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For the pulse write/read measurement (see Fig. S1(a)),1 a series of write and read trapezoidal 

voltage pulses with a pulse width of 4 μs, a rising/falling time of 1 μs, and a delay time of 10 μs 

were applied to the Hf0.5Zr0.5O2 (HZO) samples using a pulse generator (Agilent 81110A). The 

subsequent voltage drop on the internal resistor of 50Ω (shunt resistor) was measured using an 

oscilloscope (Tektronix DPO7104). The load current was calculated from the load voltage using 

Ohm's law and the load current of each pulse was integrated over time to extract the polarization. 

Figure S1(b) and (c) show an example of the pulse write/read result of the HZO sample 

according to the pulse sequence. 

In the write/read sequence, the write pulse is applied such that the switching and non-

switching polarization can be extracted from the read pulse. For example, applying +2.5 V write 

pulse and -2.0 V read pulse can help us extract the switching polarization at -2.0 V from the read 

pulse. Similarly, applying -2.5 V write pulse and -2.0 V read pulse can help us extract the non-

switching polarization at -2.0 V from the read pulse. Hence, the applied write voltage was fixed 

at ±2.5 V and the read voltage varied from -2.5 V to 2.5 V with 0.1 V step as shown in Fig. S1(c). 

It takes around 5 s to initialize the pulse generator and the oscilloscope between each write/read 

sequence, which gives the domains sufficient time to relax. By subtracting the integrated current 

values of the switching and non-switching read pulses, the real ferroelectric switching 

polarization (Psw) were extracted. The slope of the integrated current values of non-switching 

read pulses can be also used to extract the dielectric constant of the HZO sample as shown in Fig. 

S1 and Fig. S2(a). 

We can see two different slope regions in non-switching pulse write/read results (see Fig. 

S2(a) inset). Therefore, two dielectric constants in two different read voltage operation regions 

are extracted from non-switching pulse write/read results, respectively. The dielectric constant in 
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the first region (when read voltage is much lower than coercive voltage) and the second region 

(when read voltage is coercive voltage or higher) are about 45.3 and 67.2, respectively. The 

dielectric constant extracted from the first region is similar to the dielectric constant obtained 

from the small signal capacitance-voltage (C-V) measurement at 2.5 MV/cm (higher than 

coercive field) where the ferroelectric switching effect is minimized (at a frequency of 10 kHz 

with an amplitude of 50 mV using an Agilent 4284A) as shown in Fig. S2(b). Meanwhile, the 

extracted dielectric constant at or above the coercive voltage is close to the maximum dielectric 

constant in small signal C-V measurement at the coercive voltage. These extracted values are 

shown in Table I of the manuscript. 
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FIG. S1. (a) Schematic diagram of pulse write/read measurement. (b) Pulse write/read result of 

the HZO sample annealed at 400°C after TiN TE deposition. (c) The sequence of pulse 

write/read measurement: for example, the write voltage was fixed at ±2.5 V and the read voltage 

varied (-2.0 V, -1.5 V, -0.5 V, 0.5 V, 1.5 V, and 2.0 V). 
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FIG. S2. The extracted dielectric constant of the HZO sample annealed at 400°C after TiN TE 

deposition from (a) non-switching pulse write/read result and (b) small signal C-V measurement. 

 


