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Supplementary figures
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Figure S1. (a) Pulse scheme of PUND pulse and current response. Deconvoluted GIXRD
spectra. Annealed for (a) 30 s, (b) 60 s, (¢) 90 s.
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Figure S2. Variation of 2P, and TER as a function of annealing time



(a)

—
(1]
~—
—
iy
~—
—
«Q
—

3 R
10 300K Dual sweep: -2.0 V~5.2V :i F-N _E)_irsct tunneling HRS _18 300 K LRS
310K - A 310K
— 106} ——320K & B S 18 ——
RIS = s 320K
< ——330K 2 | e
< P, . g ——330K
2 - - -18 | = -20
g “‘2 .20 3 RO 0T g
5 = P = -22
3 < 5 - 300K P
10712 £ P 310K -
24 * ——320K 24
——330K
10718 . L L L .26 -26
-2 0 2 4 6 0 5 10 15 20 10 15 2.0
= 112
Voltage (V) 1V (v7) sqrt (V) (V')

Figure S3. Energy band diagram in HRS state (a, b) and LRS state (c, d). (¢) Voltage sweeps
under 300 K-330 K in 10 K increments. (f) HRS state fitted curves. (g) LRS state fitted curves.
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Figure S4. PV curves under repeated PUND cycling at (a) 4 V and (b) 5 V. (c) Polarization
changes under £4 V and +£5 V PUND cycling
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Figure S5. PD characteristics under different methods. (a) Identical PD conductance over 5
cycles. (b) Pulse scheme for the identical PD method. (¢) Incremental PD conductance over 5

cycles. (d) Pulse scheme for the incremental PD method.
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Figure S6. Retention and paired-pulse facilitation (PPF) characteristics. (a) Retention
characteristics in the LRS state and HRS state. (b) Pulse scheme for two paired pulses and

corresponding current response. (c) PPF characteristics as a function of the time interval

between paired pulses.
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Figure S7. The 16 different states of the 4-bit RC system. (a) 0000, (b) 0001, (¢) 0010, (d)
0011, (e) 0100, (f) 0101, (g) 0110, (h) 0111, (1) 1000, (j) 1001, (k) 1010, (1) 1011, (m) 1100,
(n) 1101, (0) 1110, (p) 1111.



Table S1.

2P,
. (nC/cm?)
Device stack t::gilll:f / Endurance | TER Accuracy Reference
PUND
Voltage
TiN/HAO/n* Si 700 °C, 17.92 6 1
(MFS) 20s /55V <10 14635 -
1 1 + 1 o ~ 0,
v I I R E Y
TiN/HAO/n* Si 700 °C, 14.09 <107 2413 ~90.06 % )
(MFS) 20s Y ) (MNIST, CNN)
B +Q: o ~ 0,
TlI\I/(I—I\I/ISFOS/)n Sl 7530 S / ]76V <10° 2104 (MN?;?;C@N) |
TiN/HZO/HfO 500 °C, 233 L5x 10! i i 4
TiN (MFIM) 30s /4V 2 X
TiN/HZO/TiN 500 °C, 60 <10° i ~90 % 5
(MFM) 60 s /3.5V (EMNIST,SNN)
W/HAO/ZrOy/n* 500 °C, 13.92 <106 511 ~98.51 This
/Si (MFIS) 60 s /6V (MNIST, CNN) work

Comparison of key device performance by device stack
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