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ince the 130 nm node, design
complexity has been on a colli-
sion course with deep-submi-
cron manufacturing issues,
eventually leading to multiple
respins and dramatic yield loss-
es that culminated into the lat-
est new field — design-for-manufacturing
(DFM). But, of course, DFM is nothing
new. Submicron circuits have always been
designed for manufacturing. What is new
today is the mismatch between the precise-
ly constructed and followed design rules
and layouts and the chip yield on printed
silicon. The main culprit? Subwavelength
lithography. But it’s not the only one.
Changing defect mechanisms, shrink-
ing process windows, lower supply volt-
ages and power integrity issues each had
their hand in necessitating a better rela-
tionship between the design and manufac-
turing worlds. “From a designer’s perspec-
tive, things are getting more difficult be-
cause the process windows they’re getting

Worlds

back from manufacturing are so tight that
they’re having a hard time getting the de-
sign methodologies to work. I saw one ex-
ample where the design tolerances were so
big that it didn’t make any difference if the
company went from 90 nm to 65 nm be-
cause they completely lost the perfor-
mance benefit,” said Dave Campbell, gen-
eral manager of Knights Technology, a di-
vision of FEI Co. (Hillsboro, Ore.).

Mark Miller, vice president of market-
ing and business development for Ca-
dence Design Systems (San Jose), added,
“Actual yields were not approximating the
process nominal yield from the test chips.
So design teams suddenly had to take own-
ership for a whole new set of issues sur-
rounding attributes like power integrity,
leakage current, electromigration issues
and the modeling of lower supply voltages
they didn’t have to worry about before.”

The other key reason for DFM method-
ologies is the dominance of systematic
mechanism-limited yield loss. This trend
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leads to lower initial yields in manufactur-
ing and lower mature yields, which tend to
worsen with each process generation de-
spite ongoing advances in metrology and
yield management.! “Systematic, pattern-
dependent yield loss, which is also called
‘feature-limited’ yield loss, is directly attrib-
uted to design layout, and began to exceed
traditional defect-limited yield loss at 0.25
pm,” said Harold Lehon, program manag-
er for DesignScan product and the Reticle
and Photomask Inspection (RAPID) divi-
sion at KLA-Tencor (San Jose). “In 90 nm
lithography, feature-limited yield loss is 3x

1. Design, manufacturing and debug used to be a
fairly simple and straightforward process (a). Now,
every aspect of design, manufacturing, testing and
failure analysis has itself become more complex (b).
(Source: LSI Logic Corp.)

the amount of defectlimited yield loss.
This is such a significant issue that we
must knock it out before we can address
the parametric yield issues.”

Lehon said what he often hears from
customers is, “I need the ability to know
my designs will yield before I print glass
[reticles and wafers].” Engineers can’t con-
tinue to troubleshoot design issues in man-
ufacturing. He added, “We hear a lot about
moving electrical design intent informa-
tion downstream into manufacturing, but I
think we are pretty far away from effective-
ly implementing that vision. You must ad-
dress functional yield first and then move
on to improving parametric yield.”

Meanwhile, design costs have escalat-
ed. Non-recurring engineering costs for
90 nm devices are ~$1.5M relative to
$4.0M at the 65 nm node, according to
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Some say the hype
surrounding design-for-
manufacturing has reached
cosmic proportions. On
earth, IC design has always
been for manufacturing.
But cooperation between
the two worlds is elevated
because of serious vyield,
timing and performance
iSSUES.

Artistic representation of optical
proximity correction. The application
of resolution enhancement tech-
niques is imperative to ensure pattern
fidelity at sub-180 nm nodes. (Source:
Mentor Graphics)

Bob Madge, director of tech-
nology marketing at LSI Log-
ic Corp. (Milpitas, Calif.). He
estimates total design costs in-
cluding verification to be
$30M at 90 nm and the jury is
still out on 65 nm. So for fab-
less companies that bring new
designs to foundries, the key
issue is not just low yields and
respins, which are costing the
industry millions of dollars in profits. For
smaller companies, respins can threaten
company survival.

In discussions of what DFM ultimately
will be, it is a revolving supply chain —
with multiple feedback loops (Fig. 1).
“Iraditionally, the DEM supply chain in-
cluded transistor modeling, process relia-
bility qualification, IP simulation and ver-
ification, product skew analysis, paramet-
ric monitoring and product debug and
FA” Madge explained. “But things have
changed. All these building blocks in the
design and manufacturing flow — metal
delay modeling and power modeling,
package characterization and process-to-
layout yield characterization, design for
yield and reliability, defect-based testing,
reliability monitoring and advanced
yield analysis — are all needed to over-
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IDFM: WORLDS COLLIDE, THEN COOPERATE

come the DFM challenges going for-
ward and to meet time-to-market, cost
and quality goals.”

Today, the feeback loops are more
heavily loaded on the front end (i.e., in
lithography) than back-end test. However,
these ties are nonetheless relevant to ulti-
mate yield performance in the fab, and
eventually DFM will get there.

The issue on the front burner is getting
subresolution features to print correctly
on the silicon; this process takes a cooper-
ative effort among designers, EDA tool
manufacturers, OPC designers, scanner
suppliers and mask suppliers. Because the
features printed on the wafer are smaller
than the wavelength of light used to ex-
pose them, “we have to draw patterns that
are different from the ones we print,” said
Thomas Blaesi, vice president of market-
ing and business development, SIGMA-C
GmbH (Munich, Germany). “We apply
OPC, go to mask, print on the wafer, and
starting at 180 nm and now to 65 nm,
we're getting more failures due to lithog-
raphy problems and yield indications and
a lack of good expectations of how those
OPC structures we apply to the patterns
are actually printing.”

Process variability

If it weren't for process variability, DFM
probably wouldn’t exist. However, shrink-
ing process windows, the mismatch asso-
ciated with OPC and phase-shift masks
(PSMs), and the variability caused by new
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processes and materials has led to an over-
whelming need for DFM. Solutions in-
clude the integrated mask-to-wafer infras-
tructure, such as that offered by ASML,
ASML MaskTools and Cadence (Fig. 2).
Madge discussed the effect that process
variability is having on device perfor-
mance: “Litho effects are causing gate
length variation and drive current varia-
tion, such that if we defocus certain parts
of the design, it can cause significant para-
metric variation across the chip or from
transistor to transistor and chip to chip.
The increasing parametric variability is
expected to get to the 40% level this year
and increase beyond that. CMP requires
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3. With minor variations in critical dimension, knowing the |/l « targets, other process steps such as the
HALOQ implant can be adjusted to provide the desired electrical results. (Source: Synopsys)
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tight density control to prevent intrachip
density variations, and now there are in-
creasingly stringent requirements for
dummy fill.

“We also see variation in power density
across the chip and large interchip varia-
tion for temperature and heat flux, which
can lead to serious problems where tem-
perature control is critical to maintaining
reliability and burn-in effectiveness.” In-
terestingly, he said that failure rates, for in-
stance, for via stress voiding, can show un-
expected behavior depending on very
small changes in design rule. “Fail rate
can go from very low to very high over a
gradual change in design situation, so a
good understanding of failure rate for dif-
ferent design rule situations is critical to
understanding the reliability and yield-
ability of your design.”

The first approach dealing with process
variability was to do so-called “corners.”
“We assumed the best case, the worst case
and typical in order to bracket the effects
due to these process variations. This
bracketing approach may be manageable
at the 90 nm node, but at 65 nm, the
space of the bracketing becomes multidi-
mensional, so we had to find a probabilis-
tic way to determine how the chip will
work, taking into consideration all these
process effects on resistances and capaci-
tances. This resulted in statistical extrac-
tion,” explained Rachid Salik, product
manager for extraction technology at Ca-
dence Design Systems. “A statistical ap-
proach will take process parameter varia-
tions, such as metal and ILD thicknesses,
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and translate that, along with other speci-
fications on test chips, to electrical pa-
rameters (i.e., resistance and capaci-
tance) average and standard deviation val-
ues, for instance. Timing and signal in-
tegrity analysis tools will have to process
the statistical extracted data to perform
this analysis.”

A key component in getting a handle
on the impact of process variability on a
design is calibrating and modeling the
manufacturing process and translating
that information to the design side.
Lehon said, “We're able to inspect the de-
sign data with our models to determine
how patterns will be formed throughout
the lithography process window. Because
we have CD-SEM expertise, we can per-
form the lithography calibration our-
selves and directly provide calibrated sim-
ulation models to the design
side.” He added that most EDA
tools today require that the de-
sign side of the house do the cal-
ibration, relying on information
from the manufacturing side.
“Our observation has been the
quality of information coming |[Cemw

PC003_[ag
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show the original layout, the blue lines

show the subresolution assist features
and the center ovals are the residual of sl
the scattering bars. The designer can vi-
sualize this potential bridging problem.
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up from the manufacturing side is highly
questionable unless you have deep in-
sight into lithography. This results in a lot
of false starts and numerous iterations to
calibrate litho models used for simulation
from the design side.”

Next, Lehon talked about the eventual
move to design-aware process control. “Peo-
ple talk about hot spot identification, which
primarily comes out of the OPC tools.
These hot spot features are typically thou-
sands of points that were identified by rules
violations and are fed downstream for mon-
itoring. However, if you have insight into
which features are going to fail, not based
on rules but lithography modeling, you can
limit your sampling and target process con-
trol tools to areas that matter most.”

Dipu Pramanik, group director of
TCAD DFM solutions at Synopsys

<. Incremental RET works by replacing only a seg-
ment of the layout as needed. Local fixes and reuse
of existing, good OPC information can drastically re-
duce OPC turnaround time. (Source: Aprio Tech-
nologies)

(Mountain View, Calif.) said, “What’s
coming down the road at 65 nm and 45
nm is variability, both from a random
process or equipment point of view as
well as from the layout, affecting the over-
all performance of the circuit. So we need
a true two-way street and simulation to
tailor the process slightly from design to
design to guarantee yield and also to re-
late design characteristics and the critical
aspects of design to the manufacturers to
ensure yield.”

“The performance of the device, I, and
L is the main concern, and if you look at
what affects these parameters, it’s several
process steps, not just the CD,” Pramanik
described (Fig. 3). “With a consideration
of the specification limits of all steps simul-
taneously, using simulation models, the
parametric yield of the devices can be opti-
mized and the process steps can be used in
control mode.” In this way, the process en-
gineer can increase the number of yield-
ing parts inline.

Wing Leung, CTO of MoSys Inc. (Sun-
nyvale, Calif.), said, “In the world of em-
bedded high-density memory, design for
functional correctness is not the only con-
sideration; memory IP must yield well
across all process corners and be reliable in
operation across the specification parame-
ters. We use transparent error correction
(TEC) with every memory macro to cor-
rect corrupted data caused by manufactur-
ing defects and early life failures.”

Joe Sawicki, vice president and general
manager of Mentor Graphics’ Design to
Silicon Division (Wilsonville, Ore.),
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said, “We take three approaches
] to process variability: remove it,
model it or monitor it. For in-
stance, we're allowing designers
to actually see the variability in
the devices due to lithography
effects, so they can minimize it
by laying out the cells in a differ-
ent manner. From the modeling
side, people can produce para-
sitic models that incorporate the
process variability inside them,
so that that gets fed into the sta-
tistical timing in a more rigor-

(Source: Cadence Design Systems)

ous manner. Finally, it's possi-
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(Source: SIGMA-C)

ble to tag regions that are more suscepti-
ble to variability and monitor them on
the fab line.”

Finally, you have DFM tying failure
analysis to design. Knights Technology’s
Campbell said, “There’s a lot of issues be-
cause of process variation, so it's impor-
tant to have methods in place in the back
end to look at large amounts of test data
and gather information to see where some
of the issues are coming from. This way,
the fab can see what process area they
should be watching out for and then feed
that back to the designers as a way to im-

ing again, etc.), can take up to three weeks
from the time a design enters the mask da-
ta prep area to the begining of 90 nm man-
ufacturing (including RET corrections
and verifications of those corrections).
“What's really scary is what happens at 65
nm, the total time is six weeks, and with
the computational workload, perhaps 150
CPUs will be needed, vs. around 50 CPUs
at 90 nm,” Smith said.

One way to shorten this time consider-
ably is through incremental RET. “Nor-
mally, if anything changes on the OPC
layout, the entire mask layer has to be re-

done. We use a reconfigurable OPC tech-
nology to locally fix changes so that a de-
signer can reuse OPC information that al-
ready exists,” Smith said. The technique
substitutes the unwanted area and also
heals the HALO region surrounding the
replaced area (Fig. 4). Applications of this
approach include mask changes (engi-
neering change orders, or ECOs), fab line
retargeting, and verify and fix. “With veri-
fy and fix, designers will process the OPC
layer, run the verification tool and find
problems they want to correct. Today,
they change the global settings and run
the entire layer again, but in the process
of fixing problems, new errors can be gen-
erated. Instead, you can do a local fix.”
Fab line retargeting occurs when the
same chip is being brought up on a differ-
ent fab line. Instead of simply copying the
reticle set, the OPC can be tailored to the
specific fab line, accounting for differ-
ences in scanner lenses, among others. In-
cremental RET software can also be used
on existing OPC tools from other manu-
facturers without the need for substantial
additional qualification.

Once certain types of corrections have
been repeated several times, they can be
considered recipes, and that information
can be used to change the original OPC
settings. “I'he problem people run into to-
day is when they run through a design and
have problems and start changing the
OPC  settings, they are changing the
recipe file they use on the next design

prove the models.”

oPC

Optical proximity correction (OPC)
has evolved from rule-based to mod-
el-based corrections to accommo-
date the complexity of design. “Now
we have to use much more aggres-
sive OPC correction. Whether or
not the corrections are accurate or
good enough is one set of problems,
and how long they take to get there
is also becoming an increasing
problem,” described Randy Smith,
vice president of marketing and
sales at Aprio 'Technologies Inc.
(Santa Clara, Calif.). The move to
largely model-based OPC at 90 nm

DFM'S MULTIMENSIONS
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coming through the fab. So the
OPC recipes are constantly chang-
ing, and you can have a design
with all kinds of unique problems.
So, if you put a design through
mask data prep in March and the
same design through in Novem-
ber, the results will never be the
same,” explained Smith.
Traditionally, a major limitation
of OPC tools is that they perform
corrections at the best focus and ex-
posure point in the lithography
process, when features need to
print correctly across a process win-
dow. “Instead, the industry needs
verification tools that look at CD
uniformity, pinching and bridging

means that run times, including
multiple reticle enhancement tech-
nique (RET) correction iterations
(simulating, moving edges, simulat-

ENG SEMICONDUCTOR INTERNATIONAL uuNE 2005

7 . DFMis a multidimensional problem thatrequires the right business
approach (partnerships, incentive), organizational structure (cross-
training and encouragement/reward for bridging different domains),
and, of course, technical solutions. (Source: ASML MaskTools)

problems through the process win-
dow and perform a special correc-
tion to get them back in spec,” Saw-
icki said. Lehon explained, “We




actual electrical performance of the de-
vice, the better. Cary Vandenberg, presi-
dent and CEO of HPL Technologies Inc.
(San Jose), described a manufacturability
simulator that takes the layout for a cell or
chip, performs a lithography simulation of
the layout and anticipates the effects, for
instance, of misalignment, defocus pa-
rameters, etch parameters, etc. “This in-
formation is extrapolated into a transistor
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8. DFM includes design for parametric yield, systematic yield and random yield, as well as design for reli-
ability, test and diagnostics. This chart summarizes many of the solutions on hand today. (Source: LS| Logic)

take the output from an OPC tool, run
that through our system and simulate the
best focus and exposure, then simulate
the process window and go through 35
points where we identify features in the
design that won'’t print correctly. This
gives customers the option to go back and
modify the OPC so the features print cor-
rectly through the process window.”

Madge pointed out another limitation of
OPC models: They typically do not ac-
count for reticle noise and dose variations.
Miller said, “There’s a set of issues that
manifest themselves through the OPC
process that cause distortions in intercon-
nect structures, so in and of themselves and
the way those distortions are used inside a
stepper can be one of the causes of process
variation chip to chip and wafer to wafer.”

Another phenomenon arises from the
way in which OPC tools work. “While
the RET/OPC tool has complete free-
dom to break edges and model shapes to
different positions, mask constraints will
stop you from moving a shape where you
want to move it for OPC, so being able to
verify where those areas are and what
they’re going to cost you in terms of CD
variability or process window shrinkage is
very important to 65 nm customers,”
Sawicki said.

Figure 5 shows an example of what

happens to the original layout (green)
when subresolution assist features are ap-
plied (blue) and the effect. The designer
is left with residual features (pink, center),
which should be flagged as potential
bridging problems. “What the designer
doesn’t know is that there’s a forbidden
pitch, and right in the center of the view-
graph, you have the residual of the scatter-
ing bar. That means if we are doing rule-
based placement, the designer needs to
see they are creating a problem for them-
selves, creating an area with a potential for
bridging and put a warning flag in there.
That flag should come when they are lay-
ing out the 65 and 45 nm libraries, not at
the point of tapeout, which is typically a
year and a half after they've laid out the
cells,” said Wolf Staud, senior technical
marketing manager of DFM at Cadence
Design Systems.

Kamal Aggarwal, vice president of mar-
keting and strategy for Softjin (Bangalore,
India), noted that many DFM EDA star-
tups are developing post-layout manufac-
turability-related analysis tools, which
each requires development of underlying
software to handle complex geometric op-
erations. Choosing a data organization
that meets their tool requirements may re-
duce product development costs.

The closer the design can be tied to the

netlist where you can run a transistor-level
simulation on the actual silicon netlist.
Then there’s the ability to apply OPC
techniques to the layout and assess differ-
ent OPC strategies to try and control the
device’s electrical performance.”

A further issue with OPC has been veri-
fication of small patterns on the wafer.
Blaesi said, “In order to accelerate process
development, we have simulation technol-
ogy that enables designers to verify patterns
on the order of 20 x 20 pm; or if you're
talking aerial image, image of the pattern
without the resist, 100 X 100 pm.” Such a
product, in conjunction with a silicon-ac-
curate large-area lithography simulation
package (Fig. 6), can be used to provide
verification of other OPC designs. “It’s a
verification of the verification,” he added.

The DFM communication gap
Because of the “wall” that has traditional-
ly separated design and manufacturing
communities, the organizational and
business aspects of DFM are perhaps
more challenging than the technical ones
(Fig. 7). “T'he organizational piece shows
up in the different acronyms used by chip
designs, maskmakers and process engi-
neers — RTL, DRC, OPC, NRE, MEEF,
CDU, DOF — cach set of engineers has
their own language. To bring design and
manufacturing closer together, we need
to think about new organizational struc-
tures with cross-training and innovative
reward and recognition schemes for engi-
neers,” said Dinesh Bettadapur, president
and CEO of ASML MaskTools (Santa
Clara, Calif.).

The “silos” that currently exist between
the design house, mask shop and wafer
fab will be bridged by pioneering engi-
neers whose skill sets are broader. “There
is awareness, but progress in this area is in
the carly stages,” Bettadapur said. From
the business side, he talked about busi-
ness models with proportional risk and re-
ward sharing between customers and ven-
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dors. Importantly, this sharing must take
place throughout the development phases
of a project, not just the production phas-
es. A successful business approach, ac-
cording to Bettadapur, also includes inte-
grated financial planning and ROI tools.
Madge summarizes the business chal-
lenges of DFM as market window, reduc-
ing NRE costs, design tool costs and de-
sign resources, creating a roadmap for
lower cost at high volumes and avoiding
respins. He highlights the most important
technical challenges as differentiating
product, integrating multiple functions,
timing closure, meeting power budget,
product reliability and achieving all these
within the target lifetime of the product.
“As more companies start working to-
gether across these domains, one of the
natural things that will come out of that is
a new set of standards. But there are areas
where it’s not so clear whether you need
to define a new standard where there was
none before. For example, the type of
manufacturing information that should
be transferred to designs, such that they
become more manufacturable, will per-

haps remain proprietary to a foundry and
its customers,” Bettadapur said.

Interestingly, with estimates of around
50 or more startup companies in the DFM
space, it could be called the most attrac-
tive semiconductor market of 2005. But
ultimately, how much of the DFM market
will be independent of existing EDA and
manufacturing markets? “It is still unclear
at this evolving stage whether we are creat-
ing a brand new market or taking an exist-
ing market and transferring money from
one side to another without nec-

nostics. “Fach category is a function of
the fab defectivity, design effectiveness
and test effectiveness,” Madge said.
While it was beyond the scope of this ar-
ticle to explore every aspect of the issues
under the DFM umbrella, Figure 8 sum-
marizes many of the solutions on hand
today. @
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