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Fig. S1 (a) (Top) Bipolar triangular and (bottom) positive-up negative-down pulse (PUND) schemes used to measure polarization-voltage 
(P-V) curves. The measured results using triangular pulses are shown in (b) and (c) presenting current density (J) – V and P-V, respectively. 
(d-g) The PUND and triangular pulse measurement results at 4 different cells.

Fig. S2 (a) Pulse scheme to measure polarization and resistance modulation hysteresis. (b) Polarization – voltage curve measured after each 
pulse of (a). (c) Resistance - voltage curve measured after each pulse of (a). The corresponding resistance modulation depending on the 
polarization states shows that the device is controlled by ferroelectric polarization.

Fig. S3 Multilevel J-V curve of the device with HZH with voltage amplitude from 3.2 to 3.7 V.

Fig. S4 (a-c) The measured J-V curves at 5 different points for each device with HfO2, HZO, and HZH, respectively, show device-to-device 
variation (DTDV). The cycle-to-cycle variation (CTCV) was assessed with 5 cycles of DC voltage for devices with (d) HfO2 and (e) HZO. 
For a precise assessment of the best-performing device, 50 cycles were conducted for the device with HZH, as shown in (f). (g) The 
quantitative evaluation of DTDV and CTCV by calculating the ratio of the standard deviation () to the mean () of the currents at -2 V.

Fig. S5 (a-c) The measured J-V curves at 5 different points for each device without HZH, TiO2, and Al2O3 layers, respectively. The cycle-to-
cycle variation (CTCV) was assessed with 5 cycles of DC voltage for devices without (d) HZH and (e) TiO2. In the case of the device of 
TiN/TiO2(17nm)/HZH/Pt, before the end of the 5 cycles, the resistance switching mechanism was changed from ferroelectric-based to 
defect-based. (g) The quantitative evaluation of DTDV and CTCV by calculating  of the currents at -2 V. 

Fig. S6 (a) Endurance test conducted under ±4 V, 10 kHz square pulse stress. (b) retention test conducted at 80 °C. The retention loss in the 
case of the FTJs is caused by the depolarization field, which is proportional to the Pr. The retention loss in FTJs is caused by the 
depolarization field, which is proportional to Pr. As Pr depolarizes, the depolarization field decreases, causing significant initial loss but 
eventual stabilization. Domain wall speed is exponentially proportional to the field, following Merz’s law. Exponential decay fitting was 
used for extrapolation, demonstrating that the on/off ratio can be ~8 after 10 years.

Fig. S7 Oxygen quantification using STEM-EELS. (a, b) The EELS spectrum image, the quantified map showing the volumetric density of 
oxygen, and the line-scan profile of quantified oxygen intensities, were obtained from the sample (a) with and (b) without the Al2O3 layer. 
STEM-EELS quantification was conducted using Gatan Microscopy Suite software (GMS 3), based on the method inspired by the work of 
Verbeeck and Van Aert. 1 Oxygen K-edge signals from 532 eV to 674 eV were used and the plural scattering effect was corrected for the 
quantification. 

Fig. S8 (a, b) Set and Reset switching speed measurement pulse scheme and results. (c, d) Power consumption of the set and reset process 
measured in (a, b).

Table S1 Comparison of switching characteristics with reported Self-Rectifying Devices.

Fig. S9 (a) the ln(J/T2) vs. 1000/T plot measured in the temperature range of 294-333K, where the slope means effective workfunction (eff) 
shown in the inset. (b) the plot of the eff vs. E1/2, where the intercept means barrier height of the TiN/TiO2 interface.

Fig. S10 (a) The resistance modulation depending on the applied number of optimized pulses in Fig. 6(b). The measurement was conducted 
5 times in a single cell. (b) The resistance modulation in 5 different devices with the optimized pulses.

Fig. S11 Summary of equations to calculate total resistance (R) of CBA in Fig. 7(a) half-selected cells connected to the word line and bit 
line are Rs1 and Rs3, respectively, while Rs2 represents the other unselected cells. For the current passing through sneak current paths, the 
current through one of the Rs1 is divided into (M-1)Rs3 in parallel. This means the resistor can be considered as M-1 times larger than Rs1. 
Similarly, the currents through the Rs3 originated from the N-1 number of Rs1, which means the Rs3 can be considered as an N-1 times large 
Rs3, in terms of the current passing through any given Rs2. Consequently, the entire sneak current path can be presented in the (M-1)(N-1) 
number of strings, where one string is (M-1)Rs1+Rs2+(N-1)Rs3.

Fig. S12 (a) Upper panel shows measured resistance at each state and voltage. Except for the R@Vr_HRS, the resistances are measured in 
LRS. The bottom panel shows the assumed value of pull-up resistance (Rpull) and linear device resistance. The R@linearVr/2 and 
R@linearVr/3 are calculated resistance by dividing R@Vr_LRS with 2 and 3, respectively. The values are compatible with an array 
consisting of 100 m2-sized cells. (b, c) The comparison of the N x N array scalability of the device in this study and assumed linear device 
with parameters in (a) in which (b) shows the case with the Vr/2 scheme and (c) for the Vr/3 scheme.

Fig. S13 (a) The coordination of the CBA. (b) Measurement scheme of 3 bits CBA cells using DC voltage application, where the applied 
voltage is the red line and the step for reading each state are marked with colours following the legends. In the scheme, the reset state is 
written in red letter, read voltage (Vr) in blue, and written in green colour. The write voltage was negative voltage with the amplitude of 3-
3.8 V (c) The cumulative distribution function (CBA) of the current density taken at the -2 V in 9 × 9 CBA. (d) The entire original data of 
the 9 × 9 CBA data shown in Fig. 8(c). The results are separately shown column by column following the coordination numbering as shown 
in (a). Each reset, Vr, and write voltages are marked in red, blue, and green letters.



Fig. S1 (a) (Top) Bipolar triangular and (bottom) positive-up negative-down pulse (PUND) schemes used to measure polarization-voltage 
(P-V) curves. The measured results using triangular pulses are shown in (b) and (c) presenting current density (J) – V and P-V, respectively. 
(d-g) The PUND and triangular pulse measurement results at 4 different cells.



Fig. S2 (a) Pulse scheme to measure polarization and resistance modulation hysteresis. (b) Polarization – voltage curve measured after each 
pulse of (a). (c) Resistance - voltage curve measured after each pulse of (a). The corresponding resistance modulation depending on the 
polarization states shows that the device is controlled by ferroelectric polarization.



Fig. S3 Multilevel J-V curve of the device with HZH with voltage amplitude from 3.2 to 3.7 V.



Fig. S4 (a-c) The measured J-V curves at 5 different points for each device with HfO2, HZO, and HZH, respectively, show device-to-device 
variation (DTDV). The cycle-to-cycle variation (CTCV) was assessed with 5 cycles of DC voltage for devices with (d) HfO2 and (e) HZO. 
For a precise assessment of the best-performing device, 50 cycles were conducted for the device with HZH, as shown in (f). (g) The 
quantitative evaluation of DTDV and CTCV by calculating the ratio of the standard deviation () to the mean () of the currents at -2 V.



Fig. S5 (a-c) The measured J-V curves at 5 different points for each device without HZH, TiO2, and Al2O3 layers, respectively. The cycle-to-
cycle variation (CTCV) was assessed with 5 cycles of DC voltage for devices without (d) HZH and (e) TiO2. In the case of the device of 
TiN/TiO2(17nm)/HZH/Pt, before the end of the 5 cycles, the resistance switching mechanism was changed from ferroelectric-based to 
defect-based. (g) The quantitative evaluation of DTDV and CTCV by calculating  of the currents at -2 V.



Fig. S6 (a) Endurance test conducted under ±4 V, 10 kHz square pulse stress. (b) retention test conducted at 80 °C. The retention loss in the 
case of the FTJs is caused by the depolarization field, which is proportional to the Pr. The retention loss in FTJs is caused by the 
depolarization field, which is proportional to Pr. As Pr depolarizes, the depolarization field decreases, causing significant initial loss but 
eventual stabilization. Domain wall speed is exponentially proportional to the field, following Merz’s law. Exponential decay fitting was 
used for extrapolation, demonstrating that the on/off ratio can be ~8 after 10 years.



Fig. S7 Oxygen quantification using STEM-EELS. (a, b) The EELS spectrum image, the quantified map showing the volumetric 
density of oxygen, and the line-scan profile of quantified oxygen intensities, obtained from the sample (a) with and (b) without 
Al2O3 layer. STEM-EELS quantification was conducted using Gatan Microscopy Suite software (GMS 3), based on the method 
inspired by the work of Verbeeck and Van Aert. 1 Oxygen K-edge signals from 532 eV to 674 eV were used and the plural scattering 
effect was corrected for the quantification. 



Fig. S8 (a, b) Set and Reset switching speed measurement pulse scheme and results. (c, d) Power consumption of the set and reset process 
measured in (a, b).



Table S1 Comparison of switching characteristics with reported self-rectifying devices.



Fig. S9 (a) the ln(J/T2) vs. 1000/T plot measured in the temperature range of 294-333K, where the slope means effective workfunction (eff) 
shown in the inset. (b) the plot of the eff vs. E1/2, where the intercept means barrier height of the TiN/TiO2 interface.



Fig. S10 (a) The resistance modulation depending on the applied number of optimized pulses in Fig. 6(b). The measurement was conducted 
5 times in a single cell. (b) The resistance modulation in 5 different devices with the optimized pulses.



Fig. S11 Summary of equations to calculate total resistance (R) of CBA in Fig. 7(a) half-selected cells connected to the word line and bit 
line are Rs1 and Rs3, respectively, while Rs2 represents the other unselected cells. For the current passing through sneak current paths, the 
current through one of the Rs1 is divided into (M-1)Rs3 in parallel. This means the resistor can be considered as M-1 times larger than Rs1. 
Similarly, the currents through the Rs3 originated from the N-1 number of Rs1, which means the Rs3 can be considered as an N-1 times large 
Rs3, in terms of the current passing through any given Rs2. Consequently, the entire sneak current path can be presented in the (M-1)(N-1) 
number of strings, where one string is (M-1)Rs1+Rs2+(N-1)Rs3.



Fig. S12 (a) Upper panel shows measured resistance at each state and voltage. Except for the R@Vr_HRS, the resistances are measured in 
LRS. The bottom panel shows the assumed value of pull-up resistance (Rpull) and linear device resistance. The R@linearVr/2 and 
R@linearVr/3 are calculated resistance by dividing R@Vr_LRS with 2 and 3, respectively. (b, c) The comparison of the N × N array 
scalability of the device in this study and assumed linear device with parameters in (a) in which (b) shows the case with the Vr/2 scheme and 
(c) for the Vr/3 scheme.



Fig. S13 (a) The coordination of the CBA. (b) Measurement scheme of 3 bits CBA cells using DC voltage application, where the applied 
voltage is the red line and the step for reading each state are marked with colours following the legends. In the scheme, the reset state is 
written in red letter, read voltage (Vr) in blue, and written in green colour. The write voltage was negative voltage with the amplitude of 3-
3.8 V (c) The cumulative distribution function (CBA) of the current density taken at the -2 V in 9 × 9 CBA. (d) The entire original data of 
the 9 × 9 CBA data shown in Fig. 8(c). The results are separately shown column by column following the coordination numbering as shown 
in (a). Each reset, Vr, and write voltages are marked in red, blue, and green letters.
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