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ABSTRACT With transistors scaling down to 3 nm node and beyond, short channel effect (SCE) as well
as power consumption dissipation present immense challenges for further scaling down of the transistor.
Hence the Gate all around field effect transistor (GAA-FET) is proposed to replace the Fin field effect
transistor (FinFET) in 3 nm technology node and beyond due to its better gate control over the channel with
surrounding gate structure, thus providing improved SCE constraint ability. Traditional transistors suffer
from the problems of ‘‘Boltzmann Tyranny’’ and cannot overcome the subthreshold swing (SS) limit of
60mV/dec at room temperature. Tomaintain high Ion and avoid Ioff from increasing toomuch, supply voltage
(VDD) of the conventional transistor cannot scale down proportionally with the dimension of the transistor.
The concept of negative capacitance (NC) has been demonstrated to be able to obtain sub-60 mV/dec SS
with the ability of amplifying the potential of the channel region without VDD increment. The novel device
structure of negative capacitance gate all around field effect transistor(NC GAA-FET) can combine both
the advantages of GAA-FET and NC-FET, and is the most promising ultra-low power consumption device
and promises to sustain the Moore’s law further beyond what is predicted now. Whereas, according to our
knowledge, there have been few review papers about NC GAA-FET till now. Herein, we summarize the
recent developments of the NC GAA-FET both in simulation and experimental aspects, which we believe
will bring about profound changes to the further development of NC GAA-FET devices.

INDEX TERMS Negative capacitance effect, short channel effect, subthreshold swing, power consumption
dissipation, negative capacitance gate all around field effect transistor.

I. INTRODUCTION
Since Moore’s law was proposed in 1965, the number of
transistors on a chip doubles every two years [1]. The speed
increase, power consumption and cost reduction are main
motivations for transistor’s further scaling down, which also
bring about tremendous conveniences and a life full of vari-
eties [2]. However, Moore’s law meets challenges nowadays,
which come from SCE degradation and power consumption
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increment. SCE is always a big obstacle when transistors
scale down beyond 100 nm node. Specifically, drain induced
barrier lower (DIBL) [3] and subthreshold swing (SS) [4]
are two main SCE factors that degrade device performance
seriously. The voltage applied on the drain side (Vd ) affects
the barrier height between source and drain, thus stealing the
privilege of gate control over the channel region, this effect is
termed as DIBL. DIBL effect affects the controlling ability of
the gate over the channel, leading to threshold voltage (Vth)
reduction and off state current (Ioff ) increment. SS signifies
the switch down ability of the transistor, and it is defined
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as the minimum gate voltage (Vg) needed to increase drain
current (Id ) by one order. SS degradation caused by channel
length decreasing leads to Ioff increasing. Besides, punch
through caused by source and drain junction connecting with
each other contributes to leakage current increase; hot carrier
injection effect causes irreversible damage to the dielectric
layer; surface scattering degrades carrier mobility; velocity
saturation affects Ion increase. Fortunately, according to the
published work [5], SCE of a transistor can be inhibited if the
channel length is 3 to 5 times larger than the screening length,
λ. λ is defined as,

λ =

√
εs

Nεox
· ts · tox (1)

εs and εox are permittivities of channel material and dielectric
oxide respectively, ts and tox are channel and oxide thickness,
N is the number of gates. The screening length, λ, describes
the distance over which the potential drops at the interfaces
between the source and channel and from the channel to drain.
To decrease λ, high k dielectric such as HfO2 or Al2O3 [6],
[7] is chosen instead of SiO2 to increase εox . On the other
hand, oxide and channel thickness (tox and ts) also decrease
proportionally with channel length scaling down, which both
increases the gate control over the channel and degrades the
carrier mobility due to surface scattering. Increasing gate
numbers can also decrease λ according to (1), and that is
why FinFET with three sides of the channel surrounded
by the gates performs better than planar FET in regards to
suppressing SCE [8]. Recently, GAA-FET has been predicted
to replace FinFET and dominate the semiconductor market
for 3 nm technology node and beyond, since GAA-FET has
better gate control and stronger SCE suppression ability than
FinFET attributing to its surrounding gate structure [9].

Although GAA-FET has verified its superiority as a
promising alternative in suppressing SCE, the power con-
sumption increase still cannot be neglected, especially
as static power consumption increases exponentially with
transistor length scaling down, exceeding dynamic power
consumption nowadays [10]. As is known, the power con-
sumption of a transistor consists of two parts, static power
consumption and dynamic power consumption, which is
expressed as below,

P = Pstatic + Pdynamic = Ioff · VDD + C · f · V 2
DD (2)

Pstatic and Pdynamic refer to static and dynamic power con-
sumption respectively, Ioff denotes off state current and can
be obtained by measuring Id at Vg =0 and Vd = VDD. C is
the total capacitance of the transistor and f is the frequency.
According to (2), to decrease static and dynamic power con-
sumption simultaneously, the most effective method is reduc-
ing VDD. However, from 10 nm technology node and beyond,
conventional transistors suffer from the problem that VDD is
not able to scale down proportionally with dimension due to
‘‘Boltzmann tyranny’’ (SS cannot be smaller than 60 mV/dec
at room temperature). At room temperature, SS is expressed

FIGURE 1. The Id -Vg curves for conventional transistor with gate length
scaling down. To remain Ion constant as the gate length scales down, Ioff
increases exponentially if VDD and Vth scale down proportionally with
gate length due to that SS of conventional transistor is no smaller than
60 mV/dec, produced with permission from [10].

as,

SS =
∂Vg

∂ log10 ID
=
∂Vg
∂ψS

·
∂ψS

∂ log10 ID
= m · n (3)

ψs is the potential of the channel. m is defined as body factor,
representing the control ability of gate over channel potential;
n is the transport factor, describing the control ability of chan-
nel potential over drain current. Generally, in a conventional
transistor at room temperature, m and n are expressed as,

m =

(
1 +

CS
COX

)
(4)

n =
kt
q
ln 10 ≈ 60mV/dec (5)

SS = 60mV/dec×

(
1 +

CS
COX

)
(6)

In a conventional transistor, CS (the equivalent capacitance
of MOS) and COX (the capacitance of oxide dielectric layer)
are all positive, so the minimum value of SS is 60 mV/dec
at room temperature according to (6). As the transistor gate
length is reduced, improved performance requires VDD, and
simultaneously Vth, to be lowered proportionally to keep Ion
high. Thus, Ioff increases exponentially because SS cannot
be lower than 60 mV/dec caused by ‘‘Boltzmann tyranny’’,
as shown in Fig. 1.

To make sure that VDD and Vth scale proportionally with
transistor dimension without causing serious Ioff increment,
steep SS devices are needed. Nowadays, tunneling field effect
transistors (TFET), impact ionization transistors (I-FET),
nano-electromechanical FETs (NEMFET), Dirac source
FETs (DSFET) and negative capacitance FETs (NC-FET)
[11], [12], [13], [14], [15] are proposed steep SS devices.
They all have their merits but also face limitations. TFET
can achieve sub-60 mV/dec SS due to carriers transporting
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by band to band (BTBT) mechanism. However, TFET suf-
fers from low Ion. Besides, the opposite doped source and
drain regions not only cause asymmetric problems, but also
complicate the manufacturing process; I-FET needs a high
breakdown voltage, which causes stability issues. On the
other hand, high breakdown voltage also collides with the
purpose of scaling down VDD; NEMFET needs a compli-
cated manufacturing process, which limits its mass produc-
tion. As for DSFET, it can achieve both sub-60 mV/dec SS
and high Ion at the same time, however, the Dirac materials
needed are two-dimensional (2D) materials like graphene
and its counterparts. Their mass production is impractical at
the moment, besides, more studies are needed to clarify the
working mechanism of DSFET, so there is still a long way to
go before DSFET can be produced massively. NC-FET can
achieve steep SS, and at the same time, maintain the carrier
transport mechanism as in conventional FET. As a result,
a high Ion can be sustained. On the other hand, NC-FET is
obtained by simply adding an additional ferroelectric layer
in the gate stack, which doesn’t change much of the man-
ufacturing process of the NC-FET and makes it compatible
with the modern semiconductor manufacturing process. The
advantages mentioned above make NC-FET stand out as a
most promising steep switch ultra-low power consumption
device.

GAA-FET promises to substitute FinFET and dominate the
semiconductor industry in 3 nm and beyond technology nodes
due to better gate control ability provided by the surrounding
gate structure. The NC GAA-FET fabricated by integrat-
ing NC effect with GAA FET structure can combine both
the advantages of NC-FET and GAA-FET, and is the best-
potential ultra-low power consumption device and promises
to sustain the Moore’s law further.

The main purpose of this article is to introduce the working
mechanism and to elaborate on the current status of NCGAA-
FET, which will be helpful for researchers to get the gist
quickly and decide what to focus on next. The essay is orga-
nized as follows. Part I is the introduction part, emphasizing
on the background of NC GAA-FET; Part II thoroughly
describes the historical developments and working mecha-
nism of the NC-FET; Part III detailedly covers the recent
developments of NC GAA-FET both theoretically and exper-
imentally;Part IV describes the opportunities and challenges
faced by NC GAA-FET and gives a future outlook based on
recent findings.

II. HISTORICAL DEVELOPMENT
It was S. Salahuddin and S. Datta who first proposed that
by integrating NC effect in a transistor, steep switch and
a SS smaller than Boltzmann limit of 60 mV/dec could be
obtained [16]. Later in the same year, Giovanni A. Salva-
tore et al first demonstrated a NC-FET experimentally, the
NC-FET achieved a minimum SS of 13 mV/dec by using
a 40 nm P(VDF-TrFE)/SiO2 gate stack [17]. From then
on, NC-FET has drawn much attention from all over the
world. And what is more, the emerging NC GAA-FET is

promising in further scaling transistors to 3 nm and beyond
technology nodes. Whereas, the early ferroelectric materials
used were conventional perovskite ferroelectric materials,
like Pb(Zr0.2Ti0.8)O3 (PZT), SrBi2TaO9 (SBT), and so forth
[18], [19], [20]. They need to be very thick to maintain the
ferroelectricity needed, and the ferroelectric behavior is weak
when the thickness of the material is small, which is incom-
patible with modern IC industry manufacturing processes.
In 2011, T. S. Böscke et al discovered ferroelectric properties
in crystalline hafnium silicon oxide film [21]. Later, HfO2
films doped with Si, Zr, Al and so on were also found to show
ferroelectricity [22], [23], [24], [25]. What is more, Zr doped
HfO2 can maintain its ferroelectricity strong enough with a
thickness down to 1.8 nm [26] or even 1 nm [27], which
makes it possible for the thickness of the gate stack of NC-
FET to scale with transistor dimension, thus making NC-FET
promising as an ultra-low power consumption device. Just by
means of inserting a ferroelectric material layer in the gate
stack of a transistor, SS and Ion can be significantly improved
via internal voltage amplification induced by NC effect: the
facility and compatibility make it possible for NC effect to be
widely used in all kinds of transistor structures, including the
most promisingly commercial ultra-low power consumption
NC GAA-FET, and impressive results have been obtained
both theoretically and experimentally [19], [28], [29], [30],
[31], [32].

A. NEGATIVE CAPACITANCE EFFECT
Ferroelectric materials have been discovered for a long time,
but only recently have they been used in MOSFET. Ferro-
electric materials are unique in sustaining polarization after
the electric field is removed. The polarization left is called
remnant polarization, Pr . Another important parameter of
ferroelectric materials is the reverse electric field applied to
make the Pr return to zero. This electric field is called the
conceive electric field, Ec. A typical P-E curve of ferroelec-
tric materials is a S curve, as shown in Fig. 2 [33]. The
relation of polarization and electric field E of FE materials
is described by the famous Landau-Khalatnikov equation,
which is expressed as,

E = 2αP+ 4βP3 + 6γP5 − 2g1P+ ρ
dP
dt

(7)

In (7), α, β, γ are Laudau coefficients, α = −3
√
3
/
4 ×

EC
/
Pr , and β = 3

√
3
/
8 × EC

/
Pr , ρ and g refer to coef-

ficients of the viscosity and polarization gradients, respec-
tively [22]. The capacitance is defined as C = dQ

/
dV ≈

dP
/
dV . In Fig. 2, the region where the slope of P versus

electric field E is negative corresponds to the NC region.
In the energy landscape of ferroelectric materials in Fig. 3, the
capacitance is obtained by taking the reciprocal of the second
order derivatives of potential energyU with respect to charge
Q, as expressed below,

C =

(
d2U
dQ2

)−1

(8)
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FIGURE 2. The P-E S curve of a ferroelectric material, the negative
capacitance region is marked by red dotted lines in the picture,
reproduced with permission [33].

FIGURE 3. Energy (U) vs. charge (Q) curve of ferroelectric capacitor. The
navy, green, and red-colored curves represents- the U vs. Q curves of a
dielectric capacitor, a ferroelectric capacitor, and a capacitance-matched
capacitor respectively, reproduced with permission from [34].

From the energy landscape of ferroelectricmaterials shown
in Fig. 3, we can see that the region where the capacitance
is negative has relatively higher energy, thus NC region is a
quasi-stable state. The carrier moves from one stable state to
another under a Vg higher than the critical voltage, Vc, and
during this process, NC state is passed by. Thus the NC effect
is a transient process, which is hard to be detected directly.
It is found that by connecting a dielectric material with a
ferroelectric material in series, the ferroelectric material can
stay in the NC region stably by appropriately adjusting the
capacitance proportion of dielectric and ferroelectric materi-
als, as shown in Fig. 3 [34].

B. NC-FET
1) MECHANISM
The NC effect helps the transistor to achieve steep switch
by amplifying the internal voltage in vicinity to the channel

FIGURE 4. (a) Simplified NC-FET device structure schematic, and (b) the
corresponding equivalent capacitance circuit of NC-FET.

region. A common NC-FET structure and its equivalent cir-
cuit are shown in Fig. 4 (a) and (b) respectively. According
to the definition equation of SS, the SS of a NC-FET at room
temperature can be expressed as,

SS = 60mV/dec× (1 +
CS
Cins

) = 60mV/dec× m (9)

Cins is the equivalent capacitance of ferroelectric (FE) and
dielectric (DE) materials, and it can be obtained by Cins =(
C−1
OX + C−1

FE

)−1
. CS is the capacitance of the transistor; CS

is always positive, and to obtain a SS<60 mV/dec result,
m should be smaller than 1, that is to say, Cins should be
negative. On the other hand,m should be positive to make the
NC-FET stable, thus |Cins| should be larger than CS . If tFE is
small, and |Cins| is much larger than CS , the second term in
the bracket, that is CS /Cins ≈ 0, m is closer to 1, the internal
voltage amplification effect is weak, SS will not be improved
obviously. When tFE increases further, |Cins| decreases grad-
ually, |Cins| is closer to CS ,CS/Cins is closer to -1, m is
closer to 0, SS is steeper. But tFE should not be larger than
a critical value at which point hysteresis will happen, thus
there exists a tradeoff between SS and hysteresis behavior.
By properly adjusting the capacitance matching between Cins
and CS , a steeper SS NC-FET with hysteresis behavior being
inhibited can be achieved. Thus far, much research has been
done in this field [19], [35], [36], [37]. On the other hand,
the FE material parameters also have significant influence on
NC-FET performance. Generally, a smaller Pr is beneficial
for charge matching between the ferroelectric material and
the FET channel, while Ec should be properly chosen to avoid
hysteresis.

Previously reported NC-FET mostly discussed the device
behavior with single domain L-Kmodel, which hypothesized
that the polarization of ferroelectric layer was uniformly dis-
tributed. Whereas, polycrystalline mixed phases result in the
multi-domain switching issues, including polarization inco-
herency andNC instability.What ismore, with channel length
further shrinking, trap-related leakage and domain-wall pin-
ning lead to the influence of gate stack traps with thickness
scaling down non-negligible. Under such conditions, multi-
domain L-K model, which considers that the polarization
intensity direction of each position in ferroelectric material
layer is not in consistence, set in to simulate the NC effect of
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ferroelectric materials in NC-FET devices recently [38], [39],
[40], [41].

2) FRROELECTRIC MATERIALS
Ferroelectric materials have been discovered for a long
time. At first, conventional FE materials like perovskite
P(Zr1−xTix)O3 (PZT), SrBi2Ta2O9 (SBT) and Bi4Ti3O12
(BTO) attracted immense attentions- due to their merits like
larger Ec and Pr , favorable thermal stabilities and higher
dielectric constants [42]. They have long been proposed to
be used in ferroelectric memory devices. And recently, NC-
FETs based on PZT have also shown promising results.
In 2016, Ali Saeidi and coworkers used PZT in a double-
gate NC MOSFET and simulated the 14 nm node ultrathin
body and box fully depleted silicon-on-insulator (SOI) FET,
and found that SOI-FETs could operate at 0.26 V instead
of 0.9 V gate voltage using the NC effect, with an average
SS of 55 mV/decade at room temperature, and double gate
NC-FETs could operate at 0.24 V with an average SS of
54.5 mV/decade at room temperature [43]. In 2022, Sarab-
deep Singh et al simulated a junctionless NWFET with PZT
ferroelectric material (NC JLNWFET), and they found that
compared with junctionless NWFET without ferroelectric
materials (JL NWFET), the NC JLNWFET showed Ion and
Ion/Ioff ratio improvement factors of 12.5 and 6.8 respec-
tively [44]. Although promising results have been achieved
with conventional ferroelectric materials, the disadvantages
of higher deposition temperature, inability to keep polariza-
tion intensity large enough with film thickness reduction and
incompatibility with CMOS fabrication process limit their
further usage in NC-FET devices.

Organic ferroelectric materials, such as P(VDF-TrFE),
have existed for more than 50 years [45], and as mentioned
above, in 2008, Giovanni A. Salvatore and coworkers first
demonstrated a NC-FET in experiment by inserting a 40 nm
P(VDF-TrFE)/SiO2 gate stack in the NC-FET and achieved a
minimum SS of 13 mV/dec, certifying for the first time that
the NC effect could be used in a transistor to induce steep
switch behavior [17]. Later, organic ferroelectric materials
were widely used in flexible electronics, 2D NC-FET and
carbon nanotube FETs due to their excellent scalability and
compatibility with different device structures and promising
results were obtained [46], [47], [48]. Organic ferroelec-
tric materials possess the merits of low processing temper-
atures, superb scalability and compatibility with different
device structures, which make them promising candidates in
future flexible, wearable and bioelectric devices. Unfortu-
nately, organic ferroelectric materials suffer from the main
limitations of smaller polarization coefficients and lower
cubic temperature, which influence their further application
in electronics.

2D ferroelectrics are recently emerging 2Dmaterials. Until
recently, cumulative research works have been focused on
theory prediction and simulation, while experiment demon-
strations of NC-FETs based on 2D ferroelectric materials

have been rare. CuInP2S6 is a commonly used 2D ferro-
electric material in NC-FETs. In 2018, Peide D. Ye et al of
Purdue University fabricated a NC-FET based on ferroelec-
tric CuInP2S6 and MoS2 channels, exhibiting a clear coun-
terclockwise hysteresis loop in transfer characteristics and
enhanced on/off current ratio [49]. In 2022, Liming Xie et al
demonstrated a NC-FET from all 2D materials with a metal
ferroelectric semiconductor (MFS) vertical heterostructure:
Graphene/CuInP2S6/MoS2, and achieved a sub-60 mV/dec
SS for 3 orders of Ids and a lowest SS<10 mV/dec [50].
2D ferroelectric materials were found later than conven-
tional materials, and their working mechanism and properties
remain elusive at the moment, which means that much work
needs to be done to figure them out. Thus, there is still a
long way to go before considering them as candidates for
commercialization.

The emerging of ferroelectric materials based on HfO2
again draws lots of attention to NC-FET as a promising
steep switch transistor. In 2011, T. S. Boscke demonstrated
ferroelectric characteristics in Si doped HfO2 materials [51],
and ferroelectric behavior had also been found in Zr doped
HfO2 in the same year [52]. After that, Al, Y, Cd, La and
Sr [52], [53], [54], [55], [56] doped HfO2 all have been
demonstrated to display ferroelectric characteristics. In par-
ticular, Zr doped HfO2 ferroelectric materials received much
attention due to their scalability to ultrathin films, while
retaining strong enough ferroelectricity. In 2018, the discov-
ery of ferroelectric materials based on Zr doped HfO2 made
it possible to scale the thickness of the ferroelectric material
layer below 5 nm, while still allowing the material to pos-
sess a strong enough polarization intensity [57], which was
indispensable to include NC effect in ultra-scaled transistor
devices. In 2019, Daewoong Kwon fabricated a NC-FET
with 1.8 nm thick Zr-doped HfO2 and achieved 20 mV/dec
steep SS and 10 times reduction in Ioff at 30 nm channel
length with condign Ion compared with baseline transistors
based on undoped HfO2 [26]. In 2020, Daewoong Kwon
and coworkers demonstrated the persistence of spontaneous,
switchable polarization down to a thickness of one nanometer
in Zr doped HfO2 deposited by the atom layer deposition
method [58]. The ferroelectric materials based on Zr doped
HfO2 (HZO) display several advantages over other ferroelec-
tric materials found till now; compatible with the modern
semiconductor industry fabrication process; thermally stable;
higher dielectric permittivity; wide bandgap to suppress leak-
age current; scalability to reduce to 1 nm thick or less with
polarization intensity maintained and the like. These findings
manifest the potential of NC effect being used in ultra-scaled
low power consumption transistors.

3) NC-FET DEVICE TYPE
As is known, the NC effect can be integrated in a transis-
tor by simply inserting a ferroelectric material layer in the
gate stack, thus the NC effect has the advantage of high
compatibility with all kinds of transistor structures. Until
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now, planar NC-FET, 2D NC-FET, NC-FinFET, NC-TFET,
NC GAA-FET and NC GAA-TFET, NC JLGAA-FET [59],
[60], [61], [62], [63], [64], [65], [66], [67], [68], [69] all
have been proposed and experimentally demonstrated with
sub-60 mV/dec SS and improved Ion. Besides, the NC effect
also proves to be compatible with all kinds of semiconduc-
tor channel materials, from 3D Si, Ge, 2D (transition metal
dichalcogenides) TMDCs such as MoS2, WSe2, black phos-
phorus to 1D carbon nanotube. Prospective results have been
achieved both theoretically and experimentally [70], [71],
[72], [73], [74]. But one exception exists: there hasn’t been
an experiment that has achieved sub-60 mV/dec SS in NC-
FETs based on III-V group semiconductors until now due
to the serious interface states between ferroelectric materials
and III-V semiconductor layers.

III. RECENT FINDINGS
From 22 nm to 5 nm technology nodes, the FinFET struc-
ture dominates the semiconductor industry due to its ability
to constraint the SCE. Corresponding to the prevalence of
FinFET, NC-FinFET has also drawn tremendous attention
since it was put forth in 2016 by Chenming Hu [75]. Enor-
mous amounts of research works have been done on NC-
FinFET since then [76], [77]. NC-FinFET was treated as
a promising ultra-low power consumption device candidate
for a while. However, at 3 nm node and beyond, FinFET is
to hand over its control over the semiconductor industry to
GAA-FET due to the superiority of GAA-FET in suppressing
SCE thanks to its surrounding gate structure [78]. As a conse-
quence, NCGAA-FET alsowins over NC-FinFET in the field
of ultra-low power consumption devices. Fig. 5 (a) and (b)
are standard schematic profile structures of a MFIS NC
GAA-FET and GAA-FET along the channel direction.

It was M. H. Tang and X.P. Ouyang who first proposed to
integrate the NC effect into GAA-FET structures. They the-
oretically investigated the negative capacitance surrounding
gate FET (NC-SG-MFS-FET) compared with the traditional
surrounding gate FET (SG-MIS-FET) and obtained better
electrostatic control of the gate over the channel, smaller SS
and higher Ion as well [79]. After that, there had been few
research works on NC GAA-FET for a long while until in
2015, Renrong Liang from Tsinghua university published a
conference paper in the 15th IEEE International Conference
on Nanotechnology about a carrier based analytical theory
for NC surrounding gate ferroelectric capacitors [80] and in
the following year, they published the simulation result of the
work in the Japanese Journal of Applied Physics with a title
of ‘‘Analytical Drain Current Model for Long-channel Gate-
all-around Negative Capacitance Transistors with a Metal–
ferroelectric–insulator–semiconductor Structure’’ [81]. In the
paper, they proposed a carrier-based analytical drain current
model and by changing parameters such as ferroelectric film
thickness, channel radius, insulator layer thickness, and per-
mittivity of the insulator layer extensively to examine the
electrostatic potential, gain of surface potential, and Ion, they
obtained sub-60 mV/dec SS. From then on until 2019, the

research works on NC GAA-FET were scarce. As GAA-
FET is sure to replace FinFET in 3 nm node and beyond,
works on NC GAA-FET begin to emerge in large numbers
both in theoretical and experimental fields [82], [83], [84],
[85]. Table 1 summarizes the outline of main device design
consideration items, focusing on which the following test will
discuss the recent simulation and experimental findings of
NC GAA-FET devices sufficiently.

A. SIMULATION STATUS OF NC GAA-FET
The theoretical investigations mainly focus on the follow-
ing aspects: firstly, the channel material selection. Con-
ventionally, silicon is preferred as a channel material of
NC GAA-FET device due to its mature fabrication tech-
niques [81]. Whereas, as the thickness of silicon reduces to
below 5 nm, the electron and hole mobilities are severely
degraded due to the surface scattering effect, and what is
more, the hole mobility in silicon is much smaller than that of
electron. NC GAA-FET for NMOS and PMOSmay need dif-
ferent channel materials for comparable performance when
the transistor further scales to the sub 3 nm node region and
beyond. Besides, semiconductors with special characteristics
can be used under some extreme conditions. The 4H-SiC
nanowire junctionless negative capacitance gate all around
field effect transistor (NC JLNW-GAA) has been suggested
to be a good candidate for solving the low performance
problem of high-voltage applications due to its large bandgap
and high electron saturation drift speed of∼2×107cm/s [86].
GaAs/InN nanowire heterostructures were used in a nanowire
gate-all-around negative capacitance tunnel field-effect tran-
sistor (NC NWGAA-TFET) in a simulation study by Md.
Sherajul Islam and his coworkers in 2022, and promising
results have been obtained by incorporating 9 nm hafnium
zirconium oxide (HZO) ferroelectric layers [87].

The second aspect of the simulation focuses on gate
stack structure selection. When the NC effect was pro-
posed to be integrated in GAA-FETs in 2012 by M. H. Tang
and X.P. Ouyang, they used the Metal-ferroelectric-
semiconductor (MFS) gate structure, which was given up
later due to serious interface states caused by misalignment
between the ferroelectric material and the semiconductor
layer, though it was easy to be fabricated. They ignored the
interface states for simplification in the study and obtained
sub-60 mV/dec SS and improved Ion compared with the base-
line surrounding gate transistors [79]. Metal-ferroelectric-
insulator-semiconductor (MFIS) gate stack structures were
introduced at the right moment, with an interfacial insula-
tor layer inserted between the ferroelectric material layer
and the semiconductor channel, the interface trap states
were effectively suppressed [80], [81]. The MFIS gate stack
NC GAA-FET structure also has its limitations, as there
exists a potential drop under the ferroelectric material along
the channel direction, causing asymmetric internal voltage
amplification, which degrades the steep switch behavior of
the transistor and decreases Ion. The problem is solved by
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FIGURE 5. The schematic profile of MFIS NC GAA-FET and corresponding GAA-FET structures along the channel direction.

TABLE 1. The device design consideration items and their merits and limitations.

metal-ferroelectric-metal-insulator-semiconductor (MFMIS)
gate stack structures. In 2020, Fahimul Islam Sakib et al
simulated a negative capacitance nanosheet GAA FET in
comparison with negative capacitance nanowire GAA-FET
and NC FinFET with a MFMIS gate stack structure, and
drew the conclusion that with the help of internal metal
gate (IMG), ultra-steep switch behavior could be obtained in
all NC NWGAA-FET, NC NSGAA-FET and NC-FinFET.
Among these, NC NSGAA-FET performed the best [88].
MFMIS gate stacks can overcome the obstacles faced by
MFIS gate stack structures and offer a uniformly distributed
potential along the channel attributed to the IMG, leading to

steeper subthreshold behavior and improved device perfor-
mance [89]. Whereas, the MFMIS gate stack structure is apt
to suffer from stability issue caused by large gate leakage
current. Fortunately, this concern can be overcome by appro-
priate gate workfunction (WF) engineering between metals
used in the external and intermediate gates [88]. Besides, the
IMG complicates the gate fabrication process and constraints
the scalability of the thickness of the gate layer, which
poses a big challenge for MFMIS gate stack structure to
be used commercially. There are controversial viewpoints
about MFIS and MFMIS gate stack NC-FET structures when
considering different L-K models of ferroelectric materials.
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MFMIS NC-FET is considered to be prone to hysteresis
behavior when considering domain formation, thus MFIS
NC-FET structure is preferred when designing NC-FET
devices [90], [91]. In another research work, MFMIS NC-
FET was concluded to be superior over MFIS NC-FET both
in SS and hysteresis inhibition aspects, single domain L-K
model of FE material is used in this study [89]. Further simu-
lation works need to be performed to check the performance
superiority betweenMFIS andMFMISNCGAA-FET device
structures when multi-domain L-K models of FE materials
are considered in the future.

The channel structure selection is also an important
research topic of NC GAA-FET. Whether nanowire or
nanosheet channel structure is better for NC GAA-FET being
used in ultra-scaled gate length FET structure has remained a
controversial issue. Nanowire channels are easy to fabricate
and free from the problems of corner aggregation of charges
and electric fields; the insulator/ferroelectric gate stacks
can be deposited uniformly around nanowire channels by
atom layer deposition techniques; besides, the large parasitic
capacitance issue is not so serious as that in nanosheet based
NC GAA-FET. Innovative simulation works on performance
comparison between NC NSGAA-FET and NC NWGAA-
FET were done by Abhinav Kranti’s team in 2020 [88] and
Mainul Hossain and his coworkers in 2021 [92]. They all
drew the conclusion that NC NSGAA-FET showed better
performance than NC NWGAA-FET in SS, Ion and other
device figure of merits. Besides, Abhinav Kranti concluded
that NC NSGAA-FET was more suitable for ultra-scaled
transistors since the designing space was much larger for
NC NSGAA-FET than those for both NC NWGAA-FET
and NC-FinFET in the same technology node [88]. Verti-
cally stacked nanowire FET was also integrated with the
NC effect by Huang et al. to design a negative capaci-
tance vertically stacked nanowire FET (NC VNWGAA-FET)
with spacer-like negative capacitors for sub-5 nm node.
They attained a conclusion that the capacitance matching
could be easily achieved by adjusting the area of spacer-
like negative capacitors and/or the thickness of ferroelec-
tric films without significant modification of integration
schemes, which was important for future application of nano-
scaled electronics [93].

To improve device performance and avoid hysteresis are
other research orientations of NC GAA-FET. There exists a
tradeoff between steep SS and hysteresis in NC-FET due to
capacitance matching. Lots of research work has been done
to investigate the critical ferroelectric thickness at which SS
is the smallest and simultaneously hysteresis behavior can
be avoided. Abhinav Kranti et al investigated the device-
dependent conditions for achieving hysteresis free sub-60
mV/dec SS in NC NWGAA-FET in 2020 by varying fer-
roelectric thickness, nanowire radii, the parameters of ferro-
electric materials like remnant polarization Pr and coercive
electric field Ec, and doping species in HfO2 fromAl, Zr to Y,
and they found that a tiny variation in ferroelectric materials’

parameters as Pr , Ec, doping species type, or doping ratio
would cause a significant change in NC GAA-FET device
performance [94]. Kyungmin Jang obtained 5 times higher
Ion/Ioff ratio in NC NWGAA-FET compared with NWGAA-
FET and 2 times higher Ion/Ioff ratio compared with double
gate NC-FET with hysteresis free sub-60 mV/dec SS [95].
Mainul Hossain et al studied the effect of device structure
on the performance of NC-FETs with single gate, double
gate, tri-gate (FinFET) and gate-all-around (GAA) device
architectures: by varying ferroelectric material thickness and
optimizing capacitance matching, sub-60 mV/dec SS with
hysteresis free behavior could be achieved for all NC-FETs
structures, among which NC NWGAA-FET performed the
best. In this work, they discussed at length about the vital
role played by capacitance matching between CFE and CMOS
in hysteresis inhibition and SS improvement. The body
factor m, which was defined as the surface potential gain
caused by gate voltage augment, must lie in the range 0 <
m < 1 to avoid instability issue and obtain steep switch
behavior [96]. Weifeng Lü in Hangzhou Dianzi University
demonstrated comprehensive performance enhancement in
NC NSGAA-FET with steep SS in sub 5 nm node [97].
They found that inserting the NC effect in NS GAAFET
could improve not only the device performance, but also lead
to analog/radio frequency (RF) performance enhancement
as well. Chenming Hu and coworkers simulated NC GAA-
FET with TCAD, and they found that at 1.5 nm node, NC
effect’s integration in GAA-FET helped to reduce the min-
imum SS from 70 mV/dec to 63 mV/dec, bringing about a
7 mV/dec improvement. The device operating voltage could
be reduced to 0.49 V under the on-state current requirement
enacted by IRDS proposed in 2020 of ‘‘0.7 eq node’’ by
making usage of internal voltage amplification effect induced
by NC effect. They predicted that by incorporating the NC
effect in GAA-FET, one could sustain Moore’s law from
1.5 nm node to ‘‘0.7 eq node’’, and even fulfilled the require-
ments of ‘‘0.5 eq node’’ as well. The introduction of NC
effect in GAA-FET led to improved SS and Ion vs Ioff ratio,
as obtained from figure 6 (a) and (b), which benefited device
performance vice versa [98]. Negative drain induced barrier
lowering (n-DIBL), negative differential resistance (NDR)
are unique properties of NC-FETs, which were thoroughly
investigated in 2020 by Huilong Zhu el al combined with
Miller effect in NC NWGAA-FET structures. They obtained
a minimum SS of 40 mV/dec and three times larger Ion in NC
NWGAA-FET. Besides, overshoot and the propagation delay
of the NC NWGAA-FET based inverter were ∼43.1% and
∼73.1% less than those of the NW GAA-FET based inverter
at ferroelectric thickness TFE of 3 nm [99].

Last but not least, an integrated spice model created for
NC GAA-FET has long been a target pursued by researchers
both in academia and industry. An integrated NC GAA-
FET spice model can help with the design and performance
improvement of NC GAA-FET. In 2016, Renrong Liang
from Tsinghua University proposed a carrier-based analytical
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FIGURE 6. (a) The SS vs Id trends both for GAA and NC GAA-FET structure
with the same device parameters simulated by TCAD. (b) Ioff vs Ion curves
of GAA (doted lines) and NC GAA-FET (solid lines) simulated with TCAD
under VDD of 0.45 V, 0.55 V, and 0.65 V respectively. Reproduced with
permission from [98].

drain current model for long channel negative capaci-
tance surrounding gate capacitor by solving 1D Landau-
Khalatnikov equation and Poisson’s equation [81]. Two years
later, Amol D. Gaidhane and coworkers proposed a surface
potential-based explicit continuous model for long channel
MFIS NC GAA-FET. They considered radial dependence of
the electric field in the ferroelectric materials, which had been
ignored in previous works, and accurately captured ferro-
electric material parameters variation in the non-hysteresis
regime [100]. In 2020, A. D. Gaidhane proposed a compact
model with quasi-ballistic transport considered for sub-7 nm
technology node. They found that quasi ballistic transport
exacerbated the capacitance matching in NCGAA-FET com-
pared to that in the drift-diffusion only case [101]. In 2021,
Jongwook Jeon et al proposed a compact model of NC GAA-
FET describing current–voltage (I–V ) with interface trap
effects considered for the first time, and the proposed model
showed good alignment with the results of implicit numerical
calculations [102].

NCGAA-FETwas first brought upmore than 10 years ago.
Though promising simulation results have been obtained,
there still is much theoretical work to be done in device per-
formance improvement, unique characteristics investigation
and model creation.

B. EXPERIMENT STATUS OF NC GAA-FET
Contrary to the phenomenon that simulation research works
of NC GAA-FET bloom everywhere, experimental works
of NC GAA-FET are limited to several groups worldwide
due to the harsh experiment conditions needed. Traditionally,
Si or poly-Si nanowire/nanosheet are preferred as channel
materials in NC GAA-FET devices thanks to their mature
manufacturing procedure and low cost. There exist a series
of NC GAA-FET research works fabricated with Si or poly-
Si channel materials, mainly come from research groups in
Taiwan.

1) SILICON CHANNEL MATERIALS
In 2018, M. H. Lee from National Taiwan Normal Uni-
versity fabricated NC NSGAA-FET and NC-FinFET with
extremely steep switch properties, presenting SSavg/SSmin =

22/14 mV/dec and SSavg/SSmin = 38/21 mV/dec, respec-
tively. Typical NC effects: n-DIBL and NDR had been
observed both in NC NSGAA-FET and NC-FinFET, which
complied well with the simulation work by Huilong
Zhu et al [99]. They also simulated stacked NC NSGAA-
FETwith quantum confinement effect considered, which was
believed to be caused by TNS (nanosheet thickness) scaling
down. They concluded that the uniformity of TNS of each
nanosheet was crucial for capacitance matching [103]. Tien-
Sheng Chao from Taiwan National Chiao Tung University
conducted a series of studies on NC GAA-FET devices based
on Si or poly-Si channels. In 2019, his team fabricated a
two-layer stacked nanowire NC GAA-FET with ultra-scaled
poly-Si channel, and obtained an Ion/Ioff ratio of more than
108, while the minimum and average SS were 43.85 and
26.84 mV/dec, respectively. They also found that an addi-
tional ZrO2 seed layer inserted under the Hf1−xZrxO2 layer
could improve ferroelectric crystallization, thus the conven-
tional crystallization annealing step could be omitted [104].
In 2020, Tien-Sheng Chao compared MFIS and MFMIS gate
structures for single-layer-stacked and double-layer-stacked
NC GAA-FETs, and obtained enhanced electrical perfor-
mance in MFMIS structures owing to the uniform dipole
polarization induced by symmetrical electric fields. This phe-
nomenon had also been verified in the simulation research
work by Fahimul Islam Sakib and coworkers in the same
year [88]. On the other hand, they found that the 2-layer-
stacked channel could provide a significant improvement
in Ion within the same channel footprint area attributed to
the increased effective channel width (Weff ). Unfortunately,
the amplification of Ion was less than the numbers of the
stacked nanosheet layers due to the series resistance incre-
ment resulted from the bottom nanosheet. An average SS of
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43.85 mV/dec within 4 orders of Ion in the 2-layer-stacked
NC NSGAA-FET had been achieved [84]. In the same year,
they explored the effect of a seed layer on MFMIS and
MFIS NC NWGAA-FET, and also compared planar, tri-
gate and GAA structures.The sub-Vth behavior and Ion of
the NC NWGAA structure were preferable because of its
superior gate controllability and larger effective width. The
inserted IMG benefited the NC NWGAA-FET performance
by improving SS, boosting Ion and inducing typical NC
effects, such as n-DIBL and NDR. The reasons lied in that
the inserted IMG could equalize the potential under FE HZO
layer, thus leading to an eliminated voltage drop along the
channel from source to drain under the FE layer. An enhanced
channel conductance had also been observed thanks to the
IMG layer [105]. In 2021, they fabricated aMFMIS gate stack
NC NW GAA-FET with a sub-5 nm Hf1−xZrxO2 (HZO)
ferroelectric layer, and the total thickness of the gate stack
was 9 nm while the minimum SS of 49.3 mV/dec had been
achieved with an IMG. The reduction of HZO thickness used
in NC NW GAA-FET offered more opportunities for NC
GAA-FET to be used commercially in sub-3 nm and beyond
technology nodes. And according to their findings, the inser-
tion of IMG also mitigated the device-to-device variation
problem. Besides, they proposed that the stacked-channel
structure was the most effective approach to increase Weff

without degrading the electrical properties [106]. In 2022,
they demonstrated a hysteresis-free poly-Si NC NSGAA-
FET with Hf1−xZrxO2 (HZO) ferroelectric layer and IMG
structure. With NH3 plasma treatment, the HZO ferroelec-
tricity and quality could be improved and the interface states
betweenmetal/HZO and HZO/metal could be decreased, thus
leading to increased average SS, Ion/Ioff ratio and breakdown
voltage. NC NSGAA-FET with NH3 plasma treatment at
both metal/HZO and HZO/metal interfaces showed best reli-
ability, the Vth hysteresis between forward and reverse sweep
is as small as 1.8 mV [31].

2) GERMANIUM CHANNEL MATERIALS
Recently, germanium (Ge) nanowire/nanosheet channels
have sprung up to draw researchers’ attention due to their high
electron/hole mobilities, compatibility with modern semi-
conductor industry manufacturing process and relatively low
cost. SCE and leakage current large issues have long been
agonizing Ge FET and preventing it from commercial usage.
However, the emerging NC GAA-FET structure offers the
opportunity to help Ge FET to overcome serious SCE and
leakage current large problems, which are attributed to the
smaller Bandgap (0.66 eV), smaller carriers effective mass,
and large permittivity (εr = 16.0). Intensive studies of Ge NC
GAA-FET have been reported nowdays [107], [108], [109],
[110]. As a matter of fact, the experimental demonstration of
GeNCGAA-FET structure was earlier than that of Si channel
NC GAA-FET.

In 2017, C.-J. Su in National Nano Device Laboratories
in Taiwan experimentally demonstrated a Ge nanowire based

NCNWGAA-FETwith ferroelectric HfZrOx (FE-HZO) gate
stack for the first time and achieved a 54 mV/dec SS at room
temperature. High Ion/Ioff ratios greater than 107 and 106 for
p- and n- NC NWGAA-FETs, respectively were obtained,
they also discussed the reliability problem of FE-HZO and
drew the conclusion that the interface charge trapping and
stress polarization effects were the main factors responsible
for the reliability of FE-HZO materials [107]. In 2018, Peide
D. Ye and coworkers from Purdu University firstly launched a
direct experimental study on the polarization response speed
of ferroelectric Hf0.5Zr0.5O2 in Ge Nanowire NC GAA-FET
device. They found that HZO could switch its polarization
directly by a pulse with a width as narrow as 3.6 ns, and
what was more, a 100 ps pulse was enough to initial polar-
ization in HZO. Their work opened the root of studying
the dynamics of FE materials with pulse width as narrow
as 100 ps or beyond [108]. In 2019, Yung-Chun Wu et al
from National Tsing Hua University experimently demon-
strated a p type negative capacitance germanium nanosheet
channel gate all around FET (Ge NS-NC GAA-FET) with
2 nm Hf0.5Zr0.5O2 (HZO), achieving a high Ion, steep SS
(SSmin = 55 mV/dec) and a high Ion/Ioff ratio (>106) [109].
In 2021, they fabricated a n-type Ge nanowire ferroelectric-
Hf0.5Zr0.5O2 field effect transistor (Ge NW FE-HZO FET),
they found microwave annealed (MWA) samples had bet-
ter FE-HZO uniformity properties than those of samples
treated with rapid thermal annealing (RTA), a minimum SS
of 55 mV/dec, Ion/Ioff ratio of 8.1 × 104 with low hysteresis
(30 mV) had been obtained for Ge NW FE-HZO FET under
a drain bias of 0.1 V [110].

3) NOVEL MATERIAL CHANNELS
The experimental demonstration of NC GAA-FET based on
high mobility III-V semiconductors, 4H-SiC and other novel
semiconductor materials are still missing at the moment,
though their simulation research has already been performed
sufficiently [86], [87], enormous efforts are waited to be put
into experimental research of NC GAA-FET to keep up with
the developing step of theoretical research.

In a word, the experimental works on NC GAA-FET
are rare at the moment, but the meaning is significant for
the development of ultra-low power consumption devices.
Researchers are looking for other ways to conduct experi-
mental studies on NC GAA-FET devices, for example, coop-
erating with companies to do research using the equipment
of the companies, increasing cooperation between different
research groups and the like.

C. THE RELATION BETWEEN SIMULATION AND
EXPERIMENTAL STUDY OF NC GAA-FET
Both simulation and experimental research works are vital for
the development of NC GAA-FET. Although it seems that
the experimental research of NC GAA-FET lags far behind
of simulation research at the moment, the final commercial
application of NCGAA-FET in ultra-low power consumption
device field needs both of their mature research works.
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In one way, the simulation research can open the gate-
way and act as a beacon for the experimental research.
On one hand, simulation research works set lists of stan-
dards for devices figure of merits in every technology node,
which serve as the guidelines for the experimental research.
On the other hand, simulation research also predicts new
phenomenons, such as n-DIBL, NDR and Miller effects in
NC GAA-FET, which draw the attention of experimental
researchers to study and verify; Simulation research also
contributes a lot to new device structures design and device
performance optimization. The other way around, experimen-
tal research of NC GAA-FET can verify the view points put
forward by simulation research; at the same time, experi-
mental research also brings up new issues and challenges for
simulation researchers to resolve. The setup and perfection
of simulation models of NC GAA-FET also depend on the
experimental results.

All in all, the evolution of NC GAA-FET depends not
only on the dedication of researchers from the experimental
fields, but also rely on the contributions made by the the-
oretical works. It is a double edged sword, and theoretical
investigation of NC GAA-FET should run side-by-side with
experimental study to the final destination of the commercial
application of NC GAA-FET in ultra-low power device field.

IV. CONCLUSION
A. CHALLENGES AND OPPORTUNITIES
With the trend that FinFET is to be replaced by GAA-FET
in 3 nm node and beyond, NC GAA-FET is also uprising
like a star among steep switch ultra-low power consumption
devices. Though it is promising to sustain Moore’s law to
0.5 nm node as predicted by Chenming Hu in 2021 [98], there
are several challenges faced by NC GAA-FET if it is to be
used commercially in the future. a), The gate stack thickness
should be scaled down proportionately with the gate length
scaling, that is to say, ultrathin ferroelectric materials should
be used. As is known, the ferroelectricity is weakened if the
ferroelectric material thickness reduces, so new ferroelectric
materials with strong enough ferroelectricity (though they
might be thinned to sub-nanometer level ) that are compatible
with the industry fabrication process are urgently needed;
b), Capacitance matching between ferroelectric materials and
equivalent MOS capacitance should be optimized to attain
a steep SS without hysteresis effect, which is vital to the
performance and stability of NC GAA-FET; c), Until now,
all related research, no matter experimental or theoretical,
has proved that NCNSGAA-FET outperformsNCNWGAA-
FET in almost all aspects of device figure of merits, thus
NC NSGAA-FET is the most lucrative candidate in ultra-
scaled transistors. However, NC NSGAA-FET has long suf-
fered from large parasitic capacitance, which delays the
transistor speed. A new method must be found to overcome
this shortcoming if NC NSGAA-FET is to be commercial-
ized in the future. d), Temperature reliability problems of
ferroelectric materials should be conquered. The parameters

of ferroelectric materials can be easily impacted by tempera-
ture increase, and a small variation of Pr and Ec may cause
significant change in the Id -Vg curve of NC GAAFET. Thus
finding a kind of ferroelectric material with a large thermally
stable window is indispensable for future commercialization
of NC GAA-FET.

B. FUTURE OUTLOOK
Samsungmassively produces 3 nm Si GAA-FET in 2022, and
according to their foundry’s roadmap, they plan to produce
2 nm and 1.4 nm nodes transistor in large scale in 2025 and
2027 respectively. They all possess GAA-FET structures.
And what is more, they will continue to sustain the life of
Moore’s law further to sub-1 nm nodes, novel device structure
as NC GAA-FET or new channel materials such as 2D mate-
rials or carbon nanotubemight come to Si GAA-FET’s rescue
once it reaches scaling limit, which is also the case for TSMC
and other giant semiconductor foundries. In conclusion, the
NC GAA-FET is predicted to overcome the obstacles and
dominate the ultra-scaled low power consumption transistor
field some day in the future thanks to the advances both in
ferroelectric materials and GAA-FET devices. In this article,
we give a thorough summary of the ferroelectric materi-
als’ development and recent developments of the NC GAA-
FET both in the theoretical and experimental fields. Simu-
lation works are abundant and covers- from device structure
optimization, device performance improvement, capacitance
matching between CFE and CS to increase SS and avoid
hysteresis, negative DIBL, NDR, Miller effect investigation,
to compact spice model creation. However, due to the harsh
experiment conditions needed to fabricate ultra-scaled NC
GAA-FET, the experimental works are few, and mainly come
from several particular research groups in the world. But the
encouraging thing is, all experimental works, though scarce
as mentioned, have obtained promising results, and demon-
strated the potential of NC GAA-FET to be used as ultra-
scaled steep switch transistors in the future.
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