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Ecole Polytechnique Fédérale de Lausanne

EPFL = a nice place to live and work, near Lehman lake

~10,000 students, ~6,000 staff, ~¥350 professors and labs, annual budget ~1BCHF

Engineering

QS World University Rankings by
Subject 2023: Electrical and Electronic
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* Moore’s law and the quest for energy efficiency

* Why bioinspired spiking neuromorphic hardware @ the Edge?
* A ferroelectric junctionless synapse

* Ferroelectric 2D FETs, NCFETs, Tunnel FETs and NC Tunnel FETs

* Memristive phase change / Mretal-Insulator-Transition materials and
devices

* Conclusion
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In memoriam

Moore’s law
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Moore’s Law: The number of transistors on microchips doubles every two years [SURWIE

Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years. in Data
This advancement is important for other aspects of technological progress in computing - such as processing speed or the price of computers.
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- Leakage power: incompressible subthreshold swing of MOSFET: 60mV/dec @ RT
- Vdd scaling saturated @ ~0.7-0.8V => scaling V4, and V; through steep slope switches

3

o I —
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lonescu & Riel, Nature, 2011.
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* Hyper-scaling — approach

Track height reduction
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Salahuddin, S., Ni, K. & Datta, S. The era of hyper-scaling in electronics. Nat
Electron 1, 442-450 (2018). https://doi.org/10.1038/s41928-018-0117-x
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Global Data Creation is About to Explode Global Data: loT Sensors

Actual and forecast amount of data created worldwide 2010-2035 (in zettabytes) : :
w
2,142 L ¢

Zettabytes

E ol | \\\\\\\\\\\\\
1 zettabyte is equal to | w | W Total bataAcquisition by Sensors
1 billion terabytes W Total Human Data Consumption
Year
+ 1 trillion loT devices by 2035
with annual growth >20% (© ARM)
175 -~

Two major issues:
* Energy efficiency
statista % * Data proliferation

2018 2020 2025 2030 2035

@statistaCharts Source: Statista Digital Economy Compass 2019
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Industrial loT node size and power consumption: mm?3 to cm? with 100’s uW to 10’s mW.

Function
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Silicon = only solution for all loT Node Devices? :F
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* bio-inspiration needed
* no digital, no ADC - time-domain spikes
* no sensed bits transmitted =2 event/tasks

Number of detection events during the day
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The honeybee

Are Bigger Brains Better?
The brain of a honey bee has 960 000 neurons and is 1 mm?3in size.

: Porooise _Blue Whalg Condee @ Ocellus
S—-— . ,?Man Elephant, ™\ pounc =2
Australopithicing | ™~ "
Baboon-:\. W
100 = ®Gorilla
Crow. Qpossum ~_ 'Lion
. -
R Vampire Bat Hat\: . s Alligator %
=] 14 Hummingbird = a ™ Coelacanth
ﬁ - .\‘Muie ™ Eel =
Goldfish
E  0.01 Honeybee
E ™~
@ y 2
0 g4 ™ Locust
1E-6 - Antenna
L}
1 ™Desert Ant
1E-8 . - - T T T T T T T 1
1E-6 1E-4 0.01 1 100 10000
Body mass (kg)
Current Biology

Lars Chittka and Jeremy Niven, Current biology, 2009.

Neural network analyses show that cognitive features found in insects, such as numerosity,
attention and categorisation-like processes, may require only very limited neuron numbers.
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Idea: a new type of revolutionary bio-inspired loT node = SWIMS © (Fettwelis,

Flandre & lonescu, 2019).
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! end-to-end analog spiking
Spike-Based Sensing and Communication for
Highly Energy-Efficient Sensor Edge Nodes

Florian Roth*, Noémie Bidoul}, Teodor Roscaf, Meik Dorpinghaus™,
Denis Flandre*, Adrian M. Ionescu’, and Gerhard Fettweis*

2022 IEEE International Sympasiumon JeintCommunications & Sensing, 2022.
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neurons, perhaps a billion of each type. Synapse
» Different electrical properties I /) Neuron
* Different neurons respond to transmission in '

| I” ”, :-‘ spike
different ways 0@\9 X%-NJM—) —%““

* Signaling of healthy and sick neurons can be \\\\:‘._
differentiable.

(1 All-spike information processing @ ~110mV R
3 1.8 x 104 spikes/Joule @ 36-37°C
O Neuron footprint: few to tens of um? Need: neuron, synapse, astrocyte, ...

ynapse
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24\
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The Leaky Integrate-and-Fire (LIF) Neuron Mode

A B Stimulus strength
dendrites
input
(input) . . N
soma Impulse discharge
(processing)
Il
tput
(output) >

FIGURE 1 | Response to a stimulation principle: (A) Schematic of a single neuron, which can be divided into three functional parts: Dendrites, collect
signals from other neurons; cell body (soma), the central processing unit of a neuron; axon, neuronal output stage. (B) Relationship between firing rate of
a neuron and the strength of input stimulation reflecting the response to a stimulation principle as proposed by E. D. Adrian in 1926 (Adrian, 1926, 1928; Maass and
Bishop, 2001).
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Memristive LIF (MLIF)
Spiking Neuron Model
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Challenges,” Front. Neurosci., 2020.

Indiveri et al., Joubert et al., 2012 Tuma et al., Sengupta Jerry et al., S. Dutta et al,,
2006 2016 et al., 2016 2017 2020,
Neuron type LIF Analog LIF Digital LIF LIF LIF Fiecewise linear LIF
FHN
Material CMOS CMOS CMOS Phase change Magnetic tunnel Vanadium Ferroelectnc
(PCM) junction (MTJ) dioxide (VO5) HZO
Technology 800 nm 65 nm 65 nm 14 nm - - 45 nm
Integration Capacitor Capacitor - Joule heating Magnetization Capacitor Polarization
mechanism charging charging dynamics charging accumulative
Circuit 22 Transistor + 33 Transistor + Pulse One PCM + Two MTJs + One VO2 + one One FeFET +
elements one capacitor one capacitor generator, digital circuit four transistors transistor 4 six transistors
counter, and one capacitor
comparator
Stochasticity Yes Mo No Yes Yes Yes Yes
Power or 900 pJ 2pd 1.3 pd 120 pW - 11.9 W 1-10pJ
energy/spike
Firing rate 200 Hz 2 MHz 2 MHz 3540 kHz - 30 kHz 50 kHz
Area 2573 pm? 120 pm? 538 pm? 0.5-1 pm? - - 2.05 pm?
S. Dutta et al.,, “Supervised Learning in All FeFET Based Spiking Neural Network: Opportunities and
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Si patterning

C. Gastaldi et al., IEEE Electron

Nanotech, 2010.

50'nm
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High-k ferroelectrics and 2D materials will from a platform for the co-integration of
energy efficient electronics and neuromorphic systems!

* Challenge: co-integration without performance loss + enlarge the design space!
» 2D material system: WSe2/SnSe2, ferroelectric: Si-HfO2 or HZO

; o Drain e §

.(E ‘ 60 mV/dec |—- Gate -—‘ E ‘ 60 mV/dec

i Gate Voltage Source i Gate Voltage f"‘(

. Ny . ' 4 WSe2
._|q . - 20/2D TFET 'I;"_. 7 A
7 = ! L B Sourcel -
."[]q 2D FeFET 4 ‘I g k.. 2D FeTFET 'L‘"]_.
Gate Voltage Weight (wn) gating W
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TiN sputtering #» Si:HfO2 ALD #» Top TiN sputtering » W sputtering

& RTA
icrfpd ‘ SnSe
Cr/Pd evaporatlon WSe2 & SnSe2 HO2ALD < Patterning MFM

& lift-off

transfer capacitor
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Drain Current (A)

-Ferroelectric 2D devices
Von Neumann Logic switches

~

Ferroelectric 2D devices
Neuromorphic Synapses

STEM 80 kV 917 kx
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2D/2D TFET

S. Kamaei et al., ESSDERC 2022.

*  Deterministic transfer irrespective of lattice mismatch
* Type lll, broken-gap band alignment imm%%#%n&%# yery good for tunnel FETs
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High-k ferroelectrics and 2D materials will from a platform for the co-integration of
energy efficient electronics and neuromorphic systems!

* Challenge: co-integration without performance loss + enlarge the design space!
» 2D material system: WSe2/SnSe2, ferroelectric: Si-HfO2 or HZO

; o Drain e §

.(E ‘ 60 mV/dec |—- Gate -—‘ E ‘ 60 mV/dec

i Gate Voltage Source i Gate Voltage f"‘(

. Ny . ' 4 WSe2
._|q . . I 20/2D TFET 'I;"_. 7 A
_ 7 - ! ' ' Sourcel
.'[]q 2D FeFET <...-~., g “ P 2D FeTFET '?[I_.
Gate Voltage Weight (wn) gating W
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EPFL Tunnel FET
performance:

* SS_.. of 16 mV/dec
* SS,, of 54.5 mV/dec

at VD =300 mV over
almost 3 decades of drain
current

* lon/loff ~ 10°
* Hysteresis ~100mV
* >90% vyield

* Variability under study
#essentia ly dictated by
lake thickness)
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S= Ny = Ny _0ys =1+ G, )k—TInlozmxn
o(logl,) oy d(logly) s G
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| NC-TFET MOSFET
Y TFET
£
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ferroelectric capacitor

Tunnel FET +
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SOUICE m—

p++

channel n+

A. Saeidi et al., "Negative Capacitance as
Performance Booster for Tunnel FETs and
MOSFETs: An Experimental Study," IEEE Electron
Device Letters, 2017.
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* Sub-60mV/dec region = 4 decades
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S. Kamaei & A.M. lonescu, under review (unpublished data 2023).
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Spike-timing-dependent plasticity (STDP) characterization corresponds to adjusting the strength of

connections between neurons (mimiking real biological processes).

FeFET synapse concept (NAMLAB) Our 2D synapse characterization
g a) Posf-Spike 4 VT b) Or—— || 1 C) 100 F—— T 1
. JI/_ ~ 60 FeTFET | 1 8o} FeFET o .
N V =05V @ V=05V |
Channel 40F v _-05v | . 0F \loav | |
9 @ o 40 : i
HfO2 27 | o, 1 ol 9 ]
* T S0z T R S s - T SR +-20000000]
S A -20 °o i 7 _20_°°°0° E -
o o % .
. - ) 401 o° At = tpost-tpre | -40F Ooo:At=1post-1pre'
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and S. Slesazeck, Nat. Electron., 2020,

* To emulate STDP learning curves in Fe memtransistors, we apply pre- and post-spikes in the form of voltage pulses
with a predefined time difference (At =t -t ) to TiN bottom electrode and drain/source electrode, respectively.
* The synaptic weight (Aw) (= change in channel conductivity) alters based on the timing interval between pulses.
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* novel technological co-integration of 2D material
systems and ferroelectric gate stacks, enabling
both von Neumann steep slope switches (below
0.3V) and neuromorphic electronic functions

* Multi-modal energy efficient operation: four
classes of devices on same chip) co-integrated
and demonstrated on the same substrate within
a single 2D material system, WSe2/SnSe2, and a
single type of gate stack (doped high-k
ferroelectric).
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* Combined Mott-Peierls stochastic IMT/MIT phase transitions in correlated
oxides like vanadium dioxide (VO,) can be exploited to build memristive sensors.

Temperature induced MIT-IMT Electrically induced MIT-IMT
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Many emerging IMT/MIT materia
choices for the future for brain-
inspired logic circuits.
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J. L. Andrews, et al., Building brain-inspired logic

circuits from dynamically switchable transition-metal

oxides. Trends Chem. 1, 711 (2019)

In the earth’s crust vanadium is a rather abundant element.

It shows a concentration of just under 100 ppm.

I]‘wl\ll[\

Contents lists available at ScienceDirect

Waste Management

journal homepage: www.elsevier.com/locate/wasman

Vanadium sustainability in the context of innovative recycling and )

sourcing development S

M. Petranikova®*, A.H. Tkaczyk ", A. Bartl“, A. Amato®, V. Lapkovskis ®, C. Tunsu®

*Chalmers University of Technology, Department of Chemisiry and Chemical Engineering. Kemivdgen 4, 421 96 Gothenburg, Sweden

" University of Tarty, Institute of Technology, Ravila Street 14a, 50411 Tarty, Estonia

STU Wien, Institute of Chernical Engineering, Getreidernarkt 9166, 1060 Vienna, Austria

4 polytechnic University of Marche, Department of Life and Environmental Scences-DiSVA, Vig Brecoe Bianche, 60131 Ancona, ltaly

® Riga Technical University, Scientific Laboratory of Powder Materials & Institute of Aeronautics, 68 Kipsalas Str, Lab 110, LV-1048 Riga, Latvia

Table 1
supply risk of selected critical elements and their concentration in the upper continental crust, Earth’s crust, and seawater.
Element Supply risk* Upper continentECal crust” Earth's crust [ppm]~ Seawater
I-1 [ppm] g res’]

In 24 006 025 LA 1]
Bi 38 016 0009 60
Ta 10 09 25 <250
Ge 189 1.4 L4 5.00
w 1.8 19 L3 10
Be 24 2.1 18 021
As - 4.8 L7 1200
HIf 1.3 53 1 340
Nb 31 12 20 <500
Co 1.6 17 18 120
Ga 14 17 19 120
v 16 a7 90 2,000
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VO, neuristors and 1T-1Rspiking oscillators

VO, neuristor Highly tunable VO, spiking oscillator
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E. Corti et al., Neurosci., 2021.

* in-memory computing platform based on coupled VO2
oscillators fabricated in crossbar configuration

 significant improvements: area density and frequency.

* neuromorphic computing capabilities using the phase
relation of the oscillators.

» Application: replace digital filtering operation in a
convolutional neural network with oscillating circuits.

Image Image
input output
o) 4 El_-voz Voutl + P
o et
(@]
v |
g % Vout2
| L Y N
B g — ¢ Vout3 >
2 l | > e !
5 . [...] v
EO ’ —* | 3 outN
Al ==, ~» '% RC XA;_,
element After time to

digital converter

Contributions of Diaspora, Timisoara, 2023 33



Sensitivity to low-energy photons in phase change materials enables the development of efficient
millimeter-wave (mm-wave) and terahertz (THz) detectors.

W

1T-1R power astable oscillator - spiking sensor

DC/ AC decoupler
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Concept of uncooled mm-wave detection based on the

sensitivity of IMT threshold voltage to the incident wave by
exploiting the characteristics of reversible insulator-to-metal
transition (IMT) in Vanadium dioxide (VO2) thin film devices.
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F- Qaderi et al., ‘Millimeter-wave to near-THz sensors based on
reversible insulator-to-metal transition in vanadium dioxide’, to
appear, Communications Materials, April 2023.
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- * split-ring resonator transducers on 40 nm thick undoped VO2 and on

L e T . .
g g g |t 2.3% Ge-doped (VO2 ALD thin films below coplanar waveguide - CPW).
i °°'; S veam f._'.-' * temperature sensing principle is based on the non-linear dielectric
s constant variation of VO2 around its transition temperature.
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A. A. Muller et al., 2021 21st International Conference on Solid-
State Sensors, Actugtore aHdMitrasyStetis’(Tahsducers). 36



* Edge Al applications need sustainable technologies for deployment in large
numbers: energy efficiency, reduced data proliferation, abundant and non-
toxic materials and processes.

* Novel electronic functionalities for hybridization of traditional and
neuromorphic hardware can be achieved based on some emerging
material and device innovations such as: ferroelectricity in doped high-k
dielectrics, multi-gated 2D semiconducting devices and memristive phase
change (MIT) materials and devices.

 future technological effort from material to system level may permit the 3D
co-integration of spiking neuromorphic hardware on advanced CMOS

chips.
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