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1. Ferroelectric/Dielectric Stack with Internal Metal 

 

Fig. S1(a) shows the C-V measurement of a type D capacitor with 20 nm HZO, 20 nm 

Al2O3 and 30nm TiN in between, measured from 1 kHz to 1 MHz. The two signature capacitance 

peaks in the C-V hysteresis loop are observed. Fig. S1(b) shows the P-V measurement of a type 

D capacitor with 20 nm HZO and 20 nm Al2O3, where a weak ferroelectric hysteresis loop is 

achieved. Fig. S1(c) shows the comparison of C-V measurements of type C and type D 

capacitors with 20 nm HZO and 20 nm Al2O3. Although same thicknesses of HZO and Al2O3 are 

used, a type D capacitor with 30 nm TiN exhibits weak ferroelectricity in C-V and P-V 

 
 

Figure S1. (a) C-V measurement and (b) P-V measurement on a type D capacitor with 20 nm Al2O3 and 20 nm 

HZO. (c) C-V measurements comparison of a type C and a type D capacitor with 20 nm Al2O3 and 20 nm HZO. 
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characteristics, suggesting that the charge in the internal metal can assist the ferroelectric 

switching process, in great contrast to the result from a type C capacitor. Fig. S1(c) concludes the 

FE/DE stacks with internal metal and without internal metal are physically very different. If the 

internal metal gate becomes much larger than the capacitor area by design or it is externally 

connected to metal wires through vias or the internal metal gate is physically connected to the 

measurement equipment, the required balanced charges can be provided even externally. All 

these facts are extremely important to understand and interpret the experimental observation 

related to Fe-FETs and NC-FETs. 
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2. Interfacial Coupling in Ferroelectric/Dielectric Stack 

 

Fig. S2(a) shows the capacitance-1 versus Al2O3 thickness characteristics of three types of 

capacitors, Al2O3 only (type A), Al2O3/20 nm HZO stack (type C) and the capacitance value of 

measured Al2O3 (type A) and HZO (type B) capacitors in series. Experimentally, capacitance of 

type C capacitor is lower than type A capacitor with same Al2O3 thickness. No obvious QSNC 

effect is observed in HZO material system. But a capacitance enhancement of type C capacitor is 

observed to be larger than the capacitance value in series, as shown in Fig. S2(b). Over 20% 

capacitance enhancement is observed with 8 and 10 nm Al2O3/20 nm HZO stack. This result 

shows from another aspect that the FE/DE stack with internal metal and without internal metal 

are physically very different. It demonstrates the existence of interfacial coupling1-6 between the 

Al2O3 layer and HZO layer. This interfacial coupling effect can improve the equivalent oxide 

 

Figure S2. (a) Capacitance
-1

 of type C capacitor versus Al2O3 thickness, by both experimental measurements (red 

squares) and calculated total capacitance (blue triangles). The calcu lated total capacitance in series is based on the 

experimental measurements of type A and type B capacitors, using the maximum capacitan ce in the measured C-V 

curves. The capacitance values of measured type A capacitors with different Al2O3 thicknesses are presented as 

black circles. (b) The ratio of experimental capacitances of type C capacitor over capacitance in series versus 

different Al2O3 thickness.  
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thickness of FE/DE gate stack. The static capacitance enhancement by negative capacitance 

effect (CTOT > CDE) is not directly achieved in this slow measurement. The intrinsic quasi-static 

negative capacitance phenomenon might be masked by the charge trapping and de-trapping.10 So 

it is not conclusive to claim the existence of negative capacitance or not in this work using HZO 

as the ferroelectric stack. 
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3. DC Enhancement in Fe-FET 

 

It is clear that ferroelectric polarization switching can lead to the sub-60 mV/dec 

subthreshold slope (SS) in ferroelectric-gated transistors. But hysteresis in transfer characteristics 

is unavoidable, if not considering charge trapping process. Note that the concept of transient NC 

effect in Fe-FETs7-9 is fundamentally different from the concept of QSNC effect in NC-FETs. 

But it is unclear whether performance benefit is achievable or not with a hysteretic and sub-60 

mV/dec device. Here, the authors want to emphasize that ferroelectric polarization switching and 

polarization charge in Fe-FETs can offer DC enhancement (IOFF reduction and ION enhancement 

simultaneously), with the existence of manageable hysteresis and without incorporating QSNC 

explanation. All transient effects of ferroelectric dynamic polarization switching10–15 are 

negligible in DC condition discussed in this work. Meanwhile, the hysteresis might not have 

serious impact in logic circuits if it is controlled in between zero voltage and half of the supply 

.  

Figure S3. (a) Illustration of DC enhancement of a ferroelectric-gated FET. 
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voltage (VDD). Thus, this work addresses an important fact that ferroelectric field-effect 

transistors can offer DC enhancement from the perspective of ferroelectric polarization switching 

only. The potential of using ferroelectric-gated transistor for low-power logic applications is 

limited by the speed of the devices. 

In a CMOS logic circuit, a lower off-state current (IOFF) and higher on-state current (ION) 

is preferred. The DC enhancement here is defined as at the same IOFF and a given supply voltage 

(VDD), the transistor can have higher ION. Whether a small hysteresis exists or not is not 

important if lower IOFF and higher ION can be achieved simultaneously. For circuit applications, 

hysteresis window of the devices should be controlled less than half of the VDD. As shown in Fig. 

S3, the black line is the transfer characteristics of the baseline FET without ferroelectric 

polarization. If a high gate voltage is applied, the transfer curve shifts to the left as the green 

curve. If a low gate voltage is applied, the transfer curve shifts to the right as the blue curve. The 

amount of threshold voltage shift (ΔVT) is determined by the remnant polarization, the 

capacitance of dielectric layer (CDE) and the ratio of ferroelectric capacitor area (AFE) and the 

dielectric capacitor area (ADE) (assuming the existence of an internal metal layer). Note that the 

conclusion is still valid in FE/DE stack without internal metal, but the area ratio of AFE and ADE 

becomes one. The transfer characteristics of the Fe-FET switches between the polarization up 

and polarization down transfer curves and the switching voltages (Vup, Vdown) are determined by 

the coercive voltages. The coercive voltages can be tuned by the thickness of the FE layer, so Vup 

and Vdown can be tuned accordingly. Therefore, if we plot the full bi-directional transfer 

characteristics, as the red line in Fig. S3, a reduction in IOFF and an enhancement in ION are 

achieved simultaneously. This exactly shows the DC enhancement can be achieved using a Fe-

FET structure. The difficulty in realization of such performance is that the Pr in conventional 
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ferroelectric insulator material is so high that the hysteresis window become too large for logic 

applications. However, by using a DE layer for capacitance matching and using an internal metal 

gate to modulate the area ratio of AFE and ADE if it is needed, we can effectively reduce the 

hysteresis window, achieve DC enhancement in Fe-FET. 

 Such experimental structure and experimental results were already reported in our 

previous publication with AFE/ADE ~ 100, as shown in Ref. 16. It is a MoS2 ferroelectric-gate 

FET with internal metal gate structure. Subthreshold slope (SS) of 37.6 mV/dec in forward 

sweep and SS of 42.2 mV/dec in reverse sweep are achieved. More importantly, a clear ION 

enhancement is achieved with same IOFF so that this is an obvious DC enhancement. From the 

perspective of ferroelectric polarization switching, such DC enhancement can be explained 

without invoking QSNC concept.  
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