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Current Al hardware is not efficient energetically
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Current Al hardware is not efficient energetically

9,000 terawatt hours (TWh)

ENERGY FORECAST 20.9% of projected

Widely cited forecasts suggest that the  electricity demand
= total electricity demand of information
and comunications technology (ICT) will
accelerate in the 2020s, and that data
centres will take a larger slice.
B Networks (wireless and wired)
B Production of ICT
Consumer devices (televisions,
computers, mobile phones)
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Source: Nature 561, 163-166 (2018)




Comparing biological & artificial processor
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Various memristors for neuromorphic computing
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Resistive switching (ionic migration), phase change, spin

A lonic Migration
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Ferroelectric, intercalation, ionic gating
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Synaptic weight of artificial synapses
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Spike-dependent weight modification

Short Term Plasticity

Sporadic stimulation

“A transient deformation in synaptic efficacy.”

Paired-Pulse Facilitation

“Amplification of the secondary neural signal
due to the immediately preceding impulse.”

Long Term Plasticity

Frequent stimulation

“A long-lasting change in synaptic connection.”

Spike-Timing-
Dependent Plasticity

<> /At

“A weight specialization based on a firing order
of pre-and post-synaptic neurons.”

Biological synaptic plasticity in response to different activities



Competing memristors
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Defect migration in halide perovskites

v Diffusion paths for (a) V,, (b) Vy,a, (€)Vpy, v Structural flexibility

and (d) I. defects - MA cation tilted in equilibrium state (30°)
o - MA cation is aligned by E-field
- Migration of ionic species easier
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A-site molecular rotational motion in a unit cell of CH;NH,Pbl;

Azpiroz et al., Energy Environ. Sci., 2015, 8, 2118-2127
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Resistive switching in Ag/MAPL,/Pt
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Challenges of 3D halide perovskite as artificial synapses

I Heat & Moisture Instability of 3D Halide Perovskites
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B Polycrystalline nature causes non-linearity
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Charged ion migration controlling
is a key for the memristor.
Grain shape and size are major factors.

Adv. Mater. 2016, 28, 6562-6567
Al / POT2T / MAPbBr;(3D) / PEDOT:PSS / ITO

4
+3V ——+5V '
> +35V —o—+55V 3% ORI
> +4V  ——+BV 9
3o +45V \
~ 0
n
2 2.1 *‘\q,% “\\\“
P 8
02F . c -“M'q.'
§ | Low linear, not gradual g av .
Al S
51k [=] — -
ST[R < O | o .45v
48 —a—-5V
. ol ® -85V %
0 | S3333333333333333333333933333333333333333 @ -8V
g " N " i N N s " N IO (R TN WU ST WU —_— ——

0 5 10 15 20 25 30 35 40
Pulse number

0 5 10 15 20 25 30 35 40
Pulse number

Adv. Mater. 2021, 33, 2007851

Polycrystalline nature of 3D halide perovskite hamper the

reliable & controllable ionic charge migration



Vertically aligned two-dimensional halide perovskite on ITO
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Synaptic characteristics of V-HP artificial synapse
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Linearity, symmetry, dynamic range, and retention
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Various Synaptic Characteristics of Artificial Synapses
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Conventional filamentary type memristors: nonlinear programming

» Synaptic weight updates with memristors P Al accuracy depending on linearity
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Ruddlesden-Popper Phase Dion-Jacobson Phase
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BA, MA, , Pb, I, (RP phase)

High linearity and symmetry in weight update using DJ phase
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Synaptic plasticity of DJ-V-HP artificial synapses
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Disclosing resistive switching mechanisms in DJ- and RP-phase HPs
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Sharp contrast in C-AFM images
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To further investigate the grain boundary barrier effect of charged ion migration, we
performed conductive atomic force microscopy (C—AFM). The ion migration properties

near the grain boundaries are a major determinant of whether homogeneous or
I~Aralized in0n MiAaratinn iec anahlad



Neuromorphic crossbar array for Al acceleration
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Programming 7 x 7-pixel hand-written images

2.280 x10°°
1.280x10°°

2.800 x107°

To demonstrate the synaptic weight storing capability, a 7 X 7 hand—-written image
was programmed into our DJ-V-HP crossbar array. We used long—term plasticity (LTP)
“ and short—term plasticity (STP) characteristics to program the image into the crossbar




Challenges
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Short summary

Poly crystalline 3D perovskites Low crystalline 2D perovskites
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Issue in memristor array integration
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Figure 11. Issues in memristor array integration. (a) Schematic of the crossbar array with sneak current pathway during reading operation. (b)
Equivalent transformed circuit diagram of the all current components during the operation of M X N crossbar array. Each sneak path is
composed of serially connected (M — 1)Ry, Ry, and (N — 1)Ry,. (¢) I-V characteristic of 15-1R integrated component. (d) I-V characteristic
of self-rectifying memristor. Reproduced with permission under a Creative Commons CC BY License from ref 244. Copyright 2021 Springer
Nature. (e) The normalized readout margin according to the wire resistance, which is calculated by the circuit used in the SPICE simulation.
Estimated crossbar array scale decreases with high wire resistance. Reproduced with permission under a Creative Commons CC BY License
from ref 247. Copyright 2017 Springer Nature. (f) The color maps illustrating the effective conductance matrix in the memristor crossbar array
with varying parasitic wire resistances. The left and upper sides of the map represent the conductance of the devices closer to the voltage source
and bias ground, respectively. With increase in wire resistance, the device at the edge far from the source and ground receives reduced bias.
Reproduced with permission under a Creative Commons Attribution License from ref 288. Copyright 2021 Wiley-VCH. (g) Hlustration of the
3D crosspoint architecture based on the vertical memristor devices with the intersections of each pillar electrode and each plane electrode.

Reproduced with permission from ref 289, Copyright 2013 American Chemical Society. ACS Nano 2024 18 51 34531




Programmable ferroelectric rectifier

Epitaxial complex oxide-based forming-free self-rectifying memristor
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Mitigating sneak current in epitaxial memristive crossbar arrays
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Self-rectifying 3D/2D HP memristors for crossbar array
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Short but clear remark

Top Electrode
107 cm/s: electron in Si MOSFET
Insulating layer
102 cm/s: action potential in neuron o
Bottom Electrode
Slow and low-voltage sweep Fast and high voltage sweep
without filament formation after filament formation
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Analog resistive switching
- Neuromorphic computing

Digital resistive switching
- Nonvolatile memory
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