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EECS 498/598: Nanocircuits and Nanoarchitectures

Lecture 1: Introduction to Nanotelectronic Devices (Sept. 5)

Lectures 2: ITRS Nanoelectronics Road Map (Sept 7)
Lecture 3: Nanodevices; Guest Lecture by Prof. Lu (Sept. 12)

Lecture 4: Overview of Photonics Device; Guest Lecture by Prof. Ku (Sept. 14)

E ECS 498/598 N anOCi I’CU itS and Lectures 5: Quantum Device Modeling for Nano-CAD (Sept 19)
N an OaI’Ch |tectu reS Lectures 6-8: RTD-Based Digital Circuit Design (Sept 21, 26, 28)

Lectures 9-12: Class Presentations (ITRS) (Sept. 30, Oct. 3, Oct. 5, Oct. 10)

Instructor: Prof. Pinaki Mazumder Lecture 13: Cellular Nonlinear Network Nanoarchitectures (Oct 12)

Lecture 14: Quantum-Dot Based Logic and Local Computational Models (Oct 19)

Tuesday and Thursday @ 3:00 - 4:30 p.m.

Lectures 15 & 16: Molecular Electronics Circuits (Oct 24, Oct 26)

. . Lectures 17-21: Class Presentations (Oct. 31, Nov 2, Nov 7, Nov 9, Nov 14)
Lecture 1: Introduction to Nanoelectronics -
Lecture 22: Nano Tube/Nano Wire Based Digital Logic Design (Nov 16)

Lectures 23 & 24: Quantum Cellular Array Based Logic Circuits (Nov 21, Nov 28)

Lectures 25: Miscellaneous Topics like Photonics, Plasmonics, Quantum Computing, etc. (Nov 28)
Lectures 26-29: Project Presentations (Dec 1, Dec 5, Dec 7, Dec 12)

Fall 2006 Prof. P. Mazumder Fall 2006 Prof. P. Mazumder

Red Hening, May 2002

- REVOLUTIONARY FORCES

Basic advancements in science and technology come about
twice a century and lead to massive wealth creation.

How small is Nano? (A movie) BE oo i ot e

. 1853: 19130 1969 ¢ 2025 2031:

What is Nanotechnology? ‘
What is Nanoelectronics?

What are Emerging Devices? _—
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Industrial Revolution ! Information Revolution

Lecture #1

Introduction
of technology
y i Widespread
2025; % adoption
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Commonality: Railroad, auto, computer, nanotech B>
all are enabling technologies
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Power of 10

A sense of
nanoscale

The Interesting Length Scale

Bacteriophage Gold Particles
60-70 nm 13 nm & 50 nm
Magnified 400,000X Magnified 500,000X

Courtesy Mark Rattner

Rayleigh Light-Scattering of Nanocrystals:
Shape, Size, and Composition Matter

b

Ag Nanoprisms Au Sphere  Au Sphere Ag Sphere Ag Spheres Ag Spheres
~100 nm ~100 nm ~50 nm ~120 nm ~80 nm ~40 nm

* The scala bar is the same for all the images

Mirkin lab

Definition of Nanotechnology

"Working at the atomic, molecular, super-
molecular levels, in the length scale
approximately 1-10 nm range, in order to
understand and create materials, devices and
systems with fundamentally new properties
and functions because of their small
structure” --- Mike Roco, National
Nanotechnology Initiative (NNI).

However, Intel prefers the range from 1-100 nm so
that conventional CMOS devices (< 90 nm) are part
of Nanoelectronics Evolution.

Fall 2006 Prof. P. Mazumder
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Multiple Perspectives of
Roadmap for Nanoelectronics

+ Intel Perspective (shrinking driven)
- Nano-scale CMOS, Nanowire FET,
Carbon Nano Tube (CNT) FET

« Brick Wall Perspective = Post
CMOS Devices in post-shrinking era

+ Concurrent Advancements (ITRS
Roadmap)

- Evolutionary v. Revolutionary Devices

Fall 2006 Prof. P. Mazumder

CMOS Device Scaling Demonstration

W3 gaum Node Intel Device
Roadmap
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Yet another record:
Intel’s 15nm NMOS Transistor

Intel keeps startling the
Nano world by inventing
yet smaller CMOS FET's
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The Missing Plateau

What Will Fill the Plateau?
- Carbon HanaTubes

"+ Sell Assombly
* Single Moleculs | Electron Davices

QWD pucdag Joj sjeuale pue sadmag BujBiawy

Extracted from a talk by Dr. David Tennenhouse (V.P. for Research,
Intel Corporation) entitled “Three Challenges” at a joint CIA /DARPA
conference on The Global Computer Industry Beyond Moore's Law
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DARPA Si Nanoelectronics Research Vision

o 5y

“No known solutions™

Silicide,
Local
I interconnect

‘ Cost (uc/device) ‘
Delay x Power (fJ/device)

~ Feature Size
Production Yr. 1

150 130 90 60 40
2001 2003 2006 2009 2012

Change of Electronic Transport Mode
Prof. P. Mazumder

Which way to go?
INTEL Model

Conventional structure+new materials

Perfection of existing planar
Si0, based technology

Poly  TiSiZ Poly TISIZ Poly

New strocture+conventional materials

Will continue until (3 cost) /(& performance) > alternate technologies

RS P s |

Brick Wall Perspective

RTD
. Single Electronics
1/Size RTD
Vertical Gate
RTD
Structure
Molecular Switch
O 3)
+rofo+ +oToH+
Bulk SOl e Y

CMOS
=

Brick-wall
Model
i I 0
Today 2020 2040
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Source: Tl, Denny Buss, ICECS2001

Year of Production: 1999 2002 2005 2008 201 2014
DRAM Half-Pitch [nm]: 180
Owvarlay Accuracy [nm]: 65 5 5 25 20 15

MPU Gate Length [nm]: 140

CD Cantral [nm]: 14 ] 6 4 3 2

Tox lequivalent) [nm]: 1926 1648 1015 0812 0608 05086
Junetlon Depth [nm]: 42-70 5-4. 20-33 16-26 11-18 813
Metal Cladding [nm]: 17 13 1 0 0 0
Inter-Matal Dislectric K:  3.5-4.0 2.7-3.5 1.6-2.2 15 <15 <15

Approaching a “Red Brick Wall”

Challenges/Opportunities for Semiconductor R&D

"2001 ITRS roadmap
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CONCURRENT ADVANCEMENTS
Evolution of CMOS and

Revolutionary Devices B e S
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Concurrent Model of the Roadmap‘ Emerging Research Devices :

Emerging Technology Sequence
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Figure 38 Emerging Technology Sequence
ITRS

Fall 2006

FMMA

IBM researchers use a single
carbon nanotube bundle (blue)

to fashion a logic circuit on a
substrate patterned with three

gold electrodes (yellow). By
selectively removing part of

a protective polymer coat (PMMA),
the group is able to form the needed
p-type and n-type transistors within
the single nanotube bundle.
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Outer
pariers Quantum Cellular Array (QCA) Quantum Cellular Array (QCA)
o . .
% Each cell is occupled by two electrons. Quantum Dots can be configured into various types of logic blocks
% There are two gr‘ound-s‘ra‘re conﬁgum‘rions, Like the majority gate, full adder, memory, registers, etc.
corresponding to “polarizations” of +1 and -1. eclecleclecleclecleo
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Diagram by P. Wu
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Single electron memory SETMOS: A Novel True Hybrid SET- CMOS High Current Coulomb Blockade
Oscillation Cell for Future Nano-Scale Analog ICs
- . — ETH,TL. UCSB
Single electron transistor(SET) _
*Electron movements are controlled with single electron precision CMOS (high geed drivi

rolt: in)
*Coulomb blockade effect oltage gain)

+ SET (ultra low power consumption)
—_— =SETMOS (dense, low- pwer, analog circuits, e.g., NDR, NN, ADC)

Advantages: lugh density, low power
Challenges: low operating temperature ettt

Research needs: =

nanoelectromie devices, nonlithographic patterning —— Gate ko Source Valtage, Ves (V)

Molecular Electronics

Molecular Memory

# Using individual molecules as building block of memory cells

# Data are stored by applying external voltage that cause the
transition of the molecule into one of two possible phase states.
Reading data is performed by measuring resistance changes in
the molecular cell

# It is possible to combine molecular components with existing

“moletronics”
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EECS 498/598: Nanocircuits and Nanoarchitectures

Lecture 1: Introduction to Nanotelectronic Devices (Sept. 5)

Lectures 2: ITRS Nanoelectronics Road Map (Sept 7)
Lecture 3: Nanodevices; Guest Lecture by Prof. Lu (Sept. 12)

Lecture 4: Overview of Photonics Device; Guest Lecture by Prof. Ku (Sept. 14)

Lectures 5: Quantum Device Modeling for Nano-CAD (Sept 19)

Lectures 6-8: RTD-Based Digital Circuit Design (Sept 21, 26, 28)

Lectures 9-12: Class Presentations (ITRS) (Sept. 30, Oct. 3, Oct. 5, Oct. 10)
Lecture 13: Cellular Nonlinear Network Nanoarchitectures (Oct 12)

Lecture 14: Quantum-Dot Based Logic and Local Computational Models (Oct 19)
Lectures 15 & 16: Molecular Electronics Circuits (Oct 24, Oct 26)

Lectures 17-21: Class Presentations (Oct. 31, Nov 2, Nov 7, Nov 9, Nov 14)
Lecture 22: Nano Tube/Nano Wire Based Digital Logic Design (Nov 16)
Lectures 23 & 24: Quantum Cellular Array Based Logic Circuits (Nov 21, Nov 28)

Lectures 25: Miscellaneous Topics like Photonics, Plasmonics, Quantum Computing, etc. (Nov 28)
Lectures 26-29: Project Presentations (Dec 1, Dec 5, Dec 7, Dec 12)

Fall 2006 Prof. P. Mazumder

Evaluation Criteria:

1. In-class presentation (2)
2. Written assignment related to presentation
3. Final project = To be discussed

Final Report

Presentation

Grading: Average grade: A- (undergrad)
Average grade: A 2> A- (grad)

Points Allocation: Two presentations (30%)
Two assignments (20%)
Final Project (50%)

(distribution is subject to change)

Fall 2006 Prof. P. Mazumder

END OF LECTURE 1

Fall 2006 Prof. P. Mazumder

EECS 498/598: Nanocircuits and
Nanoarchitectures

Instructor: Prof. Pinaki Mazumder
Tuesday and Thursday @ 3:00 - 4:30 p.m.

Lecture 2: ITRS Roadmap & Nano Devices

Fall 2006 Prof. P. Mazumder




Nanotechnology Industry Segmentation

Information
Technology
20%

Hybrid Materials
34%

Semiconductor
17%

Nano MEMS
11%

Medical/Healthcare
8%

Nanatechnology Magazine hnp-/nanoing com
U ey NANOLEC - Thw, comm
Kevin G. Coleman - Senior Fellow & Strategic Manapement Consultant  hupsiiveww.technolyiics.com

Technolytics, McMurmay, PA 15317 USA

Contuct: kgeolemani@iechnolytics.com

ITRS ROADMAP FOR
EMERGINE MODELS
& TECHNOLOGIES

* MEMORY ARRAYS
* LOGIC CIRCUITS
* ARCHITECTURES

RISK & PAYOFF;
CHALLENGES & OPPORTUNITIES
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Table 620 Emerging Research Memort Devices—Expe

Research Logre Devices—Expe
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= e = <30 =% (PC*RC)
Table 64 Emerging Research Architecture Implementations <40 Table 66 Tech P}f d Risk Eval f
T able 66 Technology Performance and Risk Evalvation for
<50 R .
w—-—-g 550 Enmerging Research Memory Device Technologies (Potential/Risk)
e [T
Memary Device ] | Subiliyard | CMOS | Operaie | Ewergy | Semsithin
Techmologies hm;/:;“" “;:;cfgzg“[';]* reliability compaiible temp | efficiency | Aparameter) &a}g’[@
e ———— PowiaRst) | ’ O | o me| m |
Diphevtaions f— ‘
FoatigBody 1 933 3080 2027 | 3080 | 3080 | 2080 | 2929 | 2827
DRAYS
S « Fawtmmpe s Relable compunny | » Goal-dniven v Specul Phase Change
ksl s “‘__‘"B‘w:k m.::zww i Varary 26129 22130 2322 22130 | 30030 | 18027 2121 2722
« Aocistive Arvices fwehas s .
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- Seiehable " Sag s POV 103 1903 M0 2419 133 2412 130
devices —
o Poosomses Performance Criterion (PC): 3 > better, 2 > comparable, 1 > worse than CMOS
Risk Criterion (RC): 3 - Low Risk, 2 > Moderate Risk, 1 - High Risk

$30=2(Pc'RA) Evaluation Criteria for

:5400 Table 87 Technology Performance and Risk Evaluation for
>50 Emerging Research Logic Device Technologies (Potential Risk) an Emergent Tenhnulugy
[T " Stabiliry ) .
iug-,u Dyewm f— el /a/rrbu[rs i CM(?%I Operste | Erorgy ?m iy g, dabily Scalability
‘gmngﬁ_ [ e a,f ¢ reliabilif rav%vuxz* ¢ g“ﬁ’* qﬁc_;na 4 mﬂwm’ [H] CMOS Architecture : perf
{PotentialRisi) L} o [ [E] [F & Compatibility erformance
1D Structures 23022 2208 1912 2324 | 2929 | 26121 2621 2316 [~I0S Architectural Comp Perfomrance
RSFQ Devices 2730 19127 2228 1622 | 1127 | 1623 19128 1021
Resonant
Tunelng 2620 | 222 | 204 | 2322 | 2224 | 241 | A4t4 | 2020 CMOS Compatibility
Device "L Energy Efficiency

Molecular
Devices

Spin Transistor

FosmTenp.ope T

0CA Devices Room Temperatt
Operation

Performance Criteria: 3 - superior to, 2 - comparable with, 1 - inferior to CMOS Operational Reliability
Risk Criteria: 3 > Low Risk, 2 > Moderate Risk, 1 - High Risk
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Evaluation Criteria for
an Emergent Technology

o B i

"\, CMOS Architecture
_Compatibility

Scalability
T

3 Performance

Spin FET
CMOS C tibilit;
orrllpa ibili y.|r RTD

v, v

Molecular

/, Energy Efficiency

Room Temperatu

Table 5 Examples of proposed “future” devices and their salient attributes.

Device Possible
applications

Advantages Disadvantages

Remarks

Small size

Single-clectron  Logic 1.
2. Low power

transistors element
(SET)

Sensitive to background charge
instability.

High resistance and low drive current.
. Cannot drive large capacitive (wiring)
Ioads.

Requires geometries <10 nm for
room-temperature operation.

=

.

Quantum dot ~ Logic Small size 1. Multiple levels of interconnection
(quantum element across long distance difficult.
cellular 2. Room-temperature operation difficult.
automata) 3. New computation algorithms required.
4. Method of setting the initial state of

the system not available.
. Single defect in line of dots will stop

Use of Coulomb blockade in|
nanocrystal “floating-gate”-
type nonvolatile memory
demonstrated. May improve
retention time.

Devices demonstrated at
low temperatures. QCA
architectures extensively
investigated.

Operation Operational Reliability propagation.
Two-terminal 1. Logic 1 Smallsize 1. No inherent device gain. Sixteen-bit cross-point
Resonant 1. Logic 1. Small size 1. Tunneling process sensitive to small — Small- to medium-scale molecular element 2. Scaling to large memory size maybe ~ memory demonstrated.
tunneling element film thickness (tunneling distance) circuits demonstrated. M devices 2. Memory difficult without gain,
diode 2. Dynamic variation, leading to process control demonstrations on [11-V| 3. Placement of molecules in a circuit
(RTD) memory difficulties. compound semiconductof difficult and not yel demonstrated.
2. Requires flc bias, large standby power 4. Temperature stability of organic
consumption. molecules may be problematic.
3. Multivalue logic sensitive to noise
margin
4. Speed of RTD circuits likely to be Carbon Logic 1. Ballistic 1. Placement of nanotubes in a circuit ~ Device scaling properties
determined by the conventional nanotube clement transport difficult and not yet demonstrated. not yet explored. Inverter
devices required in the circuit. FET (high 2. Control of electrical properties of circuit demonstrated.
speed) carbon nanotube (size, chirality)
) ) ) o ) 2. Small size difficult and not yet achieved.
Rapid Logic Very high 1. Requires liquid helium temperature. — Very-high-speed (THz)
single-flux — element speed possible 2. Lacks a high-density random-aceess  circuits demonstrated,
quantum memory.
(RSFQ) 3. Requires tight process tolerance. DNA Logic 1. High 1. Imperfect yield.
device computing ~~ element parallelism 2. General-purpose computing not
ran zuuo rror. r. mazumaer possible.

11
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Table 63 Estimated Parmmeters for Emerging Research Devices and Technologies in the vear 2016
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GaAs’A\GaAs surface using elsztron beam lithography and Iife off.
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the tunnsl ba
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Defect tolerant architecture
= All-memory architecture

= Defect tolerant

. Potentially self—repairing and reconﬁgurable

-300 ?El_n(ﬁ' ::"h

Elﬁ

+ Success factor: Post manufacturing
testing/mapping processing. Test Challenge

State 1

M. Lisberman
Two-dot cell Inorg. In press

Fall 2006 Prot. P. Mazumder

Silicon Nanoelectronics — Nano-CMOS

T 107
T 108

Silicon Story
(nm)
10000 10t
DRAM
1.4 Times/Year T 10
1TB + 108
1000 1 800 o
s 64GB (2023) _—~ 02 3
g 11 G
.................... 410 =
2 Neuron Number 9
100 H in Brain T 1010
g : 50 45 g
H g o
© I 25 18 w 3
~~._t108 2%
10 Increasing Technology difficulty ~<. -
i o
o
=
o

1 + + + + + + + + + + + +
1989 1990 1993 1996 1989 2002 2005 2008 2011 2014 2017 2020 2023 2026
Fall 2006 Profyéanuzumder

10°

Source: IEEE C&D Mag. 2001

Digital VLSI System Drives CMOS Scaling

XB6 Microprocessors

(source: Infel Corp.)

|
i
i
i
T

2001 International Technology
Roadmap of Semiconductor
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Silicon Nanoelectronics — Nano-CMOS What does a Beyond CMOS technology
o R | have to do to reglace CMOS?
CPU with Multimedia Capability
= >> 10° devices [ Hommnson
Number of transistors ¢“T << 10 nm feature size fasasn
on a chip in thousands ““loo-billion << 1 psec gate delay e
=\ ’s | dicti transistors 0a 808
° Procesos?nrresS A precietion ‘O * < $4B fab 0400
"‘ 1-billion ~ 10 year reliability Lame
. transistors Feature Size Projections
Pentium
Il Xeon -
Pentium Il
Pentium I
_—Pentium Pro
Pentium
| 1
Nanoelectronics and Gigascale Systems Lab. Courtesy: P. Wu o
Nanoarchitectures Emerging Technologies
sl Energy [J/op]
-12.0
-13.8
::' -15.6
1L Yo o E i
T In| B
AARAARARAS §

Nanocell Quantum Computing

m
a
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Figure 42 Pavametevization of Emerging Technologies and CMOS—
Speed, Size, Cost, and Switching Energy
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Factor I Individual Performance Potential for each Technology Evaluation Criterion

Substantally exceeds CMOS

* aris compatible with CMOS archatecnse

= ar o memohitiscally margable wath CMOS wafer techmology
**%or is compatible with CMOS operaing temperanure

Cougarable 1o CMOS

. * or can be integrated with CMOS archisectuce with sonse difficulty
= aras functicnally mtegeable (eanly) watk M
**tor sequints & aodet costing teckmalogy, T~
Substantally (2+) méener te CMOS

* or can not be integrated with CMOS architecrare

** aris ot integrable with CMOS wafer sechnokogy
**%or requises very aggressive cooling technology. T < 4K

5 wales techuology

Factor 2 Individial Risk Assessment for eacl Technology Evalvarion Criterion
Sclutions 10 a:conplish mest of the Techmology Evalustion Criteria for
thse Techaology Extry are knows sesultang s kweat sk

Concepns to aceougplish most of the Technology Evahuatioe Critens have
been proposed for the Techalogy Eatry and are judged to be of moderate

u

mk
Mo sobutions or bave been proposed L of the
1 Trchnelogy Evabastson Crteria fox the Technelagy Entry and are mdged

10 be of lughest sk

Fall 2006 Prof. P. Mazumder

Overall Performance and Risk Assessment (OPRA) = Sum [(Performance Potential) x (Risk Assessment)]
(Summed over the eight Evaluation Criteria for each Technology Entry)

Maximum Qverall Performance and Risk Assessment (OPRA) =72

Minimum Overadl Performance and Risk Assessment (OPRA) = §

Overall Performance and Risk Assessment for Technology Entries

Potential for the Technology Entry is projected to be significantly better than silicon
CMOS (compared using the Technology Evaluation Criteria) and solutions to
accomplish the most of the Technology Evaluation Criteria are known resulting in
lowest risk (OPRA = 50)

Potential for the Technology Entry is projected to be comparable to or slightly less
than silicon CMOS (compared using the Technology Evaluation Criteria) and conceprs | Potential/Risk
to accomplish most of the Technology Evaluation Criteria have been proposed and are
Jjudged to be of moderate risk (OPRA = 40-49)

Potential for the Technalogy Eniry is projected o be comparable fo or less than silicon
CMOS (compared using the Technology Evaluation Criteria) and concepis to
acconplish a few of the Technology Evaluation Criteria have been proposed and are
judged to be of higher risk (OPRA = 30 30)

Potential for the Technology Entry is projected to be significantly less than silicon
CMOS (compared using the Technology Evaluation Criteria) and no solutions or
concepts have been proposed accomplish most of the Teclnology Evaluation Criteria
and are judged fo be of highest risk (OPRA < 30)

Potential/Risk

Potential/Risk

Potential/Risk

Helevance Criterna Notes for Lables 00 and 0/:

[4] Ferformance—Future performance metrics will bevery similar to current performance menics. They are cost, size, speed and energy dissipanon.
[B] Architectural compatibilin—This criterion is mofivated by the same set of concems that motivate the C}OS compatibility, namely the ability to
utilize the existing CMOS infrastructure. that curvently exists. The arciitectural compatibly is defined m terms of the logic system and data
representation used by the altemative technology. CMOS utilizes Boolean logic and a binary dota representation and ideclly, the alternative
technology would need to do so as well.

[C] Stability and reliabiliy—As devices appreach the atomic scale, structural compositional stability to thermal fiuctuations becomes a significant
Any realictic alternative device must show structural stability at rom temperatre for ot least 7 years.

[D] CMOS compatibility—The semiconductor industry has been based for the last 40 years on incremental scaling of device dimensiors to achieve
performance gams. The principle economic benefit of such an approach is it allows the industry to fully apply previous technology investments fo future
products. Any altemative technology will need to utilize the tremendous investment in infiastructure fo the highest degree possible.

[E] Room temperatire oparation—Room temperature aperation is desirable because advanced cooling systems can add subsiantially to the cost,

[F] Energy efficiency—Energy efficiency appears likely to be the limiting factor of any past CMOS device using electric charge or electric current as a
state variable. It also appears likely that it will be dominant criterion in determining the ultimate applicability of alternate state variable devices.

[G] Sensitivity to paramentc variation—As devices approcch the atomic scale, they become very sensitive to mamyfacturing and environmental
variations. Thus perametric sensitivity s an fmportant criterion for evaluation of alternative technologies. The goal should be a device that is affected
but not dominated by parametric variations.

[H] Scalabilit—In order to derive the economiz benefit of incrementalism, any altarnative technology should be scalcble through multiple generations.
It will be desirable to make incremental modifications fo the alternative technology and achieve integer multiples of performance. In other words, it
should be possible fo articulate a Moore's law for the proposed fechnology.

concern.
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Evaluation Criteria for
an Emergent Technology
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Evaluation Criteria for
an Emergent Technology

s < Scalability
CMOS Architecture 4 ’
Compatibility

Performance

A

B Spin FET = . Molecular

CMOS Compatibility
- L

‘/, Energy Efficiency

CNT )

Room Temperatu

- Operation Operational Reliability e’ SET o

Monochromatic Image Processor

"
1R,

(Zm , Zr,| ) —=Z-transform of a QD pair =

2[1 - cos (2af,, )]+ 2[1 - cos (2#f, )]+

Connecting Resistance Defines the
Mutual Voltage between a pair of QD's

NRemosealeidNonlinear Circuit Theory

Edge Detection by QDA
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Image Processor is being fabricated and tested under a NIRT project

Logic

130nm

&5 B 8
I3 5 3
s 3 3

8
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3

Baseline CMOS: CPU, Memory,

< More Moore: Miniaturization I
|

Fall 2006

I More than Moore: Diversification

toaeomD e D gt W) i

Interacting with people
and environment

Mon-digital content
System-in-package

Information
Processing

Digital content
System-on-chip
(SaC)

Beyond CMOS
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Optical Optical Spin CMOS/
BIiCMOS

Optical
modulators

RTDs
functional
devices

o) F““_“' Molecular
©  optic electronics
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