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AGENDA

Scaling history

Gate control
— High-k metal-gate
— Structural enhancements

Resistance
Capacitance
Mobility

— Strain

— Orientation
— Advanced channel materials

Summary
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AGENDA

« Scaling history
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MOSFET Scaling

Device or Circuit Parameter

Scaling Factor

Device dimension tox, L, W
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Classical MOSFET scaling

was first described by Dennard in 1974
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!

Classical MOSFET scaling
ENDED at the 130nm node
(and nobody noticed ...)
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O0 nm Strained Silicon Transistors

NMOS PMOS
High
Stress —
Film gy

SiN cap layer SiGe source-drain
Tensile channel strain Compressive channel strain

Strained silicon provided increased drive currents,
making up for the loss of classical Dennard scaling

(intel) Kelin Kuhn / SSDM / Japan / 2009 15



45nm High-k + Metal Gate Transistors

45 nm HK+MG

Hafnium-based dielectric
Metal gate electrode

High-k + metal gate transistors
restored gate oxide scaling at the 45nm node

intel) Kelin Kuhn / SSDM / Japan / 2009 16



Changes in Scaling
THEN

Scaling drove down cost
Scaling drove performance
Performance constrained
Active power dominates
Independent design-process

130nm 90nm 65nm 45nm
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Changes in Scaling

THEN NOW
« Scaling drove down cost « Scaling drives down cost
« Scaling drove performance « Materials drive performance
« Performance constrained « Power constrained
« Active power dominates « Standby power dominates
* Independent design-process  Collaborative design-process

130nm 90nm 65nm 45nm 32nm
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What iIf CARS
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Necessary
Digression

P
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Round contacts
challenging

Conventional
(round)

contacts
N
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MOSFET
Challenges

Capacitance
P (Increased fringe to
Resistance contact/facet)
(Decreased S/D Gate control
opening) (SCE limitations
with smaller Leff)

Mobility
(Reduced strain with
decreased pitch)

Kelin Kuhn / SSDM / Japan / 2009 23



MOSFET
Challenges

/\

Gate control

(SCE limitations
with smaller Leff)

HiK
Metal Gate
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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 poly on
high-k gate dielectrics

CHALLENGES

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

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

K. Mistry - IEDM 2007
Kelin Kuhn / SSDM / Japan / 2009 25



High-k Metal Gate: ToxE and Ig
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The Road to HK+MG Processors

1st Generation HK+MG
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Random and Systematic Variation Trends

Normalized systematic variation
standard deviation per oscillator (%)

Systematic WIW variation

5 - IS comparable from one
- generation to the next
0 \ \ \ \

130nrm 90nm 65nm 45nm  32nm

PERCENT (%)
w

Normalized random variation
standard deviation per oscillator (%)

5

E 4 | Random WIW variation in

= HiIK-MG .

Z 3 \ 32nm is comparable to

S 2- 45nm and significantly

a1 l improved over 65nm and
0 . ‘ ‘ ‘ . ‘ l 90nm due to HIK-MG

130nm 90nm 65nm  45nm  32nm
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Defect Density (log scale)

Yield: The best measure of Systematic Variation
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Yield: The best measure of Systematic Variation
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MOSFET
Challenges

/\

Gate control

(SCE limitations
with smaller Leff)

New
architectures

Kelin Kuhn / SSDM / Japan / 2009 32



Ultra-thin body

with RSD \\

s
-
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Ultra-thin
body (UTB)
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Ultra-thin body
with RSD

Raised
source drain
(RSD)

()
o

Ultra-thin
body (UTB)
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MuGFET

& L

Vertical thin
body

D
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MuGFET

with RSD

~
K

i

Vertical thin body
with raised S/D

(RSD) architecture

Kelin Kuhn / SSDM / Japan / 2009
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Nanowire

Nanowire

Kelin Kuhn / SSDM / Japan / 2009
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Nanowire

with RSD

~
5 Il

P
Nanowire
with raised S/D
(RSD) architecture
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Looking at all these
In more detall

Kelin Kuhn / SSDM / Japan / 2009
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Ultra-thin body
with RSD

Compatible
with RSD
technology

<\Extension of

planar technology

(less disruptive to
manufacturing)

Excellent
channel
control

Benefits

Improved RDF
(low doped
channel)

Potential for
body bias

Kelin Kuhn / SSDM / Japan / 2009 40



Ultra-thin body Challenges
with RSD o

Capacitance

(Increased fringe to Variation: >
contact/facet) (film thickness

changes affects
VT and DIBL)

il

o v

Rext:
(X)/Tsi
limitations)

Performance:

= (transport challenges
Manufacturing: with thin Tsi)
(requires both thin
Tsi and thin BOX) 11
rrorrr——er———ee-| [ Japan / 2009

Strain:
(strain transfer from
S/D into the channel)
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M

UGFET

'<\ ‘<®y ideal sub-

Double-gate relaxes
Tsi requirements
Fin Wsi > UTB Tsi

(less scattering,
improved VT shift)

4

threshold slope
(gates tied together)

Can be on
bulk or SOI

Benefits

Improved RDF
(low doped
channel)

Excellent
channel
control

Kelin Kuhn / SSDM / Japan / 2009 43



M
W

UGFET
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Tsi requirements
Fin Wsi > UTB Tsi

(less scattering,
improved VT shift)

Compatible
with RSD
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threshold slope
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M

UGFET

.

Double-gate relaxes
Tsi requirements
Fin Wsi > UTB Tsi

(less scattering,
improved VT shift)

4

Possibility for
Independent gate
operation

Benefits

Improved RDF
(low doped
channel)

Excellent
channel
control
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MuGFET

Capacitance
(fringe to contact/facet)
Plus, additional “dead
space” elements

Small fin pitch
(2 generation scale?)

Fin Strain engr.
(Effective strain
transfer from a fin
into the channel)

~ |

but acquiring
Hsi/Wsi/epi)

Variation

tigating RDF Gate wraparound

(Patterning/etch)

Topology
Rext: (Polish / etch
(X)/Wsi challenges)
limitations)

Kelin Kuhn / SSDM / Japan / 2009

(Endcap coverage)

Fin/gate fidelity on 3'D

Challenges
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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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Kavalieros — Intel — IEDM 2006
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Kang — Sematech — VLSI 2008
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Nanowire

<

Nearly ideal sub-

Nanowire further
relaxes Tsi / WSsI
requirements

4

threshold slope
\ (gates tied together)

Benefits

Improved RDF
(low doped
channel)

Excellent
channel
control

Kelin Kuhn / SSDM / Japan / 2009 50



Nanowire

<

Nearly ideal sub-

threshold slope
\ (gates tied together)

Nanowire further
relaxes Tsi / WSsI
requirements

Compatible
with RSD
technology

Benefits

Improved RDF
(low doped
channel)

Excellent
channel
control
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Nanowire

<

Possibility for

Nanowire further
relaxes Tsi / WSsI
requirements

4

Independent gate
\ operation

Benefits

Improved RDF
(low doped
channel)

Excellent
channel
control

Kelin Kuhn / SSDM / Japan / 2009 52



Nanowire Challenges

Gate conformality
<] (dielectric and metal)

Integrated
wire fabrication
(Epitaxy? Other?)

Mobility degradation
(scattering)

Capacitance
(fringe to contact/facet)
Plus, additional “dead

space” elements

P
Variation
(Mitigating RDF but
acquiring a myriad

of new sources)

Wire stability
(bending/warping)

N

Fin/gate fidelity on 3'D

Fin Strain engr. (Patterning/etch)

(Effective strain
transfer from wire ()Ff_?\)/(\;;i Topology
into the channel) J (Polish / etch

limitations
intel) e ,\)u,m/ challenges) 53




Yeo — Samsung — IEDM 2006
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AGENDA

Resistance
Capacitance
Mobility

— Strain

— Orientation
— Advanced channel materials

Summary

Kelin Kuhn / SSDM / Japan / 2009
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@esistan@

Capacitance
% Mobility %

Challenges for ALL Architectures

Kelin Kuhn / SSDM / Japan / 2009
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Planar Resistive Elements

RCONTACT

RSILICIDE

RINTE

RACCUM

PREADING

Kelin Kuhn / SSDM / Japan / 2009

57



Improvement in Planar Elements

a4
Rinterface oc exp[ }
\ N D

RCONTACT
R 1
. oCc —
RSILICIDE interface A
R INTERE

q¢s — Schottky Barrier Height (SBH)

N, — Substrate doping conc.

R ACCU
A —Contact area

SPREADING

* Evolutionary R, . improvement through X; scaling (anneal/implant)
until the end of the planar roadmap (thereafter Tsi/Wsi limited)

*  Repi/ Repreading IMprovement from raised source/drain (RSD)

* Limited R4 improvement (NiSi has the lowest known resistivity)

 Significant possibility for R, ...t... Improvement, particularly through
SBH optimization (R, crface):

* R .niact IMprovement from high conductivity metals (copper?)

intel) Kelin Kuhn / SSDM / Japan / 2009 58



Improvement in Planar Elements

a9
Rinterface oc exp[ ]
\ N D

RCONTACT
R 1
. oCc —
RSILICIDE interface A
R INTERE

q¢s — Schottky Barrier Height (SBH)

R N, — Substrate doping conc.

ACCU
A—Contact area
SPREADING

« Significant possibility for R
SBH optimization (R, crface):
* R .niact IMprovement from high conductivity metals (copper?)

iImprovement, particularly through

interface

intel) Kelin Kuhn / SSDM / Japan / 2009 59



Schottky theory vs. experimental SBHs for metals on nSi
Mukherjee — Intel

1.3
1 B Schottky theory
i O Experiment
1.1 | 4" period transiton 7 5" period transition ~~~~" " 6" period transition e W
{ metals metals metals _
" Desired
0.9 | for
—~ | PMOS
> | Mn |Fe 2;);4
L o7
.U_) 1 P — — ]

1 24;4 o
2SN I e AR AW AN B - 2o BUNAN AA AW - Si Mid-
0.5 Gap

0.3 {1l
1 Desired

0.1 18 HE HE B lfor
7l—+-— | | ; : || Ll NMOS
: 1 2 3 T 5 10 M 12 13 14 18 Fl 21 22 23 24 25

0.1

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

K. Kuhn — IEDM SC 2008
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Alloy and Implant Modifications to Silicides
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Copper Contacts
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Challenges of Cu contacts
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Resistance

CCapacitance>
% Mobility ﬁ

Challenges for ALL Architectures
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Planar Capacitive Elements

7 Ll Cfringe to
~ Contact
N
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intel) Kuhn, Intel, IEDM SC 2008 64



Planar Capacitive Elements

Cfringe to
Contact

& 15%
e
E'E) 10% -
|_
& 5% -
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'
&l 0% \
0 200 400
PROCESS

GENERATION (nm)

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

Kuhn, Intel, IEDM SC 2008
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Planar Capacitive Elements

Cfringe to
Contact

& 15%
pa
o 0

Cfringe to Cfringe to tL) 10% -

facet facet — T Epi facet
o 5% -
O
o
o 0% \
0 200 400
PROCESS

GENERATION (nm)

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

Cfringe to
Contact
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Cfringe to _\ t'-) 10% 1 Seale
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o
& 0% \
0 200 400
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“Bronze” days of scaling
Gate and contact CD dimensions scaling slower than

contacted gate pitch — fringe matters
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Innovative Spacer Technologies

Gate spacers
removed
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@ Resistance ﬁ
%Capacitance

CMobility >
Challenges for ALL Architectures
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Transistor Performance Trend

1.5
1.0V, 100 nA I o 32nm
1.0
Drive 65nm
Current 90nm
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0.5 130nm
s AR NA
OO L1 ] ] ] ] ]
1000 10

Gate Pitch (nm)

B Strain
B Hik-MG

Other
. “Classic” scaling

Strain is a critical ingredient in modern transistor scaling

Strain was first introduced at 90nm, and its contribution has
Increased in each subsequent generation
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Etch-stop nitride (CESL)
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Strain: Pitch dependence
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Embedded SiGe (PMQOS)
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Embedded Si:C (NMOS)
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Strain: Pitch dependence
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Strain: Pitch dependence

What about strain options
less sensitive to pitch?

Kelin Kuhn / SSDM / Japan / 2009
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Stress Memorization (SMT)
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Metal stress (gate and contact)
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Enhanced PMOS strain: Gate last HIK-MG
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ORIENTATION

(100) surface —top down (110) surface — top down

<110> <100>
Standard wafer / direction

<100> (100) Surface / <110> channel <111>
‘ (110) Surface

(100) Surface / <100>

(a “45 degree” wafer) <110> T_hreg possible channel
directions

<110> <111> and <100>

Non-standard

<110>

Both <110> directions are the
same.
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(100) surface — top down (110) surface — top down
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Standard wafer / direction Non-standard
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‘ ‘ (110) Surface
(100) Surface / <100> |
<110> (5 “45 degree” wafer) <110> lhree possible channel
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<110> <111> and <100>
Both <110> directions are the

same.
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PMQOS Vertical Devices on (100)

a <100>
(110)

Surface

Chang - IBM —
TED 2004

<110> channel

N SUBSTRATE

Kinugawa-Toshiba
VLSI 1986

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

Put NMOS at \ \

45degrees to
PMOS?

<100> channel

Chang - Berkeley
Proc. IEEE 2003

(100) surface <100> channel for a VFET fabricated at 45 degrees
typical (100) Si — very challenging for lithography
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Early HOT  Elegant solution!
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Wafer bonding; SOI of opposite type

of handle wafer; both options (N and i
PMOS SOl explored) Early HOT Elegant solution!
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Strain AND orientation optimization

s 90, 010) , 90, [-110]
2 45,[110) i . 45, [-11-42]
gate i 1 1y :
lu
¢ gate < ol 0.1100 £ of . oo 0,[00-1)
c . IZ : 315
. o)
Source Dramn | § 270 270
S |Source Drain Si (001)-biaxial (1.5GPa) Si (110)-biaxial (1.5GPa)
COMP
T tens se—
- - > as.10] B :
Longitudinal Eﬁ 48,1142
NMOS PMOS oy ‘_s_
Longitudinal X| Tensile Compressive e
Lateral Y| Tensile Tensile
Si Depth Z| Compressive Tensile ha
Si (001)-uniaxial (1.5GPa) Si (110)- unlanml (1.5GPa)
Chan - IBM Krishnamohan — Stanford

CICC 2005

IEDM 2008

Kelin Kuhn / SSDM / Japan / 2009

83



More complex for non-(100) orientations

_ _ (001) Surface
(001) Surface (k1L=0) (001) Surface Vg=-1V Vg=-1V, Sxx=-1GPa

(100)

HH bulk (kz=0) HH 1st subband HH 1st subband

(110) Surface
Vg=-1V, Sxx=-1GPa

3
03 -02 -01 ] 0.1 02 03
<110> 2pifa

BULK 1'D CONFINED 1'D CONFINED
STRAINED 39
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Interesting Alternative Materials

BAND GAP ENERGY [eV]

5.4 5.6 5.8 6.0 6.2 6.4
LATTICE CONSTANT [A]

Adapted from Kavalieros — Intel - VLSI SC 2007
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Challenges of TOXE scaling in Ge and SiGe

250
| BLUE=100% Ge & /
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o
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o
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R. Chau, Intel, ESSDERC 2008

At thin electrical oxide thickness (TOXE),
all industry/university data show degraded mobility

New oxide invention required to enable a Ge/SiGe channel for future
technology nodes
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Challenge of Lattice Mismatch Issues

lllI-V Device Layer

Silicon
EEEEEEE
EEEEEEE
EEEEEEE
EEEEEEE
EEEEEEE
EEEEEEE

Direct
Deposition

Silicon
e

Dislogtionﬁi_'_'

BAND GAP ENERGY [eV]

LATTICE CONSTANT [A

Twin Defect
Adapted from Kavalieros — Intel - VLSI SC 2007 #
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Challenges of Alternative N-Channel Materials

Source BTBT « Low Eg IlI-V materials (InAs, InSb,
Ge) are subject to loff increases

= due to band-to-band tunneling
(and the effect worsens with

Eg strain).

Large overlap integral
Large tunneling rate
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Challenges of Alternative N-Channel Materials

Large overlap integral
Large tunneling rate

X-valley

I'-valley

Quantized
Indirect Levels
Tunneling
(Phonon assisted) Indirect
Direct Tunneling
Tunneling (Phonon assisted)
<100> <111>
< >
; Heavy
Light Hole

Hole
Splith

1 *Saraswat — Stanford — IEDM 2006

Low Eg IlI-V materials (InAs, InSb,
Ge) are subject to loff increases
due to band-to-band tunneling
(and the effect worsens with
strain).

Very high mobility materials (ex:
InAs, InSb) have low density of
states in the I'-valley, resulting in
reduced lon.
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Challenges of Alternative N-Channel Materials

Large overlap integral
Large tunneling rate

X-valley

I'-valley

Indirect
Tunneling
(Phonon assisted) Indirect
Direct Tunneling
Tun ne”ng (Phonon assisted)
<100> <111>
<€ >
Light
Hole
Aljth
. Saraswat — Stanford — IEDM 2006

Quantized
Levels

Heavy
Hole

* Low Eg IlI-V materials (InAs, InSb,

Ge) are subject to loff increases
due to band-to-band tunneling
(and the effect worsens with
strain).

« 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.
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Challenges of Alternative N-Channel Materials

* Low Eg IlI-V materials (InAs, InSb,
Ge) are subject to loff increases
due to band-to-band tunneling
(and the effect worsens with

Large overlap integral
Large tunneling rate

strain).
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

..........

o
=)
@
®

Sub-threshold slope (mV/dec)
g B
é.// *

5
&

| U= carried in the lower mobility L and
60 +————————— -—-.-§ X-valleys.
P Rem " . Higher k materials (InAs, InSb)
have increased subthreshold
slope.

. Saraswat — Stanford — IEDM 2006 Kelin Kuhn / SSDM / Japan / 2009 o6



111-V Materials as Transistor Channels

SEM Micrograph
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Success of IlI-V Materials
as Transistor Channel (Vcc = 0.5V)

Measurement Data
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At a gate overdrive = 0.3V, llI-V QWFET
shows 55% intrinsic drive current gain over strained Si

At a drain voltage of 0.5V, IlI-V QWFET
shows >20% I c,rgain over strained Si
(despite thicker Toxe and higher Rgp,
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AGENDA

e Summary

Kelin Kuhn / SSDM / Japan / 2009

97



Looking Forward Past 32nm

Low risk
Further enhancements in strain technology
Further enhancements in HiK-MG technology

Medium Risk
Optimized substrate and channel orientation
Reduction in MOS parasitic resistance
Reduction in MOS parasitic capacitance

High risk
UTB devices
MuGFETS
Advanced materials (Ge, IlI-V)
Nanowires
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Questions???




