
Page 1 - Volume 39 Issue 1

JANUARY 2023 
VOLUME 39, ISSUE 1

Take a Look InsIde

Industry Briefs
—see page 10

key daTes

For a list of meetings 
—see page 11

PHOTOMASK TECHNOLOGY GROUP

12
29

3-
3

Media Size Discussions



Page 2 - Volume 39 Issue 1

BACUS News is published monthly by SPIE for 
BACUS, the international technical group of SPIE 

dedicated to the advancement of photomask 
technology. 

Managing Editor/Graphics  
Linda DeLano, SPIE

Exhibition and Sponsorship Coordinator: 
Melissa Valum, SPIE Sales Representative,  

Exhibitions and Sponsorships

BACUS Technical Group Manager  
Tim Lamkins, SPIE

2023 BACUS Steering 
Committee

President 
Jed Rankin, IBM Research

Vice-President 
Henry Kamberian, Photronics, Inc.

Secretary 
Vidya Vaenkatesan, ASML Netherlands BV

Newsletter Editor 
Artur Balasinski, Infineon Technologies

2023 Photomask + Technology  
Conference Chairs 

Ted Liang, Intel Corp. 
Seong-Sue Kim, Yonsei University

Members at Large 
Frank E. Abboud, Intel Corp. 

Uwe F. W. Behringer, UBC Microelectronics 
Ingo Bork, Siemens EDA 
Tom Cecil, Synopsys, Inc. 
Brian Cha, Entegris Korea 

Aki Fujimura, D2S, Inc. 
Emily Gallagher, imec 

Jon Haines, Micron Technology Inc. 
Sungmin Huh, Samsung 

Koji Ichimura, Dai Nippon Printing Co., Ltd. 
Bryan Kasprowicz, HOYA 

Romain J Lallement, IBM Research 
Khalid Makhamreh, Applied Materials, Inc. 
Kent Nakagawa, Toppan Photomasks, Inc. 

Patrick Naulleau, EUVL 
Jan Hendrik Peters, bmbg consult 

Steven Renwick, Nikon 
Douglas J. Resnick, Canon Nanotechnologies, Inc. 

Thomas Scheruebl, Carl Zeiss SMT GmbH 
Ray Shi, KLA Corp. 

Thomas Struck, Infineon Technologies AG 
Anthony Vacca, Automated Visual Inspection 

Andy Wall, HOYA 
Michael Watt, Shin-Etsu MicroSi Inc. 

Larry Zurbrick, Keysight Technologies, Inc.

P.O. Box 10, Bellingham, WA 98227-0010 USA 
Tel: +1 360 676 3290 
Fax: +1 360 647 1445 

SPIE.org 
help@spie.org 

©2023 

All rights reserved. 

Media Size Discussions
Thomas Scherübl, Carl Zeiss SMT GmbH

During the recent Photomask and EUVL conference, there was a quite 
vivid and lively panel discussion. The topic was “What are the biggest 
challenges facing high NA EUVL in the areas of photomask and photo-
resist?" The program committees from Photomask and EUVL had put 
together high-level panelists representing the industry. After the initial 
statements and some discussion among the panelists, someone from 
the audience (I have to admit I do not recall the name anymore) brought 
up the question if the mask size for high-NA EUV should change. 

The motivation is that high-NA EUV scanners will use anamorphotic 
masks which only cover half the field of the chip as compared to low-NA 
EUV scanners. For single-chip designs this leads, in combination with 
the black border, to stitching issues in imaging. The proposal, which was 
then very heavily discussed with the audience and the panelists, was 
to use 300mm technology to manufacture large 300mm “pizza” pho-
tomasks. Besides the benefit of solving the stitching problem, a large 
mask combined with a higher speed of the reticle stage of the scanner 
has the potential to increase the productivity of high-NA EUV scanners. 
Also, it was argued 300mm is a well-established technology in wafer 
manufacturing. Manufacturing tools exist that support the larger size. 
The step might not be so high to make the change even for a thin silicon 
substrate compared to existing (thick) low-expansion materials. 

Having worked in the mask industry for almost 20 years, I remember at 
the beginning of my career that various photomask sizes based on glass 
substrates were common. The market expected that mask tools could 
handle all of them. However, over the years the 160mm square sizes 
have been established as the standard size for high-end mask technolo-
gies. As a consequence, almost all high-end mask-making tools support 
only this standard reticle. It is obvious that a change in media size will 
require large investments by the mask tool suppliers and industry. The 
questions of how this will be economically viable and how this can be 
financed are vital. The last major change in the semiconductor industry 
was the change from 200mm to 300mm wafers. Attempts to introduce 
450mm failed for several reasons. 

Will the mask size change for high-NA EUV? Currently, it is hard to pre-
dict. Besides the stitching, which might be solved also by alternative 
means, the productivity argument seems to be more compelling. 

At the end of the panel, an industry veteran from the audience stood up 
and stated that he saw several discussions in his career to change the 
mask size but all failed due to cost reasons. Let’s see what the future will 
bring. Although ultimately the discussion was inconclusive, it was one 
of the greatest panels I have ever experienced. I wish to see more such 
vivid and open discussions in future editions of Photomask and EUVL.

EDITORIAL

https://spie.org/?SSO=1
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ABSTRACT
Enabled by multi-beam mask writing1, curvilinear free-form 
ILT2, and GPU acceleration3, curvilinear masks are quickly 
becoming the norm in leading-edge masks, whether for 193i 
or for EUV, particularly for contact and via layers. An indus-
try standard for compactly representing curvilinear shapes is 
being developed for SEMI through an industry working group. 
In it, Bezier, and B-spline “Multigon” formats are proposed to 
augment the piecewise linear polygons that are supported 
today4. Whether these infinite-resolution curvilinear formats 
are used, or piecewise linear polygons are used, there is a 
question of what constitutes a high enough vertex density 
to be of some pre-defined accuracy requirement. With these 
infinite-resolution curvilinear formats, the vertex density would 
be lower than with piecewise linear polygons for a particular 
accuracy requirement. But it is still useful to know what density 
is theoretically sufficient.

This paper explores the concept of rasterization and the math-
ematical dual between contours and pixel dose arrays given a 
particularly known resolution limit. The paper further argues 
that curvilinear ILT, practically speaking, is all computed in 
the pixel domain. And all curvilinear masks, with the notable 
exception of MWCO masks for 193i5, are written with multi-
beam machines using pixel dose arrays. The paper further 
argues that all images taken of the resulting masks, whether 
for inspection, disposition, or metrology are pictures taken as 
pixel dose arrays of some resolution with some image process-
ing afterward.

Information theory is a branch of computer science that, 
among other things, gives insight into how much data is suf-
ficient to represent any particular information content6,7,8. 
More generally, the field covers the idea of digitizing the ana-
log world to some known limit of resolution. Rasterization is 
the digitalization of images that converts from contours, be it 
piecewise linear polygons, or some infinite resolution curves, 
to pixel doses of some pixel size and dose range. Contouring 
is the converse, going from pixel doses to geometric space. 
By understanding information theory, how curvilinear mask 
shapes are computed, and how curvilinear mask shapes are 
generated on the mask, we compute the theoretical limit of 
how much data is required to represent 193i and EUV curvilin-
ear masks.

You Don’t Need 1nm Contours for Curvilinear 
Shapes: Pixel-Based Computing is the Answer

FEATURED ARTICLE 2022 BACUS BEST PAPER WINNER 

Introduction: Curvilinear Masks 
Representation Overview 
There are various ways in which semiconductor masks can be 
represented. Having an efficient file format is essential to make 
sure that the mask-processing data path is not overloaded. 
This has encouraged the creation of different file formats like 
GDSII9, Oasis10, etc. to represent the mask data. Mask Data 
Preparation (MDP) is a very crucial step in mask making indus-
try. The Multi-Beam Mask (MBM) writers have enabled curvilin-
ear mask writing13,14. With the wafer process windows known to 
improve substantially with free-form curvilinear ILT2, represent-
ing and computing with curvilinear shapes in MDP has gained 
in importance12. File sizes and computational complexity has 
become an increasing concern for the mask industry in the 
curvilinear era, prompting the industry to develop a SEMI stan-
dard4.

The various file formats used for representing curvilinear 
masks can be broadly classified into 3 categories as depicted 
in Figure 1: Piecewise-linear format, Curvilinear format and 
Pixel-based format. Each of these categories has its own char-
acteristics and can provide some benefits to represent the 
underlying mask data. Any of the representations can be made 
accurate within some pre-specified specification as required by 
the consumers of the data.

Figure 1. Classification of data representation formats for curvilinear 
shapes. (a) represents piecewise linear formats like GDS/OASIS, (b) 
represents curvilinear formats that may be based on Bezier / Splines and 
(c) represents pixel-based formats like Tiff or Bitmap file formats.
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Piecewise-Linear Formats

The legacy piecewise-linear formats like GDSII or OASIS9,10,11,12 
have widespread adoption in the Electronic Design Automa-
tion (EDA) industry. Early file formats were mostly represent-
ing rectangular and Manhattan shapes. Since the mask data 
was mainly arrays or repetitions of simple shapes, hierarchi-
cal representation avoids unnecessary repetition of the same 
data in formats like GDSII. As the technology nodes advanced, 
the need for Optical Proximity Correction (OPC) made each 
instance of the mask shapes different based on the litho-
graphic context around that instance, reducing substantially 
the ability to deploy hierarchy to compress data. Repeated 
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The circle array in figure 4 is placed such that 3 nearby circles 
form an equilateral triangle with a side equal to the pitch of the 
design. Such a triangle covers 1/6th of the area of each circle 
that it goes through. We can also say that each such triangle 
covers 3 x 1 / 6th = 1/2 the perimeter of the entire circle and 
thus half the vertices.

The number of vertices in a circle can be calculated using the 
following equation:

chips on a reticle may be represented by hierarchy for 193i 
chips, but complex effects of EUV threaten to require different 
OPC/ILT for each chip along the Y axis, too. OPC also gave rise 
to an increase in the number of vertices required to represent 
the data as shown in Figure 2. This in turn created the need 
for data compression. Formats like the OASIS format took 
information-based data compression a little further by using 
fewer bits to represent only differences in between adjacent 
coordinates, and by storing X or Y coordinates in alternating 
Manhattan coordinate sequences as first introduced for the 
DEF format15.

FEATURED ARTICLE

Figure 2. Increase in vertex count with OPC. (a) represents a simple mask 
shape that gets converted to (b) or (c) with OPC.

Figure 3. Example showing an increase in vertex count for curvilinear 
designs. (a) simple Manhattan data. (b) Piecewise linear representation 
of curvilinear data.
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With MBM writers, curvilinear masks can be written at the 
same time with the same precision as Manhattan masks. Since 
wafer quality is better with curvilinear masks output by curvi-
linear ILT, curvilinear masks are projected to become common 
among leading-edge masks for both 193i and for EUV.16 Cur-
vilinear shapes are represented as piecewise-linear polygons 
causing a data explosion as shown in Figure 3.

To understand the implication of piecewise linear formats, we 
can just try to figure out the file size for different circle array 
patterns as described in figure 4. A circle array, arranged in 
this way, represents a good upper bound on the packing den-
sity of vertices required to express any manufacturable set of 
curved shapes on any mask. With this case, we can analytically 
estimate the number of vertices per circle and the number 
of circles per µm2 of mask area. Since we cannot guarantee 
that every shape in an ILT mask for the EUV process will be 
identical, we must assume a representation of flat (no hierar-
chy) data. We can still consider representation with deltas as 
defined in OASIS file format. So, say each vertex takes 2 bytes 
of memory to save on disk. The estimated file size for some 
example test cases is shown in table 1 for a full reticle (104mm 
x 132mm) design.

Figure 4. A circle array pattern representing a curvilinear design with 
parameter definitions for Diameter, Space, Pitch and Segment Length.

Since each equilateral triangles cover half a circle, the number 
of circles per µm2 can be computed using the following equa-
tion:

Using equations (1) and (2) and considering 2 bytes per vertex 
for some file size estimations, we computed table 1 on the  
following page. 

Based on the information from table 1, a reasonable upper 
bound on a EUV mask with curvilinear geometries can take 
greater than 100 Terabytes of data to represent a full reticle 
design with no hierarchy. This is certainly too expensive for the 
data path in MDP.

Curvilinear Formats

In order to assuage the effects of curvilinear design on file size, 
the mask industry is currently working on a Bezier-based curve 
format to be adopted as a SEMI standard4 that is suitable to 
represent curvilinear shapes. An example of such formats is 
shown in Figure 5(b).

Number of vertices per circle = ————————— = π × —————————
Perimeter                      Diameter

Segment Length        Segment Length

Number of circles per µm2 = — × = — ×
1000nm × 1000nm                  1000nm × 1000nm

Pitch_nm2Area of equilateral triangle           √
1 1
2

4
2 3——— ×
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Bezier curve is a parametric curve 
that utilizes control points to define a 
smooth curve. The curve format will 
have some control points on the curve 
and some additional control points 
that may be either implicit (i.e., based 
on curve control points and some pre-
defined parameters) or explicit. The 
implicit Bezier-based curvilinear format 
has huge potential to reduce the effec-
tive vertex count required to represent 
the shapes. In the curvilinear format’s 
case, the vertex counts just represent 
the number of explicit control points 
required to faithfully represent a curvi-
linear shape. Interpreting the data from 
table 1 and assuming that we can use an 
implicit Bezier-based curvilinear format, 
it can be estimated that such a format 
will have effective vertex density (or 
control point density) in the order of the 
data corresponding to 10nm or 20nm 
segment length. Thus, file sizes may 
be limited to an average case of 10TB 
- 30TB which is about a 10x reduction 
compared to piecewise linear formats.

Pixel Format

Semiconductor masks can also be rep-
resented using pixels. Each pixel value 
in such a case would just represent the 
percentage area of the pixel covered 
by the shape that the pixel needs to 
represent. Figure 1(c) represents such 
an example of pixel-based representa-
tion. There are many formats like TIFF 
or BITMAP format that can be used to 
represent pixels. In general, pixel-based 
representation of mask data is used for 
eBeam or ILT simulations. Although it 
represents the natural language of Mul-
tibeam Mask Writers, it is too expensive 
in terms of file size.

There are approximately (104mm x 
132mm / (16nm)2) ≈ 50x1012 pixels in an 
entire reticle if we consider a pixel size 
of 16nm. If we use 2 bytes to represent 
each pixel, then a pixel-based format 
without any compression may take 
100TB of file size. The good thing about 
pixel format is that this is a constant 
number irrespective of design complex-
ity. This suggests that if the eventual 
target is to write masks using MBM writ-
ers, it may be more useful to use a pixel-
based format instead of piecewise linear 
formats. An alternative to pixel format 
would be a format that is pixel-based-
computing-aware and uses it to repre-

sent the data using piecewise curvilinear 
format thus getting a greater reduction 
in file size to a value less than 10TB.

Fundamentals of Pixel-
Based Computing
Pixel-based computing is the basis of 
many simulation software and graphi-
cal tools. It has been used in Com-
puter-Aided Design (CAD) tools for 
various physical simulations. The most 
advanced semiconductor masks written 
today already use pixel-based comput-
ing, accelerated by GPUs.

Table 1. File size estimations for the circle array are shown in Figure 4 with different parameters.

Figure 5. Section of a curvilinear shape. (a) 
Piecewise-Linear Format (b) Bezier/Spline-
Based Curve Format.

Page 5 - Volume 39 Issue 1

Rasterization

The MBM writers get the input design 
in some geometry format. In order 
the write the mask, the writer needs 
to know the amount of dose it needs 
to project at a certain location on a 
mask. To compute the dose amount, 
the machine internally runs a process 
called rasterization. Rasterization is a 
process that converts the geometri-
cally-expressed shapes into a pixel map 
based on the area of the pixel covered 
by the shape as shown in Figure 7.

Pixel Domain Sampling

Rasterization can also be defined as the 
digital sampling of vector shapes. Pixel 
domain sampling has roots in digital 
signal processing. Just like audio signals 
are sampling data in 1-D, rasterization 
is sampling data into a 2-D map of pix-
els. So, it must follow the Nyquist Rate 
to capture all relevant information. It 
also adheres to the information theory, 
which among other things says that the 
minimum volume of data required to 
represent something, is indeed, limited 
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by the amount of information, contained 
in that data.

We can say contour geometry and 
pixels are duals, and whatever you can 
do in one domain can also be done in 
the other. The duality holds true only 
if we follow the resolution limit that is 
determined by the Nyquist-Shannon 
Sampling Theorem. It seems that the 
curvy geometries require a lot of data 
to be represented faithfully. However, 
the information content is limited. If, at 
some point in the entire MDP flow, we 
are going to represent the same data 
in the pixel domain, then, we have an 
implied limit on the information content. 
This limit is going to be a function of the 
number of pixels or the pixel size.

We can get some intuition of how the 
Nyquist rate affects the pixel sampling 
using some examples with different 
grid alignments. In the pixel domain, 
the Nyquist Rate limits the pitch, which 
in line:space patterns is the line+space. 
Figure 8 assumes an equal L:S pattern. 
An important intuition about rasteriza-
tion is that a given pattern must be dis-
cernable irrespective of the pixel-grid 
alignment. The example in figure 8(a) 
is a case of perfect grid alignment. It is 
easy to determine the original design 
from pixel values as a clear boundary 
can be seen in the pixel data between 
pixels with a value of 0.0 and those with 
a value of 1.0. So, this is not an ambigu-
ous example. The example in figure 8(b) 

shows 50% misalignment or perfect 
misalignment, where all the pixel values 
are 0.5. From the pixel data, we can-
not restore the L:S pattern because 
that information has been lost in the 
translation to the pixel domain. The 
last example from figure 8(c) shows an 
80%/20% split in alignment. This case is 
again ambiguous as there are 2 possi-
bilities of line-space patterns rasterizing 
to the corresponding pixel values. Note 
that the Nyquist rate says the sampling 
rate for the pitch needs to be “greater 
than 2x” and not “greater than or equal 
to 2x” for such reasons. So, the Nyquist 
criteria also govern the mask rules in the 
pixel domain.

Pixel Dose Equivalence

The exact vertex location is never used 
for wafer quality evaluation, and it is 
not relevant for mask writing or inspec-
tion as you never see sharp corners. So, 
there is no so-called accurate polygon 
in the pixel domain. In fact, both red, as 
well as blue curves from figure 9, ras-
terize to the same pixel values. Hence, 
rasterizations inherently act like low-
pass filters. As far as we are in the pixel 
domain, red and blue contours have the 
same information content due to pixel 
dose equivalence. Here, the red contour 
uses much more data (in terms of verti-
ces) in conveying the same information 
(in terms of pixels). Therefore, the upper 
bound on the maximum number of ver-
tices required is governed by pixel size 
using the following equation:

A shape like the red contour is not 

Figure 7. Rasterization of an input contour into a pixel grid based on area coverage.
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Figure 6. Processing Steps in Multi-Beam Mask Writers.

Figure 8. Rasterization of simple line-space pattern with line width and space equal to pixel size 
across different pixel alignments. (a) Rasterization grid is aligned perfectly with the input line. (b) 
Rasterization grid is 50% aligned with the input line. (c) Rasterization grid is 80% or 20% aligned with 
the input line.

repeatably and reliably manufacturable. 
So real shapes on production masks are 
likely to require fewer vertices.

Pixel-Based Computing for 
Curvilinear Masks

Pixel-Based Mask Writing

Most advanced masks are written by 
MBM writers and are therefore written 
using pixels. We are limited by what 
multibeam can write. Mask writer’s pixel 
size governs the smallest printable fea-
ture size. Figure 10 shows 3 examples 

contour perimeter
pixel size( )
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of how MBM writers would interpret the input data after the 
rasterization process. Figure 10 (a) shows a large enough circle 
that, ignoring other mask process effects, can be represented 
on the mask unambiguously. However, the examples from Fig-
ure 10(b) and Figure 10(c) show that different circles are raster-
ized to the same data in pixels and thus they are ambiguous. 
Here, the Nyquist rate and pixel sampling theory suggest that 
the pixel sizes are not sufficient to sample the data from Figure 
10(b) and Figure 10(c). This issue would exist even if the masks 
undergo mask process corrections. The pixel size is generally 
fixed for a mask writer. Therefore, the data defining the mask 
shapes are bounded by the information theory.

ILT Computes the Mask by Evaluating Wafer 
Quality in Pixel Domain

The information content is also limited when considering how 
ILT simulates iteratively to generate the desired mask shapes 
that optimize for wafer performance. ILT performs lithography 
simulation of the mask using Fast Fourier Transforms, which 
is done in the pixel domain. Input curve defining the ILT mask 
is passed through a wafer simulation engine to generate the 
output curve as shown in Figure 11. For the user or the applica-
tion engineer, the external behavior of ILT looks like the edges 
of polygons (either piecewise linear or curvilinear format) are 
being manipulated to generate the mask shapes. But the back-
end calculations involve rasterizing the mask contour and using 
Fourier domain calculations for wafer simulation, which then 
gets contoured, to create the simulated contour. The simulated 
contour is then checked against the target, for validation, and 
sent to the mask shop after validation.

The ILT software needs to run as fast as possible, and as accu-
rately as possible. Smaller grid sizes take longer to compute, so 
all ILT tools use sufficiently small, but large enough pixel sizes 

for computation, as dictated by the resolution of the wafer 
writing process, principally limited by the lithographic step, 
EUV or 193i, and the resist used for wafer processing. In either 
case, the smallest circle that can be represented reliably across 
all pixel-grid alignments is also a function of this pixel size. 
Thus, Pixel-Based Computing limits the information content in 
ILT computations too.

Information Theory in Mask Processing  
Data Flow

An ILT/OPC shop needs to follow mask rules prescribed by 
their mask shop. The mask shop, in turn, is expected to accu-
rately print the mask as determined by ILT/OPC, so long as 
the mask rules are followed. ILT/OPC shop is essentially saying 
“please produce this mask as described because we verified 
that wafer performance will be best if you could manufacture 
this mask.” And the mask shop’s challenge becomes manufac-
turing the specified mask shapes on the physical mask as close 
as possible to the described shapes.

In the VSB era, a further approximation was implied in this 
collaboration agreement between the ILT/OPC shop and the 
mask shop. Because 90-degree corners (or any sharp corners 
for that matter) are known not to be manufacturable, ILT/
OPC shops made assumptions about “corner rounding” that 
the mask shapes would suffer. Because of limitations in com-
putational time, corner rounding is done in simple rule-based 
approximations. An exact mask process may not be known 
at the time of ILT/OPC also, making any simulation-based 
methods inaccurate anyway. Furthermore, the corners have 
significantly worse dose margins on the mask as compared to 
straight edges in VSB writing. This makes the corner rounding 
different for different instances of corners, even if the cor-
ners belong to the same overall shapes in different locations 
across the mask. This practice is fine for lightly OPC’ed shapes 
because the precision of those corners is not that important 
to overall circuit performance, even if the errors are transmit-
ted to the wafer. But it is increasingly a problem for heavily 
decorated OPC or Manhattanized ILT, as the corners are close 
to each other with small jogs of 20nm occurring often in the 
mask shape. Since 20nm is well below the three sigmas of the 
blur radius of the mask process, the error induced by “corner 
rounding” can be very significant. And dose margin is effec-
tively bad everywhere on these shapes.

Curvilinear shapes, most specifically, manufacturable curvilin-
ear shapes fix this problem. Wafer simulation done in the ILT/
OPC shop to certify the mask to produce good wafer perfor-
mance is now simulating a mask that can actually be manu-
factured. Further, and perhaps much more importantly, these 
masks have a much more uniform dose margin across all shape 
edges. Manufacturable shapes are more reliably manufactur-
able. 90-degree corners are not manufacturable.

Not by accident, the MBM writers all have pixel resolution of 
the mask writers smaller than the resolution of 193i or EUV (at 
4x dimensions), and therefore the resolution used by Curvilin-
ear ILT in computing wafer images during ILT iterations. This 
does not by itself guarantee that all Curvilinear ILT outputs are 
inherently manufacturable on MWM writers. But it does make it 

Figure 9. Rasterization of two different pixel dose equivalent input contours 
(red and blue) into a pixel grid, based on the pixel area coverage by the 
input contour.

Figure 10. Rasterization of circles with different diameters and pixel 
alignments.
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Figure 11. ILT mask validation process.

Figure 12. Collaboration between the ILT/OPC shop and mask shop.
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Figure 13. Example showing pixel dose 
equivalence is sufficient.

much more likely and therefore reduce 
significantly the amount of adjustments 
needed to obey MRC rules as pre-
scribed by the mask shop.

Nevertheless, it is critically important 
for the mask shop to be provided with 
a sufficiently exact specification of the 
mask shapes that must be produced to 
preserve the wafer quality achieved by 
the ILT/OPC shop. The mask writer must 
be provided the shapes to write, and 
inspection, metrology, and repair tools 
need to know the shapes to compare 
with. Of debate is how much informa-
tion is sufficient to exactly represent the 
information content assumed during 
ILT/OPC.

Demanding precise contour Edge Place-
ment Error (EPE) at infinite resolution 
is enticing but it is not necessary. What 
is more important is pixel dose equiva-
lence at wafer simulation. The data is 
sampled into pixels in two ends. First, in 
the wafer simulation software with ILT 
grid and then, in the mask writer using 
multi-beam pixel size. The data sam-
pling during these two steps would act 
like low pass filters that make the notion 
of exact contour irrelevant and thus 
make contour-based EPE checks some-
what insufficient and misleading in the 
2-D curvy region.

So reliably transferring the dose infor-
mation to the mask is important. Mask 
writer only cares about the dose that 
it needs to project at every pixel. Any 
more data will be lost in the low-pass 
filtering process as depicted in figure 9. 
Transferring anything less is inaccurate 
and anything more is wasteful.

Conclusion
OPC/ILT that generates the mask 
shapes as well as the mask writer both 
uses pixels in some part of the data 
path. Pixel-based computing adds a 
low-pass filter to data processing. So, in 
summary, we can say information the-
ory bounds all mask computations. The 
information beyond what OPC/ILT uses 
is irrelevant as the information used by 
ILT is sufficient for the wafer quality. The 
information beyond what MBM writers 
can write is wasted as it cannot be inter-
preted by the writer.

perimeter over pixel size is sufficient to 
have pixel dose equivalence. 

It is certainly possible to represent some 
curves using a lesser number of verti-
ces. For example, a circle can just be 
represented using its center and radius 
irrespective of its size or perimeter. 
Therefore, equation (4) represents the 
maximum number of effective vertices 
required for tighter curves that still sat-
isfy all the constraints of information 
theory and Nyquist rate. For a mask 
writer with a 16nm pixel, this is roughly 
16nm on a mask or 4nm on a wafer. So, 
we do not need a 1nm segment polygon 
to represent the mask. Here 1nm is just 
a metaphor for oversampling. Yes, it is 
necessary to know the exact contour 
desired by ILT for the mask writer as 
well as for inspection and metrology 
tools. Representing the curve with seg-
ments that accurately interprets the 
desired curvy target, using a sampling 
interval in the order of multi-beam 
writer pixel size should be more than 
sufficient. Having a curvy representation 
that is pixel-based computing aware 
and using pixel-based computing in 
MDP will help keep the file size small 
while maintaining information integrity 
and thus the quality of the masks writ-
ten by multibeam mask writers.

As shown in Figure 14, it does not mat-
ter whether the red piecewise linear 
contour was used to define the mask, or 
the dark blue piecewise curvilinear con-
tour was used. The multi-beam writer 
will rasterize both these contours in the 
same way, and they get translated to 
the same pixel values. So, the amount of 
dose projected on a mask is the same. 
Thus, by construction, it will produce 
the same mask. That is why pixel dose 
equivalence is sufficient and oversam-

pling is just an unnecessary burden to 
the data path.

We need enough information to accu-
rately represent the area coverage of 
the pixel. So, having a maximum vertex 
count roughly in the order of contour 

Maximum number of vertices required

 

≈ 

  

contour perimeter
pixel size( () )
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INDUSTRY BRIEFS

Global top ten foundries revenue grew 6%  
in 3Q22
Joanne Chiao & Eden Chung, TrendForce

The global top ten foundries total revenue grew 6% sequen-
tially to $35.21 billion for 3Q22 but is expected to enter a cor-
rection period in 4Q22. The top 5 foundries were led by TSMC, 
followed by Samsung, UMC, GF and SMIC with a collective 
market share of 89.6%. TSMC saw revenue grow 11.1% sequen-
tially driven by 7nm and below nodes.

https://www.trendforce.com/presscenter/news/20221208-
11495.html

Japan to focus on next generation 
semiconductors 
Allen Hsieh & Adam Hwang, Digitimes

Japan is focusing on next generation semiconductors, accord-
ing to Hashimoto Kazuhito, president of Japan Science and 
Technology Agency, which is Japan’s national R&D agency. 
The US leads in IC design, Taiwan leads in wafer foundry and IC 
packaging/test and South Korea leads in DRAM/flash so Japan 
is focusing on expertise in other areas such as compound and 
optical semiconductors.

https://www.digitimes.com/news/a20221207PD206.html

Japan and the Netherlands are expected 
to join US effort to tighten chip control to 
China
Takashi Mochizuki et al., Bloomberg

Japan has agreed in principle to join US efforts to tighten con-
trols over the export of advanced chipmaking equipment to 
China with an announcement coming in weeks that they and 
the Netherlands will adopt at least some of the US restrictions. 
A three country alliance could represent a near-total block-
ade of China’s ability to buy equipment necessary for making 
leading-edge chips. 

https://www.bloomberg.com/news/articles/2022-12-12/
japan-is-said-to-join-us-effort-to-tighten-chip-exports-to-
china?leadSource=uverify%20wall

TSMC constructing a second fab in Arizona
TSMC

TSMC confirmed that they have started construction of a sec-
ond fab in Arizona scheduled to begin the 3nm production in 
2026. The overall investment for the two fabs on site will be 
$40 billion.

https://pr.tsmc.com/english/news/2977

YMTC the first to 200+ layer NAND flash
TechInsights

YMTC’s Xtacking 3.0 technology is reported to be the first 
company to achieve a 200+ layer 3D NAND flash solution in 
the market, placing YMTC as the market leader in NAND flash 
technology.

https://www.techinsights.com/disruptive-event/ymtc-232l-tlc-
3d-nand
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MEMBERSHIP

Join the premier 
professional organization 
for mask makers and mask 
users!
About the BACUS Group
Founded in 1980 by a group of chrome blank users wanting a single voice to 
interact with suppliers, BACUS has grown to become the largest and most 
widely known forum for the exchange of technical information of interest 
to photomask and reticle makers. BACUS joined SPIE in January of 1991 to 
expand the exchange of information with mask makers around the world.

The group sponsors an informative monthly meeting and newsletter, BACUS 
News. The BACUS annual Photomask Technology Symposium covers pho-
tomask technology, photomask processes, lithography, materials and resists, 
phase shift masks, inspection and repair, metrology, and quality and manu-
facturing management. 

Individual Membership Benefits include:
— Subscription to BACUS News (monthly)

—  Eligibility to hold office on BACUS Steering Committee

Corporate Membership Benefits include:
—  3-10 Voting Members in the SPIE General Membership, depending  

on tier level

—  Subscription to BACUS News (monthly)

—  One online SPIE Journal Subscription

— Listed as a Corporate Member in the BACUS Monthly Newsletter

spie.org/bacushome

Key Dates
2023

SPIE Advanced Lithography + Patterning
26 February–2 March 2023 
San Jose, California, USA 
www.spie.org/al

SPIE Photomask Technology and EUV Lithography
1–5 October 2023 
Monterey, California, USA 
www.spie.org/puv

European Mask and Lithography Conference (EMLC)
19–21 June 2023  
Dresden, Germany 
www.emlc-conference.com

Photomask Japan (PMJ)
25–27 April 2023 
Online only 
www.photomask-japan.org

You are invited to submit events of interest for this calendar.  
Please send to lindad@spie.org.

Sponsorship Opportunities
Sign up now for the best sponsorship opportunities 

Photomask Technology +  
EUV Lithography 2023 

Contact:  
Melissa Valum, Tel: +1 360 685 5596 

Advanced Lithography +  
Patterning 2023

Contact: 
Melissa Valum, Tel: +1 360 685 5445  

melissav@spie.org

Kim Abair, Tel: +1 360 685 5499 
kima@spie.org

Advertise in the  
BACUS News!

The BACUS Newsletter is the premier publication 
serving the photomask industry. For information on 

how to advertise, contact:

Melissa Valum, Tel: +1 360 685 5596 
melissav@spie.org

BACUS  
Corporate Members

Acuphase Inc. 
American Coating Technologies LLC 

AMETEK Precitech, Inc. 
Berliner Glas KGaA Herbert Kubatz 

GmbH & Co. 
FUJIFILM Electronic Materials U.S.A., Inc. 

Gudeng Precision Industrial Co., Ltd.Halocarbon 
Products 

HamaTech APE GmbH & Co. KG 
Hitachi High Technologies America, Inc. 

JEOL USA Inc. 
Mentor Graphics Corp. 
Molecular Imprints, Inc. 

Panavision Federal Systems, LLC 
Profilocolore Srl 

Raytheon ELCAN Optical Technologies 
XYALIS 

 

P.O. Box 10, Bellingham, WA 98227-0010 USA 
Tel: +1 360 676 3290 
Fax: +1 360 647 1445 

SPIE.org 
help@spie.org 

©2023 

Shipping Address 
1000 20th St.,  

Bellingham, WA 98225-6705 USA

http://www.spie.org/bacushome
http://www.spie.org/al
http://www.spie.org/puv
http://www.emlc-conference.com
http://www.photomask-japan.org
mailto:lindad%40spie.org?subject=BACUS%20Calendar
mailto:melissav%40spie.org?subject=BACUS
mailto:kima%40spie.org?subject=BACUS
mailto:melissav%40spie.org?subject=BACUS
https://spie.org/?SSO=1

