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Abstract: Negative capacitance (NC) Field-effect-transistors (FETs) or NC Fin-shaped FET (NC FinFET)
which utilizes the negative capacitance effect of ferroelectric material such as PZT or BTO has been suggested
as a new candidate for ultra-low power steep switching devices for integrated circuits. The effect of NC on
FIinFET device has been demonstrated by using experiment and simulation method. However, the reliability issue
still hinders the commercialization of NC FinFET device, and has to be experimentally studied. For this, this
study suggests the gate leakage current of NC FinFET device which has minimum subthreshold slope of ~25
mV/decade.
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1. Introduction

The need and importance of steep switching device (i.e., switching transistors with subthreshold slope (SS)
value that is lower than 60 mV/decade, which is the limitation of SS value in conventional devices like
MOSFET, FIinFET because of the Boltzmann distribution of carriers) has been constantly highlighted for
decades, to handle the exponential increase of power consumption in integrated circuits. There are candidates for
steep switching device such as Tunnel Field-Effect-Transistor (TFET), Nanoelectromechanical Switch (NEMs),
etc. Recent studies [1-13] demonstrated the steep switching characteristic of negative capacitance FETSs that
utilizes the polarization switching characteristic of ferroelectric material shown in Fig. 1, and Fig. 2. Fig. 1 plots
the concept of negative capacitance. The polarization switching characteristic of ferroelectric material induces
negative capacitance. The polarization comes from the nature of ferroelectric material, which has two minima
point in energy curve shown in Fig. 2. When the external voltage V is lower than the coercive voltage,
ferroelectric switching does not occur. However, when the external voltage is applied higher than coercive
voltage, this induces polarization switching in ferroelectric material and therefore, the total system goes through
the negative capacitance region shown in Fig. 1. In this situation, the capacitance value of ferroelectric capacitor
is negative, and therefore, if the capacitor is connected in series with the conventional device such as FinFET,
the SS value could be lowered more than 60 mV/decade (i.e., the m factor of SS 1+CS/Cins could be lower than
1 since Cins is negative). Indeed, the steep switching characteristic of NCFETs with ferroelectric capacitor,
whether the ferroelectric layer is connected in series or it is integrated at the top of the device, has been
experimentally demonstrated in recent 10 years. Furthermore, the critical method for lowering the hysteresis
(which is the main problem in applying NCFET device in current CMOS logic) is also suggested and
demonstrated. However, despite these findings, it is still questionable if the NCFET devices are reliable. That is
to say, it should be clarified that the steep switching arises from the voltage amplification effect, not the injection
of gate leakage current. Therefore, in this study, the steep switching characteristic of NCFIinFET device is
demonstrated and compared with conventional FInFET device with the gate leakage current comparison.
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Fig. 1: The concept of negative capacitance. The polarization
switching inside the ferroelectric material induces negative
capacitance.
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Fig. 3: Bird’s eye view of negative capacitance FinFET device. The

PZT ferroelectric capacitor is connected in series with the FinFET
device by using metal wire.
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Fig. 5: Experimentally measured Drain current-Gate voltage
characteristics of FinFET and NCFinFET device for forward
sweep.
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Fig. 2: The concept of coercive voltage of ferroelectric capacitor. The

applied voltage should be higher than coercive voltage to induce
polarization switching of ferroelectric material.
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Fig. 4: Experimentally measured Charge-Voltage characteristic of
fabricated PZT ferroelectric capacitor
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Fig. 6: Experimentally measured subthreshold slope-Gate
voltage characteristics of FinFET and NCFinFET device for
forward sweep.
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Fig. 7: Experimentally measured Gate current-Voltage characteristic of FinFET and NCFinFET.

2. Device Structure and Fabrication

2.1. Ferroelectric Capacitor

Typical ferroelectric material Pb(Zry,Tios)Os (PZT) was deposited at the top of the bottom electrode of
ferroelectric capacitor by pulsed laser deposition technique. The top metal contact size of PZT ferroelectric
capacitor was 30 um x 30 um, and the thickness of PZT ferroelectric layer was 70 nm. The measured C-V
characteristic of PZT ferroelectric capacitor is shown in Fig. 4.

2.2. NCFInFET

To demonstrate the steep switching in state-of-the-art FinFET device, the FinFET with gate length of 45 nm,
fin number of 5, fin width of 20 nm, fin height of 40 nm was prepared. To fabricate NCFIinFET device, the
bottom metal contact of PZT ferroelectric capacitor was connected in series with the gate metal contact of
FinFET device by using gold wire. The gate voltage was applied to the top metal contact of PZT ferroelectric
capacitor, and source/drain voltage was applied to the source/drain of FInNFET device (see Fig. 3). The Keithley
4200A-SCS measurement equipment was used to experimentally measure the characteristics of devices.

3. Experimental Result and Discussion

Table | summarizes the performance parameters of FinFET and NCFIinFET device shown in Fig. 5.
TABLE I: Performance Parameters of FInFET and NCFinFET

Parameter [unit] FinFET NCFinFET
Minimum SS [mV/decade] 65.07 25.03
Average SS [mV/decade] 75.85 31.13

lon [A] @ Vs =-1V 1.91x10* 1.73x10™
lorr [A] @ Vs =0V 3.40x10™  5.79x10™

Fig.5. Shows experimentally measured Drain current-Gate voltage characteristics of FINFET and NCFinFET
device for forward sweep. Note that drain voltage was 0.5 V. It is clearly shown that the SS of NCFIinFET
device is much lower than that of FinFET device, because of the negative capacitance effect of PZT ferroelectric
capacitor. The performance of FinFET and NCFInFET transfer curves are compared in Table I. To compare the
SS characteristic clearly, the minimum SS (i.e., the minimum SS value measured as the SS between two
measurement point) and average SS (i.e., the average SS which is calculated as the SS value for Ips of 1x10°
19~1x10°) were measured. For both average and minimum SS values, SS of FINFET is ~2.5x higher than that of
NCFInFET. Furthermore, the on-state current (Ion) Which is the drain current at Vgs of -1 V and off-state current
(lorr) are similar between FinFET and NCFIinFET. To compare the SS value for these two devices clearly, Fig. 6
plots experimentally measured subthreshold slope-Gate voltage characteristics of FInFET and NCFInFET device
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for forward sweep. The SS of FinFET cannot overcome the limitation of 60 mV/decade, however, the SS of
NCFInFET has about 5 points that overcomes this limitation. Fig. 7 plots the gate leakage current of FInFET and
NCFInFET devices. Experimental result shows clearly that the gate leakage current of NCFInFET is similar to
that of FinFET, thus, the steep switching characteristic of NCFIinFET does not come from the gate leakage
current since the value of gate leakage current is lower than ~10™ A for Vgs >0 V.

4. Conclusion

Performance related to steep switching and device reliability of NC FinFET is experimentally demonstrated.
Because of the negative capacitance effect, the subthreshold slope (both average and minimum subthreshold
slope) is highly enhanced, compared to the baseline FinFET device only. For the reliability issue of NC FinFET
device in terms of the gate leakage current, the gate leakage current of NC FinFET is experimentally
demonstrated by using Keithley-4200A SCS equipment. We clearly demonstrated that the gate leakage current
of NC FinFET is similar to that of FinFET device, thus, the steep switching characteristic of NC FinFET device
does not originate from the leakage current.
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