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IEDM 2006 32nm BEOL Short Course - Bob Wisnieff / IBM

Did not happen in 32 nm to 10 nm Happened in 32 nm to 10 nm

L CUieslsianes: ®. "1 | 1. Porous PECVD-SIiCOH (22 nm
1. Minimize barrier thickness 3 BEOL)

2. Maximize Cu grain size
. Capacitance:

2. Air gap
- | 3. Electroless deposition of

1. Spin-on dielectric, SILK : CoWP
2. SILK Hybrid low-k process u 4. ALD-TaN

. Carbon-Nanotube

. Superconducting materials

. Supercritical fluids for cleans
and strip

. ECMP

. CVD Cu Seed

. Direct electroplating on Ru
barrier

. Electroless plating / seed repair

Not mentioned, but happened.

1. CuMn alloy seed (32 nm and beyond)
2. CVD-Co wetting layer
3. Selective CVD-Co cap
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Understanding fundamentals of these three

i . Reliability com ponents
(Line R, ViaR, C) (EM, SM, TDDB)

\ / Innovation to achieve these three s

" ovmnes [ EEOUS)
Defects, Yield
1. Common approaches

Innovation to achieve these three simultaneously 2 |n Nn Ovative ap p roac h es

Fundamentals that we need to understand
Line Resistance
Via Resistance
Capacitance
Electromigration
TDDB
Cu gap fill
Barrier test

RC Variation 3. Radical technologies (graphene etc.) &
ommon approaches | Prof. Saraswat in the afternoon

C
1 Stress-liner capped anneal for Line R
2.  Tall metal for Line R

3.  Self Forming Barrier for Line R

4 Lower-k integration and air gap for C
5 Selective Co cap for EM

6 Cu alloys for EM

7 CVD-Co, Ru for Cu gap fill

Innovative approaches
1. Integrated solution with alternative barrier
Co plug to reduce the aspect ratio of Cu

2
3. Alternative conductors
4 Alternative diffusion barriers
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. Technology Scaling and BEOL
. BEOL Challenges
* Tradeoff’s
. Potential Solutions
* Fundamentals
s Common Approaches
** Innovative Approaches
. Summary
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BEOL has started to void FEOL scaling benefits

Scaling Results for Circuit Performance PEED /| PERFORMA e Te al Proble
Device or Cireuit Parameter Scaling Factor 0
Device dimension fox, L, W 1/x / /
Doping concentration N, K 0 '
Voltage V 1/x //
Current / 1/« . — . onne do
Capacitance ed /i 1/x (| Gate wi Al & SiQ2 /' i
Delay time/circuit VC/I 1/« = 20 : Iy — ' 5
Power dissipation/circuit V7 1/« - A |amwi Cul I :
Power density VI/A 1 ===
i — —
Scaling Results for Interconnection Lines I} 2 /
Parameter Sealing Factor o C— +—
Line resistance, By, = pL/Wi K 0.6 0 § 0 0.18 0 0

Normalized voltage drop IR, /V
Line response time [, C
Line current density I/A

O

Scaling factor of Interconnect is no longer k, but nk (n>1)

Interconnect RC started to dominate the delay.
It started already from 10 nm CMOS.
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15+ year continuous BEOL innovations

Scaling (Miniaturization):
A °Moore’s Law: Circuit density
e Dennard Scaling: CMOS performance =

11 ﬂ!

*otal Gate

: HiK
"l _UT-sOl/FinFet

Strained Si

. Metal Gate
HiK [ Metal Gate

Strained Sii

Performance

Copper Wiring
Bulk Silicon
Alum. Wiring

e Bulk Silicon

Time
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BEOL has started to void FEOL scaling benefits

/ Tradeoff’s
/ WAl  Reliaviity |
_[:*;ue .-s-[msauz / ¥ s
32 o b i Ceeinilie s
e \‘\Q, % /
- Gt ‘-:THL* / s 10 c e ‘

Scaling factor of Interconnect is no longer k, but nk (n>1)

Interconnect RC started to dominate the delay.
It started already from 10 nm CMOS.
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. Technology Scaling and BEOL
. BEOL Challenges
s Tradeoff’s
. Potential Solutions
* Fundamentals
s Common Approaches
** Innovative Approaches
. Summary
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Tradeoff between Line R vs. EM

Losing process window per scaling R A —

3 it to exdend PYD TN bomier e ity (EM, SN, DDD)
= need a new barrier system

Scalin
Process Window Defects, Yield

Cu

Line Resistance
alwiyayIm uoneiBiwoss|g

Line Resistance
auwijesl] uoneibjwolydoe|a

Barrier Thickness

Barrier/Liner

IEDM 2015 T. Nogami et. al

2 s Thicker TaN
| VIdM2 i ”
24 S \
; £:1 Thinner TaN /. 2w K
Reduce Line R =» Larger Cu Volume | AN (FEDY E :
. . g E:z }/;‘*zé %’%ﬁ) = \i__’___)
=» Thinner Barrier € Poor EM &1 7 FE =l yimmerTan
E:_ /‘ /,f Bﬁiqtg’erTaN | e
g EM TTF 'J | LineR
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6?}_ (8 ol D . : g
e o —{D( % )—n—Z e,Q}}] p—
or \o %' kT X '

i Z epjL = (20

Vo = %Z epj — D(1 an o) = —{Z epj — (Oa'cyx)} C. K. Hu et al., ECD 2000

Low Via R = Thinner Barrier at Via Bottom € Insufficient EM Blocking Boundary
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Tradeoff between Cu Gap Fill vs. Line Resistance

RC Reliability
(Line R, ViaR, C) (EM, SM, TDDB)

Resistivity (a.u.)

"~ 1000
Cu Area [nm?]

Cu Dual Damascene BEOL requires a Wetting Layer in addition to Diffusion
Barrier.

Barrier Layer + Wetting Layer occupies significant volume which reduces Cu
volume € High Line R

2015 Dec. 6 © 2015 IBM Corporation




| Tradeoff between Cu Gap Fill vs. EM Reliability

RC Reliability
(Line R, ViaR, C) (EM, SM, TDDB)

Defects, Yield

Wetting layer - #1 Wetting layer - #2

Stressed at 300C

I

20/ hrs

Wetting layer-#2 shows a higher potential for Cu gap fill than Wetting
layer-#1.

However, the line R increase during EM stress test suggests a faster
diffusion of Cu at the wetting layer/Cu interface.

Cu Gap Fill =» Better Wetting Layer —B € Poor EM Reliability




approaches and Innovative approaches for 5 nm BEOL

Understanding fundamentals

Fundamentals that we need to understand
Line Resistance
Via Resistance
Capacitance
Electromigration
TDDB
Cu gap fill

. . Barrier test
Innovation to achieve 1. Common approaches
. Common approaches
these three simultan GOUS|y 1. Stress-liner capped anneal for Line R
. Tall metal for Line R

Self Forming Barrier for Line R
Lower-k integration and air gap for C
Selective Co cap for EM
Cu alloys for EM
CVD-Co, Ru for Cu gap fill

2, INpoveiive aepieaces

(] PP U AV \w J
Innovative approaches
1. Integrated solution with alternative barrier
2. Co plug to reduce the aspect ratio of Cu
3. Alternative conductors
4. Alternative diffusion barriers




" OUTLINE

1. Technology Scaling and BEOL
2. BEOL Challenges
s Tradeoff’s
3. Potential Solutions
s Fundamentals
. Line Resistance
. Via Resistance

. Capacitance

. Electromigration
. TDDB

. Cu gap fill
. Barrier test
. RC Variation
% Common Approaches
“ Innovative Approaches
4, Summary
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Fundamental-1

Line Resistance

Cu line resistivity, resistance vs. Dimension

J ¢ low AR
g # medium AR
high AR
—a + Hu[9]
E &
0 O Clarke [10]
%_ 64 — ITRS 2013
:‘Eh &
2 92
s
1]
N
@ 4
3 M
+
+Hd-
24| § 7 10 14 nm node T4 %
1':3%260 500 1000 4000 10000

Cu area (nm?2)

“Iow"

“medium”’

Cu resistivity is not just simply determined by Cu volume. IC spec is Cu line
resistance, not resistivity. That means we need both an acceptable resistivity,
and acceptable line area (e.g. aspect ratio at a given pitch).
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| Fundamental-1 | |jne Resistance

Surface scattering of MnSiO3/Cu interface

Wire resistivity, Simulation

{2} 10nm Cu thickness (b) 20nm Cu thickness (c) 40nm Cu thickness
= £ o 18%| F " 1% | §on 6%
E w ® Total Resistivity -E- 2 g %. 1w |
u - ot : 14 i TR
e Surface Scattering «sucsueins e o
_g | ) ® GB Scattering E’ i E : E .
E' . g 3 1 2 oa
= ¥ 4 Phonon Scattering On TaNTa On TaNTa On TaNT
=
2 s
= |
-‘E S & E ' TalNTa barrier
0 . . ;
4
é A : 5 ¥ W w ] 1 n ‘% »_ t N
4 6 8 12 -E ‘t_ _6‘ =3 : = &
Line Width (nm) b, |4%” *
: e - o
Surface scattering dominates the Cu resistivity. 3 Mn-based barrier

2 .
J. Roberts et. al, ITC 2015 Intel 2000 2500 3000 3500 4000

Cu area (nm?)

Lower surface scattering with MnSiO- than Ta
Y. Siew et. al, ITC 2014 IMEC

(1) Surface scattering is the major cause.
(2) Grain boundary scattering is the second cause.
_ (3)Larger Cu volume reduces the contribution of (1) and (2).
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Fundamental-1

Delta (Increase) in Line R due
to the use of CuMn seed (%)

1.
2.
3.

16
14
12
10

Line Resistance

Impurity Scattering and Cu Alloy

Relative decrease in line R penalty in finer dimensions

o N ~ O O

50

160 1I50 260
Line Width (nm)

250

w
o -
o

Difference from pure—Cu (%)

45

35
30
25
20
15
10

Il:"'ll
I

* CuMn1R%
" CuMn2%
* GuMnd%

50 100 150 200
Line Width (nm)

250 300

T. Nogami et. al, IITC 2013 IBM

CuMn alloy leads to <10% higher Cu line R, however,
The penalty is reduced to <3% in 10 nm BEOL.
Higher Mn % in finer dimensions with less R penalty.
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Via Resistance

Via R Component Analysis

250 ———
= [
CEL ; \ IIIII — I:aLiner
----- a =10nm
= 200} \ 2 _;?DN
[_.ZE i ;E:Jtrlstra‘te
— 150
E’ L
S \
e lDD_ \
& _
E 50 [ ~ R .
'z [ Bottom Material
o i |
0 2 4 6 3 1 13 Bottom Interface
Thickness of TaN [nm]
Estimated
thickness of
TaN at via- 2.2 36 3.7 601 7.2 7.3 9.0
bottom [nm]
a-Ta
C‘ryslz;lTPhasc B-Ta " T
oLAd B-Ta

K. Ohmori et. al, IITC 2014

1. R(bottom material) and R(bottom interface) are dominant R components.
2. Material design of the R(bottom material) is one of the keys to lower via R.
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Via Resistance

Via Interface Material due to Wetting Layer

" ef Mn 6E190 1o precursor
r.:.|_ ™
’E'ZU A~ *
51  fe18
: )T\
F1edT
- 7
100 200 00 4!‘.I:I L

Depl:h {I‘III'I} oxygen carbon
CuMni.7R% on PV¥[Ru

6
[+]
-4
(=]
=
3
(1}
Q.
(2]
=
Y
<
=
E
-4

CVD-Co formed on PVD-Ta CVD-

T Hn 4 = [ |
o 1 AR B e il W -"IEEIE H:l PMTE — : .(-C.u : T.aN-) —
;_‘ 11' m -1‘“5-5 im'» jiﬂ/\ ................. ELE-'_C:_E . ﬁi i‘z
= 1 = (I 7 SR e i | NI o
5. Ta e e AT I e/ AV
[= j \\ ser S : :{ [co].... Fs\\\\ \\ :'—'::: o EN\ \

: '".'m m“!; e | LN | M‘&R

e

DEP'H'I {“m} ° 100 20 30 40 S0 GO0 700 "n W 200 300 W0 50 60 700
Sputier Depih (A} Spuiier Depin {A }

T. Nogami et al, [IEDM 2010 IBM T. Nogami et al, ITC 2010 IBM

1. CVD-Co, CVD-Ru on Ta(N) may create high R material at via bottom.
- 2. Decomposition of precursors for Co and Ru may contaminate the interface.
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Capacitance
Dielectric (LK, ULK) materials

i5.

4.0

Calculated based on delay time

= MRSZ00Y == mm m L3 : Az ITAS adibon
E B = E _ uging typical critical path | & T
”3_5_232-315 IE ]:5 I§ Estimated by typical threeftwo 11 & . 2008
= Y 2 55-3.00 : g £ kinds of Low-k ILD structures e |
g : = E | o= : # & & & & &
£ 3.0 =
s = 2 :"I.. _____ o e i i s oo s o
o % E -:- : = {E} o & & & &
2 2 5 3 a5 5 o 9 @
% . % 2|:|.I . e A A& & :. :
2 20f Siay Hm. . bbb
; - |-‘l-| . B
b 1_5:— Manufacturable Manufacturable Satiei v
i lutions exi L
‘% - m:'r]eheing gpnl?rtr’ized R e e ¢ ; . .
1 1 | 1 L L " ﬁ
18 11 12 13 14 15 16 117 18 19 20 21 22 23 24 25 26 #f 1'3?' *P? A5 'F'L'-l 'F'ﬁr 'F;F

Year of 1st Shipment Prédicied yaar G Tmpiemantztion

A. Grill et al, App. Phys. Rev, 2014 IBM

Figure INTC1l Low-x Roadmap Progression

Source: ITRS, 2011

" ~ 150 different materials identified in the mid-90’s (spin-on glasses, fluorinated
silicate glass (FSG), diamond like carbon (DLC), organosilicate glass (OSG, SiCOH)).

“ Delays observed with ULK implementation due to several integration challenges.
“ PECVD SiCOH based materials are most prevalent today.
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Capacitance

Dielectric damaqge

HO OH . -
P W L o BT - DHE decoration eich
{or™y o |
H,O \ @ fJ OH
I-‘E'H_""'hn,_x v iy, i t},ﬂ :
j- IL f:{ 0= Sined}H EE.EE__ - —
— F_ HO ,[{/ ) \EE]
CHy=sin] ON :‘ﬁ \oE Y ~CH=0 E ==
¥ “'lf_'l:h ﬂ’. NG ""i. P i
ol _c}ﬂ O g.20 -
}_ | ]
l"i / :\ﬂ}iﬂ EHFB;'“: I b
= }’f i N § ~om i
Prizilne :')lj ..-.E E..“ 'j} T H s
= e “ 'Eﬂz
CH,

N. Inoue et al, lITC 2013

H. Huang, U. Texas Ph.D. thesis, 2012

Dielectric materials can be damaged by many steps in the process flow.

Damage results in increased capacitance and susceptibility to yield
and reliability failure.
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Ca aclitance FIB-SEM with DHF decoration

Plasma Damage in ULK: Capacitance Impact

4 High Porosity X Low Porosity

A4 No Co Cap
0.8
4 x — -
T 06 2 T 'gf
S N Py
e - g8 = O .82
2 04 ' P
E— x X /’\ ¢
& 0.2 ;
0 , . . Cu pre-clean
0 10 20 30 40 damage
Plasma damage
From RIE and PVD

Capacitance

|
; Damage from
' Selective Co

1/Resistance

D. Priyadarshini /Nguyen et aI [ITC 2014 IBM

The degree of damage decreases as the %C in the film increases.
Selective CVD-Co pre-clean damage on top. PVD liner cause damage on Sidewall

2015 Dec. 6 © 2015 IBM Corporation




Capacitance

Dielectric Cap

230 T+
" [ ex3
_ 220 N m k3.5 ®
H - AK5 i
L 210 1 L ®K7
: °
: 200 £ A
% r ® A
g- 190 + A
E 180 + B 4 . =
g - A - g * &
170 + 3 . . . .
: Fringing C
160 +———— .
0 10 20 30

Cap film thickness (nm)

A. Grill et al., Appl. Phys. Rev 2014 IBM

Total C

Metal height

The additional C impact of non-scaling cap thickness is that next-
level trench bottoms get too close to the cap, and penetrate
fringing fields (Via height becomes too small vs. cap thickness).
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Electromigration
Cu top surface

& 13 —_ g

= 12f (3 T

: - 107

gogp ] gﬂrz

- |

E 04 Calculated from H E

§ [ Cuadatom, steps (12) - Ew’d i

5 0 PR SN TN T N - >
0 1 2 3 4 1075 20 40 60
Work of Adhesion, Y (eV/atom) Interface Debond Energy, G (J/mre)

M. Lane, et al. Integ. Rel. 2002 IBM
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Electromigration
Trench Sidewall O, Barrier Performance

".'- LRIz

3:; 98 - V1> M2 -'/6 4 - i E 0.035
= ;z: * 30A ]* ‘5/ s/ S 0.030
I P N Y o 0 =8
N D L \| | 55
g oo EE 8/ \J T X oo
E:-; EE: /f‘ / Il Trench Sidewall o E 0.015
O 3. s / f / PEALD-TaN = 30A ~ E 5010
s 2‘-": //a} L /-/ 3 0.005
E ol o W/ Q
3 s /. | = 0.000
10 100 1000 -

EM TTF (arb. unit)

O, Barrier Test

P2 Barrier Test Methodology in T. Shaw, AMC 2007 IBM

| 02 Travel Distance: 02 Travel Distance: 02 Travel Distance:

Correlation between 46.14um 84.76um Infinite
barrier oxidation and EM .

Poor barrier Intermediate Perfect barrier

D . D . L

Short D& Dark lonz D Infinite D
Shightly dark Invisible color change

Sy oo LLLLLL T sy S I A e[
2015 Dec. 6 O o T . e 7 : =boration




Fundamental-4

Electromigration

Cumulative Failure Probability (%)

Poorer EM with CVD-Co and Suspected Cause

98
95 4
90 -+

80 -
70 -
60 -
50 -
40 -
30 -

= N
N O1 O o
1 1 1 1

Trench.quner Nucleation Site

EM TTF (arbitrary unit)

— Slit Void Formation due to

Galvanic Corrosion.

2015 Dec. 6
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Electromigration

EM Void Nucleation Site and Fast Diffusion Path

rface

EM

=

Cu top su
O

2

<

Trench Sidewall

Uik

#1 Cu top surface
#2 Trench corner
#3 Trench sidewall/bottom
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Fundamental-5

i
ol VX to Mx 1 P S A A T T | pa—
’ 1 ¢ overlay ! Jig
1 B =2 2 pMWem) =18 TE
10°] @ w=24yMviem)'®=195
& =27 yiMViem)?=20.03
[ 5 o i _
: : : M to M-t 10797 ¥ =3dyMVicm) "=21.3
’ Lo l overlay =
1 - 5 ]
[ | &= tﬂ' M
Vx-1 to Mx-1 5 3
MxtopCD Oy overlay ) \
7 B 'I'::.:'."'":_J--‘ y Vx top CD E“—" tu-l _l
: | t 3
fit ey 10° 1
::‘. i 1ﬂ'2']
Mininum ] ¢
! space > T Vx CD .Ful

185 200 205 210 215 220 295 230

R. Achanta et al, IEEE Trans. Dev. & Mat. Rel. 2011

MININS?

The major diffusion path is the low-k/cap-dielectric interface.
TDDB is affected by spacing, low-k dielectric materials, CVD-Ru
wetting layer, CMP process, Sel-Co cap, etc.
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Fundamental-5

Llfetl me PrediCtiOn MOdel E. Liniger G. Bonilla et al, IRPS 2014 IBM
: — 1 Cu ion drift playing an important
TOt'E : TBD = Age exp (—Yge E %) secondary role in breakdown

Power Law: TBD = A., E hydrogen playing a critical
: PL role in defect creation

TBD: Time to breakdown

A: Pre-exponential constant  E model
Y: Field acceleration factor 24% fails —— RootE
N: Power law exponent 1222?;:2 o maecrt?fmage
E: Electric field 3 148:41316 85% fails — 1 over RootE
‘S’ 54.59815 1E
.E 20.08554
o 7.38906
736 2.71828
; 1
8 0.36788
= 0.13534
0.04979
. . - 0.01832
Low-field TDDB reliability data000674
0.00248 -
I T T T T T T T T T T T 1
0.25 0.30 0.35 0.40 0.45 0.50 0.55

Field (V/nm)

Root-E model is overly conservative.

2015 Dec. 6 © 2015 IBM Corporation



[ Fundamenta6|  Cu Gap Fill

CMP issues of Co and Ru wetting layers

Co CMP Divot Ru CMP Cu-recess

MAG: 450kx

——
T. Nogami IITC 2013 IBM

1. Colineris lost along the sidewall, being
followed by Cu divot formation.

2. Cu shows faster dissolution in the presence of
Ru which results in Cu recess.

R. Patlolla et al., ICPT 2015 IBM




[ Fundamenta6|  Cu Gap Fill

CMP issues of Co and Ru wetting layers

Co CMP Divot Ru CMP Cu-recess

MAG: 450kx

——
T. Nogami IITC 2013 IBM

1. Colineris lost along the sidewall, being
followed by Cu divot formation.

2. Cu shows faster dissolution in the presence of
Ru which results in Cu recess.

R. Patlolla et al., ICPT 2015 IBM




Cu Gap Fill

Post CMP Cu Fill Improvement with Cu Chemistry

= PVD TaN/Co/Cu

= s,

center

e il
4 .._4";. P il

Baseline chemistry Modified chemistry

Waveform 1 Waveform 2 Waveform 3

Waveform 1 Waveform 2 Waveform 3

......

4nm plated Cu on PVD Cu/Co
(with 20nm Cu underlayer)

4nm plated Cu on PVD Cu/Ta
(with 20nm Cu underlayer)

J. Kelly et al., ECS 2013 IBM



Cu color change
due to oxidation

uuuuuuual
s

N K=2.7 SICOH
N\ TEOS Oxide

SiCNH Cap

Cleaved edge

Oxidation ragulte from twao r-nmnnh na nrocessas of
el Tl Tl Tl NP

e WA A R W L~ A '

(1) O, diffusion through the maternal and
(2) O, consumption by barrier/Cu reaction.

O2 Barrier Test Methodology by T. Shaw, AMC 2007 IBM

Diffusion barrier needs to work as a
diffusion barrier to oxygen, not just
as a diffusion barrier to copper.
Conventional PVD-TaN and
alternative barrier metal candidates
are examined in the O, barrier test.

2015 Dec. 6
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O, Barrier Test

D

l 02 Travel Distance: -

Poor barrier

I 02 Travel Distance:

Intermediate Perfect barrier

D b o o
Short D&, Dark e dark s rctor hange
Gywwrooooooooroorg. SwswwwwoooDoUOOY, |\ O00U000D00 DU DU
02 02 02 — 2
0 Barrier of Alternative Barriers
© 0.030
= ¥ Long-Throw PVD-TaN
& o2 +—+ | © Thermal ALD-TaN
-9 ta < PEALD-TaN
E ¥ 4020 ] R ) M _donad AlLD_TaN
: % H Il I_’ IYlil WMUYCU MRV rain
= 5 " /\ ALD-MnN
=3 o015 L | © Mn-SFB
— L o)
| S -y Hi=,
- -_2 0.010 ._‘: L -
- 1
o 0.005 "' 1 e
A 1.| U SFB
- o S >> : , , ,
0 5 10 15 // CuMn4R% CuMn20R%

Barrier Thickness (A)

IITC 2014 IBM
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I Fundamenta-7|  Diffusion Barrier Test
Cu 1on diffusion

C

Detected current
- ; = => Capacitance
TEOS Oxide

Conductive Si Sub.
Al on Backside

Perfect barrier =« Leaky barrier

4.E-11 :'

1E-11
1EA1 e

)

g 4E11

Next page ;

ta

3E11

Capa
Capacitance (F)
oy
m m

2E11 \e.w_x.._.,_w«:-:'f‘-'—""—'”mh":ﬁ

' 201510 5 0 -5-10-15-20-25-30-35-40-45 -50
20 15 10 5 0 -5 -10-15-20-25 -30-35 -40-45 -50

‘Voltage (volts)
Voltage (volts)

barrier performance in geometry close to actual

T. Nogami al., IITC 2014 IBM

Probe pesdls

Wil Pasagvaticn 4

Intrinsic barrier performance



RC variation
RC variation impact on circuit performance

0.86F (a) ' ‘ ‘ —20 nm 0.85}F (b) A B - ‘ —29 nm |
oy B s nm Ty EA | RER
§0-34‘ I 14 nm | < 08} [ 14 nm |
10 nm =2 — I:l St
8 0.82} I 7 om | g 075} :;ﬂnm '
2 08 C 2 o7
ke =
¢ 0.78} £ 065 "
0.76} 06 | I
0.03 0.03 0.06 0.09 0.12
GCDFI.L
Overlay variation CD variation
C. Pan, A. Naeem et al, IITC, 2014, Intel . . ‘ x
0.86F (c) I 20
E\ X A -'IE nm
. . E i B N 14 nm
Interconnect variation g o2 i ] _1100m
comes from lithography, L 08 L.
alignment, etching, j% i c
polishing, and orientation = 2:
0.03” 0.06 G.DBHI 0.12
ﬁiLD{“ _
ILT variation
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Fundamental-8 RC variation

RC variation by multiple patterning

Pitch Splits (LELE...) Sidewall Image Transfer

Double Exposure Double Patterning

Magk 1
H I S ._—.""""['I

e | -

a

. .
Ex
(1 & i b P

Interconnect variation
comes from lithography,
alignment, etching, TN-HM etching S

polishing, and orientation ooy
M. Tagami et al, IITC, 2012, IBM




RC variation
RC variation by multiple patterning

“ lllustration of line dimension ' ' ' ' ' '
(width, height) with multiple ' ' '

patterning (LEXx)

ps B8 o o F B B |

LT o L1 g LT L1”

T T T T T T T T T TR ' A ! : :

Ri, R2 : : Vo "

. /\ o ' R1’/ /" \\_R1"

= Q 1 1 |

c 1 ; i b= | | '

3 : ' - S | l |

g | : : 3 : : :

o ' Tar : 0 o  Tar 'NO

- — Targeh . 07.7% § . i Targeh, ... 0% ...

e | 1 1 © : : :

- 1 1 ! o+ 1 1 1

£ | : : £ . ! !

= R bomoooo- oo LY - S | < ' >

AT - 23,7%

L 237% : ? :

M2 line resistance M2 line resistance

M. Tagami et al, IITC, 2012 IBM



RC variation

Performance Improvement for BEOL Resistance Due to EUV

EUV vs Optical Patterning

= EUV patterning has comparable yield to 193i optical
patterning, but with far fewer processing steps

& 193i
N EUV

2
o

g
o

(=]
A

5
&
0
o
3
<
>

o
L~ ]
L

2
bl
-
o
E
(1]
b
@
a
g
w©
E
b
o
=

L=

Chain A Chain B Chain A

Wire resistance

Opens Current Opens Current Shorts Current

1. Shesrer, stal | 61F AVS Sympasium and  Edhibition

10NM wafers with single exposure EUV have

.~ EUV Non-EUV

EUV 10nm single exposure wires have

tighter R distribution than 2x-patterning
(J. Shearer et al, AVS 2014)

tighter distribution than with multiple patterning.

Improved variability observed for line

and via resistance

compared to multiple patterning 193 approaches
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© 2015 IBM Corporation




" OUTLINE
. Technology Scaling and BEOL
. BEOL Challenges

s» Tradeoff's

. Potential Solutions

\/

* Fundamentals

s Common Approaches

. Stress-liner capped anneal for Line R
. Tall metal for Line R

. Self Forming Barrier for Line R

. Lower-k integration and air gap for C
. Selective Co cap for EM

. Cu alloys for EM

. CVD-Co, Ru for Cu gap fill

\J

* Innovative Approaches

4. Summar

R |

B o ih A _—

e




Common Approach-1 [esea

Line Resistance

Thermal stress control in Cu Interconnects
EH :EEE.EEEEEEEEE‘?EEE:W ...................
SISENES

LI!‘EIH“E:h {nm) ITR‘.{S:BOO7
TaN stress-liner on top of plated Cu enables higher temperature
post-plating anneal to lead to larger grains and lower Cu resistivity.



 Common Approach-2 fsez | ine Resistance
Tall Metal (High Aspect Ratio Metal)

Line Height 10.3% up
RC dropped by 9.3%

NE=R - B

I =il

1R (HM/Q) Fringing C

Total Capacitance (aF/um)

R decreases with metal height, while C
does not increase as much because of
fringing C contribution.

1. Contribution of cap material is significant
2. In other words, taller metal does not impact C proportionally
and is advantageous for RC.

2015 Dec. 6 © 2015 IBM Corporation
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Conventional Self-Forming Barrier

CuMn-seed Cu Plating MnSiO; SFB
& ppA Formation

TEOS Oxide

T. Usui et al. IITC 2005
2015 Dec. 6 © 2015 IBM Corporation



_Common Approach-2 fse: | ine Resistance

Self-forming barrier (SFB)

Cu-X / 8i0 1/X-0/ Si Activity of B in A
} . : o
repulsive -~ // f

' / r.'/
.";.I/ g -o-""'-..-'-' ? < 1+
f attractive

0 Nn 1

ACtIVlty a; =y;N,

Easy to leave Cu Difficult to leave Cu

J. Koike AMC 2007

However, CMP in SFB process causes’ R
voiding and delamination when it was

| .
integrated with ultralow-k. WSS
2015 Dec. 6

© 2015 IBM Corporation



Common Approach-3

Capacitance
Dielectric (LK. ULK) materials (BCHD optionat)

I
1
i
.|"
n

(BCHD optional)

For example,
Precursor (A) + BCHD R
| R” = porogen
vl RO —Si
OCH,CH, [ (k=2.55, 13% o/ r
Si —OCH,CH v1.0
H/ \CH 27 / (k= 2.4, 17%C) 5
3
vl.3 3
DEMS BCHD (k = 2.2, 19%C) @
Plasma
Precursor (A) + Precursor(B) + BCHD C;mposite Film l
PerChs (R.RD; S Si (R R); vae
Si — OCH.CH \CHZ (k=2.55, 21%C Porogen
/o 28 Removal
H CH, v2b
Carbosilane 2 (k =2.4, 27%C) (UV cure)
DEMS arbosilane
CS-2 v2.1
(k = 2.2, 35%C) . .
Nanoporous Film with
US 7,202,563 B2 S. Nguyen, T. Nogami 2006, IBM variable carbon content
G. Dubois et al., Adv. Mat 2007, IBM E.T. Ryan, et al. AMC 2011

= Tune ULK film composition and properties using chemistry,
plasma conditions, and curing conditions.

2015 Dec. 6 © 2015 IBM Corporation



Capacitance
Post Porosity Plasma Protection (P4) to reduce PID

E3 = &S

P4 STRATEGY Integration

US 8,314,005, US 8,492,239, US 8,541,301

US 201300117682 A1, US 201300117688 A1, US 20130045608 A1
T. Frot et al, Adv. Mat. 2011, 23, 2828-2832.

175 - POCS V2 at different porosities
4 | (identical backbone)

150 _ Using the same polymer filler
] ' APID unprotected

1  ®PID protected
125 1 B

100 7

PID (nm)

75 1
50 1

25 1

T. Frot et al, Adv. Funct. Mat. 2012, 14, 3043-3050.

“ Porefilling can reduce integrated k and improve device reliability by
minimizing process damage to ULK and maintaining etch profile.

“ Porefilling may enable lower k dielectric in future technology node.

© 2015 IBM Corporation
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Common Approach-3

Capacitance

I
1
i
.."I
nn

Airgap enables further C reduction

H-W Chen et al, IITC 2008 TSMC Samsung 4 Gbit DDR3 SDRAM (26-nm)

Intel/Micron 64-Gbit Planar Flash (20-nm)

Source: D. James, CSTIC 2014.

Significant capacitance reduction
demonstrated with insertion of air gap.

2015 Dec. 6 © 2015 IBM Corporation




Common Approach-4

Il:mll
:

ese2 Electromigration

(a)

Intens, c/s

Cu topssurface (Selective Co Cap)

o=

= .
e il"la
o=,
% B v "
0 . .
_E - d W
of #
o = b :
o Jix
= i lr' -
1621 w09 ¥ :: I u““"l.
1e5 4 L = H
E i
—-Mn No Cobalt - 8e20 =l
1ed 4 E
SICN ‘ - T T lqe
Eap Trench Top - 6e20 % E e )
1ed 4
‘_3)!‘1’ ‘_Surface % 3 Ll
#: L 4020 UN _I-|_I_I_I'TF'I111_I_I_I_rI'H'H_I_I_I-F'IT'11_F_I_I-I'rl1T|_I
162 4 Trench Bottom * (§ (i i in 1 ;
—-Mn_Cobalt Sample |22 Lifetime (h)
- rengrremarnp i A. Grill et al, App. Phys. Rev,.2014 IBM

A. Simon et al, IRPS 2013 IBM

Metal/Cu interface has less EM void nucleation and less Cu diffusion.
Selective CVD-Co, CVD-Ru and Selective electro-less CoWP have been
proposed or used in production.

- 2015_Dec.‘ 6 ; © 2015 IBM Corporation



Common Approach-4 Jse:  E|ectromigration

Trench Sidewall C)2 Barrier Performance

O, Barrier Test

)
S gz - VIDIM2 ,
> f o . 02 Travel Distance: 02 Travel Distanice: - =
£ 95- 7 . . avel Distance | o4 Toum - 0z ﬁai‘::::;gtance'
2 90-e 30n ‘:/ ¢/
8 4 204 y 23 ./
O 907y 15 'Y/ ; /
v gg 1% SA Y, %‘ /E Trench Sidewall
= ] EEEEEEEEEeEest (D
'S 50 / Eh /-' . e .
L 40 1 Pt y Intermediate Perfect barrier
()] . ) * DEAID-TaN = 30A
S 30 4 //4/'; ./ ST e e
s | S S o D _ D L b
N ZU o e v *
3 10 4 / // /‘ / Short D & Dark oD infiteD
[ = e 4/ ‘,‘{ on / Stightly dark Invisible collor change
Pn 5 — /. ————rrT [ ‘ . EENENENCUCUO0000Y . LR IRRARRAREfUNUREREREL AQRRRANY
bt : [ ———— ; Q2 — ey . a2
10 .. 100 1000 ( { 4
EM TTF (arb. unit) )
T. Nogami al., lITC 2014 IBM
Manganese Scabbing Model 6.6E-10
Blood platel-et reacts on oxygen in the air to form scab on our skin, when injured. ’LE gég: ig : TaNZn m/Pu re-Cu
Mn reacts with oxygen at the surface and at defects to form MnO. N—" .
I} 5.1E-10 A
O, O, 0, Cu Top Surface ¢ 4.6E-10 -
% 4.1E-10 A
3.6E-10 A
oMn '8 Cu A = 31E-10 -
_&_»%CP S 26E10 A
Locally too thin Ta Qo c o 2.1E-10 A
' Defective Interface 8 1.6E-10 -
0, O 1.1E-10 M b b
- = 6.0E-11 A n Sca Ing
1.0E-11

50 -40 -30 -20 -10 O 10 20 30
|Mn makes perfectly coated Cu lines & Excellent EM performance | VO |ta e VOItS )
ge ( )_ Nogami al., IEDM 2010 IBM
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Common Approach-4

ESea

Electromigration

Cu Alloys (Mn, Al)

Time to Failure (arb. unit)

<

S 98

2 957

'_cas 90 7

o 80

© 707

QO 601

O 507

S .

5 40

= 307

LL 20

“>J 101

g 5

= 2

E 1 AL T A | T
8 1 10 100 1000

Mn2p High resolution XPS (after substrates backeraund)

600

Mn metal

A ¥

Mn Oxide [ | f
¥ o \l )
\ b N

660 Y650

|
I

{ ) Ma Oxide

i AF > '
..\I.;,‘f?: ol PIRY a/

Mn metal

i / 500
I; EI 400
| |
- 300

]l 200
\ 100
) 0

WG EREAL VI T, Nogami, et al. IEDM 2012 IBM
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640 630
-100

seenenes MN2p3 Mn
seneenes MN2p3 MNO
TTTLLLL Mn2p1 Mn
O ==eeeees Mn2p1 MNO

ounts/sec.

T. Nogami, et al. IEDM 2010 IBM
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Cu Gap Fil

CVD-Co wetting layer

Gap Fill and EM Improvement in 22nm in k=2.4 ,
SiCOH with CVD-Co
e TaN/CoLiner
Y ;
¢ TaN/TaLiner ﬁ-
Z @ =
- ol ,
= 2 ./}( AR R et e,
3 2 / PVD-TaN/Ta PVD-TaN/CVD-Co
' 48 nm pitch DD Cu gap-fill comparison, |
Time to Fallure (arbltrary unit) \ . . - .
A\ With: a) TaN/Ta liner, vs. b) TaN/Co Ilned
§ Em;mm Cu-Co sticking coefficient > Cu-Ta sticking coefficient
E Initial Cu DCE After 3.55 CuDCE
£ o : Cuion Cuion
® P Py
E 20 \\1\! }) [
" ': rmumnzm A--kn ‘L
E . 300.069

250, et ]

=

Time to Failure {abinary unil)

H-post-treatment as recommended

T. Nogami al., IITC 2010 IBM

o~

- N
(e}

O

T

= =

[=J ==
o o o
== =]
S o b

on Co

onTa

2800 3500 49800 6.300
1000W Cu DCE Dep. Time (s

T. Nogami al., IITC 2013 IBM

[4)]

XRF Cu counts (ab. unit)
—
o Q
o o
cr
& &
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Common Approach-S CU Ga F|

Cu Reflow on CVD-Ru

Gap Fill and EM Improvementin 22nm in k=2.4
SiCOH with CVD-Co

T

3 @ Seed scheme
s OReflow scheme o
.
1 8 | 15% | i »
A
K. Yu, etal, ITC 2014 TEL ..

1/ CuArea(a.u.)

R-H Kim al., ITC 2015 Samsung B

l
I

dI| 5

o

ﬁ

Line Resistance
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Technology Scaling and BEOL
BEOL Challenges

* Tradeoff’s

Potential Solutions

* Fundamentals

s Common Approaches

* Innovative Approaches
1. Integrated solution with alternative barrier
2. Co plug formation to reduce the aspect ratio of Cu
3. Alternative conductors
4. Alternative diffusion barriers

4. Summary




Integrated Solution

Reduced RC with EM reliability and Cu gap fill simultaneouly

Through-Cobalt Self Forming Barrier

I
s
1

Mn diffuses th&gh(to liner

SiNC cap

=
Ml

Ultra-thin Ta(N)  ECD Cu “CMP SINC
CVD-Co Anneal TaMn,O, SFB
CuMn-seed

= N W & 0O O

tCoSFB

-20 -40
Voltage (V)

Total Capacitance (a.u.)

2015 Dec. 6
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.:. ecrea:lse . '.-‘ ” E 0.8+ bl 1 Liid § .
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®3 i o A
o R o ELC R
' Dige® e £ bbb b
{ ® Ta(N)Co 4 ¢ tCoSFB-2
O O¢ O TaN/Ru ool 08 | e TaN)Co
1R (a.u.) Time to Failure (a.u.)

IEDM 2015 T. Nogami et. al, IBM
Session-8 Mon 1:35PM
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Cu Gap Fill/EM/ViaR
Cobalt Bottom-Up Contact and Via Prefill

J-F. Zheng, et. Al., IITC 2015 LAM Research, IMEC M. Veen, et. Al., ITC 2015 Entegris, IMEC

™
[\ |

(a) starting structure (b) Selective Co growth <) CUTWCT'ITIJJ'IO|QEUTII'l

ih
[l

Fig.Ba Cross-secfional SEM view of Fig.8b Ioomed Cross-secfional SEM
Co fill of via arrays. view of Co fill of vias

DFd MAG: B00ky HEE 200KV
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Innovative approach-3

Alternative conductors to Cu

. Co Iinterconnect
W Interconnect

50nm
50
® 50nm PVD W on Ta
—~ 40 0 50nm PVD W on Oxide
& = 40nm CVD W on Ti/TiN
? o 60nm CVD W on Ti/TiN
S 3| % 60nm Cu, Fritz AMC 2012
>
= i "4
2 20 | o m'
2 O D
a o} o
o 10 A ‘é": >
BB
0 | | |
0 20 40 60 80 100

Linewidth (nm)

F. Liu, IEEE IITC 2014, IBM
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Innovative approach-4

Alternative conductors to Cu

Nickel silicide

. . . . . il
Nickel silicide (resistivity 10 — 20 u ohm cm) 4 = dewrn
Electron mean free path <10 nm - Rk i
Predicted to have good EM resistance g S g i ety
Preclude the need for diffusion barrier 3 1 Tt
n) Patterning for trench b 54 fill i foe, ;-'ig;fmhhm-r
and via formation Ew .
o g
S0 w0y
hi u 20
e} 5i everburden polish d_'ﬁ"““_' dep i
m E E B = B N N T
|.|.|.|| nac 1]
L S, E 3t
& q | ned
s  BE
WA
e] Anneal and cleans i: i
e E BN E .
nii;
il
e | 2 |
R T S TR TRl e e
Soarvtunl Fimes a1 |
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Innovative approach-4

n
1

Alternative conductors to Cu

elemental metals C. Adelmann, et. al, IITC 2015, IMEC
TR I e S S A|CO mterconnect
1 ain ¥ % © W iso line
5 g U e sof B . e |1
E SRt P r‘:.“.,??’f”f“..'ﬂ‘e
|§ E 'Hu lf}:- E 40 . : o A PVD A Co -
a | ¥ . E 30l wm
5 | r-'.'!n E o
& arn @ S 200 el
z | #s 2. a ™
I Tk B B _n‘ A o
B | #a \ § [ JBsera A
E ki o b i R Lo sa
HeEider poiential prooeries
SERIPEET T, TR, TR, St e | T SO R L -10 . . : . L ' '
il W0 G0 fR00 2000 G MO0 3550 4000 ! 0 20 40 60 B0 100 120 140
Maling Temperalss (deg O CD (nm)
at use conditions
_CoGe,, Cu,Ge, or NiGe. bl i
E = o = 1.E+04 e
o - 5ER 311 -
> & 3xy &4 < :
1o I et == E———p u
g T FEF z..-'-' £ 1E02 a4
5 s -E i —— ._“_;‘
= = e e o
= | GeH4 at 3ooc m] 2
| P 1.E+00 ™ : ——
ﬁ Il 300 250 200 150 100 50 (
(N ““d.r&.h‘ll Wﬂwlll-wm r‘hﬂllllnﬂll}ﬂ Line width (nm)

T CoAl resistivity is half of W.
26 I.’“] CoAl EM is better than Cu.




Alternative Barrier
Cu diffusion barrier: graphene

Ling Li, et. Al., VLSI Symposium 2015, Stanford R. Mehta et al., Nano Lett., 2015 Purdue Univ.
Univ., Univ. of Wisconsin

n
1

w/SLG (4 A)

= Cu-NG
40 w/TaN (2 nm)g® o® 8 me
= L ! © 20 s “
3 nol—®—wWo 1 5 ) |
v 0.8 n B s{ @0 CuG N o
2 " |rhinner 20 &S N>
104 =
a 0.6FBarrier 4.8X 8 e L=10pm :
2 ik Graphene § g J=tomaem g
5 <
=3 S5 04 -3 -2 190 1 2 3 4 5
" E 0.2 [ T=100°C Displacement from wire center (um)
3 . A -
, 000 Eog " -0 MVIom strong enhancement of electrical and
1 10 100 i
Time to Fail (s) thermal conductivity
3 A Sinq|e_|ayer qraphene (SLG) Low-temperature d@DOSlthn
gives 3.3X longer TDDB MTTF than of graphene around Cu

2 nm TaN
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Summary

1. 5nm BEOL spec’s are likely to be achievable with a
Cu process by introducing innovative technology
and by common process improvements.

2. Three tradeoff’s of RC, Reliability and Defectivity

need to be balanced and resolved by innovation and
Improvement.

. Some alternate conductors have 2x line R, but have
other potential benefits such as EM and become
competitive to Cu.

2015 Dec. 6 © 2015 IBM Corporation
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Scaling Challenges for On-Chip Cu/Low-k Multilevel Wiring (BEOL)

Scaling has always gone against wiring performance and reliability.

IBM Research | Silicon Technology

D. Edelstein, IITC 2012

The problems are not new, but grow more acute the deeper we go into the nanoscale.

Performance
GEU NS

> ,
=

D

(%]

L

m - -

S U5 nm node

O 1 pb-3.0pQcm

o 10 nm CMOS Node Sizing
[&]

8 -8% 5%}

e 13%

o

]

]

(]

g geri rver all g

2.55
D|electr|c Constant

63 2015 Dec. 6

2.75

Metal Reliability
(Electromigration)

Cu Wire Lifetime

@——Scalin gr—

Nanoscale patterning can lead to defective Cu
metallization, which is fatal for EM

NN

3

2.
2.
&

Cohesive Strength, T (Jim?)

Dielectric Constant
i

(4]
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L B RELEE B
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D. Edelstein, [ITC 2012

Innovations for Low-k Insulator Performance and Reliability

Industry-Standard
Si —OCH,CH, *

OCH,CH,
l Ab
PR /
H CH,

SiCOH skeleton CH porogen

Advanced
I~ H
Si Cc & /7
m L| ~ o+ _';sr' Nsilo
l\/

skeleton/porogen carbosilane source

e

* Increasing TDDB Reliability with Advanced Low-k Cap and Porous SiCOH.
» Cu containment, and dielectric strength lead to higher TDDB reliability.

» All with equal or slightreduction in overall effective dielectric constant.

Fundamental TDDB Mechanisms

Low-k
surface:
CMP and
plasma
damaged
layer

TDDB Failure Probability (%)

01 1 10
Failure Time (h)

2015 Dec. 6 © 2015 IBM Corporation



IBM Research | Silicon Technology

BEOL has started to void FEOL scaling benefits

A B b 3 7ot = A RO R

at 16 and 22 nm nodes 1

- [42] “e
102} l/ el

L . for an
/ Y ; jection
. / & \TRS Pro)
4 g - | o
- . - ®
Gate w{ Al & Si(2 / x a) ; -0
1 - e A
d / A E— O £ $
- BEate w G oc . .
Va As Hf i u Various size effect parameters

- 13 —
" A 10 “f Bulk Cu resistivity -
Ghite = :' ity // N _ e scaling as ITRS [1] project E

7 9 11 13 156 17 19 21
Minimum Wire Width (nm)

A. Ceyhan, A. Naeemi, Trans. ED 2013

Scaling factor of Interconnect is no longer k, but nk (n>1)

Interconnect RC started to dominate the delay.
It started already from 10 nm CMOS.
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Critical elements in 7nm and 5nm BEOL

Cu GapFill Litho/RIE

J. Shearer AVS 2014
Alternative metal

cg. .

i \?1 kS e

C. Panetal, lITC 2014

“Time to Failure {a.u)

T. Nogamil[EDM 2015 1BM
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Tradeoff’s among RC, Reliability and Cu Gap Fill

RC Reliability
(Line R, ViaR, C) (EM, SM, TDDB)

Defects, Yield

We need to reduce the line R, via R, and capacitance.
At the same time, reliability (EM, TDDB) needs to be maintained.
Before these, defect-free Cu gap fill is a prerequisite.

2015 Dec. 6 © 2015 IBM Corporation
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n
1

Interconnect dielectrics

Dielectric Vl1.a V1.b V3 V4.a V4.b
Precursor DEMS+BCHD Embedded Embedded _
porogen | porogen+Carbosilane _ _
Dielectrics
k (@ 150C) 2.53 2.4 2.46 2.53 2.42 and
Breakdown voltage
(MV/cm) >7.3 >6.0 > 7 7 selected
E (GPa) 7.2 4.9 6.64 10.2 6.64 pr0perties
Adhesion (J/cm?2) 4.5 4.4 3.9 4.4 3.9
C% 15.7 15.5 21.1 16.3 17.4
Porosity (%) 16.3 24.5 14.4 17.9 19.7
Pore diameter (nm) 1.2 1.2 1 1.1 1.3
PID 0.67 0.9 0.57 0.49 0.65
Technology node S. Nguyen et.al., MRS 12015 IBM
90/60nm 45nm 32/28nm 22/20nm 14nm 10nm

SICOH k=2.7

Dielectrics implemented by
IBM and Alliance partners

Vib k=24

Vi.a k=255

Va4 a k=255
: Vi.b k=24
: A. Grill et.al., Appl.Phys.Rev., 12014 IBM
- Implemented - Potential - In Development .
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