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A B S T R A C T

Power consumption is the major concern for conventional CMOS based integrated circuit and systems. Since
there is a scope of lowering supply voltage with steep-subthreshold swing field effect transistor (FET) devices,
it has been advocated as a suitable candidate for future highly energy-efficient circuits and systems. Among
all the developed and proposed low power FET devices, that possess subthreshold swing (SS) lesser than
60 mV/decade, the negative-capacitance FETs (NCFETs) have gained the major attention of scientific and
academic communities. The concept of negative capacitance (NC) in FET is basically belongs to the amplify
the internal potential without modification of transport phenomena. With this capability, the NCFET have
achieved similar switching at lower supply voltage, 𝑉𝐷𝐷 as compared to conventional MOSFETs. Property of
achieving similar on-current (𝐼𝑂𝑁 ) lower off-current (𝐼𝑂𝐹𝐹 ) at lower supply voltage indicates that NCFETs
help to reduce the power consumption and switching voltage. This can be achieved by slight modification
of conventional CMOS devices by adding thin layer of ferroelectric (FE) layer in gate stack. This slight
modification in conventional MOSFET is for the NC, which is a special feature of FE materials. FE materials
having nonlinear dielectric behavior. This material has preexisting, which is switched in reverse direction when
an external electric field is applied. In this paper, a detailed review of NCFET device has discussed and also
compared with the Tunnel FET (TFET) and conventional MOSFET.
1. Introduction

The thermal and power management of integrated circuits (ICs) are
the most important concern for the semiconductor industry. Although
with the advancement of material science and engineering technology
an individual transistor produces a very small amount of heat. However
the ICs have billion of transistors in a single chip, which collectively
produces huge amount of heat and becoming the bottleneck concerns
for scientists and engineers [1–15]. The supply voltage reduction is one
of the most effective technique to solve this issue. Because there is the
square of supply voltage dependency of power factor (𝑖.𝑒.𝑃𝑑𝑦𝑛 ∝ 𝑉 2

𝐷𝐷).
For conventional MOSFET, the rigorous scaling of supply voltage (𝑉𝐷𝐷)
technique reached to fundamental limits of 60 mV∕𝑑𝑒𝑐𝑎𝑑𝑒, so-called
‘‘Boltzmann Tyranny’’ [10–20].

There will several ways through which the semiconductor devices
are classified. But here we have put all together developed FET devices
only with reference to subthreshold swing (SS). As shown in Fig. 1, field
effect transistors community have been classified in two groups. One
group having SS larger than 60 mV∕𝑑𝑒𝑐𝑎𝑑𝑒 and other group having less
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than this value. In case of bulk MOSFET, FDSOI, FinFET, and NWFET
conventional MOSFET device technology. The numeric value of this
fundamental of conventional CMOS technology is ∼ 60 mV∕𝑑𝑒𝑐𝑎𝑑𝑒 [10–
15] at room temperature. The minimum possible, 𝑉𝐷𝐷 is limited due
to subthreshold swing SS of 𝑉𝐷𝐷 ≥ 𝑆𝑆 × log10(𝐼𝑂𝑁∕𝐼𝑂𝐹𝐹 ). In this con-
ceptual 𝑉𝐷𝐷 scaling limitation, 𝐼𝑂𝑁 and 𝐼𝑂𝐹𝐹 having usual meaning,
denoted current in on and off-state. To break the barrier of ‘‘Boltz-
mann Tyranny’’, various alternative device architectures such as tunnel
FETs, NCFETs, NCTFETs and impact-ionization MOSFETs have been
presented [10–22].

Aforementioned devices motivates the researcher to continue work
on the principle of ‘‘scaling’’ of MOFET devices. It is expected that
this proposed device helps to resolve that power issue and thermal
management of large-scale application in ICs. Because total power
consumption, 𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑠𝑡𝑎𝑡𝑖𝑐 +𝑃𝑑𝑦𝑛𝑎𝑚𝑖𝑐 and dynamic power consumption
followed the relation, 𝑃𝑑𝑦𝑛𝑎𝑚𝑖𝑐 = 𝛼𝐶𝑡𝑜𝑡𝑎𝑙𝑉 2

𝐷𝐷𝑓 . The supply voltage
scaling also helps to reduces the switching energy, followed by 𝛼𝑉 2

𝐷𝐷(𝜖+
𝐼𝑂𝐹𝐹 ∕𝐼𝑂𝑁 ), here 𝜖 is active time ratio. The standard 𝜖 value is chosen
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Fig. 1. Progress of semiconductor field Effect transistors.

1∕800 for logic circuit and 1∕10000 for memory [23]. As shown in Fig. 1,
among all subthreshold swing devices developed by experts, Tunnel
FET and NCFET devices have a strong attention because of their lower
SS, and operating supply voltage [24–34].

Around one-decade, various research groups in device community
have started to claims that tunnel FETs are most suitable substitute
of conventional MOSFETs for future lower power applications, due
to lowered 𝐼𝑂𝐹𝐹 and lower supply voltage [15–22,35–37]. TFET is
basically p-i-n based device has lower SS (𝑖.𝑒., 𝑆𝑆 < 60 mV∕𝑑𝑒𝑐𝑎𝑑𝑒)
than conventional FETs like bulk MOSFET, FinFETs, FDSOI. Naima
et al. [19] and A. M. Ionescu [18] reported that thermal study of
double gate TFET. The thermal sensitivity results shown in Fig. 2 of
TFETs shows it is suitability for various thermal hazardous applications,
where conventional FETs is not working properly. However, the major
concern of TFETs is its low 𝐼𝑂𝑁 which is limited due to band-to-
band (B2B) tunneling, forces to think further improvement in this
FET device [1,4,17–21,38–43]. Various research groups continuously
working to resolve this limitation, but till now no one have gain
success. Thanks to the identification and incorporation of negative
capacitance in material technology by Prof. S. Salahuddin and Datta
in 2008 [24,44–47].

The adoption and implementation of concept of NC in MOS devices
have been incorporated for support of requirement of ultra low power
ICs. Available literature reports that NCFET device have sufficient
potential to overcome the existing limitations of conventional MOS
technology. As well as, it have super features than other SS devices
likes TFET and IMOS. Because, NCFET devices not suffering with low
on-state current and working on lower supply voltage than (IMOS) [25–
34,38–43,48–51]. To achieve the ferroelectricity and NC, a thin layer of
FE material is added in gate stack. This added additional FE layer help
to amplify the surface potential of MOSFET, reduces threshold voltage
and maintain the 𝐼𝑂𝑁 current as compared to classical CMOS technol-
ogy without compromising with, 𝐼𝑂𝐹𝐹 [42,43,49–61]. This indicates
that NCFET devices consume less power without any loss of switching
speed.

In this review paper, we briefly summaries the bottleneck issues
of conventional CMOS technology and alternative option as NCFET.
This review paper presented by keeping in mind the fundamental
requirements of new researchers in the field of device, engineering
2

Fig. 2. Thermal impact on transfer characteristics of TFET.

and technology. The collective information in this paper is expected to
provides basic understanding of NCFET device physics and its impact.
The reported results in this review paper are basically a qualitative
analysis for representing the necessity, progress and future impact of
NCFET technology for the development of low power device, circuit
and system.

2. Limitation of conventional MOSFET and future scope: Mecha-
nism toward steep subthreshold swing technology

Nowadays the SS is becoming the fundamental parameter for low
power devices, used for determining the operation in sub-threshold
regime. In the classical MOSFET, subthreshold slope is defined as, 𝑆 =
(log10(𝐼𝐷𝑆2∕𝐼𝐷𝑆1))∕(𝛥𝑉𝑔𝑠), while log10(𝐼𝐷𝑆2∕𝐼𝐷𝑆1) is rate of change of
drain current, corresponding, 𝛥𝑉𝑔𝑠. The SS of FET device is inverse
of subthreshold slope. For classical MOS devices ∼60 mV∕𝑑𝑒𝑐𝑎𝑑𝑒 at
300 K, known as ‘‘Boltzmann Tyranny’’ [23,62–70]. To overcome this
limitations researchers invented and developed various FET devices
having steep subthreshold swing feature. The SS of classical MOS
devices is modeled as:

𝑆𝑆 =
(

𝑑(log10 𝐼𝐷𝑆 )
𝑑𝑉𝑔𝑠

)−1
=
𝑑𝑉𝑔𝑠
𝑑𝜓𝑠

×
𝑑𝜓𝑠

𝑑(log10 𝐼𝐷𝑆 )

=
(

1 +
𝐶𝑑
𝐶𝑜𝑥

×
𝑑𝜓𝑠

𝑑(log10 𝐼𝐷𝑆 )

)

= 𝑚 × 𝑛 (1)

In Eq. (1), SS is product of body factor and transport factor, denoted as
‘‘𝑚’’ and ‘‘𝑛’’ respectively. The term ‘‘𝑚’’ defined as (1+𝐶𝑑∕𝐶𝑜𝑥)≫ 1, due
to ‘‘positive’’ series connected gate oxide capacitance (𝐶𝑜𝑥). This shows
that, the body factor for classical MOS devices is always greater than
one. In Eq. (1), the term ‘‘𝑛’’ is basically using for determining the band
bending due to applied gate voltage. The development of NC concept in
MOS device does not change the carrier transport phenomena of charge
carriers. It only amplifies, the internal surface potential (𝜓𝑆 ) in term of
gate voltage by involvement of thin layer of ferroelectric materials in
structure such as conventional MOSFET and TFET structures, known as
NCFET and NC TFET respectively [71–84].

In expression ‘‘𝑆𝑆’’ the factor ‘‘𝑛’’ of Eq. (1) for conventional MOS-
FET is mathematically modeled by Eq. (2),

𝑛 =
𝑑𝜓𝑆

𝑑(log10 𝐼𝐷𝑆 )
= log(10) ×

𝑘𝐵𝑇
𝑞

(2)

= 2.3 × 25.8 mV
𝑑𝑒𝑐𝑎𝑑𝑒

≈ 60 mV
𝑑𝑒𝑐𝑎𝑑𝑒
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Fig. 3. Future scope of steep subthreshold slope devices.

This ideal limitation in conventional FET structure such as bulk
MOSFET, SOIFETs, FinFET, created a great bottleneck problem for
CMOS technology. The modern semiconductor players have proposed
and developed various FET device for next-generation applications to
get rid of ∼ 60 mV∕𝑑𝑒𝑐𝑎𝑑𝑒 issue. However in real scenario, among all
devices, only two field effect transistors namely NCTFET, and NCFET
gains more attention. NCTFET is upgraded version of conventional
TFET. Fig. 3 graphical representation of the development flow of
modern low power electronics and future scope.

The qualitative investigation of most popular steep SS device such
as NCFET, TFET, and bulk MOSFET are shown in Fig. 4. As shown in
Fig. 4, the newly developed novel devices like NCFET, and Tunnel FET
having lower SS, desirable 𝐼𝑂𝑁 and low 𝐼𝑂𝐹𝐹 .

On the basic of reported scientific evidences, a qualitative analysis
shown in Fig. 4, NCFET is treated as a super switch for modern
electronics due lower subthreshold swing, higher 𝐼𝑂𝑁 than its relative
competitor TFET and comparable to classical MOSFET at lower supply
voltage. As shown in Fig. 4, the Tunnel FET suffers from low drive
current, 𝐼𝑂𝑁 which limits its applications design performance such as
lower 𝑔𝑚 and 𝐼𝑂𝑁∕𝐼𝑂𝐹𝐹 ratio and 𝑔𝑚∕𝐼𝐷𝑆 power factor for technology.
Due to lower 𝑔𝑚 values its linearity performance is also limited for
high frequency applications. Practically, in case of NCFET and Tun-
nel FET, off-state switching current is much lower than conventional
MOSFET [43,56,67–69].

In NCFET, ferroelectricity property of ferroelectric material has
been incorporated in gate region [44,45,49]. NC is basically, change
the charges due to applied voltage in opposite direction. It causes a
decrease in voltage leads to an increase in charge known as internal
voltage amplification (𝛽), is

𝛽 =
𝜕𝑉𝑖𝑛𝑡
𝜕𝑉𝑔𝑠

=
𝐶𝐸𝐹

𝐶𝐸𝐹 + 𝐶𝑖𝑛𝑡
≫ 1 (3)

where, 𝜕𝑉𝑖𝑛𝑡 is the.
The relation between body factor ‘‘𝑚’’ and internal gain 𝛽 for NCFET

is defined by Eq. (4).

𝑚 = 1
𝛽
×
𝜕𝑉𝑖𝑛𝑡
𝜕𝜓𝑆

= 1
𝛽
×
(

1 +
𝐶𝑆
𝐶𝑜𝑥

)

≪ 1 (4)

With conventional CMOS technology in short channel devices, sub-
threshold swing and DIBL increases rapidly with scale device gate
3

Fig. 4. Comparison of transfer characteristics of popular device, TFET and NCFET with
conventional MOSFET.

length. While in case of NCFET, the behaviors are just opposite to
conventional devices such as negative DIBL, having low SS and output
resistance also become negative as 𝐿𝑔 scaled down [23,51–70]. For
achieving more gate control, lowering SS and power factor of complex
circuit and system, the present semiconductor industry is dedicated to
NC [23,70,81].

On the basic of ‘‘𝑚’’ and ‘‘𝑛’’ factor semiconductor device are classi-
fied into four domains:

• Category No 1: In domain 1, if 𝑛 > 60 mV∕𝑑𝑒𝑐𝑎𝑑𝑒 and 𝑚 > 1.
Classical MOS Devices like bulk MOSFET, FinFET lies in this
domain.

• Category No 2: In this domain, for 𝑛 < 60 mV∕𝑑𝑒𝑐𝑎𝑑𝑒 and 𝑚 > 1.
Tunnel FET and IMOS lies in this category.

• Category No 3: In third domain, 𝑛 > 60 mV∕𝑑𝑒𝑐𝑎𝑑𝑒 and 𝑚 < 1.
Negative capacitance FET device lies in this domain. Electrome-
chanical devices are common example of this category.

• Category No 4: Fourth domain, where 𝑛 < 60 mV∕𝑑𝑒𝑐𝑎𝑑𝑒 and
𝑚 < 1.

The transfer characteristics of TFET shown in Fig. 4. It has been
observed that low off current helps in suppressing the dynamic power
dissipation while low on-state current is not good for fast switching.
This affect 𝐼𝑂𝑁∕𝐼𝑂𝐹𝐹 also lower 𝑔𝑚 than conventional value which is
an essential design parameter for digital circuits and system. Fig. 4
shows that NCFET overshoot the limits of Tunnel FET and conventional
MOSFET. The lower 𝑔𝑚 value than classical MOSFET and NCFET in-
dicates that tunnel FET having lower cut-off frequency, 𝑓𝑇 and gain
bandwidth, GBW estimated by 𝑓𝑇 = 𝑔𝑚∕2𝜋(𝐶𝑔𝑠 + 𝐶𝑔𝑑 ) = 𝑔𝑚∕(2𝜋𝐶𝑔𝑔)
and 𝐺𝐵𝑊 = 𝑔𝑚∕(2𝜋10𝐶𝑔𝑑 ) respectively. The both design parameters
are directly proportional to 𝑔𝑚. Also, for analog and RF applications,
linearity measured by its higher order derivative i.e., 𝑔𝑚𝑛 =

1
𝑛!

(

𝜕𝑛𝐼𝐷𝑆
𝜕𝑉 𝑛𝑔𝑠

)

,
where n=1,2,3... are order also reduces.

NCTFET is basically advanced version of conventional tunnel FET
having additional thin layer of FE materials in gate stack. In NCTFET,
transport of charge carriers in controlled by popular WKB quantum
theory, given in Eq. (5). Fig. 5, shows the B2B tunneling of TFET. In
TFET the tunneling current is directly proportional to the tunneling
probability (𝑇 (𝐸)). Now the combination of B2B tunneling and NC
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Fig. 5. Simplified picture of B2B tunneling in TFET.

Fig. 6. Subthreshold Swing of reported TFET.

feature of ferroelectric materials, helps to reduce the transport factor
‘‘𝑛’’ as well as body factor ‘‘𝑚’’ [23,59–72]. This combined mechanism
of NCTFET plays a crucial role for further development of ultra-low
power device [17,20,51]. The 𝑇 (𝐸) is used for estimation of quantum
band to band tunneling.

𝑇 (𝐸) ∝

⎛

⎜

⎜

⎜

⎝

−
4
√

2𝑚∗𝐸
3
2
𝑔−𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒

3|𝑞|ℏ(𝐸𝑔−𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 + 𝛥𝛷)

√

𝜖𝑆𝑖
𝜖𝑜𝑥

𝑡𝑜𝑥𝑡𝑆𝑖

⎞

⎟

⎟

⎟

⎠

𝛥𝛷 (5)

where, 𝑚∗ is effective mass, 𝐸𝑔−𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 is effective band gap, 𝛥𝛷
is tunneling window, 𝜖𝑆𝑖, 𝜖𝑜𝑥 is dielectric constants of Si and oxide
material respectively, and 𝑡𝑠𝑖, 𝑡𝑜𝑥 is thickness of Si and oxide material
respectively.

The tunneling window can be expressed as: 𝛥𝛷 = 𝐸𝑐ℎ𝑉 𝐵 − 𝐸𝑆𝐶𝐵 .
As shown in Table 1, the reported temperature sensitivity for double
gate tunnel FET having SiGe and Si source, channel material has been
presented. Table 1 indicate that impact of 𝐼𝑂𝑁 is negligible, however
slight variation in 𝐼𝑂𝐹𝐹 has been obtained. It is expected, this is due to
intrinsic and gate leakage cause this slight variation is 𝐼𝑂𝐹𝐹 . However,
due to low on-state current, TFET is not expected as suitable in high
speed, low power application. Fig. 6 shows the reported subthreshold
swing for TFET [1–7]. Reported information in Fig. 6 and Table 2
provides the comparison of its lower SS than 60 mV∕𝑑𝑒𝑐𝑎𝑑𝑒, 𝐼𝑂𝐹𝐹 while
existence of also low 𝐼𝑂𝑁 .

Moreover, the most challenging task for TFETs is their reliability.
Mismatch arising from the process fabrication will degrade the device
4

Table 1
Temperature variation effect on TFET.

Temp. (K) 𝐼𝑂𝑁 (A∕μm) 𝐼𝑂𝐹𝐹 (A∕μm)

300 9.29 × 10−6 4.32 × 10−17

350 8.96 × 10−5 1.04 × 10−16

400 8.57 × 10−5 1.78 × 10−15

450 8.21 × 10−5 2.63 × 10−14

500 7.85 × 10−5 4.89 × 10−13

550 7.51 × 10−5 8.43 × 10−12

600 7.19 × 10−5 1.05 × 10−10

Table 2
Reported information of TFET.
𝑉𝐷𝐷(𝑉 ) 𝐼𝑂𝑁 (A∕μm) 𝐼𝑂𝐹𝐹 (A∕μm) Reference

0.5 ∼1.0 1.0 × 10−10 [38]
0.5 ∼10.0 1.0 × 10−10 [38]
0.5 ∼9.96 1 × 10−8 [39]
0.3 ∼177 1.0 × 10−11 [41]
0.3 ∼366 1.0 × 10−12 [41]
0.3 ∼328 1.0 × 10−14 [41]

Fig. 7. Impact of negative capacitance in surface potential.

and circuit performance at some extent. So, investigating the mismatch
property of NCFET is also necessary, which have been investigated by
Liang et al. [85]. They analyzed the process variation of the dimensions
and polarization of ferroelectric film on the performance of NC-FET
based 5-stage ring oscillator and current mirror. They concluded that
the degrade in device/circuit performance of NC-FET devices is not
much severe.

3. Negative Capacitance FET (NCFET): Principle & operation

3.1. Basic principle of NC FET technology

The working principle of NCFET is based on passive internal gate
voltage amplification due to ferroelectric depolarization. The surface
potential 𝜓𝑆 in NCFET relatively larger than conventional MOSFET un-
der same operating condition. This device technology does not change
any charge transport phenomena like TFET, only add internal voltage
amplification, as shown in Fig. 7 [14–17,35,44]. It is such type of
device which utilizes non linearity of its gate insulator. NC effect arises
from negative coefficient around the metastable state can be stabilized
by connecting paraelectric capacitor in series ferroelectric [86], [87].

3.2. Origin of NCFET

The concept of NC is jointly proposed by S. Salahuddin and Datta
for conventional CMOS technology. In order to implement this novel
idea, they have deposited a thin layer of FE material is used in place
of dielectric layer in gate stack of conventional MOS, to overcome
the limitation of conventional CMOS technology [24–28,44–47]. The
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modification in conventional MOSFET architecture allow to operate at
a lower supply voltage [24–32,46,47].

The SS of a classical MOSFET is expressed by following Eq. (6).

𝑆𝑆 =
(

𝑑(log10 𝐼𝐷𝑆 )
𝑑𝑉𝑔𝑠

)−1
=

𝑑𝜓𝐺𝑆
𝑑 log10 𝐼𝐷𝑆

×
𝑑𝑉𝑔𝑠
𝑑𝜓𝐺𝑆

= 60 ×
(

1 +
𝐶𝑆
𝐶𝑜𝑥

)

(6)

From Eq. (6), it has been observed that, this relation contains two
material capacitances, one is associated with the gate oxide capacitance
(𝐶𝑜𝑥), while another is substrate capacitance (𝐶𝑆 ) [24–29,37,44–47].

In order to achieve lower SS than 60 mV∕𝑑𝑒𝑐𝑎𝑑𝑒, (1+𝐶𝑆∕𝐶𝑜𝑥) should
e less than 1. Practically it will be possible only if

𝑜𝑥 < 0; |𝐶𝑜𝑥| > 𝐶𝑆 (7)

The condition shown in Eq. (7) mean that 𝐶𝑜𝑥 must be negative and
𝑆 must be appropriately designed to be less than |𝐶𝑜𝑥|. In conventional

MOSFET, practically, it is not possible. But in case of NC FET technol-
ogy, it is feasible due to negative capacitance in ferroelectric materials.
In ferroelectric materials, the polarization phenomena versus applied
electric field shows like S-shaped, P–E curve. In the P–E curve, clearly,
there exist negative slope between applied field. This ferroelectric
material property overall reduces the body factor 𝑚 < 1 as well as
SS. This unique material property has found much more attraction in
semiconductor industry.

4. Modeling of ferroelectric materials for NC FET applications

4.1. Landau–Khalatikov (L–K) equation

L–K and Miller models are commonly used methods for explaining
the polarization ⃖⃖⃗𝑃 and voltage across FE materials [29–32]. But L–K
has gained more attention. In this section, we have discussed about L–
K model. Landau–Khalatnikov (L–K) equation is a dynamical version of
Landau–Devonshire theory. The L–K equation is most effective tool to
understand the ferroelectric switching properties in NC FET technology
development [29–32,44].

The explanations of negative capacitance (NC) are based on the
L–K equation, where the steady-state relation between polarization
(⃖⃖⃗𝑃 ) and voltage (𝑉 ) has a negative derivative ⃖⃖⃗𝑃∕𝑑𝑉 region. The time
evolution of the polarization ⃖⃖⃗𝑃 = (𝑃𝑥, 𝑃𝑦, 𝑃𝑧) in a ferroelectric material
s described in L–K model. The L–K model for the charge–voltage
haracteristic of the ferroelectric material is characterized as:
𝜕⃖⃖⃖⃗𝑃𝑖
𝜕𝑡

= − 𝜕𝐺
𝜕⃖⃖⃗𝑃

(8)

here, 𝜆 is a kinetic coefficient, (⃖⃖⃗𝑃 ) is the polarization charge per
unit. The thermodynamic energy (𝐺) can be written in the Landau–
Devonshire model as

𝐺 = ∫𝑉
𝑔𝑑𝑉 (9)

where,

𝑔 = 𝛼(𝑃 2
𝑥 + 𝑃 2

𝑦 + 𝑃 2
𝑧 ) + 𝛽(𝑃

4
𝑥 + 𝑃 4

𝑦 + 𝑃 4
𝑧 ) + 𝛾(𝑃

6
𝑥 + 𝑃 6

𝑦 + 𝑃 6
𝑧 ) − ⃖⃖⃗𝑃 ⋅ ⃖⃖⃗𝐸 (10)

he relationship of polarization ⃖⃖⃗𝑃 to the electric field ⃖⃖⃗𝐸 in steady state
is given by

2𝛼𝑃𝑖 + 4𝛽𝑃 3
𝑖 + 6𝛾𝑃 5

𝑖 − ⃖⃖⃖⃗𝐸𝑖 = 0 (11)

In conventional dielectric materials, the Poisson’s equation is known
as governing relation, used for measuring polarized charge and electric
field, written as

∇ ⋅ ⃖⃖⃗𝐷 = 0 (12)

In a paraelectric, ⃖⃖⃗𝑃 is proportional to 𝐸 and can be encapsulated in
permittivity 𝜖

⃖⃖⃗ ⃖⃖⃗ ⃖⃖⃗ ⃖⃖⃗ ⃖⃖⃗ ⃖⃖⃗
5

𝐷 = 𝜖0𝐸 + 𝑃 ≈ 𝜖0𝐸 + 𝜒𝜖0𝐸 = 𝜖𝐸 (13)
and

∇ ⋅ (𝜖 ⃖⃖⃗𝐸) = 0 (14)

hile, in case of ferroelectric, ⃖⃖⃗𝑃 is not proportional to ⃖⃖⃗𝐸. In case of
erroelectric’s behavior is governed by Eq. (15)

⋅ (𝜖 ⃖⃖⃗𝐸 + ⃖⃖⃗𝑃 ) = 0 (15)

ow modified Poisson’s equation

𝛼𝑃𝑖 + 4𝛽𝑃 3
𝑖 + 6𝛾𝑃 5

𝑖 − 𝐸𝑖 = 0 (16)

he dynamic behavior of ferroelectric, material has been model by L–K
odel. Basically, the L–K equation is the rate of change in polarization

harge 𝑄𝐹𝐸 = ⃖⃖⃗𝑃𝐴 in the ferroelectric (FE), where ⃖⃖⃗𝑃 is the polarization
nd 𝐴 is the cross-sectional area,
𝑑𝑄𝐹𝐸
𝑑𝑡

= 𝑑𝑈
𝑑𝑄𝐹𝐸

(17)

In Eq. (17), 𝜌 is the switching resistivity that determines the dynamic
response of the polarization in the FE material, G is the Landau free
energy, and 𝛼, 𝛽, and 𝛾 are the Landau parameters that determine the
static property of the FE material. Here, 𝜌 > 0 signifies the frictional
inertia of the system and U (in electron volts) is the free energy of the
FE material that can be written as:

𝑈 = 𝛼
2
𝑄2
𝐹𝐸 +

𝛽
4
𝑄4
𝐹𝐸 −𝑄𝐹𝐸𝑉𝐹𝐸 (18)

where 𝛼 and 𝛽 are anisotropy (𝛼 < 0) and 𝑉𝐹𝐸 is the voltage across the
FE capacitor. For simplicity, we have only included up to the fourth
order of 𝑄𝐹𝐸 , which corresponds to a second-order phase transition.
By combining Eqs. (17) and (18), we have following. Eq. (19).

𝑉𝐹𝐸 = 𝜌
𝑑𝑄𝐹𝐸
𝑑𝑡

+ (𝛼𝑄𝐹𝐸 + 𝛽𝑄3
𝐹𝐸 ) (19)

in the steady state,

𝑉𝐹𝐸 = 𝛼𝑄𝐹𝐸 + 𝛽𝑄3
𝐹𝐸 + 𝛾𝑄5

𝐹𝐸 (20)

Eq. (14) can be written in term of 𝑡𝐹𝐸

𝑉𝐹𝐸 = 𝑡𝐹𝐸 (2𝑢𝑄𝐹𝐸 + 4𝑣𝑄3
𝐹𝐸 + 6𝑤𝑄5

𝐹𝐸 ) (21)

where, 𝑡𝐹𝐸 is thickness of ferroelectric material and 𝛼, 𝛽 and 𝛾 are
material dependent parameters. The NC effect occurs, when polar-
ization switching current (𝑑⃖⃖⃗𝑃∕𝑑𝑡) exceeds free carrier displacement
current (𝑑𝑄∕𝑑𝑡). When (𝑑⃖⃖⃗𝑃∕𝑑𝑡) largely increases, 𝑑𝑄∕𝑑𝑡 through a
small depletion layer capacitance in subthreshold region cannot fully
balance. Then the voltage across ferroelectric gate insulator is reduced,
which results in depolarization effect.

Now, if we assume that the higher order terms of Eq. (21) are
negligible, then we can write.

𝑉𝐹𝐸 = 2𝑢𝑄𝐹𝐸 𝑡𝐹𝐸 (22)

n general, the gate to source voltage, 𝑉𝑔𝑠 in NC FET is due to ferro-
lectric materials.

𝑔𝑠 = 𝑉𝑀𝑂𝑆 + 𝑉𝐹𝐸 (23)

The relation, 𝑉𝑔𝑠 = 𝑉𝑀𝑂𝑆 +𝑉𝐹𝐸 , expressed in Eq. (22) indicates that
external applied voltage is material dependent used as FE materials. By
using Eq. (21) and Eq. (23), the gate to voltage relation becomes

𝑉𝑔𝑠 = 𝑉𝑀𝑂𝑆 + 𝑡𝐹𝐸 (2𝑢𝑄𝐹𝐸 + 2𝑣𝑄3
𝐹𝐸 + 6𝑤𝑄5

𝐹𝐸 ) (24)

From Eq. (24), it is evident that in NCFET technology, gate to
source voltage is material parameter dependent of Landau coefficient
(𝛼, 𝛽, 𝛾) and thickness of ferroelectric materials. Table 3 summaries
some popular ferroelectric materials.

Fig. 8, shows the polarization phenomena under applied electric
field for FE materials. Mathematical analysis shows that P–E curve can

obtain using desired FE materials, having specific L–K variables 𝛼, 𝛽 and
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Table 3
Landau coefficient (𝛼, 𝛽, 𝛾) for ferroelectric materials [1–14].

Material 𝛼-value [m/F] 𝛽-value [m5∕F∕Coul2] 𝛾-value [m9∕F∕Coul4]

BaTiO3 (BTO) −1.0 × 107 −8.9 × 109 4.5 × 1011

HfZro −7.0 × 108 1.0 × 1012 0.0
SBT −1.3 × 108 1.3 × 1010 0.0
HfSiO(1) −4.0 × 108 −5.1 × 1010 3.7 × 1012

HfSiO(2) −1.45 × 109 −2.5 × 1012 2.45 × 1015

P(VDF-TrFE) −1.98 × 109 −3.75 × 1011 3.16 × 1013

PZT (1) −4.24 × 108 2.3 × 108 3.8 × 1010

HZO −7.0 × 108 1.0 × 1012 0.0
Y-HfO2 −1.23 × 109 3.28 × 1010 0.0
PZT (2) −1.48 × 108 −3.0 × 107 2.47 × 108

Pb(Nb0.04Zr0.28Ti0.68)O3 −5.37 × 107 −3.0 × 107 2.47 × 108
Fig. 8. Polarization versus electric field.

𝛾. From Fig. 8, it has been noticed that, (𝑑⃖⃖⃗𝑃 )∕𝑑𝐸 < 0, play a vital role
in NCFET as voltage amplification. When the gate voltage increases, the
ferroelectric voltage drop decreases because (𝑑⃖⃖⃗𝑃 )∕𝑑𝐸 < 0, then surface
potential is naturally amplified.

As shown in Fig. 8, the shaded rectangle denotes the cross-sectional
area (𝐴) of FE material. The change in polarized charges due to applied
electric field (𝐸) that is (𝑑𝑄𝐹𝐸 )∕𝑑𝐸 ≈ (𝑑𝑄𝐹𝐸 )∕𝑑𝐸 between −𝐸𝐶 to +𝐸𝐶
having negative slope. In other word, we can say that, this is basically
rate of change store charges with applied voltage i.e. (𝑑𝑄𝐹𝐸 )∕(𝑑𝑉𝐹𝐸 ).
Negative slope with applied voltage in FE material is evidence of
‘‘Negative Capacitance’’.

5. Impact of ferroelectric material and negative capacitance in
field effect

5.1. Impact of negative capacitance: state-of-the art

Among all SS devices, TFETs and NCFETs have gained more at-
tention than other devices like IMOS [15–17]. This is because, these
devices have operated at lower supply voltage with optimum drive
current and low 𝐼𝑂𝐹𝐹 . While major roadblock of TFETs are suffering
with low on-state current and higher ambipolar current (𝐼𝑎𝑚𝑏) [18,67],
this is due to quantum transport, band to band tunneling. In Tunnel FET
there are little bit compatibility issue also with conventional MOSFET.
Because, as it is known that conventional CMOS devices, there are
uniform and same source and drain doping. The source and drain
terminal can be interchange in case of conventional CMOS and its
6

Fig. 9. Simplified schematic diagram of n-TFET.

relative development like FinFET and SOI. While in case of TFET
structures, n-TFET having highly doped p-region known as source and
highly doped n-region known as drain. This indicates like conventional
MOSFET, source and drain terminal cannot interchange, as per our
simplicity during complex circuit and system design. The simplified
pictorial schematic diagram of conventional n-TFET is shown in Fig. 9.

Meanwhile the development of negative capacitance in FE materials
showed an important tool to bypass the conventional MOS device
limitation of 60 mV∕𝑑𝑒𝑐𝑎𝑑𝑒. The integration of negative capacitance
in tunnel devices look like supremacy. It would be highly beneficial for
energy band bending due to the internal voltage amplification helpful
for enhancing the B2B probability in TFETs and reduces threshold
voltage of conventional MOS structure. A negative capacitor in the
gate stack can make the total capacitance larger than its classical value
followed by Eq. (25), which leads to the decrease of the required 𝛥𝑉𝑔𝑠
to provide the same 𝛥𝜓𝑆 .

𝐶𝑡𝑜𝑡𝑎𝑙 =
(

𝐶−1
𝐹𝐸 + 𝐶−1

𝑖𝑛𝑡
)

(25)

The internal amplification factor, 𝛽 in NC FET technology is defined as:

𝛽 =
𝜕𝑉𝑖𝑛𝑡
𝜕𝑉𝑔𝑠

=
𝐶𝐹𝐸

(𝐶𝐹𝐸 + 𝐶𝑖𝑛𝑡)
≫ 1 (26)

Fig. 10(a) shows the schematic of conventional NCFET, Fig. 10(b)
is its equivalent model. While the C–V model of this device is shown in
Fig. 10(c). In equivalent NCFET model, additional capacitance 𝐶𝐹𝐸 due
thin layer of ferroelectric material is added in series with conventional
MOSFET.

Fig. 10(c). NC FET transistor voltage capacitance model 𝑉𝑔𝑠1 and
𝑉𝑔𝑠2 are voltage denoted at gate electrode and internal gate of NCFET.
As per theory of NCFET, 𝑉𝑔𝑠1 = 𝛽 × 𝑉𝑔𝑠2, where 𝛽 is internal gate am-
plification. Initially, this amplification factor is depending on material
property of ferroelectricity.

Fig. 11 shows qualitative analysis of transfer characteristics between
NCFET versus Tunnel FET. From Fig. 11 it has been observed that,
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Fig. 10. (a) 3D view, (b) symbol, and (c): capacitance model of NCFET.
Table 4
Review report negative capacitance FET.
𝑉𝐷𝐷 (V) 𝐼𝑂𝑁 (A∕μm) 𝐼𝑂𝐹𝐹 (A∕μm) 𝑆𝑆 mV∕decade Ref.

– ∼100 – 13 [1]
0.3 ∼250 1.0 × 10−11 21 [2]
0.2 ∼600 – 34 [3]
0.4 ∼100 1.0 × ∼10−8 – [4]

Table 5
Review report Tunnel Field Effect Transistor (NC TFET)
𝑉𝐷𝐷 (V) 𝐼𝑂𝑁 (μA∕μm) 𝐼𝑂𝐹𝐹 (A∕μm) 𝑆𝑆 mV∕decade Ref.

0.5 ∼40.5 1 × 10−11 13.8 [1]
1.0 ∼10 – 20 [3]

𝐼𝑂𝐹𝐹 is almost same in both field effect transistor, while switching 𝐼𝑂𝑁
current with Tunnel FET is lowered as compared to NCFET, due to B2B
tunneling.

One important consequence of NCFET is it’s a large internal am-
plification factor, 𝛽, is the lowering of the body factor, because 𝐶𝑜𝑥 <
0; |𝐶𝑜𝑥| > 𝐶𝑠 in NCFET and body factor ‘‘𝑚’’ followed by Eq. (27), which
directly influence the SS

𝑚 = 1
𝛽
×
𝜕𝑉𝑖𝑛𝑡
𝜕𝜓𝑠

= 1
𝛽
×
(

1 +
𝐶𝑆
𝐶𝑜𝑥

)

≪ 1 (27)

For NC FET technology, using the amplification factor, 𝛽 > 1, the
SS of an NCFET is defined by,

𝑆𝑆𝑛𝑐 =
(

𝜕 log 𝐼𝐷𝑆
𝜕𝑉𝑔𝑠

)−1
=

𝜕𝑉𝑖𝑛𝑡
𝜕 log 𝐼𝐷𝑆

×
𝜕𝑉𝑔𝑠
𝑉𝑖𝑛𝑡

=
𝑆𝑆𝐵𝑢𝑙𝑘
𝛽

(28)

It is known that for NCFET, 𝛽 > 1 and the 𝑆𝑆𝑁𝐶 > 𝑆𝑆𝐵𝑢𝑙𝑘.
As shown in Eq. (27), the concept of negative capacitance, in the
conventional transistor gate stack achieves steep SS through the NC
voltage amplification effect by adding a ferroelectric layer.

Currently semiconductor device developers have proposed and de-
veloped various type of FET devices by implementing the concept of
7

Fig. 11. Transfer characteristics of conventional NCFET versus Tunnel FET.

negative capacitance known as metal ferroelectric semiconductor field-
effect transistor (MFSFET), metal ferroelectric insulator semiconductor
field-effect transistor (MFISFET), and metal ferroelectric metal insulator
semiconductor field-effect transistor (MFMISFET). However, the basic
operation principle in NCFET is to realize a match between the channel
charge (𝑄𝐶𝐻 ) and the ferroelectric polarization charge ⃖⃖⃗𝑃 , irrespective
of specific gate structure is used.

From Tables 2 and 4, it has been observed that at same operating
condition, NCFET shows higher 𝐼𝑂𝑁 than Tunnel FETs. Lower 𝐼𝑂𝐹𝐹 in
NCFET helps to reduce the power dissipation and higher 𝐼 shows
𝑂𝑁
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Fig. 12. (a) Schematic diagram of NCFET, (b) capacitance model.
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𝐼
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better switching behavior, this indicates improved 𝑔𝑚 than Tunnel FET.
The steep SS values proved lowering supply voltage i.e., further scaling
of supply voltage. Table 5, has reported available latest undated in NC
Tunnel FET. Published report shows an improvement in NC TFET at
similar operating situation and convention TFET.

6. Current–voltage characteristics of NCFET

This section is a brief discussion on 𝐼–𝑉 characteristic of NCFET
device for investigation of device operation purpose. The 𝐼–𝑉 analysis
based on following section shown in schematic, Fig. 12(a) [88,89].
Fig. 12(b) is equivalent capacitance model of NCFET is shown in
Fig. 12(a). As shown in capacitance model, the voltage inside NCFET
device is noted 𝑉𝑖𝑛𝑡. The surface potential is denoted as 𝜓𝑆 and voltage
at gate node is 𝑉𝑔𝑠. The capacitances in this model are noted as 𝐶𝑆 ,
𝐶𝐹𝐸 and 𝐶𝑜𝑥. for channel to source/drain, FE layer and used oxide in
device respectively.

The dynamics of 𝐶𝐹𝐸 is included with the L–K equation with Gibb’s
free energy model have been used in Eq. (29). Now 𝑉𝐹𝐸 can be modeled
as:

𝑉𝐹𝐸 = 2𝛼𝑇𝐹𝐸𝑃 + 4𝛽𝑇𝐹𝐸𝑃 3 + 6𝛾𝑇𝐹𝐸𝑃 5 + 𝜌𝑇𝐹𝐸
𝑑𝑃
𝑑𝑡

(29)

By using energy conservation principle, 𝑉𝑔𝑠 for device shown in
Fig. 12(b), the potential balance equation can be written as:

𝑉𝑔𝑠 = 𝑉𝐹𝐸 + 𝑉𝐹𝐵 + 𝜓𝑆 + 𝑉𝑜𝑥 (30)

As shown in Fig. 12(a), 𝛥𝑉𝐺 is change in gate voltage due to added
FE materials. The change in external gate voltage depends on 𝑇𝐹𝐸 and

aterial property known as Landau coefficient (𝛼, 𝛽, 𝛾). In Eq. (30), 𝑉𝐹𝐸
is potential across FE, 𝑉𝐹𝐵 is flat band voltage, 𝜓𝑆 surface potential,
𝑉𝑜𝑥 is the voltage drop across used dielectric material. In Eq. (29) are
the potential across the oxide layer and the flat-band voltage with the
Poisson’s equation is used, leading to following Eq. (31).

𝑉𝑔𝑠 = 𝑉𝑖𝑛𝑡

[

1 + 1
2
𝑉𝑖𝑛𝑡

(

𝑑𝐶𝑀𝑂𝑆
𝑑𝑄

)]

+ 𝑇𝐹𝐸

[

2𝛼
(

𝑄
𝐴

)

+ 4𝛽
(

𝑄
𝐴

)3
+ 6𝛾

(

𝑄
𝐴

)5
]

(31)

here, 𝑉𝑖𝑛𝑡 is written as

𝑖𝑛𝑡 = 𝑉𝐹𝐵 + 𝜓𝑠 +

√

2𝜖𝑆𝑖𝑘𝐵𝑇𝑁𝐴

𝐶

√

√

√

√

𝑞𝜓𝑠
𝑘 𝑇

+
𝑛2𝑖
2
𝑒𝑞(𝜓𝑠−(𝑉 +𝜓0))∕𝑘𝐵𝑇 (32)
8

𝑜𝑥 𝐵 𝑁𝐴
In NCFET device operation, 𝑄𝑆 = 𝑄𝑖 +𝑄𝑑 , here 𝑄𝑖 and 𝑄𝑑 is popularly
known as inversion charge and depletion charge density respectively.
Now 𝑄𝑖 = 𝑄𝑆 −𝑄𝑑 as

𝑄𝑖 = −2
√

2𝜖𝑆𝑖𝑘𝐵𝑇𝑁𝐴 ×

√

√

√

√

𝑞𝜓𝑠
𝑘𝐵𝑇

+
𝑛2𝑖
𝑁2
𝐴

𝑒𝑞(𝜓𝑠−(𝑉 +𝜓0))∕𝑘𝐵𝑇 + 2
√

2𝜖𝑆𝑖𝑞𝑁𝐴𝜓𝑠

(33)

ow drain current in NCFET can be modeled by Eq. (33).

𝐷𝑆 = 𝜇𝑒𝑓𝑓
𝑊
𝐿 ∫

𝑉𝐷

𝑉𝑆
[−𝑄𝑖(𝑉 )]𝑑𝑉 (34)

where, 𝜇𝑒𝑓𝑓 is the effective mobility having drift and diffusion compo-
nent, 𝑉𝑆 and 𝑉𝐷 are potential at source and drain terminal, and 𝑊 and
𝐿 are channel width and length, respectively. By substituting, the value
𝑄𝑖 from Eq. (33) in Eq. (34), we can obtain an expression governing for
drain current of NCFET. The qualitative 𝐼–𝑉 characteristic for NCFET
is shown in Fig. 13. The NCFET devices have achieved same 𝐼𝑂𝑁 at
lower supply voltage as compared to conventional MOSFET without
compromise with 𝐼𝑂𝐹𝐹 . This indicates that NCFET based circuit and
ystem consume less power without any loss in speed.

. Impact of negative capacitance on circuit design

For subthreshold operation regime, subthreshold slope is ratio of
hange in drain current (𝛥𝐼𝐷𝑆 ) with applied gate voltage (𝛥𝑉𝑔𝑠) re-

spectively, followed by tangent rule. For conventional MOSFET, where
drain current is plotted on 𝑦-axis in log scale and input voltage of
device, 𝑉𝑔𝑠 on 𝑥-axis, shown in Fig. 14.

𝑆𝑢𝑏𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑆𝑙𝑜𝑝𝑒 =
𝛥 log10 𝐼𝐷𝑆

𝛥𝑉𝑔𝑠
(35)

= 1
log(10)

×
𝜕𝐼𝐷𝑆
𝜕𝑉𝑔𝑠

= 1
log(10)

× 𝑔𝑚

Since SS is inverse of defined slope in Eq. (35) [90,91]. Now Eq. (35),
can be written as [75]
𝑔𝑚
𝐼𝐷𝑠

=
log(10)
𝑆𝑆

(35.1)

The 𝑔𝑚∕𝐼𝐷𝑆 ratio is also known as ‘‘transconductance generation
ratio’’, an important circuit design parameter for low power circuits.
The mathematical Eq. (36), indicates the future scope for achieving
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Fig. 13. 𝐼–𝑉 characteristics of negative capacitance field-effect transistor.

Fig. 14. Transfer characteristic of MOSFET.

higher 𝑔𝑚∕𝐼𝐷𝑆 value than conventional MOSFET, due to lower SS with
popular SS FET devices such as TFET and NCFET devices.

By using Eq. (35), for classical MOSFET, which have 60 mV∕𝑑𝑒𝑐𝑎𝑑𝑒
SS value, maximum (𝑔𝑚∕𝐼𝐷𝑆 )𝑀𝑂𝑆𝐹𝐸𝑇 ∼ 38.5𝑉 −1

(

𝑔𝑚
𝐼𝐷𝑆

)

𝑀𝑂𝑆𝐹𝐸𝑇
=

log(10)
𝑆𝑆𝑀𝑂𝑆𝐹𝐸𝑇

(36)

NCFET is follow the similar current transport drift diffusion model,
only slight modification of gate control region containing thin layer
of FE layer. Due this we have adopted the conventional subthreshold
analysis model for NCFET here. Now for NCFET,
(

𝑔𝑚
)

=
log(10) (37)
9

𝐼𝐷𝑆 𝑁𝐶𝐹𝐸𝑇 𝑆𝑆𝑁𝐶𝐹𝐸𝑇
By using Eqs. (37) and (38), we have following relation,
(

𝑔𝑚
𝐼𝐷𝑆

)

𝑁𝐶𝐹𝐸𝑇
(

𝑔𝑚
𝐼𝐷𝑆

)

𝑀𝑂𝑆𝐹𝐸𝑇

=
𝑆𝑆𝑀𝑂𝑆𝐹𝐸𝑇
𝑆𝑆𝑁𝐶𝐹𝐸𝑇

(38)

Now Eq. (39), becomes
(

𝑔𝑚
𝐼𝐷𝑆

)

𝑁𝐶𝐹𝐸𝑇
(

𝑔𝑚
𝐼𝐷𝑆

)

𝑀𝑂𝑆𝐹𝐸𝑇

=
60 mV∕𝑑𝑒𝑐𝑎𝑑𝑒|𝑇 = 300 K

𝑆𝑆𝑁𝐶𝐹𝐸𝑇
(38.1)

The reported evidence about NCFET shows that 𝑆𝑆𝑁𝐶𝐹𝐸𝑇 < 60
mV∕𝑑𝑒𝑐𝑎𝑑𝑒, thus the numeric value of Eq. (39) is always greater than
1, i.e.
(

𝑔𝑚
𝐼𝐷𝑆

)

𝑁𝐶𝐹𝐸𝑇
(

𝑔𝑚
𝐼𝐷𝑆

)

𝑀𝑂𝑆𝐹𝐸𝑇

> 1 (39)

The larger 𝑔𝑚, lower SS, and (𝑔𝑚∕𝐼𝐷𝑆 )𝑁𝐶𝐹𝐸𝑇 > (𝑔𝑚∕𝐼𝐷𝑆 )𝑀𝑂𝑆𝐹𝐸𝑇 indi-
cates NCFET has capability to overcome the limitation of conventional
MOSFET technology and helpful for development of newly proposed
low power circuit and system.

In circuit design, for certain gain bandwidth GBW design targets,
an excellent 𝑔𝑚∕𝐼𝐷𝑆 is required. This is for minimum circuit current
consumption. On the basic of conceptual circuit design analysis and
Eq. (38), indicate that NCFET having optimum 𝑔𝑚∕𝐼𝐷𝑆 value than
conventional MOSFET and its competitor Tunnel FETs. For a power
efficient technology, this analysis indicates that (𝑔𝑚∕𝐼𝐷𝑆 )𝑚𝑎𝑥 is also
required.

The power factor of designed circuit can be optimized by adoption
the NCFET devices, due to lowered power supply device. The square de-
pendency with supply voltage (i.e., 𝑃𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔 ∝ 𝛼𝐶𝑉 2

𝐷𝐷), but total capac-
itance in NCFET (i.e., 𝐶𝑁𝐶𝐹𝐸𝑇 = 𝐶𝐹𝐸 ×𝐶𝐵𝑎𝑠𝑒𝑀𝑂𝑆∕((𝐶𝐹𝐸 +𝐶𝐵𝑎𝑠𝑒𝑀𝑂𝑆 )) >
𝐶𝐵𝑎𝑠𝑒𝑀𝑂𝑆 ). In case of NCFET, gate capacitance 𝐶𝑔𝑔 is always larger
than conventional MOSFET. This indicated that when circuit is imple-
mented by NCFET technology will consume higher switching power
as compared to conventional CMOS. Energy per switching estimated
by 𝐸 ∝ 𝑉 2

𝐷𝐷(𝜖 + 𝐼𝑂𝐹𝐹 ∕𝐼𝑂𝑁 ) in case of NCFET devices also lower as
compared to conventional CMOS.

Further, many NC-FET based analog circuits have been investigated
by the researchers. Linag et al. [92] in 2018 investigated the NC-FET
based sample and hold circuit. The performance of Analog to digital
converter (ADC) and phase-looked-loop (PLL) have been boosted by
using NCFET [93]. Moreover, the drain induced barrier lowering (DIBL)
is an important parameter measure for circuity performance analysis
of device in conventional CMOS technology. In conventional CMOS
Technology, DIBL increases with 𝑉𝐷𝐷 scaling, causes increment in SCEs.
While in rigorous investigation of NCFET, it is found that DIBL reduces
with 𝑉𝐷𝐷 scaling, an indication of reduction in SCEs, that in turn
improve the circuit performance [85,92–95].

8. Conclusion

It has been remarked that, the increasing power dissipation and
thermal management issues of high-volume ICs and system can be
addressed by the evolution of steep-slope devices. This is possible only
due to SS devices because these devices always switch on low supply
voltage, which help to reduce the power consumption of device. In
modern era, TFET and NCFET are found two most suitable FET device,
which have steep subthreshold slope feature. Due to lower 𝐼𝑂𝑁 in
TFET, and NCFETs have upper hand over the TFET. In this review
paper, the impacts of NC due to FE materials have been investigated.
The NCFET technology, the ICs can still meet the same performance
as the conventional CMOS devices, at lower 𝑉𝐷𝐷. This leads to a
significant power saving high-performance, high volume applications.
Unlike TFET, NCFET technology does not alter, the carrier transport
physics of devices. This feature of NCFETs reduces the development
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Fig. 15. Impact and development scope.

cost ongoing research for improvement of MOS carrier transport. The
development of NCFET technology and related devices have sufficient
design domain and opportunities for development of conventional and
non-conventional ultra-low power circuit and system for mankind.

9. Future scope

Fig. 15 shows the impact and future scope of NCFET device. In-
tuitionally the development scope has been presented via Y-shaped
graph. The development of NC concept has full scope of development
in device, circuit and system sector shown in Y-shaped graph. The
development of NC opens door in materials science engineering and
technology for further improvement, classified in Y-chart known as
material zone.

Various FET device architecture have been proposed and developed
for implementing NC concept, this sector in Y-chart known as device
zone. Third zone of Y-chart is known as applications. The available
research articles approved that NCFET having improved FET features
than conventional CMOS technology specially for ultra-low power sec-
tor. Expectation of revolution in circuit and system sector is expected
with NCFET. The observation of Y-shaped progress and development
chart advocated the invention of NCFET re-opens the door for research
and development in materials science engineering, new circuit and
system based on NCFET for ultra-low power applications.

NCFET is one of the promising emerging technologies have capa-
bilities overcome the fundamental limits of conventional CMOS tech-
nology. NCFET are meant to maintain the performance while reducing
power computation and switching energy. As per available scientific
information about semiconductor device technology, it can be recom-
mended that, NCFET technology can bypass the limitation of present
CMOS technology and will play a leading role for future development.
This device technology has full design scope and capability to reduce
the product and production cost of highly sophisticated system like
portable system and IoTs.
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