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Applications of memristor cross-bar arrays

CMOS co-integrated memristor arrays are
core blocks to serve many applications

Low-energy matrix multiplication "in-memory”
— core operation of deep learning, signal processing, etc.

Spiking Neural Networks
— peripheral blocks for quasi-continuous time processing

Associative Memories / Content Addressable Memory
— novel memory arrays addressed by content

RISC-V Processors and Network-on-Chip
— flexible digital support and off-chip communication
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CMOS Co-integration

TSMC 28 nm technology (X-Fab 180nm)

Process flow

\

About 30 process steps in total

Opening of
metal contacts
to CMOS vias

Contact pad
deposition

Memristive device
fabrication as

100 nm x 100 nm
crossbar

Connecting the
memristive device
with the contact
pads to CMOS
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Interplay between transistors and ReRAM cells !) JU“CH
In 1T1R cells
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* One-transistor-one-resistor (1T1R) structures are the basic working
elements of memristive arrays.

« Transitors act as selector and current compliance i
« Transistors of different sizes exhibit varying transfer characteristics, which \
influence the electrical properties of memristor cells. "

8 Stefan Wiefels Xiaohua Liu
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Intrinsic memristor voltage during SET process
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Interplay of ReRAM cell and transistor analyzed using load line concept.

» Large-current transistors -> transistors work in saturation regime -> Transistors work as current compliance

Small-current transistors -> From saturation regime to linear regime -> Transistors behave more like an ohmic resistor

9 Liu et al., IEEE TRANSACTIONS ON ELECTRON DEVICES (2024)
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Incremental step pulse programming scheme 9 JULICH

for multilevel switching
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SET algorithm with program verify and incrementally increasing gate voltage applied to 1T1R samples

10 Liu et al., IEEE TRANSACTIONS ON ELECTRON DEVICES (2024)
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Statistical results

Evolution of the voltage division in 1T1R structure and correlation with transistor characteristics

V =2V V =12V Clppers et al.
200 R 2.0 200 TRz . 1.2 APL Mater. 2019
11.0
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 Voltage over ReRAM cell (Vyey se7) stays around 0.7 V.

* V;11r affects the voltage over the transistor (Vi sg7)- 2 High V1,5 puts more stress to the transistor, but
low V,1,r might shift the switching characteristics to the voltage limited regime
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Statistical results y
GATE,SET ;
/J_G M,SET
Impact of transistor characteristic and biasing conditions on 1T1R structures Blyvm,sn > | TR
w/L20 w/L1l W/Lo0.44
200 . 200 : 100 ————r
< 150} | < 150} < 80¢ ]
3 : =2 =
~ i = = 60} ]
< 100 s = 100 p =
D | o ’ S 40} :
= = 3 50 j S
O 50 ,;it : © oY Z 20
0 o 0 E= ' 0
0.0 0.5 1.0 1:6 2.0 0.0 05 1.0 1.5 2.0 00 03 06 09 12 15 1.8
VTR,SET (V) VTR,SET (V) VTR,SET (V)
—_— Ve 20V mim V1.2V Transistor s Ve 20V e V1.2V Transistor e Ve 1.8V men V12V Transistor

Decreasing transistor W/ L ratio
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75 percentile * Lower V11 Or lower W/L both shift the switching path away from the saturation regime, towards the
ohmic / linear regime

» More SET variability due to worse current control
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Matrix array characterization
VMM demo on memristor array
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13 S. Wiefels et al., MetroXRAINE, IEEE, 2023.
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Valence change memory

Thermally accelerated ion drift and diffusion

Axial

symmetry 800 K Stephan Menzel
- V= Vouise T=300 K 750 K —
= GEIS : ey Electrode
c$> + 650 K SO
Bise I |+600K disc |/|Rdisc
:. -+ 550 K Oxide -"l:——ll-f:;l’l:‘t
5 500 K Layer
= 450 K
=5 400 K
<l= V=0V, T=300K 350 K
| 900 nm , 300 K

JART VCM v1b model

https://www.fz-juelich.de/en/pgi/pgi-
7/research/research-groups-1/ag- Switching
menzel/jart-model s

S. Menzel et al., Adv. Funct. Mater. (2011)
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Memristive arrays for computing in memory

Word lines

Bit lines

Daniel Schon

Heatflow to device 2

— Thermal Crosstalk

_—~ Self-Heating

Temperature in 2 Amplitude

Memristive device Time

16




Crossbar array model

Padding (2000 nm)

SiO, (100 nm)
Si (100 nm)

Jjr = 0A/m?
*all boundaries
except contacts

V= Ve To=293K
Bottom electrode (30 nm)

To= 293K z:--

Electrothermal equations

V=0V, T, = 293K _

Top electrode (30 nm)
Metal oxide (35 nm)

p
Transient heat transfer equation
oT
pmCp—— — VEVT =j - E
ot
Current continuity equation
V-j=-VoVp=0
\

Could also be any other

memristive device!

|

Memristive device

here: VCM

Active electrode (AE)

Switching mechanism: JART VCM vlb

4 )

Variable electrical conductivity

Odisc/plug (Ndisc/plug) — €2V, Ndisc/pluglun

Oxygen vacancy concentration
dNdise . Iion(NdiSCa Vidisc, Tdisc)

17
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Origin of thermal crosstalk

Heat flux along electrodes Heat flux along selected bottom electrode

] ‘ ‘
T - L

k Heat is distributed

via the electrode

Temperature matrix [K]
351(379|404|375(344| 200

391|448|520(438|376 800

465 598 565|413 799
600

[NW nm?]
5 398(463(550(453(382|| 1500

60 360|400|449|396|353 400

40 1 2 3 4 5
20 Top electrode

Bottom electrode
(9] FAN w N [

—> Heat transport via electrodes to
adjacent devices

LRS 2 Ny = 2x102” m-3

3 ® LRSS N. = 1x10% m3 - Additional heat contribution due to
4\‘]’ disc i
O "OOOO® (D rulyseiected cel Joule heat of the line

RSN\

18 Schodn et al., Advanced functional materials 33 (22), 2213943 (2023)
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Thermal crosstalk for different distances

Alpha values (d=100 nm)

g . ) 1 Alpha values of three cells
Thermal resistance . 1/0.13/0.17|0.21 | 0.16 | 0.1 (_\_ - - -
= o 0.8 v 0.6} \ 100 nm (Alpha matrix in Fig. (a)) .
Tset = To + RinFsel £2[0.21 0.26 | 0.16 2
ici o) > 0.4} C32
Q
Heat transfer coefficient 230039 N - 0.6 © /
Ty = To + o3 Rin Pl £ £0.2p C22
Y ) > £4[0.24(0.35| 0.5 |0.32|0.18 04 <
S ATIIJ ccn) 0 : . i i
Qi = AT 510171026 10.38|0.25|0.14 0.2 0 200 400- 600 800 1000
- sel J Spacing [nm]

1 2 3 4 5
Top Electrode

—> Joule heat of line is encoded in alpha value

- Thermal crosstalk relevant for very spacings <100nm

19
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Crosstalk in 1x3 line arrays

C11 Oxygen vacancy concentration C13|  Oxygen vacancy concentration
1027} 50 nm 1 1027 1
T 102} 1 T 102} S0nmM~_ lllustration of thermal crosstalk simulation
o e 100 nm o . Initial states
= N 200nm ’ S boo 100 nm 1 Spacing variation: C Pr
1024 . | | | ol L2 0 _ s 50 nm, 100 nm, 200 nm N i . HRS
0 0.5 1 1.5 2 0 0.5 1 1.5 2 c
Time [us] Time [us] ¢
LRS
JUIL g Vipe/2
Maximum disc temperature Maximum disc temperature e : _njp-pu-l_
100 : : : . 100 : : . . fon = lofr . oV
g 800] ‘ ] g 800p ] ion = ::OO ns Vapplz
8 sooff HHHHHHHHHHHHHHE 8 600 | i - iy _0? 22 Vapp =-1.5V L
~ | \ \ ~ =f=
e TATETRTATRTAN AR ool (AU | JULL
AVAVHARVERVRIAAY AVAHVAVREVRVETATRAY
0 0.5 1 1.5 2 0 0.5 1 1. 2
Time [us] Time [us]

—> Gradual switching in adjacent cells
—> Synaptic potentiation in adjacent cells due to Thermal Crosstalk
- RESET operation: Process is reversed - depression

20
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Thermal accumulation effect

Thermal response

Thermal accumulation effect

transient state steady state
Trmax 98.2% 99.3% Initial state After pulse 1 After space After pulse 2
% Memristive
o Z o device \_)
g @ g . . oV
o Ci Rin 2 Vap
£ o] £ A
& £ & Voltage stimuli T
5k _18% 07% o = by
To T X
0 Tih 2Tth 3Tth 4Tth 5Tth Tl me
Time
Transient and steady state Pulse train manipulation Impact of thermal time constant
Tmax Tmax Tmax
t0n=toff |||||| ton>toff | || Il | ton=toff |I|I||
oscillating transient state
] B /\/\/\/\/\/\
5 TAAAAAAAAL SL ALV B
2 NVVVVVVVV B[V 2
ks Trow f o k2
oscillating steady state " " _|—|_|—|_|—|_
To To on < off To
0 Time 0 Time 0 Time
21 Schodn et al., Advanced functional materials 33 (22), 2213943 (2023)
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Thermal Accumulation Effect in one Cell: SET

FORSCHUNGSZENTRUM
20 pulses with t,s = 20 ns lllustration of thermal accumulation effect simulation
07h ' ' ' - J1200
o ! 11000 &
' 1026 m 3 v
E 10%°F 4 ses _— lgoo . Initial state: HRS ‘
O 83.5ns (CPT) A o,
21025 1600 ~ Tih & D 1S y oV
=
1024 e AL A . 1400 t,n = 5ns \
0 100 200 300 400 500 t.s=1-20ns Vapp =-1.95V
Time [ns] t=t=1ns NNn-1n._r.n
20 pulses with 4 = 8 ns cummulative pulse time (CPT) = area under graph
1027 ' ' J1200
‘g - 10% m3 411000 g . :
— 1077F 13 pulses 1800 o I ' I I \
E 1025 75.8ns (CPT) 1600 F—E PERVER VIR VIR 1 pulse = 6 ns (CPT)
2_0 tr ton tf toff
J400 Pulse
10%4 ' F dependent switchi CPT
0 100 200 300 N requency-dependent SWItching number [ns]
Time [ns] ' | 18
16 100
20 pulses with t,s = 2 ns N 15 14 80
1077} l ' ' 11200 € 12
— — « 10 10 60
“PE - 10% 11000 w0 ... 8
= 10°7F 11 pulses 1800 Q 6 40
8] 61.3ns (CPT) s 5 4
5102 {600 ; L E
= 2 1400 24 25 26 27
10%% 50 100 150 200 10 10 12 10
Time [ns] N gice [M~1]

22 - Frequency-dependent switching time due to thermal accumulation




Thermal Accumulation Effect in one Cell: RESET

20 pulses with t,4 = 20 ns

3

Ndisc [1/m7]
-
o
&

— 1027

3
Ndisc [1/m

23

100 200 300 400
Time [ns]

500

20 pulses with t, = 8 ns

200
Time [ns]

100

20 pulses with t,z = 2ns

300

1026}

1025 3
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11200

{1000

1800 g

1600 +°

1400 [llustration of thermal accumulation effect simulation
<&

41200 >

11000 & 0V

1800 g t.,,=5ns \

{600 ~° t=2,8,20ns @

400 t=t=1ns

JHL -1 I TL

11200

11000 T
{800 .
1600
1400

I1SC

d

- Frequency-dependent switching
due to thermal accumulation effect

50 100 150
Time [ns]
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SpatiO—Temporal Correlations in a 1x3 Line Array FORSCHUNGSZENTRUM
I\Idisc & Tdisc in C12 Initial states
iwRs
LRS

lon=5ns
ts=100ns

disc

t=t=1ns selected: V=15V
unselected: V=0V . .
Schon et al., Adv. Function. Mater. 33 (22), 2213943 (2023)
V=0V
Evolution of Ny and T, at long time offset Evolution of N, and Ty, at medium time offset Evolution of Ny, and Ty at short time offset
1027} 11200 1027} Heat from | Self-heating 11200 1027} 11200
wl'g o {11000 g o N ﬁCﬂ&Cﬁ M of C12 {1000 g & N % {1000 &
= . {800 3 E 107 7eS Kl 1800 "y 5107 T¢3 Is00
2 5] | © g Won S g :
24 &rh‘r . &v’“—&c’i 1400 &,’?'f({ {400 W {400
10 1024 L 1 L 1024 i ]
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Time [ns] Time [ns] Time [ns]

- T as second state variable is
transferred to surrounding cells

24




Summary

1T1R elements in memristor crossbar arrays

v Successful CMOS integration of memristors on
180nm X-Fab and 28nm TSCM

v Interplay between memristor and transistor
= design rules for 1T1R blocks

v' Programming algorithm for analog programming
= demonstration of VM multiplication
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Spatio-temporal effects in memristor arrays

v" Thermal correlation effects (crosstalk)
occur below 100-200 nm due to heat transport
along metal electrodes

v' Thermal accumulation effects if pulse
length and delays are below the
thermal time constant

v' Spatial-temporal thermal effects occur
for small distances and delays below
the thermal time constant
= learning in memristor networks

C1
C12

V=0V

| ——— Self-heating
of C12
n Heat from

SSN———  _ C11&C13
2t

Temperature
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