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Strain mapping from a 32nm node PMOS. Courtesy of B. 0zddl (LBNL)

Lecture 10

o Strained-Si Technology Il:
Process Implementation
— Stressors in SI CMOSFETs
— Effectiveness of Stressors on
Thin-Body MOSFETSs

Reading: multiple research articles (reference list at the
end of this lecture)




Substrate-induced Strain: SiGe/Si

Cubic Si
ag;= 5431 A

Tensile Strain

1 ] .
= cirained S| =—

relaxed Si, ,Ge, layer
~ 0.5 um

SiGe graded buffer
Ge: 0% —= x % (~1-3 um)

Generates in-plane

biaxial tensile stress

Si substrate

thin channel on top of a relaxed SiGe layer.
 Drawbacks:

Cubic Siq_xGey

Equilibrium (relaxed) Lattices

Cubic Ge
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mismatch =
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=

tensile
stress

@ Sjatom
@ Ge atom

~ 41%

T I I Fj
J"“\ I :|\
_— L L

1 compressive stress

O
II-\L
e

A= 2.646 A

strained

2o | Silayer

SiGe
buffer

| layer

In old generations of technology, strain is always introduced by growing Si

» Enhanced substrate cost > Strain is global: for both P- and N- MOS

» Thermal budget
10/25/2013 Nuo Xu

EE 290D, Fall 2013



Embedded Source/Drain Stressor:
SlGe for PMOS

ERE %z B T0 a0

AL ?VEW?

Source

€, =-0.276

;. @
100 nm ,2%:E:-1.2

* Resulting longitudinal compressive +

Si, Ge,

<110> channel orientation

" 22 (001 surface) vertical tensile stress (major)

2 25 E Longitudinal compressive™ % e Pros:

;‘ 20 » Cheaper than substrate strain
2 45 Thanverse tensil » Local, does not affect NMOS
2

Compressive stress <001> 125 % Gd > More effeCtlve tO T M1°|e

{Biaxji) in plane tension) ' f e Cons: . .

e e » Worsens BTBT junction leakage
0 200 400 600 » Too high Ge% causes reliability

Stress MPa . .
K. Mistry, VLSI (2004) problems by introducing defects
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Evolution of eSiGe S/D Technology

Intel’s eSiGe S/D Technology

Gate Pitch Shrinks \
90nm 65nm 45nm 32nm

U-shape Deeper Recess Faceted Shape Raised S/D Fin S/D

Ge%: 18% 22% 30% 40% 55%
Increased Ge Mole Fraction \
S/D-Gate
spacing: 2°NM 32nm 25nm 20nm 18nm
\
other Gate-Last Approach Tri-Gate
knobs:

K. Mistry, VLSI (2004) C. Auth, VLSI (2008) P. Packan, IEDM (2009) C. Auth, VLSI (2012)
10/25/2013 Nuo Xu EE 290D, Fall 2013 4



Embedded Source/Drain Stressor:
Si:C for NMOS

TEM View and G,, of NMOSFET w/ Si:C S/D Electron

; Energy
1.8x10" | I B S R LA 4 . . . .- .- \
| —e— N-MOSFET SiC S/D S1;;,Cy i Stramed-S1 i S1,,C,
Laxgo® L~ O 7 Control ] Sourcei  Channel : Drain
spacers - o i :
— ® | > v H
removed - e . s :
@ 12107 |—>
TaN gate— S %
¥ 00x10°f AE,
HEAID ™. = Band-Offset
~_ 6.0x10"F
CN X
3.0x10° | 0 r—————————————
3.0x L_ow II?_S_ High I’M
High Barrier Barrier Lowering
0.0

00 02 04 06 08 10

K. W. Ang, IEDM (2004) 7,.-7,(V)
(major)
* Resulting longitudinal tensile +
vertical compressive Stress
— Good for NMOS mobility
A barrier forms at Source/channel
interface for electrons

—
E" _./I\ E‘ _’L\
2.5F Source  Strained-Si Source
Channel

Strained-Si |
Channel

V.-V =02V

!\J
=
T

Drain Current Im Enhancement Factor

— Reduced drain current at low Vg
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Strained Contact-Etch-Stop-Liner
(CESL) Technology

IBM’s Dual-strained CESL Technology

40 T

— a0 PFET IL— _nm

§ : vdd =1V NFET

w20 -

c

()

g 10 A

Tensﬂe & ompresr,n e o

o 01

o

£ -10 -

Gate Poly =¢|=; 0 | < I _

= Compressive | Tensile

-30

Stress * Thickness (a.u.)
H.-S. Yang, IEDM (2004)

5 TERSILE BARRIER

15 COMPRESIVE BARRIER « NMOS: Longitudinal tensile + vertical compressive stress
« Pros: « PMOS: Longitudinal compressive + vertical tensile stress

> Easy to integrate (low thermal budget)

> No reliability or performance degradation issues
« Cons:

> Low stress transfer efficiency
10/25/2013 Nuo Xu EE 290D, Fall 2013 6




Stress Memorization Technology
(SMT) SourceIDraln

channel

S/D amoerphization by Tensile stress liner Stress linerremoval
Implant depaosition & solid-
phase-epitaxial anneal

(m:;jor)
* Resulting longitudinal tensile

+ Vertical Compressive stress
— Good for NMOS mobility
 Amorphized S/D will not be
fully recovered when Si
volume is shrunk.
K.Y. Lim, IEDM (2009) GONSO; Ea_l|_oplicable to thin-body
S
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Stress Memorization Technology
(SMT): Poly-Si Gate

High Dose S/D

implantation

i YR
(=)
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—

—
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—

Removal of Si02 /

O Removal of S102
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o -

—

a—]

Co Silicide

( O Co silicide formation

P g

* Resulting vertical compressive + longitudinal tensile stre$s

K. Ota, IEDM (2002)
(major)

nFET. as etched

for As-doped

poly-Si

1X10°®

(a) nFET
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o
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Il 1X107
i
=
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g
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< o L
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—_~ s |
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o
>
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A0
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lds (WA/um)

— NMOS (electron) mobility enhanced; PMOS unaffected
 Not applicable to metal gate MOSFETSs.

10/25/2013

Nuo Xu

EE 290D, Fall 2013



Impact of Metal-Gate-Last Process
on Channel Strain

’
Dummy poly-Si gate S. Mayuzumi, [EDM (2007) —— "~ "~~~ Intel’s 45nm PMOS
asLl Metal gate C. Auth, VLSI (2008)
0.1 ) _0.1 4 014 -0.1 Before gate removal
el i 0 | .
N0 N O N 0 N0 J A
Si e -0 d : _-g.;;
0.1 kﬁ_ 0.1 -'_/ \_ 014 ok 0 5 : f;
Sxx Sxx Sxx Sxx — .
o1 § o1 -0.1 )'ch 0.1 0.1 }6{ 0. -0.1 }6{ 0.1 E

§T. SREN 1 ASh

A | A | N

P
N0 N0 N O N O 22
o1 _J \; i -_/ \ . / \ - / L EE
SH SZZ SZZ I Szz S
SRR Y SRR MY CE R MY CERRN MRNCY am
1. Deposition of 2. CMP 3. Dummy Gate 4. Metal Gate

CESL Removal Refi" Codn 002 004 OB 008 048 042 044 14a

« After poly-Si (dummy) gate removal, longitudinal stress (S,,) is
enhanced due to free boundary conditions to the S/D stressors;
vertical stress (S,,) is reduced due to the loss of contacted surface

from the gate. > A trade-off between S,, and S,,

10/25/2013 Nuo Xu EE 290D, Fall 2013 9



Impact of Substrate on Channel Strain

ETSOI MOSFET SOl FinFET TCAD Simulation

NFET .
Silicide U

Si:C “aceted epi . |

PFET o e
. ] Raised
Mi:*' R f":t;'i 120 MPa e |
20nm ' L N BOX
K. Cheng, IEDM (2009) V.S. Basker, VLSI (2010) V. Moroz, ECS Mtg. (2010)

« SOI MOSFET (planar or Fin-shape) cannot take advantage of
the large stressor volume of the embedded Source/Drain.

« BOX region has larger stiffness than Si channel, which lowers
the stress transfer efficiency.

10/25/2013 Nuo Xu EE 290D, Fall 2013 10



Comparison of Stress Transfer
Efficiency (STE)

Final Stress in Channel

—— Longitudinal Sxx
.‘\—\ —i— Vertical S,,

-4 Transverse SW

)]
o

STE =

- Initial Stress in Stressor

AT

SiGe S/ID

B
o

Mo
o

Stress Transfer Efficiency, %
N
o o

A
o

SiGe S/D Strained Cap Spacer Metal
STI Layer Gate
V. Moroz, ECS Mtg. (2010)
« Embedded S/D (S/D SMT or eSiGe) stressor is most effective in
longitudinal (x) direction.
« CESL stressor is most effective in vertical (z) direction.
- Transverse stress (S,,) is always very small.

10/25/2013 Nuo Xu EE 290D, Fall 2013 11



Strained-Silicon Technologies vs.
Technology Generations

wugz

L.=20nm Courtesy of V. Moroz (Synopsys)
30nmI[D g i

No longer effective | still not in HVM yet..
due to reduced gate-pitch NMOS

eSi:C .

90 nm 65 nm 45 nm 32 nm
Cannot be used to Fins or UTBsgs
Cannot be used to Metal-Gates .

10/25/2013 Nuo Xu EE 290D, Fall 2013 _':"‘ 12



Simulation of Epi-S/D Regrowth with
Different Fin Etch

tions
No fin etch Half fin etch Full fin etch Fin over-etch Comments
Time
I
: Very different shapes at the
Time1 | beginning of epitaxy
I
I
|
I
I . .
Time2 || Still different
I
I
I
I : -
Time3 || Now getting similar
I
I
|
: Now almost identical —
. the slow growing {111}
I
Time 4 I facets define the shape!
I
v
10/25/2013 M. Choi, ISTDM (2012) 13
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Impact of SiGe-S/D Strain on Fin Etch

Si%GeL‘g_ Source/Drain (Intel’s 5th-gen strain Si tech. )
4 nm etch 16 nm etch 32 nm etch 48 nm etch

STI

Longitudinal Stress (Syy)

-815 MPa -1277 MPa 1462 MPa
L e
 Deeper SiGe recess triples the channel stress!
-1.4E+09
M. Choi, ISTDM (2012) P

10/25/2013 Nuo Xu EE 290D, Fall 2013 14



Strained FinFETs Design Variations

« Various ways to introduce local uniaxial strain in advanced
FIinFET’s process.

SOl Substrate

_ 1l Replaced

Metal Gate-First etal Gate-Lg

N. Xu, TED (2012)
10/25/2013 Nuo Xu EE 290D, Fall 2013 15



Stress in Aggressively scaled FinFETs

 Longitudinal (S,,) and Vertical (S,,) stress profiles along

Channel Stress (MPa)

FinFET’s channel in 17/12nm node.

SOl Substrate

500 1 v 1 ' 1 7 — 71 ' 1 ' T 7 — 1 v 1 ' 1 'i v T v T T T
CESL || SOISD |{% BulkS/D #., Bulk.
300¢
Gate Last
100}
0 +~0
-100}
-300 ST | ¥ S | A A S
Metal Gate-First etal Gate-Lg
N. Xu, TED (2012)
10/25/2013 Nuo Xu EE 290D, Fall 2013 16



FINFET Carrier Mobility Enhancement

with S/D Stressors

N-Channel (Electron)

| --0-—e— Bulk,GateLast |
|| --8-—8— Bulk,GateFirst|

Local uniaxial stress induced by faceted Si:C and SiGe S/D.

P-Channel (Hole)

| —e—-6-- BulkGatelast !

—a—-B-- BulkGateFirst.
SO\,GateFirst |

Lg=1 2nm

Closed: N_=5e12cm” Open: P =lef3ani’
o_o.l.l.l.l.l.l.l.l.l.l o_o.l-l.mvl.l.l.....
10 15 20 25 30 35 15 20 25 30 35 10 15 20 25 30 35 15 20 25 30 35

C Mole Fraction (%) Ge Mole Fraction (%)
N. Xu, TED (2012)
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Stress-Induced |5y Enhancement
FD-SOI MOSFETs

50 m N-FDSOI
I I
Narrow Width D0l « sSCESL-induced
Uniaxial Stress enhancement is small.
40 |- = ml[Andrieu 07] O[Faynot 12] -
9 Faynot 10] * sSOIl-induced
= ~ enhancement is large for
g 30F M[Ernst %91 S 1 narrow-width nMOSFETs
£ M[Khakifirooz 12][ Vs Ty .
o Wide Width | MIFaynot 10] T » Strain becomes
c o [Khakifiroog 12] . .
S 20 | Biaxial Stress< _ Olzhang05] @ - uniaxial after SOI
c H[Andrieu 07] ' " [Cheng 0P] .
w Y NisiGe . etching
= [Alazlrleu 07] 380 A
o . .
SO EEl | o o { + Embedded-SiGe S/D is not
. E[Fo;']th effective unless raised-
ndarieu . .
0 1 1 . 1 . ) SiGe S/D is used.
strained Strained SiGe S/D Optimized
CESL SOl S/D Doping
N. Xu, Int. SOI Conf. (2012)
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I, Enhancement (%)

Stress-Induced |5y Enhancement

FINFETs
50 — : m N-FinFET :
O P-FinFET
= « sCESL and sSOlI can
40 |- . provide for significant
enhancements.
30 R {Basker 10]
I e { « Embedded-SiGe S/D is the
e[Chang 09] [Yamashita [11] )
Xion 06 [Verheyen05] O 1 most effective for p-
ion
20 L - Embeded S/D {1  FinFETs.
[Bufler 08]
Ok10]  Mira 1] vamashita 1] ® SID_dc_inng must b_e
10F @ 0 1 optimized for maximum
strain-enhancement.
0 1 N 1 N 1 N 1
strained Strained SiGe S/D Optimized
CESL SOl S/D Doping

N. Xu, Int. SOI Conf. (2012)
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Volume-Change Stress Liners
- A Way to Extend Stralned Sl ?

NMOS: ZnS-SiO2

Si:C Stressor Ni(AD)Si:C
BOX L
Increased Lateral Tensile Stress

B-B°

Expanded ZnS-SiO,

10/25/2013

by Prof. Y.-C. Yeo’s group (NUS) z ¢ T
3 10y Y 1
PMOS: GST or GeTe S 0° Control N-FInFET ]
S 1 / 1
I~ - [ ]
£ 107f o 1.
E 10°f------ Z :
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e s 107§ \ Expanded 1
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< [110] PointA:e =-1.2%.,€_=+1.5% g 0 200 400 600
- By i
Bontl: =LA, £ 138 Drain Current7 (uA/pm)
i r ' ' !

e . ]
g 107 I.Control Pi;nFET ® @ .I
= 10° ' '
&~ [ El ’ ]
E 10-'.-' - ] of [] 1
= 8 AT 3
Ewp-5 5 |
9 1
£ 1wy 1
f h ]
2 10" O e o'  PFnFET with cGST 1
@ | - | 3
= 10-11 "~ 93% | 1

:ﬂ 2 1 " a " 'l 2 'l " ] a

_ = 0 50 100 150 200 250 300 350
A -~

Drain Current [/, [(LA/Lm)
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