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Outline

ÁData explosion facts

ÁPhysics of information

ÁEnergetics of computing

ÁNew materials and processes for lower energy computing

ÁNanoionic devices for new processor architecture



²ƻǊƭŘΩǎ ǘŜŎƘƴƻƭƻƎƛŎŀƭ ƛƴǎǘŀƭƭŜŘ 
capacity to store information

Hilbert and Lopez, Science (2011) 332 pp. 60-65 

Informational Crust: 
A major tectonic plate shift

Analog World

Digital World
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Storage Needs in 2040
(based on research by Hilbert and Lopez:  aΦ IƛƭōŜǊǘ ŀƴŘ tΦ [ƻǇŜȊΣ ά¢ƘŜ ²ƻǊƭŘϥǎ ¢ŜŎƘƴƻƭƻƎƛŎŀƭ /ŀǇŀŎƛǘȅ ǘƻ {ǘƻǊŜΣ 

/ƻƳƳǳƴƛŎŀǘŜΣ ŀƴŘ /ƻƳǇǳǘŜ LƴŦƻǊƳŀǘƛƻƴέΣ Science332 (2011) 60-65

2014 data



I. Giga-Nano-Tera(Billions of Nanosystems
connected in a THz-network)

II. Exa-DataCenters: Semiconductor 
Technologies for Big Data
(Radically new energy-efficient technologies 
for storing and analyzing massive volumes of 
data)

A Thought System:

Ultimate Connectivity: Internet of Nanothings
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Exa-DataCenter

IoT Grand Challenges



What About Global Processing 
Capability Trends?

based on research by Hilbert and Lopez:  M. Hilbert and P. Lopez, ñThe World's Technological 
Capacity to Store, Communicate, and Compute Informationò, Science 332 (2011) 60-65

How can we 

increase MIPS?



Benchmark capability m(IPS) 

as a function of b(bit/s)

R² = 0.9818
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() pkf bbm == k~0.1, p~ 0.64

trN fb= Ö
a measure of computational 

capability on device level
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Turing-Heisenberg Rapprochement?

pkm b=

Binary Information 

Throughput
a measure of 

computational capability 

on device level

Instructions per second
a measure of computational 
capability on the processor 

level

Alan Turing

Werner Heisenberg Ludwig Boltzmann

Can computational theory suggest new devices?  

Stan Williams @ Nanomorphic Forum

sw

bit

t

n
=

Number of binary elements 

Switching time

How can we 

increase MIPS?

http://scienceworld.wolfram.com/biography/photo-credits.html#Boltzmann
http://scienceworld.wolfram.com/biography/photo-credits.html#Boltzmann


MPU: Benchmark capability m

(IPS) as a function of b(bit/s)

trN fb= Ö

R² = 0.9818
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Power is the main issue for 

further scaling of high-

performance computing

~100-200 W 
per chip

Limits of Cooling

bitbit EEfNP Ö=ÖÖ= b



What About Global Processing 
Capability Trends?

Projected Capability Projected Binary Throughput

based on research by Hilbert and Lopez:  M. Hilbert and P. Lopez, ñThe World's Technological 
Capacity to Store, Communicate, and Compute Informationò, Science 332 (2011) 60-65

Energy

pkm b=Instructions per second
a measure of computational 
capability on the processor 
level 

Binary Information 

Throughput= #T/Chip X 

clock freq.
a measure of 

computational capability 

on device level
ñTuring-Heisenberg Rapprochementò

Ebit~10-14



Total energy of computing

?



What is Information?

Source: IBM

Information is measure of distinguishability

AMD 8150
(2 billion transistors)

A THEME: Minimal ICT Element
What is the smallest volume of matter needed for an ICT 
element? What is the smallest energy of operation?

e.g. of a physical subsystem from its environmenté

~ 0.5 nm/bit 
~ 32 nm/bit 

~ 1 cm/bit

~ 1 mm/bit 

Information-bearing particles
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An abstract binary element
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WRITE 

TALK a

a

Eb

Eb

Memory Logic

Central Concept: Energy Barrier

How can a barrier be created and controlled 
in a physical system?
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Lowest Barrier: 

The Boltzmann constraint

Distinguishability D implies low 

probability Pof spontaneous transitions 

between two wells (error probability)

D=max, P=0 D=0, P=0.5 (50%)

Classic distinguishability: )exp(
Tk

E

B

b
classic -=P

Minimum distinguishable barrier: ʇ=0.5

)exp(
2

1

Tk

E

B

b-= Eb=kBTln2
Shannon - von Neumann - Landauer limit

a

a

E
b

E
b

Thermal 
Noise
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Scaling Limits: The Heisenberg Constraint

x p

E t

D D ²

D D ²
min

~
2

~

crit

b

b

a
mE

t
E

At this size, tunneling 

will destroy the state

Minimal time of dynamical evolution of a 

physical system

N. Margolus and L. B. Levitin, Physica

D 120 (1998) 188

~40 fs

Eb=kBTln2
*

00.15 0.20m m= -

bmEp 2=D

~1.5 nm

~3-4 nm

(m=m0)
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CMOS scaling on track to obtain physical 

limits for electron devices
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Bolzmann-Heisenberg Limit ~kBTln2

George Bourianoff / Intel

105kBT

Prof. Mark Lundstrom/Purdue:

Why do we still 

operate  so far 

above the 

fundamental limit:  

Why 105-107 kBTln2 

and not kBTln2?

MPU
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Switching Energy: Energy of Full-cycle

OFF ON

2ln3min TkE BSW =

OFF

bOFFON EE =-bONOFF EE =- carrierE

carrierbbit EEE +=
minmin

2

kTln2

x N N ïthe number of electrons

Esw=2Eb+NEw=(N+2)kBTln2
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a

a

E
b

E
b

a a

Binary switch and Interconnect

abstraction: Extended Well Model

2a

FaL Ö=2min
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Connecting Binary Switches via 

Wires in 2D (L>2na, N electrons)

For logic operation, a binary switch needs to control at 
least two other binary switches

A B
C D

L
a

L>2 na n- fan 
out

n=2    

L=4 aNïthe number of electrons

N P

1 0.06

2 0.19

3 0.33

4 0.47

5 0.58

6 0.68
Nmin=5

Shot 
Noise
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Minimum switching energy for 

connected binary switches

n=2    
L=4 a

Nmin=5

Esw=2Eb+NEb=(N+2)Eb

Esw=7kBTln2

n=4    
L=8 a

FO2 FO4

N P

1 0.00

2 0.00

3 0.01

4 0.03

5 0.06

6 0.09

7 0.14

8 0.19

9 0.24

10 0.29

11 0.35

12 0.41

13 0.46

14 0.51

15 0.56

16 0.60

17 0.65

18 0.68

Nmin=14

Esw=16kBTln2

Communication between logic switches takes more 

energy than information processing (switch operations)



21

Operational reliability vs. Number of 

Electrons

× In interconnects, the number of electrons needs to be 

sufficient to guarantee successful communication between 

binary switches

N electrons

Operational 

reliability

14 50%

20 75%

42 99%

Typical fan out 

(n=4) for logic

L=8 a

We need many electrons 
for reliable communication2a

ddb VeNENE ÖÖ=Ö~

TkJE B8001035.0106.142~ 1819 =Ö=ÖÖÖ --



Energy costs for fan-out: 2D vs.3D
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Generic topology of 
a 3D binary switch

2D

3D
More Fan-Out (Branching) 

= More Computation

~ 10x energy reduction for FO4-6 TkJE B80103~ 19 =Ö= -

2a

3D



Key Messages

ÁTopology optimization for energy reduction

Á1D structures could be enabling!
·(Quasi) 1D (e.g. nanowires, CNT)  components arranged in 3D 

structures

·reduce fan-out costs



Energetics of computing: Logic

24

10-17 J

10-16 J
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A typical computer system

CPU

Permanent Storage

Density-medium

Capacity-high

Speed-low

Non-Volatile

Density-high

Capacity-high

Speed-high

Volatile

Density-low

Capacity-medium

Speed-high

Volatile

Density-low

Capacity-low

Speed-high

Volatile

Main memory

2nd level cache

1st

level 

cache
SRAM

SRAM

DRAM

SSD, HDD



Minimal Electronic Memory
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Electron-based Nonvolatile Memory (Flash)
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FET  

Eb
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FET

Iwrite
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eVread<2Eb
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2. WRITE (F -N regime)
3. READ1. Basic Concept 

Ebmin >1.7 eV (> 10 y retention)
Eb SiO2=3.1 eV

amin~5 nm

Vwrite min> 6 -7 Volt (very slow)

Vwrite > 15 -20 Volt (ms-ms) Fmin>10nm

>5nm>5nm

Tox>10nm

Vread~5 V<6 V

>6 V

C
line

~ 10
-14

F4. Array 

Tunneling is a slow process at 

lower voltage!


