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2007 - PIDS/FEP - Simplified Transistor Roadmap

[Examples of “Equivalent Scaling” from ITRS PIDS/FEP TWGSs]
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Agenda

Improving Electrostatics
— Planar or MuGFET
— High-k Metal gate

Capacitance Challenges
Resistance Challenges

Mobility enhancement

— Advanced channel materials
— Orientation

— Strain

— Mobility and electrostatics

Summary
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Improving Electrostatics:
Planar or MUGFET
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Planar Challenges

PMOS strain
(Pitch scalable strain
solution)

\

Capacitance
(Increased fringe to
contact/facet)

4

Channel
(Higher mobility
channel arch.)

Gate

(SCE limitations)

1

Channel
(Variation with
high doping)

NMOS strain
(Pitch scalable strain
solution)
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Additional MuUGFET Challenges

Fin/gate fidelity on 3'D
Small fin pitch (Patterning/etch)
(2 generation scale?)

Gate wraparound
(Endcap coverage)

Variation
(Mitigating RSD
h/ but acquiring
Fin Strain engr AR
(Effective strain Rext: Topology
transfer from a fin (Xj/WSsi (Polish / etch Capacitance
into the channel) limitations) challenges) (Increased fringe to
contact/facet)

(intel)‘ Kelin Kuhn / IEDM 2008 6



MuGFET vs. Planar Risk-Benefit Summary

+ Traditional planar scaling
roadmap

+ Permits advanced strain
engineering for both N and
PMOS

+ Traditional litho scaling
roadmap

BENEFITS RISKS
MuGFET | + Better SCE: Vit - Very challenging fin patterning
+ Better performance vs Vcc | - Process challenges with non-planar
+ Low doping: Improved Process
matching (RDF) - Implementing N and PMOS strain
- Very tight process control
- High Rext (thin body)
- Design challenges with quantization of
fins — particularly RF cells
Planar

- SCE improvement bottleneck
- Reduced S/D area / Rext

- Risk of increased variation
with scaling

- Significant mobility enhancements
required for planar 22nm
- Increased yield/rel. risks

Kelin Kuhn / IEDM 2008




Quantized Diffusion
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Electrostatics Benefit

Lg

Lg

—>

Conventional Planar FET

Wsi

MuGFET

MuGFET electrostatics allows either:

1) Lg Scaling (support smaller Leff at same |off)
2) Vg-Vt scaling (support smaller Vt at same loff)

(intel” Kavalieros — Intel - VLSI SC 2008 [2]



Hisamoto — Hitachi / Berkeley— IEDM 1998 [3]

A Folded-channel MOSFET for Deep-sub-tenth Micron Era

Digh Hisamoto, Wen-Chin Lee’, Jakub Kedzierski', Erik Anderson”, Hideki Takeuchi*,
Kazuya Asano**, Tsu-Jae King', Jeffrey Bokor’, and Chenming Hu"
Central Research Laboratory, Hitachi Ltd., ) EECS, UC Berkeley,
") Lawrence Berkeley Laboratory, *) Nippon Steel Corp., **) NKK Corp.
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MuGFET Electrostatics Benefits
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Good news: MuGFET electrostatics
strongly depends on the ratio of
L. / W, as defined by:

Leg=Le—27 Xyp
Wi = Wg; + 2(e5/ €0x) Tox

Wsi

Kavalieros — Intel - VLSI SC 2008 [2]
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MUuGFET Electrostatics Benefits

Good news: MuGFET

Lower VT NCE iImprovement
A

ID
Planar
/ Constellation of \
_ ID at loff target vs _ _
Long L Short L
SCE roll-off due to low VT SCE roll-off due to short L
Increase Le to reduce loff Higher doping/VT to reduce loff
Reduced drive due to longer Le Reduced drive due to VG-VT

i@ Kelin Kuhn / IEDM 2008 12



T SLOWER

Mixed Blessings
of Improved Electrostatics

Simulation

DELAY %

22nm planar

m planar

\
AN
AN

22nm MuGFET

Q\

05 06

07 08 09

VCC

1

22nm MuGFET %
=

s’

AN

o

32nm planar

22nm planar| Simulation

05 06

0.7 08 0.9
VCC

Bad news: Improved voltage scaling (from lower VT) is
also associated with increased loff (from improved DIBL)

intel)
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SS Lo

DIBL Lo
~150 mV/V

loff Lo l

loff Hi

Mixed Blessings
of Improved Electrostatics

PLANAR

I (~150mvV) | 7

DIBL Hi
~100 mV/V

Curves translate
AND compress in
VGS

SS Hi
(~150 mV/V) e

~50mV VT
Lo to Hi

Blue = Before (LoVT)
Red = After (HiVT)

MuGFET

’ y High VDS (sat)

SS Lo
L ~11omvv) L, 4
/

SS Hi

110 MVIVY) o,

-
(~

/ 4

DIBL Lo

Low VDS (linear) ~95 mV/V)

Low VDS (linear)

DIBL Hi

~70mV VT
Lo to Hi

VGS [V]

translate in |

(=95 mV/V)
Blue = Before (LoVT)
> Red = After (HiVT)
VGS [V]

Bad news: Improved SCE (lower DIBL / SS) means less
sensitivity to VT changes. More VT shift is required in
low power device options for the same loff shift

intel)
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Mixed Blessings of Improved Electrostatics
PLANAR MuGFET

g
S
- <
0)p)
()
o 0
low ~3X
CD
‘ ‘ ‘ ‘ high
O VGS [V] VGS [V]
OV
%) PLANAR MuGFET
SHORT: ~7X SHORT: ~5X
MEDIUM: ~5X MEDIUM: ~4X
LONG: ~3X LONG: ~3X

Bad news: Better SCE means less shift in loff with CD
loff shift with CD is key tool in tailoring low power devices

intel)
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Improving Electrostatics:
High-k Metal Gate

Kelin Kuhn / IEDM 2008
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High-k Metal Gate

BENEFITS

* High-k gate dielectric
— Reduced gate leakage
— Continued T,y scaling

* Metal gates
— Eliminate polysilicon depletion

— Resolve V; pinning for high-k
gate dielectrics

CHALLENGES

* High-k gate dielectric
— Reduced reliability
— Reduced mobility

* Metal gates
— Dual bandedge workfunctions
— Thermal stability
— Process integration

Kelin Kuhn / IEDM 2008
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High-k Metal Gate: ToxE and Ig
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High-k/MG enables 0.7X ToxE
scaling while reducing
lg > 25X at 45nm node

Gate leakage is reduced
>25X for NMOS and
1000X for PMOS

Mistry - Intel - IEDM 2007 [4]
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Improvement needed: Both HiK and Metal

k value vs CB offset
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s CB and VB offset
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Gate First

vS Gate Last

Gate-First
Dep Hi-k & Patt Met 1 &
Met 1 Dep Met 2
S

Patt Met 2 & S/D formation &
Etch Gates Contacts

- ﬂpﬂ'@u_ﬂ

Hik-First, Gate-Last

Dep & Patt  S/D formation &
Hik+Gate ILD dep /polish
[] ]

Yy

Rem Gate & Dep Met 2+Fill &
Patt Met 1 Polish

Jr . Luliul

Advantages of gate last flow

* High Thermal budget available for Midsection
— Better Activation of S/D Implants

 Low thermal budget for Metal Gate
— Large range of Gate Materials available

» Significant enhancement of strain
— Both NMOS and PMOS benefit

Auth - Intel — VLSI 2008 [8]
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4.0

1.5

Capacitance (uF/cm2)

0.0

Two metals vs Two dielectrics

One Dielectric,
Two &m metals

Mistry - Intel
IEDM 2007 [4]

V. Narayanan, et al., VLSI 2006

o5 |
30
2.5 [
2.0 [

10
05

La containing cap layer in |

HfO2/TiN: tinv=1.2nm

/ HfO2/TiN:
tinv=1.4nm

ﬂ & SiON/poly-Si:
K i tinv=1.4nm

Gate Voltage (V)

5 layers
Two dielectric stacks
oS (with capping layers)
. One &®m metal
(& 0 Wi diflputseiron
_ | Cartier - IBM
N SEMICON 2008 [9]
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Capacitance

Kelin Kuhn / IEDM 2008
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Planar Capacitive Elements

—-\

~

Cfringe to
facet

AN
Cfringe to e
diffusion (of/if) W

Cxud - device
component of Cov
(XUD-based)

Cfringe to
Contact

Cjunction

Gated-edge junction

Cchannel component \ T /
of Cgate A . . -/ y 4
reajunction P
Kelin Kuhn / IEDM 2008 ™ 25



Planar Capacitive Elements

Cfringe to
Contact
15%

L
O
=
X 10% A
@)
|_
2 5% -
@) Q—N_Q
e
b 0% ‘
0 200 400
PROCESS

GENERATION (nm)

“*Golden” days of scaling:
Who worried about Cfringe?

(intel‘ Kelin Kuhn / IEDM 2008 26



Cfringe to
facet

Planar Capacitive Elements

Cfringe to
Contact

Cfringe to
facet

PERCENT CFRINGE

15%

10% -

5% -

0%

i'\T Epi facet

0 200 400

PROCESS
GENERATION (nm)

“Silver” days of scaling: Introduction of epi:
Increased fringe due to facet

Kelin Kuhn / IEDM 2008
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Cfringe to
facet

Gate and contact CD dimensions scaling slower than

Planar Capacitive Elements

Cfringe to
Contact

15%

10% -

5% -

PERCENT CFRINGE

0%

Reduced
CON/GATE scale

0

200
PROCESS

400

GENERATION (nm)

“Bronze” days of scaling

contacted gate pitch — fringe matters

Kelin Kuhn / IEDM 2008
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Recent MUGFET geometries in the literature

Verheyen—-IMEC Kang—Sematech Collaert—-IMEC
VLSI 2005 [11] IEDM 2006 [12] VLSI-TSA 2007 [13]

20nm FIN spacer

£V *

gé't: P ad
gate

200 nm

AccV  Spot Magn 1
500kv 20 350000x 25 HKOS5019 D20 DiI-Ti1

Kaneko-Toshiba Shang—-IBM Lenoble-STM/IMEC
IEDM 2005 [14] VLSI 2006 [15] VLSI 2006 [16]

intel) Kelin Kuhn / IEDM 2008 29



Possible production architectures

Unlikely

Contact patterning
limitations

Possible

Leveraging
“trench” contact
architecture

Kelin Kuhn / IEDM 2008 30



MuGFET Capacitance Elements

Con-poly and Facet-poly are a critical
component of capacitance evaluation

(intel)‘ Kelin Kuhn / IEDM 2008 31



MuGFET Capacitance Elements

Kelin Kuhn / IEDM 2008
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MuGFET to planar
“Polyominoes”

Equivalent planar device

Kelin Kuhn / IEDM 2008
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MuGFET — Planar: Differential Capacitance

(S <"
Wﬂﬂ%ﬂl

MuGFET

iéar'p.m

Remove common elements (green/magenta)
Remove non-contributing capacitive elements (yellow)

Kelin Kuhn / IEDM 2008
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MuGFET — Planar: Differential Capacitance

(-Z%m‘} - I

~(pitch-Wsi-2Hsi)+(3*Hsi)

MuGFET has INCREASED CON-poly fringe capacitance
(Originates primarily from space around/below fin)

Gate
height

«—>
pitch-Wsi-2Hsi

MuGFET has INCREASED Con-poly fringe
capacitance due to pitch > 2HSi. (Dead space)

35



MuGFET — Planar: Differential Capacitance

Wsi

<>
"1 MUGFET has
" ~ Hsi

DECREASED epi-facet

to poly capacitance
n .i : due to facet limited fin
Hsi growth
<>
Hsi

€ 30

n o Overall?

5 20 05X CTG [> 2X MuGFET >> planar

S 10 Strong pitch sensitivity

= Strong contact-gate sensitivity
< O | ‘ ‘

C 50970 90 110 130

FIN PITCH
>1 generation litho (even w/ 193 wet) 36



Innovative Spacer Technologies

Gate spacers
removed

600 1000 1400 1800 2200 2600 3000 3400
Wavenumber (1/cm)

SPACER REMOVAL SIBCN (Low-K) SPACER
Liow — NUS Singapore Ko —TSMC
EDL 2008 [17] VLSI 2008 [18]
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Resistance

Kelin Kuhn / IEDM 2008
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Planar Resistive Elements

RCONTACT
RSILICIDE
RINTE
RACCUM
PREADING

intel) Kelin Kuhn / IEDM 2008
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Advanced Laser Anneal Technologies

in

n

NFET

NFET

i

=]
NFET PFET

PFET |

PFET

1. Form protective
layer over NFET
2. Si recess RIE

3. e-SiGe module (epi
preclean, in situ doped
SiGe growth etc)

4. Remove protective
layer

5. S/D anneal

6. Ni silicide

7. CSL

<> 8/D anneal before Epi
€ S/D anneal after Epi

*
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Figure 4: Drain-Induced Barrier lowering (DIBL)
regime as a function of L.

Figure 3: Threshold voltage measured in the
linear regime as a function of L.
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IEDM 2005 [22]
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More Advanced Laser Anneal Technologies

ESiGe Ref. [11]

*Low Resistance SDE by LSA (stepl)

45-nm Node High-Performance and

Low-Leakage CMOS

Compressive SiN

Tensile SiN

Process Sequence
of This Work

SDE & Halo Implant
with Co-implant

LSA (stepl): optimum

Sidewall Formation

ZSiGe Formation
(PMOS)

Deep SD Implant

/ °Eﬂ'e{tivc Hal

*Low Resistance Deep SD by LSA (step2)

“Junction Engineering with Multiple LSA Scheme”

5 :
T
?&y LSA (stepl) @‘dm‘tiun of

LSA (step2): optimum
Spike RTA
Silicidation

R, and Ry,

10
- (@)PMOSI 1 (b) PMOSR 1
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;a 10 z
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0.3 04 05 0.6 0.7 200 300 400 500 600 700 800 900
I(.n [mA/wm] (V,=-1.0V, V =-1.0V) le [€2-pm] (V,=-1.0V)

Yamamoto — Fujitsu
IEDM 2007 [23]
Multiple laser spikes + RTA
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Even More Advanced Technologies Required

FUSI RPG MIPS
Gate Last Gate last Gate first TEwEe
Q (o
© 1E+21
L % Rs: 958.Tohms/sq
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Non-melt LSA with adv. gate stacks Flash + Adv. doping techniques
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MuGFET Wsi Impact

—_—

Rsd

Collaert — IMEC — VLSI-TSA 2007 [13]

RESISTANCE (kQ)
N WO & O1 OO N OO OO

10 20 30 40 50 60 70
FIN WIDTH (Wsi)

Dixit — IMEC
TED 2005 [27]
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Low Barrier Height Contacts

Rinterface oC exp( q¢B j

Rcontact 1
R<iLicipE Rinterface oc K
RinTere q¢, — Schottky Barrier Height (SBH)
N, — Substrate doping conc.
R accu
A—Contact area
SPREADING
Rierface: SChOttky Barrier Height (SBH) between silicide and Si
R.iicige: INtrinsic resistance of silicide

Limited additional improvement with Ricige

(NiSi has the lowest known resistivity of all silicides at 10.5 nohm-cm)
Optimized barrier-height SBH for NMOS and PMOS

(Some potential for further R, reduction)

Kelin Kuhn / IEDM 2008
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Schottky theory vs. experimental SBHs for metals on nSi
Mukherjee — Intel [28]

1.3 -

B Schottky theory
i O Experiment
1.1 14" period transiton 50 period transition ~—~ """ """~~~ 6t period transition
4 metals metals metals

Desired

0.9 s i R e LI
’-_\ : Co u .' e’ PMOS
> o @ '

307 B

= 2l 224 Bl Cr — _

< I T A A NI N i c A 1NN B )

ST
: 1 | 2 | 3 5 6 7 | 10 | 1 12 13 14
Bl |

Fermi level pinned to mid-gap for most metals on Si

Desired
for
NMOS

21 2 23 24 25
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Alloy Modifications to Traditio
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Implant Modifications to Traditional Silicides
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Zhang — KTH Sweden
EDL 2007 [31]

Implant modification of SBH
(SB FET paper)

/QTA post
activation

iy i
£ s
RTA sﬂi&
activation

Larrieu — IEMN France

IEDM 2007 [32]
Dopant segregated implant through
metal/silicide (SB FET paper)
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Novel dual silicide concepts

RE deposition
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IEDM 2007 [33]

Pt/rare-earth segregation in NiSi/Si

Dual silicide
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VLSI 2008 [34]
Dual silicide
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Al interdiffusion + PtSi/PtSiGe
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IDS (A)

Even More Novel “Silicide” concepts

/ Selective -
' Metal
i \
70A CoSi

I
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Pan — AMD/IBM
EDL 2006 [35]
Selective metal (electroless) - CoWP
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J Channel implam

- Fin definition

3 810, gate oxidation (30 A)
J Poly-Si gate deposition and Gate implant
3 Gate deflnition
J SDE Implant

 Spacer formation (40 nm) with stringer removal

d Selective Epltaxial Growth of 8i,,Co

J S'D Implant and [RTA or Pulsed Laser Anneal |
3 Gate hardmask removed for RTA devices

J E-beam evaporation metal deposition

3 Metal siliddation [RTA @ 500 °C, 30 s] y
 Selective metal etch [H,S0,:H,0, @ 120°C, 60 5] B

th

§

A Ni(Dy)Si:C MuGFETs
F Ay O NisiC MuGFETs

-

[ O NiSi:C MuGFETs
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Lee — NUS-Singapore
IEDM 2007 [36]
Ni(Dy)Si:C silicides + laser annealing
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Schottky-Barrier Height (eV)

Schottky Barrier heights
Alloy and implant approaches - Lee - NUS-Singapore [37]

0.8
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[ [S1] << >
0.6} 5

o = :

[52] 5

0.5F o 511
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0.4F [53] fsa] i 5121
0.3} S4][S3

: [S41S3] ;g 11

[ [S5] : [S13]

! . [Sl4ﬂ
0.2 ; S12]

[ [56][87] [S15]  [s17

[ [S8] [S9] [Sll]i [S16] [S15]
0.1F [510]
OO.Q& Of P FPEF LTSO8 S %Ie NECRC cf' \°@ O
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SEEE 8 ey %;1\%%\ X S G e

See special reference section on Silicides
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Schottky barrier S/D — an option?

= Vg |()ﬂ'-.suu-:| Sa.lr:lhml v =0 v

V=V, | On-state I

Metallic SD Conventional

Larson — Spinnaker
TED 2006 [38]

In a metal SB-MOS, S/D forms
an atomically abrupt Schottky-
barrier having the height ¢b.

Unconventional operation (field
emission device in the ON state)

Needs complementary devices
(midgap silicide or two silicides)

Channel doping concentration
reduced due to the built-in SB.
(Associated advantages in
variability and scattering.)

 Silicide requirements are

presently believed similar to
low-barrier height conventional
silicide requirements.
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Copper Contacts
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Fabrication of Cu contacts Challenges of Cu contacts
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Mobility Enhancement
11-V/Ge

Kelin Kuhn / IEDM 2008
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Challenges of Alternative Channel Materials

X-valley

I'-valley

L-valley

Quantized

Indirect Levels

Tunneling
t

(Phonon assisted) Indirect

Tunneling
(Phonon assisted)

Direct
Tunneling

<111>
>

Heavy

nght Hole

Hole
Split-off

Saraswat — Stanford — IEDM 2006 [41]

* Very high mobility

materials (ex: InAs, InSb)
have low density of states
in the I'-valley, resulting in
reduced lon.

. At high fields, the

quantized energy levels in
the I'-valley rise faster
than in the L and X
valleys, and thus the
current is largely carried in
the lower mobility L and X-
valleys.

Kelin Kuhn / IEDM 2008 55



Challenges of Alternative Channel Materials

Source BTBT * Low Eg llI-V materials (InAs, InSb)
are subject to loff increases due to
= band-to-band tunneling (and the

e effect worsens with strain).

Large overlap integral
Large tunneling rate

Eg ¢ Geis more complex due to the
close energy proximity of the I

Drain :
valley to the L and A valleys. This

8 | ;S;s.&m T =tnm—s—si | permits both direct and phonon
‘:‘gﬁoj " :g:Asj aSS|.s.ted tunneling .(and has the
z | e —o—Inas | additional complexity of a
§ _ '\ " direct/indirect tradeoff with strain
2 _ Kim [42], Krishnamohan[43
¢ o N (Kim [42], Krish [43)
s | g  Higher k materials (InAs, InSb)
2 8+ .
@ 8 10 2 AE 14 s have increased subthreshold

o () slope.

Saraswat — Stanford — IEDM 2006 [41]
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Challenge of Lattice Mismatch Issues

llI-V Device Layer

N Direct
- N
--S-”-I(:).n. Deposition EEEEEEEEE

Silicon
<l —

HEEEEEEE . : |
EEEEEEE Dislocations
HEEEEEEE
HEEEEEEE 23
ENEEEEE _
> 24
o
> 2.0
)
=4
w 1.6
=
Ll
o 1.2
<
)
o 038
=
< 0.4
0.0

5.4 5.6 5.8 6.0 6.2 6.4
LATTICE CONSTANT [A]

Twin Defects

Adapted from Kavalieros — Intel - VLSI SC 2007 [2]
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-V QWFET and Si MOSFET Comparison
Actual and Simulated I; Gains at Vcc = 0.5V

1.0E-03

80nm InGaAs QW, Toxe =20A
JRgy, matched to Si_ - -

{Simulated} -~
.
+ 80nm InGaAs QV\&

,/ 40nm Silicon . Toxe =344 —
(Toxe = 14A) ] .. 2XRgp

1.0E-04 -
1.0E-05 -

1.0E-06 -

nm Silicon 2009

1.0E-07 1 / 55 = o0mvidecade N Toxe = 14A

DIBL = 150m*%.n r‘ (Vg V) =03V

1.0E-08

V3020410001 0203 04 05 06 . ul_1 ul_z ul_3 ul_d A
Ve —Vry (Volt) Vs (Volt)

Experimental
o llI-V shows 20% higher drive current than Si at V4 = 0.5V
despite thicker Toxe and 2X larger Ry,

Simulation

e llI-V shows 80% higher drive current than Si at V5 = 0.5V
when ToXe is reduced and Ry, matched to Si

R. Chau — Intel — ESSDRC / EDL 2008 [44]
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Benchmarking Against Si MOSFET:
Ion VS. Ioff

0.5- 65 nm CMOS
Intel High Performance

! T i 3 ]
<— Vi, =05 V—v:ol,v/! Lg =35nm

v/v/ ON'

60 nm InGaAs HEMT x10°

InGaAs HEMTs
MIT

€
=
<
_0
o3

_o

65 nm CMOS
Intel Low Power
Lg =55nm

| [Alum]

Leak

- X (IOFF + IG,ON) InGaAs data: Kim, IEDM 2006

Si data: courtesy of Antoniadis

60 nm InGaAs HEMT outperforms 65 nm CMOS at V5=0.5 V

Alamo — MIT — IEDM SC 2007 [45]
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Mobility Enhancement
Orientation

Kelin Kuhn / IEDM 2008

60



(100) surface —top down

<110>
Standard wafer / direction

(110) surface —top down

<100>

.<100> (100) Surface /<110> channel ' <111>

(100) Surface / <100>
<110> (a “45 degree” wafer) <110>
Both <110> directions are the
<110> 4  O™¢
<100>
>
<110>

[010]

[010]

Kelin Kuhn / IEDM 2008

Non-standard
(110) Surface

Three possible channel
directions

<110> <111> and <100>

<100>
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Quantization Effects iIn MOSFETSs
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E- i

Eo
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INVERSION
LAYER

Takagi — Stanford
JAP 1996 [47]
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Takagi — Toshiba
TED 1994 [48-49]
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Subband Structure of (001) surface
Si MOS inversion layers (from S. Takagi [50])

2-fold <001> 4-fold
-fo
perpendicular in-plane
valleys valleys
3D O//% ——> <010>
¥
2-fold valleys  <100> 4-fold valleys
—_— z
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loff (A/um)
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10-1 i
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'ds (“Num, Vcc =-1.8 V)

% 7%
] [ ] 'ﬁ
<110> Channel **
p FET T%

same shor channel

characteristics
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On (100) surface (no strain)
PMOS best is (100) <100>
NMOS ~isotropic
Sayama — Mitsubishi - IEDM 1999 [51]
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NOTE: PMOS not good (110) <100>

Yang — IBM — [EDM 2003 [52]

Kelin Kuhn / IEDM 2008 64



electron

hole
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e lemP/ Vosac)

OVERALL BEST?

(100) and (110) comparisons (no strain)
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Yang — AMD/IBM
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PMOS VERTICAL DEVICES on (100)
A

ﬂ <100>
(o)

Surface

<11 *

Chang - IBM —
TED 2004 [54]

<110> channel
>

(110) surface <110> channel results when a VFET is fabricated
on typical (100) Si - good for PMOS, not for NMOS

Kelin Kuhn / IEDM 2008
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NMOS VERTICAL DEVICES on (100)
A

B jmu:-
Put NMOS at \
45degrees to 4
(110) y

PMOS? Surface

=

<110

Chang - IBM —
TED 2004 [54]

<100> channel

(100) Surface
L F .

Chang - Berkeley
Proc. IEEE 2003 [56]

(100) surface <100> channel for a VFET fabricated at 45 degrees on
typical (100) Si — very challenging for lithography at 22nm node
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N and PMOS VERTICAL DEVICES on (110)
A

N

>
<110> channel

(100) Surface

(100) <110> (good NMOS) perpendicular to (110) <100> (poor PMQOS)
Both 45 degree directions are the same (111) sidewall, <111> channel
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Historical VFET devices

{100]
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(110} —=
SURFACE

P WELL

% 300
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Goebel - Infineon

yindrical Sidewal |

1500

400

" {300
-4 200

Y2100

TED 2001 [58]

VNFET
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Early HOT

Mo
SOL
4 ‘\
Step 1 Thin oxide/nitride ~ Step 2 SOVBOX stack etching  Step 3 Si epitaxy and CMP. 85nm 85nm
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IEDM 2003 [52] VLSI 2004 [59]
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HOT architecture options

Oxide Oxide
Oxide .
—_ —
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etched through simulaneously.
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HOT with strain

nFET on (100) SOI  pFET on epi layer > Nent b | i Compressive

buned oxide
S| epi

70777 \% ‘QI

Si handle wafer

1E-6 ¢
i 1000
Surface (001) (110)
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Mobility Enhancement
Strain

Kelin Kuhn / IEDM 2008
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How Stress Improves Conduction

 Reduces scattering

—Warps or shifts the bands to reduce the number of
places carriers can go
 Reduces effective mass

— Moves the carriers to places where the effective
mass is lower

— Can warp the bands to make the effective mass
lower where the carriers are

Kelin Kuhn / IEDM 2008
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Strain and Quantization Effects in MOSFETSs

Takagi — Stanford — JAP 1996 [47]

INVERSION LAYER

|
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As l
I |
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| |
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. 7
& Biaxial : Unstrained
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|
|
[
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Electron mobility enhancement: Biaxial
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NMOS band warping

CB warping occurs under shear crystal strain, is zero for biaxial case
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ﬁ10> uniaxial 1 .01
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1 1 1 _0_2
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kx/(2u/a)

Fig. 14: Energy contour of 2-fold
valleys under 1% uniaxial <I110>
stress. The energy surface 1s warped.

Uchida — Toshiba/Stanford
IEDM 2005 [68]
Band-warping in NMOS
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Fig.6 [l. gain mechanisms in Si and s-S1 under <110>
stress. In s-S1, due to the initial biaxial strain, only A2
valleys are populated. L. gain in s-Si 1s then directly
representative of effective mass changes of A2.

Weber — U of Tokyo
IEDM 2007 [69]
Band-warping in NMOS
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Uniaxial Stress along <110>

* Uniaxial stress along <110>
has shear and biaxial
components

« Shear compression lowers
the energy of (C,D)

« Holes redistribute from (A,B)
to (C,D)

« The effective mass and
density of states (DOS) for
scattering are reduced

1GPa uniaxial stress along [110], (001)
Wang — Intel - TED 2006 [70] surface, 1MV/cm effective field, 30meV
energy contours
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Energy (eV)

Calculated using MASTAR (http://www.itrs.net/models.html)
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Calculated using MASTAR (http://www.itrs.net/models.html)
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Mobility / cm?% (Vs)
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Uniaxial Strain Enhancement with
Embedded SiGe (PMOS)
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Strain optimization (100) <110>

gate
t
Gate ¢ ke
: A
i S Drai o
Source” 110> channel Drain s e ﬁ S er Drain
Type of Stress Needed for Enhanced Mobility f
Direction NMOS PMOS
e < — >
Longitudinal ("ItensioD (fc;npres@ Longitudinal
+++
= = Tt NMOS PMOS
ransverse Tension Tension — . -
+ + + 4+ Longitudinal X| Tensile Compressive
Out-of-plane (ampre@ Tension Lateral Y| Tensile Tensile
~t ki Si Depth Z| Compressive Tensile
Thompson — Intel — TED 2004 [75] Chan - IBM - CICC 2005 [76]
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A Graphical Representation of the Piezoresistance
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% “\ \ \
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Fig. 2. Room temperature piezoresi]s&ancez coefficients in the (001)
plane of n-8i (107" ° cm®/dyne).

Coefficients in Silicon
Kanda — Hamamatsu University — TED 1982 [77]
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Fig. 3. Room temperature piewles_iﬂance: coefficients in the (011)
plane of n-8i (107" ° cm* /dyne).

Top: (+) piezo (resisitivity
increases with tensile stress),
Bottom: (-) piezo (resistivity
decreases with tensile stress)
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) Fig. 4. Room temperaturc piezores_iﬁances coefficients in the (211)
plane of n-8i (107" em® /dyne).

Fig. 5. Room temperature piezores_iﬁanccz coefficients in the (001)
plane of p-8i (10 em” jdyne).

Fig. 6. Room temperature piezoresistance coefficients in the (011)
plane of p-Si (107'% em? /dyne).

Fig. 7. Room temperature piezoresistance coefficients in the (211)
plane of p-Si (1072 cm? /dyne).



Strain and Orientation
Piezoresistive coefficient as a function of direction

Udo — Infineon — Proc. IEEE Sensors 2004 [78]

PMOS
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Irie — Univ. of Tokyo — IEDM 2004 [79]

In-Plane Mobility Anisotropy and Universality Under Uni-axial Strains

in n- and p-MOS Inversion Layerson (100), (110), and (111) Si
H. Trie, K. Kita, K. Kyuno and A. Toriumi
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a 3 3f
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0 j i <110> |
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o [MPa]

Fig.7 Channel direction(j) and strain direction (P) dependence of
mobility gain. Here j//P is assumed. because Ap/p on (100) is largest
when j//P as shown in Fig.d. Strain with j/Pes,/<100> gives larger
mobility gain than j/Pyens /<110,

(110)/hole: j //<110> fixed 6 . >
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Fig.10 Strain direction dependence of mobility gain for (110)/<110=
hole. Here j/<110> is assumed, because p on (110)<110> is
overwhelmingly larger than those in the other channel directions as
shown in Fig.3. Strain with j/<110>& Piempy//<100= or Pyensy/<110=
gives larger mobility gain than the others.
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Fig.4 Variation rates of electron mobility under a uni-axial strain along
0=0" as a function of 6. The given value is taken at N, =3x10"%em™2,
Note that the variation rate 1s normalized by the rate of MOSFET with j
/1 8=0°. The 6 dependences of (100)/electron is apparently difterent from

the others.
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Fig.9 Variation rates of hole mobility under a uni-axial strain along 6=0°
as a function of 0. The given value is taken at Ni,,=5x10"cm™. The 0
dependences of (110)/hole is apparently different from the others.
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Krishnamohan — Stanford — IEDM 2008 (session 36.5) [80]

Comparison of (001), (110) and (111) Uniaxial and Biaxial- Strained-Ge and Strained-5i FMOS DGFETs for A1l
Channel orientations: Mobility Enhancement, Drive Current, Delay and Off-State Leakage
1“‘Tns:jas Krishnamohan, 1D|:|ngh3run Kim “Thanh Viet Dinh, *Anh-tuan Pham
*Bernd Meinerzhagen, “Christoph Jungemann, 'Krishna Saraswat
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Strain, Quantization and (110)

{001} Bulk {w/o stress}

(001 wio stiess confined
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B =S, : .';e.na,}.--
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ey
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(110) Bulk {w/o stress}

am

11>

wl 1GPa Swess confined

<110:

k k
(c) uniaxial (d) uniaxial

Adapted from Sun, U of Florida - JAP 2007 [81]
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f 1= _ (001) Surface
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Strain, Quantization, and (110)

400 T T T T 400
350 (001) uniaxial compression {110)/<111> uniaxial
0 o —_— = -
" 300 | g 300 | |(110)<110> uniaxia /
-
by -
> a0 3
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- 200 F L o
Sosop— 7 g W™
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= 50 — o
(001)/<110> biaxial
0 L | L | 0 N
0 0.5 1 s 1.5}CP 2 2.5 3 o 1 2 3
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Fig. 9. Modeled moblity vs. longitudinal stress on (100} and (110) wafers. )
Note the low density of states on (110) limits the stress enhanced mobility.  [G. 3. Hole mobility vs stress (inversion charge=1 > 10%/em?). The en-
nancement factor is the highest for (001)/{110} and lowest for (110}/(110}
p-MOSFETs. At high stress (-3 GPa), the three longitudinal compressive

umaxial stress cases have comparable hole mobility.

Thompson — U of Florida  Sun — U of Florida
IEDM 2006 [82] JAP 2007 [81]
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Fig. 120 Hole mobility ratio vs.
longitudinal channel stress. The dashed
lines with symbols are our experimental
mobility ratios for PMOS with 3.5GPa
liner or eSiGe+3.5GPa liner, using (100)
neutral liner PMOS as reference (1x). The
solid lines with symbols are the mobility
ratios converted from the theoretical
predictions published in Ref. 6.

“While (100) mobilities agree reasonably well, a strong
discrepancy exists for (110) mobilities” - Yang, AMD/IBM, IEDM
2007, with reference to Fig. 12 (Ref. 6 is Thomson, IEDM 2006) [83]
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Packan — Intel — IEDM 2008 (session 3.4) [84]

High Performance Hi-K + Metal Gate Strain Enhanced Transistors on (110) Silicon

P.Packan, 5.Cea, H.Deshpande, T.Ghani, M.Giles, O.Golonzka, M.Hattendorf, R.Kotlyar, K. Kuhn, A Murthy, P.Ranade,
L.Shifren, C.Weber and K.Zawadzki
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Literature reports on stressing MuGFETs have not shown
dramatic enhancements — challenges to achieving a high
stress state in a free-standing fin (free surfaces?)
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See special reference section on MuGFETS

Kelin Kuhn / IEDM 2008

92



(110) and HIK-MG
Harris — AMD/Sematech — IEDM 2007 [85]
Flexible, Simplified CMOS on Si(110) with Metal Gate / High k for HP and LSTP

H. R. Harris'. S. E. ‘l‘hﬂmpsnn*, S. Krishnan, P. Kirsch, P. Majhiz., C.E. Smith, M.M. Hussain, G. Sun‘*_.
H. Adhikari,' S. Suthram,” B.H. Lee, H.-H. Tseng, and R. Jammy’

i ll L] L] L] L] L) L) i 1 ‘2 |
121 8i(100) v,v, =010 1v =] T Si(110) v,v,=0t0 1v
1.0F 4 1.0
o ot i
! £ ok 7 1
E < 06w ; | 06}
3 500.4?'%\‘\ }_{'///‘-)0.4-
— S 1 ] |
0.2 ."“**n:tl £ 1 0.2
0.0 Erperesaiaiss 1 0.0 |
E , (MViem) 1208040004 08 1.2 -1.2-08-040004 08 1.2
I-'u:.; 2. The mobilities of the Si(110) surface and Si(100) ul:u‘fucch compared with VD (V) VD (V)
HIO2 as the gate dielectric. (Inset) Gate stack on Si(110) surface.
G otk Fig 6. Despite the reduced NMOS Si(110) mobility, the Si(110) Id-Vd shows better
Closad Bymbeie. §(100) v, vt symmetric performance than the Si(100) devices.
1.2- i
€
Z 084 . ]
- From the paper: “Thus the orientation
dependant mobility is less important in
0.0+

highly scaled NMOS than in PMOS when
a high k gate dielectric is used.”

Fig 3. Despite the mobihty decrease, the short channel 1d-Vd curves have very
similar characteristics
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Enhanced PMOS strain: Gate-last HIK-MG
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SMT enhancement with HIK-MG
Kubicek — IMEC — VLSI 2008 [87]

Strain enhanced Low-V; CMOS featuring La/Al-doped HfSiO/TaC

and 10ps Invertor Delay
S. Kubicek, T.Schram, E Rohr, V Paraschiv, R.Vos, M.Demand, C.Adelmann, T Witters, L Nyns, A Delabie ,
L.-A.Ragnarsson, T.Chiarella, C Kerner, A . Mercha, B.Parvais, M,Aoulaiche+, C.Ortolland, H.Yu, A.Veloso, L. Witters,
R.SinganamallaT, T. Kauerauf', S.Brus, C.Vrancken, V.S.Chang', S-Z‘Chang', R Mitsuhashi’, Y.Okuno®, A.Akheyarz,
H.-J.Cho', J Hooker’, B. J. O’Sullivan, S.Van Elshocht, K.De Mever', M.Jurczak, P.Absil, S.Biesemans and T.Hoffmann
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Etch-stop nitride (CESL)
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Pidin — Fujitsu
IEDM 2004 [89]

N and PMOS

Kelin Kuhn / IEDM 2008
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22Nnm

riIsk assessment

CHANGE

COMMENTS

Further enhancements in
strain technology

Low risk — evolutionary change — large suite
of proven successful options

Further enhancements in
HiK-MG technology

Low risk — continual improvement — driven by
strong research/development efforts

Optimized substrate and
channel orientation

Medium risk — requires some solution to the
(100)<110>N vs (110)/<110>P issue

Reduction in MOS
parasitic resistance

Medium risk — new annealing technologies,
RE/NM silicide options

Reduction in MOS
parasitic capacitance

Medium-high risk — low-k FE dielectrics pose
significant process challenges

MuGFETs

High risk — significant challenges with
parasitic R, parasitic C and topology

111/ or Ge channel
material

Very high risk — fundamental issues still at
research level.

Metallic S/D

Extremely high risk — significant architecture
change AND remaining fundamental issues

Kelin Kuhn / IEDM 2008 101



COMPLETE
REFERENCES

Kelin Kuhn / IEDM 2008

104



References

[1]. A. Allan. ITRS roadmap, 2007 ITRS Conference on 5 December 2007 in Makuhari Messe, J
Roadmap overall technology characteristics.

[2]. J. Kavalieros, Novel Device Architectures and Material Innovations, VLS| Symposium 2008
Technology Short Course.

[3]. Hisamoto, D.; Wen-Chin Lee; Kedzierski, J.; Anderson, E.; Takeuchi, H.; Asano, K.; Tsu-Jae |
Bokor, J.; Chenming Hu; A folded-channel MOSFET for deep-sub-tenth micron era; 1998 |IEEE
International Electron Devices Meeting, IEDM '98 Technical Digest. 6-9 Dec. 1998 Page(s):1032 -

[4]. Mistry, K.; Allen, C.; Auth, C.; Beattie, B.; Bergstrom, D.; Bost, M.; Brazier, M.; Buehler, M.;
Cappellani, A.; Chau, R.; Choi, C.-H.; Ding, G.; Fischer, K.; Ghani, T.; Grover, R.; Han, W.; Hanke
Hattendorf, M.; He, J.; Hicks, J.; Huessner, R.; Ingerly, D.; Jain, P.; James, R.; Jong, L.; Joshi, S.;
Kenyon, C.; Kuhn, K.; Lee, K,; Liu, H.; Maiz, J.; Mcintyre, B.; Moon, P.; Neirynck, J.; Pae, S.; Park
Parsons, D.; Prasad, C.; Pipes, L.; Prince, M.; Ranade, P.; Reynolds, T.; Sandford, J.; Shifren, L.;
Sebastian, J.; Seiple, J.; Simon, D.; Sivakumar, S.; Smith, P.; Thomas, C.; Troeger, T.; Vandervoc
P.; Williams, S.; Zawadzki, K.; A 45nm Logic Technology with High-k+Metal Gate Transistors, St
Silicon, 9 Cu Interconnect Layers, 193nm Dry Patterning, and 100% Pb-free Packaging. 2007 IEI
International Electron Devices Meeting. IEDM 2007.

10-12 Dec. 2007 Page(s):247 - 250

[5]. Kauerauf, T., B. Govoreanua, R. Degraevea, G. Groesenekena, and H. Maesa, Scaling CMO
Finding the gate stack with the lowest leakage current, 5th International Workshop on the Ultimate
Integration of Silicon, ULIS 2004; Solid-State Electronics, Volume 49, Issue 5, May 2005, Pages 6
701.

[6] D. Wilk, D. et al., “High-k-gate dielectrics: Current Status and materials properties consideratic
J. Appl. Phys. Vol. 89, No. 10, pages 5243 — 5275, 15th May 2001.

[7] 88th edition of the CRC Press Handbook of Chemistry and Physics

[8]. Auth, C.; Cappellani, A.; Chun, J.-S.; Dalis, A.; Davis, A.; Ghani, T.; Glass, G.; Glassman, T.;
Harper, M.; Hattendorf, M.; Hentges, P.; Jaloviar, S.; Joshi, S.; Klaus, J.; Kuhn, K.; Lavric, D.; Lu, |
Mariappan, H.; Mistry, K.; Norris, B.; Rahhal-orabi, N.; Ranade, P.; Sandford, J.; Shifren, L.; Souw
Tone, K.; Tambwe, F.; Thompson, A.; Towner, D.; Troeger, T.; Vandervoorn, P.; Wallace, C.;
Wiedemer, J.; Wiegand, C.; 45nm High-k + metal gate strain-enhanced transistors; 2008 Symposi
on VLSI Technology; 17-19 June 2008 Page(s):128 - 129

[9] Cartier, E, Metal/High-k Gate Stacks for Advanced CMOS Technologies, Semicon West 2008,
Session 8, June 25, 2008.

[10] S. Natarajan, M. Armstrong, M. Bost, R. Brain, M. Brazier, C-H Chang, V. Chikarmane, M. Ch
H. Deshpande, K. Dev, G. Ding, T. Ghani, O. Golonzka, W. Han, J. He*, R. Heussner, R. James, |
C. Kenyon, S. Klopcic, S-H. Lee, M. Liu, S. Lodha, B. McFadden, A. Murthy, L. Neiberg, J. Neirync
Packan, S. Pae*, C. Parker, C. Pelto, L. Pipes, J. Sebastian, J. Seiple, B. Sell, S. Sivakumar, B. S
K. Tone, T. Troeger, C. Weber**, M. Yang, A. Yeoh, K. Zhang, A 32nm Logic Technology Featurir.
-Generation High-k + Metal-Gate Transistors, Enhanced Channel Strain and 0.171um2 Sram Cell
in 291Mb Array To be published, 2008 IEEE International Electron Devices Meeting — session 27

[11]. Verheyen, P.; Collaert, N.; Rooyackers, R.; Loo, R.; Shamiryan, D.; De Keersgieter, A.; Ener
G.; Leys, F.; Dixit, A.; Goodwin, M.; Yim, Y.S.; Caymax, M.; De Meyer, K.; Absil, P.; Jurczak, M.;
Biesemans, S.; 25% drive current improvement for p-type multiple gate FET (MuGFET) devices b)
introduction of recessed Si0.8Ge0.2 in the source and drain regions, 2005 Symposium on VLSI
Technology, Digest of Technical Papers. 14-16 June 2005 Page(s):194 — 195.

ntel)

[12]. Kang, C.Y.; Choi, R.; Song, S.C.; Choi, K.; Ju, B.S.; Hussain, M.M.; Lee, B.H.; Bersuker, G.;
Young, C.; Heh, D.; Kirsch, P.; Barnet, J.; Yang, J.-W.; Xiong, W.; Tseng, H.-H.; Jammy, R.; A
Novel Electrode-Induced Strain Engineering for High Performance SOI FinFET utilizing Si
Channel for Both N and PMOSFETs; 2006 IEEE International Electron Devices Meeting, IEDM
'06. 11-13 Dec. 2006 Page(s):885-8.

[13]. Collaert, N.; Rooyackers, R.; Dilliway, G.; lyengar, V.; Augendre, E.; Leys, F.; Cayrefourq,
I.; Ghyselen, B.; Loo, R.; Jurczak, M.; Biesemans, S.; Optimization of the MuGFET performance
on Super Critical-Strained SOI (SC-SSOI) substrates featuring raised source/drain and dual
CESL; International Symposium on VLS| Technology, Systems and Applications, 2007. VLSI-
TSA 2007. 23-25 April 2007 Page(s):1 — 2.

[14]. Kaneko, A.; Yagishita, A.; Yahashi, K.; Kubota, T.; Omura, M.; Matsuo, K.; Mizushima, |.;
Okano, K.; Kawasaki, H.; Inaba, S.; Izumida, T.; Kanemura, T.; Aoki, N.; Ishimaru, K_; Ishiuchi,
H.; Suguro, K.; Eguchi, K.; Tsunashima, Y.; Sidewall transfer process and selective gate sidewall
spacer formation technology for sub-15nm finfet with elevated source/drain extension, 2005 IEEE
International Electron Devices Meeting. IEDM Technical Digest. 5-7 Dec. 2005 Page(s):844 - 847

[15]. Shang, H.; Chang, L.; Wang, X.; Rooks, M.; Zhang, Y.; To, B.; Babich, K.; Totir, G.; Sun, Y.;
Kiewra, E.; leong, M.; Haensch, W.; Investigation of FinFET Devices for 32nm Technologies and
Beyond 2006 Symposium on VLSI Technology, 2006 Digest of Technical Papers; 2006
Page(s):54 — 55.

[16]. Lenoble, D.; Anil, K.G.; De Keersgieter, A.; Eybens, P.; Collaert, N.; Rooyackers, R.; Brus,
S.; Zimmerman, P.; Goodwin, M.; Vanhaeren, D.; Vandervorst, W.; Radovanov, S.; Godet, L.;
Cardinaud, C.; Biesemans, S.; Skotnicki, T.; Jurczak, M.; Enhanced Performance of PMOS
MUGFET via Integration of Conformal Plasma-Doped Source/Drain Extensions; 2006
Symposium on VLSI Technology, 2006. Digest of Technical Papers, 2006 Page(s):168 — 169.

[17]. Liow, Tsung-Yang; Tan, Kian-Ming; Lee, R.T.P.; Ming Zhu; Keat-Mun Hoe; Samudra, G.S;
Balasubramanian, N.; Yee-Chia Yeo; Spacer Removal Technique for Boosting Strain in n-
Channel FinFETs With Silicon-Carbon Source and Drain Stressors; IEEE Electron Device Letters,
Volume 29, Issue 1, Jan. 2008 Page(s):80 - 82

[18]. Ko, C.H.; Kuan, T.M.; Kangzhan Zhang,; Tsai, Gino; Seutter, Sean M.; Wu, C.H.; Wang,
T.J.; Ye, C.N.; Chen, HW.; Ge, C.H.; Wu, K.H.; Lee, W.C.; A novel CVD-SiBCN Low-K spacer
technology for high-speed applications, 2008 Symposium on VLSI Technology, 17-19 June 2008
Page(s):108 — 109.

[19] Data from ITRS roadmap 2007 documentation: http://www.itrs.net/reports.html

[20] Noori, A.M.; Balseanu, M.; Boelen, P.; Cockburn, A.; Demuynck, S.; Felch, S.; Gandikota,
S.; Gelatos, A.J.; Khandelwal, A;; Kittl, J.A.; Lauwers, A.; Wen-Chin Lee; Jianxin Lei; Mandrekar,
T.; Schreutelkamp, R.; Shah, K.; Thompson, S.E.; Verheyen, P.; Ching-Ya Wang; Li-Qun Xia;
Arghavani, R.; Manufacturable Processes for 32-nm-node CMOS Enhancement by Synchronous
Optimization of Strain-Engineered Channel and External Parasitic Resistances, |IEEE
Transactions on Electron Devices; Volume 55, Issue 5, May 2008 Page(s):1259 — 1264.

[21] Luo, Z; Chong, Y.F.; Kim, J.; Rovedo, N.; Greene, B.; Panda, S.; Sato, T.; Holt, J.;
Chidambarrao, D.; Li, J.; Davis, R.; Madan, A.; Turansky, A.; Gluschenkov, O.; Lindsay, R.;
Ajmera, A.; Lee, J.; Mishra, S.; Amos, R.; Schepis, D.; Ng, H.; Rim, K.; Design of high
performance PFETSs with strained si channel and laser anneal; 2005 IEEE International Electron
Devices Meeting. IEDM Technical Digest. 5-7 Dec. 2005 Page(s):489 — 492

Kelin Kuhn / IEDM 2008

105



References

[22] Pouydebasque, A.; Dumont, B.; Denorme, S.; Wacquant, F.; Bidaud, M.; Laviron, C.;
Halimaoui, A.; Chaton, C.; Chapon, J.D.; Gouraud, P.; Leverd, F.; Bernard, H.; Warrick, S.; Delille
D.; Romanjek, K.; Gwoziecki, R.; Planes, N.; Vadot, S.; Pouilloux, I.; Arnaud, F.; Boeuf, F;
Skotnicki, T.; High density and high speed SRAM bit-cells and ring oscillators due to laser
annealing for 45nm bulk CMOS; 2005 IEEE International Electron Devices Meeting. IEDM
Technical Digest. 5-7 Dec. 2005 Page(s):663 - 666

[23] Yamamoto, T.; Kubo, T.; Sukegawa, T.; Takii, E.; Shimamune, Y.; Tamura, N.; Sakoda, T.;
Nakamura, M.; Ohta, H.; Miyashita, T.; Kurata, H.; Satoh, S.; Kase, M.; Sugii, T.; Junction Profile
Engineering with a Novel Multiple Laser Spike Annealing Scheme for 45-nm Node High
Performance and Low Leakage CMOS Technology, 2007 IEEE International Electron Devices
Meeting. IEDM 2007. 10-12 Dec. 2007 Page(s):143 - 146

[24] Shima, A.; Mine, T.; Torii, K.; Hiraiwa, A.; Enhancement of Drain Current in Planar
MOSFETs by Dopant Profile Engineering Using Nonmelt Laser Spike Annealing; IEEE
Transactions on Electron Devices,; Volume 54, Issue 11, Nov. 2007 Page(s):2953 - 2959

[25] Ortolland, C.; Noda, T.; Chiarella, T.; Kubicek, S.; Kerner, C.; Vandervorst, W.; Opdebeeck,
A.; Vrancken, C.; Horiguchi, N.; De Potter, M.; Aoulaiche, M.; Rosseel, E.; Felch, S.B.; Absil, P.;
Schreutelkamp, R.; Biesemans, S.; Hoffmann, T.; Laser-annealed junctions with advanced
CMOS gate stacks for 32nm Node: Perspectives on device performance and manufacturability;
2008 Symposium on VLSI Technology; 17-19 June 2008 Page(s):186 — 187

[26] Gelpey, J.; McCoy, S.; Kontos, A.; Godet, L.; Hatem, C.; Camm, D.; Chan, J.; Papasouliotis,
G.; Scheuer, J.; Ultra-shallow junction formation using flash annealing and advanced doping
techniques; 2008 8th International workshop on Junction Technology. IWJT '08. Extended
Abstracts. 15-16 May 2008 Page(s):82 - 86

[27]. Dixit, A.; Kottantharayil, A.; Collaert, N.; Goodwin, M.; Jurczak, M.; De Meyer, K.; Analysis
of the parasitic S/D resistance in multiple-gate FETs; IEEE Transactions on Electron Devices,
Volume 52, Issue 6, June 2005 Page(s):1132 - 1140

[28] Mukherjee, Niloy; personal communication.

[29]. Lee, R.T.P.; Tsung-Yang Liow; Kian-Ming Tan; Andy Eu-Jin Lim; Hoong-Shing Wong; Poh-
Chong Lim; Lai, D.M.Y.; Guo-Qiang Lo; Chih-Hang Tung; Samudra, G.; Dong-Zhi Chi; Yee-Chia
Yeo; Novel Nickel-Alloy Silicides for Source/Drain Contact Resistance Reduction in N-Channel
Multiple-Gate Transistors with Sub-35nm Gate Length; 2006 IEEE International Electron Devices
Meeting. IEDM '06. 11-13 Dec. 2006 Page(s): 851-854.

[30]. Ohuchi, K.; Lavoie, C.; Murray, C.; D'Emic, C.; Chu, J.O.; Bin Yang; Besser, P.; Gignac, L.;
Bruley, J.; Singco, G.U.; Pagette, F.; Topol, AW.; Rooks, M.J.; Bucchignano, J.J.; Narayanan, V.;
Khare, M.; Takayanagi, M.; Ishimaru, K.; Dae-Gyu Park; Shahidi, G.; Solomon, P.; Extendibility of
NiPt Silicide Contacts for CMOS Technology Demonstrated to the 22-nm Node; 2007 |IEEE
International Electron Devices Meeting. IEDM 2007. 10-12 Dec. 2007 Page(s):1029 — 1031.

[31]. Zhang, Zhen; Qiu, Zhijun; Ran Liu; Ostling, M.; Shi-Li Zhang; Schottky-Barrier Height Tuning
by Means of lon Implantation Into Preformed Silicide Films Followed by Drive-In Anneal; IEEE
Electron Device Letters,; Volume 28, Issue 7, July 2007 Page(s):565 — 568

[32]. Larrieu, G.; Dubois, E.; Valentin, R.; Breil, N.; Danneville, F.; Dambrine, G.; Raskin, J.P.;
Pesant, J.C.; Low Temperature Implementation of Dopant-Segregated Band-edge Metallic S/D
junctions in Thin-Body SOI p-MOSFETs; 2007 IEEE International Electron Devices Meeting.
IEDM 2007. 10-12 Dec. 2007 Page(s):147 — 150.

33]. Nishi, Y.; Tsuchiya, Y.; Kinoshita, A.; Yamauchi, T.; Koga, J.; Interfacial Segregation of
Metal at NiSi/Si Junction for Novel Dual Silicide Technology, 2007 IEEE International Electron
Devices Meeting. IEDM 2007. 10-12 Dec. 2007 Page(s):135 — 138.

[34]. Lee, Rinus Tek-Po; Koh, Alvin Tian-Yi; Wei-Wei Fang,; Kian-Ming Tan,; Lim, Andy Eu-Jin;
Tsung-Yang Liow,; Chow Shue-Yin,; Yong, Anna M.; Hoong Shing Wong,; Guo-Qiang Lo,;
Samudra, Ganesh S.; Dong-Zhi Chi,; Yee-Chia Yeo,; Novel and cost-efficient single metallic
silicide integration solution with dual Schottky-barrier achieved by aluminum inter-diffusion for
FinFET CMOS technology with enhanced performance, 2008 Symposium on VLSI Technology;
17-19 June 2008 Page(s):28 — 29

[35]. Pan, J.; Topol, A.; Shao, |.; Chun-Yung Sung; lacoponi, J.; Ming-Ren Lin; Novel Approach
to Reduce Source/Drain Series and Contact Resistance in High-Performance UTSOI CMOS
Devices Using Selective Electrodeless CoWP or CoB Process, |IEEE Electron Device Letters;
Volume 28, Issue 8, Aug. 2007 Page(s):691 — 693

[36]. Lee, R.T.-P.; Koh, A.T.-Y.; Fang-Yue Liu; Wei-Wei Fang; Tsung-Yang Liow; Kian-Ming Tan;
Poh-Chong Lim; Lim, A.E.-J.; Ming Zhu; Keat-Mun Hoe; Chin-Hang Tung; Guo-Qiang Lo; Xincai
Wang; Low, D.K.-Y.; Samudra, G.S.; Dong-Zhi Chi; Yee-Chia Yeo; Route to Low Parasitic
Resistance in MuGFETs with Silicon-Carbon Source/Drain: Integration of Novel Low Barrier
Ni(M)Si:C Metal Silicides and Pulsed Laser Annealing, 2007 IEEE International Electron Devices
Meeting. IEDM 2007. 10-12 Dec. 2007 Page(s):685 — 688.

[37] Lee, Rinus Tek-Po; personal communication

[38]. Larson, J.M.; Snyder, J.P.; Overview and status of metal S/D Schottky-barrier MOSFET
technology |IEEE Transactions on Electron Devices; Volume 53, Issue 5, May 2006
Page(s):1048 — 1058

[39]. A. Topol, C. Sheraw, K. Wong, X. Shao, R. Knarr, S. Rossnagel, C-C. Yang, B. Baker-
O’Neal, A. Simon, B. Haran, Y. Li, C. Ouyang, S. Allen, C. Brodsky, S. Cohen, L. Deligianni, X.
Chen, S. Deshpande, C.Y. Sung, M. leong, Lower Resistance Scaled Metal Contacts to Silicide
for Advanced CMOS; 2006 Symposium on VLSI Technology, Digest of Technical Papers.

[40]. Van Den Bosch, G.; Demuynck, S.; Tokei, Z.; Beyer, G.; Van Hove, M.; Groeseneken, G.;
Impact of copper contacts on CMOS front-end yield and reliability, 2006 IEEE International
Electron Devices Meeting. IEDM '06. 11-13 Dec. 2006 Page(s):93-96

[41]. Saraswat, K.C.; Chi On Chui; Donghyun Kim; Krishnamohan, T.; Pethe, A.; High Mobility
Materials and Novel Device Structures for High Performance Nanoscale MOSFETs; 2006 IEEE
International Electron Devices Meeting. IEDM '06. 11-13 Dec. 2006 Page(s): 659-662.

[42] Donghyun Kim; Krishnamohan, T.; Smith, L.; Wong, H.-S.P.; Saraswat, K.C.; Band to Band
Tunneling Study in High Mobility Materials : Ill-V, Si, Ge and strained SiGe, Device Research
Conference, 2007 65th Annual, 18-20 June 2007 Page(s):57 - 58

[43] Krishnamohan, T.; Jungemann, C.; Donghyun Kim; Ungersboeck, E.; Selberherr, S.; Wong,
P.; Nishi, Y.; Saraswat, K.; Theoretical Investigation Of Performance In Uniaxially- and Biaxially-
Strained Si, SiGe and Ge Double-Gate p-MOSFETs, 2006 IEEE International Electron Devices
Meeting. IEDM 2006. 11-13 Dec. 2006 Page(s):937-40.

Kelin Kuhn / IEDM 2008 106



References

[44] Dewey, G.; Hudait, M. K; Lee, K.; Pillarisetty, R.; Rachmady, W.; Radosavljevic, M.; Rakshit
T.; Chau, R.; Carrier Transport in High-Mobility IlI-V Quantum-Well Transistors and Performance
Impact for High-Speed Low-Power Logic Applications, |EEE Electron Device Letters, Volume 29,
Issue 10, Oct. 2008 Page(s):1094 — 1097 as presented by Chau, Robert; Emerging Device
Nanaotechnology for future High-Speed and Energy Efficient VLSI: Challenges and
Opportunities; European Solid State Device Research and Circuit conference, Sept. 16, 2008.

[45] Alamo, Del J.; CMOS Extension Via IlI-V Compound Semiconductors, IEDM 2007
Technology Short Course (Emerging Nanotechnology and Nanoelectronics) December 9, 2007.

[46] MasSTAR (Model for Assessment of cmoS Technologies And Roadmaps). Developed by
STMicroelectronics and freely distributed on ITRS organization web site at:
http://www.itrs.net/models.html

[47]. S. Takagi,J. L. Hoyt,J. J. WelserandJ. F. Gibbons; Comparative Study of
Phonon-limited Mobility of 2 Dimensional Electrons in Strained and Unstrained Si MOSFETSs, J.
Appl. Phys., vol.80 (1996) p.1567-1577 and also in Takagi, S.; Hoyt, J.L.; Welser, J.J.; Gibbons,
J.F.; Importance of inter-valley phonon scattering on mobility enhancement in strained Si
MOSFETs; 1996 International Conference on Simulation of Semiconductor Processes and
Devices, 1996. SISPAD 96.; 2-4 Sept. 1996 Page(s):5 — 6.

[48-49]. Takagi, S.; Toriumi, A.; lwase, M.; Tango, H.; On the universality of inversion layer
mobility in Si MOSFET's: Part | and part Il -effects of substrate impurity concentration; IEEE
Transactions on Electron Devices; Volume 41, Issue 12, Dec. 1994 Page(s):2357 — 2368.

[50]. Takagi, S; from EE310 Stanford University course notes 2007; via personal communication

[51] Sayama, H.; Nishida, Y.; Oda, H.; Oishi, T.; Shimizu, S.; Kunikiyo, T.; Sonoda, K.; Inoue, Y.;
Inuishi, M.; Effect of 100 channel direction for high performance SCE immune pMOSFET with
less than 0.15 um gate length, 1999 IEEE International Electron Devices Meeting. IEDM
Technical Digest. 5-8 Dec. 1999 Page(s):657 - 660

[52]. Yang, M.; leong, M.; Shi, L.; Chan, K.; Chan, V.; Chou, A.; Gusev, E.; Jenkins, K.; Boyd, D.;
Ninomiya, Y.; Pendleton, D.; Surpris, Y.; Heenan, D.; Ott, J.; Guarini, K.; D'Emic, C.; Cobb, M,;
Mooney, P.; To, B.; Rovedo, N.; Benedict, J.; Mo, R.; Ng, H.; High performance CMOS fabricated
on hybrid substrate with different crystal orientations; 2003 IEEE International Electron Devices
Meeting. IEDM '03 Technical Digest. 8-10 Dec. 2003 Page(s):18.7.1 - 18.7.4

[53] T. Sato, Y. Takeishi, H. Hara, and Y. Okamoto, Phys. Rev. B, vol. B4, pp. 1950-1960, 1971.

[54] Chang, L.; Leong, M.; Yang, Min; CMOS circuit performance enhancement by surface
orientation optimization, IEEE Transactions on Electron Devices, Volume 51, Issue 10, Oct.
2004 Page(s):1621 — 1627.

[55]. Yang, Bin; Yang, M.; Fried, D. M.; Sheraw, C. D.; Waite, A.; Nummy, K.; Black, L.; Kim, S.
D.; Yin, H.; Kim, B.; Narasimha, S.; Chen, X.; Khare, M.; Luning, S.; Agnello, P.; CMOS
Fabricated by Hybrid-Orientation Technology (HOT); Proceeding of 2007 International Workshop
on Electron Devices and Semiconductor Technology, 2007. EDST 2007. 3-4 June 2007
Page(s):8 — 13.

[56]. Chang, L.; Yang-kyu Choi; Ha, D.; Ranade, P.; Shiying Xiong; Bokor, J.; Chenming Hu;
King, T.J.; Extremely scaled silicon nano-CMOS devices; Proceedings of the IEEE; Volume 91,
Issue 11, Nov 2003 Page(s):1860 — 1873.

ntel)

[57]. Kinugawa, Masaaki; Kakumu, Masakazu; Matsunaga, Jun'ichi; Submicron 3D Surface-
Orientation-Optimized CMOS Technology, 1986 Symposium on VLSI Technology. Digest of
Technical Papers.; 28-30 May 1986 Page(s):17 — 18.

[58]. Goebel, B.; Schumann, D.; Bertagnolli, E.; Vertical N-channel MOSFETs for extremely high
density memories: the impact of interface orientation on device performance,; IEEE Transactions
on Electron Devices,; Volume 48, Issue 5, May 2001 Page(s):897 - 906

[59]. Yang, M.; Chan, V.; Ku, S.H.; leong, M.; Shi, L.; Chan, K.K.; Murthy, C.S.; Mo, R.T.; Yang,
H.S.; Lehner, E.A.; Surpris, Y.; Jamin, F.F.; Oldiges, P.; Zhang, Y.; To, B.N.; Holt, J.R.; Steen,
S.E.; Chudzik, M.P.; Fried, D.M.; Bernstein, K.; Zhu, H.; Sung, C.Y.; Ott, J.A.; Boyd, D.C;
Rovedo, N.; On the integration of CMOS with hybrid crystal orientations; 2004 Symposium on
VLSI Technology, 2004 Digest of Technical Papers.; 15-17 June 2004 Page(s):160 — 161.

[60]. Sung, Chun-Yung; Yin, Haizhou; Ng, H.Y.; Saenger, K.L.; Chan, V.; Crowder, S.W.;
Jinghong Li; Ott, J.A.; Bendernagel, R.; Kempisty, J.J.; Victor Ku; Lee, H.K.; Zhijiong Luo; Madan,
A.; Mo, R.T.; Nguyen, P.Y.; Pfeiffer, G.; Raccioppo, M.; Rovedo, N.; Sadana, D.; de Souza, J.P;
Rong Zhang; Zhibin Ren; Wann, C.H.; High performance cmos bulk technology using direct
silicon bond (dsb) mixed crystal orientation substrates, 2005 IEEE International Electron Devices
Meeting. IEDM Technical Digest. 5-7 Dec. 2005 Page(s):225 — 228.

[61]. M. Yang, K. Chan, A. Kumar, S.-H. Lo, J. Sleight, L. Chang, R. Rao, S. Bedell, A. Ray, J. Ott
J. Patel, C. D’Emic, J. Rubino, Y. Zhang, L. Shi, S. Steen, E. Sikorski, J. Newbury, R. Meyer, B.
To, P. Kozlowski, W. Graham, S. Maurer, S. Medd, D. Canaperi, L. Deligianni, J. Tornello, G.
Gibson, T. Dalton, M. leong, and G. Shahidi, Silicon-on-Insulator MOSFETs with Hybrid Crystal
Orientations, 2006 Symposium on VLSI Technology, 2006 Digest of Technical Papers. 13-17
June 2006. Paper 16.3.

[62]. Ouyang, Qiging; Yang, Min; Holt, J.; Panda, S.; Huajie Chen; Utomo, H.; Fischetti, M.;
Rovedo, N.; Jinghong Li; Klymko, N.; Wildman, H.; Kanarsky, T.; Costrini, G.; Fried, D.M.; Bryant,
A.; Ott, J.A.; Meikei leong; Chun-Yung Sung; Investigation of CMOS devices with embedded
SiGe source/drain on hybrid orientation substrates, 2005 Symposium on VLSI Technology, 2005
Digest of Technical Papers.; 14-16 June 2005 Page(s):28 — 29.

[63]. Sheraw, C.D.; Yang, M.; Fried, D.M.; Costrini, G.; Kanarsky, T.; Lee, W.-H.; Chan, V;
Fischetti, M.V.; Holt, J.; Black, L.; Naeem, M.; Panda, S.; Economikos, L.; Groschopf, J.; Kapur,
A.; Li, Y.; Mo, R.T.; Bonnoit, A.; Degraw, D.; Luning, S.; Chidambarrao, D.; Wang, X.; Bryant, A.;
Brown, D.; Sung, C.-Y.; Agnello, P.; leong, M.; Huang, S.-F.; Chen, X.; Khare, M.; Dual stress
liner enhancement in hybrid orientation technology, 2005 Symposium on VLSI Technology, 2005
Digest of Technical Papers. 14-16 June 2005 Page(s):12 — 13.

[64] Welser, J.; Hoyt, J.L.; Gibbons, J.F.; NMOS and PMOS transistors fabricated in strained
silicon/relaxed silicon-germanium structures, 1992 IEEE International Electron Devices Meeting.
Technical Digest., 13-16 Dec. 1992 Page(s):1000 — 1002

[65] Welser, J.; Hoyt, J.L.; Takagi, S.; Gibbons, J.F.; Strain dependence of the performance
enhancement in strained-Si n-MOSFETs, 1994 IEEE International Electron Devices Meeting,
Technical Digest., 11-14 Dec. 1994 Page(s):373 - 376

[66].Hoyt, J.L.; Nayfeh, H.M.; Eguchi, S.; Aberg, |.; Xia, G.; Drake, T.; Fitzgerald, E.A.; Antoniadis,
D.A.; Strained silicon MOSFET technology, 2002 IEEE International Electron Devices Meeting.
IEDM '02. Digest. 8-11 Dec. 2002 Page(s):23 — 26.

Kelin Kuhn / IEDM 2008 107



References

[67]. Rim, K.; Chu, J.; Chen, H.; Jenkins, K.A,; Kanarsky, T.; Lee, K.; Mocuta, A.; Zhu, H.; Roy,
R.; Newbury, J.; Ott, J.; Petrarca, K.; Mooney, P.; Lacey, D.; Koester, S.; Chan, K.; Boyd, D.;
leong, M.; Wong, H.-S.; Characteristics and device design of sub-100 nm strained Si N- and
PMOSFETSs; 2002 Symposium on VLSI Technology, 2002 Digest of Technical Papers. 11-13
June 2002 Page(s):98 - 99

[68]. Uchida, K.; Krishnamohan, T.; Saraswat, K.C.; Nishi, Y.; Physical mechanisms of electron
mobility enhancement in uniaxial stressed MOSFETs and impact of uniaxial stress engineering in
ballistic regime; 2005 IEEE Intemational Electron Devices Meeting. IEDM Technical Digest. 5-7
Dec. 2005 Page(s):129 — 132.

[69]. Weber, O.;Irisawa, T.; Numata, T.; Harada, M.; Taoka, N.; Yamashita, Y.; Yamamoto, T.;
Sugiyama, N.; Takenaka, M.; Takagi, S.; Examination of Additive Mobility Enhancements for
Uniaxial Stress Combined with Biaxially Strained Si, Biaxially Strained SiGe and Ge Channel
MOSFETs; 2007 IEEE International Electron Devices Meeting. IEDM 2007. 10-12 Dec. 2007
Page(s).719 - 722.

[70] Wang, E.X.; Matagne, P.; Shifren, L.; Obradovic, B.; Kotlyar, R.; Cea, S.; Stettler, M.; Giles,
M.D.; Physics of Hole Transport in Strained Silicon MOSFET Inversion Layers, |EEE
Transactions on Electron Devices, Volume 53, Issue 8, Aug. 2006 Page(s):1840 - 1851 and
Cea, S., etal. Strain Modeling in Advanced MOSFET Devices, ECS Trans. 3, (7) 429 (2006)

[71]. Thompson, S.; Anand, N.; Armstrong, M.; Auth, C.; Arcot, B.; Alavi, M.; Bai, P.; Bielefeld, J.;
Bigwood, R.; Brandenburg, J.; Buehler, M.; Cea, S.; Chikarmane, V.; Choi, C.; Frankovic, R.;
Ghani, T.; Glass, G.; Han, W.; Hoffmann, T.; Hussein, M.; Jacob, P.; Jain, A,; Jan, C.; Joshi, S_;
Kenyon, C.; Klaus, J.; Klopcic, S.; Luce, J.; Ma, Z.; Mcintyre, B.; Mistry, K.; Murthy, A.; Nguyen,
P.; Pearson, H.; Sandford, T.; Schweinfurth, R.; Shaheed, R.; Sivakumar, S.; Taylor, M.; Tufts, B.;
Wallace, C.; Wang, P.; Weber, C.; Bohr, M.; A 90 nm logic technology featuring 50 nm strained
silicon channel transistors, 7 layers of Cu interconnects, low k ILD, and 1Tum2 SRAM cell, 2002
IEEE International Electron Devices Meeting. IEDM '02. 8-11 Dec. 2002 Page(s):61 —64.

[72] Thompson, S.; Sun, G.; Wu, K;; Lim, J.; Nishida, T.; Key differences for process-induced
uniaxial vs. substrate-induced biaxial stressed Si and Ge channel MOSFETs, 2004 IEEE
International Electron Devices Meeting. IEDM '04. 13-15 Dec. 2004 Page(s):221 - 224

[73]. Ghani, T.; Armstrong, M.; Auth, C.; Bost, M.; Charvat, P.; Glass, G.; Hoffmann, T.; Johnson,
K.; Kenyon, C.; Klaus, J.; McIntyre, B.; Mistry, K.; Murthy, A.; Sandford, J.; Silberstein, M,;
Sivakumar, S.; Smith, P.; Zawadzki, K.; Thompson, S.; Bohr, M.; A 90nm high volume
manufacturing logic technology featuring novel 45nm gate length strained silicon CMOS
transistors; 2003 IEEE International Electron Devices Meeting, IEDM '03 Technical Digest. 8-10
Dec. 2003 Page(s):11.6.1- 11.6.3.

[74]. Chidambaram, P.R.; Smith, B.A,; Hall, L.H.; Bu, H.; Chakravarthi, S.; Kim, Y.; Samoilov,
A.V.;Kim, AT.; Jones, P.J.; Irwin, R.B.; Kim, M.J.; Rotondaro, A.L.P.; Machala, C.F.; Grider,
D.T.; 35% drive current improvement from recessed-SiGe drain extensions on 37 nm gate length,
2004 Symposium on VLSI Technology, 2004. Digest of Technical Papers. 15-17 June 2004
Page(s):48 — 49.

[75]. Thompson, S.E.; Amstrong, M.; Auth, C.; Alavi, M.; Buehler, M.; Chau, R.; Cea, S.; Ghani,
T.; Glass, G.; Hoffman, T.; Jan, C.-H.; Kenyon, C.; Klaus, J.; Kuhn, K.; Zhiyong Ma; Mcintyre, B.;
Mistry, K.; Murthy, A.; Obradovic, B.; Nagisetty, R.; Phi Nguyen; Sivakumar, S.; Shaheed, R;
Shifren, L.; Tufts, B.; Tyagi, S.; Bohr, M.; EI-Mansy, Y.; A 90-nm logic technology featuring
strained-silicon; IEEE Transactions on Electron Devices; Volume 51, Issue 11, Nov. 2004
Page(s):1790 — 1797

ntel)

Kelin Kuhn / IEDM 2008

[76]. Chan, V.; Ken Rim; Meikei leong; Sam Yang; Rajeev Malik; Young Way Teh; Min Yang;
Qiqing; Strain for CMOS performance improvement; Custom Integrated Circuits Conference,
2005. Proceedings of the IEEE 2005; 18-21 Sept. 2005 Page(s):667 — 674.

[77]. Kanda, Y.; A graphical representation of the piezoresistance coefficients in silicon; |EEE
Transactions on Electron Devices, Volume 29, Issue 1, Jan 1982 Page(s).64 — 70.

[78]. Udo, A.; The piezo-resistive effect in silicon for arbitrary crystal orientation - package stress
induced integrated resistor/MOSFET drift minimization; Proceedings of IEEE Sensors, 2004.; 24-
27 Oct. 2004 Page(s):1121 - 1124 vol.3.

[79]. Irie, H.; Kita, K.; Kyuno, K.; Toriumi, A.; In-plane mobility anisotropy and universality under
uni-axial strains in nand p-MOS inversion layers on (100), [110], and (111) Si; 2004 IEEE
International Electron Devices Meeting. IEDM Technical Digest. 13-15 Dec. 2004 Page(s):225 —
228.

[80]. Krishnamohan, Tejas; Kim, Donghyun; Viet Dinh, Thanh; Pham, Anh-tuan; Meinerzhagen,
Bernd; Jungemann, Christoph; Saraswat, Krishna; Comparison of (001), (110) and (111)
Uniaxial- and Biaxial- Strained-Ge and Strained-Si PMOS DGFETs for All Channel orientations:
Mobility Enhancement, Drive Current, Delay and Off-State Leakage, To be published, 2008 IEEE
International Electron Devices Meeting — session 36.

[81]. Sun, Guangyu; Sun, Yongke; Nishida, Toshikazu and Thompson, S.E; Hole mobility in
silicon inversion layers: Stress and surface orientation; Joumnal of Applied Physics, 102, 084501
2007.

[82]. Thompson, S. E.; Suthram, S.; Sun, Y.; Sun, G.; Parthasarathy, S.; Chu, M.; Nishida, T.;
Future of Strained Si/Semiconductors in Nanoscale MOSFETs; 2006 IEEE International Electron
Devices Meeting,. IEDM '06. 11-13 Dec. 2006 Page(s): 681-4.

[83]. Yang, B.; Waite, A.; Yin, H.; Yu, J.; Black, L.; Chidambarrao, D.; Domenicucci, A.; Wang, X.;
Ku, S.H.; Wang, Y.; Meer, H.V.; Kim, B.; Nayfeh, H.; Kim, S.D.; Tabakman, K.; Pal, R.; Nummy,
K.; Greene, B.; Fisher, P.; Liu, J.; Liang, Q.; Holt, J.; Narasimha, S.; Luo, Z.; Utomo, H.; Chen, X,;
Park, D.; Sung, C.; Wachnik, R.; Freeman, G.; Schepis, D.; Maciejewski, E.; Khare, M.;
Leobandung, E.; Luning, S.; Agnello, P.; (110) channel, SiON gate-dielectric PMOS with record
high lon=1 mA/um through channel stress and source drain extemal resistance (Rext)
engineering; 2007 IEEE International Electron Devices Meeting. IEDM 2007. 10-12 Dec. 2007
Page(s):1032 — 1034.

[84] Packan, P. Cea, S., H.Deshpande, T.Ghani, M.Giles, O.Golonzka, M.Hattendorf, R.Kotlyar,
K.Kuhn, A.Murthy, P.Ranade, L.Shifren, C.Weber and K.Zawadzki, High Performance Hi-K +
Metal Gate Strain Enhanced Transistors on (110) Silicon; To be published, 2008 IEEE
International Electron Devices Meeting — session 3.

[85] Harris, H.R.; Thompson, S.E.; Krishnan, S.; Kirsch, P.; Majhi, P.; Smith, C.E.; Hussain, M.M;
Sun, G.; Adhikari, H.; Suthram, S.; Lee, B.H.; Tseng, H.-H.; Jammy, R.; Flexible, Simplified
CMOS on Si(110) with Metal Gate / High k for HP and LSTP; 2007 IEEE Intemational Electron
Devices Meeting, 2007. IEDM 2007. 10-12 Dec. 2007 Page(s):57 — 60

[86]. Wang, J.; Tateshita, Y.; Yamakawa, S.; Nagano, K.; Hirano, T.; Kikuchi, Y.; Miyanami, Y.;
Yamaguchi, S.; Tai, K.; Yamamoto, R.; Kanda, S.; Kimura, T.; Kugimiya, K.; Tsukamoto, M.;
Wakabayashi, H.; Tagawa, Y.; lwamoto, H.; Ohno, T.; Saito, M.; Kadomura, S.; Nagashima, N.;
Novel Channel-Stress Enhancement Technology with eSiGe S/D and Recessed Channel on
Damascene Gate Process; 2007 IEEE Symposium on VLSI Technology, 12-14 June 2007
Page(s):46 - 47

108



References

[87]. Kubicek, S.; Schram, T.; Rohr, E.; Paraschiv, V.; Vos, R.; Demand, M.; Adelmann, C.;
Witters, T.; Nyns, L.; Delabie, A.; Ragnarsson, L.-A.; Chiarella, T.; Kerner, C.; Mercha, A.; Parvais
B.; Aoulaiche, M.; Ortolland, C.; Yu, H.; Veloso, A.; Witters, L.; Singanamalla, R.; Kauerauf, T.;
Brus, S.; Vrancken, C.; Chang, V.S.; Chang, S.-Z.; Mitsuhashi, R.; Okuno, Y.; Akheyar, A.; Cho,
H.-J.; Hooker, J.; O'Sullivan, B.J.; Van Elshocht, S.; De Meyer, K.; Jurczak, M.; Absil, P.;
Biesemans, S.; Hoffmann, T.; Strain enhanced low-VT CMOS featuring La/Al-doped HfSiO/TaC
and 10ps invertor delay, 2008 Symposium on VLS| Technology, 17-19 June 2008 Page(s):130 -
131

[88]. lto, S.; Namba, H.; Yamaguchi, K.; Hirata, T.; Ando, K.; Koyama, S.; Kuroki, S.; lkezawa,
N.; Suzuki, T.; Saitoh, T.; Horiuchi, T.; Mechanical stress effect of etch-stop nitride and its impact
on deep submicron transistor design; 2000 IEEE International Electron Devices Meeting. IEDM
Technical Digest. 10-13 Dec. 2000 Page(s):247 — 250.

[89]. Pidin, S.; Mori, T.; Inoue, K.; Fukuta, S.; Itoh, N.; Mutoh, E.; Ohkoshi, K.; Nakamura, R;
Kobayashi, K.; Kawamura, K.; Saiki, T.; Fukuyama, S.; Satoh, S.; Kase, M.; Hashimoto, K.; A
novel strain enhanced CMOS architecture using selectively deposited high tensile and high
compressive silicon nitride films; 2004 IEEE International Electron Devices Meeting. IEDM
Technical Digest. 13-15 Dec. 2004 Page(s):213 — 216.

[90]. Mayuzumi, S.; Wang, J.; Yamakawa, S.; Tateshita, Y.; Hirano, T.; Nakata, M.; Yamaguchi,
S.; Yamamoto, Y.; Miyanami, Y.; Oshiyama, |.; Tanaka, K.; Tai, K.; Ogawa, K.; Kugimiya, K.;
Nagahama, Y.; Hagimoto, Y.; Yamamoto, R.; Kanda, S.; Nagano, K.; Wakabayashi, H.; Tagawa,
Y.; Tsukamoto, M.; Iwamoto, H.; Saito, M.; Kadomura, S.; Nagashima, N.; Extreme High-
Performance n- and p-MOSFETs Boosted by Dual-Metal/High-k Gate Damascene Process using
Top-Cut Dual Stress Liners on (100) Substrates, 2007 IEEE International Electron Devices
Meeting. IEDM 2007. 10-12 Dec. 2007 Page(s):293 — 296.

[91]. Ofta, K.; Sugihara, K.; Sayama, H.; Uchida, T.; Oda, H.; Eimori, T.; Morimoto, H.; Inoue, Y.;
Novel locally strained channel technique for high performance 55nm CMOS, 2002 |IEEE
International Electron Devices Meeting. IEDM '02. Digest. 8-11 Dec. 2002 Page(s):27 - 30

[92]. Chen, Chien-Hao; Lee, T.L.; Hou, T.H.; Chen, C.L.; Chen, C.C.; Hsu, J.W.; Cheng, K.L,;
Chiu, Y.H.; Tao, H.J;; Jin, Y.; Diaz, C.H.; Chen, S.C,; Liang, M.-S.; Stress memorization
technique (SMT) by selectively strained-nitride capping for sub-65nm high-performance strained-
Si device application; 2004 Symposium on VLSI Technology, 2004. Digest of Technical Papers.
15-17 June 2004 Page(s):56 — 57.

[93]. Wei, A.; Wiatr, M.; Mowry, A.; Gehring, A.; Boschke, R.; Scott, C.; Hoentschel, J.; Duenkel,
S.; Gerhardt, M.; Feudel, T.; Lenski, M.; Wirbeleit, F.; Otterbach, R.; Callahan, R.; Koerner, G.;
Krumm, N.; Greenlaw, D.; Raab, M.; Horstmann, M.; Multiple Stress Memorization In Advanced
SOl CMOS Technologies; 2007 IEEE Symposium on VLSI Technology; 12-14 June 2007
Page(s):216 - 217

Kelin Kuhn / IEDM 2008

[94]. Lee, W.-H.; Waite, A.; Nii, H.; Nayfeh, H.M.; McGahay, V.; Nakayama, H.; Fried, D.; Chen,
H.; Black, L.; Bolam, R.; Cheng, J.; Chidambarrao, D.; Christiansen, C.; Cullinan-Scholl, M.;
Davies, D.R.; Domenicucci, A.; Fisher, P.; Fitzsimmons, J.; Gill, J.; Gribelyuk, M.; Harmon, D.;
Holt, J.; Ida, K.; Kiene, M.; Kluth, J.; Labelle, C.; Madan, A.; Malone, K.; McLaughlin, P.V.; Minami
M.; Mocuta, D.; Murphy, R.; Muzzy, C.; Newport, M.; Panda, S.; Peidous, |.; Sakamoto, A.; Sato,
T.; Sudo, G.; VanMeer, H.; Yamashita, T.; Zhu, H.; Agnello, P.; Bronner, G.; Freeman, G.; Huang,
S.-F.; lvers, T.; Luning, S.; Miyamoto, K.; Nye, H.; Pellerin, J.; Rim, K.; Schepis, D.; Spooner, T.;
Chen, X.; Khare, M.; Horstmann, M.; Wei, A.; Kammler, T.; Hontschel, J.; Bierstedt, H.;
Engelmann, H.-J.; Hellmich, A.; Hempel, K.; Koerner, G.; Neu, A.; Otterbach, R.; Reichel, C.;
Trentsch, M.; Press, P.; Frohberg, K.; Schaller, M.; Salz, H.; Hohage, J.; Ruelke, H.; Klais, J.;
Raab, M.; Greenlaw, D.; Kepler, N.; High performance 65 nm SOI technology with enhanced
transistor strain and advanced-low-K BEOL, 2005 IEEE International Electron Devices Meeting.
IEDM Technical Digest. 5-7 Dec. 2005 Page(s): 61-64.

[95]. Ohta, H.; Kim, Y.; Shimamune, Y.; Sakuma, T.; Hatada, A.; Katakami, A.; Soeda, T.;
Kawamura, K.; Kokura, H.; Morioka, H.; Watanabe, T.; Hayami, J.0.Y.; Ogura, J.; Tajima, M.;
Mori, T.; Tamura, N.; Kojima, M.; Hashimoto, K.; High performance 30 nm gate bulk CMOS for 45
nm node with Sigma-shaped SiGe-SD; 2005 |IEEE International Electron Devices Meeting. IEDM
Technical Digest.; 5-7 Dec. 2005 Page(s):247-250..

[96]. Zhang, D.; Nguyen, B.Y.; White, T.; Goolsby, B.; Nguyen, T.; Dhandapani, V.; Hildreth, ;
Foisy, M.; Adams, V.; Shiho, Y.; Thean, A.; Theodore, D.; Canonico, M.; Zollner, S.; Bagchi, S.;
Murphy, S.; Rai, R.; Jiang, J.; Jahanbani, M.; Noble, R.; Zavala, M.; Cotton, R.; Eades, D.;
Parsons, S.; Montgomery, P.; Martinez, A.; Winstead, B.; Mendicino, M.; Cheek, J.; Liu, J.;
Grudowski, P.; Ranami, N.; Tomasini, P.; Arena, C.; Werkhoven, C.; Kirby, H.; Chang, C.H.; Lin,
C.T.; Tuan, H.C,; See, Y.C.; Venkatesan, S.; Kolagunta, V.; Cave, N.; Mogab, J.; Embedded
SiGe S/D PMOS on thin body SOI substrate with drive current enhancement, 2005 Symposium
on VLSI Technology, 2005. Digest of Technical Papers. 14-16 June 2005 Page(s):26 - 27.

[97]. Ang, Kah Wee; Chui, King Jien; Bliznetsov, V.; Anyan Du; Balasubramanian, N.; Ming Fu Li;
Ganesh Samudra; Yee-Chia Yeo; Enhanced performance in 50 nm N-MOSFETs with silicon-
carbon source/drain regions, 2004 IEEE International Electron Devices Meeting,. IEDM Technical
Digest. 13-15 Dec. 2004 Page(s):1069 — 1071.

[98]. Liu, Yaocheng; Gluschenkov, O.; Jinghong Li; Madan, A.; Ozcan, A.; Byeong Kim; Dyer, T.;
Chakravarti, A.; Chan, K.; Lavoie, C.; Popova, |.; Pinto, T.; Rovedo, N.; Zhijiong Luo; Loesing, R;
Henson, W.; Ken Rim; Strained Si Channel MOSFETs with Embedded Silicon Carbon Formed by
Solid Phase Epitaxy; 2007 IEEE Symposium on VLS| Technology; 12-14 June 2007 Page(s):44 —
45,

[99]. Ren, Zhibin; Pei, G.; Li, J.; Yang, B. (F).; Takalkar, R.; Chan, K.; Xia, G.; Zhu, Z.; Madan,
A.; Pinto, T.; Adam, T.; Miller, J.; Dube, A.; Black, L.; Weijtmans, J. W.; Yang, B.; Harley, E.;
Chakravarti, A.; Kanarsky, T.; Pal, R.; Lauer, I.; Park, D.-G.; Sadana, D.; On implementation of
embedded phosphorus-doped SiC stressors in SOl nMOSFETs; 2008 IEEE Symposium on VLSI
Technology; 17-19 June 2008 Page(s):172 - 173

[100]. Kang, C.Y.; Choi, R.; Song, S.C.; Choi, K.; Ju, B.S.; Hussain, M.M.; Lee, B.H.; Bersuker,
G.; Young, C.; Heh, D.; Kirsch, P.; Barnet, J.; Yang, J.-W.; Xiong, W.; Tseng, H.-H.; Jammy, R;; A
Novel Electrode-Induced Strain Engineering for High Performance SOl FinFET utilizing Si
Channel for Both N and PMOSFETs; 2006 IEEE International Electron Devices Meeting, IEDM
'06. 11-13 Dec. 2006 Page(s):885-8.

109



MuGFET Strain Figure References

MuGFET CHART REFERENCES

[F1/F2] Collaert, N.; Rooyackers, R.; Dilliway, G.; lyengar, V.; Augendre, E.; Leys, F.; Cayrefourq,
I.; Ghyselen, B.; Loo, R.; Jurczak, M.; Biesemans, S.; Optimization of the MuGFET performance
on Super Critical-Strained SOI (SC-SSOI) substrates featuring raised source/drain and dual
CESL; VLSI Technology, Systems and Applications, 2007. VLSI-TSA 2007. International
Symposium on 23-25 April 2007 Page(s):1 - 2

[F3/F4]; Collaert, N.; Rooyackers, R.; Clemente, F.; Zimmerman, P.; Cayrefoureq, |.; Ghyselen,
B.; San, K.T.; Eyckens, B.; Jurezak, M.; Biesemans, S.; Performance Enhancement of MUGFET
Devices Using Super Critical Strained-SOI (SC-SSOI) and CESL 2006 Symposium on VLSI
Technology, 2006. Digest of Technical Papers. Page(s):52 - 53

[F5]; Collaert, N.; De Keersgieter, A.; Anil, K.G.; Rooyackers, R.; Eneman, G.; Goodwin, M.;
Eyckens, B.; Sleeckx, E.; de Marneffe, J.-F.; De Meyer, K.; Absil, P.; Jurczak, M.; Biesemans, S.;
Performance improvement of tall triple gate devices with strained SiN layers, |EEE Electron
Device Letters, Volume 26, Issue 11, Nov. 2005 Page(s):820 - 822

[F6/F7] Kaneko, A.; Yagishita, A.; Yahashi, K.; Kubota, T.; Omura, M.; Matsuo, K.; Mizushima, |.;
Okano, K.; Kawasaki, H.; Izumida, T.; Kanemura, T.; Aoki, N.; Kinoshita, A.; Koga, J.; Inaba, S;
Ishimaru, K.; Toyoshima, Y.; Ishiuchi, H.; Suguro, K.; Eguchi, K.; Tsunashima, Y.; High-
Performance FinFET with Dopant-Segregated Schottky Source/Drain; 2006 IEEE International
Electron Devices Meeting, IEDM '06. 11-13 Dec. 2006 Page(s):893-6

[F8] Kang, C.Y.; Choi, R.; Song, S.C.; Choi, K.; Ju, B.S.; Hussain, M.M.; Lee, B.H.; Bersuker, G.;
Young, C.; Heh, D.; Kirsch, P.; Barnet, J.; Yang, J.-W.; Xiong, W.; Tseng, H.-H.; Jammy, R.; A
Novel Electrode-Induced Strain Engineering for High Performance SOI FinFET utilizing Si
Channel for Both N and PMOSFETs; 2006 |IEEE International Electron Devices Meeting. IEDM
'06. 11-13 Dec. 2006 Page(s): 885-8.

[F9]; Kang, C.Y.; Choi, R.; Song, S.C.; Ju, B.S.; Hussain, M.M,; Lee, B.H.; Yang, J.-W.; Zeitzoff,
P.; Pham, D.; Xiong, W.; Tseng, H.-H.; Effects of ALD TiN Metal Gate Thickness on Metal Gate
/High-k Dielectric SOl FinFET Characteristics, 2006 |IEEE International SOl Conference; Oct.
2006 Page(s):135 - 136

[F10]; Yong Kang, Chang; Yang, Ji-Woon; Jungwoo Oh; Rino Choi; Young Jun Suh; Floresca,
H.C.; Jiyoung Kim; Moon Kim; Byoung Hun Lee; Hsing-Huang Tseng; Jammy, R.; Effects of Film
Stress Modulation Using TiN Metal Gate on Stress Engineering and Its Impact on Device
Characteristics in Metal Gate/High-k Dielectric SOl FinFETs, IEEE Electron Device Letters;
Volume 29, Issue 5, May 2008 Page(s):487 - 490

[F11] Kavalieros, J.; Doyle, B.; Datta, S.; Dewey, G.; Doczy, M.; Jin, B.; Lionberger, D.; Metz, M.;
Rachmady, W.; Radosavljevic, M.; Shah, U.; Zelick, N.; Chau, R.; Tri-Gate Transistor Architecture
with High-k Gate Dielectrics, Metal Gates and Strain Engineering; 2006 Symposium on VLSI
Technology, 2006. Digest of Technical Papers; Page(s):50 - 51

[F12]; Liow, Tsung-Yang; Tan, Kian-Ming; Lee, R.T.P.; Anyan Du; Chih-Hang Tung; Samudra,
G.S.; Won-Jong Yoo; Balasubramanian, N.; Yee-Chia Yeo; Strained N-Channel FinFETs with 25
nm Gate Length and Silicon-Carbon Source/Drain Regions for Performance Enhancement, 2006
Symposium on VLSI Technology. Digest of Technical Papers; Page(s):56 - 57

[F13-F14] Liow, Tsung-Yang; Tan, Kian-Ming; Lee, R.T.P.; Chih-Hang Tung; Samudra, G.S;
Balasubramanian, N.; Yee-Chia Yeo; N-Channel (110)-Sidewall Strained FinFETs With Silicon—
Carbon Source and Drain Stressors and Tensile Capping Layer; IEEE Electron Device Letters,;
Volume 28, Issue 11, Nov. 2007 Page(s):1014 - 1017

ntel)

Kelin Kuhn / IEDM 2008

[F15] Liow, Tsung-Yang; Tan, Kian-Ming; Lee, R.T.P.; Ming Zhu; Keat-Mun Hoe; Samudra, G.S.;
Balasubramanian, N.; Yee-Chia Yeo; Spacer Removal Technique for Boosting Strain in n-
Channel FinFETs With Silicon-Carbon Source and Drain Stressors; |EEE Electron Device Letters
Volume 29, Issue 1, Jan. 2008 Page(s):80 - 82

[F16] Liow, Tsung-Yang; Tan, Kian-Ming; Lee, R.T.P.; Ming Zhu; Hoe, K.-M.; Samudra, G.S.;
Balasubramanian, N.; Yee-Chia Yeo; Strain enhancement in spacerless N-channel FinFETs with
silicon-carbon source and drain stressors; 37th European Solid State Device Research
Conference, 2007. ESSDERC; 11-13 Sept. 2007 Page(s):151 - 154

[F17] Thean, A. V-Y; Shi, Z-H; Mathew, L.; Stephens, T.; Desjardin, H.; Parker, C.; White, T;
Stoker, M.; Prabhu, L.; Garcia, R.; Nguyen, B-Y.; Murphy, S.; Rai, R.; Conner, J.; White, B. E.;
Venkatesan, S.; Performance and Variability Comparisons between Multi-Gate FETs and Planar
SOl Transistors; 2006 IEEE International Electron Devices Meeting. IEDM '06. International; 11-
13 Dec. 2006 Page(s):881-4.

[F18]; van Dal, M.J.H.; Collaert, N.; Doombos, G.; Vellianitis, G.; Curatola, G.; Pawlak, B.J.; Duffy
R.; Jonville, C.; Degroote, B.; Altamirano, E.; Kunnen, E.; Demand, M.; Beckx, S.; Vandeweyer,
T.; Delvaux, C.; Leys, F.; Hikavyy, A.; Rooyackers, R.; Kaiser, M.; Weemaes, R.G.R.; Biesemans,
S.; Jurczak, M.; Anil, K.; Witters, L.; Lander, R.J.P.; Highly manufacturable FinFETs with sub-
10nm fin width and high aspect ratio fabricated with immersion lithography 2007 IEEE
Symposium on VLSI Technology; 12-14 June 2007 Page(s):110 - 111

[F19]; Vellianitis, G.; van Dal, M.J.H.; Witters, L.; Curatola, G.; Doornbos, G.; Collaert, N.; Jonville
C.; Torregiani, C.; Lai, L.-S.; Petty, J.; Pawlak, B.J.; Duffy, R.; Demand, M.; Beckx, S.; Mertens,
S.; Delabie, A.; Vandeweyer, T.; Delvaux, C.; Leys, F.; Hikavyy, A.; Rooyackers, R.; Kaiser, M.;
Weemaes, R.G.; Voogt, F.; Roberts, H.; Donnet, D.; Biesemans, S.; Jurczak, M.; Lander, R.J.R;
Gatestacks for scalable high-performance FinFETs 2007 IEEE International Electron Devices
Meeting. IEDM 2007. IEEE International; 10-12 Dec. 2007 Page(s):681 - 684

[F20] Verheyen, P.; Collaert, N.; Rooyackers, R.; Loo, R.; Shamiryan, D.; De Keersgieter, A.;
Eneman, G.; Leys, F.; Dixit, A.; Goodwin, M.; Yim, Y.S.; Caymax, M.; De Meyer, K.; Absil, P.;
Jurczak, M.; Biesemans, S.; 25% drive current improvement for p-type multiple gate FET
(MuGFET) devices by the introduction of recessed Si0.8Ge0.2 in the source and drain regions;
2005 Symposium on VLSI Technology, 2005. Digest of Technical Papers.; 14-16 June 2005
Page(s):194 - 195

[F21]; Xiong, Weize; Shin, Kyoungsub; Cleavelin, C.R.; Schulz, T.; Schruefer, K.; Cayrefourcq, I.;
Kennard, M.; Mazure, C.; Patruno, P.; Tsu-Jae King Liu; FinFET Performance Enhancement with
Tensile Metal Gates and Strained Silicon on Insulator (sSOI) Substrate, 2006 64th Device
Research Conference, June 2006 Page(s):39 — 40.

110



Silicide Figure References

SILICIDE CHART REFERENCES
[S1] K. Maex, and M.V. Rossum, Properties of Metal Silicides, London, U.K. Inspec 1995

[S2] R.T.P. Lee, T.Y. Liow, K.M. Tan, A.E.J. Lim, H.S. Wong, P.C. Lim, D.M.Y. Lai, G.Q. Lo, C.H.
Tung, G. Samudra, D.Z. Chi, and Y.C. Yeo, “Novel nickel-alloy silicides for source/drain contact
resistance reduction in N-channel multiple gate transistors with sub-35 nm gate length,” 2006
IEEE International Electron Devices Meeting,. IEDM Technical Digest. 11-13 Dec. 2004
Page(s):851 — 854.

[S3] S. Zhu, J. Chen, M.-F. Li, S. J. Lee, J. Singh, C. X. Zhu, A Du, C. H. Tung, Albert Chin, and
D. L. Kwong, “N-type Schottky barrier source/drain MOSFET using ytterbium silicide,” IEEE
Electron Device Letters, vol. 25, no. 8, Aug. 2004, Page(s): 565 — 567.

[S4] R.T.P. Lee, AT.Y. Koh, F.Y. Liu, W.W. Fang, T.Y. Liow, K.M. Tan, P.C. Lim, A.E.J. Lim, M.
Zhu, K.M. Hoe, C.H. Tung, G.Q. Lo, X. Wang, D.K.Y. Low, G. Samudra, D.Z. Chi, and Y.C. Yeo,
“Route to low parasitic resistance in MuGFETSs with silicon-carbon source/drain: integration of
novel low barrier Ni(M)Si:C metal silicides and pulsed laser annealing,” 2007 IEEE International
Electron Devices Meeting. IEDM Technical Digest. 10-12 Dec. 2007 Page(s):685 — 688.

[S5] A. Kinoshita, Y. Tsuchiya, A. Yagishita, K. Uchida, J. Koga, “Successful CMOS operation of
dopant-segregation Schottky barrier transistors (DS-SBTs),” 2004 International Conference of
Solid State Devices and Materials, SSDM Extended Abstracts. 15-17 Sep. 2004 Page(s):172 —
173.

[S6] R.T.P. Lee, T.Y. Liow, K.M. Tan, A.E.J. Lim, C.S. Ho, K.M. Hoe, M.Y. Lai, T. Osipowicz, G.Q
Lo, G. Samudra, D.Z. Chi, and Y.C. Yeo, “Novel epitaxial nickel aluminide, silicide with low
Schottky-barrier and series resistance for enhanced performance of dopant segregated
source/drain N-channel MuGFETs,” 2007 VLSI Technology Symposium. VLSI Technical Digest.
12-14 Jun. 2007 Page(s):108 — 109.

[S7] H.S. Wong, L. Chan, G. Samudra, and Y.C. Yeo, “Low Schottky barrier height for silicides on
n-type Si(100) by interfacial selenium segregation during silicidation,” Applied Physics Letter, vol.
93, 2008 Page(s): 072103.

[S8] R.T.P. Lee, A.E.J. Lim, T.Y. Liow, K.M. Tan, D.Z. Chi, and Y.C. Yeo, “Formation of interface
dipoles at the PtSi:C-Si:C interface with sulfur segregation for enhanced drive current in N-
FinFETSs,” submitted to IEEE Electron Device Letters 2008.

[S9] H.S. Wong, F.Y. Liu, KW. Ang, G. Samudra, and Y.C. Yeo,”Novel nickel silicide contact
technology using selenium segregation for SOI N-FETs with silicon-carbon source/drain
stressors,” IEEE Electron Device Letters, vol. 29, no. 8, Aug. 2008 Page(s): 841 — 844.

[S10] H.S. Wong, L. Chan, G. Samudra, and Y.C. Yeo, “Sub-0.1 eV effective Schottky barrier
height for NiSi on n-type Si(100) using antimony segregation,” IEEE Electron Device Letters, vol.
28, no. 8, Aug. 2007 Page(s): 703 — 705.

[S11] Q.T. Zhao, U. Breuer, E. Rije, St. Lenk, and S. Mantl, “Tuning of NiSi/Si Schottky barrier
heights by sulfur segregation during Ni silicidation,” Applied Physics Letter, vol. 86, 2005 Page(s):
062108.

[S12] Z. Zhang, Z. Qiu, R. Liu, M. Ostling, and S.L. Zhang, “Schottky-barrier height tuning by
means of ion implantation into preformed silicide films followed by drive-in anneal,” IEEE Electron
Device Letters, vol. 28, no. 7, Jul. 2008 Page(s): 565 — 568.

ntel)

[S13] R.T.-P. Lee, A.T.-Y. Koh, W.-W. Fang, K.-M. Tan, Andy E.-J. Lim, T.-Y. Liow, S.-Y. Chow,
Anna M. Yong, H.-S. Wong, G.-Q. Lo, G.S. Samudra, D.-Z. Chi, and Y.-C. Yeo, “Novel and cost-
efficient single metallic silicide integration solution with dual Schottky-barrier achieved by
aluminum inter-diffusion for FinFET CMOS Technology with Enhanced Performance,” 2008 VLSI
Technology Symposium. VLSI Technical Digest. 17-20 Jun. 2008 Page(s): 29 — 30.

[S14]R. T. P. Lee, K.-M. Tan, A.E.-J. Lim, T.-Y. Liow, G.S. Samudra, D.Z. Chi, and Y.-C. Yeo,
“P-channel tri-gate FinFETs featuring Ni1-yPtySiGe source/drain contacts for enhanced drive
current performance,” IEEE Electron Device Letters, vol. 29, no. 5, May 2008 Page(s): 438 — 441.

[S15] G. Larrieu, E. Dubois, X. Wallart, and J. Katcki, “Kinetics, stoichiometry, morphology, and
current drive capabilities of Ir-based silicides,” Journal of Applied Physics, vol. 102, 2007 Page(s):
094504.

[S16] M. Sinha, E.F. Chor, Y.C. Yeo, “Tuning the Schottky barrier height of nickel silicide on p-
silicon by aluminum segregation,” Applied Physics Letter, vol. 92, 2008 Page(s): 222114.

[S17] G. Larrieu, E. Dubois, R. Valentin, N. Breil, F. Danneville, G. Dambrine, J.P. Raskin, and
J.C. Pesant, “Low temperature implementation of dopant-segregated band-edge metallic S/D
junctions in thin-body SOI p-MOSFETSs,” IEEE International Electron Devices Meeting. IEDM
Technical Digest. 10-12 Dec. 2007 Page(s):147 — 150.

Kelin Kuhn / IEDM 2008

111





