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A & SIRY

3D: Three Dimensional Integration
BM: Barrier Metal

ALD: Atomic Layer Deposition
CNT: Carbon Nanotube

EM: Electromigration

HM: Hard Mask

ILD: Interlevel Dielectrics
IntermediateEe#R: & fEl B ECHR
Jmax: R KFFAEIR

Low-k: {EEEE M

MCM: Multi Chip Module

RF: Radio Frequency

SM: Stress Migration

TDDB: Time-dependent Dielectric Breakdown
TSV:Through Silicon Via
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REHBDOEYFRLUER (ITRS2007) Production Year

2007 | 2008 | 2009 | 2010
was |[M1(nm) | 136 | 118 | 104 el

iIs [M1(nm) 118 | 104 90
was |[IM (nm) 4 140 § 118 | 104 90
is [IM (nm) \. 136/ 118 | 104 90
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Work in Progress - Do not publish STRJ WS: March 7, 2008, WG4 Interconnect 7



TERIIE DT - RCEIE D HS STR)

RCEEDEBDTvI T A+ . FLRfE = ORCEZ D #H

% —e—ITRS2007 BR#ELL —*—Metall EFHELZL f
7) L S =
£ 45 ITRS2007 EFHE.HY 50 —#—Metall E%ﬁ&jm‘) -

| — 1 Y N . Intermediate & FEXELAL
jm 40 ——ITRS2005 EFEELAL @ Intermediate & F&ELHY
S 35 | ITRS2005 EF#E.HY | = 40 | —Global EFH#AELL -
S ITRS2007|  # —o—Global EF&EHY
< 30 O
() o
E 25 e 30
o ITRS2005 m%
£ 20 BT HENE z
% 15 % 20
£
- 10 LT

5
0 Lloza—e  22¢ Q+cm 0
2007 2010 2013 2016 2019 2022 2007 2010 2013 2016 2019 2022
Year Year

HIR-FRETHOEFHEICKYCUDENEMEMN LF

Low-kKIEDFIEIZKYRCEENHER D F R LYK

Work in Progress - Do not publish STRJ WS: March 7, 2008, WG4 Interconnect 8




Cullow-k B o txpBEHlEeE D

[1] CuBigfR BT
® T/E () CuUF T UEREERLDT=b D Trench/VialI~®D
Void-less BM/Cui & A& & E DK
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ITRS2007 5T - \STRI
B SBEHS B F-Low-kiE i O BIS B IE

90 nm 65 nm 45 nm
Intel l — m] T
CVD SiOC DD (k=2.9) CVD SiOC DD (k=2.9) CVD SiOC DD (k<2.6)?
IBM T — -
CVD SiOC DD (k=3.0) CVD SiOC DD (k=2.75) CVD SiOC DD (k=2.45)
'F:.‘ E' rf.- -1-:_.‘ “% H
TSMC i — \eR Fa
CVD SiOC DD (k=3.0) CVD SiOC DD (k=2.5) YD s D
I r
Renesas — — -
. CVD SIOC stack DD )
CVD SiOC DD (k=2.9) (k=2.6/3.0) CVD SiOC DD (k=2.65)
' 5|
Fujitsu - — — 1910 2003-2006
. B SOG/CVD SiOC stack DD SOG/SOG stack DD
CVD SiOC DD (k=2.9) (k=2.25/2.9) (k=2.25/2.25) HTC
u IEDM
SONY VL
Toshiba PAr/SiOC hybrid DD PAr/SiOC hybrid DD AMC
CVD SIoC DD (k=2.9) (k=2 /2 §) (k=2.3/2.3)

65nm it L. Low-k{EDBASHAVER"Slow down” &

TINRA—D—FDKEIZKEZZESDENELCTETLD
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ITRS2007 57T : 'STR] )
Low-k A—FyTRET

4.0 - TRS2007 **ereere Calculated based on delay time
_ ITRS2006 using typical critical path
2.87-3.27 S —5 : :

3.5 S Estimated by typical low-x
—( \ =  materials and ILD structures

2.60-2.94
A

3.0

oy
a
.....
e
L ]
"

L]
......

Effective Dielectric Constant; xeff

25 0 AN 1R

20 e e
_ Manufacturable AL/
B solutions are

1.5 - known

1oL —1—1 1

o7 08 09 10 11 12 13 14 15 16 17 18 19 20
Year of 1st Shipment

O FEZLXFHROMEA—I—ORRBIKRIZEH. Low-kEfiiTO—KF<y7F%“Slow down”

(Bulk kfiE: 0.1-0.4¥8h0 @2007-2023%, CulEfh LR R U CMP{REEB DKIE: 0.2-0.51&/N)
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ITRS2007 AT : 'STRJS
BCER/ NTA—ED k¢ [TXT DR

Cufiii B ILIE (FRIE : A KfE:C) | CMP{REEE or N\—FTRY
C — (HEE:BJ({IE:C)
D
B —

A: DCL-thickness
B: DPL-thickness Cu p Cu Cu
C: DPL(or DCL)-k
D: ILD(Trench)-k E

E: ILD(Via)-k [ ——
Cu

BCDE — Main Effects Plot (data means) for TotalCapa

DCL: Dielectric Capping Layer
=CMP{REEE or /\—F<T XY
DPL: Dielectric Protection Layer

=Cu¥Laipr L&

ABCD — 1720
CDE — 169

166

]

O

m

I
Total Capa

163

AD —
A ~ : © Cufi#B L (DCL) *CMPEER
ABCE — (DPL) DKEREEICH L TRLBEED
. BlV-6. BRI RV ViaBREEDLow-
0 {EERIFRICLow-E&EBIRIEN AL E
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ITRS2007 ZET STRJ
Cudhifs LLIEDKIESR B

Near-term
Year of Production 2007 2008 2009 2010 2011 2012 2013
Interlevel metal insulator — effective dielectri
Was | nerevelmetalinsuator - etfective diefectric 2.7-3.0 2.7-3.0 2528 2528 2528

constant (i)

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

Interlevel metal insulator — bulk dielectri
Was  |Mmterlevel metalinsulator — bulk dielectric 2327 2327 2124 21-2.4 21-2.4
constant (i)

Is Interlevel metal insulator — bulk dielectric 2529 2529 2327 2327 2327
constant (i)

Copper diffusion barrier and etch-stopper - bulk

dielectric constant (k)

4.0-4.5 4.0-4.5 3.5-4.0 3.5-4.0 3.5-4.0

Long-term

2.4-2.6

anufacturable solutions exist, and are being optimized

@ EE%?@E [h i-_l--d— 6 5'/ r_ ‘:ﬁﬁ . | Manufacturable solutions are known

Interim solutions are known | @

IT R S 2007 75\ b %ﬁ T: ‘h C U ?}Kjﬁt& Wj_.ltﬂﬁ Manufacturable solutions are NOT known _

Dk{ERangeZBARE~
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ITRS2007 4T : J,.., StEETI \STRI

Inverter circuit (F.O=3)
Vdd -Minimum Tr width (Wmin.):
- Cg*Wg NMOS Gate width= (ASIC Half-pitch)x 4

PMOS Gate width=(NMOS Gate-width) x 2
= ~Tr-width (Wg):

Imax Wg =Wmin.x 8
I: Ci -Gate capacitance(Cg)

-Wiring length (Li): IM-Pitch x 200
-Wiring capacitance(Ci): Updated keff

Fan Ol{t @

N=3 g Average current density of IM-

Intermediate
cg*wgi'\ﬂire

N —.

interconnect( J,..,)

i —

= f (Cg*Wg *N+Ci) *Vdd/(Wi*Ti)

HEETILIIEELRL
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ITRS2007 AT :J,.. A—K2vyTekET STRJ

n-chip local clock (MHz)| 4700 5063 5454 5875 6329 6817 7344 7911

Was Year of Production 2007 2008 2009 2010 2011 2012 2013 2014
On-chip local clock (MHz)| 9285 10972 12369 | 15079 17658 | 20065 | 22980 | 28356
Is

Was

Is

Jmax (A/cm?) 2.08E+6 | 3.08E+6 | 3.88E+6 | 5.15E+6 | 6.18E+6 | 6.46E+6 | 8.08E+6 M=
Jmax (Alcm?) 1.00E+6 | 1.20E+6 | 1.37E+6 | 1.72E+6 | 1.91E+6 | 1.85E+6 | 2.25E+6 | 2.57E+6
1.E+08 15 1.E+08 15
§1.E+07 10 £§1.E+07 10 3
(&) O L X3
< S = “"’"QQDD 3
> >
S 1.E+06 u 5 8 S 1E+06 5 8
- ¢ Jmax i ¢ Jmax -
O Frequenc [ Frequenc
LEH0S 0 LE+05 L 0
0 20 40 60 8 100 0 20 40 60 80 100
Intermediate half pitch [nm] Intermediate half pitch [nm]

FRIRBOBRUINENL=6. I,  HKRIBIZET
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ITRS2007 5T : STR)
SERDI, . DRBELLFRE

® FERHMOBFIAHEN, I  DEKRELFFISN,
EMMR LT EKIIHERIVEER,

® — 5 T.MMIEICHIEMBIELEAR,
sFon o< (BoiRig) s

(S. Yokogawa et al., Stress Workshop 2004)

S&.EMERMEEEFELLTREDE NN &K
[EORRRERT -OIC, KYFHRGETIL
DIRFIMEISHESDE,
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Air Gap Zir-BiREEH STR

32 nm(keff=2.5) 22 nm(keff=2.2) 15 nm(keff<2.0)

e
ANINANARA

TDPZ{E>Tair gapm Hybrid(SIOC/PAN#E&EZ R \HFA R CHREA S —ESiO2k %
HM:SiOC
Keffag i £
Philips
CoWP mask & TDP(400C 1h N2)Z{§>Tair gapfé
Infineon Keff=2.3
Etch & selective ozone TEOS on TEOS depo.Tair gapfak
MS&Cu barner SiN
S Keff 35915 ﬁ 1
I B M M1:air gapFE (EdRRAELY) 5
M2-M4: B CE@EIEMER. 027’77<7&#|%HF-6
air gapﬂ?ﬁi
ME I\A1ﬁ = 4 ij (b == 3 H
CoWPR R4 Tetch & SiOC depoTair gapfgik
. . SiOC:k=3.0?
Matsushita Keff=1.9 @65nm DR
SIOC

Hitachi

FRFEKIZS SAir-Gap H i
CF4etchizkbair gapf - Bj/a] (2006-2007 IEDM, VLSI,
. ITC, AMC)

MR P TESLDAIr-Gapf BT EAERICERE SN T LAY, TIEHIBINAC, Borderless A a]

(BEHEBAVIZKBCUBHRAATANGE  ERIEDT-DIZHERT REFEMN S
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Borderless-Via/ZxfiL f—Aerap;ﬁ/;'é‘jﬂt'X(llTCZOOU  STRJ

TDP(ThermaI -Degradable Polymer)
HREZFHA

Hybrid(SiO2/Polymer)i&i&(Z#H LT
HF VaporlZ&k4SiO2kE%FIA

HAB
S

2) Metal 1 lines in Si:.

||%| m_nd-ncz-g'-

;:I"" EE Eﬂ EE AR 10 MMemalExation ' : _-.]
3 Inlermedizle HF  diffusion i}y Final step: air cavities are | A2 Via Tt -+ e -

hoth ol metsl 1 and 7 '

Fig. 2: Schematic integration schems of a two metal level inferconnect stack

ERNE ALY EEN

Fig. 5: FIB-5EM cross-sections in a combyserpentine structures before (lefi)

3 4 e 3 ¥ .
amd after (right) air cavities simulanecusly introduced at M1 and M2 .
M AS. HAl depositien B4, OFL |
A5 q - Adler Y eatment . - -
AdEr HE inentment : Figure 4: Dual damarcene 4G infegratiion scheme (gt compared
T — e . against a Enown 45nm dual damascene low-k infegration schema”
300 & (right). Wat cleans omined for chariy.
= 5
= =
£ == g*
g 5
_ﬁ- 200 S-ID
-1
51
i) JI.EI o (o] O 00
- B L] O =
Lim Ry (mORmeirm Lin Rew fmdfunsue

Fig. 6: Lateral coupling capacitance (left) and leakage curmrent (right) =
fiResistance) in a comb/serpentine structore whene pattems ane completely

isolated with air cavities.

L.G.Gosset et al., Proc.of 2007 IITC., pp.58-60 (2007) R.Daamen et al., Proc.of 2007 IITC., pp.61-63 (2007)
(NXP Semiconductors, CEA-Leti, STMicro et al.,) ) (NXP Semiconductors, Dow-Chemical)

= 3

TieEM D ir{Borderless X I RIBETS MY, HF VaporlZ &2 H#ED —1EKREACPolymerD B —

SETOLAOERBRFEREICHY. T0EADEBRIEORECEZBIELE-EAERFANVLE
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ITRS2007 47 (R#HiTRE) D
Difficult ChallengeD L& DIt

Geometrical Scaling Equivalent Scaling Functional Diversification
TIEQWRE | ENaHHE RED ZHR1E
A2 LERH
ALTLES= Post-CuMf#OCNTT| ERICHEEE
NYTZ AR | BhBEEREE A
Eﬂiﬂ:ﬁmli ! EREMEHERE ! l
+ SHET
%E’f%ﬂi@ 9 B—/\)LERRICIE, AAYFUITRF
EmL T Li')=> FUERM, XR#T, toY—. ..
EirdlowlbE ! | EiE - BEAIKE ! |
| ANTOYZTFR
RCIE R £, AT9L—3>T
HEBANEX M- Zx
FvIT!
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i F7)DEGLES
(R R - | Lol ]| | B8 cxLE—

CMOSAVINFT N
Geometrical Scaling Equivalent Scaling D

Functional
Iversification

ReERERHR|  (EEmEecnT, 288) | ~rov=rr L FsL—vay

7 7 &
:? » ~ —

6 - }ba a j f/l )b
'g' 5. | :.; FERT | GHART
g, my pwwn tmwe NMore than Moore:
2
=
Z Sofain g BETEEECC | E &6 &F &
[}
e 2_boundary - ;

1 Ty M.Niheiet al., 11TC2004,p.251 (2004) : 1o\

T - AEBAR
0 ;
10 100 1000 e
Line width [nm] LS E RADRTRES A=
G.Steinlesberger et al.,”Solid State Electronics, 2002, Vol.47, p.1237 20064 F BAMIRAITOS /bR E R

MEERAOHHHEAl | so—/EREoEER(L
(TSV-3RTTE#R )

#
# ; ’ FJ 'J
r &

vl VL S
[rem e — = v /3 g | i
E-. -
i
Lot e S M

’ﬁﬁr —F 4 —

Fig. 1: SEM micrograph of air pap stroctures etched between
adjacent metal lines and clesed by selective ozoneTEDS
deposinion. The depth of the air paps iz dafined by a nirmids exk
st0p Layer

Z.Gabric et al., 1ITC2004, p.151 (2004) Intel Developer Forum 2005 Spring

A.M. lonescu, INC3 (2007)

Work in Progress - Do not publish STRJ WS: March 7, 2008, WG4 Interconnect 24



STRI (TR
Breakthrough in Interconnect

More than Moore
10pm \ | | _ Heterogeneous
MEMS Integration

x : GSM Frontend,
3D- Optical

@@; - kagi interconnect RF-1D Tag,
6(?/7. FEECTIC L Wheel Speed,
Y /OQ/ V4 \'“ 6‘@/} Phone Camera,
: ’soi]" 1 ChL U, 3D Accelerometer,
%, 3, S RF-MEMS Switch,
/,)7 9’@0 (@,/. | e /l/%”’ Inkjet Head,
10 %0, ~ 8y — S, — - /> 8. — Ultra-Filter,
e 6\@/ | /};) \ Lab-on-a Chip,
Q /7/7 - Nano-Syringe, etc
1n I'TIG(O —/7{ / —Lc?ﬁ /; —Ob@ . AN| . Q
1960 Pepln, M 2020 BEYQNE CMIGS
@ /‘C /7(
&
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ITRS2007 57 :3D 4079 b—avIZm) T 1-HRER:

“New Interconnect Concept and Radical Solutions”

GeometryIdIZ, 3R TFTICIEIZRITT-BRE&A T ar Bt nE

Table 84 High Density Through silicon via (HDTSV){t:#% 380

Year of Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
DRAM % Pitch (nm) 65 57 50 45 40 36 32 28 25
MPU/ASIC Metal 1 % Pitch 68 59 52 45 40 36 32 28 25
(nm) contacted
MPU Physical Gate Length 25 22 20 18 16 14 13 11 10
Min Interlayer HDTSV
Contact Pitch (um)
High Density 3.2-50 | 29-44 | 26-3.8 22-34 | 20-30 | 16-26 | 14-22 | 13-20]| 1.0-1.7
HDTSV diameter (um)
High Density 16-25 ] 14-22 | 1.3-1.9 1.1-17 | 1.0-15 ] 08-13 | 0.7-1.1 | 06-1.0| 0.5-0.9
Max via density (cm-2)
High Density 9.77E+06 | 1.21E+07 | 1.53E+07 | 1.99E+07 | 2.31E+07 | 3.91E+07 | 4.82E+07 | 6.10E+07 | 9.61E+07
Min Face to Face Pitch
(11m)\
High Density 5.00 4.38 3.83 3.35 2.93 2.56 2.24 1.96 1.72
Max Layer Thickness
High Density 7-25um | 7-25um | 7-25um | 6-20um | 6-20um | 6-20um | 5-15um | 5-15um| 5-15um
Total Thickness Variation <1um <0.75um <0.5um
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ITRS2007 57 : HDTSVIZEA9 AITWGTODER

« 3D/ TSVADEMEA:EiE. BEHEWCHIREIZIE?
Before vs After Passivation @78 ¥>75A0
« High Density®E&H(L ?

Low density
TSVEYF

#sv& 1/2EYF

[ OO0 O

High density

Low density
IR T AT INYRIZEHDED
*MCMTRIRTETLHHBEEICEZRD | Vertical Inte.

%):EJO)—G, ﬁﬁgﬁilzoﬁhié DDDD‘EIEDEIDDEID o

) ) [ | |
High density /) |
.@Eﬁ.m-\éﬂ}@gaﬁ opoooolooooooloo

*MCMTIXTELG > T-1#eEZEH

Low density&High densityDIEFR : TSVE=50 £ mTLMWIH ?
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