Electronic Supplementary Material (ESI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2023

Supplementary materials

Synaptic Plasticity and Non-Volatile Memory Characteristics in
TiN-Nanocrystals-Embedded 3D Vertical Memristor-Based
Synapse for Neuromorphic System

Seyeong Yang,? Taegyun Kim,2 Sunghun Kim?, Daewon Chung? Tae-Hyeon Kim®, Jung Kyu Lee?,
Sungjoon Kimb, Muhammad Ismail?, Chandreswar Mahata?, Sungjun Kim*2 and Seongjae Cho**

2 Division of Electronics and Electrical Engineering, Dongguk University, Seoul 04620, South Korea

b Department of Electrical and Computer Engineering, Seoul National University, Seoul 08826, South
Korea

¢ Department of Electronic and Electrical Engineering, Ewha Womans University, Seoul 03760, South
Korea

tThe authors contributed equally to this work.

Fig. S1 Fabrication process of vertical RRAM.
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Fig. S2 SEM images of TiN-NCs/HfOx/TiN sample.
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Fig. S3 Forming characteristics: (a) single cell, (b) on the first floor (M1) and (c) on the second floor (M2) of VRRAM.
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Fig. S4 Comparison of power consumption required to maintain low resistance state.

(@) s (b) s w0 (€)s 102
Single Cell 102 4 M1 4] M2
5] 10° 10°
8 4 31 4
— ¥~ o~ 10° — 10 ~
S 1 L e S 2 <
= 1 10° 1 10° =
g 104 5 8) S % g
£ 04 t fo 100 S 04 10 £
3 S © ©° =3
-1 1
> ] 1050 > 1070 > 1070
2 24
-8 8
2 10e 3 10 3] 10
———————————— -4 ——————————— -4 —————
20 0 20 40 60 80 100 120 140 20 0 20 40 60 80 100 120 140 160 20 0 20 40 60 80 100 120 140 160
Time (us) Time (us) Time (us)
-3 10" 5 10?2 5 102
(d) Single Cell Energy: 15.9 nJ (e) M1 Energy : 11.4 nJ (f) M2 Energy : 7.37 nJ
1\. 102 4 10° “ e
—~ -2 —~ o~ _ —_
> ,< =3 E— < =3 .
Py \ 00z g 0z 10*
c c ] c
4] 10“g g 1058 g7 \_ 105g
3 5 o S5 O - =
> o > 2 o >N e o
o 10° ol 10° ol \ 10
v v v v 10°® 1 v v v T 107 1 v v r y 107
30 35 40 45 30 35 40 45 30 35 40 45
Time (us) Time (us) Time (us)
(g) 31— 107 (h) 5 102 (I) 5 0?2
Single Cell Energy : 39.32 nJ M1 Energy : 8.39 nJ M2 Energy : 10.67 nJ
10° 4 10° 41 /3 F10°
] . i - _
S 3 34
% f r10’3§ 5 1 10*‘% % 1 r1o4§
c c ] c
g']- 104 at) 8 2 10° g E’ 2 l 1o qt.)
o 3 =] S5 ©° 3 =1
> o >1 o > M A I \ o
o X 10° 04 F10® 04 ]’s10‘6
. ; . . 10° - - ; . . 107 -1 A . . —L o7
95 100 105 110 115 105 110 115 120 125 105 110 115 120 125
Time (us) Time (us) Time (us)

Fig. S5 Transient characteristics: (a) single cell, (b) on the first floor (M1) and (c) on the second floor (M2) of VRRAM. Programming energy consumption: (d)
single cell, (e) M1 and (ff) M2 of VRRAM. Erasing energy consumption of (g) single «cell, (h) M1 and (i) M2.
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Fig. S6 Resistance value distribution of another batch: (a) on the first floor and (b) on the second floor of D2, (c) on the first floor (M1) and (c) on the second
floor (M2) of D3.
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Fig. S7 I-V curves under different compliance current (0.5 mA, 1 mA, and 5 mA).
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Fig. S8 (a) Conductive filament formation and (b) rupture in 3D VRRAM on TEM image.



