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Presentation Overview

1. Technology Shift from Traditional Scaling 

2. Carrier Transport Enhancement in MOSFET
Strain
Channel Materials
FET Architecture  

3. Metal/High-k Gate Stack Technology
Vth Tuning and FLP 
Gate Effective WorkFunction and FLP Mechanism

4. Future Direction/Challenges
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Aggressive Investment Continuing in Global Semiconductor Industries  

・Semiconductor Market in Japan
US$50B

・Impact to GDP
US$2T(40% of GDP)

Tsugio Makimoto
‟Nation’s Future and  Semiconductors”
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3D Real Time
Graphics also
Needs 103GOPS.

Human Communicator
Electronics WG(1999)

Escalating Needs for Information Processing
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Moore’s Law is Evolving through Technology Shift 
from Traditional Scaling

Number of Transistors (Shrinking printed dimensions / growing die size)
Annual Doubling(1965)
Two-year Doubling(1975)

Change in Scaling Scenario
0.5μm CMOS performance was mostly achieved by conventional
scaling.
In 90 nm CMOS, 60% of the performance is achieved by introducing 
new technologies, while 40% by extension.

No Exponential is Forever : But“Forever”
Can be Delayed! 

G. Moore, ISSCC 2003

B. Meyerson, ISSM 2004
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Trade-off Factors in Device Scaling 

Solutions
High-μ channel
Ballistic transport
High-k/Metal gate
Metal S/D

Drive Current

Solutions
Ultra thin body
Multi-gate

Solutions 
High-k/Metal gate
Multi-gate

CMOS
Scaling

Nsub
EOT

Xj, Next
Nsub

Vdd
EOT
Vth

Short Channel 
Effects

Leakage Currents
or Power

S. Takagi, MIRAI

Mobility
S/D parasitic
resistance
Band to band 
tunneling

Concerns

Gate tunnel current
Inversion layer 
capacitance
Subthreshold slope 
Band bending

Concerns
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New Materials and Structures for MOSFET 

Keeping Ioff low and enhancing Ion by optimal selection of materials and structures

Si

SiGe Strained Si、SiGe

Planar FET Multi-gate FETStrained SOI、SGOI FET

SiGe, MSix, MGex→SiSource/Drain

Metal, Metal Silicide→Poly-SiGate Electrode

High-k Dielectrics
(HfSiO, HfAlO, LaAlO)→SiO2(SiON)Gate Dielectrics

High-μ Materials
（Strained Si, SiGe, Ge)→SiChannel

FuturePresent

Materials Evolution

MOSFET Evolution 2015

埋め込み酸化膜

Source Drain

メタル
ゲート

BOX

SiO2、High-k

Source Drain

Gate

BOX

Gate
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Technology Challenges for Future CMOS

2. Carrier Transport Enhancement in MOSFET 

Subband Structure Engineering with :
Strain (Uni-axial, Bi-axial)
Channel Materials (Si, SiGe, Ge)
Surface Orientation
Multi-gate Architecture
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SSOI, SGOI and GOI Wafer Technology

SiGe-based Global Substrate

Two-Step Thermal Oxidation

Selective Oxidation of Si Atoms
Uniform Condensation of Ge

Threading Dislocation Density 
1×103cm-2 @ 15% Ge

S. Nakaharai et al., Appl. Phys. Lett. 2003

N. Sugiyama et al., ISTDM2006N. Hirashita et al., Proc. SOI Conf. 2004
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TEM Images of Fully Strained SGOI Substrate

Ge content : 20%

Fully strained SGOI without any dislocations

Thickness : 90 nm
Surface roughness : < 0.2 nm

BOX

SiGe

SiO2

100 nm

Cross section

1 µm

Plane view
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Subband Structure Modulation with Tensile Strain

Ground states of the 2- and 4-fold 
valleys for 2-dimensional electrons in 
Si (100) surface inversion layer.

Subband structure engineering for 
increasing the occupancy of 2-fold 
valley (higherμ)electrons.

Strained-Si
MOSFET

Ultra-thin Body
MOSFET

Convertional
MOSFET

S. Takagi et al., IEDM1997
S.Takagi et al., Solid State Electr. 49(2005)684
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Hole Mobility Enhancement due to Bi- and Uni-axial Strain

uni-axial 
compressive

Bi-axial
tensile

Bi-axial
tensile

T. Ghani et al., IEDM 2003

•Uni-axial compressive
(Induced by SiGe S/D Epi or 
SiN liner) 
Beneficial to pFET
•Tensile strain benefits nFET
mobility 
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Uni-axial
(parallel to 

channel 
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strain

Bi-axial

compressive tensile

Bi-axial
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M. Uchida et al., Proc. SISPAD (2005) 
p.315

theoretical calculations

Si
Si
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T. Sato et al., Phys. Rev. B, 4(1971)1950
T. Sato et al., Jpn. J. Appl. Phys 8(1969)588

Mobility Anisotropy of Electrons and Holes in MOSFET Inversion Layer

(011)(001)
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Multi-Gate pMOS with Uniaxially-Strained SGOI Channels

Uniaxial 
Compressive

(110) SiGe (Ge)

Surface 
orientation Material

Strain

+
Multi-Gate

All performance enhancement boosters 
for pMOS can be adequately combined.

SGOI (110)

Compressive 
stress

(001) Gate

Curre
nt<1

10
>
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Fabricated Strained SGOI FinFET

Cross Sectional TEM 

SiGe

SiN

Poly-Si 55 nm

NiSi

BOX

90 nm 

1.6 nm SiON gate oxide
Ni SALICIDE

T. Irisawa et al., IEDM 2005

Good crystal quality has been maintained even 
after device fabrication processes.

Wfin Hfin
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Lg = 0.4 µm
Vd = - 0.05 V

75% up

SGOI Fin (110)
Uniaxially strained

SGOI Planar 
(100)
Uniaxially 
strained

SOI Planar 
(100) Unstrained

70% up

Large gm enhancement 
due to uniaxial 
compressive stress as 
well as (110) surface
orientation.

Gm Enhancement in Uniaxially Strained, SGOI(110) Fin FET

T. Irisawa et al., IEDM 2005
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Subband Engineering for (110) nMOS

C
ur

re
nt Strain

Biaxial

T. Mizuno et al IEEE EDL 41. pp.266 (2003).

Current

Uniaxial

Our previous 
work This work

Strain

Unstrained
(110) Light m*

Heavy m* <001>

<110>
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Advantages of Uniaxial Strain in (110) nMOSFET

Uniaxial
tensile
strain

1) 2-fold valleys is occupied (light m*, m* reduction[1])
2) Optimum current direction is the same as pMOS
3) Good compatibility with multi-gate structures 

(as shown next)

2-fold 4-fold
2-fold

4-fold

<001>

<110>

[1] K. Uchida et al., IEDM. (2005).

(110) (110)

Id
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SSOI

Gate

Uniaxial tensile strain

Strain relaxation

Uniaxial tensile strain along current flow direction is 
applied by lateral strain relaxation

BOX

Uniaxially Strained Device Structure Fabricated from SSOI

Single-layer strained SOI sub.
(40 nm re-growth on 15 nm initial sub.)
Strain = 0.9% (Biaxial)

SSOI

Biaxial tensile strain

T. Irisawa et al., IEDM (2005)
N. Collaert et al.,VLSI symp. (2006)

21

Subband Engineering by Uniaxial Strain in Tri-gate MOSFET

SSOI

Gate

(110)
(001)

<110>

Current

on (110)
<110>

<001>

Strain // Current 
//<110> 

on (001)

<110>

<T10>

1,2

3

5

4

6

Current

Strain

Electrons repopulate 
into 2-fold valleys 
having lighter m* both 
on (110) and (001).

Strain
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508 510 512 514 516 518 520 522

Large area
L/S = 0.2/0.2 µm

In
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 (a
rb
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Raman shift (cm-1)

Tsoi = 50 nm Si sub.

0.9% 
biaxial 
strain

0.6% 
uniaxial
relaxation

Fabricated Tri-gate MOSFET

SSOIPoly

BOX

45 nm

50 nm

SSOIPoly

BOX

45 nm

50 nm

Cross sectional TEM

Tox = ~4.5 nm 
L = 10-100 µm 

Strain characterization
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Id-Vg and gm Characteristics

Large gm enhancement of 2.2x is observed in SSOI 
Tri-gate
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Uniaxially Strained CMOS with Optimally Designed Subband Structures 

SSOI

Gate

(110)
(001)

<110>

cu
rre

nt

nMOS

SGOI

Gate

(110)
(001)

pMOS

T. Irisawa et al., IEDM. (2005).

Optimum multi-gate CMOS structure is realized on
the same (001) wafer along the same <110> direction

T. Irisawa et al., IEDM. 2006
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Technology Challenges for Future CMOS

3. Metal/High-k Gate Stack Technology 

High-k Performance and Mechanism
Gate Leakage and Channel Mobility
Vth Tuning and FLP
Gate Effective Workfunction
FLP Mechanism
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HfAlOHfLaO
High-k

F l/lN l/lSi sub.

HfSiO(N), HfO2

Al2O3, AlNLa2O3Top Layer

Pt, Ru, Re, PtSix, Ni3Si, 
MoNx, TiSiN, TiCN

TaC, NiSi, HfSi, 
Ta(Tb, Er, Yb)N,
(Ta, Hf, Mo)SiN

Metal

pMOSnMOS

Metal Gate/High-k Gate Stack Technology

VLSI2005, VLSI2006, IEDM2004, IEDM2005
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A. Toriumi et al., Microelectronic Engn. 2005

MIRAI

ALD or MOCVD
High-k

Poly-Si or 
FUSI Gates
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Vth Tuning with Al Content in HfAlOx(N)
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symmetric

n+poly

p+poly

p-MOS

n-MOSFUSI-NiSi

Symmetric Vth can be obtained at [Al] 25 at.% for
poly-Si and ~7 at.% for FUSI-NiSi.

M. Kadoshima et al., VLSI Symp. 2005 p.70

Poly-Si Gate Poly-Si and FUSI-NiSi Gates
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FLP Position Modulation with Al Content in HfAlOx(N)

M. Kadoshima et al., VLSI Symp. 2005 p.70

3.8

4.6

5.4

3.8 4.6 5.4
φm,eff on SiO2

p+polyφ m
,e

ff
on

 H
fA

lO
x(

N
)

n+poly
[Al]=0 (HfOx(N))

[Al]=0.2 Al2O3

[Al]=0.8
[Al]=0.4

FLP position
Ec

Ev

HfOx(N)

Ev

HfAlOx(N)

Al2O3

[Al] content in HfAlOx(N) 

FLP position 
modulation

Al2O3

φm,eff on high-k
=S(φm,eff on SiO2-φCNL)+φCNL

Ec

Ev

Poly-Si Gate



31

The First Principles Analysis of FLP in Poly-Si/HfO2

100% O-missing

50% O-missing Dipole-type FLP

Interface-States type FLP
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Removal of O-atoms at Poy-Si/HfO2 interface 
leads to FLP.
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Effective Workfunction of Poly-Si

By removing O-atoms at Poly-Si/HfO2 interface, we obtain
WF and EWF for p- and n-type Poly-Si on HfO2.

・p-type electrode: EWF tends to decrease by 0.6～0.8eV.
・n-type elctrode: EWF tends to increase by 0.3～0.2eV.

First principles calculations well describe FLP consistently.
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Device Engineering for Implementing New Materials and Structures

DrainMetal Source

Metal Gate

SOI,SGOI
BOX

High-k

High-μ Channel
Strain Configuration
Surface Orientation 
Multi-gate
2D Quantization

Channel 
Engineering

Variation
Engineering

Source Engineering

Carrier Injection
Velocity
Ballisticity
Metal S/D

Gate Stack Engineering

Higher-k Compositional
Profile
Effective Workfunction
Interface States (SiGe)

Gate Line Edge
Roughness
Dopant Position
Variation
Local Strain

Future Direction/Challenges

＊

＊
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ゲート

Channel
Source Drain

High-k

Gate

Gate Line Edge Roughness and Channel Dopant Position Variation

Lg3σ variation needs 
to be 1.2nm in 2015

Precise 3D pattern
profiling

Dopant implant 
position variation

( Stochastic Vth variation)

Individual dopant 
atom detection

Lg

△Lg
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High-Precision CD Metrology by AFM 

Vibration 
isolator

Modularized 
Laser 

interferometer
Z Stage

Laser 
interferometer

wafer

XY Stage

CD-AFM Set up

Atomic step image of single crystal Al2O3
Step height of 0.348 nm measured

540nm

54
0n
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0.25 nm
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0.05 nm
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Resolution of 0.05 nm demonstrated

Size of 
hydrogen 
atom

Width

Height

AFM probe scanner

AFM Tip

Modularized Laser 
interferometer

3D AFM scanner: parallel spring mechanism.
Laser interferometer: DSP-based processing.
Drift control of XY wafer stage.

Precision enhancement 
by modularized laser 
interferometer

S. Gonda et al., SPIE, 2005

S. Gonda et al., Characterization and 
Metrology for ULSI Tech., 2005
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Three-Dimensional Metrology by CD-AFM

Tilt-step-
in 
operation

Linewidth
measurements

3σ= 0.80 nm
Depth 

measurements

Repeated scans 
of the same field 
are averaged

Measurement repeatability of 
0.3 nm (3σ) for hp 45 nm required

Sidewall and line edge roughness 
measured by tilt-step-in operation

K. Murayama et al, SPIE, 2006

3σ= 0.27 nm

Depth

Linewidth

ArF resist/Low-k patterns
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High-k

Dopant Segregation

FUSI I/I

NiSi2 Source NiSi2 Drain

(111)Facet

10nm

HfAlOx

NiSi2NiSi2 Undoped SOI

FUSI

BOX

Si
NiSi2

Si(111)

Metal/High-k, Epitaxial NiSi2 S/D, UTB SOI MOSFET

Si

Vg 0.2 Vstep

Max|Vg|=1 V

-1 0 1
0

100

200

300

400

Vd (V)

Ｉ d
(A

/µ
m

)

Lg=25 nm

nMOS
Undoped
NiSi2 S/D
Vd=1 V

ｐMOS
B-Doped

S/D
Vd=-1 V

nMOS
P-Doped S/D

Vd=1 V

-2 -1 0 1 210-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

Vg(V)

Ｉ d
(A

/µ
m

)

nMOS

pMOS

Lg=6 nm

N. Mise et al., IWJT2006,   S. Migita et al., ISDRS 2005,   M. Watanabe et al., DRC, 2005

S/D edges
Selfaligned at 
side wall edge

Selforganized
NiSi2/Si(111)

facet
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NiSi2 NiSi2

Lch-Variation Suppression by Epitaxial S/D 

Lphys

σLphys >> σLch

NiSi2 NiSi2

High-k
Gate

Lch

G
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e

50 nm

Lphys

Lch

NiSi2-S/D NiSi2-S/DGate

Plane View TEM

S/D edges moderate side wall edge 
roughness for minimizing NiSi2/Si(111)
interface energy. 
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High-Spatial-Resolution Potential Profile of pn Junction by STM

Vs = +1.7 V depletion
~45 nm

Depletion layer width obtained from potential simulation agrees 
with the measured value.
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Hydrgen-terminated
Si(111) surface
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acceptorsdonors

Individual Dopant Distributions and Potential Fluctuations in pn Junction

n(ND~2-5×1019cn-3) p(Na~1-2×1018)
20 nm

Donor distribution correlates with the local potential fluctuation.

Vs = -1.9 V,It = 6 pA 

M. Nishizawa et al., SSDM2006
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SUMMARY

Back to Science for Future CMOS Technology and Beyond 

Subband structure engineering with strain configuration, channel
materials, surface orientation and FET architecture is a key to enhance
CMOS performance.

Atomic level understanding and control of high-k gate stack interfaces
including high-k compositional profile design are needed.

Materials science for high-μ channels and higher-k gate dielectrics,
and new concept of angstrom metrology which meet the future 
industry needs are great challenges.    
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