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Cost scalingCost scaling
Improved performanceImproved performance
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22-16nm SRAM fabricated with EUV

Nanoscale dimensions by lithography

resolution = k1.
λ

NA

Exposure wavelength (λ)
436nm : g-line
365nm : i-line
248nm : Deep-UV (KrF)
193nm : Deep-UV (ArF)
157nm : Vacuum UV (F2)
13.5nm: Extreme UV (EUV)

Exposure wavelength (λ)
436nm : g-line
365nm : i-line
248nm : Deep-UV (KrF)
193nm : Deep-UV (ArF)
157nm : Vacuum UV (F2)
13.5nm: Extreme UV (EUV)

Lord Rayleigh

Rayleigh equation 
defines litho roadmap
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Logic scaling trend and roadmap

Fully-depleted 
channel for 
improved 

electrostatics 

Multi-gate 
FETs

Ultra-
thin SOI

Vdd 1.0-1.1V   0.9-1.0V    0.8-0.9V   0.7-0.8V      0.6-0.7V   0.5-0.6V    < 0.5V 

Strain & 
advanced gate 

stack engineering

SD/stresso
rs

Metal gate 
+high-k

MG
High-k

Si substrate

MG
High-k

Si substrate

MG
High-k

Si substrate

MG
High-k

Si substrate

45nm

32/28nm

22/20nm

14nm

10nm

7nm

5nm

Technology 
node ...

Feature dimension & voltage scaling are concurrent drivers
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Logic scaling trend and roadmap

Material & device architecture innovations enablers of  continual scaling  

Fully-depleted 
channel for 
improved 

electrostatics 

Multi-gate 
FETs

Ultra-
thin SOI

Band engineered 
channel for 
enhanced 
transport

High-
mobility
channels 

Nanowires
TunnelFET

s

(SiGe, Ge IIIV)

Novel materials/
new transport/

extreme 
electrostatics

2D Materials

(Bi-layer
Graphene)

Quantum/
Spin 

devices

Vdd 1.0-1.1V   0.9-1.0V    0.8-0.9V   0.7-0.8V      0.6-0.7V   0.5-0.6V    < 0.5V 

Strain & 
advanced gate 

stack engineering

SD/stresso
rs

Metal gate 
+high-k

MG
High-k

Si substrate

MG
High-k

Si substrate

MG
High-k

Si substrate

MG
High-k

Si substrate

45nm

32/28nm

22/20nm

14nm

10nm

7nm

5nm

Technology 
node ...

Feature dimension & voltage scaling are concurrent drivers

New materials and 
devices needed for 
future technologies

New materials and 
devices needed for 
future technologies
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sSi outperformed

D.A. Antoniadis and A. Khakifirooz, IEDM, 2008. 

Simulation result

Strained Ge pMOS devices
Compressively strained Ge can outperform sSi pMOS

SiGe75%SiGe75%

GeGe

Nominal 25nm-WFIN strained 
Ge/SiGe FinFET

Demonstration of strained Ge/SiGe 
FinFETs shows promising 
electrical results
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sSi outperformed

D.A. Antoniadis and A. Khakifirooz, IEDM, 2008. 

Simulation result
GeSn GeSnComp.

Ge

Compressively strained Ge channels using GeSn requires strained GeSn with Sn 
content higher than Sn solubility in Ge (<1%)
Defect free, fully strained GeSn grown on Ge with 8% Sn demonstrated by 
Atmospheric Pressure –CVD of GeSn at 320ºC 

Strained Ge pMOS devices

Compressive stress 
in Ge by GeSn S/D

Compressively strained Ge can outperform sSi pMOS
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Ge1-xSnx devices
Semiconducting GeSn alloy has tunable bandgap and the possibility of high 
electron and hole mobility.

Ge1-xSnx is an interesting material for electronic and optical applications
The extremely low (<1%) solid solubility of Sn in Ge presents considerable 
difficulties in synthesizing GeSn alloys with good crystallinity.

GeSn
MOS device with 

GeSn channelS D
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Alternative materials for CMOS

Low effective mass high source injection velocity and drive currents. 
Smaller bandgap materials low Vt possible with ‘reasonable’ work-function 
metals, allowing to reduce Vdd

IV – IV III - V

Si Ge InP GaAs In0.5Ga0.5
As GaSb InAs InSb

Elec. mobility 
(cm2 / V·sec) 1 400 3 900 5400 8 500 12 000 3000 40 000 77 000

Electron 
effective mass 
(/m0)

mt: 0.19
ml: 0.98

mt: 0.082
ml: 1.6 0.082 0.067 0.041 0.041 0.023 0.014

Hole mobility 
(cm2 / V·sec) 450 1 900 200 400 450 1000 500 850

Hole effective 
mass (/m0)

mHH: 
0.49
mLH: 
0.16

mHH: 
0.33
mLH: 

0.043

mHH: 
0.6
mLH: 

0.089

mHH: 
0.51
mLH: 

0.082

mHH: 
0.45
mLH: 

0.052

mHH: 
0.4
mLH: 
0.05

mHH: 
0.41
mLH: 

0.026

mHH: 
0.43
mLH: 

0.015

Bandgap (eV) 1.11 0.67 1.34 1.42 0.74 0.72 0.36 0.17

Lattice 
parameter (A) 5.431 5.658 5.868 5.653 5.868 6.095 6.058 6.479

Material

Property
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Heterogeneous CMOS integration

Epitaxial defect trapping & 
replacement Fin process

SiSi

GeGe

III/V & Ge gate stack & channel passivation

III/V-IV heterogeneous 
material integration

Device integration
(RMG, SD Epi, Contact)

III-V/Ge FinFET Design

Heterogeneous integration of high-mobility channel materials 
(Ge and III/V) in FinFETs for next-generation CMOS technology
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source

InP

700˚C HDP  SiO700˚C HDP  SiO

Ge

200 nm

Ge

200 nm

InP

Si Si Si SiSiO SiO

Ge InP

Ge InP

Ge Ge Si SiSiO SiO

SiO

Ge InP

Ge GeSiO SiO
Ge Ge

InP InP

Ge InP

Ge GeSiO SiO
Ge Ge

InP InP

Ge GeSiO SiO
Ge Ge

InP InP

Ge InP

Start with STI template

Cover InP areas and 
grow Ge

Cover Ge areas and 
grow InP

Remove protective 
oxide from Ge areas

Single CMP step to 
planarize surface

On same wafer

Start with STI 
template

Cover InP areas 
and grow Ge

Cover Ge areas 
and grow InP

Remove oxide 
from Ge areas

CMP to planarize 
surface

CMOS Ge and III/V virtual substrate

Demonstration of CMOS Ge/InP virtual substrate by ART (Aspect Ratio Trapping)
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Density scaling for sub 7nm CMOS

• Contacted gate pitch reduction necessary for continual density scaling
• Lgate scaling limited by device electrostatics - out of space for contact and gate

CMOS technology node (nm)

Contact-to-gate 
space

Lg+Contact

Contacted 
gate pitch

Lgate

20141075

10

40

60

90

P
hy

si
ca

l D
im

en
si

on
 (n

m
)

Self-aligned 
contact

Gate

Planar bulk FETFinFET
GAA

No room for
lateral
CPP

i.e. 2D layout
Vertical?

?

Vertical nanowires will be needed to maintain the density scaling below 7nm.

fin

STI STI

gate

fin

STI STI

gate

SOI or bulkSOI or bulk
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Layout efficiency
& contacting

Junction formation

Gate length control

Parasitics

Nanowire device design

DSA: 19.9nm

III-V nanowires

III-V nanowire growth

Nanowire diameter control

Vertical nanowires will be needed to maintain the density scaling below 7nm.
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III-V nanowires

Mismatch
w/Si

Ge InAs In0.6Ga0.4As

Lattice 4.2% 11.6% 8.6%
Thermal 127% 74% 120%

Si

Ge

GaAs

InAs

• (111) nanowire growth direction
• High growth selectivity
• Desired crystallisation/faceting
• ~0.5 nm/s growth rate
• ~100-200 nm diameter

InAs NW growth on patterned Si(111)

Large lattice mismatch (eg InAs on Si) can be covered by nanowires
Very interesting technique to introduce various III/V materials on Si
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Power crisis: the need for VDD scaling

Higher performance and mobile processors are power limited 
Vdd scaling is slowing down

Po
w

er
 (W

/C
hi

p)
Supply Voltage,V

dd (V)

Year

0.5
0.7

Mobile µProcessor 
Power-source limited

22/20nm
32/28nm

45nm

130nm
90/65nm

CMOS Technologies

14/10nm
5/7nm

??

High-Performance 
µProcessor: 
Thermal limited

(Adapted from various sources by Aaron Thean, IMEC
Includes T.Masuhara, IEEE-SSCM 2013) 
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Nanowire / TunnelFETs

N-well P-well

P+ junction N+ junction

Gate overlap

Lg

α-Si
Metal

High-k

c-SiGe
(P+) 

i-Si

c-III/V 
(N+)

Si shell 
Tunnel diode rooting 

N-well P-well

P+ junction N+ junction

Gate overlap

Lg

Gate overlap

Lg

α-Si
Metal

High-k

c-SiGe
(P+) 

i-Si

c-III/V 
(N+)

Si shell 
Tunnel diode rooting 

Channel electrostatics & device design

Channel Material
Si vs. Ge Vs. III-V      
Electrostatics
Quantum simulations

V-NWFET circuit layout & design

Directed InAs NW 
on Si(111)

TFET physics
Band engineering for tunneling

New devices for reduced power consumption

Tunnel-FET basic idea:
use the band-to-band 
tunneling in p-i-n device 
as an energy filter to 
overcome the 
60mV/decade 
subthreshold slope 
limitation
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Heterojunction TunnelFET
New devices for reduced power consumption

Ec

Ev

Ec

Ev

Eg,eff = 0.27 eV

GaAs0.5Sb0.5 In0.53Ga0.47As 
EG = 0.7 eV        EG = 0.74 eV

Ec

Ev

Ec

Ev

Eg,eff = 0.39 eV

GaAs0.5Sb0.5 InP 
EG = 0.7 eV       EG = 1.34 eV

Both configurations are lattice matched: 
• GaAs0.5Sb0.5 – In0.53Ga0.47As: for highest Ion
• GaAs0.5Sb0.5 – InP: for lowest Ioff

p

i

n
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Graphene beyond CMOS devices
In bi-layer graphene the effective band-gap can be “tuned” electrostatically
TunnelFET devices in graphene should provide good Ion/Ioff and steep 
subthreshold for low power

Bi-Layer + 
Molecular doping + E-field

Eg Tunable
(Doping+
Applied E-field)

k

E

VD=10 mV, ION~2 µA/µm, Ion/Ioff ~ 104, SS~36 mV/dec

Simulation result on new graphene TunnelFET device
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Many other 2D materials possible

MoS2

Bi2Sr2CaCu2OxBoron nitrideGraphene

NbSe2

Obtained by exfoliation (“scotch tape”) from bulk crystals!

Geim et al, Manchester PNAS 2005

Layered metal dichalcogenides (MX2)
M: Nb, W, Mo
X: Se, S, Te



20© IMEC 2013 

p- and n-MOS monolayer MX2 FETs

Establish ohmic contact 
with both n- and p-type 
MX2 semiconductors

Establish ohmic contact 
with both n- and p-type 
MX2 semiconductors

WSe2
(Pd)

MoS2
(Ti)

• Ion/Ioff > 108

• Doping results in higher ID
• Short channel behaviour 

4.5

MoS2

En
er

gy
 [e

V]

4.3

Ti

4.1

Al

n-type 
semiconductor

p-type 
semiconductor

Vacuum

W
s

Wm

E
c

E
v

E
f

WSe2

5.2 5.2

Pd

5.0

Au

W
s

Wm

E
c

E
v

E
f

Si (Back Gate)
SiO2

Ti Ti
MoS2

Si (Back Gate)
SiO2

Pd Pd
WSe2

p-type FET n-type FET

Cesar Javier Lockhart de la Rosa@imec

2D materials can be used to produce CMOS
These materials can also be used on flexible substrates
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2D materials: Silicene

P. De Padova et al, Appl. Phys. Lett. 96, 261905 (2010), B. Aufray et al, Appl. Phys. Lett. 96, 183102 (2010)

Filled-states STM image, 11×10 nm2 (V = −3.3 V, I = 
1.90 nA) of the dense array of SiNRs forming a 1D 
grating with a pitch of  ∼ 2 nm (a); ball model of the 
corresponding calculated atomic structure (b).

STM images of straight, parallel 1D silicon nanostructures grown on a Ag(110) 
surface. (a) Large view (42×42 nm2, filled states); (b) 3D view (12×12 nm2, filled 
states); and (c) detailed view (6.22×6.22 nm2, filled states). 

Silicene is the Si equivalent of graphene.
Promising results have been obtained on silicene 
nanoribbon fabrication on Ag surfaces.
Can also be made on AlN 
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Bulk quasi-2D superlattices
Generating anisotropic band structures

Lower effective mass in transport direction: higher mobility
Enhanced effective mass in perpendicular direction: ( lower 
leakage and less interaction with insulator defects)

[1] Lu et al, nature, 378, p. 258 (1995)

1

2

2
2*

−

⎟⎟
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⎝

⎛
∂
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=
k
Em h*m

qτµ =

Example: 
Thick Si/SiO2 stacks for 
optical applications.[1]

En
er

gy

k

En
er

gy

k

O,N or C

Si or Ge

eperiodicity

EPI growth of Si/Ge stacks with a (sub)-monolayer thick interspersing species 
to tune the band structure. 
Modeling of the electronic properties and of transport combined with material 
growth and experimental characterization.
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Logic scaling trend and roadmap

• Material & device architecture innovations enablers of  continual scaling  

Novel materials/
new transport/

extreme 
electrostatics

2D Materials

(Bi-layer
Graphene)

Quantum/
Spin 

devices

Vdd 1.0-1.1V   0.9-1.0V    0.8-0.9V   0.7-0.8V      0.6-0.7V   0.5-0.6V    < 0.5V 

• Feature dimension & voltage scaling are concurrent driversMany new materials and devices will be implemented in 
future CMOS to maintain the performance scaling

CMOS with high mobility channel 
materials 

• Ge and III/V CMOS
Steep subthreshold devices

• Nanowires for improved electrostatics
• Steep subthreshold devices (e.g. 

TunnelFETs) for reduced power
2D(-like) materials

• Graphene, silicene, MoS2, nanolattices, …
Novel devices and logic concepts

• Spin-based devices, topological insulators, 
non-Boolean logic, MTJ logic, memristors, 
…

Band engineered 
channel for 
enhanced 
transport

High-
mobility
channels 

Nanowires
TunnelFET

s 

(SiGe, Ge IIIV)

Power reduction is the major challenge



Global collaboration including 
entire value chain is required to 
address the huge R&D challenges.



… THE KEY TO INNOVATION

JOINT MULTI-DISCIPLINARY R&D
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