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O bpotace

i%a‘em;w(me u@f/&ww dat o

.

’/(amted’//:y amrwte((ewm— 955 s 1 e o= o 30 - g 3 v 8 ke

fmy Hle, .mmf//w(ef sensops
tﬁaﬁaﬁmf..,,h

rOHQf.,

Social Media

Funded by 3
the European Union




TECHNOLOGY OPTIONS FIXIT
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VON NEUMANN BOTTLENECK

A million spiking-neuron integrated circuit with a scalable

Science communication network and interface

Paul A. Merolla et al.

Science 345, 668 (2014); '
AYAAAS DOI: 10.1126/science. 1254642 A Ivy Bridg
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Von Neumann chips
are moving away
from the brain’s
efficiency




ENERGY EFFICIENT EDGE COMPUTING

FIXIT

A. Keshavarzi et al., IEEE Micro. 40, 1 (2020)
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ARTIFICIAL NEURAL NETWORKS IN HARDWARE

* Cross bar arrays-Al accelerators

Multiply and Accumulate

Input neurons

v,
43

| i h_*

_Output neurons

D. lelmini, H.-S. P. Wong, Nat. Electron. 1, 333 (2018)
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memristor 0 /
i -~
synapses °
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= Update and store conductance weights
= Analog in-memory computing
= \oltage driven memristors—> low power




MEMRISTOR: THE MISSING FOURTH CIRCUIT ELEMENT FleT

Resistor with memory

L.O Chua, IEEE Trans. Circuit Theory 18, 507-519 (1971)

Generalized equations of motion

For a current controlled resistor voltage controlled memristor
i ] V=M(x,1)l I=G(X,V)V
Resistor

dx dx

R i =

7 =S D) =)

x = state variable

Special case
x = Q (charge)

_ V=MQI
! @ _,
V = MI dt
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ELECTRICAL MODEL OF A BIOLOGICAL SYNAPSE FIXIT

Outside |
_ _ 4
Hodgkin and Huxley Iy = Gg(n)Vx Gx(n) = Ggon
J. Physiol. 117, 500-544 (1952) 1

d
— = alV, En + Bk, E)(1 = 1) = f(n, Vi)

I .
| 1 l
— n=K ion concentration
| - + +
i I Ena B Ex - -EL

voltage controlled memristor x —»n, V — yx

Inside [ =G(x, V)V  Amemristor can emulate
q a biological synapse
"K+EK) ax = f(x,V) 23S described by Hodgkin and Huxley
dt ’
Chua and Kang Proc. IEEE 64, 209 (1976)

a(Vi,Ex) = -0.125 exp (

0.01 (vg +Ex + 10)

:B(VK: EK) =
exp [(vg + Eg +10)/10] - 1
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THE FIRST MEMRISTOR REALIZED FIXIT

Strukov et al., Nature 453, 80 (2008), Hewlett Packard

Oxygen vacancies: mobile charged dopants M (w(t))=memristance
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NVM FUNCTIONING AS MEMRISTORS FIXIT
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NVM: FERROELECTRIC TUNNEL JUNCTION FIXIT

Z. When, D. Wu, Adv. Mater (2019) V. Garcia, M. Bibes
https://doi.org/10.1002/adma.201904123

Nature Commun. 5, Article No 4289 (2014)

Partial polarization:
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@) ) b Non-volatile intermediate states

)
Q
(&)
=
@
(c) R
Write Polarization Read Current g
AP In ,ON (A
I /
V. - '\; U4
. V’[ /. OFF
/ » > » » 7—,{—4
v t P 4 l : .
,\ / L S ] SRS LT RN TR i) RN V TINEYGEEES T—— it " T —— S
O / 5 4 821 0 1 2 38 4 b
Voltage (V)
=GV, R=1/G

Funded by 12
the European Union



https://doi.org/10.1002/adma.201904123
https://www.nature.com/ncomms

THE FIRST FERROELECTRIC MEMRISTOR FIXIT

A. Chanthbouala et al., Nat. Mater. (2012) DOI: 10.1038/NMAT3415
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FERROELECTRIC SYNAPSES WITH STDP PLASTICITY FIXIT

Unsupervised learning with ferroelectric synapses
S. Boyn et al., Nature Commun 8, Article number: 14736 (2017)
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METAL/FERROELECTRIC/SEMICONDUCTOR FT! FIXIT

Z. Wen et al., Nat. Mater. 12, 617 (2013)

Z. Xi, et al.,Nat. Commun. 8, 15217 (2017)

the European Union
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MATERIALS COMBINATIONS

ON/OFF ratio

Review: Zheng Wen & Di Wu, Adv. Mater., 1904123 (2019)/\

FIXIT
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FLUORITE HAFNIA-BASED FERROELECTRICS FleT

Discovered in 2007-first published 2011, Qimonda T.S. Boscke et al, Appl. Phys. Lett. 99, 102903 (2011)

Stabilization of the ferroelectric phase: doping (Si, Zr,..), stress, annealing, film thickness ...

Amorphous HfO, 50% Zr 2H, < Zr, 0, (HZO)

V 4 | «

Anneal + 50 mol% Zr Anneal + >50 mol% Zr

Low symmetry High symmetry Compatible with Si processing
phase phase (HfO, used as high-k dielectric/CMOS scaling)
monoclinic tetragonal

{(P2,/c)

(P4,/nmc)

Monoclinic Orthorhombic Tetragonal
\_ k~17 k~30-35 ras k~70 y

Funded by 17
the European Union



https://aip.scitation.org/author/B%C3%B6scke%2C+T+S

PLASMA-ASSISTED MBE/MBD

Molecular Beam Epitaxy (MBE)
, substrate

holder / heater

)

Zr evaporation
e-gun

Hf, W evaporation

(Refractory metals)
e-gun

rf plasma

UHV MBE chamber source

base pressure:
5x1071° Torr 350 W

reactive O

neutral atomic beam

\ 2x107 Torr/

C. Zacharaki et al., Appl. Phys. Lett., 114, 112901 (2019)
C. Zacharaki et al., ACS Appl. Electron. Mater. 4 2815 (2022)

FIXIT

<« S50um _,

30 nm W or TiN M
5 nm HZO ferro F
M’ (S)

Plasma MBD

Bulk or epi-STO semi

Bulk : Nb:STO

Epi-STO on Si (001)
= Deliberately grown O deficient to act as bottom electrode
= (O vacancy donors V,=0.56% > N-type p=0.02 Qcm

Torowtn(HZ0)=120°C, amorphous
Crystallization annealing 420 °C, 400 s - Epitaxial
Optical litho + etching or lift-off
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EPITAXIAL HZO ON STO/SILICON

XRD pole figures
(111) (200)/(020)/(002)

0 Intensity (cps) 0 Intensity (cps) STO

111,05
’ S (e

.;( s %5

200570

= [111] HZO 15 deg off vertical
= (0,90, 180, 270 deg rotated domains
due to 4-fold symmetry of STO substrate

Domain Matching Epitaxy
S, Estandia et al., Cryst. Growth Des. 20, 3801 (2020)
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HZO THICHNESS SCALING TRENDS FIXIT

Nb:STO/HZO/TiN
Below 5 nm HZO, ferroelectricity is unstable N. Siannas et al., Comms. Phys. 5, 178 (2022)
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POSSIBLE ORIGIN OF DOUBLE LOOP HYSTERESIS F|X|T

Walter J. Merz ,Phys. Rev. 91, 513 (1953)

(c) 1 order ferroelectric

Double loop behavior originates from triple potential well slightly above T_
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DEPOLARIZON INDUCED METASTABLE FERROELECTRICITY FleT

N. Siannas et al., Comms Phys 5, 178 (2022)

HZO with depolarization resembles a 1t order FE above T,

(@) HzOstable ferroelectric (b) HZO with depolarization 40— - ; - -
G Depolarization G - 5 nm HZO |
l N_ 20+ | -
c
.“ ‘. o
ok f 04— e
N P |:> > P |:> 2 |
o o
Stable | Metastable =201 | Pinched.
A paraelectric | ferroelectric i — pristine
Stable ferroelectric 40—, . : . .
-2 -1 0 1 2
V (V)
11 p? 1
G=—§|a|P —Zlﬁlp + C. +g]/P
Eo€F (1 + Cl]’lt)
F
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FERROELECTRIC FIELD EFFECT JUNCTION FleT

* Ferroelectric programming of the semiconductor resistance
N. Siannas et al., Adv. Funct. Mater. (2023); doi: 10.1002/adfm.202311767
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MAIN CHARACTERISTICS

Polarization P (uC/cm?)
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-25.0 1

Displacement Current Density Jmp (A/em?)
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= Narrow memory window = 1V -

compatible with ferroelectric switching (V. =1V)
= Many stable intermediate resistance states (16, 4bit)
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MAIN CHARACTERISTICS

Resistance R (MQ)
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= HRS drifts to larger resistance

= Memory window increases
at longer times |

= O?% acceptors
diffuse inside STO and
compensate the V_ donors

= STO becomes
an intrinsic semiconductor
increasing its resistance

= |onic effects occur
at shorter timescales too
(<1 ms)
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FREQUENCY DEPENDENCE FIXIT
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0. ] for epitaxial ferroelectrics (e.g. perovskites)
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TIME RESPONSE AND SYNAPTIC PLASTICITY FleT

Time-voltage trade-off Variable width pulses
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! 1
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Also: M. Halter et al., Commun. Mater 4, 14 (2023)
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WEIGHT UPDATE-IDENTICAL PULSES F|X|T

Identical Pulses

Identical Pulses
17.50 T T T T T T T T y T 7.0 13.5 — T T T T T - T T T " T T " 1T 1 54
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TIME CORRELATED vs ISOLATED PULSES FIXIT

20 8.0

V=2V 50ns  Delay Iv.=2v SO ns ]
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Synapse potentiation and depression is only possible
with time correlated identical pulses (short delay)
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PAIRED PULSE FACILITATION

Conductance weights change AG%
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-5 _ W » ]
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20 ZSOD ..... ' ....... I ......

25 ] wian 4 W

_30 - | ! I ! I ! | ! I ! ! I 1 ! I‘]‘;WL’I::S:]'th I ! I
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Time Interval At (us)

Funded by

the European Union

FIXIT

Short term plasticity
Decode temporary

audio/visual info
in biological systems
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SPIKE TIMING DEPENDENT PLASTICITY (STDP) FleT

Pre-Neuron Synapse Post-Neuron

Hebbian learning in &
. . m . .
biological systems o Spiking Neural Networks
?
C
—_ —':—0.4V-1.6V
7.0n = ——0.4V-V ]
E 1.0n - ——0.4V0.7V |
L —0.4V-0.4V
6.0n | Qo E
<
= >
< € 0.0
— 5.0n - %
5 E
S f=)
© 4.0n- 2 -1.0n |
2
2
3.0n- g g
20N
3 2 A 0 1 2 3 |

. T . . T .
Write Voltage V, ;.. (Volts) -10.0m -5.0m 0.0 5.0m 10.0m
Spike timing At=t, -t (sec)
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STDP-SHORTER TIMES FIXIT

6.0n VthN 1v V..~ 2V
| | ——1us o Ii— 50ns |
\.::»- ........ — -I_ ........... I'\ 1|15 con ] —_ ."|M ............ ns _
500 \ | | \ l { | L_\ 50 ns
- \ R 1V I 5SS ol \'\ | : \ I
§4.0n- \ | | \\ 1 H é4.0n- \ | | \\ 2V 250ns
! e e LD
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ENERGY PER PROGRAMMING EVENT FIXIT

Iprogr—»
= Current driven (RRAM, PCRAM, bio) Voltage driven (FE)
e Energy spent as Joule heating Energy to charge a capacitor
O
|_
‘:':) E =VyprogrlprogrT E=QV=2PAV
— Vo gr—— P=20 uCl/cm2
. V=2-4V

I A=100 x100 nm

Vorog | orogr Pulse Energy E Energy
width t (Joule heat) | (charging)

Biological 10 mV 1 nA 1ms 10 fJ

RRAM 1V 10pA 100 ns 1 pJ

PCMRAM 10 pJ

FTJ (our work) 2V 0.1pA 1ms 0.1f) (100x100 nm)
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SUMMARY F|X|T

= Epitaxial HZO/STO/Si
Ferroelectric field effect junctions-non volatile modulation of the STO semiconductor

» Two effects: electronic field effect + ionic redox = contribute additively enhancing performance
= More than 16 stable intermediate states can be accessed

= Time to voltage trade off :
Essential for potentiation and depression by variable width and identical pulses

= Bio-inspired synaptic response:
-Pair pulse facilitation (PPF )
-Spiking time dependent plasticity (STDP) operating at a large time rage from ms to 100 ns

= Extremely low energy per programming event: ~ 10 fJ, comparable to biological synapses
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SUMMARY F|X|T

~\
NCSRD: N. Siannas, C. Zacharaki, P. Tsipas and A. Dimoulas
Growth, processing, physical and electrical characterization
J
~ ™
HZB. .. HZB:D.-J Kim W. Hamouda and C. Dubourdieu
cenumeertin - Growth of epi n-STO/Si wafers
\ J
e ™
@ NIMP: C. Istrate and L. Pintilie
HR TEM
\ J
~ ™
959 21, o commemne \KZ: M. Schmidbauer
o 1K Z s X-ray Diffraction
\ J
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FUNDING & FUTURE PLANS FIXIT

- . = -

Be/[ynaptic BEOL technology platform based on ferroelectric
Horizon 2020 — synaptic devices for advanced neuromorphic processors
Programme e B
Work continues in HORIZON CL4 and JU-CHIPS projects \

I_—|>/ {T Scaled Ferroelectrilc X-bars for Al-driven sensors and actuaTors
\ Synaptic behavior in small area memristors

Horizon Europe
2021-2027

Crystalline Oxides for Next Generation Computing and Emerging

C‘ Photonic Technologies
Epitaxial HZO, ionic effects

Horizon E
20212027 concept

Vision Transformers with Ferroelectric Oxides Chips JU KOR-EU
Integration

VIiTFOX

Horizon Europe
2021-2027

Artificial synapses based on ferroelectric tunnel junctions Romanian Recovery

for neuromorphic and analogue computing and Resilience P|Ey
“ARSYF”

Finantat de
Uniunea Europeana
NextGenerationEU
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FIXIT

THANK YOU!

QUESTIONS?
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