
1

Beyond CMOS
& Emerging Research Materials

IRDS Panel, IEDM 2020

December 8, 2020
Presented by Matthew Marinella, Sandia National Labs ItireRNAT:011. ROADMI, .03 DEACE SYSTem,

Sandia National Laboratories is a multimission laboratory managed and operated by National Technology & Engineering Solutions of Sandia, LLC, a wholly
owned subsidiary of Honeywell International inc., for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-NA0003525

SAND2020-4457C

This paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed
in the paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government.



A
p
p
r
o
x
i
m
a
t
e
 E
n
e
r
g
y
 P
e
r
 U
se

fu
l 
C
o
m
p
u
t
a
t
i
o
n
 

100 J

100 pJ

10 pJ

1 pJ

100 nJ

10 nJ

1 nJ

100 pJ

10 pJ

1 pJ

100 fJ

10 fJ

1 fJ

100 aJ

A
171.-4:1Fr

ENIACL-I

IBM PC

00

•Pentium III -
PC

i486DX PC• ,  

Sony PS3
•1111111

Today's Best Systems

CMOS Limits

Dennard
Scaling

Nvidia P100
•

• 
Google TPU

 I I I
19461 I 1980

New devices,
materials, and
architectures

I I  
1990 2000 2010 NOW 2025 2035 

>
Year

Architecture
Innovation

0 
Pessimistic44.

Ai&



Objective of the Beyond CMOS (BC) Chapter

Novel com uting paradigms and application
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Emerging Memory Devices
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Logic and Information Processing Devices
State variable
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Emerging Device-Architecture Interaction Section

1. Introduction

2. Analog Computing
2.1. Crossbar-Based Computing Architectures

2.2. Neural-Inspired Computing

2.3. Computing with Dynamical Systems

2.4. Analog Memory & Compute Devices

3. Probabilistic Circuits
3.1. Device Technologies for Random Bit Generation

3.2 Probabilistic (p)-bit Logic

4. Reversible Computing

5. Device-Architecture Interaction: Conclusions/
Recommendations

Categorization of
conventional vs.
alternative computing
paradigms
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2019 BC Chapter Structure
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Emerging device
and architecture

interface

• Memory devices • CMOS extension • Map emerging
• Selector devices • Beyond-CMOS architecture to
• Storage class charge-based suitable devices
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Assessment
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ERM Team Members (Partial)
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ERM Section Structure
Near and long-term ERM challenges aligned with More Moore and Beyond CMOS

Detailed ERM write-ups and tables are being prepared for:

More Moore

Logic (Structure (finFET, LGAA, VGAA), channel material (Si, SiGe, Ge, lll-V), Doping, Contacts, Gate

Stack)

Memory (DRAM, NVM)

Beyond CMOS

Emerging logic and information processing (2D materials, CNTs, spin, Mott, negative capacitance,

nanomagnetic, excitonic, photonic, NEMS, topological materials)

Emerging memory and select (ReRAM, magnetic, ferroelectric, Mott)

Lithography and patterning

Packaging and heterogeneous integration

Outside system connectivity

Emerging and/or disruptive concepts and technologies
Mobile, loT, Sensors, Brain-Machine Interfaces, Energy, Medical

Modeling and simulation

Summary of links to ESH and metrology

Advanced technologies
• Beyond CMOS
• MOce Moore
• More than Moore
• Interconnect
• Packaging
• Litho., Patt rning & Processing
• Outside syst connectivity
• ESH

Emerging Materials integration

Existing technologies



Novel Device Characteristics and Functionalities

Unique device characteristics New functionalities and applications

Ultra-low operating voltage

Built-in memory in logic switches

Tunable analog characteristics

Native complex function (e.g.,
majority gate)

Programmable randomness

Oscillatory (energy-conserving)
characteristics

12

Low-voltage circuit/architecture design

In-memory computing, logic-in-memory, ...

Analog and neuromorphic computing

Efficient logic designs

Probabilistic logic, hardware security, ...

Neuromorphic and energy-conserving
architectures CC



BC Device-Architecture Interaction Workshop
Saturday, March 30th, 2019, Monterey, CA

Start Time Topic Speaker

9:00 AM

9:30 AM

10:00 AM

Welcome & Overview

Bio inspired Svstems

Giacomo lndiveri (ETH Zurich)

Sayeef Salahuddin (UC Berkeley)

Neuromorphic Processing Architectures with In-Memory

Computing

Hyperdimensional Computing 1
10:30 AM Break

10:45 AM Surrogate Gradient Descent Learning and Three Factor Rules Emre Neftci (UC Irvine)

11:15 AM Group discussion - Bio Inspired Systems Giacomo lndiveri, Emre Neftci,

Sayeef Sa la h udd in

11:45 PM Lunch

Ar21gg & Photonic Systems

1:00 PM Photonic Interconnects David Miller (Stanford)

1:30 PM Neuromorphic Silicon Photonics
OS C

Bhavin Shastri (Queen's University ) &

Paul Prucnal (Princeton University)

2:00 PM Rapid Combinatorial Optimization Using Analog Circuits Patrick Xiao & Eli Yablonovitch

(UC Berkeley)

2:30 PM Break

2:45 PM Group Discussion —Analog & Photonic Systems David Miller, Eli Yablonovitch,

Patrick Xiao, Bhavin Shastri

and Paul Prucnal

N 13

Cryogenic & Reversible Systems

3.15 PM Valleytronic Reversible Logic Gate

3:45 PM I Exponentially Adiabatic Switching in Quantum Dot Systems I

4:15 PM Break

4:30 PM Energy Efficiency in a SET-Based Brownian Circuits:

Theory and Simulations

5:00 PM Single Flux Quantum based Neuromorphic Computing

5:30 PM Group discussion - Cryogenic & Reversible Systems

6:00 PM End

Yee Sin Ang (Singapore University of

Technology and Design)

Craig Lent (University of Notre Dame)

Ilke Ercan (Bogazigi University)

Michael Schneider (NIST)

Yee Sin Ang, Craig Lent,

Michael Schneider, Ilke Ercan
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Emerging Research Materials

More

Moore

Application
Benchmarking

(Disruptive/Convergent)

,,,..,----•-
••.....

e •

Beyond

CMOS

Lithography

& Patterning

I
I
I

ERM 1
I
I

• 
JIM/•,_

Metrology

...

ESH

Outside

System

Connectivity

Packaging

&

Integration

 ,



Difficult Challenges Near Term
Devices to extend CMOS scaling, utilizing new channel materials and device structures

Electrical devices based on novel mechanisms with performance and/or power efficiency
beyond CMOS FET

Novel high-performance memory suitable for embedded applications and denser than
SRAM/DRAM

Novel memory devices (including selectors) more scalable than Flash memory for storage
applications

Devices suitable for monolithic and heterogeneous integration

Materials and processes:

that achieve performance and power scaling of lateral fin- and nanowire FETs (Si, SiGe, Ge, lll-V).

that improve copper interconnect resistance and reliability

for continued scaling of DRAM/SRAM and embedded NVM

that extend lithography to sub-10 nm dimensions with reproducible properties

for heterogeneous integration of multi-chip, multi-function packages



Difficult Challenges Long Term
Devices based on novel state variables and switching mechanisms to achieve functionalities
and performance beyond the capability of CMOS FET

Devices with native behaviors for the implementation of novel computing paradigms, including
neural network, analog computing, in-memory computing, photonic computing, etc.

Devices with novel functionalities and applications, e.g., security, energy conservation/
harvesting, etc.

Devices to enable efficient implementation of unconv. and nonclassical computing solutions

Novel device benchmark and device-architecture co-optimization

Materials and processes:

that achieve 3D monolithic and vertical integration of high mobility and steep subthreshold transistors

for charge-based and non-charge-based beyond CMOS logic that replaces or extends CMOS

that replace copper interconnects with improved reliability and electromagnetic performance at the nanoscale

for emerging memory and select devices to replace DRAM/NVM

that enable monolithically 3D integrated complex functionality including thermal
and yield challenges



Summary

Significant updates to BC chapter coming for 2019:

Updates to emerging memory and logic devices

More focus on novel computing paradigms and related device
requirements

Integrating Emerging Research Materials into the BC chapter


