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ABSTRACT

Multi-patterning techniques with ArF immersion lithography continue to be extended into
the 10 and 7 nm nodes. With increasingly challenging process control requirements (CD,
overlay, edge placement error), the lithography and patterning tools need to find ways to
minimize variation and maintain process margin to achieve high yields. This paper will
describe new advances in light source technologies that can regain imaging margins by
optimizing light source bandwidth settings in concert with OPC retargeting to take
advantage of the contrast improvements*? afforded by lower bandwidth. In addition to
simulation studies reported previously>*, on-wafer measurements were collected showing
the progressive improvements gained with lowering bandwidth on an existing mask as
well as reoptimizing a mask to leverage this lower bandwidth setting. To fully leverage
this capability, further improvements in bandwidth stability are going to be featured on a
new ArF light source along with an integrated solution that allows the bandwidth target to
be commanded by scanner recipe. This will allow lithographers to optimize layers that
need further improvements in patterning by using lower bandwidth while continuing to
run existing layers with standard, 300 fm bandwidth targets. With the introduction of a
new DUV light source, this paper will also describe improvements that continue to
reduce running costs in an effort to counteract the escalating costs of multi-patterning
lithography.

1. INTRODUCTION

Advanced nodes have led to increasing lithography complexity, invoking multi-
patterning techniques and designs for manufacturability, including source-mask
optimization (SMO) to address the optical proximity challenges that emanate from
extending DUV lithography below 10nm. As a result, process windows continue to
shrink and require increasingly better process control with sufficient margin to lead to
high vyields to support the cost-per-bit curve promised by node extensions. While
lithography tool developments have helped drive the cost-per-wafer economics with
higher throughputs and better CD control for high yields, further improvements can be
attained by optimizing light source contributions to patterning. One of the key light
source attributes, bandwidth, has become an increasingly important parameter that can
help affect patterning quality (Figure 1): improving its stability reduces its contribution to
CD variation, while changing the target bandwidth can modulate imaging contrast that
can be taken advantage of in optimizing optical proximity corrections (OPC).



2. IMPACT OF HIGHER BANDWIDTH STABILITY

The impact of bandwidth variation on imaging, specifically CD variation, was previously
studied through simulations, since experimental studies can be difficult to extract the
contribution of bandwidth vs. a multitude of other contributors to this result. Based on
these studies, there was a straightforward relationship between bandwidth stability and
CD uniformity, consistent with expectations. Of particular interest was the magnitude of
the relationship between these two parameters, and, as expected, its increasing
importance with more advanced nodes, as represented by CD through pitch simulations
(Figure 2).
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Figure 1 - Light source contributions to key lithography parameters

More recently, these simulations were supplanted with detailed on-wafer studies; based
on the modeled relationship between bandwidth stability and CD uniformity, an extensive
data sampling plan was prescribed to tease out this relationship relative to other
contributors of CD variation. Improvements in the light source bandwidth stability on the
latest-generation light sources, such as Cymer’s XLR 700ix ArF immersion light source,
have demonstrated a reduction in wafer-to-wafer bandwidth variation to the point of
eliminating bandwidth as a contributor to CD variation across lots. Direct comparisons
between two generations of bandwidth stability have been possible by turning on or off
the algorithmic controls that enable improved stability on a specific system, eliminating
contributions from tool-to-tool variations.

While improvements in wafer-to-wafer performance have been important to maintain as
much process margin as possible, improvements in bandwidth stability intra-wafer can
have a similar impact to within-wafer CD uniformity. Similarly, stable bandwidth across
an exposure field can help reduce bandwidth contributions to intra-field CD uniformity,
contributing to an increased process margin and wafer quality. The technology behind
such light source improvements has been based on a unique attribute of the Cymer light
sources, wherein bandwidth can be modulated by electronic means. This patented
technology leverages the characteristic that as each light pulse develops in the master
oscillator (MO) chamber (of a dual-chamber system), it results in a temporal bandwidth
distribution which can be selectively amplified by the power ring amplifier (PRA)
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chamber by simply adjusting the timing when the PRA chamber fires relative to the MO
chamber. The control system can thus provide pulse-to-pulse closed-loop control to
maintain high bandwidth stability since it requires no moving parts to achieve this result.
The next-generation light source, the XLR 800ix, achieves such high bandwidth stability
and dramatically reduces the impact of bandwidth on CD variation.
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Figure 2 - Simulated CD through pitch variation as a function of bandwidth variation
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Figure 3 shows the E95 bandwidth distribution within field and across wafer for three
generations of light sources where bandwidth stability is improved progressively from the
XLR 600ix to the XLR 700ix and the XLR 800ix models.
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Figure 3 - E95 bandwidth distribution within wafer and intra-field across 3 generations of light
source bandwidth control technologies. Full scale color map ranges from 270 to 330fm E95
bandwidth for all three maps.

Using experimental techniques to extract the bandwidth vs. CD response on typical 14nm
structures, wafer and field maps can be generated to show the direct impact of improving
bandwidth stability on CD uniformity. This translation is depicted in Figure 4 where
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progressive improvements in bandwidth stability from one laser model to the next show
dramatic improvements in CD uniformity.
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Figure 4 - CD uniformity due to bandwidth variation based on data from Figure 3.
3. PROCESS WINDOW IMPROVEMENTS WITH LOW BANDWIDTH

Since the introduction of ArF immersion light sources, the target bandwidth has been
fixed at 300fm, with no change in this parameter as the scanner numerical aperture (NA)
has been fixed around 1.35. However, recent studies (simulations) have shown that
additional improvements can be attained in addressing hot spots through source
optimization at lower bandwidth. Based on these studies, on-wafer experiments were
performed® to directly compare nominal vs. low bandwidth exposure conditions. Figure 5
shows an example of self-aligned, quadruple patterning blocks exposed under nominal,
300fm E95 bandwidth vs. the same patterns exposed using source-optimized, 200fm
bandwidth. The process window improvement is significant and demonstrates that certain
patterning applications can benefit from using bandwidth as an additional optimization
knob.
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Figure 5 - Process window comparison between standard, 300fm E95 bandwidth and source-
optimized 200fm bandwidth on self-aligned, quadruple patterning blocks (from ref. 5).



Similarly, on-wafer experiments were performed® on self-aligned, double patterning
features including blocks (with positive-tone develop), comparing nominal, 300 fm
bandwidth exposure vs. 200 fm with source optimization, and revealed a notable
improvement in exposure latitude as well as a gain in DOF (Figure 6).
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Figure 6 - Exposure latitude (EL) vs. DOF on self-aligned, double patterning + blocks features under
nominal, 300 fm E95 bandwidth and source-optimized, 200 fm bandwidth exposure (from ref. 5).

Results such as these described here support a consistent theme where additional process
margins can be gained for certain patterns and layers, by simply retargeting the exposure
bandwidth with an optimized source, even if the mask itself is not re-optimized. For this
reason, the next-generation ArF immersion light source from Cymer, the XLR 800ix, will
provide such flexibility in selecting lower bandwidths, in concert with scanner recipe
control in order to enable layer-specific bandwidth conditions. Such a configuration will
allow the lithographers to identify layers with narrow process windows that could benefit
from lower bandwidth and apply these solutions to those layers as needed, while
continuing to process layers developed under nominal conditions without interruption.

4. FURTHER IMPROVEMENTS IN COST-OF-OWNERSHIP

While technology extensions are enabling improvements in patterning fidelity, there is
still a continuing need to drive running costs down from the equipment perspective. With
the introduction of a new DUV light source that provides more stable and tunable
bandwidth (Cymer’s XLR 800ix), additional enhancements are also being included that
enable higher availability and productivity to support an overall cost-of-ownership (CoO)
reduction. Key among these improvements is new technology that extends the interval
between planned maintenance events by > 30%.

Current, state-of-the-art ArF immersion light sources have a maintenance interval that is
largely driven by the life time of the excimer discharge chambers, which typically need
replacement at an interval of a year or less, depending on utilization. Improvements to
extend the useful life of these chambers have been elusive until recently, where a
significant breakthrough in materials optimization within the discharge chamber have
enabled a >30% increase in useful life (Figure 7). This improvement directly translates to
an increase in availability by an equivalent ratio, enabling higher productivity of the
leading-edge, ArF immersion lithography equipment.
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Figure 7 - Current vs. new excimer discharge chamber performance trend vs. life time, measured in
pulses.
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ABSTRACT

Over the years, lithography engineers continue to focus on CD control, overlay and process capability to
meet current node requirements for yield and device performance. Use of ArFi lithography for advanced
process nodes demands challenging patterning budget improvements in the range of 1/10 nm especially
for interconnect Iayers.“) Previous experimental and simulation based investigations into the effects of
light source bandwidth on imaging performance have provided the foundation for this work.”® The
goal from the light source manufacturer is to further enable capability and reduce variation through a
number of parameters.’ %

In this study, the authors focus on the increase in image contrast that Source Mask Optimization (SMO)
and Optical Proximity Correction (OPC) models deliver when comparing 300 fm and 200 fm light source
E95% bandwidth. Using test constructs that follow current N7 / N5 ground rules and multiple pattern
deconstruction rules, improvements in exposure latitude (EL), critical dimension (CD) and mask error
enhancement factor (MEEF) performance are observed when SMO and OPC are optimized for 200 fm
light source bandwidth when compared with the standard 300 fm bandwidth. New SMO-OPC flows will
be proposed that users can follow to maximize process benefit. The predicted responses will be
compared with the experimental on wafer responses of 7 nm features to lower light source bandwidth.

1. MOTIVATION

Excimer laser bandwidth, specifically E95%, can be seen as a finite oscillation (at decreased intensity) of
the central wavelength (figure 1). From basic optical theory, there is a tight correlation between
wavelength change and lens aberration response. In an ideal scenario such variation must be kept as
close to zero as possible. In practice, lenses used in the fabrication of the ArF immersion tools are highly
chromatic, meaning that small wavelength shifts can cause large focus variation mainly due to chromatic
aberration (defined as the longitudinal variation of focus, or image position, with wavelength). Noting
that the image formation is the result of the superposition of the image intensities of each of the
contributing wavelengths, it can be understood why, in a finite bandwidth domain, the image
superposition leads to a focus blur. The amount of this blur is directly proportional to the range of
wavelengths sampled.

A reduction in E95% bandwidth directly brings a reduction of the imaging blur enhancing contrast as
direct consequence. Therefore, the laser bandwidth has a wide influence on many of the lithography key
performance indicators: process window, CD Uniformity, MEEF, OPC validity, etc.
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Figure 1: Schematic of finite laser bandwidth

2. LOGIC HOTSPOTS - PREVIOUS STUDIES

2.1 N10 Metal 1 Logic Features

Data from previous studies is shown in figure 2. ***?' The response of the first split of a LELE process
was characterized. Changes in the KPIs as function of bandwidth were analyzed on the five different
features reported after litho (ADI). The process window analysis was performed on two FEM (Focus
Exposure Matrix) wafers at each bandwidth condition (300 fm nominal and 200 fm), with the dose and
focus centered at the anchor feature (pitch 96 nm CD 39nm) conditions. Fifty nanometer focus steps

and 0.5 mJ/cm?® dose steps were used. In general, an increase in exposure latitude is demonstrated
when lower bandwidth is used.
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Figure 2: Top SEMs of HS1-43 and associated process windows

3. INVESTIGATING IMAGING PERFORMANCE

3.1 Test Case and Methodology

For this study, E95% bandwidth is a variable that can be adjusted in the machine setup GUI in the Brion
Tachyon™ product, which is highlighted in figure 3 below. In this case, in the pull down menu, the NXT:



1950i is chosen which contains all the necessary optical files. The NA (numerical aperture) is 1.35 and
the E95 bandwidth conditions are as follows: (a) 0.2 pm or 200 fm and a full width half maximum
(FWHM) of 0.120 pm, and (b) 0.3 pm or 300 fm and a FWHM of 0.182 pm. The SMO Tachyon standard
optimization flow was used®® with x-y polarization (DoP of 0.97), the mask is a 6% attenuated PSM using
M3D (3D mask calculation) model and the photoresist is an NTD model with an aerial image blue of 8
nm. Figure 4 is the film stack used for this work.
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3.2 Scenarios and Metrics for comparison

Our investigation focused around 2 scenarios and 2 different layouts which are discussed in section 5.1
and section 5.7. The first scenario is comprised of source and OPC is created with a bandwidth of 300
fm with imaging simulations at 300 fm and 200 fm. In the second scenario is comprised of source and
OPC created with a bandwidth of 200 fm with imaging simulations at 200 fm. The maximum exposure
latitude, MEEF (mask error enhancement factor) and CDU (critical dimension uniformity) are reported.
The CDU is calculated as the RSS from the following settings: mask +/-0.375 nm, dose +/- 1.5%, and
focus +/- 42.5 nm.

4. USE CASES

4.1 M2 Layouts

The test case used in this study is an M2 layer with a post-split pitch of 84 nm. The CD target is 36 nm
and the layout is shown in figure 5 pre-OPC.



Figure 5: M2 layer P84 after pattern splitting for DPT

4.2 300 fm versus 200 fm SMO — OPC

The results of a change in the light source E95% bandwidth and the creation of a new illumination
source are shown in figure 6. The difference between the 300 fm and 200 fm is also shown
demonstrating the differences between the two sources.
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Figure 6: Examples of changes in the source created for 300 fm and 200 fm of E95% bandwidth

SOURCE

As the models used to apply the optimal optical proximity corrections (OPC) should comprehend the
light source bandwidth ), therefore a change in bandwidth results in changes in the model solution as
shown in Figure 7.
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Figure 7: Examples of changes OPC comparing 300 fm and 200 fm of E95% bandwidth

4.3 Hotspots or weak points

Figure 8 is the same GDS as shown in figure 5 but with the specific locations used for all measurements
reported based on hotspot detecting using Brion LMC™.**



Figure 8: M2 layer P84 after pattern splitting for DPT with weak points highlighted

4.4 M2 Split 1: Exposure Latitude Improvement for 300 fm OPC-SMO with 300 fm imaging and 200fm
OPC-SMO with 200 fm imaging

The maximum exposure latitude for each cut line is plotted in figure 9 for each simulated scenario as
described in section 4.2. The maximum exposure latitude for 300 fm SMO-OPC with 300 fm imaging
along with maximum exposure latitude for 300 fm SMO-OPC with 200 imaging is the plot on left for each
metrology marker. On the secondary Y-axis the percent improvement is shown along with a dotted line
to guide the eye. An approximate improvement of 2% is demonstrated for this condition.

The plot on the right is the maximum exposure latitude for 300 fm SMO-OPC with 300 fm imaging along
with maximum exposure latitude for 200 fm SMO-OPC with 200 imaging for each metrology marker. In
this plot a greater response in exposure latitude improvement is demonstrated as indicated on the
secondary Y-axis the percent improvement is shown along with a dotted line to guide the eye. An
approximate average improvement of 4% is demonstrated for this condition which is a 2x increase over
the initial condition.
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Figure 9: Max % EL for 300 fm SMO-OPC and 200 fm SMO-OPC

Figure 10 is the table created for data comparison for the scenarios discussed in section 4.2. The
maximum exposure latitude of 2.37% for scenario 1, split 1 for 300 fm SMO-OPC with 200 fm imaging.
The maximum exposure latitude of 9% for scenario 2, split 2 for 200 fm SMO-OPC with 200 fm imaging.



Scenario 1: Split 1 Scenario 1: Split 2 Scenario 2: Split 1 Scenario 2: Split 2

Max % Increase 300 fm SMO-OPC 300 fm SMO-OPC 200 fm SMO-OPC 200 fm SMO-OPC
200 fm Imaging 200 fm Imaging 200 fm Imaging 200 fm Imaging

2.37% 9%

M2 (1.5D Case)
(EL/ CDU / MEEF)_ | | }
Figure 10: Scenario 1 maximum exposure latitude data summary for split 1

4.5 M2 Split 2: Exposure Latitude Improvement for 200 fm imaging with 300 fm OPC-SMO and 200 fm
imaging with 200 fm SMO — OPC

The maximum exposure latitude is plotted in figure 11 for each simulated scenario described in section
4.2 for each cut line. The maximum exposure latitude for 300 fm SMO-OPC with 300 fm imaging along
with maximum exposure latitude for 300 fm SMO-OPC with 200 imaging is the plot on left for each
metrology marker. On the secondary Y-axis the percent improvement is shown along with a dotted line
to guide the eye. An approximate improvement of 1% is demonstrated for this condition.

The plot on the right is the maximum exposure latitude for 300 fm SMO-OPC with 300 fm imaging along
with maximum exposure latitude for 200 fm SMO-OPC with 200 imaging for each metrology marker. In
this plot a greater response in exposure latitude improvement is demonstrated as indicated on the
secondary Y-axis as the percent improvement is shown along with a dotted line to guide the eye. An
approximate average improvement of 3% is demonstrated for this condition. It should be noted that
cutline 22 had a significant reduction in exposure latitude. Work is in progress to understand the
reasons behind this result.
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Figure 11: Max % EL for 300 fm SMO-OPC and 200 fm SMO-OPC

Figure 12 is the table created to enter data for comparison for the scenarios discussed in section 4.2. A
maximum exposure latitude of 2% for scenario 1, split 2 for 300 fm SMO-OPC with 200 fm imaging. A
maximum exposure latitude of 9% for scenario 1, split 2 for 200 fm SMO-OPC with 200 fm imaging.

Scenario 1: Split 1 Scenario 1: Split 2 Scenario 2: Split 1 Scenario 2: Split 2

Max % Increase 300 fm SMO-OPC 300 fm SMO-OPC 200 fm SMO-OPC 200 fm SMO-OPC
200 fm Imaging 200 fm Imaging 200 fm Imaging 200 fm Imaging

M2 (1.5D Case)
(EL / CDU / MEEF)
Figure 12: Scenario 1 maximum exposure latitude data summary for split 2

2.37% 2% 9% 3%




4.6 M2 Split 1: CDU Improvement for 200 fm imaging with 300 fm OPC-SMO and 200 fm imaging with
200 fm SMO — OPC

The CD uniformity for each cut line is calculated and plotted in figure 13 for each simulated scenario
described in section 4.2. The CDU in nanometers is plotted on the primary Y-axis and the percent
improvement is plotted on the secondary Y-axis for 300 fm SMO-OPC with 300 fm imaging on the left
plot. On the secondary Y-axis the percent improvement is shown along with a dotted line to guide the
eye. An approximate improvement of 1% is demonstrated for this condition.

The plot on the right is the CD uniformity plotted on the primary Y-axis and the percent improvement is
plotted on the secondary Y-axis for 200 fm SMO-OPC with 200 fm imaging on the left plot. On the
secondary Y-axis the percent improvement is shown along with a dotted line to guide the eye. An
approximate improvement of 5% is demonstrated for this condition. It should be noted that cutline 21
had a significant reduction in exposure latitude. Further work is in progress to understand the reasons
behind this reduction.
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Figure 13: CDU in nm and % improvement
In the figure 14 table, the calculated CDU improvement is 2% for scenario 1, split 1 for 300 fm SMO-OPC

with 200 fm imaging. The CDU is improved by 11% for scenario 1, split 1 for 200 fm SMO-OPC with 200
fm imaging.

Scenario 1: Split 1 Scenario 1: Split 2 Scenario 2: Split 1 Scenario 2: Split 2

Max % Increase 300 fm SMO-OPC 300 fm SMO-OPC 200 fm SMO-OPC 200 fm SMO-OPC
200 fm Imaging 200 fm Imaging 200 fm Imaging 200 fm Imaging

237% /2% / 2% 9%/ 11% / 3%

M2 (1.5D Case)
(EL / CDU / MEEF)

Figure 14: Scenario 1 CDU data summary for split 1

4.7 M2 Split 1: MEEF Improvement for 200 fm imaging with 300 fm OPC-SMO and 200 fm imaging
with 200 fm SMO — OPC

The MEEF is calculated for each cut line and plotted in figure 14 for each simulated scenario described in
section 4.2. The MEEF is plotted on the primary Y-axis and the percent improvement is plotted on the
secondary Y-axis for 300 fm SMO-OPC with 300 fm imaging on the left plot. On the secondary Y-axis the
percent improvement is shown along with a dotted line to guide the eye. An approximate improvement
of 1% is demonstrated for this condition.



The plot on the right is MEEF where on the primary Y-axis and the percent improvement is plotted on
the secondary Y-axis for 200 fm SMO-OPC with 200 fm imaging on the left plot. On the secondary Y-axis
the percent improvement is shown along with a dotted line to guide the eye. An approximate
improvement of 5% is demonstrated and is expected based on the improvement in exposure latitude in
section 4.4. It should be noted that cutline 21 had an increase in MEEF. Further work is in progress to
understand the reasons behind this reduction.
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Figure 14: MEEF and % improvement

Figure 15 is the table created to enter data for comparison for the scenarios discussed in section 4.2.
The maximum MEEF improvement is 3% for scenario 1, split 1 for 300 fm SMO-OPC with 200 fm imaging.
The maximum MEEF is improved by 14% for scenario 1, split 1 for 200 fm SMO-OPC with 200 fm imaging.

Scenario 1: Split 1 Scenario 1: Split 2 Scenario 2: Split 1 Scenario 2: Split 2

Max % Increase 300 fm SMO-OPC 300 fm SMO-OPC 200 fm SMO-OPC 200 fm SMO-OPC
200 fm Imaging 200 fm Imaging 200 fm Imaging 200 fm Imaging

M2 (1.5D Case) o /~0r | 20 0 0 0 o 0
(EL / CDU / MEEF) 2.37% /2% / 3% 2% 9% /11% / 14% 3%
Figure 15: Scenario 1 MEEF data summary for split 1
4.8 M1 Cuts

The second test case used in this study is an M1 cut layer. The CD target is 40 nm and the layout is
shown in figure 16 pre-OPC.

Figure 16: M1 cut layer test case after pattern splitting for DPT

Figure 17 is M1 cut layer post OPC. The assist features, OPC, and the drawn image are shown. The
simulated photoresist images are overlaid demonstrating the OPC fit to meet the drawn image. Each



metrology marker is also shown for each split for reference to the data provided in section 5.10.
Additionally, the illuminator is shown for the 300 fm and 200 fm case. Differences can be detected at
the 12 and 6 o’clock position along with the 9 and 3 o’clock positions.

300fm 200fm

Figure 17: M1 cut layer test case after pattern splitting for DPT

4.9 Exposure Latitude with 300 fm SMO-OPC with 300 fm imaging and 200 fm SMO-OPC with 200 fm
imaging

The maximum exposure latitude is plotted in figure 18 for each simulated scenario described in section
5.8 for each cut line. Maximum exposure latitude for 300 fm SMO-OPC with 300 fm imaging along with
maximum exposure latitude for 300 fm SMO-OPC with 200 imaging is the plot on left for each metrology
marker. On the secondary Y-axis the percent improvement is shown along with a dotted line to guide
the eye. An approximate improvement of 2% is demonstrated for this condition.

The plot on the right the maximum exposure latitude for 300 fm SMO-OPC with 300 fm imaging along
with maximum exposure latitude for 200 fm SMO-OPC with 200 imaging for each metrology marker. In
this plot a greater response in the improvement in exposure latitude is demonstrated as indicated from
on the secondary Y-axis the percent improvement is shown along with a dotted line to guide the eye.
An approximate average improvement of 8% is demonstrated for this condition which is a 4x increase
over the initial condition.
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Figure 18: Max % EL for 300 fm SMO-OPC and 200 fm SMO-OPC



Figure 19 is the table created to enter data for comparison for the scenarios discussed in section 5.8.
The maximum EL improvement is 2.2% for scenario 1, split 1 and 2 for 300 fm SMO-OPC with 200 fm
imaging. The maximum EL is improved by 13% for scenario 2 split 1 and 2 for 200 fm SMO-OPC with 200
fm imaging.

Scenario 1: Split 1 Scenario 1: Split 2 Scenario 2: Split 1 Scenario 2: Split 2

Max % Increase 300 fm SMO-OPC 300 fm SMO-OPC 200 fm SMO-OPC 200 fm SMO-OPC
200 fm Imaging 200 fm Imaging 200 fm Imaging 200 fm Imaging

(E“:'; ((ZL'ZD/CI;SE‘;’F) 2.37% / 2% / 3% 2% 9% / 11% / 14% 3%
Mei;:ll-;:uts 2.2% 13%

Figure 19: Scenario 1 and 2 summary for split 1 and 2

5. EXPERIMENTAL DATA

5.1 Self Aligned Double Patterning + Blocks (PTD) Process Flow

Experimental data was collected from the patterning flow PTD (positive tone develop) blocks on the
SADP (self-aligned double patterning) flow shown in Figure 20."

TiN
Dummy Oxide

Double
patterning

Core litho Core etch Block litho Block etch Final pattern

g2 5

Figure 20: SADP+Blocks flow used in experimental work

The blocks features which were considered in this experiment are characterized by a matrix of round
pillars with a target CD on wafer of 51 nm. From a design prospective, the matrix is generated by
repeating the same four-OPC-fingerprint multiple times.

5.2 Self Aligned Double Patterning + Blocks (PTD) Process Capability

Both theory and previous experimental activities indicate that tuning only the light source bandwidth
increases imaging contrast and can provide increased exposure latitude (EL) with limited degradation in
the depth of focus.™ In this study, it has been demonstrated that working in a semi-optimized-regime
(only source optimized) it is possible to maintain the optimal response in terms of EL increase while
correcting for any loss in DOF, or in cases like the ADI Blocks an increase, as shown in Figure 21.
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Figure 21: Exposure latitude vs Depth of Focus plot : +20% DOF (+30 nm) and +11% EL (+1 %)

6. CONCLUSIONS & FUTURE WORK

Figure 22 below is the completed table with the experimental data added for SADP blocks
demonstrating the increase in EL and DoF for this case. This provides further evidence that the
incorporation of bandwidth into the optimization of “the system” has been demonstrated to provide
further process value through increased exposure latitude, improvement in CDU and reduction of MEEF.
A methodology for the creation of new source and OPC was demonstrated in the Tachyon system.
Simulated and experimental data have been provided indicating that further optimization and or design
tradeoffs could be needed to ensure that the entire design benefits from this capability are achieved. As
shown in the experimental data, reduced bandwidth can be combined with full Source Mask
Optimization (SMO) to provide additional process benefits while maintaining the initial mask created at
the nominal bandwidth. Further work is in progress to verify the benefit for other types of designs.

Scenario 1: Split 1 Scenario1:Split 2  Scenario 2: Split 1 Scenario 2: Split 2

Max % Increase Reference: 300 fm SMO-OPC 300fm SMO-OPC 200 fm SMO-OPC 200 fm SMO-0OPC
200 fm Imaging 200 fm Imaging 200 fm Imaging 200 fm Imaging

(E'ﬁ gbsl? f;;;’ﬂ 2.37%/ 2%/ 3% 2% 9%/ 11%/ 14% 3%
“"‘t("E'LC) 0 2.2% 13%
SADPBLOCKS | 85%/ 10.2%/ 145 nm
(Exp:EL DoF) | 120 nm 300 fm OPC

Figure 22: Scenario 2 split 1 increase in process capability vs. the reference and final summary
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ABSTRACT

The performance requirements of advanced semiconductor technology nodes necessitate the use of
complex processing methods that push patterning beyond the physical limits of DUV immersion
lithography (ArFi). Specifically, aggressive process window and yield specifications put tight requirements
on scanner imaging performance.

Accurate identification of process windows can be accomplished using KLA-Tencor’s fixed focus offset
conditions and Process window Discovery (PWD) methodology!. The PWD methodology makes use of a
modulated wafer layout to enable inspection comparing nominal to modulated conditions. KLA-Tencor’s
Broadband plasma (BBP) inspection technology is used to compare the nominal conditions to each
experimental condition and to identify systematic defects. The identification of systematic defects is
enabled by the PWD method by first discovering potential patterns of interest and then generating
Nanopoint™ care areas around every occurrence of the patterns of interest. This allows identification of
critical systematic structures that may have the same design intent but do not repeat in the same X,Y
locations within a device. This approach maximizes the inspection sensitivity on each structure type,
accurately identifies the edge of the process window in focus and dose, and enables study of the sensitivity
of fixes process offsets (such as light source bandwidth).

In this study, a tunable DUV light source bandwidth technique and the PWD methodology are used to
study the light source E95 bandwidth impact on Metal layer features from an imec 10 nm node logic-type
test vehicle.



MOTIVATION

To meet the demanding low k1 printing requirements of advanced process nodes, ArFi lithography must

identify solutions to significant challenges in patterning. To overcome these challenges, chip makers are
using DUV lithography multiple patterning and DTCO techniques that enable device dimensional scaling
despite aggressive process window and yield specifications.

The optimal printability for multiple patterning based logic devices is driven by the optimization of the
optical proximity correction (OPC) and by complex process factors, such as resist, exposure tool, and
mask-related error performance levels. In addition, the DUV light source plays a crucial role as it has been
widely demonstrated™ ! how changes in the E95 bandwidth can significantly lead to changes in on wafer
patterning due image contrast changes.

As demonstrated in previous studies®?!, a significant improvement to multiple patterning solutions can be
achieved by leveraging light source capabilities. For example, assessments have been made showing the
E95 bandwidth control range required to obtain optimal patterning performance on 10 nm process node
Metal 1 logic layers (in a LELELE patterning flow, see Figure 1). It has also been shown that logic
patterns designed for triple patterning applications (like the one considered in these studies) utilize complex
OPC structures thereby increasing the difficulty in predicting changes in Critical Dimension (CD) due to
E95 bandwidth when compared to basic line and space .

detecting process variations due to light source bandwidth.

As reported previously™, a Process Window (PW) analysis was performed on two FEM (Focus Exposure
Matrix) wafers at each bandwidth condition: 300 fm nominal and 200 fm. It is important to note that the
studies were performed on masks with OPC models optimized at 300 fm. The results reported in Figure 2
show an increase in the maximum exposure latitude (EL) induced by the higher imaging contrast of lower
E95 bandwidth. The distribution observed across the five hot spots can be explained by a combination of
factors such as the intrinsic characteristics of the feature and the optical proximity being uncorrected for
200 fm exposure.
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Figure 2. ADI results showing the impact of light source bandwidth on hot spot process window
performance.

The work presented this year is a significant extension to this previous work, using a tunable light source
bandwidth technique and the PWD methodology to study the light source E95 bandwidth impact on Metal
layer features for an imec 10 nm node logic type test vehicle (see Figure 1).

EXPERIMENTAL CONDITIONS

This study probes the E95 bandwidth sensitivity of a 10 nm node dual damascene Metal 1 (M1) layer with
a nominal pitch of 48 nm and a nominal trench width of 24 nm as engineered at imec as part of a LELELE
triple patterning process. The substrate process stack is shown in Figure 3.

Pitch 96 nm
ANO2 85nm
I1SX304 40 nm
HM710 100 nm
HM SiO2 20 nm
TiN
Oxide
low-k 3.0 interface 10nm
BDIIl 2.4 80 nm

Blok Il 15nm

Sio2 pA N

Figure 3. Process stack for the imec M1 layer used in this study.



The target pattern consists of 2D logic type structures which are randomly routed on large areas in the field,
which makes this layout ideal to detect process variations within the field and within the wafer. Figure 1
shows a representative example of the type of patterns that are found on this device. The dose to size was
selected by targeting the CD for the hot spot features to be between 27 and 32 nm (x 3 nm) at after etch
inspection (AEI).

Based on the results from previous studies showing an improvement in PW at 200 fm E95 bandwidth, two
types of OPC were generated and placed on a test mask: one for 300 fm bandwidth (nominal) and another
for 200 fm bandwidth (extrapolated based on dose offset) as shown in Figure 4. It is important to note that
the 200 fm OPC mask feature model does not include optimization of the illumination source; that is, a full
SMO-OPC model was not generated. Wafers were exposed at multiple light source E95 bandwidth set
points between 200 and 400 fm to assess the patterning response of the nominal and extrapolated OPC
conditions.

| 300 fm 200 fm
OPC OPC

Figure 4. Test mask layout showing the cells with 300 fm and 200 fm bandwidth OPC features.
PROCESS WINDOW DISCOVERY CONDITIONS

The impact of light source bandwidth on the target features was investigated on focus-exposure (FE)
modulated layouts and fixed focus offset wafers using the Process Window Discovery (PWD)
methodology™.

The starting point is a two-pass Process Wafer Qualification inspection. The PWD methodology makes use
of a modulated wafer layout to discover hotspots and to define the process window. The layout used is
shown in Figure 5, where focus is modulated on the outer columns of the wafer, dose is modulated in the
center column of the wafer, and nominal condition columns are printed on each side of these modulated
columns.
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24.1
6 0.125 236 0.025
5 0120 231 0.020
4 0115 226 0.015
2 0110 221 0.010
2 0.105 216 0.005
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0 0.095 L 0.005
-1 0.090 20.1 0.010
2 0085 196 0.015
3 0,080 19.1 0.020
4 0075 186 0.025
5 0070 18.1 0.030
6 0.065 176 0.035
17.1

Figure 5. Wafer layout for the nominal bandwidth PWQ exposure condition.

Broadband plasma (BBP) inspection technology is used to compare the nominal conditions to each
experimental condition and to identify systematic defects with design enabled inspection. BBP inspection
is used to understand the impact of bandwidth, both within the exposure field and across the wafer, as it has
good coverage on the wafer without sacrificing sensitivity.

Once the highest priority hotspots are identified and ranked, the second phase of PWD runs the same
Nanopoint™ (NP) inspection on wafers that are processed with a uniform offset over a full wafer (i.e. the
same condition used for all fields). This offset can be a focus offset, dose offset or, in this case, the DUV
light source bandwidth. In this study, the feature set was intentionally limited to a small design area
containing a repeating layout of hot spot features (see Figure 6). Even with a small area (< 200 x 200 um),
the optical inspection was completed with excellent results at AEI (post TiN etch).

TR wm L G §C

rerEr [ mwo BECE
10 sdgCef o Co g

Figure 6. Representative mask clip of the 2D logic patterns found on the M1 layer used for this study.

EXPERIMENTAL RESULTS

For the defect inspection a die-to-die method was used. Due to process variations, differences between dies
can be detected by optical defect inspection. Figure 7 shows the excellent correlation between the defect
inspection and design for a sample hot spot (HS_15 as shown in Figure 1).
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Figure 7. Nominal defect inspection image (left), design clip (middle), and hot spot detected defect
inspection image (right).




Process Wafer Discovery wafer inspection

The PWD maps show how defect inspection can help to visualize the impact of light source E95 bandwidth
on hot spot process windows. The inspection result shown in Figure 8 is for the nominal 300 fm condition

(light source and OPC).

Figure 8. PWD inspection map for the nominal 300 fm bandwidth condition (left) and CD SEM image of
key process window limiting hot spot feature (enlarged, right).

The inspection result for 200 fm E95 bandwidth light source exposure and the 200 fm extrapolated OPC
features is shown in Figure 9 and indicate a similar response. Representative failure modes for the process
window limiting features are shown in the CD SEM images.

Figure 9. PWD inspection map and key process limiting features for the 200 fm bandwidth and 200 fm
OPC condition.

Fixed offset (Uniformity) wafer inspection

The fixed offset (Uniformity) inspection maps further demonstrate how defect inspection can help to
visualize the impact of light source E95 bandwidth on hot spot process windows. The inspection result
shown in Figure 10 is for the nominal 300 fm condition (light source and OPC).



10 defects

Figure 10. Uniformity wafer inspection map for the nominal 300 fm bandwidth condition (left) and
detected defects (right). Note that bridging defects are indicated by the dark polarity.

For the nominal uniformity wafer, no patterning failures are observed for the key process window limiting
hot spot. It should be noted that the defects primarily exist at the edge of the wafer, indicating lower
margin due to process and/or topography variations.

Analysis of the 200 fm E95 results will be discussed in the next section.

ANALYSIS AND DISCUSSION
Process Wafer Discovery wafers

The defect mode classification for the PWD wafer with nominal OPC at 300 fm light source bandwidth
exposure is shown in Figure 11. The process window limiting feature at positive defocus and positive dose
is the hot spot HS_05 (also shown in Figures 1 and 8) and is indicated on the design clip. At negative
defocus and negative dose, a different feature is the process window limiter; the multiple finger structure as
shown on the design clip. For ArFi patterned features like these, the hotspot-types observed in positive
defocus and negative defocus can be different due to profile changes in the negative tone resist process.
This is clearly demonstrated in Figure 12 showing the different process window limiting features at positive
and negative defocus. Previous studies have attributed this difference to profile changes in the NTD resist
process at the different defocus extremes™.

HOTSPOTLIMITING PW T e

Nominal [ 1\ 1 [ 1
300 fm E95 BW and OPC ! Hi | 1

HOTSPOTLIMITING PW el Sttt '

Figure 11. PWD inspection map for the nomin 300 fm adwid condition an classifictio of key
process window limiting hot spot features (right).
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Figure 12. PWD inspection maps showing the different limiting features at positive and negative defocus.

As noted previously, the test mask used in this study contains 200 fm bandwidth OPC features (as shown in
Figure 4) that were generated using an extrapolation model based on dose offset without illumination
source optimization. To further understand the impact of light source E95 bandwidth on hot spot process
window and defectivity, the illumination source must also be considered as design related hotspots detected
in ArFi patterning can often be caused by both the illumination source and OPC solutions for the particular
features considered. For this study, the Brion Tachyon™ product was used to optimize the illumination
source for 200 fm E95 bandwidth. The E95 bandwidth condition used was 0.200 pm (200 fm) E95 with a
full width half maximum (FWHM) of 0.120 pm. The SMO Tachyon standard optimization flow was
used™™ with the feature layout limited to the hot spots identified as shown in Figure 6. Figure 13 shows the
illumination source for the nominal 300 fm condition generated using the full chip layout and nominal 300
fm OPC (left) and for the 200 fm condition generated using the limited hot spot feature list and
extrapolated OPC at 200 fm (right).

o

uonyisod A

w1 0 1
X position

Figure 13. Illlumination source generated for the nominal 300 fm illumination source using the full chip
layout (left) and for the limited hot spot feature list and 200 fm (right).

The difference in the sources based on the feature sets used in the optimization has a significant impact on
the PWD results. The defect mode classification for the PWD wafer with the 200 fm extrapolated OPC,
200 fm limited feature set optimized illumination source, and 200 fm light source bandwidth exposure is
shown in Figure 14. The results show a decrease in the process window when compared to the 300 fm
nominal results (Figure 11). These results indicate that source optimization using a targeted, limited feature
sets by itself is not enough to improve the process window. A complete source mask optimization (SMO)
and OPC model generation with proper hot spot weighting are needed to obtain improvement in patterning.
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Figure 14. PWD inspection map for the 200 fm bandwidth condition (extrapolated OPC, illumination
source, and light source) and classification of key process window limiting hot spot features (right).

To study the impact of varying light source bandwidth on this systematic hot spot performance, PWD
analysis on three wafers 1, 2 and 3 with three different laser bandwidth conditions 350, 300, and 200 fm
were compared, respectively. The results on the right indicate an incremental improvement for the
systematic hot spots with decreasing laser BW in combination with extrapolated OPC. This is in agreement
with simulation-based studies that show lower bandwidth improves imaging contrast, thereby reducing the
magnitude of hot spots. An overall decrease in defect counts and hot spot types is observed; however, it
should be noted that hot spot type 2 shows an increasing trend which needs to be investigated and will
require further exposure optimizations.
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Figure 15. PWD inspection maps for 350 fm (nominal OPC), 300 fm (nominal OPC), and 200 fm
(extrapolated OPC).

Fixed offset (Uniformity) wafers

The inspection results shown in Figure 16 are for the 200 fm condition (extrapolated OPC, illumination
source, and light source). There is an increase in defect counts as compared to the nominal results shown in
Figure 10.

200 fm E95 BW and OPC
and optimized source

36 defects

Figure 16. Uniformity wafer inspection map for the 200
defects (right). Note that bridging defects are indicated by the dark polarity and broken/pinching defects
are indicated by bright polarity.

To further assess the impact of the limited feature set illumination source optimization, the 200 fm
condition results can be analyzed by identifying the defect counts for the 200 fm extrapolated and 300 fm
nominal OPC mask regions (see Figure 17).

200 fm optimized source exposed

with 200 fm E95 bandwidth 200 fm extrapolated OPC region 300 fm nominal OPC region
[ ] [ | [ ]
[ ] [ | [ |
[ ‘] [ ] [ ]
36 defects total 12 defects: 6 failures of key hot spots 24 defects: 8 failures of key hot spots
Broken Broken, Pinching

Figure 17. Uniformity wafer inspection map for the 200 fm bandwidth condition divided into the 200 fm
extrapolated OPC and 300 fm nominal OPC contributions.

By separating the defects by OPC model, it is observed that lowering the bandwidth of the light source to
200 fm with the extrapolated OPC does improve the defectivity level on the uniformity wafer. However, a
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reduction in bandwidth to 200 fm also results in the formation of the key hot spot (HS_05) which is not
able to be corrected by the limited feature set illumination source optimization. The fixed offset
(Uniformity) inspection maps further demonstrate that source optimization for limited feature sets by itself
is not enough and that complete source mask optimization (SMO) and OPC model generation with proper
hot spot weighting are needed to obtain improvement in patterning. Similar to the nominal condition
results, it should be noted that the defects primarily exist at the edge of the wafer, indicating lower margin
due to process and/or topography variations.

CONCLUSIONS

The impact of light source E95 bandwidth on 10 nm Metal 1 Logic features was studied a tunable DUV
light source bandwidth technique and the PWD methodology. The PWD findings supplement the
traditional analysis methods reported previously™=! and provide more detail on where the process window
truly lies as a function of E95 bandwidth. The results demonstrate the effects of E95 bandwidth on non-
obvious lithographic features that may limit common process window, and can provide input for the
optimal E95 bandwidth that should be used for a process. The significant hot spot dependent responses
observed demonstrate the complexities that must be considered when changing imaging conditions
(illumination source, OPC model, etc.).
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ABSTRACT

DUV immersion lithography (ArFi) continues to be the primary lithographic method for semiconductor
manufacturers. Use of ArFi lithography requires patterning budget improvements in the range of 1/10 nm
especially for interconnect layers™; for advanced process technology nodes, every Angstrom counts.
Previous investigations into the effects of light source bandwidth on imaging performance have provided
the foundation for this work%. This study will focus on the increase in image contrast that 200 fm light
source E95 bandwidth enables on Self-Aligned Double Patterning (SADP) and Self-Aligned Quadruple
Patterning (SAQP) features. The impact of 200 fm E95 bandwidth on the CD and Edge Placement Error
(EPE) performance of core (grating) and block features will be assessed using an imec 7 nm process node
test vehicle. The on wafer experimental results will be compared with the simulation predicted responses
of the target features to lower light source bandwidth.

1. INTRODUCTION

In the application of low k1 imaging using extreme illumination conditions, DUV-based multiple
patterning methods place stringent requirements on light source equipment. Light source key performance
indicators include, but are not limited to, the control of energy, wavelength, and bandwidth. Variations in
light source Energy control can influence scanner dose control and therefore impact on wafer CD
performance. Light source Wavelength directly impacts focus control, with the magnitude varying per
scanner model due to differences in lens chromatic aberration. Variations in light source bandwidth
impacts imaging contrast (and therefore exposure latitude and CDU) and proximity. Previous studies have
determined and quantified the relationships between light source bandwidth performance and on wafer

patterning results >*7,

Light source

Ideally, the light source used for DUV lithography applications should be monochromatic (Figure 2a). This
means that the source should output a single wavelength () which is fixed and stable over time and
spacet. In reality due to optical and mechanical limits we know that with the technology currently
available that level of performances are not physically achievable.

For a real DUV excimer light source, the effective wavelength oscillates (Figure 2b), losing energy in the
region around the target wavelength (1o). The final apProximation of all the different wavelength
components, using a Gaussian or modified Lorentzian ™Y model, leads to a spectrum similar to what has
been simplified in Figure 2c.
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Figure 2. (a) Ideal laser spectrum; (b) Example of real laser spectrum; (c) Example of Gaussian interpolation

In addition to wavelength, another key optical parameter used to characterize an excimer light source for
DUV lithography is the bandwidth, which can be represented using two different metrics: Full-Width-Half-
Maximum (FWHM) and E95% (Figure 3). FWHM conveys a general representation of the light source
spectrum and its changes at half intensity, but it cannot describe the complete spectral shape. The other
metric, instead, is based on the 95% integral energy (E95%) of the spectrum, and therefore can be used as a
single metric to represent the shape of the spectrum™?. In the semiconductor industry, E95% is widely
considered the most reliable metric for the ArF light sources used in lithography applications.

FWHM

—

E95%

Figure 3. Laser Bandwidth metrics: FWHM and E95%



Projection Lens

Although the research in lens manufacturing area has shown significant progresses in the reduction of
aberrations, the technologies presently available do not deliver aberration free optical modules. Among all
of the aberration components, chromatic aberration is particularly important for DUV systems because the
magnitude of its effect can change as function of wavelength 31 This particular parameter emerges
because the index of refraction of any optical material changes with wavelength (Figure 3a). As image
formation is the result of the superposition of the image intensities of each of the contributing wavelengths,
then, due to the chromatic aberration, this superposition leads to a focus blur in the formulated image
(Figure 3b).

n — refractive index
% —wavelength

[I d — line spacing
BLUE pcp RED

Courtesy of
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_ U

Focal Length
VELLOW/GREEN n.sind = (M.A)/(2.d)

Figure 3. (a) Longitudinal variation of focus, or image position, with wavelength; (b) Pictogram describing of image transfer principle

Therefore, a reduction of the wavelength components (which will be measured as a narrower bandwidth)
will lead to a higher image contrast because the blur is reduced.

Image Log Slope

A narrower laser bandwidth will generate a reduction in the image blur, which is also measurable as a
better defined energy distribution at wafer level, affecting primarily the slope of the aerial image intensity
(Figure 4a).
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Figure 4. (a) Pictogram of bandwidth reduction; (b) ILS description

The slope of the image intensity as of function of position (dI/dx) measures the steepness of the image in
the transition from bright to dark. However, to be useful it must be properly normalized. For example,
doubling the intensity of the light will double the slope, but the image quality will not be improved.
Dividing the slope by the intensity will normalize out this effect. The resulting metric is called the image
log-slope (Figure 4b) &4*:

1dl  din(l)
—_ = —_— = [1]
Image Log — Slope T dx I

Equation [1] describes the log-slope measured at the nominal (desired) line edge. Since variations in the
photoresist edge positions (linewidths) are typically expressed as a percentage of the nominal linewidth, the
position coordinate x can also be normalized by multiplying the log-slope by the nominal linewidth w, to



give the normalized image log-slope (NILS).

din(l)

2
- (2]

NILS =w

Exposure Latitude (EL)

Exposure latitude (EL) is defined as the range of exposure, as a percentage of the nominal exposure dose,
which keeps the resulting feature width within a target range of the nominal size 4%,

dlnE _ 1NILS
Wacp "2 [3]

Equation [3] describes how, in an ideal regime (perfect photoresist with infinite contrast), EL is expressed
as the slope of a critical dimension (CD) versus exposure dose (E) curve, ZCD/ZE, where w is the nominal
feature width and NILS, are related.

An increase in contrast (and therefore also NILS) would reduce the dose sensitivity 9CD/JE, increasing the
exposure latitude (EL). As equation [3] considers the case of an ideal photoresist it does not take into
account the contributions coming from the photo reactive materials “***!. Including those additional
variables and applying the proper simplification the formula could be re-written as follows:

% Exposure Latitude ~ a (NILS — B) [4]

where 3 can be interpreted as the minimum NILS required for an acceptable image in photoresist to appear
and a is the added exposure latitude for each unit increase in NILS above the lower limit (3.

Local Critical Dimension Uniformity (LCDU)

LCDU can be defined as the critical dimension variation within the exposed field. As an exposure field is
the direct replication of the image transferred from the mask to the wafer through the projection lens, it can
be determined how the LCDU encompasses the mask and optical components of the system. When
discussing masks (often called also reticles), it must be considered that the features imprinted on the quartz
substrate contain an intrinsic CD error which is not linearly transferred through the projection lens to the
wafer. In other words, CDU of the mask is not equal to the LCDU on the wafer.

This specific error called Mask Enhancement Error Factor (MEEF) is described as 617"8);

ACD
MEEF = wafer [5]
ACDreticle X Rlens

where Ryens is the magnification rate of the projection lens.

The ideal MEEF value is equal to 1, which means that the errors present in the mask are directly transferred
into the wafers and measured in the local field. In practice, the resist, feature size and pitch, process
conditions such as exposure energy and focus errors, illumination conditions, and lens aberrations influence
the MEEF. Therefore, due to optical and process factors the Mask Error Enhancement Factor is always
greater than 1.

Developing and combining %%*"*® equations [3] and [5] , can obtain (after the proper simplification) in an
elementary form the correlation between MEEF and EL is obtained:

1
MEEF ~ (pitch X EL) [6]



Therefore, a higher aerial image contrast (which is driving up the EL) yields a smaller MEEF.

In summary, an increase of the aerial image (NILS) through the reduction of light source bandwidth results
in an increase of the exposure latitude (EL) and a reduction of the LCDU (due to a decrease in MEEF).

2. EXPERIMENTAL PLAN

The target of this work was to assess the impact of laser driven contrast enhancement on two different
DUV patterning solutions:

- Self-Aligned Double Patterning (SADP)+ Blocks
- Self-Aligned Quadruple Patterning (SAQP) + LE® Blocks

The activities were conducted in imec facilities in Leuven (Belgium) using the following tools:

Tool Model Notes
Track CLEAN TRACK™
LITHIUS Pro™ Zi
[TEL]
Exposure tool | NXT:1970Ci [ASML] | FlexRay / Flexwave
Light source XLR:760 [Cymer] Nominal E95% = 300 fm £ 5 fm
Low E95% =200 fm £ 5 fm

The starting conditions for the two solutions stated above are both with the mask and illuminaton source
having been optimized (SMOQ) at 300 fm light source bandwidth.

Source

A reduction of light source E95% requires a correction of the illumination condition to re-optimize the
energy distribution in order to maintain optimal contrast at wafer level, as illustrated in Figure 5.
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Figure 5. Examples of changes in the a source optimized at 300 fm and 200 fm of E95%
PC

The models used to apply the optimal Optical Proximity Corrections (OPC) should comprehend the light
source bandwidth, therefore a change in bandwidth results in changes in the model solution as shown in
Figure 6.
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Figure 6. Examples of changes OPC comparing 300 fm and 200 fm of E95%

Use of reduced bandwidth should be combined with full Source Mask Optimization (SMO). For masks
that have already been created, the full SMO cannot be modified; however, the source by itself can be
optimized (SO) for the existing features. In this study, the data has been collected at the nominal 300 fm
bandwidth condition and at the semi-optimized region (SO only) using 200 fm bandwidth.

Source optimization was performed using Tachyon platform from BRION. Standard optimization flow was
used ! considering TE polarization (DoP of 0.97), 6% attenuated PSM mask with M3D (3D mask
calculation) model and also an NTD resist model. .

3. Self-Aligned Double Patterning + Blocks (PTD)

The first application tested was the patterning of the PTD Blocks on the SADP flow described Figure 8.

TiN
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Core litho Core etch

by

. ¥
Figure 8. SADP+Blocks flow used on our experiment

The Blocks features which were considered in this experiment are characterized by a matrix of round
pillars with a target CD on wafer of 51 nm. From a design prospective, the matrix is generated by
repeating the same four-OPC-fingerprint multiple times (Table 1a).



Reference mask Original 200fm (SO)
feature Source Source Optim.
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AD=150 B-C=233 FORC grous
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Table 1. (a) Litho pattern; (b) OPC group distribution; (c) OPC details

CD (nm) =41=+3

The analysis of the patterning results was conducted by grouping the OPC by design characteristics (A, B,
C, D) analyzing them individually.

The source and optimization comprehended a wide selection of the Block matrix GDS (Table 2a), and
showed how the reduction of the laser bandwidth effected the energy distribution at pupil level (Table 2b
and 2c).
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Table 2. (a)
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itho pattern; (b) OPC group distribution; (c) OPC details

The process window analysis was conducted on full stacked wafers, exposing focus exposure matrixes
(FEM) with 0.5 mJ/cm? steps in dose and 10 nm steps in focus. The measurement was performed using
Hitachi CD-SEM CG6300, collecting 54 block measurements per exposure field (27 features measured in 2
intra-field positions). The settings used for the metrology are reported in Table 3.



Accelerating_voltage 500 V

Probe_current 8.0 pA

Magnification 160K

Digital_Zoom 1
Number_of frames 8

Field_Size (um) 0.819x0.819
Pixel 1024 x 1025

Filter None
Table 3. Block CD-SEM metrology settings

Both theory and previous experimental activities™"®, indicate that narrowing down only the light source
bandwidth, (without performing any other action) is possible to estimate an increment of EL with limited
depth of focus degradation. In this study, however, it has been demonstrated that working in a semi-
optimized-regime (low bandwidth and source optimized) it is possible to maintain the optimal response in
terms of EL increase compensating for any loss in DOF, or in cases like the ADI Blocks shown in
Figure 11 even increase the original margin.

ADI Depth Of Focus vs Exposure Latitude
12.00

===300 fm
===200 fm + SO
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0.00
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Depth Of Focus (um)
Figure 11. Exposure latitude vs Depth of Focus plot : +20% DOF (+30 nm) and +11% EL (+1 %)

The second area of investigation involved the assessment of local CDU in the same semi-optimized-regime.
Based on the Bossung plot data already available was possible to extract a dose offset of +1 mJ/cm? to be
applied at the low bandwidth exposure to match the same nominal target CD. The metrology sampling plan
for this study can be summarized as follows: 229 exposure fields x 12 points per field x 27 pillar per
measurement point > 74K measurements per wafer.

The measurements were sorted by OPC type and analyzed separately. The summary as reported in figure
13, shows that there is a dependency between the OPC structure and the CD uniformity response. If an
average among all the features is considered, the 3 sigma reduction is on the order of 0.1 nm or 7%.
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Figure 13. (a) Litho pattern; (b) OPC group distribution; (c) OPC details

Leveraging the capability offered by Hitachi CD-SEM to provide the measurement of the pillars positions
based on the image center of gravity, the error in misplacement among the pillars can be computed. The
block positions in this process are extremely important in order to have the proper alignment on the core
features underneath. The results show an incremental (but statistically significant) improvement in the
positioning of the blocks (figure 14)

30 of the distance among block's groups (nm)
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Figure 14. (a) Litho pattern; (b) OPC group distribution; (c) OPC details



4. APPLICATION ON SAQP + LE® BLOCKS

The second application tested was the patterning of the NTD blocks on the SAQP flow described in
figure 15.

ADI AEI ACR1 ACR2 NTD BLOCKS TONE INVERSION
I ..
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Figure 15. SAQP+Blocks flow used on our experiment

Despite the official patterning flow involve triple litho-etch (LE®) steps for the blocks, we have performed
in this phase the analysis only after the first etch. Litho results previously measured (in another area of the
matrix) were then used to adjust the best exposure conditions in order to achieve the optimal AEI targets, as
shown in the table 4.

Reference mask After Litho
feature
I

Blocks LE Distance (nm)

X =405 Y = 94 ADI Target (nm) ADI Target (nm)
Blocks LE? Distance(nm) §Z4512 i :; )f{ == %12 ’; %

X=135 Y=64
Table 4. SAQP Blocks ADI and AEI targets

We have applied then the same analysis approach used previously, proceeding in tree steps: Source
optimization, process window analysis and investigation on CD Uniformity changes

Source Optimization and 200 fm (E95%)

Table 5 is showing the energy distribution changes after the optimization at 200 fm (E95%). The scale
indicates the normalized pixel energy intensity, and it is possible to estimate a variation in the distribution

of £ 10%
Reference mask Changes at
i ’r"j,,_: i74] = 1] . f,@ -‘

Table 5. LE Block Source Optimization
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Process Window analysis

From the previous table 4, is possible to see how, unlike the SADP Blocks, the shape for our target features
is more elliptical and therefore we must consider two separate CD targets: one for the X direction and the
other for the Y direction. For this reason we have decided to analyze the common process window which
basically indicates the ranges of doses and focuses defining the Blocks within their specifications.

Note concerning the metrology
Also for this second part of the experiment the Hitachi CG6300 CD-SEM was used, and in our particular

case the settings reported in Table 6 were utilized.

LE Blocks AEI Inspection

Accelerating_voltage 800V
Probe_current 8.0 pA
Magnification 150K
Digital_Zoom 1

Number_of_frames 32
Field_Size 0.902 um, 0.902 um
Pixel 512 x 512
Filter None

Table 6. AEI Block CD-SEM metrology settings

It must be said that the ellipsoidal shapes of the blocks offer a metrology challenge. The electron beam
scanning direction is fixed therefore even if the CD-SEM extrapolate a fitting out of the signal measured,
the measurement in the Y direction will be much more noisy compared to the one in X direction. To
minimize this effect we have repeated the measurement two times. The first one, using the standard image
orientation, was used to extract the measurement of X direction, while the in the second measurement the
target feature was rotated by 90 degrees, extracting the Y direction measurement (Figure 15).

Ellipsoidal Measurement | Measurement
Fitting X Direction Y Direction

90 degrees pattern rotation minimize

Multiple axis the measurement noise induced by
measurement the smaller surface offered in Y
direction

Figure 15. AEI Block CD-SEM metrology settings

Process window analysis was performed exposing the usual focus exposure matrix, measuring then 20
blocks per exposure field on each direction (2 intra-field locations, 10 blocks for each location, measuring

horizontal and vertical orientations)
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Figure 16. LE Block Process Window comparisons

The process window analysis (Figure 16) shows an increment of net exposure latitude (EL) by 4% without
any significant reduction in terms of depth of focus (DOF). It is however interesting to notice how neither
for the SADP Blocks (PTD process) nor on the SAQP Blocks (NTD process) a shift in focus was measured
in the samples exposed at 200 fm (E95%)

Analysis of the uniformity of the critical features

Due to limitations provided by the test mask used, it was not possible to assess the local CD uniformity.
Our target features, in fact, were only located in a 3000x500 um area in the reticle used. However, we have
noticed that another potential indicator which could help us to have information on the contrast-driven
changes could have been what we have called field of view CD uniformity (FOV CDU). The field of view
we are referring to is the CD-SEM one. As shown in figure 17, what can happen is that within the
metrology capturing area the shape of the blocks can differs from the target.

Figure 17. FOV concept. Block deformation within the same CD-SEM field of view

The extended analysis performed over more than 17K blocks measured both in nominal and contrast
enhancement conditions, showed how the reduction of bandwidth in a semi-optimize regime contributes to
a statistically meaningful CDU improvement. In our specific case it was possible to assess a net reduction
of the 3o 0f 0.2 nm in figure 18.
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Figure 18. FOV CD Uniformity

5. CONCLUSION

Bandwidth driven image contrast enhancement has been verified on wafer for SADP and SAQP process
flows, concluding that in a semi-optimized regime (source optimization only), lower bandwidth delivered
significant margin improvements for PW and LCDU. However to maximize the potential benefit coming
from the laser-induced image contrast enhancement, full source and mask optimization (SMO) should be
performed. Further studies will include simulation and experimental activities in a 200 fm fully optimized
(SMO) regime.
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ABSTRACT

Cymer continues to address several areas of sustainability within the semiconductor industry by reducing or eliminating
consumption of power and specific types of gas (i.e. neon, helium) required by DUV light sources in order to function.
Additionally, Cymer introduced a new recycling technology to reduce the dependence on production of raw gases. In
this paper, those initiatives that reduce the operational cost, environmental footprint, and business continuity risk will be
discussed.

Cymer has increased the efficiency of its light sources through improvements that have resulted in energy output
increase while maintaining the same or requiring less power consumption. For both KrF and ArF systems, there have
been component [1], system, and architecture improvements [2] that allowed customers to increase energy efficiency and
productivity. An example of module improvements is the latest MO chamber that helped reduce power consumption by
~15%. Future improvements aim to continue reducing the power consumption and cost of operation of the install base
and new systems.

The neon supply crisis in 2015 triggered an intensive effort by the lithography light source suppliers to find ways to
minimize the use of neon, a main consumable of the light source used in DUV photolithography. Cymer delivered a
multi-part support program to reduce natural resource usage, decrease overall cost of operation, and ensure that
chipmaker’s business continuity risk is minimized. The methods used to minimize the use of neon for 248 nm and 193
nm photolithography that offered significant relief from supply constraints and reduction of business continuity risk for
chipmakers were described in previous work [3]. In this paper, results from the program will be presented.

In addition, techniques to capture the neon effluent and re-purify it within the semiconductor fabs have been pursued.
For example, Cymer has developed and validated a neon recycling system for ArF light sources that resides within the
chipmaker’s fab. Cymer has partnered with a global gas supplier to develop a system capable of capturing, recycling
and delivering >90% of the total neon gas required by multiple ArF light sources through automated operation, including
online analysis. In this paper, the neon recycle system performance as demonstrated by a quantitative analysis of
facility-supplied gas versus the recycled neon in ArF light source performance will be discussed.

Similarly, DUV light sources have historically used helium as a purge gas in the critical line narrowing module (LNM)
to achieve stable wavelength and bandwidth control. Helium has a low coefficient of index of refraction change vs.
temperature relative to nitrogen and provides efficient cooling and purging of critical optics in the LNM. Previous work
demonstrated how helium consumption can be reduced and still achieve stable performance under all operating
conditions [1]. In this paper, results of eliminating the use of helium will be described.

Keywords: DUV, ArF, KrF, sustainability, neon, helium, nitrogen, GLX, neon recycle, neon reduction

1. INTRODUCTION

A constant push to conserve energy and reduce usage of natural resources is primarily driven by the goal of sustainable
semiconductor manufacturing and from the need to reduce the cost of integrated circuit photolithography. This push has
resulted in semiconductor equipment manufacturers reducing their respective environmental footprints. Cymer has the
industry’s largest light source installed base (approximately 2,500 systems operating across 150+ facilities worldwide)
and Cymer’s sustainability program has had a direct and significant impact on the worldwide efforts to reduce the
environmental footprint of the semiconductor industry [4].

Cymer has reduced the cost of operating its light sources through a sustainability program that focuses on reducing or
eliminating the major components of its operating cost: energy, helium, and neon. Additionally, this reduction was
aimed at relieving pressure from rising energy and consumable costs.



Cymer’s single chamber (ELS) light sources have been used for DUV lithography in the semiconductor industry for
approximately three decades [5]. Similarly, dual chamber (XL) light sources were first introduced for argon-fluoride
(193 nm) lithography over a decade ago [6]. Both single and dual chamber platforms have a history of continuous
improvements in power efficiency [2, 7] and cost reduction over time [1, 3].

At time of publication, neon and other rare gases have already stabilized in supply continuity and prices, in part from the
demand reduction that resulted from Cymer’s efforts [3]. However, this market remains fragile and subject to volatility
from supply disruptions. Cymer aims to further counter this instability and mitigate business continuity concerns with
the newly introduced neon recycle system.

2. POWER EFFICIENCY IMPROVEMENT

Cymer has improved the energy efficiency ratio since the first generation of ArF light sources (XL) with its dual
chamber (MOPA) technology (see Figure 1). Initially, the improvements were done by increasing the repetition rate at
which the light sources operate since the power output is directly proportional to the repetition rate. Repetition rate
increase required changes to the pulsed power design to account for tighter timing requirements [8].
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Figure 1. MOPA system architecture and optical path

A significant improvement in the overall system efficiency was achieved by the introduction of the recirculating ring
technology (XLR) that allowed higher power output without increasing the repetition rate or input power (see Figure 2)
[9]. This technology allowed higher pulse energy output and helped extend module lifetime [2].
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Figure 2. Optical path in XLR systems with recirculating ring technology

As the lithography manufacturing requirements cease to focus on power output for productivity, additional increase in
efficiency begins to center on internal efficiency of sub-systems and individual modules. The major contributor to
power consumption in Cymer’s XL platform is the pulse power sub-system that includes the Solid State Pulse Power
Module (SSPPM), Master Oscillator (MO), and Power Ring Amplifier (PRA) chambers. The latest design
improvements to the MO chamber contribute to efficiency increase by reducing power consumption by ~15% [1]. This
MO chamber technology has had a direct impact in reducing the power consumption across the XLR installed base as
well as the leading edge XLR 700ix.

Future improvements will continue to increase efficiency by reducing power consumption in the long term.
Improvements to module and sub-system efficiency will be complemented by studying the light source operation and
determining idle modes and production readiness (see Figure 3).
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Figure 3. Relative power scale across light source models and power configurations

3. HELIUM REDUCTION AND ELIMINATION

Helium, a non-renewable resource, is primarily produced as a by-product of natural gas extraction. There are only a few
sources of helium that produce the majority of the world’s supply: Qatar, USA, Russia, and more recently Tanzania.



The limited availability and sourcing factors create a fragile supply of this rare gas, for which there was a recent major
shortage [10, 11]. This shortage led to the search for a reduction and an eventual elimination of helium as a consumable.

The Line Narrowing Module (LNM) is responsible for the wavelength and bandwidth control of the light source; the
module currently uses helium to displace air from its internal optical components. Helium’s specific heat and thermal
conductivity, UV transparency, and inert properties make it the ideal purge gas for excimer light source optics.
Additionally, its index of refraction does not significantly change as the temperature changes, which minimize beam
disturbances when the light source is firing.

Cymer implemented a helium reduction program, which cut the annual consumption and therefore the cost by 50%
without impact to wavelength or bandwidth performance [1] across the installed base. To completely replace helium as
the purge gas, nitrogen was used in stressful test conditions that increased the operating duty cycle from 30% (LDC) to
75% (HDC) within a short period of time; typical HVM operating duty cycles generally remain below 40%. Test results
using nitrogen in a helium-compatible LNM show that some light source specifications are not met under certain
operating conditions. Higher thermal load under high duty cycle conditions lead to thermal lensing near the optics, as
nitrogen’s index of refraction experiences a significant change with temperature compared to helium. As such,
redesigned LNMs that allow for optimal nitrogen flow have been developed and tested. Initial factory data shows that,
using these redesigned LNMs, nitrogen is a viable substitute for helium (see Figure 4).
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Figure 4. Bandwidth response to nitrogen purge during stress testing

4. NEON REDUCTION SOLUTION

Neon gas is one of the primary consumables of excimer light sources, and its essential role has been described in detail
in previous work [3]. Historically, neon gas had been in oversupply and customers have experienced low prices for the
past 30 years [4]. However, due to geopolitical instabilities neon supply decreased and price ballooned to historical
highs. Cymer released a neon reduction solution to address increased price, limited supply, and higher business
continuity risks that its customers experienced [3].

Cymer’s neon reduction solution is based on prove, patented GLX technology and has demonstrated reduction for both
ArF and KrF light sources while maintaining high availability. GLX technology has helped chipmakers to increase their
productivity by reducing gas management events [12]. Improvements to the gas control algorithm in this technology to
achieve neon reduction were described in previous work [3].

A comparison between average usage rates of the released solutions across a population of ArF immersion light sources
in HVM over a two-year period shows the significant decrease in gas consumption rates (see Figure 5).
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Figure 5. ArF Light source (dual chamber) gas consumption distribution for systems in HVYM

Light source gas consumption is dependent on certain operating conditions and shows a distribution about the expected
reduction values. The mean consumption value in Liters per Billion pulses (L/Bp) is reduced as well as the upper and
lower bounds as described in Table 1. Systems operating with the Phase 2 solution have achieved consumption rates as
low as 1,500 L/Bp while maintaining stable performance.

Table 1. ArF Light source gas consumption distribution summary (L/Bp)

Standard usage Phase 1 Phase 2
Third Quartile 6,200 4,000 2,100
Median 5,800 3,500 1,900
First Quartile 5,600 3,200 1,800

A neon reduction solution was also implemented for KrF light sources (see Figure 6), which is also based on GLX
technology. This solution was developed to restore the high availability that was limited by the containment initially
released to provide customers with immediate savings [3].
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Figure 6. KrF Light source (single chamber) gas consumption trend for systems in HVM

A gas consumption distribution is also expected for KrF systems due to light sources having different firing conditions
and operating patterns. Table 2 provides a description of this distribution over a long-term period.



Table 2. Light source gas consumption by neon reduction (L/Bp)

Standard usage Neo:o{jggﬁtlon
Third Quartile 1,900 1,100
Median 1,600 800
First Quartile 1,200 700

5. NEON RECYCLE SYSTEM

Cymer is facilitating gas reuse by developing and qualifying a unit to provide in-situ recycling of neon through a
sequence of filtering, spectral analysis, and mixture reconstitution. This neon recycle unit allows for >90% of the
discharged process gas from the light sources to be purified and reused. The goal is to reduce the overall gas
requirements for connected light sources by reducing the overall consumption rate from the baseline before the
implementation of the neon reduction solution (see Figure 7).
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Figure 7. Gas consumption rate (L/Bp) trend for connected systems

The neon recycle unit collects the exhaust gas from the light source after the fluorine has been removed. This fluorine
removal occurs inside the light source enclosure and has been an integral safety component since the early models. This
exhaust gas is then primarily composed of a mixture of neon, argon, and other minor components. A level of impurities
resulting from the discharge inside the chamber are present in this gas and are the primary target of removal by this
recycle unit.

The dual stage purification module has a regenerative filter that removes the impurities from the discharge process and
has been shown to restore the rare gas mix to purification levels equivalent to ultra-high purity grade (99.999%). The
purification module has been shown to maintain consistent and repeatable performance during 6 months of prototype
testing.

The gas analyzer module is a key component of the system because it must meet stringent requirements to sample the
purified gas with high speed and accuracy. Introducing impurities into the gas supply may degrade laser performance
and therefore robust analytical capabilities are required. Additionally, the gas mixture ratios are sampled for compliance
against the gas specifications determined by Cymer. The results of this analytical sampling are used in a closed-loop
control to determine the required gas additions in the blending portion of the unit.

Once the gas is purified and mixed to the appropriate levels, the recycled mixture is introduced to the bi-mix supply
distribution (see Figure 8).
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Figure 8. Neon recycle system concept

High-resolution gas analytical capabilities (see Figure 8) allow blend control to maintain recycled gas to ultra-high

purity (UHP) specifications.

specifications of ArF light sources.

Review of the gas analysis demonstrated that the recycled gas output meets the gas
Additionally, light source performance was stable and showed no significant

difference between facility and recycled gas.

Collection
Tank

02 sampling

Getter
Purifier

Regenerative
Purifier

Holding
: and
: Blending
:

Tank

I\ Xe
supply supply

Blending Control

Figure 9. Analytical and blend control schematic

 Xenon
* Argon
* Neon
* Minor components

02 sampling

6. CONCLUSION

Cymer’s sustainability program has successfully reduced overall light source cost of operation by 50% through reduction

initiatives in energy, helium

, and neon (see Figure 10). These initiatives are the result of extensive algorithm

development, new module designs, and integrated technologies that had a significant impact not only with chipmakers,
but also in the global effort to reduce the environmental footprint of semiconductor industry. Cymer will continue to
introduce new technologies to reduce the pressure of rising costs, decrease supply continuity risks, and reduce the
dependency on non-renewable gases.
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Figure 10. Relative operational cost scale for ArF light sources
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