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1A In More Detail

Silicon Rules Today, But ....

The “End of the Road” is in sight

With “Nanotechnologies” in daily headlines
— Potential for another 1,000X Moore’s Law

And: Our Students will live through the
transition

How do we prepare them ... Today!
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B Nano: Science, Engineering, &
Technology

“Ability to work at molecular level,
atom by atom,
to create large structures
with fundamentally new
properties and functions”

M. Roco, NSF
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Economical:

In 2010 a fabrication plant may
cost $200 billion!
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1AV ]
- The “Silicon” Limits

* Silicon 2016:

— 22 nm gate lengths,

— 28 GHz clocks,

— 310 sq.mm die
 Roadblocks:

— Smaller devices won’t work

— Significant changes in key design ratios
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) There’s Plenty of Room at the
Bottom (R. Feynman, 1959)

Silicon’s Limit

|
' | Silicon Today
Lo | First MOS

Microware

The Nano

http://csep10.phys.utk.edu/astr162/lect/light/spectrum.html
Realm prEsep TR P TP
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B8 Computational Paradigms at the
Nano Scale

Classical digital logic
Neural Net
Chemical-based
DNA-based

Quantum
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Working at Nano Dimensions
(Weiss)

Circuit limits: mean free path & coherence length of
electron

— Ultimate computing device ~ trapping single electron in
quantum dot

Growing capability to manipulate

— Properties of single molecules

— Placement into monolayer films

— With sharp boundaries
Molecular alignment & conductance states heavily
influenced by neighboring molecules

May provide basis for self-assembly

Nano Revolution: MSE — June 1, 2003

Slide 22




R Design Challenges in Moving to Molecular

Realm
(Edwards, SRC)

What is needed to “commercialize”

* Reliability: what are new failure mechanisms

« “Software Reconfigurability” in the field

* Controlling design time as complexity grows

* Speed: maintaining Moore’s Law

« Mixed Signal: needed for “Systems on a Chip”

« Test: coverage, procedures, fixtures

* Cost: development, unit costs, components of cost
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Protein Computing

States of the bacteirorhodopsin molecules as a function of light:

Stable

To Write:
B + Shine green into slice
(:0 * Shine red to desired bits
To Read
G) * Shine green into slice
G) * Shine low red thru all

* Look at red output
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1AV ] Nano Tubes & Nano Wires

(Fuhrer, Goldstein, Dehon)

* Nanotube: nm wide metallic or semiconducting
tube

* Producible in numbers in lab e

» Applications: interconnect, single electron FETs, i‘j‘?:ff"‘”
SEILL SN

micromechanical switches, levers, relays ...

* Most promising structures: arrays, crossbars, —~

e ———

FPGAs, fabrics
* “Compile to space, not time”

* Challenges:
— Alignment

Defect recovery/repair, fault tolerance

— Micro-nano interfacing

Gain/signal restoration
Customization
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it “Network”-Driven Technology

Developments
(Likarev, Porod, Chong)

e “Neural Net” as a natural fault-tolerant robust system
architecture

F L y
* Silicon neural nets too small %
— Brain = 1010 cells with 104 synapses

* Enabling nanotechnology: single electron transistors with
randomized analog crossbar network architecture

* Growth to system: “Silicon” sandwich of S
— CMOS interconnect logic < ]
— SET processing elements <
— “Sensors” %ﬂ-wr%ﬂ‘

e Similar: “sensor nets” merged into “environment”
— Programming small nodes for aggregate behavior
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1A Quantum-dot Cellular Automata
(a Notre Dame nano technology)

tunneling between dots 1.0

A cell with 4 dots, 2 extra electrons, () () Cell-cell response function

Represent binary information by 0.5
charge configuration

@ a2 0.0F
o)
Polarization P = +1 03t

celll  cell2

Polarization P = -1

Bit value “0” Bit value “1” -1.0 :
-0 05 00 0.5 1.0
P
1
00 @0 @O Bistable, nonlinear cell-cell
e Le L@ response
Neighboring cells tend to align. Restoration of s-lgnal !evels
Coulombic coupling Robustness against disorder
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2 The Basics

The Device Wire Cross in the Plane

P =+1 (Binary 1) P =-1 (Binary 0) «— 45-Degree Wire
@____@/Quantum Dot

o-®
A0 -

< > . \ 90-Degree Wi
Proposed experiment — 42 nm A QCA ere caree e

Future molecular — 4.2 nm

(and room temperature) m 3 2; O O
o O

A 45-deg1‘ee Wil'e Signal Propagation Maj Ol'ity Gate

<4—— Input Cell Direction Cell 1 (input)
(@ (frozen polarization)

® Cell 4 (device)
1 /
Original signal Cell 1 (input) O @
propagation ® O
| .
_—
‘ Complemented Copy Cell 3 (input)

O @

£ |
O @

O
[ ]

%
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The QCA “Clock”

:Q: am ® Cells begin unpolarized
® Barriers raised, cells “latched”

Switch

m am ® Barriers are held high

® Used as input to next zone
Hold

ﬁ@ ® Barriers are lowered

® Cells relax t larized stat

“ClOCk = E ﬁeld that Release clis refax 1o tnpotartzed state

controls tunneling
between dots

® Cell barriers remain lowered
® Unpolarized, neutral state stays

The QCA Clock “Phases”
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LAY Experimental QCA

. . . .
* Early and current * 3-input majority gate logic demonstrated
work — metal dots R ! |[w= AND Gate —wla— OB Gaie
e
* 70 mK A i % E—— A
B = — Ksporiment '
(14 2 - |
° Metal dot ldeas - - DLJHuurnem (input) = '-
T T Ixe E
O
transfer to/across c ey F o]0 om] ‘..?] ool e 1
. > (device) g
different QCA L Amlani, A Oflov,  (input) 3
: : G. Toth, G. Bemstein,  [5 @I e = T !
lmplementatlons C. Lent, G. Snider, % % = *"'; ey J
A. Orlov, I. Amlani, G. Bernstein, C. Lent, G. Snider, “Realization of a “Digital logic gate Ol ® O = i
functional cell for quantum-dot cellular automata.” Science, 277:928-930, 1997. using quantum-dot (output) PO b TRk
Cellular automata.” CA9®) 0 i 1 1 1 H " T .
. Science, 284: 289-291, ®| O bl
* QCA wire demonstrated 1999. ; -
(input)
o lcedf 00 . Slngle -bit memory demoed * Molecular QCA
A. Orlov, I. Amlani, C. Lent, G. Bernstein, G. Snider, “Experimental B b e e
demonstration of a binary wire for quantum-dot cellular automata.” = g =
Applied Physics Letters, 74: 2875-77, 1999. [: -1 3
= .
E e
* Shift register demonstrated ¢ 1]
A. Orlov, I. Amlani
i > e
R. Kummamuru, V _| —A— 'T' T
R. Ramasubramaniam, . o . .
. Toth, C. Lent, il b o L G Lent, Moleculardectronics: Bypassingthe
G. Bernstein, G. Snider, transistor paradigm.’ cience, : -1599, 2 .
“Experimental —— | X ) 3
demonstration of clocked Ghot A Orlov, R K‘ e :I, R. R‘n\ n, G. T\{lh. C. Lent,
le-electron switching in quantum-dot electrometers (nl B;‘r:lslcm G. STdcx\: HF/;pcnmcnuﬂ flc‘;{op?u"a‘lu:\ ?I a latch in
cellular automata.” Applied Physics Letters, Clocked quantum-dot cellular automata: Review and recent
77(5): 738-740 2000. Experiments.” J. of Appl. Physics, 85: 4283-85, 1999.

Mse_03.ppt Nano Revolution: MSE — June 1, 2003 Slide 31



2-Dot QCA Molecules

From ND DARPA Moletronics project

Mixed-valance ruthenium dimers Silicon phthalocvanine dimers

CD\ Binds flat on Au surfdce
5 K I 124 dO ts,, Forms self-limiting
- monolayer
< -~ S (M. Lieberman)
11-12 fﬁ — Appears to self-align

(E. Greenbaum)
(Center distance of adjacent molecules: 2.5 nm

o
~14 Angstroms) (25 A)
(M. Lieberman, et al, 2002)
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1AV 4 dot
Core-cluster molecules

Dot v/ariants with

“feet” for

I % surface binding
' Q@ and orientation

From ND DARPA Moletronics project
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B Non-lithographic patterning
with DNA tiles

. . | ——
« Double-crosslinked DNA tiles w, “‘ym k‘? 4, R R et
(Winfree, Lu, Wenzler, and "L "'ﬂ" ' it T e =
Seeman, Nature 394, p. 539 W
(1998 s e R I T rcconasesuce
5 & = ——————— S—
. | A } o —— -
* Watson-Crick complement i T 5 1
i ) 1 A B -
| S I . T
* Wang tiles
g A B | &
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Lessons Best Not Forgotten

Or:

We’ve Been Down This Road
Before!
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- Some Key Insights from MAW

 What made the initial technology viable
* What allowed follow-on technologies to
— Not only survive development
— But be deployable so quickly
« The MAW Workshop Experts:
— Conway (Michigan): “The Revolution”
— Abraham (Texas): “Testing & Verification”
— Irwin (Penn State): “Why the Roadblock”
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Conway on Architects

* Don’t care about physics, only rules for
composition

* Look at designs in layers (hierarchies)

e Successful ones work with others: circuit
designers, CAD, packaging, layout, fab...

* Tend to translate new technologies into
different forms of old (abstraction)
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B8 Conway on Technology circa
1977: RTL
* Design flow:
system arch => logic designers => fab
— With very little interaction

* Devices looked at in cross section, NOT
overhead (“Just like Today!!”)

* “You just wire’em up”
« MOSFET: “slow & sloppy”
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&%  The Mead/Conway Revolution

Self-aligned gate enables simplified fab

Realization that scaling to 0.25u was feasible

Energized academic design community
— Scaling rules for technology independent design
— Some simple but useful circuit primitives
— A focus on interconnect, not cross section

Early work considered toy-like, unoptimizable

— UNTIL MOSIS enabled inexpensive,
adventuresome prototyping
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B8 The Mead/Conway Revolution:
A Change in Perspective

From This

sl

To This
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N The Power of Hierarchies &

Abstraction
(abstracted from J. Abraham)

Observations:

* 200 bits covers more states than there are protons in universe

» Many key design questions NP-complete: Critical paths, verification, fault
coverage, ...

Lesson Learned from CMOS CAD

* Direct attack on “flat designs” rapidly becomes impossible

* Hierarchical designs that abstract functionality into layers are manageable
1000000

(

100000 o >
o Worse—* .| —
E 10000 ./
c \ n
8 1000 + . [
§ 100 \ =

10 f
Best
y
0 20 40 60 80 100

Fault Coverage %

‘ + Flat Analysis ® Hierarchical Analysis ‘
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ThSN

What Are We Now Good At?

The Digital Paradigm: a time-tested model

— State machines, data path, memory, busses, ...
“Abstracting Out” the physics

Focus on Interconnect, not devices
Hierarchical design from day one

Portable design styles

Working with device & circuit designers to

— Invent new structures
— That permit more efficient designs

Automating routine design activities
Fabricating real chips on student schedules
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11AY )

- Our Objectives
* Train the next generation

* To design systems

* With billions (“and billions”’) of
components

e That interface with the real world
e That work

* When we may not understand the
technology today

Mse_03.ppt Nano Revolution: MSE — June 1, 2003



Considerations

Base Technology Silicon Nano
Component Count Billions Uncountable
Fabrication In layers Self-Assembly
Memory vs Logic In same technology Very technology dependent
Clocking In same technology Very technology dependent
Power Distribution In same technology Very technology dependent
1I/0 In same technology Very technology dependent
Fault Models Small Very visible
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1AV Our Ideal Students:
The “Dream Nano Team”

Device physicists:

— Simplified technology description teachable quickly to
“anyone”

— Description of “Key Parameters” that affect circuit level
performance

— Simple basic circuits

Architects:
— Develop abstractions for hierarchical designs

CAD Engineers:

— Leverage existing hierarchical design systems where possible

Physical Designers:
— Simple interfaces to conventional technology & environment
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B8 What to Keep from Current
Curriculum

* “Logic” as a paradigm

* Abstraction

* Design Rules

* Hierarchies

* Layout orientation

 Timing

* Relationship between microarchitecture,

architecture (ISA), languages, support
tools
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N What to Add

* Enough physics to justify new, generic
“device types”

* More emphasis on fault models

* Fault redundancy techniques

* Mixed technology interfacing

* Self-assembly

* New computational paradigms
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Concluding Thoughts
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- Conclusions

 QOur students will see nano .. and soon

* We can introduce “nano” at the device level
today

 We must do so in a design friendly way
* We also need to plan for new topics:
— Self assembly, fault tolerance
* Working with the device physicists will help
* As will availability of nano lab facilities
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Needed Insight

Understanding & modeling of molecular
interactions

— And abstraction into simple “engineering” models
What is resulting “electronic nanotechnology”
“Killer Apps”/new computing models
Construction of hierarchy of abstractions

— With “interface” to conventional environments

— Most reasonable starting point: FPGA-like arrays
How to provide reliability from the beginning
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