DFX and Productivity

Rob Aitken
ARM Fellow




It's Nice to be Warm...

VLSI 2009

THE ARCHITECTURE FOR THE DIGITAL WORL




Billions and Billions




Feedback: Moore’s Law and Consumer Expectatiol

Nintendo GameBoy (1989)

CPU: 8-bit Z-80 processor, 1.05 MHz
Screen: 2.6" 160 x 144 LCD 4 b/w
Connectivity: 4 players by serial cable

Introductory price - $169

>1000x performance
for the same price

Nintendo DSi (2008/2009)

CPU: ARM9™ (66 MHz) and ARM7 ™ (33MHz)
Screen: Two 3" 256 X 192 color LCDs

256MB Flash, AAC audio, camera
Connectivity: Wifi, web browser

Introductory price - $189

© Nintendo



Need for Productivity Drives IP Business
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Business Realities of Design for Yield




What is DFY?

. Lithography!
Critical area '

Leakage
management



DFY Is Subtle

Most serious issues are still caught by DRC
Including forbidden pitches, etc.

Horror stories of problems cause alarm

Minor changes in layout lead to minor
Improvements in printability, which overall
result in improved yield
Key is to use good design practices

Quantify these with metrics

Qualify methodologies
Design styles that favor regularity are needed

Don’t want to trade area for yield at the cell
level (more later on this)



Bad news and good news

Classic scaling stopped at 90nm
Beyond that, all about innovation

Logic dimensions still “big”
45nm device, ~150nm pitch

Materials tricks
Multi-VT
Strain engineering
HKMG

Litho tricks
RET
Immersion

Double patterning
Computational lithography 32nm



Design tricks

Design tricks
Memory architecture
More banks, power management
Circuit optimization
Beta ratio, fill, tracking, partial swing
Statistical optimization of margins
Variability management

EDA tricks

Measurement, analysis, optimization
Capacity improvements

Mixed tricks
Litho sim, metrics, optimization
Targeted layout (gate length)



DFx: Multidimensional Optimization

Need to simultaneously
optimize

Area

Performance

Power

While attaining high enough
Testability
Yield
Manufacturability
Reliability
In the presence of
Variability everywhere



Understanding Yield: Which is better?

- -

I I <:: More open space

Fewer shorts

Double contacts ::>
Fewer opens

Answer: It depends...




Quantification

A SFact: Expected A
faillure rate for

A lower than
for B I 1 I

SHow much
lower? Not
easy to

quantify... g




Importance of Variability in DSM

Variability was intra die — is now intra transistor

Within die variation the same as between chips
Not true at 130/90
Can’t assume adjacent transistors have similar properties

90nm 45nm
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Leakage

Leakage




Effects of Variability

Leakage

Variation in L, Vt, m tox
Performance

ChangesinL, W, R, C, Vt, m
Min VDD

Changes in Vt, L, W

SRAM bit cell main limiter
Dynamic power

Changesin C

Side effect of changes in performance,
leakage

Yield
Indirect result of others
Parameter goes beyond spec + tolerance

l, » mC_, % (Vgs- Ak



Variability leads to margins

JACVASVARVACRR

Model f, yield,
Temperature Si variation Noise uncertainty MTTE Vid

Uncertainly leads to overheads in performance and power
Increasing intra- and inter-chip variation with process scaling

Sources: lithography, manufacturing (dopant fluctuation, pattern
density effects), crosstalk noise, temperature variation, ...

Worst-case scenarios are highly improbable
Significant gain for circuits optimized for the common case

Optimization requires understanding of process and design
Failure to optimize costs time and money — productivity!



Quantifying Yield: Uses of Metrics

Standard cell design
Yield optimized standard cells
General rule: best manufacturability without size increase

Library quality metric
Do all cells in this library meet quality threshold?
What is the average value of the metric?

IC design
Compare yield within library

Compare yield across libraries
Substitute standard cells with higher yield and larger area



Metric Requirement: Completeness

Three major components of yield
Random
Systemic
Parametric

Optimizing one at the expense of the
others could make things worse

Metric needs to support tradeoffs

Metric needs to cover what's
Important for the application

Example: critical area mainly useful
for random issues



Metric Requirement: Objectivity

Area Is the same no matter who
calculates it

Timing, power based on SPICE
standard

What is the equivalent for yield?
Critical area?
Test structure analysis?
Yield clearing house?
Something else?

Difficult to make tradeoffs without
agreed upon definition

Source: Westminster Kennel Club



Metric Requirement: Adaptabillity

Processes are not static

Able to adapt to changing
conditions

Suggests that a fixed “yield” value,
like an area number is not realistic

Possibilities:
Function of fab data (e.g. DO)

Look up table
Regular releases



Quantified Tradeoffs — DFM Metrics

Simple but effective

Recommended rule classes
No effect on area: implement all
Affects area

Work with foundry on intermediate value point

Example: contact-poly spacing

Minimum DRC value:
80nm (O credit)

Recommended DRC value:
120nm (full credit)

80% of yield benefit achieved:

Sum and score across instances




You Cannot Change The Laws of Physics

R =k1* (A\/ NA) (Rayleigh litho equation)
A Fixed at 193nm, NA fixed at 1.35 by litho equipment with water
Immersion

Gives base resolution limit of 143nm (before k1 adjustment)

Productivity issue: Information cannot travel back in time
Difficult to predict ahead of time what specific process limiters will be

Library design happens very early in
a process generation

Process limiters change over time
Do it right, or do it again
Cooperation is key!
Restrictive design rules
Better chance of passing restrictions
Probably more restrictive than necessary
Allow for simpler modeling
Do not come for free!



Test Chips: Acquiring Data

Need to work closely with foundry

Feedback and influence Design Rules at 32nm
Cells/Memory/CPU

Observe and quantify subtle effects

Have early understanding of new process generation,
which we can apply to future products



What happens next?

End of the roadmap?
Eventually, but when?

22nm
Still using 193nm light
EUV might be ready
Dual gate?

16nm

Better for logic than flash
Critical dimension issue
May be diffraction grating based

TSMC talking about e-beam
lithography

Print and erase



Conclusions

Productivity in DSM era requires understanding of
manufacturing as well as design

Yield is a byproduct of design margin and manufacturing
process

Effective design practice allows for controlling variability and
assuring yield



