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Stringent €D Requirements

Year 2001 2004 | 2007
Technology Node 130nm |90nm |[65nm
MPU Gate Length 90nm 3/nm [ 25nm
Gate CD Control(3c) 5.3nm [ 3.0nm | 2.0nm

- : Desired P f
« |TRS predicts aggressive CD esired Pavern on water
control as a critical Issue q—

Actual Mask Pattern

—

+ Resolution Enhancement
Techniques (RETS) such as
Optical Proximity Correction OPC optica roximity Correction
(OPC) and Phase Shift Mask Multilevel Mask
(PSM) used

PSM phase shift Mask
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Viask Data Volume
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Large data volume = Long mask write times = Increase in mask cost



Jrends in Mask Cost

RETS Iincrease mask feature complexities and hence mask
COStS

« No. of line edges increase by 4-8X after OPC
—> (for vector scanning) increased mask write time

« “Million dollar mask set” in 90nm (Sematech, 2000)

Average mask set produces only 570 wafers
« - amortization of mask cost Is difficult

Mask writers work equally hard to perfect critical and non-
critical shapes

«  Errors found in either during mask inspection will cause the
mask to be discarded
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[Design for: Value
« Mask cost trends - Design for. Value (DFV) methodologies

(SIVEn
* Performance measure f
* Value function v(f)
* Selling points f; corresponding to various values of f
* Yield function y(f)
Vieximize Total Design Value = 2 y(f:)*v(f;)
lor, Minimize Total Cost]

«  Probablilistic optimization regime

* See "Design Sensitivities to Variability: Extrapolation and Assessments in Nanometer VLSI",
IEEE ASIC/SoC Conference, September 2002, pp. 411-415.



DEV At Process Level

* |nject concept of function inte mask flow.
« Selective OPC

« Various levels of OPC depending on timing
and yield criticality of features

« Obtain desired level of parametric yield

No OPC Medium OPC Aggressive OPC
* Figure courtesy: Kurt Wampler, ASML Mask Tools, Inc.
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Performance Measure = Delay

9 = circuit delay which achieves
desired level (say 99%) of parametric yield

* Goal: Achieve selling point delay with minimum
cost of RET’s (OPC)



MinCorr: Iihe Cost of Correction
DEV Problem

(GIvensAdmissikblerlevels of correction for each
layeulfeature and the -corresponding
delay impact (mean and variance)

EInd s lEevel olicorrection for each layout feature
suchithat a prescrived selling point delay
IS altained

@bjective: Minimize total cost of corrections



@utline

v. Trends in Mask Cost

v- Design for Value

v- MinCorr: The Cost of Correction Problem
Genenc Cost ol Correction Methodology
MinCorr: Parallels to Gate Sizing
Experiments and Results

Conclusions and Ongoing Work

]

]

]

]



Statistical Timing Analysis

Statistical STA (SSTA) provides PDFs of arrival
times at all nodes

Gate delay

A
% C
B Arrival

time

Arrival
time

_ Propagate arrval time disrbution



Variation Aware Library Model

+ Capacitance and delay values replaced by (u,o) pair
« Sample variation aware .lib

pIn(A) {

direction : input;

capacitance : (0.002361,0.0003);
J

timing() {

related _pin : "A";
timing_Sense : positive_unate;
cell_rise(delay_template_7x7) {

index_1 ("0.028, 0.044, 0.076");

Index_2 ("0.00158, 0.004108, 0.00948");

values ('\

“(0.04918,0.001), (0.05482,0.0015), (0.06499,0.002)",



(Generic Cost of: Correction
Methodology

N°g”;g?J'VNC°frect « Statistical STA (SSTA)
etlist _ _
T €orrected provides PDFs of arrival

/ SSTA ///lerary times at all nodes

« Assume variation aware
library models (for
delay) are available

Correction All Correction
Algorithm Libraries
/ SSTA All Correction
L Libraries




(Generic Cost of: Correction
Methodology

Nominally C t . .
02}!2; A Statistical STA (SSTA)
T €orrected provides PDFs of arrival

/ SSTA ///lerary times at all nodes

« Assume variation aware
library models (for
delay) are available

« Statistical STA currently
/Correctlon %AII Correction has runtime and
scalability iIssues

/ SSTA All Correction
L Libraries
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ViinCorr: Parallels to
Gate Sizing

*« Assume

«  Gaussian-ness of distributions prevails
— u+ 3o correspondsto 99% vyield

«  Perfect correlation of variation along all paths
— Die-to-Die variation
— Wy4p + 36y, = [y + 305 + 1, + 30,

« Resulting linearity allows propagation of (u+3c) or
99% (selling point) delay to primary outputs using
standard Static Timing Analysis (STA) tools



Viin@orr: Parallels to

Gate Sizing
MinCorr
—=<— | Problem:
COSIS Of correction delay (pntke)

Given allowed X and corresponding >< of each cell,

minimize total >< subject to a >< constraint

COSt 0 OPC selling point delay
Gate Sizing = MinCorr
Cell Area = Cost of correction

Nominal Delay

Delay (utko)

Cycle Time Selling point delay

Die Area Total cost of OPC




Components of MinCorr Sizing

« A yield-aware library that captures

« Delay mean and variance for each library
master for each level of correction

« Relative cost of OPC for each master
corresponding to each level of correction

« Use standard off-the-shelf logic synthesis tool to
perform sizing

« Can use well-tested sizing methods
« Practical runtimes

+ Can handle interesting variants, e.g.,
cost-constrained selling point delay minimization



MinCorr: Yield Aware Library
Characterization

* Mask cost IS assumed proportional to number of layout
features

= Monte-Carlo simulations, coupled with linear interpolation,
are used to estimate delay variance given the CD variation

* We generate a library similar to Synopsys .lib with (u+30c)
delay values for various output loads

*. Cost modeled by relative figure count multiplied by the
number of transistors in the cell

*. Gate Input capacitance variation with CD considered
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EXperiments and Results

= Synopsys Design Compiler used as the synthesis tool to

perform “gate sizing”

* Figure counts, critical dimension (CD) variations derived

from Numerical Technologies OPC tool

* Use a restricted TSMC 0.13 pum library

= 7 cell masters: BUF, INV, NAND, NOR

* Approach tested on small combinational circuits

= alul28: 8064 cells
*. cr7552; 2081 cell ISCASS85 circuit
*. c6288: 2769 cell ISCASSS5 circuit

*Courtesy Dipu Pramanik, NTI



Emulating An SSTA T.o0l

. Generate 500 random delay values for each
library master from the Gaussian distribution

N(Hey)

. Generate 500 random Input capacitance values
perfectly correlated with corresponding random
delay values

. Generate 500 .libs having these random delay
and capacitance values

. Monte Carlo Primetime: Run STA tool 500

times, each time with a different .lib to obtain a
delay distribution



Comparison With SSTA

« SSTA emulated by running Synopsys Primetime
500 times with 500 randomly generated .libs

« Monte Carlo Primetime IS run with
Independently varying library masters but all
Instances of same master perfectly correlated
— Die-to-Die (DTD) with some component of
Within-Die (WID) variation modeled

« Our (u+3c) propagation approach is accurate for
DTD variation but pessimistic In presence of
WID variation



Comparison With SSTA

Testcase OPC Level SSTA (u+3o) | Our Appreach (n+3c)
(Ps) (PS)
alul28 Aggressive 5.083 SWAS
Medium 5.116 5.36
NG 5.181 5.57
C/552 Aggressive 2.414 2.49
Medium 2.436 2.54
NG 2.477 2.64
6288 Aggressive 5.113 SWAY
Medium 5.150 5.38
No 5.221 5.58

Note: pessimism and fidelity




Yield Library Generation

Iype off OPC [ Ldrawn 30; Of Eigure | Delay (w, 3o) for
(nm) Ldrawn count NAND2X2
AQQgressive 130 5% 5X (64.82, 2.14)
Medium 130 6.5% 4X (64.82, 2.80)
No OPC 130 10% X (64.82, 4.33)

Sample Result of Library Generation

* Three levels of OPC considered
« |nput slew dependence ignored

*« |nterconnect variation ignored




Cost Savings with MinCorr: Sizing

[Design Normalized Cost Normalized Selling Point
Delay
alul28 5.0 (Aggressive OPC) 0.9644
4.0 (Medium OPC) 0.9739
1.0 (Ne OPC) 1.0000
1.0657 0.9644
1.0119 0.9976
C7552 5.0 0.9432
Z50) 0.9621
1.0 1.0000
1.4639 0.9432
1.2079 0.9848
6288 5.0 0.9480
4.0 0.9642
1.0 1.0000
4.1530 0.9480




Cost Savings with MinCorr: Sizing

< Small (=5%) selling point delay variation

pbetween max- and min-corrected versions of
design (5X difference in cost)

< Sizing-based optimization achieves 17-79%

reduction in OPC cost without sacrificing
parametric yield
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conclusions

* Function-aware OPC can reduce total cost of OPC while
still meeting cycle time and yield constraints

* Can modify conventional performance optimization
methods to solve the MinCorr problem:;

= We use an off-the-shelf synthesis tool to achieve up to 79%
cost reduction compared to aggressive OPC, without
Increasing selling point delay

*. Small change In yield going from no to aggressive OPC
suggests that OPC may be a manufacturability issue
rather than yield issue



©Ongoing Work

« SSTA based correction flow

< Apply selective OPC at granularities other than
gate-level (incl. radius of influence effects)

= Alternative MinCorr solution approaches based
on transistor sizing and cost-based delay
pbudgeting methods

= Include interconnect variation in the analysis
« Make the yield library input slew time aware



©Ongoing Work

« Current sizing approach models Die-to-Die
variation accurately but ignores Within-Die
(WID) component

« SSTA with WID
« Randomly perturbed SDF files
« Monte Carlo Primetime

« Ability to model arbitrary distributions of
variations
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Jrends in Mask Cost

Desired Pattern on wafer Relative Mask Expense

* 248nm QBB

Actual Mask Pattern

H—:

OPC Optical Proximity Correction
Multilevel Mask
250 1su 130 1nu

Node

PSM pPhase shift Mask Friteiben

“$1M mask set” in 100nm



OPC Overhead

OPC Increases figure count and mask
complexity

« No. of line edges increase by 4-8X after OPC
—> (for vector scanning) Increase in mask write
time
Rule Based OPC
« All rectangles identically corrected

Model Based OPC

« Enhancement to a feature made based on Its
geometry and local environment

OPC fracturing tools view layout as
function-oblivious GDSI|I = overcorrection



Joward A Min €ost of: Correction
\Vilsitgle]efe]le]e)

= Many layout features not timing critical

— they can tolerate more process variation

* Less-aggressive OPC - lower costs (reduced

| figure counts, shoerter mask write times, higher
yields)

= Printability = certain min level of OPC Is required

9 = circuit delay which achieves
desired level (say 99%) of parametric yield
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