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ABSTRACT

Traditionally, Variable Shape Electron Beam (VSEB) mask writing tools generate pixel-based optical proximity
correction (OPC) or inverse lithography technology (ILT) masks by first simplifying them into a rectilinear
polygon, and then partitioning the rectilinear polygon into shots. However, as these masks are complex and
curvilinear, this approach results in an explosion of shot count and mask write time, and a loss of optimality of
the OPC solution. In this work we propose an alternative fracturing approach to minimize mask write time in
which the shot location, size, and dose are determined using the mask fabrication model. In doing so we allow
shots to overlap in order to reduce the shot count while maintaining mask and wafer quality. Our approach is
based on overcomplete signal expansion algorithms which have traditionally been used for sparse representation
and compression of images and videos. Our simulation results on a 45nm random logic and contact hole circuit
show shot count reduction by as much as 50%.
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1. INTRODUCTION

Resolution enhancement techniques such as Optical Proximity Correction (OPC)!2 have enabled the semiconduc-
tor manufacturing industry to continuously shrink the critical dimension (CD) of integrated circuits. Complex
pixel-based OPC shows promise in continuing this aggressive shrinkage. However, the resulting masks are com-
plex and require excessively long write times. This is because they are curvy and hence difficult to manufacture.
The current mask fabrication process with Variable Shape Electron Beam (VSEB) mask writing tools consists
of (a) approximating the curvilinear shapes with a rectilinear polygon, and (b) partitioning the rectilinear poly-
gon into rectangular or trapezoidal shots. This process results in both an explosion of shot count and loss of
optimality of the OPC solution.

In this work, we propose an alternative fracturing approach to minimize mask write time, whereby the shot
location, size, and dose are determined from the curvilinear OPC output. We model the resist with a fixed
nonlinear threshold function and the electron beam proximity effect by convolution with a scattering filter,
namely a sum of Gaussians. Furthermore, we allow for overlap of shots. With this setup we determine the shots
using a greedy approximation algorithm. The algorithm is inspired by the matching pursuit algorithm typically
used in image and video compression whereby a dictionary of basis functions is searched to find the position and
amplitude of atoms to approximate an image.?!

We modify the matching pursuit algorithm, originally proposed by Mallat,? to refine the shot dosage, position,
and location at each iteration. This is inspired by early results in edge-based OPC that greedily improve the
quality of the aerial image with edge movement.!?18 After each edge movement we reevaluate the best dosage
and recompute the error. After a fixed number of iterations we accept the resulting shot and repeat this greedy
process to find additional shots.

In Section 2, we review past results on fracturing. We review the matching pursuit algorithm in Section 3
to motivate our proposed algorithm in Section 4. In Section 5 we provide experimental results for our proposed
algorithm. We conclude with possible directions for future work in Section 6.



2. BASICS OF FRACTURING

In this section we review prior results on fracturing. Section 2.1 reviews past results on mask manufacturability,
and Section 2.2 reviews recent results on model-based fracturing, in which the mask fabrication process is
modeled.

2.1 Mask manufacturing quality

Bloecker et al. have evaluated many metrics to quantify fracturing quality;* they proposed and demonstrated
that shoreline or external sliver length is a suitable metric for evaluating fracture quality as it closely correlates
with manufacturability while being fast to evaluate. Features with width below a threshold §, as determined by
the VSB mask-writing tool, are called slivers. Slivers whose length is along the boundary of the layout polygon are
called external slivers. As the shot size becomes smaller, the electron current density becomes steeper, adversely
affecting the shot placement. Thus slivers result in large size variability, negatively affecting CD control.? Many
existing fracturing approaches focus on reducing sliver length.!0-11

Spence et al. have demonstrated that the number of shots is directly correlated with the write-time.> Fur-
thermore, it is reasonable to assume that the shot count is approximately equal to the number of post-fracture
figures, namely the resulting trapezoids from partitioning the mask. This is because for small critical feature
sizes, few polygons, if any, would require more than one shot. From this it follows that the write-time is directly
proportional to the number of post-fracture trapezoids and thus the minimizing the latter will minimize mask
write-time.

While there are algorithms which simultaneously minimize sliver number and length along with number
of shots,»2 they ignore the underlying physics behind the mask writing process; rather, they solve a simpler
geometric partitioning problem by introducing rules to capture the manufacturing parameters. A parallel can
be drawn to early work in OPC that was built upon a series of rules for corrections as opposed to incorporating
exact models. Our goal in this paper is to use models in the fracturing algorithms so as to create masks with
lower shot count without degrading the wafer image quality.

2.2 Model based fracturing

Model-based fracturing operates directly on the curvilinear mask resulting from Inverse Lithography Techniques
(ILT)* or pixel-based OPC?" rather than a rectilinear approximation of the mask; this can potentially result
in a more accurate mask which ultimately leads to a better wafer image. In addition, model-based fracturing
accommodates overlapping shots which can lead to a decrease in shot-count, an important goal in limiting mask
cost, write-time, and fidelity.*®

Recently, D2S has introduced the concept of model-based mask data preparation which simulates the electron
beam (e-beam) mask writing process.> They place overlapping shots in such a way that the simulated mask
image approximates the desired target mask. In contrast to conventional rule-based fracturing, model-based
fracturing places shots based upon the models for both the mask writer and the photoresist. In doing so, not
only a more realistic error function is used to evaluate the quality of the fracturing, but also shot count is lowered
as shots are allowed to overlap.

A number of issues need to be addressed in designing model-based fracturing algorithms. First, the electron
transfer is not exact and is instead modeled by a low-pass filter, typically Gaussian or sum of Gaussians.”
This may imply a deconvolution step which is an inherently ill-conditioned problem. Second, the energy of the
electrons is transmitted and absorbed by a chemical resist which acts as a thresholding operator in terms of what
appears on the resulting mask. Thresholding is a nonlinear operator and makes the problem formulation more
complex because many possible energy profiles result in the same mask. In Section 4 we describe our proposed
algorithm to address some of these issues.



3. MATCHING PURSUIT OVERVIEW

Overcomplete signal expansion (OSE) algorithms are used in image and video processing for signal represen-
tation and compression.” 21739 Two characteristics of OSE algorithms make them attractive for the fracturing
problem. First, they result in a sparse representation of a signal, which in the context of fracturing amounts to
minimizing shot count. This sparse approximation can arguably be attributed to the richness and flexibility of
the overcomplete dictionary with many basis functions to choose from during the approximation process. Second,
the regions of support of basis functions in the dictionary are typically allowed to overlap, which in the context
of fracturing corresponds to shots overlapping with each other. Examples of OSE algorithms commonly used in
signal processing are matching pursuit (MP), basis pursuit, and projection pursuit.

At each iteration MP maintains a “residual”, which is the difference between the target signal and the
approximation. Also, it uses an over-complete set of basis functions called a dictionary to iteratively find the
best match between the residual and the elements of the dictionary. The algorithm is outlined below:

Input: signal

Output: list of basis functions and their respective coefficients

Initialize: residual = signal

Repeat:

Find the basis function with maximum-magnitude inner product with the residual

Store the value of the inner product for later use

Update the residual by subtracting the projection of the residual onto the basis function
from the current residual

Stop: stopping condition met (e.g., error < threshold, maximum number of iterations exceeded)

At each step both the approximation and the residual, which is the current approximation error, are updated
and saved. Initially the residual is set to the input signal as no approximation has been made.

To add a basis function to the approximation, the algorithm computes the inner product for each possible
location of each basis function. Then, it selects the basis function and location pair which has the highest
correlation with the residual and stores this pair along with the value of the inner product. In other words, it
finds the basis function from the dictionary that minimizes the resulting error. Finally, the residual is updated
by subtracting the scaled basis function from the prior residual.

While this algorithm is effective in decomposing a signal into a set of basis functions, it accomplishes this
with respect to an Lo-norm error metric. The resulting shots are significantly different from what is needed
in fracturing as the error metric is completely different due to the non-linearity of the resist. However, we use
matching pursuit to obtain a reasonable initial guess for the shot placement and dosage.

4. PROPOSED ALGORITHM

We quantify the shot placement with two error metrics. The first is the number of shots which relates to
minimizing the write time, as stated in Section 2.1. This is achieved by using a modification of matching pursuit
which implicitly minimizes shot count. The second metric is the error between the simulated mask and the target
mask, related to the quality of the fracturing. Rather than simply using the difference, we recognize there can
be € error in the placement of the contours — in particular, the edges of the simulated mask may actually fall up
to € distance away from the desired mask edges. Because of this, we expand the desired contour into a buffer
region of width 2e. Any differences between the simulated mask and the target mask within this buffer region is
ignored.

As we are using a modification of matching pursuit, we require a dictionary of possible basis functions
corresponding to possible shot sizes and types. In this work we only include rectangular shots. Furthermore,
rather than including all possible shot sizes and locations, we prune it to only contain rectangles whose edge
lengths are multiples of a parameter, called A. Next, each rectangular shot in the dictionary is passed through
the forward scattering model, gs(x), a single 2-D Gaussian filter, shown in Equation 1, with o being the forward
scattering parameter:
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In this work we set oy = 30nm. The energy profiles of the shots after the scattering filter make up our final
dictionary of basis vectors. While our simulations only incorporate forward scattering, we can modify this step
to allow for a more complex e-beam model.

A final requirement of matching pursuit is to compute a residual, the current error in the approximation.
Normally in matching pursuit the residual is set to the difference between the target signal and the current
approximation. While this is suitable for signal compression applications where the L, norm is minimized, it
needs to be appropriately modified in the fracturing algorithm to take into account the inherent resist nonlinearity.

The dictionary of shots does not contain all possible valid shots as that would necessitate a very large
dictionary resulting in an intractable runtime. To allow for any shot size to be used, we incorporate a post-
processing step, similar to edge-based OPC,'2718 that refines shot placement and sizing without increasing the
dictionary size.

5. EXPERIMENTAL RESULTS

In this section we describe simulation results of our proposed MP based algorithm. We test two portions of the
Metal 1 layer of a 45nm SRAM chip. A flowchart demonstrating our test setup is shown in Fig. 1. In the flow
chart we refer to assist features as SRAFs. We start with the target wafer image and run PIXBar™ on it.
From the resulting mask we extract the curvy assist features. We consider three assist feature types — the “raw”
assist feature, a simplified assist feature, and the approximation generated by our proposed algorithm. Next,
we optimize the main feature using edge-based OPC with all three kinds of assist features. This gives us three
different assist feature-main feature pairs to compare the fracturing results and wafer qualities. For the raw and
simple assist features we fracture the entire layout using the Calibre® fracturing software. For the output of
our proposed algorithm, we generate the fracturing of the assist features from our proposed algorithm but use
Calibre®© to fracture the main feature. As the main feature is generated using edge-based OPC, it is more readily
decomposed by traditional fracturing techniques.

Finally, we compare the shot count of the fracturing resulting from our algorithm with that of the simplified
mask as determined by Calibre©. We also use wafer-level metrics to quantify our fracturing algorithm. The
choice of the metric depends on our test layout and are discussed below in Sections 5.1 and 5.2.
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Figure 1: Flowchart describing our test setup.




Table 1: Wafer simulation conditions.

’ Parameter ‘ Conditions ‘
NA 0.95
Source Annular, ¢;, =0.4,0 = 0.7
Mask Chrome on glass
Resist Ideal threshold

5.1 Random Logic

The first data set from the 45nm chip is a 5um by 10um random logic circuit shown in Fig. 2 (a). The widths

of the polygons in the layout range from 80nm to 400nm. We provide the wafer image simulation conditions in
Table 1.

Fig. 2 (b) shows the raw assist features with edge-based OPC main features. Fig. 3 shows a comparison
of the three types of masks. We note that our proposed algorithm results in a mask that visually matches the
desired raw mask more closely than the simplified approach. Table 2 details the shot count with the layout
generated from the corresponding assist feature. The raw and simplified masks are fractured by Calibre.©:40

As seen, our proposed algorithm decreases the shot count by more than 50% as compared to simplified assist
features.
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Figure 2: Logic circuit: (a) Wafer target (b) Raw PIXbar™ assist features with edge-based OPC main features.
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Table 2: Comparison of shot count for various assist features.

Raw Simplified | Proposed Algorithm
Solution | Solution Solution
54,736 15,712 6,964

We verify the mask by comparing the edge placement error (EPE) of the simulated wafer images for the each
mask. The histograms of the EPE for all three cases are shown in Fig. 4. The EPE is examined at nominal focus
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Figure 3: Comparison of masks for logic circuit: (a) Simple mask (b) Raw mask (c) Mask from proposed
algorithm.

and +75nm, -50nm defocus. The choice of -50nm defocus is selected as our focus plane was placed at +50nm
relative to the resist. As we use an ideal resist, the optical model is symmetric about the resist stack so defocus
below -50nm is not relevant.

To compute the EPE, all edges of the polygons are partitioned into fragments smaller than 1um in length.
Then the EPE is measured at various points along the fragment and the average is recorded for each fragment.
In the histogram, the x-axis corresponds to the average EPE for an edge fragment while the y-axis corresponds
to the number of fragments with an average EPE in that range. At nominal focus and at -50nm defocus the
EPE histograms are almost the same for all three layouts. However, at +75nm defocus the raw mask has slightly
fewer fragments with an average EPE greater than 5nm in magnitude, as compared with simple mask and the
mask from our proposed algorithm. In comparing the simple mask and the mask from our proposed algorithm we
see that the simple mask has increased number of fragments with an EPE of -20nm. Otherwise, it is extremely
difficult to distinguish the three masks by EPE, even at defocus. We conclude that our proposed algorithm
closely matches the Calibre© edge placement error for the simple mask with a significantly lower shot count.

Fig. 5 shows histograms of the types of shots our algorithm generates. Despite limiting the shot sizes in
our initial dictionary, Figs. 5 (a)-(d) show existence of shots of all sizes and aspect ratios. We notice that in
Fig. 5 (c) many of the shots are maximal in length in the y-dimension; this is due to the layout being vertically
oriented. Finally, Figs. 5 (e)-(f) show most of the shots are near the maximum allowed dosage of 5 which is a
characteristic of the greedy dose selection.

Fig. 6 provides an example of the output of our proposed algorithm; it shows the desired mask target, the
simulated mask generated by our algorithm, the difference between our simulated mask the the target mask,
and the shot locations. As seen, the difference is quite insignificant indicating the high quality of approximation.
Another interesting feature of our proposed algorithm is that while it allows for shot overlap, it does not require
shots to be adjacent. In fact, we see that the far shot on the left is completely isolated. Despite this, the
approximated feature is quite close to the desired target.
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Figure 4: Edge placement error across defocus: Histogram of EPE at (a) nominal focus, (b) +75nm defocus (c)
-50nm defocus.

5.2 Contact Layer

Next we consider the contact layer of the SRAM chip at the 45nm technology node. The contacts are all square
with side length of 70nm. We use the same wafer simulation conditions as in Table 1.

To test this layout we follow the same approach outlined earlier to evaluate our approach. Namely, we use
PIXBar™ to generate three types of assist features and then run edge-based OPC with the assist features on the
main feature. The target wafer image and desired mask from optimization are shown in Fig. 7. A comparison of
the three types of resulting masks is shown in Fig. 8. As seen, the mask from our proposed algorithm visually
matches the raw mask more closely than the simplified mask.

Table 3 details the shot count for each type of layout and fracturing. The raw and simplified masks are
fractured by Calibre© while the last column is the raw mask fractured by our performed algorithm. As seen our
proposed algorithm achieves a 60% reduction in shot count as compared with using simplified features.

As the circuit consists of contacts, we use the area ratio of the vias as the wafer fidelity metric. We examine
the area ratio between the simulated contours and a smooth version of the desired contours generated using



Table 3: Comparison of shot count for various fracturing.

Raw Simplified | Proposed Algorithm
Solution | Solution Solution
45,670 13,157 5,168

Calibre® OPCVerify™. This is done as the limitations of the optical system make printing a perfect square
impossible. Fig. 9 shows histograms that evaluate area ratio for each contact. Again, this is done at nominal
focus and at +/-40nm defocus. At nominal focus we notice that the area ratio of the wafer generated from the
mask from our proposed algorithm performs competitively with the wafers generated by both simple and raw
masks. At positive defocus and negative defocus the mask from our proposed algorithm clearly outperforms the
simple mask with a greater number of contacts having area ratio near one. The same data suggest the mask from
our proposed algorithm almost matches the raw mask in performance at positive defocus by only having fewer
contacts in the highest bin. At negative defocus the mask from our proposed algorithm actually outperforms the
raw mask with slightly more contacts clustered around one. We conclude that our proposed algorithm generates
a mask that is competitive, in terms of wafer quality, with both the simple and raw masks but also achieves it
with a 60% decrease in shot count relative to the simple mask.

6. CONCLUSIONS AND FUTURE WORK

In this paper, we develop a novel model-based fracturing algorithm based on OSE algorithms. We demonstrate
a shot count reduction of over 50% as compared with fracturing a simplified version of the pixel-based OPC.
This is achieved with minimal impact on mask fidelity and image wafer quality. For a random logic circuit we
see a minor shift in the EPE histogram while for a set of vias we see that our contact area is very close to 1 and
across defocus is close to the raw mask results.

In future work we plan to test the limits of our algorithm on smaller technology nodes in which pixel-based
mask optimization techniques are even more important. We intend to explore the influence of mask writer
parameters on our results and to further incorporate mask constraints into our algorithm. Finally, we plan to
extend this work to non-rectangular shots such as trapezoids and triangles.
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Figure 5: Shot distribution for random logic: Histogram of (a) area of shots (b) shot length in x-dimension (c)
shot length in y-dimension (d) shot length in y-dimension maximum shot length excluded (e) shot dosage (f)

shot dosage with maximum dosage excluded.



(c) (d)

Figure 6: An example of the performance of our algorithm on an assist feature: (a) target feature (b) approxi-
mated feature (c¢) Difference between target and approximatioin (d) shot locations.
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(a) Simple mask (b) Raw mask (¢) Mask from proposed

Figure 7: (a) Target wafer image (b) Raw PIXbar™ assist features with edge-based OPC main features
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Figure 8: Comparison of masks for logic circuit:

algorithm.
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Figure 9: Histogram of area ratio at (a) nominal focus (b) +40nm defocus (¢) -40nm defocus.
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