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Dynamic Hysteresis and PUND Measurements 

 
Figure S1: (a) Polarization-voltage (P-V) dynamic hysteresis measurement of the gate with 200 

μm width and 0.75 μm length at 1 kHz. (b) The P-V diagram at the same device obtained by 

PUND by applying the pulse sequence in (c).  

Dynamic hysteresis measurements (Figure S1 (a)) at the gate FE HZO oxide show a significant 

proportion of dielectric and parasitic charge. In order to obtain the pure ferroelectric 

contribution, typical Positive-Up-Negative-Down (PUND) technique (Figure S1 (b)) was used by 

applying the pulse scheme of Figure S1 (c). A rectangular pre-polarization pulse with -5 V 

amplitude and 10 μs width was applied, that is similar to the write pulses we used to program 

the FeFETs. In that way we checked and ensured that these pulses are able to fully switch the 

polarization. By subtraction of non-ferroelectric charge (non-switching pulses) from total 
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polarization (switching pulses), we obtain the corrected (blue) curve, as it is presented in the 

Figure 3 of the main manuscript. 

Threshold voltage modulation in a p-channel FeFET 

 
Figure S2: (a) Shift of transfer curve depending on the polarization state (up or down) with 

respect to the curve of the pristine device for a p-channel FeFET. (b) When Pup/Pdown is 

established in FE HZO, inversion in Ge channel is easier/more difficult respectively. 

 

The pristine (purple) curve in Figure S2 (a) corresponds to a p-channel FeFET before the 

polarization is established in the HZO. When negative voltage is applied to the top of the gate, 

Pup is established and the negative charges at the bottom of HZO attract the holes at the 

surface of Ge. As a result, inversion is getting easier and lower gate voltage is needed to open 

the channel. That means that the threshold voltage shifts to the right (lower negative voltages). 

The reverse effect happens for Pdown (Figure S2 (b)). The horizontal distance of transfer curves 

for the two states (hysteresis) is defined as the Memory Window (MW). 

 

Electric field cycling in the FE HZO 

We performed electrical cycling to the gate (100 x 0.75 μm). The first ~1000 cycles were applied 

at 100 Hz, 4 V, and then at 1 kHz, 4.5 V. The P-V loop is fully open after 100 cycles and starts to 

be distorted after 5·104 cycles, affected by increased leakage current. 
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Figure S3: (a) Polarization and (b) displacement current vs voltage loops at 1 kHz during 

electrical cycling. 

Retention of polarization 

The retention of a ferroelectric capacitor with the layer structure of the FeFETs TiN/15 nm 

HZO/Ge was examined. After applying a write pulse to the gate to polarize the ferroelectric 

HZO, we measured the remaining Pr for both states after different delay times. As presented in 

Figure S4, both positive and negative Pr are stable at least after 104 sec delay.  

 

Figure S4: Remanent polarization for the two states as a function of delay time for a TiN/15 nm 

HZO/Ge capacitor.  

 


