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:%+*)6?<$)%'+)'+,-'.C"D'

•! !"#$%&'()*'+),)-'E'F!"#6)$F'53G0),H'#/'"%'"A/?*6#/+'
IC"D'AD'4"B?-C';-<J-KL'#%'M,#<,'+M)'<,"*"<+-*/L'

NC"6#B#*'"%6'O/+*"&)%L'M"#+'-%6C-//CD'"%6'#%'P"#%'()*'

/)B-)%-'%"B-6'5)6)+'+)'"**#P-8'5)6)+Q/'"A/-%<-L'

"/'M-CC'"/'%?B-*)?/')+,-*'"/I-<+/')('+,-'IC"DL',"P-'

C-6'+)'B"%D'6#R-*-%+'#%+-*I*-+"$)%/'/#%<-'+,-'IC"DQ/'

I*-B#-*-8':+'M"/'P)+-6'S+,-'B)/+'/#&%#T<"%+'O%&C#/,'

C"%&?"&-'IC"D')('+,-'UV+,'<-%+?*DW8'

!"#$%&'()*+*,&-*./(

2!



>';*#-('7-+*)/I-<$P-'

3!

1971 … 2011!

10,000nm … 22nm!

29 (~500) reduction in feature size!

218 (~65,000) increase in density!

~18 process generations!

And Still Going…!



X,-'5C)A"C'O<)%)B#<':BI"<+888'

4!



!,"+'M"/'+,-'*-/?C+Y'

•! X,-'M)*C6'*-C#-/')%'-C-<+*#<"C'-%&#%--*/'+)'
A?#C6'"CC'+,-'P"*#)?/'6-P#<-/')%'M,#<,')?*'
C#(-'*?%/8'
–! Z)?*'I,)%-'"%6'<)BI?+-*8'

–! Z)?*'B#<*)M"P-'"%6'>X28'

–! Z)?*'A*"J-/'"%6'D)?*',-"*+'#BIC"%+8'

•! !-',"P-'<*-"+-6'"%'-[I-<+"$)%'+,"+'+,-/-'
6-P#<-/'\?/+']M)*JW8'
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;?+888'!,"+'6)-/'+,-'(?+?*-',)C6Y'

•! 2"%D'M-*-'<-*+"#%'M-'<)?C6'%)+'A*-"J'+,-'^VVV%B'A"**#-*8'

–! X,-'I,*"/-']/?A0B#<*)%'<,"CC-%&-/W'M"/'_?#+-'<)BB)%8'

•! 2)*-'*-<-%+CD888'.)M-*',"/'A--%'"'B"\)*'6*#P-*`'

6!



X,-'.)/+01234'G#"C)&?-'

•! !,"+'I)/+Y'E+,-*-'#/'%)'+-<,%)C)&D'I)/+'1234H8'

•! .)/+'!,"+Y'E+,-'%-M'+-<,%)C)&D'M#CC'A-'/)'&))6'M-'M#CC'%)+'-P-%'+,#%J'"A)?+'1234'"%D'C)%&-*H8'

7!

Patrick Stewart and Ian McKellen shared the stage as the leads in Samuel Beckett’s “Waiting for Godot”!

King’s Theatre, Edinburgh, Mon 13–Sat 18 Apr 2011!

Vladimir!Estragon!



N#/#)%'()*'+,-'a?+?*-'E(*)B'b-R'!-C/-*L'6#*-<+)*')('+,-'97:H'

]c3!W'+)';?#C6'+)']!c>XW'+)';?#C6d'

•! ;"**#-*'+)'(?+?*-'/<"C#%&'<,"%&#%&'(*)B'],)M'6)'M-'B"J-'+,-B'

/B"CC-*YW'+)'],)M'6)'M-'*-6?<-'I)M-*'+)'B"J-'+,-B'?/"AC-YW'

–! 1,"%&-',"II-%-6'A-+M--%'+,-'^VV%B'"%6'^V%B'A"**#-*/d'

•! 2"%D'%-M'B"+-*#"C/'M#+,'%-M'I,D/#</L'I*)I-*$-/'e'(?%<$)%"C#+D8'

–! 4,#f'(*)B'/#%&C-'6-P#<-'()<?/'+)'<#*<?#+/F"*<,#+-<+?*-'#%+-&*"$)%'

8!
(from Jeff Welser, director of the NRI)!



97:'.*#B"*D'7-/-"*<,'N-<+)*/'

•! 9O!'GON:1O'

G-P#<-'M#+,'"C+-*%"$P-'

/+"+-'P-<+)*'

•! 9O!'!>Z4'X3'1399O1X'

GON:1O4'

9)%0<,"*&-'6"+"'+*"%/(-*'

•! 9O!'2OXc3G4'a37'

132.gX>X:39'

9)%0-_?#C#A*#?B'/D/+-B/'

•! 9O!'2OXc3G4'X3'2>9>5O'

cO>X'

9"%)/<"C-'I,)%)%'-%&#%--*#%&'

•! 9O!'2OXc3G4'3a'a>;7:1>X:39'

G#*-<+-6'/-C(0"//-BACD'6-P#<-/'

9!
(from Jeff Welser, director of the NRI)!



;?+'!,-%Y'

•! X,-')%CD',)%-/+'"%/M-*'#/']%)+'/))%'-%)?&,W8'

10!

Elpis"
Goddess of Hope!

Athena"
Goddess of Knowledge!



!,"+'6)'M-'6)'M,#C-'!"#$%&Y'

•! X,-*-'"*-'"'%?BA-*')('I*)AC-B/'+)')P-*<)B-`'

•! h#+,)&*"I,D8'
–! X,#/'#/'"'<)BIC-['#//?-L'M#+,'+,-'?%<-*+"#%+D'"*)?%6'gN'
B"J#%&'+,#%&/',"*6-*8'1)BI?+"$)%"C'h#+,)&*"I,DL'G)?AC-F
X*#IC-'I"K-*%#%&L'"%6'C"D)?+'*-&?C"*#+D'"*-'"CC'#%'+,-'B#[8'

•! .)M-*8'
–! X,#/'M#CC'*-B"#%'"',"*6'I*)AC-B8'!,#C-'/)B-'A-%-T+'<"%'
<)B-'(*)B'6-P#<-'"%6'+-<,%)C)&D'#BI*)P-B-%+/L'B?<,'
*-B"#%/'"+'+,-'/)fM"*-'"%6'/D/+-B'C-P-C/8'

•! 7-/#C#-%<-8'
–! X,#/'&-+/'C-//'I*-//'$B-L'A?+'#/'\?/+'"/',"*6'"'I*)AC-B8'!-'
<"%%)+'<)?%+')%'^VVi'(?%<$)%"C#+D'"%D'C)%&-*d'

11!



12!Polysilicon, Diffusion, and Via contours 

A Latch in 45nm Technology 

M1 contours 12!



13!Polysilicon, Diffusion, and Via contours M1 contours 

A Latch in 45nm Technology shrunk to 32nm 

13!



14!

A Latch in 45nm Technology shrunk to 28nm 

Polysilicon, Diffusion, and Via contours M1 contours 



7-/I)%/-/'+)'h#+,)&*"I,D'G#j<?C$-/'

•! 7-/I)%/-/'"+'6#R-*-%+'C-P-C/')('&*"%?C"*#+Dd'

15!

10nm!

Shape-"
level"

OPC/RET!

1µm!

Cell "
level"

regularity!

100µm!

Fabric-"
based"

regularity!

1cm!

Chip-"
level"

adaptation!

VDD-2 

VDD-0 

VDD-1 

Space!

There has been 
much “interest” in 

this area…!



h"D)?+'7-&?C"*#+D'O["BIC-'

•! XM)0:%I?+'2?C$IC-[-*'<#*<?#+'E>72'C"D)?+H8'

–! kl%B'C#A*"*DL'/)B-M,"+'6#*+D'C"D)?+m'

–! .)CD/#C#<)%L'G#R?/#)%'"%6'2-+"C0^'"CC'/,)M'/)B-'/#&%#T<"%+'

]C"<J')('*-&?C"*#+DWd'

16!

A!

B!

S!

Y!

A!

B!

S!

Y!

16!



:**-&?C"*#+D'

17!

Irregular Polysilicon end!

Diffusion Notch!

Polysilicon Notch!

Diffusion Notch!

Missing Polysilicon!

17!



1C-"%'P/8'G#*+D'h"D)?+/'

•! k'#%P-*+-*/'P/8'2?C$IC-[-*8'4"B-'"*-"L'P-*D'6#R-*-%+'

*-&?C"*#+D8'

18!
18!



7-&?C"*#+D':BI"<+')%'1#*<?#+'

•! !-'"%"CDn-6'+,-'k'#%P-*+-*/'"%6'+,-'U0M"D'B?['+)'

"//-//'C#+,)&*"I,D0#%6?<-6'6#B-%/#)%"C'P"*#"A#C#+D'

"<*)//'+,-'/+"%6"*6'I*)<-//'M#%6)M8'

–! X,-/-'*-/?C+/'"*-'()*'kl%B888'O[I-<+'B)*-'()*'%-M-*'

+-<,%)C)&#-/d'

19!

Cell!
Best Device"
! (nm)!

Worst Device"
! (nm)!

% Difference!

INV! 2.479! 2.514! 1.41!

MUX2! 2.189! 2.671! 22.02!

Close!

Far!

Example of how much 
layout regularity *might* 

buy us!!



!,"+'4,)?C6'!-'G)Y'

•! X,-'724'E.?C-/'/)6-C/'0,"I-/H'

<)%+*"<+'#/'A*)J-%8'

–! 1"%%)+'C-&#/C"+-'A-K-*'C"D)?+'

M#+,'B)*-'"%6'B)*-'6-/#&%'*?C-/8'

•! 9--6'A-K-*'#BIC-B-%+"$)%'

/+DC-/'+,"+'/)CP-'+,#/'I*)AC-B'

M#+,)?+'#BI"<$%&'6-%/#+Dd'

–! >%6'M#+,'+,-'/"B-'C-P-C')('

"?+)B"$)%'-[#/$%&'%)M8'

•! !,D'<"%o+'+,#/'A-'/)CP-6'#%'+,-'

<)%+-[+')('"'<-CC'C#A*"*DY'

20!

Technology!
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300!

400!

500!

600!

700!

800!

900!

1000!

1100!

5
0
0
n
m
!

3
5
0
n
m
!

2
5
0
n
m
!

1
8
0
n
m
!

1
3
0
n
m
!

9
0
n
m
!

6
5
n
m
!

3
2
n
m
!

# Design Rules!



5"/'.*#<-/m'

21!
21!



7eG':BI"<+')%'1"*'Oj<#-%<Dm'

22!

Source:  !Environmental Protection Agency, Light Duty Automotive "
!Technology and Fuel Economy Trends: 1975-2006, July 2006.!

Horsepower!

1975! 1976!
1977!

1978!
1979!

1980!
1982!

1983!
1986!

1987!
1988!

1989!

1991!

1993!
1994!

1995!

1996!

1998!

2000!

2001!

2002!

2003!

2005!

2006!

1981!

1984!
1985!

1990!

1992!

1997!

1999!

2004!

90!

110!

130!

150!

170!

190!

210!

230!

12! 14! 16! 18! 20! 22! 24!

Miles per Gallon!

60 percent more energy 
performance!

60 percent more 
output!

80!

10!



1-*+"#%+Dm'>'P"C?"AC-'<)BB)6#+D'

23!



c#&,'N"*#"A#C#+D'p'h)M'q?"C#+DY'

24!

•! !)?C6'D)?'A?D'+,#/'<"*Y'



!)?C6'D)?'A?D'+,#/'<,#I'+,-%Y'

25!

26K recent IBM 65nm CPUs!Frequency (GHz)!

Power (Watts)!~10x variations!!

~
5
0
%

 variatio
n
!

Power is a problem, but 
power Variability is an even 
harder problem to solve!!

25!



!,"+'4,)?C6'!-'G)Y'

•! X,-'I)M-*'-/$B"$)%'I*)AC-B'
%--6/'+)'&-+'/)CP-68'

–! >%6'#+'%--6/'+)'6*#P-'"'P"*#"A#C#+D0
"M"*-'/D/+-B0C-P-C'I)M-*'*-6?<$)%'
B-+,)6)C)&D8'

•! h#%J"&-'A-+M--%',#&,'C-P-C'I)M-*'
"%6'C)M'C-P-C'-C-<+*#<"C'E%)#/-L'
P)C+"&-'6*)IL'-C-<+*)0B#&*"$)%H'
B#//#%&d'

•! !,D'#/%o+'+,-*-'"'?%#T-6'/+)<,"/$<'
(*"B-M)*J'+)'6-"C'M#+,'M)*JC)"6'
"%6'B"%?("<+?*#%&'P"*#"A#C#+DY'

26!

;*-"J6)M%')('#BI"<+'

)%'P)C+"&-'6*))I8'



7-/#C#-%<-'"%6'a"#C?*-Y'

27!



a"#C?*-/'XDI-/'

•! a"#C?*-/'#%'#%+-&*"+-6'<#*<?#+/'<"%'A-')('+M)'P"*#-$-/`'

•! c>7G'("#C?*-/'"*-'<,"*"<+-*#n-6'AD'"'I-*B"%-%+'

B#/B"+<,'A-+M--%'-[I-<+-6'"%6')A/-*P-6'A-,"P#)*8'

–! >%')?+I?+'#/'/+?<J'"+'V')*'^d'

–! 1"?/-`')f-%'"'+)I)C)&#<"C'<,"%&-8'

•! 43aX'("#C?*-/')<<?*')<<"/#)%"CCD')*'?%6-*'"'/I-<#T<'

/-+')('<)%6#$)%/8'

–! O[<-//#P-'I)M-*'"+',#&,'X8'

–! 1"?/-`')f-%'"'B#/B"+<,''

A-+M--%'B)6-C/'"%6'*-"C#+D8'

28!
•! Or… running Windows!



4)f'
•! 47>2'<-CC'%)+'"AC-'+)'I?CC'A#+'

C#%-'C)M'("/+'-%)?&,'+)'B--+'

"<<-//'$B-'*-_?#*-B-%+/8'
•! .-*,"I/'()*'C)M'NGG')%CD8'

29!

Hard 
•! SRAM cell so asymmetric that 

it cannot store a “1”. 

B
it Lin

e
!

Word Line!

Bit Line!

Word"
Line!

A!

B!A!

B!

PG!

PD!

PU!

Soft vs. Hard Example: SRAM!

29!

VT Variability!



47>2'3A/-*P"$)%/'

•! 4#%<-'47>2'#/'"'?%#()*B'("A*#<L'#+'#/'"AC-'+)']I?/,W'+,-'

6-/#&%'*?C-/'+)'&-+',#&,-*'6-%/#+D8'

–! X,-'A-%-T+')('*-&?C"*#+D'"%6')A/-//#P-'-%&#%--*#%&8'

•! X,-'I*#<-'()*',#&,-*'6-%/#+D'#/',#&,-*'P"*#"A#C#+D8'

–! 4)',#&,L'+,"+'47>2'<-CC/'<"%',"P-']<"+"/+*)I,#<W'("#C?*-L'-8&8'<-CC'

C)/-/'6"+"'M,-%'M-'*-"6'#+8'

•! X,-'/)C?$)%/'"*-`'

–! >66'*-6?%6"%<D'"%6'-**)*'<)**-<$)%'"+'+,-'"*<,#+-<+?*-'C-P-C8'

–! >&&*-//#P-CD'I*-6#<+'"%6'B"%"&-'+,-'-C-<+*#<"C'6-/#&%'B"*&#%/'

()*'47>2'"+'+,-'<#*<?#+F6-P#<-'C-P-C/8'

30!



:%+*)6?<$)%'+)'N"*#"A#C#+D'

•! N"*#"A#C#+D'B-"%/'C"<J')('?%#()*B#+D8'

–! :%6#P#6?"C'6-P#<-/'"*-'93X'#6-%$<"C8'

–! :%6#P#6?"C'<,#I/'"*-'93X'#6-%$<"C8'

•! aC?<+?"$)%/'#BICD'?%I*-6#<+"A#C#+DL'M,#<,'?C$B"+-CD'
C-"6/'+)'?%0I*)T+"A#C#+D'E"%6'+,-'I-*<-I$)%')('C)M'
_?"C#+DH8'

–! 4"C-/'+-"B'%--6/'"'I*-6#<+"AC-'I*)6?<+'+)'/I-<d'

•! N"*#"A#C#+D'#%<*-"/#%&'M#+,'+-<,%)C)&D'/<"C#%&8'

•! N"*#"A#C#+D'<"%'A-'/D/+-B"$<')*'*"%6)B8'

–! G-/#&%'6-I-%6-%+L')*'#BI)/-6'?I)%'6-/#&%888'

31!



7"%6)B'P/8'4D/+-B"$<Y'

•! 4D/+-B"$<'P"*#"A#C#+D')<<?*/'M,-%'P"*#"$)%'
'#/'<"?/-6'AD'"'J%)M%'I,-%)B-%"8'

–! h)<"$)%`'!"(-*'-6&-'6#R-*-%+'(*)B'<-%+-*d'

–! :BIC-B-%+"$)%`'h"D)?+'6-I-%6-%<-d'

•! 7"%6)B'P"*#"A#C#+D')<<?*/'M,-%'+,-'C"M'
)('C"*&-'%?BA-*/'("#C/L'#8-8'()*'"+)B#/$<'
I,-%)B-%"'6*#P-%'AD'/<"C#%&8'

–! 7"%6)B'6)I"%+'r?<+?"$)%/L'C#%-'-6&-'*)?&,%-//8'

–! O["<-*A"+-6'()*'/B"CC-*'6-P#<-/8'

•! 4D/+-B"$<'P"*#"A#C#+D'<"%'A-'%?CC-6')?+'AD'
+,-'6-/#&%-*L'*"%6)B'P"*#"A#C#+D'*-_?#*-/'-[+*"'
6-/#&%'B"*&#%'"%6'<)/+d'0'G#R-*-%<-`'
J%)MC-6&-m'

32!

98.71 7.94!
98.3 8.06!

97.95 7.85!
98.78 8.2!

94.15 7.83!
94.52 7.24!
96.89 7.32!

97.61 8!
100.82 8.21!
102.22 8.49!
101.56 6.56!

98.71 7.94!
98.3 8.06!

97.95 7.85!
98.78 8.2!

94.15 7.83!
94.52 7.24!
96.89 7.32!

97.61 8!
100.82 8.21!
102.22 8.49!
101.56 6.56!

32!



4D/+-B"$<'N"*#"A#C#+D'O["BIC-`'N#"/'

33!

Via Resistance!

Double vias appear to 
behave fairly consistently!

Single vias exhibit high and 
systematic variability!

Wire 1!

Via!

Systematic need not imply 
“deterministic”.!

Wire 2!



7"%6)B'N"*#"A#C#+D'

•! :%'B)6-*%'6-P#<-/L'+,-'<,"%%-C'#/'P-*D'P-*D'/B"CC'"%6'+,-'

%?BA-*')('6)I"%+'"+)B/'#/'<)?%+"AC-'EslVH8'

–! X,-'C)<"$)%')('#%6#P#6?"C'"+)B/'B"K-*/d'

–! ;?+'+,-'I*)<-//')('#%/-*$%&'+,-/-'"+)B/'E#)%'#BIC"%+"$)%H'#/'

-//-%$"CCD'*"%6)Bd'

•! 4)m'#%'B)6-*%'234aOX/L'+,-'6)I#%&')('+,-'<,"%%-C'#/'*"%6)B'

"%6'%)'/D/+-B"$<'B)6-C'-[#/+/8'

–! .*#B"*D'#BI"<+`'+,*-/,)C6'P)C+"&-'P"*#"$)%/d'

34!
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h
an

n
el
!

Ion!
accelerator!

Dopant Ions!

34!



35!

Parameter Distributions Spatial Correlation 

Test site with 100K 
devices in 65nm SOI!

(SRAM-sized)!



1?**-%+'7-/-"*<,')%'N"*#"A#C#+D'

•! 2?<,'<?**-%+'M)*J'#/'()<?/-6')%'+,-'/,)*+'+-*B'#BI"<+8'

–! O["BIC-/`'44X>L'47>2'"%"CD/#/L'>%"C)&'<#*<?#+'D#-C6/L'-+<m'

•! :BI"<+')('#%<*-"/#%&'P"*#"A#C#+D'M#CC'<,"%&-'#%'<,"*"<+-*d'

–! >%6'M#CC'%--6'+)'A-',"%6C-6'"+',#&,-*'C-P-C/')('6-/#&%d'

•! ^/+')*6-*'#BI"<+`'6-C"D'"%6'I)M-*'P"*#"A#C#+D'E"+'tV%BH8'

–! !#6-CD'I?AC#/,-6L'%?B-*)?/'OG>'+))C/'"P"#C"AC-8'

•! U%6')*6-*'#BI"<+`'*-C#"A#C#+D')('6-P#<-/'"%6'M#*-/'E"+'

kl%BH8'

–! h-//'M#6-CD'I?AC#/,-6L'B)*-')I-%'I*)AC-B/'E-8&8'O2H8'

•! u*6')*6-*'#BI"<+`'*-/#C#-%<-'E"+'UU%BH8'

–! OB-*&#%&'<?**-%+CD'=C#KC-'I?AC#/,-6'M)*Jd'

36!



1#*<?#+'a"#C?*-'6?-'+)'N"*#"A#C#+D'

37!

Indistinguishable from"
a “stuck at 1” fault!!

Fail!OK! Adapt Degrade 

Inverter delay "
exceeds"

specification!

Inverter delay "
beyond fixing"
by adaptation!

Inverter does"
not invert"
any longer!

time!

o
u
tp
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lt
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e!

no
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inal!

time!
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e!

time!

o
u
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u
t 

vo
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e!

A! B! C!

D
el

ay
!

Specification!

Increasing variability in"
the “worst-case” direction!

Increasing Variability!

37!



7-<-%+'7-/?C+/'EI"*+')(':X74o^VH'

38!
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2
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1
6
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1
2
n
m
!

Distance from origin at which 
“failure” occurs. Measured in 

standard deviations…!

Latches in 22nm 
predicted to fail as 

often as SRAM today!!

Part of a “resilience roadmap” 
being developed (DATE’10).!



!,"+'4,)?C6'!-'G)Y'

•! X,-*-'"*-'A-'/)B-'+-<,%)C)&D'T[-/'EC#J-'aG43:H'+,"+'

<"%',-CI'"'C#KC-L'A?+'#%<*-"/#%&'P"*#"A#C#+D'M#CC'#BI"<+'

<#*<?#+')I-*"$)%F<)**-<+%-//8'

•! c)M'<"%'M-'6)'()*'+,-'M,)C-'/D/+-B'

M,"+'M-',"P-'"C*-"6D'6)%-'()*'47>2Y'

•! :+'B?/+'A-'"?+)B"+-6L'
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