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ABSTRACT
In order to maintain manageable process windows, mask shapes at the 20nm technology node 
and below become so complex that mask write times reach 40 hours or might not be writeable 
at all since the extrapolated write time reaches 80 hours. The recently introduced Model Based 
Mask Data Preparation (MB-MDP) technique is able to reduce shot count and therefore mask 
write time by using overlapping shots. Depending on the amount of shot count reduction the 
contour of the mask shapes is changed leading to the question how the mask contour influences 
wafer performance.

This paper investigates the tradeoff between mask shot count reduction using MB-MDP and 
wafer performance using lithography simulation. A typical Source-Mask-Optimization (SMO) result 
for a 20nm technology will be used as an example.

1. Introduction
The ability to use curvilinear features for mask lithography becomes critical, especially for SMO & 
advanced mask optimization (such as Inverse Lithography Techniques (ILT)) for 20nm technology. 
However, ideal mask shapes are virtually not writeable because of the unmanageable mask writ-
ing times. The conventional approach is to “Manhattanize” the shapes used to create the mask 
patterns so that the masks can be written using only rectangular variable shaped-beam (VSB) 
shots. However there is a trade-off between complexity of optimized mask, mask write time & 
lithographic performance.[1] Several shot count reduction techniques for SMO & ILT Manhattanized 
masks have been introduced, such as Mask Grid Approximation, Jog smoothing,[2] L-shaped-beam 
shot[3] and overlapping shot from Model Based Mask Data Preparation (MB-MDP)[4] to address 
the appropriate amount of trade-off.

Continues on page 3.

Figure 1. Illustration of cycle time benefits with MB-MDP flow for 20nm ILT.
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Editorial

Can the industry rein in mask 
write times at 20nm?
Steffen Schulze, Mentor Graphics 

At this year’s Photomask conference, Wally Rhines, CEO of Mentor Graphics, 
presented a talk entitled “Bucking the trends – driving changes in how the EDA 
and semiconductor manufacturing industries work together.” He selected a num-
ber of examples where challenges predicted for the industry were overcome by 
an innovation fueled learning curve. Innovation is necessary to compete, driving 
down the cost per transistor from generation to generation and along with it the 
cost of equipment and software. He shared data how the scare of the “million 
dollar mask set” was overcome through technology and yield learning. One cur-
rent challenge he touched on was the mask write time increase associated with 
inverse lithography techniques (ILT) –a contender to extend 193nm one more 
node. His forecast of >10x shot count increase presents another scare of cost 
explosion for mask users. 

Mask write time increase has two dimensions. The VSB write approach, which 
dominates the writing of advanced masks today, has a correlation to content – 
e.g.  the number of vertices in the data or the shot count after  fracture. Hence 
the increase in the content driven by the node shrink provides for growth in mask 
writing time. Any addition of shapes or “decorations” e.g., in the form of OPC, 
contributes proportionally. ILT produces smooth mask targets that have a tremen-
dous “information density.” Depending on the transformation into manhattanized 
polygons it drives up the shot count. The introduction of double patterning adds 
more masks to the set and increases the overall mask writing time. 

These trends have two solution approaches. The growth in mask count can be 
countered with tool capacity. The expansion of the write time per plate requires 
solutions that tackle the mask write time directly – on the mask writer side by im-
proved throughput and on the EDA side by reducing the data complexity. NuFlare 
Technology presented on a next generation tool with a significantly increased beam 
current. The new source should  enable a mask write time reduction by ~40%, 
which is  about to neutralize the content growth trend according to Moore’s law.

EDA suppliers like Mentor Graphics offered solutions to reduce the shot count—
simple techniques to align fragments in the OPC steps and more complex tech-
niques of simplifying the data for individual writing passes.  Another idea changes 
the paradigm of mask writing by allowing overlapping shots. These approaches 
promise a reduction in shot count between 10% and 40%.IMS Nanofabrication 
presented a proof-of- concept platform for scanning ebeam writing with thousands 
of beams, a content-independent writing approach leveraging the parallelism of 
many beams for write time reduction. 

Will these approaches muster the required cost trends for mask making to main-
tain the learning curve? Layout simplification or software supported mask writing 
techniques are not cost neutral. One time investments like new data formats, up-
dates to the mask writers — hardware and software—and wafer qualification are 
required. Potential yield impact in mask making, software and hardware expenses 
for data preparation constitute additional operational expenses. 

The biggest benefit at a low cost can be obtained by reducing the complexity 
of the layout through optimization of the OPC. Optimizations in fracturing and 
simple rule-based improvements like jog alignment come next on the effort scale. 
All methods modifying mask shapes impose increasing cost depending on the 
work flow changes. 

So can the industry rein in the mask write times at 20nm? Yes. Technology is 
being offered to tackle the challenge and for sure a future keynote will report it as 
overcome. Which solution will be used, depends on the economic viability. The 
promises of a mask writer sustaining a data independent write time would be the 
mask vendor’s preference since it allows for continuity in the current processing 
and inspection methods. It is some time out - so the evolutionary improvements 
offered by today’s equipment and software suppliers have to bridge the gap. 



Besides, the integration of mask process correction (MPC) into 
OPC modeling and inclusion into a post tapeout flow is likely to 
be required in the future technology nodes. Several reports for 
mask process correction application in both tapeout[5-7] and mask 
manufacturing[8-9] are discussed vigorously. The integrated optics 
and mask modeling scheme can be applied on various lithography 
systems, such as EUV lithography, multiple patterning and inverse 
lithography & source-mask optimization and will compel stringent 
requirements for runtime and data integrity.

In this paper, we will discuss the lithographic quality trade-off 
attained from shot count reduction using overlapping shots in 
Model Based Mask Data Preparation (MB-MDP) technique. MB-
MDP technique is very effective for writing complex curvilinear or 
Manhattanized shapes on masks without exploding shot count by 
using overlapping shots.[10-11] This paper extends that work apply-

ing MB-MDP to Ideal ILT shapes to harness the process window of 
an “ideal” mask shape while reducing shot count even compared 
to a conventionally fractured Manhattan-type mask shape. By 
mimicking the post-OPC ideal mask shape, approximately 30% 
shot count reduction compared to the Manhattanized mask can 
be achieved, without compromising litho performance and mask 
data size.

2. Model-Based Mask Data Preparation for  
the 20nm Node

Current OPC modeling assumes that the mask pattern equals 
the pattern data without considering the mask process beyond a 
mask-wafer bundled model and a corner rounding model for mask 
shapes. However taking into consideration the e-beam forward 

Figure 2 Illustration of the four different mask shapes used for verification: Besides the 
conventional OPC with rule-based SRAFs three different versions of an ILT output are used: a) 
the ideal curvilinear mask shape, b) a Manhattanized and conventionally fractured mask shape, 
and c) a MB-MDP generated mask shape.

Figure 3 Illustration of shot count reduction with overlapping VSB shots for self-aligned SRAM Via. Image a) shows the 
Manhattanized and conventionally fractured via using 13 VSB shots. The resulting simulated mask shape is smaller than the 
ideal mask shape in several areas (green color) while it is larger than the ideal shape in others (red color). Image b) and c) show 
shot configurations extracted by MB-MDP using 7 VSB shots and 5 VSB shots respectively. A comparison of the resulting mask 
shape with the ideal shape shows a better match than the Manhattanized version i.e. only very small red or green areas near the 
edges are visible in b) and c).
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& back scattering as well as mask process effects such as de-
velop, bake and etch, the resist edge on the mask will not be the 
same as the drawn edge, particularly for sub-80nm features with 
many sub-50-nm Manhattan jogs. MB-MDP, on the other side, 
simulates e-beam blur and mask processing effects generating 
VSB shots which print the desired mask shapes. It is aware of 
Backscattering (PEC), Fogging (FEC), and Loading (LEC) on the 
e-beam writer. Because of the simulation effort longer runtime of 
MB-MDP is expected.

Nevertheless, as shown in Figure 1, performing MB-MDP based 
on Ideal OPC shapes (using overlapping shots) more than makes 
up for the longer MDP runtime since first, it eliminates the time 
needed for ILT Manhattanization; second, it already includes MPC 
so there is no need for a dedicated MPC step, and third, it reduces 
mask write time by facilitating the overlapping shot technique.

Table 1. Optical simulation conditions.

Table 2. Verification conditions.
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Figure 4. PV Band verification for different mask shapes. Figure 5. MEEF verification for different mask Shapes.



3. Terminology and Methodology

A.  Description of Test Case Preparation
In this simulation study the lithographic performance of four differ-
ent masks is compared. The first mask is based on the rule-based 
SRAF OPC approach and is fractured conventionally. This mask is 
labeled “Conventional OPC mask shape” in Figure 2 and is used 
to compare the results to an established OPC technology.

The second mask is based on an ILT engine without applying 
any Manhattanization so the OPC data is curvilinear in shape. 
This mask is labeled “Ideal OPC data” and is used as simulation 
reference assuming the shapes can be generated on a mask 
without any limitations in shot count, MRC limits or Manhattaniz-
ing resolution. The third mask is also based on the ILT engine, 
however, instead of outputting curvilinear shapes, the ILT engine 

Figure 6. Location of maximum error between the ideal mask shape and the simulated mask shape after Manhattanization (left image) and MB-MDP 
(right image). The MB-MDP mask contour follows the ideal contour much closer than the Manhattanized mask.

Figure 7. DOF verification for different mask shapes. Figure 8. Via area verification for different mask shapes.

Volume 27, Issue 11                     Page 5

N • E • W • S



Volume 27, Issue 11                       Page 6

N • E • W • S

Manhattanizes the data so that it can be fractured by conventional 
tools without exploding shot count. This mask is labeled “ILT 
Manhattanized mask shape” and is used as a reference for the 
conventional shot count. Finally, the forth mask is based on the 
“Ideal OPC data” without any Manhattanization and the mask data 
is prepared using MB-MDP and overlapping shots. This mask is 
labeled “D2S MB-MDP mask shape” in Figure 2.

The different mask shapes described above are used to deter-
mine the lithographic tradeoff between mask shot count reduction 
using conventional fracturing (Manhattanization) and shot count 
reduction using MB-MDP (overlapping shots).

B.  Model-Based Mask Data Preparation (MB-MDP)
MB-MDP as introduced in previous papers[10-14] combines shot 
count reduction by using overlapping shots and Mask Process 
Correction (MPC) in one step. Since MB-MDP simulates the 
resulting mask contour in a similar way that OPC does on the 
wafer level, MB-MDP enables the use of overlapping shots, dose 
modulation of individual e-beam shots and character projection. 
Figure 3 illustrates the effectiveness of using overlapping shots 
for the self-aligned via example used in this study.

Besides the shot count reduction benefit Figure 3 demonstrates 
the ability to create better mask shapes with a simulation based 
MDP flow. Since MB-MDP is aware of e-beam and mask effects, it 
can account for those effects during shot placement and optimize 
both concurrently.

As indicated earlier in this paper, a simulation-based method 
requires calibrated models in order to produce the correct results, 
in our case shots of the correct size and exact placement. For 

MB-MDP the model has to account for short- and mid-range 
scattering effects as well as mask processing effects like develop, 
bake, and etch. When comparing MB-MDP results with mask and 
wafer measurements prior model calibration is required. In this 
simulation-based study, however, a rigorous model calibration is 
not required. Instead a generic e-beam forward scattering range 
of 30nm was used and it was assumed that the e-beam machine 
corrects for backscattering (PEC), loading (LEC), and fogging 
(FEC). The use of such a generic model does not change the 
validity of the results in principle as the use of a calibrated model 
would change shot sizes only marginally but result in the same 
shot configurations and therefore in the same shot count.

C.  Lithography Simulation Conditions
The lithography simulation focus is to investigate the impact of 
process window degradation of mask shapes using conventional 
fracturing and MB-MDP. The mask shapes from conventional 
fracturing and MB-MDP were simulated under typical optical 
conditions of a 20nm node as summarized in Table 1. The veri-
fication conditions for determining Depth of Focus (DOF), Mask 
Error Enhancement Factor (MEEF), and Process-Variation Band 
(PVBand) are summarized in Table 2.

4. Results and Discussion

A.  Lithography Simulation Verification on 20nm via 
SRAM

Figure 4 shows the PV band verification for 4 different mask 
shapes as described in section 3A. The results show that the 
curvilinear ideal OPC shape will produce the best wafer results. 

Table 3. Comparison chart summarizing the verification results for the 4 different mask types studied here.

Figure 9. Self-aligned Vias through pitch for ILT Manhattanized OPC and 
Ideal OPC data.

Figure 10. Self-aligned Vias through pitch for MB-MDP mask shape and 
Ideal OPC data.
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The traditional rule-based SRAF OPC will no longer be satisfactory 
for sub-80nm features as depicted in Figure 4a) with the worst PV 
band at 2.18x using the PV band of the ideal mask shape as a 
reference. It makes sense that the most effective shapes on masks 
are curvilinear with worst PV band at 1.64x as shown in Figure 
4d). Nonetheless, curvilinear mask shapes are so complex and 
non-manufacturable at this point, the next practical approach is to 
Manhattanize the ideal OPC shape as shown in Figure 4b). While 
the PV band for the Manhattanized mask shape is improved over 
the traditional rulebased SRAF OPC, it still falls short of the ideal 
OPC performance. This is because the final mask image of the 
Manhattanized OPC shape deviates from the ideal mask shape . 
Furthermore, the Manhattanized mask shot count is around five 
times more than the traditional rule-based SRAF OPC mask. This 
would result in a longer OPC runtime and longer mask writing time 
which are costly and may not be justifiable for the relatively small 
lithographic improvement.

Model-based mask data preparation (MB-MDP) technique as 
presented in Figure 4c) is able to reduce shot count by more than 
30% compared to the Manhattanized mask. The shot count using 
MB-MDP with overlapping shots is only 3.5 times the traditional 
rule-based SRAF OPC mask. The normalized worst PV band of the 
MB-MDP mask is 1.75x which is significantly better than the worst 
PV band of the Manhattanized mask which shows an increase of 
2.15x. Even at 30% shot count reduction, the contour of the MB-
MDP mask shape is closer to the ideal OPC mask contour and 
results in the best manufacturable wafer performance.

Figure 5 shows the MEEF verification for the 4 different mask 
shapes. Comparing the MEEF histogram in Figure 5b) for the 
Manhattanized OPC shape with Figure 5c) for the MB-MDP mask 
shape, there are more counts of lower MEEF for the MB-MDP 
version compared to the Manhattanized version.

A reason for the degraded lithography performance of the 
Manhattanized mask can be seen in Figure 6. Shown on the right 
side of Figure 6 is the location with the largest error between the 
MB-MDP mask and the ideal mask shape while the left side of 
Figure 6 shows the same location for the Manhattanized mask. 
The comparison shows that the MB-MDP mask follows the ideal 
mask shape more closely than the Manhattanized mask since the 
use of overlapping shots allows following the ideal shape closely 

Figure 11. Comparison of the normalized PV Band of 3 different mask shapes of the self-aligned 
Vias through pitch: Manhattanized ILT, MBMDP, and Ideal.

Figure 12. Ideal Self-aligned Via 
wafer target (inner rectangle), 
Manhattanized data (zigzag 
shape), and the simulated mask 
shape.

without exploding the shot count.
Figure 7 shows the DOF verification for the 4 different mask 

shapes. The traditional rule-based SRAF OPC cannot provide 
adequate DOF for 20nm Via SRAM as highlighted in Figure 7a). 
There are 830 worst DOF (unusable) counts, twice as much than 
worst DOF counts for Manhattanized mask shape as shown in 
Figure 7a) and Figure 7b). The worst DOF counts are significantly 
reduced for the ideal ILT mask due to better seeding and place-
ment of SRAFs around the main patterns as shown in Figure 7d. By 
controlling the contour of the mask shape through mask simulation 
and overlapping shots, DOF of the MB-MDP mask in Figure 7c) 
is closer to what an ideal OPC mask can offer as shown in Figure 
7d) and further reduce the worst DOF counts.

Apart from the PV band, MEEF and DOF check, the via size 
accuracy is also checked for different mask shapes as shown in 
Figure 8. The results show clearly that the most effective shapes 
on mask are curvilinear as depicted in Figure 8d). As seen in 
Figure 8a) for traditional rule-based SRAF OPC, via size is about 
10% bigger. Compared with Figure 8c) for MB-MDP, there is an 
increased number of bigger (closer to target) vias using MB-MDP.

Table 3 gives an overall comparison of the various verification 
checks for 20nm Via SRAM, comparing all 4 different mask shapes. 
The comparison chart shows that MB-MDP is able to harness the 
benefits of larger process window for an ideal OPC mask solution 
with manageable shot counts and mask writing time. MB-MDP 
provides the closest match for enabling complex assist features 
to print the critical 20nm Via SRAM with no show-stopper on 
unmanageable e-beam write times. MB-MDP enables the reality 
for curvilinear ideal ILT patterns using production

e-beam writers to enlarge the process window for 20nm Via layer.

B.  Lithography Simulation Verification on through Pitch
In 20nm Via layer design, square (round) shapes, slightly rectangu-
lar, and rectangular bar-like shapes have to print simultaneously. 
The self-aligned via schemes can result in some fairly long bars. 
These varied shapes make SRAF placement more complicated.

In this study, the PV band through pitch for rectangular bar-like 
self-aligned via (SAV) are investigated. Figure 9 compares the PV 
band through pitch for Self-aligned Vias for ILT Manhattanized OPC 
and Ideal OPC data. In contrast to the other lithography simula-
tions, in this particular case the rectangular mask shape is used 
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as input for the lithography simulation. Using this rectangular OPC 
data, the PV bands do not show significant differences between 
ILT Manhattanized and Ideal data. This illustrates the convergence 
of the OPC tool to perform Manhattanization. Based on a 45% 
shot count reduction, the PV band through pitch for the MB-MDP 
mask shape also does not show major differences (less than 1nm 
across pitch) to the Ideal OPC data as shown in Figure 10.

However as shown in Figure 11 using the simulated mask shape 
as input instead of the rectangular shape, the PV band for the 
conventionally fractured Manhattanized mask is worse across 
pitches because the Manhattanization does not consider e-beam 
and mask processing effects. These depict some performance 
degradation and portrays as higher PV band through pitch for ILT 
Manhattanized mask shape. This result shows there is a prevail-
ing relationship between the Manhattanizing step, shot count and 
lithographic performance.

Figure 12 shows the ideal SAV shape (red contour) resembling 
an hour-glass. Based on varying Manhattanizing jogs, the final 
OPC data can deviate from the ideal SAV shape. SAV at pitch 180 
is selected for a quality vs. mask shot count reduction trade-off 
study as the PV band at pitch 180 is the largest across all pitches.

C.  Quality & Mask Shot Count Reduction Trade-off
Figure 13 shows the SAV data and mask shape for conventional 
fracturing for 3 different Manhattanizing Resolution (MR) settings. 
The shot count required for a 3?m x 3?m SAV, pitch 180nm is 4196 
for MR = 15nm (production standard for 20nm). Reducing MR 
(relaxed to larger jogs) can be an easy method to reduce the OPC 
complexity and mask cost (shot count reduces to 1728 counts) for 
the technology node. Nevertheless, as seen in Figure 13 on the 
mask contour simulation, the MR = 25nm mask contour succumb 
to larger green (signifies mask shape is smaller than ideal) and red 

(signifies mask shape is larger than ideal) areas. Reducing the MR 
steps to 5nm, on the other hand, will yield a slightly better-matched 
mask contour at the cost of exorbitant 13378 shots (more than 3 
times the production standard).

Similarly to understand mask shot count reduction trade-off 
for MB-MDP, 3 different mask contours for shot count reduc-
tion variety are produced to mimic the OPC-desired contour as 
shown in Figure 14. Enabling overlapping shots on the SAV at 
different amount of shot count reduction (57%, 45% and 33%) 
from production standard, the mask contour simulations show a 
very good shape match at 33% and 45% shot count reduction 
and differences similar to the ones observed for MR = 15nm at a 
shot count reduction of 57%.

Figure 15 and Figure 16 show the mask shape comparison 
at 33% shot count reduction and 45% shot count reduction, 
respectively. The two figures show clearly that the assist features 
(adopting overlapping shots) for MBMDP are closer to the ideal 
assist bar shape for best performance. The assist features from 
conventional fracturing are too small to help transmit enough light 
energy or contrast to help the main features.

Finally Figure 17 summarizes the mask shot count trade-off 
between cost and wafer quality (worst PV band) graphically. The 
worst PV band verification demonstrates the worst EPE distribution 
of all edges for SAV across dose, mask bias and focus variation. 
The conventional fracturing for ILT Manhattanized mask shape 
shows that relaxing MR to 25nm to achieve a 58% shot count 
reduction obviously worsens the OPC result further. On the other 
side, tightening MRC down to 5nm does not bring the worst PV 
band down to ideal level. This shows that there is a gap to bring 
Manhattanized mask shape to achieve the best wafer results with 
economically acceptable write times. Shot count for conventional 
fracturing will explode for lower MR settings (MR = 5nm) and is 

 

Figure 13. Self-aligned Via Manhattanized input data 
(top), fractured data (center), and simulated mask 
shapes (bottom) for conventional fracturing at 3 
different resolutions for Manhattanization.

Figure 14. Self-aligned Via Ideal input data (top), MB-
MDP generated shots (center), and simulated mask 
shapes for 3 different shot count reduction values.
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still unable to capture the ideal OPC lithography performance.
From the mask shot count reduction ratio for all test cases, 

MB-MDP is shown to benefit the most from overlapping shots 
algorithm, comparing to conventional fracturing. MB-MDP uses 
overlapping shots to mimic the ideal OPC data/mask shape to 
realize lithography performance and at the same time achieve 
significant shot count reduction. With shot count reduction at 
33% - 45%, the quality metric “worst PV band” is brought closer 
to the worst PV band achievable with ideal shapes. This shows 
that MB-MDP shot count reduction at production worthy quality 
level is feasible without compromising lithography performance.

5. Conclusion
Overlapping shots created by MB-MDP enable lowered shot count 
(and therefore faster write-times) while simultaneously maintain-
ing or improving lithography process window on the wafer. In 
addition, MB-MDP can simulate the effects of shots to produce 
the OPC-desired contour on the mask plane. This is effective to 
reduce shot count for complex masks generated by technologies 
like Source-Mask Optimization (SMO)/ Full Chip Mask Optimization 
(FCMO), or Inverse Lithography Technology (ILT).

The effectiveness of MB-MDP is verified on 20nm Via SRAM. 
It shows that MB-MDP is able to harness the benefits of larger 
process window for an ideal OPC mask solution with manageable 
shot counts and mask writing time. Moreover, optimizing mask 
manufacturability (Manhattanizing resolution & shot count) can 
be achieved without compromising litho performance & mask 
data size.

6. Future Work
Evaluation mask is considered to validate the benefits for MB-MDP. 
For future work, collaboration with a mask shop is planned to 
compare the fracturing data-size and time between the conven-
tional fracturing method for conventional shapes and MB-MDP’s 
technique for complex (SMO or ILT) shapes will be carried out. 
Full chip evaluation of the results in mask-wafer double simulation 
and with mask and wafer test printing will follow. Final validation 
can be done on wafer or AIMS.
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Figure 15. Mask shape comparison at 33% shot count reduction. Figure 16. Mask shape comparison at 45% shot count reduction.
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Figure 17. Dependency of the normalized worst PV band on shot count for Manhattanized masks and MBMDP masks using the Ideal ILT shapes 
as target. While the mask quality degradation is small for MB-MDP masks at shot count reductions up to 45% compared to the Manhattanized 
mask with 15nm resolution, all Manhattanized masks show a quality degradation compared to the ideal mask.
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■ E-beam Costs to Soar in Multi-Patterning Era

By Mark LaPedus, SemiMD 

A mask-set for microprocessor has about 40 to 60 layers. Some 20 to 30 percent or 
so of those layers are critical, and must be processed via e-beam. The other layers are 
processed via laser pattern generators.
 For years, electron-beam tools have been used to write the critical layers for a 
photomask, but these machines have been considered too slow and a bottleneck in mask 
production. As the IC industry moves into the multiple patterning era, the e-beam could 
fall further behind the curve, possibly causing a spike in photomask costs and product 
delays. The new e-beams are running at the same speeds – or slightly faster – than before, 
but they must now process more photomask layers. In multiple patterning, mask makers 
may end up buying more mask writers to keep up in photomask production, warned G. 
Dan Hutcheson, CEO of VLSI Research.
 Not long ago, an e-beam sold for about $10 million per unit. Now, they range somewhere 
from $20 million to below $50 million each, depending on the configuration. The two 
major e-beam vendors – JEOL Ltd. and NuFlare Technology Inc. – have separately begun 
shipping their latest e-beams for developing next-generation photomasks, especially for 
the multiple patterning era. JEOL is shipping the JBX-3200MB, a 50-KeV tool that is faster 
than previous versions. NuFlare is delivering the EBM-8000. 
 Meanwhile, the industry is rolling out various design-for-manufacturing (DFM) tools to 
speed up the e-beam. And thankfully, mask costs are not soaring out of control. At one 
time, there were fears that a mask-set would run a whopping $10 million at the 22nm node, 
said Walden Rhines, chairman and chief executive of Mentor Graphics Corp. The reality 
is that photomask costs are moving more at a “linear” path, Rhines said at BACUS. The 
early 45nm “mask sets” hit the dreaded $1 million barrier, but ASPs have fallen as these 
reticles moved into volume production, according to experts. The initial 28nm “mask sets” 
are expected to be around $2 million, but ASPs will drop over time. And a 22/20nm mask 
could be around $4 million in the beginning.
 At 45nm, chip makers began to implement some double pattering techniques, such as 
line cutting and spacer. Beyond 45nm, chip makers may be forced to use more complex 
double-patterning methods, such litho-etch-litho-etch, litho-freeze-litho-etch, sidewall 
spacer, among others. Today, the problems are even more acute. Extreme ultraviolet (EUV) 
lithography is late, forcing the industry to extend 193nm lithography, thereby adding more 
complexity to the mask. For example, Toshiba Corp. is pushing 193nm immersion down 
to 19nm for NAND, thanks to self-aligned double patterning (SADP). In logic, Intel Corp. 
has said it plans to extend 193nm immersion down to 14nm, with the help of multiple 
patterning. Intel hopes EUV will be ready at 10nm. As a result, photomask makers must 
develop more complex masks. The average write time per mask layer is around 3.3 hours 
right now, a decrease from those in 2010, according to a survey from Sematech. But the 
average maximum write time per layer for a mask is 33.2 hours right now, up 15 percent 
over 2010, according to the survey.
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