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A B S T R A C T

In the incessant search to overcome the power densities and energy efficient limitations, performance matrix of
emerging electronic devices are being explored inevitably to find the alternatives of MOSFETs. We investigated
and compared the delay and energy performance matrices of fin-shaped FET and negative capacitance FinFET
(NC-FinFET) based devices and circuits designed on the same technology node. The improvement in the
performance of NC-FinFET based CMOS circuits is enhanced due to the negative capacitance’s negative DIBL
by employing a industry standard BSIM-CMG model. After analyzing at the device-level, detailed evaluation is
carried out at logic level for embedded inverter chain, three-stage ring oscillators (ROs), and 2-bit ripple carry
adders (RCA) for frequencies ranging between 10 kHz–1 GHz. Our findings revealed that the NC-FinFET based
circuit has a lower delay for a given range of operating frequencies and saves a significant amount of power
when compared to baseline FinFET, making NC-FinFET desirable for low power digital logic applications.
1. Introduction

In the recent years, FinFET-based logic devices are attaining more
popularity due to their low standby power dissipation, better scalabil-
ity, high electrostatics channel control, improved subthreshold swing
(SS), and high-performance compared to the conventional bulk MOS-
FET [1]. The FinFET-based logic devices and circuits are already in vol-
ume production to satisfy the impeccable need for high speed wireless
network, mobile computing system, and implantable medical devices
(IMDs) which require low power circuits [2]. FinFETs based transistors
have the advantage due to their thin body structure and better channel
control from the surrounding sides. The FinFET scaling from 22- to
7-nm technology node has been successfully achieved [3,4]. Further
scaling of FinFET below 3-nm technology node is arduous due to its
intrinsic architecture. Apparently fin pitch of 24 nm and fin height
of 60 nm has been reached to its saturation limit of scaling and
further making thinner and taller fins is not possible due to etching
and cleaning issues arising during manufacturing. Nowadays, nega-
tive capacitance field-effect-transistors (NCFETs) are promising suitable
candidates for the development of sub-3-nm technology node CMOS
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devices and circuits due to their outstanding performance and high
manufacturing process compatibility with the existing CMOS technol-
ogy [5–10]. The NCFETs-based device consists of a ferroelectric (FE)
material in the gate stack of a baseline FET; as a result, the internal
voltage of the baseline transistor is amplified by the FE-layer, resulting
in a significant improvement in the 𝐼𝑂𝑁∕𝐼𝑂𝐹𝐹 ratio as well as an
improvement in the sub-threshold slope (SS). Because of this 𝑉𝐷𝐷
scaling, NCFETs have the potential to overcome the Boltzmann tyranny,
which limits the SS (60 mV/decade) at room temperature (300 K) [11].
For designing of energy efficient circuit for low power applications the
scaling of device dimension is a critical parameter however the scaling
of 𝑉𝐷𝐷 is limited to threshold voltage (𝑉𝑇𝐻 ) operation regions. Further
scaling of 𝑉𝐷𝐷 beyond the 𝑉𝑇𝐻 limit will result in energy degradation
and speed loss of CMOS based circuits [12]. Negative capacitance
based FETs device have the advantage to operate at lower supply
voltage and exhibiting higher ON-state current and steep switching
characteristic (i.e. SS < 60 mV/decade at 300 K) compared to the
standard MOSFET [13–15]. Hence, at high frequency, NCFETs based
circuits such as comparator [16,17], differential amplifier [18], current
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Fig. 1. (a) Cross sectional view of Negative Capacitance FinFET (b) Equivalent capacitance circuit representation: The positive capacitance of the intrinsic FinFET stabilized the
negative capacitance of the ferroelectric layer and Self-consistent based compact modeling approach of the NC-FinFET by using the BSIM-CMG. Flow chart adopted to capture the
impact of 𝑉𝐹𝐸 in terms of 𝑉𝑖𝑛𝑡 and ultimately 𝑉𝐺𝑆 .
mirrors [18,16,19,20], analog switches [18,19], and sample-and-hold
circuits [11] have clocked for better performance compared with that
conventional FETs based device, while keeping 𝑉𝐷𝐷 constant . The
ON-state current gain is accompanied by the presence of FE material
in the gate stack which results in increase in the gate capacitance.
However the presence of non-linear ferroelectric capacitance with other
capacitance present in the device and circuit needs to be evaluated to
get insight into the overall benefit of NCFETs at the circuit level and
avert any deleterious effect [21–24]. In this paper, we have evaluated
the delay and energy performance of NC-FinFET based logic circuits
by analyzing the effect of ferroelectric thickness (𝑇𝐹𝐸), negative drain
induced barrier lowering (NDIBL) and negative differential resistance
(NDR) on the NC-FinFET device. These parameters are very crucial for
the circuit design and need to be properly investigated to find out the
optimized 𝑇𝐹𝐸 . Further, the effect of above parameters are intensively
analyzed to get insights into the circuit performance. The organization
of this paper is as follows: In Section 2, basics of NC-FinFET, its model-
ing methodology and device level analysis of NC-FinFET are discussed.
In Section 3, we have analyzed the static and dynamic performance of
a NC-FinFET based CMOS inverter. Section 4, evaluate the delay and
energy performance in NC-FinFET based embedded inverter chain, ring
oscillator and RCA, followed by conclusion (Section 5) in the end.

2. NCFinFET: Design & analysis

This section discusses the basics theory, modeling framework and
device level analysis needed for the investigation of NCFinFET in logic
applications.

2.1. NCFinFET: Basics

The cross sectional view of NC-FinFET and its equivalent voltage
divider capacitance circuit is shown in Fig. 1. The device contains a
ferroelectric (FE) layer in the gate stack and internal metal layer is
used to create an equipotential surface 𝑉𝑖𝑛𝑡. Due to this arrangement the
baseline FinFET and ferroelectric (FE) can be treated as two different
structures connected by a wire will greatly simplify the compact mod-
eling of the proposed NC-FinFET structure [25,26]. Hence, the requisite
properties of NC-FinFET is obtained by interactions of the positive
capacitance of the baseline FinFET with the negative capacitance of the
FE layer. This distinctive property of negative capacitance appears due
to the unique relation between the polarization (P) and electric field
2

(E) of the FE material [5,27], which can be modeled by the following
expressions:

𝐸𝑓𝑒 =
𝑉𝑓𝑒
𝑇𝐹𝐸

= 2𝛼𝑃 + 4𝛽𝑃 3 + 6𝛾𝑃 5 + 𝜌𝑑𝑃
𝑑𝑡

. (1)

Here, 𝛼, 𝛽 and 𝛾 are the static and material specific Landau parame-
ters coefficients. The value of 𝛼 is temperature sensitive whereas 𝛽 and
𝛾 are temperature independent parameters for a given FE material. In
the above equation it is assumed that the polarization profile is uniform
due to the homogeneous monodomain of FE material [28,29]. 𝜌 is the
ferroelectric damping constant which relates polarization response of
FE material with the applied electric field. A FE material having low
value of damping constant (𝜌 < 0.1 Ω𝑚) is required for design of faster
switching characteristics CMOS circuits than the baseline FinFET [30].
Because large value of 𝜌 slows down the transient switching charac-
teristics even if FE material is competent to provide internal voltage
amplification [31]. So, the low value of 𝜌 was selected as mentioned
in [7,32] to analyze the delay of the NC-FinFET based logic devices in
this paper. Furthermore, 𝜌dP/dt becomes negligible for a quasi-static
analysis. Then the approximate value of electric field can be given as

𝐸𝑓𝑒 ≈ 2𝛼𝑃 + 4𝛽𝑃 3. (2)

The FE static coefficient 𝛼 and 𝛽 can be related in terms of remnant
polarization 𝑃𝑟 and coercive field 𝐸𝑐 as

𝛼 = −
3
√

3
4

𝐸𝑐
𝑃𝑟

and 𝛽 =
3
√

3
8

𝐸𝑐

𝑃 3
𝑟
. (3)

The ferroelectric capacitance 𝐶𝑓𝑒 can be obtained as 𝐶𝑓𝑒 = 𝑑𝑃∕𝑑𝑉𝑓𝑒,
where 𝑉𝑓𝑒 = 𝐸𝑓𝑒 ∗ 𝑇𝐹𝐸 and 𝑇𝐹𝐸 represents the voltage drop and
thickness of the FE material, respectively. Mathematically

𝐶𝑓𝑒 ≈
−3.84 ∗ 𝑃𝑟(μC/cm2)

𝑇𝐹𝐸(nm) ∗ 𝐸𝑐(MV/cm) μF/cm2 for |𝛼| ≫ 6𝛽𝑃 2. (4)

The oxide capacitance (𝐶𝑜𝑥) of baseline transistor is given as

𝐶𝑜𝑥 =
𝜖𝑜𝑥
𝑇𝑜𝑥

=
𝜖SiO2

𝐸𝑂𝑇
≈ 3.45

𝐸𝑂𝑇 (nm) μF/cm2 (5)

where 𝜖𝑜𝑥 and 𝜖SiO2
represent the permittivity of high-k and SiO2,

respectively. 𝑇𝑜𝑥 represents the physical thickness of high-k dielectric.
The unique properties of ferroelectric material in the NC-FinFET is
obtained by the interactions of negative and positive capacitance of
the FE layer with the baseline transistor, respectively. Fig. 1(b) can be
used to understand the capacitive interactions of NC-FinFET devices.
𝜌 𝑑𝑃 in Eq. (1) can be modeled as 𝑅 (𝜌 𝑇𝐹𝐸 ) as explained in [21]. Here
𝑑𝑡 𝑓𝑒 𝐴𝐹𝐸
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Fig. 2. Calibration of the baseline 14 nm HP technology node n-FinFET and p-FinFET (a) Transfer characteristics (𝐼𝐷 − 𝑉𝐺𝑆 ) and (b) output characteristics (𝐼𝐷 − 𝑉𝐷𝑆 ) with the
experimental result in [33] for the extraction of the requisite parameters in the simulation work.
Fig. 3. (a) Illustration of variation in gate charge by varying the gate voltage in a n-type NC-FinFET at different value of 𝑇𝐹𝐸 , (b) Impact in internal voltage by varying the gate
voltage in a n-type NC-FinFET at different value of 𝑇𝐹𝐸 , 𝐼𝐷 − 𝑉𝐺𝑆 characteristics of (c) n-type-NC-FinFET, and (d) p-type-NC-FinFET for different value of 𝑇𝐹𝐸 at |𝑉𝐷𝑆 | = 0.4 V.
The OFF current of NC-FinFET reduces for higher values of 𝑉𝐷𝑆 .
𝐴𝐹𝐸 is the cross-section area of the FE layer and it is equivalent to the
cross section area of baseline intrinsic FinFET. Here, 𝑉𝑆 , 𝑉𝐺, and 𝑉𝐷
represent the voltage applied across the source, gate and drain of the
NC-FinFET, respectively. 𝑉𝑖𝑛𝑡 the voltage present across the interface
of FE material and dielectric of the baseline transistor (also referred
as the internal gate of the baseline transistor). 𝐶𝑜𝑥 is the positive gate
capacitance of the baseline transistor. The effective gate capacitance
(𝐶𝐺𝑓𝑒) of NC-FinFET can be obtained by putting the value of 𝛼, 𝐶𝑓𝑒
and 𝐶𝑜𝑥 from Eqs. (3)–(5), respectively. Mathematically,

𝐶𝐺𝑓𝑒 =
|𝐶𝑓𝑒|.𝐶𝑜𝑥

|𝐶𝑓𝑒| − 𝐶𝑜𝑥

= 3.45
𝐸𝑂𝑇 (nm) − 0.7|𝛼|(cm/pF) ∗ 𝑇𝐹𝐸(nm) μF/cm2

(6)

The condition for 𝐶𝐺𝑓𝑒 > 0 requires the thickness of FE material should
be less than the critical thickness (𝑇 ) to obtain the hysteresis free
3

𝑐

operation given as follow:

𝑇𝐹𝐸 ≤ 1.44𝐸𝑂𝑇 (nm)
|𝛼|(cm/pF) ≡ 𝑇𝑐 (in nm) (7)

According to above equation, for a given ferroelectric material, in-
creasing the (𝑇𝐹𝐸 ) will increases the capacitance (𝐶𝐺𝑓𝑒) of the device.
Increasing the (𝐶𝐺𝑓𝑒) will have impact on the propagation delay of the
logic device made from NCFinFET and it need to be evaluated which
is the scope of this paper.

2.2. Modeling and simulation framework

The analysis in this paper is based on solving the self-consistent
time-dependent single domain Landau–Khalatnikov (L–K) equation
with the baseline transistors equations in the SPICE [34]. By solving
the self-consistent equation the device currents, internal gate volt-
age (𝑉 ), and ferroelectric polarization can be obtained in terms of
𝑖𝑛𝑡
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Fig. 4. 𝐼𝐷 −𝑉𝐷𝑆 characteristics of NC-FinFET for different value of 𝑇𝐹𝐸 by varying the drain voltage (a) at 𝑉𝐺𝑆 = 0.2 V for n-NC-FinFET, and (b) at 𝑉𝐺𝑆 = −0.2 V for p-NC-FinFET.
NC-FinFET show NDR at 𝑇𝐹𝐸 = 3 nm, which limits the non-hysteresis operation of NC-FinFET based circuit.
Fig. 5. (a) Voltage Transfer Characteristics, (b) Inverter current (c) Inverter gain (d) Static power dissipation of the baseline FinFET and NC-FinFET inverter at different values of
𝑇𝐹𝐸 , which improves as 𝑇𝐹𝐸 increases.
gate/drain/source applied voltages. The working methodology of the
self-consistent method used in this work is depicted in Fig. 1 (b). The
gate charge density (𝑄𝐺) of well calibrated 14 nm HP baseline FinFET
extracted from the BSIM-CMG compact model is provided into the
L–K model, which produces the voltage drop across the ferroelectric
(𝑉𝑓𝑒). The resultant voltage is used to calculate the internal voltage
(𝑉𝑖𝑛𝑡 = 𝑉𝐺𝑆 − 𝑉𝑓𝑒), where 𝑉𝐺𝑆 is the applied gate voltage. Finally, the
𝑉𝑖𝑛𝑡 voltage is fed back into the input of the BSIM-CMG model. We have
used MFMIS structure to improve the performance by balancing the
nonuniform potential at the ferroelectric dielectric interface [14]. Also,
MFMIS structure is experimentally demonstrated [35] and excels high
ON current and incurs a hysteresis at a larger ferroelectric thickness
than the NC-FinFET without metal 1 [36]. Reference baseline transis-
tors have gate, source, drain and substrate as electrodes however the
𝑉𝑖𝑛𝑡 is introduced as a virtue of SPICE based implementation obtained as
a function of 𝑉 and 𝑉 . The baseline transistor has been modeled by
4

𝐷𝑆 𝐺𝑆
employing the 14 nm HP predictive technology model card to the well
known industry standard BSIM-CMG model by properly incorporating
the short channel effect [34,37]. BSIM-CMG compact model written in
Verilog-A language for the baseline FinFET is numerically very robust
and efficient and suitable for large logic and circuit simulations like
ours. The various device parameters extracted from the experimental
data in [33] are used in the simulation are well calibrated for the
baseline FinFET [Fig. 2] using the BSIM-CMG compact model by
extracting the SS, DIBL, velocity saturation, series resistance, mobil-
ity degradation, etc. in the 14 nm HP predictive technology model
card. These device parameters incorporated are: Channel length (𝐿𝑔=
18 nm), Fin height (𝐹ℎ= 50 nm), Fin width (𝐹𝑤= 12 nm), Equivalent
oxide thickness (𝑇𝐸𝑂𝑇 = 0.75 nm), and work function of Metal 1 and
Metal 2 have been selected as 4.41 eV for n-type FinFET and 4.75 eV
for p-type FinFET, respectively.

Table 1 describes requisite FE material (zirconium doped HfO2) pa-
rameters and their corresponding nominal value used in our simulation.



Microelectronics Journal 119 (2022) 105321R.K. Jaisawal et al.
Fig. 6. Input–Output Transient Characteristics of an inverter for (a) 𝐶𝐿 = 5 fF and, (b) 𝐶𝐿 = 10 fF (c) Delay and, (d) Energy-Delay Product at 400 MHz frequency.
Fig. 7. Delay analysis of n-stage negative capacitance embedded inverter circuit for mid frequency range (a) inverter-5 at 𝐶𝑊 = 5 fF, (b) inverter-5 at 𝐶𝑊 = 10 fF (c) inverter-6
at 𝐶𝑊 = 5 fF and (d) inverter-6 at 𝐶𝑊 = 10 fF.
The values of 𝛼, 𝛽 and 𝛾 are extracted from the experimental data
of the P–E hysteresis curve [38,39]. FE material having non-zero and
negative value of 𝛾 will have non-physical FE properties exists for large
5

|𝑃 |. So, the desired characteristics of ferroelectric can be obtained in
negative capacitance region by proper selecting the value of |𝑃 |. In our
analysis we have selected the value of polarization between the - 20
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Fig. 8. Power ratio versus frequency for INV-5 in embedded inverter chain at 𝐶𝑊 =
10 fF.

Table 1
Simulation parameters for NC-FinFET.
Parameters Values Unit

𝛼 −1.17 × 109 m/F
𝛽 4.9 × 109 m5∕F/C2

𝛾 −3.9 × 109 m9∕F/C4

𝜌 0.05 Ωm

μC/cm2 and 20 μC/cm2 (negative capacitance region) for non-physical
characteristics even for a negative 𝛾 value.

2.3. NCFinFET: Device analysis

We begin with discussing the impact of 𝑇𝐹𝐸 on the various device
characteristics so that it can provide the base for the analysis of
the NC-FinFET based logic circuits. Due to stacking of ferroelectric
material in the gate the 𝑉𝑖𝑛𝑡 voltage is amplified due to the intrinsic
properties of ferroelectric material [Fig. 3(b)] which results in the
charge enhancement [Fig. 3(a)] and leads to the high drive current
for the inverter [Fig. 5(b)]. Fig. 3(c) and (d) describe the transfer
characteristics (𝐼𝐷 − 𝑉𝐺𝑆 ) of the n-type NC-FinFET and p-type NC-
FinFET, respectively. Work function tuning of metal is used to match
the threshold voltage for the n-type NC-FinFET and p-type NC-FinFET.
The 𝐼𝐷 − 𝑉𝐺𝑆 characteristics become steeper with the increase in the
value of 𝑇𝐹𝐸 due the voltage amplification provided by the FE layer
stacked in the gate. However, as we increase the value of 𝑉𝐷𝑆 the
value of 𝐼𝑂𝐹𝐹 decreases as compared to baseline FinFET transistors,
this result is due to the dependence of 𝑉𝑖𝑛𝑡 with the 𝑉𝐷𝑆 apart from
𝑉𝐺𝑆 . This is because the value of polarization decreases when the drain
voltage 𝑉𝐷𝑆 increases. Further increase in the value of 𝑇𝐹𝐸 decreases
the ferroelectric capacitance as compared to the drain coupling factor
which yields a larger reduction in the value of 𝐼𝑂𝐹𝐹 [40]. At a low
value of 𝑉𝐷𝑆 this effect is negligible and the 𝐼𝑂𝐹𝐹 current has similar
performance as compared to baseline FinFET. Intuitively, higher 𝑉𝐷𝑆
has two different effects on the drain current. At higher applied electric
fields the drain current (𝐼𝑂𝑁 ) increases due to dominance of ferro-
electric capacitance as compared to drain coupling factor. However,
at lower electric fields due to dominance of drain coupling factor a
reverse impact on the 𝑉𝑖𝑛𝑡 will be created, hence the value of the
drain current (𝐼𝑂𝐹𝐹 ) decreases. These two opposite effects of 𝑉𝐷𝑆 on
the drain current are known as the negative drain induced barrier
lowering (NDIBL) as shown in Fig. 3(c) and (d). At a larger value of
𝑇𝐹𝐸 the value of OFF current decreases due to dominance of 𝑉𝐷𝑆 . The
comprehensive details of 𝐼𝑂𝑁 , 𝐼𝑂𝐹𝐹 , and SS of the n-type NC-FinFET at
different 𝑇𝐹𝐸 is shown in Table 2. The effect of 𝑉𝐷𝑆 on the performance
of drain current is also depicted on the output characteristics [Fig. 4].
However, 𝐼𝐷 − 𝑉𝐷𝑆 characteristics have also dependency on the 𝑉𝐺𝑆 ,
𝑇𝐹𝐸 , and characteristics of the baseline FinFET apart from 𝑉𝐷𝑆 [16].
At lower ferroelectric thickness (𝑇 = 1 nm and 2 nm) the 𝐼 − 𝑉
6

𝐹𝐸 𝐷 𝐷𝑆
characteristics is similar to that of the baseline FinFET with larger ON
current, which is due to the dominance of ferroelectric capacitance over
drain coupling factor. However, as the 𝑇𝐹𝐸 increases the ferroelectric
capacitance decreases and becomes comparable to drain coupling factor
so the relative values of 𝑉𝐷𝑆 and 𝑉𝐺𝑆 will control 𝑉𝑖𝑛𝑡, and 𝑉𝑖𝑛𝑡 decreases
with an increase in 𝑉𝐷𝑆 , Hence, the drain current decreases as the
value of 𝑉𝐷𝑆 increases, thus the output characteristic exhibits negative
differential resistance (NDR). So, 𝐼𝐷−𝑉𝐷𝑆 characteristics start showing
NDR at 𝑇𝐹𝐸= 3 nm which limits the operation of NC-FinFET based
circuits.

3. NC-FinFET inverter: Static & Dynamic analysis

Fig. 5(a) illustrates the VTC of the FinFET and NC-FinFET based in-
verter at different 𝑇𝐹𝐸 . Gate stacking of ferroelectric material provides
the voltage amplification due to this the gain in the transition regions
increases [Fig. 5(c)] means the VTCs become sharper as compared to
VTC’s of the baseline FinFET. As the curve becomes sharper while
increasing the 𝑇𝐹𝐸 the noise margin also enhances.

A contradictory behavior is observed in Fig. 5(a) at 𝑇𝐹𝐸= 3 nm that
the NC-FinFET’s VTC is showing the hysteresis in the transition region
although the corresponding device is exhibiting the non-hysteresis
behavior. This peculiar behavior is attributed to the NDR observed in
the output characteristic [Fig. 3(c)]. Table 3 shows the DC static perfor-
mance parameter of baseline FinFET and NC-FinFET for different values
of 𝑇𝐹𝐸 obtained for non-hysteresis operation. NDIBL decreases the
leakage current of the inverter [Fig. 5(b)] which results in improvement
of static power dissipation [Fig. 5(d)] and Noise Margin with increasing
𝑇𝐹𝐸 . At 𝑇𝐹𝐸= 3 nm, NC-FinFET based inverter will exhibit 95.50%
power saving compared to baseline FinFET based inverter. Fig. 6(a),
(b) shows the transient response of the NC-FinFET based inverter at
different load capacitance. The delay of the NC-FinFET based inverter
circuit has dependency on the load capacitance (𝐶𝑊 ). The delay of the
inverter circuit increases as the value of the 𝐶𝐿 increases [Fig. 6(b)].
Fig. 6(c), (d) compares the delay and energy-delay product of inverter
obtained at 400 MHz frequency for different load capacitance. It can be
observed that with increasing thickness, delay of the inverter decreases
and significant improvement in the energy-delay product at 400 MHz
input frequency is obtained.

4. NC-FINFET logic circuits: Case studies

This section deals with performing transient analysis to understand
the circuit’s perspective of NCFinFET based logic devices. Although,
by performing DC analysis of the NC-FinFET inverter in Section 3,
unconventional NDR effect can be observed in the VTCs curve. The
hysteresis characteristics observed can be utilized in the designing
of memory applications like static random access memories (SRAM).
The purpose of performing the transient analysis is to understand the
energy-delay simulation characteristics of the NC-FinFETs based logic
circuits for which we have analyzed the three case studies: embedded
inverter chain, 3-stage ROs and 2 bit Ripple Carry Adder (RCA).

4.1. Embedded inverter chain

Eleven-stage inverter chain is analyzed with different input switch-
ing frequencies ranging from 10 kHz to 1 GHz to study the trends of
energy and delay at different NC thickness. To get the practical scenario
we have analyzed INV-5 and INV-6 in the inverter chain for delay and
energy calculation at two different load capacitance 𝐶𝑊 = 5 fF and
𝐶𝑊 = 10 fF. As shown in Fig. 7 faster operation or delay reduction
is obtained as we increases the thickness of the NC in comparison to
baseline FinFET. This happens because delay of the NCFinFET inversely
depends on the driving strength of the NCFinFET, 𝜌 of the FE material,
and wire capacitance. With increasing NC thickness driving strength
of NCFET increases which leads to the reduction of delay. Also, the
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Fig. 9. Demonstration of input–output transient characteristics of the NC-FinFET based ROs at different vale of 𝑇𝐹𝐸 . The delay performance of the ROs improves as the value of
𝑇𝐹𝐸 increases.
Fig. 10. (a) Delay-𝑉𝐷𝐷 plot elucidating the decrease in delay with respect to 𝑉𝐷𝐷 for lower value of 𝑉𝐷𝐷 . (b) Energy-Delay simulation curve demonstrating reduction in energy
of an inverter stage in the three-stage RO circuits for different values of 𝑇𝐹𝐸 at 𝐶𝑊 = 10 fF.
Table 2
n-type NC-FinFET device performance parameters at different value of 𝑇𝐹𝐸 and 𝑉𝐺𝑆 = 𝑉𝐷𝑆 = 0.4 V.

Parameters FinFET NC-FinFET (𝑇𝐹𝐸 = 1 nm) NC-FinFET (𝑇𝐹𝐸 = 2 nm) NC-FinFET (𝑇𝐹𝐸 = 3 nm) NC-FinFET (𝑇𝐹𝐸 = 4 nm) NC-FinFET (𝑇𝐹𝐸 = 5 nm)

𝐼𝑂𝑁 (μA∕μm) 26 31.7 40.6 56.3 88.1 115
𝐼𝑂𝐹𝐹 (nA∕μm) 9.38 4.4 1.65 0.647 0.0782 0.018
𝑆𝑆𝑎𝑣𝑔 (mV/dec.) 79.03 69.97 61.09 51.81 42.73 33.69
Table 3
Static Performance Parameters for NC-FinFET based Inverter.
Parameters FinFET NC-FinFET (𝑇𝐹𝐸 = 1 nm) NC-FinFET (𝑇𝐹𝐸 = 2 nm) NC-FinFET (𝑇𝐹𝐸 = 3 nm)

𝑁𝑜𝑖𝑠𝑒𝑀𝑎𝑟𝑔𝑖𝑛𝐻 (mV) 170 182 194 204
𝑁𝑜𝑖𝑠𝑒𝑀𝑎𝑟𝑔𝑖𝑛𝐿 (mV) 157 170 183 195
𝐼𝑂𝐹𝐹 ,𝑝 (nA) 8.97 4.19 1.56 0.419
𝐼𝑂𝐹𝐹 ,𝑛 (nA) 7.13 3.33 1.24 0.335
𝑆𝑡𝑎𝑡𝑖𝑐𝑃 𝑜𝑤𝑒𝑟𝐷𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛𝑝 (nW) 3.588 1.676 0.624 0.1676
𝑆𝑡𝑎𝑡𝑖𝑐𝑃 𝑜𝑤𝑒𝑟𝐷𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛𝑛 (nW) 2.852 1.332 0.496 0.134
Table 4
Energy Delay Metrics for RCA @ 100 MHz.
Parameters FinFET NC-FinFET (𝑇𝐹𝐸 = 1 nm) NC-FinFET (𝑇𝐹𝐸 = 2 nm) NC-FinFET (𝑇𝐹𝐸 = 3 nm)

𝐷𝑒𝑙𝑎𝑦 (ns) 0.626 0.494 0.403 0.351
𝐸𝑛𝑒𝑟𝑔𝑦 (pJ) 0.143 0.141 0.142 0.151
𝐸𝐷𝑃 (pJ ⋅ μs) 89.52 69.65 57.22 53
delay of the embedded inverter have a significant impact of varying the
load capacitor 𝐶𝑊 . The delay of the embedded inverter increases while
increasing the value of 𝐶𝑊 [Fig. 7(a), (b)]. Fig. 8 shows the power
ratios versus mid band input switching frequency which varies from
10 kHz to 1 GHz means input changes from 100 μs to 1 ns for INV-5.
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The figure elucidates the baseline FinFET power and NC-FinFET power
for different values of 𝑇𝐹𝐸 . These results were obtained for consecutive
frequencies by varying the clock cycle and accommodating the delays
and other non-idealities. Symbols in the curve lower than 1 indicate
that the NC-FinFET power is lower as compared to the baseline FinFET
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Fig. 11. (a) Schematic Diagram of the 2 bit Ripple carry adder.(b) Equivalent Circuit
diagram of Full adder composite of NAND gates. (c) XOR circuit representation in terms
of NAND gates.

power. Means, these symbols will describe the power advantage for the
NC-FinFET circuits as compared to the baseline FinFET. Values larger
than 1 describe that the NC-FinFET power is higher than the corre-
sponding baseline FinFET power meaning the power loss will occur
for these operating frequencies. So NC-FinFET is showing improved
power ratio for lower frequencies and slightly degrades at gigahertz
frequencies. This happens because ferroelectric crystal material must
be able to switch between the polarization states in order to obtain the
power efficient embedded inverter chain. FE materials have two stable
states, however at gigahertz frequency electric field changes too quickly
due to this the polarization is trapped between one of its stable states
and the ferroelectric capacitor will not exhibit voltage amplification
which will hamper the negative capacitance phenomenon. In that
scenario the circuit’s will exhibit the power loss at gigahertz frequency.
This power loss is also experimentally verified [41,42]. So it is worth
concluding that the insertion of FE material at gigahertz frequencies
can lead to voltage attenuation.

4.2. Ring oscillator

To analyze the energy delay benchmarking we studied the behavior
of NC-FinFET in three-stage inverter-based ring Oscillators (ROs). Fig. 9
shows the input–output transient curve at 𝑉𝐷𝐷 = 0.4 V and 𝐶𝐿=
10 fF, which elucidates that increasing the thickness of ferroelectric
decreases the delay in the ROs compared to baseline FinFET. As shown
in Fig. 10 it can be observed that NC-FinFET based ROs show reduction
in delay for 𝑉𝐷𝐷 < 0.45 V. For 𝑉𝐷𝐷 > 0.45 V this matrices have no
significant effect of ferroelectric phenomenon and also slightly degrade
with respect to baseline FinFET transistors. In addition to this, the
energy-delay diagram [Fig. 10(b)] show a intersection point.

These trends are associated with the material’s ferroelectric damp-
ing constant parameter 𝜌. For higher 𝑉𝐷𝐷 > 0.45 V, due to 𝜌 the 𝑅𝐹𝐸
term discussed in Section 2 become significant and effect the delay
performance of the NC-FinFET based ROs. Reduction in 𝑅𝐹𝐸 is desired
for enhanced benefits of the NC-FinFET for a larger range of 𝑉𝐷𝐷.
Therefore, ferroelectric material having low value of 𝜌 and NC-FinFET
device showing non-hysteresis steep switching is required to minimize
the ferroelectric polarization lag with respect to the electric field.

4.3. Ripple carry adder

To evaluate NC-FinFET performance for logic devices we have
analyzed a 2 bit RCA and evaluated it for baseline FinFET and NC-
FinFET for different values of 𝑇 . The corresponding equivalent circuit
8

𝐹𝐸
and its composite elements are shown in Fig. 11. The full adder circuit
is designed by using the 2-input NAND gates and 3-input NAND gates.
The gate size and parasitic capacitance are equally selected for both the
RCA. The delay and energy of the RCA circuit is evaluated by using a
clock having a variable input transition. Input data set of A (11) is fixed
and B input data set is switched between (11) and (00). Table 4 shows
the requisite result obtained at 100 MHz frequency. Delay and energy
of the RCA circuit varies for both the baseline FinFET and NC-FinFET.
Due to the intrinsic properties of the FE material the delay of the RCA
circuit is degraded by 44% which results in 5.5% energy dissipation.

5. Conclusion

In this paper, we have studied the critical selection of FE thickness
to explore the device-circuit characteristics of NC-FinFET. Based on
that we have observed the negative DIBL in the transfer characteristics
and NDR in the output characteristics. These peculiar characteristics
arise due to the coupling of FE capacitance with the drain capacitance.
Negative NDR shows the hysteresis in VTCs which can be used in
logic gates with higher noise margin. Also, we have compared the
speed and power performance of NC-FinFET based circuit with the
baseline FinFET counterparts. Our results shows that delay of the NC-
FinFET based embedded inverter chain reduces by 39.56% for 𝑇𝐹𝐸
= 3 nm at 𝐶𝑊 = 10 fF. On the other hand for 3-stage RO shows
performance improvement in delay and energy for 𝑉𝐷𝐷 < 0.45 V. In
case of 2 bit ripple carry adder delay decreased by 44% and improves
EDP in comparison to FinFET. Overall, the delay of the NC-FinFET
based embedded inverter chain, ROs and RCA significantly reduced
with the increase in ferroelectric thickness. We have also found that
for low frequency operation there is a significant improvement in the
power ratio albeit at higher frequency the power dissipation degrades
as compared to the baseline transistors.
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