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Abstract

Background: Multi-beam mask writers have been one of the most significant additions to the
semiconductor manufacturing equipment arsenal in over a decade. The ability of multi-beam
mask writers to write masks with a constant write time regardless of mask shapes or complexity
has made them an eagerly anticipated advancement to help write curvilinear mask shapes for
both today’s advanced 193i nodes and for extreme ultra-violet (EUV) lithography in the future.
Perhaps the most obvious application for these new pixel-based mask writers is the production
of curvilinear inverse lithography technology (ILT) masks. ILT has been seen as a promising
solution to many of the challenges of advanced-node lithography, whether optical or EUV.
However, the runtimes and mask writing times associated with this computational technique
have limited its practical application. Until recently, it had been used for critical “hotspots”
on chips, but had not been used for entire chips.

Aim: The introduction of multi-beam mask writing, along with the advent of graphics processing
unit (GPU)-accelerated computing for mask and wafer, have enabled the introduction of a new
approach to full-chip ILT using these new technologies. The goal was to produce full-chip, curvi-
linear ILT within the traditional turnaround times of mask shops.

Approach: The solution to the runtime problem for ILT has been particularly vexing, as the
traditional approach to runtime improvement—partitioning and stitching—has failed to produce
satisfactory results, either in terms of runtime or in terms of quality. In 2019, D2S introduced an
entirely new, stitchless approach, systematically designed for ILT, multi-beam mask writers, and
GPU acceleration, that makes full-chip ILT a practical reality in production for the first time.

Results: We present this new ILT approach, first introduced using a multi-beam mask writer to
create the complex curvilinear mask shapes. We also review findings that targeting curvilinear
mask shapes creates masks that are more resilient to manufacturing variation. Finally, we review
the results of this new, stitchless full-chip curvilinear ILT as applied to memory chip making. We
show mask making and wafer print results, including pattern fidelity and process window, to
demonstrate the actual benefit of such technologies—a doubling in the wafer process window—
for semiconductor manufacturing.
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1 Introduction

1.1 Curvilinear ILT Started over a Decade Ago

Over the last two decades, for semiconductor manufacturers targeting advanced nodes—from
90 nm all the way to 5 nm now—the greatest challenge has always been lithography. This is
because lithography is fundamentally constrained by basic principles of optical physics. It has
long been known that the best lithography that is theoretically possible can be achieved by
considering the design of photomasks as an inverse problem—and then solving the inverse prob-
lem to find the optimal photomask for a given process, using a mathematical approach. This
approach has been explored for many years, starting with the pioneering work of Saleh et al.
in the 1980s.1–8 Then in 2005 and 2006, Luminescent Technologies (later acquired by Synopsys
and KLA) introduced the industry’s first commercial product and the author coined the term
inverse lithography technology (ILT) for this approach.9–17 ILT is a rigorous computational
approach to determine the mask shapes that will produce the desired on-wafer results. Given
a target wafer shape and models of the lithographic optics, an inverse calculation is made to
arrive at the mask pattern that will supply the desired wafer result and the best process window.
Since lithography optics is a band-limited system, the ILT solution tends to be curvilinear9 (Fig. 1).

1.2 Curvilinear ILT Produces the Best Process Window

Since the late 1990s, the semiconductor industry has faced technical challenges posed by shrink-
ing wafer geometries and the physical limitations of optical lithography to faithfully reproduce
those geometries. ILT has shown great promise as a means of meeting these challenges.
Numerous studies and wafer results have shown that ILT—in particular, unconstrained curvi-
linear ILT—can produce the best results in terms of wafer-pattern fidelity and process window.18

In this study (Fig. 2),18 authors looked at contact arrays with different pitches and generated five
variations of ILT mask patterns for each pitch, masks were created with these ILT patterns,
wafers were printed at different process conditions, and wafer images and CDs were captured

Fig. 1 The original ILT mask patterns shown in the luminescent ILT paper are curvilinear.9

Fig. 2 Study of different complexities of ILT mask patterns and their corresponding process win-
dow shows unconstrained curvilinear ILT mask patterns produce the largest process window.18
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and measured. This work showed that the unconstrained curvilinear ILT mask patterns produced
the largest process window for all pitches.

Moving forward, ILT will be required by more and more masks, whether 193i or EUV.
Optical lithography will rely more and more heavily on ILT for further progression in the
roadmap to handle smaller nodes, more layers in the smaller nodes, and more aggressive design
rules. With each new smaller geometry, more areas of masks become “critical” and need ILT to
ensure resolution and preserve process windows. In addition, specific EUV effects (the non-
normal, 6-deg incidence of the optical axis for the reflective optical system, as well as mask
3D effects such as mask shadowing), combined with tight lithography error budgets require
curvilinear corrections for EUV, make curvilinear ILT the ultimate solution for EUV masks.

According to the eBeam Initiative Mask Makers Survey in 2020,19 which also showed the
data from 2017 to 2019, ILT has already been in use for critical layers in the leading technology
nodes for several years. However, it has been mainly used in hot-spot fixer mode and has not
been used for all critical layers.

Two major obstacles have kept ILT from being widely applied. One of these barriers—the
ability to write curvilinear mask patterns—was removed recently by introduction of multi-beam
mask writers, which can write any shape without time penalty. The other major barrier—ILT
runtime—was still left to be overcome.

1.3 Multi-Beam Mask Writer Enables Curvilinear ILT

The most common mask writer for the leading semiconductor manufacturers, called the variable-
shaped beam (VSB) mask writer, was invented to write Manhattan (rectilinear) patterns. It writes
the mask using a single beam that can produce a rectangular shot with variable dimensions.
The total write time for masks written by VSB mask writers is proportional to number of these
rectangular shots that are required to produce the complete mask. This is an advantage when
writing Manhattan patterns that can be produced with large rectangular shots, but to write a
curvilinear pattern, the VSB writer has to break the curvy patterns into many small rectangular
shots, resulting in write times that are too long and impractical for full-chip production use
[Fig. 3(a)]. Some VSB mask writers added triangle shots and cell projection as a means of
addressing the limitation of strictly Manhattan VSB. This helps for some special cases, such
as 45-deg angled lines, but does not change the shot-count challenge for curvilinear patterns.

The mask industry recognized this challenge, and it became the major motivation to develop
the new multi-beam mask writer. A multi-beam mask writer, instead of having a single, VSB, has
an array of 256k beams that write in a single shot, with each individual beam controlled indi-
vidually to turn on, off, or at partial (gray scale). Since the multi-beam mask writer writes in
the pixel domain, write time is not affected by the patterns it writes, and it can write a mask with
any shaped mask patterns—including curvilinear ILT mask patterns—in a constant write time,
around 10 to 15 h20,21 [Fig. 3(b)].

Fig. 3 (a) Conventional VSB mask writer: generates too many shots, takes too long to write.
(b) Multi-beam mask writer: designed for curvilinear ILT, writes any shape in constant time.22
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1.4 Curvilinear Mask Shapes Are Much More Resilient to Manufacturing
Variation than Manhattan Shapes

Curvilinear ILT not only produces the best process window, but curvilinear mask shapes are
also much more resilient to manufacturing variation than Manhattan shapes.22 According to
Pearman’s study on EUV contacts using Manhattan and curvilinear mask shapes using both
VSB and multi-beam mask writers, multi-beam mask writers can reduce mask process variation
(PV) bands by 30% to 50% from VSB mask writer. Then by switching from target Manhattan
patterns to target curvilinear mask patterns, mask PV bands are reduced by an additional 20% to
50%. So if we change from writing Manhattan mask patterns on VSB mask writers to writing
curvilinear mask patterns on multi-beam mask writers, the mask PV bands can be reduced by
a very significant 75% (Fig. 4).

1.5 ILT Runtime Challenge: Conventional ILT Takes Weeks to Compute
for Full Chip

With the introduction of multi-beam mask writers, one of the major obstacles to full-chip ILT—
excessive mask write time—was removed. This left another major barrier: ILT computation
runtime. The computations and models required for accurate ILT have been established and
refined over the last decade since the introduction of the concept. The problem has been the
sheer volume of the computations required to perform full-chip ILT and the runtimes that result.

ILT’s computation is already an order of magnitude higher than traditional optical proximity
correction (OPC) due to the much larger solution space of ILT. On top of this, using the standard
approach, the computations for full-chip ILT are too lengthy to be practical (Fig. 5). Since each
CPU can handle ILT computation only for a small area, conventional approaches to ILT divide
the task (or in this case, the chip) into partitions and have the computations for each partition run
in parallel to save time. As each partition is passed to a CPU to process, the processor will first
calculate the ideal ILT solution then the ideal ILT mask solution is cleaned up to meet mask rules.
After that, it will go through a mask-shape modification called Manhattanization. This will
simplify the ideal, curvilinear mask patterns into Manhattan shapes that a VSB mask writer can
produce. Since the mask shapes are dramatically changed in this step, a reoptimization is
required to ensure the new Manhattan mask pattern will meet the wafer pattern accuracy require-
ment and process window requirements. Then the partitions are “stitched” back together.
However, because the physics of any mask feature are impacted by the features adjacent to
it, but each partition is processed separately without knowing the changes on the adjacent par-
titions (even with a buffer region of overlap or “halo”), this approach will produce inconsisten-
cies and discontinuities at the partition boundaries called “stitching errors.” (Note that these

Fig. 4 Study22 shows the mask variation PV bands can be reduced 75% by switching from writing
Manhattan patterns on a VSB mask writer to writing curvilinear mask patterns on a multi-beam
mask writer.
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stitching errors are generated by ILT, they have nothing to do with mask writer stitching error.)
Such stitching errors must be corrected once the partitions are stitched together. The method to
correct stitching errors is to take regions around the partition boundaries after merging, plus
some buffer region, recalculate the ILT solution, and then put them back together. This method
will fix the existing stitching errors, but it may introduce new stitching errors at the new boun-
daries. In addition, because the partition size that can be handled by each CPU is relatively small,
and the buffer region required due optical proximity effects is relatively large, these restitching
areas are close to the size of the original partitions, effectively doubling the ILT runtime. All of
these steps on top of ideal ILT generation increase the runtime significantly. In the end, the total
runtime is an order of magnitude slower than the ideal ILT, which is already an order of mag-
nitude slower than OPC.

As a result, commercial applications of ILT have been limited and have focused mainly on
smaller, high-risk portions of masks, mainly used in hot-spot fixer mode to make runtime accept-
able. A high-volume, full-chip ILT solution has been elusive.

2 Stitchless Full Chip Curvilinear ILT for the Multi-Beam Era

Multi-beam mask writers can write curvilinear masks in a constant write time, and curvilinear
mask patterns are more resilient than Manhattan patterns, so it seemed the time had come to
tackle the runtime obstacle and create an approach to curvilinear ILT for multi-beam era.

2.1 Solution: Get Rid of the Stitches

The rise, in the last decade, of the use of GPU-based computing for scientific applications has
offered a new opportunity for bringing a practical full-chip ILT solution to market. GPU-accel-
erated computing excels at single-instruction, multiple data (SIMD) computation, in contrast to
CPU-based computing, which excels at logical (if-then-else) computation. Simulations of natural
phenomena (such as weather or the physics effects inherent in semiconductor manufacturing) are
SIMD computations, so GPU-accelerated computing is a natural fit for these operations, includ-
ing ILT computations (Fig. 6).

This is not a novel observation. Several attempts have been made to create commercial, full-
chip ILT solutions by porting CPU-based solutions to a GPU-accelerated computing environ-
ment. However, these solutions have still fallen short in acceptable turnaround time.23,24

Partitioning/stitching has been the major culprit. Feeding chip partitions into a GPU-
accelerated computing system can speed the processing of each partition. However, stitching
errors and the recomputation required to address them are still show-stopping issues. D2S
reasoned that what was needed was the ability to process the entire chip at once: a single,
giant GPU/CPU pair that could optimize full-chip data seamlessly, without partitions.

Fig. 5 In the conventional ILT flow, in order to generate a solution for full chip and for VSB mask
writer to write, the runtime has increased order of magnitude due to all these extra steps.
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2.2 Stitchless, Curvilinear Full-Chip ILT in a Day with GPU Acceleration

Of course, such a giant GPU/CPU pair does not exist. However, by taking a “from the ground
up,” holistic approach, D2S was able to build an ILT-specific computing appliance that could
emulate a giant GPU/CPU pair.

This approach did not stop with the hardware, but rather included every component of
a holistically conceived, purpose-built system—hardware, software, models, visualization, and
verification—that is designed and implemented from the ground up for GPU-acceleration and
for full-chip ILT computation. Every aspect of the physics and chemistry of wafer lithography
and processing, including litho simulations, mask and wafer models was examined and opti-
mized synergistically throughout the system to reap the largest potential runtime benefits without
compromising computational accuracy.

2.2.1 Stitchless

As discussed earlier, chip partitioning and parallel computing are the most common approaches
to runtime reduction for full-chip computations. However, physics effects at advanced nodes are
highly contextual, and partition boundaries naturally create contextual “disagreements” between
items on either side of the boundaries. In addition, shifts that occur on mask can cause distortion
of features that lay directly on the boundaries of a partition (think of misaligned sections of
wallpaper). Handling these stitching errors—avoiding or correcting them—is one of the biggest
hurdles for full-chip ILT (Fig. 7).

To avoid the time-consuming, recursive correction passes necessary to resolve these stitching
errors, D2S built the GPU-accelerated hardware platform (called the computational design plat-
form or CDP) and designed the software for ILT so that the entire chip could be optimized at

Fig. 7 Stitching errors occur when a chip is partitioned for parallel computing and reassembled.

Fig. 6 Illustration of CPU’s SISD and GPU’s SIMD.
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once. The D2S CDP has been purpose-built specifically to address simultaneous full-chip opti-
mization. Although it contains dozens of GPU-CPU pairs, this full chip curvilinear ILT solution,
including the CDP and software, is designed to behave as though the whole system is a single,
giant GPU–CPU pair that can process the mask for the entire chip simultaneously.

The system behaves as though there are no partitions. This means that each optimization
iteration updates the entire chip as a whole, so that all optical proximity effects across the chip
are accounted for with each update (Fig. 8). At a high level, the CDP holds the data for the entire
chip in its memory across all computing nodes (with each computing node comprising a CPU/
GPU pair). With each iteration, the CPU/GPU pairs process the chip in the CDP in parallel.
At the end of each iteration, the full chip data held in the CDP is updated using the data sent
back from each GPU. Then the next iteration will repeat this process.

Because there are no partition boundaries, the solutions everywhere are continuous, as shown
in Fig. 9.

2.2.2 Curvilinear

Because nothing in nature (including the physics of semiconductor manufacturing) makes
90-deg corners, the shapes on manufactured masks and wafers are all curvilinear, even if the
input geometries are rectilinear (see Fig. 10). In fact, as we showed in Sec. 1.4, curvilinear shapes
with certain minimum curvatures of shapes and spaces have been shown to be more reliably
manufacturable than rectilinear shapes.20

ILT is a mathematical approach that naturally produces curvilinear shapes. Traditionally,
extra computation time has been needed to Manhattanize the curvilinear ILT shapes because
VSB-based mask writing could not process curvilinear mask shapes within practical runtimes.
However, with multi-beam mask writing now available, curvilinear shapes no longer require

Fig. 8 Although comprising many GPU/CPU pairs, this solution has been holistically designed so
that it behaves as a single GPU/CPU pair, iterating on the entire chip as a whole, and avoiding
stitching errors.

Fig. 9 No stitching errors occur in this full-chip approach.
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additional time to write. This full-chip, curvilinear ILT solution was built to leverage the power
of this new world of multi-beam-based mask writing and is optimized for curvilinear mask
output.

Curvilinear ILT does equally well on curvilinear input design shapes. As multi-beam mask
writers and EUV move into volume production, designers will be able to target curvilinear
designs that are more manufacturable, and curvilinear ILT will handle these designs with ease.

Uniquely, this curvilinear ILT solution is able to compute curvilinear shapes efficiently
because of GPU acceleration. ILT inherently computes in the pixel domain; GPU-based com-
puting was built for pixel-manipulation, so it is a perfect fit for this task. With its approach to
emulate a giant GPU/CPU pair, this full chip curvilinear ILT computes, in essence, a rasterized
image of the entire chip all at once, iterating on the full-chip ILT solution as a whole.

2.2.3 Full-chip ILT

Full-chip ILT has been the ultimate goal of ILT since its inception. It has been deployed only for
“hotspots” and “critical areas” because the turnaround time for full-chip ILT was prohibitive.
Ironically, however, stitching problems are more pronounced when “hotspot” ILT solutions need
to be stitched into traditional OPC areas. There is no doubt that full-chip ILT is best, if runtime
was not an issue. This unique approach to ILT makes full-chip ILT a practical reality.

2.2.4 In a day

For semiconductor companies, time is money, and time to market is critical for their revenue.
This reality pushes semiconductor manufacturing companies, in particular, wafer fabs to tape out
and deliver wafers in its shortest time possible, which commonly constrains the budgets for
OPC and ILT process time to one day. This full-chip, curvilinear ILT is the first commercial
ILT solution that delivers full-chip ILT within this time constraint.

2.2.5 Integrates curvilinear mask rules to produce MRC clean results

Curvilinear ILT still needs to meet mask rules, because mask processes, similar to lithography
processes, are limited or affected by dose profile and contrast, resist resolution, and etching
process. Mask rules for curvilinear patterns have turned out to be simpler than mask rules in
Manhattan space: basically, they are minimum CD, minimum space, minimum area, and mini-
mum curvature.25 In this curvilinear ILT, such curvilinear mask rules are integrated into the ILT
optimization, therefore, it produces mask-rule compliant (MRC)-clean results. Figure 11 shows
an example of the mask patterns produced by this solution without and then with integrated
MRC: when MRC is integrated, any features that violate minimum-feature rules do not appear
in the final curvilinear ILT mask.

Fig. 10 All shapes on masks and wafers are curvilinear, even if the input geometries are recti-
linear: (a) Manhattan OPC mask pattern with serif appears curvilinear on mask. (b) Wafer pattern
designed as Manhattan appears curvilinear in simulation.
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2.2.6 Meets EPE requirements

Although this curvilinear ILT is a pixel-domain implementation, its optimization can directly
drive edge-placement error to meet OPC requirements. Figure 12 shows a mask pattern, its simu-
lated wafer contour, cost function, and cost gradient at the beginning of the optimization. It is
clear that the wafer contour does not hit the wafer target, cost function is not zero, and cost
gradient is not flat. Figure 13 shows the situation at the end of the ILT optimization. Now the
simulated wafer contour hits the wafer target, the cost function approaches zero, and gradient of
the cost function is flat.

2.2.7 Continuous and symmetric

Solution continuity and symmetry are always the most difficult things for most ILT approaches.
That is why most ILT papers only show ILT patterns for random patterns to hide their symmetry
issues. This approach to solving the ILT problem expands and builds on the work initiated by
Gauda (which D2S acquired in 2014) to solve the ILT optimization problem in the frequency
domain,24 as opposed to the real domain (which is what is used by both Luminescent9 and
Intel26) with GPU acceleration.

D2S ILT is based on a mathematically rigorous, band-limited, frequency-domain method,
which naturally produces symmetric patterns and naturally avoids small features. The basic idea

Fig. 11 Comparison of the full-chip ILT solution without and with integrated MRC. The top row
shows the layout where the red marks are MRC violations detected by mask verification.

Fig. 12 Mask pattern, simulated wafer contour and its target, cost function, and cost gradient at
the beginning of the ILT optimization. (a) Continuous tone mask, (b) cost function, and (c) gradient
of the cost function.
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is that the same geometry (repeated patterns and symmetric patterns) in the real domain has the
same frequency values/distributions in the frequency domain. If one modifies the cost function in
the optimization in frequency domain, all the symmetric patterns and repeated patterns will be
modified in the same way, and therefore, will naturally maintain the symmetry. With band-
limited scanner optics, a mathematically rigorous approach to geometry selection is necessary
to meet these requirements. Another benefit of this approach is that because of these band-
limited scanner optics, this band-limited function in the frequency domain has a clear cutoff.
By doing adjustments in the frequency domain, the band-limited nature is maintained easily,
and the small features that are commonly seen in real-domain ILT methods are avoided.

The continuity and symmetry of this solution have been demonstrated. Figure 14 shows a
symmetric three-contact configuration. As pitches change from small to large, the ILT solution
gradually changes while maintaining the XY symmetry.

2.2.8 On-grid and off-grid invariance

Another challenge for most ILT approaches is the on-grid and off-grid invariance. The on-grid
and off-grid invariance of this solution has been demonstrated. Figure 15 shows an equal-pitch
contact array and its ILT solution. Figure 15(a) shows the on-grid case, whereas Fig. 15(b) shows
the off-grid case. When pitches change from small to large, the ILT solution gradually changes

Fig. 13 Mask pattern, simulated wafer contour and its target, cost function, and cost gradient at
the end of the ILT optimization. (a) Continuous tone mask, (b) cost function, and (c) gradient of the
cost function.

Fig. 14 Continues tone mask (CTM) and final ILT mask for three contacts in symmetric position
at different pitches showing these ILT solutions are continuous and symmetric.

Pang et al.: Breakthrough curvilinear ILT enabled by multi-beam mask writing

J. Micro/Nanopattern. Mater. Metrol. 041405-10 Oct–Dec 2021 • Vol. 20(4)



while maintaining the XY symmetry, and also the solution for off-grid case is the same as the
on-grid case.

2.2.9 Any angle

The most challenging test for ILT is the combination of multiple pitches, on-grid and off-grid,
with rotation. Figure 16 shows the same equal-pitch contact array and its ILT solutions with the
pitch increasing then also adding rotation. When pitches change from small to large, even with
rotation, the ILT solutions gradually change while maintaining the symmetry. Since the source is
an annular source, the ILT solutions are expected to be symmetric for any rotation angle, and
we do see that from this ILT solution.

3 Evaluation of Curvilinear ILT on MASK and Wafer

3.1 Mask and Wafer: ILT Results on Memory Design with Free-Form Source
Demonstrated

To evaluate the benefits of this full-chip, stitchless, curvilinear ILT solution, masks were written
and wafers were printed at Micron Technology using the process of record (POR). First, ILT
model calibration was done using the D2S test-chip version 6. Then ILTwas run at Micron on the
D2S CDP to generate a curvilinear mask design.27

Fig. 15 CTM and final ILT mask for an equal-pitch contact array for on-grid and off-grid situation.
(a) On-grid and (b) its corresponding off-grid configuration demonstrating the ILT solutions are grid
invariants.

Fig. 16 CTM and final ILT mask for an equal-pitch contact array at on-grid and off-grid situation,
pitch change, plus rotation demonstrating these ILT solutions are symmetric and rotation-invariant.
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Fig. 17 In each pair, (a), (c) the ILT curvilinear mask designs for different pitches and orientations
and (b), (d) corresponding wafer target and simulated wafer contours.

Fig. 18 In each pair, (a) the ILT curvilinear mask written by NuFlare multi-beam mask writer for
different pitches and orientations and (b) the corresponding wafer prints using Micron process.

Pang et al.: Breakthrough curvilinear ILT enabled by multi-beam mask writing

J. Micro/Nanopattern. Mater. Metrol. 041405-12 Oct–Dec 2021 • Vol. 20(4)



Figure 17 shows curvilinear mask patterns generated for a free-form source used in produc-
tion. The contact array has 11 × 11 contacts with equal pitch. The contact size is 40 nm, and
the tightest pitch is 85 nm. A total of 91 curvilinear ILT mask patterns were generated by varying
the pitch and rotation angle.

Figure 18 shows SEM images of some instances of the actual curvilinear mask pattern written
by the NuFlare multi-beam MBM 1000 and wafer print using the Micron POR. Mask patterns
are resolved with high-pattern fidelity and very smooth profile. On the wafer print, all contacts
are printed evenly from the center of array to edge of the contact array.

3.2 Process Window: Wafer Results Show ILT Doubles the Wafer Process
Windows Compared to OPC

The ultimate goal for curvilinear ILT is to achieve the best process window, so in this evaluation,
process windows were compared between OPC and the full-chip ILT solution using the same
process.

Figure 19 shows the side-by-side wafer print comparison of OPC and this curvilinear ILT at
different process conditions (different focuses and doses) from −60 nm defocus to þ60 nm

defocus and from 93.3% dose to 106.7% dose variation. Figure 19 randomly picked 6 process
conditions from a total of 49 conditions. One can clearly see the ILT solution has a much bigger
process window than OPC. In many of the OPC wafer prints, the contacts are not printed
evenly from the center of the array to edge of the array, some have necking problems, some
do not even print at all. In contrast, the ILT wafer images show very consistent print for
all process conditions, for all contacts no matter their locations in the array, pitch, or angle of
the rotation.

CDs were also measured to quantify the size of the process window for both the OPC and the
ILT solution. This was done on another cut-layer type of design. Figure 20 shows the wafer prints
for all process window matrices. The target CD is 62.8 nm, all dies with CD of 10% variations
are considered within process window. Figure 21 shows the CD measurements, and the
conditions within process window are highlighted in green. Notice the x axis is the focus, and
y axis is the dose to be consistent with process window plot. Three wafer images at process
center and two process corners are also shown in zoomed-in version. Compared to OPC, the
ILT solution has increased the process window by over 100%.

Fig. 19 In each pair, (a), (c) OPC wafer printed by Micron process at different process conditions
and (b), (d) the ILT solution wafers printed at the same process condition.

Pang et al.: Breakthrough curvilinear ILT enabled by multi-beam mask writing

J. Micro/Nanopattern. Mater. Metrol. 041405-13 Oct–Dec 2021 • Vol. 20(4)



4 Summary and Conclusions

For several decades, the semiconductor industry has recognized the value of ILT in addressing
the challenges of advanced-node lithography. However, major barriers of ILT computation
runtime and curvilinear ILT mask write time have kept ILT from being adopted widely as a
full-chip solution. The introduction of shape-agnostic multi-beam mask writers removed one
of these critical barriers. Embracing a unique, holistically conceived, purpose-built system of
GPU-accelerated hardware and software that emulates a single-giant GPU/CPU pair and iterates
and optimizes the entire chip as a whole, made stitchless, curvilinear, full-chip ILT in a day
a practical reality.

The benefit of this approach has been evaluated at Micron Technology. The ILT curvilinear
mask was written by NuFlare multi-beam mask writer MBM-1000, the wafer was printed using
Micron POR. The results first show ILT curvilinear mask pattern can be written by multi-beam
mask writer with high-pattern fidelity. Most importantly, the study shows that this full-chip,
stitchless, curvilinear ILT has much superior wafer print quality and enlarged the process
window by over 100% compared to OPC.
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Fig. 20 Wafer print matrix for a cut-layer type of design. Highlighted regions are within process
window.

Fig. 21 Process window CD measurements. The highlighted regions are within process window.
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