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Electron Mobility at High Stress Levels
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Hole Mobility at High Stress Levels
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Different Stress Engineering Options
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State-of-the-Art Stress Engineering

* For the poly gate, the following stress
sources are being widely used:

 PMOS
» Elevated SiGe S/D
« Compressive CESL
 Tensile STI

« NMOS
« Stress memorization technique (SMT)
* Tensile CESL
* Tensile NiSi
* Tensile STI
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Evolving Stress Engineering
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Stress Engineering with HK/MG

nMOS
SNPS
@ECS605 AAbandoned strained DSL
Alntroduced recessed S/D
Alntroduced tensile contacts
. APoint contacts -> slot contacts
- ASMT in the poly gate is gone
ASMT in the S/D remains
ACompressive metal in the gate
Intel ABut no Si:C S/D yet
@45nm
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Stress Engineering with HK/MG

pMOS

SNPS

@E CS 6 05 Aabandoned strained DSL
AKeep elevated SiGe S/D

AM.G. increases SiGe stress 1.5x
ATensile contacts are above Si
Alncreased Ge to 30%

AStress triples hole mobility
AStress doubles drive current
ASiGe facets @(111) planes
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Removing Poly Increases Channel Stress

Before gate removal After gate removal
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Fig.3 Stress contours in the PMOS transistor before and after the
removal of the polysilicon dummy gate. Stress in the channel 1s
shown to increase 50% from ~0.8GPa to >1.2 GPa.

C. Auth et al., VLSI 2008
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Stress Induced by Temperature Gradient

Hot top layer is
trying to expand

Compressive stress
is expected at the

top of Si wafer
Most of the wafer

is cool -> shrank
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Stress Induced by T Gradient + Pattern

Si-dominant pattern

—

,. Depending on local
0.2 GPa compressive layout, thermal
expansion stress
changes sign!

STl-dominant pattern

Main concern here
is defect formation

0.2 GPa compr. “VR 0.5 GPa tensile

V. Moroz et al., MRS 2008
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Stress in NFET with 1.8% Si1:C S/D

-233 MPa

Longitudinal stress Vertical stress

Y. Cho et al., IEDM 2007
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Performance Gain for Si:C
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Physical Modeling Approach

Basic C Clustering Reactions

Clusters

C,l + ClI

Respective Reaction Rates

C.+Clé CJl |R1=4 aD, (CsCq i K Ceyp)

e Cyl, |[R2=4 aDg, (Cgp Cgy T Ky, Ceg)

Cil, € Cily+V [R3=4 aD, (Cey5 C, T K5(C,/ G )Cpy)0)

Source: C. Zechner et al., Mat. Res. Soc. Symp. Proc., v. 994, p. F11 (2007)

Previously physical model was developed & calibrated for
B and Sb diffusion in pre-amorphized, C co-implanted Si

©Synopsys 2008
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Physical Modeling Approach

Additional Assumptions for Si:C with C >1%

C, clusters that form at high [C]

2. Full cascade Monte Carlo implant model instead
of plus factor

3. Active [As] adjustment in Si:C due to the As and
C stress collaboration

4. Impact of C-induced stress on E_, I*, V*, and pair
diffusion

5. Mobile C-l pair formation in Si:C whenever as-
implanted | is lower than C

6. Unusual vacancy super-saturation effect that

strongly affects As, but only marginally P as a

consequence of effect #5

—
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P Diffusion in Si:C
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As Concentration [fcm*3]

As Diffusion in Si:C
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C.,; and C_,, Profile

P 12keV + 1050°C spike As 25keV + 1050°C spike
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 C profile is predicted by model
* C,,, loss is evident in implanted layer
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How To Keep the Fragile Si:C Stress?
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C.,, Profile After ms Laser Anneal
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Nearly 100% of Initial C_, is recovered after ms anneal
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Experiments with the Si/SiGe Pattern

Dummy gates

0.25um 0.10um 0.05um
| e lum  0.50um 018 um  0.07u 0.01um K&————>
20 um 5um > Lgl(— u um 20 ym
2um
SlGe

* Form stripes of 100 nm thick embedde-vith 20% Ge
« Implant 3e15 cm2 As* @40 keV
* Anneal at 800°C or 900°C
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