NANOELECTRONICS AS INNOVATION
DRIVER FOR A GREEN SUSTAINABLE
WORLD
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KEEP INCREASE OF THE NUMBER OF
COMPONENTS.

COST PER COMPONENTS DECREASES!

Transistors
Per Die
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TECHNOLOGY ROADMAP:
STRATEGIC AGENDA

More than Moore: Diversification
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SCALING HAMPERED BY LEAKAGE CURRENTS

Gate 2. Gate oxide leakage or

Leakage Tunneling current

— As oxide thins down, leakage increases
exponentially

Need new matgrials and/or
EW archiectures !

Subthreshold leakage

> Shorter channel lengths

> Threshold voltage not scaling as fast as V5
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TACKLING THE POWER PROBLEM

Gate

Leakage ll > Solution = New Material
e.g., High-K dielectric
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TACKLING THE POWER PROBLEM

Sub-V;
Leakage

Solution = New Architecture
a e.g., Fully Depleted Devices
> for better
Short-Channel control
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TRANSISTOR SCALING

New process modules

New materials

New device concepts

— Non-planar
devices

High-k, Metal Gate
o e Front End

90-65-45

time
WStram USJ >
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STRESS ENGINEERING :A DRIVING FORCE

45nm

w  (Surface
Engineering:
(110)/<110>
pMQOS;
(100)/<100>

- nMOS)
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TRANSISTOR SCALING

New process modules

New materials

New device concepts

Non-planar
' devices

High-k, Metal Gate

Front End

90-65-45

. ' time
WStrain, USJ >

imecC ©IMEC 2011 / CONFIDENTIAL  C-COE PICE, TOKYO, OCTOBER 4,2011 C. CLAEYS 15




Ge PMOS
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Ge PMOS - INTERFACE ENGINEERING

SiO, layer
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Ge DEVICES - SURFACE PASSIVATION

4 ML 5i 8 ML Si 12 ML Si

F!‘
;% “Ei-!*“
dr 3

4 nm HfO,

Si0,
Epi-Si

Ge

10 nm 10 nm

Cross-sectional TEM images of a high-k gate stack on a Ge surface passivated by different thicknesses
of Si. At 12 MLs of silicon, the layer relaxes, giving rise to misfit dislocations at the interface.
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HIGH-MOBILITY GE-BASED IMPLANT-FREE QUANTUM
WELL DEVICES
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2"d generation SiGe QW with additional eSiGe S/D booster achieved extremely

high performance (lon=1mA/um) combined with intrinsically superb Short-
Channel control (DIBL ~ 130mV/V, Lg ~ 30nm)




CMOS WITH HIGH-MOBILITY CI

MATERIALS

S. Takagi, The University of Tokyo, INC4 2008

ANNEL

Si Ge | GaAs | InP | InAs | InSb
. :
slectronmob. | 1600 | 3900 | 9200 | 5400 |40000 | 77000 Ge has lightest
(cm4/Vs) hole m*
electron effective | m,: 0.19 m,: 0.082
mass (/m;) |my0.916 | me 1467 | 0-067 | 0.08210.023 0.014 = good for pMOS
hole mob. | 430 | 1900 | 400 | 200 | 500 | 850
(cm?/Vs)
hole effective |m,. 049 |m. 028 |myy:045 |muyy 045 | myy 057 | myy: 0.44 - M any I I I-V
w016 | m . 0.044 | myy 0.082 | myy 0.12 [ myy: 0.35 | my,: 0.016 .
bmzss UmO)V) m‘l 12 0.66 m‘l 42 m‘l 34 mO 36 mO 17 materials have
and gap (e . ! i . . . . *
permittivity 11.8 16 12 126 | 14.8 17 “:gh(; eIT(;troanOS
_ _ , (In)GaAs or Strained Ge \}aeatforn
Combination of high other 11I-V nMOS pMOS Si CMOS

mobility lI-V nMOS
and (strained) Ge
PMOS integrated on
Si substrate for
ultimate CMOS
performance
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i___, (In)GaAs or other

[lI-V grown on Ge
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Si wafer
_ Strained Ge grown on Si or
GeOl substrate
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Ge AS INTERMEDIATE SEMICONDUCTOR
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Lattice constant [A]
A wide range of materials could be grown on a Silicon wafer with Ge as
an intermediate material to achieve low defect-density IlI-V Silicon
= Most interesting candidates: GaAs, InGaAs, InAs, .....
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HIGH-MOBILITY HHIV-BASED QW DEVICES
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» Demonstration of:
v Common gate stack for llIV & Ge based devices

v' Selective IV integration, directly on Silicon substrate
» Issue left of Dit @ interface IV — gate stack
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SELECTIVE EPI GROWTH OF Ge AND IV
AFTER STI

 Selective growth of Ge epi after STI formation on Si wafer
= Low defect densities obtained after proper annealing

= Provides flat surface that allows further scaling of transistor gate length

L Good quality selective growth of thin (In)GaAs on Ge demonstrated
= No large defects or dislocations can be observed by
TEM
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SELECTIVE GROWTH OF Ge AND IlI/VV ON Sl
WAFERS

M Local selective growth after STI allows integration of Ge and I1l/V materials on

Si wafers, also for FINFET's.
= confined growth to grow materials with high lattice mismatch to Si, >> t,

Si passivation

Down to (t<10 ML)
W ~ 10-15nm — 5. )
> T_reces§ {_50 60nm Field

recess
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MULTI-GATE STRUCTURES
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MATERIALS AND DEVICES

Strained Si
High-k
Metal gate
Multi gate

—

Fin

poly-Si
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SRAM CELL SIZE ROADMAP @i N

TECHNOLOGY
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v’ 2" generation FinFET-based 22nm SRAM cell (10% smaller)

v’ ... and already gearing for | 6nm!
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CONCEPTS FOR FULLY DEPLETED
CHANNEL

Thin body channel (<10nm)

2nd Gate (FinFET)
Buried Oxide (UTB-SOI)

~ High-bandgap + QW

&nec &l\r)nec

10nm BOX 10nm Si film
50 nm

FinFET UTBox-SOI Quantum Well
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EXPLORATORY CONCEPTS

N+ substrate

Tunnel FET Graphene FET
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DEVICES WITH REDUCED POWER CONSUMPTION

O Improved subthreshold slope devices can have high Io\/loee ratio at low switching voltage -
reduced supply voltage and power consumption

= For carrier transport limited by thermionic emission over a barrier:
dyg/d(log,ol) = 60 mV/decade at room temperature

source '
1072 1'? E OFF
T A
I : &) o5 Band gap blocks
10k | 3 tunnel current
| 3
1 @ 1
= 1076 : gate - — gate @ i
—— ! |
1 1
- 108 « | S [mV/dec] |
i |
i I . [
10 : 0 i 5(-]Distance [nm]clo i 190
n 1 ol i 1 L 1 i 1 L 1 i 1 L | i [ L 2 : § . :
03 eod 03 06 0.9 1.2 ool ! ;
Vs (V) drain ° B, ON i

Band-to-band
tunneling

0 TunnelFET basic idea: use the band-to-band
tunneling as an energy filter to overcome the
60mV/decade subthreshold slope limitation

Energy [eV]
o

= ON/OFF switching determined by band-to-band 2

0 50 100 150

tunneling at source side Distance [nm]
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CHOICETFET MATERIAL: EFFECT OF BANDGAP

- tunneling probability ~ (E°m 1/?‘ exp( A‘

E,si=1.12 eV

E, ce = 0.66 eV

- |-V curves show:

Ids,Ge = 100 Ids;,Si ;Si TFEf
10_20_ ..... ISR SRR ISR _SI Ge TFET -
—Ge TFET
- smaller bandgap \
. . -0.5 0 o 5 1 1.5
Improves tunneling, V]
gs

but want silicon-based

Remark: Ge TFET-curve is shifted to the left for easier comparison
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COMPLEMENTARY HETERO-STRUCTURE

TFETS
Ge-source  InAs (In, (Ga, 4,As) -source
n-TFET p-TFET
Ge S
E
E
E
;‘\l_
EENE : silicon N

. germanium ) § _
7 - indium-arsenide Voo ~ 0.25V ("Green” Transistor)

A. Verhulst et al., IEEE Electron Deuv. Lett., 29, 1398 (2008)
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TFET PERFORMANCE SUMMARY - SEABAUGH
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TUNNEL FET BASED ON NANOWIRES

U Possible implementation of Tunnel FETs using etched
nanowires

—> —>
N+ substrate

etched nanowires TFET implementation

U Templated and constrained growth of né

somm  Etched Si nanowire

Growth can be
performed

Constrained cat-based partially or fully
constrained, with

or without
catalyst

InAs NW growth on Si(111)

Constrained cat-less
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111-VAND GRAPHENETFETS

p+AlGaSb 40 nm Al2036 nm n+InAs 30 nm
p+GaSb 30 nm
G / D |\Au
D+ GaAsSh — - ‘ Ti
| undoped InGaAs \ \ N
| n+ InGaAs  \—>» AlAs/AISb SL buffer on GaSb |
tunneling // to the gate tunneling | to the gate
oblique to the gate field in-line with the gate field

Tunnel transistors geometries

nm pe— 20 nm—>

G e 0T0.51m
n InAs . p InAs
DO:J. szfcma ) HinAs j 2.5E1Hcm3) S
n*source  i*channel p*drain
nanowire TFET graphene nanoribbon (GNR) TFET
gate-all-around - best electrostatics n an p channel currents commensurate

A.Seabaugh - ESSDERC 201 |
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CARBON STRUCTURES

Fullerenes Carbon Graphene
Curl, Kroto &
Smalley 1985 nanotubes 2004

Nobel prize 1996 Geim, Novoselov

Multi-wall 1991 Nobel prize 2010

Single-wall 1993

(MecC © IMEC 201 | / CONFIDENTIAL C-COE PICE, TOKYO, OCTOBER 4,2011 C. CLAEYS
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FIELD-EFFECT DEVICES

Source (Au)

S

“Classical” field-effect approach

G | Gate (Au)
raphene
S0, I 300 nm
12 T Vg =F00mV ]
2 |
:ﬂ without top gate |
« Top and bottom gates S
* lon/loff ratio ~10 at 300K a
Cannot switch it off! 1 !

4 -3 -2 41 0 1 2 3 4
back-gate electric field Ebg (MVicm)
Lemme et al., IEEE Electron. Dev. Lett. 28, 4 (2007)
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COMPARISON OF FREQUENCY PERFORMANCE

1,000

S
S
:

Record graphene FET

S

Cut-off frequency (GHz)

o InP HEMT, GaAs mHEMT w
o SIMOSFET
v GaAs pHEMT

* Graphene FET

‘l 't i i1 il A L B N |
10 100
Gate length (nm)

F. Schwierz, Proc. Int. Conf. on Solid-State and Integrated Circuit Techn., Eds. T.-A. Tang and Y.-L. Jiang,
pp. 1202-1205 (2010)
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CNT INTERCONNECTS

LICNT exhibit enhanced electrical and thermal properties over Cu
« Cu ~10%A/cm?
M ve-cnr [l L ONTs ~ 109 Adem?

Thermal conductivity:
e Cu ~400W/mK
* CNTs ~ 5000 W/mK

 High-density of MW CNT obtained with Fe on Ti

= Approaches density needed for interconnects ~1012 MWCNT or ~1013cm2 CNT shells
* Outer diameter of 6.5 — 8.0 nm (with 7- 10 sheets), inner diameter ~ 5nm

Current capacity:
V1 level (CNT)

XRR 0.43 g/cm3

~1012 CNTs/cm?

Carpet of densely aligned CNT
36 um
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NANO-BIO VISION:BIO AND ICT MEET ATTHE
NANOSCALE

BIOTECH NC1 Alliance for

anotechnolog

Water Glucose /[ Antibody Virus \ Bacteria Cancer cell A period Tennis ball
‘3 -if 5 % 1 :
10" 1 10 10? 0° 10° 10° 10° 107 10°
Nanometers
nm
NANOTECH
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ARTIFICIAL SYNAPSE = functional interface allowing
bi-directional communication between a neuron and an

Integrated circuit = neurons-on-chip
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A MEDICAL LAB OF ONLY IXI cm?

Detection platforms for low concentrati.:g)rf’s of disease
molecules:

= Fast

= Easy to use

u Cost effective  cconc rormo, ocrommamn c e
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ORGANIC
MICROPROCESSOR

C-COE PICE, TOKYO, OCTOBER 4,2011 C. CLAEYS



1971: Intel 4004 2011:imec & Holst

First Si yProc. First plastic JProc.

|0 ym 5um

4 bit 8 bit

pMOS pMOS, dual Vt

-15VVvdd -10VVvdd

2300 TOR 2000 TOR

108 KHz 6 Hz Courtesy P Heremans
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Thick(>180um) bulk Si

Single X = Multi X

Thin-film c-Si < 20 ym

Epitaxial cells
Cells on ceramic/glass

Fully organic

Thin-film cells for
large-scale power

generation

v

2000

Near-term

imecC @44 201 | / CONFIDENTIAL

2010
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CL, TOUNTY,

Intermediate term
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2020

Long term

2030




ORGANIC SOLAR CELLS
EFFICIENCIES ABOVE 5%




MULTI-JUNCTION SOLAR CELLS:
STATE-OF-THE-ART (WORLDWIDE)

Middle cell window
n-GaAs

p-Gake

-GalnP

n-Gals butter
Kuclealion

n-Ge

p-Ge substrate

Contacl

Record conversion efficiencies
obtained (32% under 1 sun,
40.1% under concentration)

Key technologies:

 current matching of top and middle
cell

» wide-gap tunnel junction

* exact lattice matching (1% Indium
added in GaAs cell)

 InGaP disordering

» Ge junction formation
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GaN ON Si FOR LOWER COST POWER &
LED DEVICES

GaN growth on Power HEMTSs

. 45.00
Thlckness}pmfﬁ\\
5 1008 1008 N 40.00
> 1010 R '
z LY 35.00
/ N
\ @ 3000
/ 1004 \ )
= a8
1008 © 2500 5
p € o
| & g3 g g D 20,00 g
1010 / 5
/) I}
Yt / 8 15.00
\ A\ 1002 /
! \ o ' P 10.00
; S 1010 .
\ S 1014 04 5.00
B 1008 :
1000 1%02 F 0.00
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Peabs(dBm)

AlGaN
intermediate

y
2 layers

i

|

H
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GaN FOR POWER CONVERSION
AND SOLID-STATE LIGHTING




CMORE

imec

_ mThETTﬂal
F‘SE“SUTS

© IMEC 201 | / CONFIDENTIAL

f;wﬂeﬁace

Chemlcal
S_EDEQrS ;

C-COE PICE, TOKYO, OCTOBER 4,2011 C. CLAEYS

'Photonics!

51



||  ASPIRE
I INVENT
X ACHIEVE

g imec



	Nanoelectronics as innovation driver for a green sustainable world
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	healthy life style �supported by electronics
	Keep increase of the number of components.�Cost per components decreases!
	Technology Roadmap: Strategic Agenda
	scaling hampered by leakage currents
	Tackling the power problem
	Tackling the power problem
	 Transistor scaling
	Stress engineering : A driving force …
	 Transistor scaling
	Ge pMOS
	Ge pMOS – Interface engineering
	Ge devices  – surface passivation
	High-mobility Ge-based implant-Free quantum well devices
	CMOS with high-mobility channel materials
	Ge as intermediate semiconductor
	High-mobility IIIV-based QW devices
	Selective EPI growth of Ge and III/V after STI
	Selective growth of Ge and III/V on Si wafers
	Multi-gate structures
	Materials and devices
	SRAM cell size roadmap
	Concepts for Fully depleted channel
	Exploratory concepts
	Devices with reduced power consumption
	 Choice TFET material: effect of bandgap
	 Complementary hetero-structure TFETs
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Carbon Structures
	Field-effect devices
	Comparison of frequency performance
	CNT interconnects
	Slide Number 41
	Slide Number 42
	A medical lab of only 1x1 cm2
	organic �microprocessor
	Slide Number 45
	Slide Number 46
	Organic solar cells�efficiencies above 5%
	Multi-junction solar cells: �State-of-the-art (worldwide)
	GaN on Si for lower cost power & LED devices
	Gan for power conversion�and solid-state lighting
	CMORE
	Slide Number 52

