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ABSTRACT

Lithographers are currently unable to generate quality patterning at tight pitches with values of ki that are as low as have
been achieved routinely using ArF immersion patterning, a situation that is largely due to the continuing pursuit of
resists with low exposure doses. As a consequence, multiple patterning may be required to scale to a second node with
EUV lithography, which reduces its cost-effectiveness, even if each individual exposure is done with a low exposure
dose. Because of process control limitations, such multiple patterning may necessarily be triple or quadruple patterning,
rather than double patterning. Processes with reduced line-edge roughness (LER) could be applied to front-end layers,
increasing the value of EUV lithography. High-NA EUV lithography is in development, with a number of technical
issues requiring solution, but with no apparent show-stoppers.
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1. INTRODUCTION

To date, the semiconductor industry has invested billions of dollars on the development of EUV lithography. For
example, an early consortium dedicated to the development of EUV lithography, the EUV LLC, involved an investment
of more than $270M.! Later, consortia such as INVENT? and imec invested additional hundreds of millions of dollars
into EUV lithographic technology. Companies producing key elements of EUV infrastructure such as mask blanks,
inspection tools, resists, and exposure systems have also made significant investments into EUV technology. For a single
company that fabricates chips, it has been estimated that a minimum initial capital investment of one billion dollars is
needed to start using EUV lithography in high-volume manufacturing (HVM).® Whether or not companies realize a
positive return on their investments in EUV technology is dependent on the semiconductor industry’s ability to extend
the technology to future nodes and how much more investment will be required. No insurmountable problems for
extensibility have been identified, but several issues need to be confronted, with solutions identified and implemented in
order to extend EUV lithography beyond one or two nodes.

2. EXTENDING EUV LITHOGRAPHY SINGLE PATTERNING AT 0.33 NA
2.1 Limitations imposed by stochastics

Lithographers are currently struggling to pattern 32 nm pitch lines and spaces with defect levels sufficiently low to be
suitable for HVM.* With NA = 0.33, this represents patterning at k; = 0.39, which is not particularly aggressive by the
standards of optical lithography. It has long been understood that LER limits the patterning quality of tight pitches using
EUV lithography, and in recent years there has been an improved understanding of the role of stochastic phenomena,
such as resist inhomogeneities and photon shot noise, in limiting EUV lithographic capability.® It is well-understood that
photon shot noise sets a level for the minimum possible LER. For a given LER requirement, this implies that there is a
minimum exposure dose for a process to have suitable yield. Indeed, values of LWR as low as 2.5 nm have been
demonstrated with doses ~100 mJ/cm?.® Resist engineering can enable LER that is close to the minimum possible LER
set by the dose. For example, the impact of photon shot noise can be reduced with resists that have greater optical
absorption at EUV wavelengths’ and greater quantum efficiency. Critically, resists need to be designed with doses-to-
size that are large enough to avoid patterning failures due to photon shot noise. Homogeneity of the individual
constituents of resists is also needed. Extending EUV lithography to lower values of ki will require considerable
improvement in resists over current performance levels, and EUV light source power will need to be increased in order
to maintain exposure tool throughput at cost-effective levels.
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In an interesting study, the fundamental capabilities of chemically amplified resists were investigated through simulation
of “virtual resists,” that is, the exploration of performance by performing simulations over a wide range of resist
parameters.® There were two interesting conclusions from this study. First, throughout the entire parameter space, low
values of the local critical dimension uniformity (LCDU) of contact holes could only be achieved at doses of 40 mJ/cm?
and higher. Second, even at doses of 100 mJ/cm? and higher, LCDU was greater than ~2 nm (3c), suggesting that
achieving yield at future nodes may require using something other than conventional chemically amplified resists.

Fortunately, alternatives to chemically amplified resists are being explored. Promising results have been obtained with
new materials, such as metal-oxide resists,® *° which are based on radiation chemistries that are substantially different
from typical chemical amplification. Metal-oxide imaging materials have two advantages over conventional organic
chemically amplified resists. First, incorporation of metals, such as tin, increases the optical absorption at EUV
wavelengths, which mitigates photon shot noise. Second, such resists have fewer components than typical chemically
amplified resists, which helps to reduce the stochastics contributions to LER of the resist materials. The diameters of the
metal-oxide cores, currently estimated to be ~0.7 nm,!* may need to be reduced in order to meet the LER requirements
of future nodes, since the core size sets a fundamental limit for LER. Other alternatives to conventional chemically
amplified resists have been proposed, such as multi-trigger resists!2 and Photosensitized Chemically Amplified Resist™
(PSCAR™), 13 hut these materials need to be studied in more detail at pitches < 32 nm in order to determine the extent to
which they can provide the patterning capability required for future nodes.

2.2 Mask defects

Mask defects have long been recognized as a problem for EUV lithography,** and improvements in this area are still
needed. Mask blank defects have been reduced substantially in recent years,'® but the supply of very low defect blanks
needs to be increased, particularly if EUV lithography is going to be applied to metal layers, as well as contacts, vias and
block masks. It has been noted that chip companies will insert EUV lithography into HVM without ideal mask-defect
solutions.®* HVM-worthy pellicles are also still in development,’” and this necessitates regular mask qualifications,
which adds costs to EUV lithography and increases cycle time. At-wavelength and electron-beam inspection tools are
still maturing and will add to the cost of defect inspection. Moreover, direct electron-beam inspection of masks is not a
completely satisfactory solution, since such inspection cannot be performed with a pellicle attached. The high costs of
EUV light sources and mirror-optics have been barriers to the development of actinic inspection tools, but innovative
approaches, such as the use of high-harmonic generation light sources and zone plate optics, have been used to address
this problem.8

In the absence of pellicles and actinic inspection tools, EUV masks are currently qualified using a combination of direct
optical inspection and defect inspection of patterned wafers. The resolution capabilities of optical inspection tools are
being exceeded with the dimensions involved with EUV lithography. These problems with mask defects and inspection
are already relevant to the first generation of EUV lithography. For future nodes, the problems of resolution and defect
detection will grow. Creating defect control solutions at smaller features will need to occur while simultaneously
addressing problems not completely solved at earlier nodes.

2.3 Mitigation of mask 3D effects

Mask 3D effects constitute a class of phenomena that has long been recognized,'® but where greater understanding has
been gained in recent years. Heightened attention to mask 3D effects has been driven in large measure by their increased
significance at the dimensions of future generations of technology for which EUV lithography is expected to be used.
Manifestations of mask 3D effects include dependence of the planes of best focus on pitch,?® pattern shifts coupled to
focus variations,?* and image blurring.?? Optimization of the source and mask to mitigate these effects involves a
significantly more complex computational situation than encountered in optical lithography, where OPC computation
times are already approaching unacceptable levels. Because EUV lithography will be applied to designs with extremely
high levels of integration, much faster computational capabilities will be needed.

Sub-resolution assist features (SRAFs) can be used to mitigate mask 3D effects, many of which are manifested as
variations through pitch. Recently, the benefits of curvilinear SRAFs and even curvilinear primary features have become
recognized.?> 2* For many years, the difficulties associated with patterning masks with curvilinear features has been the
biggest impediment for implementing such types of patterns. However, the recent introduction of multi-beam mask
writers® 26 makes it much easier to pattern such masks. Development of tools for mask rule checks (MRC) and design
rule checks (DRC) has started,?” and further improvements can be expected to bring them fully to maturation.
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The manifestations of mask 3D effects can also be reduced though the use of alternative absorbers?® and/or multilayer
reflectors,® but these require long-term development. In addition to having the fundamental characteristic of high
absorption, new absorber materials must also meet requirements for etch, clean and repair. There are also constraints on
the real part of the absorber’s index of refraction, depending upon whether the intention is the fabrication of binary or
attenuated phase-shifting masks.°

2.4 Process control for EUV lithography

EUV lithography will be applied in HVM at the 7-nm node and beyond, involving processes with very tight pitches.
Accordingly, process control capabilities, such as for overlay and critical dimensions, will need to be consistent with the
requirements of these pitches. Overlay control will need to be 3.5 nm (3c) and tighter.3® Moreover, with EUV
lithography there are sources of overlay error, such as mask non-flatness®? and non-telecentricity,? that are not found in
optical lithography, and the impact of aberrations on overlay will be greater for EUV than for optical lithography.3

Focus control will need to be very tight for future generations of EUV lithography. When using 0.33 NA optics, these
tight control requirements are driven primarily by mask 3D effects. In contrast to optical lithography, the focus budget
for EUV lithography is determined to a large extent by overlay requirements, because of image placement errors that are
a function of defocus. Image blurring due to mask 3D effects also places a constraint on focus, since blurring can be
reduced significantly by strongly limiting focus variation.®* For 0.55 NA EUV lithography, discussed further in Section
4, the Rayleigh depth-of-focus is merely 45 nm. This is only ~1/3 of the Rayleigh depth-of-focus at NA = 0.33. Because
the real part of the index of refraction of resist ~ 1 at A = 13.5 nm, the full resist thickness will be part of the total focus
budget, a situation different from that which occurs in optical lithography.®® Regardless of which factor is most
significant, focus will need to be controlled very tightly for future nodes using EUV lithography.

3. EUV MULTIPLE PATTERNING

Immersion ArF lithography at 1.35 NA has been used in manufacturing for almost a decade, having been extended to
additional nodes by the use of multiple patterning. Consequently, it is natural to contemplate a similar extension of EUV
lithography. The problems with EUV single patterning described in Section 2 have provided additional impetus for such
considerations at larger values of ki than the entry point for immersion multiple patterning.

While developing immersion double patterning, technologists began to recognize significant increases in patterning costs
due to the increase in the number of process operations, and steps were taken to compensate for these extra costs,
including layout modifications and deeper shrinks than the traditional node-to-node 0.7x linear scaling. If we assume
that EUV lithography is first used in HVM for processes with 40 nm metal pitches, this implies that the pitch for second
generation EUV lithography needs to be < 28 nm if double patterning is required. At such tight pitches, the process
control budget needs to be studied in detail.

A typical situation involving multiple patterning is depicted in Fig. 1. Proper processing requires that the block feature
overlays the line it is intended to block, while not encroaching on a neighboring line. This process control requirement
can be estimated from the following condition for the variation in G:

2 2
36¢ = \/OLZ +%+% (1)

where OL is the overlay variation (3c), and AS and AB represent the variations in the dimensions S and B. In Eq. 1, it is
assumed that the total variation is the root sum of squares of the variation of the components. For illustration, consider a
situation involving a 20-nm pitch line/space pattern consisting of equal lines and spaces. If we further assume that
critical dimensions are controlled to +15%, and the overlay control is 3.0 nm (3c), then 3o = 3.4 nm. Even using 466 =
4.6 nm as the target for process control in high-volume manufacturing (HVM), it would seem that the level of process
control is adequate for using double patterning to fabricate 20 nm pitch line/space patterns. However, due to stochastics,
this may not be the case.

The statistics of process control have been changing as stochastics have become more significant. Controlling processes
to +4c has long been used in high-yield manufacturing. Since processes controlled to this level have 63 ppm failure rates
(assuming normal variation), it might seem not possible to yield circuits with billions of transistors. However, it has been
possible to yield such large circuits at this level of process control, because occurrences that are out-of-specifications for
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parameters such as critical dimensions and overlay do not occur randomly in optical lithography. This is shown
schematically in Fig. 2. Over much of the wafer (area A), the relevant process parameters are within specification, while
on a different part of the wafer (area B) they are not. In area B, where the out-of-specification conditions occur, there are
often multiple locations in which the relevant parameter is out-of-specifications. Thus, devices with billions of
transistors can yield even with processes controlled only to +4c, because the failures do not occur randomly: chips in
area A can yield, while those in area B will likely not.

Lines produced by
spacer process
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N

Figure 1. Schematic of block masking for a line-space pattern generated using a spacer process.

In EUV lithography, the situation is different, because of stochastic phenomenon. It has been argued that LER should be
added to Eq. 1,% resulting in:

2 2
30 = \/OLZ +%+%+ LER? + LER} 2

Moreover, LER should be included at the 66 or 7o level. If LER is only 1.5 nm (3c), then the “46” level of control for
G increases to 7.3 nm. This means that the smallest pitch for which double patterning is possible is ~28 nm. At tighter
dimensions, self-aligned block masks would be required, leading to triple or quadruple patterning.®” Since EUV
lithography is expected to be on-par with the costs of immersion triple patterning, adding additional EUV exposures is a
very expensive proposition.

Figure 2. lllustration of non-randomness. For process parameters, such as overlay, values may be within specifications
throughout area A of a wafer, while being out of specifications at multiple locations in area B.
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It has been argued that the cost of EUV multiple patterning is mitigated because each exposure step can be done at low
exposure dose. If the line-space pattern illustrated in Fig. 1 is created using EUV lithography and a spacer process, the
linewidth roughness (LWR) will be low, but the line-edge roughness LER remains. Consequently, if low dose resists are
used, the resulting LER will increase the minimum pitch which can be patterned using double lithography. Moreover,
the throughput advantage of low dose does not scale directly with the dose. Consider the graph in Fig. 3. At 250 W
source power (at intermediate focus), the throughput with a resist sensitivity of 20 mJ/cm? is slightly more than 50%
greater than the throughput with a resist sensitivity of 40 mJ/cm?. This means that the exposure tool capital cost of
double patterning at 20 mJ/cm? is about 30% greater than single patterning at 40 mJ/cm?. For actual double patterning,
there are the additional costs of masks, consumables and non-lithographic operations, so double exposure at low dose is
a costly solution. It is worth noting that EUV multiple patterning is being discussed for NA = 0.33 because of persistence
in targeting EUV lithography at low exposure doses, which prevents single patterning at values of ki which are low but
consistent with optical resolution. This contrasts with what occurred in optical lithography, where multiple patterning
was widely used only after limits were reached for numerical aperture and wavelength reduction, and there were no
optical lithographic alternatives to multiple patterning consistent with the laws of physics. Similarly, consideration of
multiple patterning with EUV lithography is sensible once limits to numerical aperture and wavelength have been met.
Higher numerical aperture for EUV lithography is the topic of the next section.
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Figure 3. Output per day of a single EUV cluster.3® This graph was based on assumption of 88% system availability and
75% utilization.

4. HIGH NA EUV LITHOGRAPHY

Prior lithographic technologies, such as i-line, KrF and ArF lithography, have been applied to multiple nodes, primarily
through increases in numerical aperture over time. This occurred in ArF optical lithography until a physical limit to
numerical aperture was effectively reached. In a similar manner, Zeiss and ASML are developing EUV optics and
exposure tools at 0.55 NA. The challenges of fully enabling high-NA EUV lithography have been discussed
previously,'® and a summary is provided in Table 1. The issue of resist stochastics, including photon shot noise, was
discussed in Sec. 2.1. It has been argued that high-NA EUV lithography will help to address the problem of stochastics
by providing an aerial image with greater acuity. However, this is an expensive solution to the problem of stochastics. It
means that the full potential of EUV lithography at NA = 0.33 will be unrealized. To parallel what occurred in optical
lithography, single patterning at NA = 0.33 down to ki =~ 0.3 (24 nm pitch) is needed, followed only then by the
introduction of high numerical aperture. Finally, multiple patterning would be used after a practical limit to NA has
already been reached.

At NA = 0.55, the Rayleigh depth-of-focus will be only 45 nm. It will be very challenging to control focus to this level.
To reduce the impact of mask 3D effects, these high-NA systems have anamorphic lenses with reduced field sizes.*® This
will have an impact on the productivity of high NA tools, particularly for fabricating dies too large to fit into a single
reduced-size exposure field (necessitating stitching), thereby adding to the return-on-investment challenge. New
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generations of lithographic technology have often required construction of new fabs that can support the facilities
requirements of new tool sets. While the technical issues are straightforward, this will require additional investments.
Changes of numerical aperture also necessitate acquisition of new tools for mask making, such as AIMS tools. Finally,
realization of the full theoretical resolution potential of 0.55 NA optics will require control of polarization. Coupled with
the small depth-of-focus at NA = 0.55, there would be value in having variable numerical aperture for future EUV
exposure tools. High NA EUV exposure tools are also expected to cost considerably more than current 0.33 NA tools,
leading to additional return-on-investment challenges. All of these should be viewed as problems that soluble — there are
no apparent show-stoppers currently recognized for high-NA EUV lithography.

Table 1. Technical and cost challenges for enabling 0.55 NA EUV lithography

1. Resists meeting resolution requirements, with low levels of
defects from stochastic phenomena and pattern collapse

2. Light sources that can support requisite photon shot noise and
productivity requirements

Solutions for meeting small depths-of-focus at 0.55 NA

Solutions for stitching large dies

New fabs capable of supporting high NA exposure tools

Mask making and metrology infrastructure

Polarization control for maintaining high contrast at 0.55 NA

O N| o g M

Cost of high-NA EUV exposure tools

5. SUMMARY

There is good potential for the semiconductor industry to get a positive return-on-investment for EUV lithography by
extending the technology to multiple nodes. Cost-effective extension will require that stochastic-induced resist process
variations, including defects, be controlled to adequate levels. This may necessitate development of resists that are very
different from the types of chemically amplified resists that have been used in leading-edge lithography for decades.
Sufficiently powerful light sources will be needed to bring photon shot noise to acceptable levels without excessively
reducing exposure tool throughput. Multiple patterning can be used to shrink pitches further, but this makes sense only
after EUV lithography has been extended to a maximum NA. At that point, triple or quadruple patterning will be
required for line/space patterns, because edge pattern placement errors necessitate self-aligned block masks. High
numerical aperture EUV lithography is undergoing development and offers a useful path for extending EUV lithography,
once basic technical issues associated with the new technology are addressed.
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