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Computer Organization

Day 6: January 29, 2007
VLSI Scaling
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& Penn

Today

» VLSI Scaling Rules

* Effects

« Historical/predicted scaling
 Variations (cheating)

e Limits
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Why Care?

* In this game, we must be able to predict
the future

» Rapid technology advance
» Reason about changes and trends

* re-evaluate prior solutions given
technology at time X.

Why Care

« Cannot compare against what
competitor does today
— but what they can do at time you can ship

 Careful not to fall off curve
— lose out to someone who can stay on

Scaling

* Premise: features scale “uniformly”

— everything gets better in a predictable
manner

e Parameters:
= )\ (lambda) -- Mead and Conway (class)
= S -- Bohr
= 1/k -- Dennard
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curve
4
Feature Size
PuLE A is half the minimum
feature size in a VLSI
process

[minimum feature
2% ysually channel width]

do
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Scaling

Channel Length (L)
Channel Width (W)
Oxide Thickness (T,,)
Doping (N,)

Voltage (V)
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Scaling

Channel Length (L) A
Channel Width (W) A
Oxide Thickness (T,,) A
Doping (N,)
Voltage (V)
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Effects?

« Area

« Capacitance

* Resistance

* Threshold (V)
e Current (Iy)
Gate Delay (tyq)
Wire Delay (te)
» Power
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Area

LR Y = 130nm -> 90nm

" A—L*W = 50% area
= 2% capacity same

= A > AK? area

Area Perspective

-mEE

e size

Rilative Logieal Capaeity

Penn E
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ITRS 2005 Moore’s Law

Figure 10 ITRS Product Functions per Chip
2006 ITRS Product Technology Trends -
Functians per Chip

Average " gL G
Industry 1970-2020
“Moore’s Law® [
2x Functions/chip
Par 2 yaars

= Fiash BrsChig (G048}

& DRAMBEUChin (Goes)

— v iy
ot Lo

Sourcs: 302 ITRS - Exse. Summary ORTC Fig 1 13
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Capacitance

» Capacitance per unit
area

- c:ox: 8SiOleox
=T Tl
—C 2 xCyy

Penn ESE680-002 Spring 2007 -- DeHon

14

Capacitance

» Gate Capacitance
" Cgate: A*Cox
" A > A/
" C 2 Kk Cyy

" Cgate 2 Cgate lUN

Threshold Voltage

Before:

Vi, =
th
v Cox '\ /

U'Vf +<‘73) ~ 0

' 55+ Vi
adjust Vo S0 (05 + Veus) — (ﬁi)

After:
- 1/2
A - (m; + "§sub>
LHI, - "-COX {7Qﬁtff + (QFS\Q’{A\(Lf
i Vi L »
Vip, = %
Penn Esco, Spiny cuur - Leron
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Threshold Voltage
* Vo> Vo /i
17
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L2y + (2esa (o + Vo) V) 4 (W + )

Current

« Saturation Current
l4=(HCox/2)(WIL)(Vgs-Vry)?
VgS=V9 V /x
Viy=2 Vg /x
W-> W/k
L-> Lk
Cox 2 K Cqy

14> 1y
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Gate Delay

= 1,=Q/I=(CV)/I
V> V/k
Iy 1y I

C>Clk
'z

= ng 9 ng /K Q=CV

Overall Scaling Results, Transistor Speed and Leakage. Preliminary Data
from 2005 ITRS. *HP = High-Performance Logic

+LOP = Low Operating Power Logic
*LSTP = Low Standby Power Logic
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Resistance
° R:pL/(W*t) /
o« W Wik t
o L, t similar f
*R=>«xR
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Intrinsic Transistor Leakage Current
Delay, t=CV/I (HP: standby power
1000 (lower delay = higher speed) j dissipation issues)
Fel/2ad
b AR ST oy
100 [ /iklk' 497 g 02 i
~ = = =
2 5‘1537%3“‘"*. L S )
N Nt M~ Tl 3 |
s8 ~N I~ ™~ - _g 1603 LOP
3 ~ ;QEN ™ T2
T ERRSS LSTP Target:

010 = P So] | Isd.eak ~ 10 pA/um
HP= Target: //[, < / B
17%lyr, historical [ 17%/y—‘ 1E05 -
rate rate Planal Bulk Advanced
W‘ ‘ ‘ ‘ ‘ ‘ ‘ MOSHETs MOSFETs

i — B w0 ws o o = 2w e ) s

sERTECH,
) e
Wire Delay
Tire=R*C e ...assuming (logical)
wire lengths remain
constant...
u — .
R—>kR « Assume short wire or
=C—>Cl buffered wire
* (unbuffered wire
S ultimately scales as
Twire = Twire length squared)
22
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Power Dissipation (Static Load)

» Resistive Power
—P=V*|

-V Vi
—1g> 1y

—P> P2

23
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Power Dissipation (Dynamic)

» Capacitive
(Dis)charging

» P=(1/2)CV?f

* Increase
Frequency?

" Tgq > TgalK

"V Vi
*C,Cl «S0: f>«f ?
n 3
P-> P/ «P S P/
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...and leakage
The Leakage(s)...

80nm MOS Transistor

no oW

Temp (C)

S0 Leabage (Watts)

0.5 098 8,13 S0nm G50m 45am
Technaiogy

. 25
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Intel on Leakage
Projected Power (unconstrained)

0
z

10 mm Die 015102 Lkg
WSO Lkg
[l Active

I
I
O

Power (W}, Power Density (Wicr)

90nm 65nm 45nm 32nm 22nm 16nm

Active and Leakage power will become prohibitive

. 26
Penn ESE680-002 Spring 2007 - DeHon [source: Borkar/Intel, Micro37, 12/04]

Effects?
» Area 1/k?
» Capacitance 1/x
* Resistance K
« Threshold (V,,) 1/
* Current (1) 1/x

Gate Delay (trqq) Lk
» Wire Delay (1) 1
» Power /x> 1/?
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ITRS Roadmap

* Semiconductor Industry rides this
scaling curve

 Try to predict where industry going
— (requirements...self fulfilling prophecy)

http://public.itrs.net

MOS Transistor Scaling
(1974 to present)

S=0.7
[0.5x per 2 nodes]

Pitch Gate
I

Source: 2001 ITRS - Exec. Summary, ORTC Figure

[from Andrew Kahng] 29
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Half Pitch (= Pitch/2) Definition
Metal Poly
Pitch Pitch
el
& ﬁ | ﬁ
X _
(Typical (Typical
DRAM) MPU/ASIC)
Source: 2001 ITRS - Exec. Summary, ORTC Figure [from Andrew Kahng] 30
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1994 NTRS -
TXI3yrs

Scaling Calculator +
Node Cycle Time:

Actual -
IxI2yrs

Linear Time

Log Half-Pitch

|' 0.7x ‘”' 0.7x -l
250 -> 180 ->130 ->90 -> 65 -> 45 -> 32 -> 22 -> 16
L 0.5x —I

N N+1  N+2

Node Cycle Time
(T yrs):
*CARR(T) =

[(0.5)"(1/2T yrs)] - 1

CARR(3 yrs) = -10.9%
Reduction Rate
(@ cycle time period, T) CARR(2 yrs) = -15.9%
[from Andrew Kahng] 31

* CARR(T) = Compound Annual

Source: 2001 ITRS - Exec. Summary, ORTC Figure
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ITRS 2005

Figure 8 ITRS Product Technology Trends

2005 ITRS Product
Hait-Piteh,

Technalogy Trends -
Gate-Length

g

et W i, Gt L
[=1

[

Samree: 3002 TTRS - Exer. Sammary ORTE Fig 8

Lengi
e |
[ L.rmmm
1% Li—lﬁ—l

2005 . 2020 ITRA Rarge

——DRAM M1 172 PRch
O MPU M1 12 Pitch
(2.5-year eycie)

- Flash Poly 1/2 Pitch

= MPU Giate Langth -
Frintod

MPUGALS Langt -
Physical

ITRS 2003,2005 Gate/Wire Scaling
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What happens to delays?
* If delays in gates/switching?
* If delays in interconnect?
« Logical interconnect lengths?
34
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‘ :‘v ‘ ' Process 'Klmolog;:hdl {nmj} . 33
Delays?
« If delays in gates/switching?
—Delay reduce with 1/x [A]
35
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* Logical capacitie
« Wirelengths?
—No locality: L->k
— Rent's Rule
e L = np-05)
* [p>0.5]

Relutive Logical Capacity
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Delays

S growing

(slower)




Pe

Compute Density

» Density = compute / (Area * Time)
O k3>compute density scaling>k
0 «3: gates dominate, p<0.5

O k2: moderate p, good fraction of gate delay
— [p from Rent’s Rule again — more on Day14]

Uk : large p (wires dominate area and delay)

37
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Power Density

» P—> P /k? (static, or increase frequency)
P—> P/x3 (dynamic, same freq.)
A —> A2

P/A > P/A ...or ... PIkA

38
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Pen

Cheating...

» Don't like some of the implications
— High resistance wires
— Higher capacitance
— Quantum tunneling
— Need for more wiring
— Not scale speed fast enough

39
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Improving Resistance

/

R=pL/(W*t)
W-=> Wik
L, t similar
R->«kR

—-—

JE——

=Don’t scale t quite as fast.
=Decrease p (copper)

40
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Pen

@ Passivation

Dielectric

-=—— Etch Stop Layer

S g Diiglectric Capping Layer

" opper Conductor with
Glabal SGWI’MUCWG"GH Layer

S

Intermediate -

Metal 1 _ +— Pre-Metal Dielectric

Tungaten Contact Plug

]
1
—b: 1“— Metal 1 Pitch

Figere 70 Cross-sechion af Hievarchical Sealing—MPU Device

Capacitance and Leakage

« Capacitance per unit
area

- Cox: 8SiOZ/Tox
=T Tl
—C 2« C,y

Reduce Dielectric Constant € (interconnect)

and Increase Dielectric to substitute for scaling T,

(gate quantum tunneling) 4,
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Threshold Voltage

Before:

1 . ,
Y= ok (- Qe+ (2esaa (o5 + Viww) /2] + (W + )

(‘Wf + c')s) ~ 0

adjust Vi SO (o5 + Vi) — (@5 + Vian)
A

After:
1 (65 + Vo) 1/2
7= AT i 55U,
Vin = “Cox ‘*prf + [zfs‘th\,”f]
1 Vi
Vin, = s .

Penn Escoou-uuz spiiy cuur - Uero

ITRS 2005

Table §0a  MPU Inrerconnect Technelegy Requiremenss—Near-revm Years écontinued)

Faar of Produsnion 2005 J008 2007 2008 J069 2000 2 2002 Joii

DRAM £ Pirck fmm) feontacied) 5 0 &5 7 £ 45 b e 12

MPLASIE Masal 1 Pk % ] & » 5 ] i@ i »n
42 o8 53 &8 a0 15 L i iF

switcheng voltage 1 mduced on

victim s plotal wire 170 147 137 130 128 124 120 115 o

cageatalk [4)

Cis thinning &f maximum widh

glabal wirsmg due o dishing and

ot s 10% = bright, 0% 220 7 2m m 240 20 240 250 250

areal desiry

Cu thinaing gisal wiring due 1o

dushing fnm), 100 ym wade feapsce A L 19 ” 15 " 2

Condustor sffective sty

(R2=cn) Cis wining. assues a0 22 23 22 22 22 22 22

semiag

Buterlee] setal saulaten - effecte
dulecine constent (v}

34-34 [ 3434 | 2700 27230 | 25-28 | 25208 | 25-2.8 EEREEEEEAE-E

Imerlevel meral invebaion (minimmes
expected) - bulk dielect constne | % 3.7 LFx) 124 %74 EEE] LFE] 133
i
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High-K dielectric Survey

Ta
Fluhk

prperties of ighk gate debactrion. Data complled fiom Bobertson [25], Gey ot ol |3

Wong/IBM J. of R&D, V46N2/3P133--168
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Intel Saturday NYT
Announcement

* Intel Says Chips Will Run Faster,
Using Less Power
— NYT 1/27/07, John Markov
— Claim: “most significant change in the
materials used to manufacture silicon chips
since Intel pioneered the modern integrated-
circuit transistor more than four decades ago” ".'.m.,:'v:'“;",:.

— “Intel's advance was in part in finding a new I":r_,:_;.:x;m:q
insulator composed of an alloy of el e
hafnium...will replace the use of silicon

dioxide.”
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Wire Layers = More Wiring

Metal Levels
14 .
ITRS2005 ——
ITRS2001
12 L (unidentified) - |
10 |
w
2
o
S sl |
=
& 4
M 4
0.1 1 10 100 1000 10000

Millions of Transistors
47
Penn ESE680-002 Spring 2007 -- DeHon

Typical chip cross-section illustrating
hierarchical scaling methodology

| = Pre-Metal Dielectric

l '_'—I Tungsten Contact Flug

Figuee 70 Crass-section of Hirareh

48
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Improving Gate Delay

" 1, =Q/I=(CV)/

=\V/>V/k
= Id:(uCOXIZ)(W/L)(VQS—VTH)2
"2 ly/x
=CV
*C>Clk c—=9
Don’t scale V:

" Tgq ™ TgalK VoV

=_ower C. 2l ,

sDon'tscale V. To > Tae/K 2

P ESE! Spring 2007 -- DeHon

...But
Power Dissipation (Dynamic)

» Capacitive * Increase
(Dis)charging Frequency?
= P=(1/2)CV2f nf > f ?
V> V/k " P D P/
"C>Clk
» P> P/

If not scale V, power dissipation not scale.

50
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...And
Power Density

» P> P (increase frequency)
* P->> P/k (dynamic, same freq.)
DA > A2

* PIA> «xP/IA ...or ... x*P/IA

» Power Density Increases

...this is where some companies have gotten into trouble...
51
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Intel on Leakage
Projected Power (unconstrained)

“E 1400 -
5 10 mm Die 015102 Lkg

W SDLkg
1000 [l Active

g g B
=] =1

g 3
= a2

Power (W), Power Density (Wi
g
=

90nm 65nm 45nm 32nm 22nm 16nm

Active and Leakage power will become prohibitive

52
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Physical Limits

» Doping?
* Features?

53
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Physical Limits

» Depended on
— bulk effects
« doping
« current (many electrons)
« mean free path in conductor
—localized to conductors
» Eventually
—single electrons, atoms
— distances close enough to allow tunneling

54
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Dopants/Transistor

10000
1000 \

100 \

Mean Number of Dopant Atoms.

10

100 500 250 130 65 32 16 s

H o
Technology Node (nm) 2 .
s .
2 o1 -
z o
g o
g
8
0.01
1000 100 10

Technology Nodes (nm)
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Electrons

Lovg-term {contimied)
B el depleted

T ETE T
i I 18 I
] I 18 7]

Ry Efoctrve Parasie raris sowrceidram resisamea [15)
Phanar Bl {0
UTB FD ()

TG (-

[Ce et Thecl 10405 Device Gate Caporiiance
‘Eiended Plasar Balk (F )
UTB FD (Fjpm)

DG (7 jm)

e’ Toal v copocitamce for coliadation o VT [14]
‘Extended Pl Belk 7 i)

UTE FD (F )
DG (¥ uam)

e=1.6x101°C
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How many electrons?

56

What Is A “Red Brick” ?

* Red Brick = ITRS Technology Requirement
with no known solution

* Alternate definition: Red Brick = something
that REQUIRES billions of dollars in R&D
investment

[from Andrew Kahng] 57
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The “Red Brick Wall” - 2001 ITRS vs 1999

Year of production 00 03 2005
DRAM half-pitch (nm} 1 10 8
Oviray accuracy {nm) % 0B

MPU gate length (am)
CO control fnm)
.. lequivalent} (am)

Junction depth (am)
Metal cladding thickness [am} w2 9
Intormatal dieleciric constant, k. 30-36 30-36 26-31

Table 2. 1998 Status of Red Brick Wall

Year of production 199 22 005 D
ORAM half-pitch (nm} 1B 130 100
Overlay accuracy {nm) 65 45 35
MPU gate length (nm) 1w 8580 S
CD control fnm) w8
., lequivalent} {am) 1825 1513 [IEE
Junction depth (nm} 2.0 2543

Metal cladding thickness [nm} 7 13 L
Intermetal dielectric constant. k.~ 35-4.0 27.356 1622

Source:

i . insi i i ALST8T6 5g
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ITRS 2005 ...

Table diia  High-Performance Logic Tech Ne
Giney caly delinease ome of rwo S peviodh: sivher befire imivial producsion ramp i varied for siro-shin body fally deplved (UTE FEY S0F or
oo poaie (IMG) MOEFETS, or beyimd whew plemor bl or UTE FIY MOSFET) farve reached the i of procical scaling daer i Lerd amd she sble
it for further diacmiaion).

[Foar o Proviecsion sws | s | e | sees | dew | son | sr | s | son |
| A 7, Proch fmm fcomactad) = D CE | a ] 7] "
MPLYASIC Msal 1 10471 3 Pk . . p

immscomacial - i L4 " L i an 1% I
P Prsical Gae Levgoh imm) [ n g ] ] O i i 0
D —

| Pl Bl (D [T

UTH P (f3 e

| DG pmy

i 1o NMAOS Divice G Copcnamce. [13]
| Extenod Pl Bl (F s [srie18
UTHFD Fmi
G Fipt | |
e Total pve copacime for aabintmion of CV {1
Exrcned Plana Bl F i) 18
| UTR D
G (Fipmt

(= 0. NANIGFET i debe gt [15]] 9070 | 0780
Ve NMGSFET mriaic twiching spoed

|ests_prst | e | 1
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Conventional Scaling

« Ends in your lifetime

« ...perhaps in your first few years out of
school...

* Perhaps already:
— "Basically, this is the end of scaling.”
« May 2005, Bernard Meyerson, V.P. and chief
technologist for IBM's systems and technology
group

60
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Finishing Up...

61

Big Ideas
[MSB Ideas]

» Moderately predictable VLSI Scaling

— unprecedented capacities/capability growth
for engineered systems

—change

— be prepared to exploit

—account for in comparing across time
—...but not for much longer

62
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Big Ideas
[MSB-1 Ideas]

Uniform scaling reasonably accurate for
past couple of decades

Area increase «?

— Real capacity maybe a little less?

Gate delay decreases (1/x)

Wire delay not decrease, maybe increase
Overall delay decrease less than (1/x)

63
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