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Abstract

In the present-day scenario of low-power electronics, there is a steady and in-
creasing need for an adequate device that can counteract the power dissipation
issue due to the consistent scaling of device dimensions. For this purpose, the
evolution of low subthreshold swing (SS) based devices, especially with the neg-
ative capacitance (NC) techniques, has presented a well-favored solution. The
NC of ferroelectrics (FE) materials could be widely utilized to provide the gate
voltage (Vi) amplification under specific conditions to boost the performance
of the MOS device, by addressing the ultimate fundamental limitation of Boltz-
mann Tyranny and offering the SS much lower than 60mV/dec. Along with the
advent of this state-of-art NC technology, tunnel field-effect transistor (TFET)
also emerges for accomplishing low SS and becomes one of the promising tech-
niques for low-power applications. Incorporating these two principles (NC and
tunneling) into a single device architecture enables the super-steep SS and re-

markably low OFF current (Ipppr). This cutting-edge combination, negative
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capacitance tunnel FET (NC-TFET) device has opened up the possibility of an
ultra-low-power and high-performance device. This review paper mainly focuses
on the theoretical background and recent progress in the field of NC-TFET with
abundant quantum-mechanical models and various perspectives such as transis-
tor perspective, analog circuit perspective, and future road map perspective.
Keywords: Negative Capacitance, NC-Tunnel FET, low power electronics,

subthreshold swing, voltage pinning.

1. Introduction

In the modern era, consumer electronic devices like phones, smartwatches,
and tablet PCs require deeply scaled, high-speed, and ultra-low power transis-
tors. To achieve the high packing density, the device dimension of transistors
must be scaled down according to the Dennard scaling rule [1]. This leads to
several deterioration short channel effects (SCEs) like threshold voltage (Vip)
roll-off, drain and gate induced barrier lowering (D/GIBL), etc. However, to
reduce the overall power consumption of the device, it is important to operate
the device at a lower supply voltage, without affecting the overall device perfor-
mance. The high value of ON-OFF current ratio (Ion/Iorr) can be achieved
by reducing the subthreshold swing (SS) .

The SS is defined as the inverse of the subthreshold slope curve, and is given
as [2]-[79]

ss:{aﬂogmfw}l s dlogy Ip)] ™

Ve Ve OYs S

where Vi is the gate voltage, 1g is the surface potential, and Ip is the current

due to the thermionic injection of carriers from source to channel is given as
[4],[5]

Ip = Ip(ets/ksT 1) (2)
The (1) shows that the S is associated with the transport and body factor. The

transport factor (n=! = dys/dlogyy Ip), using (1), n = % = 60mV/dec..
The body factor (m) (m~! = 9s/0Ve = (1 + C’,:)emce/C’oz)_1 is always greater
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Figure 1: Graphical representation of comparison among the conventional and non-
conventional devices in terms of the SS and supply voltage (which is a major factor of power

dissipation). The figure is just a pictorial summary of low-power steep-SS devices)

than one, where Cpeyice is baseline device capacitance and C,, is the oxide
capacitance.

The non-planer MOS transistors, like FInFET, gate all around (GAA) FET,
nanowire (NW) FET, etc. have been widely researched [6]-[13]. These devices
offer a better scaling, and superior gate electrostatic than the planer MOS de-
vice, and are capable enough to mitigate several short-channel effects (SCEs).
However, the current conduction in these devices is due to the thermionic in-
jection of charge carriers by overcoming the energy barrier. This will limit the
steepness of the subthreshold slope. Hence the overall SS of a conventional
MOS device is always greater than the 60mV/dec. (as shown in Fig. 1), which

is also known as Boltzmann Tyranny.



This so-called Boltzmann Tyranny is mainly dependent upon two factors:
1) body factor and 2) transport factor. This issue is mitigated either by opti-
mizing the transport factor or body factor [14],[15]. To push the limit of body
factor, the devices like Micro-Electro-Mechanical-Systems (MEMS) based FET
or Suspended-Gate (SG) MOSFET (SG-MOSFET), and negative capacitance
(NC) FETSs have been extensively studied, and researched by various academic
and scientific groups. The SG-MOSFET requires high voltage, which cannot be
in favor of the low power integrated circuits (ICs) [17]. However, in NCFET, the
ferroelectric (FE) capacitor is placed in a series of gate oxide capacitance, which
will offer voltage amplification. The presence of the FE layer causes a reduction
in the body factor and results in a lower value of SS than the fundamental limit
of a conventional MOS device.

However, another technique to reduce the SS is transport factor reduction,
which is lowered by employing the different carrier injection mechanisms. For
that purpose devices like impact-ionization MOS (I-MOS), and Tunnel FETs
(TFETs) have been proposed. The I-MOS uses the concept of modulation of
the avalanche breakdown voltage to switch ON or OFF the device [18]. How-
ever, the TFET uses quantum mechanical band-to-band tunneling (BTBT).
Undoubtedly, this carrier injection technique effectively reduces the SS lower
than the 60mV/dec. However, given the fact that the TFETs suffer from lower
Ion and ambipolar conduction issues [19], [20].

Therefore, in order to achieve a sufficiently low SS, Iopr and high Ipy, one
should co-integrate the NC concept and BTBT concept together, resulting in
a device called, Negative Capacitance-Tunnel FET (NC-TFET). The NC and
BTBT concepts are simultaneously used to boost the device performance by
optimizing both (body, and transport) factors at the same time.

With the fact that both the body factor and transport factor are concur-
rently involved to ensure the lower value of SS in NC-TFET devices. Several
experimental and theoretical investigations have been done on NC-based TFET
devices. The Lee et. Al has experimentally integrated the FE layer into
the gate stack of NC concept in the planner TFETSs device. Furthermore, the



stacking of FE layer into the gate stack is also experimentally done for different
TFETs devices like hetero-tunnel FET (HTFETSs), nanowire TFETs (NWT-
FETs) device to achieve the superior performance [21]-[30]. To further improve
the performance the different nonplanner device architectures like double gate
[31], gate all around (GAA) [32], T-shaped gate [33], L-shaped gate [34], and
vertical tunneling [35]-[37] based NC-TFET have been studied based on the
TCAD simulation. These devices ensure the better performance of the NC-
TFET device by ensuring better electrostatic control and increasing the area
of the line tunneling without changing the device dimensions. Apart from this,
the channel doping, advanced and 2D materials-based channel is also explored
theoretically to further improve the overall device performance of NC-based
TFETs [38]-[41]. No doubt, a perfectly matched NC will have the internal volt-
age amplification, which will further add the additional energy band bending,
and enhance the BTBT probability. This results in appreciable enhancement in
the performance of Tunnel FET in terms of high ON current and low ambipolar
conduction. Consequently, the key concept of having the lower SS, higher Ion,
and hysteresis-free operation in NC-TFET is achieved by the proper matching
of Crg with C,,; ie. |Crg|~ Cy,.

The main objective of this review paper is to provide a detailed theoretical
and mathematical discussion of the existing literature on NC-TFETs. Addi-
tionally, usage of the NC concept in TFETSs provides a better understanding of
the recent trends in low-power analog and digital circuits.

The organization of this paper is as follows: Section 1 introduces in detail the
major obstacle faces by the conventional and non-conventional MOS devices,
and also briefly introduces the technical background of negative capacitance
and NC-TFET technology. Section 2 gives the detailed physics of the Negative
capacitance effect and how it has been used in FETSs. Section 3 provides insight
into stabilizing the negative capacitance and discusses the different techniques
to stabilize negative capacitance. In Section 4, we have discussed the principal
and operations of NCFET. Herein, is a detailed overview of how ferroelectric

materials are being employed to obtain the negative capacitance-induced effect
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Figure 2: (a) Schematic of the Suspended-Gate MOSFET including the mobile conductive
gate (with k equivalent mechanical spring constant) over air/oxide/semiconductor, and (b)

capacitor divider circuit model.

in FETs. Section 5 presents a detailed discussion of the modeling approaches
for the NCFET. The detailed discussion of the principal and operation of the
different NC-TFET structures and their application in analog/RF and digital
circuits are discussed in detail in sections 6, 7, and 8 respectively. In section 9
we have listed research and development-related concerns of NC-TFET. Finally,
we conclude our review work by listing the future scope of NC-TFET based on

the materials, device architecture, circuits, and system.

2. Negative Capacitance

In common parallel plate capacitors, the charge (Q) on either side of the
plate is directly proportional to the applied voltages (V') on the terminals [42],
143)

Q=C-V (3)

where C' is the proportionality constant, called capacitance.
However, the term “negative” in negative capacitance means, that when

there is an increase in voltage, leads to a decrease in charge or vice-versa [44].
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Figure 3: (a) Energy (U) vs charge (Q) characteristics for the gate stack having insulating
layer of dielectric or FE or FE-dielectric. (b) Voltage gain (9¢s/0V) vs dielectric thickness.

For a better understanding of negative capacitance, take the example of SG-
MOSFET, in which the MEMS functionality is added in solid state principle
[17].

The fact that SG-MOSFET has the suspended metal gate or mobile gate over
the oxide layer of the MOS device is supported by the gate spring, as shown
in Fig. 2 (a). At Vi = 0, leads the air gap between the mobile gate and oxide
layer, causing the capacitance (Cqir = 0) between the mobile gate and oxide
layer, which makes the transistor switched OFF. Applying the gate voltage,
the electro-mechanical action takes place, due to which the mobile gate deflects
towards the oxide layer, leading to a decrease in Cy;r = 0. At Cqir = 0 (i.e., the
mobile gate in contact with the oxide layer), the channel inversion is achieved,
due to an increase in the gate-to-channel capacitance. The SG-MOSFET is a
high voltage (HV) device, designed and developed to achieve a subthreshold
swing lower than 60mV/dec. [45].

3. Stabilised Negative Capacitance

The hysteresis characteristics of FE materials are the major obstacle to the
use of NCFETs in logic applications. The Fig. 3(a) portrays the energy (U)
vs. charge (Q) plots for three different cases: 1) For the dielectric capacitor, 2)



FE capacitor, 3) and the “dielectric + FE” capacitor. Herein, the FE capacitor
is connected in series with the dielectric capacitor. When two capacitors are
connected in series, the magenta-colored U vs. @ curve can be introduced
(see Fig. 3 (a)), which is said to be the capacitance-matching state of the
total capacitance has the minimum energy at the origin point [46], [47]. In
order to achieve the stable operation of NCFET, there is a need for capacitance
matching, which can be achieved by the two approaches: 1) FE layer scaling,

2) optimization of base-line device capacitance [43],[48].

3.1. Ferroelectric Layer Scaling

To understand it, consider the metal-insulator-FE-metal capacitor struc-
ture. The total energy (Urotq) is consisting of the sum of the free energy of
dielectric (Up) and FE (Upg) layers.

The Up (per area) is given by [43].

P2
Ulgiw = 4
< 2606036 ( )
where €y, and ¢,, are the vacuum and dielectric permittivity respectively.
The Upg (per area) is [43]
Upg = aP> 4+ P +4P5 — E. P4 K(VP)? (5)

where, a, 3, and « are called Landau coefficients, their values are listed in [49].

Below Curie temperature, o has a negative value, which results in the hys-
teresis characteristics in FE materials. E is the electric field. The term —FE- P in
(5) is the electrostatic energy, and K is the domain coupling constant. K (VP)?
is the Ginzburg term, which will be ignored during the formulation of P-Vrg
relation [50].

Now, total free energy (per area) is given as
Urotat =Up - Tox + Urg - Trg (6)

where, T, and Trg is the thickness of oxide and FE layers respectively.



Using (4) and (5) in (6), and having some algebraic manipulation we have,

TOm
Urotal = [26 . +O¢TFE:| P?+ Trp [/3P4 +7P6] —V-P+k(VP) (7)
0€ox

To achieve the stabilized NC the first term in bracket on right hand side of (7),
must have the positive value i.e.

TO.’IJ
20€0€0s

(®)

Tre <TFEcrtcd =

where symbols have their usual meanings.

For clear understanding consider the Fig. 3(b), where the voltage gain
(Avs/AVg) increases with respect to the oxide layer thickness and has more
steeper curve at 250nm [51]. The Avg/AVe = 4 achieved for T,, = 250nm
and change in gate voltage (AVg) from 0 to 0.2V (shown in Fig. 3(b) in-
sect). The voltage gain (Ayg/AVe = 4) ensure the change in surface potential
(Ayg = 0.8V) for applied Vi = 0.2V.

So, in order to ensure a stable NC, and better voltage amplification, one
should ensure that either Crg must be large or C,, must be small enough. For
this purpose, it is necessary to select the FE layer of optimized thickness, which
results in the optimal value of ferroelectric capacitance. It is indispensable for
the low SS steep switching, and hysteresis-free NCFET [52]. To utilize the
impacts of NC in NC-TFET devices, capacitance matching is quite essential.
To the best of our knowledge, fabricated, modeled, and TCAD simulated NC-
TFET device structures, the FE layer scaling approach is frequently applied to
achieve the stabilized NC operation [21]-[41].

3.2. Base-Line Capacitance Optimization

The second technique is to achieve capacitance matching and hysteresis-free
operations by optimization of baseline capacitance. For this purpose, the opti-
mum value of device dimension and drain voltage baseline device. There is a
trade-off between the hysteresis window and the sub-threshold slope of the de-
vice. The hysteresis-free state on NCFET has degraded device performance. For

this purpose Ko et. al. optimized the source/drain extension length (Lest) to
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oxide, spacers, channel, trap, source/drain junction, and baseline device.

ensure the adequate value of gate-source/drain capacitance (Cgs/Cap), which
will ensure the narrow hysteresis window. However, the dependence of drain
voltage on hysteresis window has been observed experimentally in [46]. It has
also been proven that at high drain voltage, large hysteresis occurs, which shows
the impact of drain voltage on the charge-balance with the ferroelectric capaci-
tor [46],[53],[54].

However, there is no discussion found in the literature on NC-TFET, where
capacitance matching is achieved by the optimization of the baseline capacitance
for NC-TFET devices. This is due to the design and fabrication guidelines of
TFET devices. The TFET device has different polar characteristics for the
source/drain region. Also, channel surface potentials in the sub-threshold con-
dition are different in TFET in comparison to the MOS device. These differences
change capacitance distribution in a device. In addition, TFET device structure
and material have huge variations. For example, device designs with vertical
tunneling, L-shaped, and special gate stack structure are proposed. Also, a

hetero-tunnel junction is often used.
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4. NCFET: Principal & Operation

The power dissipation in the MOS device will be significantly reduced by
operating the device at a lower operating voltage. However, the Boltzmann
Tyranny has put a limitation to operate the highly scaled MOS devices at lower
voltages. The SS (inverse of subthreshold slope) is the key factor to limit the
operating supply voltage, and is given by [51],[55]

Vg Ve g
S58=—+— """ =—"T X ——— 9
6(10g10 ID) (91/13 0 lOgIO ID ( )

=m =n
The first term on the right-hand side of (9) is called the body factor (m), and the
second term is the transport factor (n). The value of S.S would be significantly
lowered by reducing either m or n or both. The transport factor for the planner
and non-planner MOS devices cannot be lowered down below the 60mV/dec. at
room temperature, due to the “Boltzmann Tyranny”. However, the body factor
is given by,
Chevice

=1 4 == 10
m + Con ( )

where Cpevice 1S the baseline capacitance of the device, and C,, is the overall
oxide capacitance.

From (10), m < 1 can be feasible only when C,, has the negative value
i.e., Cop < 0. So, keeping this concept in mind, in 2008 S. Salahuddin et. al.
proposed the concept of NC in conventional MOS devices by adding the FE

11



layer into the gate stack. The FE layer within the gate stack as shown in Fig.
4, internally amplifies the voltage and preserves the device performance at a
considerably low supply voltage. The working principle of NC-FET is like a
conventional MOS device with added voltage amplification capabilities.

To understand the voltage amplification capability of FE material, consider
the simple capacitance network of the MOS device as shown in Fig. 4. Herein,
Crg is the induced capacitance in the FE layer, and connected in series with
the oxide capacitance.

Applying the voltage divider rule, the amplification factor (8) can be ex-

pressed by [56]-[58],
ﬁ _ a‘/int _ C’FE
B Ve B CrE + Coa:

From (11), due to the NC (Cpg < 0) provided by the FE layer, leads the 8 > 1.

(11)

The SS of FET devices given in (9), can be expressed in terms of /3, is given

by

OlogIps\ ™' _ Vi Ve _SS
Ve - Ologlps ~ Vi B
In (12), SSyc¢ is the subthreshold swing of NC-FET. Its value is always less

SSne = ( (12)

than SS of a conventional MOS device.
The overall applied voltage at gate terminal (Vi) is divided between FE
layer voltage (Vrg) and surface potential (¢g). Mathematically given as [59],

Vo =Vre + s (13)

The overall channel charge density (Q.) in the channel region of NCFET is
Qch = Chevice X 5. Fig. 5 (a) depicts the band diagram for NC-FETs when the
Ve is lower than the flat band voltage (Vg pg), which will ensure the upward band
bending near the oxide/semiconductor interface [60]-[62]. With the increase in
Ve the band near the oxide/semiconductor interface start bending downward
as shown in Fig. 5(b). The field induced across the oxide layer makes the
s greater than the applied Vi i.e. 0¢g/0Ve > 1. This means that the ¢g
is amplified against V. This amplification in g also referred to as voltage

amplification, will arrange more channel charges in the channel region.

12
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ization of FE materials. (b) Equivalent FE capacitor circuit for L-K model.

5. Modeling for NCFET

To develop the model for explaining the relation between polarization and
voltage across FE materials several approaches have been discussed.

The total charge in ferroelectric materials (Qpg) is given by [15]
Qre = Argp X (€0 X Vpe/TrE + P) (14)

where € is vacuum permittivity, Vg is the voltage across the FE layer, App is
an area of the FE layer, and P is the polarization. The relation between P and
Vre has been modeled using several approaches. Two of which: 1) Landau-

Khalatnikov (L-K) model, and 2) Miller model [42], are discussed below.

5.1. Landau-Khalatnikov (L-K) Model

To formulate the P — Vg relation, the L-K model is the most straight

forward approach, which is given as [63],[64],

oUpg _ OP
ap o

(15)

where p is a damping parameter, representing the polarization lag during ferro-

electric switching, and Upg is the energy density given in (6).

13



An analytical model for transient negative capacitance is developed using a
simplified circuit shown in Fig. 6(b), where a non-linear FE capacitor (Crg)
is connected in series with an intrinsic FE resistance (Rprp = p - Tre/ArE)
[65],166].

Now, applying Kirchhoff’s voltage law in Fig. 6(b), we have

Vas = ireRre + Vere (16)

here, term ipp = dQr/dt is the amount of current flowing through the Rpp.

The voltage drop across FE capacitor (Vorg) is given as follows [15]:
Vere = Tre (20P + 48P 4 6P%) (17)

where symbols have their usual meanings.
Now, the (16) is given as

_ Qe

Ve
GS i

(TFEAL> + Trp [20P + 48P° + 63P%) (18)
FE

and putting dQr ~ P X Apg in (18), we have

T dP
Vig = (pﬁ) X (AFEE) + Trp [20P + 48P% + 65P°] (19)

In (19), the term App(dP/dt) is the displacement current, due to the polariza-
tion switching.
Rearranging the (19) as a rate of change of P with respect to time (t), we
have
AP _ Vrp — Trp(2aP + 48P° + 6yP°) (20)
dt (Tre - p)
From (20), it has been observed that dP/dt is inversely proportional to the

intrinsic ferroelectric resistance (Trg - p) [67].
The L-K theory dictates the voltage across the ferroelectric, which is given
by (19). It is one of the most common techniques to model the voltage drop

across the ferroelectric capacitor in NC-TEFT.

14
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5.2. Miller Model

The Miller model is based on the concept of multidomain hysteresis shown
in Fig. 7(a). However, Fig 7(b) shows the Miller model, having a series com-
bination of Rrpr and Crpg (like the L-K Model). Unlike the L-K model, in the
Miller model the value of Crg is always positive. The P — Vg relation is given

by [15],[68],[69]

P = Ps [tanh (6 x (Vep, + Vo)) + V@” (21)
P

where,
-t i 0 1+ Pr/Ps
Vo 1-Pgr/Ps

Here, Ps, Pgr are the saturation and remnant polarization respectively, V¢ is

5 (22)

coercive voltage, and Vp is the peak value of Vopg.

The relation between Veog and Veopg is given by

dVere
dt

= % Vas — VerE] (23)

where, 7 is the lag between Vgg and polarization.

The key differences of discussed two models are summarized as follows [15],[16]:

15
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e Unlike the Miller model, the Landau model has the “S-curve” (shown in
Fig. 6(a)) for the polarization versus electric field characteristics, which
it cannot be able to capture the different states of polarization transitions

due to which it will fail to portray the material properties of FEs.

In the L-K model, Crg is inherently negative for a particular value of

polarization, while in the Miller model, the Crp is always positive.

In the L-K model, Rpg is the elementary parameter and can be a function
of the polarization field. It is not directly linked with C'rg through the
time constant parameter. Because for a negative value of Crpg, leads to
negative Rpp, which is non-physical. Whereas in the Miller model, the
time constant (7) is crucial, which is dependent on polarization and made

Rppg strongly dependent on Crg.

6. Negative Capacitance Tunnel-FET

Note that the SS of conventional MOS devices is limited to 60mV/dec at

room temperature, due to the Boltzmann distribution of electron energy. This

16



is the fundamental obstacle to lowering the supply voltage and hence, the total
power consumption. Therefore, the Tunnel FETSs are proposed, in which the
quantum mechanical BTBT is used to inject the charge into the channel, rather
than the thermionic injection. However, it has been observed that achieving the
sufficiently high drive Ion experimentally is extremely challenging for TFET
devices. Therefore, the scientific community employs the concept of the negative
capacitance of ferroelectrics in the TFET device as a performance booster.
The current conduction in Tunnel FET is based on the WKB transmission

probability (Tw k), which can be approximated as [70],[71]

- (v VEY)
3¢h(Ec + Ad)

Twkp ~ exp (24)
where m*, FEq, and A are the effective mass, bandgap, and screening tunneling
length. The A describes the spatial extent of the transition region at the source-
channel interface [71].

In a TFET, keeping drain voltage constant, and increasing the gate voltage
will inflect the surface potential. This will further increase the energy (difference
between the conduction band of source, and valance band of drain) due to the
reduction in the screening length. The subthreshold swing of a TFET can be
calculated as [72]-[74] :

oFE 171

Ve (25)

B e " Vps )
SS = (78(10&0 IDs)) =1In(10) {7% Ve +(E+b)/E)

where Vp is the applied voltage at the drain terminal, F is the electric field,
and b is a constant. From (25), it has been observed that the SS of TFET is
not a function of kgT/q, i.e., not limited by the Boltzmann distribution.

In the NC-TFET, the NC concept is integrated into TFETs devices. The
integration of two principles into a single device provides double advantages: 1):
the lower SS due to the NC effect and 2): the remarkably low leakage current.
The preexisting polarization dipole of the FE layer discovers the concept of
voltage pinning in NC-TFET as shown in Fig. 8(b). The charge carrier at the

source-channel junction of TFETSs in the ON state faces the triangular-shaped
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Figure 9: Band diagram of the NC-TFET which is presented for (a) Vi > 0 and (b) Vg <0
for the normal and ambipolar conduction of the n-type NC-TFET. (c¢) Reduction in potential
barrier presented at source/channel junction and, (d) increase in potential barrier presented

at drain/channel junction of the n-type NC-TFET, due to voltage pinning.

potential barrier. It is reduced by reducing the energy difference between the
valance band of the source region and the conduction band of the channel region.
This will result in the enhancement in SS and Ipy of the NC-TFET device.
However, at the same time suppressing the ambipolar conduction by increasing
the rectangular-shaped potential barrier at the drain-channel junction (shown

in Fig. 9 (c) and (d) respectively) than the conventional TFET device [75],[76].

6.1. Voltage Pinning

At the FE-metal interface in NC-TFET, the built-in voltage is formed due
to the depolarization field. This built-in potential is attributed to the space
charge at the interface. This effect in NC-TFET will further effectively reduce

the Iorr by blocking the source tunneling when the device is in an OFF state.
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For the lower value of gate voltage (Vi), the internal voltage of NC-TFET is
monopolized by the depolarization voltage (Vyipole, due to the FE dipole electric
field). The surface potential (¢g) is given by [29],

CO$

s = 2 —
Coz + CDe'uice

“ Vint (26)

From (26), for Coy >> Cpevice, the 1g is approximately equal to the V.. (i.e.,
s = Vipi). This means, that the ¢g is also pinned at a negative voltage value
as shown in Fig. 10 (a).

With an increase in the gate voltage, from negative to positive value, the 1g
and V;,; will remain pinned at negative voltage value up to the certain value of
externally applied gate voltage. This certain value of Vi is used to overcome
the depolarization field of FE materials. This effect is used to reduce the Ippp
in NC-TFET, where the tunneling junction is highly sensitive to the transverse
electric field which controls the reverse bias tunneling junction in sublet ways.

The relation between Vi and Vj,; is described considering the following
regions of operation of NC-TFET: 1): voltage pinning region, where V;,; is
quasi-constant, due to the polarization and the depolarization dipole field of
the FE layer, and 2): the range of Vi for completely depolarization (shown in
Fig. 10(b)). This results in the following relationship [29]:

Va

CozCpevice 1
1+ Coa+Cpevice X CrE

The stabilized NC region and a superior voltage amplification are observed at

the possible lowest value denominator of (27).

7. Fabricated and Simulated NC-TFET Device Architectures

The first fabricated (to the best of our knowledge) NC-TFET is proposed by
Lee et. al. in 2013, in which the FE layer is integrated into the gate stack by the
lithography pattern and deposited by an electron-beam evaporator and lift-off
process. The coupling FE layer in the gate stack is used to achieve the gate
voltage and surface potential amplifications. Moreover, the integration of cou-

pling the ferroelectric polarization is applied to hetro-tunnel FETs (HTFETSs),
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Figure 10: (a) Graphical representation of the internal voltage and surface potential of NC-
TFET, (b) equivalent circuit for NC-TFET in voltage pinning and negative capacitance re-

gions.

and nanowire (NW) TFETs [21]-[30]. The superior performance has been ex-
perimentally observed for the NC-TFETs, after FE layer deposition in the gate
stack of the same TFETSs device. Moreover, several theoretical investigations
based on the device modeling and TCAD simulation have also been performed
by several researchers.

The modeling and simulation of an ultra-thin body (UTB) double-gate (DG)
NC-TFET (UTB-DG-NC-TFET), in which the FE layer is added in both the
top and bottom gate stack has been investigated. The improved and non-
hysteretic characteristics have been achieved by the proper optimization of top
and bottom FE layer thickness, body thickness, and interfacial thickness [31].
Furthermore, the different nonplanner device architectures like gate all around
(GAA) [32], T-shaped gate [33], and L-shaped gate [34], have also been in-
vestigated. Where the GAA is proposed for the superior gate electrostatics in
the NC-TFET. However, the T-shaped gated NC-TFET has a lower threshold
voltage and higher Ion/Iorpr. This is because the T-shaped gate provides a

larger tunneling area without changing the size of the devices. The NC vertical-
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Figure 11: NC-TFET-based configurations structures (a) MFIS and, (b) MFMIS gate stack.

TFET is also used for negative-capacitance vertical-tunnel FET (NCVT-FET)
to maximize its vertical tunneling over the corner tunneling. Negative capaci-
tance enhances vertical tunneling more significantly than corner tunneling due
to the amplified vertical electric field. A hybrid design that consists of an L-
shaped gate and dual tunneling (DTD) TFET with a vertical FE gate insulator
is proposed. The vertical FE layer will provide higher carrier tunneling from
the source side to the channel region, while the L-patterned trench reduces the
nonlinearity in the output characteristics. The higher BTBT rate at the source
edge will cause the electric field crowding to be controlled by DTD [35]-[37].
Furthermore, the integration of the NC concept into the channel engineering,
advanced channel materials-based TFETs like recessed channel NC-TFET (RC
NC-TFET), and partial channel doping engineering have also been investigated
with the help of TCAD simulation [38]-[41]. Some of the highly cited published
work on NC-TFET to date have been summarized in Table I.

Finally, based on the experimental and theoretical research it has been con-
cluded that the integration of the FE layer into the gate stack of planner and
non-planner TFETSs outperform in comparison to their TFET counterparts and
will be a promising alternative candidate for future generation low power tech-

nology.

7.1. Gate Stack in NC-TFET
During literature on NC-TFETs and NCFETSs, two main gate stack architec-
tures are used frequently: Metal-FE-Metal-Insulator-Semiconductor (MFMIS)
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and Metal-FE-Insulator-Semiconductor (MFIS) shown in Fig. 11(a), and (b)
respectively. The major difference between these two architectures is the distri-
bution of polarization along the channel. The additional internal gate in MEMIS
ensures the uniform potential between the external and internal gate causing
the constant FE polarization throughout the channel. It will amplify the sur-
face potential in the entire channel region [77]. Unlike MFMIS, the MFIS has a
nonuniform distribution of polarization along the channel region. In this case,
the surface amplification takes place around the source region. The published
literature ensures that the MFIS structure offers the lower SCEs, steep SS and
high ON current at higher drain voltage in comparison to the MFMIS structure
[78]-[83].
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8. Advantages of NCTFET: Device and Circuit Perspective

The FE layer causes the voltage amplification in NC-TFET, which will cause
a better band bending and BTBT rate. Moreover, it will also reduce the SS
by reducing the body, and transport factors without any degradation in device
performance. The lower Iprp and higher Ipy current will certainly enhance the
overall circuit performance, by adding the high switching speed at low supply

voltage [84],[85].

8.0.1. Device Perspective: Negative Drain Induced Barrier Lowering (NDIBL)
Unlike the conventional MOSFET, the increase in the drain to source voltage
reduces the channel potential on NC-based MOS devices, resulting in negative
drain-inducing barrier lowering (NDIBL). The NDIBL is used to reduce the
scaling induced SCEs [43], [86], [87].
Combining the (16) and (17), we have the following equation,

Vas = irpRrg + TFE(206P + 4BP3 + 6’}/P5) (28)

In the above equation irpRrp = Vg = Vipt, and P = Qg — e =~ P. So (26)

is rewritten as
Vint = Vas = Tre(20Qa +48Q% + 67Q%) (29)

As the NC-based MOS device enters into the NC region of operation, the Qg
is lower than remmnant polarization. Due to this phenomenon, the first term
(2aQ¢) in the bracket of (28) on the right-hand side has more dominance than
the second and third terms. The Q¢ reduces with increase in Vpg, will lead to
decrease in Vj,¢, resulting the concept of NDIBL [88], [89].

The DIBL is the SCEs in the MOSFETSs, and an identical concept known
as drain-induced barrier thinning (DIBT) (also called DIBL in some literature)
occurs in the TFET [90], [91]. The DIBT does not lower the potential barrier,
it is thinning the potential barrier, and indicates the threshold voltage shift as
a function of drain bias [92]. The DIBT in TFET arises due to the influence of

the drain bias on the source-channel junction electric field and is more sensitive
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to the gate length of the TFET devices [93]-[95]. The DIBT is given by the

equation
Vrn,migh — VTh, Low

DIBT(orDIBL) = A ——
,High ,Low

(30)

where Vrp, migh, and Vry, row are the threshold voltage at high and low value of

Vbs. Fundamentally, the Vpy, is written as [94], [88]

Vrn = ¢ms + 200 + % (31)
fe]

In (31) ¢ars is the work function difference between metal and semiconductor,
and ¢y, is the built-in potential. There are no influence on NC effect on ¢p;5 and
¢pi- However, the Qg, and overall gate capacitance (C¢) are severely affected
by the NC effect, which can be better understood by the (29), and Fig. 4
respectively. Mazumdar et. al. [87] has been investigated the impact of the NC
on GAA-TFET and ensured a lower DIBT than conventional TFET device. It
has confirmed that the NC-based TFET devices may have higher speeds and

lower power consumption.

8.0.2. Switching Speed, Energy Efficiency and Defect Passivisation

The FE capacitor requires the minimum time to provide voltage amplifica-

tion [96]
CVs pvtFE CDevice
min — 2 2
" Tmar 2 ( A ) (32)

where p,, is the viscosity coefficient which is less than 0.1Qm, to achieve voltage
amplification with a 1-ps rise time. For high-speed applications, it is necessary
to find a suitable FE material with a relatively low p (below 0.1Qm) [96]. The
concept of NC originates from the concept of the stored energy in the phase
transition of FE materials. This provides the internal voltage amplification and
improved energy efficiency for the NC-based TFET [97], [98]

The defect passivation plays an important role in reducing the depolarization
field and trap-related leakage, and helps to achieve significantly high voltage

amplification, and stabilizing multi-domain switching [99], [100].
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8.1. Analog Circuit Perspective

The transconductance (G, n¢) of the NC-TFET device is an important pa-
rameter for analog circuit design, and affects the DC gain, bandwidth, transcon-

ductance efficiency, noise performance, etc. It is given by [26]

O0Ips  OIps _ OVin
Gm = = 33
T WV T e OV )

or,

Gm,NC =Ggm X ﬁ (34)

In (34), g, is transconductance of MOSFET device.

An analytical expression for the transconductance of the NC-TFET can be
established (given in (34)) in terms of the product of transconductance and
the amplification factor. The FE layer provides an effective negative capaci-
tance, and 8 > 1, which boosted the overall transconductance of the NC-TFET
devices.

The NC-TFET has higher G,, nyc in comparison to the MOS devices. In
general, the power dissipation (Pp) is related to the Gy, nc, is given by [85]

G, no(|Gm Nl + 26Vr)
K;2

Pp = (35)

From (35), it has been concluded that the NC-TFET device with a higher value

of k, a lower value of Vi has a lower Pp for constant G,,.

8.2. Digital Circuit Perspective

The voltage pinning effect occurs in the NC-TFET shown in Fig. 9(a). Due
to it, the surface potential of NC-TFET is pinned to a higher negative value
than the conventional TFET at the same gate voltage. It will further reduce
Iorr and also suppress ambipolar conduction. The reduced Ippp in NC-TFET
has significantly reduced power consumption in digital circuits.

The total power dissipation (Protq;) is given by [84]

PTotal = Psiatic + denamic (36)
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Figure 12: (a) Equivalent capacitance circuit model for the NCFET. (b) Gate and drain

capacitance is responsible for the coupling between the drain node and internal node.

Here, Piatic = Iorr xVpp is static power dissipation, and Pyynamic = aCTOleE) of
is the dynamic power dissipation, here « and f is the number of bits switch-
ing and signal frequency respectively. The Iprpr in NC-TFET is having a lower
value than the conventional TFET. It will significantly reduce the Pg;q4i.. While,

the Paynamic X Vg p» hence the Pyynamic is reduced by effective scaling of Vpp.

9. Design Challenges

Despite having superior performance, the NC-TFETs have several limita-
tions that create roadblocks for future endeavors. A few of them are listed as

follows:

e The capacitance matching in NC-FETSs is important to stabilize the device,

which is maintained at a low range of gate voltage.

o The negative differential resistance (NDR) originated (in both planner and
non-planner NC-based MOS devices) due to coupling between the drain
voltage and internal voltage via a gate to drain capacitance (Cgp) [43],
[86]. It leads to a decrease in the drain current of both types of devices.

From Fig. 12 (b), the expression for the steady-state value of Vj,;, when
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the device is in the matched state (in negative capacitance region)[101]-

[103]

dVgas dVgas
dVine = 1= gGI ~ Torn oo = ApdVgs — E pdVps (37)
FE Ccp

where, Cg is the positive gate capacitance belonging to the baseline tran-
sistor, which can be further split into the Cys and Cys shown in Fig. 12(b),
Ap is gain due to FE > 1, and ), is the drain-coupling factor.

The NDR can be optimized by the drain-coupling factor engineering (> p)
which is used to optimize the negative differential resistance in NC-based
FET devices is formulated by using the Fig. 12(b) and given as follow
[102],[103]

dVint CVGD
= = 38
Z P AVbs  Cri + Cheviee (38)

The > p depends on two key factors, first is the capacitance matching
between the Crp and the device underlying capacitance (Cpeyice), and
the second is the coupling capacitance formed between gate, and drain

terminal (Cep) [102].

The heterostructure is formed at the metal/FE or FE/dielectric interface,
which causes the fixed charge trapping at the interface. This is one of the
most serious concerns faced by process engineers. The trapping and de-
trapping of interface charges will strongly affect the electrostatics inside

the FE layer, and also creates defects at the grain boundary [104],[105].

At gigahertz frequency, the NC-based FET may lose its advantages over
the conventional FET, because the change in the polarization is quite
small. This will result in the polarization term (Apg x P) in (14) being
negligible, which provides the dynamic response to the overall charge in
FE materials. So the Qpg is equal to the Apg X (g X Vpg/TrE), and
Cr g behaves like linear capacitance, having a smaller value than the C,,.

This will further lead the voltage attenuation in NC-based devices [96].
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Figure 13: Performance comparison among the reported NC based NW-TFET, MOSFET,
NWFET, FinFET devices.

e The large value of tunneling resistance at the source/channel junction will
greatly reduce the tunneling probability of the charge carrier. As a result,

the TFET is suffering from the low Ipy.

e Although the TFET process is compatible with conventional devices, due
to the asymmetrical device design the sharing of the active area is diffi-
cult. This will affect the overall wafer area of the TFET-based device,
which causes the TFET-based circuit to cost incompetent [106]. The op-
timization of the FE layer area, thickness, polarization, and coercivity
must be scrutinized because these parameters have a major impact on the

performance of NC-based FET devices [25], [107].
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Table 2: Comparison among the performance parameters of NCTFETS.

Performance Parameter Value

ON Currents (Ion) 135uA [87], 1.867TmA[109], 15uA[116],
10mA [25]

ON-OFF Ratio (Ion/Iorr) 10" [87], 101°[109], 107 [116], 106 [25]

Subthreshold Swing (mV/dec) | 20.56[87], 10 [29], > 60 [25], 39 [109]

Transconductance (g,,) (mS) 7.87

10. Conclusion & Future Scope

This review paper presented the concept of NC in TFET based on the pre-
vious works that have been reported to date. Herein, we discussed how can a
FE layer in the gate stack reduce the SS lower than the fundamental Boltzmann
limit of 60mV/dec. The NC-TFET has set a new boundary for the semicon-
ductor industry and emerged as a potential substitute for conventional MOS
devices. The performance of NC-TFET devices is compared in terms of bet-
ter Ion/Iorr, and ultra-low leakage current. It is evident that NC-TFET has
lower SS in comparison to the other NC-based conventional and non-planer
MOS devices as shown in Fig. 13. A clear comparison among the NC-TFETs is
listed in Table 2. The lower SS makes the NC-TFET-based device for the low-
power integrated circuits (ICs). However, the optimized hysteresis window in
NC-TFET verified the memory function of NC-TFET and makes it a potential
candidate for the memories that should be emerging memory for NVM. Finally,
in conclusion, the NC-TFET has the steepest SS among other devices, one can
say that its SS is one of the closest to the ideal MOSFET device in terms of
the SS at room temperature (shown in Fig. 14). The idea of Fig. 14 has been
taken from the cover page of the IEEE Electron Device Letters [113].

The researchers must not confuse NC-FETs with ferroelectric FETs (FE-
FETs). Although, both of them have identical gate stacks but have different
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functionalities. Unlike NC-FET, the FE-FET has hysteretic I-V characteristics
(shown in Fig. 15) and has negative total gate capacitance. The total gate
capacitance in NC-FET is positive, which means that the NC-FET is in the
single stabilized stage.

To move forward with the research of NC-based transistors, the gap between
the fundamentals of FE materials and transistors needs to be bridged. From
Fig. 15 one can observe that PZT, SBZ, HZO, and Si: HfOz-based FE materials
are specially used in NC transistors and should enhance the performance in the
future. Furthermore, to ensure better low power and steep SS and high drain
current driving capability, several conventional and non-planer device architec-
tures (like bulk NCFET, NC-FDSOI, NC-FinFET, NC-TFET, etc) physics are
also researched by the different scientific communities. With these fascinat-
ing capabilities, the NC-TFET will fulfill the need for lower power, high-speed
memories (FE already has NVM capabilities), digital circuits, neural networks,

and neuromorphic computing [114]-[119].

31



Different
FE—MateriaIsP

P, PN
NC-FET < - e o
N[ - e of
. - 1= of
NS - e of .
| [ » Sapphire
2 v v

+ MgO
* SrITiO;
+ LaAlO,

Different NC-FET
Architecture

Digital Circuit

NC-FinFET Substiate
NC-FDSOI

4

Neuromorphic
Computing

NC-Nanosheet FET

Neural
Network

NC-Tunnel FET

Figure 15: The Y-chart of NC-TFET to portray the future scope of the FE material to FET

device to integrated system.

References

(1] Dennard R. H., et. al. Design of ion-implanted mosfet’s with very small

physical dimensions. IEEE J. Solid-State Circuits; 1987;9;5;256.

[2] Taur Y, Fundamentals of modern VLSI devices. Cambridge university press;
2013.

[3] Tsividis Y Operation and Modeling of the Mos Transistor. Oxford University

Press.

32



[4] Sze S. M., et. al. Physics of semiconductor devices. John Wiley & Sons.

[5] Pushkar D, et. al. Modeling and Simulation of Negative Capacitance MOS-
FETs Mtech Thesis; IIT Hyderabad; 2018.

[6] Curanovic B, Development of a fully-depleted thin-body FinFET process
2003.

[7] Nowak E. J., et. al. Scaling beyond the 65 nm node with FinFET-DGCMOS.
Proceedings of the IEEE, Custom Integrated Circuits Conference 2003.

[8] Colinge J. P. et. al., Silicon-on-insulator’gate-all-around device. IEEE Inter-

national Technical Digest on Electron Devices 1990;595.

[9] Jimenez D., et. al. Modeling of nanoscale gate-all-around MOSFETs. IEEE
Electron device letters, 2004;25;5;314.

[10] B. Yang B., et. al. Vertical silicon-nanowire formation and gate-all-around

MOSFET. IEEE Electron Device Letters. 2008;29;7;791.

[11] Yeo K. H., et. al. Gate-all-around (GAA) twin silicon nanowire MOSFET
(TSNWFET) with 15 nm length gate and 4 nm radius nanowires IEEE IEDM,
2006; 1-4.

[12] Rassekh A., et. el., Nonhysteretic Condition in Negative Capacitance Junc-
tionless FETs. IEEE Transactions on Electron Dev. 2022;69;2;820.

[13] Rassekh A., et. el. Negative Capacitance Double-Gate Junctionless FETs:
A Charge-Based Modeling Investigation of Swing, Overdrive and Short Chan-
nel Effect. IEEE Jour. of the Ele. Dev. Soc. 2020;8;939.

[14] Zhirnov V. V., et. al. Negative capacitance to the rescue. Nat. Nanotech.,
2008;3;2;77.

[15] Saha A.K., et. al. 'Negative capacitance’ in resistor-ferroelectric and
ferroelectric-dielectric networks: Apparent or intrinsic. Jour. of App.Phy.

2018;123;10;105102.

33



[16] Lee H., et. al. Simulation of Negative Capacitance Based on the Miller
Model: Beyond the Limitation of the Landau Model. IEEE Tran. on Ele.
Dev. 2022;69;1;237.

[17] Abele N., et. al. Suspended-gate MOSFET: bringing new MEMS function-
ality into solid-state MOS transistor. IEEE IEDM 2005.

[18] Gopalakrishnan K. , et. al. Impact Ionization MOS (I-MOS)—Part I: De-
vice and Circuit Simulations. IEEE Trans. on Elec. Dev. 2005;52;1;69.

[19] Wang Q., et. al. TCAD Simulation of Single-Event-Transient Effects in
L-Shaped Channel Tunneling Field-Effect Transistors. IEEE Trans. on Nuc.
Sci. 2018;65;8;2250.

[20] Joshi T., et. al. Extended-Source Double-Gate Tunnel FET With Improved
DC and Analog/RF Performance. IEEE Trans. on Ele Dev. 2020;67;4;1873.

[21] Lee M. H., et. al. Ferroelectric negative capacitance hetero-tunnel field-

effect-transistors with internal voltage amplification. IEEE IEDM.

[22] Guha S. et. al. Heterojunction Negative-Capacitance Tunnel-FET as a
Promising Candidate for Sub-0.4V VDD Digital Logic Circuits. IEEE Trans.
on Nanotec. 2021;20;576.

[23] Lee M. H. , et. al. Ferroelectric gate tunnel field-effect transistors with
low-power steep turn-on. AIP Advances, 2014;4;10; 107117.

[24] Sharma A., et. al. Design Space Exploration of Hysteresis-Free HfZrOx-
Based Negative Capacitance FETs. IEEE Ele. Dev. Lett. 2017;38;8;1165.

[25] Saeidi A., et. al. Negative Capacitance as Performance Booster for Tun-
nel FETs and MOSFETs: An Experimental Study. IEEE Ele. Dev. Lett.
2017;38;10;1485.

[26] Saeidi A. , et. al. Effect of hysteretic and non-hysteretic negative capaci-
tance on tunnel FETs DC performance. Nanotech. 2018;29;9;095202.

34



[27] Zhao Y., et. al. Experimental Study on the Transient Response of Negative
Capacitance Tunnel FET. EDTM. 2019.

[28] Zhao Y., et. al. A Novel Negative Capacitance Tunnel FET With Improved
Subthreshold Swing and Nearly Non-Hysteresis Through Hybrid Modulation.
IEEE Elec. Dev. Lett. 2019;40;6;989.

[29] Saeidi. A, et. al. Nanowire Tunnel FET with Simultaneously Reduced Sub-
thermionic Subthreshold Swing and Off-Current due to Negative Capacitance
and Voltage Pinning Effects. Nano Lett. 2020;20;5;3255.

[30] Chowdhury N., et. al. Negative Capacitance Tunnel Field Effect Transistor:
A Novel Device with Low Subthreshold Swing and High on Current. ECS
Trans. 2014;58;16;1-8.

[31] Liu C., et. al. Simulation-based study of negative-capacitance double-gate
tunnel field-effect transistor with ferroelectric gate stack. Jap. Jour. of App.

Phy. 2016;55;4S;04EBOS.

[32] Jiang C., et. al. Investigation of Negative Capacitance Gate-all-around Tun-
nel FETs Combining Numerical Simulation and Analytical Modeling. IEEE
Trans. on Nanotech. 2017;16;1;58.

[33] Li W., et. al. A T-shaped gate tunneling field effect transistor with negative
capacitance, super-steep subthreshold swing. Nanotech. 2021;32;39;395202.

[34] Ghosh P., et. al. Investigation of Electrical Characteristics in a Ferroelectric
L-Patterned Gate Dual Tunnel Diode TFET. IEEE Trans. on Ultra., Ferro.,
and Freq. Con. 2020;67;11;2440.

[35] Hu V. P. H., et. al. Optimization of Negative-Capacitance Vertical-Tunnel
FET (NCVT-FET). IEEE Trans. on Ele. Dev. 2020;67;6;2593.

[36] Jung T., et. al. Device-design optimization of ferroelectric-gated vertical
tunnel field-effect transistor to suppress ambipolar current Sem. Sc. and Tech.

2020;35;8;085010.

35



[37] Thoti N., et. al. Promised Design of Energy-Efficient Negative-Capacitance
Vertical Tunneling FET. ECS Jour. of Sol. State Sci. and Tech.
2021;10;7;075002.

[38] Kim H. W, et. al. Gate-Normal Negative Capacitance Tunnel Field-Effect
Transistor (TFET) With Channel Doping Engineering. IEEE Tran. on Nan-
otec. 2021;20;278.

[39] Kim S., et. al. Simulation study about negative capacitance effects on re-

cessed channel tunnel FET. Jap. Jour. of Appl. Phy. 2021;60;SCCEOQ7.

[40] Xu P., et. al. Device performance limits and negative capacitance of
monolayer GeSe and Gate tunneling field effect transistors. RSC Adv.
2020;10;27;16071.

[41] Li H., et. al. Negative capacitance tunneling field effect transistors based
on monolayer arsenene, antimonene, and bismuthene. Semi Sci. and Tech.

2019;34;8;085006.

[42] Alam M. A., et. al. A critical review of recent progress on negative capaci-

tance field-effect transistors. App. Phy. Lett. 2019;114;9;090401.

[43] Hoffmann M., et. al. Progress and future prospects of negative capacitance

electronics: A materials perspective. APL Materials. 2021;9;2;020902.

[44] Landauer R. Can capacitance be negative? Collect. Phenom.

1976;2;167-170.

[45] Jain A. et. al. Stability Constraints Define the Minimum Subthreshold
Swing of a Negative Capacitance Field-Effect Transistor. IEEE Tran. on Elec.
Devi. 2014;61;7;2235.

[46] Ko E., et. al. Steep switching devices for low power applications: neg-
ative differential capacitance/resistance field effect transistors. Nano Conv.

2018;5:1;2018.

36



[47] Park H. W., et. al. Modeling of Negative Capacitance in Ferroelectric Thin
Films. Adv. Mater. 2019;1805266.

[48] Hoffmann M., et. al. On the stabilization of ferroelectric negative capaci-

tance in nanoscale devices. 2018;10;23;10891.

[49] Rahi S. B., et. al. A review on emerging negative capacitance field effect

transistor for low power electronics. Micro. Jour. 2021;116;105242.

[50] Zhang W., et. al. A computational model of ferroelectric domains. Part I:

model formulation and domain switching. Act. Mater. 2005;53;1;185.

[51] Salahuddin S. et. al. Use of Negative Capacitance to Provide Voltage Am-
plification for Low Power Nanoscale Devices. Nano Lett. 2008;8;2;405.

[52] Lo V. C., et. al. Simulation of thickness effect in thin ferroelectric films

using Landau-Khalatnikov theory. Jour. of App. Phy. 2003;94;5;3353.

[53] Jo J., et. al. Negative Capacitance Field Effect Transistor With Hysteresis-
Free Sub-60-mV /Decade Switching. IEEE Ele. Dev. Lett. 2016;37;3;245.

[54] Ko E., et. al. Negative capacitance FInFET with sub20-mV /decade sub-
threshold slope and minimal hysteresis of 0.48V. IEEE Ele. Dev. Lett.
2017;38:4:418.

[55] Cao W., et. al. Is negative capacitance FET a steep-slope logic switch?
Nat. Comm. 2020;11;1.

[56] Chatterjee K., et. al. Design and Characterization of Ferroelectric Negative

Capacitance. EECS Dept., Uni. of Cal. Berkeley.

[57] Rahman T., et. al. Analysis of Bulk Negative Capacitance Field Effect
Transistor. 2017.

[58] Catalan G., et. al. Ferroelectrics: Negative capacitance detected. Nat. Publ.
Gr. 2015;14;2;137.

[59] Thomas S. Negative capacitance found. Nat. Elec. 2019;21;2;51.

37



[60] Dong Z., et. al. A Simple Model of Negative Capacitance FET With Elec-
trostatic Short Channel Effects. IEEE Tran. on Elec. Dev. 2017;64;7;2927.

[61] Wang X., et. al. Van der Waals negative capacitance transistors. Nat.

Comm., 2019;10;1.

[62] Tonescu A. M. Negative capacitance gives a positive boost. Nat. Nanotech.

2017;13;1;7.

[63] Landau L. D. Theory of phase transformations. I,” Zh. Eksp. Teor. Fiz.7,
19 (1937).

[64] Pokrovsky V. L. Landau and Modern Physics. Under the Spell of Landau,
2013;465.

[65] Khan A. L., et. al. Negative capacitance in a ferroelectric capacitor. Nat.

Mat. 2014;14;2;182.

[66] Kim Y. J., et. al. Voltage Drop in a Ferroelectric Single Layer Capacitor
by Retarded Domain Nucleation. Nano Lett. 2017;17;12;7796.

[67] Hoffmann M., et. al. Ferroelectric negative capacitance domain dynamics.

Jour. of Appl.Phy. 2018;123;18;184101.

[68] Miller S. L., et. al. Modeling ferroelectric capacitor switching with asym-
metric nonperiodic input signals and arbitrary initial conditions. Jour. of

Appl. Phy. 1991;70;5;2849.

[69] A. Sutor A., et. al. A Preisach-based hysteresis model for magnetic and
ferroelectric hysteresis. Appl. Phys. A. 2010;100;425.

[70] Choi W. Y., et. al. Tunneling Field-Effect Transistors (TFETs) With
Subthreshold Swing (SS) Less Than 60 mV/dec. IEEE Elec. Dev. Lett.
2007;28:8:743.

[71] Mamidala J. K., et. al. Tunnel Field-effect Transistors (TFET): Modelling
and Simulation. John Wiley & Sons, 2016.

38



[72] Ionescu A. M., et. al. Tunnel field-effect transistors as energy-efficient elec-

tronic switches. Nature. 2011;479;7373;329.

[73] AsraR., et. al. A Tunnel FET for Vpp Scaling Below 0.6 V With a CMOS-
Comparable Performance. IEEE Tran. on Elec. Dev. 2011;58;7;1855.

[74] Saeidi Ali, Exploration of Negative Capacitance Devices and Technologies.

2019 EPFL, PhD Thesis.

[75] Zhang Q., et. al. Optimum Bandgap and Supply Voltage in Tunnel FETs.
IEEE Trans. on Ele. Dev. 2014;61;8;2719.

[76] Sahay S., et. al. Controlling the Drain Side Tunneling Width to Reduce
Ambipolar Current in Tunnel FETs Using Heterodielectric BOX. IEEE Trans.
on Ele. Dev. 2015;62;11;3882.

[77] Chauhan V., et. al. Recent Advances in Negative Capacitance FinFETs for
Low Power Applications: A Review. IEEE Trans. on Ultra., Ferro., and Freq.
Con. 2021;1.

[78] Amrouch H., et. al. Negative Capacitance Transistor to Address the Fun-
damental Limitations in Technology Scaling: Processor Performance. IEEE

Acc. 2018;6;52754.

[79] Kobayashi M. A perspective on steep-subthreshold-slope negative-
capacitance field-effect transistor. Appl. Phy. Exp. 2018;11;11;110101.

[80] You W. X., et. al. Evaluation of NC-FinFET Based Subsystem-Level Logic
Circuits Using SPICE Simulation. IEEE SOI-3D-Subthreshold Microelectron-
ics Technology Unified Conference (S3S).2018.

[81] Gaidhane A. D., et. al. Compact Modeling of Drain Current, Charges, and
Capacitances in Long-Channel Gate-All-Around Negative Capacitance MFIS
Transistor. IEEE Trans. on Elec. Dev. 2018;65;5;2024.

[82] Rollo T\, et. al. Stabilization of negative capacitance in ferroelectric capac-

itors with and without a metal interlayer. Nanoscale. 2020;12;10;6121.

39



[83] Gastaldi C., et. al. Negative Capacitance in HfO; Gate Stack Structures
With and Without Metal Interlayer. IEEE Trans. on Elec. Dev. 2022;1.

[84] Rabaey Jan M. Digital Integrated Circuits: A Design Perspective. Prentice
Hall.

[85] Sedighi B., et. al. Analog Circuit Design Using Tunnel-FETs. IEEE Trans.
on Cir. and Sys. I: Reg. Pap. 2015;62;1;39.

[86] Liang Y., et. al Analysis of DIBL Effect and Negative Resistance Perfor-
mance for NCFET Based on a Compact SPICE Model. IEEE Trans. on Elec.
Dev. 2018;65;12;5525.

[87] Mazumder A. A. M., et. al. Numerical Investigations of Nanowire Gate-
All-Around Negative Capacitance GaAs/InN Tunnel FET. IEEE Access.
2022:10;30323.

[88] Seo J., et. al. Analysis of Drain-Induced Barrier Rising in Short-Channel
Negative-Capacitance FETs and Its Applications. IEEE Tran. on Ele.
Dev.2017;64:4:1793.

[89] Huang W., et. al. Investigation of negative DIBL effect for ferroelectric-
based FETs to improve MOSFETs and CMOS circuits. 2021;114;105110.

[90] Lu L., Mohata D., and Datta S. Scaling length theory of double-gate inter-
band tunnel field-effect transistors. IEEE Transactions on Electron Devices

2012;59:902-908.

[91] Mallik A., and Avik Chattopadhyay. Drain-dependence of tunnel field-effect
transistor characteristics: the role of the channel. IEEE transactions on elec-

tron devices 2011;584250-4257.

[92] Saurabh S., and Kumar M.J., Novel attributes of a dual material gate
nanoscale tunnel field-effect transistor. IEEE transactions on Electron Devices

2010;58;404-410.

40



[93] Tayal S., Upadhyay A. K., Kumar D., and Rahi S. B., eds. Emerging Low-
Power Semiconductor Devices: Applications for Future Technology Nodes.

CRC Press, 2022.

[94] Boucart K., and Ionescu A. M., A new definition of threshold voltage in
tunnel FETs. Solid-state electronics 2008;52;1318-1323.

[95] Song Y. S., Tayal S., Rahi S. B., Kim J. H., Upadhyay A. K., and Park B.
G., Thermal-Aware IC Chip Design by Combining High Thermal Conductiv-
ity Materials and GAA MOSFET. 5th International Conference on Circuits,
Systems and Simulation (ICCSS),2000;135-140.

[96] Yuan Z. C., Rizwan S., Wong M., Holland K., et. al. Switching-speed lim-
itations of ferroelectric negative-capacitance FETs. IEEE Transactions on

Electron Devices 2016;63;4046-4052.

[97] Kamaei S., Saeidi A., Gastaldi C., Rosca T., et. al. Gate energy efficiency
and negative capacitance in ferroelectric 2D /2D TFET from cryogenic to high
temperatures. npj 2D Materials and Applications 2021;5;1-10.

[98] Sajad M., Singh A., Kumar N., Amin S. I., and Anand S., Design and
analysis of negative capacitance based dual material dopingless tunnel FET.

Superlattices and Microstructures 2021;156;106964.

[99] Fan C. C., Cheng C. H., Chen Y. R., Liu C., and Chang C. Y., Energy-
efficient HfAlIOx NCFET: Using gate strain and defect passivation to realize
nearly hysteresis-free sub-25mV/dec switch with ultralow leakage. IEEE In-
ternational Electron Devices Meeting (IEDM), 2017;23.2.1-23.2.4.

[100] Liu C., Chen H. H., Hsu C. C, Fan C. C,, Hsu H. H., and Cheng C. H.,
Negative Capacitance CMOS Field-Effect Transistors with Non-Hysteretic
Steep Sub-60mV/dec Swing and Defect-Passivated Multidomain Switching.
Symposium on VLSI Technology. 2019; T224-T225.

[101] Zhou J., et. al. Negative Differential Resistance in Negative Capacitance
FETs. IEEE Ele. Dev. Lett. 2018;39;4;622.

41



[102] Agarwal H. et al., “Engineering negative differential resistance in NCFETs
for analog applications,” IEEE Trans. Ele. Dev. 2018;65;2033.

[103] Gupta S., et. al. Device-Circuit Analysis of Ferroelectric FETs for Low-
Power Logic. IEEE Tran. on Ele. Dev. 2017;64;8;3092.

[104] Lin Z., et. al. Challenges and Solutions of the TFET Circuit Design. IEEE
Tran. on Cir. and Sys. I: Reg. Pap. 2020;67;12;4918.

[105] Rethinking negative capacitance research. Nat. Elec. (Editorial),
2020:3:9:503.

[106] Liu T.J. K. et. al. Tunnel FET Promise and Challenges. Ext. Abs. of the
2010 Inter. Conf. on Sol. State Dev. and Mat., 2010.

[107] Liang Y., Zhu Z., Li X., Gupta S.K., Datta S., and Narayanan V., Mis-
match of ferroelectric film on negative capacitance FETs performance. IEEE

Transactions on Electron Devices, 2020;67;3;1297.

[108] Li H., Xu P., Xu L., Zhang Z., and Lu J., Negative capacitance tun-
neling field effect transistors based on monolayer arsenene, antimonene, and

bismuthene. Semicond. Sci. Technol., 2019;34;085006.

[109] Kobayashi M., Jang K., Ueyama N., and Hiramoto T., Negative ca-
pacitance for boosting tunnel FET performance. IEEE Trans. Nanotechnol.

2017;16;253-258.

[110] Lee M. H. et al., Ferroelectric Al:HfO2 negative capacitance FETs. IEDM.
2017;23.3.1-23.3.4.

[111] Su C.J., et.al. Ge nanowire FETs with HfZrO, ferroelectric gate stack
exhibiting SS of sub-60 mV /dec and biasing effects on ferroelectric reliability.
TIEDM. 2017;8268445.

[112] LiK.S., et.al. Sub-60mV-swing negative-capacitance FinFET without hys-
teresis. IEDM. 2015.

42



[113] Cover Page of IEEE Electron Device Letters. 2021;42;8.

[114] Pan C. et. al. Non-Boolean Computing Benchmarking for Beyond-CMOS
Devices Based on Cellular Neural Network. IEEE Jour. on Exp. Sol. Sta.
Comp. Dev. and Cir. 2016;2;36.

[115] Yin X., et. al. Ferroelectric FETs-Based Nonvolatile Logic-in-Memory Cir-
cuits. IEEE Tran. on Very Large Scale Int. 2019;27;1;159.

[116] Li X. et. al. Advancing Nonvolatile Computing With Nonvolatile NCFET
Latches and Flip-Flops. IEEE Tran. on Cir. and Sys. I: Regular Papers.
2017;64;11;2907.

[117] Pan C., et. al. An Expanded Benchmarking of Beyond-CMOS Devices
Based on Boolean and Neuromorphic Representative Circuits. IEEE Jour. on

Exp. Solid-State Comp. Dev. and Cir. 2017;3;101.

[118] Liang Y., Li X., George S., Srinivasa S., Zhu Z., Gupta , S. Datta S.
K., and Narayanan V., Influence of Body Effect on Sample-and-Hold Circuit
Design Using Negative Capacitance FET. IEEE Transactions on Electron
Devices, 2018;65; 3909-3914.

[119] Liang Y., Zhu Z., Li X., Gupta S. K., Datta S., and Narayanan V., Utiliza-
tion of negative-capacitance FETS to boost analog circuit performances. IEEE
Transactions on Very Large Scale Integration (VLSI) Systems 2019;27;2855-
2860.

43



Authors Statements

Abhishek Kumar Upadhyay: Conceptualization, Methodology, Data curation,
Writing-Original draft preparation. S.B. Rahi, S. Tayal, and Y. S. Song: Writing-
Reviewing and Editing.



Declaration of interests

The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in
this paper.

OThe authors declare the following financial interests/personal relationships which
may be considered as potential competing interests:




