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# Clock M9 Ee (Power{E . RCIEE)
# {85 D{5:E (RCIER)

I

© Lower Resistance (AISi—AICu—Cu—CuX?—CNT?)
© Lower Capacitance (Si02—SiOC—P-SiOC—Air-Gap?)
© Highly Reliable (Higher Current Density; Jmax x 1.8/Gen.)

130nm Node
5Level

Cu-DD with

SiOF(k3.6) ILD
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Effective Dielectric Constant; keff
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Low-k Trend from Conference Papers (2003-2008 IITC, IEDM, VL, AMC) @

o'l o
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v ry
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(k=3.00 ~— (k=3.0) (K=2.75) —  (ks2.4)
e aeeeane®’
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ITRS2008 Low-k Roadmap Update (Final Version) @

Near-term
Year of Production 2008 2009 2010 2011 2012 2013
Interlevel metal insulator — effective dielectric
Was v insu Ve dietect 2.7-3.0 2528 2528 2528

constant (i)

Interlevel metal insulator — effective dielectric
Is 2.9-3.3 2.6-2.9 2.6-2.9 2.6-2.9
constant (k)

Interlevel metal insulator — bulk dielectric

Was 2.3-2.7 2.1-2.4 2.1-24 2.1-2.4 1.8-2.1 1.8-2.1
constant (i) ceo®o0n __ __ esesecsccceccoag,,
Interlevel metal insulator — bulk dielectric ¢ o o ‘e
Is |l 2528 1 2326 e 2.3-2.6 .
COhStant(K) oo, 1:0.. e i — - v ...."0000000000.‘...

Copper diffusion barrier and etch-stopper - bulk

dielectric constant (i) .0-4.5 3.5-4.0 .5-4. 3.5-4.0 3.0-3.5 3.0-3.5

Long-term / /
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

1.6-1.9 1.6-1.9

1.6-1.9 1.6-1.9 1.6-1.9 1.4-1.7 1.4-1.7

°
e® o °

- o LIS °
®eooe eeocoeo® o0 ® ®e o o0 ®
I AR R R SRR R = 0000000000000 ©000c0000000000000®

2.6-3.0 2.6-3.0 2.6-3.0 2.4-2.6 2.4-2.6 2.4-2.6 2.1-2.4 2.1-2.4 2.1-2.4
Change maximum bulk k value Beyond 2009, decrease maximum bulk k
from 2.9 to 2.8 corresponding to value by 0.1. 2.3-2.7 — 2.3-2.6 @2009-2011
45nm actual introduction in # 2.1-25 — 2.1-2.4 @2012-2014
manufacturing of low-k material. 1.9-23 — 1.9-2.2 @2015-2017

1.7-21 — 1.7-2.0 @2018-2020
2.5-2.9 — 2.5-2.8 @2007-2008 1.5-1.9 — 1.5-1.8 @2021-2023

STRJ WS: March 6. 2009. WG4 Interconnect 13



Bulk k Value Update for ITRS2008 (Realistic Case) &ILID

QJD.BIri; = 3inm gﬁlﬁ = 3nm m =3§m<2007,2008>

Hardmask height = NA Hardmask height = 40nm Hardmask height = 40nm

Via height = 112nm  Via height = 1120m  yia height = 112nm
N o Trenchheight = 126nm  Trench height = 126nm  Trench height = 126nm
Typical three kinds Minmum US = 70nm  MinimumLUS = 700m  Minimum S

= Tinm

of dielectric
structures with
realistic low-k
materials were used
for keff calculation

% Bulk K EFRIEZO0.1TFIF1=A5.
keffDEEFRECICIXFELL

<2009,2010,2011>

Assumplions Assumplions Assumptions pti

CuDBheight =30nm CuDBheight = J0nm CuDBheight =30nm CuDBheight = 20nm
Hardmask height = NA Hardmask height = 35nm Hardmask height = 350m  Hardmask height= NA
Yia height = §lnm Yia height = B0nm 'Via height = Binm i 7
Trench height = 90nm Trench height = S0nm Trench height = S0nm
Minimum LIS = 50nm Minimum LIS = 50nm Minimum LIS = J0nm

<2012,201

rl Bl = 20nm
I-Imtr_mt height= 20nm

Trench height = 67nm
Minimum LIS = 35nm

Assumptions

CubBheght = 1m  CupBnagn =1 <2015,2016,2017>

S Hardmask height = 150m  Hardmask height = 15nm
Assumptions Via hei Via height = 43nm
Kp,m =40 Kp.nm =135 Trench height = 48nm
K tardmazy = 30 = NA Minimum | /& = 25nm
K,, =25 ; = 24(01)
val Ko
Kiponesy = 25 K.mh} = 24(-01)
Kg =291 K =261(2.72)

Ky = 2200)

Kyenety = 2.2(-0.7)
K =2.36(2.48)

<2021,2022,2023>

CuDB height =10nm CuDB height = 10nm B Yeig =7nm CuDB height =7nm CuDBheight = Tnm
Hardmask height = NA Hardmask height= 10nm dmas Hardmask height= 7nm Hardmask height= 7nm
Via height = 32nm ‘Via height = 32nm Via height = 22nm ¥ia height = 27nm
Trench height = 36nm Trench height = 36nm Trench height = 25nm  Trench height = 25nm
Minimum LIS = Minimum LS~ = 18nm

Minimum LIS~ = 13nm Minimum 'S~ = 13nm

Assumptions Assumptions
Keuos = 26 Keuy =26 Kouos =24
= NA K i = 2.3 K ety = 23 o K ity = 21
Koy =20001) K, =19 Koy =19 Ky =18001) Ky =17
< L kE Fﬁ ﬁﬁﬂ-ﬂ- w*ﬁmwj > K"_ﬂ‘ =20(-01) Khudl] =19 Khﬂ'ﬂ =19 Ktnmﬂ =18(01) I([m‘“1 =17
OW-K/E8]] ; K  2102)  Kuuseerws 26 Ke =220 Ko =920 Kyegnr 24

STRJ WS: March 6, 2009. WG4 Interconnect 14



ITRS2008 Low-k Roadmap Update (Final Version)@

4.0r
b
Q 5
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c 33s7-3.27
= - 2.60-2.94
& - A
s 3.0ET - D
_—
@) i l -~ I
8) § L= <L
5 2.5F
O | Da
@ ! /QJ’I‘/'/;,
3 - €
A 2.0
o 5
2 -
o 1.5 Manufacturable
qq_) - solutions Red Brick Wall
quj i are known (Solutions are NOT known)
1.0 '

08 09 10 11 12 13 14 15 16 17 18 19 20

Year of 1st Shipment
© EFEDLow-k#H D & ERMAERE (RUEE) M5, Max. Bulk kK[EZ0.LETS 7155,

keffDETEHFZRIZIZRELL-EREMWIZLow-k O—F<vy7£2007FELEELL
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ITRS2008 IMZ#REA E 7 Z/E (Imax )Update CLD

100.0
- Inv.BIERICHERBISNI-ESHR
NE (IMESIR) NS EHERBELXEHE
O .
S~
<§E 10.0
c X IMECIRDFHERE E (IJmax)
X =f (Cg-Wg =N+Ci) =Vvdd/(Wi-Ti)
b
X 10 | —E
E : T \ ITRS2008 Cu i
Illlﬁ :IDMCDJused)i'I‘*
01 :éir;ﬁ'CFittingFl L AlCu | Cr|t|cal poin ‘ :i
2005 2010 2015 2020 2025 max 1
E}E‘Eﬁﬁé‘fﬁ (ZOXXﬂE) Intermediate
-Minimum Tr width (W_....): L. Wire _E
NMOS Gate width= (ASIC Half-pitch)x 4
PMOS Gate width=(NMOS Gate-width) x 2 ﬂ Fan out =
-Circuit Tr width (W,): N=4(3)
Wy =Winin X 2(8) 20084 E(Z. ITRS System & DesignTWGGJ_E
-Gate capacitance(C,): Updated Cg Andrew B. Kahng E@QUCSDDERZZS#EI(C ul

-Wiring length (L,): IM-Pitch x 400(200) C yo00rErE IJmaxEtE/N\SA—2ZEUREICRELRA.
-Wiring capacitance (C)): Updated k * | B/RMICIFImaxITFREEILLL

STRJ WS: March 6. 2009. WG4 Interconnect 16



[EM Crisis_/~##F1E (32nm tEH1CLIEE) [CLBEM Fmm DIE T @

electron

>

Cap layer D Extrusion

Stop layer

Barrier metal (BM) Void
1}1\%2'&\‘& . °o® 00..
B 5gb d ? 1 - s .
Deﬁ anb+ 1__ ng+§| — + — D|o+_Dso
W W L
D.B/C A
NILY HLF Cu/BMRE @ igﬁqﬁb

« BREBE—ETCHAELAOEZEEXRICIVBBRIBEEBICEMERNET
(Yokogawa et. al., 2004 Stress Workshop)

o WHMEEELICCU-DBREDE|IEHEML, BEIETIRAFEBORDICKYEME
ﬁbﬂ&-F(C-K. Hu et. Al., 2006 Microelectronics Reliability)

o Low-kETITEEERNETTB=HIZBack-flowzhEH L. DriftiEEIIEMLUEME
IET(vy=vey + Vg = £ (Z*e0j — R-A0/L)

o b EESICHIIEELMMIEL, AIRILEOEZENEMLTEMFRMNMET
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EMR (Electro-Migration Resistance) 7—X Z—1&#% STRJ_

1000 F <CoWP-Cap>
PeA E CUAI
m 'S 100 }°° Alope = :M:
= = - @ A4 EM improvement <CuSiN-Cap>
& — - 7 4 efficiency ,,
O «— 8
koS 10} .
E \I._/ : CUSIN(B) <CuAl-Alloy >

0.0 0.2 0.4 0.6 0.8

BRESh-BRERIER LR E
(In(NRR) (width=120nm))

BfRiE EROIFIEEMEEEENDRELXMILTES
EMRT—X4—7OtRELTIE, COWP-CapHNEH HTHAM. BETIELS

PLELPALRMICE AR LR G TEST0ERAELFRICERFTSINTEY.,
20094 EITRSHETICM T TEMRT—RA2—D1&EHE1ToTLK
Yokogawa et. Al. IEEE Trans on ED. 2008% (-4 %
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T BN E  EBDBREIFEP L Y5+ LD

= APYITNAADAV2I7MEIMDERIS. FEPEDRMDIER.
Silicide/SiStEILA T 2ZFEP, PMDIZLIIE(BMEZ =TSV 889 )2
BWCHSAIEIETACLTEE

= PIDS(RUFEP)HDS., EFEIBM(Rtotal )\ D3%ZI2I/7MEMEL TEF
BIDIBRTERITD, 20095 E. PIDSHSDIBIMANYIDIRTET
3T War2s7h0ERAMRSREERE(Cu. Ru. Co etc.)kiliDTHEM %

;%175
\ Inter-
connects
g m— W Include
X Resistance
» of Via

Contact Resistivity between
Metal and Silicon

FEP: Below Metal, including the interface of metal (silicide) and silicon
Interconnects: Above the interface between metal (silicide) and silicon
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s 563/ 4 SAir-Gap £ BI/H (2006-2008 IEDM, VLSI, ITC, AMC) €1111D

32 nm(keff<2.5) 22 nm(keff<2.2)  15nm (keff<2.0) | T |#EaEy) o5

& i ET
T e
: AEREMEMEN
NXP 1 Keff=2.5 yAN X O
TDP , HM:SiOC Removing SiO2 of hybrid(SiO2/PAr) by HF Vapor
Philips A X O
CoWP mask & TDP(400C 1h N2)
HM:CDO_,TD_P
. X X
. : Keff=2.3 (litho | (litho
Infineon X 1 added | added
Etch & selective ozone TEOS on TEOS depo. . O) : O)

MS&Cu barrier:SiN

1x Self-Assembl
IBM

M1:No-air gap (because of short wire)
M2-M4:Self-assembly scheme, O2 plasma & dil.HF
M5-M10:Optical scheme

—

8x Litho

2x-4x Litho

x |]O | O

oo . ) ) X X
Etch & SiOC etching using CoWP Mask :

. n iSiOC:k=3.0’? (litho (litho
Panasonic Keff=1.9 @65nm DR X added | added
= :0) :0)

S i X X
. . | CF4 etching (litho (litho
H|taCh| "annnn SIS No air-gap at via to avoid miss-alighnment issue X added added

‘ : ;O

St TULVAAS,
TFEHIE MO, #HWEEDIET. BorderlessH Al (EHhEXUIZKDCUBHAHRT) G
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g st~ 5 ZNir-Gap APAS BT D12 STRJ

o JOtRABE ek
CVD GapA = —B&EIZ)V/mT
T | X seEmanz
A.GTEiE D
ek | O mrpmoae

X GapiRD /N 32—
Layout AREFHEHKREL

ZRE—HR

O paa

s AGHEEMHR

A8 o B MELRERS

xAGﬁﬁw
[RE M TS

TEH

Layout

TREMIEMNADEL, SHEMIRE. LayoutFlFID 730

Air-GapBEC#RIZX T DFRFEMNLE
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X FER—IE# K ENIr-Gap BT O DEFE STRJ

Through-hole

~passivation

Multilevel interconnect by Through-hole opening Removal of organic films
hybrid process

I | O Air-GapZE—{EM AT EE

- . MR | O Air-GapZ 2 fais [ B IR AL
-------- : © Through Hole / Chip Ring®
———————————————— Layout | | ayoutidi{t CHREREAE

Ar__ . e -ARIERRREAshing DBIF
AR Through Hole® #t 1L £ i B 5
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Carbon Nano-Tube (CNT) Technology &I

H EFHELDRICKOIBHMHECUERICE THERLA
B CuEiR DML ICKASEMEFEM S ILEREZR R (<IETMA/cmM?2)
B HHViafTECuBt B DSMEETEM N LILEHRER R

<CNTOERBHZA) V>
© EEHh :BallisticfzE(600nm~4 u mE)
EF1b#E$Hi:6.45Kohm/tube
© EERFEE: ~10°A/cm2>>10"A/cm?(Cu)
© B zEHE : ~1300W/Fm(D)>>400W/Fm(Cu)
© =H#M4E : ~1000GPa(W)>>130GPa(Cu)

==
£

M.Nihei et al., ITC2004,pp.251-253(2004)
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A.Kawabata et al., ITC2008,pp.237-239(2008)
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More Moore More than Moore
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&= 70—\ )LECHRIC(E, o H—...
Hitbdlow-kikZd ! | EBEM(TSV)E |
| FECHR CHEERRtE L ANTAYZTFT R
RC1E ik BB & {TiE R RFTHRZ ! A”TIL—13 T
HEBHEX -1 iteez
1FyTT!

STRJ WS: March

6, 2009. WG4 Interconnect

27



Geometrical Scaling Equivalent Scaling D
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(EMEELHIEIIR
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CMOSAVINFT N

Functional
Iversification
Heterogeneous Integration

Multi-chip Module
(ex. Sensors/MEMS on CMOS)

(i S SRR
(CNT/Graphene)

More than Moore:
Heterogeneous technologies

M.Niheiet al., 11TC2004,p.251 (2004)

Resistivity [uQ cm]

G.Steinlesps 1.47, p.123
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J0-NIIVEREED
SRR, BREEL
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N.Nakamura et al., ITC2008, pp.193-195

.......

Air-Gap ==

LS ERRANRTRRS 5—3

20064F £ EAMIRAIZOS /M RIRES

EERET ANy

......

-------- - W T FOE
- e il 7 e e T e

el Ll

-

~UREFEEY

Jresne— :"

(]
“
-
[ ]
-
-
A
g

----------

i e lear

e

Intel Developer Forum (2005) Spring
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A.M.lonescu., INC3 (2007)
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TSV FEHE G 1 ERNGEDEASF D

TSVEMTOA—F<yTERICHITT-REWGCEEH 7 TEFH/ER (6/12) L. BL#R
fITIX, A4 XDINSLTSVER— YR, Difficult Challenge¥>Potential
SolutionDE R EBERTEHMEBEL. 7IVr—2a  EEREREDEEET
(FEEZAHNH T, (FERT—TILITHEEWGKY 124)

KTRMETRIK
=]:p P 77 r—ay -
EiE EvF RS
" WBDKES CMOST A=t Y — 75 um | 150 pm | 100 pm
4 HEEXEY
t DRAMFE/E(ex.DDR), FLASHIE/E | 2> MM | °OHm | SOum
E RTTHEIE Logic-SiP
i Logic-Memory, Logic-MCU-Memory | 25 pum 50 pm | 100 pm
RF-SiP
AC ¥Rl >10 um
(FO—-NVEEORES) MPU, SoC <2.5pm | <5pm ~50 pm
/V
o

CCHEMRWGOIRSEE. LA, ITRSEEDEEICIZIELLTLN---.

STRJ WS: March 6. 2009. WG4 Interconnect 32



Interconnect HDTSV Roadmap IR
“enabling terabits/sec at picojoules”

 The Interconnect perspective - examples:

— High bandwidth/low energy interfaces between memory and logic

— Heterogeneous integration with minimal parasitics (analog/digital,
mixed substrate materials, etc)

— “Re-architect” chip by placing macros (functional units) on multiple
tiers (wafers) and connect using HDTSVs -

TSV ‘
g———— pi DTSV = Diameter TSV via
@pad ST§:V ? = Aligment tolerance (3 sigma)
< S ] @pad = Minimal size bonding pad for TSV
2 ) Dpad = BTsv + 2?
: STsv = minimal spacing between pads

[} M Od e I aSS u m Dti O nS : Drsv ﬁzz z Pitch electrically isolated TSV connec tions

— TSV diameter limited by silicon
thickness and TSV Aspect Ratio:

— Pitch limited by TSV diameter,
misalignment tolerance, minimum pad —

—

S p a,C i n g Die/wafer bonded with TSV die/wafer

Hsi = thickness
——— | — FEOL layers

and
Si substrate

I BEOL layers
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Interconnect HDTSV Roadmap IR
enabling terabits/sec at picojoules”

-SEHBLENIF. HDTSV Pitch=3.3um(@20085)
TSV Pitch#% X 0.9/ 25E0)R—R Tt
iR T T BIC I TIN—B{ELTHSTSVEERK

TSV roadmap - Wafers thinned AFTER bonding

—— Minimum contact pitch

- <O - Minimum bonding pad

Dimension (um)

Yo —O— HDTSV Pitch (um)

N
o

VT 0o - <> - HDTSV Diameter (um)
1.0

—X— Bonding overlay accuracy

0-0 T T T T T T l
2008 2009 2010 2011 2012 2013 2014 2015
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O7EEIZER#HFILEZ T THRETLI=IMax3BIZIZDLNT ., ZDETILINGA—E2% K
VIREMLZEDICRELI-MN, O7TFEFEREXRSLHEILLEL

AOYITINA ARV AV MERDEZREFEP (WG3) LD EmZ &AL THHREL
(—EHWGIEIPMDLIEE :BMEOH =TS & 5)

TSVEMOO—F<TyFERKICH T, & (WGT7) LD ERZEL TEREWGH H/ N —
T RELEEH AL (=5 O0—/\)LER L E  Pitch<<5um)

<0OFEEIZRITTHOERENFE >

[EM Crisis](UmaxZHTldFxHELZVEREEEDOEH) =2 (T/-=EMRT —X 42—
Tt Xt

AT INARARITAV 2 MERDBRFTWECH LD ARYIIRREZ(T . WITST D
AR RS ZFBfiTdPotential Solution®FkULVHEL

HDTSVOEFESINST TV r—a O EEREHR DAL, Difficult
Challenges¥®Potential Solutions D MM SHEHHMTDELNEL

More Moore (ex. Air-Gap, CNT) ZUMore than Moore(ex. MEMS on CMOS) M
BT EIRFHE D
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