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Grand Challenges for Computing

• Management of massive data on Internet: distributed, 
heterogeneous, dynamic and multimidia data.

• Ubiquitous computing and communication:
always on - everywhere - pervasive

• Internet of intelligent objects :  Jumping 1,000 X
Future: at the scale of Tera objects
Next 20 years: 10 10 to 1013 objects interconnected.

• Computational Modeling of complex bio- and socio-
systems
and complex human-nature interactions.

• 21st Century : Electronics in living beings , 
electronics-brain interactions. 
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As the enabler of all this:
More than Moore´s Law

• “The impact on computing due to the 
evolution of systems-on-chip, nanopower
enabled hardware, and heterogeneity of 
hardware implementation at the giga-
scale integration of basic components.”

• The key now is to enable:
– NEW FUNCTIONS instead of
– DENSER Switches
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PREMISES
1. Computer systems are universally 

applicable.
2. Ubiquitous / high volume hardware is a 

market driver.  Key enabler of the
“Internet-of-things  & Every IT service”

3. Lots of hardware can go wasted.
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More Moore is not the 
most important roadmap 

now

but…..
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….The end of the 
roadmap will  NOT  be 
the demise of silicon-

based CMOS.

Nano-CMOS will be key, 
well beyond the show-

stopper in scaling.
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Evolution for More “Moore´s Law”

Key Point:
- End of scaling of nano-CMOS will not 

affect the viable implementation of 
systems-on-chip for the “smart objects”.

- Compelling economic/technical reasons 
may limit volume fabrication down to 
16nm or 12nm nodes….. Except for 
MEMORIES.
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More Moore “show-stoppers”

• 45nm    - 32nm  - 16 nm �
• 2009     - 2013    - 2019/2020

At most a 10X packing density increase in 10 years
Diminishing returns settle in.

Significant ROADBLOCKS and LIMITS of 
these natures :

Physical/Materials
Electrical
Technical

Economical
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PHYSICAL - ELECTRICAL LIMITS

Thermal noise
limit

Lg > ( 30 Tox_effSiO2)

From: H. Iwai
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Electrical limits for Silicon
nano-CMOS

POWER  and NOISE
• Extremely Low Power : 1010 gates using less than 5 W

0.5 nano-Watt per basic switch.
( compare  to 300 nano-Watt today   � 3x108 transistors dissipating 

100W.).
Need a 1,000 X improvement in POWER per gate !
Constant-voltage scaling will NOT deliver !

• Noise : Switching below thermal noise (6 KT/q =150mV)
– CMOS today:  0.8V (6X above this limit)

.
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Limits of Economics

Cost of  “cutting edge”
factories – highly 
exaggerated
- High volumes

Costs of a lithography
Mask-set for a chip.

generation
X

 1
00

0$

Low Cost (nanocents/gate)
Miniaturization ROI  derives from systems considerations. 
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RoadblocksRoadblocksalreadyalready presentpresent

• Limitations already in place
– Cost of high volume manufacturing
– Photo-Lithography limits are known

– Resolution vs. throughput

– Statistical variations from local random 
variations

– LE roughness
– Doping fluctuations
– Interfacial roughness

– Few atoms thick layers
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ScalingScalingLimitsLimits

• Physical / Materials
• Insulator leakage and semiconductor Breakdown:
• Thermal noise  :  e- energy � 6  kT/q = 150 meV

• Electrical limits 
• Ex.: dimensional ration :  tox/L
• Ex. Maximum gain / maximum Ion/Ioff ratio

•Technology
• Too many to mention  (thousands). 

• Economics : Yield to profit from manufacturing
• Ex. : Chips below 4 cm2 � Drive to System-in-
Package
• Fab costs and ROI.
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A System {in Package

• Cost and engineering choice

• SoC has at least two of:
– Analog block
– RF module
– Flash memory or embedded RAM
– Sensor
– One or more CPUs
– Digital CMOS as baseline

• In a SiP : same  above + add still:
– package, connectors, actuators, opto-components, 

fibers,…

on-chip
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Will the next 10X gain in 2-D 
packing density pay off 
across the board in all 

systems?

….Highly debatable, except for  
MEMORIES.

A divergence increase in the 
Roadmap for Memories and 

ASSPs or SoCs.
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More Moore vs. More than Moore

• 2020: 256 Gbs/chip
• Nano-CMOS (planar) Scaling :

– A possible gain of 10-20x at most
– 2009 (45nm) to 2020 (16 nm)

• Hence a call for 3-D integration and the
increasing divergence : 

• MEMORY chip roadmap
• SYSTEM-on-CHIP roadmap

– SYSTEM-in-Package will be more economical.
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ITRS – Roadmap – Near-Term 
(2013)  Silicon Technology

Fonte: www.itrs.net
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ITRS – Roadmap – Long-Term 
(2020)  Silicon Technology
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What are 50nm ??
• 2.000 X smaller than the 

human hair diameter
• Half the  average diameter 

of the Influenza virus

Source: CDCSource: Intel
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From From NanoNano--MOS to molecularMOS to molecular--scale scale 
devicesdevices

The FET model
before 2000

A 25 nm MOSFET
In production 2007

A 5 nm MOSFET
In production 2020

Atomic-precise doping
(variability)

Electron wavelength
Non-equilibrium transp.
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Transition to 3-Gates on Si
nanowires - Transitional MOS 

device

Will this be the ultimate end-of-roadmap device ?



CMOS ET WORKSHOP - Vancouver 2009 S. Bampi

Taxonomy for future computing 
beyond nano-CMOS

Source: ITRS, 2007
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II DD �� ½½ CCoxoxµµ((WW//LL gg)(V)(VGG –– VVTT))22

16nm node will do away with 2-D 
inversion layer interface � 3-D  

MOSFET

Simple model
W will be 
discretized
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NanoNano--CMOSCMOS TechnologyTechnology
generationsgenerations-- DefinitionDefinition

Pitch

Technology Node:

• Basic dimension : ( 2� ) :
• half pitch of DRAM Metal-1
• half pitch for gate material (polycides and metal 
stack) in microprocessors and ASSPs. 

• Typical dimension is larger than critical dimensions used.
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More Moore vs. More than More Moore vs. More than 
MooreMoore
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CMOS node according to  CMOS node according to  ½½ Pitch definedPitch defined



CMOS ET WORKSHOP - Vancouver 2009 S. Bampi

The size of the switch 
will be less important.

There are plenty of 
candidates for alternative 

switches.
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Source: Qi Xinag, AMD



CMOS ET WORKSHOP - Vancouver 2009 S. Bampi
9

Example : Quantum Wire MOSFET
(J.P. Colinge, UCL SOI Conf., 1995)

Evolutionary vs Revolutionary 
Nano-transistors  in silicon or QTD
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Easier to model than building

Source:
Ferreira,
Bampi
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Evolution vs Disruption
Scenarios

• Should consider the likelihood of :
- Evolution
- Planar and 3-D Integration

OR

- Disruption / New paradigms ?

TRANSITIONAL TECHNOLOGIES : 
- CONVIVIAL of DIFFERENT TECHNOLOGIES

STILL USING A NANO-CMOS platform
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Two Constructive Approaches for 
Molecular or Nano Devices

• Top-Down (Uses lithography  - Photo or UDUV)
– Evolutive
– Currently:  Wavelength : 193 nm
– It will work down to 5 nm
– Can use X-Rays, Ultra-deep UV or electron beam
– Problem: Cost of wafer technology for high volume 

production
• Bottom-Up ( Disruptive, self -organization)

– Chemical process
– Challenge: how to build “strict” long range order ? 
– Logic functioning.
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Nano-wires : Multiple choices

• carbon nanotubes, Si or metal  wires
• CNTs >1.5 nm diameter, up to mm length
• excellent electrical properties

A carbon nanotube: one molecule
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Nano-switch and 
Nanowires

Experiments with 100 nm x 100 nm CMOS:
10K  to 100K  molecular switches in a single litho square
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Nano-switch
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Self organization vs. Top-down 
Nanoelectronics
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… Need a long range order
Example: Spatial architecture -

FPGAs

Universal gates 
and/or

storage elements

Interconnection
network

Programmable Switches



CMOS ET WORKSHOP - Vancouver 2009 S. Bampi

Nanoelectronics beyond 2020

Is the self-assembling paradigm a real threat 
for conventional Top-Down approach?

A transitional point will occur: the Bottom-Up 
to work properly in a nano-CMOS, 
silicon-based matrix.

A convivial  of both top-down CMOS and the 
self-assembled modules confined by the 
CMOS nano-fabric.
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One switch (FET cross-section) 
and many connections 

7 atom planes (d atômica)

Transistor
Interconnections

Gate

Si

SiO2

100nm
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Organic Diodes (OLEDs)

Cost is the adoption driver

Far from logic status
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Hardware Models : Behavior, 
Structural, Physical

int reverse(int x)
{

int k,r=0;
for (k=0; k<64; k++)

r |= x&1;
x = x >> 1;
r = r << 1;

}
}
int func(int* a,int *b)
{

int j,sum=0;
for (j=0; *a>0; j++)

sum+=reverse(*b

STRUCTURELESS
TIMELESS

SPACELESS
TIMELESS

SPACE &
TIME ACCURATE
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Important System Challenges –
not resolved by just scaling. 

Examples

• In-VIVO Instrumentation:
– MICRO is as important as NANO

– MEMS  or NOEMS : it’s the application !

• Ad hoc sensor networks
– ambient intelligence
– smart silicon “dust”

• Efficient photo-transducing in Silicon
– Need research on nano-particles / q-dots

• Applications vary widely
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Still a great system integration 
challenge: Wireless Sensor 

networks
• Silicon chips as smart dust
• Networks of bare chips / sensor / RF transmitters 

(adhoc networks)
– self-organized, power scoopers : live/dead/live/dead…
– spraying of RF systems ….   a light WAN network

– at less than 0.1 mW per node 
– endless applications for US$0.50 chips

• Services � systems � components
– These 3 parts are becoming increasingly 

interdependent.
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Turning Point at the Roadmap

• Minimum feature is becoming a FETICHE
• EMBEDDING into systems takes the 

driver seat
– instead of simply SCALING
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Micro or  Nano ?

• Roadmap will start to care less on CD or 
½ pitch

• The “killer” nanodevice has to fulfill
– functionality (beyond switch states)
– Low Power! ( works at 150 mV or near-Vt , 

save at the expense of slow  MOSFET)
– Seamless, cost-effective integration into 

Micro-electronics world ( drive 1 pF , please, 
make an RF transmitter at 10 dBm …).
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Computing and the Scientific 
Method

MODELS
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The FRACTAL spiral of the 
Science of Computing – not just 

hardware
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Moore´s Law

In fact a projection, based on complex circuits, devices and 
Materials. A business-oriented paradigm.

Projection made in 1995.
Figures above by Intel (1995)
Surpassed.
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Disruptive Computing Fabrics in 
32nm CMOS are yet to be 

exploredNanotechnology
+ cheap
+ high-density
+ low-power
– variability of

devices

Computer architecture
+ vast body of knowledge 
– expensive
– high-power

Reconfigurable 
Computing
+ defect tolerant
+ high performance
– low density

++
++ +

+
_

_
_

_

Source: M. Bidu, CMU



CMOS ET WORKSHOP - Vancouver 2009 S. Bampi

Tough to predict
Top-Down will be mainstream for nano-

systems CMOS in 2030

I think there is a world 
market for maybe five 
computers.

--- T. J. Watson

640KB ought to be enough for everybody.
--- Bill Gates

There is no reason anyone would want a computer in their home. 
--- Ken Olson (DEC corp. founder, early 70´s)

There is not the slightest 
indication that nuclear 
energy will ever be 
obtainable.

--- Albert Einstein
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Grand Challenges for Systems-
on-Chip Integration (short list) 

1/5
• Heterogeneous Hardware 

Integration
– 10X system foot-print scaling

– Chip “stacking” (as a PCB 
with Si instead of Cu)

– Through-silicon vias etching
– A micron-level system

technology. 
– Vias at the micron-scale: 10 

to 40 � m each.
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Consequences for Systems
Design

• 3-D integration at 20 ��� � m features � New 
packaging for 100´s to 1,000´s of GP CPUs in  1 
to 5 cm3.

• Memory hierarchy at physical level will scale
• Integrate optics onto Silicon (difficult, but it will

happen)
• Do not fool yourself: 

– Optical Computers ? No.
– Terabytes/sec bandwith will be needed, and optical

transducers will deliver !!
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Grand Challenges for Systems-on-
Chip Integration (short list)   2/5

• New SoC era:  - sense – process –
actuate
– Integration of MEMS + photonics + 

electronics

– Opto-electronics integration in Silicon

• Nano-Power
Computing for
autonomic systems

Figure:Imec,08
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• Segment Sales 2000 2005
(US$ millions) 

ACGR/year
• MOEMS 100 2000

82%
• RF & CIs 50 300

43%
• Displays/e-viewing         200 1000 38
• Fluidics/biotech   50 200 32
• InformationStorage 50 100 15
• Inertial Sensors 400 800 15
• Others 50 100 15
• Pressure sensors, 1.6003.000 13
• TOTAL 2.500 7.500

MEMS – Heterogeneous world
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MEMS and Sensors

• Sensors and  
MEMS 
– Micron-sized
– SoC solution

• Examples: 
– Microphones
– Accelerometers
– Power 

Scavengers
– Particles/gases 

sensors

Movable mirrorAccelerometer 

GiroscopeMicrophone



CMOS ET WORKSHOP - Vancouver 2009 S. Bampi

Grand Challenges for Systems-
on-Chip Integration (short list)   

3/5
• Simple IP objects

– Net-of-things ( 1010 to 1013 objects @ 
US$0.10 per node)

– Large business RF 
gadgets

– Devices do not need
to scale!

- Challenges in IC design
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Some parts of the System do not
scale

Bampi
et al 2007
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Billions of VERY cheap units
Source: Ceitec Co.
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Grand Challenges for Computing
- Integration (short list)  4/5

• Heterogeneous hardware domain
modeling

• Not just digital domain
• Heterogeneous integration at Giga-Scale
• CAD tools are not there yet
• EDA looking towards More Moore

features, instead of Heterogeneous
systems design.
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Grand Challenges for Computing
- Integration (short list)  5/5

• CAD Tools for thousands of synthesis
steps.

• Integration of Multidomain CAD tools.
• Parallel programming of 100´s of on-chip

CPUs and its networks-on-chip.
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SoCs with 102 – 104 processors  / chip
will be  “commodity” in the 2020’s

Concurrency exploration is the largest computing
challenge

Concurrent Multi-processor System-on-Chip has to:
- Scale at the 16nm to 22 nm device nodes
- Have :

- energy-efficiency
- Error-resilience
- Fault Tolerance to

1 to 10% failing nodes

Which will be viable?   the heterogenous one.
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IMPACTS on the GLOBAL 
HARDWARE INDUSTRY

• 32nm to 130nm CMOS will be a baseline
technology for the next 20 years

• Global economic paradign for systems
development
– Managing complex systems design
– Inter-company technology alliances for advances

in CMOS
– Design Methodologies will have to incorporate

heterogeneous hardware (sensor, actuator, 
optos…)

• Diversity of technologies for integration
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Conclusions 

• Grand Challenges in computing will have 
less to do with Scaling (More Moore)

• Instantiate the Grand Challenges into 
specific chip design engineering challenges.
– Science

– Engineering (technology praxis)
– Market drivers
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Thank you ! 
Muito Obrigado !

bampi@inf.ufrgs.br
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Emerging devices conclusions

Fonte: www.itrs.net
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Example : SI - SET
Si island SET
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Equivalent circuit � Quantum 
SPICE
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Build logic, process, store, and….
drive an output!!!

3bit adder
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MeindlMeindl ´́ss Hypothetical Hypothetical 
metrics for scalingmetrics for scaling

CHIP PERFORMANCE INDEX  ( CPI )

N. transistors x Freqmaxx Amax  
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CPI = CHIP

CPI increased 1.000.000.000.000.000 times in   40 years !!!
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SoCs – Commercial design starts
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• Such is a secondary question 

or     a false dilemma

• KEY:
– What are the components that systems DEMAND

– Engineering the devices around SYSTEM issues:
• Is HOW SMALL the most relevant??

• Rather: How the nano-devices bring or enable new 
FUNCTIONS 

Micro or  Nano ?
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NanoCMOS:  A Real World 
Comparison
1989 2004 2014

� Equivalent to 486DX MPU
� 6 million metal contacts
� 60 cm of metal wiring

1 µ = 1000 nm
1 cm = 10000 µ
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5 nm gate length CMOS

H. Wakabayashi 
et.al, NEC

IEDM, 2003

Length of 18 Si atoms

Early demonstrator!!
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0.8 nm Gate Oxide Thickness MOSFETs operates!!

0.8 nm:  Distance of 3 Si atoms!!


