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> Major Research Universities

Historically Black University

Highly Diverse California Community Colleges
>_Covering Northern and Southern California

that span the gamut from

high academic achievement to vocational education
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Electronics / network electricity use

Buildings Electricity: ~2,700 TWh

Residential = Commercial

Electronics

ﬂ..m-
~290 TWh

One central
baseload power
plant (about 7
TWhlyear)

* U.S. only

i » Annual figures
Bruce Nordman, LBL circa 2006

o All approximate




World data center electricity
use, 2000 and 2005
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How much is 152B kWh?

A
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World Data Centers IS

0 a0 100 150 200 250 300
Final Electricity Consumption (Billion kWh)

Source for country data im 2005: International Energy Agency, World Energy
Balances (2007 edition) g
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Power Usage Rising Faster Than Past

Trend

« Because power consumption oCV,?

and V , (operation voltage) scaling has
slowed after 0.13um node.

Technolog 025018 (0.13| 90 | 65 | 45 | 32 | 22 | 16
y Node MM [ M [ M | Nm | Nm | nNm | Nm | nm | nm
V4 25v|18v|{1.3vi{1.2Vv|{11V|1.0V|09V |08V |0.7V

High Performance ITRS Roadmap




The natural voltage range for wired

communication is rather low:

V2. = AKTRAf

noise
1

V2. =4kTR—
RC

noise

2 1
VnOise = 4kTXE
2 4KT 0
Vhoise = TXE

Vnoise = \/ 4KT /q x CL/E
100mVolts 10uVolts
V ~1 mVolt

The wire wants

1000 electrons at 1m\olt each.

(to fulfill the signal-to-noise
requirement >1eV of energy)

The natural voltage range for a

thermally activated switch like

transistors is >>kT/q, eg. ~ 40kT/q
or about ~1\olt

Voltage Matching Crisis
at the nano-scale!

If you ignore it the penalty will be

(1Volt/ImVolt)? = 10°

The thermally activated
device wants at least one
electron at ~1\olt.



This Center will address the Electronics Energy Efficiency by
Four Interconnected Approaches:

Theme 1:

S
U]

Nanoelectronics:
Solid-State Milli-Volt Switching

Theme 3:
o

spin
charge>

Nanomagnetics:
Surmounting the Landauer Limit

Theme 2;

Nanomechanics:
Zero-Leakage Switching

Theme 4:

hv % T
> ~1leV
4

Nanophotonics for Ultra-Low
Energy Communication




Theme 1 - Nanoelectronics: Solid-State Milli-Volt Switching



An amplifying transistor as a voltage matching device:

Small voltage in
Large voltage out

out
—O

ino—— Ampl!f!cat!on of weak s!gnals has an energy cost!
Amplification of weak signals has a speed penalty!

steeper
sub-threshold
slope

Current

Gate Voltage &



Key Scientific Questions

* New examples of Type Ill Energy band offsets need to be discovered.

* Fundamental band edge abruptness is very poorly understood.

This is high risk/high payoff scientific research.

After all, we are trying to replace the transistor with a more
sensitive device.



Theme 2 - NanoMechanics: Solid-State Milli-Volt Switching



Why Mechanical Switches?

3-Terminal Relay
Airgap

Source

* Relays have zero off-state leakage
- zero static energy T

N
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Bulovic / Lang (MIT)

Tunneling Nanoswitch

Device Operating Principle:
e Electrostatic actuation of electrode

e Conduction via tunneling
* hanoconductors embedded in a
deformable matrix
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Theme 4 — NanoPhotonics for Ultra-Low Energy Communication



We want to from go from ~10,000 photons/bit

» 17 photons/bit

But this is insufficient, since we cannot afford to consume
very much energy in amplifying the weak signal.

We need an ultra-sensitive low energy photodetector too!



Ultra-sensitive Floating Gate photodetector:

Reflectors integrated with
SOI waveguides to create a
transverse cavity

= Eliminate wire capacitance between
photodetector and amplifier

= Transistor with a floating Ge-island

= Photonic crystal cavity with 1000x
efficiency improvement.
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Theme 3 — NanoMagnetics: Surmounting the Landauer Limit



Fundamental Limits of Computing

Von Neumann-Landauer limit (1961):
Energy lost in a logic operation in which
1 bitis lostis E2 KT In 2

Bennett (1973):
Logical Reversibility of Computation

John von Neumann Rolf Landauer Charles Bennett

En"ergyvfﬁc%? { G
i Z 4l




CW/2 energy, J

1.E-14

1.E-15

1.E-16

1.E-17

1.E-18

1.E-19

1.E-20

1.E-21

1.E-22

Trend of Min. Transistor Switching Energy
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E S External Advisory Board

Katherine Dunphy-Guzman, Sr. Member of Technical Staff & co-Chair of the
Hispanic Leadership Committee, Sandia National Laboratories

Prof. Deborah Estrin, Director of NSF S&T Center for Embedded Network
Sensing, UCLA

Paolo Gargini, Dir. of Technology Strategy & Intel Fellow, Intel
Vijay Gill, Sr. Manager of Architecture & Engineering, Google
David Hemker, VP, Lam Research

Mark Lundstrom, Director of the NSF Network for Computational
Nanotechnology (NCN), Purdue University

Ghavam Shahidi, Dir. of Silicon Technology & IBM Fellow, IBM
Horst Simon, Assoc. Lab. Director, Computing Sciences, LBNL

Stan Williams, Dir. of Information & Quantum Systems Lab & HP Senior
Fellow, Hewlett-Packard



It's Time to Reinvent the Transistor!

Thomas N. Theis* and Paul M. Solomon

IBM Research, T. ]. Watson Research Center, Post Office Box
218, Yorktown Heights, NY 10598, USA.

1600 26 MARCH 2010 VOL 327 SCIENCE www.sciencemag.org
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