Problems. #4– Semiconductor devices II – Spring 2023 (Ionescu)

Problem 1: Negative capacitance principle 
The principle of negative capacitance involved the use of specific materials in a capacitive gate stack, so that in particular region of the gate bias the equivalent differential capacitance appears as negative from the relations relating the dependence between the stored energy and the charge.

1. A pure negative capacitance effect in a ferroelectric cannot be used in a device because it will cause an instability point, it should be stabilized by appropriate connection of a in-series capacitance.
2. Negative Capacitance applies over a large temperature range (low and high), with practically no theoretical temperature limitations.
3. Landau theory predicts a negative capacitance in-between the two minima of energy to charge landscape in ferroelectrics. The same effect would be experience in a structure/material with two maxima of the energy to charge landscape.
4. In a MOS capacitor with negative capacitance effect by a ferroelectric, the surface potential can be larger than the applied gate voltage.
5. An organic ferroelectric (like PVDF) has the advantage of a higher speed dynamics of the dipoles controlled by electric field compared to an inorganic ferroelectric (like HZO).
6. One needs to exploits the region of ‘’S’’ shaped polarization versus electric field to make a negative capacitance transistor.
7. The swing for a NC-FET can be expressed as . Explain if this is true or not and show how to compute the swing.
8. To get the negative capacitance effect useful for a transistor, one should achieve very small Equivalent Oxide Thicknesses (EOT) of the ferroelectric gates, comparable with the ones of advanced CMOS nodes.
9. The leakage current through the ferroelectric gate stack should be negligible in order to exploir the NC effect in a MOSFET.
10. We can apply negative capacitance effect to a bipolar transistor to get rid of the 60mV/decade limit of these transistors.


Problem 2: Negative Capacitance FETs and Tunnel FETs.
The negative capacitance can be applied as technology performance booster to any kind of FETs and Tunnel FETs, at different scales.
Select the correct statements from the list below:
1. The negative capacitance only lowers the subthreshold swing and has no beneficial effect on the drain current for gate voltages higher than the threshold voltage (no influence on the so-called overdrive).
2. A FET with negative capacitance can be hysteretic or non-hysteretic.
3. In principle, the Ioff current is not influenced by the negative capacitance gate stack.
4. The negative capacitance Ferroelectric FET (NC-FET) can be used to lower the swing of a bulk MOSFET due to internal amplification of the gate voltage variation (resulting in a body factor <1). This type of principle cannot be applied to fully-depleted SOI MOSFETs because their depletion region is constant (the depletion width being limited by the thickness of the silicon film).
5. One can imagine to combine a negative capacitance gate stack on a tunnel FET; the resulting device will be a hysteretic device with swing more abrupt than the one of a genuine tunnel FET and the OFF current smaller than the one of negative capacitance FET.
6. There is no real advantage to apply a negative capacitance gate stack on a tunnel FET.
7. Negative capacitance FETs have a subthreshold slope that is not dependent on temperature.
8. Negative capacitance Tunnel FETs have a subthreshold slope that is not dependent on temperature.
9. Negative capacitance FETs can be used as a charge detector, with applications in gas and biosensing, with the advantage of a higher threshold shift, due to a Q added to the gate, compared to a MOSFET charge detector.
10. 2D transistors can benefit from gate stacks with Negative Capacitance-

Problem 3:
At the end of problems/questions #1 and #2:
· Enumerate five (5) major advantages of negative capacitance FETs compared to MOSFETs.
· Enumerate five (5) advantages of Negative Capacitance FETs compared to Tunnel FETs.
· Enumerate five (5) big remaining technological and implementation challenges for Negative Capacitance FETs.
