Reduction of photomaterials consumption while maintaining coating quality is
becoming a major challenge for process and equipment engineers. The biggest
disadvantage of the spin coating process is lack of material efficiency. An
excessive amount of material is used to prevent coating discontinuities caused by
the fluid front drying prior to reaching the wafer edge. Typical spin coating
processes utilize < 20% of material dispensed onto the wafer, while > 80% is
thrown off the wafer into the coating bowl and sent to waste treatment.”

Pre-wetting the substrate is the most common way to reduce material
consumption. An example of a pre-wetting process is coating topcoat (TCX041)
onto the resist film.® Traditionally, the TC is coated without pre-wet and requires
~3.0-mL TC to fully cover a 300-mm wafer. However, the use of a 2.5-mL
solvent pre-wet followed by 1.0 mL of TC will fully coat a 300-mm wafer.
Lithographic results indicate that a film stack coated using this pre-wet process
performs as well as a film stack coated by the non-wetting process.

Other technologies have been developed and implemented to reduce material
consumption. One example is the use of dispensing nozzles with smaller
diameters. Normal dispensing nozzles have a diameter of 1.5 mm with a
minimum dispense volume of 0.6-0.75 mL per coating. A small dispensing
nozzle with a diameter of 0.5 mm can reduce the dispense volume to 0.4 mL per
coating, while meeting both thickness and uniformity specifications.’

Another approach to reducing resist consumption is to use the ultra-casting
pre-dispense technique (UCP),” in which the resist is dispensed twice in one
coating recipe. Each dispense drops only < 1 mL of the resist. The first dispense
is performed at high spin speed. At the high spin speed, due to high centrifugal
force, the resist is quickly cast over the entire wafer, creating a resist interface on
the substrate. The second dispense occurs at low spin speed. A minimal resist is
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needed to form a uniform resist film, because surface tension has been much
reduced by the first resist dispense. The time interval between the two dispenses
is about 1 second. Figure 2.3 shows how the spin speed changes in the coating
process. The total resist consumption of the two-dispense process is smaller than
that of the traditional one-dispense process.

2.1.5 Coating imperfections and defects

The spin coating process is required in order to produce a clean and uniform
resist film. Nonoptimized coating processes may result in thickness deviation and
introduction of coating defects.® Three of the most common coating defects are
summarized in the next sections.

2.1.5.1 Comets

Small particles on the wafer will impede resist flow during spin coating, forming
comet defects. Figure 2.4 shows an optical microscopic image of a typical comet
defect. The radial resist flow generated by the centrifugal force is blocked by the
particle. The disturbed flow forms a comet pattern at the particle site. Therefore,
the root cause of comet defects is foreign particles on the wafer surface.
Depending on particle size, comet defects are typically in the range of several
nanometers to hundreds of microns. The particles may come from the wafer itself
or be left over from previous processes. Dirty environments can also cause
particles to be on the wafer. In addition, chemical segregation and precipitation
may occur in the resist bottle, forming clusters and particles. With poor filtration,
these clusters and particles can be delivered to the wafer surface. Therefore,

Figure 2.3 Two-dispense process for resist coating.
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Figure 2.4 Optical microscopic image of a coating defect: a comet.

thoroughly cleaning the wafer before coating, as well as coating the wafer in an
enclosed environment with filtered ventilation and installing suitable resist filters
are the key measures for reduction of comet defects.’

2.1.5.2 Striations

Striations are radially oriented resist stripes and are severe coating failures that
show the existence of coating nonuniformity in an angular direction. Striations
usually start near the center of the wafer and become broader toward the wafer
edge. Figure 2.5 shows an optical microscopic image of typical striations.
Striations are most often caused by lack of wetting. The interaction of a
hydrophobic surface with a polar solvent in the resist (e.g., ethyl lactate) will
result in poor wetting. Centrifugal force pushes the resist across the wafer surface,
leaving some coating stripes behind. Striations may also occur when the resist
dispense volume is too low. In this case, the dispensed resist volume is too small
to cover the whole wafer. Each drop of the resist forms a radial stripe and the
stripes cannot form a continuous film. Fast evaporation of the solvent has also
been blamed for striations. Solvent evaporation changes the composition in the
resist surface layer and therefore changes its surface tension. According to the
results reported in literature,'®™* surface tension variation can lead to striations.
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Figure 2.5 Optical microscopic image of a coating defect: striations. (Reprinted by
permission from Ref. 8.)

2.1.5.3 Edge bead and backside contamination

During spin coating, excess material is pushed to the wafer edge by centrifugal
force and most of the material flies off the wafer’s edge. However, surface
tension prevents all of the resist from leaving the wafer. Additionally, the wafer
edge moves at the highest velocity and has the highest air flow. Excess resist can
dry and form a bump around the entire edge of the wafer. This is called the edge
bead (Fig. 2.6). If the substrate is not a circular shape (e.g., is square or
rectangular), the excess resist will be pushed to the corners where a thicker film
will be formed. In addition to the edge bead formation, the resist is likely to wrap
around the wafer edge and contaminate the backside of the wafer, as well.

Figure 2.6 Sketched profile of resist film with edge beads and backside contamination.
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Presence of the edge bead can lead to various problems in subsequent
processes.'? After post-apply bake, the edge bead can contaminate hot plates,
wafer handlers, and stages. Accumulation of material on the back side of the
wafer can also disturb the leveling readings in the exposure tool and generate
“hot spots” during exposure. Due to these undesirable effects, most lithographic
processes employ edge bead removal (EBR) and back rinse processes
immediately after spin coating. The EBR is done by spraying the beaded edge
with the solvent while the substrate spins, as sketched in Fig. 2.7. The solvent
dissolves the edge bead along the wafer periphery. The EBR nozzle is titled so
that the solvent sprays toward the wafer edge. The centrifugal force casts away
the dissolved resist and solvent. To better remove the edge bead, resist
manufacturers have developed special EBR solvents; instead of simply using the
resist solvent, they add some chemical components to make the EBR solvent
more effective at removing the edge bead.*® The backside rinse process is similar:
the solvent is sprayed from the bottom of the coating chamber during spinning
(Fig. 2.7) and dissolves the resist contaminants on the backside of the wafer.

The nonuniform resist film can also be removed from the wafer edge by an
optical method called wafer edge exposure (WEE). After resist coating and post-
apply bake, the wafer is sent to the WEE module, where the wafer edge is
exposed by a broadband light, but not removed. After pattern exposure and PEB,
the resist at the wafer edge is removed in the development process. The WEE
process cannot be used for the BARC film, as this film is not photosensitive.

The advantage of the chemical EBR is that it can remove both photoresists
and organic antireflective coatings (ARCs) with the appropriate EBR solvents.
The disadvantage of the chemical EBR is that it can splash onto critical areas of
the wafer. Solvent splashing issues have been shown to result in missing-pattern
defects. Yield loss caused by the EBR solvent splash is increasingly reported by
modern fabs.* The position and tilting angle of the EBR nozzle and the solvent
flow must be optimized in order to address this splashing issue.

Figure 2.7 Diagram of EBR and back rinse setup.
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2.1.6 Material drying at the nozzle

After dispensing material, the nozzle is moved back to its home position where it
sits above a solvent bath. The purpose of the solvent bath is to immerse the
nozzle tip in solvent vapor and prevent material from drying at the nozzle tip (Fig.
2.8). However, most ArF resist solvents are so volatile that early solvent bath
changes were unable to prevent resist drying at the nozzle tip. Dried resist at the
nozzle tip not only blocks the flow of resist, but can also fall from the tip onto the
wafer, causing particle defects. Numerous reports have demonstrated that a
significant number of particle defects can be traced back to the coating process.
Proper cleaning of resist dispense nozzles has proven to be effective in reducing
particle defect counts. New solvent bath designs have been proposed to increase
the vapor pressure around the nozzle by raising the inlet of solvent.'®

2.1.7 Alternative coating techniques

Resist coating is a key process step in lithography. Though spin coating is a
mainstream technology, alternative coating methods have been developed. For
example, in scan coating, the resist is dispensed from a nozzle with 30- to 100-
um dispense holes.’® The nozzle continuously scans in one direction while the
wafer steps in the other direction (Fig. 2.9). After the resist is scan coated onto
the substrate, the liquid resist film is dried in reduced pressure. This separation of
the coating and drying processes allows separate control of solvent evaporation
and film formation.

Figure 2.8 Diagram of the resist nozzle at its home position.
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Figure 2.9 Diagram of the scan coating.

Different coating techniques will affect material performance. One study
showed that scan coating better distributes photoacid generator (PAG) than spin
coating does.™ In this study, the spin-coated resist film was shown to have a
lower PAG concentration at the surface than it had in the bulk of the resist film.
By contrast, films coated by the scan method were shown to have a much more
uniform PAG concentration throughout the thickness of the film. The depth
profile of PAG concentration has significant effect on the lithographic
performance of the resist film.

2.2 Baking Module

Since the 1980s, hotplates have become the primary method of baking wafers,
replacing ovens for this purpose. Hotplates have several advantages over ovens;
they offer high throughput, better heating uniformity, and reduced particle
contamination. In the hotplate bake process, the resist film is baked from the
bottom, preventing the formation of a skin over the surface, which is a severe
issue in oven bake processes. In a typical bake process, the hotplate is first heated
to the bake temperature, then the wafer is loaded, coming in close contact with
the hotplate. The retention time (bake time) is usually about one minute. In a
typical process flow, wafers are baked several times. Post-apply bakes (PABS),
also known as “soft-bakes,” drive solvent from films after spin coating to solidify
the films. BARCSs, resists, and topcoats are all subjected to PABs after coating.
Post-exposure bakes (PEBs) thermally activate the deprotection reactions
occurring in resists after exposure. Tracks have several bake modules offering
various bake temperatures. The following sections discuss key issues for
engineers and tool owners working on baking modules.
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2.2.1 Temperature uniformity

The temperature of a hotplate must be very accurately and precisely controlled.
The PEB process of 193-nm lithography typically requires that hotplate
temperatures be controlled to an accuracy of + 0.1° C and to less than £ 0.5° C
across the plate. In addition to potential hotplate temperature nonuniformity, the
wafer itself may introduce bake nonuniformity. Since the processed wafers have
some degree of nonflatness, hot spots are created at positions where the wafer
touches the hotplate and cold spots are created at positions where the wafer does
not touch the hotplate. To compensate for the curvature of the wafer, a vacuum is
connected to the hotplate to pull the wafer into closer contact with the hotplate."’

Instead of being in direct contact with the hotplate, a wafer can also be
suspended to within 25-100 um of the hotplate surface, so that a small air gap is
formed (Fig. 2.10). This setup is called proximity baking.'® Hotplates must be
adjusted to higher temperatures or baked for longer times to compensate for the
heat loss caused by the air gap. The proximity bake provides a higher degree of
uniformity than does the contact bake, especially for backside-contaminated
wafers. Proximity baking also offers the unique advantage of allowing hotplate
processing without touching the backside of the wafer, thereby avoiding cross-
contamination between the wafer and the hotplate.

2.2.2 Temperature variation across the hotplate during thermal ramp

Bake temperature variation across the hotplate results in poor CD uniformity
across the wafer. Temperature variation across the hotplate is often observed
during thermal ramps.® As shown in Fig. 2.11, the temperature at the center of
the hotplate increases more slowly than the temperature at the edge. The hotplate
reaches a thermal equilibrium after ~4 minutes, when the temperature variation
across the plate almost disappears. Similar nonuniformity has also been observed
during chilling. Experimental results have demonstrated that this thermal
nonuniformity causes CD variation across the wafer.'® Process engineers and tool
owners must be very careful that thermal uniformity is maintained across the
wafer and from wafer to wafer during all of the bake steps, but most importantly,
during PEB. The most direct solution is to have hotplates dedicated to each
necessary temperature, so that temperature ramps can be minimized; even so,

Wafer

'_Lift pins
Hotplate

Figure 2.10 Proximity baking: wafer is lifted 25—-100 um above the hotplate.
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Figure 2.11 Temperatures at the center and at the edge of a hotplate during heat up. The
hotplate starts to heat up at t = 0 and the target temperature is set to 100° C.

the heat capacity of the wafer can cause the hotplate to cool down. New hotplate
designs with better heat-exchange properties have been developed to address this
problem. %

2.2.3 Hotplates with temperature gradients

When considering process development, hotplates with controllable temperature
gradients are very useful for achieving bake temperature optimization. More
specifically, to determine the PEB temperature sensitivity of a resist, exposed
wafers need to be baked at different temperatures. This is typically done using
multiple wafers—one temperature per wafer. A new hotplate capable of
generat2i2ng a temperature gradient has been designed: the thermal gradient plate
(TGP).

The TGP is made of a machined block of aluminum placed on top of a
conventional hotplate or on another heat source (Fig. 2.12). Temperature
distribution across the plate can be measured using a silicon wafer with probes
embedded in an array across the wafer (called a thermal map system).” The
temperature decreases in the X-direction and is uniform along the Y-direction in
the wafer area. The range of the temperature gradient can be adjusted by
changing the heat source temperature and the type and degree of active cooling at
the end of the TGP, as well as by changing the displacement along the gradient
direction from the heat source.
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Figure 2.12 Thermal gradient hotplate. (Reprinted by permission from Ref. 22.)

With the TGP, a substrate can be baked across a range of temperatures,
allowing multiple experiments to be run in parallel. The number of wafers
required to optimize the bake temperature of a given process is significantly
reduced. Exposure conditions are the same for all of the dies. The PEB is
performed with the TGP; the PEB temperature sensitivity can be obtained from
the single wafer. As suggested in Ref. 22, the wafer can also be rotated 90 deg
for another bake. For example, the PAB can be performed with the temperature
gradient in one direction and the PEB can be performed with the wafer rotated 90
deg. In this way, the effect of a full PAB and PEB temperature matrix can be
explored using only one wafer.

2.2.4 Sublimation at high-temperature post-apply bakes

During low-temperature post-apply bakes, solvent is driven from the freshly
spin-coated films, which do not cause problems unless they condense on the
hotplate cover. During high-temperature bakes (i.e., for BARC PABSs), however,
temperatures are typically ~200° C and solid compounds can sublimate from the
film. With nonoptimized exhaust systems, these outgassed chemicals can
condense on the internal walls of the baking chamber or directly back onto the
wafer, forming defects. Depositions on the chamber internal wall can flake off,
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forming particle defects with diameters of 0.16-0.2 um on subsequent wafers.
These sublimation defects were first observed as a result of BARC baking, since
the temperature of BARC PAB is high, typically above 200° C.

Particle defects associated with high-temperature BARC PAB were studied
by mounting a quartz plate over a wafer on a hotplate.®® The chemical
components outgassed from the BARC sublimed and were deposited on the
quartz plate. Infrared (IR) spectral analysis of the quartz plate revealed that the
deposits were low molecular weight additives such as cross-linkers. The
sublimation rate was measured using a quartz crystal microbalance (QCM)
positioned over the wafer in the bake chamber. The resonant frequency of a
QCM is very sensitive to the mass of its acoustic resonator. The deposition of
outgassed components onto the acoustic resonator was monitored as a function of
time, in order to determine the sublimation rate from the BARC film.

Obviously, the solution to the sublimation problem was to redesign bake
chambers with better exhaust systems, and as a temporary solution, two-step
baking was widely used. Wafers were first baked at intermediate temperatures for
short times, (e.g., 120° C / 45 s), then, the wafers were sent to high-temperature
hotplates. The intermediate-temperature bakes removed the first outgassed
components and significantly reduced the exhaust burden of high-temperature
hotplates. Although this approach showed a decrease in sublimation defects, it
also caused a loss in throughput.

2.2.5 Chemical flare during post-exposure bake

Outgassing during post-exposure bake can be another problem. Photoacids are
generated in resist films during exposure. Some of the photoacids can be
volatilized during the PEB process and redeposit on adjacent unexposed areas,
causing variations in CD. This phenomenon is called chemical flare.®

Time of flight-secondary ion mass spectroscopy (TOF-SIMS) has been used
to investigate the change in resist surface composition after exposure and PEB.
The results indicate that some resists show significant photoacid migration from
exposed to unexposed areas, but that other resists exhibit less migration. The
outgassing rates of photoacids depend on their volatilities and local
concentrations. In the 193i process, the use of topcoat may mitigate this chemical
flare. Furthermore, resist designs that minimize leaching and acid diffusion
length may also help to reduce the volatility of the photoacid.

Increasing the exhaust flow has been demonstrated to be an effective method
for reducing chemical flare and sublimation defects. In a mass production
environment, it has been found that CD drifts and defect counts increase with
increasing service time of hotplates.”® These observations have been attributed to
the blockage of the exhaust flow by the deposition of outgassed chemical
components. After cleaning of the exhaust lines, CD and defect counts can
generally be brought back to target values. The design of new bake chamber
covers with larger exhaust openings seems to be an effective solution to this
problem (Fig. 2.13).%°
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Figure 2.13 Hotplate chamber with (a) small exhaust openings and (b) large exhaust
openings.

2.3 Development

Resist development is performed in development bowls equipped with spin tables
and nozzles for dispensing developer, DI water, and possibly, surfactant. Wafers
are loaded onto spin tables and aqueous developer is dispensed onto the wafer
surface. For positive resists, exposed areas are dissolved by the developer and the
patterns appear (Fig. 2.14). Then, DI water is dispensed onto the wafer to stop the
development and to remove the developer. The retention time of developer on the
wafer is defined as the development time. Finally, the wafer is spun until dry.

2.3.1 Developer dispense

There are two main methods to dispense the aqueous developer: static and
dynamic. During a static dispense, the wafer is motionless while the developer is
dispensed by the develop arm (Fig. 2.15(a)). The arm moves across the wafer and
the aqueous developer is released from the nozzles on the bottom of the arm. The
aqueous developer forms a puddle covering the wafer surface. The develop arm
can scan across the wafer once (single puddle) or twice (double puddle). During a
dynamic dispense, the wafer spins at slow speed while the developer is dispensed
from a nozzle located in the center of the spin table (Fig. 2.15(b)). The developer
flows radially, driven by centrifugal force. Development occurs in both methods
as soon as the developer is in contact with the resist.

Figure 2.14 Process flow of a simple development.
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Figure 2.15 Diagram of (a) static dispense and (b) dynamic dispense.

The performance of static and dynamic dispense methods was investigated
and compared for 193-nm dry lithography. It was concluded that both nozzles
give similar CD uniformity and defect counts. However, for the immersion
process, the situation is different. To reduce watermark defects (see Chapter 6 for
details), 193i processes use very hydrophobic resists with static water contact
angles of over 90 deg. These hydrophobic resists are incompatible with simple
puddle development using agueous TMAH developers. The aqueous developer
beads up due to surface tension and does not cover the whole wafer, resulting in a
loss in CD uniformity.

Dynamic dispense of developer addresses this issue. Wafers are spun while
the developer is dispensed at the wafer center. The centrifugal force overcomes
surface tension to pull the TMAH developer across the wafer surface. Key
parameters are the developer dispense rate (flow rate at the nozzle) and wafer
spin speed, both of which need to be optimized for different resist stacks.
Dynamic dispense of developer is primarily used in the 193i process and
provides better CD uniformity and defect counts. In addition to the dispense
methods demonstrated in Fig. 2.15, the developer can be dispensed by other
methods; one example involves a setup in which the developer puddle can be
formed by a rotating develop arm.

2.3.2 Optimization of development time

Development time is a key process parameter. Because the development process
of 193-nm lithography is simply adopted from the 248-nm process with the same
concentration of developer (2.38 wit% tetramethylammonium hydroxide
(TMAH)), the development time must be optimized in order to obtain the best
performance for each 193-nm resist.

In one study, puddle time was optimized for imaging of 90-nm dense lines.”
First, the exposure latitude (EL) and DOF versus puddle time were determined as
a function of development time for three different resists (Fig. 2.16). Although
the dense-line patterns were completely formed during the first 10 seconds of
development, the EL and DOF of Resists A and B were found to be relatively
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Figure 2.16 Measured EL and DOF versus puddle time for three different resists.
(Reprinted by permission from Ref. 27.)

sensitive to the length of puddle time (low puddle-time latitude), whereas the EL
and DOF of Resist C seemed relatively insensitive to puddle-time. Resist C was
selected for additional experiments to characterize its performance sensitivity to
development time, including: line-edge roughness (LER), cross-wafer CD
uniformity (CDU), mask error enhancement factor (MEEF), and resist pattern
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profile. Figure 2.17 shows the measured LER and resist pattern profile change
with the puddle time. Finally, defect counts versus puddle time was evaluated
and the optimum puddle time was identified.

Other researchers performed similar experiments. In one case,”® the wafers
were exposed with focus exposure matrix (FEM) and sent to the development
module. The Bossung plot was measured versus different development
parameters, such as scan direction of the developer arm and developer puddle
time. The optimum development parameters were obtained at the point where the
Bossung plot does not change with a small dose variation. Figure 2.18 shows the
Bossung plots before and after the optimization of development parameters.

2.3.3 Deionized water rinse process

The deionized (DI) water rinse serves two functions: to stop development and to
remove particles generated during development. The wafer spins during the rinse
so that centrifugal force can assist in removing particles. Figure 2.19 shows a
simple sequence for a rinse process. Sometimes, to get improved particle removal,
more complex rinse processes are used. For example, the spin speed of the wafer
can be alternated between high and low speeds. This acceleration/deceleration
cycle can be repeated several times as shown in Fig. 2.20. The “spin-speed
oscillation” rinse has been shown to reduce the counts of defects introduced
during development.

Figure 2.17 LER and cross-sectional images of resist pattern profile change with the
puddle time. (Reprinted by permission from Ref. 27.)
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Figure 2.18 Bossung plot of a line pattern (a) before and (b) after optimization of
development parameters. (Reprinted by permission from Ref. 28.)

Figure 2.19 Simple sequence for a rinse process.
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Figure 2.20 Sequence of the “spin-speed oscillation” rinse.

2.4 Resist Line Collapse and Corrective Measures

As the water dries after the rinse, surface tension from receding water pulls on
the resist features. In the case where the drying pattern is symmetric, the force is
cancelled out. With asymmetric drying patterns, the water dries faster on one side
than on the other and a net force is generated on the pattern.

2.4.1 Mechanism of line collapse

Resist line collapse refers to the deformation (bending), fracture, and/or peeling
of photoresist structures from the substrate. It is mainly caused by DI water
capillary forces acting on the structures during drying. Detailed theoretical
analysis of the capillary forces can be found in Refs. 30-32. In a simple case, two
resist lines are near each other and water fills the gap between the lines (Fig.
2.21). The pressure induced by the meniscus of the DI water between the lines
can be explained by the following equation:
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Ap = 21€080 CSOSG , 2.2)

where vy is surface tension, 0 is contact angle, and S is the space size. This
pressure tends to bend the resist lines toward each other. The resist lines suffer
from the stress as

o 6y(H /L)* cos

5 (2.3)
where H/L is the aspect ratio of the resist line and P is the pitch (and equals S+L)
(Fig. 2.21).

Capillary force increases with aspect ratio H/L and water surface tension v,
but decreases with contact angle 6. Therefore, hydrophobic resists generate less
capillary force and give reduced levels of pattern collapse. The surface tension of
water at room temperature is about 0.072 N/m. The counterforce is the resist
stiffness or mechanical strength, which is described by the Young’s modulus, E
and has a range of 2-6 GPa. In general, materials with a higher glass transition
temperature (Ty) have higher Young’s moduli. Novolak resists have the highest
moduli and ArF resists have the lowest.*

Mack did a quantitative calculation of ArF resist line collapse by assuming
that a resist line from an ArF resist has an E/c ratio of ~35 nm™ and a water—
resist contact angle of about 60 deg.* For a resist thickness of 141 nm, the target
feature is 45 nm 1:1 dense lines. With increasing dose, the resist lines become
narrower and aspect ratio increases. Before the resist line CD reaches 40.5 nm
(-10% CD error), the surface tension of the rinse water will cause the lines to
collapse. One conclusion from this work is that pattern collapse is becoming an
increasingly important factor in limiting the size of the process window in 193-
nm lithography.

P
Figure 2.21 Two resist lines are near each other and water fills between the lines.
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2.4.2 Surfactant rinse to reduce line collapse

A simple solution to line collapse is to reduce the aspect ratio of the resist pattern.
However, this approach causes problems with etch resistance. Sufficient resist
thickness is needed to provide enough etch resistance for transferring the patterns
to the substrate. Other approaches include coating the resist on a pre-wet BARC
surface or using shorter development times. Pre-wetting of the BARC surface
with solvent immediately before resist coating can enhance the resist adhesion to
the BARC. Line collapse can be caused by the intrusion of developer into the
resist-BARC interface. Shorter development time has been suggested in order to
suppress the developer intrusion, thereby reducing line collapse.®

The most effective approach for reducing line collapse is to reduce the
surface tension of the rinse water and increase the contact angle (Eqg. (2.3)).
Addition of small concentrations of surfactants to rinse water can reduce its
surface tension.® The results of such tests are showed in Fig. 2.22. The surface
tension is dramatically reduced when a small amount of the surfactant is added.
With further increases in surfactant concentration of up to 6x the control, the
surface tension levels off to about 0.4 of that of water, indicating that a further
increase of surfactant concentration beyond 6x is a waste of material.

The surfactant rinse process is typically introduced after DI water rinse.
Before the DI water dries, the surfactant water is dispensed on the wafer and
replaces the DI water, filling the gaps between the resist patterns. However, it has
been reported that this surfactant rinse can be absorbed by 193-nm resists,
causing swelling. In contrast, hydrophilic resists may partially dissolve in
surfactant solutions, even under low surfactant concentrations.** Therefore,
compatibility of resist and surfactant must be evaluated before implementation of
the surfactant rinse approach.

Figure 2.22 Surface tension reduction with increased surfactant concentration.
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2.4.3 Evaluation of the line-collapse process margin

The effectiveness of the surfactant rinse can be compared to the effectiveness of
the pure DI water rinse. First, two resist-coated wafers are exposed at the best
focus as a function of dose (energy meander). One wafer is rinsed with a pure DI
water rinse process, while the other is rinsed with surfactant-containing DI water.
With increased dose, the CDs decrease and their aspect ratios increase. At a
certain point, line collapse starts, as labeled in the darker gray in Fig. 2.23. With
the surfactant rinse process, the line collapse occurs at a much higher dose.

The concept of normalized aspect ratio (NAR) was introduced in order to
quantitatively describe line collapse.*** The NAR is defined as the pattern aspect
ratio divided by the pitch (i.e., NAR = nominal resist thickness/(measured line
CD)(pitch)). With increasing dose, the NAR increases to a critical value (CNAR),
at which point line collapse begins. For better statistics, collapsed patterns are
counted in each die to determine the collapse percentage. Figure 2.24 shows
collapse percentage versus NAR for standard developer plus DI-water-rinsed
wafer and surfactant-rinsed wafer for 100-nm dense line and spaces. The
surfactant rinse clearly increases the CNAR.

It is also possible to evaluate the line collapse process window (PW). For this
evaluation, wafers are exposed as a function of focus and dose (i.e., focus
exposure matrix or FEM) and processed with DI water and surfactant rinses. This
PW includes only dies for which no line collapse is observed (Fig. 2.25). The
surfactant rinse process significantly increases the line-collapse process window.
To realize a process window with maximum practicality, the line-collapse PW
must overlap the 10% CD tolerance process window.

(a) (b)

Figure 2.23 Line-collapse map of (a) standard developer plus DI water rinse process and
(b) developer plus surfactant rinse process. The arrows indicate the direction of exposure
dose.
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Figure 2.24 Pattern collapse percentage versus normalized aspect ratio for (a) DI water
rinse and (b) surfactant rinse processes. (Reprinted by permission from Ref. 36.)

Figure 2.25 Plot of line-collapse PW. No line collapse occurs in dose and focus range
surrounded by the curve. (Reprinted by permission from Ref. 36.)
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2.5 Blob Defects

Blob defects, also known as satellite spot defects, are primarily found in low
pattern density areas.®” These defects are several microns to hundreds of microns
across (Fig. 2.26). Blob defects have been observed in both 248- and 193-nm
resists and appear after development. The formation mechanism of these defects
is complicated and still not completely understood. However, some studies
successfully used energy dispersive x-ray spectrometry (EDX) and Raman
spectroscopy to determine that these defects have approximately the same
chemical composition as the original resist films. Additional studies indicate that
blob defects originate from partially deprotected resist polymers.®® The partially
deprotected polymers cannot completely dissolve in the developer and form
particles and clusters there, then deposit back to the resist surface, forming blob
defects. Formation of blob defects has also been explained as originating in the
DI water rinse. The DI water rinsed on the wafer surface abruptly changes the pH
value of the developer puddle—the so-called pH value shock. The pH value
shock changes the solubility of the deprotected resist in the developer and part of
the dissolved resist precipitates and forms the blob defects.***° Formation of blob
defects is also linked with the electrochemical property of the surface.

Figure 2.26 SEM image of a blob defect.
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2.5.1 Reduction of blob defects by process optimization

The numbers of blob defects can be reduced by changing the dissolution rate of
the deprotected polymers. If a resist polymer has a high dissolution rate in the
developer, the amount of undissolved polymer suspended in the developer is
small, which helps to reduce the numbers of observed blob defects. However,
increasing the dissolution rate requires a change of resist formulations.

Incorporating multiple development cycles has been shown to be an effective
method for reducing defect counts.** One cycle consists of a full development
procedure: developer puddle, DI water rinse, and spin dry (Fig. 2.27). For a KrF
resist, a 3x development cycle removes about half of the blob defects; 4x and 5x
development reduces the defects to 0. For an ArF resist, a > 3x development
circle reduces the defect counts to 0. The results also show that increasing the DI
water rinse time or repeating DI water rinse and dry cycles helps reduce defect
counts, but not as effectively as repeating the development cycle.

2.5.2 Surfactant rinse to reduce blob defects

Surfactant rinse is an effective approach for reducing blob defect counts. The
surfactant adsorbs to the substrate and around the resist clusters. A repulsive
force (zeta potential) forms between the substrate and the dispersed resist clusters,
preventing deposition of the resist clusters on the substrate.* Further rinsing can
easily remove the particles and clusters. A mechanism diagram is shown in Fig.
2.28. The surfactant can be added to the aqueous developer, forming surfactant
developer; alternatively, the surfactant can be added to the DI water rinse.

Figure 2.27 Flow of one cycle of development.

Figure 2.28 How surfactant prevents blob defect formation. (a) Low-solubility resist
clusters in developer. (b) Surfactant molecules attach to the resist surface and surround
the resist clusters. (c) The repulsive force prevents deposition of the resist clusters.
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As described in previous sections, surfactant rinses have been introduced to
reduce line collapse or blob defects. Apparently, it is impractical to implement
two separate surfactant rinses, due to capital equipment, software costs, and
reduced throughput. Therefore, bifunctional surfactant rinses have been
developed that are capable of reducing both line collapse and defects.*® These
bifunctional surfactants help to meet two goals simultaneously, further justifying
their use in standard IC processing. Furthermore, new types of surfactant rinses
have been designed to reduce the line-edge roughness.

2.6 193-nm Immersion-Specific Track Process

In addition to the coating, baking, and development steps associated with resists
and BARCs, 193-nm immersion lithography requires additional unique process
steps:
1. Topcoat coating and baking,
2. DI water rinse before exposure (pre-rinse) to remove the leaching
components,
3. DI water rinse after exposure (post-rinse) to reduce the watermark
defects, and
4. Topcoat removal (only needed for solvent-soluble topcoat).

Figure 2.29 shows a diagram of a typical 193-nm dry lithography process flow.

The immersion-specific process steps included in the right column require more
modules in the track.

Figure 2.29 Typical 193-nm dry lithography process flow and 193i-specific process steps.
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These additional process steps are not necessary for all 193i lithographic
approaches; for example, resists specifically designed for 193i may not need
topcoats. If a resist shows very good imaging but slightly unacceptable levels of
leaching without topcoat, then the pre-rinse process can be used to flush away the
leaching components before exposure. The leaching level of the pre-rinsed
wafers is reduced to about 12% of the leaching level of nonrinsed wafers.*?
Developer-soluble topcoats do not require a separate step for removal; this step is
integrated into the development step.

To maintain a stable process, track performance must be monitored regularly.
The resulting data must be frequently reviewed to detect degradation in overall
performance, as well as differences between tracks.** This performance
monitoring is not unique to 193i; however, 193i lithography utilizes more
complicated processes than do previous technologies, so upholding rigorous
standards is even more critical. Quality degradation of each process step in the
track can lead to 193i yield loss. Complete history data of track performances
have been proven to be very helpful in identifying the root cause of 193i yield
loss. Usually, track performance is monitored by using the baseline process.
Every day, several wafers and a certain amount of tool time are dedicated to this
work. Typically, the performance of each of the following six parameters is
monitored.

2.6.1 Coating uniformity and stability

Wafers are coated with the baseline materials: BARC, resist, or topcoat. Film
thicknesses across the wafer are measured because average film thickness and 3c
must be within the specifications. Advanced tracks have in situ film thickness
measuring modules, enabling film thickness measurements without removing the
wafer from the track.

2.6.2 Particle count after coating

The defect counts of the coated wafers also need to be measured. Wafers coated
with each material—BARC, resist, or topcoat—must be measured separately.
These results indicate how many defects are introduced by each coating process.

2.6.3 Across-wafer CD uniformity (CDU)

The baseline process wafer, using baseline materials (BARC/resist/topcoat) and
baseline process conditions, is exposed at a fixed dose and focus across the wafer.
CDs are measured at each die across the wafer. The average CD and 3o must be
within the specifications. If needed, dense lines, isolated lines, or contact holes
can be exposed and measured.

2.6.4 PEB plate matching

Resist performance is very sensitive to PEB temperature, and for 193-nm resists,
the PEB temperature sensitivity can be 1-5 nm/°C. Several hotplates in a track
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can be used for the PEB process. To minimize CD deviation, these hotplates need
to be matched. Two or more wafers are exposed and processed in exactly the
same way, except that different PEB hotplates are used. CDs across the wafers
are measured to determine average CD and 3c. The differences reflect
performance deviation between the hotplates.

2.6.5 Developer cup matching

To allow a certain flexibility in designing the process flow, a track typically has
more than one develop module. These develop modules need to be monitored in
order to ensure that they have the same performance. This performance check is
called developer cup matching and is similar to the process for hotplate matching.
Two or more wafers are exposed and processed in exactly the same way, except
in different develop modules. CDs across the wafers are measured to determine
the average CD and 3c. The differences reflect performance deviation between
the developer cups.

2.6.6 Batch trend evaluation

A batch trend evaluation is a procedure in which a batch of wafers (typically 25)
is processed using the baseline process. The CDU (average CD and 3c) across
the wafers or defect counts are measured and plotted in order to determine the
CDU or defect count variation as a function of wafer order. This evaluation helps
determine process stability.
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Chapter 3
Resist Leaching and Water
Uptake

One unique aspect of 193i lithography is the use of water situated between the
final lens element and the resist. The resist stack (with or without topcoat) on the
wafer is dynamically exposed through this water with the step-and-scan process.
The photoacid generator (PAG), quencher, and other small molecular
components of the resist may leach into the water. These leached components
contaminate the water and may degrade resist performance. The contaminated
water can additionally contaminate the lens and wafer stage of the scanner. To
master these leaching problems, we must understand the dynamics of resist
leaching and the transportation of leached contaminates in the immersion water,
as well as the impact of these contaminants on the lens during exposure.

Additionally, water can penetrate the topcoat and diffuse into the resist film,
causing the topcoat or the resist to swell, which, in turn, affects their lithographic
performance. This chapter specifically addresses the following issues: (1)
leaching test methods, (2) leaching dynamics, (3) leaching with 193-nm exposure,
(4) pre-rinse to partially remove leached contaminants, (5) lens contamination
caused by resist leaching, and (6) water uptake in resist film.

3.1 Leaching Test Methods

A general approach to evaluating the leaching characteristics of a resist involves
several steps. First, a puddle of DI water is formed on the surface of the resist
stack. After a specific amount of time, the water in the puddle is sent for analysis.
The leaching test measures the amount of resist components that have leached
into the water over time. Various methods of immersing the resist film and
extracting the water sample have been developed and reported;' however, the
results have been inconsistent with variability as high as 2-3x. So far, no
standard test method or specifications for leaching have been accepted by the
entire 193i community. However, these are worthwhile goals and more reliable
methods continue to be sought.?

53
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3.1.1 Water extraction

Figure 3.1 shows a simple water extraction test method.® Although this method is
not recommended, it gives a basic example of water extraction. A beaker with a
wide opening (crystallizing dish) holds a specific volume of DI water (Fig.
3.1(a)). A silicon wafer coated with resist or resist stack is placed face down
covering the beaker mouth (Fig. 3.1(b)). The beaker and the wafer are flipped
over and the water covers the resist surface (Fig. 3.1(c)). The immersion area or
resist leaching area is equal to the size of the beaker opening. After a specific
amount of time, the beaker is flipped back to its normal position and the water is
collected for analysis (Fig. 3.1(d)). To investigate the time dependence of
leaching, a series of experiments can be conducted as a function of retention time.

Two recommended methods for this investigation are the water extraction
and analysis (WEXA) technique described by IBM* and the dynamic leaching
procedure (DLP) developed at IMEC.® Figure 3.2(a) shows a diagram of the
bottom view of a Teflon lid in the WEXA design. In the test, the lid covers the
resist surface and the evacuation hole is connected to a vacuum pump. The gap
between the wafer and the lid is filled with water. Water flows along the
rectangular channel, reaching the outlet. The contact time with water can be
varied by adjusting the flow rate and the size of the channel. The water flowing
out of the outlet hole is collected for analysis.

Figure 3.2(b) is a diagram of how the DLP works. A resist-coated wafer is
loaded onto the wafer stage. A showerhead dispenses a specific volume of water
across the resist surface. Then, the water in the showerhead is collected for
analysis. The retention time of water contact can be varied by adjusting the speed.

3.1.2 Water sample analysis

Water samples can be analyzed for resist components using various chemical
analytical methods that have different sensitivities toward certain components.
The best analytical method must be chosen for each compound. For example,
sulfonates of PAG can be detected separately by liquid chromatography mass

Figure 3.1 Simple method of extracting a water sample from the resist surface using a
crystallizing dish.
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Figure 3.2 Diagrams of (a) WEXA cover design (bottom view) and (b) how DPL works.

spectroscopy (LC-MS) with a detection limit of 0.2 ng/mL or ppb. The dynamic
leaching rate (ng/cm’s) can be determined from quantitative measurements,
contact area, and immersion time. SEMATECH experiments suggest that the
PAGs are most likely to leach from the film and also impose the greatest danger
to the lens.® Experimental results from resist vendors also support this suggestion.

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



56 Chapter 3

3.2 Leaching Dynamics
3.2.1 Leaching dynamics described by the single-exponential model

The rate of leaching has been shown to be nonlinear. The resist components
(primarily PAGs) leach faster at the onset of the contact with water. Radioactive
labeling studies and early Kinetics studies with limited time resolution have
shown that leaching reaches a limiting value within a few seconds after water
contact.’ The concentration C of PAG in water versus the water contact time t
can be approximately described by an exponential relation:

C =C.,(1-e™), (3.1)

where C,, is the saturated PAG concentration and B is the time constant.” The
leaching rate dC/dt changes with time. At initial time t = 0, the leaching rate has
the maximum value—dC/dt |-, = C.,, which is called the dynamic leaching rate.
Both C,,and C.p can be obtained from the C—t curve (Fig. 3.3).

3.2.2 Leaching dynamics described by the double-exponential model

Detailed measurements and data analysis suggest that the best fit of the leaching-
rate data is obtained using two exponential functions. This is know as the double-
exponential model:®

C=C,,(@1- e P+ C,,[1- e Py, (3.2)
C..1 + C. is the saturated concentration and p; and P, are the time constants.
Figure 3.4 shows the leaching amount of anion from PAR-817 resist as a function

of the water contact time. These results were measured via the DLP method at
IMEC. Both the single-exponential model (Eg. (3.1)) and the double-exponential

Figure 3.3 Dynamic model of PAG leaching.
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model (Eq. (3.2)) were used to fit the measured data points shown in Figs. 3.4(a)
and (b)). The correlation coefficients (R?) show that the double-exponential
model fits the original data better than the single-exponential model.

The double-exponential model suggests two processes, one fast and one slow,
that could play a role in resist leaching. The fast leaching process occurs
immediately after the water contacts the resist and reaches saturation within a
few seconds, while the slow leaching process lasts much longer, up to 5-20
minutes. The fast process may be a result of PAG that has accumulated near the
resist-air interface during spin-coating and baking. The slow process may be a
result of PAG leaching from within the bulk of the resist® This mechanism
explains why some residual leaching can be observed even after long pre-soaks.
Finite element modeling suggests that PAG initially located at the surface
quickly diffuses into the water.® However, the diffusion coefficients of PAG in
the bulk are much smaller than they are within the surface region. These results
are consistent with the experimental observations that leaching is best described
by two time constants (Eg. (3.2)). One corresponds to the leaching of PAGs from
the surface, the other corresponds to the leaching of PAGs from the bulk.

Figure 3.4 Leaching amount of anion from PAR-817 resist as a function of the water contact
time (square dots in the graphs). The curve in (a) is the fitted results (C.= 5.6 x 10 mol/
cm?, B = 0.0333‘1) using the single-exponential model. The curve in (b) is the fitted results
(Cw1 = 3.5x10 " molicm?, By = 0.155"; Cwp = 3.4x10 "molicm?, B, = 0.0035s™) using the
double-exponential model. (Reprinted by permission from Ref. 5.)
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In a full-field 193-nm immersion scanner, the exposure head stays in one
field for only a few seconds. Therefore, the fast leaching process is a particularly
important factor in understanding lens contamination. The single-exponential
model and dynamic leaching rate proposed in Eq. (3.1) are sufficient for studying
leaching kinetics relevant to lens contamination. The slow leaching occurs in the
time scale of 1-20 minutes and may play a role in the formation of watermark
defects.

3.2.3 Leaching specifications recommended by scanner suppliers

The dynamic leaching rate is a measure of how quickly a resist component
leaches from the film after it contacts water. In the manufacturing environment,
this value is more important than the saturated leaching value, because the water,
lens, and resist are in close proximity only for a short time before the water is
flushed from the system. Immersion water flows continuously through the 193i
scanners so that the leached components are flushed from the system. Therefore,
the dynamic leaching rate is a better measure of the concentration of resist
components in the water near the lens. Tolerances for dynamic leaching rate are a
function of the exposure head design and the water flow rate.

Table 3.1 shows dynamic leaching rate specifications published by ASML,
Canon, and Nikon. Nikon has designed an exposure head that allows the water to
flow from the top (lens) to the bottom (resist surface).'® Water is contaminated by
the resist downstream from the lens, enabling Nikon to relax its early leaching
specifications by a factor of 15. Hopefully, additional improvements in exposure
head designs will enable additional relaxation of leaching specifications in the
future.

3.2.4 Comparing saturation leaching results

Determining saturation leaching levels is much easier than determining dynamic
leaching rates, since analytical measurements can be made offline to determine
saturation values. Therefore, most 193-nm immersion researchers have in-house
capabilities for measurement of saturation leaching levels of resist samples.
However, the details of these techniques differ from site to site and the absolute
values of saturated leaching generally differ. Nonetheless, correlations can be
established. The leaching values of six resist samples were measured at two
different locations. Figure 3.5 shows the results obtained at one location plotted

Table 3.1 Leaching rates suggested by scanner suppliers.'®**

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Resist Leaching and Water Uptake 59

100

80
60

40- /
" /

0 / .

0 10 20 30 40

leaching level - in-house (ppb)

*

Leaching level - Customer site
(pPpb)

Figure 3.5 Leaching test results comparison between different sites for the same samples.

against results obtained at the other location. The absolute values of the results
tested in one location differ from those tested at the other location, but a linear
correlation exists between the two sets of results. For the same resist sample, the
PAG leaching level measured at one site is about 2x that of the other. These
results show that it is possible to calibrate the leaching results between sites.

3.3 Leaching with 193-nm Exposure

The leaching tests discussed so far in this chapter were done without exposure.
With exposure to 193-nm light, it is reasonable to expect that leaching levels
increase. Unfortunately, to collect water samples directly after exposure is not
easy and requires a special setup (Fig. 3.6). A small volume of DI water is
dispensed and confined on the resist surface, forming a puddle. The apparatus
controls the exposure area and exposes the resist through the water.

Water puddle

Figure 3.6 Exposure system for leaching water collection.
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In one study, a variety of resists or resist/topcoat stacks were exposed with
different doses and evaluated for leaching. After exposure, water samples were
collected and analyzed (Fig. 3.7). The PAG components of C1 and C4 were
traced. Topcoat TC1 is such an effective leaching barrier that no leaching was
detected, even at the exposure doses as high as 3E,. The leaching was higher
without topcoat. With increased doses from 0 to 3E,, all of the data, except for
resistl/TC1 stack, showed more C1 and C4 leached into water. However, the
increased value is less than 15%.

The results in Fig. 3.7 suggest that with exposure, leaching is about 15%
higher than it is without exposure. Surprisingly, exposure to 193-nm light does
not dramatically increase leaching. Similar results were reported for leaching
levels of three resist stacks.? Exposure increased leaching levels by only 25—
100% over unexposed samples. For this reason, scanner suppliers have agreed to
allow unexposed leaching tests as sufficient criteria for judging which samples
can be exposed on scanners.’

3.4 Pre-Rinse to Partially Remove Leached Contaminants

The development of 193i resists is still in progress. The requirements of both low
leaching and high resolution make resist development very difficult. For example,
low activation energy resists are baked at low PEB temperatures and generally
have smaller acid diffusion lengths, improving resolution, but tending to result in
higher leaching levels.

Figure 3.7 Leaching tests of resist samples with and without topcoat under different exposure
doses (detection limit ~0.2 ng/mL). Sulfonate C1 is FC-122 and sulfonate C4 is PFBS.
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Because some experimental resists exceed leaching thresholds, topcoats can
be used to protect resists from leaching. Rinsing of the resist film by DI water
before exposure has also been investigated as an alternative method to address
this issue. DI-water rinses can wash away significant amounts of the leaching
components. Leaching levels of pre-rinsed wafers can be reduced to ~12% of that
of nonrinsed wafers. Similarly, the leaching time constant 3 can be decreased by
a factor of about two.” Before the availability of low-leaching and high-
performance 193i resists, “high leaching” 193-nm resists in combination with DI
water pre-rinses were used. Figure 3.8 shows a typical process flow.

One major concern is the extent to which pre-rinse steps change resist
sensitivity. To evaluate this, open frame exposures with a dose meander were
carried out on wafers with different pre-rinse times of 0, 10, and 30 seconds. The
maximum pre-rinse time of 30 seconds was selected, based on the assumption
that leaching occurs within the first 30 seconds of water contact.™® After
development, the thickness of the remaining resist was measured as a function of
dose. The resist thickness versus dose curves (contrast curves) shows no
significant changes as a result of pre-rinse (Fig. 3.9). Similar results were
obtained for a dry resist sample, which had a leaching level of ~24 ppb.

It is surprising that these contrast curves did not change with rinsing prior to
exposure, since PAGs leach out of the film as soon as it contacts the water. We
suspect that the flow of water through the exposure head provides the answer.
The water is confined between the lens and the wafer. The water flow continues
through the exposure head both during the exposure and between exposures.
When the exposure head moves to the next die, before the exposure starts, the die
is flushed by the water, providing an “intrinsic flush” prior to exposure.

According to simulation results,* this intrinsic flush occurs in about 1-2
seconds. Apparently, the intrinsic flush removes sufficient amounts of PAG from
the resist prior to exposure so that the pre-rinse has no effect.

3.5 Lens Contamination Caused by Resist Leaching

Contamination of immersion water by the resist will, in turn, contaminate the
lens. During exposure to 193-nm light, components in the water may absorb
photons and decompose into other chemical species. These chemical compounds

C\ e e
o
(o]

Resist coating DI water rinse 193i exposure PEB Develop
/PAB (Pre-rinse)

|« —
[«
<
<
<

Figure 3.8 Process flow with pre-rinse.
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Figure 3.9 Contrast curves of a 193i resist with different pre-rinse times. The resist
sample has a leaching of ~12 ppb.

may have limited solubility in water and form deposits on the lens surface.
Quantitative analysis of the leach-induced lens contamination is important to the
design of immersion heads and for establishment of leaching specifications.
Optimization of immersion head design should minimize contact between
leaching components and lens, ultimately allowing for more relaxed leaching
specifications for the resists.

3.5.1 Simulation results

In a simplified immersion system (Fig. 3.10(a)), water fills the gap between the
lens and a wafer moving at a scan speed of ~500 mm/s. A theoretic model from
the University of Wisconsin was used to predict the concentration distribution of
contaminants throughout the gap region.”® The geometry of the gap is defined by
its length (L = 4 cm) and height (h = 1 mm) (Fig. 3.10(a)).

Due to the concentration gradient and bulk fluid motion, the motion of
contaminant species can be defined by the following flow equation (under the
assumption of inertia-free and parallel flow):

ou o%u
pP—=U— (3.3)

a o

where u is the velocity of water, p is the density of water, and p is the viscosity
of water. The boundary conditions for Eq. (3.3) are u(y = 0, t) = scan speed (500
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mm/s) and u(y = h, t) = 0. Thus, the equation for contaminant transportation is
defined as

(3.4)

where C is the local concentration of the contaminant species and D is the
diffusion coefficient of the contaminant species in the water. The boundary
conditions for Eq. (3.4) are C(x, y = h, t) = 0 and C(x, y = 0, t) = constant
(corresponding to the leaching value). The concentration distribution in the gap
can be calculated by Egs. (3.3) and (3.4). Figure 3.10(b) shows the concentration
of the leached component from 0 to 12 seconds after the initiation of the scan.
The model predicts that the contaminant will reach the lens in about 10 seconds.

(@) L

Leaching Resist film

Wafer Scanning speed

(b) Lens
e
Wafer 0.01s

Figure 3.10 (a) Contamination transport model for 193-nm immersion lithography. (b)
Concentration distribution at various times relative to the initiation of the scanning process
(assuming the resist component is released (leaching) at 10 ng/cm? and its diffusion
coefficient in water is 107° m2/s). (Reprinted by permission from Ref. 15.)
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In reality, full-field immersion scanners have much more complicated
immersion head designs than were described in the simplified model. In scanners,
the injection and extraction of immersion water will most likely disturb the
parallel flow described by the simplified model. Nonetheless, the qualitative
conclusion that the chemicals leached from the resist will arrive at the lens within
the timeframe of the exposure is relevant to the design of full-field scanners.

3.5.2 Controlled immersion contamination

Irradiated by 193-nm photons, the chemical components in the water may
decompose into water-insoluble species and deposit onto the lens surface,
resulting in transmission degradation of the lens. Controlled-contamination
experiments were designed to study lens contamination during exposure.'®™°
Figure 3.11 shows a diagram of the experimental setup. PAG as a contaminant is
injected into ultrapure water (UPW) (18 MQ-cm). This contaminated water flows
through a cell with two windows. The windows are made from the 193-nm lens
materials (fused silica or CaF,) with protective coatings. 193-nm light illuminates
the water through the windows (Fig. 3.11). To accelerate the contamination
process, the exposure dose is very high and the contaminant concentration is
increased. After exposure, the transmission of the window is measured and the
transmission loss is obtained.

Figure 3.12 shows the results reported by a group at the Massachusetts
Institute of Technology (MIT)." In their experiment, the immersion cell has two
3-mm thick windows separated by a 2-mm gap. PAG (TPS-PFBS), which has a
solubility of 2300 ppm in water, was tested. A syringe pump was used to inject
PAG into the water upstream of the test cell, generating concentration levels of
3-3000 ppb. No deposition was observed without laser light, as the
contamination precursor (PAG) is soluble in water. However, deposition of the
contaminants did occur with exposure, but primarily upstream of the location of
the 193-nm exposure area.

The authors offered the following explanation of the result.'® The laser light
initiates two opposing reactions: forward (contamination) and reverse (cleaning).
During the forward reaction, the PAG undergoes photodecomposition, creating
insoluble photoproducts. At the time of formation, these photoproducts diffuse to
the surface of the windows, forming deposits. During the reverse reaction, the
water photolyzes to form hydrogen peroxide (H,0,). H,O, can then react

Figure 3.11 Setup of the controlled contamination experiment with 193-nm exposure.
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Figure 3.12 Contamination pattern formed after 193-nm exposure of 100 ppm of TPS-
PFBS in water. (Reprinted by permission from Ref. 19.)

thermally or photochemically with the insoluble deposits to generate water-
soluble products. In the directly exposed area, the dose is high, creating high
concentrations of H,O,. The H,O, generated at the exposed area not only cleans
the local contamination, but also flows downstream, cleaning the downstream
areas. No difference was found between contamination of fused silica and coated
CaF, optics at the same exposure conditions.

Similar results were obtained by another group that also observed the
deposition of contaminants occurring primarily around the exposed areas, but not
in the areas of highest exposure. Additionally, they found that contamination
builds up at the immersion nozzle, resulting in increased pressure and decreased
flow rate.

18,20

3.5.3 In situ cleaning of the immersion system

In situ cleaning is a process in which a cleaning solvent is injected into the
immersion water so that it flows through the immersion system. The concept here
is the same as the concept in the controlled-contamination experiment in Fig.
3.11. The cleaning solvent removes deposits and cleans the immersion water
handling system. Depending on the purpose, various cleaning solvents can be
used. For example, introducing CO, gas into the immersion water flow can kill
bacteria growing in the system. This type of cleaning is preferred from the
customer’s point of view, because the contaminated system can be cleaned
without disassembling the exposure head and the water handling system,
reducing downtime.
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Figure 3.13 shows the results of one cleaning study using an apparatus
similar to the one shown in Fig. 3.11."*% The apparatus is filled with PAG-
contaminated water and exposed across an area of 2x5 mm?. Transmittance is
measured across an area of 5x10 mm?. The leaching components deposited on
the lens are cleaned with a special lens-friendly cleaning fluid that is water
soluble and has a neutral pH. Figure 3.13(b) shows the transmittance values
measured before exposure, after exposure, and after in situ cleaning. Before
exposure, the window has an average transmittance of ~83%; however, after
exposure the transmittance is reduced. The transmittance loss is related to the
exposure dose and contaminant concentration. For the dose of 2.7 million pulses
and a contaminant level of 10 ppm, a transmittance loss of 28% is observed.
After exposure, the lens is flushed with the cleaning fluid for 10 minutes and
most of the transmittance is recovered. For a dose of 4 million pulses and a
contaminant level of 2 ppm, the transmittance loss from the light-contaminated
lens is totally recovered after cleaning. Further spectral analysis indicates that the
transmittance spectrum is completely recovered (Fig. 3.13(c)). In the case of a
more heavily contaminated lens, transmission loss cannot be completely
recovered after the cleaning. These results show the importance of cleaning
before too much contamination is deposited.

In situ cleaning can also remove deposits in water injection and extraction
nozzles. Experiments have shown that water pressure, which increases with
contamination, can be restored with in situ cleaning.20

Figure 3.13 Lens contamination and cleaning experiment. (a) Exposure area and
transmittance measured area. (b) Transmittance values measured before exposure, after
exposure, and after cleaning. Within the figure, the exposure dose and contaminant level
are labeled. (c) Transmittance spectra of the window before exposure, after exposure with
2 million pulses and 2 ppm contaminant level, and after cleaning. (Reprinted by
permission from Ref. 18.)
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3.6 Water Uptake in Resist Film

In addition to the leaching of resist components into water, water can also diffuse
into resist films, changing their reactivity. This water diffusion may occur even
through a topcoat layer, as water may easily penetrate the topcoat layer and reach
the resist film. This phenomenon can be explained by diffusion theory.

3.6.1 Diffusion theory

Assuming that the diffusion of water in the resist film follows Fick’s law, the
diffusion behavior and water uptake can be modeled using the following equation:

M. 8. i 2n +1)z°Dt
—:1——22—exp{——( L)Z } (3.5)

where M is the mass uptake at time t, M.. is the ultimate mass uptake at time t =
«, D is the water diffusion coefficient, and L is the film thickness.??* At the
initial phases of the diffusion process (for approximately M/M.. < 0.6), Eq. (3.5)
can be simplified to a linear relationship versus the square root of time:

M. 2(Dt)"”
. z(or)" .

©

3.6.2 Quartz crystal microbalance to measure water uptake

Water uptake by resist films can be experimentally measured using quartz crystal
microbalances (QCMs). QCMs are piezoelectric transducers widely used in
electrochemistry (Fig. 3.14(a)). Resonant frequency varies linearly with the mass
of the device. The QCM converts from a change in mass (Am) to a change in
resonant frequency (AF), which is an easily measured signal,

AF = -k Am, (3.7)

where k is a coefficient and is dependent on the crystal and the circuit. This
method is very useful because of its high mass sensitivity and can be used in real
time to make in situ measurements. A frequency shift of 1 Hz corresponds to a
mass change of 1 ng.

Figure 3.14(b) shows the heart of a QCM instrument, which is a thin quartz
crystal with a gold pad on each side. The gold pads form a pair of electrodes for
electric measurements. The surface of the gold pad is flat and suitable for resist
coating. The diameter of the crystal is in the range of several centimeters. The
resist stack is spin coated on the front surface of the crystal, covering the gold
pad. Following post-apply bake (PAB), the resist-coated crystal is loaded into the
QCM. The device can be soaked in a water bath and its resonant frequency is
measured over time.
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Figure 3.14 (a) Diagram of the quartz crystal microbalance (QCM). (b) Quartz crystal with
gold pads.

Experimental results demonstrate that the diffusion of water into photoresist
films is a very rapid process, with most of the water uptake occurring within the
first few seconds of exposure to water. The water uptake and absorption in resists
is dependent on a variety of factors, including polymer molecular weight and the
nature of the polymer substitute groups.?® At the beginning stage of water contact,
the water diffusion follows Fick’s law and is effectively described by Eg. (3.6).
Water uptake is very sensitive to temperature. Figure 3.15 shows the resonant
frequency of the resist-coated QCM device soaked in water at different
temperatures.?

The study in Ref. 24 demonstrated that an increase in water temperature from
23 t0 40° C leads to a ~20-fold increase in water uptake. This result indicates that
the water diffusion coefficient D in the resist increases with temperature increase.
Additional experiments demonstrate that diffusion coefficients decrease with
increasing PAB temperature and contact time t with water. Resist films treated by
DI-water rinse have smaller diffusion coefficients. Thus, water diffuses more
readily into hydrophilic resists than into hydrophobic resists and also diffuses
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Figure 3.15 Resonant frequency of the resist-coated QCM device soaked in water at
different temperatures. (Reprinted by permission from Ref. 24.)

more readily into resist films containing high molecular weight polymers than
into resist films containing low molecular weight polymers. Similarly, water
diffusion coefficients are larger in develop-soluble topcoats than they are in
solvent-soluble topcoats.”® Additionally, solvent remaining in resist films plays
an important role in the extent of water penetration.?®

Water diffuses into resist films, making them thicker; however, it does not
change the roughness of the resist films. During PEB, water evaporates out of the
resist. This process changes the resist surface roughness and resist-patterned LER.
The roughness is proportional to the amount of water that diffused in the resist,
i.e., ~M; ~ 2. Therefore, it is possible to estimate how much water has diffused
into the resist film by measuring the resist surface roughness.?’

In addition to using the QCM, water uptake can also be measured by
ellipsometry.? Resist film thickness measured by ellipsometry can be compared
under wet and dry conditions. The difference corresponds to the amount of water
uptake. Additionally, AFM (atomic force microscopy) can be used to measure
variations in surface roughness in the resist caused by water uptake.
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Chapter 4
Contact Angle of Water on
Resist Stacks

In a 193-nm immersion scanner, the water is confined to the gap between the
front lens and the wafer, forming a water meniscus. This water meniscus stays
with the exposure head as the wafer moves at peak speeds of ~500 mm/s (Fig.
4.1). The movement of the wafer applies a frictional force to the bottom of the
water meniscus. This force changes the shape of the water meniscus, forming an
advancing side and a receding side. To maintain a clean process, the water
meniscus must keep its shape and move easily on the wafer surface without
leaking water and leaving water droplets behind. Therefore, a hydrophaobic resist
surface is essential to the success of immersion lithography.

Both static and dynamic contact angles on resist surfaces have been
investigated and the research on these angles has been beneficial to resist
designers, scanner designers, and process engineers. This chapter covers the
following topics: definitions of static and dynamic contact angles, dynamics of
the water meniscus, experimental results from the model immersion head, water
leakage mechanisms, contact angle measurement methods, and process-induced
contact angle changes.

4.1 Definition of Static and Dynamic Contact Angles

The contact angle (CA) of water on the resist surface is a very important
parameter in 193i lithography and is defined as the angle at which a water and air
interface meets the resist surface. Figure 4.2 shows a water droplet resting on

Figure 4.1 Sketched diagram of the water meniscus in the exposure head.
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Figure 4.2 Definition of static water contact angle 05 on a resist surface. The wafer is flat
and horizontal.

a flat horizontal resist surface. The water contact angle is labeled as 6. A high
contact angle means that the surface is hydrophobic (water resisting) and water is
easily moved across it. A low contact angle means the surface is hydrophilic
(water loving). The static contact angle of water on a typical 193-nm dry resist is
40-70 deg. A static contact angle is measured using a water droplet that is
stationary on the wafer surface.

In a 193i scanner, the water meniscus stays with the exposure head as the
wafer moves (Fig. 4.1). The static contact angle is insufficient to describe the
shape of the water meniscus as the wafer moves beneath it; therefore, dynamic
contact angles must be used. Dynamic contact angles can be defined in several
ways. For this discussion, we use the definition associated with the model of the
immersion exposure head. Figure 4.3 shows the advancing contact angle, labeled
as 0, and the receding contact angle, labeled as 6,. These notations are used to
describe the water contact angles in the front and rear of the meniscus at a wafer
scan speed of v. The advancing and receding contact angles are affected by the
water viscosity, the resist surface hydrophobicity, the gap height h, and the wafer
scan speed v.

Note that the exposure head sketched in Fig. 4.3 is only a simple model used
to analyze the water meniscus and its interaction with the wafer. In this model,
water is confined between the lens and the wafer by its surface tension. In real
193i scanners, the exposure heads are much more complicated and include
features that control the confinement and circulation of the water. Obviously, the
predictive capabilities of this model must be demonstrated before its results can
be trusted.

4.2 Dynamics of the Water Meniscus

The dynamics of the water meniscus has been investigated in detail by the
University of Wisconsin and SEMATECH.' The meniscus is defined simply as
a volume of liquid with surface tension o, density p, and viscosity p. The gap has
a height h formed between a stationary flat lens and a wafer with velocity v, as
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Figure 4.3 Dynamic contact angles of the water meniscus in the exposure head: 6,
(advancing contact angle) > s (static contact angle) and > 6, (receding contact angle).

sketched in Fig. 4.3. The shape of the meniscus is established by the shearing of
the liquid between the lens and the substrate. Fluid dynamics can determine the
relationship between the dynamic contact angles and the static contact angle. For
example, the advancing contact angle 6, and receding contact angle 6, can be
expressed as

0. =0, ﬁﬂ,{ﬂ] , 4.1)
c L,

6, =0, -y [1j (4.2)
c L,

where Lsis a microscopic length scale called the slip length.! Equations (4.1) and
(4.2) quantitatively describe how the dynamic contact angles are related to the
height of the water gap h, the velocity of the wafer stage v, the viscosity p, the
surface tension o of the water, and the hydrophobicity of the resist surface.

Figure 4.4 shows the results of numerical calculations using Egs. (4.1) and
(4.2).2 By increasing the scan speed, the receding contact angle decreases and the
advancing contact angle increases. A hysteresis region at v = 0 is caused by the
surface tension and the viscosity of water. At critical points, when the meniscus
starts to move on the wafer, the advancing and receding contact angles are
defined as static advancing and receding contact angles (0alv=o0 , 8:lv=0) (Fig. 4.4).
The receding contact angle is highly correlated with the number of water droplets
left on the resist surface. Resists with smaller receding contact angles will
generally leave more water droplets on the wafer. When the receding contact
angle 6, approaches 0 deg, water film pulling occurs and a thin film of water is
left behind. (This is an effective technique for painting, but is a failure
mechanism for 193i lithography.) A large receding contact angle is necessary to
prevent the formation of water droplets.
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Figure 4.4 Dynamic model of the correlation between dynamic contact angle and scan
speed.

4.3 Experimental Results from the Model Immersion Head

A device with a model immersion head was designed to study the water
meniscus." The experimental setup (Fig. 4.5(a)) consists of a fluid management
system, a substrate, and a translation stage. The apparatus is enclosed in a
nitrogen-purged environment so that atmospheric contamination and humidity
can be controlled. The fluid management system is held in close proximity to the
moving substrate with the height adjusted through a digital micrometer. The
velocity of the wafer with respect to the fluid management system is controlled
by the translation stage. The camera images the meniscus from the side, in the
plane of the wafer. Such an image is illustrated in Fig. 4.5(b). By increasing the
magnification of the images, the dynamic contact angles can be measured.

The advancing and receding contact angles are measured as a function of
meniscus volume (Fig. 4.6(a)). The gap height and scanning speed are set at 250
mm and 100 mm/s, respectively. Adding more water to the meniscus does not
change the measured values of the dynamic contact angles. This result indicates
that the dynamic contact angles are not sensitive to deviations in the volume of
the meniscus in this apparatus. The dynamic contact angles are also measured as
a function of gap height (Fig. 4.6(b)). The scan speed is set at 100 mm/s and the
water volume is nominal. The dynamic contact angles increase slightly with gap
height, indicating the extent of the sensitivity of the contact angles to the gap
height.
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Figure 4.5 (a) Diagram of the setup of the water meniscus test. (b) Local image
acquisition to obtain the dynamic contact angles.
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Figure 4.6 Sensitivity of measured dynamic contact angles (a) to the change in volume of
the water meniscus (h = 250 um, v = 100 mm/s) and (b) to the gap height (at nominal
water volume, v = 100 mm/s). (Reprinted by permission from Ref. 1.)
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Figure 4.7 Measured dynamic contact angles versus scan speed (at nominal water
volume and h = 250 um). (Reprinted by permission from Ref. 1.)

Figure 4.7 shows the measured dynamic contact angles versus scan speed.
The measured curve has the same shape and features as predicted theoretically
(Fig. 4.4) and an hysteresis was observed as predicted. The static advancing and
receding contact angles were measured as ~90 and 50 deg, respectively, in this
resist-coated wafer.

4.4 Leakage Mechanism of the Water Meniscus

The ultimate goal for investigating contact angles is to reduce the probability of
both water leakage from the meniscus and bubble formation at full scan speed.
For a given exposure head design, the hydrophobicity of the resist greatly
influences the tendency of the water to stay with the exposure head when the
wafer is moving at high velocities. Hydrophobic resist surfaces have low wetting
energies, giving water a high mobility and enabling it to stay with the
showerhead at high wafer velocities. In contrast, hydrophilic resist surfaces have
high wetting energies with water, preventing the meniscus from staying with the
exposure head without some leakage. As a result, water droplets are left behind,
forming circularly shaped defects. Two conditions result in water loss from the
meniscus: film pulling and inertial instability, each of which is explained below.*

The receding contact angle continuously decreases with the scan speed until
it reaches 0 deg, at which point a film of water is left on the wafer. The scan
speed corresponding to a receding angle of 0 deg is called the film pulling speed.
This film pulling behavior readily occurs on hydrophilic surfaces.
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The receding contact angle decreases with the scan speed, but only to a
certain value. Further increases in scan speed do not change the receding angle,
but induce a failure of water confinement and the liquid loss occurs suddenly.
Inertial instability occurs when the water in the meniscus cannot be contained by
surface tension. This situation is observed with intermediate or high contact angle
surfaces.

In general, four factors can cause a decrease in critical scan speed: (1)
decreases in surface tension, (2) increases in viscosity, (3) increases in liquid
density, and (4) decreases in the hydrophobicity of the surface. Among the four
factors, hydrophobicity of the resist surface has the clearest effect on critical scan
speed.

4.5 Methods for Measuring Contact Angles

The dynamic contact angles defined in Fig. 4.3 are critical to understanding the
shape of the meniscus and its relationship to surface hydrophobicity. However, it
is impractical to evaluate every resist using the hysteresis test depicted in Fig. 4.3.
Therefore, several simpler contact angle measuring methods have been assessed.’
Among them, the tilting wafer and captive drop methods have proven the most
useful for evaluating the hydrophobicity of resist surfaces and for measuring
dynamic water contact angles.

4.5.1 Tilting wafer method

A setup of the tilting wafer method, also called the Sessil drop method, is shown
in Figure 4.8. A ~50-uL drop of water is dispensed onto a wafer that is coated
with resist or topcoat. The wafer is tilted slowly, for example, 1 deg/s.
Immediately prior to the sliding of the droplet, the contact angles at the front and
rear of the droplet are measured. These angles correspond to, but are not equal to,
static advancing and static receding contact angles—=8,|,=o and 6},=o. Because the
water confinement on the tilted wafer is completely based on surface tension, this
method is much simpler than the exposure head model. The wafer tilting angle at
which the droplet starts sliding is called the sliding angle.

The receding contact angles from various resists or topcoats have been measured
using the tilting wafer method. The defect counts or watermarks have also been
measured from these resists or topcoats exposed by full-field scanners. Much
data comparing defect counts versus surface hydrophobicity has been
accumulated.®” These experimental results show that receding contact angles of
at least 70 deg are required to avoid leaving behind water droplets at full scan
speeds. However, increasing resist hydrophobicity may be accompanied by
undesirable side effects. For example, hydrophobic resists tend to have small
dissolution rates in the standard aqueous TMAH developer, which is > 99%
water. The resist formulation must be optimized to give the best lithographic
performances in all aspects.
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Figure 4.8 Tilting wafer (or Sessil drop) method for measuring dynamic contact angles
(CAs).

Additionally, contact angles measured using the tilting wafer method are
sensitive to environmental humidity, the volume of the droplet, and the tilting
speed of the wafer. Detailed protocols must be agreed on in order to reduce the
deviation of test results.

4.5.2 Captive drop method

It has been reported that the captive drop method tends to be less sensitive to
experimental details than is the tilting wafer method. In this technique, a small
nozzle with a diameter of ~0.3 mm is held ~0.5 mm above the substrate surface.
Water is injected onto the substrate, forming a droplet. The water is slowly injected
at a speed of ~300 pL/min and the surface of the water droplet expands outward.
The advancing contact angle 6, is measured at the three-phase contact point
(water—air—substrate) (Fig. 4.9(a)). The receding contact angle O, is measured by
pulling the water back into the nozzle at a speed of ~600 pL/min, as the size of the
droplet contracts. The surface of the droplet moves inward and the receding contact
angle 6, is measured at the three-phase contact point (Fig. 4.9(b)).

The contact angles measured from the captive drop test show dependence on
the speed of water injection and suction. A study showed that the shape of the
water droplet changes over time during withdrawal.® Immediately after suction
begins, the height of the water droplet decreases and the diameter stays the same
(Fig. 4.10(a)), leading to a slow decrease in receding angle, over time. After
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Figure 4.9 (a) Advancing 6, and (b) receding 6, contact angles in the captive drop test.

the height of the droplet has been reduced to a critical value, the receding angle
stays constant (Fig. 4.10(b)). Finally, the water droplet is removed completely
and the receding angle versus time is measured (Fig. 4.10(c)). Reliable receding
angles are obtained in this plateau region.

Figure 4.10 (a) and (b) Sketched diagrams showing how the shape of a water droplet
changes over time. (c) The measured receding contact angle over time. A 25-uL DIW
droplet was placed on a sample wafer and then drawn up through a microsyringe at the
speed of 10 yL/min. The labels (1), (2), and (3) in (c) indicate time periods. (Reprinted by
permission from Ref. 8.)
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4.5.3 Wilhelmy plate method

The Wilhelmy plate is a method commonly used to measure the surface tension
of a fluid, but can also be used to measure contact angles.” A resist-coated
substrate is held vertically and immersed in water (Fig. 4.11(a)). The substrate is
held stationary to measure the static contact angle 6 (Fig. 4.11(b)). The substrate
is pushed into the water to measure the advancing contact angle 0, (Fig. 4.11(c)).
The receding contact angle 6, is measured when the substrate is pulled slowly out
of the water.

4.5.4 Correlation between static and dynamic contact angles

The static and dynamic contact angles are correlated with each other as described
by Egs. (4.1) and (4.2). A surface with a high static contact angle usually has a
large dynamic contact angle. However, this is not always the case, as other
parameters also play roles in Egs. (4.1) and (4.2). Experimental results have
demonstrated that some topcoats have high static angles but small receding angles.
Figure 4.12 shows the measured contact angles from three different topcoats (TCL1,
TC2, and TC3) using the tilting wafer method. The static contact angles measured
for TC1, TC2, and TC3 are very similar (80, 81, and 78 deg, respectively), but the
receding angles are 36, 51, and 62 deg, respectively. Therefore, dynamic contact
angles must be measured in order to properly evaluate resist stacks.

4.6 Process-Induced Contact Angle Variation

The surface hydrophobicity of resists and topcoats is a function of their chemical
composition; i.e., hydrophobocity is an intrinsic material property and depends on

Figure 4.11 Wilhelmy plate method used to measure contact angles. (a) Substrate dips
into the water bath. (b) Substrate stands still in the water and the static contact angle Os is
measured. (¢c) Substrate is pushed farther into the water and the advancing contact angle
0. is measured. (d) Substrate is pulled out of the water and the receding contact angle 6,
is measured.
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Figure 4.12 Contact angles measured from three different topcoats.

the chemical’s surface structure. Physical or chemical treatments can modify the
chemical structure of the surface components, resulting in a change in surface
hydrophobicity.

4.6.1 Surface modification by exposure

The contact angle of water on a resist surface can change as a result of exposure.
Exposure to 193-nm photons not only generates photoacids, but also can induce
outgassing of resist components. These physical and chemical reactions may alter
the surface hydrophobicity of the resist, causing a change in contact angle.

It has been observed that exposure can cause a distinctive change in dynamic
contact angles, without causing changes in static contact angles. For example, the
receding contact angle, sliding angle, and static contact angle of one resist were
measured before exposure to be 51, 20, and 75 deg, respectively. After exposure,
they were measured to be 44, 26, and 75 deg, respectively. The resist surface gets
more hydrophilic after exposure, as determined by the dynamic measurements,
whereas the static contact angle remains unchanged.

Exposure-induced changes in dynamic contact angles are very much smaller
on topcoat surfaces. This may be attributed to the physical and chemical
properties of the topcoat and is probably due to the fact that topcoats are
generally not photosensitive. Figure 4.13 shows the contact angles measured
from the resist and from the topcoat before and after open frame exposures.
Reduction of static contact angles and receding contact angles are observed on
the resist. For the topcoat, only ~1-deg changes in the dynamic contact angles are
observed.
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Figure 4.13 Measured contact angles from one resist and one topcoat before and after
exposures.

4.6.2 Surface modification by rinse liquid

Resist surface treatment with surfactant before exposure was proposed®and serves
two functions. First, it washes away the quickly leachable components from the
resist surface. This mechanism was explained in the previous chapter on leaching.
Second, it increases hydrophobicity of the surface, increasing contact angles. For
example, surfactant treatment of a resist increases the receding contact angle from
50 to 66 deg and increases the static contact angle from 75 to 81 deg.

Surfactant rinse treatments of resists are capable of yielding high receding
contact angles during exposure and yielding low static contact angles during
development. This special process lowers watermark and blob defect counts.
However, the effectiveness of the rinse process heavily depends on successfully
matching the properties of the rinse chemical to the properties of the resist.

References

1. S. Schuetter, T. Shedd, K. Doxtator, G. Nellis, C. Van Peski, A. Grenville,
S.-H. Lin, and D. C. Owe-Yang, “Measurements of the dynamic contact
angle for conditions relevant to immersion lithography,” J. Microlith.,
Microfab., Microsyst., 5, No.2 (2006).

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use




Contact Angle of Water on Resist Stacks 85

2. C. Van Peski, A. Grenville, R. Engelstad, G. Nellis, T. Shedd, S. Schuetter,
K. Doxtator, S.-H. Lin, and D. C. Owe-Yang, “Film pulling and meniscus
instability as a cause of residual fluid droplet,” Presentation at the 2nd
Immersion Symposium, Brugge, Belgium, Sept., 2005.

3. H. Burnett, T. Shedd, G. Nellis, M. EI-Morsi, and R. Engelstad, “Control of
the receding meniscus in immersion lithography, J. Vacuum Sci. Tech. B, 23,
No. 6, 2611-2616 (2005).

4. T. A. Shedd, S. D. Schuetter, G. F. Nellis, and C. van Peski, “A correlation
for predicting film-pulling velocity in immersion lithography,” Presentation
at Photomask Japan 2006.

5. E. Rame, “The interpretation of dynamic contact angles measured by the
Wilhelmy plate method,” J. Colloid Interface Sci., 185, No. 1, 245-251
(1997).

6. See for example: S. Owa, H. Nagasaka, Y. Ishii, K. Shiraishi, and S.
Hirukawa, “Full-field exposure tools for immersion lithography,” Proc. SPIE
5754, 655-668 (2005).

7. S. Kanna, H. Inabe, K. Yamamoto, T. Fukuhara, S. Tarutani, H. Kanda, W.
Kenji, K. Kodama, and K. Shitabatake, “Materials and process parameters on
ArF immersion defectivity study,” Proc. SPIE 6153, 6153-58 (2006).

8. N. Matsumura, N. Sugie, K. Goto, K. Fujiwara, Y. Yamaguchi, H. Tanizaki,
K. Nakano, T. Fujiwara, S. Wakamizu, H. Takeguchi, H. Arima, H. Kyoda,
K. Yoshihara, and J. Kitano, “Process development for high scan speed ArF
immersion lithography,” Proc. SPIE 6923, 69230D (2008).

9. P. Foubert, M. Kocsisa, R. Gronheida, S. Kishimura, A. Soyano, K. Nafus, N.
Stepanenko, J. De Backer, N. Vandenbroeck, and M. Ercken, “Measurement
and evaluation of water uptake by resists, topcoats and stacks and correlation
with watermark defects,” Proc. SPIE 6519, 65190E (2007).

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Chapter 5
Topcoat and Resist Processes
for Immersion Lithography

Practitioners of 193-nm immersion lithography use three topcoat approaches:
solvent-soluble topcoats, developer-soluble topcoats, and no topcoat. Topcoats
are coated over resists to prevent the components in the resists from leaching into
water. After exposure, topcoats are removed using either a solvent (solvent-
soluble) or a developer (developer-soluble). Application of topcoats enables the
use of 193-nm dry resists for the immersion process. These 193-nm dry resists
are widely used in production; however, they typically have high levels of
leaching.

Early in the development of 193i, when low-leaching and high-performance
193i resists were not available, topcoats were a practical and viable solution.
They worked with dry resists and were removed after development. Down-
stream processes, such as etch, did not need to be changed. Therefore, the
developer-soluble topcoat processes were relatively easy to integrate into
manufacturing lines and remain the most commonly used processes today. In
contrast, solvent-soluble topcoats have never been used in mass production
because they are made from fluoropolymers that require toxic solvents for
removal. Additionally, solvent-soluble topcoats require dedicated modules for
coating and removal.

Resist processes without topcoats have always been the preferred approach.
The elimination of a topcoat simplifies the process, eliminates the coat and bake
steps for the application of topcoats, reduces the cost of ownership, and
eliminates one source of defects. Conventional dry 193-nm resists are not
suitable for use in immersion lithography without topcoats, because their
components leach into water and contaminate the exposure head. In order for a
resist to be suitable for use without a topcoat, it must simultaneously meet the
requirements of low leaching and superior lithographic performance.

This chapter focuses on methods for processing developer-soluble topcoats
and resists without topcoat. It covers the following topics: selection of developer-
soluble topcoats, process optimization of developer-soluble topcoat and resist
stack, new approaches for developing topcoats, resist processes without topcoat,
and new approaches for high-performance 193i resists.

87
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5.1 Selection of Developer-Soluble Topcoat

In general, developer-soluble topcoats consist of at least one solvent plus a
polymer that meets the target dissolution rate in aqueous alkaline developer.
Photoacid generators can be added to the formulation to compensate for acid
diffusion from the resist film during exposure and PEB. A successful topcoat
must fulfill many requirements, but most importantly, it must be compatible with
the resist. These requirements and compatibility issues have been gradually
understood through collaborative efforts between lithographers and resist
chemists. The best topcoat and resist stacks are identified using the following
general procedure. First, the topcoat and resist stacks are tested for leaching.
Leaching tests ensure that the topcoat effectively prevents resist components
from leaching into the water (see Chapter 3 for details). Second, the topcoat must
be physically and chemically compatible with the resist film. Various
combinations of topcoats and resists must be investigated for their performance
in the process window, line-edge roughness (LER), and pattern profile. The best
combination is identified, and finally, process parameters (typically bake
temperatures) of the selected topcoat and resist stacks are optimized for best
performance.

5.1.1 Refractive index and thickness of topcoat

In the immersion exposure, the topcoat layer is between the immersion water and
the resist (Fig. 5.1). Exposure light can be reflected from the interface between
immersion fluid and topcoat as well as from the interface between topcoat and
resist. The refractive index of the topcoat nyc and its thickness t must be
optimized in order to minimize the reflections at the interfaces so that more light
reaches the resist.*

Figure 5.1 Reflection of exposure light at interfaces of water/topcoat, topcoat/resist, and
resist/substrate.
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Assuming that the water and the resist layers are semi-infinite and the light
incident angle is small (low NA), the destructive interference requires the
following conditions:

Nre = ( Nwater * nresist)llz, (5.1)
t=mA/(4 nc), (5.2)

where Nre, Nuaer, aNd Nyesise are the refractive indices of the topcoat, water, and
resists at 193-nm wavelength, and m is an integer. Equation (5.1) ensures that the
light intensity of reflected light components are matched and Eqg. (5.2) ensures
that the reflected light components have opposite phases.? Table 5.1 shows the
refractive index and recommended thickness of topcoats from major vendors.
Typically, the topcoats are 30—100 nm thick.

193-nm resists generally have refractive indices of ~1.7 and water has a
refractive index of ~1.44 at 193-nm wavelength. From Eq. (5.1), the ideal
refractive index of a topcoat for water immersion is calculated as ~1.55. With ntc
of 1.55, the ideal topcoat thickness is calculated from Eqg. (5.2) as a multiple of
31 nm. The topcoat film selected based on Egs. (5.1) and (5.2) can function not
only as a leaching protective layer, but also as a top antireflective coating
(TARC). The total reflectivity at the resist surface and its swing amplitude are
much reduced by the topcoat film. The dose-to-size of a resist stack with an
optimized topcoat is smaller than that of the same resist stack without topcoat
film. Similar experimental results indicate that the topcoat process can improve
the CD uniformity on a topographic wafer.’

For high-incident (high NA) angles, the calculations for optimum thickness
are much more complicated. Swing curves and reflectivity must be simulated as a
function of topcoat thickness in order to understand the contributions from light
from all incident angles (from 0 to maximum NA).* In general, the simulation
results demonstrate that higher NAs require thicker topcoat films, corresponding
to the first reflective minima.

Apart from optical requirements, the topcoats must be thick enough to serve
as barriers to leaching of the resist components. Depending on the permeability
of the topcoat and its coating uniformity, the resist leaching level is typically

Table 5.1 Refractive index and recommended thickness of experimental topcoats.
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evaluated as a function of the thickness of the topcoat (Fig. 5.2). Leaching levels
generally decrease nonlinearly with topcoat thickness. Target thicknesses of
topcoats are set based on acceptable levels of leaching. If the topcoat film is
below target thickness, the topcoat will not sufficiently protect against leaching.

It is obvious that topcoats must be transparent. However, a small amount of
absorption can be beneficial, as it can absorb some flares (which is a scattered
light generated during exposure). Assuming that the light intensity before
entering the film is lp and it is attenuated to | after traveling a distance of x in the
film, the light attenuation in the polymer film is

=1 -, (5.3)

0

where a is the absorption coefficient, which is equal to the Dill B parameter. The
value of o multiplied by the film thickness is called optical density. The Dill B
parameter can be calculated as

Dill B=4—fk. (5.4).

Most 193-nm topcoats have k values of ~0.01, which is the imaginary part of
the refractive index. According to Eq. (5.4), Dill B is calculated as about 0.64
um’ for the topcoats. The relationships in Egs. (5.3) and (5.4) are also applicable
to resist films.

5.1.2 Chemical compatibility of topcoat and resist

The topcoat solvent should not dissolve the resist. Otherwise, the solvent will
partially dissolve the resist surface during the topcoat coating process, forming an

Figure 5.2 Diagram of leaching level versus topcoat thickness.
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intermixed layer.> While most 193-nm resists use PGMEA or PGME as solvents,
topcoats generally use alcohol-based solvents.

An effective method for evaluating the solvent compatibility between resist
and topcoat is to measure the "dark loss" of the resist. The resist is first coated on
a substrate and its thickness is measured, then the topcoat is coated over the resist
film. After the post-apply bake, the topcoat is removed by developer and the
resist thickness is measured again. The dark loss is the difference between the
resist thickness before and after removing the topcoat and is called the dark loss
because no exposure is involved in the measurement. Figure 5.3 shows the dark
loss of various resists caused by different topcoats.” The topcoats are all
developer-soluble, i.e., the topcoat removal process was done in a develop bowl
by aqueous TMAH developer. All combinations of six resists and three topcoats
were tested. Dark loss of resists without topcoat was also measured. Except for
Resist-B and Resist-D, all resists without topcoat demonstrated negligible dark
loss in the developer. Topcoat TC-B induces large resist losses, especially in
combination with Resist-C (Fig. 5.3(b)). In general, higher resist dark losses
indicate that resist films are at least partially removed by the topcoat solvent
during the coating of the topcoat.

Figure 5.3 Dark loss of resists caused by different topcoats. The topcoats are all
developer-soluble, i.e., the topcoat removal process was done in a develop bowl by
aqueous TMAH developer. Dark loss of resists without topcoat was also measured.
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In addition to dark loss tests, solvent compatibility can also be evaluated
using solvent rinse experiments. Resist films can be directly rinsed with various
types of topcoat solvents, for example, alcohols or ethers (developer-soluble
topcoat), or hydrocarbons (solvent-soluble topcoats). The resist thickness loss
and surface roughness are measured after the solvent rinse process.” Incompatible
topcoat solvents show more resist loss and generate rougher resist surfaces.

Figure 5.4(a) shows the resist loss caused by a topcoat solvent rinse. The
resist loss was measured from resists with different acrylates and molecular
weights. In Fig. 5.4(a), high resist loss was observed in the resists with high acryl
rates and low molecule weights. While alcohol solvents induce the most resist
loss, hydrocarbon solvents induce the least resist loss. Surface roughness values
of resists rinsed with different solvents are shown in Fig. 5.4(b). The rinse with
ethers (Solvent-E2) has the least effect on the resist surface roughness.

Figure 5.4 (a) Resist loss caused by topcoat solvent rinse. Solvents Al and A2 are
alcohols; solvents E1, E2, and E3 are ethers; solvents H1 and H2 are hydrocarbons.
(Reprinted by permission from Ref. 7.)
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Figure 5.4 (b) Resist surface roughness after the solvent rinses. The AFM field is 2 um x

2 um. R, is the average roughness; Rims is the root-mean-square roughness; R; is the z-
range roughness. (Reprinted by permission from Ref. 7.)

Solvent incompatibility can occur when the resists and topcoats are supplied
by different vendors. In this situation, the topcoat supplier may not fully
understand the solvent system of the resist, and vice versa. To plumb a new
topcoat, special attention must be paid to solvent cleaning procedures for the line.
The line must be purged by the topcoat solvent to completely remove any
residual solvents that may be incompatible with the topcoat, causing it to
precipitate and generate particles.

5.1.3 Dissolution rate of developer-soluble topcoat in developer

The topcoat is removed after PEB and before the development of the resist.
Developer-soluble topcoats are removed by aqueous TMAH developers in the
develop module. Blob defects are generated during topcoat removal in 193i
processes, just as they are generated during the development of 193-nm dry
resists. For 193i, topcoat blob defects are typically composed of topcoat materials
that have redeposited on the surface during the removal of topcoat. The
mechanism for formation of blob defects is complex and is still under
investigation (see Chapter 2 for more details). To reduce the numbers of blob
defects, it is essential to use topcoats with high dissolution rates.

Dissolution rate monitors can be used to measure dissolution rates. As shown
in Fig. 5.5, a wafer coated with topcoat is immersed in a bath filled with the
aqueous TMAH developer. A light beam shines on the wafer where it is reflected,
both at the topcoat surface and at the interface between the topcoat and the wafer.
The reflected beams form interference patterns that are detected by a sensor (Fig.
5.5(a)). As the topcoat film dissolves, the intensity of the reflected beams
oscillates between the maxima (constructive interference) and minima
(destructive interference) (Fig. 5.5(b)). Following these changes in thickness over
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Figure 5.5 (a) Setup of a dissolution rate monitor and light interference at the interfaces.
(b) Measured reflection intensity over time and transformation of the film thickness change
over time.

time gives the dissolution rate.® Dissolution rates of most topcoats are in the
range of 100 to 1000 nm/s.

Although topcoats with high dissolution rates are expected to yield fewer
blob defects, they are expected to yield more watermark defects. As previously
discussed, materials with high dissolution rates typically have hydrophilic
surfaces with high wetting energies. These surfaces prevent efficient confinement
of the water meniscus, causing an increased tendency for water droplets to form
behind the exposure head, leaving watermarks. Therefore, an ideal developer-
soluble topcoat would have both high dissolution rate in developer and high
water contact angle (Fig. 5.6).

In contrast, the requirement to simultaneously meet high dissolution rates in
aqueous developers and high hydrophobicity does not apply to the solvent-
soluble topcoat. The solvent-soluble topcoat is removed by a dedicated solvent
and can be designed to be very hydrophobic to water and still have a high
dissolution rate in the solvent.
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Figure 5.6 Diagram displaying the compromise between hydrophobicity and dissolution
rate of the topcoat.

5.1.4 Advanced developer-soluble topcoats

A clever approach to addressing the “contradictory requirements” of high
hydrophobicity and high dissolution rate is to blend the hydrophobic additives
into the developer-soluble topcoat. This approach is called polymer blending.™
The hydrophobic additives are fluorinated polymers that are hydrophobic and
have low surface energies. During spin-coating and PAB, they migrate to the top
surface of the film, forming a hydrophobic surface, while the bulk of the topcoat
film is acid rich and retains its ability to dissolve quickly. Figure 5.7(a) shows a
diagram of the concept and Fig. 5.7(b) shows a test topcoat (graded topcoat B)
that is made by blending two such polymers (fluorinated polymer B and sulfonic
acid polymer B) in a ratio of 50:50. Graded topcoat B demonstrated a
hydrophobic surface with a receding contact angle of 70.2 deg and a good
dissolution rate of 160 nm/s.

In theory, the approach of polymer blending splits the polymer design burden
of high hydrophobicity and high dissolution rate. The surface hydrophobicity is
realized by the fluorinated polymer and the bulk dissolution rate is realized by
the acidic polymer. By carefully engineering the component polymers and their
blending ratio, a topcoat can be generated that meets the contradictory
requirements.

5.2 Lithographic Assessment of Developer-Soluble Topcoats
with Resists

After the optical and chemical compatibility of the topcoat and the resist are
confirmed, the lithographic performance of the stack must be evaluated. To date,
there are no universal developer-soluble topcoats that are compatible with all
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Figure 5.7 (a) Diagram showing the concept of polymer blending. (b) One example of the
topcoat generated by polymer blending. (Reprinted by permission from Ref. 11.)

193-nm resists, despite the attractiveness of such a product. Many developer-
soluble topcoats are available that have been evaluated in combination with
various resists. The best combination of resist and topcoat can be identified by
comparing overall lithographic performance.

5.2.1 Lithographic assessment

In one study, the lithographic performance of resist and topcoat stacks was
evaluated using a binary intensity mask.*? For all imaging experiments, the
BARC (AR40) was 90 nm and the illumination condition was annular 0.55/0.85
and 0.75NA. Process windows for 90-nm line / 90-nm space features were
printed and inspected. Figure 5.8 shows the top-down images of 90-nm line / 90-
nm space features for different combinations of resists and topcoats. Images were
taken at the best dose and focus. The top-down images reveal that most topcoats
will work with multiple resists; however, some incompatible interactions were
also observed. For example, Resist A and Topcoat 4 produced lines that are
broken and distorted (Fig. 5.8).

The line-edge roughness (LER) of the resist lines in Fig. 5.8 are plotted in
Fig. 5.9 and sorted by resist (Fig. 5.9(a)) and topcoat (Fig. 5.9(b)). The LER from
the worst combination of resist and topcoat (Resist A / TC4) was omitted. LER
seems to be consistent for each resist, although topcoats do have some influence
on the final outcome, but with a smaller range.
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Figure 5.8 Top-down images of 90-nm line / 90-nm space features taken from different
resist/topcoat stacks. The field of view is 1 um x 1 um.

Figure 5.9 LER 3o of the resist lines in Fig. 5.8.
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Process windows are plotted in Fig. 5.10. A negative bias of 20 nm was
added to the CDs measured by the CD-SEM (i.e., 110 nm measured by the CD-
SEM corresponds to the 90-nm target). CD tolerance was set £10%. Two resist /
topcoat stacks have no process windows: Resist A / TC4 and Resist G/ TC7. The
biggest process window was obtained from the stack of Resist A/ TC1.

Cross-sectional SEMs are essential for evaluating the profile and top loss of
the resist lines. Figure 5.11 shows the cross-sectional images of resist and topcoat
combinations at best dose and focus. Note that different resists were coated at
different thicknesses, as recommended by the vendors. In general, the profiles of
most patterns are acceptable, with top-rounding observed in some resist patterns.
The incompatible combination of Resist A with Topcoat 4 shows significant
levels of loss, with the final height of the resist pattern less than 40% of its
original thickness.

The heights of resist patterns in Fig. 5.11 were measured and calculated. The
exposed resist losses reported in Fig. 5.12 are the differences between nominal
resist film thicknesses and their corresponding pattern heights. For comparison,
the exposed resist loss is sorted by topcoats (Fig. 5.12(a)) and resists (Fig.
5.12(b)), separately. The combination of Resist A and Topcoat 4 shows
catastrophic imaging failure. All of the other combinations show adequate
performance through imaging.

Figure 5.10 Process window of resist and topcoat combinations.

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Topcoat and Resist Processes for Immersion Lithography

99

Figure 5.11 Cross-sectional images of 90-nm / 90-nm dense features from different resist
and topcoat combinations at best dose and focus.
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Figure 5.12 Exposed resist loss (resist film thickness — height of the resist pattern) for
different resist and topcoat combinations. (a) Sorted by topcoats. (b) Sorted by resists.
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5.2.2 Exposed resist loss by developer-soluble topcoat

The resist losses shown in Fig. 5.12 were measured from the resist lines that
correspond to the opaque areas in the line/space patterns on the mask. However,
the aerial images are not perfect square waves and the resist in these lines absorbs
some stray light. Because of the effects of stray light and acid diffusion, the top
losses in Fig. 5.12 are larger than the dark losses shown in Fig. 5.3.

To further investigate resist film loss, open frame exposures are carried out
and contrast curves are measured for stacks of Resist A with Topcoats 1, 2, and 3
(Fig. 5.13). The stack with TC3 loses the most thickness and the stack with TC1
loses the least. Figure 5.13 also shows that the resist dark loss is negligibly small
for all three topcoats. This suggests that the topcoat-induced resist loss has some
interaction with the exposure/deprotection chemistry.

The stacks of Resist A and Topcoats 1, 2, and 3 were exposed at the same
dose and focus for 90-nm / 90-nm dense patterns. The CD of the resist patterns
was measured and plotted (Fig. 5.14(a)). With Topcoat 3, the average CD of the
resist patterns is the smallest, which again suggests that Topcoat 3 gives
enhanced resist sensitivity. Cross-sectional images are taken of the resist patterns
with different topcoats (Fig. 5.14(b)). About 50 nm of resist loss is measured
from the Resist A / Topcoat 3 stack, while with Topcoat 1, the resist loss is only
about 30 nm.

5.2.3 PEB delay of 193i process with developer-soluble topcoats

Usually, amine contamination is a concern for chemically amplified resists.
Amines exist in the environment and react with the photoacids generated during
exposure, leading to losses in resist sensitivity. Longer delays between exposure
and PEB typically result in T-topping of resist patterns and/or increases in CD.
However, topcoats may be capable of producing additional benefits to the
imaging process by protecting resists from amine contamination.

Resist

Figure 5.13 Contrast curves measured from stacks of Resist A / different topcoats. The
resist film thickness before exposure is 200 nm.
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Figure 5.14 (a) Average CD measured from 90-nm / 90-nm resist stacks with different
topcoats. (b) Cross-sections of resist stacks in (a).

Figure 5.15 shows the experimental results from one post-exposure delay
study.™ The resist film has a thickness of 220 nm and the developer-soluble topcoat
has a thickness of 30 nm. Wafers were exposed at constant dose and focus and stored
in the track for delays of 1, 5, and 15 minutes prior to PEB and development. The
track and scanner are linked and have an amine level of ~1 ppb. The CDs of 90-nm /
90-nm and 80-nm / 80-nm resist patterns were measured across the wafer. To better
monitor changes in resist profile, the CDs at both the top and the bottom of the resist
lines were measured. The CDs were averaged across the wafer and plotted in Fig.
5.15 as a function of PEB delay time. As expected, all CDs were unchanged as a
function of PEB delay time up to 15 minutes, which suggests that the topcoat can
also serve as a contamination barrier layer.

5.3 Optimization of Developer-Soluble Topcoat Processes

Developer-soluble topcoats interact with resists, affecting the ultimate imaging
capability of the stack. Therefore, the processing of developer-soluble
topcoat/resist stacks must also be optimized. Each process step can have a
significant impact on the ultimate imaging capability of the stack. For example,
the resist/topcoat stack must be baked three times: resist PAB, topcoat PAB, and
PEB. The PAB steps remove most of the solvents from the resist and topcoat.
The solvent evaporation from the resist can also affect the PAG distribution, as
well as other components. PEB affects deprotection, diffusion of photoacid, and
the dissolution rate of topcoat in the developer. Thus, the bake temperatures must
be optimized to obtain the best resist performance.
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Figure 5.15 Measured average CD across the wafer versus PEB time delay. Because of
the rounded tops of these resists, the CDs measured at the top of the lines are much
smaller (25-42 nm) than the CDs near the bottom (75-85 nm). The topcoat prevents
direct contact of amine with the resist film, leading to CD stability versus PEB delay.

The stack of 51-nm ArF1C5D (BARC), 230-nm JSR1682, and 30-nm
TCX007 was selected for a design of experiments (DOE) exploring bake
temperatures, with all other parameters kept constant. In addition to the bake
temperatures recommended by vendors, the DOE matrix includes 5° C above and
below the resist PAB and PEB temperatures, as well as 10° C above and below
the topcoat PAB temperature (Fig. 5.16). Contrast curves were measured as a
function of bake temperatures (Fig. 5.17(a)). The shape of the contrast curves
appears to be highly sensitive to bake temperature, especially in the shoulder
where the temperature combination of 105° C /80° C/ 110° C (PAB temperature
of resist / PAB temperature of topcoat / PEB temperature) gives the smallest
resist loss. Figure 5.17(b) shows the cross-sectional images of the resist patterns
resulting from bake temperatures of 105° C / 80° C / 110° C and vendor-
recommended temperatures (process of record (POR): 110° C /90° C/ 115° C).
The resist pattern produced using the POR bake temperatures has about 10 nm

more resist loss than that produced using bake temperatures of 105° C /80° C /
110° C.

Figure 5.16 Bake temperature setting for the design of experiments.
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Figure 5.17 (a) Contrast curves measured at different bake temperatures. (b) Cross-
sectional images of resist patterns processed at bake temperatures of 105° C / 80° C /
110° C and POR temperatures (110° C / 90° C / 115° C). Exposure conditions
(ilumination setting, NA, mask, dose, and focus) are the same for all of the wafers.

The optimized PAB temperatures for both the resist and the topcoat are lower
than those recommended by the vendor (POR), while the PEB temperature
remains the same. The reason the PAB temperatures needed to be decreased may
have to do with PAG distribution within the resist. In the resist PAB step, thermal
energy drives the resist solvent to the surface, where it evaporates, and part of the
PAG in the bulk of the resist is also dragged to the resist surface by the
movement of the solvent. During the topcoat PAB step, the resist solvent may
further evaporate, causing additional PAG movement to the resist surface. The
resist PAB temperature recommended by the vendor was originally optimized for
dry 193-nm lithography; however, for the immersion process, the topcoat PAB is
added. With POR temperatures, the resist is generally over-baked by the topcoat
PAB. Thus, more PAG is moved to the resist and topcoat interface. High
concentrations of PAG at the interface cause extra resist loss after exposure and
development, as observed. In principle, the resist PAB temperature is the same as
that of the dry lithography process, if the PAB of the topcoat can be omitted.
However, this is not preferred, since the barrier performance of the topcoat
decreases with decreasing bake temperatures.

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



104 Chapter 5

5.4 193i Resists without Topcoats

Resist process without top protection coatings is thought to be the ultimate
solution for 193-nm immersion lithography. This simplified process does not
require the additional coat and bake steps required by the topcoat process;
therefore, the cost of ownership and some sources of defects are reduced. In the
early stages of the development of 193-nm immersion lithography, it was
projected that the topcoat would play only a transitional role in the immersion
process before low-leaching high-performance resists could be developed. The
surface hydrophobicity requirements discussed previously for topcoats are also
applicable to the 193i resist without topcoat. Similarly, other requirements such
as high resolution, low defect counts, and etch selectivity must obviously be met
in order for these more advanced resists to be useful in high-volume
manufacturing.®®

Table 5.2 provides a list of target values needed for 193i resists without
topcoat. These values provide guidelines for the design of 193i resists; however
innovation is the key to the successful development of high-performance 193i
resists. Resist suppliers are actively pursuing the development of 193i resists
capable of meeting all of these requirements.

5.4.1 Intrinsic topcoats: balancing immersion needs with high-
resolution performance

The addition of self-segregating additives to photoresists is one interesting
approach for converting dry resists into immersion resists. The additives are
fluorine-containing compounds that are hydrophobic and have low surface
energies. During coating and PAB, the hydrophobic compounds diffuse and

Table 5.2 Performance guidelines for 193i resist without topcoat.
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Figure 5.18 A sketched diagram of surface segregation forming intrinsic topcoat.

concentrate at the surface of the film (Fig. 5.18). The hydrophobic surface layer
blocks leaching of resist component from bulk, and is therefore called an intrinsic
topcoat.* This approach is based on the same concept as the polymer blending
for topcoats approach, which was explained in Section 5.1.4

The advantage of the intrinsic topcoat approach is obvious. It offers a
straightforward method for converting high-performance 193-nm dry resists into
immersion resists. In principle, the simple addition of hydrophobic compounds to
conventional dry resist should lead to the formation of intrinsic topcoats. These
intrinsic topcoats should improve surface hydrophobicity and prevent leaching
from the bulk without significant degradation of the original lithographic
performance of the dry resists. This approach has attracted a lot of attention from
resist suppliers.”>

Typically, small amounts of additives (0.5-5 wt% of resist solids) are added
to resist formulations. These additives must be soluble in resist solvents in order
to form uniform solutions. Phase segregation occurs mainly during the spin-
coating step.”® Figure 5.19 shows significant reductions in leaching levels by the
addition of compounds E or F. The leaching results are largely independent of
PAB, suggesting that phase separation occurs in the coating step.

Figure 5.19 Leaching levels measured from 193-nm dry resist AR1682J with or without
additives and baked at different temperatures. (Reprinted by permission from Ref. 10.)
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The tendency for additives to segregate at the surface is highly dependent on
the relative surface energies of the additives and the resist polymer; lower surface
energy of the additives leads to better segregation. The concentration of additives
versus depth can be determined using electron spectroscopy for chemical analysis
(ESCA) by monitoring the fluorine peaks while sputtering.” Figure 5.20(a)
shows the depth profile of fluorine measured from the resist film with various
additives. The surface analysis shows that the fluoropolymer enrichment layer is
only several nanometers thick. The static and dynamic contact angles of the resist
film with these additives were also measured (Fig. 5.20(b)). Additive E shows
the strongest tendency to segregate to the surface and produces the most
hydrophobic resist surface.

It has been reported that fluorine additives can be as high as ~10 wt% of the
resist polymer without degrading lithographic performance.”® However, the gains
in hydrophobicity of the resist surface begin to diminish at high additive

Figure 5.20 (a) Surface density of additives measured by ESCA analysis. (b) Static and
dynamic contact angles of the resist films. (Reprinted by permission from Ref. 17.)
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levels."®? Similar behavior was observed for leaching tests. Figure 5.21 shows
receding contact angles and leaching levels from resists as a function of additive
loading. The chart demonstrates that with the increase of additives, the receding
contact angles quickly become saturated and the leaching levels become leveled.

One of the difficulties arising from the use of self-segregating additives is
that the resist surface may no longer be wet by the TMAH developer and the
fluoropolymer additives may not be soluble in the developer. Typically, these
additives have small dissolution rates in developer, leading to high blob defect
counts. Selection of the right additives and optimization of their loading amounts
are the keys to addressing this issue.

5.4.2 Resolution limits of resists

The resolution capability of a lithographic process depends on the resolution of
the optics (described by the aerial image contrast) and the resist performance.
The aerial image is projected onto the resist film during exposure, resulting in the
generation of photoacids in the exposed areas. To activate the deprotection
process, resists must be baked at elevated temperatures after exposure (PEB).
High temperature increases the rate of acid diffusion and blurs the aerial image,
leading to a loss in resolution. Acid diffusion length and exposure latitude are
highly c?lrrelated, i.e., the longer the diffusion length, the narrower the exposure
latitude.

Figure 5.21 Receding contact angle and PAG leaching as functions of the additive loading
in the resist. (Reprinted by permission from Ref. 18.)
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The concentration profiles of the acids play important roles in determining
the final profiles of the resist images. Yet, these concentration profiles change
with time during the PEB bake, because they diffuse and are annihilated by the
quencher base. The acid diffusion rates must be slower than the deprotection
reaction so that the acid molecules can react with sufficient protecting groups
before diffusing into regions of higher base. Therefore, the diffusion is a
reaction-limiting step, in which Fick’s diffusion law cannot be used.? In addition
to bake temperature and quencher loading, the sizes of the acids and protecting
groups also affect acid diffusion.?® There are various methods for measuring the
acid diffusion length.”*® In one such method, a resist is coated over a polymer
film (without PAG) and the top resist film acts as an acid feeder layer. After
exposure and PEB, the thickness loss of the bottom layer indicates how deep the
acid diffuses. This thickness loss is correlated with acid diffusion length;?
typically, ~10-40 nm of resist thickness is lost.?’

Evidence from interferometric lithography (IL) at 193-nm immersion
suggests that advanced chemically amplified resists can resolve 35- to 45-nm
dense lines. Resist patterns with sub-45-nm half-pitch have been demonstrated
with the 1.3NA immersion tool at exposure doses of 20-30 mJ/cm?.?® However,
theoretical analysis predicts that acid diffusion will eventually prevent further
resolution improvement, because the key lithographic performance parameters
(line-edge roughness, photospeed, and resolution) are interdependent, meaning
that one cannot be improved without sacrificing the performance of the others.”
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Chapter 6
Immersion Defects and
Defect-Reduction Strategies

Defectivity is the most important issue yet to be resolved in order to move 193i
lithography into high-volume manufacturing. Typically, unoptimized 193i
processes have 4-20% more defects than dry 193-nm processes have. Defects
can be introduced by the scanner, the track, the materials, or the process. In
general, sources of defects that are present in dry 193-nm lithographic processes
are also present in immersion 193i lithography. For example, coating defects
introduced during BARC and resist coating processes are commonly observed in
both dry and immersion 193-nm lithography. Optimized 193-nm dry processes
can serve as starting points for 193i processes.

Unfortunately, however, immersion processes introduce additional sources of
defects. During exposure, the immersion water may contain particles or insoluble
compounds that can be deposited onto the wafer, forming defects. Bubbles in the
water can scatter the exposure light, distorting the aerial images and forming
bubble defects in the resist pattern. Topcoats can also introduce additional
material-related defects, including particles from the topcoat itself or
microbridges caused by intermixing problems between resist and topcoat layers.

Defects can also be introduced by the wafer edge. Resist or topcoat films at
the edge of the wafer can peel off to generate particles. These particles may be
brought to the wafer center by the movement of the immersion exposure head.
Watermark defects are generated by water leakage from the meniscus and are
unique to the 193i process. This chapter focuses on these immersion-related
defects. The formation mechanism of each defect type is analyzed with the help
of simulation and experimental results. A series of defect reduction methods are
proposed based on these defect mechanisms.

6.1 The Basics of Defect Detection

After the lithographic process, the desired patterns must be printed in all
locations, faithfully reproducing the mask pattern. Any deviations from the
desired patterns are called defects. Examples of defects include missing pattern
segments, pattern scum, and particles. Defect detection includes the use of optical
microscopes, scanning electron microscopes (SEMSs), and die-comparison
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techniques. In general, the wafers are loaded into the defect inspection tools, then
the microscopic images of each die are obtained and compared. These images
should be identical. Any inconsistent spots are indicative of possible defects. The
positions of these defects in the wafer are recorded by the tool, forming a defect
map. This step is called defect inspection. The defect map is transferred to a
high-resolution SEM, where each defect can be inspected and/or chemically
analyzed. This step is called the defect review, during which defects are
categorized based on their shapes and sizes. The defect density is the total
number of defects divided by the area of inspection. Continuous improvement in
the resolution and accuracy of defect-detection technology to keep up with each
lithographic node is a challenge to the defect-metrology community.! Detailed
descriptions of the configuration and function of defect-detection equipment is
beyond the scope of this book.

6.1.1 ITRS defectivity requirements

The detection limit of defect sizes is usually set to about 60% of the half-pitch of
each technology node. This means that defect sizes smaller than ~60% of the
half-pitch are considered to have negligible effects on lithographic yields.

Table 6.1 lists the defect detection limits and defect count specifications for
various technology nodes recommended by the ITRS.? For each technology node,
targets are set for minimum defect size and maximum allowable defect counts.
These two numbers are set both for resist-coated wafers without exposure
(coating defects) and for patterned resist film (patterned defects). Typically, the
patterned defect counts are higher than the coating defect counts because the
additional process steps that occur after resist coating introduce additional defects.

With the shrinkage of technology nodes, the pattern sizes become smaller
and the pattern density increases. Thus, the miniaturized defects that could be
neglected in previous nodes must be addressed. High-sensitivity defect inspection
tools must be developed for these defect applications.

Table 6.1 Recommendations for defect detection limits and defect counts for various
technology nodes.?
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6.1.2 A systematic approach for identifying the sources of defects
in the immersion process

Most immersion processes are modifications of established dry processes. The
starting dry baseline process must be stable and optimized for low defect counts.
The immersion process deviates from the dry process beginning with the coating
of the topcoat. Thereafter, the PAB, the immersion exposure, the topcoat removal,
and the development are all steps that differ from the dry process steps and can
lead to additional sources of defects. Therefore, a systematic approach for
investigating immersion-related defects is to inspect the wafer after each of these
new immersion-related process steps (Fig. 6.1).> By comparing results, it is
possible to identify the defects introduced during a specific process step. The
defect review yields the SEM images of the defects, providing information about
the mechanism of their formation.

6.1.3 Particle per wafer pass test

The particle per wafer pass (PWP) test is a routine method for evaluating the
cleanliness of the immersion scanner. In this test, a blank wafer with very low
defect counts (premeasured) is sent through the immersion track and scanner
without a pattern exposure. After cycling through the immersion tool, the wafer

Figure 6.1 Defect inspection is placed after each process step for defect monitoring.
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is inspected for defects. This test determines if the immersion head adds any
defect patterns to the wafer. The defect maps resulting from several PWP tests
are averaged to yield defect maps with good signal-to-noise ratio.

6.2 Quality of the Immersion Water

The immersion water is in direct contact with the wafer during exposure,
therefore its quality affects the defect counts of the wafers. In general, immersion
water must be bubble-free and extremely clean. Bubbles in the water can reflect
and refract exposure light, leading to distortion of the aerial image. Any particles
or unwanted chemicals in the water may either deposit on the wafer or react with
the resist, causing increased defect counts.

To meet purity requirements, standard clean-room deionized water (DIW)
with high resistivity (> 18.2 MQ-cm) must be further purified before it can be
used in the scanner. The further treatment includes ultrapure (UP) DIW polishing
and conditioning. The schematic of the water treatment system is shown in Fig.
6.2 and consists of filters, temperature control units, degassing units, and UV
light exposure units. Filtration removes particles larger than 30 nm. The
degassing unit reduces the concentration of dissolved gases to suppress bubble
formation. Oxygen content in the water is reduced from its room-temperature
saturation value of ~10 ppm to < 70 ppb.*

UV light kills bacteria. Organics in the DIW must be reduced from the
incoming parts-per-billion (ppb) levels to parts-per-trillion (ppt) levels.
Otherwise, the organics will deposit on the lens, causing haze and impairing lens
performance. In addition, organics can absorb 193-nm light from the stepper,
causing defects. The output water from the purification system has a resistivity
of > 18 MQ-cm, elemental contamination of ppt levels on anions and cations to
below 10-30 ppt, and total oxidizable carbon (TOC) < 50 ppt. To prevent
bacterial growth in the water supply line, the system must also be periodically
sanitized.

Water flow is computer controlled to deliver a stable flow of deionized water
to the illuminated area. The movement of water must be optimized to prevent the
attachment of bubbles to the wafer or the lens. The temperature control unit
stabilizes the water temperature to a target temperature of 20.5° C, with an
accuracy of < 0.01° C.° In order to control water flow, each scanner has a unique
set of specifications that are optimized specifically for the design of each
exposure head.®

Figure 6.2 Schematic of the immersion water treatment system.
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6.3 Appearance of Bubble Defects

Bubble defects are caused by air bubbles in the immersion water and act as small
lenses during exposure. They change the local aerial image and cause pattern
distortion in the surrounding areas. Figure 6.3(a) shows a bubble attached to a
resist surface and Fig. 6.3(b) shows a bubble suspended in the immersion water.
The bubbles scatter the aerial image, forming circularly shaped defects in the
final resist pattern.

6.3.1 Simulation results

Systematic experiments with bubble defects are difficult to perform, since there
is no particular method for positioning a bubble on a resist surface to see what
the defect pattern looks like. Thus, simulation is the best way to predict the shape
and fine structures of the bubble defects. The quantitative relationships between
bubbles and imaging have been simulated by various groups’® whose results
provide information helpful in identifying bubble defects on exposed wafers.

6.3.1.1 Floating bubbles

Because the refractive index of air is less than that of water, the air bubble
floating in the immersion water functions as a divergence lens, as sketched in Fig.
6.3(b). At certain angles, the exposure light is totally reflected at the surface of
air bubble. Figure 6.4 shows the scattered light distribution of air bubbles with
diameters of 2, 1, and 0.5 um.7 The light beam shines on the air bubble with an
intensity of lo. The bubble scatters the light and forms fringes in the forward
direction (Fig. 6.4(a)). The fringes projected on the resist surface are symmetrical
in the lateral direction. The main feature to note is that the light intensity is
attenuated directly beneath the bubble. As the bubble size decreases, the scattered
irradiance in the forward directions becomes more uniform.

To verify the effectiveness of these simulations, polystyrene spheres have
been used to mimic air bubbles in the immersion water of an interference
lithography system.” It was found that the overall impact of a floating bubble on
the image depends on its distance from the resist surface—the larger the

Figure 6.3 Air bubble (a) on the resist surface and (b) floating in the immersion water. The
bubble acts as a lens during exposure.
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Figure 6.4 Distribution of scattered light intensity by air bubbles with diameters of (a) 2
um, (b) 1 pm, and (c) 0.5 um. (Reprinted by permission from Ref. 7.)

distance, the weaker the impact. Neither 2- nor 0.5-um polystyrene spheres
positioned > 0.3 mm away from the resist produced images. These results suggest
that small free-floating air bubbles in the immersion water do not cause imaging
defects.

In full-field immersion scanners, the wafer scan speed is about 500 mm/s
during exposure. Air bubbles in the water are almost static during exposure,
while the wafer passes quickly underneath. The fast wafer movement and
constant water flow reduce the shadow effect of the floating bubble on the resist
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surface. According to fluid dynamics, free-floating bubbles have very short
lifetimes. However, due to surface confinement, the lifetimes of air bubbles
attached on the resist surface may be longer. Therefore, air bubbles attached to
resist surfaces pose much greater threats to defect-free imaging.

6.3.1.2 Bubbles attached to the resist surface

The effects of bubbles attached to resist surfaces have been simulated.? Figure
6.5 shows the results of this study as a grayscale plot of scattered light intensity.
The bubble is 400 nm in diameter and the exposure pattern is 100-nm dense lines.

The most noticeable effect is the reduction of image intensity in the resist-
surface plane under the bubble. From the center to the edge of the bubble, the
image intensity gets lower. Even if there is an underexposed (but printed)
line/space (L/S) pattern in the central area of the bubble, one could expect that at
the edge, the L/S pattern would be completely missing. The bubble also seems to
have some ‘magnifying’ effect on the incident L/S pattern, which leads to a
distortion in the center of the bubble defect. Outside of the bubble, the imaging
intensity is increased at certain locations.

Figure 6.5 Aerial image of 100-nm dense lines in the vicinity of an air bubble. The air
bubble is 400 nm in diameter. (a) Intensity at the resist surface. (b) Intensity profile view.
(The dotted straight line labels the resist surface.) (Reprinted by permission from Ref. 8.)
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6.3.1.3 Shape effect of the attached bubble

The bubbles attached to the resist surface may have a range of different shapes,
from “curved” to “flat.” A bubble model was built to investigate how the shape
of the bubble affects the aerial images (Fig. 6.6).% The bubble is semispherical
with a diameter of D and is attached to the resist surface with a height of H (D >
H). The ratio of H/D defines the shape of the bubble. Another parameter is W,
which defines the size of the bubble projected on the resist surface.

Figure 6.7 shows the simulation results of bubbles with W = 500 nm and H/D
= 3/4, 1/2, and 1/4. The gray circles indicate the edge of the bubble on the resist
surface. The reduction of the image intensity under the bubble becomes less
severe as the bubble becomes flatter (from H/D = 3/4 to H/D = 1/4). For the 3/4
bubble, the unprinted area is larger than the actual (lateral) size of the bubble. For
the 1/2 bubble, the unprinted area more or less corresponds to the area of the
bubble on the resist surface. In the 1/4 bubble, there is some imaging ‘under’ the
bubble, even though the image is significantly underexposed. Outside of the area
covered by the bubble, some of the lines are actually overexposed with bright
white spots around the bubble.

If the bubble is small and trapped between two resist lines, it causes a
reduction in image intensity, resulting in resist scumming in the space area
beneath the bubble. This may cause microbridge defects. With an increase in the
diameter of the bubble, the impact on imaging increases. Simulation shows that
80-nm diameter bubbles positioned over 100-nm 1:1 dense patterns can cause the
spaces not to clear.® These simulations provide insight useful for distinguishing
between circularly shaped defects caused by bubbles and circularly shaped
defects caused by other sources of defects.

Figure 6.6 The shape of the bubble is defined by D (diameter), H (height), and W (lateral
size of the bubble projected on the resist surface).
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Water

(a)

H/D=3/4

Water

(c)

H/D=1/4

Figure 6.7 Simulation results of bubbles with different curvatures. The size of the bubbles
projected on the resist surface is 500 nm with (a) H/D = 3/4, (b) H/D = 1/2, and (c) H/D =
1/4. (Reprinted by permission from Ref. 8.)
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6.3.2 Bubble defects observed in resist patterns

In our experimental work, we found that bubble defects can have diameters as
large as 10-20 um. Figure 6.8 shows a typical bubble defect on a line and space
pattern. The bubble is circular with a diameter of about 9 um. As predicted by
simulation, the bubble causes underexposure in the local area. In the center of the
defect, image modulation is visible, but the pitch of the dense line/space is 308
nm (Fig. 6.8). This amplification ratio is ~1.4 (the target pitch of the dense
line/space is 220 nm). From the center moving to the edge, the image modulation
diminishes until it disappears at the edge of the bubble. Another interesting
feature of bubble defects is that they tend to be symmetrical. In Fig. 6.8, the
defect is symmetrical in the X and Y directions; at the left and right edge (circled
areas), residuals of the resist lines have the same shape.

In general, the areas surrounding the bubble defect are overexposed. Looking
closely, intensity fringes can be observed outside the circularly shaped defect
(Fig. 6.9(a)). Surrounding the defect, the resist is completely developed, making
the edge of the bubble defect very sharp and clear. A short distance from the edge,
the resist line appears, indicating a lower local dose. Moving farther away, the
resist line gets narrower, indicating a higher local dose, as labeled in Fig. 6.9(a).

Figure 6.8 SEM image of a big bubble defect with a diameter of about 9 um. The bubble
defect is symmetrical in the X and Y directions. At the left and right edge (the circled
areas), residuals of the resist lines have the same shape. The pitch of the line/space
pattern is 220 nm in all images.
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Figure 6.9 SEM images taken at the edge of bubble defects with (a) high magnification
and (b) low magnification. The pitch of the line/space pattern is 220 nm in all images.

The resist line-width variation shows spatial periodic behavior, which
corresponds to dose modulation. Yet farther from the defect, the dose modulation
gets weaker and finally becomes invisible. The fringe pattern caused by dose
modulation can be better observed at low magnification (Fig. 6.9(b)). Obviously,
the dose modulation is derived from the effect of the bubble on the exposure light.

Conceptually, this redistribution of light by the bubble can be considered in
terms of energy conservation. The total exposure energy in and around the
bubble defect can be thought of as a constant that equals the average dose x area
of the region. The light striking the bubble is diffracted so that the intensity
beneath the bubble is decreased and the intensity around the bubble is increased.

A straightforward method for identifying bubble defects is to print wafers
with open fields using doses that are slightly below or slightly above the dose-to-
clear Eq of the resist. For the lower dose (< Eg), the bubble will scatter the light so
that the dose surrounding the bubble will be larger than Eo, the bubble, thereby,
showing itself as a cleared ring in the resist. Conversely, if the exposure dose is
slightly above E,, the bubble will manifest as a circular resist island.

From our experience with defect inspection, bubble defects with diameters >
2 um are relatively easy to identify, since the imaging modulation is clear,
leaving ample information on the resist pattern. The challenge is to identify small
bubble defects, as the reflection and refraction of exposure light by small bubbles
is much less distinctive than it is by big bubbles. Therefore, the features
described in previous paragraphs are not clearly visible in circularly shaped
defects generated by small bubbles. A defect caused by a 100-nm bubble may
appear to be a small bridge connecting two resist lines.
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6.4 Origins of Bubbles

Bubbles in immersion water scatter the exposure light and generate defects in the
resist film. The best way to reduce bubble defects is to reduce bubbles suspended
in the water as well as bubbles attached to the surface of the resist. Incomplete
degassing of water in the supply system and poor exposure head design can lead
to bubbles forming in the water during exposure. Outgassing of the resist stack
can also generate bubbles.

6.4.1 Bubbles from the water supply

Bubble formation occurs when gas-saturated water shifts to a state of over-
saturation, due to changes in pressure or temperature. This mechanism suggests
that degassing should be an efficient method for preventing bubble formation.
Liquid handling systems must be carefully designed to avoid creating air bubbles
by leaking air into the system or by outgassing from the materials of manufacture.

6.4.2 Outgassing of resist during exposure

Outgassing of the resist during exposure is a process that has been known for
many years and is still under investigation.? In general, the decomposition of both
polymer protecting groups and photoacid generators during exposure can result
in the formation of volatile compounds. Experiments were conducted to
determine if bubbles were formed as a result of resist outgassing.'® Resist-coated
wafers were exposed in water using 2-20 mJ/cm? 193-nm light and inspected
immediately with a high-resolution CCD camera to search for bubbles (Fig. 6.10).
No bubble formation was observed.

These results suggest that exposure-induced outgassing from typical 193-nm
resists should not be the source of bubbles in the immersion water. Perhaps the
amount of outgassing is small or the outgassed components are water soluble.
Nonetheless, bubble formation from 193-nm outgassing should be considered a
real possibility, as high-outgassing 248-nm resists have been shown to create
bubbles during immersion exposure conditions. Careful selection of low-
outgassing resists should help to avoid the formation of bubbles during exposure.

Figure 6.10 Schematic setup of bubble-imaging experiment. The camera is focused
through the rear window of the cell on the resist-water interface. (Reprinted by permission
from Ref. 10.)
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6.4.3 Entrapment of bubbles on the wafer surface

The water meniscus moves with the exposure head on the wafer surface from die
to die. The movement distorts the water meniscus, forming advancing and
receding contact angles. Due to this movement, the advancing contact angle is
bigger than the static contact angle. It was suspected that bubbles could be
entrained by the moving wafer at the three-phase liquid—wafer-ambient interface
(Fig. 6.11). Observation of water droplets on tilted wafers suggests that water
droplets can either slide or roll across surfaces."" Rolling tends to occur on
hydrophobic surfaces that are more likely to entrap bubbles, while sliding tends
to occur on hydrophilic surfaces. Additionally, water uptake (swelling) in the
resist film is also related to the tendency to entrap bubbles;* increased water
uptake generally leads to decreased bubble entrapment. However, increased
water uptake also introduces other issues, for example watermark defects.*

Researchers further suspected that ridges or trenches in the resist may also
trap bubbles as the liquid flows over them. The movement of the water meniscus
across topography was simulated,***® and it was found that bubble formation
occurs only for extreme geometries and flow conditions. Manufacturing scan
speeds, contact angles, and feature profiles are anticipated to be well within these
extreme ranges and bubbles should not be formed.** Experiments with etched
substrates (1-um wide and 0.5-um deep trenches) verified the simulated results,
since no bubble entrapment on the topographic surface was observed using a
model immersion head.*

Bubble formation on topographic wafers was experimentally investigated
using a full-field immersion scanner.® Wafers with typical logic and DRAM
patterns were used in the tests. Both bare Si and SiO, wafers were tested. The
total number of bubbles and the cross-wafer distribution of bubbles were the
same for flat and topographic wafers. Wafer maps showed that bubbles were
concentrated near the edges of wafers and that the edge effects were much
greater than the effect of topography. These results suggest that surface
topography plays a negligible role in the formation of bubbles.

Figure 6.11 Bubbles can be entrained by the moving wafer at the three-phase liquid—
wafer—ambient interface.
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6.4.4 Exposure head design

In addition to the bubble sources previously discussed, bubbles can be introduced
by poorly designed exposure heads that can cause turbulence and entrap bubbles.
Air flow used to confine the water meniscus may also inject bubbles into water.
In order to reduce the creation of bubble defects, scanner suppliers have created
new designs that they claim are bubble-free.**’

6.5 Defects Caused by Transparent Particles and Blisters

Because the refractive index of air (~1.0) is smaller than that of water (~1.44 at
193 nm), air bubbles act as divergent lenses, causing the areas beneath the
bubbles to be underexposed. As previously explained, air-bubble defects appear
as circular underexposed regions in the resist pattern. However, overexposed
regions with circular shapes are often observed in 193-nm immersion resist
patterns. Figure 6.12 shows SEM images of two circularly shaped overexposed
regions. The defects have diameters of about 550 nm in Fig. 6.12(a) and about
1.65 um in Fig. 6.12(b).

Careful inspection of Fig. 6.12 reveals that the resist lines surrounding the
overexposed areas are a little wider than the nondefect areas (underexposed ring
between the white circles). In addition, the resist lines in the defect area in Fig.
6.12(b) shift toward the center. These defects are sometimes called antibubble
defects because their appearance seems to be opposite to that of bubble defects.
Figure 6.13 shows another SEM image of the antibubble defect with dotted lines
added to show the center of the outside lines. While the center resist line aligns
well with the resist line outside of the defect (labeled by a thick dotted line in Fig.
6.13), the upper portion of the resist lines shifts downward toward the center,
while the lower portion of the resist lines shifts upward toward the center. It

Figure 6.12 SEM image of a circularly shaped overexposed region: the “antibubble”
defect. The white dotted circles are added to the images to outline the shape of the
defects. The pitch of the dense lines is 220 nm.
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Figure 6.13 SEM image of antibubble defect with dotted lines added to the figure to serve
as references.

appears that the distance the line shifts is proportional to the line’s distance from
the center. These antibubble defects are not watermarks. As will be explained in
the next chapter, water droplets left on the resist surface will reduce the local
resist sensitivity, resulting in T-topping.

6.5.1 Formation of antibubble defects

The antibubble defect can be caused when an extraneous piece of resist or
topcoat is deposited on the resist or topcoat film surface. These particles are
typically transparent to 193-nm light and act as microlenses during exposure.
Since the refractive index of resist (n ~1.7) or topcoat (n ~1.55) is larger than that
of water, the particle will cause the light to converge, resulting in overexposed
areas beneath the particle.

Figure 6.14(a) shows a diagram of the resist particle working as a convex
microlens. The original exposure light with a dense line pattern is refracted by
the transparent sphere (resist or topcoat particle) to converge as it reaches the
resist surface underneath the sphere. Thus, the refracted line pattern shifts toward
the center and the unrefracted line pattern remains unchanged. Resist lines at the
edge of the defect are broader than the original lines because of the misalignment
of the refracted beam and the unrefracted beam (Fig. 6.14(a)). This generates an
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underexposed ring surrounding the defect, as labeled by a white circle in Fig.
6.14(b). All features observed in antibubble defects can be predicted by the
model in Fig. 6.14(a).

The refracted angle of the exposure light is related to the shape and curvature
of the particle. In general, particles with high curvatures generate defects with
high overexposures and large pattern shifts. For example, the defect in Fig.
6.14(b) was generated by a particle with high curvature, while the defect in Fig.
6.13 was generated by a particle with low curvature and is called a “flat resist
bump.”

Defects generated by resist particles were first observed in 248-nm
lithography.'® With a 6% attenuated phase-shift mask (att. PSM) in a dark area, a
particle may converge the attenuated light, causing the local dose under the
particle to be larger than Eo. This will print a hole on the blank resist. For
example, a resist has an Eg of 4.5 mJ/cm? and is imaged with a dose of 45 mJ/cm?
in the bright areas. If a resist ball with a diameter of 1.5 pum is deposited over a
dark area, it will print a hole in the resist with a diameter of 1 um. Since the
reticle is 6% att. PSM, the local dose beneath the resist ball is 45 x 6% x
(20.75%)/(n0.5%) = 6.1 mJ/cm?, which is larger than the Eqof 4.5 mJ/cm?. If a 3%
att. PSM were used, the hole would not have been created, because the local dose
would have been about 3 mJ/cm? < E,.

Antibubble defects are similar to air bubble defects, although air bubbles
diverge the exposure light and generate underexposed areas, while resist or
topcoat particles converge the exposure light and generate overexposed areas
beneath the particle. This is the reason defects generated by resist or topcoat
particles are called antibubble defects.

6.5.2 Sources of resist or topcoat particles and bumps

Resist or topcoat particles are most frequently generated during coating, as dirty
coating bowls are the major source of resist particles. During coating, excess
resist is spun off the wafer, some of which will deposit on the wall of the coating
bowl. This resist may dry and form particles. During coating of subsequent
wafers, the high spin speed will create turbulence and a partial vacuum near the
wafer, drawing resist particles to the wafer surface. Figure 6.15 shows a series of
diagrams describing this particle generation process. The same process can occur
during the coating of topcoats.

Resist and topcoat particles are not necessarily spherical in shape. Generation
of these particles can be reduced by optimizing coating recipes. For example,
increasing the exhaust flow and frequent cleaning of the coating bowl will reduce
the formation of coating defects.

In addition to the transparent particles, nonuniform coatings may also
generate antibubble defects. Specifically, nonuniformly coated topcoat may
create curved bumps that will converge the exposure light, generating antibubble
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(@) Original exposure light with dense line pattern

Resist particle
Distorted exposure
light

Resist stack

Figure 6.14 (a) Diagram of the resist particle working as a convex microlens. (b)
Corresponding top-down SEM image of the defect.

Figure 6.15 Formation of resist particles on the wafer surface. (a) Resist is dispensed on
the wafer surface. (b) During spin coating, excessive resist is deposited on the wall of
coating bowl. (c) Resist deposited on the wall dries and peels off, forming particles. (d)
Resist particles are sucked toward the wafer during spin coating of the next wafers.
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defects in the resist. Figure 6.16(a) shows a “flat” topcoat bump and
demonstrates how it refracts the exposure light. Figure 6.16(b) shows a SEM
image of the corresponding defect.

6.5.3 Blisters

Transparent particles and nonuniform coatings are not immersion-specific; they
exist in dry lithography as well. However, the immersion process introduces
additional ways to create the transparent particles or bumps. Water can penetrate
the topcoat film in some spots where it can accumulate at the topcoat-resist
interface, forming a topcoat-enclosed water bubble or blister (Fig. 6.17).
Experiments also demonstrate that water may penetrate directly into resist films,
enlarging the polymer volume to form a resist bump."® Water droplets were
dispensed onto a resist surface, and later the surface was inspected. It was
observed that water penetrated into the resist and circularly shaped bumps were

Figure 6.16 (a) Topcoat bump refracts the exposure light and generates a defect. (b) SEM
image of a corresponding defect.
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Figure 6.17 Water penetrates the topcoat film and accumulates at the interface of topcoat
and resist, forming a blister.

formed (Fig. 6.18(a)). Figure 6.18(b) shows a SEM image of a resist bump
caused by water penetration. Material innovation is the key to reducing these
types of defects.

The lithographic impact of topcoat blisters has been simulated®®? and the
effect is the same as that of transparent particles (Fig. 6.19). Topcoats with
hydrophobic surfaces and better compatibility between topcoats and resists help
to prevent water penetration and accumulation at this interface. It has also been
reported that resist swelling and topcoat blistering are strongly dependent on
process conditions.” The use of higher PAB temperatures for topcoats and resists
reduces the frequency of swelling and topcoat blister defects. Topcoat thickness
and coating methods are also related to blister defect counts. Small cavities and
bubbles in the topcoat dispense system may act as nucleation sites for blister
formation.?

Figure 6.18 SEM images of (a) resist surface that was immersed in the water and (b)
resist bump caused by water penetration. (Reprinted by permission from Ref. 19.)
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Figure 6.19 Simulation results of a topcoat blister. (Reprinted by permission from Ref. 21.)

6.6 Watermark Defects

Although having similar circular shapes, watermark defects are formed by
processes that are completely different from bubble defect formation processes.
Water droplets can be left in the trail behind the exposure head as it moves across
the wafer. Menisci with smaller receding contact angles tend to leave more water
droplets.”* The photoacid generated during exposure, as well as other resist
components, can leach into the water droplet (Fig. 6.20). Water can also
penetrate into the resist film. Thus, leaching and water uptake can change the
local resist photosensitivity. If the water droplet is present during PEB, the
elevated temperatures can enhance local chemical reactions, causing changes to
the local photochemistry, and leading to watermark defects.

Figure 6.20 Water droplet left on the resist surface after immersion exposure changes the
local resist sensitivity.
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6.6.1 Mechanism of watermark defects: water droplets cause local
resist photosensitivity losses

The effect of water droplets on local resist sensitivity has been experimentally
investigated.'®? After open frame exposures, drops of DI water are manually
dispensed onto resist stacks. The water droplets on resist surfaces are dried
during PEB. Resist dissolution rates are determined using a quartz crystal
microbalance (QCM), comparing regions with and without treatment by water
droplets (Fig. 6.21). The frequency change Af is proportional to the resist loss.
The slope of Af versus development time gives the resist dissolution rate. The
results indicate that the dissolution rate in the region treated with water droplets
is lower than the dissolution rate in the untreated region.

The time-of-flight—secondary ion mass spectroscopy (TOF-SIMS) method
was also used to compare water droplet regions and nondroplet regions after PEB
and before development.'® The signal of the blocking group was measured across
a water-dropped region (Fig. 6.22). The results show that high blocking group
signals were measured in the water droplet region, suggesting that deblocking
reactions were inhibited by the droplets of water. Therefore, the mechanism of
watermark defect formation must be related to the interaction of local resist and
water. This interaction reduces the local resist sensitivity and involves no optical
reflection/refraction. It is worth mentioning that another mechanism based on
leaching has been proposed to explain the formation of watermark defects. This
mechanism suggests that leaching of acid or amine occurs when water droplets
are left on the resist surface. As the water droplet gets smaller due to water

Figure 6.21 QCM measurements of resist dissolution rate at the water droplet region
versus the nondroplet region. (Reprinted by permission from Ref. 19.)
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Figure 6.22 TOF-SIMS results at water droplet and nondroplet regions. (Reprinted by
permission from Ref. 19.)

evaporation, the acid or amine concentration increases. This mechanism predicts
two types of watermark defects: circular overexposed areas and circular
underexposed areas. If the leaching rate of the acid is greater than that of the
amine, the evaporation of water will eventually lead to a higher localized acid
concentration and form circular overexposed areas. If the leaching rate of the
amine is larger than that of the acid, the circular underexposed areas should be
formed. However, this mechanism has not been supported by experimental
results.

6.6.2 SEM images of watermark defects

Figure 6.23 shows a top-down SEM image of a typical watermark defect. The
outline of the defect is circular, as labeled by the dotted circle. In the center,
resist lines are thick and almost touching. Away from the defect center, resist
lines gradually thin until they become the same width as the lines in the
unaffected regions. This is quite different from bubble defects, which generally
show sharp transitions at the defect edges. Although the resist lines swell in the
watermark area, the pitch remains the same, as shown by the thin dotted lines in
Fig. 6.23. Pattern amplification and fine fringes are not observed, since
watermark defects are caused by chemical interactions between water droplets
and resist—not by optical effects.

To obtain three-dimensional information about watermark defects, local cross-
sections of watermark defects were prepared using a focused ion beam (FIB)
instrument.®® A dual FIB/SEM instrument equipped with a gas injector system
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Figure 6.23 Top-down SEM image of a typical watermark defect. The pitch of the dense
line is 220 nm.

(GIS) was used. First, a thin platinum film of ~100 nm was coated over the
defect area. Then, a finely focused ion beam milled away a precise amount of
material from the defect area. The sidewall or profile exposed by the milling
process is essentially a precise cross-section of the defect. After ion-beam milling,
the tool was switched to SEM mode and the wafer was tilted. High-resolution
cross-sectional images were taken at a titling angle of 45 deg.

Figure 6.24(b) shows the cross-sectional image. For comparison, a top-down
image of the defect is included in Fig. 6.24(a). A platinum film was coated on the
pattern to give contrast (Fig. 6.24(b)). Additionally, the platinum covers the resist
lines and fills the spaces. The resist lines appear dark in the image. T-topping of
the resist lines is observed in the defect area, as framed by the dotted box. In the
center of the defect, the T-topping is so extensive that the adjacent resist lines
contact each other, forming cavities that prevent the coating of platinum in the
space regions. This cross-sectional image clearly shows that the watermark
defects are actually formed as a result of T-topping, due to losses in resist
sensitivity at the surface. This result is highly consistent with the theoretical
prediction previously described.
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Figure 6.24 (a) Top-down image of a watermark defect that has been cross-sectionally
imaged in (b). The dotted line labels where the cross-section was made using FIB
technology. The pitch of the dense lines is 220 nm. (b) Cross-sectional images of the
watermark defect. A platinum layer was locally coated on the pattern. The wafer was tilted
45 deg.

For comparison, a cross-sectional image of a bubble defect using the same
FIB technique was obtained. Figure 6.25(a) shows the image before FIB milling.
The characteristic features of the bubble defects are clearly observed (i.e.,
circular underexposed area with magnified patterns in the center). The dotted line
in Fig. 6.25(a) shows the position of FIB milling and Fig. 6.25(b) shows the
image after FIB milling. In the defect area, below the platinum film, a solid resist
film was observed, as framed by the dotted box in the figure. This result further
confirms that bubble defects are formed by underexposure, because they diverge
the exposure light, reducing the exposure light intensity under the bubble.

6.6.3 Other evidence of watermark defects

Watermark defects also leave other evidence on the wafer. Immersion water
invariably contains some impurities. One mL of water containing 2 ppt of iron
(2.2 x 10* Fe atoms) could form one 640-nm x 640-nm x 640-nm iron cube if all
of the water were evaporated or could form dozens of particles in the 100- to
200-nm range.?’ Figure 6.26(a) shows a SEM image of several particles resulting
from the evaporation of a droplet of water on a silicon wafer. Therefore, it is
expected that there should be some dry residuals associated with watermark
defects. After PEB, however, dry residuals might be washed away by the
developer or by the DI water rinse. We searched our database of defect images
and found a few watermark defects that were accompanied by particles (Fig.
6.26(b)). We expect that the particle sticking on the defect surface is the dry
residual of the water droplet.

6.6.4 How resist components and process parameters affect the
formation of watermark defects

Because the details of the physical and chemical interactions leading to the loss
of resist sensitivity under water droplets are still not completely understood, this
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Figure 6.25 Images of a bubble defect taking by a FIB/SEM tool. The wafer was tilted 45
deg. (a) Before FIB milling. (b) After FIB milling.

Figure 6.26 (a) Dry residuals of a water droplet on a bare-Si wafer. (b) SEM image of a
watermark defect. The particle on the surface is believed to be the dry residual from the
water droplet.

is an area of active experimental investigation. These experiments explore the
roles played by resist composition and processing conditions in the formation of
watermark defects. However, these experiments have been done across different
resist and topcoat platforms and the results are somewhat ambiguous.?® A
summary of these results follows.
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The studies reveal no clear correlations between leaching levels of the resist
and the number of watermark defects. However, higher levels of PAG or base
tend to decrease the frequency of watermark formation. Various PAGs also result
in different watermark defect counts. Further experiments suggest that the
formation of watermark defects on resist films is related to the activation energy
and hydrophobicity of the resist.® High activation energy and hydrophilic resists
tend to have more watermark defects; however, increasing the PEB temperature
reduces the number of watermark defects.

The correlation between the watermark defect and the water uptake is still
unclear, partly due to the difficulty of measuring the uptake of water. Specifically,
water uptake (swelling), occurring as a result of interaction with a water droplet,
is different from interaction with a meniscus. Due to surface tension, the pressure
inside a water droplet P, is higher than the outside pressure P, (Fig. 6.27).
Assuming that the water droplet has a spherical shape, the pressure difference is
calculated as follows:

2
PI_PZZ’Y'EI (61)

where v is the water surface energy and R is the radius of the sphere. This is
called the Laplace equation. R can be calculated from the height a and width 2b
of the droplet as

Rz(b—2+aJ/2. (6.2)

a

From Eq. (6.1), the Laplace pressure (P, — P,) increases with decreasing size
of the water droplet. Immediately before the water droplet dries out, the Laplace
pressure increases to a maximum value.* This pressure may help the water
penetrate into the resist film.

Figure 6.27 Diagram of a water droplet on the resist film.
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6.7 Strategies for Reducing Watermark Defects

The first strategy for reducing the number of watermarks is to minimize the
number of water droplets left behind. Such efforts include optimization of
immersion head design to give better water confinement and utilization of
hydrophobic resists. If droplets are left behind, they should be removed from the
resist surface as quickly as possible. Thus, the second strategy is to rinse the
wafer with DI water prior to the PEB, effectively removing water droplets before
they cause any damage to the resist. To reduce the retention time of water
droplets, rinse modules are typically installed at the interface between the
immersion scanner and the track. The third strategy is to select a resist that
demonstrates certain watermark-proof characteristics.

6.7.1 Hydrophobic surfaces help reduce watermarks

In an immersion scanner, the water meniscus moves with the exposure head. The
shape of the meniscus can be defined by the dynamic contact angles, which
describe the water contact angles in the front (advancing contact angle 0,) and the
rear (receding contact angle 6,) of the meniscus. Smaller receding contact angles
lead to an increasing number of water droplets left behind. If the receding contact
angle is zero, a continuous film of water is left behind. This condition is called
“film pulling.” To reduce the numbers of droplets left behind, the receding
contact angle must be large. Large receding contact angles can be achieved by
increasing the hydrophobicity of the resist or topcoat surface.

The density of watermark defects was measured as a function of topcoat
hydrophobicity (Fig. 6.28).>%* Defect counts decrease dramatically with
increasing surface hydrophabicity. As the receding contact angle exceeds 70 deg,
defect counts approach those of 193-nm dry processed wafers. Therefore, it has
been suggested that a receding contact angle of 70 deg is required in order to
avoid leaving behind water droplets at full scan speeds. When printing contact
holes, photosensitivity losses caused by water droplets lead to missing contact
holes. By using topcoats with higher hydrophobicity, the missing-hole defects
can be reduced. Figure 6.28(b) shows the measured defect (missing-hole) counts
at the contact level from different topcoat processes. The results show that the
hydrophobic topcoat (TC-H) has the lowest density of watermark defect counts.
These results clearly underscore the importance of hydrophobic surfaces in
reducing the number of watermark defects (Fig. 6.28).

The number of water droplets left behind the meniscus increases with
decreasing receding contact angle (RCA). Numerous experiments have shown
that the density of droplets versus the RCA is nonlinear and can be
approximately described by the curve in Fig. 6.29.3 These curves show a sharp
transition region that is very sensitive to small changes in receding contact angle.
This transition generally occurs for contact angles of 50-60 deg. However, for
conditions that are more likely to produce a higher density of water droplets, such
as high scan speeds or proximity to the wafer edge, the transition region can
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Figure 6.28 (a) Watermark defect counts measured from various topcoats. The topcoats
are characterized by the receding contact angle. (Reprinted by permission from Ref. 31.)
(b) Defect (missing-hole) counts at contact level measured from different topcoat
processes. (Reprinted by permission from Ref. 33.)

occur at higher RCAs. Therefore, in order to minimize droplet density at which
the meniscus is metastable, higher RCAs are required.

Although hydrophobic surfaces have fewer watermark defects, they tend to
have higher bubble defects, since air bubbles are easily entrapped when the
advancing contact angles are high. Thus, there is a trade-off between the number
of watermark defects and the number of bubble defects. Fortunately, many
scanner vendors have announced exposure heads with bubble-free designs.'®*" If
bubble entrapment can be solved with advanced designs of exposure heads,
topcoat or resist vendors can increase the material hydrophobicity to reduce
watermark defects. Typical 193-nm dry resists have static angles of ~60 deg and
receding contact angles of ~40 deg. New 193i resists can have receding contact
angles of ~80 deg.
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Figure 6.29 The expected “quantitative” relationship between the receding contact angle
and number of water droplets. (Data from Ref. 34.)

Another side-effect of increasing the hydrophobicity of developer-soluble
topcoats is that hydrophobic topcoats tend to have lower dissolution rates in
developer. Unfortunately, however, high dissolution rates are required to reduce
blob (satellite) defects. As mentioned earlier, blob defects are typically composed
of topcoat or resist materials that have redeposited on the surface during
development or rinse steps. Although hydrophobic surfaces will generally have
fewer watermark defects, they are likely to have more blob defects. This issue
can be addressed by using the polymer blending technique. Small quantities of
fluoropolymers in hydrophilic topcoat or resist will migrate to the surface,
forming a hydrophobic surface layer, while the bulk remains hydrophilic. This
technique may lead to ideal developer-soluble topcoats that have hydrophobic
surfaces but dissolve quickly in developer.

6.7.2 Optimization of routing paths and scan speeds of immersion
heads

The shape of the water meniscus is highly dependent on the scan speed. Higher
scan speeds lead to smaller receding contact angles, typically resulting in the
formation of higher densities of water droplets on the wafer. Figure 6.30 shows
the defect density measured from the wafers exposed at different scan speeds.®®
Although the scanner has an early exposure head design, the results show that
high scan speeds lead to higher defect counts.

Development of exposure heads with ideal water confinement is an attractive
goal; however, some level of water leakage appears to be unavoidable.

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



140 Chapter 6

Figure 6.30 Defect density measured from the wafers exposed at different scan speeds.
This scanner has an early exposure head design. (Reprinted by permission from Ref. 35.)

Immersion heads have complex designs that are circular in shape and surround

the bottom lens element. Inwardly directed air jets are used to better confine the
meniscus (Fig. 6.31).%° The water circulation and air confinement systems may

Figure 6.31 Sketch of an immersion head design. (Reprinted by permission from Ref. 36.)
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introduce additional turbulence into the water meniscus. Even when the exposure
head is stopped, water leakage and watermark defects are observed at the edge of
the immersion head.*”*® In these studies, with no exposure, the immersion heads
are moved to the wafer centers and held steady for a couple of minutes. This is
called hovering. Defects with a ring signature were observed in these wafers (Fig.
6.32). The ring, which indicates the water leakage at the edge of the immersion
head, matches the size of the immersion head: the longer the hovering time, the
more water leakage occurs.

These results show that the contact time between the immersion head and the
wafer should be minimized (Fig. 6.32). An effective way to reduce watermark
defect counts is through optimization of the movement path of the exposure head
over the wafer surface in a method called “routing.” The movement of the
exposure head consists of two parts: the step and the scan. The coverage area of
an immersion head is larger than the exposure field. The key to the optimization
of routing is, therefore, to minimize the number of times the exposure head
passes through any point.

Figure 6.33 shows three different exposure routes: one normal route and two
special routes.®*® The normal route is widely used for dry exposures and is the
default setting for 193i scanners. Special routes 1 and 2 were designed to reduce
defect counts. The short light-gray arrows in Fig. 6.33 show the scan direction in
each die. The dies are labeled according to the exposure order. In both the normal
route and the special route 1, the scan directions in neighboring dies are opposite.
As soon as the exposure head finishes the first die exposure and steps to the
second die, it is ready for the next scan. This helps to improve the exposure
throughput. In contrast, in special route 2, all dies are scanned in the same
direction. When the exposure head finishes the first die exposure and steps to the
second die, it is not ready for the second scan, so the reticle stage needs to first
move back to the starting position.

Figure 6.32 Wafer defect maps after immersion head hovering for different times. On the left
is the whole wafer map and on the right are amplifications (the immersion head hovered for
1, 3, 5, and 10 min) in the wafer center. (Reprinted by permission from Ref. 37.)
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Figure 6.33 Normal exposure routing and two special routings. The normal routing is
adopted from the dry process. The special routings were designed to reduce watermark
defect counts. (Reprinted by permission from Ref. 39.)

Defect counts are measured for the wafers processed by the three different
routes. Special route 2 gives the lowest defect count, but the throughput is the
smallest because there is a delay between passes, as the exposure head has to
realign. The normal route has the highest defect count. Geometric calculations
show that some points between the dies were wet several times by the exposure
head using this normal route. Special route 2 minimizes the number of times the
points between the dies were wet.

Before exposure, the exposure head may need to move across the wafer stage
for alignment. The concept of minimizing the multiple wetting areas is applicable
to alignment as well; it is better to avoid moving the exposure head across the
wafer during alignment.

6.7.3 DIl water rinse process

Rinsing wafers with DI water immediately before and after exposure (pre- and
post-rinses) can reduce the density of watermark defects.** While pre-rinses
change the surface state and reduce the probability of droplet formation, post-
rinses remove water droplets. If droplets remain on the surface too long, the post-
rinses are no longer effective.

The effectiveness of DI water rinsing has been evaluated by various groups™
who determined that pre- and post-rinses can reduce watermarks. The
effectiveness of the rinse largely depends on the resist stack. For some resists, the
rinsing reduces defect counts by up to 80%. For other resists, only < 5%
reduction is observed. Such dependency on materials has been attributed to water
uptake and continues to be an active area of investigation. Due to its
effectiveness, rinse modules for performing rinses before and after exposure have
been added to advanced tracks.

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Immersion Defects and Defect-Reduction Strategies 143

One issue with this approach is that rinse processes can change the resist
sensitivity, as shown by contrast curve studies.*” This is especially true for the
post-rinse process. Figure 6.34 shows cross-sectional images taken from the
wafers with and without a 30-second post-rinse. The resist profiles resulting from
the process without the rinse show top-rounding, indicating resist loss, whereas
the resist profiles resulting from the process with the rinse have flat tops. Further
experiments demonstrate that the DI water rinse may also affect cross-wafer
uniformity (CDU) and line-edge roughness (LER) deviations. Therefore, before
new rinse steps can be added to reduce watermark defects, the effect of these
changes must be fully considered.

6.7.4 Other rinse processes

In addition to DI water rinses, rinsing resists with other solutions has been
proposed. For example, rinsing resist films with surfactant before exposure can
increase the resist surface hydrophobicity (see Chapter 4 for details). Some
experimental results demonstrate that post-rinsing the resist film with a weak
acid (so-called acid rinse) is more effective at removing the watermark defects
than is a DI water rinse.*®

Figure 6.35 shows the comparison results of two resists: TARF-Pi6-001 and
PAR IM850. First, water droplets were dispensed on the resist surfaces. After
delays of 0-4 min, the wafers are rinsed with DI water and inspected for
watermarks. Rinsing with DI water is more effective at removing watermarks
from the resist TARF-Pi6-001 than from PAR IM850. Even after retention times
of up to 4 min, the water droplets on TARF-Pi6-001 can be effectively removed
using the DI water rinse. For the resist PAR 1M850, the acid rinse is more
efficient at removing watermarks from the resist surface than is a DI rinse. One
challenge associated with the implementation of the acid rinse is the need to
redesign the configuration of the track, since the acid rinse module may need a
separate drain system.

Figure 6.34 Cross-sectional images of 90-nm / 90-nm pattern processed (a) without rinse
and (b) with a 30-second post-rinse. Both chips were tilted at the same angle with
magnification of 200 K.
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Figure 6.35 Rinse-effect comparison. (Reprinted by permission from Ref. 43.)

6.8 Particles

Particles are another major source of defects observed in 193i-processed wafers
and are found in both patterned and nonpatterned fields. Particles may have
various shapes and sizes, from several nanometers to tens of micrometers.
Particle defects are not unique to 193i lithography; however, some additional
particle sources exist only in the 193-nm immersion process.

6.8.1 Particles from the immersion water

The water used for immersion inevitably contains particles and impurities.
Particles in the water can deposit on the wafer surface allowing unwanted
chemical components in the water to aggregate on the wafer surface. Therefore,
the immersion water must be ultrapure with very low levels of particles and
impurities. Clean-room DI water must be further treated and filtered before it can
be used in exposure heads. Scanner suppliers provide detailed specifications for
immersion water.

Apparently, particles suspended in immersion water are less likely to
generate optical defects on the pattern. Considering the 500-mm/s wafer scan
speed and the flow rate of the water, the particles in the water are almost static
during exposure while the wafer quickly passes underneath. The resist image
would contain stripes if the suspended particles were printed; however, stripe-
like defects are not observed. Simulations show that the projected image of a
particle will be too out of focus to print if it is too far from the resist surface.
Only particles with H/D ratios < ~50 (H is distance of the particle from the resist
surface and D is diameter of the particle) will print images on the resist film.

6.8.2 Particles from the wafer stage

Another potential source of particles is the wafer stage. After the wafer is loaded
on the wafer stage, the exposure head must move across the wafer stage for
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alignment. While the water meniscus moves with the exposure head across the
wafer stage, particles on the wafer stage can be picked up by the water meniscus
and transported to the wafer (Fig. 6.36). Particles on the wafer stage may come
from previously processed wafers. After extended use during production, the
wafer stage inevitably contains particles and deposited films.

Polystyrene and silica nanoparticles were intentionally deposited onto bare
silicon wafers or resist-coated wafers. Particle distributions were measured
before and after passing through the immersion scanner. Changes in distribution
indicate how particles are picked up and redeposited by the immersion head. It
was found that the rate of particle pickup decreases monotonically with increased
scan speed. Although there is almost no redeposition at either low or high scan
speeds, the redeposition rate reaches a maximum at medium scan speeds.

Routine cleaning of the wafer stage and immersion head has been proposed
to reduce particle counts. Wafer stages and immersion heads can be cleaned
either by wiping with a solvent or by using an in situ cleaning technique.* For
example, a special cleaning fluid can be injected into the immersion head, which
is then scanned across the stage at very slow speeds so that the water meniscus
can pick up and flush away particles. Figure 6.37 shows the results of the particle
per wafer pass (PWP) tests before and after the in situ cleaning procedure. These
results demonstrate that tool cleaning can reduce defect counts by 75%.%*’

6.8.3 Wafer edge

The movement of the water meniscus can pick up loose flakes or particles along
the wafer edge. The thickness of the resist stack changes from several hundred
nanometers to zero, forming slopes. Figure 6.38(a) is a sketch of the edge of a
wafer, which consists of top and bottom bevels and an apex. Particles and loose
flakes are easily generated in this region. For example, some resists or topcoats
have poor adhesion on bare silicon. If the resist film is coated beyond the edge of
the BARC film, the resist film on bare silicon can easily form loose flakes.
Figure 6.38(b) shows a side view of film peeling from the wafer edge. The resist
film peels along the apex and bevel regions. Typically, this film peeling is only
present at the edge, and therefore is difficult to detect by the conventional top-

Figure 6.36 Diagram of particles on the wafer stage picked up by the water meniscus.

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



146 Chapter 6

Figure 6.37 PWP (particle per wafer pass) test results before and after the in situ cleaning
procedure. (Reprinted by permission from Ref. 21.)

down inspection methods. Thus, a special tool dedicated to edge inspection is
needed.”® When the exposure head moves across the wafer edge, it wets not only
the near-edge top surface, but also the curved wafer edge and even part of the
bottom surface. Particles and peeled films can be released from this area and
redeposited either on the wafer or on the wafer stage.

Figure 6.38 (a) Diagram of a wafer edge. (b) Side-view image of a wafer edge. (Reprinted
by permission from Ref. 45.)
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A point near the edge of a wafer coated with resist and topcoat was inspected
by optical microscopy. The wafer was then loaded into a full-field scanner and
the exposure head was moved across the selected point near the wafer edge. The
point was inspected again by optical microscopy. Figure 6.39 shows optical
microscopic images of the wafer edge region before and after treatment by the
exposure head. Particles clearly visible at the edge (Fig. 6.39(a)) disappeared
after being scanned by the exposure head (Fig. 6.39(b)). The particles were
carried by the water meniscus to the wafer center.

To reduce film peeling at the edge of wafers, good adhesion of resist or
topcoats is essential. For integrated wafers, the adhesion between BARC and the
film stack on the wafer can be weak. Special chemical treatment may be required
to enhance adhesion. The adhesion of topcoats to various substrates, such as bare
Si, SiON, and poly-Si, was systematically investigated.”**" It was found that
some topcoats have good adhesion to the substrate, while others do not.
Changing coating conditions and/or PAB of the topcoats cannot effectively
enhance adhesion. Treating wafers with special chemicals can enhance topcoat
adhesion.

The edge bead removal (EBR) process should remove loose flakes and keep
the edge region clean and inert to the effects of the water meniscus. Optimization
of the EBR process is a tedious, yet necessary step in reducing defects. The best
processes can be obtained only through numerous tests and are material
dependent.?* Figure 6.40 shows experimental results in which different EBR
layouts and their impact on pattern defects counts are evaluated. The
BARC/resist/topcoat was coated on bare Si (Figs. 6.40(a) and (c)) or on HMDS-
treated (Fig. 6.40(b)) wafers with different EBR layouts. The wafers were cycled
through the immersion scanner and the defect counts were measured and
compared. Results show that with the wrong EBR layout (Fig. 6.40(a)), the resist
or topcoat can be flushed away from the wafer, thus causing a huge number of
particle defects. The best EBR strategy is to put both the resist and the topcoat on
the BARC (Fig. 6.40(b) and (c)), with or without the use of adhesion

Figure 6.39 Optical microscopic images at the wafer edge (a) before being scanned by

exposure head and (b) after being scanned by exposure head.

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



148 Chapter 6

Figure 6.40 Different EBR layouts and their impact on pattern defects counts. (Reprinted
by permission from Ref. 20.)

promotion with HMDS prior to the coating of the BARC.*® This assures the best
adhesion to the wafer with minimal particle contamination from the edge.

To further reduce the particles at the bevel region, polishing the edge after
materzioal coating has been suggested. Early tests showed a particle reduction of >
60%.

The severity of film peeling at the edge largely depends on the choice of
substrate and film material. Not only resist and topcoat, but also poorly adhering
films such as oxide, nitride, low-k films, etc., can peel off at the wafer edge,
especially with the force generated by the movement of the water meniscus. Also,
one must pay extra attention to transport- and handling-related damage to the
wafer edge. Rework processes typically result in an increased presence of
scratches (usually at the lower bottom bevel). These defects can pose risks when
the immersion head is passing over the wafer.*

6.9 Pinholes in Ultrathin Films of Topcoat or Resist

Topcoats are very thin coatings, typically thinner than 90 nm. Spin coating of
ultrathin films (< 100 nm) can be a challenge. The polymer solution must have
the right viscosity in order to reach the target thickness with a reasonable spin
speed. In addition, contamination and imperfections in the substrate can result in
the formation of nucleated holes in the film, called pinhole defects.
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Pinholes in topcoat films allow the resist film to be directly exposed to the
immersion water. Water can penetrate the holes, reaching the resist film, and
resist components can leach out through the hole. These compounds can change
the local resist chemistry and form defects. An atomic force microscope (AFM)
was used to investigate the pinholes in various topcoat films.! Figure 6.41 shows
AFM images in different locations across the wafer. In some topcoats, pinholes
as large as 100 nm were observed.

The pinhole densities in resist films were investigated as a function of
thickness.*® The resist was spin coated onto 80-nm thick chromium films on glass
substrates at different thicknesses. Following the PEB, samples were immersed in
a Cr etch solution for 60 seconds. The resist films served as etch masks to block
the etch process. At the pinhole sites, however, the Cr etch solution had direct
contact with the Cr film and etched the Cr film. After the Cr etch process, the
resist films were stripped by rinsing with acetone. The pinholes in the resist film
were transferred to the Cr film. The samples were then examined for pinhole
density measurement with a transmission optical microscope. It was observed
that the thinner resist films had higher densities of pinholes. The pinhole density
was roughly inversely proportional to the square of the film thickness. Below a
thickness of 100 nm, the pinholes introduced a defect density of > 4 /cm?, which
corresponds to a total defect count of ~2800 on a 12-in wafer. The scaling
relation depended strongly on the type of material and on the process conditions.
Optimization of the material and the process parameters effectively reduced the
pinhole density.

6.10 Microbridging Defects

Microbridging defects are undeveloped sections of resist that form bridges
between adjacent resist lines. These defects are often observed in dense line
features and are usually < 300 nm (Fig. 6.42). Microbridging defects were first
observed in resist patterns printed using 193-nm dry lithography. The defects
were attributed to the BARC process® and small particles that block the exposure
light. Wafers processed using immersion lithography show much higher counts

Figure 6.41 AFM images of topcoat film at different locations on the wafer. The arrows in
the images are pointed at the pinholes. (Reprinted by permission from Ref. 11.)
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Figure 6.42 SEM images of typical microbridging defects. The pitch of the dense lines is
220 nm.

of microbridging defects than those processed using 193-nm dry lithography.
This indicates that the 193-nm immersion process has additional sources of
microbridging defects.

Auger spectroscopy has been used to perform in situ analysis of
microbridging defects.* The chemical composition of microbridges is similar to
that of the resist pattern. This result seems to suggest that the microbridges are
actually resist residues, or at least, the majority of the microbridging is from the
resist. However, microbridging defects can be generated by several different
mechanisms.

6.10.1 Microbridging caused by microbubbles

As described in a previous section, a bubble attached to the resist surface can
refract and scatter exposure light, reducing its local intensity. Simulation shows
that a bubble of ~80-nm diameter attached over a 100-nm 1:1 dense line/space
pattern can cause the spaces not to open.? However, with such a small bubble,
other features characteristic of scattered light (e.g., fringes around defects) are
not detected. These microbubbles may be the result of either resist outgassing or
the delivery system of the immersion water.

6.10.2 Opague particles

Microbridging can also be generated by opaque particles attached to the resist
surface that can block the exposure light and cause small underexposed spots.
After development and rinse, the particles may be washed away, leaving behind
underexposed spots that appear as microbridging defects. Several experimental
results suggest that these opaque particles may result from particulate
contaminants in the resist.”> These substances do not react during exposure
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or PEB, so by optimizing the filtration process, specifically the point-of-use
(POU) filters, they can be removed and microbridging defect counts can be
reduced.

6.10.3 Intermixing layer between resist and topcoat

It has been reported that intermixing layers may be formed at the interface
between developer-soluble topcoats and resists.>® These intermixing layers result
from the diffusion of chemical components during bake. In some resist and
topcoat combinations, the intermixing layer has a low dissolution rate in
developer.> Figure 6.43 shows a dissolution rate curve measured from a topcoat
and resist stack by a resist development analyzer (RDA). The wafer coated with
the resist and topcoat was first flood-exposed and then sent to development.

The development of topcoat and resist occurs in three stages. The topcoat and
resist dissolve quickly during the initial and final stages. Between the topcoat and
resist, the intermixed layer dissolves slowly (marked with an oval in Fig. 6.43).
The formation of this intermixing layer has been blamed for bridging defects on
the resist pattern.

Figure 6.43 Resist development analyzer (RDA) results of a developer-soluble topcoat
and resist stack. The oval marks the low dissolution rate period, which corresponds to the
intermixing layer. (Reprinted by permission from Ref. 54.)
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6.11 Summary

Bubbles, transparent particles, topcoat blisters, watermarks, particles, and
pinholes on topcoat have been identified as 193-nm immersion-related defects.
Bubbles, water blisters, and watermarks are unique to the immersion process.
Although particles and pinholes are observed on dry processed wafers, the
immersion process provides additional complexity. After development, these
defects may appear in a number of different ways. Some defects may look alike,
but are generated by different mechanisms (e.g., watermark defects and bubble
defects are all circular in shape). The mechanisms for formation of immersion
defects have been shown to originate in the scanner, in the material
(BARC/resist/topcoat), or as a result of the process setup. Based on these
mechanisms, various strategies have been proposed to reduce these immersion-
related defects. Table 6.2 outlines the various defects and appropriate reduction
strategies.

As a result of the combined efforts of scanner suppliers, material suppliers,
and IC manufacturers, the defect counts of 193i processed wafers are
approaching those of dry 193-nm processed wafers. Immersion-dedicated tracks
with rinse modules are available on the market and immersion heads with better
water confinement have been installed in full-field scanners. With advanced
immersion cell and developer-soluble topcoat processes, 55-nm dense lines with
defect densities as low as < 0.03/cm? have been obtained.>

Lithography generally has the luxury of rework; wafers that fail in CD or OL
(overlay) can be sent back for rework. Resist patterns can be removed and sent
back to be coated with resist and exposed again. Strategies involving the rework
of wafers that have failed in defect counts, however, are still not fully developed.
Clearly, there is no sense in reworking wafers if the original defect densities
cannot be reduced. Process engineers must first categorize the defects measured
from the wafers and compare these with specifications. For example, if the
watermark defect counts are higher than the specifications and dominate the total
defect counts, the wafer can be re-exposed at slower scan speeds or can be
processed in combination with a more hydrophobic topcoat. Understanding
defect formation mechanisms is critical to implementing the rework route for
wafers that fail to meet defect specifications.
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Table 6.2 Various immersion-related defects and reduction strategies.
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Chapter 7
Antireflection Coatings and
Underlayer Technology

Exposure light passes through resist films and may reflect off the substrate. The
reflected light interferes with the incoming exposure light and generates standing
waves in the direction normal to the wafer surface. These standing waves have a
period of a quarter of the wavelength divided by the index of refraction Ngesig.
Thus, the reflected light causes a corrugated profile in the resist pattern and
makes CD control very difficult. If the substrate has patterns, the patterns
underneath the resist film may reflect exposure light differently from the way
unpatterned areas reflect exposure light, leading to poor CD uniformity across the
wafer.

Antireflection coatings (ARCs) have been introduced to control reflection.
These ARCs can be located either below the resist film (bottom antireflection
coatings or BARCs) or above the resist film (top antireflection coatings or
TARCs). TARCs control the reflection at the top resist surface. They are organic
solutions that are spin-coated onto the resist surface. BARCs are specifically
useful on pattern or topographic substrates and control the reflection from below.
BARCs can consist of either organic or inorganic materials. Inorganic BARCs
are deposited via chemical vapor deposition (CVD) methods (e.g., SiON films).
Organic BARCs are spin-coated onto the substrate and then baked at high
temperatures to remove solvent and to cross-link the film.

The disadvantage of inorganic BARCs is that they cannot be removed by
solvent and so cannot be reworked. Usually, after pattern transfer, the inorganic
film stays on the wafer and becomes part of the film stack. In contrast, the spin-
on organic BARCs are more process-flexible and can be easily removed with
solvent or plasma etch. Their viscosities can be adjusted, enabling different
coating thicknesses from several tens to several hundreds of hanometers.

Due to their fluid nature, organic BARCs may fill the wafer surface
topography and planarize surfaces. Some organic BARCs are optimized for this
purpose and are called planarizing BARCs. The coating performance of BARCs
is strongly related to the molecular weight of their polymers, their viscosity, and
their solvent content. While low molecular weight polymers can easily fill vias
and help planarize surface topography, high molecular weight polymers can
provide more uniform coverage over surface topography and are called
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conformal BARCs. The CVD method deposits inorganic films that are conformal
to the surface topography of the substrate. This chapter focuses on various
organic spin-on BARC and TARC processes. The introduction of the immersion
technique enables hyper-NA, where NA > 1. At this high NA, the incident angle
of the exposure beams is larger than 44 deg and the reflection issue becomes
much more severe. Advanced strategies for reflection control must be developed
to address this issue.

As pattern size continues to decrease, so does the film thickness of
photoresists. At the 45-nm half-pitch node, resist thicknesses of 70-130 nm are
recommended by the ITRS roadmap. Such thin resists can no longer provide
enough etch resistance for transferring the pattern to the substrate. Hard masks
(HMs) have been widely adopted as a solution. First, the thin resist pattern is
transferred to the HM layer during etch, where the etch rate of the HM is much
larger than that of the resist. Then, the pattern is transferred from the HM to the
substrate (using different etch chemistry), where the etch rate of the substrate is
much larger than that of the HM. Traditionally, the HM is an inorganic material
deposited using CVD. More recently, however, the spin-on HM has been
developed and widely accepted by IC manufacturers.

Spin-on hard masks are supplied as chemical solutions. They are spin-coated
onto substrates and baked to remove solvent. These coat and bake steps are easily
installed in standard tracks without the need for CVD tools. Most spin-on hard
masks can be reworked by stripping with solvents to further reduce the cost of
the process. Spin-on HMs are typically coated between the resisttBARC stack
and the substrate. They can also be designed to have some antireflection
properties. Thus, the combination of BARCs and HMs can have better
antireflection control; however, the development of BARC technology has not
been limited to reflection control. In fact, the name “BARC technology” is not
enough to describe this field and the more general “underlayer technology” may
now be the better term. The “underlayer” simply means all layers under the resist
film. This chapter reviews advanced underlayer technologies, as well as top
antireflection coatings (TARCS).

7.1 General Requirements for Conventional Bottom Anti-
reflection Coatings (BARCSs)

7.1.1 Optical requirements

Assuming a resist film is coated on a substrate without any antireflection
coatings, exposure light will be reflected at the resist surface and at the interface
of the resist and the substrate. The interference of the exposure beams and the
reflected beams generates a periodic variation in light intensity along the vertical
direction of the resist film, creating a standing wave profile. The standing wave
has a period of a quarter of the wavelength in the resist (Aresist/4). Its swing
amplitude (SA) is strongly related to the reflectivity at both the resist top (Rt)
and the resist bottom (Rg):
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SA ~ f-e‘w. (7.1)

In Eq. (7.1), EL is the exposure latitude of the lithographic process, D is the
thickness of the resist, and o is the absorbance of the resist. The presence of the
standing waves generates a CD variation and the dispersion of the CD is directly
linked to the swing amplitude (SA) of the standing wave. It is possible to
minimize the SA by decreasing Rg or Rt (use BARC or TARC) or by increasing
the absorbance a. of the resist (dyed resists)."

The BARC film is coated on the substrate underneath the resist film to
reduce the reflection at the resist bottom. Figure 7.1 shows the propagation of
light beams in a resist and BARC stack. Working properly, the BARC film
causes the destructive interference between the incident beams and the reflected
beams at the bottom of the resist film. A detailed optical calculation can be
applied here to find parameters for the destructive interference.> At a small
incident angle, the calculations are simple:

nBARC = nResist ’ nSubstrate ! (72)

e =k ’“E% (7.3)

In Egs. (7.2) and (7.3), Nearc, Nresist, aNd Nsyssirate are the refractive indices of
the BARC, resist, and substrate, respectively, k is an integer factor, and Agarc is
the light wavelength in the BARC, which equals 193 nm/ngarc. These are labeled
in Fig. 7.1, as well. In the case of a large incident angle corresponding to a high
NA exposure, Egs. (7.2) and (7.3) are not applicable and detailed calculations are
needed to find the optimum thickness and refractive index.

Figure 7.1 Propagations of light beams in a resist and BARC stack.
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7.1.2 Thermal cross-linking

After BARC films are coated on a substrate, they are cross-linked using high-
temperature bakes. Not only is this cross-linking important to the overall
lithographic performance of the resist and the BARC stack, but also it enables the
use of the pre-wet process and prevents erosion of the BARC film during resist
coating.

A simple method for evaluating the cross-link performance of an ARC uses a
solvent rinse. After PAB, the BARC film is soaked by the resist solvent (for
example, PGMEA), for 60 seconds. The thickness of the BARC film is measured
before and after the solvent soak. Figure 7.2 plots the results of such an
experiment.3 Without the solvent soak, the BARC maintains a similar thickness
at different bake temperatures from 150 to 220° C. With the solvent soak, the
thickness loss is observed with the BARC film baked at the temperature < 180°
C, which indicates incomplete cross-linking. At a bake temperature > 180° C, the
film is cross-linked and the thickness remains at a constant value throughout the
solvent soak.

The cross-linking can also be checked using FTIR. The FTIR spectrum of
BARC films is measured before and after high-temperature bakes. A reduction of
the alcohol band from 3100 to 3500 cm™ indicates that cross-linking occurred.

7.1.3 Sublimation test

After coating, BARC films must be baked at high temperatures, typically around
200° C, to ensure that cross-linking is complete. At such high temperatures,
outgassing of chemical components of the BARCs can be a problem. In general,

Figure 7.2 BARC film thickness variation after solvent soak. The BARC film was baked for 90
seconds.
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outgassing is caused by solvents, residual monomers, and other small molecules
in the BARC formulation. When large amounts of outgassing occurs, the exhaust
system may not always be evacuated quickly enough, so the outgassed
components condense on the inner wall of the baking chambers. These
condensates can be solids that may peel off and drop onto subsequent wafers,
resulting in cross-contamination. Therefore, BARC formulations must be tested
for outgassing by what is called the sublimation test.

Sublimation tests consist of two parts.* One test identifies the outgassing
components, while the other determines the outgassing rate. A wafer coated with
a BARC film is loaded onto a hotplate with a quartz plate above it (Fig. 7.3(a)).
During the bake, the chemical components outgas from the BARC film and
deposit onto the quartz plate. The quartz plate is sent for transmission spectral
analysis, such as FTIR, to identify the composition of the chemicals deposited on
the plate.

Figure 7.3(b) shows the apparatus for measuring the outgassing rate. A
funnel-shaped collector is placed over the wafer and a vacuum pump is
connected to the collector. The outgassed components are forced to pass near a

Figure 7.3 Sublimation test of the BARC film. (a) Setup for testing the outgassing
components. (b) Setup for testing the outgassing rate.
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QCM (using a vacuum pump. Some of the chemical components deposit onto the
QCM detector, causing a decrease in the resonant frequency. By measuring the
frequency change over time, the outgassing rate can be obtained.

7.1.4 Resist compatibility

As sketched in Fig.7.1, the BARC film is located between the resist film and the
substrate and, therefore, must be compatible with the resist. The compatibility
has two criteria from the perspective of lithography performance. First, after
exposure and development, the resist patterns on the BARC surface should have
no footing. Second, the BARC surface must be optimized to reduce blob defects.

7.1.4.1 Resist footing

Resist footing occurs when the bottom of the resist film loses photosensitivity.
After exposure, photoacids are generated in the resist. These acid molecules can
diffuse into or pass through the BARC film and react with the ions in the
substrate (e.g., SION hard mask) (Fig. 7.4). Similarly, amines in the substrate can
penetrate the BARC and poison the resist. By increasing the BARC thickness,
amine poisoning can be suppressed and resist footing reduced. However, thicker
BARCs are not preferred, due to their effect on pattern transfer during etch.
Therefore, better barrier performance of BARC material must be designed.

Figure 7.4 Sketched mechanism of resist poisoning.
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7.1.4.2 Control of blob defects

The root cause of blob defects is pH shock occurring during development and DI
water rinse. Blob defects occur when resist particles or clusters in the developer
redeposit on the surface. Increasing the surface affinity of BARC to developer
helps to reduce the precipitation of resist clusters onto the BARC surface during
development and rinse.*

7.1.5 Etch rate of organic BARCs

Organic BARCs are generally not soluble in standard aqueous developers. After
development of the resist, the BARC must be opened by etch. Thus, etch
resistance is a very important parameter for BARCs. A typical organic BARC
formulation consists of a polymer, a chromophore, a cross-linker, and a thermal
acid generator in a suitable organic solvent. Etch rates of BARC films depend on
all of the components within the formulation; however, the polymer is thought to
have the largest impact, since it is present in the largest amount. The Ohnishi
parameter has been used to model the etch rates of BARC polymers. This model
was originally proposed in 1983 and has been widely accepted.’> According to the
Ohnishi model, etch rate is proportional to the Ohnishi parameter as

Etch rate oc N , (7.4)
N.—N

C o

where Nt, N¢, and No are the total number of atoms, carbon atoms, and oxygen
atoms in the polymer. As seen in Eq. (7.4), high carbon content in the BARC
polymer leads to lower etch rates, while high oxygen content leads to higher etch
rates. The etch rate for a BARC film under a patterned resist film is found to be
about 51 to 74% of its blank etch rate.

Recently, several modifications have been made to the Ohnishi model. These
modified models include the contributions of other elements, such as nitrogen
and fluorine, to the etch rate. More nitrogen atoms lead to smaller etch rates in
oxygen etches, but lead to higher etch rates in fluorine etches.’

7.2 Challenges to Antireflection Control for Hyper-NA Exposure

193-nm water immersion scanners have numerical apertures as high as 1.35.
These hyper-NA (> 1) projection lenses are capable of collecting light beams
with large diffraction angles. The smallest dense patterns on the mask diffract the
light at the largest angles. These light beams are converged by the projection lens
on the resist surface with large incident angles (Fig. 7.5). Small lenses are able to
collect the diffraction orders from larger features (Fig. 7.5(a)), whereas larger
lenses are needed to collect the diffraction orders from the smallest patterns (Fig.
7.5(b)). The maximum incident angle of exposure beams can be calculated from
the NA value as
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Figure 7.5 (a) Patterns with large pitch in the mask generate small diffraction angles that
can be collected by a small projection lens. (b) Small patterns in the mask generate large
diffraction angles and require a large projection lens to collect the diffraction orders.

0=sin" (Mj (7.5)

n

In Eq. (7.5), n is the refractive index of the media between the projection lens
and the wafer. For 193i, n = 1.44. At NA = 1.35, the maximum incident angle on
the resist surface is about 70 deg.

The high incident angles characteristic of higher-NA 193i exposures impose
challenges to antireflection control, especially for masks with both small dense
and isolated features, since the incident angle on the resist surface for the dense
and isolated features is in a broad range of 0 to sin"*(NA/1.44), depending on the
pitch value. It is becoming very difficult to simultaneously reduce the reflections
from all light beams using a single-layer BARC. A simulation was done with a
single-layer BARC and 1.35NA exposure of 45-nm 1:1 dense and isolated lines.
Figure 7.6 shows the reflectivity at the resist-BARC interface with various
BARC thicknesses. The reflectivity minimum for the dense and isolated features
is located at different thicknesses as labeled. One cannot find an optimum BARC
thickness that can reduce the reflectivity to less than 0.5% for both dense and
isolated lines. The requirement of < 0.5% is commonly suggested by IC
manufacturers.

In addition, at the high incidence angle, the reflectivity at the resist-BARC
interface also depends on light polarization, i.e., the reflectivity versus incident
angle is quantitatively different for various polarization components. Figure 7.7
shows the calculated reflectivity at the resist-BARC interface as a function of
incident angle for both X and Y linear polarizations. In the figure, the stack is a
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Figure 7.6 Reflectivity at the resist—-BARC interface for different BARC thicknesses. The
arrows indicate the reflectivity minima.

representative stack. The angle of the incident light is plotted on the X axis as
NresistSING, Where Neesist 1S the refractive index of the resist and 0 is the angle of
incident light at the resist-BARC interface. Figure 7.7 demonstrates that the
reflectivity of X- and Y-polarized light is different when the incident angle is
away from zero. As a result, the BARC process also has to be optimized for each
polarization.

The challenges to the antireflection control at hyper-NA were first
recognized before hyper-NA tools became available. It was generally agreed that
a single-layer BARC process can be optimized to provide enough reflective
control for only one pitch. If one wants to simultaneously expose patterns with
various pitches, more aggressive antireflection control strategies are needed for
hyper-NA exposure. Although the use of conventional single-layer BARC
processes is the primary strategy used in mass production, more advanced
antireflection control strategies are being developed.®

7.3 Spin-on Dual-Layer BARCs and Graded Spin-on BARCs

7.3.1 Spin-on dual-layer BARCs

Compared to one layer of BARC, two layers of organic BARC can provide better
reflective control during hyper-NA exposures. The use of two different BARC
layers is not a totally new idea. Many CVD films that have antireflective
functions (e.g., SION) are widely used as hard masks (HMs) in film stacks. A
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Figure 7.7 Reflectivity at the interface of resist—=BARC as a function of incident angle for
both X and Y linear polarizations. nesist is the refractive index of the resist and 6 is the light
incident angle at the resist—-BARC interface. The resist film has a thickness of 220 nm with
n=1.7 and k = 0.02; the BARC film has a thickness of 51 nm with n = 1.8 and k = 0.5.

conventional organic BARC coated over a CVD film gives better reflection
control than does the organic BARC by itself. However, this hybrid of inorganic
and organic approaches lacks process flexibility. A CVD process is needed for
the inorganic film but the inorganic film cannot be removed after the lithography
process.

In the case of spin-on dual-layer BARCs, two different BARC layers are
spin-coated onto the substrate (Fig. 7.8). The n, k, and thickness t of the BARC
layers are optimized to obtain a minimum reflection over the pitch.

Resist (n, k,, t,)

puar-ayer | [N

BARC Lower BARC(n|b, k|b, t|b)

Substrate

Figure 7.8 Dual-layer organic BARC stack is obtained by spin-coating two layers of BARC
on the substrate. The upper layer has optical parameters of nys, kup, and a thickness of typ.
The lower layer has optical parameters of ny, kip, and a thickness of ty,.
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The lower layer is a planarization BARC and has a high k value, while the
upper layer has a low k value. The low-k upper layer enables high transparency
of exposure light for absorption to occur at the lower layer. It works in an
attenuation mode and offers better reflection control over pitches.? Figure 7.9(a)
shows an example of dual-layer BARC materials. The dual-layer BARC was
coated on a poly-Si substrate, and a 1.35NA scanner was used to expose 40-nm
lines with various pitches. Figure 7.9(b) shows the reflectivity of the exposure
light at the top of the dual-layer BARC with the change of total BARC thickness.
The results demonstrate that the reflectivity of all pitches reaches a minimum of
< 0.5% at the region close to 80-nm thickness. For comparison purposes, a
normal second minimum BARC is also used for simulation and gives different
optimum thicknesses for every pitch (Fig. 7.9(b)).

The dual-layer BARC has been evaluated for lithographic performance.*
Dual-layer BARCs demonstrate better exposure latitude and dose stability
through illumination configuration, as compared to single-layer BARCs. In
considering etch, the two BARCs are designed to have similar etch rates in order
to avoid potential complication of etch CD control.

Figure 7.9 (a) Parameters of a dual-layer BARC sample. (b) Reflectivity versus the total
BARC thickness for various pitches. The dotted arrow in (b) indicates a common
reflectivity minimum for all pitches. (Reprinted by permission from Ref. 9.)
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From the perspective of material suppliers, the dual-layer BARC processes
are ready; they do not require the invention of any new material platforms. Thus,
various organic BARCs with broad ranges of optical parameters and etch
performance are available and constitute part of the existing product portfolios of
BARC suppliers. In practice, only simulation is needed to identify the
appropriate materials and thicknesses. However, the introduction of spin-on dual-
layer BARC processes into mass production appears to be much more
complicated. Compared to single-layer processes, the dual-layer approaches
require additional material and additional coat and bake steps. As the total
thickness of the dual-layer BARC approaches the thickness of the resist film,
issues of etch selectivity become more critical.

7.3.2 Graded spin-on BARCs

Usually BARC films have uniform optical parameters throughout their depth.
Theoretical calculations, however, suggest that BARCs can provide better
reflection control if their refractive indices change continuously as a function of
depth. This type of BARC is called graded BARC (GBARC).

Graded BARCs were first realized as inorganic film deposited by CVD."
They were prepared by treating silicon nitride films with oxygen plasma so that
the oxygen composition could be gradually decreased through the silicon nitride
film. Consequently, the optical constants of the film also gradually changed. As a
result, a reflectivity of less than 1% was obtained with CVVD graded BARC.

Graded spin-on BARCs were prepared by blending polymers (Fig. 7.10)."
Two polymers were designed, one targeted as the top component (near the resist
film) and another targeted as the bottom component (near the substrate). The etch
selectivity and cross-linking functionality must be incorporated into the polymer
designs. As a general design, the bottom polymers are relatively hydrophilic with
k values > 0.5 at 193 nm. This ensures good adhesion to the substrate and higher
light absorption. In contrast, the top polymer contains fluorinated moieties and
has a smaller k of < 0.5 at 193 nm. It also has low surface energy and good etch
selectivity. The two polymers are formulated in an organic solvent together with
a thermal acid generator (TAG) and cross-linker (XL). After spin coating and
PAB, the top polymer self-segregates to the surface and the bottom polymer
moves to the bottom. Intermixing of the two polymers occurs between the two,
and a continuous increase of k from the top to the bottom in the BARC film is
obtained.

For different resists and substrates, the top and bottom polymers must be
designed to optically match. General rules are:

¢ Index n of the top of the graded BARC = n of the resist.
o kof the top of the graded BARC << k of the bottom of the graded BARC.
e Index n of the bottom of the graded BARC = n of the substrate.
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Figure 7.10 Design concept of graded spin-on BARC (GBARC) and its process flow.
(Reprinted by permission from Ref. 12.)

Various samples with thickness < 50 nm were prepared and coated on different
substrates. The improvement of through-pitch DOF, exposure latitude, and cross-
sectional profiles was demonstrated.*?

From the process perspective, there are obvious advantages to spin-on graded
BARCs, one being that they have the same process flow as conventional single-
layer BARCs. To realize the same reflectivity control, the graded BARC can be
made much thinner than a conventional single-layer BARC. This provides an
extra etch thickness budget for pattern transfer to the substrate. The problems that
accompany the development of graded BARCs will be solved primarily through
the design of new polymers.

7.4 Si-containing BARC and Spin-on Carbon

ArF resists inherently give poorer etch resistance than do KrF resists. Therefore,
etch masks are occasionally required for transfering the resist pattern to the
substrate. The most popular hard mask for Si or SiO, substrate is the amorphous
carbon (a-C) film, which has several advantages, such as high etch selectivity and
durability in preventing damage during strip. Traditionally, a SiON layer is
deposited over the a-C layer. Then, BARC and resist are spin-coated on for the
lithographic process. The SiON serves as a hard mask for the a-carbon film.
However, SiON and a-C films are deposited by CVD, adding to the process steps
that increase the complexity, cost of ownership, and turn-around time. Si-
containing BARC (Si-BARC) and spin-on carbon (SOC) are developed to
simplify the process.”® Both Si-BARC and SOC materials are dissolved in
organic solvents and spin-coated onto the substrate. A variety of other names are
used for the Si-BARC and SOC, such as Si-containing hard mask (Si-HM), Si
spin-on hard mask (Si-SOH), and C spin-on hard mask (C-SOH).

7.4.1 Process flow of the resist/Si-BARC/SOC trilayer

The SOC is first spin-coated onto the substrate. After the post-apply bake, the Si-
BARC is spin-coated onto the SOC film. The SOC material typically has 80-90
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wit% carbon content and a thickness between 100 and 300 nm. The stack of resist/Si-
BARC/SOC forms a trilayer structure, as shown in Fig. 7.11(a). The Si-BARC
replaces the combination of BARC film and SiON film in the traditional process and
typically has a thickness of 20-100 nm with a Si content of 15-45 wit%.

Figure 7.11 shows the process flow of the trilayer. After the lithographic
process, the resist pattern is formed (Fig. 7.11(b)). The wafer is etched with a
halogen plasma to transfer the pattern from the resist film to the Si-BARC film
(Fig. 7.11(c)). Residuals of the resist film may be left on the Si-BARC. Then,
oxygen plasma is introduced to etch the SOC film for transfer of the pattern from
the Si-BARC film to the SOC film (Fig. 7.11(d)). The resist residuals are
removed by the oxygen plasma and residuals of the Si-BARC remain on the SOC
film. Finally, the etch chemistry is switched back to halogen plasma to transfer
the pattern from the SOC film to the Si substrate (SiO, or SiN) (Fig. 7.11(e)).
This transfer of patterns to the substrate by etches is sometimes called “dry
development.” All of these plasma etch processes are accomplished in one etch
chamber with one recipe. Both the Si-BARC film and the SOC film function as
hard masks to transfer patterns from the resist to the Si substrate.

The trilayer process has been evaluated by many groups, so numerous results
are available. Taking the work shown in Fig. 7.12 as an example, the trilayer
stack has 200-nm resist / 100-nm Si-BARC / 200-nm SOC with Si content of 35
wt%.' First, 80-nm dense lines are printed in the resist film. Next, the
lithography performances are obtained and compared to the traditional CVD hard
mask stacks (resist/BARC/SiON/a-C), as shown in the table in Fig. 7.12. The
resist on the Si-BARC stack provides a similar lithographic performance to that
of a resist in a traditional CVD stack, indicating that the resist is compatible with
the Si-BARC and the stack can provide effective antireflective control. Figure
7.12 shows the top-down and cross-sectional SEM images taken during the etch
processing steps. The pattern in Si-BARC film (Fig. 7.12(b)) shows slightly
tapered profiles with the resist residuals visible in the image. The pattern in the
Si-BARC film is subsequently transferred to the SOC film by oxygen-based
chemistry.

Figure 7.11 Process flow of the trilayer Si-BARC approach. (a) Trilayer stack of resist/Si-
BARC/SOC on substrate. (b) Resist pattern after lithographic process. (¢) The resist
pattern is transferred to the Si-BARC film by halogen plasma etching. (d) The pattern is
transferred from Si-BARC to SOC film by oxygen plasma etching. (e) The pattern is
transferred from the SOC film to the Si substrate (SiO; or SiN) by halogen plasma etching.
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Figure 7.12 Top-down and cross-sectional SEM images at pattern transferring steps: (a)
post development, (b) after opening the Si-BARC, (c) after opening the SOC, and (d) after
etching the SiN substrate. The half-pitch of the pattern is 160 nm. The table shows the
lithographic performance comparison of the Si-BARC process (resist/Si-BARC/SOC) and
the traditional process (resist/BARC/SiION/a-C). FCCD stands for first collapse critical
dimension, which is a maximum CD after pattern collapse when overexposed (at the best
focus). (Reprinted by permission from Ref. 14.)

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



174 Chapter 7

7.4.2 Consideration of antireflection control

Both Si-BARC and SOC films are spin-coated onto a substrate, providing good
surface planarization. Their thickness and optical parameters must be optimized
to provide dual-BARC reflective control. The mask contains various patterns
with different pitches and the incident angle of exposure light on the resist
surface ranges from 0 to the full numerical aperture (sin"*(NA/1.44)). Ideally, a
BARC stack should be optimized so that the reflectivity at the resist-BARC
interface is minimized for all possible incident angles.

A method has been developed to optimize stack parameters over broad

incident angles.™ First, the n and k ranges of the Si-BARC and SOC are defined
by the availability of the samples. Si-BARC film thickness (FT) is in the range of
20-70 nm to cover the first minimum. The thickness of SOC film is assumed to
be three times that of the Si-BARC layer, which corresponds to the expected etch
selectivity. The reflectivity at the Si-BARC surface is calculated and averaged
over all incident angles from 0 to sin™(1.35/1.44) for 193i. The average
reflectivity is obtained for all points in the parameter space (Nsisarc = 1.6-1.8,
kSi—BARC = 0-0.4, FTsi.earc = 20-70 nm, Nsoc = 1.5-1.9, kgoc = 03—07) The
results are sorted by using the threshold of the average reflectivity < 0.5%.
Corresponding to one specific parameter, for example ngigarc = 1.7, the
occurrence of the reflectivity < 0.5% is counted and plotted in Fig. 7.13.
From Fig. 7.13, the trilayer stack with the Si-BARC (n =1.70, k = 0.175, and FT
= 40 nm) and the SOC (n = 1.80, k = 0.40, and FT = 120 nm) can provide the
best reflection control on a SiO, substrate with a typical ArF resist of n = 1.7 and
k = 0.2 in hyper-NA exposures. The same simulation method can be applied to
other thickness ratios of Si-BARC and SOC films.

Figure 7.13 Simulation results for the best optical indices and film thicknesses (FTs)
based on minimizing reflectivity (R) for a trilayer stack with Si-BARC FT between 20 and
70 nm and SOC (underlayer) FT that is three times the Si-BARC FT. (Conditions: 193-nm
Y-polarized light, resist n = 1.7, k = 0.02, the substrate is SiO,, and the reflectivity is
averaged through angle 0 < NA < 1.35.) (Reprinted by permission from Ref. 15.)
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7.4.3 Etch selectivity

Etch selectivity in the trilayer process must be broken into two parts. One part is
for the transfer of the resist pattern to the Si-BARC in halogen plasma (such as
CF,) and the other part is for transferring the Si-BARC pattern to the SOC film in
oxygen plasma. In general, the Si-BARC has a higher etch rate in the halogen
chemistry, while the resist has a lower etch rate. This high selectivity enables a
thin resist process. In contrast, the Si-BARC has a lower etch rate in the oxygen
chemistry and the SOC has a higher etch rate.

Although the exact etch rates can be modified by the details of etch recipes,
the Si content in the Si-BARC is the key to achieving the highest etch selectivity.
First-generation Si-BARC has a Si content of 15-25% and the second generation
has boosted the Si content to 35-40%.° It is widely known that photoresists are
quickly etched in oxygen-based plasmas (such as SO,/O,) and slowly etched in
halogen-based plasmas. The Si-BARC interacts with oxygen-based plasma
differently from the way it interacts with fluorocarbon plasma.'” Figure 7.14
shows the bulk etch rates of a Si-BARC sample in SO,/O, and C,F, chemistry.

The results in Fig. 7.14 demonstrate that in a SO,/O, environment, etch stops
quickly. This is because the Si component in the Si-BARC film forms a
protective layer of SiO, that slows the etch process. Thus, Si-BARC shows a
significantly slow etch rate and etch-stopping capability against SO,/O, gas
plasma. However, in the C,F, chemistry, the Si-BARC thickness decreases
linearly with etch time and the slope of the curve (the etch rate) is ~5 nm/s. Such
a clear difference in the etch rates in SO,/O, and C,F, confirms that the Si-BARC
can serve as an etch mask for transferring a pattern from a regular resist to the
SOC. Further experimental results demonstrate that the higher the Si content, the
better the etch selectivity.’® To provide a reference, the ratio of the etch rates of

Figure 7.14 Bulk etch rates of Si-BARC film in SO,/O; chemistry and in C«Fy chemistry.
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an advanced Si-BARC and regular ArF resists in CF4 plasma is about 3:1 and the
ratio of the etch rates of an advanced SOC and Si-BARC in oxygen plasma is
about 35:1.

Many technical details are associated with Si-BARC and SOC etch. For
example, the pattern may deform during etching and lead to increases in line-
edge roughness.™ The etch selectivity of SOC relative to Si-BARC is very high,
thus, significant amounts of Si-BARC may remain after SOC etch and generate
defects during the etching of the substrate. These issues are beyond the scope of
this book and will not be discussed further.

7.4.4 Resist compatibility and the tetralayer approach

One of the challenges in the trilayer process is achieving resist compatibility.
Footing in the resist patterns gets worse as the percentage of silicon in the Si-
BARC increases. This problem has been attributed to the rough surface of Si-
BARC or to the fact that acid diffuses from the resist into the Si-BARC.%* Two
methods have been suggested to reduce footing. One is to increase the cross-
linking of the base polymer in Si-BARC and the other is to reduce the surface
roughness of the Si-BARC.

A stripping test with the resist solvent can be used to evaluate the extent of
cross-linking of the Si-BARC. The same test is used for conventional BARCs.
The Si-BARC is first coated onto a Si substrate and baked. The resist solvent
(e.g., PGMEA) is dispensed on the Si-BARC film, forming a puddle for 30-60
seconds to mimic the resist dispense time, and is then spun dry. The Si-BARC
thickness is measured before and after this solvent process.?*

To temporarily solve the compatibility issue between the resist and the Si-
BARC, an additional thin organic BARC layer can be coated between them to
serve as an isolation layer (Fig. 7.15). The entire stack on the substrate has four
layers (resist/BARC/Si-BARC/SOC) and is called a tetralayer or quadlayer. The
tetralayer approach enables universal resist compatibility. Although one extra
layer of BARC gives better antireflection control, the drawback is the increased
cost and complexity of the additional process steps.

Etch performance of the tetralayer approach has been evaluated.”” The stack
has the following specifications: the BARC thickness of 30 nm, the Si-BARC
thickness of 70 nm, and the SOC thickness of 200 nm. The Si-BARC is a
silsesquioxane- (SSQ) type resin that contains a chromophore cross-linking
group, with a high Si-containing group (> 30 wt%) to increase etch selectivity in
the SOC layer. The SOC, which has a carbon content > 85 wt%, is an acrylate-
type polymer containing large amounts of aromatic rings for high etch selectivity
versus the substrate. The tetralayer approach is similar to the trilayer approach in
that fluorinated gas chemicals such as CF,;, CHF3, and C4Fg are used to transfer
patterns from the resist film to the Si-BARC. The oxygen chemistry is
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Figure 7.15 Tetralayer on the substrate: resist/BARC/Si-BARC/SOC.

used to transfer patterns from the Si-BARC to the SOC. A regular BARC open
step is added at the beginning of the etch recipe to open the thin organic BARC.
The etch rates of the thin BARC, Si-BARC, SOC, SiO,, SiN, and poly-Si are
measured at various etch conditions and calculated for etch selectivity (Table
7.1). The results demonstrate that (1) the thin organic BARC and Si-BARC etch
about 1.4 faster than do the resist in CF, plasma, (2) the SOC etches 30 times
faster than does the Si-BARC in oxygen plasma, and (3) the SOC etches 15.1,
5.9, and 4.9 times faster than do the SiO,, SiN, and poly-Si, respectively.

7.4.5 Storage stability and solvent rework capability

Si-BARCs tend to have poor shelflives because the silanol groups can react with
each other, leading to molecular weight increases or the formation of gel-type
particles.”® Thus, Si-BARC samples must be tested for shelflife so that the

Table 7.1 Etch selectivity of each material in the tetralayer approach. (Reprinted by
permission from Ref. 22.)
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molecular weight (Mw), film thickness, water content, and liquid particle counts
(LPCs) remain constant for at least 6 months at 20° C or for 1 month at 40° C.*

Similarly to resists, both Si-BARC and SOC films are claimed to be
strippable by solvents, thereby, making the rework route applicable to the trilayer
process. The reasons for reworking these films include failures in CD, overlay,
and defect counts. In practice, there are two rework strategies applicable to the
trilayer (Fig. 7.16). The first strategy is to remove only the resist (Fig. 7.16(a)).
This process is accomplished by soaking the trilayer in a resist solvent that
removes the resist film and leaves Si-BARC and SOC cross-linked films behind.
Before recoating the resist film, the wafer is typically baked at ~100° C to
dehydrate the films. The second strategy is to remove the entire stack via either a
traditional oxygen ashing process or with a Piranha solution (H,SO./H,0,) wet
rework process (Fig. 7.16(b)).” These rework processes should not cause any
damage to the substrate and should not fall outside of the specification in the
particle counts.

7.4.6 Thick Si-BARC (“etch screw”) process

In addition to the trilayer and tetralayer processes, Si-BARC opens another
process option for reflection control, called the thick BARC process. The
mechanism of reflective control of thin organic BARCs is mainly the destructive
interference between incident light and reflected light. For thin-layer BARCs,
even a small variation in thickness results in rapid increases in reflectivity. By
contrast, light absorption is the main mechanism of reflection control in thick
BARCs. For a thick BARC, 99% of 193-nm light entering the BARC will be
absorbed, making the lithographic process highly insensitive to thickness
variations of the underlying film stack. Thus, the optical constants of the
substrate are unimportant to the overall result. Simulation was performed with a
stack of resist/thick BARC/Si substrate.® The resist has a thickness of 230 nm, a
refractive index of n = 1.7, and k = 0.02. The BARC has a refractive index of n =
1.75 and k = 0.21. The Si-substrate has a refractive index of n = 0.88 and k = 2.78
at 193 nm. The results demonstrate that if the BARC thickness is ~200 nm, a
reflectivity of < 1% can be achieved for 1.2NA exposures.

Figure 7.16 Rework strategies for the resist/Si-BARC/SOC trilayer: (a) removing the resist
film only and (b) removing the whole stack.
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However, the challenge to the thick BARC process lies in the etch process.
Conventional organic BARCs have nearly the same etch rates as 193-nm resists.
How can such thick BARCs be opened without completely consuming the resist
film? One possible answer is the use of Si-BARCs, since their etch rate ratio to
the resist is greater than 3:1 and far exceeds that of organic BARCs.

The concept of using a thick Si-BARC for contact hole printing has been
demonstrated.® Figure 7.17(a) shows a diagram of the process flow. After
development and before etch, top-down and cross-sectional images are taken of
the resist pattern (Fig. 7.17(b)). The average CD of the contact holes in the resist
film is about 145 nm. After etch and cleaning, the final patterns are inspected
again (Fig. 7.17(c)). A final CD of 125 nm is obtained in the substrate. The CD
shrinkage is attributed to the tapered Si-BARC profiles shown in Fig. 7.17(a).

The CD shrinkage shown in Fig. 7.17 is about 20 nm. This value is
comparable to the shrinkages obtained by most CD shrink processes. Further
increases in the thickness of Si-BARC and SOC should produce more shrinkage
in CD. This process is called the “etch screw.”

Alternatively, the stack can be a thin Si-containing resist on top of a thick
organic BARC. This results in another type of resist development: bilayer resists
with thick organic underlayers. The imaging layer is a Si-containing
photosensitive polymer. Although these imaging layers are continuously being
improved, their resolution and image contrast are typically inferior to those of
conventional single-layer resists. Further material development and evaluation
are ongoing.”®

7.5 Gap-Fill Materials

Gap-fill materials are most commonly used in the back end of line (BEOL)
lithographic processes, especially in the dual-damascene process. In general,
dual-damascene widely uses the via-first approach. In this process, deep vias are
formed first, then trenches are patterned on top of the vias. Due to high aspect
ratios of the vias, conventional BARCs cannot completely fill the holes, and
voids are formed at the bottom of the vias (Fig. 7.18(a)). BARC films are
typically thicker in areas with isolated vias than they are in areas with dense vias
(Fig. 7.18(b) and (c)). This thickness variation leads to degradation in CD
uniformity across the wafer.

Gap-fill material is designed to fill deep vias during spin coating, after
which, the post-apply bake drives the solvent out, forming a solid film. This gap-
fill material also prevents over-etching of the underlying metal at the base of the
vias while the trench is being etched. The alternative option to the dual-
damascene process is the trench-first process, in which the gap-fill material is
used to fill the trenches and planarize the surface for the via-patterning processes.
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Figure 7.17 (a) Process flow of the thick Si-BARC process for contact hole patterning. (b)
Top-down and cross-sectional SEM images after development and before etch. (c) Top-
down and cross-sectional SEM images after etching and cleaning processes. (Reprinted
by permission from Ref. 3.)
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Figure 7.18 SEM images of vias filled with a conventional BARC. The diameter of the vias
is about 180 nm and the depth is about 900 nm. (a) Voids are observed in the vias. The
BARC film is thinner in the (b) dense area than in the (c) isolated area. (Reprinted by
permission from Ref. 27.)

7.5.1 Process flow of gap-fill materials

A popular gap-fill strategy is the dry etch-back process, shown in Fig. 7.19. The
gap-fill material should be thick enough to ensure complete filling of the gaps.
Vias or trenches are filled first with a thick spin-on film. The cross-linking occurs
during the post-apply bake, typically at high temperatures. In the area of dense
vias, more gap-fill material is reflowed into the vias, while, in the area of isolated
vias, less material is needed to fill the vias. Thus, the gap-fill material is thicker
in the area of isolated vias than it is in the area of dense vias, as shown in Fig.
7.19(b). Next, an oxygen-plasma etch is used to remove the excess material,
leaving only filled vias or trenches. The BARC and resist are then coated. After
exposure and development, the gap-fill material, along with the BARC film, is
removed by dry etch. The drawback of this type of gap-fill materials is obvious:
dry etch is needed before the coating of the BARC and the resist.
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Figure 7.19 Process flow of gap-fill material in the dry etch-back process.

Developer-soluble gap-fill materials were designed as an alternative to the
conventional gap-fill approach.®*® This type of material requires relatively low
PAB temperatures because no cross-linking is needed. Then, the etch-back
process is performed using a standard aqueous developer. This step, called the
wet-recess, replaces the etch-back process and eliminates the need to transfer
wafers between etch and photo bays; therefore, developer-soluble gap-fill
materials are preferred for use in production.

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Antireflection Coatings and Underlayer Technology 183

7.5.2 Evaluation of filling capability

The filling capability of these materials can be evaluated by measuring the
thickness uniformity across the wafer. The gap-fill material and BARC films are
coated on via-patterned wafers following the process flows shown in Fig. 7.19.
The BARC thicknesses at the wafer center and near the wafer edge are measured
for dense pattern regions, isolated pattern regions, and unpatterned regions.
Ideally, the BARC thickness across the wafer and for different pattern densities
should be the same. This is called global planarization. In reality, the thickness
values have a distribution. The standard deviation of the thickness values across
the wafer is used to quantitatively assess the filling capability. Depending on the
CDU budget, a global planarization of < 20 nm is required for an advanced
BEOL lithographic process. The gap-fill capability for trenches has been
evaluated and reported.®

Before the etch-back process, the thickness of the gap-fill material in sparsely
patterned areas is different from that in densely patterned areas. These thickness
variations are called the thickness bias, which is a function of the viscosity of the
material, the spin speed, acceleration, air flow, and bake conditions.** During the
high-temperature bake, the polymer can both reflow and cross-link. The gap-fill
materials usually have glass transition temperatures (T,s) between 20 and 150° C.
When the curing temperature of the film is above the polymer’s T, the polymer
becomes less viscous and is able to reflow. This thermal reflow smoothes the
surface and reduces thickness nonuniformity. At the same time, cross-linking takes
place, slowing the movement of the polymer. Thus, increases in the bake
temperature can be either beneficial or harmful to the filling capability, since
thermal reflow and cross-linking are in competition with each other. If the
activation energy of thermal flow is larger than that of the cross-linking reaction,
the thickness bias will decrease with bake temperature. If the case is the opposite,
the thickness bias will increase with increasing bake temperature. Table 7.2 shows
the measured iso-dense bias from two BARC materials. The results indicate that
the activation energy for cross-linking of ARC81 is larger than its activation energy
for thermal flow. The opposite is true for DUV52.

Table 7.2 Iso-dense bias of ARC81 and DUV52 coatings at different bake temperatures.
(Reprinted by permission from Ref. 31.)
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7.5.3 Chemical compatibility and etch rate

Gap-fill materials do not need to have antireflection properties; however, they
should not be soluble in the BARC solvent. If they are soluble, intermixing will
occur, altering the optical performance of the BARC film. A strip test must be
performed to assess the resistance of the gap-fill materials to the BARC solvent.
In this test, the gap-fill material is spin-coated on a Si wafer and baked. Then, the
wafer is soaked in the BARC solvent for 30 seconds (for example). The film
thicknesses before and after the soak are measured and compared. Typically, a
thickness loss of less than 10 nm is considered acceptable.?’

Gap-fill materials typically have high etch rates both in the oxygen etch-back
process and in the BARC open process. For developer-soluble gap-fill materials,
the cured film must be soluble in standard developer. While the dissolution rates
can be adjusted by the PAB temperature, the dissolution rate of the material
inside the vias is typically smaller than that of the bulk material.*

7.6 Top Antireflective Coatings (TARCs)

Conventional organic BARCs are not imageable or soluble in aqueous
developers, and pattern transfer into BARCs is typically accomplished by an etch
process that is downstream from lithography. The etch recipe must open the
BARC layer before the substrate may be etched. However, for implant levels,
etch is not a downstream process. To open BARC films, wafers must be sent to
etch chambers for additional processing. Top antireflective coatings (TARCS)
have been designed to address this issue. Figure 7.20 shows a typical TARC
process flow. The resist is coated over a substrate primed by
hexamethyldisilizane (HMDS). Then, the TARC, which is transparent to the
exposure light, is coated over the resist film. TARCs are usually base-soluble
polymers that are removed by standard aqueous tetramethylammonium
hydroxide (TMAH) developer during development.

As shown in Fig. 7.20, the TARC process is very similar to the developer-
soluble topcoat process in 193-nm immersion lithography. The main function of
TARCs is to provide reflection control (as opposed to providing a barrier to
leaching and water uptake). Thus, the major concerns related to the use of TARC
films are optical performance and chemical compatibility with the resist.

Figure 7.20 A typical TARC process flow. The TARC is aqueous soluble and is removed
in the development step.
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7.6.1 Optical performance of TARC films

TARCs reduce reflectivity through destructive interference. The thickness and
refractive index of the TARC must be carefully controlled to meet the destructive
interference conditions. Assuming that the TARC has no absorption, the
conditions for destructive interference are

IF]TARC = nair ’ nresist and (78)

A

1
Lrare = 4 (7.9)

nTARC

In Egs. (7.8) and (7.9), Ntarc, Nresist, and Ny, are the reflective indices of
TARC, resist, and air, and A is the exposure light, which is 193 nm. 193-nm
resists typically have refractive indices of ~1.7 and n,, = 1. Thus, the ideal
refractive index for TARCs is about 1.3 and the ideal thickness is about 37 nm
for 193-nm exposures.

Most 193-nm TARCs have refractive indices around 1.4. Design of TARCs
with refractive indices of ~1.3 may not be technically feasible. In order to
provide enough solubility in the aqueous base, TARC polymers must have
sufficient polar groups, such as fluorocarbinols, carboxylic acids, sulfonic acids,
sulfonamides, or other hydroxyl groups. These polar groups, unfortunately,
increase the n value of the polymers to above 1.4.** Fluoropolymers are ideal
materials for TARCs because of their high transparency, since fluorinated
compounds are much more transparent to 193-nm light than are conventional
alkanes.** Two approaches have been used to reduce n value: (1) incorporation of
air into the polymer films to form nanoporous structures and/or (2) incorporation
of fluorine into the polymers. However, the hydrophobicity of fluorine groups
decreases the solubility of these polymers in aqueous developer.

7.6.2 Chemical compatibility and coating issues

Because TARCs are coated on resist films, they must be chemically compatible
with the resist and, specifically, the acid levels in the two layers must match.
While too much acid in the TARC will result in resist loss and degradation of
pattern profile, too little acid will result in T-topping.

TARCs usually contain surfactants to improve coating uniformity and
stability. The surfactants will encapsulate microbubbles during filtration and
dispense. These microbubbles in TARC film lead to microlensing effects during
exposure. To remedy this problem, TARCs often require double dispense
techniques to minimize the formation of bubbles in the coatings and the buildup
of bubbles in the dispense pump.*® Due to their excellent wet-ability, TARCs can
protect resist layers from airborne contamination and improve uniformity during
the development process.
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7.6.3 Absorbing TARCs

Highly absorbing polymers have recently been developed for use as absorbing
TARCs.® The absorbing TARCs have k values greater than zero, thus, the
optimum refractive index equation of nrarc = (Nair - nresist)”2 and the optimum
TARC thickness equation of t = A/4ntarc are no longer valid. Detailed simulation
is needed to find the reflectivity at the TARC surface.

Figure 7.21(a) shows the simulations of reflectance versus the refractive
index for several k values (extinction coefficients). For minimum reflectance
when k = 0 (transparent TARC), n is around 1.3; however, when k = 0.14
(absorbing TARC), n is around 1.34-1.35. The advantage of using the absorbing
TARC is that the ultralow n (i.e., 1.3), is no longer required. Figure 7.21(b)
shows the simulations of reflectance versus TARC thickness for n = 1.34 and
various k values. The minimum reflectance shifts to thinner TARC thickness with
higher k value. When k = 0, the optimum TARC thickness is around 36-37 nm.
When k = 0.15, the optimum is around 27 nm. At this thickness, the transmittance
is around 76%. Even though absorbing TARCs absorb a certain amount of light,
the exposure energy loss is not expected to cause significant losses in throughput
and one can compensate for the losses by selecting resists with higher sensitivity.

Figure 7.21 Reflectance at the TARC surface as a function of (a) the refractive index and
(b) the TARC thickness, respectively. (Reprinted by permission from Ref. 33.)
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7.7 Developer-Soluble BARCs (DBARCSs)

TARCs provide reflection control only at the top surface of the resist. For the
same resist and exposure conditions, BARCs provide better reflection control
than TARCs provide, especially on topographic substrates.®® Thus, developer-
soluble BARCs (DBARCS) have been developed for implant levels. There are
two types of DBARCS: nonphotosensitive and photosensitive. Nonphotosensitive
DBARCs can be dissolved by standard aqueous developer without exposure and
photosensitive DBARCs have solubility in the developer only after exposure, as
do resists. Because of its solubility in developer, the open process on the BARC
is accomplished together with the resist development; therefore, DBARCs are
also called wet-BARCs.

7.7.1 Nonphotosensitive DBARCs

Nonphotosensitive DBARCs are soluble in aqueous developers. During
development, the exposed resist is first dissolved and then the DBARC film is
dissolved. The optimum DBARC thickness is determined from the curve of
reflectivity versus thickness. Usually, the first minimum that corresponds to
several tens of nanometers is selected.

Achieving good pattern profiles from nonphotosensitive DBARCs is a
challenge. Nonphotosensitive DBARCSs dissolve isotropically in developer. They
tend to form either undercut or footing profiles (Fig. 7.22). The DBARC in the
center of the space typically dissolves faster than the DBARC dissolves near the
sides, resulting in footing (Fig. 7.22(a)). With longer development times, the
developers dissolve the DBARC underneath the resist pattern, forming undercut
profiles (Fig. 7.22(c)). These problems limit the resolution of nonphotosensitive
DBARCs, which typically cannot achieve better resolution than 150 nm. Since
150-nm pitch falls in the resolution capability of KrF exposures,
nonphotosensitive DBARCs are most often used in KrF processes.

Figure 7.22 Isotropic dissolution of nonphotosensitive BARC in the standard aqueous
TMAH developer. Development time increases from (a) to (c).
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One method for controlling the DBARC profile is to vary the PAB
temperature. Typically, higher PAB temperatures give lower dissolution rates.
Figure 7.23 shows the dissolution rate versus bake temperature curve measured
for a nonphotosensitive DBARC.% Cross-sectional SEM images of the patterns
obtained at different bake temperatures are also included in the figure. These
images demonstrate that profiles can be optimized through careful selection of
bake temperature. Due to its sensitivity to bake temperature, nonphotosensitive
DBARC:S are also called “thermal-BARCs.”

7.7.2 Photosensitive DBARCs

Photosensitive DBARCs or photo-DBARCs are exposed at the same time as the
resists are exposed and both layers are subsequently removed by developer.
Photo-DBARCs offer the potential for anisotropic development and should
provide less undercut and line-collapse problems than nonphotosensitive
DBARCs provide.

7.7.2.1 Photospeed match with resist

Photosensitive BARCs typically contain polymers, cross-linkers, photoacid
generators (PAGSs), quenchers, and solvents. The PAB removes solvent and
causes the polymer to cross-link. To achieve the best pattern transfer, the
photospeeds of the resist and of the BARC must be matched. The E, values of the
resist and the DBARC should be close. The PAB temperature of the DBARC is
often used to adjust the photospeed. Cross-sectional images are required for
judging pattern profiles.

3.0 4

[
(%}

Figure 7.23 Dissolution rate versus bake temperature curve measured from a
nonphotosensitive DBARC. Cross-sectional SEM images of the patterns obtained at
different bake temperatures are included. (Reprinted by permission from Ref. 37.)

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Antireflection Coatings and Underlayer Technology 189

7.7.2.2 Chemical compatibility

One of the technical challenges of working with photosensitive DBARCSs is their
compatibility with resists. Resist solvents can cause changes in DBARC
sensitivity. DBARC films rinsed by PGMEA become less photosensitive.*® Thus,
DBARC formulations require some process optimization for each new resist.
Pattern profiles of the resistyDBARC stack can be optimized by adjusting
exposure dose and PEB temperatures.
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Chapter 8
Resist Shrink and Trim

Processes

The ultimate resolution of lithography can be improved by improving the optics
of the exposure system. Various techniques are used to obtain better aerial image
contrast, such as off-axis illumination, phase-shift masks, and optical proximity
correction. The resolution can also be improved by using better resists and by
optimizing the methods for processing them. These are the traditional ways to
improve lithographic resolution according to the Rayleigh equation, which states

that resolution cannot be better than k;A/NA.

In addition to the traditional approaches, various innovative techniques have
been implemented to further boost resist pattern resolution. The techniques are all
based on treatment of the resist patterns after development. These so called
“shrink processes” use special physical or chemical processes to convert optically
derived resist patterns into ultrafine patterns that are beyond optical resolution
limits. For example, a resist film printed with a contact-hole pattern can be baked
slightly above the glass transition temperature (Ty) of the resist so that it gets soft
and starts to flow, resulting in smaller contact holes. This process is called
thermal reflow. Another method is to submerge the resist patterns into chemicals
that react at the surface of the resist patterns, resulting in conformal “growth” of
the resist patterns.

Shrink processes are capable of boosting the resolution of a process by one or
two technology nodes without the need to purchase new exposure tools. For
example, an ArF scanner with 0.75NA can print contact holes with diameters of
120 nm. Thermal reflow can further shrink the diameter to below 100 hm, which
is in the resolution regime of a 0.93NA ArF tool. Implementation of the shrink
process at some critical levels can help reduce costs, leading to a gain in
technological leadership. Because of its huge potential for cost savings, shrink
technology has attracted attention beyond lithographers, having also been
adopted in film deposition processes. Plasma-assisted shrink processes have been
used to shrink contact holes prior to etch.

Shrink processes actually “shrink” the open areas of the pattern by
expanding/growing the resist area. These processes are more applicable to the
lithographic levels where the space CD is crucial, such as the contact level or the
first metal level. At gate levels, resist line CD is crucial and trim processes can be
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used. The resist pattern is etched in a plasma chamber using an isotropic mode so
that the resist pattern is trimmed in both lateral and vertical directions. This
“trimming” process can reduce the resist line CD with minimal loss of resist
thickness and minimal degradation of pattern profile. For example, the trim
process can reduce a 90-nm resist line to 50 nm, which is particularly desirable
for the gate level.

Shrink and trim processes are not unique to immersion lithography. They can
be used to treat resist patterns obtained by various lithographic technologies
including i-line, KrF, ArF, and even electron-beam lithography. However, neither
shrink nor trim processes change the pitch of the patterns. The pitch is solely
decided by the exposure. This chapter focuses on the shrink processes that are
applicable to ArF lithography. The trim process falls mainly in the territory of
etch technology, and therefore will be discussed only briefly in this chapter.

8.1 Resist Thermal Reflow

The thermal reflow process involves heating a wafer above the glass transition
temperature (Ty) of the resist. When a resist is heated above Ty, the polymer
chains are able to move to more thermodynamically preferred orientations. Near
contact holes, the resist flows toward the open space, leading to a reduction in
CD (Fig. 8.1). The thermal reflow process is simple and can achieve very high
levels of shrinkage, ranging from 20 to 60 nm, depending on the resist and the
patterns. Shrinkage of isolated contact holes can be ~20 nm more than shrinkage
of similar holes in a dense pattern. This is called shrinkage bias. The extent of
shrinkage and the shrinkage bias are sensitive to bake temperature and the resist
material. Additionally, thermal reflow typically results in a degradation of the
pattern profile.

8.1.1 Behavior of thermal reflow

Contact-hole patterns are ideal for reflow processes because their pattern density
is typically low and enough resist material is available to reflow. This process has
been evaluated by various groups. One group studied a resist coated to 300 nm
over a BARC (PAB 100° C / 90 s).* Contact patterns were exposed by an ArF
scanner (0.75NA). The PEB was 105° C for 90 seconds and the resist was

Figure 8.1 Process flow of the resist thermal reflow. The CDs of contact holes decrease.
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developed in a standard developer for 30 seconds. After development, the contact
holes had a diameter of 110 nm with pitches from 200 to 2000 nm. Thermal
reflow bakes used temperatures of 150-170° C. Figure 8.2(a) shows the
measured shrinkage value versus bake temperature at different pitches. The
shrinkage value was defined as the CD difference before and after the reflow
bake. Contact holes can be easily shrunk from 110 to 100 nm by performing the
thermal reflow process at about 161° C. Larger shrinkage was observed at higher
bake temperatures. The flow rates (defined as shrinkage/bake temperature) of
isolated and dense holes were 6.4 and 1.4 nm/°C, respectively, at a bake
temperature of about 161° C. The shrinkage values clearly depend on pitch (i.e.,
the pattern density). Figure 8.2(b) shows top-down SEM images of contact holes
before and after thermal reflow at 161° C. Larger shrinkage was observed near
isolated holes. The results presented in Fig. 8.2 clearly demonstrate that
shrinkage during thermal reflow depends on the bake temperature and pitch.

Figure 8.2 (a) Shrinkage value measured as a function of bake temperature at different pitches.
The contact holes have a diameter of 110 nm before the reflow bake process. (b) Top-down
SEM images of contact holes before and after the thermal bake at 161° C. The numbers below
the images are the diameters of the holes. (Reprinted by permission from Ref. 1.)
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Thermal flow generally improves both the LER of resist patterns and CD
uniformity across the wafer. In the study discussed above, the standard deviations
of CDU for 100-nm isolated and dense holes after the reflow were only 1.95 and
1.77 nm, respectively.

Figure 8.3 shows cross-sectional SEM images of dense contact holes before
and after reflow for two different resists. Reflow degrades the pattern profile
because it rounds the tops of the profiles. During high-temperature bakes (T > T),
the resists soften and flow. The top corners of the patterns round and flow
downward, due to the effects of surface tension. Top rounding has been observed
for almost all thermally reflowed resist patterns, as demonstrated by Resists A
and B (Fig. 8.3). Another profile degradation is called “foot pinning,” in which
the bottom of the resist pattern appears to be pinned to the substrate and does not
move during reflow (e.g., Resist B in Fig. 8.3(b)), resulting in an undercut profile.
Resist A, on the other hand, does not appear to exhibit foot pinning (Fig. 8.3(a)).
The adhesion and/or wet-ability between the resist and the substrate (BARC)
play a role here. Therefore, careful selection of resist and BARC materials may
reduce the amount of foot pinning observed.

Figure 8.3 Cross-sectional images of dense contact holes before and after the reflow
bake: (a) Resist A and (b) Resist B. (Reprinted by permission from Refs. 1 and 2.)
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8.1.2 Reflow bake temperature

Resists must have low Tgs in order to be capable of thermal reflow without
decomposition. For 193-nm resists with high Tgs, reflow bake temperatures may
be too close to their thermal decomposition temperatures to be used. In this case,
thermal decomposition may lead to bubble formation or other serious issues.

It has been found that shrinkage in X and Y directions may be different for
elongated holes. As bake temperature increases, the CD difference between the X
and Y directions diminishes and elongated holes tend to become circular (Fig.
8.4). This issue must be addressed before the reflow process can be applied to
elongated holes.

8.1.3 Optical proximity correction (OPC) for thermal reflow

Shrinkage from thermal reflow exhibits a proximity effect, where the shrinkage
value depends on the pattern density. This dependency can make the design of
the layout very difficult. Introduction of bias into the mask to compensate for the
proximity effects of shrinkage has been proposed and is called thermal reflow
optical proximity correction (OPC).?* In the lithographic process, including the
thermal reflow, mask error enhancement factor (MEEF) can be divided into

Figure 8.4 Change of CDs in X and Y directions of an elongated hole as a function of bake
temperatures. The bake duration is 180 seconds. The top-down image corresponding to
each bake temperature point is included. The roughness of the holes was measured and the

value of 3o is labeled in the figure. (Reprinted by permission from Ref. 3.)

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



198 Chapter 8

MEEF after the development and MEEF after the thermal reflow. The algorithm
for the thermal reflow model is

C Dwafer — CDdEVGh)P . CDwafer ’ (8 1)
CD_. /M CD_./M CD

mask mask develop

where M is the imaging reduction ratio, CDgevelop IS the CD after development and
before thermal reflow, and CDy.r is the CD after thermal reflow. The factors
that affect the shrinkage are bake temperature, bake time, resist identity, resist
volume surrounding the contact hole, and initial contact size and shape. The
shrinkage can be expressed as

ACD=CD,,,_-CD,. =f(T,,V K), (8.2)

develop -

where T, is the bake temperature, V, is the resist volume surrounding the hole,
and K; is the resist identity. To a first-order approximation, these factors are not
correlated with each other and thermal shrinkage can be simplified as

ACD = £(T,)- (V,)- f(K,), 8.3)

where f(Tp) is the thermal shrinkage factor due to temperature, f(V,) is the
thermal shrinkage factor due to resist volume surrounding the hole, and f(K,) is
the thermal shrinkage factor due to the resist.

This model was incorporated into the OPC for 65-nm contact holes. A large
bias was introduced for isolated holes, since isolated holes are printed much
larger than dense holes are printed. After reflow, the bias was compensated by
shrinkage proximity effects and identical CDs were obtained in both dense and
isolated areas, as shown in Fig. 8.5.

As is well known, isolated holes have smaller DOF than dense holes within a
lithographic level. The ability to print isolated holes at larger CDs (larger than the
CDs at which dense holes can be printed) should certainly improve the overall
process windows. This is an additional advantage of the thermal reflow process.

The OPC model for thermal reflow has been further improved to include
resist adhesion effects.® Further application of the reflow process to line and
space patterns has been proposed.

8.2 Chemical Shrink

Although thermal reflow is a physical process that does not involve chemical
reactions, shrinkage can also be affected using chemical reactions. One such
chemical shrink technology is the resolution enhancement lithography assisted by
a chemical shrink process (RELACS), developed by AZ Electronic Materials. In

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Resist Shrink and Trim Processes 199

Figure 8.5 Simulation results of the reflow OPC for 65-nm contact holes. (Reprinted by
permission from Ref. 4.)

the RELACS process, the resist pattern is coated with a shrink material and then
baked. This step is called mixing bake or shrink bake. The bake temperature must
be lower than the T, of the resist in order to prevent resist thermal reflow. The
shrink material contains polymers and cross-linkers,” is water soluble, and does not
cause dissolution damage to the resist patterns during overcoating. At elevated
temperatures, the photoacid in the resist film diffuses into the shrink material,
reacting with the cross-linker. After bake, a water-insoluble layer is formed at the
resist interface. The formation of this layer leads to shrinkage in CD. The non-
cross-linked shrink material is removed by rinsing with DI water (Fig. 8.6).

8.2.1 Shrinkage behavior

The amount of chemical shrinkage is related to the extent of chemical reaction at
the interface, which, in turn, is dependent on the shrinkage material, the resist,
and the temperature of the mixing bake. For a given resist and shrink material,
the amount of shrinkage can be adjusted by the bake temperature. Figure 8.7
shows the CD shrinkage of contact holes after the RELACS process as a function
of the mixing bake temperature.” With increases in bake temperature from 100 to
160°C, the shrinkage increases from about 13 to 37 nm.

The amount of shrinkage obtained by the chemical shrinkage process appears
to occur without proximity effect. This is because the shrink reaction occurs at
the interface and the bulk of the resist film is not involved. Figure 8.8 shows CD
versus pitch curves measured before and after the RELACS treatment. The
mixing bakes (MBs) are set at temperatures of 100, 130, and 155°C. The shrink
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Figure 8.6 Process flow of the chemical shrink.
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Figure 8.7 CD shrinkage of contact holes after the RELACS process as a function of the

mixing bake temperature. The initial resist thickness is 464 nm and the mixing bake time is
70 seconds. (Reprinted by permission from Ref. 7.)
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Figure 8.8 Diameter of contact holes and shrinkage amounts plotted as a function of pitch,
shown before (labeled as REF.) and after the RELACS processes. The RELACS mixing
bakes were performed for 70 seconds at 100, 130, and 155° C, respectively. (Reprinted by
permission from Ref. 7.)

values are also plotted in Fig. 8.8. With variations in pitch, the shrinkage values
are almost the same and fluctuation is less than 10 nm. The RELACS shrinkage
is insensitive to initial pattern sizes. The curve of CD value versus exposure dose
is measured before and after the RELACS process (Fig. 8.9(a)). With increasing
dose, contact holes increase in size, but the amount of shrinkage remains the
same. Figure 8.9(b) shows both top-down and cross-sectional SEM images
before and after the RELACS process. The RELACS process appears to
uniformly add a layer to the resist profile.

Figure 8.9 (a) CD value versus exposure dose curves measured before and after the
RELACS process. (b) Top-down and cross-sectional SEM images before and after the
RELACS process. (Reprinted by permission from Ref. 7.)
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The RELACS shrinkage in X and Y directions was measured for elongated
holes as a function of the mixing bake temperature, as shown in Fig. 8.10.° The
same temperature dependence was observed, independent of direction. This
result further demonstrates the uniform growth of the chemical shrink process.

Due to good shrinking uniformity over pitch, chemical shrink processes have
attracted strong interest. In addition to RELACS, other chemical shrinkage
processes have been developed.”™ For example, a new water-soluble coating
material is a solution of two water-soluble polymers and a base.'* One polymer is
a proton-donor polymer (or polyacid) having acid groups such as carboxyl acids
on each repeat unit. The other is a proton-acceptor polymer (or polybase) having
heteroatoms with lone electron pairs on each repeat unit. The shrink mechanism
is based on interpolymer complex (IPC) and zipper gel principles and is,
therefore, called IPC-based chemical attachment process (ICAP). This process
demonstrates about 40-nm shrinkage at 145° C, without forming microbridges. In
addition to water-soluble shrink materials, shrink material that can be dissolved
in an alcohol-based casting solvent has been developed. The shrink material is
compatible with resist solvent; thus, resist or BARC coating bowls can be used to
process the overcoating. Though the shrink materials and chemical reactions
leading to the shrinkage may be different, these chemical shrink processes have
similar process flows and performance characteristics, such as shrink uniformity
and pitch independency.

8.2.2 Defectivity issues

Minimization of defects may be the most significant challenge to implementation
of chemical shrink processes. Coating of shrink materials over resist patterns
introduces additional sources of defects. Extra attention must be paid to the
storage, plumbing, filtration, and coating of the shrink materials. Furthermore,
resist clusters and particles may remain on the wafer surfaces. These particles
come from a partially deprotected polymer (as discussed previously) and do not

Figure 8.10 RELACS shrinkage values in X (width) and Y (length) direction versus the
bake temperature for elongated hole. (Reprinted by permission from Ref. 8.)
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dissolve in developer, nor are they completely removed during DI water rinse.
The resist clusters contain photoacid and can react with the shrink materials to
increase in size. Increasing the temperature of the mixing bake can result in
increases in defect counts.

8.3 Shrink Assist Film for Enhanced Resolution (SAFIER)

The SAFIER process, developed by TOK (Tokyo Ohka Kogyo Co.), has the
same process flow as RELACS (Fig. 8.6). Patterned resists are coated with
SAFIER and then baked. Excess material is removed using a DI water rinse.
However, the shrinking mechanism is different from the RELACS process, as it
involves both physical and chemical reactions. The SAFIER aqueous solution
consists of thermo-responsive copolymers that facilitate resist flow during the
bake.” With the help of SAFIER film, the profile degradation due to resist
thermal flow is significantly reduced. The SAFIER process can achieve large
shrinks, ranging from 20 to 80 nm.

Like the shrinkage during thermal reflow, the shrinkage due to the SAFIER
process is a function of bake temperature and pitch. Figure 8.11 shows shrinkage
of trench patterns as a result of the SAFIER process. The patterns in the mask
have a nominal line CD of 120 nm with various pitches. After lithographic and/or
SAFIER processes, the trench CD in the wafer is measured through pitch and
plotted as a function of pitch. The shrinkage clearly depends on the bake
temperature and the pitch. The shrinkage is about 40 nm in the dense areas, and
80 nm in the isolated areas. A difference in shrinkage between X and Y
directions for an elongated hole has also been observed.*®

Figure 8.11 Trench CD measured before and after the SAFIER process at bake
temperatures of 165 and 170° C for various pitches. (Reprinted by permission from Ref. 12.)
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8.4 Shrinking via Fluorination Process

Fluorination is a gas-phase shrink process. Although thermal reflow, chemical
shrink (RELACS), and SAFIER processes can each be performed in a track,
wafers must be transported out of the litho cell to be fluorinated. Wafers with
resist patterns are treated with dilute fluorine gas in a process chamber under
conditions near room temperature and near atmospheric pressure. During
fluorination, fluorine diffuses into the resist and replaces hydrogen (Fig. 8.12).
Because C-F bonds (1.35 A) are longer than C-H bonds (1.09 A), the substitution
leads to a uniform swelling of the resist film, thereby shrinking holes or trenches
in the resists."* The table in Fig. 8.12 shows the increase in polymer film
thickness after fluorination for three types of polymers. The rate of this diffusion-
driven reaction is proportional to process time and pressure. Process time can be
decreased if pressure is increased, while still achieving the same extent of resist
swelling.

Figure 8.13 shows the amount of fluorine in a blanket resist film versus depth
as a function of fluorination time, as determined using secondary-ion mass
spectroscopy (SIMS). The profiles show that fluorine penetrates to a depth of
~70 nm after 5 min and continues in a roughly linear fashion. Wafers were
processed in the chamber for 3-8 min.

This fluorination process has several advantages over other shrink
technologies: (1) It can achieve above 25-nm shrinkage with small through-pitch
effects (less than ~ 5 nm iso-dense shrink bias).* (2) The process creates more

Figure 8.12 Substitution of H in poly(methyl methacrylate) for F. The table shows the
change in thickness due to gas-phase fluorination for PHS, PMMA, and novolac films.
(Reprinted by permission from Ref. 15.)
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Figure 8.13 SIMS depth profile of F atoms in the resist film after different fluorination
process times. (Reprinted by permission from Ref. 16.)

vertical line-end profiles, which in turn, lead to less pullback in subsequent etch
processes. Thus, line end-to-end spacing is observed to improve by as much as
27% after the polysilicon gate etch.” (3) Fluorination can increase resist hardness
and improve its mechanical stability. Although fluorinated resists have high
resistance to implantation,™ their etch rates are 10-40% worse (faster) than the
nonfluorinated samples."’

8.5 Shrinking via Silylation Process

The silylation process is based on a bilayer resist system consisting of a thin
imaging layer and a thick underlayer. The imaging layer is a Si-containing resist
(e.g., silsesquioxane (SSQ)) with typical thicknesses of < 100 nm. The
underlayer is a nonphotosensitive organic polymer such as polyhydroxystyrene,
phenyl(meth)acrylate, or novolak. Figure 8.14 shows the process flow. After
exposure and PEB, the wafer is developed with the standard aqueous developer
to form the imaging pattern. This step is called the “wet” development. Then a
dry-etch process, called the “dry” development, is applied to open the underlayer.

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



206 Chapter 8

\

Substrate etch

Figure 8.14 Process flow with the bilayer resist system.

This bilayer process offers higher etch selectivity than traditional single-layer
resist processes offer. The etch selectivity between the Si-containing resist and
the underlayer is greater than 1:4 in the oxygen-based plasma. The etch
selectivity between the underlayer polymer and the Si substrate can be above 1:3
in the fluorine-based plasma. Such high etch selectivity enables the use of thin
imaging layers and results in high aspect-ratio patterns in the substrate. The thin
imaging layer offers a reduction in line collapse and slightly larger process
windows. The thick underlayer works as a planarization BARC, effectively
reducing the swing curve effect caused by the substrate topography.
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As an option, a shrink process can be combined with this bilayer imaging
system. After wet development of the imaging layer, the resist pattern can be
treated with a silylation liquid or gas. This silylation process introduces
additional Si into the imaging layer, leading to swelling of the resist patterns.
This is called the chemical amplification of resist lines (CARL) process and was
originally developed by Sebald et al.'® The CARL process can shrink contact
holes by 20 to 60 nm with no through-pitch bias.

However, the bilayer system has several weak points, so further
improvements are needed.® The CARL process can be used only with specific
resists and requires the additional cost of the silylation chemicals. The Si-
containing resist may outgas Si-containing compounds during exposure, causing
lens contamination. The resist formulations must be carefully designed to
minimize the Si outgassing. Other concerns include the rework of Si-containing
resists. Additional rework chemistry is needed to effectively remove the resist
and to obtain clean substrates without defects or particles. Si-containing thin
resists are also subject to large dark losses. Increasing development time causes
the size of resist features to decrease.’® During pattern transfer from the
underlayer to the substrate, resist residuals can form “flowers” over the trench,
blocking the substrate etch.

8.6 Plasma-Assisted Shrink

As mentioned at the beginning of this chapter, because of its cost saving potential,
shrinkage technology has been adopted in film deposition processes, resulting in
the development of plasma-assisted shrink processes (Fig. 8.15).* In a plasma
chamber, a layer of polymer is conformally deposited on all exposed surfaces,
resulting in the shrinkage of pattern. This is called the plasma-assisted shrink.
Deposition can be cycled several times to reach shrinkage targets, after which,
the wafer is loaded into an etch chamber, where it can be anisotropically etched.
The etch consumes the polymer at the top of the resist features, but leaves the
polymer on the sidewalls intact.

Figure 8.16 (a) shows the CD values of contact holes after lithography and
after the plasma-assisted shrink process as a function of exposure dose. The mild,
moderate, and aggressive shrinks correspond to 3, 5, and 7 deposition cycles,
respectively. In Fig. 8.16(a), the shrinkage value appears to increase slightly with
the original size of the contact holes. More shrinkage values are obtained with
longer deposition cycles (Fig. 8.16(b)). A shrinkage value over 50 nm is obtained
with 7 deposition cycles. Top-down and cross-sectional images of contact
patterns in a 290-nm oxide layer are showed in Fig. 8.16(c). The nominal CD of
the contact holes in the mask is 100 nm and the pitch is 240 nm. It appears that
the shrink process does not degrade the profile of the final pattern. The
improvement of CD uniformity is also observed with the shrinking process. After

lithography, the average CD was 106.5 nm with 3c = 3.6 nm; after the moderate
shrink and etch, the final average CD was reduced to 39.3 nm with o = 2.2 nm.
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Figure 8.15 Process flow of the plasma-assisted shrink.

Figure 8.17 shows the dependence on pitch of CD shrinkage. In the test
performed in Ref. 21, OPC was included in the mask, and contact holes with
uniform CDs over the pitch were obtained after lithography. The difference in
shrinkage values for the dense patterns and for the isolated patterns introduces
additional iso-dense bias. This is because more polymers can be deposited in
isolated holes than in dense holes, a condition called the loading effect. With fine
tuning of the etch recipe, the iso-dense bias can be partially eliminated after the
etch process.
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Figure 8.16 (a) The measured CD as a function of the dose after lithography and after the
plasma-assisted shrinking process. (b) Shrinkage value versus the number of deposition
cycles. (c) Cross-sectional images of the contact patterns in a 290-nm oxide layer. The
nominal CD of the contact holes in the mask is 100 nm and the pitch is 240 nm. Top-down
images are also included. (Reprinted by permission from Ref. 21.)

Figure 8.17 Contact hole CD over pitch in the mask, after lithography, after shrinking
deposition, and after the final etch process. (Reprinted by permission from Ref. 21.)
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The plasma-assisted shrink process is primarily used in the BEOL for
contacts and trenches. In the FEOL, trim processes can be used to shrink gate
CDs.? After lithography, the resist patterns are trimmed in a plasma chamber.
The etch chemistry is adjusted to etch the sidewalls of the resist patterns. After
the trim process, CDs of the resist patterns are much reduced. The trimming
process can be integrated into the BARC open step before the substrate etch.

8.7 Evaluation of Shrink Processes

Shrinkage processes have been primarily used to reduce the size of contact holes;
however, these methods have also been applied to trenches. Aggressive off-axis
illumination gives better resolution and depth of focus when printing contact
holes, but is also accompanied by detrimentally large iso-dense bias. However,
some shrink processes can counteract the iso-dense bias occurring during resist
imaging, because the bias is in the opposite direction. Depending on design and
process assumptions, the requirements for the shrinking processes may vary from
fab to fab. In general, the following shrink performance characteristics must be
evaluated and understood:

1. Shrinkage dependence on initial CD (X and Y directions) and pitch
must be evaluated. Typically, it is better for the shrinkage to be
independent of initial CD and pitch. Otherwise, complicated OPC
must be added to the mask design to compensate for shrinkage bias.
As noted above, however, some iso-dense bias could be beneficial.

2. The shrink material must have good etch resistance in order to avoid
CD transfer issues.

3. The shrink material should not introduce excessive defects and must
be easily removed by the rinse process without leaving particles.

4. It should be possible to modulate the shrink value by adjusting the
process parameters (e.g., the mixing bake temperature). Although
these process control variables should provide some process
flexibility, sensitivity to these variables should not be too high.

5. The shrinking process should not degrade the resist pattern profile.

8.8 Trim Processes

Trim processes are implemented in plasma-etch chambers. The trim process steps
for gate level are illustrated in Fig. 8.18. Oxygen is the main etch gas in the resist
trim process, as it etches the polymers isotropically. The BARC film is opened at
the same time because it has a similar etch rate to that of photoresists in the
oxygen-plasma environment. The resist CD can be further reduced during the
BARC over-etch step. After the trim process, the polysilicon film is etched
anisotropically using fluorine etch gases. The trimmed resist pattern serves as the
etch mask during the polysilicon etch.
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Figure 8.18 Trim process flow for gate level. Oxygen-plasma is used to simultaneously
trim the resist pattern and open the BARC.

To achieve vertical sidewalls and provide control over the ratio of lateral
versus vertical etch rate, halogens such as HBr, HCI, or fluorocarbon gases are
added to the oxygen-plasma during the trim process. The trim rate difference
between dense and isolated lines can be adjusted by varying the concentration of
these gas additives.?

The reduction of resist line CD, or trim rate, depends on the etch chemistry,
the plasma condition, and the trim process time. It is mainly limited by the resist
consumption because a certain amount of resist must remain in order to provide
enough etch resistance during the polysilicon etch. For the 65-nm node, the resist
line width delivered at pattern is between 60 and 70 nm, while the final transistor
gate length is usually targeted between 35 and 45 nm. The 15- to 35-nm CD
difference can be bridged by the trim process.? A successful trim process must
fulfill the following requirements:

1. CD uniformity across the wafer is improved, or, at minimum, no
degradation of the CD uniformity occurs.

2. No degradation of pattern LER and LWR occurs.

3. Minimal trim bias occurs between dense and isolated lines.

4. No degradation of the resist pattern profiles occurs, and some resist
remains after the trim process.

5. CD reduction is linearly dependent on trim time (i.e., a linear trim
curve is preferred). The linearity enables accurate process control.
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Chapter 9
Double Exposure and Double
Patterning

193-nm water immersion can provide lithographic solutions as far as the 45-nm
half-pitch node. Double exposure and double patterning have emerged as leading
candidates to fill the technology gap between water immersion and EUV
lithography. Early test results have demonstrated that key technical challenges to
double patterning, such as tight overlap requirements and strict CD control, are
being solved, while novel materials for double exposure are being quickly
developed. It is widely believed that double exposure and double patterning can
provide viable patterning solutions to the 32-nm half-pitch node, with possible
extensions to the 22-nm node. This chapter covers various approaches of double
exposure and double patterning. At the time of this writing (Fall 2008), double
exposure and double patterning are undergoing rapid growth and many new
approaches are being explored. Although this chapter is as comprehensive as
possible, an exhaustive list is not practical.

9.1 Introduction
9.1.1 Double exposure (DE)

Double exposure (DE) refers to exposing the resist-coated wafer twice to create
one resist pattern. No etching process is used between the two exposures. Two
process approaches for DE have been explored:

A. Two exposures of the same resist using different masks. After the
two exposures, the wafer is sent to PEB and development. The
process flow is abbreviated as Resist 1 / Exposure 1 / Exposure 2.

B. Two separate exposure/develop processes using different masks.
The process flow is abbreviated as Resist 1 / Exposure 1 / Develop 1/
Resist 2 / Exposure 2 / Develop 2. Some additional processes may be
applied somewhere between steps to “freeze” the 1st resist pattern so
that it can withstand the 2nd lithographic process.

215
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216 Chapter 9

However, to implement approach A (exposing the same resist twice), one
must be cautious about the total aerial image contrast. The total aerial image
intensity is the sum of both exposures; flare also contributes to the total intensity.
For example, to print 50-nm dense lines using a positive resist, the exposure
prints a 50-nm space with a 150-nm line and the 2nd exposure prints the same
pattern, shifted 100 nm from the first lines. After PEB and development, a dense
pattern of 50 nm / 50 nm is obtained. The advantage of this approach is that each
exposure is required to resolve a pitch of only 200 nm and the same resist film is
used twice. Additionally, the illumination conditions can be optimized separately
for each exposure. However, if the tool has insufficient aerial image contrast
and/or significant levels of flare, the total light intensity in the dark areas could
be above the deprotection threshold E, of the resist, causing total resist loss (Fig.
9.1(a)). An exposure tool with much higher aerial image contrast and lower flare
is needed for this simple approach of “spatial frequency doubling” (Fig. 9.1(b)).
With higher contrast and reduced flare, the total aerial image has enough contrast
to be resolved by the resist. Alternatively, an extremely nonlinear resist can also
make this process viable. The nonlinear resist must have almost zero resist loss
under high levels of flare. The development of such nonlinear resists is an
attractive topic being actively pursued by several research organizations.

Figure 9.1 Aerial image intensity of the double exposure (DE) with one layer resist. (a)
Low aerial image contrast in single exposure leads to the total resist loss after the DE. (b)
High aerial image contrast is required to ensure sufficient total image contrast.
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Approach B was developed to overcome the difficulties of approach A. In
this approach, the resist pattern obtained from the 1st lithographic step is treated
with a “freeze” process so that the coat, exposure, and development steps of the
2nd resist do not damage the initially formed resist pattern. Several approaches
have been described that entail freezing the 1st resist pattern by physical or
chemical means. The frozen resist pattern is photo-inactive and does not interact
with the 2nd resist at any time during the process. After the 2nd lithographic step,
the two resist patterns work together as an etch mask for the substrate etch. The
whole process can be accomplished in one integrated process flow in a
lithography cluster (scanner and track).

9.1.2 Double patterning (DP)

Double patterning (DP) takes a more conservative approach to preserving the 1st
pattern. In the double patterning process, an etch step is added between the two
lithographic processes. The resist pattern from the 1st lithographic process is
transferred to a hard mask (HM) layer by an intermediate etch process. Then, the
wafer is sent back to the lithographic cell to process the 2nd pattern. During the
2nd lithographic process, the 1st pattern is preserved by the HM. The 2nd pattern
is transferred to the HM by another etching process. So, the major difference
between DE and DP is that DP has an etching process inserted between the two
exposures, while the etch process for DE occurs after both exposures.

Compared to DE, DP can be more easily implemented with the conventional
193-nm resist process. Resists need not be freezable or nonlinear. The increase in
process steps is an obvious disadvantage, particularly since the wafer must be
sent to the etch equipment between lithography steps, thereby reducing
throughput. This chapter will review various DE and DP processes.

9.1.3 Resolution capability of DE/DP

Theoretically, either DE or DP can double the resolving power of 193-nm
lithography. This means that the process factor of k; in the Rayleigh equation can
be half the current value. DP has demonstrated a k; factor of ~0.16,%> which is
beyond the resolution limit of advanced 193-nm lithography (k; > 0.25) and
beyond what is considered to be practically achievable in mass production (k; >
0.3). Therefore, the DE/DP process could provide resolution for a 45-nm half-
pitch node using a 0.93NA scanner and could resolve 32-nm half-pitch using a
1.3NA 193i tool. For quite some time, EUV lithography has been considered the
primary option for imaging in the 32-nm node. However, DE/DP in combination
with 193-nm immersion provides another lithographic solution to the 32-nm half-
pitch node and, in fact, has taken over as the prime candidate.?

9.1.4 Challenges

DE/DP processes have many more steps than traditional single-exposure
processes. More process steps means lower yields and lower throughput. Figure
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9.2 shows a diagram of the process steps in the DE and DP approaches. From the
viewpoint of throughput and process cost, DE with one resist is preferred.
Overlay (OL) control is another challenge that must be faced with DE or DP
processes. 193-nm scanners typically have 3c overlay specifications of £15 nm
in both X and Y directions. Obviously, the overlay capability of exposure tools
must be improved in order for DE/DP processes to be viable. Otherwise, overlay
errors between exposures will be transferred into CD variation in the DE/DP
process. This can be explained using the double trench patterning process (Fig.

9.3). The misalignment of the 2nd to 1st exposure (A) causes a shift in HM
pattern, which directly results in the deviation of line-CD from the target CD to

CD = A. At the 45-nm half-pitch node, the minimum target CD is 45 nm. If 10%
CD variation is acceptable, the overlay must be controlled to less than 4.5 nm.
Full-field 193-nm scanners with tight overlay specifications dedicated to DE/DP
processes are being developed with overlay capabilities of 4 nm.* Although the
space-CD is not affected by the misalignment, the location of the spaces is
shifted (Fig. 9.3), causing image placement error for spaces.

In addition to tight overlay control, DE/DP tools must also have exceptional
image quality.” Although the pitch in the 1st and 2nd exposures is twice that of
the final pitch (e.g., the left part of Fig. 9.3), the printed trench widths are the
same as the final space widths. The tools must resolve small trenches at relatively
large pitches. Therefore, tools capable of imaging 70-nm dense lines and spaces
(140-nm pitch) may not be suitable for imaging 35-nm dense lines and spaces
using DE/DP, because each individual exposure must resolve 35-nm lines or
trenches, even though the pitch is still 140 nm. Thus, in addition to tight overlay
specifications, DE/DP tools must have lower aberrations, better image quality,
and better stability.

The decision on how to split the patterns into two masks is another challenge
that will require new rules to be developed. In addition, optical proximity
correction (OPC) must be implemented in each mask. The pattern-splitting issue

Figure 9.2 Process steps in various DE/DP approaches.
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Figure 9.3 In the double trench patterning process, the overlay (OL) error is transferred
into CD deviation for lines and is transferred into image placement error for spaces.

has proven to be challenging for arbitrary designs. In general, pattern stitching is
easier for flash and more difficult for logic, with DRAM (dynamic random
access memory) falling somewhere between the two. Pattern splitting reduces the
pattern density in each mask, which is beneficial to mask manufacturing.

9.2 Double Exposure with One Resist Layer

Double exposure with one resist layer is the simplest and the most cost-effective
process among various approaches to DE and DP. However, the double exposure
of one resist film typically leads to unacceptable losses in image contrast, unless
nonlinear resists are used. Double exposure with one resist layer could be a
viable process if each exposure could be optimized to avoid losses in image
contrast. One successful example involves alternating phase-shift masks (PSMs),
in which the critical layer (e.g., polygate) is split into two masks and the
lithographic processes are optimized separately. The most critical part—the
gates—is patterned using a dark-field alternating PSM, as it provides the best
resolution and CD control. The less critical parts—the local interconnect lines
and gate trim-out regions—are patterned using a binary mask.
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9.2.1 Combination of interference and projection (regular) lithography

Researchers at MIT Lincoln Laboratory developed a new double-exposure
process they named “hybrid optical maskless lithography” (HOMA). In this
process, first, an interferometric exposure is used to create high-resolution dense
resist gratings. Then, a conventional optical trim exposure customizes the grating
into patterns that are useful for semiconductor integrated circuits (ICs).® Two
exposures are performed in the same resist, prior to PEB and development.

Interference can provide excellent aerial image contrast with process
latitudes that greatly exceed those of projection optics. The HOMA method is a
combination of high-resolution maskless (optical interferometer) and low-
resolution optical projection. Both exposures are capable of very high
throughputs. Figure 9.4 shows the proof-of-concept results. Exposures are
performed in the same resist prior to PEB and development. Figure 9.4(a) shows
the 45-nm half-pitch grating pattern imaged by Lincoln Lab’s 157-nm
interferometric system and Fig. 9.4(b) is the resist pattern after the trim exposure
with a 248-nm projection tool to “erase” several grating lines. The resist is
sensitive to both 157- and 248-nm wavelengths.

One key challenge to the HOMA process lies in deciding on how to split the
patterns into dense lines and trim parts. The decision is based on the assumption
that circuit patterns can be formed from simple grating patterns that can be
trimmed by an additional exposure. Making use of the HOMA method for
semiconductor lithography will certainly have implications for the design process.
All critical features, gates, contacts, and metal will need to be placed on a coarse
grid. Contacts can be printed out with crossed grating exposures using a
negative-tone resist.

Figure 9.4 Top-down images of (a) 45-nm dense resist lines obtained by the interference
exposure and of (b) the resist pattern after the trim exposure. (Reprinted by permission
from Ref. 6.)
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A similar approach was separately named “composite optical lithography”
(COOL).” COOL uses less expensive interference lithography tools to form an
initial pattern at the minimally required pitch and the 2nd exposure uses lower
resolution lithography to form the required layout. The process using a negative
resist is demonstrated in Fig. 9.5. The dense lines are exposed first (PSM mask is
used as the interference lithography emulator). The 2nd exposure forms the
bridge patterns. Finally, the wafer is sent to PEB and development.

9.2.2 Exposures with X-dipole and Y-dipole illuminations

Dipole is an aggressive off-axis illumination process that provides better
aerial image contrast than conventional or annular illuminations can provide, in
directions perpendicular to the dipole orientation (Fig. 9.6). X-dipole illumination
gives the best resolution for vertical lines (Fig. 9.6(a)) and Y-dipole illumination
gives the best resolution for horizontal lines (Fig. 9.6(b)). However, X-dipole
does not give good resolution for horizontal lines, nor does Y-dipole for vertical
lines. Thus, double exposure is proposed for effective imaging of both horizontal
and vertical lines. A level consisting of both horizontal and vertical lines can be
split into two masks. One mask has only vertical lines and the other mask has
only horizontal lines. The 1st exposure is done with Mask 1 and the X-dipole
illumination and the 2nd exposure is done with Mask 2 and the Y-dipole
illumination.

Alternatively, these vertical and horizontal lines can be exposed once by C-
guad illumination and one mask with both vertical and horizontal lines, as
sketched in Fig.9.6(c). Compared to the double exposure approach, the C-quad
illumination introduces additional flare and causes a degradation in image
contrast.®

Figure 9.5 Demonstration of exposing one resist film twice to obtain the desired pattern
(negative resist, 0.85NA 193-nm tool). (Reprinted by permission from Ref. 7.)
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Figure 9.6 (a) X-dipole illumination gives the best resolution for vertical dense lines. (b) Y-
dipole illumination gives the best resolution for horizontal dense lines. (c) C-quad
illumination can be used to resolve both vertical and horizontal lines with degraded
imaging contrast.

Figure 9.7 shows the experimental results of double exposures with X- and Y-
dipole illumination.’ The design has both horizontal and vertical lines and is split
into two masks. One has all of the horizontal lines that were imaged using Y-dipole
illumination. The other has all of the vertical lines that were imaged using X-dipole
illumination. The top-down image of the final pattern is shown in Fig. 9.7.

Figure 9.7 Dipole decomposition of the layout. (Reprinted by permission from Ref. 9.)
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For complex mask layouts, OPC must be used in order to ensure pattern
fidelity under dipole illumination. Figure 9.8 shows an example of OPC use.'
The target layout is split into an X-dipole mask and a Y-dipole mask. The OPC is
added to each mask to ensure image fidelity during exposure.

9.2.3 Image-assisted double exposure

Double exposure uses two masks and (possibly) two illuminations. The
combined aerial images are a linear superposition of the aerial image intensities
from the individual exposures. The residual energies from the exposures must be
shielded in order to guarantee good combined aerial image fidelity. To reach this
goal, inverse lithography has been developed to assist in the designs of Masks 1
and 2. Inverse lithography attempts to synthesize the mask (input) that results in
the desired wafer pattern (output), by inverting the forward model from mask to
wafer (Fig. 9.9). The masks designed by this method should give superior
contrast to the combined aerial images, without concern for the residual energies
from the previous exposure.

Figure 9.8 OPC is introduced into the dipole-decomposed layouts. (Reprinted by
permission from Ref. 10.)
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Figure 9.9 Inverse lithography is employed to design the masks for the double exposure.
(Reprinted by permission from Ref. 11.)

Unlike the decomposition of X- and Y-dipole exposures, which simply splits
the vertical and horizontal lines between masks, the imaging-inverse calculation
splits the gray-level aerial image into two (overlapping) parts. The resulting
imaging-inverse solution may not be unique.

Figure 9.10 shows an example of such an image-assisted double exposure. In
this test, Contacts A and B must be patterned on a resist film. The aerial image of
the 1st exposure (1st mask + annular illumination) is simulated and the aerial
image intensity is lower for Contact A than for Contact B. The 2nd mask and
illumination condition were designed to enhance the contrast of the combined
aerial image.

The effect of misalignment between the two exposures was evaluated.”” The
overlay (OL) of the 2nd exposure was systematically shifted in both the X and Y
directions to determine the effect on the top-down SEM images and CDs of the
contact holes. Figure 9.11(a) shows the top-down images at the OL shift from
-15 nm to +15 nm and Fig. 9.11(b) shows the measured CD value versus the OL
shift. The results suggest that the double exposure can provide acceptable results
within the OL shifts of £10 nm.

Both simulation and experiment clearly show that double-exposure imaging
can provide better process windows and pattern profiles than can single-exposure
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Figure 9.10 Image-assisting double exposure. (Reprinted by permission from Ref. 12.)

imaging. However, to get the best imaging possible, the doses of the 1st exposure
(E1) and the 2nd exposure (E;) must also be optimized so that the “effective first-
order efficiency” can be as large as possible.'? The effective first-order efficiency

is defined as follows:

E,/E
Effective First Order Efficiency = M : (9.2)
1+(E,/E)

Figure 9.11 Misalignment effect between the two exposures. (a) Top-down images at
different overlay (OL) errors. (b) Measured CD value as a function of OL. (Reprinted by
permission from Ref. 12.)

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



226 Chapter 9

where A; and A; are the first-order efficiencies of the 1st and 2nd exposures.
Assuming 0 and £1 diffraction orders are the only ones to pass through the lens,
A; is the intensity ratio between the 0 and +1 diffraction orders in the 1st
exposure; A, is the intensity for the 2nd exposure.

9.2.4 Other approaches

Among various DE/DP approaches, the DE with one layer of resist has the fewest
process steps and is the most cost effective. This approach has attracted a lot of
attention and various new approaches have been proposed in theory.*® The key to
the success of these approaches is the availability of innovative materials. For
example, contrast-enhancement layers (CELS) have been proposed as coatings
over the resist stack. The CEL would absorb enough light to prevent the flare
from reaching the resist film. It has been theoretically predicted that CELs would
simply allow spatial frequency doubling (Fig. 9.1) to work with current 193-nm
resists.

9.3 Double Exposure with Two Full Lithographic Processes

This section summarizes various approaches of double exposure with two full
lithographic processes: Resist 1 / Exposure 1 / Develop 1 followed by Resist 2 /
Exposure 2 / Develop 2. A special process may be added between the
lithographic processes to freeze the 1st resist pattern so that it can remain
unaffected during the processing of the 2nd resist. This freezing process should
be accomplished in the track to reduce the delay time and increase throughput.

9.3.1 Double exposure with positive and negative resists

Double exposure processes have been developed employing both positive and
negative resists. The 1st lithographic step uses the positive resist. Then, the
negative resist is coated over the 1st resist pattern. A dehydration bake may be
needed before coating the negative resist. Both resist films share the same BARC
layer. Finally, the hard mask and substrate etches are integrated into one process
step. Figure 9.12 shows the process flow.

In a specific example, the positive resist is TOK Pi06-001ME and the
negative resist is TOK N3001. The solvents used for each resist are different in
order to prevent intermixing. Therefore, the Pi06-001ME resist is not dissolved
by the N3001 solvent system.'* Exposure of the negative resist is done using a
dark-field mask in the area between the previously printed resist lines. The flare
is absorbed by the negative resist before it reaches the positive resist pattern. The
flare level is sufficiently low that it does not activate cross-linking of the negative
resist. Enough image contrast is expected with this approach. In comparison, if a
positive resist were selected for the 2nd exposure, a bright-field mask would be
used and the flare generated by the 2nd exposure would overexpose the 1st resist
pattern (Fig. 9.12). In this approach, additional processes to freeze the 1st resist
pattern are not required. Figure 9.13 shows top-down SEM images of 60-nm
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Figure 9.12 Process flow of DE with positive and negative resists.

half-pitch dense lines (Fig. 9.13(a)) and 36-nm half-pitch dense lines (Fig.
9.13(b)) obtained from this double-exposure process.*

A successful double exposure process that uses positive and negative resists
must have the following characteristics:

1. The coating of the negative resist should not damage the patterns
generated by the 1st exposure. The two resists should use different
types of solvents and no intermixing should occur at the interface.
The diffusion of resist components between resists must be
minimized and should not cause problems.

2. The positive resist patterns must survive the 2nd exposure and
development. Minimal resist loss is required.

3. The two resists must have similar lithographic performance
characteristics, including high resolution and low LER.

4. Because the etch resistance of positive and negative resists is
typically different, the etch process must be carefully optimized.
Although the CDs of the two resist patterns are the same, the final
CD in the substrate might be different.
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Figure 9.13 Top-down SEM images of (a) 60-nm half-pitch and (b) 36-nm half-pitch dense
lines. The patterns were obtained by the double exposures with positive and negative
resists. (Reprinted by permission from Ref. 14.)

9.3.2 Freezing of the 1st resist pattern

“Freeze” processes have been developed to preserve the 1st resist patterns during
the 2nd lithographic process. After the 1st lithographic process, the resist pattern
is treated using either a physical or a chemical step. These treatments can include
high-temperature bakes, chemical fluid rinses, or ion implantations. After
treatment, the resist pattern should be unaffected by the 2nd lithographic
processes. Depending on the resist and the treatment method, the “freezing”
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mechanism can be either removal of the photoactive components in the resist
pattern or formation of a protective surface layer on the pattern. After the 2nd
lithographic process, the 2nd resist pattern together with the preserved 1st resist
pattern work as an etch mask for either the HM opening or the substrate etch.
This section covers the various approaches of freezing the 1st resist pattern.

9.3.2.1 Freezing technique with a surface-protecting layer

In this approach, a thin protective layer that covers the 1st resist pattern is formed.
Figure 9.14 shows the process flow. After the 1st lithographic processes, a
chemical freeze material is coated on the resist pattern. The freeze material is
composed of resin, cross-linker, and solvents.*>® The wafer is baked and rinsed,
leaving an ultrathin cross-linked layer on the outside of the resist features. The
cross-linking reaction is catalyzed by acid on the resist surface. The acid may be
the result of thermal decomposition of the PAG or may simply come from the
initial exposure step. After the 1st resist has been frozen, the 2nd resist is coated.
During the 2nd lithographic process, the cross-linked freezing material preserves
the 1st resist pattern.

Resist pattern

1stlithography BARC
Substrate

Coating of freezing ’_I ’—|

material and mixing
bake

Removing excessive
freezing material

2nd resist apply ] ]

and exposure

2nd develop

Etch | I

Figure 9.14 Process flow of the pattern freezing approach.
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Figure 9.15 shows top-down SEM images measured at each step of the double
exposure, using the protective-layer approach.”® This process is used to print two
target features: 40-nm and 32-nm dense lines. The 1st lithographic step generates
the patterns of 40-nm lines with 160-nm pitch or 32-nm lines with 128-nm pitch.
Then, the lines are frozen and the 2nd lithographic process produces the target
patterns. The CDs of the resist lines are measured and labeled (Fig. 9.15).

One key challenge of this process is minimizing CD variation between
process steps. First, the cross-linking layer tends to increase the line CD; the
higher the bake temperature, the more the CD increases.'® Second, the bake
temperature is about 150° C. At such a temperature, the resist pattern begins to
shrink, leading to a decreasing CD of the 1st resist pattern.”> As a result of these
two effects, an approximately 2-nm reduction in resist CD is observed after the
freezing process. Third, the CD of the 1st resist pattern increases during the 2nd
lithographic process. Apparently, the 2nd resist causes a CD increase in the 1st
resist pattern. CD increases of ~4 nm have been observed (Fig. 9.15).

Obviously, this approach would be much more successful if the CD of the 1st
pattern remained unchanged during the 2nd lithographic process. Optimization of
the freeze material and the temperature, or of the time of the freeze bake, is being
pursued to address the issue of CD variation. If the issue is not successfully
addressed by adjusting the freeze parameters, OPC will be required to
compensate for the CD variations.

Figure 9.15 Top-down SEM images at each step of the double exposure. The CDs of the
resist lines are measured and labeled on the images. (Reprinted by permission from Ref. 15.)
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The surface-protective layer approach has also been proposed for double
exposures of contact holes (Fig. 9.16(a)).™ First, vertical line and space patterns are
printed, then they are frozen. Next, horizontal line and space patterns are printed.
An array of contact holes is formed between the resist lines. The size and pitch of
the contact holes are related to the CDs of the lines and spaces. Fig. 9.16(b) shows
top-down SEM images of hole patterns formed by this method. The printing of
perpendicular 70-nm lines produced 51-nm holes with 120-nm pitch; printing of
perpendicular 60-nm lines produced 46-nm holes with 104-nm pitch.

9.3.2.2 Freezing technique with thermal cross-link resist

Freezing the 1st resist pattern by a higher temperature bake (post-develop bake)
is another approach to preserving the resist pattern.'’ For example, a thermally
activated cross-linker can be added to the 1st resist. The cross-linking
temperature must be higher than the PAB and PEB temperatures. After the 1st
development, the resist patterns are baked at high temperature to cross-link the
resist. The cross-linked resist pattern should be unaffected by the 2nd
lithographic process.

The key to the success of this process is the availability of new resists that
can be frozen during the high-temperature post-develop bake (PDB). An example
of such resists has been reported.’” The post-develop bake temperature is 200° C.
After the bake, the resist film is rinsed with resist solvent and aqueous TMAH

Figure 9.16 (a) Contact holes formed by double exposure. (b) Top-down SEM images of
contact holes formed by the double exposure. The size and pitch of the contact holes are
related to the CDs of the lines and spaces. (Reprinted by permission from Ref. 15.)
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developer to demonstrate a minimum resist loss. Exposures of the resist film
before and after the bake are completed to investigate the photosensitivity
reduction induced by the bake (Fig. 9.17). In this test, 140-nm contact holes are
printed with a dose of 20 mJ/cm?. The wafer is baked at high temperatures of 150
to 200° C after development. Then, a second set of holes is printed near the first
set. However, only small holes are printed, even with a higher dose of 26 mJ/cm?.
This result indicates that the photosensitivity of the resist is reduced by the post-
develop bake. The authors found that increasing bake temperatures causes a
greater loss in photosensitivity.

The thermally freezable resist is used in combination with a regular 193-nm
resist for the double exposure of 35-nm resist lines with 70-nm pitch. Figure 9.18
shows the top-down SEM image of the patterns obtained. The 2nd layer resist
images are generated on top of the 1st resist layers to form 35-nm lines in 70-nm
pitch. It appears that the 1st resist patterns are unaffected by the 2nd process.

Figure 9.17 Contact holes obtained from exposures before and after the post-develop
bake. (Reprinted by permission from Ref. 17.)
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Figure 9.18 Top-down SEM image of 35-nm resist lines with 70-nm pitch obtained by
thermal-freezing double exposure. (Reprinted by permission from Ref. 17.)

The great difficulty with the development of thermal-freezing processes is
apparently the development of thermally freezable resists with superior
lithographic performance. The presence of thermal cross-linkers in the resist
formulations should not degrade the pattern profiles, increase defectivity, or
lower the etch resistance of the resist. Additionally, the material and process
should be track compatible.

9.3.2.3 Other “freezing” approaches

In principle, any semiconductor-friendly process that can freeze resist patterns
can be considered for double exposure. Innovative approaches combined with
material availability are the keys to bringing new freezing processes to mass
production.

In addition to chemical and thermal freezing, ultraviolet (UV) curing
methods were investigated for the double exposure of contact holes."®** Recently,
UV curing with 172-nm light was evaluated.?® In this approach, the 1st resist
patterns are exposed to 172-nm UV irradiation and baked after the UV curing. It
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was proposed that all of the energy of the 172-nm photons would be absorbed at
the surface, since they have limited penetration depth in 193-nm resists. The
authors proposed that this energy would cause nonselective homolytic bond
cleavage in the organic polymers and the resulting radicals would then, in turn,
react to form cross-links that would render the resist insoluble. However, CD
shrinkage, line-end shortening, and corner feature deformation were the problems
observed with these 172-nm treated patterns. In addition, this process needs an
extra UV curing chamber, as the double-exposure process cannot be
accomplished entirely within the lithography cluster.

The implantation of argon ions (Ar") can make resists insoluble in the solvent
and unaffected by the 2nd lithographic process.?*?? The robustness of the resist
patterns after ion implantation depends on the energy of the ions. The ions should
have at least enough energy to penetrate the entire resist film. To completely
harden a conventional 193-nm resist film with a thickness of 150 nm, the ion
beam must have energies over 100 keV. However, several issues are associated
with this process. First, the resist pattern shrinks during the ion implantation and
the shrink value increases with the implantation dose. Second, high-energy ion
beams can cause damage to the substrate. Third, the ion implantation process
would need to be done outside of the lithography cluster.

9.3.3 Pack and unpack (PAU) for printing contacts

The pack-and-unpack (PAU) process can be used to print arrays of contact
holes.* Figure 9.19 shows the process flow. The 1st imaging step is optimized to
print a dense array of contact holes. Then, the wafer is coated with the 2nd layer
resist over the dense contact holes. The 2nd exposure opens only the desired
holes. Thus, this process is called pack and unpack. The 2nd layer resist can be
negative tone and the 2nd exposure can cover certain areas and open more than
one hole. Unlike other double exposure processes, the PAU does not directly
provide additional pattern resolution. The pattern resolution is obtained only
during the 1st exposure. However, with the help of the unpack exposure, the
isolated or random contact holes can be obtained from an array of dense holes.
Hence, the 1st exposure illumination can be optimized to give the best resolution
for dense holes, without concern for printing isolated holes within the same
process window.

I r

Figure 9.19 Process flow of pack and unpack for printing contacts.
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The primary difficulty with this approach occurs in the process of freezing the
1st resist patterns. The 2nd resist can dissolve the 1st resist pattern during coating
and the 2nd exposure can deprotect the 1st resist and make it soluble in the 2nd
development process. Two solutions have been suggested. One is to use alcohol-
based solvents for application of the 2nd layer resist. These solvents should not
dissolve the 1st resist, which is soluble in PGMEA. The second solution is to apply
a UV curing process to harden the 1st layer resist. The curing process should make
the 1st layer resist hard enough so as not to be dissolved by the 2nd layer resist.

9.4 Double Patterning

Double patterning (DP) processes have one more etch step than double-exposure
processes. This additional etch is in the process flow. The intermediate etch
transfers the 1st resist pattern to a hard mask (HM). The HM can be either an
inorganic film deposited by chemical vapor deposition (CVD) or a cross-linked
polymer film obtained by spin-coating and high-temperature bake (spin-on HM).
The HM preserves the 1st pattern and is unaffected by the solvent, the exposure,
and the development occurring during the 2nd lithographic process. Although DP
has a complicated process flow, it does not require the development of any new
materials. Basically, the materials and the processes used in DP are already
available and have been tested in previous technology nodes. Therefore, DP is a
more mature process than is the double-exposure process. Double patterning can
be implemented in various ways.

9.4.1 Double trench patterning

Double trench patterning etches trenches onto hard masks to form dense line and
space patterns. Figure 9.20 shows the process flow of double trench patterning. A
hard mask (HM) layer is deposited or coated onto the substrate (e.g., SiN). A
resist stack is coated on the HM and the 1st lithographic process is accomplished
to generate semidense trenches with a duty ratio (trench/line) of 1:3. The pattern
is then transferred to the HM layer by an etch process. After stripping, another
resist stack is coated onto the HM. The 2nd resist stack may be identical to the
Ist resist stack. A thinner HM film minimizes coating uniformity issues
associated with coating of the 2nd resist stack over topography. The 2nd
lithographic step is performed to generate the same set of semidense trenches
between the previous trenches. Then, the pattern is transferred to the HM by the
2nd etch process. The dense pattern with 1:1 ratio is obtained in the HM layer.
Finally, the dense pattern is transferred to the substrate by another etch step.

The exposures in Fig. 9.20 require positive resists and dark-field masks.
Unfortunately, the exposure process window for generating the narrow trenches
is too small. Simulation results demonstrate that the dark-field mask provides
poorer aerial image contrast for the trench and leads to losses in exposure
latitude.”® The aerial image contrast and the process window can be enhanced
only by overexposure (i.e., the trenches must be printed larger than the features
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Figure 9.20 Process flow of double trench patterning (dark-field masks with positive resists).

on the mask). To compensate for the CD shift, shrink processes have been used
to shrink the trenches so that their CD can meet requirements.?**

In one study,? after each of the two development steps, the RELACS process
was performed to shrink the trench CDs to their target values. The exposures
were performed using a 0.85NA 193i scanner with 150-nm thick resist (PAR
IM850) and 33-nm thick BARC (ARC91). The trenches were shrunk 20-40 nm,
adjusted by varying the temperature of the mixing bake (see Chapter 8 for
details). The HM was TaN film. The target CDs are 50-nm 1:1 dense lines. In
this process, both mask bias and RELACS shrinkage values are adjusted to
maximize the exposure process window. Simulations and experiments are
performed to determine the optimal shrink and optimal mask bias. For the 50-nm
trenches with 200-nm pitch, the optimal mask dimension was found to be ~104
nm, resulting in a trench dimension of ~76 nm by underexposure, followed by
~24-nm shrinkage, to reach the final target of ~50 nm with good CD control.
Figure 9.21 shows the SEM images of the final pattern etched into the substrate.
For the double patterning of contact holes, thermal reflow was used to shrink the
contact sizes.”

The introduction of shrink processes further complicates the double-
patterning process. As an alternative, double trench patterning with bright-field
masks and negative resists has been proposed (Fig. 9.22). For the same feature
sizes, the aerial image contrast from bright-field masks is much higher than that
of dark-field masks, resulting in larger process windows.?® The challenge lies in
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Figure 9.21 SEM images of the final pattern etched into the substrate. The pattern has
50-nm 1:1 dense lines and was obtained by the double trench patterning and RELACS
processes. (Reprinted by permission from Ref. 24.)

the fact that a negative resist is required to print the trenches (Fig. 9.22). The

193-nm negative resist must have superior lithographic performance, such as
high resolution, low swelling, and small line-edge roughness.

Figure 9.22 Double trench patterning with bright-field masks and negative resists.
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A negative resist from TOK was imaged using a 0.85NA scanner and a bright-
field mask. The target feature size was a 50-nm trench with 220-nm pitch.?
Figures 9.23(a) and (b) show the process window and top-down SEM images of
the resist pattern. At 5% exposure latitude, the DOF is about 0.17 um. After etch,
the trench pattern is transferred to a SIN HM with a thickness of 35 nm. After the
2nd etch, the final pitch transferred to the HM is 110 nm (Fig. 9.23(c)).

An alternative method using bright-field masks (better aerial image contrast),
but without using negative resists, is to use negative-tone developers,? which are
capable of reversing the tone of positive resists. In this process, the dissolution
contrast is derived from the polarity or from the hydrophobicity change

Figure 9.23 (a) Process window and (b) top-down SEM images of a 50-nm trench with
220-nm pitch. The exposure was done at 0.85NA with a bright-field mask and the negative
resist is TOK N026. (c) SEM image of the dense lines and spaces in the SiN hard mask
after the 2nd etch. The pitch is 110 nm. (Reprinted by permission from Ref. 23.)
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of the polymer by the deprotection reaction with the photoacid. Thus, the
hydrophobicity or polarity parameter of the developer is the key to controlling
dissolution contrast. Several organic solvents have been evaluated as negative
developers. A good candidate must quickly dissolve the protected polymers but
slowly dissolve the deprotected polymers. Additionally, the developer should not
cause the resist to swell and the development rate should be relatively insensitive
to the molecular weight (Mw) of the polymers. Figure 9.24(a) shows the
dissolution rate of a resist film in a standard aqueous developer and in a negative
organic developer. The dissolution rates are compared with and without exposure
at a dose of 15 mJ/cm?. The resist has a dissolution contrast of 1.3 x 10% in the
negative-tone developer and a dissolution contrast of 1.3 x 10° in the positive-
tone developer. This dissolution contrast is believed to be large enough to obtain
fine patterns.

Figure 9.25 shows 60-nm trenches printed using a bright-field mask and a
negative developer. The exposure was done with a 0.75NA dry exposure tool and a
6% half-tone mask. The authors predicted that it would be possible to print 45-nm
trenches using the same process in combination with a 1.2NA 193i exposure tool.

9.4.2 Double line patterning

In double line patterning, the HM layer is used for transferring only the 1st resist
pattern, while the etch mask for the 2nd pattern is the 2nd resist pattern itself (Fig.
9.26). This process has one less etch step compared to the double trench patterning
process (Fig. 9.20), since the double line patterning skips the 2nd HM etch.

1000

" .
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Figure 9.24 Dissolution rate of an ArF resist (a) without exposure and in the negative
developer, (b) with exposure (dose = 15 mJ/cmZ) and in the negative developer, (c)
without exposure and in aqueous TMAH developer, and (d) with exposure (dose = 15
mJ/cmZ) and in the aqueous TMAH developer. (Reprinted by permission from Ref. 26.)
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Figure 9.25 Cross-sectional image of a semi-isolated trench with a CD of 60 nm obtained
by the process of bright-field exposure and negative development. (Reprinted by
permission from Ref. 26.)

Figure 9.26 Process flow of double line patterning.
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The double line patterning process was demonstrated using the poly-Si level
(Fig. 9.27).%” Dense lines with a pitch of 65 nm were printed using a 0.85NA
193-nm immersion scanner and dipole illumination. The cross-sectional images
at each process step are also shown in Fig. 9.27. Diagrams of the process steps
are included in the figure to explain the film stacks. The substrate is flat during
the 1st imaging step, but has uneven topography due to the patterned hard mask
during the 2nd imaging step. Another characteristic of this process is the
additional etch of the 1st pattern in the HM. Because the 1st pattern must go
through two plasma etch steps, the final substrate has two populations of lines.
One is etched from the 1st lithographic pattern in the HM and the other is etched
from the 2nd resist pattern. These lines correspond to different grayscales in the
SEM images in Fig. 9.27. The difference in SEM contrast is perhaps due to the
residual HM on the 1st pattern.

A double HM approach was recently developed for double line patterning. In
this approach, after the 2nd lithographic process, both the 2nd resist pattern and
the 1st HM are used to transfer the pattern into a 2nd HM. Better CD uniformity
and process control can be obtained with this double HM approach.?

It is worth noting that the overlay errors between the two exposures are
transferred into the final CDs differently from the way they are transferred in
double trench patterning. In the double line patterning process, the misalignment
leads to the CD deviations for spaces and image placement errors for lines. In the
double trench patterning process, the misalignment leads to the CD deviations for
lines and image placement errors for spaces (see Section 9.1.4).

Figure 9.27 Diagram of double line patterning steps with cross-sectional images obtained
at each process step. (Reprinted by permission from Ref. 27.)
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9.4.3 Si-containing resists used as the 2nd resist in double line
patterning

One concern with the double line patterning process is that the 1st HM pattern
and the 2nd resist pattern work side by side during the etch. The HM is typically
a silicon-containing film (SiN or SiON) and the 2nd resist is typically an organic
polymer. The etch rates of these two materials are completely different. To
address this issue, Si-containing resists have been evaluated as the 2nd resist,? as
they have etch rates similar to those of the silicon-containing hard masks. After
the 2nd lithographic step, the Si resist pattern together with the HM pattern work
as an etch mask for transferring patterns to the poly-Si substrate.

9.4.4 Si-BARC film as a hard mask for double patterning

Spin-on Si-BARC in combination with spin-on carbon (SOC) have been
proposed as replacements for the CVD hard mask for DP applications, since they
fill the role of both BARC and HM. For double trench patterning, the Si-BARC
and SOC are coated over poly-Si substrates. After the 1st lithographic step, the
resist pattern is transferred to the Si-BARC by a plasma etch in fluorine
chemistry. Then the 1st resist film is removed and the 2nd resist film is coated
and imaged. During the 2nd lithographic step, the 1st pattern is preserved by the
Si-BARC. A dehydration bake may be needed before application of the 2nd resist.
The 2nd resist pattern is transferred to the Si-BARC layer by another etch in
fluorine chemistry. Finally, the patterns in the Si-BARC are transferred to the
SOC by an oxygen plasma etch and the patterns in the SOC are, in turn,
transferred to the poly-Si substrate by the fluorine plasma etch. Figure 9.28(a)
shows the process flow.

The Si-BARC/SOC can also be used in the double line patterning process,
replacing the CVD hard mask. Figure 9.28(b) shows the process flow. After the
1st lithographic step and etch, another layer of Si-BARC/SOC is coated onto the
1st Si-BARC layer. After the 2nd lithographic step and etch, the patterns in both
Si-BARC films work together as an etch mask for the SOC etch. This process has
been described in the literature.*® The 1st Si-BARC and SOC have thicknesses of
82 and 160 nm and the 2nd Si-BARC and SOC have thicknesses of 82 and 90 nm.
The stack thicknesses were optimized for the best control of reflectivity.
Exposures were performed on a 0.75NA scanner with dipole illumination and
dense lines with a pitch of 75 nm were obtained. Figure 9.29 shows the top-down
images at each process step. A cross-sectional image after the final etch is also
included in Fig. 9.29.

This process has two challenges. First, the Si-BARC must be compatible
with the resist and the SOC/Si-BARC/resist stack must have superior
lithographic performance. Second, the 1st Si-BARC must be unaffected by the
coating of the 2nd Si-BARC/SOC stack and its patterns cannot be degraded
during the high-temperature curing processes of the 2nd Si-BARC/SOC.
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Figure 9.28 (a) Process flow of Si-BARC as a hard mask for double trench patterning.
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Figure 9.28 (b) Process flow of Si-BARC as a hard mask for double line patterning (with
two Si-BARC/SOC layers).
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Figure 9.29 SEM images at each process step of double line patterning with Si-BARC.
The final pattern has a pitch of 75 nm. (Reprinted by permission from Ref. 30.)

Another way to obtain a SiO, HM without using CVD is to use spin-on
perhydropolysilazane (PSZ). The formulation, consisting of PSZ, xylene solution,
and an amine catalyst, changes to SiO, through a reaction with water (with the
help of the amine catalyst) during a high-temperature bake.**

9.5 Self-Aligned Double Patterning

The patterns produced by double exposure and double patterning processes are
both generated by two separate exposures (as described in previous sections in
this chapter). Each exposure generates one set of patterns. The two sets of
patterns are finally transferred to the substrate and realize spatial frequency
doubling. In contrast, self-aligned double patterning (SADP) has a completely
different approach, requiring only one exposure. A sequential order of multiple
nonlithographic steps (film deposition, etch, and CMP) is capable of doubling the
original patterns.®* Thus, SADP will create new challenges to process engineers
of film deposition and etch and create perhaps even greater challenges to
designers.

Two approaches to SADP have been developed:*® positive SADP (Fig.
9.30(a)) and negative SADP (Fig. 9.30(b)). For positive SADP, a resist pattern is
first printed with a pitch that is 2x the final pitch. Then, the pattern is transferred
to a sacrificial layer by plasma etch. The sacrificial material can be a poly-Si and
a trim etch can be employed to make the duty ratio (line/space) 1:3. A spacer
material (SiN) is conformably deposited, then etched back to form a spacer
pattern with a CD that is almost equal to the CD of the sacrificial line. The
sacrificial pattern is removed by an isotropic etch, leaving only the spacer pattern
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on the stacked film. Finally, the nitride spacer pattern is transferred to the hard
mask. In this process flow, one resist line generates two spacers, creating spatial
frequency doubling. The resist line-CD corresponds to the one space-CD for
every two spaces in the final pattern.

For the negative SADP (Fig. 9.30(b)), instead of removing the sacrificial
pattern, a poly-Si film is deposited to fill the gaps between the spacers. Then, the
spacer pattern is etched away and only the sacrificial pattern and gap-fill material
remain on the stacked film, working as an etch mask to transfer the pattern to the
HM and eventually to the substrate. In the negative SADP process, the original
resist line-CD corresponds to the line-CD of the final pattern.

Figure 9.30 Process flow of (a) positive self-aligned double patterning and (b) negative
self-aligned double patterning.
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The CD of the resist lines has a profound effect on the final feature size. The
resist line-CD is determined by the exposure dose. For the positive SADP
process, the relationship between the exposure dose and the final CDs has been
jointly investigated by ASML and IMEC, and the results are plotted in Fig.
9.31.% It appears that the CDs of Line 1 (L1) and Line 2 (L2) are not sensitive to
the exposure dose. They are generated by the spacers in both sides of the resist
lines, and are, therefore, mainly affected by the height and sidewall of the resist
line, not by the width of the resist lines. Space 1 (S1) and Space 2 (S2) are very
sensitive to the exposure dose. This is expected, because Space 1 is generated by
the resist lines. The four CDs (L1, L2, S1, and S2) must sum to the pitch of the
resist lines, which is predetermined by the mask. Decreases in S1 CD lead
directly to increases in S2 CD. At an optimum dose, the final CDs are the same
and equal lines and spaces are obtained.

The self-aligned double patterning process has attracted a lot of attention and
a number of studies have been reported.*® SADP has also been called spacer
double patterning (SDP), double patterning with spacer (DPS), or sidewall
double patterning (SDP). Further improvements to the process flow have been
suggested. For example, instead of using the sacrificial layer, the spacers are
directly formed at the sidewall of the resist patterns.®® The spacer material is an
oxide film deposited by novel low-temperature processes. In this study, the
lithographic process was started with a film stack of thin nitrogen-free

Figure 9.31 For the positive SADP process, the CDs of spaces are sensitive to the
exposure dose, while the lines are not. Equal lines and spaces can be obtained at the
optimum dose value. (Reprinted by permission from Ref. 34.)
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CVD ARC / 100-nm amorphous carbon / dielectric substrate. The 90-nm resist and
80-nm BARC were directly coated onto the thin nitrogen-free CVD ARC layer.
Figure 9.32 shows cross-sectional SEM images at each step of this process.

Figure 9.32 Cross-sectional SEM images of: (a) resist pattern after lithography and trim
etch (resist thickness = 90 nm, BARC thickness = 80 nm, resist line-CD = 50 nm, pitch =
200 nm); (b) oxide deposited on the resist pattern (oxide thickness = 55 nm and deposition
temperature < 100° C); (c) spacer pattern etched in the hard mask (100-nm thick
amorphous carbon); and (d) pattern obtained by final etch (pattern height = 120 nm, line
width = 50 nm, pitch = 100 nm). (Reprinted by permission from Ref. 39.)
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With this process, the primary role of the lithographer is to generate small
robust resist patterns with large process windows. A bilayer resist system (Si-
containing resist with underlayer) was evaluated and demonstrated a double
patterning of k, = 0.15.*° The spacer formation is the most critical process step
and the CD of the final features depends not only on the resist line-CD obtained
by lithography, but also on the resist film thickness, spacer thickness, and etch
conditions. Tight control of these process conditions results in good overall CD
uniformity. However, it is also difficult to obtain patterns with various feature
sizes; therefore, the SADP cannot be applied to random layouts where line
widths vary over a wide range.

9.6 Novel Approaches

Since both double exposure and double patterning have many more steps than a
traditional single exposure, the simplification of these processes is an important
goal of process development. Innovative processes and materials have been
proposed and developed.

One innovative approach uses a “dual-tone development.”?® If the
deprotection threshold for dissolution in standard aqueous developers is different
from that in a negative organic developer, pattern doubling can be obtained by
developing the resist film first in an aqueous developer, then in a negative
developer (Fig. 9.33). The exposure light intensity changes from a maximum at
the center of the space to a minimum at the center of the line. The areas with
fewer doses are developed in the negative developer and the areas with more
doses are developed in the TMAH developer. Thus, double lines are generated
from one line in the mask.

A feasibility test was demonstrated with a 0.75NA ArF dry exposure tool and
120-nm dense lines in the mask.?® The 1st development was in the negative tone
developer for 15 seconds and the 2nd development was in a 0.048% TMAH
developer. Dense lines with a pitch of 120 nm were obtained (Fig. 9.34).
Potentially, several issues with this process must be addressed. First, the
development thresholds of the positive and negative processes must be carefully
matched.*" If the overlap between the positive and negative tone contrast curves
is too small (Fig. 9.35(a)), almost all of the resist is developed after the two
development steps (Fig. 9.35(b)). A sufficient overlap is needed to generate the
correct feature size (Figs. 9.35(c) and (d)). Because the two edges of each resist
line are generated by different development processes, the line-edge roughness is
likely to be different on each side. The negative organic developer must be
handled differently from the way a standard TMAH developer is handled; the
dispense cup and drain system must be compatible with this new developer.
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Figure 9.33 Conceptual sketch of the dual-tone development process with a regular resist.
Only the slopes of the aerial image are printed.

Figure 9.34 Top-down SEM image of the dense lines with a pitch of 120 nm, obtained by
dual-tone development. (Reprinted by permission from Ref. 26.)
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Figure 9.35 Contrast curves in positive and negative developers must be matched for the
dual-tone development process. Too little overlap in (a) leads to complete dissolution of
the resist film in (b). Sufficient overlap in (c) is needed to generate the correct size feature
in (d). (Reprinted by permission from Ref. 41.)

Instead of using two different developers to print dual-tone features, it has
been suggested that resists can be designed to respond differently to exposure
doses in the higher and lower ranges. At very low doses, the resist is insoluble
(like positive-tone resists) and at very high doses, the resist is again insoluble
(like negative resists). Only at intermediate doses does the resist dissolve in
developer; therefore, the design and manufacture of such resists may be quite a
challenge.

9.7 Additional Comments

Various approaches to double exposure and double patterning have been
proposed. Process selection must include not only the evaluation of material
availability and the simplicity and maturity of the process, but also the pattern
layout. For example, a typical DRAM design can be divided into cell, core, and
peripheral regions.* The cell region has dense lines and spaces, as well as islands.
To print the islands, double patterning with bright-field masks appears to give the
best process windows. In the core region, the CD is about 1.2-1.6x that of the
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cell. Both small lines and pads exist, making pattern decomposition difficult and,
therefore, requiring OPC for each exposure.

Due to the success of double exposure and double patterning, some attention
has been paid to triple and even quadruple patterning processes.** Although triple
and quadruple patterning can further boost resolution, the processes are very
complicated. In addition to the technical issues, such as material availability and
pattern decomposition, the cost of ownership and availability of alternative
technologies are the major factors that affect the adoption of these processes.

Regardless of which double patterning processes are used, two groups of
lines or two groups of spaces will be obtained. One group is generated by the 1st
patterning process and the other group is generated by the 2nd patterning process
(except in SADP). The lines and spaces may have different mean CDs, heights,
and profiles. Figure 9.36 shows the line-CDs measured from a wafer processed
by double line patterning, where an offset is observed between the CD
distribution of the 1st group of lines and the 2nd group of lines.** This offset
causes degradation of wafer line-CD uniformity, which may result from (1) CD
differences between the two exposures, (2) the overlay error between the two
exposures, or (3) different etch flows between the two groups of patterns. The
challenge to metrology is to generate two sets of data so that the appropriate
process step can be adjusted to compensate for the offset value.

Figure 9.36 Line-CD distribution measured from a wafer processed by double line
patterning. (Reprinted by permission from Ref. 44.)
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Chapter 10
Line-Edge Roughness of Resist
Patterns

The edges of resist line patterns are never completely straight; they invariably
show deviations from linearity, which is called line-edge roughness (LER). LER
may be derived from pattern roughness in the mask, statistical variations in dose
along the line edge, or from the chemical properties of the resist. Variation in the
width of a line determines its line-width roughness (LWR). LER and LWR are two
of the key parameters that determine device performance. Figure 10.1 shows how
a single line can be a gate for multiple transistors. Low-frequency variations in
LWR can lead to a different gate length for each transistor. These variations, in
turn, cause threshold voltage variations between transistors in the same chip. LWR
with periodicities shorter than the gate width can result in problems with leakage
current. Experimental results show that leakage current increases exponentially
with LWR. For devices fabricated at the 65-nm node, LWR (3c) < 8% of gate CD
leads to < 1% performance degradation, while LWR (3c) < 10% of gate CD leads
to < 2% of performance degradation.? Based on this analysis, the ITRS requires
that the low-frequency portion of the LWR be less than 8% of its CD.? For the
45-nm half-pitch node, ITRS requires a LWR of 2.4 nm (3c).

In this chapter, lithographic processes and materials will be analyzed to
identify the root causes of LER and LWR within printed features. LER and LWR
can be improved through optimization of process parameters and selection of the
resist materials. In addition, the roughness can be further reduced by smoothing of
the resist patterns after development.* These “smoothing processes” will be
summarized and assessed. Resist patterns are transferred to substrates using
plasma etch processes. The LER and the LWR of final etched patterns are what
actually determine device performance. The extent to which roughness is
transferred from the resist pattern to the substrate during the etch process will also
be discussed in this chapter.
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Figure 10.1 Diagram of the gate pattern with LWR and LER.

10.1 Metrology of Line-Edge Roughness (LER) and Line-Width
Roughness (LWR)

LER and LWR are currently measured by high-resolution CD-SEMs. The SEMs
produce high-resolution images of the patterns, which are evaluated to determine
LER or LWR using software installed in the SEM or off-line.

10.1.1 LER

Figure 10.2 shows a top-down diagram of a resist line edge. To measure the LER,
a measurement window is defined that covers a certain length L of the resist line.

Within the window, the resist line is scanned N times at equal intervals of A, so that
L = NA. The quantity x; (i = 1, 2,... N) represents the position of the edge detected
along the line segment. The averaged edge on the x-axis is defined as

;:(ﬁyJ/N (10.1)

The deviation of the detected edge from the averaged edge is

BX, =X = X. (10.2)
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Figure 10.2 Diagram of a resist line edge.

The standard deviation of the edge from the averaged edge is used to describe the
line edge roughness:

G = \/%ZN:(?Sxi)z = \/%i(xi ~%)?. (10.3)

i=1 i=1

In the lithographic community, the LER is usually reported as three standard
deviations (i.e., 3o.gr), to ensure a tight control of line-edge roughness.

10.1.2 LWR

Line-width roughness (LWR) quantitatively describes line-width variation. Figure
10.3 shows a top-down diagram of a resist line. As in the measurement of LER,
LWR can also be measured from top-down images. The measurement window
covers the resist line length of L. Within the measurement window, the resist line is
scanned N times with equal intervals of A (i.e., L = NA). The quantities x~ and x7; (i
=1, 2,... N) represent the coordinates of the left and right edges along the line
segment with intervals of A. The line width at each measuring grid is
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W= X" - X (10.4)

The average line width is

_ N
W:(ZWJ/N. (10.5)
i=1
The deviation of the measured width from the average width is
SW. =W, —W. (10.6)

The standard deviation of the measured line width from the averaged edge is used
to describe the line-width roughness:

Figure 10.3 Sketched top-down image of a resist line segment.
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10.1.3 Relationship between LER and LWR

LWR results simply from the LERs at both the left and right edges of the resist line.

The relationship between the G wr and the o er of the two edges can be calculated
as follows:

Clwr =%iZN:,(Wi - w)’ =%i§1‘,[(wi)2]—(v_v)2

:%ZN:[(xiR)Z]_(;R)z +%_ZN:[(XiL)2]_(;L)2 el _%ZN:(XF o) (10.8)

_ R\2 Ly2 TR e
=(0r ) +(0, ) +2[ X -X _ﬁz(xi %) |,
i=1

where o.ex” and o gr" are the standard deviations of the left and right edges (left
and right line-edge roughness). From Eq. (10.8), it is obvious that the LWR is
strongly related to the LER. The last term in Eq. (10.8) describes the correlation
between the two edges. By introducing a correlation factor c, equation (10.8) can
be written as

2

LWR ) + (o L)erZ'C-csLERR'cs - (10.9)

our = (0 LER

LER LER

where the value of the correlation factor ¢ is between-1and 1 (-1 <c <1).

In most situations, the roughness of the two edges is always uncorrelated in the
absence of external influences such as optical proximity effects, defects, or
topography. If the LERs of the left and right edges are uncorrelated (¢ = 0), as
shown in Fig. 10.4(a), Eq. (10.9) can be simplified to

GLwr= V2 GLer = V2 oie”. (10.10)

Equation (10.10) is familiar to lithographers and is used frequently. However, if
the correlation factor ¢ = 1, then the two edges are anticorrelated (Fig. 10.4(b)),
and o wr = 261 er" = 20.er", Which is the worst situation for LWR. In the opposite
situation, if the two edges are perfectly correlated (c =-1) (Fig. 10.4(c)), then GLwr
= 0, which would be ideal for LWR.

For resist lines printed in a single patterning step, the left and right edges are
typically uncorrelated and ¢ = 0. However, for the SADP process, the left and right
edges will be correlated if the spacer is conformal.
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Figure 10.4 Sketch showing correlations between left and right edges of a resist line.

10.1.4 Correlation length of the roughness

The measured values of LER and LWR depend on the length of the evaluation
window L (Fig. 10.5).>® For short windows, this dependence can be characterized by

a power law where 36, wr ~ L” and « is the roughness exponent. For long windows
(L > Ls), the LWR is saturated and independent of the length. L is the sigma
correction length, which is quantitatively defined as

6. (L,) =090, (inf), (10.11)

where o wr(inf) is the saturation value measured from a sufficiently large window.

The shape of the curve shown in Fig. 10.5 is determined by the spatial
frequency spectrum of the roughness. The LWR consists of both low and high
spatial frequency components. Short evaluation windows (L < L) include
information only about roughness with high spatial frequency and neglect
information about roughness with low spatial frequency. The roughness exponent,
o (0 < a < 1), quantifies the relative contribution of high spatial frequency

roughness to LWR. Large values of a mean that o, wr decreases quickly with the
reduction of L, since the contribution of high spatial frequency roughness is
limited. At large sampling lengths, more low spatial frequency information is
included in the measurement and the resulting roughness is stabilized.” Similarly,
the distance A between the scan lines is also very important to LWR and LER

measurements. Roughness values with spatial frequencies greater than 1/A are not
included in the measurements.
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Figure 10.5 Typical dependence of LWR (3c) on the length of the measuring window (L,
sampling length), obtained by analysis of a CD-SEM image. (Reprinted by permission from
Ref. 6.)

SEMATECH recommends a protocol for measuring LER and LWR in which

the sampling distance (distance between scans A) is 4 nm up to the 22-nm node,
and 2 nm thereafter.® The length L of the sampled line should be 2000 nm, leading
to a stable value for measurement and assuring that all important low frequencies
are sampled. The A of 4 nm assures frequency sampling well into the
high-frequency noise floor. It is better to measure multiple edges when
determining an average LER and LWR. By averaging multiple edges, better
statistics can be obtained and process comparisons can be conducted with higher
confidence.

10.1.5 Spatial frequency spectrum

Roughness consists of a broad band of spatial frequencies. However, the standard
deviation ¢ gives only averaged information on roughness. To investigate the
spatial frequency components of roughness, the power spectral density (PSD)
must be analyzed.’ This is done by Fourier transformation of the line-edge
measurements (x;, i = 1, 2,... N) (Fig. 10.2). The PSD covers spatial frequency

from 1/L to 1/A and corresponds to the sampling window size and distance
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between scan lines. It also provides information related to how the roughness
determined at each spatial frequency contributes to the overall LER.

In general, all PSD curves obtained from 193-nm resist patterns show similar
behavior (Fig. 10.6).° They have “low frequency plateaus,” “mid-frequency
roll-offs,” and “high-frequency floors.”® The low frequencies make the largest
contribution to total roughness. The roughness in the mid-frequency region can
provide information about the causes of the roughness; for example, changes in
resist composition can result in distinctive changes in the mid-frequency region.
The high-frequency floor is an artifact that results from white noise from the SEM
measurement. It is caused by errors in precisely locating the line edge for each
sampled point. Use of SEMs with improved image resolution and careful selection
of image and line-edge detection parameters will minimize the contributions of the
noise floor to LER and LWR measurements.

Although the CD-SEM is a convenient and popular method for measuring LER
and LWR, the electron beam can cause resist shrinkage and lead to deviations in
CD.! Therefore, efforts to develop better measurement tools continue, with the
aim of providing better resolution with lower noise. The capability of metrology
tools and their improvements are beyond the scope of this book and will not be
discussed here.

PSD of 4-um-length line and 16 x 250-nm segments

1.E+04 I
Low frlequency plateau
R B A0
102 it
1/L 1/A
1.E-03
1.E-04 1.E-03 1.E-02 1.E-01 1.E+00

Spatial frequency (1/nm)

Figure 10.6 Sample power spectral density (PSD) of LER. The whole PSD covers the
spatial frequency range from 1/L to 1/A. It consists of a low-frequency plateau, a
mid-frequency roll-off, and a high-frequency floor. The low-frequency plateau contributes
the most to the LER. (Reprinted by permission from Ref. 8.)
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10.2 Formation of LER

In the lithographic process, the pattern on the mask is illuminated by light. The
diffraction orders are collected by the projection lens and focused on the resist
surface. The exposure light generates photoacids in chemically amplified resists
and polymer deprotection occurs during PEB. Finally, the portions of the resist
that have been deprotected are dissolved in aqueous developer and the resist film is
rinsed and dried to produce the resist pattern. Each process step can contribute to
the LER of the final resist pattern.

10.2.1 LER of the mask pattern

The pattern on the mask is obtained by imaging resists using e-beam lithography,
followed by pattern transfer during etch, which uses processes very similar to
those used during the manufacture of integrated circuits. Inevitably, the mask
patterns have LER (LERqs¢). If the optical imaging system has 100% fidelity, then
the mask pattern will be projected onto the resist surface without distortion and the
LER of the aerial image (LERia) in the resist will be the LER ¢ divided by the
demagnification factor of the scanner and multiplied by the MEEF factor (i.e.,
LERueriai = MEEF X LER a5k /4).

However, the LER . is much smaller than its pattern size. For example,
180-nm half-pitch dense lines in the mask typically have an average LER of < 10
nm (3c). In reality, such low LER is beyond the resolution capability of current
193-nm optical imaging systems and the details of mask pattern LER are not
projected onto the resist surface.

10.2.2 Aerial image contrast at the pattern edge

The projection lens has a limited size and cannot collect all diffraction orders from
the mask. Thus, the exposure system has a limited resolution capability. The aerial
image of the edge of a pattern projected onto a resist surface is not a step function,
but rather, a gradient of light intensity (Fig. 10.7). The image log-slope (ILS) is
introduced to quantitatively define the aerial image contrast at the edge of the

feature:
1 ol
Ls=— A%} (10.12)
legge OX
ol (x) N . . .
where lggge and a— eage A1€ the light intensity and the intensity slope at the edge.
X

To single out the role of the optical system in the formation of LER, we assume
that the resist follows the simple threshold model in which the resist is sufficiently
deprotected to dissolve if the exposure dose is above the threshold value and will not
dissolve if the exposure dose is below the threshold dose. The resist edge is formed
at the position where the exposure dose equals the threshold value.
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Figure 10.7 At the pattern edge, the aerial image intensity is not a step function.

In practice, however, various factors can cause fluctuations in light intensity,
such as fluctuations in laser output power and vibrations of the optical system and
of the wafer stage. The fluctuations in exposure light intensity cause shifts in the
resist edge in the x-direction, forming LER (Fig. 10.7). These same fluctuations of
light intensity Al induce smaller shifts in the position of the resist edge Ax when
the image contrast is steep. Thus, large aerial image contrast reduces LER. Figure
10.8 shows the experimental results of resist LER as a function of aerial image
contrast.* With increased aerial image contrast, the LER (35) value decreases and
levels off at about 5 nm. Further increases in aerial image contrast provide no
additional improvements in LER. As a result, it has been suggested that the
residual LER originates from the intrinsic material roughness of the resist.*

10.2.3 LER generation in positive chemically amplified (CA) resists

For most chemically amplified (CA) resists, the photoacid generators are blended
with polymers and other components. Molecules of photoacid generator are
distributed randomly in the chemically amplified resists, as shown in Fig. 10.9(a).
After absorption of light, these molecules decompose to form acids. For positive
resists during PEB, the photoacids catalyze the conversion of developer-insoluble
groups on the polymers into developer-soluble groups. This transformation is also
referred to as polymer deprotection and results in the dissolution of the regions of
the resist film that have received an exposure dose higher than the threshold value.
However, in order for the photoacid to catalyze the deprotection of the polymer, it
must diffuse from group to group within the polymer.
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Figure 10.8 Experimentally measured 3G LER in a resist as a function of the aerial image
image log-slope (ILS) for 120-nm lines at 270-nm pitch with global pattern densities of 1%,
10%, 80%, and 99%. (Reprinted by permission from Ref. 11.)

In fact, acid diffusion is a complicated process. The deprotection reactions
occur only in the presence of acid; studying the acid diffusion and the deprotection
reactions independently of each other is generally difficult. The acid diffusion rate
must be slower than the deprotection rate, so that the acid molecules have
sufficient time to react with the protecting groups. The diffusion coefficient of the
acid molecule is a function of the bake temperature and of the extent of
deprotection of the polymer. Because the polymer environment changes over the
course of the bake, the diffusion rates of acid molecules also vary." Rigorous
calculations suggest that acid molecules can diffuse several tens of nanometers
from their original sites during post-exposure bake.* Acid diffusion can smooth
out the random distribution of acid originating from the random distribution of the
PAGs in exposed areas (Fig. 10.9(b)). However, the acid can also diffuse into
unexposed areas, thereby increasing the high-frequency components of the LER.
Only polymer molecules with deprotection levels greater than the threshold level
will be dissolved by the developer. This threshold of deprotection defines both the
edge of the resist line and the line-edge roughness (Fig. 10.9(c)).
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Figure 10.9 (a) Acids are generated near the original locations of the PAG molecules and
are randomly distributed throughout the resist. (b) After PEB, the acid molecules in the
exposed areas diffuse into the unexposed areas. (¢) The edges of the resist lines are
formed after development.

Even with ideal optical systems, fluctuations in light intensity still exist.
According to Poisson statistics, the number of photons N incident upon a given

area fluctuates with an amplitude of «/ﬁ . The resulting dose fluctuation is

proportional to 1/«/ﬁ and is typically referred to as shot noise. The shot noise is
very pronounced when the number of photons is small, a condition that
corresponds to the exposure of highly sensitive resists.

The mathematical model for acid diffusion in chemically amplified resists has
been investigated by various groups.’>*® Three major conclusions have been
drawn from this research. First, LER is inversely proportional to the square root of
the exposure dose.'” Second, LER is strongly correlated with aerial image contrast
(ILS). Third, longer acid diffusion length leads to smaller LER. These conclusions
can be expressed in the formula

Gier ~( . ji 1_ (10.13)
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where Eqqqe IS the exposure dose at the resist edge, Lq is the diffusion length of the
acid, and ILS is the image log-slope at the edge. Experimental results reported by
various groups have shown the relevance of Eq. (10.13).'2*

Acid diffusion length is directly related to the resolution capability of a resist.
High diffusion length smears the aerial image contrast and causes lower resolution.
The exposure dose at the resist edge Ecqee actually represents the deprotection
threshold and is dependent on the photospeed of the resist. Thus, Eg. (10.13)
correlates LER, resolution, and photospeed of a chemically amplified resist. These
three factors are difficult to simultaneously improve. To reduce LER, one could
increase quencher concentration, but then the resist gets slower because more
photons are needed for the exposure. Increasing the photospeed (which means that
the imaging is performed with fewer photons and the shot noise statistics (~N?)
will get worse) results in larger LER. Therefore, Eq. (10.13) is also called the
“lithographic uncertainty principle” and the relationship between the LER, the
resolution, and the photospeed can be expressed by a triangle (Fig. 10.10)."

One frequently studied topic is the dependence of LER on polymer size. The
characteristic sizes of polymer molecules are, at most, a few nanometers.”
However, analysis of the power spectra of typical 193-nm resists demonstrates that
the dominant contributions to the LER value are from spatial frequency
components of about 20 um or less.?* This corresponds to the length scale of 50 nm
and above, which is much larger than the molecule size of the resist polymers. As a
matter of fact, the resist line edge used for the LER analysis is imaged from the
resist pattern by a CD-SEM. Currently, CD-SEMs cannot resolve individual
molecules within a resist, thus, any contribution to LER from the molecule size is
not captured by the CD-SEM. Similar studies in EUV show that the resist LER is
independent of polymer size.?® However, it is not difficult to foresee that as
resolution capability continues to advance, the size of polymer molecules will
eventually become an important factor in determining LER.

Figure 10.10 Lithographic uncertainty triangle.
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10.2.4 Effect of BARC and topcoat on resist LER

BARC films can affect the LER of resist patterns in two distinct ways. The first is
mainly an optical effect in which unoptimized BARC thicknesses increase the
standing wave effect, leading to losses in aerial image contrast and generating
larger LER. The second is a matter of the chemical compatibility, where poor
selection of BARC material may result in greater acid diffusion at the
BARC-resist interface and cause footing. This resist footing appears in top-down
images as the line-edge roughness.

Topcoats applied to resist surfaces also affect the resist LER. Depending on
the chemical compatibility of the topcoat and the resist, the topcoat can either
increase the resist LER? or decrease the resist LER.?® The chemical interaction
between topcoat and resist occurs mainly during PEB.

10.2.5 Resist dissolution behavior

The resist pattern (as well as its roughness) is formed during development. In the
center of the exposed area where the dose is high, the resist dissolves quickly. The
rate of development is as high as several hundreds of nanometers per second.
However, in the transition region at the edge of the exposed area, the resist is not
fully exposed and the deprotection reaction is not complete. At the advancing
dissolution front, a transition from soluble to insoluble polymer takes place, where
the development ceases and the edge forms. At this edge, some of the polymer
molecules swell into the developer, while remaining anchored to the rest of the
resist film. During the DI water rinse, these partially dissolved polymer chains
redeposit on the resist edge. This swelling mechanism has been proposed as one
source of LER.* The complicated physical and chemical reactions at the edge of
the resist pattern have attracted much research interest and are beyond the scope of
this book.

10.2.6 Investigation of acid diffusion

Researchers at the National Institute of Standards and Technology (NIST) used a
bilayer structure, neutron reflectometry (NR), and infrared spectroscopy (IR) to
gain insight into the complex acid deprotection/diffusion mechanism.*® The
bilayer consists of two layers of resist polymers. The top (acid-feeder layer) has
PAG and the bottom layer has no PAG. After exposure and PEB, the photoacid
catalyzes deprotection reactions that result in the elimination of blocking groups
from the film. This reaction is detected by neutron reflectrometry as a reduction in
hydrogen content. Thus, the deprotection depth profile at the interface can be
measured. After development, the surface roughness of the bottom layer
corresponds to LER. This experiment was done for different resist polymers with
and without base additives. It was concluded that process conditions and
molecular details (polymer, PAG, and base) strongly influence the LER. Sharp
deprotection fronts result in smaller LER.
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10.3 Strategies for Reducing Resist LER

In addition to improving the aerial image contrast of exposure tools, researchers
have been attempting to reduce LER of resist patterns. These efforts fall into three
categories: (1) development of new resists with smaller intrinsic material
roughness, (2) optimization of the lithographic processes, and (3) application of
post-development smoothing processes. These smoothing processes can be quite
successful in reducing LER.

10.3.1 Developing resists with low intrinsic roughness

The resist is the largest source of roughness; therefore, most efforts to reduce
LER/LWR involve the development and optimization of resist formulations. This
work has focused on the relationship between LER and each component of the
resist.”? For example, increasing the concentration of quencher base can reduce
the LER, but will also reduce photosensitivity. Many of the conclusions reached
about LER can be difficult to interpret because they are sometimes highly
dependent on the specific polymer platform used by different researchers.
Developing new resists with high resolution and low LER is currently an
important goal of 193-nm resist suppliers.

One interesting approach is to use the surface roughness of the resist to obtain
the intrinsic material roughness (IMR).?® The resist film is exposed at different
doses (< Ep) and developed. The resist film surface roughness (RMS) is measured
by atomic force microscopy (AFM). The measured surface roughness versus dose
is plotted as an RMS contrast curve. The authors proposed that the surface
roughness corresponds to the intrinsic material roughness. Experimental results
demonstrate that the IMR can be improved through optimization of the PAG and
the polymer.

To improve the trade-off of resolution, photospeed, and LER, a new resist with
anisotropic acid diffusion has been proposed in theory.® In this model resist, the
horizontal diffusion length is reduced, while the vertical diffusion length is
simultaneously increased. The simulation results show that this idea can increase
resolution and improve LER, using the same dose.

10.3.2 Optimization of resist process parameters

The LER of resist patterns can be improved by simply optimizing the process
parameters. Aerial image contrast can be increased optically by using bright-field
masks, aggressive off-axis illumination, or by increasing NA. With such exposure
conditions, lower LER can be obtained. These improvements in aerial image
contrast will improve LER.

Additionally, PAB, PEB, and development conditions can affect LER values.
The relationship between LER and these process parameters will vary from resist
to resist. In one experiment, the resist pattern was 80-nm 1:1 dense lines (Fig.
10.11).* The LER and LWR of the resist pattern were measured as a function of
PAB temperature (Fig. 10.11(a)) and as a function of PEB temperature (Fig.
10.11(b)). Increasing the PAB temperature from 70 to 100° C causes a slight
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increase in LER and LWR values. This behavior is believed to be related to the
residual solvent in the resist film. It was suggested that more residual solvent in the
resist film helps the acid diffusion and results in lower LER.'*%

Figure 10.11(b) shows an interesting PEB temperature dependence between
LER and LWR. As the PEB temperature increases in value, the roughness
decreases to a minimum at ~104° C, and then increases. The authors explain their
results by first pointing out that, in general, acid diffusion length increases with
increasing PEB temperature, and this, in turn, leads to lower LER. At higher PEB
temperatures (> 105° C), the roughness increases with temperature. This behavior
was proposed to be caused by the combined effect of decreased resist contrasts and
reduced potential for LER improvement by diffusion. Similar results were
reported in other studies.*

Figure 10.11 LER and LWR (3c) of 80-nm dense lines measured as a function of (a) PAB
temperature and (b) PEB temperature. Resist thickness is 150 nm and baking time is 60
seconds. (Reprinted by permission from Ref. 31.)

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Line-Edge Roughness of Resist Patterns 273

The concentration of developer and the development time can also affect
roughness. Figure 10.12(a) shows top-down images of resist patterns processed with
different development times. The resist line CD is ~85 nm with a pitch of 170 nm. In
Fig. 10.12(a), reducing the development time from 60 to 15 seconds increases LER.
The resist line CD decreases slightly with development time, as expected. Figure
10.12(b) shows top-down images of resist patterns processed with various developer
concentrations. The concentration of the developer and the exposure dose are
included in the figure. For this resist, high concentrations of developer help to reduce
LER; however, for other resists, opposite results were obtained.®* These results
suggest that the relationship between roughness and development parameters is
closely linked to the unique chemistry of each resist platform.

Figure 10.12 (a) Top-down images of a resist pattern processed with different development
times. The resist film has a thickness of 150 nm and the resist pattern has a nominal size of 85
nm with a pitch of 170 nm. The LER of the pattern is included in the images. (b) Top-down
images of a resist pattern processed with various developer concentrations. The resist film
has a thickness of 210 nm and the nominal size of the pattern is 100 nm with a pitch of 200 nm.
The development time is 60 seconds. (Reprinted by permission from Ref. 31.)
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10.3.3 Smoothing resist patterns through surfactant rinse and hard bake

Rinsing resist patterns with specially designed surface conditioners after
development can reduce LER. These surface conditioners can improve the high to
medium spatial frequency portions of the LER. Similarly, baking resist patterns at
high temperatures (hard bake) can also reduce the LER of the resist patterns. For
most resists, the hard bake temperature is in the range of 150-200° C. At these high
temperatures, the resists soften and the rough edges are smoothed.

To obtain even higher reduction in LER, the surfactant rinse and hard bake can
be combined.*** After development, wafers can be rinsed with a surface
conditioner, spun dry, and baked at elevated temperatures. Figure 10.13 shows the
results from such rinse and bake processes. In these tests, a set of resist patterns
was obtained at best dose but with different focuses. The LER values of the resist
patterns with and without treatment were measured and plotted (Fig. 10.13). The
process of applying the rinse, together with a 170° C hard bake, provided about
1-nm reduction in LER (3c)—about a 20% reduction. Without the hard bake, the
surfactant rinse process also reduced the LER.

In addition to reducing LER, the surfactant rinse process was reported to
provide a solution to the problem of removing the resist scum at the bottom of the

Figure 10.13 LER (30c) values at the best dose and across focus. The baseline process
does not include surfactant rinse and hard bake. Resist thickness is 250 nm and the pattern
is 130-nm half-pitch dense lines. Surfactant rinse 93J9 is from Air Products. (Reprinted by
permission from Ref. 4.)
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contact holes.*® Resists used in 193-nm immersion lithography are very
hydrophobic. Standard agqueous developer and DI water cannot effectively reach
the bottom of the contact holes. Residuals from the resist may remain at the bottom
and form a scum. According to the authors,* because of its lower surface tension,
the surfactant rinse is able to penetrate the contact holes and remove the scum from
the bottom of the contact holes.

10.3.4 Smoothing resist patterns with solvent vapor

A research group at Tokyo Electron Ltd. (TEL) demonstrated reductions in LER
by treating post-development resist patterns with an organic-solvent atmosphere.*’
After development, the wafer is transferred to a chamber supplied with N,
saturated with solvent vapor. This environment provides the wafer surface with a
uniform supply of organic-solvent (Fig. 10.14). The resist surface softens to
produce a smooth resist edge and ultimately, lower the LER. The softened regions
of the resist surface dry immediately after the process, eliminating the need for a
post-bake or any other drying processes. Figure 10.15 shows a dense resist pattern
before and after this smoothing process. The resist pattern is very smooth after
treatment with solvent vapor.

Resist pattern with LER

Wafer

Figure 10.14 Organic solvent vapor is introduced into the resist pattern.
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Figure 10.15 Top-down and cross-sectional images before and after the smoothing
process. (Reprinted by permission from Ref. 37.)

The solvent vapor method for reducing LER seems to be more effective when
used on KrF resist patterns than when used on ArF resist patterns. One possible
explanation is that ArF resists are less soluble in organic solvents than KrF resists.
Brief exposure to VUV light after development was found to improve the
solubility of ArF resist patterns in organic solvents. The combined effects of VUV
exposure and solvent vapor exposure can produce a 30% reduction in LWR, the
same LWR reduction as seen on KrF resists. Longer treatment times result in
better LER, but can also lead to increased degradation of profile.*®

10.3.5 HBr plasma treatments

Resist patterns can be treated with HBr plasma in an etch chamber,* a process that
typically involves an additional step at the beginning of the etch recipe. The HBr
plasma substantially modifies the resist surface without significantly modifying its
bulk properties and structure. XPS data show the formation of a carbon-rich layer
at the surface of the HBr-treated resist. In addition to improving LER, the HBr
plasma treatment cures the photoresist, hardens the pattern, and suppresses
deformation during etch. The insertion of the HBr plasma treatment after the
BARC opening step is more effective at improving LWR than insertion of the
treatment before the BARC opening step.

Figure 10.16 shows the LER spectra of resist patterns treated with and without the
HBr process. The resist lines have a CD of 130 nm with a pitch of 260 nm. HBr
treatment after the BARC opening reduces more LER than treatment before the BARC
opening, and reduces both high and low spatial frequency roughness. The experiments
in Ref. 39 also showed that LER reduction depends on pattern size. Higher LER
reduction is obtained with sparse patterns than is obtained with dense patterns.
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Figure 10.16 LER spectra of resist patterns (line-CD = 130 nm with a pitch of 260 nm)
treated with/without HBr plasma. (Reprinted by permission from Ref. 39.)

10.4 Transferring LER from Resist to Substrate: the Effect of Etch

The resist pattern is transferred to the substrate by the etch process. Depending on
the film stack, the plasma etch process can consist of several steps and involve
several chemicals. The transfer of LER through the etch process is complicated
and is affected by the resist material, the substrate film stack, and the etch
conditions.

10.4.1 Isotropic versus anisotropic roughness

One interesting observation is that the roughness of sidewalls in resist patterns is
isotropic, while the roughness of sidewalls in etched patterns is anisotropic, as
shown in the cross-sectional images in Fig. 10.17. The sidewall roughness of resist
patterns changes in two directions, both vertically to the substrate and in parallel to
the substrate along the resist line (Fig. 10.17(a)). In contrast, the sidewall
roughness of the etched pattern appears to change in only one direction: along the
resist line (Fig. 10.17(b)). This difference is due to the physical nature of the
anisotropic plasma etch. In the etch process, an electric field drives the etch ions
perpendicular to the wafer surface and the etching front moves in only one
direction into the substrate.

The transfer of LER from resist to substrate was reported by Goldfarb et a
Their technique is to tilt the resist pattern and use AFM to directly image the
roughness of the resist sidewall. Figure 10.18 shows the AFM imaging setup and
the stack of the substrate. The film stack has resist, BARC, and SiO, as the hard
mask (HM) on a silicon substrate. The sidewall of the pattern was imaged by AFM
after each etch step. Figures 10.19 (a) through (d) show AFM images of pattern
sidewalls after development, BARC opening, and HM (SiO,) etches.

|40
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Figure 10.17 Cross-sectional images of (a) resist pattern and (b) Si-lines after plasma
etching. The resist residuals have not been removed in (b).

After development, the roughness of the resist sidewall is isotropic, or
two-dimensional (Fig. 10.19(a)). After the BARC etch, striations are formed in the
resist as well as in the BARC sidewall (Fig. 10.19(b)). The striations are normal to
the substrate surface and are generated by the anisotropic plasma etch. Fewer
anisotropic etch conditions provide less pronounced striations. These striations act
as templates and are transferred to the HM and the substrate. Etch process
variables such as polymer deposition, ion bombardment, and wafer temperature
can greatly affect the final LER.
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Figure 10.18 AFM is used to image the sidewall of the pattern and as the tapping mode. A
specialized sample holder was designed to tilt the die. (Reprinted by permission from Ref. 40.)

Figure 10.19 AFM images of pattern sidewalls: (a) after development, (b) after BARC open
etch (N2/H plasma), (c) after oxide etch of 0.2 um (CF4/CHF; plasma), and (d) further oxide
etch of 0.5 um (CF4/CHF; plasma). The film stack is: A = silicon substrate, B = silicon oxide
(0.7 um), C = BARC, and D = photoresist. Height scale is 200 nm/div. (Reprinted by
permission from Ref. 40.)
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10.4.2 LER reduction after etch

The transfer of LER through the etch process is not straightforward. The plasma
etch with optimized conditions appears to transfer less LER from the resist pattern
to the etched substrate. The transformation rate depends on the etch conditions and
the film stack on the substrate and is also related to the initial resist LER and resist
chemistry. Comparison experiments have been carried out at the gate level.**
At the gate level, the resist and BARC films were coated on the wafer with a
poly-Si film. The LER of the resist pattern was measured after the lithographic
process. The resist pattern was transferred to the poly-Si film by a plasma etch and
the resulting LER in the poly-Si pattern was also measured. Figure 10.20 shows
the relationship between the resist LER and the poly-Si LER. It appears that
LERpoly-si < LER(esist and that the LERq1y-si Value is a linear function of LER esist -
The LER was analyzed for power spectral density (PSD) as shown in Fig.
10.21.** After etch, the low (0.6-5 um) and high (> 50 um) spatial frequency
regions remain the same. The middle spatial frequency range (5-50 um) shows
distinct improvement in roughness. After etch, the middle to high spatial
frequency regions contribute less to the overall LER than the low spatial frequency

Figure 10.20 Poly-Si LER after etching as a function of the resist LER prior to etch. The
dashed line represents a linear slope. The legend labels the global pattern density.
(Reprinted by permission from Ref. 11.)
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Figure 10.21 Power spectral density of the resist LER and the poly-Si LER. The shaded
area indicates the etch-induced LER reduction. (Reprinted by permission from Ref. 41.)

regions contribute. These results raise the following gquestion: How important is
reduction of the resist LER? Most of the LER reduction process is only effective at
removing the high-frequency resist LER. Thus, the best way to assess these
processes is to evaluate the final post-etch LERs. After all, the final LER is the real
target and most relevant to the performance of the final device.
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Chapter 11
Extendibility of 193-nm
Immersion Lithography

Immersion lithography based on water has been very successful. The maximum
numerical aperture of 1.3 or 1.35 has allowed this technology to be widely used
in the production of 45-nm half-pitch devices. Encouraged by this success,
researchers are interested in further boosting NA through the use of fluids and
lens materials with higher indices of refraction. In theory, these second-
generation immersion technologies could be used in the 32-nm half-pitch node.
Table 11.1 shows the resolution requirements for the 45- and 32-nm nodes as
described by ITRS 2007." Although DRAM, Flash, and Logic have slightly
different specifications, the fundamental challenge for the 32-nm node is to print
32-nm dense lines and 35-nm contact holes. According to the Rayleigh equation
(resolution = kyA/NA), a numerical aperture larger than 1.55 will be needed in
order for k; to be larger than 0.25 for the 32-nm half-pitch node. Detailed
simulations suggest that numerical apertures of at least 1.65 will be required to
print 32-nm patterns with reasonable process windows.

As discussed in Chapter 1, the maximally effective NA of an immersion
system is limited by the refractive index (RI) of the lens, the fluid, and the resist.
Thus, high refractive index materials are the key to further increases in NA.
Currently, the last lens element is composed of fused silica, which has a
refractive index of 1.55 at 193 nm. Conventional 193-nm resists have refractive
indices around 1.70. The replacement of water with a high refractive index
immersion fluid would be the first step in the development of high-RIl 193-nm

Table 11.1 Resolution requirement for the 45- and 32-nm nodes."
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immersion lithography (193i+). However, the replacement of the immersion fluid
alone would be insufficient for reaching NA = 1.65. The fused silica lens must
also be replaced by a new material with a Rl > 1.65.

Table 11.2 summarizes the possible combinations of high-RI immersion fluid,
lens material, and resist, along with the NA values that can be achieved in theory.
As of today, high-RI fluids with n ~1.60-1.65 are available for early exposure
tests.>® These immersion fluids are called second-generation (G2) fluids. The use
of G2 fluids with current lens materials and conventional 193-nm resists should
be capable of producing 1.55NA full-field scanners. Various potential lens
materials have been screened for higher RI values; BaLiF; with n ~1.64 and
LUAG with n ~2.0 show potential.*> Methods for increasing the RI of resist
polymers are being explored by basic research organizations.® Hopefully, this
work will lead to new resist platforms with n ~2.0. The combination of third-
generation (G3) fluids with n ~1.8, higher RI lens material, and higher RI resists
gives us hope of achieving numerical apertures of 1.80.

In addition to designing high-RI lenses and fluids, projection optics will need
to be redesigned for these second- and third-generation systems. As an alternative,
a NA > 1.35 can be reached either by reducing the size of the exposure field’ or
by curving the final lens element.® Reducing the field size (~12 mm), the water
immersion can reach a maximum NA of ~1.40. However, the chip size must also
be reduced and chip designers are unlikely to accept a smaller field size. A
curved final lens can cover large incident beams, but the exposure beams will
need to travel 20-50x farther in the immersion fluid, requiring the fluid to be
extremely transparent. If such a fluid is available, then 1.5NA 193i+ can be
reached without the use of high-RI lens materials.

Nevertheless, the 193i+ roadmap is full of technical challenges that will be
discussed in this chapter. An important question to ask is whether or not 193i+
can compete with other options for the 32-nm node, such as double patterning or
EUV lithography. Another drawback of 193i+ is that it can provide lithographic
solutions for only one node—the 32nm half-pitch. At this time (Fall 2008), it
appears unlikely that 193i+ tools will be available by 2010 and, therefore, will be
too late for the 32-nm node. However, 193i+ is still an interesting technology to

Table 11.2 Possible combinations of high-RI immersion fluid, lens material, and resist.
High-risk technologies are in shaded boxes.
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the lithography community that promises to be less costly than double patterning
or EUV, and if available, could be used in combination with double patterning.

11.1 Fluids with High Refractive Indices

The development of high-RI immersion fluids preceded the development of high-
RI lenses and resists. In addition to having high RI values (> 1.44 at 193 nm),
these fluids must also be very transparent and stable to 193-nm light. Although
some performance requirements are obvious, detailed specifications for the 193-
nm fluid are still being discussed.® The best way to assess an immersion fluid is
to compare it to water.

11.1.1 Requirements for high-RlI fluids

Table 11.3 compares the performance characteristics of water with the
performance objectives of second-generation immersion fluid for 193-nm
lithography. Water is very transparent to 193-nm light with an absorption
coefficient of 0.036 cm™. The RI of water is ~1.44 with a temperature sensitivity
of dn/dT = —107*/°C. This means that a temperature fluctuation of 0.01° C will
cause a refractive index change of 107, which in turn, will lead to a defocus of
~1 nm at a working distance of 1 mm. Water is a material that is familiar to IC
manufacturers and has been used for rinsing after development. Water also
exhibits excellent stability toward photodecomposition by 193-nm light.

Tentative “specifications” for second-generation high-RI immersion fluids
have also been drafted (Table 11.3). These specifications are not industrial
standards, but were developed by leading lithography material and process
development engineers.” The performance parameters (except for the refractive
index) were obtained simply by compromising the performance of water. The
absorption coefficient of the fluid must be low (< 0.15/cm) in order to minimize
photodecomposition and thermal fluctuations. The fluid must have low viscosity
so that the meniscus can move with the exposure head across the wafer. As these
high-RI fluids may be mixtures, the light scattering “specification” is imposed to
control flare.

For 157-nm light, the best immersion fluid that has been identified is
perfluorotriglyme, CF3(OCF,CF,);0CF3, which has o= 0.64 + 0.07cm™. For a
350-um working distance, the transmission is about 95%."

11.1.2 Measuring the Rl of immersion fluids

A simple way to measure the refractive index of a fluid is to use a prism cell (Fig.
11.1). A hollow prism cell made of fused silica is filled with an immersion fluid
and mounted on a rotational stage. A 193-nm light beam is directed toward the
prism and travels through the immersion fluid. The incident angle o is adjusted by
rotating the sample stage so that the maximum portion of the outgoing light beam
is collected by the detector. The deviation angle 3 of the detector relative to the
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Table 11.3 Performance parameters of water as an immersion fluid for 193-nm
lithography and proposed requirements for the high-RI immersion fluid.

Water High-RI fluid (G2)
Refractive index at 193 nm n=1.44 n=1.60-1.65
Variation of Rl with dn/dT=-10"/°C | dn/dT =3 x 107/°C
temperature fluctuation
Absorption coefficient a=0.036cm™ a<0.15cm™
Viscosity at 20° C pn=1.002 cP n<2.0cP
limh+ crattarina -~ N N2L ~ NI/, rarn

original light beam is measured by goniometry. The apex angle A of the prism is
45 deg. The refractive index of the fluid (nqug) can be calculated by applying
Snell’s law to the air—fluid and fluid—air interfaces as

r-]fluid

=nair~\/ZSinza+25in2[3+2x/§sinasin[3 : (11.1)
In this test, the measurement of the deviation angle B is critical. Because the
prism and the fluid shift the beam path, large errors can be introduced into this
angle.'* Nevertheless, a report by NIST demonstrated that this method can
provide an accuracy of 1x1072

Figure 11.1 Setup for measuring the refractive index of an immersion fluid. The apex
angle A is 45 deg.
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11.1.3 Development of high-RI fluids

Initial efforts to produce high-RI fluids involved dissolving high-index additives
(either organic or inorganic) into water. This approach takes advantage of some
favorable properties of water (e.g., density and viscosity) and, indeed, some
inorganic salts do increase the refractive index. However, the inorganic salts have
limited solubility in water, limiting their ability to increase RI. Crown ethers
were added to the water to enhance the solubility of the metal salts. With this
approach, an index of 1.6 was obtained with solutions of CdCl,."* Unfortunately,
high concentrations of heavy metal salts are typically very toxic, making them
unacceptable in a production environment. Nontoxic inorganic metal salts of
BaCl, and CaCl, were also tested. With the help of crown ethers, the solubility
was increased, but the increases in RI were very limited. Increasing the additive
concentration in water also tends to increase the absorbance of the solution.*
Dispensing transparent high-RI nanoparticles into solvents is another
approach for developing high-RI fluids. The RI of the fluid can be expressed as

2 2 2 2

—— =NV, (11.2)
n +2 n"+2

where n is the RI of the composite fluid, n, is the RI of the liquid host, n, is the
RI of the nanoparticle, and NV is the volume fraction of the particles in the
fluid.® The refractive index of the composite fluid is proportional to the volume
fraction of high-index particles. A volume fraction of at least ~20-30% is needed
to reach n > 1.6. In an early test, Al,Oz nanoparticles were added to water and n =
1.6 was reported. However, the application of the composite fluid to 193-nm
immersion appears very challenging. First, the exposure light can be scattered by
the particles in the fluid. In order to reduce the scattering to an acceptable level,
the size of the particles must be < 1 nm, which means that the particles are nearly
the size of large molecules. Also, the particles must be monodispersed, since
larger particles dominate scattering. Second, the concentrations of additives must
be precisely controlled, in order to minimize fluctuations in the refractive index
of the fluid. Third, the nanoparticles must not deposit onto the final lens element
or scratch it.

Single-component organic liquids show the most promise for meeting the
requirements for second-generation fluids. These organic fluids must have both
high Rl n and low absorption k at 193-nm wavelength; however, n and k are
correlated with each other by the Kramers-Kronig relation.'® Typically, both n
and k increase as wavelength decreases and approaches the absorption peak; in
fact, n reaches its maximum earlier than k reaches its maximum, as shown in Fig.
11.2. Beyond the peak, the refractive index n decreases with decreasing
wavelength. As a result, much effort is focused on finding materials that have
strong absorption peaks at wavelengths just below 193 nm to ensure that the
indices will be high while the absorbance will be low (at 193 nm)."
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Single-component organic fluids with RI in the range of 1.60-1.67 have been
developed by several suppliers. Table 11.4 summarizes the key performance
parameters of these fluids. Detailed results and names of these fluids can be
found in several publications.?**®!° One critical parameter is photostability,
which is evaluated by exposing the fluid to a high dose of 193-nm light while
monitoring changes in n and k.**# Similarly, the solubility of air in these fluids is
important, since oxygen dissolved in the fluids causes high absorption at 193 nm.
Purification systems have been designed to recycle the fluids (Fig. 11.3) and to
remove foreign materials coming from the resist, photodecomposition
components, and oxygen from the exposure head. By passing through the
purification system, the transmittance of the fluid can be largely recovered.
However, even with purification, transmission continues to decrease after the
accumulation of large doses.?* Therefore, even with purification, high-RI fluids
have finite lifetimes. Better purification systems may be needed in order to
extend the lifetime of these G2 fluids.

Figure 11.2 Sketch of the dispersion relationships of materials. Immersion fluid
candidates must be located at the absorption peak where A < 193 nm.
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Table 11.4 Performance parameters of currently available G2 high-RI fluid.

The development of high-RI organic fluids continues around the globe,
where researchers have proposed and pursued various approaches.???* For
example, ab initio and empirical methods have been applied to the search for new
chemical compounds with high refractive indices and low absorption at 193-nm
wavelength. Modeling has predicted that SO,-containing compounds with five-
and six-membered rings could give increases in the refractive index at relatively
low absorption at 193 nm. Fluids consisting of LUAG nanoparticles dispersed in
decalin are being investigated for use as 3G high-index fluids.”®

Figure 11.3 Diagram of fluid handling system.
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11.1.4 Leaching and contact angle

The tendency of high-RI fluids to leach resist components has been evaluated and
compared with the same tendency in water. In general, conventional 193-nm
resist components show equivalent or less leaching into high-RI fluids than into
water. The time dependence of leaching (dynamic leaching behavior) is similar
to that demonstrated by water and most leaching occurs within the first minute.™
Figure 11.4 shows the PAG leaching level in various high-RI fluids from
different suppliers.”® Samples HIL B and C show less leaching than water shows,
because of the low solubility of PAGs in these G2 fluids.

Resists were treated with G2 fluids before and after dry exposure.?® These
treatments can reduce the thickness of the resist and can change the CDs in the
printed features, raising concerns that organic fluids might dissolve or swell
photoresist films. Hence, the assessment of high-RIl fluids must include
measurements of resist film thicknesses before and after immersion in the fluid.

The contact angle of the fluid on the resist surface is another major concern
for G2 fluids, since it directly dictates how the fluid would be confined during
exposure. Figure 11.5 shows the static and dynamic contact angles measured
from various high-RI fluids on a typical ArF resist (PAR817). The high-RI fluids
have static contact angles of < 20 deg, while water has a static contact angle of
~75 deg on the same resist. This means that the fluid meniscus cannot be
confined by surface tension and completely new approaches for exposure heads
will need to be developed if these contact angles cannot be increased.

W

‘ ‘ 1 | | Il ‘ ‘ L ‘

HIL A HIL B HIL C water blank

Figure 11.4 PAG leaching level in various high-RI fluids. HIL A, B, and C are the G2 high-
RI fluids from different suppliers. (Reprinted by permission from Ref. 26.)
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Figure 11.5 Static and dynamic contact angles of high-RlI fluids (A, B, C) on a typical ArF
resist. The dynamic contact angles (receding and advancing contact angles) were
measured by both the sliding wafer method (sliding-advancing and sliding-receding) and
the captive method (ARCA-advancing and ARCA-receding). (Reprinted by permission
from Ref. 26.)

To overcome these contact angle issues, topcoats designed to work in
combination with high-RI fluids have been proposed. These topcoats must have
high contact angles for the high-RI fluid as well as high refractive indices for
good optical performance. A prototype topcoat has demonstrated a 70-deg static
angle for high-RI fluids.?*

11.2 Materials with High Refractive Indices

A material with a high refractive index is needed for the last lens element in
193i+ scanners. Table 11.5 shows target specifications for high-index lens
materials given by scanner suppliers.”” In addition to high RI, the new lens
materials must be highly transparent and have low intrinsic birefringence (IBR).
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The absorption coefficient of < 0.01/cm means that > 90% of 193-nm light can
pass through a 3-cm lens. Additionally, these materials must be highly
homogeneous and be available in large sizes.

Theoretically, large-band-gap ionic materials that are highly polarizable
should be relatively transparent to 193-nm light and have high refractive indices.
These theoretical predictions narrow the search to group Il metal oxides.
Currently, several candidates have been identified: BaLiFz; ceramic spinel,
LUAG, and germanate garnets.”® The current final lens material, SiO,, is also
included for reference in Table 11.5, which provides key performance
characteristics of these candidates.

Although the refractive index of BaLiF; (1.64) falls short of the index needed
for the final lens element, its transparency, laser durability, and intrinsic
birefringence are better than those of the other candidate materials. Additionally,
large single crystals of BaLiF; with diameters of 150 mm have been successfully
produced by controlling the ingredient composition and by optimizing its zone-
refining process.*?* Ceramic spinel (MgAl,O,) has no IBR problem, but its poor
crystallinity leads to high absorption and poor RI uniformity. These properties
are unlikely to improve. LUAG (LusAlsO12) has a high RI (~2.1), but its
absorption (0.11 cm™) is still beyond the target. The stress birefringence and
homogeneity of LuUAg continue to improve and are closer to the final target, and
the high IBR (3x the specification) is manageable for the optics maker.>%
Germanate garnets (X;Y,Ges0;,) have potential, and further investigation of
these types of materials is ongoing.

Another approach to developing high-RI lens material is to dope fused silica
(SiO,) with lanthanum.** Because silica glass is commonly used in scanners, the
doping approach could have a number of advantages. For example, the doped
lanthanum forms La,Os in the glass and high lanthanum concentrations result in

Table 11.5 Tentative targets and key performance data for high-Rl lens material
candidates.””*®
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high RI. Currently, lanthanum-doped silica can reach refractive indices near 1.58.
Further improvement in the doping process and in the use of high purity raw
material is ongoing.

11.3 Resists with High Refractive Indices
11.3.1 Development of high-RI resists

High-RI resists must have indices of ~2.0 and must additionally have imaging,
etch, and cost properties similar to current 193-nm dry resist properties. The Rl
of polymers can be increased by introducing high-RI functional groups into the
polymers; however, many of these functional groups are coupled with
undesirable properties. For example, the addition of chlorine, bromine, or iodine
would significantly increase the RI, but are inappropriate for use in 193-nm
resists because of absorbance or photoinduced chemical reactions.®

Sulfur-containing polymers show more promise.*®** Whittaker and
coworkers at the University of Queensland designed a sulfur-containing polymer
that demonstrates n = 1.8, but its absorbance is > 7 pm‘l, which is much higher
than the specification (< 3 pm™). Along with Whittaker’s approach, further
optimization of sulfur groups in the polymer can lead to increases in n without
increasing k.3* A sulfur-containing resist with n = 1.76 and an absorption
coefficient of 1.70 um™ has been designed by a group at JSR Micro and is
capable of resolving 80-nm dense lines.*® In general, the RIs of polymers
increase with increased sulfur content in the polymer. Sulfur contents of 17-30%
will be required to achieve n = 1.85. The difficulty is that increased sulfur content
also leads to increased absorption and outgassing, while decreasing lithographic
performance and etch resistance.

Introduction of silicon into polymers is another approach used to increase the
index of refraction. A silicon-containing resist with n = 1.81 and an absorption
coefficient of 2.43 um™ has been prepared and tested for lithographic
performance.®> However, increasing silicon content results in poor lithographic
performance and poor compatibility with the underlayer.

Addition of transparent high-RI nanoparticles to conventional resists is an
innovative approach to reaching the target refractive indices. One major
advantage of this approach is that only minor modifications to the existing resist
platforms will need to be made. The two critical steps are the preparation of the
high-RI nanoparticles and their blending into the resist formulations. A polymer
film blended with nanoparticles has a demonstrated refractive index of ~2.0 and
an absorbance of ~2.5 ym.*

A theoretical model, called the quantitative structure property relationship
(QSPR), has been developed to predict the refractive index of monomers and
polymers.***" This model uses nine descriptors of the RI: heat of formation,
translational entropy, minimum partial charge on carbon atoms, number of sulfur
atoms, number of fluorine atoms, minimum bond orders of carbon atoms,
hydrogen donor-charged surface areas, polarizability, and total enthalpy:

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



296 Chapter 11

9
RI=" (k, - Descriptor). (11.3)

i=1

This predictive model allows candidate polymers to be assessed before they are
synthesized, so that only those molecules with the desired properties are
prepared.® Hopefully, this type of approach accelerates development cycles and
reduces cost.

11.3.2 Aerial image improvements with high-RI material

High-index resists are necessary for 193i+ because they ensure that exposure
beams with NA > 1.7 refract into the resist rather than reflecting off of its
interface with the high-index fluid (Fig. 11.6). In addition to enabling the
increase of NA, high-RI resists can enhance the aerial image contrast, since for
the same pattern, a high-RI resist can provide better aerial image contrast and a
larger DOF than can a low-RI 193-nm resist.

Benefits to aerial image contrast by the use of high-RI resists can be
explained in terms of the interference between exposure beams. Two exposure
beams with the same incident angle (6;, ngeSin®; = NA) pass through the
immersion fluid and interfere at the resist film, generating patterns (Fig. 11.7).
According to Snell's law, the higher the RI of the resist, the smaller will be the
refractive angle 0,. The interference of the transverse electric (TE) components
of the refracted beams is not related to the refractive angle, because the TE
components have the same orientation. However, the superposition of transverse
magnetic (TM) components depends on the refractive angle 6,. Assuming that
the amplitudes of the two beams are the same, i.e., |E1|=|E,|, the image contrast is

2
NA
2 a2
C=5(+cos"0,)=1-3sin"0, :1—%(—} . (11.4)
resist
IR NP RN
\\
\
Conventional resistn = 1.7 High Rl resist n > ng ;4

Figure 11.6 Refraction of exposure beams at the interface of resist and fluid. The
refractive index of the resists must be higher than the refractive index of the immersion
fluid so that all exposure beams can enter the resist film.
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In Eq. (11.4), at a fixed NA, the image contrast increases with the RI value of the
resist. Compared to the conventional resist (n = 1.7), the improvement of the
image contrast is calculated from Eq. (11.4) as a function of ns and NA, as
shown in Fig. 11.8.® A higher NA will provide a higher contrast when using
high-RlI resists.

Exposure latitude (EL) is a measure of a lithographic system’s insensitivity
to variations in dose and is directly related to the aerial image contrast. The CDs
of images printed with poor aerial image contrast will be overly sensitive to
changes in dose. Therefore, increasing the refractive index of resists could lead to
increases in exposure latitude.

It is also possible to improve DOF by increasing RI, although the arguments
are more complicated.® To understand this, we need to first review how the DOF
is defined; for resist lines, the DOF is usually determined by the CD at the bottom
of the line. In other words, the DOF is the focus range in which the bottom CD
remains within £10% of the target value. However, other parameters, such as the
line top CD and the pattern sidewall angle (SWA) are also important in defining
the process window. As a result, the combined DOF is obtained by overlapping the
DOFs of the bottom-CD, the top-CD, and the pattern sidewall angle.

Figure 11.7 Optical path of two-exposure-beam interference with (a) conventional resist
and (b) high-RlI resist.
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Figure 11.8 Imaging contrast enhancement (relative to the current resist n = 1.7) as a
function of resist RI.

Assuming that the exposure beams travel in the fluid and focus at the resist
surface, the DOF of the top-CD can be calculated as

AR (11.5)

4 n, . sin*(0/2)

top-CD =
fluid

where A is the wavelength in the vacuum and 6 is the incident angle in the fluid.
In Eqg. (11.5), the DOF of the top-CD is unrelated to the resist parameters.
Similarly, the DOF of the bottom-CD can be calculated from Eq. (11.5) by
replacing n and 0 in the resist, as the exposure beams travel in the resist film.
Therefore, the top-CD and the bottom-CD will have different DOFs.

Simulation has been used to quantitatively investigate how the RI value of
resists will affect the overlap process window of 32-nm dense line and space
patterns.®*® The simulation conditions are listed in Fig. 11.9(a). The process
windows of bottom-CD, top-CD, and pattern sidewall angles are calculated for
the resist RIs of 1.75 (Fig. 11.9(b)) and 1.9 (Fig. 11.9(c)). The bottom-CD is
abbreviated as CD in the figure and the top-CD is indicated by resist loss. The
results of this simulation show that the combined DOF would be 243 nm for an
RI of 1.75 (Fig. 11.9(b)) and 276 nm for an RI of 1.9 (Fig. 11.9(c)). This
improvement in DOF is mainly due to the reduction in top loss, since the top
resist surface remains in focus longer when the RI is higher.
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Figure 11.9(a) Simulation of a 32-nm dense line and space pattern: (a) simulation
condition and the obtained process windows for the resist RI value of (b) 1.75 and (c) 1.9.
(Reprinted by permission from Ref. 36.)

Figure 11.9(b) Simulation of a 32-nm dense line and space pattern: (a) simulation
condition and the obtained process windows for the resist Rl value of (b) 1.75 and (c) 1.9.
(Reprinted by permission from Ref. 36.)
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Figure 11.9(c) Simulation of a 32-nm dense line and space pattern: (a) simulation
condition and the obtained process windows for the resist Rl value of (b) 1.75 and (c) 1.9.
(Reprinted by permission from Ref. 36.)

11.4 Solid Immersion

Solid immersion in combination with 193-nm interference lithography was
demonstrated by the Smith group at Rochester Institute of Technology.* Figure
11.10 shows the setup in which a sapphire prism is pressed against a resist stack.
The RI of sapphire (Al,Os) is 1.92 at 193 nm. Two exposure beams reflected by
the turning mirrors enter the prism and form interference patterns at the interface
of prism and resist. During exposure, light is propagated in the solid medium
before entering the resist. This technique is therefore called solid immersion
lithography.

In solid immersion, the maximum NA is basically determined by the RIs of
the prism material and the resist. Current 193-nm resists (n = 1.7) have much
smaller Rls than has sapphire (n = 1.92). When the incident angle is beyond a
certain value at the interface of sapphire and resist (> sin™ (Nresist/ Nsapphie) = SIN°
1(1.7/1.92)), the incident beam is totally reflected and cannot enter the resist film.
This area of total reflection is called the evanescent region. However, exposure in
the evanescent region can occur. By placing the prism directly on the resist film,
the interference pattern at the interface can expose the resist film. The Smith
group was able to print 25-nm half-pitch dense lines in a conventional 193-nm
resist using solid immersion lithography.*
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Figure 11.10 Setup of the solid immersion interferometer.

11.5 Other 193i+ Topics

In addition to the development of high-Rl materials, other issues must be
considered when 193i is extended to 193i+.

11.5.1 Polarization control of exposure light

As explained earlier, when the incident angle of exposure beams in the resist
surface approaches 45 deg, the transverse magnetic (TM) component of the
exposure beams cannot interfere and image contrast is reduced. Therefore, the
control of illumination polarization becomes increasingly important. This has
been studied using dry 0.93NA tools, but will become critical for 193i+ tools,
since polarization illumination imposes constraints on pattern design and layout.

11.5.2 Reticle-induced polarization

Assuming that the exposure reduction factor remains at 4x, a minimum half-pitch
of 128 nm will be needed in the mask to print a 32-nm half-pitch on the wafer.
For half-pitches less than the wavelength, the intensity of diffraction orders
becomes a strong function of polarization. Masks will transmit light differently,
depending on the materials used for the absorber (e.g., Cr, MoSi, and Ta/SiO,)
and the extent of polarization of the light.**
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Simulations show that at hyper-NA, binary intensity mask (BIM) has better
aerial image contrast than has regular MoSi attenuated phase shift mask. In Cr-
based BIM, Cr will absorb the TM-polarized light. This is due to the surface
plasmon effects that reduce the transmittance of the TM-polarized light. In this
case, the BIM acts as a transverse electric (TE) polarizer. Penetration of the TE-
polarized light into the MoSi sidewall reduces transmittance, due to the
continuous interfacial condition of the electromagnetic field. Thus, the MoSi acts
as a TM polarizer and the mask stack must be optimized or redesigned for 193i+.

Increasing the exposure reduction factor has also been proposed. For
example, changing the reduction factor by 8x will certainly double the feature
sizes in the mask and relieve the mask polarization effect. This change may also
reduce the mask price by 60-75%. However, the smaller field size at 8x would
reduce throughput by 60-65% and would require stitching in order to achieve
larger die sizes.
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A
absorber, 301
absorbing polymers, 186
absorbing TARCs, 186
absorption coefficient, 90, 294
absorption peak, 289
acid diffusion, 267
length, 107, 108, 269
mathematical model for, 268
rates, 108
acid rinse, 143
activation energy, 136
additive loading, 107
additives, 105
adjacent resist lines, 149
advancing dissolution front, 270
advancing side angle, 73
aerial image
contrast, 216, 266, 296
distortion, 114
air bubbles, 115 (see bubble/s)
on resist surface, 117
small free-floating, 116
alcohol-based casting solvent, 202

alternating phase-shift mask (alt. PSM),

219
amine contamination, 100
amine poisoning, 164
amorphous carbon (a-C), 171
analytical method, 55
anisotropic, 277
development, 188
plasma etch, 277
antibubble defects, 124
antireflection coating (ARC), 159
antireflection control strategies, 167
apex, 145
atomic force microscope (AFM), 69,
149
attenuation mode, 169
averaged edge, 260
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B
back end of line (BEOL), 179
back rinse, 27
bake temperature, 30, 102
baking chambers, 163
BaLiF3, 294
base-soluble polymers, 184
bath and shower, 6
bevel region, 148
bevels, top and bottom, 145
bifunctional surfactant rinses, 46
bilayer resists, 179, 205
bilayer structure, 270
blending polymers, 170
blister, 128
blob defects, 44, 94
blocking groups, 270
Bossung plot, 37
bottom antireflection coating (BARC),
33, 148, 159, 206, 242, 270
open step, 177
strategies, 16
bottom-CD, 298
bottom polymers, 170
bright-field masks, 237
bubble defects, 115, 120
areas surrounding the, 120
formation of, 122
small, 121
bubbles, 7
free-floating, 117
entrapped, 123
bulk dissolution rate, 95
bulk etch rate, 175

C

capillary forces, 39
captive drop method, 80
carbon content, 172
carbon-rich layer, 276
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Index

centrifugal force, 22, 26
chemical
amplification of resist lines
(CARL), 207
components, diffusion of, 151
composition, 150
flare, 33
-mechanical planarization (CMP), 7
reactions, 130
shrink technology, 198
vapor deposition (CVD), 160
vapor deposition (CVD) hard mask,
242
circularly shaped defects, 118
cleaning solvent, 65
cleaning study, 66
coating
defects, 24
module, 19
process, 20
combined aerial images, 223
comet defects, 24, 25
compatibility, 88, 164
composite optical lithography (COOL),
221
concentration
gradient, 62
of additives versus depth, 106
of developer, 273
of quencher base, 271
conformal BARC, 160
contact angle (CA), 40, 73, 82
measuring methods, 79
contact-hole patterns, 194
contact holes, 137, 195
contrast curves, 61
contrast-enhancement layer (CEL), 226
contaminant transportation, 63
contamination barrier layer, 101
contamination experiments, controlled
64
contradictory requirements, 95
contrast curves, 100
convex microlens, 125
correlation factor, 261
corrugated profile, 159
critical dimension (CD)
distribution, 252
shrinkage, 179
cross-linked freezing material, 229

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 09 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

cross-linking, 162

cross-sectional SEMs, 98

cross-wafer CD uniformity (CDU), 37,
196

curved bumps, 128

D
dark-field alternating PSM, 219
dark-field masks, 236
dark loss, 91
dark loss tests, 92
defect
count specifications, 112
density, 112
detection, 111, 112
formation mechanisms, 152
inspection, 112
map, 112
review, 112
specifications, 152
defectivity, 111
degassing unit, 114
dehydrate, 178
deionized water (DIW), 114
deionized (DI) water rinse, 37, 61
A, 218
deposition of outgassed components, 33
deprotection
depth profile, 270
process, 107
rate, 267
reactions, 267
threshold, 216, 249
depth of focus (DOF), 7, 9, 10, 297
depth profile of fluorine, 106
design of experiments, 102
destructive interference, 161, 185
developer-insoluble groups, 266
developer-soluble BARCs (DBARCS),
187
developer-soluble gap-fill materials,
182
developer-soluble topcoats, 13, 87
development, 101
bowls, 34
time, 35, 273
develop module, 48
device performance, 257
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diffusion
behavior, 67
coefficient, 267
of resist components, 227
Dill B parameter, 90
dipole, 221
dispensing of the material, 21
dispensing nozzle, 23
dissolution
contrast, 238
rate, 45, 80, 93, 139
rate monitors, 93
rates of most topcoats, 94
distance between the scan lines, 262
divergence lens, 115
dose fluctuation, 268
dose modulation, 121
double-exponential model, 56, 57
double exposure, 215
of contact holes, 231
with one resist layer, 219
double hard mask approach, 241
double line patterning, 241
double patterning (DP), 215, 217, 235
double trench patterning, 218, 235, 237
downstream process, 184
DRAM design, 251
dry
development, 172, 205
etch-back process, 181
residual, 134
dual-damascene process, 179
dual-tone development, 249
dynamic
contact angles, 74, 78, 83
dispense, 21, 34, 35
leaching procedure (DLP), 54
leaching rate, 58
dynamics of the water meniscus, 74

E

edge bead, 26

edge bead removal (EBR), 27, 147

edge inspection, 146

elongated holes, 197

energy dispersive x-ray spectrometry
(EDX), 44

energy meander, 42

environmental humidity, 80
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etch

conditions, 280

masks, 171

recipes, 175

resistance, 165

selectivity, 175, 177

-stopping capability, 175
EUV lithography, 1
evaluation window, length of, 262
evanescent region, 300
exhaust

flow, 33, 126

system, 163
exposed resist losses, 98
exposure, 88

beam, 11

head, 6, 124, 147

latitude (EL), 107, 161, 297
extraction test method, 54

F

failure of water confinement, 79

filling capability, 183

film deposition processes, 207

film peeling, 147

flow rates, 195

fluid dynamics, 75

fluid management system, 76

fluorinated compounds, 185

fluorinated polymers, 95

fluorination, 204

fluorine-containing compounds, 104

focused ion beam (FIB), 134

focus exposure matrix (FEM), 37

footing, 187

foot pinning, 196

freezing process, 217, 226, 228

fringe pattern, 121

front end of line (FEOL), 210

Fourier transform infrared spectroscopy
(FTIR), 163

fused silica, 294

G

gap-fill material, 179

gap-fill strategy, 181

gap height, 76

gas-phase shrink process, 204
gas-saturated water, 122

gate level, 280
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gel-type particles, 177 hydrophobicity of the resist, 136
glass transition temperature (Tg), 40, hyper-NA, 10

194, 197 193i exposure, 15
global planarization, 183 hysteresis, 75

graded BARC (GBARC), 170
graded spin-on BARCs, 170 I

illumination polarization, 301

H image-assisted double exposure, 224
halogen plasma, 172 image contrast, losses in, 219
hard bake, 274 image intensity, reduction of, 117
hard mask (HM), 160, 235 image log-slope (ILS), 265, 269
HBr plasma, 276 image modulation, 120
HBr-treated resist, 276 image placement error, 218
heavy metal salts, 289 for spaces, 241
hexamethyldisilizane (HMDS), 148, imaging layer, 205
184 immersion fluid, 10, 286
higher-temperature bake (post-develop immersion-related defects, 14, 111
bake), 231 immersion-specific process steps, 46
high-frequency floors, 264 immersion water, 114
high incidence angles, 166 handling system, 6
high-index additives, 289 implantation of argon ions, 234
high-index lens materials, 293 implant levels, 184
high NA, 8 incident angle, 15
high-performance 193i resists, 104 innovative materials, 226
high refractive index (RI) materials, 11, inorganic BARCs, 159
12 in situ cleaning, 65, 145
high-resolution CD-SEMs, 258 intensity slope, 265
high-RI fluids, 289 interaction of local resist and water, 131
leaching into, 292 intermediate etch, 217, 235
high-RI functional groups, 295 interference patterns, 93
high-RI immersion fluid, 286 interferometric exposure, 220
high-RI lenses, 286 intermixed layer, 91, 151
high-RI nanoparticles, 289, 295 interpolymer complex (IPC), 202
high-RI resists, 295 intrinsic
high-temperature bakes, 32, 162 flush, 61
high-temperature curing processes, 245 material roughness (IMR), 266, 271
horizontal and vertical lines, 222 topcoat, 105
horizontal diffusion length, 271 inverse lithography, 223
hotplates, 29, 47, 48 iso-dense bias, 208
hovering, 141 isolation layer, 176
hybrid optical maskless lithography isotropic, 277
(HOMA), 220 ITRS, 112
hydrophilic, 74, 170
resist surfaces, 78 K
hydrophobic, 73, 74, 95, 138 k, factor, 4, 217
resist surfaces, 78 Koéhler illumination, 3
topcoats, 139 Kramers-Kronig relation, 289
hydrophobicity, 75, 80, 94, 105, 137,
143
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L
Laplace equation, 136
large-band-gap ionic materials, 294
leach-induced lens contamination, 62
leaching, 12
characteristics of a resist, 53
components, 66
problems, 53
rate, 56, 57, 132
with exposure, 60
light intensity, fluctuations in, 266, 268
light polarization, 166
line collapse, 41, 42
line-collapse process window, 42
line-edge roughness (LER), 37, 96, 196,
257
transfer of, 277
line segment, 258
line shifts, 125
line-width roughness (LWR), 257
line-width variation, 259
liquid chromatography mass
spectroscopy (LC-MS), 55
liquid particle counts, 178
lithographic
performance, 95
uncertainty principle, 269
loading effect, 208
loose flakes, 145
low-frequency plateaus, 264
low NA, 9
low surface energies, 104
LUAG (LU3A|5012), 294

M

magnifying effect, 117

mask error enhancement factor
(MEEF), 37,197, 198

mask patterns, 265

material processes, 19

material viscosity, 22

maximally effective NA, 285

maximum numerical aperture, 285

measurement window, 259

meniscus, 76, 79, 145

microbridge defects, 118, 149

microlenses, 125

mid-frequency roll-offs, 264

migrate, 95

misalignment, 218
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mixing bake, 199
molecular weight increase, 177
multiple development cycles, 45

N
nanoparticles, polystyrene and silica,
145
negative
organic developer, 249
resists, 237
SADP, 245
-tone developers, 238, 239
nonlinear resists, 219
nonphotosensitive DBARCs, 187
nonuniform coatings, 128
normalized aspect ratio (NAR), 42
normal route, 141
nozzle tip, 28
nucleated holes, 148
number of water droplets, 137
numerical aperture (NA), 4, 7
boosting of, 285

O
Ohnishi parameter, 165
opaque particles, 150
open frame exposures, 100
optical path difference (OPD), 8
optical proximity correction (OPC),
208, 223
optimum thickness, 161
organic BARCs, 159
organic-solvent atmosphere, 275
oriented resist stripes, 25
outgassing
of chemical components, 162
of the resist, 122
overcoating, 199
overexposed regions, 124
overlay (OL), 224
control, 218
errors, 241
oxygen plasma, 172
etch, 181

P

pack and unpack (PAU), 234

paraxial approximation, 9

partially deprotected resist polymers, 44
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Index

particle, shape and curvature of, 126
particle per wafer pass (PWP), 113
particles, 144
phase segregation, 105
phase-shift mask (PSM), 221
photoacid, 101
generator (PAG), 29, 59, 61, 266
distribution, 103
photolithographic system, 3
photomaterials consumption, 23
photoresist, 2
photosensitive, 2
DBARC, 188
photosensitivity, local resist 130
photosensitivity reduction, 232
pH value shock, 44
physical or chemical processes, 193
pinhole defects, 148
pinhole densities, 149
Piranha, 178
plasma-assisted shrink, 207
polarity parameter of the developer, 239
polishing the edge, 148
polymer
blending, 95, 105
deprotection, 266
platform, 271
size, 269
poly-Si, 242, 280
film, 280
polystyrene spheres, 115, 116
positive
resists, 236
SADP, 245
-tone resists, 251
post-apply bake (PAB), 29, 33, 68, 101,
102, 103, 113, 184, 194
optimized temperatures for, 103
post-develop bake (PDB), 231
post-exposure delay, 30, 31, 101, 102,
103, 194, 270
post-rinse process, 143
power spectral density (PSD), 263
pre- and post-rinses, 142
pre-rinse process, 47
pre-wet, 20, 23
prism cell, 287
process, 2
chamber, 204
modules, 19
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process (cont.)
optimization, 189
parameters, 271
window (PW), 42, 98
profile degradation, 203
projection lens, 3
propylene glycol monomethyl ether
(PGMEA), 21
protective-layer approach, 230
proximity baking, 30
proximity effect, 197
puddle, 34
puddle time, 36

Q

quantitative structure property
relationship (QSPR), 295

quartz crystal microbalance (QCM), 33,
67, 164

quartz plate, 163

R
radioactive labeling, 56
ratio of the etch rates, 176
reaction-limiting step, 108
receding side, 73
reduction factor, 302
reflow bake, 195
refractive index (RI), 4, 11
of the topcoat, 88
RELACS, 198, 201, 202, 203, 236
relative surface energies, 106
residual solvent, 272
resist, 13, 53, 54, 58, 59, 60, 61, 68, 69,
73, 88, 92, 98, 100, 105, 194, 196
compatibility, 176
development, 34
film loss, 100
film surface roughness (RMS), 271
flow, 24
footing, 164, 270
gratings, 220
line, height and sidewall of, 247
line collapse, 39
line edge, 258
swell, 132
loss, 103
or topcoat, adhesion of, 147
particles, source of, 126
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resist (cont.)
patterns, rinsing, 274
positive and negative, 226
processes, 14
sensitivity, losses in, 100
surface treatment, 84
swelling, 129
thickness, 21
resolution, 3
retention time, 137, 207
ridges or trenches in the resist, 123
rinse modules, 137, 142
roughness exponent, 262
roughness of sidewalls, 277
routing, 5, 141

S
sacrificial material, 246
SAFIER, 203
sampling distance, 263
sapphire (Al,O3), 300
satellite spot defects, 44
saturated PAG concentration, 56
saturation leaching levels, 58
scan coating, 28
scanning electron microscopy (SEM),
113
scanning/scan speed, 4, 76, 139
secondary-ion mass spectroscopy
(SIMS), 204
second-generation (G2) fluids, 286, 287
second-generation immersion, 285
self-aligned double patterning (SADP),
245, 246, 247
self-segregating additives, 104
Sessil drop method, 79
shadow effect, 116
shelflives, 177
shorter development time, 41
shot noise, 268
shower configuration, 6
shrink, 194
materials, 199
processes, 193
shrinkage, 194
dependence on initial CD, 210
values, 195
bake, 199
shrinking
mechanism, 203
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shrinking (cont.)
uniformity, 202
Si-containing BARC (Si-BARC), 171,
245
Si-containing hard-masks, 242
Si-containing resists, 205, 242, 295
Si content, 175
sidewall angle (SWA), 297
silsesquioxane (SSQ), 176, 205
silylation process, 207
simple threshold model, 265
simplified immersion system, 62
single-component organic liquids, 289
single-layer BARC, 166
SiON, 164
sliding angle, 79
smoothing processes, 271
Snell’s law, 7
solid immersion, 300
solvent
-based topcoats, 13
bath, 28
cleaning procedures, 93
compatibility, 91
incompatibility, 93
nozzle, 20
rinse experiments, 92
-soluble topcoats, 87
splashing, 27
vapor, 275, 276
spacer
double patterning (SDP), 247
formation, 249
material, 246
spatial frequency, 263
spectrum of the roughness, 262
doubling, 216, 226
special routes, 141
spin speed, 23
spin table, 20
spin-on
carbon (SOC), 171, 176, 242
dual-layer BARCs, 168
hard masks, 160
spin-speed oscillation, 37
standard deviation, 259
static
contact angles, 74, 75
dispense, 21, 34
striations, 25
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stripes, 144 topcoat (cont.)
sublimation, 33 blob defects, 93

rate, 33 -enclosed water bubble, 128

tests, 163 thickness, ideal, 89

sulfur-containing polymers, 295
surface

affinity, 165

components, 83

conditioners, 274

tension, 25, 40, 136
surfactant-containing DI water, 42
surfactant rinse, 41, 45, 84
suspended particles, 144
swing amplitude (SA), 160
swing curves, 89

T
tapered Si-BARC profiles, 179
temperature
gradients, controllable, 31
nonuniformity, 30
of a hotplate, 30
tetralayer approach, 176
tetramethylammonium hydroxide
(TMAH), 35, 91, 107
thermal
BARCs, 188
decomposition temperatures, 197
flow, 183
freezing processes, 233
gradient plate (TGP), 31
reflow, 194, 198
thermally freezable resist, 232
thick BARC, 178
thickness
bias, 183
uniformity, 22 183
third-generation (G3) fluids, 286
third-generation high-index fluids, 291
three-phase contact point, 80
threshold voltage variations, 257
throughput, 217
time-of-flight—secondary ion mass
spectroscopy (TOF-SIMS), 131
top antireflection coating (TARC), 159
top-CD, 298
topcoat, 13, 53, 60, 98, 100, 293
and resist, combinations, 83
approaches, 87
blistering, 129
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topographic wafers, 123
top polymer, 170
top rounding, 196
total oxidizable carbon (TOC), 114
track, 19
performance, 47
transformation rate, 280
transition region, 270
transmittance, 66
transparent, 90
sphere, 125
TARC, 186
transverse electric (TE)
components, 15
polarizer, 302
transverse magnetic (TM) imaging
component, 15
treatments, physical or chemical, 83
trilayer process, 172
trim process, 194
steps, 210
rate, 211
triple and quadruple patterning, 252
T-topping, 133
turbulence, 124, 141

U
ultra-casting pre-dispense (UCP), 23
ultrathin cross-linked layer, 229
ultrathin films, 148
ultraviolet (UV) curing methods, 233
undercut, 187
profile, 196
underexposed ring, 126
underlayer, 205
underlayer technology, 160
uniform growth, 202
uniformity, 21
uniform optical parameters, 170

\%

vacuum ultraviolet (VUV) light, 276
viscosity of the resist, 22

volume of each dispense, 21
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W
wafer
adhesion to, 148
edge, 26, 145
edge exposure (WEE), 27
stage, 144
tilting angle, 79
water
bubble, topcoat-enclosed, 128
characteristics of, 287
confinement, ideal, 139
diffusion, 67
diffusion coefficient, 68
droplets, 130
extraction and analysis (WEXA),
54
-insoluble layer, 199
leakage, 78, 141
meniscus, 73
-resist contact angle, 40
uptake, 53
watermark defects, 130
formation mechanism of, 131
local cross-sections of, 132
watermark-proof, 137
watermarks, 94
wet-BARCs, 187
wet-recess, 182
Wilhelmy plate, 82

X
X- and Y-polarized light, 167

4
zipper gel principles, 202
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