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Supplementary figures
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Figure S1. Fabrication process of the Mo/HZO/n* Si device.
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Figure S2. (a) Elemental composition as a function of etching time. (b) XPS peak spectra

representing (b) O Is and (c) Si 2p of the SiO2 layer.
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Figure S3. Deconvoluted GIXRD spectra of the devices with HZO film thickness of (a) 5
nm, (b) 7 nm, (c) 10 nm.

(@ (b) © ,,
5 nm @ 1000th Average : 24.96 7 nm @ 1000th Average : 17.36 10 nm @ 1000th Average : 13.77
25 ——— 20t
' & G- 15
£ 20 E 45 E
o o r L2
O 15 (8] QO 10
= 3 3
= < 10t =
o~ 10 a- a-
(3] N N 5
5 5
1 1 L 1 1 L L 1 1 L G ' 1 L L 1 1 L L 1 L 0 1 1 L 1 1 1 L 1 1 1
C1 C2 C3 C4 C5 Cé6 C7 C8 C9C10 C1 C2 C3 C4 C5 C6 C7 C8 C9C10 C1 C2 C3 C4 C5 Cé C7 C8 C3C10
(d) (e) (f)
f5nm N —— @ftonm  —mr  Zmy
——330K, 273K-45V 30} — 35 > 330K, 273K-35V
&—. 40 330K, 213K-4.0V &—- —o—330K, 23K -45V &_. 20 _/\_\+JIHK, 213K-30V
£ Tak,  mKosev E > Tow mkavl  E SN,
——330K, -3 30K,  273K-3EV
o 30 ) 3wk, amsKosov o
Q ) Q - Q 20
L ' = 15¢ 25
o e, o 10l e
o 10 o~ )/v——'%*\_v\ o 10
—— ——— 5 ~— 5 .
0 i S s R -
e o or . L
10° 10" 10 10° 10* 10° 10° 10° 10" 10 10° 10* 10° 10° 10° 10" 10 10° 10* 10° 10°
Cycle (#) Cycle (#) ) Cycle (#)
(9) (h) (i)
0 —
10-2}3nm T=330 K|Sk 40v 10 7nm T=330K 10° (10 nm T=330K
b 20V N ™ - 3 - 4arv F54V
. - 10 _
z 10 ‘E v T 107
~ 1()-5r v T q07¢ 4.8V ~ r53v
b= - = 10
5 n 36V 5 5
o 107°F = =
; 3 35V l-=- 10 45V 5 107° sa2v
o107 av O . o
r =12 \ -
10—”!‘ v 19 4.4V 1o L5V
r 32v
-14 " " N " L -15 N N " H i -15F L L L L L L]
. R T2 0 2 4 e B e R B
Voltage (V) Voltage (V) Voltage (V)

Figure S4. Cell-to-cell variation of 2Pr values for devices with HZO thicknesses of (a) 5 nm,
(b) 7 nm, and (¢) 10 nm. Endurance characteristics measured at 273 K and 330 K for HZO
thicknesses of (d) 5 nm, (e) 7 nm, and (f) 10 nm. Current—voltage (I-V) characteristics

measured at 330 K for HZO thicknesses of (g) 5 nm, (h) 7 nm, and (i) 10 nm.
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Figure S5. Maximum TER as a function of voltage for devices with HZO thicknesses of (a) 5
nm, (b) 7 nm, and (c) 10 nm. Bias-dependent values of (d) Max TER and (¢) Max RR for
each device. (f) The modified half-bias scheme.
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Figure S6. (a) PPF index as a function of spike interval between two pulses and the time
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decay constants. (b) Retention characteristics at a read voltage of 2 V over 10,000s. (¢)

SNDP ratio. (d) SRDP, SDDP, SADP gain.
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Figure S7. Pulse schemes used to verify the characteristics of (a) SADP, (b) SWDP, (¢)
SRDP, and (d) SNDP.
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Figure S8. (a) 16 different four-bit states, each measured from a single cell. (b) Pulse
schemes for the 1" and ‘0’ states. (¢c) Average current levels of 16 four-bit states in the short-

term memory device, obtained by averaging over five cells.
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Figure S9. Separation characteristics of reservoir states obtained from each cell and

averaging.
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Figure S10. (a) Pattern recognition accuracy of the Hand MNIST device, measured for each
cell. (b) Confusion matrix of Hand MNIST recognition using a 4-bit model with diagonal

weights, measured for each cell.
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Figure S11. (a) Pattern recognition accuracy of the MNIST device, measured for each cell. (b)
Confusion matrix of MNIST digit recognition using a 4-bit model with diagonal weights,

measured for each cell.
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