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: ontrolling
y For sub-45nm Node Manufacturing!

Figure 2. Challenges in Extending Si-CMOS Technology

Circuit design view: Technology view:
* Power dissipation constraints =+ Device leakage current
- SRAM !-hww —_— Fld GJ’GWFHQ power Delta Vt=>100mV (0 1V)'

4 " -Process proximity effects
* Analog design challenges x@\ dissipation ! -Layout loading effects
- Device variability / Mod Iﬂ'-‘ﬂ““';;!f%“‘?: @ iabil -Gate line edge roughness
effects
* Design methodology / Tools .’;-”/ Increasing

-implant dopant positioning

3 - variability !! -Thermally induced
Reliability e variation by RTA
e ) - _ Key will be
" Emmh“ l:lﬂ:uﬂ f Ethnw I.‘.D-dESI'EIﬂ Characterization,
- Innovation in devices and materiais Reduction &

Accommodation
Circuit designers and process engineers must work togeth-

er to address power dissipation and increasing variability
concerns.

T.C. Chen, IBM, IEEE Solid State Circuits Society
_ Newsletter, Vol. 20, No. 3, Sept 2006, p.5
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Vtﬁluctuation on SRAM Operation

Stolk model (standard deviation of Vth)
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planter Precisiol

Influence of Angle Deviation on Tr.

NMOS extension implant. Gate delay component
l i tilt=0" l i L L tilt=2" l & 100 Interconnect
Capa.
4 Dhaaid . ; ¢ h 'Eﬂ
i ' Gate - S/D Extension
60 Overlap Capa.
40 Junction
Capa.
. 20 Gate Capa.
o e kL Lt

Angle deviation causes asymmetric S/D profile ©
shadowing, penetration

Angle deviation becomes serious issue for Logic circuit
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Large nMOS

Parameter Control AMDC1
/
e e ——

* we need tight parameter control since we are working in the steep
Vt roll-off regime and little help is on the way

» Fed

) . :; ] end
3 & e h1.25X

s A
\ g ™™ | 2x degradation with lamps
' ’f Hot wall 3x better and only
50% degradation
0.75x
Lgate

* tool parameter monitoring and closed-loop control + APC
» suitable techniques for low within-wafer and within-die variation

» design for manufacturing (parameter tolerance, pattern density)

03/13/2005 ‘ Junction Scaling 7 (Th.Feudel et al.) | 24
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Within Die Parameter Fluctuation

D450 100, IDsat variation {3 sigma faverage) of nMOS INX12
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special reticle to contact
processor core transistors

stacked data from 1920
measurements per wafer
(120 transistors/die x 4
positions x 4 dies)

e all splits with conductive heating show less variation

and a no difference between different positions.

e Problem esp. pronounced below 50 nm Lgate

03/13/2005 ‘ Junction Scaling ?  (Th.Feudel et al.)
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Temperature Scaling AQRF}E

Lower spik

. + 1085C, + 1085C,
. RTA RTA
tem uces [nmos RN ey
RTA+FLA RTA+FLA
o 1025C, o 1025C,
™ n n o RTA g | RTA
— O A Y 3 — A :
evice variation cz: e, 5 e,
= =1
:‘{"" =] El?l:l "‘&_. ;
c .P-‘-:Eijn c
“‘-" [ DCP S
- e +5% @ 1085 C B
o |8 ’ +13% @ 1025 C -13% @ 1025 C
—i I I| - » |.
700 800 9S00 1000 340 380 420 460
Idsat (MA/pm) Idsat (MA/um)

Temperature Scaling
e Performance degradation with reduced RTA temperature.

e Ultra-fast laser and flash anneal helps to recover the nMOS.
10% :
) e No improvement for the pMOS.
=]
e
o) May 9, 2007 Th.Feudel @ 211th ECS Meeting / Symposium E1
= 6%
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=
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e Reducing the RTA temperature by 15K reduces the IDsat variation
by about 20%.

e Further temperature reduction costs performance.

May 9, 2007 Th.Feudel @ 211th ECS Meeting / Symposium E1
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Impact of Laser and Flash Annealing Smarter Choos
E
E W nRVT
E m pRVT
= g £ T g £ T & £ Heating
S &8 8 & 8 & 8 & 8 & 8§ & technique
50 nm 45nm 40 nm Lgate
» Increase in Idsat variation by adding Laser or Flash anneal to the
process flow due to a higher gate-to-drain overlap.
» Small increase in nMOS RVT variation, no impact on pMOS.

May 9, 2007 Th.Feudel @ 211th ECS Meeting / Symposium E1
MC.B. Technologies (Strategic
“Marketing, Sales &

|
_——-m ogy)




600

350

4507

=

350

300

53 Si-atoms 40 Si-atoms 27 Si-atoms | " vraseGrin Damera ]
& 3_5 B-dﬂpants & 25 B_dmants 17 B—Ij.']pﬁﬂts Fig. 3. Dependence of the average threshold voltage, (V7). and

the standard deviation of the threshold voltage., oF7. on the
(1e19cm-3) under ga'tE (1e19cm-3) under ga'lE' (1e19cm-3) under gate average diameter of the polysilicon grains in a 30x30 nm
MOSFET assuming midgap Fermi leviel pining.

T. Skotnicki, ST, SSDM-2006, PL-1, p.2 A. Asenov, U of Glasgow, SSDM-2006, F-5-1, p.358

Use In or B18H22 HALOsS

SIMS depth profiles of In

In: 150keV, 1 X 103cm™2
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e i 100 200 300 Fig. 1 Schematic of the MOSFET structure simulated, showing
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32nm Node FEOL Obstacles
- Gate Stack: hybrid high-k and mixed with SiON & poly
_ = Increase high-k from a medium-k of 8-12 to >20
— High quality <0.6nm SiO2 interface by low temp RTO
— Extending SION use to 32nm node by >30%N
— Tinv reduction by increasing poly dopant activation with SION and high-k
MIPS (metal inserted poly stack)
e Channel Mobility Engineering
— Push limit of localized strain-Si to >2GPa and reduce strain relaxation
— Localized Ge-channel for nMOS & pMOS

« Channel Dopant Engineering (doping & annealing integration)

— HALO/pocket optimization (multi-HALQO, iso-scan, B18, In, As4 or P4)
« Junction quality (msec dopant activation and leakage)

— SDE optimization (serial spot -vs-ribbon beamline or plasma, multi-tilt,
B18, Sb or P4)

* Retained dose limits & junction quality (msec dopant activation and leakage)

‘ Other: Detection & metrology techniques
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« Introduction: Device & Process Variation Caused By Implant &
Annealing

Channel Doping Optimization

— Extension & HALO Implantation Options
— Annealing Options

— Metrology

* Implanter signature
* Annealer signature

Channel Mobility Options

Gate Stack Options
— Tinv reduction
— EOT scaling

Summary
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Challen cing Ultra Shallow —
ions At The 32nm Node
USJ Problems

Not ITRS Roadmap (JOB Customer’s Roadmap) » Energy_ :
contamination
Node 65nm 45nm 32nm <0.1% so decel
ratio <2/1
X] 15- 12-20nm 9-20nmNe) NG channeling so
30nm need PAI but no
Maximum | Spike | Spike+msec | msec SRl TS ElE
Diffusion : i onl gullcdLCegIaring
10 or ms+spike ) junction leakage
20nm 5-15nm 0-5nm | Enhanced dopant
activation above
Implant | 200eV | 200eV <100eV S i
Energy |to 1keV |to 500eV to 500eV | diffusion
Productivity >30wph
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unction

Borland, Matsuda & Sakamoto, VSEAINEG:,
Solid State Technology, June 2002, p. 83 <
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Inplant Energy (eV)

—y

1000

900

800

700

600

500

400

300

200

100

\

ant Energy Versus Xj

32nm Node 45nm Node
B
m BF2
BF3
/
BF, _BF, PLAD
(0] 1 2 é/ 5 é 7 1‘0 1‘1 1‘2 1‘3 1‘4 15
Xj (nm)

HEHERIE LI e Borland, Semiconductor International, Dec. 2006, p.49 il

Marketing, Sales &

—— |
[r— “Technology)



PAIl Enhanced /

b B

Temperatures But EOR Damage/Leakage
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Laser Annealed

\L1ED & pysdn) XHOH mopsgnsen v Smg

S BF,-EOR damage PL=13
3E-7A/cm2 PL=27 1E-7A/cm2
3E-6A/cm?2
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ose & Flash Bss Versus
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Nsurf: Enha
B18 ithout PAI For Diffusion-less
nnealing (NEC USJ Phase 1)
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Atomic and Electrical Maps .| Bi-mode implant
Confirming the Implant Pattern '

C.Evans, FWA, IIT-2004

Erokin, VSEA, IWJT 2006 4 degree tilt quad-mode implant
Bi-mode or Quad-mode
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Single-mode Rs map

E. Don et al., Semilab, INSIGHTS 2007, p.

Quad-mode Rs map

134, May 2007

PLi for different quad-mode implants

Batch spot beam
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> Figure 4a: medium resolution map of a high dose implant
Fig. 4. Double mechanical scan implanter. Schematic showing - = . -
the locus of the beam centroid in the wafer’s frame of reference. ﬁ.ﬂm arn Impfﬂﬁrgr Wi rh n"'*ﬂ mec hﬂﬁl{:ﬂf SCAns

The faster mechanical scan axis is horizontal. The wafer vertical
position is incremented at the end of each horizontal scan.

A. Renau, VSEA, [IT-2004, p.284
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Figure 4b: same implant conditions as in 4a after annealing

Figure I: Sensitivity of QCS at £10% Dose Variation
e Typical implant profile measured after implant on a tool with
a two mechanical scan system and after RTP annealing

* Beam profile and scan pitch are dominatinag the non-uniformity
C. Krueger et al., AMD, [IT-2006
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Signature Is Critical

pike/RTA: no lamps Flash Anneal

O

1050 HTSP

(%) wafer Map - [AA18001.wmp]

{3 wafer Map - [AAD2001.wmp]

& Wafer Map - [AC22001.wmp]

Micro-map showing close-up of
striping caused by overlap region

Spatial Fingerprinting
residual damage from
Example: Macro-map of 300mm

blanket wafer showing non-uniformity wafer-scale to device scale
from laser anneal




100

Spike

High Damage|

Low Damage
Macro-map of 200 mm - . -
B S Micro-map showing massive
| USJ—lmpllanted_waiif’er 5].10“;'“9 dislocation density from high
dle SCae HOu Hndormty S temperature (1300°C) flash anneal
spike anneal

Macro-mapping +  Micro-mapping

PLi images of small test pads
show process induced residual
defectivity after USJ implantation
and laser thermal annealing

nanometrics

325 pm

Predictive Metrics for the Nano World 47



Wafer Cracking With Flash & Laser A
/ Crack of Si wafer

Higher radiant energy
8
Stress generated in Si wafer > Strength of Si wafer

Higher
- >
Pre-Heat =—  Tensile stress —
Temperature f: _3
Crack generation

- 'ﬂ" 2-December IWJT2002 T. Ito et al. 7



Macro-mapping + Micro-mapping

Micro-map showing close-up of
striping caused by overlap region

Spatial Fingerprinting
' residual damage from
Example: Macro-map of 300mm

Laser Anneal Exposure S
blanket wafer showing non-uniformity wafer-scale to device scale
Y. Chen et al., ECS May 2005, PV 2005-05, p. 171 from laser anneal

laser
heam

scanning direction

Scanning * : ;
Direction Eﬁ;ﬁ;
! intensity
|~ profils . . -
\ High-Resolution 4PP mapping on
Scan Subsirate ; UsJ
-~ Scan Su 300
?250
2
. . . . g 200
* Annealing time controlled by scanning velocity S 150
fawen = beam _smefvelomtyf % 100
+ For fixed dwell time, annealing temperature controllec g .
laser power density N
+ Temperature uniformity achieved by proper beam stit 0 10 20p035?ﬂ0‘;0[“fn? €0 70

Micro-scale sheet resistance line scan on a Laser Annealed
implanted wafer. The probe spacing was 3.0 um.

P TEXAS INSTRUMENTS INNOVATE. CREATE. MAKE THE D | P L.




Sheet resistance
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Figure 2: 30 mm sheet resistance line scan perpendicular to the laser scan direction using a 10 um pitch
four-point probe and a step size of 25 um. The vertical lines define the area which was consecutively
probed with different probe pitches (cf. figure 3). A conti~ '~ frmntinm ~fdhn ahantvanistaman vomn

] .. .. : Y R 780
approximated (thin line) for finite element method (FEM,  Q-X with:quad-mode+DSA!
740 740 I o
—_ — —=— 1.5um 1740
é 730 —% & @ 735 1 l - l —— 10pum
- : = 4730
1] - %o [+ i
cé 720 { - Spulh § 730 '
¥ £ % 725 - | df = 7
‘@ 710 A ? o o K & 7E0 o
: : b N 2 740
$ 700 { . 200um — 300 s 3 y &
% + 450Em H ?@e‘ % s o2 4 el 700
590 . . . 710 =% . : . | £ 700
48 09 00 0.9 1.8 0.1 0.3 0.5 07 0.9 2 g0 B30
Y-position [mm] Y-position [mm] -
Figure 5: Selected probe pitch and line segment of the 5 mm line scan in figure 3. A line segment was .
chosen to represent the two main periodic variations of 3.65 mm (left) and ~750 um (right). y ] ; &70
PDPEtersen et al., Capres/IMEC, INSIGHTS 2007, p. 162, May °
m__ 'ﬂh— Figure 6: 45=101 point area scan measured with a 10 pm pitch M4PP. The scan step size is 50 pm and

. .. 250 pm in the X- and Y-direction respectively. Raw data are represented by dots.
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~10000C Spike
+ Flash

B, 0.5 keV, 1.0x10!5 cm2

Ll contamination marks
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900C Spike+Flash

B, 0.5 keV, 1.0x101> cm™2

contamination marks

* global 11.1%
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easurements

3 pins not visible
B 1000°C Spike + Flash  _p37/3 :

Center not visible

1 pin not visible
B 1000°C Spike -037/4 _ .
Center slightly visible

1 pin not visible
B 000°C Spike + Flash  -037/2 | i
Center slightly visible

m SEMILAB Junction Technology Group Meeting 2007
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rix RsL Results On Junction
emilab Rs (—)

OB 500eV
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1000 Spike

1000 Spike+FLA
00D Spike + FLA

1000 Spike

1000 Spike+FLA
00D Spike + FLA

SPE
1000 Spike

1000 Spike+FLA
00D Spike + FLA

SPE

.0.B. Technology (Strategic
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Xperimental Matrix

Rs %o Leakage PLi Global [%] Local [T6]
o232 26 1.0ED7 1 10.7 1.0
S5 ] 28 1.0ED7 1623 7.4 1.1

1248 62 1.0EDO7 1310 4.9 D3
213 25 1007 488 23 6 37
o202 18 1.0EDO7 1715 13.6 D3
b4 19 1.0EO7 1650 15.1 Da
1211 49 1.0EDO7 a2 o021 D3
408 21 12604 270 1.2 D2
BOE 083 19E-D4 207 19 D_4
208 29 1.0ED7 2164 13.0 D4
o907 29 1.0EDO7 2108 16.0 D4
1 23 1.0ED7 2165 0.6 D.4
FiY | 42 1007 1029 0. 47
1245 18 1.0EO7 657 12.3 D2
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Spike 15t or msec Annealing 15t7
AMD/Dresden at ECS May 2007 reported no degradation in gate

/e@?v(lth spikelst + msec annealing for 65nm node volume
porduction.

 IMEC at INSIGHTS May 2007 meeting reported that spike 15t + DSA
laser annealing results in gate oxide degradation compared to DSA
15t followed by spike. At IWJT June 2007 reported better device
results but must add post laser anneal to reactivate dopant!

e Mattson at INSIGHTS May 2007 reported that FLA 15t followed by
spike results in deeper junctions than spike 15t +FLA. Also
spike+FLA resulted in higher dopant activation than FLA+spike

annealing sequence.
« TSMC at IEDM-2006 reported better Rs with msec+spike compared
to spike+msec for Ge+BF,.

» Asian company reported that better L control (SDE lateral diffusion)
with spike+LSA compared to LSA+spike.
Renesas at IWJT June 2007 reported LSA 15t better but again must
hddo ne o SATEET step to reactivate dopant. X

[re— "'"Mmology)
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Narihiro et al.,
NEC, IEEE/RTP
2006, p.147
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Fig.10 Ty, (EOT + inversion layer + gate depletion)
reduction with gate-poly pre-dope optinuzation for
different thermal budgets (spike anneal (SA) or laser
anneal (LA)).
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Enhanced ODopant
ion (NEC Phase 2)

* pMOS

— pSDE (5E14 or 1E15/cm2 dose limited by Bss)
« B:200eV/1E15
- BF2: 1keV/1E15

: . B10: 2keV/1E14
<900C Snike/RTA . B18: 4keV/5E13
— HALO (3E13/cm2 dose)
<750C SPE . As: 20keV/3E13
£ e As2: 40keV/3E13
<1300C Flash . As4: 80keV/3EL3
o Sbh:
<1300C Laser e nNMOS

— nSDE (1E15/cm2 or > dose)
As: 1keV/1el5
« As2: 2keV/1E15
o As4: 4keV/1E15
Ol 25
« P2:
Mineji et al., NEC/JOB/Nissin, IWJT 2007, S4-8 e P4:

Sh:

— HALO (3E13/cm2 dose)
B: 3keV/3E13
« BF2: 15keV/3E13

e In:
J.0.B. Technology (Strategic . 46
kMarketing, Sales & Technology) * B10: 30keV/3E12
- T  B18: 60keV/1.5E12

e
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Dopants and High
Mass Dopants for HALO and
Extension Implantation

Akira Minejit, John Borland?, Seiichi Shishiguchil, Masami Hanel, Masayasu Tanjo2 and
Tsutomu Nagayama?
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2J.0.B. Technologies, 98-1204 Kuawa St. Aiea, Hawaii 96701
on Equipment, 575, Kuze-Tonoshiro-Cho, Minami-Ku, Kyoto, 601-8205, Japan

- -
- . .r'_
T A —

J.0.B. Technologies (Strategic - - 2 . s 7w -

les &

-

. :



N E C P h 1 T Sheet Resistance ,
ase Cluster |/l decreases Rsi
- in SPER
Res ’
(i
= @ Spike/ 1080
L E Spiks/1000
e
Borland et al., IWJT 2006 = 1000 O Flash/1300
E gLlaserf1300
= B =FEfEs0
x
100
B11 BF2 B10-niz=in B10-5E B18-5E
e Sheet Resistance
w/ PAI
Mo benefit w/ PAI-Ge
-
e
.;,Er;. @ Spike/ 1080
r~ m Spike/ 1000
= 1000 0 Flazh/1300
g O Laser/1300
= mSPE/ESD
Py
e
100
B11 BF2 B10-niz=in B10-5E B18-5E




NEC Phase 1| = oo -eeesesumen
A Cluster I/l reduced the leakage current
0r .
Res E n SPER
i
z 1EDS @ Spike! 1080
T mSpike/1000
- OIFlash/1300
z OLaser'1300
Borland et al., IWJT 2006 S 108 W SPE/SS0
2
E
-
1.E-07 - - " - I . l
B11 BF2 Bil-nissin  B10-SE  B18-SE
o Junction Leakage Current
Hiaher leak t w/ PAI
§ _ Higher leakage current _ _
2 1E-D2 —
=
v _
& 1503 | [mSpike/1080
£ m Spikel 1000
< 1E-D4 L | o Flashy1300
= OLaser1200
= =y
3 1.E05 m SPE/ESD
E 1508
-
1.E-07 1 1 1 1
B11 BF2 Bid-nissin  B10-SE  B18-SE




i*"_-i"‘r lon Ensrgv

As ke lal3 BF2 ke lall
Asl Gl lal3 B10H= 7. 5kaV lals

N-SDE P-SDE
P ke lal3 Bl18Hx 13kaV lal3
Sh SkaWV lal3 lels
As 40kaV 3JE13 BF2 20kaV 3E13
M-Halo | Asl 80LkeV 3IE13 P-Halo | Bl0H=x S0kaV IE13
Sh 63kaV 3E13 In 43keV 3E13

B10Hx 7.5keV (B 1e15/cm2)

1.E+22 ¢

1E+21 P :g:g:gfg
Dopant Movement! : —B10_RT
SPE Onm LB ¢ -
900C Splke Onm 1E+19 |

Flash +2-3nm
1050C Spike +25nm o

mal., NEC/JOB/Nissin, IWJT 2007, S4-8 A Y .
— 0 20 40 &0 80 100

_’* Depth, nm
.

1.E+18 |
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P-SDE (B10, B18, BF2) NEC

Rs dependent on anneal conditions and ion species

3000
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The larger B cluster size ion implantation obtained lower sheet resistance
at SPER
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P-Halo (In, B10, BF2)

Rs dependent on anneal conditions and ion species

Indium FLA results different from Toshiba IWJT
2002120{1:1 /

10000 p-

mIn 45 keV 3.00E+1 m B10H14 50 keV 3.00E+13 @mBF2 20 keV 3.00E+13

8000 -
6000 |-

4000 |- SO

Spike Spike 900 SPE 650- MRTP Spike  Spike 900 SF"E 5543 RTP Spike  Spike 200 SPE 650- fRTP

1050 30s 1050 1050
.5 e S P
N N

In 45k 3e13 B10 50k 3e13 BF2 20k 3e13

Rs (ohm/sg.) by RsL

2000 f--

0

Activation as the halo dopant is not enough by SPER, even if it is cluster I/l

Indium is independent on the anneal condition = Indium may be function
as the halo by SPER

Mineji et al., NEC/JOB/Nissin, IWJT 2007, S4-8



P-Halo  (In, By, BF,)

/_eakage current density

Bin 45 ke 2 00E+ 12 @EB10HT4 &0 ke 2 30E+12 mBFZ 20 ke 2 3DE+ 13

------------------------------------------------------------

Leakage current (uAcm2) by Rsl

3

Spike Spike SPE TP Spike Spike SPE RTFPF Spike Spike SPFE RTFP
b [ o= [ ey [
5 5 5 5

In case of indium I/I, a leakage current was detected by RsL.

The leakage current depend on the anneal condition.
. = High temperature annealing can reduce the leakage.

- . Mineji et al., NEC/JOB/Nissin, IWJT 2007, S4-8

. ..
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Sb SPE Better Activation Than As
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H. Kennel et al., Intel, IEEE RTP
meeting, paper #13

S = =
N-SDE (As, As2, P2, Sb)
Rs dependent on anneal conditions and ion specics™ya
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Rs of Sb is decreases with reducing the anneal temperature




0s. or Antimony For nSDE?

1000 -
5000 .
|
Ge-PAL10keV5E14/cm” FLA PulseD8ms “"-ﬁ NH‘
. GV AT25V- 4025V . e A
As:2keV 1E15./cm’ Pre-Heat 500°C _\\ *E;E_ﬁ.{ﬁ.s} “lsﬁTﬁ.{Sb}
4000 : N D, N
® w0 PAI - L .
n y
@ Ge 10keV _ N
' 3000 F H i v, A SPER<SbX,
.fn T LY Y, A
& e B “\
£ = E ) y
A
£ =} FLASSbY, ™ “
b Y, A
[ -} u b b h
L (il . " A
« 2000
= \_\\ x\\ '\\
\\'\ \\\
1000 © 0 Ge Pl Ge 10kaV ™, "
Y %
. ‘ - ""\ %
= _‘ a k‘\ \\\.
™, LY
D : | | 1[][] 1 1 1 1 [ T T |
10 100

3400 3600 3800 4000 4200 -
FLA Power [V] Xj@1E18/em3 [nm]

Fig.6 The dependence of lamp power in
FLA on Rs of As doped n+/p

junction
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Fig.15 Rs-Xj characteristics annealed by
FLA, SPER and FLA (Sb)




Rs dependent on anneal conditions and ion species
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Sheet resistance by SPER is much higher
= The increasing of the As halo dose reduces the Rs by SPER
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Bss (atoms/cm3)
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Outline

« Introduction: Device & Process Variation Caused By Implant &
Annealing

Channel Doping Optimization

— Extension & HALO Implantation Options
— Annealing Options

— Metrology

« Implanter signature
* Annealer signature

Channel Mobility Options

Gate Stack Options
— Tinv reduction
— EOT scaling

Summary

kJ.O.B. Technology (Strategic 60
: Marketing, Sales &

[ — “ Technology)

. .



B . )
Process Induced Strains U

Conidmibal

D-ESL Sacunty €

J.0.B. Technology (Strategic K. Goto, TSMC, Apr 2006 MRS 61
Rkeing. ?a'es g SiGe lowest cost for performance improvement
- 9y

i




Recess etch
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I'1, SPE anneal
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40% increase in B
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Fig. 7 Sheet resistance of As doped
SPE S1C as a function of total C
content. The As activation 1s degraded
as more C 15 implanted.
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Fig. 10 NFET junction leakage
comparison between e-SuC and
control devices. There 1s a slight
leakage increase due to e-S1:C but
it 1s within the acceptable range.

Lloping implant,

activation anneal

Process flow for NFET with e-S1:C usmg (a) the
conventional recess etch and selective ep1 approach, (b) the novel
implantation and sohid-phase epitaxy technique.
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Fig. 8 I, Lg performance
comparison for NFETs with
different stress elements (NL:
neutral liner, TL: tensile liner).
Drive current 15 mmproved by
6% due to the e-S1:C tensile
stressor. When e-S1:C 1s
integrated with TL, both the
improvement by e-S1:C (6%)
and the improvement by TL
(13%) are retamned and they
are additive to each other.




Raman Scattering (C,H, & C;H;) (UV Laser 36.3.8nm)
1.00
Jn-g" C-H;H"} = EKEV C?Hr - EZI'[EV
2 0.80 =
— — r ']
W [ g |
w (.60 1t
o [N
5 == [ L]
== [ I ]
(73] 11
5 040 1 :
11 P -
= ] TR |
-
& 0.20 ] — ] g — —
[N 1,
o (] (U R
T I B L] .
0.00 - - =
3 U 3 L} 2 0 O £ U L} U 9 O Q O 3 [ U
= o = o [=] =] =] = o o o [=1] = =] =] = o] o
Iy uy u [Tyl [“r ] L] [Tp] Ty ] Fp) (Fp] uy ("¢} ["r] '] L] Ty ] uwy Fp)
{Fu] w w = Fo= = L] oo oo w w (=] [ = = oo od oo
u-,ul ml I.ﬂl unl m.l ml .nl u-,ul ml |.n| ml |.r.r| ml l.nl ml u:,ul ml ml
T — - - - — — — — - — -— - — — T = —
oW oW M @ @ @ @ o w B @ @ e @ o9 W @
N T T R e T i e T R T T R e T T
"4 = a2 a S ] 4 X a2 a = " S a2 ] i, K a2
D w w o (=] L=} L] w0 w w w (=] [f=] [1=] L=} {Fu] wr w
u:l u:|| Iml u:|| u:rl ml u:-l I.'I'.'I ml rLI rnl r--l r--l r-l r-l r--| rul rnl
L T [ o o0 O O 0D
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Fig. 10. Stress data for various carbon cluster implant conditions and anneal conditions. Both Cye and C;
Implants are shown to produce similar levels of stress. Data by UV Raman spectroscopy.
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oCéIized Strain Level

* 90nm node 17% SiGe=0.6GPa  MC's 45nm process

e 65nm node 20% SiGe=1.2GPa incorporated the latest

- 45nm node 25% SiGe=1.5GPa  technology advancements
. 32nm node 30% SiGe=2GPa ®F -

PMD 1

SiGe Local Strain

J.0.B. Technology (Strategic April 2006 MRS Tutorial 65
' “Marketing, Sales & S. Thompson & K. Jones

ogy)



Mobility Dependence on Implant Species,
Dose and RTA Conditions
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Si Dose ( atomsicm?) Ge Dose ( atoms/cm’)

= For a given RTA, mobility degrades above a certain dose ("critical dose”)

= Critical dose depends on RTA: higher thermal budget, lower critical dose

» Critical doses: Si (P) 5 x 10"2to 3 x 10 cm=, B 10~ 10" cm?

= For Ge (As) the mobility is already decreasing at a dose as low as 103 ¢cm= 10

MO.B. Technologies (Strategic vTech 2003
L T H. Nayfeh et al., MIT, DRC/EMC meeting June 25, 2003
B e



ion Limits
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M. Yu et al., TSMC,
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o — ' IEDM 2006, section 33.5,
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3¢ Lmin (nm) @ Ioff = 10nA/um Junction leakage (A) €9
Fig.10 JIon-Lmin as a function of implant Fig.11 Improved junction leakage due to
specties after MSA on implanted S1Ge. implant species after MSA.



| "aser Anneallng But DSA 1st Is Best
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But 45nm No s Integration
3-Spi nneals for Poly/SD, Disposable
acer & SMT Stressor Then msec Annealing

NFET PFET

OHybrid ST
OWell/Channel Implantation

_J k_\_!_) k_'\ O Gate Ox/Gate electrode

OSpacer1 formation
ﬂ O SD implant/Spike anneal#1
O Spacer1 removal

AN QO Offset spacer/Halo/Extension

O Spike anneal#2
~ O Spacer2 formation
SMT Stressor " OSMT stressor (SiN) depusitiunﬂ“

\ _ O Stressor removal on PFET
4 OSpike anneal #3
. OStressor removal y
jﬂuﬂcgﬂ:h O NiSi formation

MO B. Technology (Strategic 69
— arketing, Sales &

e Technology) Toshiba/NEC/Sony, VLS| Sym. 2007, 12A-3




Qutling =

9..,/rlw/t?6duction: Device & Process Variation Caused By Implant &
Annealing

Channel Doping Optimization
— Extension & HALO Implantation Options
— Annealing Options

— Metrology
« Implanter signature
* Annealer signature

Channel Mobility Options
Gate Stack Options

— Tinv reduction
— EOT scaling

Summary

kJ.O.B. Technology (Strategic 70
Marketing, Sales &

[ — " Technology)

... .
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Laser anneal has been demonstrated
to meet the ITRS roadmap for extension
sheet resistance versus junction depth

Reduced Tox(inv) 28
by increasing
active dopant in

poly electrode
Need B=1-6keV, 5-20E15 dose

M. Rodder, T1, vTech 2005 =1 —r—r—
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Laser anneal not yet demonstrated
to significantly reduce T,V
without excessive gate current
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Phosphorus SIMS-profiles m poly-51 with different laser annealing
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Y. Chen et al., Tl, ECS May 2005,
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RTA Roadmap AMDZ1 *

- 1 .

SDE scaling for reduced : combined FD-SOI w/

junction depth and 1| SDE/SD/contact/spacer
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Laser/Flash
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Borland’s U ielectric

45nm 32nm
Gate SION \ > SION

Dielectric  HfSION (medium-k=9-12) N >HfSION
HfOx (high-k>20) >HfOX

HK/MG nFETs & SiON/Poly-
Si pFETs. IBM 45nm &spike+LSA

Gate Poly B > Poly
Electrode Poly/metal N >Poly/metal
Metal 7 >Metal
§=C >EBST
Annealing Spike+msec (FLA or LSA)/ > Combinations
Options msec+spike msec only
SPE (high-k)
Gate Gate 15t > Gate 15t

.integration +Disposable spacer >Disposable spacer
i Gate last (ALD) >Gate last (ALD)



imeC & KU Leuven

FUSI vs. RPG vs. MiPS

IMEC FUSI IMEC MIPS

» Integration route
v FUSI follows standard CMOS process till NiSi S/D
v 13% process similarity with RPG
v Same dielectric process as in MIPS

.'mnndu' -
ineon (inteD  [R3 M2 Panasonic  JTHTY ELPIDA
kJ O.B. Technology (Strategic 75
G Marketing, Sales &

[r— “Technology) Interview S. Biesemans, IMEC at VLSI Sym. 2007




What is most suitable process for HK+MG? LE

gate first or gate last

- Gate First
+ Most like standard transistor process
- Temperature restrictions on gate materials
Best flow is the one that works

(intel MTB 6/07
MO.B. Technology (Strategic 76
arketing, Sales &

' !
s Technology)

Gate Last

+ Fewer material restrictions due to temperature
- New process flow

Hybrid NMOS / PMOS

+ Optimize flow for available materials
- New process flow




rage of HK+MG?

#1: Power Reduction 1000 ¢

(energy efficient computing)
th i
Why only _» 110" gate oxide leakage )
0.1x and not 1/5" source-drain leakage =
2 =
L effoct? g 100 p
#2: Performance Increase a
20% higher drive current ?
. 1/5t™ leakage
#3: Scaling 10 O
Higher drive allows scaled 0.8 1.0 1.2 14
transistor width Transistor Drive Current (rel.)

(Inte,!: MTB /07
J.0.B. Technology (Strategic 77
. arketing, Sales &
. “=TEChNol
e ——

ogy)
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What |
+MG?

deposition methods and materials

suitable process for

_<: NMOS CENSORED t
PMOS | CENSORED y

Metal Gate

High-k ALD hafnium-based dielectric
Si Substrate — CZ bulk silicon + epi layer
h B T Interview Mark Bohr of Intel, VLSI Sym. 2007

T

e



What |
+MG?

deposition methods and materials

suitable process for

NMOS Shame on you for doing that
Metal Gate —<:
PMOS F CENSORED y

High-k ALD hafnium-based dielectric
Si Substrate — CZ bulk silicon + epi layer
kMTB s Interview Mark Bohr of Intel, VLSI Sym. 2007

_—— _E...:!"‘

e



suitable process for

What |
+MG?

deposition methods and materials

Metal Gate

_<: NMOS Shame on you for doing that
PMOS Report yourself to Intel security

High-k ALD hafnium-based dielectric
Si Substrate — CZ bulk silicon + epi layer
kMTB s Interview Mark Bohr of Intel, VLSI Sym. 2007

_—— '-_.—__'-T"‘“

e



' When will HK+MG be more than 50% of market? E

100%

80
70 65 nm
60
50
40
30
o0 45 nm

10

2H'07 Q1'08 Q2’08 Q308 Q408
Forecast b

>50% of all Intel CPU shipments will be HK+MG by 3Q ‘08

MTB 6/07

J.O.B. Technology (Strategic 81
rketing, Sales &

—



45nm & 32nm Node

65nm & 45nm Node

32nm & 22nm Node

Flash, Laser or SPE

-USJ diffusion-less activation

9

IBM VLSI 2007 45nm
1000C Spike

?

Borland, Semiconductor

g . B International,
45nm node Process Integration Options: Dec. 2006, p.49

IBM 1)Gate 15t (medium k=7-12)
Japan 2)Disposable spacer (medium k=7-12)

e ? 3)Replacement gate (high k>20 by ALD for step coverage)




—0— Comm{L

40 1 2
(V)

Fig. 15. (a) C-Vcharacteristics for p-FET show no electrical change (EOT) by
the LSA in W-gated stack. (b) Gate leakage characteristics show redution with L'ﬁ"-‘f annealing was performed with different laser power density (A=B > C)
the additional LSA.

LDD (SDE) & Halo lIP
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Junction Activation - RTA
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CVD Process

700 to 900 °C after source/drain activation can cause dopant deactivation.
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Fig. 3. (a) P"/N sheet resistance and (b) contact resistance of peripheral P-FET.

at 3 implementation (reactivation).
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Table 1. The improvements of sheet resistances (N"/P and P/N) and cont
act resistances (N~ and P7) of DRAM peripheral transistors.

Fig. 1. Process flow after source/drain formation. Some thermal processes at

N*/P Rs [P*/N Rg| N*Rc | P*Re
(81]) =| Qicnt W Q/cnt
Control 191 938 446 1827
18t .
Anpismentation LSA Addition 186 712 434 1393
Gain 3 % W 3 % u_
Control 187 973 533 | 1778
gnd
. LSA Addition 147 361 437 991
Implementation — —
Gain 21% | 3% | 18% | 449%
Control 183 994 475 1793
¥ . LSA Addition 147 364 547 1096
Implementation
Gain EU % 64% | -13% | 39%
G.H. Buh et al., Samsung, section 33.4, IEDM-06



Summary
* Must Reduce Device & Process Variation

« Channel Doping Optimization

— Improved implanter micro-uniformity
* Molecular dopant species for Extension & HALO

— Diffusion-less activation with improved micro-uniformity (how best to
Integrate?)
e High temperature msec annealing for medium-k 8-15
* Low temperature SPE <800C for high-k >20

— Metrology for micro-uniformity detection

e Channel Mobility Options

— Need >2GPa of strain but must optimize process integration to minimize
strain relaxation

« At 32nm Node Many Different Gate Stack Options
— Single hybrid or dual: poly/medium-k, MIPS/HK and metal/HK
— Still poly/SION for nMOS or pMOS
— Process Integration options: gate 1st, gate last or hybrid combination

kJ.O.B. Technology (Strategic 84
Marketing, Sales &

B “ Technology)
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