| IBM Corporation

Strain for CMOS performance Improvement

+Victor Chan, +Ken Rim, #Meikei leong, +Sam Yang, +Rajeev Malik, £Young
Way Teh, #Min Yang, #Qiqging (Christine) Ouyang

+IBM Systems & Technology Group,
#IBM Research Division, T. J. Watson Research Center and
TChartered Semiconductor Mfg. Ltd

IBM Semiconductor Research and Development Center (SRDC)
Hopewell Junction, NY 12533




Outline

Introduction: Strain helps carriers to travel faster
Substrate-induced strain
Process-induced strain

- Contact etch-stop nitride liner (DSL)

- Stress Memorization Technique (SMT)

- Embedded SiGe in S/D (e-SiGe)

Stress and Device / Circuit Implication

Mobility Improvement beyond Stress Engineering
- Channel Orientation
- Substrate Orientation (eg. HOT, DSB)

Summary

Victor Chan, IBM SRDC




Outline

* Introduction: Strain helps carriers to travel faster

Victor Chan, IBM SRDC




Mechanical Stress: basic

: St
Material A (tens/comp) trarrifser
(eg. Nitride) Due to material mismatch of A & B

from material composition, element _Jy
=P Size / volume and thermal
: expansion rate, A will introduce \
(eg. Si) :
mechanical stress to B.

Material B

Stress
transfer

Victor Chan, IBM SRDC




Mechanical Stress : many ways

Stress i >

transfer Stress
transfer

* Many different ways

* Stress transfer dependent on
* material A deposition / growth condition (eg. process temp, material)
» subsequent steps (eg. annealing, implantation)

Uniaxial stress: 1-direction biaxial stress: 2-directions

Victor Chan, IBM SRDC Fort Collins, Jan 27




Electrons have higher mobility in Strained (biaxial tensile) Si

Conduction Band Biaxial tensile Si

Unstrained.Si in 100 and 010 direction
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valleys ¢ Larger curvature
<100> smaller m*

In Strained Si, i) m* (effective mass) is smaller  higher mobility
i) split energy band less inter-valley scattering  higher mobilit
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Holes have higher mobility in Strained (biaxial tensile) Si

Valence Band
Unstrained Si strained Si

EA E“

m* is “rated average”

of m*(HH) and m*(LH) f

+— 2 fold degenerate
L H valence band

Spin-orbit
Spin-orbit /\

HH = heavy holes in-plane (x,y) Out-of-plane (z)
LH = light holes

In Strained Si, i) m* (effective mass) is smaller  higher mobility
i) split energy band less carrier scattering  higher mobility

Victor Chan, IBM SRDC




Desired uni-axial stress on CMOS performance
gate

gate
A -
Source Drain

Longitudinal

NMOS PMOS
Longitudinal Tensile Compressive
Transverse Tensile Tensile

Si Depth Compressive | Tensile
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Longitudinal stress provides different drive current
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Introduction: Strain helps carriers to travel faster

Process-induced strain
- Contact etch-stop nitride liner (DSL)
- Stress Memorization Technique (SMT)
- Embedded SiGe in S/D (e-SiGe)

Stress and Device / Circuit Implication

Mobility Improvement beyond Stress Engineering
- Channel Orientation
- Substrate Orientation (eg. HOT)

Summary
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Introduction: Strain helps carriers to travel faster

Substrate-induced strain

- Stress Memorization Technique (SMT)
- Embedded SiGe in S/D (e-SiGe)

Stress and Device / Circuit Implication

Mobility Improvement beyond Stress Engineering
- Channel Orientation
- Substrate Orientation (eg. HOT)

Summary
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Introduction: Strain helps carriers to travel faster

Substrate-induced strain

- Contact etch-stop nitride liner (DSL)
- Embedded SiGe in S/D (e-SiGe)
Stress and Device / Circuit Implication
Mobility Improvement beyond Stress Engineering
- Channel Orientation
- Substrate Orientation (eg. HOT)

Summary



Amorphous layer
by implant

After anneal & Nit Removal

Siis crystallized and stress is memorized



SMT vs DSL

SMT contact end-stop liner

Sensitive to Nitride material
(stress, thickness)

Require Annealing
(dependent on annealing temperature
and ramp rate)

Sensitive to a-Si layer

(from extension & S/D implant,
dependent on implant species,
dose, energy)

Sensitive to transistor profile
(eg. gate height, spacer shape
and material)
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Introduction: Strain helps carriers to travel faster
Substrate-induced strain
- Contact etch-stop nitride liner (DSL)
- Stress Memorization Technique (SMT)
Stress and Device / Circuit Implication
Mobility Improvement beyond Stress Engineering
- Channel Orientation

- Substrate Orientation (eg. HOT)

Summary






Base on (100) wfr and 15% Ge

N

Strained Si

=

Strained Si

o

Growth Rate (Angstrom/sec)

SiGe

blanket patterned



eSiGe+
Compr nit liner



Introduction: Strain helps carriers to travel faster
Substrate-induced strain

Process-induced strain
- Contact etch-stop nitride liner (DSL)
- Stress Memorization Technique (SMT)
- Embedded SiGe in S/D (e-SiGe)

Mobility Improvement beyond Stress Engineering
- Channel Orientation
- Substrate Orientation (eg. HOT)

Summary
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Develop Straine ify Device model Mask tape-out

after \obility (additional mask may be
enhancexpent; include :
required)
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Stress Engineering Discovery Circuit Design
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Circuit Design




a) Device re-centering

b) Additional mask
* different circuit region (eg. SRAM array)
may have different device centering conditions

c) SRAM stability & yield consideration
* Device centering to provide good read
stability and writibility margin



Technology development & Stress Engineering (4)
[Other consideration]

1)



Introduction: Strain helps carriers to travel faster
Substrate-induced strain
Process-induced strain

- Contact etch-stop nitride liner (DSL)

- Stress Memorization Technique (SMT)

- Embedded SiGe in S/D (e-SiGe)

Stress and Device / Circuit Implication

- Substrate Orientation (eg. HOT)

Summary
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Introduction: Strain helps carriers to travel faster
Substrate-induced strain
Process-induced strain

- Contact etch-stop nitride liner (DSL)

- Stress Memorization Technique (SMT)

- Embedded SiGe in S/D (e-SiGe)

Stress and Device / Circuit Implication

- Channel Orientation

Summary
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Carrier Mobility Dependence on Surface Orientation



CMOS fabrication on Substrates
with Hybrid Orientation (1)



CMOS fabrication on Substrates
with Hybrid Orientation (2)
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Introduction: Strain helps carriers to travel faster
Substrate-induced strain

Process-induced strain
- Contact etch-stop nitride liner (DSL)
- Stress Memorization Technique (SMT)
- Embedded SiGe in S/D (e-SiGe)

Stress and Device / Circuit Implication
Mobility Improvement beyond Stress Engineering

- Channel Orientation
- Substrate Orientation (eg. HOT)









