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| TRS2002 MPU | nterconnect Roadmap

Year of 1st Product shipment 2001 2004 2007 2010 2013 © 2016
Technology Node(nm) 130 65 45 32 22
Power supply voltage(V) 1.2 0.8 0.6 0.5 0.4
Clock frequency(GHz) 1.7 4.3 6.1 86 122
Band width(Gbyte/sec.) 1.6 2.3 2.7 3.2 3.8
Max. power consumption(W) 70.0 104.2 931 121.3 1379
L ogic transistor S(M/cm?2) 89 801 2404 7212 21635
M ax. chip size(mm2) 310 310 310 310 310
Number ,of metal:levels 8 10 10 11 11

L ocal wiring pitch(nm)/A.R

Glaobal wiring pitch(nm)/A.R
| ntermediate wirep=eff(u Q cm)
Barrier/claddingthickness(nm)

| nterievel metal insulator keff
Kk (bulk)

350/1.6 210/1.7 150/1.7 105/1.8 75/1.9 50/2.0
Intermediate wiring pitch(nm)/A.R450/1.6 265/1.7 195/1.8 135/1.8 95/1.9 65/2.0
670/2.0 460/2.1 290/2.2 205/2.3140/2.4 100/2.5

2.2

16
3.0-3.6

<2.7

Jmax/Il max(E5A/cm2/mA @105C) 9.6/0:32

2.2 22
S 3.5 2.5

R332 ... 21 149 1.8

<21 <19 <1 ¥ “£36
21/0.18 27/0:10 33/0.07:39/0.04
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| TRS2002 MPU | nterconnect Roadmap
O Low-k k keff

K

L ow-k

L ow-k Roadmap K keff

ILD Cu Etching stopper Cap(or Hard mask)
O p eff
|nter mediate p eff 2.2u Qcm
[]
O] Via Jmax | max
(Jmax) Cu
EM
Via Via
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L ow-k Roadmap 1999 -, 2001

I TRS1999 180x 0.72 13 x 0.77
Technology Node(nm) 18(0/\’30\ 100 70
15 Shipment year(ES) 1999 2002\ 2005 2008
L ocal wiring pitch(nm) 450 325 165
A/R 1.4 1.5 1.9
Intermediatewiring pitch(nm) 560 405 o 210
A/R 2.0 2.2 2 2.5
Via-hole A/R 2.1 2.1 V2.3
Effective dielectric const.(keff) 354 2.7- -3.5 16 22\¥15
| TRS2001 \ 90 0.70-63
Technology Node(nm) \ 100 90 80 /0 65
18t Shipment year(ES) \2003 2004 2005 2006 2007
L ocal wiring pitch(nm) 210 185 170 150
AR 1.7 1.7 1.7 1.7
| nter mediate wiring pitch(nm) 265 240 215 195
A/R 1.7 1.7 1.7 1.8
Via-hole A/IR 1.5 1.5 16 16
Effective dielectric const.(keff) 6-3.1 2.6-3.1 2.6-3.1 2.3-2.7

K 2.4 2.4 2.4 2.1
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Low-k

Dust

etfc

Step-1 1 Cu

Dry Etch Plasma
Barrier Metal/Seed-Cu

Cu-CMP Erosion

N

Wet

Cu /

Step-2 2 Cu

DD(or SD) Plasma Resist Patterning Via Etch/

Via Q-time etc

EM SM, TDDB, TCT etc
Step-3 6-8 |
1 6-8 etc etc
Step-4
etc etc

Work in Progress - Do not publish

STRIWS March 5, 2004, WG4



L ow-k CMP
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Low-k SIOC Damage Layer
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Cu/Low-k
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Low-k

L ow-k Up
L ow-k Vendor Data
Potential
L ow-k
/ - CMP /Erosion\
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Cu /Via-hole
L ow-k
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Low-k Roadmap

1999 -, 2001 L ow-k Roadmap
Roadmap
keff
R
L ow-k
ILD
- ILD Via
L ow-k keff
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System-on-a-Chip

Global
Semi-dlobal
‘ iﬁ:ﬁ
L ocal
| nter mediate
Global
M odule Block
Module
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SoC

100
Global
Module
N
=0 $ Semi-global Module
&)
() :
| ntermediate Block
)
0 o L ocal M-acro-cell
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M m
M acr o-cell L ocal Cell 1
_ 50 -Pitch
Block I ntermediate (W/L):10, Scaling
_ Module 1/2
Module Semi-global (W/L):40, 1/4
Module Global Chip )
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SoC RC
M SGM GM

GM with rever se scaled
width and thickness

/ Z repeater / repeater

/Typical cir cuits(2ZNAND+Inv.) R SGM wires Global metal(GM) wires
connected with block-size length || with module-size length || with chip-size length
(=averagelong)intermediate(IM)|| divided by divided by

\wires having multiple-stages ) optimized repeaters optimized repeaters

T min(Ufmad =KiRrCyw KRy Cr+2V kR, CyR1Cy

!

30% T
RW CW
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Global

kc
Width (W) 1/k 1/k
Space(S) /K 1/k
Length(L) 1 —» kc
Wire thickness T, 1/k 1/k
ILD thickness T, 1/k 1/k
Resistance(R=p L/WT,) k?—> kck?
Capacitance(interlevel) 1 —» kc
(C,=¢ WL/T,)
Capacitance(intralevel) 1 —» kc
(C.=¢ T,L/S)
Delay time(t =RC) k2—> (kck)?
IR drop(A V=IR) kK —» kck
Current density(E=1/WT) k —» kck

RC delay(psec.)

Work in Progress - Do not publish

Repeater

==1wire /wre

k=v 0.4RwCwo/(0.7RoCo)
n(=W/L)=v RoCw/(RwCo)
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> X
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Global

1998 Publish Global Pitch (by H.J Barth)
Node| Company | Ratioof GM/IM wire pitch Reference
| TRS2001 1.48x
c IBM 2.0x L.K.Han,VL Sl 2000p.12
S I nt(_el 2.69x T.Schml,VL SI2001,p.101
@ | Tosniba 5.0% H.Y oshimura,VL SI 2000,p.144
Fujitsu 4.0 Y .Takao,l EDM 2000,p.559
TSMC 2.2% K.K.Young,| EDM2000,p.563
SR A=Y I Lo N R
g IBM 4.0x SF.Huang,| EDM 2001,p.237
o | Toshiba 6.67x K .Miyashita,VL S12001,p.11
S | Mitsubishi 5.0x K .Tomita,VL SI2002,p.14
LWJTRS2000 L X i eeeeeeeeeeeaeseseseeessseemssesesssesesseeeresesemeseseene
= NEC 8.0x Y Nakahara,| EDM 2003,p.282
3 Toshiba 10.0x M .K anda,VL SI 2003,p.13
Fujitsu 4-8x S.Nakai,| EDM2003,p.285
. Update | TRS2002 Global
Pitch Table A/R

Work in Progress - Do not publish STRIJWS. March 5, 2004, WG4



Assumption on I nterconnect parameter estimation

Design rule x 0.70/node-scaling, Rever se-scaling for GM
Chip-size const.(=7mmC ) as 1-clock cycle limit

M odule-size x 0.70/node-scaling

Repeater Inserted for SGM and GM wires

Gate density x 2.0/node(based on | TRS2002 M PU-R.M)

Active power density x 0.6/node with average-long IM wire

L ogic depth x 0.75/node-scaling

T min. x 0.70/node-scaling

Work in Progress - Do not publish STRIJWS. March 5, 2004, WG4



Cu Low-k

L ow-k ‘ Cu (Etch-Stopper)

SIN(k7) - SIC(N)(k5-4)
Cu
B.L-Via

Hard-Mask(CMP )
SiO2(k4) - SIOC(k3)
L ow-k

Via L ow-k ‘ CMP
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Cu p Cu Cu

E
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ILD

Year of 1st Prod'cfc_t shipment 2001 2004 2007 2010 2013 2240 6
'I:echnology Node(nm) = ¥ 7130 - 0. ' 65. 45 .. 32W T2
Mm‘i'Fnum dlelectnc‘éonst keff S i <) g 29 .: 25"“ 20 :17
j“ ,'; kﬁfench/V|a-lLt3}<37: <3 Oj’ <2-4,.--‘--' qjé L1015 2{1_2
g b k(Cg,dlffuson barrlpr) <6.7 54) <381 ,5_2.8#' <21 .<1.6
~__Diffusion barrl.erthlckness(ﬁm.) <75 <60.. - <48. ' <38 J<31 "5“'-;125.
ey o k(Herd mask) €58 7, <4.001L<807, | 1<28, +<17 % <13 &
j, Hard mag<)th|ckn&ss(nmh;.<8o <62‘1"<49;_.__ <3§ <:30 <QB

[
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90nm Node 2004) keff

Homogeneous-type w/o cap Homogeneous-type with cap Hybrid-type with hard mask
Assumptions Assumptions Assumptions
CuD.Bheight = 50nm CuD.Bheight = 50nm CuD.Bheight = 50nm
Hardmask height = NA Hardmask height = 50nm Hardmask height = 50nm
Via height = 210nm Via height = 210nm Via height = 210nm
Trench height = 230nm Trench height = 230nm Trench height = 230nm
Minimum L/S = 140nm Minimum L/S = 140nm Minimum L/S = 140nm
Assumptions Assumptions Assumptions
Keupg = 9.0 Keupg = 9.0 Keupg = 9.0
K(Hardmask) = NA K(Hardmask) =41 K(Hardmask) =41
K(trench) =30 K(trench) =2.63 K(trench) =2.65
- = 3.24 - =3.05 K = 3.54

Work in Progress - Do not publish STRIJWS. March 5, 2004, WG4



65nm Node 2007)

Assumptions
CuD.Bheight = 35nm
Hardmask height = NA
Via height = 150nm
Trench height = 170nm
Minimum L/S = 100nm

Assumptions

CuD.B height = 35nm
Hardmask height = 35nm
Via height = 150nm
Trench height = 170nm
Minimum L/S = 100nm

Assumptions

Keupg = 40
K(Hardmask) = NA
Kyvia = 2.8
K(trench) =2.8
K =2.96

Work in Progress - Do not publish

Assumptions

Keupg = 40
K(Hardmask) =3.0
Kug = 265
K(trench) =2.63
- =2.83

keff

Assumptions

CuD.B height = 35nm
Hardmask height = 35nm
Via height = 150nm
Trench height = 170nm
Minimum L/S = 100nm

(
K(Hardmask) =30
Kyvia = 2.5
K(trench) =24
- = 2.71
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45nm Node 2010)
Assumptions Assumptions
CuD.B height = 25nm CuD.B height = 25nm
Hardmask height = NA Hardmask height = 25nm
Via height = 110nm Via height = 110nm
Trench height = 125nm Trench height = 125nm
Minimum LIS~ = 70nm Minimum L/S = 70nm

e
4!
!
L
bbbl

+
EEb ey
b S
+

ety

2
it
et
Ly
e
bbbttt
R

++++++++++++

+++++++++++++

Assumptions

Assumptions

Keupgy =39 Keupsy = 39
K(Hardmask) = NA K(Hardmask) =23
K via = 24 Kvia) = 2.2
K(trench) =24 K(trench) =22
Koo = 2.54 K = 2.40

eff

Work in Progress - Do not publish

keff

Assumptions

CuD.B height = 25nm
Hardmask height = 25nm
Via height = 110nm
Trench height = 125nm
Minimum L/S = 70nm

Assumptions

Keupg =39
K(Hardmask) =23
Kyvia = 2.2
K(trench) =20
- = 231
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| TRS2003 keff
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- being oE)timized .

(Solutionsare NOT known)

1.5 ' '
02 03 04 05 06 O7 08 09 10 11 12 13 14

Year of 1st Shipment

Work in Progress - Do not publish STRIJWS. March 5, 2004, WG4



BM

by P =19 (MQ cm)
Lin . | BM | [ —10nm
in y .
— — = Mrim
Hint:
Hint| = 5 : _-;m
= o= I0nm
W. N G 5 '
int P =
q"q:_) 4
— ) . . 4
I:Qint P eflent/(WlntHlnt) Q :
1
0
P « > P (bulk) 0 01 b2 03 04 05 06 07 08 09 1

Line width (u m)

BM(TiN/Ti

BM (Tih
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BM

N

Pcu=19 (MQ cm)

w
2]

3.6

Y

uOhm.cm)

34 o

Effective resistivity

BM

thickness

o 10
¢ 9
v 8
AT

L[> 6

45
M 4
X 3
u2

X |1

65nm 45nm 32nm 22nm 15nm
Technology Node
Required BM Thickness(nm)
Wiring Wiring Cu Bulk
Technology  \yigth Height Resistivity | @p eff=2.2 const

Node (nm) (nm) (uohm.cm)

65nm 100 170 1.9 /{

45nm 70 120 1.9 5

32nm 50 83 1.9 3.5

22nm 35 58 1.9 2.5

15nm 24 41 1.9 2
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>WB p=0(complete diffuse scattering)
5 4
G ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
= 3
a ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
> )
N N
v 18 p05
0, 4
0 100 200 300 400
Linewidth(nm)

Half-pitch 50nm

32nm Node

Al p

RBW
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Cu

<<

p (W)=p , (C/W)[3/4(1-p)+3/2r/(1-r)]

p 0:p (phonon  )+p (
p:
r.
)
BM rZero’
)
BM/Cu Roughness

Cu
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p eff
Regional TWG

SEMATECH
Roughness Cu

L ow-k
- ITRS2003 Appendix
- 32nm Node | M-Pitch=95nm) RBW
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Cu

o)
<

Without e-scattering With e-scattering
BM
4 : 6 BM
3.8 P cu =19 (nQ cm) fhickness [ a /‘thickness
— v [} lo —_~ 5.5
5 36 .o Al / 5 19
E 34 = V8 E 5 B o
S 4T S i < ;
- . I * iR
3 <5 ~ v /
- & X 3 +
é 2.6 = /Z/ /:/ — lm 3 é % 3
I e ; :2
= > M S = !
g 22 : 77777+77777777*77:7,,,,!? S
§ 5
18 T T T 2 \ T T
65nm 45nm 32nm 22nm 15nm 65nm 45nm 32nm 22nm 15nm
Technology Node Technology Node
Reguired BM Thickness(nm)
Cu Bulk Resistivity . .
Technology | Wiring Width | Wiring Height (uohm.cm) | Without e-scattering With e-sciattermg
Node (nm) (nm) Without/With @p eff=2.2 const @p eff=const
e-scattering beyond 65nm node
65nm 100 170 1.9/2.2 7 V4
45nm 70 120 1924 5 ———l 4
25 =—r—> <0
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Davis ex. Semi-Global

Intermediate Zl
Semi-Global
*
) v * Layout Blockage
Rent’srule(T=kNP) k=5.0
T: #of pins p=053@90nm
Ng: # of gates eDRAM

K, p: constants

=0.4

L1 L2
L (Chip-size/Tr /Clock

* ) GM SGM
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Year of 1st Product shipment 2001 2004 2007 2010 2013 @ 2016
Technology Node(nm) 130 90 65 45 32 22
Number of metal levels Total « 9 10 11 12 12 14
(FTRS2002), - 8 9 10 10 11 11
L ocal metal wire . 1 1 1 1 1 1
|ntermediate metal wire 4 4 4 4 4 4
Semi-global metal wire 2 2 3 3 3 4
Global metal wire 2 3 3 4 4 )
Regional TWG
Japan-TWG
Intel
- Intel Chip-size, Tr ,Rent etc
Global
- | TRS2002 GM/IM
~ ITRS2003 1-3

Work in Progress - Do not publish
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Jmax

I nv. F.0=3)
Vdd
T- Cg*Wg
Tr  Wmin.
| NMOSGate = ASIC Half-pitch x 4
[d[ Ci max PMOSGate = NMOSGate x 2
| —
_ Tr  Wg)
|ntermediate wjre Wg =Wmin.x 8

Gate (Cg) Tables35aand b
I IM Pitchx 200

i Ci  Updated keff

il

Fan ou1 N=3

: |

|M
Jmax
=f(Cg Wg N+Ci) Vdd/(Wi Ti)
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Jmax

Year 2003 2004 2005 2006 2007 2008 2009 2012 2015 2018
Technology node 100 90 80 70 65 57 50 35 25 18
MPU/ASIC 1/2pitch 120 107 95 85 76 67 60 42 30 21
Width(nm) @Intermediate 160 1375 120 107.5 97.5 87 78 55 39 27.5
Height(nm) @Intermediate 272 233.75 204 182.75 1755 156.6 1404 104.5 74.1 55
vdd (V) 1.2 1.2 11 1.1 11 1 0.9 0.8 0.7
x 1 Gate Width (um)* 1.284 1.08 0.96 0.84 0.78 0.684 0.6 0.42 0.3 0.216
x 8 Gate width = Wg (um) 10.272 8.640 7.680 6.720 6.240 5.472 4.800 3.360 2.400 1.728
Physical gate length (um)** 0.045 0.037 0.032 0.028 0.025 0.022 0.020 0.014 0.010 0.007
Inversion Gate Dielectric Value (nm)** 2.100 2.000 1.800 1.700 1.300 1.200 1.200 1.100 1.000 0.900
Parasitic Fringe/Overlap Cap (fF/um) 0.240 0.240 0.240 0.230 0.220 0.200 0.190 0.150 0.120 0.080
Cg @ W=1um(fF/um) 0.979 0.878 0.853 0.798 0.883 0.833 0.765 0.589 0.465 0.348
Cg x Wg (fF) 10.059 7.588 6.554 5.364 5.513 4.555 3.672 1.979 1.116 0.602
Frequency (MHz)*** 3088 3990 5173 5631 6739 8330 9920 16735 25616 35020
Fanout: N 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Wire capacitance (fF/um) 0.205 0.199 0.199 0.198 0.174 0.174 0.174 0.151 0.120 0.110
Wire length :Pitch*200 (um) 64.000 55.000 48.000 43.000 39.000 34.800 31.200 22.000 15.600 11.000
Total Wire Cap (fF) 13.109 10.939 9.547 8.509 6.790 6.059 5.432 3.321 1.864 1212
Total Cap (fF) 43.287 33.704 29.208 24.602 23.328 19.725 16.448 9.259 5.212 3.017
Average Imax(nA) 160405 161373 166202 152385 172929 195671 275254 213460 146026  73967.9
Average Jmax (MA/cm”2) 0.369 0.502 0.679 0.776 1.011 1.436
Regional TWG
| max/Jmax Japan-TWG
- Jmax Via

Via
Work in Progress - Do not publish STRIJWS. March 5, 2004, WG4
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0 Low-k K keff

R,C
L ow-k ILD k eff
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O o eff
2003 32nm Node RBW
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O LM M

L ocal |ntermediate

O o) p eff
Cu

2.24 Qcm

0 Memory
Memory
DRAM Flash Cu
| TRS2004 Update

Work in Progress - Do not publish

from I TWG)

Al

STRIWS March 5, 2004, WG4



	論理的根拠に基いた合理的かつ現実的な 配線技術ロードマップ
	90nm Node（2004)で想定されるkeffの計算結果
	65nm Node（2007)で想定されるkeffの計算結果
	45nm Node（2010)で想定されるkeffの計算結果
	配線最大電流密度（Jmax）の計算モデル
	配線最大電流密度（Jmax）の計算結果と改訂内容

