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Impact of Process Enhancers
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Transistor Performance Trend
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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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Stress memorization

Strain in modern
devices —
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ORIENTATION

Standard wafer / direction
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Orientation and Strain:

More complex for non-(100) orientations

S

(110) -

\Y

t Mobility /cm

2011 VLSI-TSA Symposium

400

350

300

250

200

150

100

50

(001) uniaxial compre

[001]

0.15

(110) uniaxial compression

01

= 001) biaxial

—

] ‘2'9‘ > .
0.1L’"12 I
: tension —
[

Stre

' ' ".;a“s- ) !
0.5 1 L 25 3

Modified from Thompson — IEDM 2006




Sivs Ge MOSFETs

High-k

Source

Silicon
Intel 45nm HiK-MG Si device Intel HIK-MG Ge device
The introduction of manufacturable HiK-MG

transistors has led to the
reconsideration of Ge channels
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Ge and PMOS
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Ge mobility makes it uniquely interesting for PMOS

K. Kuhn ECS 2010
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Device Layer
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Low Field Long Channel Mobility

(as a function of stress)
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Ge Historical Issues:
Still critical today
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Narrow Bandgap

Adapted from Saraswat [59],
Krishnamohan [60]
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Band-to-band tunneling: challenge for low Eg materials

K. Kuhn ECS 2010
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Narrow Bandgap

Adapted from Saraswat [59],
Krishnamohan [60]
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Two solutions: Use lower voltages and/or

use quantum confined systems
K. Kuhn ECS 2010
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Since HiK-MG dielectrics typically form with a bilayer (the HiK +
an interface layer) the challenge of germanium oxide still exists.

Germanium oxide exists in several morphologies, unfortunately,
most are hydroscopic and/or volatile.

K. Kuhn ECS 2010
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Ge Dielectric:

One strategy: Use an Si passivation layer
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Ge Dielectric:
Another strategy: Advanced GeO, processing
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Ge Benchmarking
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llI-V vs Ge: NMOS
The Lure of High Mobility
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Low m* MOSFETSs:
“Density-of-states bottleneck”

* On-current of a MOSFET [ =0v

* Velocity v
— Diffusive : mobility p, v = u ~~
— Ballistic: injection velocity v
— Light m* — high 4, high v,

inj

» Charge 0 0=C(V5=V,)
— MOS limit (C,» C,), C=C,, 11
— Light m* — less D (C,), less C, less O C_C
— More important for thin oxide (large C ), >
“DOS bottleneck” Co=a'D
From R. Kim 26
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. Step-by-Step High-y Material Analysis
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Success of llI-V Materials
as Transistor Channel (Vcc = 0.5V)
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At Vcc ~ 0.5V llI-V n-channel devices show
significantly higher mobility (30X) and higher effective

velocity (5X) than strained silicon MOSFETs
2011 VLSI-TSA Symposium
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Significant Gain in Intrinsic Drive
Over Si at Low Vcc (e.g. 0.5V)

- Measurement Data o Experiment & Simulation
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R. Chau, ESSDERC 2008

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, llI-V QWFET
shows >20% lg,r gain over strained Si

(despite thicker Toxe and higher Rgp,
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5 High-Current L & I -L channels: 5 Approaches

Rodwell et al, 2010 Device Research Conference 6/21/2010
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Use of L-valleys: GaAs

e GaAs 4 nm
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Ultra-thin body Benefits
with RSD
<\Extension of

planar technology
(less disruptive to
manufacturing) P

Improved RDF

(low doped
channel)
Compatibie
with RSD
technology
Excellent Potential for
channel body bias

control
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Ultra-thin body Challenges
with RSD .

Capacitance

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

changes affects
VT and DIBL)

Rext:
(Xj/Tsi
limitations)

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

o v

71 |
]
-

Performance:
Cost: = (transport challenges
(additional Manufacturing: with thin Tsi)
cost of SOI) (requires both thin
Tsi and thin BOX)
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Barral — IEDM 2007 Ultra-thin bOdy
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Ultra-thin body

Barral — IEDM 2007
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MuGFET Benefits

r my ideal sub-

threshold slope
(gates tied together)

Double-gate relaxes
Tsi requirements
Fin Wsi > UTB Tsi

(less scattering,
improved VT shift)

4

(low doped
L channel)

‘ Improved RDF

Excellent
channel
control

Can be on
bulk or SOI
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MuGFET
with RSD

< >~

Double-gate relaxes
Tsi requirements
Fin Wsi > UTB Tsi

(less scattering,
improved VT shift)

N

Compatible
with RSD
technology
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my ideal sub-

threshold slope
(gates tied together)

Benefits
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(low doped

channel)
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channel
control




MuGFET

’<\ [<\Possibility for

Double-gate relaxes
Tsi requirements
Fin Wsi > UTB Tsi

(less scattering,
improved VT shift)

4
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independent gate
operation

il

Improved RDF
(low doped

channel)
)

Excellent
channel
control




MuGFET

Variation

but acquiring
Hsi/Wsilepi)

Capacitance
(fringe to
contact/facet)

Small fin pitch
(2 generation scale?)

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

(Mitigating RDF

2011 VLSI-TSA Symposium

Gate wraparound
(Endcap coverage)

(Patterning/etch)

Topology
(Polish / etch
challenges)

Fin/gate fidelity on 3’D
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Hisamoto — IEDM 1989
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Chau - ISSDM 2002
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Chang - IEDM 2009
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Nanowire Benefits
R

Nearly ideal sub-
threshold slope
 (gates tied together)

Nanowire further
relaxes Tsi / Wsi Improved RDF
requirements (low doped
Ve channel)
Excellent
channel
control
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Nanowire Benefits
R

Nearly ideal sub-
threshold slope
] (gates tied together)

Nanowire further
relaxes Tsi /| Wsi
requirements

R

Improved RDF

I (low doped
.I T

channel)
l

Compatible
with RSD
technology

Excellent
channel
control
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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)

Wire stability
(bending/warping) ‘
Variation
(Mitigating RDF but
acquiring a myriad

of new sources)

Fin/gate fidelity on 3’'D

Fin Strain engr. (Patterning/etch)

(Effective strain

transfer from wire Rext: T
: : opolo
into the channel) ~ (Xj/Wsi (Polizh | ge':,ch
limitations) challenges) 49
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Hashemi/Hoyt Nanowire FETs
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————————————————

System Integration

Discrete ICs 2-D Integration (SoC)

Photonics

High Speed
Memory |Power
High | HighPerf. | Reg.

/0| Density | Logic
Memory

-

Low Pc.:wer Radio
Logic

3-D Integration

Logic
Memory
/ Power
Reg.
Radio

Sensors
Photonics

O dole L=
S e

Lo oor

o

M. Bohr — Stanford 2011

System integration needed for performance, power, form factor
Challenge is to integrate wider range of heterogeneous elements
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The Vision of RF

Front End RFIC (RFCMOS
Module (ll1-v)  /BiCMOS)
*Switches/PA =VCO

MAC/Baseband

~ TX Mixer
(RF IC)

Full integration of RF components into monolithic silicon chips

2011 VLSI-TSA Symposiu C.-H. Jan — IEDM 2010



______________

SINCE 1898

32 nm SoC Process Features

é N [ N [ N [ N £ N
Logic I/O Trans : Embedded
Transistor Voltage szl Pakglies Memory
L J J J J _J
4 N\ ( N\ ( N\ [ N\ D
High 1.2V 9 Layer Resistor High Dense
Performance| | Low Power L High Perf ) SRAM
( Std 1( 1.8V ) r7-12 Layer 1( | T_OW Voltage’
Performance| | Thick Gate Dense Capacitor SRAM
[ Low | 33v | [ HighQ | [High Speed
Power Thick Gate Inductor SRAM

M. Bohr — Stanford 2011

Intel’s 32 nm SoC process
lllustrates the breadth of an SoC feature set
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CMOS: A critical platform for
for RF SoC integration

19
o
o

H
o
o

N
o
o

Cut-off frequency f; (GHz)
= S
o o

o

C. Jan —IEDM 2010 Intel 32n ‘
Intel 45n
Intel 65nm 8950//
y o '
Intel 90nm © PP
e
o%’ﬁo ITRS 2009
e
Q0
CQ)Q)@O) ITRS 2007
0,0
— . — |
0.02 0.04
1/L, (hm)

CMOS competitive with llI-V for some
applications, 32nm peak f; ~ 445 GHz
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C.-H. Jan — IEDM 2010

et |
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CMOS: A critical platform for
for RF SoC integration

1E-10

- C. Jan — IEDM 2010 Svg-W-L= SiC; '|/l/°l_=£/ 72
\

NE 1E-11 &) gm ICOX ]

£ T ~=7

= I

Q ]

> 1E12 | = 10x 1/f flicker noise

=l | improvement on five nodes

< 1E-13 = Benefits from Cox scaling

X

2 enabled by high-k
o | n = Critical for phase noise and
1E'1410 | 102 | 103 | 104 | 105 other mixed signal designs
Frequency (Hz)

Flicker noise not degraded by HiK/MG Transition
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SOC and Interconnect

Polymer
0.13 um 6 layers

32 nm 8 layers

- . -
: : . .:-:. o Mg
-' -' - - . Interconnects

bnghEﬂE 1';Es~ml 13. »

I
SRR S

Thick metal improves the quality of RF passives
2011 VLSI-TSA Symposiu C.-H. Jan — IEDM 2010 59



Inductors Enabled by Thick Metal

Single End
Inductor

Differential
Inductor

| Bl N

| Transformer/Splitter

Balun §é SRL

2011 VLSI-TSA Symposiu C.-H. Jan — IEDM 2010 60
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Vertical Benefits
Architectures

Vertical orientation

50% reduction in
“plan view” density

may enable new
circuit concepts

Reduced vertical
interconnect
capacitance

Possibility for different N/P
materials/orientations

2011 VLSI-TSA Symposium



Vertical Challenges
Architectures

Rext: Gate conformality Thermal processing
(Xj/Wsi (dielectric and metal) (Top layer may need to
limitations) be processed over
B _ existing bottom layer)
Fin/gate fidelity on 3'D [Nl B —=

——“1| |

(Patterning/etch) Contacts

‘ (Diffusion-diffusion,
Gate-gate contacts

= extremely challenging)

Topology

(Polish / etch — e —
challenges) H | """T“?r] | \l
— ___-" g J
h N | Lithography

(May double the number
of FE critical layers)

Capacitance

(fringe to contact/facet) . =
(Plus, additional “dead — e
space” elements) Variation Strain engineering

(Mitigating RDF but (more challenging
acquiring a myriad than single layer)
of new sources)

2011 VLSI-TSA Symposium




3D NAND

Deck-by-Deck - Vertical NAND - Vertical Pillar with
Planar NAND + SOI Surround Gate Structure
panaRn (@) (®) Charge Trap Layers
R Uoper
: ssL [ GSL Eﬁi‘ —{ 3 56 p‘:"llll"'s' |I)|'5|"'51
FR="smpw = B — body Gate
WAJRURWIRN HHw al , Control
2nd §j :simgli-cnmmu =y Gate ©
iIﬁEE'ﬁ' £l al ) Cap SiN
L,J U . e poly-si
1% Si (Bulk) e Gate

K-T Park, et al. Solid State Ckt 2009

Two categories of 3’'D NAND: —
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H.Tanaka, et al. VLSI Tech Dig 2007

Deck by Deck and Vertical
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Batude — IEDM 2009 — stacked 110/100

| 1/ Optimized FDSOI bottam MOS | |

2/ High quality top Sl |

it 1}

——
BOX

= Classical FDN3OI process (high TE)
with Ht,/TilN stack
- Optimized Ni Salicidation

F implanradion in MNiSi

[}
-'Q‘-
BOX

= Suppression of MOS ropography by CAMP
= Low tentperature bonding of 301

(110 and 100 surface odenration)

= Initial substrate remvoval

JHLJWMPDSOIMJSFET | |

4/ Multilayer contact process

.'u-.'i':
o]
—'-ﬂ“
BOX
- FDSOI MOS (TE<630°C) iba lization
with BERD, /TN stacle i
+ Low T dopant actration (SFE) Single step lithography
= Low T epitaxy (3iGe 37%)

Jung -

3D Stacked BT SRAM Cell (25F%).
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Fig.15: LV characterisdcs of top FET

IEEE TED 2010 — 3D stacked 6T

BEX
NC MC

=Nl

C52 TGZ

CS'I TGI

I mm

| |
||l_'~

|

Il “ a b
g 02 04 06 08 L0
Vin (V)

1.2

Fig. 16:Transfer Voliage characteristic of an

(100) oFET

inwerter; top S0 (1100 pFET and bottom S0

SNM @ 1.2V ~ 282mV

p L =
0 03 06

09 12 15 18
Vin [V]



System-in-Package
3’D Chip Stacking

BENEFITS:

High density chip-chip
connections

Small form factor

Combines dissimilar
technologies

CHALLENGES:
Added cost

Degraded power delivery,
heat sinking

Area impact on lower chip

«— CPU
TSV
Memory

M. Bohr — Stanford 2011

3-D chip stacking using through-silicon vias

2011 VLSI-TSA Symposium
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Limit to visibility remains ~ decade

TECHNOLOGY GENERATION
45nm 32nm 22nm 14nm 10nm 7nm Beyond
2007 2009 2011 2013 2015 2017 2020

MANUFACTURING DEVELOPMENT RESEARCH

Carbon
Nanotube

~1nm diameter

10 atoms
across

A w1 s S



