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Decay characteristics of EPSC and IPSC
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Fig. S1. Decay characteristics of EPSC (amplitude of 5 V) and IPSC (amplitude of =5 V):

(a) EPSC ratio (EPSC at a certain time/EPSC at t = 0 s) as a function of time with respect to
pulse width. (b) EPSC ratio and power function rate (m) extracted from the EPSC curves,
which are plotted as a function of pulse width. (c) IPSC ratio (IPSC at a certain time/IPSC at t
= 0 s) as a function of time with respect to pulse width. (d) IPSC ratio and power function rate
(m) extracted from the IPSC curves, which are plotted as a function of pulse width.

The EPSC and IPSC ratios were investigated with respect to various pulse widths. In the
measurement, because the applied spike voltage with an amplitude of 5 V is smaller than the
coercive voltage, fully switched domains that generate remnant polarization and less switched
domains that cannot retain their switched states exist together. Here, the less switched
domains recover to their original states owing to the E-field induced by the neighboring
domains, leading to the decay characteristics in EPSC and IPSC. The conductance decay
phenomenon over time is analogous to the forgetting phenomenon in neuroscience, which is
dependent on the rate of power function (m).! As the pulse width increased, the PSC ratios
increased, and m-values decreased for both EPSC and IPSC.”



Weight updating energy with respect to the pulse amplitude and duration
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Fig. S2. Weight updating energy with respect to the amplitude of pulses for (a) potentiation
and (b) depression. (¢) Average updating energy as a function of the pulse amplitude. Weight
updating energy with respect to the duration of pulses for (a) potentiation and (b) depression.

(c) Average updating energy as a function of the pulse duration.

We investigated the updating energy for the potentiation and depression with respect to
the amplitude and duration of spike pulses. The updating energy of FeFET synaptic device
can be estimated using the following equation: 2

P

updating =

|4

spike X Tduration X Ileakage

Here, Vike, Tauration> and Jieakage denote the amplitude, the duration of the spike, and the gate

leakage current flowing across the ferroelectric layer, respectively.




Polarization-voltage hysteresis loops for P(VDF-TrFE) films annealed at
four different temperatures
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Fig. S3(a) Polarization-voltage hysteresis loops for the P(VDF-TrFE) films annealed at four
different temperatures. (b) Hysteresis and (c¢) remnant polarization (2Pr) with respect to
annealing temperatures.

Polarization-voltage hysteresis loops for the P(VDF-TrFE) films were investigated with
respect to the annealing temperatures (60, 100, 140, and 180 °C). The metal-ferroelectric-
metal (MFM) structures (area: 1 mm?) were prepared, where 150-nm-thick Pt, 50-nm-thick
Au, and 395-nm-thick P(VDF/TrFE) films were used as the bottom electrode, top electrode,
and ferroelectric material, respectively. The P—V hysteresis was measured at a frequency of 10
Hz. As the annealing temperature increased, the hysteresis window increased (Figs. S3(a),(b)),
which is consistent with the result shown in Fig. 2(b) (upper panel). Additionally, the remnant
polarization (2Pr) changes with respect to the annealing temperatures in Fig. S3(c) are
consistent with the C—V data result shown in Fig. 2(b) (lower panel).



DSC analysis of P(VDF-TrFE) (80/20) copolymer film
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Fig. S4. DSC analysis of P(VDF-TrFE) (80/20) copolymer film.

The differential scanning calorimetry (DSC) analysis for P(VDF-TrFE) (80/20)
copolymer film was conducted to find the Curie (7¢: 88.3 °C) and melting temperatures (7
164.7 °C). The 1.9 mg of the P(VDF-TrFE) sample was heated from room temperature to 200
°C and cooled back to room temperature at a rate of 10 °C/min. In the heating process, two
endothermic peaks were observed at temperatures of 88.3 °C and 164.7 °C. The first peak at a
lower temperature corresponds to the T, where ferroelectric phase transits to paraelectric
phase. The second peak at a higher temperature corresponds to 7y, where polymer chains
begin to decompose. Since the P(VDF-TrFE) film is well crystallized to have S-phase
domains when annealed between Tc and Ty, the optimal annealing temperature range was
determined to be 88.3 — 164.7 °C.



Iy Vi characteristics of P(VDF-TrFE) FeFET
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Fig. S5. (a) Ip Vg characteristics of the P(VDF-TrFE) FeFET synapse samples annealed at
four different temperatures. Ip Vg characteristic curves in linear scale after applying (b)
positive pulses (10V, 1s) and (c) negative pulses (—20V, 1s). (d) 400-times-repeated Ip Vg
cyclic curves of the 140 °C annealed FeFET. (e) On- and Off-state currents extracted from (d).
(f) Retention characteristics of both On- and Off-states up to 1,800 s with the duration of 50 s.

As shown in Fig. S5a, the on/off ratio of the FeFET device was 2.2—4.5. In Fig. S5b and
¢, we confirmed the left- and right-shifts of the I, Vg curve as applying consecutively positive
and negative pulses, respectively. In addition, to investigate the endurance characteristics of
the FeFET, the cyclic measurement of I, Vs was performed 400 times, as shown in Fig. S5d.
Here, On- and Off-states indicate the I values at Vg =0 V when V is swept in the negative
and positive directions, respectively. On/Off-state ratio was maintained over 2 orders even
after 400 cyclic sweeps (Fig. S5¢) and the polarized states were confirmed to be maintained
well for 1,800 s (Fig. S51).



Nonlinearity analysis of LTP/L'TD curves
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Fig. S6. Nonlinearity (NL) analysis. NL extraction from the LTP/D curves for (a) Ti-, (b) Cr-,

and (c) Pd-contacted devices.

The NL value of the LTP/D curve was calculated using the following equations:

GLTP = B(l - CXp(-P/AP)) + Gmim (1)
GLTD = 'B(l - exp((P - Pmax)/AD)) + Gmaxa (2)
B = (Gmax - Gmin)/(l = eXp('Pmax/AP,D)) (3)

where Grp and Gy 1p are the conductance values of the LTP and LTD regions, respectively. P
is the number of applied pulses. 4 is a parameter representing NL. B is a fitting constant used
to normalize the conductance range. The 4 value was extracted from the experimental data
using the MATLAB code provided as an open source, and the corresponding NL values were

derived from tables provided by the same source.*



Effective conductance-state ratio
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Fig. S7. Normalized PSC and AG curves as a function of the number of spikes to calculate the
effective conductance-state ratio for (a) Ti-, (b) Cr-, and (c¢) Pd-contacted devices.

The effective conductance-state ratio was defined as the ratio of the number of

conductance states in which AG exceeded a certain percentage of Gyax/Gmin (AG-Threshold)

to the total number of conductance states. When a AG-Threshold is 0.1%, the number of

effective conductance-states were 194 (75.8%), 206 (80.5%), and 233 (91.0%) out of total
256 states for Ti-, Cr-, Pd-contacted devices, respectively.



Symmetricity analysis of the LTP/D curves

a : b c
Symmetric error and Caleulated curve Calculated curve
Symmetricity at the Symmetric error: 0 Symmetric error: co
Real devices Symmetricity: co Symmetricity: 0
G - G . R g
max max ;}\\
5 1";; 2
VAR
= 3 <4 \:\ =
& ) : ? )
0] o } Q o
V4 \\\
g \;
&5 A
i . g \\“‘:
G L H H G Vgt G [
i k n 20k 2n ™ 0 k n 20k 2n ™ 0 ko 2nkon
Number of spikes Number of spikes Number of spikes

Fig. S8. Symmetricity analysis of the LTP/D curves. (a) LTP/D curves with 2n conductance
states for Ti-, Cr-, Pd-contacted devices, where the k™ and (2n-k)™ conductance states are
highlighted. (b) Ideal LTP/D curve with perfect symmetricity and no symmetric error. (c)
Worst LTP/D curve with no symmetricity and infinite symmetric error.

Fig. S8a shows the LTP/D curves for the Ti-, Cr-, Pd-contacted devices, and their k™

and (2n-k)" conductance states. We defined the symmetricity as the reciprocal of the
1

symmetric error (Symmetricity = symmetric error), Here, the symmetric error was defined as
following equation:

FEMGN(R) - Gy2n- k) KET(GUR) = G i) — (GR21 =) = G i)

; )

2
Symmetric error = k=1 =k=1 N(Grmax = Gmin)
k=n
(G(k) - G2n - k))? hy G(K) = Gy
2 N =
=k=1 n(Gmax - Gmin) , where Gmax - Gmin.

Here, Gy, Giux, and G,y denote the normalized value of conductance, the maximum value of
conductance, and the minimum value of conductance. Fig. S8b shows the calculated LTP/D
curve with the perfect symmetricity and no symmetric error. Fig. S8c presents the calculated
LTP/D curve with no symmetricity and infinite symmetric error.



Estimated recognition rates as a function of epochs
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Fig. S9. Estimated recognition rates as a function of epochs, applying NL or DR value of the
Pd-contacted device to the (a) Ti- and (b) Cr-contacted devices.

Table S1. Comparison of the maximum recognition rates between reference devices and
estimated devices.

Device condition DR NLy1p NLyi1p Recogaition
rate (%)
Ti-contacted device 2.15 5.39 3.25 11.1
Cr-contacted device 4.86 4.05 3.31 35.1
Pd-contacted device 8.97 2.02 3.42 75.2
Ti-contacted device + NLpq4 2.15 2.02 342 21.1
Ti-contacted device + DRpy 8.97 5.39 3.25 51.3
Cr-contacted device + NLpy 4.86 2.02 342 48.3
Cr-contacted device + DRpy 8.97 4.05 3.31 63.5
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ML-NN simulation result using MNIST handwritten digits dataset
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Fig. S10. ML-NN simulation results using MNIST handwritten digits dataset. (a) MNIST
handwritten digits dataset (60,000 training images and 10,000 test images) and the ML-NN
(one input layer of 784 neurons, one hidden layer of 100 neurons, and one output layer of 10
neurons). The ML-NN simulation results using synaptic parameters obtained from (b) the
P(VDEF-TrFE) annealing experiment and (c) the contact barrier experiment.
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X-SEM images of P(VDF-TrFE) before and after annealing, and T-SEM

images w.r.t. annealing temperatures
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Fig. S11. X-SEM images of P(VDF-TrFE) before and after annealing, and T-SEM images for
various annealing temperatures. X-SEM images of the P(VDF-TrFE) film (a) before
annealing process and (b) after 140 °C annealing process. (c) EDS mapping image obtained
on the cross-section. T-SEM images for (d) 60 °C, (e) 100 °C, (f) 140 °C, and (g) 180 °C
annealing processes.

The thickness of P(VDF-TrFE) was confirmed to be 394.8 nm. As shown in the topview
scanning electron microscopy (T-SEM) results of Fig. S11d—g, the grain size was maximized
after the 140 °C annealing, which is consistent with the AFM analysis in Fig. 2e.
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