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Year of Announcement

A 2005 ~ 2015: New technology enhancements A FCRP Goal

A Continued CMOS shrinking, lowpower devices, multi-core
chips, 3D packaging, new memory devices, etc.

A > 20157 : New device? A NRI Goal



E Beyond CMOS Logic: What to look for?

A To beat the power problem requires:
A A device with a lower energy, room temperature switching mechanism
or

A A system that operates out of equilibrium or recovers operation energy as
part of the logic computation

A Required characteristics: Alternative state variables
A Scalability A Spini electron, nuclear, photon
A Performance <
) . A Phase
A Energy efficiency ,
A Gain A Quantum state
A Operational reliability A Magnetic flux quanta
A Room temp. operation A Mechanical deformation

A Preferred approach: A Dipole orientation

A CMOS process A Molecular state
compatibility

A CMOS architectural
compatibility
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NRI Mission Statement o1

NRI Mission: Demonstrate novel computing devices capable of
replacing the CMOS FET as a logic switch in the 2020 timeframe.

A

r

A

r

A

These devices shouldshow significant advantage over
ultimate FETs in power, performance, density, and/or cost to
enable the semiconductor industry to extend the historical cost
and performance trends  for information technology.

To meet these goals, NRI pursues five research vectors |, focused
on discovering and demonstrating new devices and circuit elements
for doing computation.

Finally, it is desirable that these technologies be capable of
Integrating with CMOS | to allow exploitation of their potentially
complementary functionality in heterogeneous systems and to
enable a smooth transition to a new scaling path.



ﬁ NRI Primary Research Vectors

A NEW DEVICE
Device with alternative
state vector

A NEW WAYS TO CONNECT
DEVICES
Non-charge data transfer

A NEW METHODS FOR
COMPUTATION
Non-equilibrium systems

A NEW METHODS TO MANAGE
HEAT
Nanoscale phonon engineering

A NEW METHODS OF FABRICATION
Directed self-assembly devices




"NRI Funded Universities
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Finding the Next Switch

Nanoelectronics « Architectures
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E NRI: A Goatoriented, BasicResearch ProgranM

A Integrating work across the 4 NRI-NIST centers and the 18
projects at 15 NSF Nanoscience Centers

..

Nanoelectronics « Architectures
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Nanoelectronics
Discovery & Exploration

Nanoelectronics

Nanoelectronics
Discovery

UCLA, UCSB, UG
Irvine, Berkeley,
Stanford, U Denver,
lowa, Portland State

SUNY-Albany , GIT, RPI,
Harvard, MIT, Purdue, Yale,
Columbia, Caltech, NCSU,
UVA

UT-Austin , UT-Dallas, TX
A&M, Rice, ASU, Notre
Dame, Maryland, NCSU,
Illinois-UC

Notre Dame , Purdue,
Illinois-UC, Penn State,
Michigan, UT-Dallas,
Cornell, GIT

Spin devices

Spin circuits
Benchmarks & metrics
Spin Metrology

Novel state-variable devices
Fabrication & Selfassembly
Modeling & Architecture
Theory & Simulation
Roadmap

Metrology

Logic devices with new
state-variables
Materials & structures
Nanoscale thermal
management
Interconnect & Arch
Nanoscale characterization

Graphene devices:
Thermal, Tunnel, & Spin

Interband Tunnel Devices

Non-equilibrium Systems
Model / Measurement

Nanoarchitecture




E® NSFNRI Projects
Co-funding 18 Projects at 15 NSF Centers

Caltech MRSEC

2008: Graphene Atomic Switches for Ultracompact Logic Devices and NV Memory

Columbia NSEC

2008: New Graphene-Based Switching Devices: Electron Wavefunction Focusing
and Pseudo-Spin Switching

Cornell NSEC

2007: Controlled Orbital Hybridization in the CNT Quantum-Modulated Transistor

Harvard NSEC

2008: Tunable Ultra-fast Conductance Switching through External Fields

Purdue NCN

2007: Exploratory Theory, Modeling, and Simulation for the NRI
2008: Experimental Realization of Low-power Transistors with Negative Capacitors
2009: Exploration of Novel All-Spin Logic (ASPL) for Device-Circuit-Architecture

Stanford NSEC (UI-UC)

2008: Ultra-Low Power Pseudospintronic Switching in Bilayer Graphene at Rm T

U. Maryland MRSEC

2007: Pseudospintronics (UT-Austin)
2008: Controlling the Electronic Properties of Graphene

U. Nebraska MRSEC

2007: Multiferroic Interfaces: New Paradigms for Functional Switching

UVA MRSEC (Notre Dame, UCSB)

2007: Coherent Spin Dynamics in Single lon-doped Semiconductors: Towards a
Coherent or Quantum Spin Switch

Yale MRSEC

2007: Design and Fab of Magnetic-based Devices with Complex Oxide Materials

UC-Berkeley NSEC

2009: Spin-Oscillators for Non-Charge Based Ultra Low Power Logic and Comm.

MIT MRSEC (UVA)

2009: Reconfigurable Array Magnetic Automata (RAMA)

Northwestern MRSEC

2009: Generating, Probing, and Manipulating Excitons in Carbon Nanomaterials

Brown MRSEC

2009: DirectXVrite Synthesis of Graphene Devices

Univ. of Alabama MRSEC

2009: Spintronic Logic Devices




Southwest Academy of Nanoelectronics

Banerjee, Register, MacDonald, et al., UT-Austin NI

ﬁ® Bilayer pseudoSpin FET Qp SWAN

= [EiSENstein Lab Cal Tech, JPE & AHM, Nature (2004)]

@ Room temp. condensation in graphene 2D "SHUIHFW [
g — of material properties: frelectror_l -hole §ymmetry How
= DOS dgapless imono-atomically thin layers
@
g Iho?eﬁ (_)) I/:u VG,p
}_
0 S — *
0 == Ss.
Interlayer Voltage. ‘%ﬁm
Low temp., condensation-based %-‘ue’nc-"lm-'m

electron-hole tunneling in bilayers
between half-filled Landau levels

Iw *
e]edron‘_ (_}) V_,? VQp

BiSFET with gate-control over the condensate

Simulated devices and basic logic
gates in SPICE
U Inverter with complementary
BiISFET design simulated at
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SPICE simulations
(1-bit adder)
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[1] Banerjee, Register, Tutuc, Reddy & MacDonald, IEEE EDL 30, 158 (2009); [2] Basu, Register, MacDonald & Banerjee, TechCon 2009.; [3] Reddy,
Register, Tutuc & Banerjee, IEEE TED, in review;



