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ABSTRACT 

Over recent decades, advancements in complementary metal-oxide-semiconductor integrated circuits (ICs) 
have mainly relied on structural innovations in transistors. From planar transistors to the fin field-effect 
transistor (FinFET) and gate-all-around FET (GAAFET), more gate electrodes have been added to 
three-dimensional (3D) channels with enhanced control and carrier conductance to provide higher 
electrostatic integrity and higher operating currents within the same device footprint. Beyond the 1-nm 

node, Moore’s law scaling is no longer expected to be applicable to geometrical shrinkage. Vertical transistor 
stacking, e.g. in complementary FETs (CFET), 3D stack (3DS) FETs and vertical-channel transistors 
(VFET), for enhanced density and variable circuit or system design represents a revolutionary scaling 
approach for sustained IC development. Herein, innovative works on specific structures, key process 
breakthroughs, shrinking cell sizes and design methodologies for transistor structure research and 
development are reviewed. Perspectives on future innovations in advanced transistors with new channel 
materials and operating theories are also discussed. 
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transistors offer several advantages over earlier 
bipolar junction transistors and single carrier-type 
metal-oxide-semiconductor field-effect transistors 
(MOSFETs), demonstrating higher static power 
efficiency and greater integration density. 

Moore’s law predicted that the number of in- 
tegrated CMOS transistors per square centimeter 
would double every two years, with this number 
sometimes doubling every 18 months. Originally, as 
shown in Fig. 1 , device development was consistent 
with Robert Dennard’s scaling guidelines [6 ] for 
shrinking feature sizes (i.e. process node scaling) 
while also increasing device currents and reducing 
the operating voltages. Subsequently, this led to 
critical specification improvements in terms of per- 
formance, power and area (PPA), which meant that 
ICs evolved with an almost fixed gain rate of 30%–
50% in later years, along with falls in fabrication cost 
per transistor in ICs [7 ]. 

Dennard’s scaling is also known as conventional 
geometric scaling and this type of scaling smoothly 
stimulated exponential growth in the IC industry 
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NTRODUCTION 

he invention of the transistor in 1947 and the
ngoing development of integrated circuits (ICs)
ince 1958 have inspired dramatic improvements in
nformation technology (IT) and computing [1 ],
ncluding the evolution from mainframe computers
o personal computers, and the development of
he Internet, mobile communications and artificial
ntelligence, which have had a global impact on
eople’s lives, culture and society [2 ]. ICs follow the
caling principle known as Moore’s law [3 ] and serve
s the critical engine that drives IT functionality
nd computing efficiency. Their versatility stems
irectly from the decreasing size and increasing
ensity of transistors in ICs that are enabled by
echnological breakthroughs in carrier transport
ontrol, largely in silicon (Si)-based semiconduc-
or devices [4 ,5 ]. These devices are mainly based
n complementary metal-oxide-semiconductor
CMOS) technology, which is used to manipulate
he electrical conductance of both n -type (electron)

nd p -type (hole) carriers simultaneously. CMOS 
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Figure 1. Development history of and new trends in MOSFETs with differing transistor structures and scaling stages. 
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ntil 2003. For the ICs that were developed beyond
he 90-nm node, power scaling has replaced tradi-
ional geometric scaling and has become the pre-
ominant scaling factor for CMOS ICs. A series of
nnovative technologies based on new process
aterials, including embedded silicon-germanium
SiGe) source/drain and high- κ/metal gates (HK-
Gs), have been implemented to enhance carrier
onductance via channel strain engineering, while
lso improving gate control and reducing leakage
urrents in MOSFETs through continuous scaling
f the equivalent gate dielectric thickness (EOT)
ith shorter gate lengths ( LG ) [8 ]. Rather than
eometric scaling, the power consumption scaling
imit has become the dominant factor in IC scal-
ng, and thus CMOS technology has entered the
ost-Dennard-scaling era. 
As ICs continued to be developed beyond the

2-nm node, as shown in Fig. 1 , further scaling
f the transistor LG using singular and planar gate
tructures was no longer sufficient to maintain the
lectric field strength and switch off the transistor
ffectively. The nonplanar, self-aligned double-
ate transistor structure called the fin field-effect
ransistor (FinFET) was introduced to improve
ontrol of the channel conductance and continue
G scaling, while also providing enhanced operating
urrents within the same device area (‘footprint’) by
ncreasing the number of effective gate controls via a
ulti-gate structure on the three-dimensional (3D)
i fin channel structure [9 ]. The FinFET and its suc-
essor, the tri-gate transistor, which has triple-gate
ontrols that partially surround the 3D fin channel
n bulk Si, were combined with the integration of
iGe strain engineering and HKMG technologies to
Page 2 of 18
provide a core device solution to maintain advanced 
CMOS IC scaling down to the 3-nm node; this node 
belongs to the channel structure scaling era [10 ]. At 
this stage, the fabrication cost per transistor was ris- 
ing dramatically, but was covered completely by the 
increased market for advanced chips. Therefore, the 
economic effect, as one of the most important driv- 
ing forces, sti l l al lowed transistors to be scaled down.

As the transistor LG continued to scale and the 
contacted gate pitch (CGP), or contacted poly pitch, 
representing the smallest space between the gate 
electrodes of neighboring transistors, continued 
to shrink, transistor structures beyond FinFETs 
were explored extensively to overcome more se- 
rious challenges related to power consumption, 
performance degradation and process variability in 
ultra-large-scale IC manufacturing. After attempts to 
innovate and transform FinFETs (e.g. the taller-fin 
FinFET and the high-mobility channel FinFET), 
the most revolutionary improvement came in the 
form of gate-all-around (GAA) architectures, where 
the channels are often made from nanoscale Si 
films with vertical ly stacked multi-layers, which 
are commonly called stacked nanowires (NWs) or 
nanosheets (NSs), and are all surrounded by gate 
dielectrics and gate electrodes [11 –13 ]. GAA de- 
vices such as NS gate-all-around FETs (GAAFETs) 
with stacked NS layers showed obviously improved 
electrostatic performance when compared with Fin- 
FETs and enabled further LG scaling and increased 
drive currents within the same footprint, which 
also enhanced the design flexibility for IC layouts. 
Furthermore, the NS GAAFET was developed for 
state-of-the-art IC manufacturing and is compatible 
with existing fabrication processes for FinFETs. The 
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S channel direction is lateral and the channel is
nly formed selectively under the transistor gate
egions, while the semiconductor portions within
he source/drain (SD) regions are almost identical
o the corresponding regions formed in FinFETs. 
Beyond GAAFETs, as shown in Fig. 1 , scaling

f the transistor LG approaches the insurmountable
imitations caused by short-channel effects (SCEs)
 ∼10-nm channel length limit) because no more
ate controls can be added to strengthen control of
he channel conductance. However, scaling of the
tandard circuit (SDC) and static random-access
emory (SRAM) cells to increase the transistor

ntegration density became the focus of advanced IC
evelopment. One potential structure involves in-
ertion of an isolated dielectric layer within stacked
Ss, called a forksheet FET, to tighten the n -type
nd p -type transistor spacing, which may then
hrink the cell layout from six tracks (6T) to 5T
r 4.5T. Another novel technology that involves an
solated dielectric is the buried power rail (BPR).
owever, another more groundbreaking structure,
alled the complementary FET (CFET) or the 3D
tack FET (3DS FET), was achieved by stacking
 transistor of one channel type on top of another
ransistor for almost half the CGP; subsequently,
 four-track layout or less could then be obtained.
ntroduction of CFETs does not deliver stronger
hannel electrostatic control, but rather provides
nhanced performance and area benefits for various
ntegration approaches and use of different channel
aterials, transistor structures and circuit design

ayouts for the top- and bottom-tier devices [14 ,15 ].
In addition, the vertical-channel GAA transistor

or vertical transistor) with its 3D stackable struc-
ure is expected to enable further integration density
nhancements in the future. Furthermore, a series
f breakthroughs have been explored in transistor
peration theory, including the tunneling tran-
istor, the Dirac source and negative capacitance,
o surpass the fundamental Boltzmann tyranny,
nd also in transistor channel materials, including
ure germanium (Ge), carbon nanotubes (CNTs),
wo-dimensional materials (2DMs) and amorphous
etal-oxide semiconductors (AOSs, e.g. indium
allium zinc oxide (IGZO)) for higher carrier mo-
i lity, thinner film thickness or better 3D stackable
bility. These groundbreaking material properties
nd carrier conductance theories have been utilized
o enhance transistor performance and power effi-
iency when compared with traditional Si devices. It
s predicted that structural design innovations at the
ransistor level are most likely to turn to innovations
t the circuit or chip level, and the implementation
f new semiconductor materials wi l l have a greater
mpact on transistor performance acceleration to aid
Page 3 of 18
in development of more advanced ICs with higher 
computing power and efficiency [16 ]. Additionally, 
innovations in integrated storage-calculation tech- 
nology [17 ], chip-level monolithic 3D integration 
and even quantum computing [18 ] wi l l spur on the
emergence of more revolutionary IC and computing 
systems. 

BENEFITS AND CHALLENGES FOR 

TRANSISTOR STRUCTURE INNOVATIONS 

The main goal in transistor structure innovation is to 
maintain electrostatic integrity in the Si channel to 
sustain either LG or CGP scaling and thus increase 
the number of transistors that can be integrated 
into a single chip for enhanced the PPA [19 ]. This
concept is expressed theoretically in the equations 

λMOSFET =
√ 

εSi 

nεox 
tSi tox , n = 1 , . . . , 4 , (1) 

λGAAFET =
√ 

2 εSi t2 Si ln (1 + 2 t2 ox /tSi ) + εox t2 Si 
16 εox 

tSi tox , 

(2) 

where lambda ( λ) is the natural scaling length of the
MOSFET, and its value should be less than 1/4 of the
LG or Leff (electrical effective LG ). Among the other 
parameters, n represents the number of gate controls, 
εSi and εox are the dielectric constants, and tSi and 
tox are the thicknesses of the Si channel and the gate
insulator, respectively. The electrostatic integrity of 
the transistor is quantified using two key metrics: 
the subthreshold slope ( SS ) and the drain-induced 
barrier lowering ( DIBL ). Both the SS and the DIBL
are degraded as the LG is scaled, as expressed in 

SS = 60
(
1 + nλ2 

MOSFET 

tSi 

)
, (3) 

DIBL = α
λ2 
MOSFET 

L2 eff 

(
1 + x2 j 

L2 eff 

)
VDS , (4) 

where α and xj are the coefficient and the junction 
depth of the SD region in the MOSFETs. Increasing 
the gate control number ( n ) significantly reduces 
the value of λ, and, as a result, degradation of both
the SS and the DIBL is suppressed meaningfully 
and the transistor’s scaling ability is extended. Si- 
multaneously, the operating voltage of the transistor 
with multiple gate electrodes is reduced and the 
transistor off-state current is also reduced for lower 
SS and DIBL values, which are beneficial for power 
reduction. The important structural and process 
parameters for various transistor structures are 
summarized in Table 1 . 

Furthermore, as the channel profile is trans- 
formed from planar Si to a 3D Si fin profile, the
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Table 1. Key structure and process parameters for various structure transistors. 

Transistor structures Planar CFET or Vertical 
and technology transistor FinFET GAAFET 3DS FET transistor 

1 Process node ∼22 nm / 20 nm 22–3 nm 3–1 nm ∼1 nm Beyond 
2 CGP > 80 nm 8 0–48 nm 48–38 nm 40–36 nm 8 0–48 nm 

3 Gate length > 24 nm 24–14 nm 14–10 nm 12–10 nm > 20 nm 

4 EOT > 0.9 nm ∼1.0 nm ∼1.0 nm < 1.0 nm ∼1.0 nm 

5 SDC tracks > 7.5 T 7.5–6 T 6–5 T < 5 T < 5 T 
6 Transistor density < 0.5 B cm−2 0.5–30 B cm−2 3 0–3 00 B cm−2 > 300 B cm−2 > 300 B cm−2 

7 Power voltage < 0.9 V 0.9–0.7 V 0.7–0.6 V 0.7–0.6 V 0.9–0.6 V 
8 Performance factor per footprint 1 2–2.5 3–6 6–12 5–10 
9 Scaling factor > 10 nm ∼4 nm ∼3 nm ∼3 nm ∼3 nm 

10 Gate control per channel 1 2–3 4 or all round 4 or all round 4 or all round 
11 Fine lithography per footprint i-193 nm ArF MP, EUV MP, HNA EUV MP, HNA EUV i-193 nm ArF, MP 
12 Key process Strain, HKMG Strain, HKMG, Strain, HKMG, HKMG, HKMG, 

technology DTCO DTCO, BSPDN STCO, BSPDN DTCO 

13 Channel doping SSRW, peak Uniform Uniform Uniform Uniform 

5 × 1018 cm−3 3 × 1016 cm−3 1 × 1016 cm−3 1 × 1016 cm−3 1 × 1016 cm−3 

14 Channel material Si Si, SiGe Si, SiGe Si, SiGe, Ge, Si, SiGe, 
CNT, 2DM, AOS III-V 

15 Channel carriers DD Q-Ballistic Ballistic Ballistic Ballistic 
conductance tunneling, NC tunneling, NC 
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ffective width for carrier transport in the channel
performance factor per unit footprint) between the
ransistor SD electrodes is doubled or even tripled in
inFETs and is multiplied even more in GAAFETs
nd CFETs; this amplifies the saturated on-state
urrent of the transistor within the same footprint.
or stronger gate control in FinFETs and GAAFETs,
hannel doping in the Si channel is reduced greatly
nd less carrier scattering occurs, which changes the
ransistor conductance from the surface-inversion
ode to the volume-inversion mode, where pa-
ameters such as the threshold voltage ( VT ) can be
uppressed and the minimum operating voltage in
arge-scale SRAM arrays is reduced; this is beneficial
or PPA gain [20 ]. 
The 3D channel transistor and the 3D stacking

ransistor also enable novel process innovations,
ncluding the BPR and the backside power delivery
etwork (BS PDN), which may further reduce
he SDC and SRAM cell areas and provide higher
ransistor densities [21 ]. CFETs consist of two-tier
ransistors integrated into a single device and offer
n opportunity for the introduction of innovative
emiconductor materials beyond traditional Si into
ainstream IC manufacture, e.g. Ge on Si, 2DMs
n Si and CNTs on Si through selection of the
equential 3D integration process; this process
ay obtain the best carrier conductance between
 -type and p -type transistors in CMOS ICs and also
xpand PPA gain in advanced ICs by developing
ew transistor structures and processes. 
However, to transition successfully from planar

ransistors to FinFETs, from FinFETs to GAAFETs
Page 4 of 18
and from GAAFETs to CFETs or vertical transis- 
tors in advanced ICs, a series of innovations wi l l
be required, including key device fabrication and 
processing breakthroughs, cell area reduction and 
advances in the design methodology. The transistor 
structures should be compatible with previous 
nodes and the critical processing methods and pa- 
rameters must be developed carefully. The HKMG 

and strain technologies should also be upgraded for 
advanced transistor structures. A design technology 
co-optimization (DTCO) approach for advanced 
FinFETs and GAAFETs must be established to opti- 
mize the PPA for complex structures and processes. 
For favorable integration of more complex devices 
such as CFETs with BPR, BS PDN or monolithic 3D 

ICs and heterogeneous integration systems, a system 

technology co-optimization (STCO) [22 ] method 
must be established for sustained development of 
advanced ICs with enhanced functionality, energy 
efficiency and power. 

TRANSITION FROM FINFET TO GAAFET 

Advanced FinFET and innovations 
The FinFET is currently the fundamental transistor 
structure in mainstream IC manufacturing and has 
been widely used in several technology generations, 
from the 22-nm node to the 3-nm node. As FinFET 

scaling continues for higher device density and 
improved PPA, 3D Si fins are becoming thinner 
and taller, which is causing reduced carrier mobility, 
large-scale random doping fluctuations and major 
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T differences between the individual top and
ottom devices [23 ]. A high-mobility channel using
iGe fins has been introduced into 5-nm FinFETs
24 ] to mitigate performance degradation in scaled
 -type FinFETs. Contact on gate, double diffusion
reaks (DDBs) and single diffusion breaks (SDBs)
re structural design concepts used for continuous
caling of SDC and SRAM cells. New materials such
s Ru or Co metals and new structures like BS PDNs
ave also been introduced to enhance the back-end
nterconnection performance between transistors. 
Some structural innovations are being developed

o extend the lifetime of the FinFET manufacturing
rocess. To improve the device’s gate control ability
nd reduce channel leakage in the sub-fin region,
he FinFET on silicon-on-insulator (SOI) structure
as been introduced by IBM and CEA-Leti [25 ].
mplementation of more gates using the �-gate and
-gate structures in FinFETs, along with the special
calloped FinFET, is also being investigated [26 ].
o suppress the parasitic channel effect (PCE) that
Page 5 of 18
occurs beneath the fin on a bulk Si wafer completely,
a novel FinFET with a fully isolated fin channel, 
which was achieved using bottom notch-etch and 
partial oxidation processes, has been presented by 
IBM and the Institute of Microelectronics of the 
Chinese Academy of Sciences (IMECAS) [27 ,28 ]. 

GAAFET integration process method 

Around the 3-nm node, even when using advanced 
processing technologies, the extremely scaled 
FinFET suffers from SCEs and performance degra- 
dation because of its ultra-thin and high channel 
dimensions. GAAFETs are expected to be selected 
for use as next-generation transistors in advanced 
ICs. The typical GAAFET structure and its fabrica- 
tion flow are shown in panels (a) and (b) of Fig. 2 ,
respectively. 

Early fabrication approaches for the GAA device 
used an NW-first scheme based on selective etching 
and oxidation between two large SD landing pads, 
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ut this approach is not compatible with existing
inFET processes [29 ]. An NW-last scheme in a
eplacement metal gate (RMG) module based on an
KMG FinFET was proposed by Ma at IMECAS in
015 [30 ], where the Si NW was released by dilute
F etching with the support of the spacers and
ero-level interlayer dielectric. Stacked Si NW-last
AAFETs with GeSi/Si superlattice stacks offer a
ore feasible solution and the gate control capabil-

ties of the transistor with stacked Si NW diameters
f 8 nm in the RMG module realized by a selective
elease process were first demonstrated by IMEC
n 2016, based on their bulk Si HKMG-FinFET
rocess [31 ]. They demonstrated a minimum SS
f 65 mV/dec and a DIBL of 42 mV/V for their
MOS devices with a physical LG of 24 nm, which
as better than corresponding FinFET devices. Ver-
ically stacked NW GAAFETs with high-mobility
iGe channels were also presented by IMECAS in
ubsequent years, as shown in Fig. 2 (c) [32 ]. 
In 2017, IBM reported stacked three-layer Si NS
AAFETs with increased drive currents and greater
rocess compatibility with mainstream manufactur-
ng [33 ]. These devices contained vertically stacked
at and thin Si NSs located in the transistor channel
nd demonstrated strong SCE immunity, like that of
he NW GAAFET, and also offered a greater effective
ransistor channel width because of the number of
tacked Si NSs and the increased width (Fig. 2 (d)).
pproximately 80% of the processes used were the
ame as those used for the conventional HKMG-last
inFET, except for the parasitic channel suppres-
ion implantation, GeSi/Si superlattice epitaxy,
nner spacer preparation and channel release steps.
efore forming the epitaxial multi-layer SiGe/Si
uperlattice stacks, doping must be performed to
uppress the parasitic sub-fin channels. The 3D fin,
hallow trench isolation (STI), dummy gate and
pacer formation steps are similar to those used for
he FinFET. The inner spacers are formed by SD fin
tching, SiGe cavity etching and spacer etching with
dvanced reactive ion etching (RIE) and a new etch-
ng method as well as a conformal filling with thin
iNx deposition. The SiGe epitaxy process with in
itu doping is then conducted to reduce the parasitic
esistance of the SD region and apply strain in the
hannel. After removal of the α-Si dummy gate, the
i NW/NS channels are formed by selective removal
f SiGe. The subsequent HKMG, contact and back-
nd-of-line (BEOL) processes for Si GAAFETs are
he same as those used to prepare FinFETs. 
More recently, Samsung reported stacked three-

ayer Si NS GAAFETs with 12-nm LG s and 48-nm
GP for final industrialized manufacture [34 ].
MECAS also presented a vertically stacked Si NS
AAFET fabricated by deep ultraviolet lithogra-
Page 6 of 18
phy, as shown in Fig. 2 (c). The increased Si NS
width increases the operating current while also 
maintaining nearly perfect gate control. The Si NS 
GAAFETs also have a broad allowable effective 
width that can enable more flexible and compact 
circuit design (Fig. 2 (f)). Samsung fabricated the 
world’s first GAA 3-nm foundry platform technol- 
ogy (SF3) with the novel multi-bridge-channel 
MOSFET (MBCFETTM ) process and achieved a 
22% speed gain, a 34% power gain and a 79% logic
area reduction when compared with their previous 
4-nm FinFET platform (Fig. 2 (e)). 

Key GAAFET process technologies 
Although Si NS GAAFETs provide significant 
advantages in terms of gate control, overall perfor- 
mance and circuit design flexibility, the fabrication 
process sti l l involves numerous challenges, as 
i l lustrated in Fig. 3 . They include processes for high-
quality GeSi/Si superlattice periodic epitaxy and 
channel release, and a complex inner spacer module, 
SD-selective epitaxial defects, parasitic sub-fin chan- 
nel leakage and HKMG filling, along with multiple 
VT tuning challenges because of limited NS spacing 
( TSUS ), low hole mobility in the (100) orientation, 
high voltage (HV) and input/output (IO) inte- 
gration, and high parasitic capacitance during AC 

operation. 
The SiGe/Si superlattice structure is usually 

grown epitaxially on Si substrates by reduced- 
pressure chemical vapor deposition. To obtain 
high-quality GeSi/Si superlattice thin films with ac- 
curate thicknesses and Ge components, the epitaxial 
process is generally performed at temperatures of 
less than 650 ◦C, and the film defects are controlled 
precisely. When removing the SiGe sacrificial layer 
in the RMG, it is necessary to have a sufficiently high 
selectivity ratio (over 100 : 1 for SiGe : Si) to avoid
damage in the Si channel. The selective etching of 
SiGe layers is mainly achieved by dry etching, HCl 
gas etching or wet etching. 

The inner spacer was designed to reduce the 
parasitic capacitance between the gate and SD elec- 
trodes in stacked NS GAAFETs, but the preparation 
of the inner spacer process is relatively complex, 
containing more than 10 main steps. Furthermore, 
the most critical and challenging processes are 
vertical selective isotropic etching of the SiGe fin, 
anisotropic selective etching of the SiGe to the Si for 
cavity formation, the conformal ultra-thin dielectric 
fil ling process and anisotropic selective etching of 
the inner spacers with a selectivity ratio of more 
than 100 : 1 for both the Si : SiO2 and Si : Si3 N4 
structures. Li et al. [35 ] obtained a uniform inner 
spacer by using a high-precision controllable silicon 
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itride inner spacer structure that was prepared
sing an inductively coupled plasma tool and a
ew gas mixture of CH2 F2 /CH4 /O2 /Ar; they also
eveloped quasi-atomic layer etching techniques
ith an accuracy of ∼0.3 nm/cycle. In addition,
ecause of the poor-quality conductance pathway
etween the stacked NS channels and SD electrodes
ormed simultaneously by complex selective SiGe
r Si epitaxy processing of the bottom substrate and
he separated multi-layer Si NSs, high parasitic resis-
ances often occur, causing the operating currents to
egrade [36 ]. 
The ‘fat-fin’ effect is unique to Si NS GAAFETs,

here process non-idealities can increase the high
ub-fin leakage and capacitance below the Si NS
hannel. Zhang et al. [37 ] systematically investi-
ated the influence of ground-plane (GP) doping
n the leakage induced by the fat-fin effect through
xperiments and simulations. The subthreshold
haracteristics of the n -type devices were greatly im-
roved by increasing the GP doping doses, whereas
he corresponding p -type devices initially improved
nd then deteriorated with increasing GP doping
oses, demonstrating their optimal electrical char-
cteristics at GP doping concentrations of approxi-
ately 1 × 1018 cm−3 . Gu et al. [38 ] proposed a new
tching technique that narrowed the sub-fin with lit-
le increase in the processing cost that suppressed the
CE. Their proposed sub-fin design demonstrated
 70% reduction in the sub-channel gate-induced
rain leakage and a 20% increase in the on-off cur-
ent ratio ( ION 

/ IOFF ), along with an improvement in
he SS . In addition, a full bottom dielectric isolation
pproach was demonstrated for Si NS-GAA device
tructures by Zhang from IBM. First, a Gex Si1 −x 
acrificial layer with high Ge content was designed
Page 7 of 18
in an epitaxial procedure; this layer was then selec- 
tively removed in a subsequent process and filled 
with a dielectric material by atomic layer deposition 
(ALD) to form a global isolation layer on the bot-
tom of the structure. They reported a reduction of 
approximately 2 orders of magnitude in the off-state 
leakage current, a 4.4% reduction in the parasitic 
capacitance and a 4.6% improvement in Fmax [39 ]. 

The HKMG module is among the most chal- 
lenging components of the Si NS-GAA structure 
because of its limited fin pitch and limited TSUS . 
Interface dipole engineering provides a volume-less 
technique for effective work function tuning that 
is unlike the techniques used in conventional work 
function metal (WFM) engineering. Generally, 
dipoles form in a layer that is deposited on the
high- κ layer and require high-temperature drive-in 
annealing, which can cause both SD stress release 
and reliability issues. Yao et al. [40 ] reported 7(N)
+ 7(P) multi- VT s on GAA Si NS devices that were
fabricated using ultra-thin low-temperature hybrid 
ALD in situ La-/Al-dipole approaches and both n - 
and p -type FETs have achieved seven VT s with high
uniformity and differentiation. 

Additionally, the hole mobility of stacked Si NS 
GAAFETs when using the 〈 100 〉 crystal orientation 
is far lower than their electron mobility. To improve 
their hole mobility, high-mobility SiGe- or GeSn- 
stacked channels have been introduced into p -type 
devices [41 ]. Mochizuki from IBM and coworkers 
[42 ] proposed a SiGe channel for p -type-stacked NS
GAAFETs produced by channel trimming of 1–2 nm 

per side and conformal SiGe clamping layer epitax- 
ial growth of 2–3 nm. Furthermore, a Si capping 
layer was applied as a passivation layer and Dit was 
reduced by one order of magnitude. Because of their 
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imited TSUS , it is feasible to use traditional FinFETs
ith multi-layer SiGe/Si structures for high voltage
nd input/output devices, but hybrid integration
ith selective channel release and use of various
ielectric thicknesses remains a key challenge. 

nnovations on GAA devices 
o increase the density of the integrated transistors,
urther developments in both manufacturing pro-
esses and device structures are required. Forksheet
ETs, as shown in Fig. 4 (a), were developed at IMEC
o provide tighter spacing between the n - and p -type
ETs in both SDC and SRAM cells by inserting one
ielectric layer into the stacked NSs, which may en-
ble circuit track shrinkage with little modification of
he existing manufacturing processes [43 ]. However,
he forksheet FET has two major drawbacks, com-
rising degraded gate control caused by the semi-
round gate structure of the NS channel adjacent to
he insulating sidewall dielectric on one side, and
orsening distribution fluctuations in the device’s
lectrical characteristics caused by the dielectric in-
ertion process. To enhance the device driving cur-
ent while maintaining a limited footprint and lim-
ted channel height, both tree and fishbone FET
tructures (panels (b) and (c) of Fig. 4 , respectively)
ave recently been proposed that combine vertically
tacked NS channels with nano-fin-shaped inter-
ridge channels. Specifically, Tu et al. [44 ] proposed
n epitaxial doping scheme to reduce the VT dif-
erences caused by using different materials, specif-
cally between the NSs and the interbridge channels.
ao et al. [45 ,46 ] proposed and demonstrated one
easible fabrication approach for fishbone FETs us-
Page 8 of 18
ing channel-first and single WFM processes. Li et al. 
[47 ] proposed a novel comb-like channel device 
(CombFET), as shown in Fig. 4 (d), which combines 
FinFET and NS-FET geometries in its channel re- 
gion and may offer higher operating currents. 

TRANSITION FROM GAAFET TO CFET 

Beyond GAAFETs, CFETs are showing promise for 
scaling toward the 1-nm node. As shown in Fig. 5 ,
the CFET consists of vertically integrated n - and 
p -type FETs. In advanced process nodes, reduction 
of the SDC and SRAM cell heights is mainly limited 
by the n -to- p spacing requirements. CFETs avoid 
the limitations of n -to- p spacing by translating their 
horizontal n -to- p spacing into the vertical direction, 
thus reducing the cell height to four or even three 
tracks [48 ]. Reduction of the SDC cell height in 
CFETs is also dependent on application of the BS 
PDN. The main connectivity schemes include the 
through- silicon via in the middle of the line, the BPR 

and the backside contact structure [49 ]. These three 
BS-PDN options all involve a trade-off between PPA 

gain and process integration complexity. In CFET 

cells, the vertically stacked devices can provide more 
space to optimize the effective channel width of the 
device, thereby improving the device drive current. 
As a result of the extension of the CFET geometry 
in the vertical direction, the interconnections are 
changed significantly. In the past, IC manufacturing 
processes could be divided into front-end-of-the-line 
(FEOL), middle-of-the-line (MOL) and BEOL pro- 
cesses. The CFET is a full 3D structure in the circuit,
and its interconnections are also expanded into a 3D 
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ircuit on the transistor or block level. During CFET
anufacture, the FEOL, MOL and BEOL processes

ntersect and sometimes merge. Therefore, the huge
enefits of unit area reduction provided by CFETs
ome at the cost of more complex processes, in-
luding vertical interconnection technology, active
hannel vertical stacking technology, SD vertical
tacking technology and DTCO technology. 

FET integration process method 

ased on the manufacturing processes and the
tructural features of CFETs, there are two device
ypes: sequential and monolithic CFETs. The main
ifference between these two structures is whether
he manufacturing processes for the top and bottom
evices are highly coupled. Panels (a) and (b) of
ig. 5 show the cross-sectional structures of se-
uential and monolithic CFETs, respectively. In the
equential CFET, there is a thick isolation medium
etween the bottom- and top-tier devices, and there
ay be one or multiple interconnected metal layers
etween them. Furthermore, the source, drain and
ate electrodes are relatively far apart and require
Page 9 of 18
3D interconnections to form a 3D circuit. In a 
monolithic CFET, the top- and bottom-tier devices 
are closer together and usually have a common gate 
structure, which means that the gates of the top and 
bottom devices are connected and formed during 
the same process step. 

Figure 5 (c) shows a schematic diagram of the 
sequential CFET fabrication process. First, tra- 
ditional IC manufacturing processes are used to 
produce the bottom transistors and the interconnect 
metals. Isolation of the interconnect metals is then 
necessary before production of the top layer begins. 
Because the bottom layer has already undergone 
BEOL processing, the 3D isolation process requires 
metal ion contamination to be controlled to ensure 
that the top-layer devices are not affected by metal 
ion diffusion. The first step in production of the 
top-layer devices is vertical stacking of the active 
layers. The active layers can include materials with 
different crystal orientations to the bottom layer 
or even different types of materials, depending on 
the circuit type and the performance optimization 
requirements. At this point, to ensure the stability 
and the reliability of the underlying bottom-tier 
devices, the process flow for the top level must be
controlled to within a specific thermal budget range 
[50 ]. The top and bottom devices are electrically 
interconnected using 3D vias. These 3D vias must 
pass through both the active layer and the isolation 
layer and also have a high aspect ratio. They may
form high-precision interconnections with granular- 
ity between the top and bottom layers to suppress 
any obvious overlay bias between different chips, 
similar to advanced 3D package technology. Because 
the fabrication processes for the top and bottom 

layers are separate, the layers can be optimized sep- 
arately to use optimal process conditions and design 
methods. Furthermore, separation of the processes 
for the upper and lower layers potential ly al lows for
adoption of mature planar circuit processes. 

Figure 5 (d) shows a schematic diagram of the 
monolithic CFET fabrication process, which is rel- 
atively complex. Given the high degree of coupling 
between the manufacturing processes for the top 
and bottom devices, the manufacturing process 
cannot simply be divided into the top- and bottom- 
tier device processes. At the same time, the mature 
process methods that this new structure can use 
are limited, and several new process modules must 
be developed to fabricate this structure. As shown 
in Fig. 5 (d), the most important process modules 
include the active layer vertical stacking, SD vertical 
stacking, channel release, separate gate formation 
and top/bottom SD stacking modules. Unlike the 
sequential integrated CFETs, vertical stacking of the 
active layers in a monolithic CFET represents the 
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rst step in the manufacturing process. The epitaxial
rocess, with its advantages of low cost and reliable
ormation of high-quality single-crystal structures,
s usually implemented. At this point, a sacrificial
pitaxial layer is required between the top channel
nd the bottom channel. Subsequently, similar to the
raditional HKMG transistor process, dummy gates
nd spacers must be manufactured first. Then, to im-
rove contact efficiency between the top and bottom
ayers and utilize the interconnection resources fully,
t is necessary to form the bottom SD electrodes
rst. The top/bottom SD vertical stacking process
lso relies on isolation technology for electrical insu-
ation in the limited vertical spaces. For introduction
f the metal materials, isolation methods and strict
ontamination control processes are equally impor-
ant. Unlike conventional planar circuit processes, in
hich the SD electrodes are extracted directly, these
rocesses are nested within the MOL. Vertical stack-
ng of the integrated n / p dual WFM is also required
uring the common gate fabrication process. To
orm the gate and the contact for the stacked active
hannels simultaneously, the total height of the
tructures must be relatively high, and it is therefore
ecessary to optimize the etching and deposition
rocess with a very high aspect ratio. When com-
ared with sequential CFETs, the monolithic CFET
as a compact common gate structure and lower par-
sitic capacitance and resistance, and it is expected
o deliver higher transistor performance [51 –55 ]. 
In Fig. 5 , the advantages and disadvantages

f these two CFETs are also summarized briefly.
he sequential CFET shows device and material
ntegration flexibility, but suffers from process cost
nd thermal budget limitations. In contrast, the
onolithic CFET shows both cost effectiveness and

 self-aligned structure between the top and bottom
evices, but it also faces a series of manufacturing
rocess challenges. 

ctive layer vertical stacking method 

FETs can be divided into homogeneous and
eterogeneous devices based on their n -type and
 -type channel materials. Development of CFETs
sing Si-based devices is the main research direction
t present. As shown in Fig. 6 , the methods for
omogeneous integration of the Si channels include
n-chip polycrystalline-Si (p-Si) film recrystal-
ization, on-chip wafer bonding and transfer, and
olid-state epitaxy. 
After formation of the interlayer isolation media,

ne method involves deposition of α-Si using a far-
nfrared laser activation process to convert it into
-Si; this is followed by a chemical mechanical pol-
shing (CMP) process to obtain a specific p-Si film
Page 10 of 18
thickness on the top layer [56 ]. Notably, p-Si always 
contains different grain sizes and multiple defects at 
the grain boundaries, and this leads to significant 
transistor performance fluctuations. NARlab used 
a location-controlled grain process to increase the 
grain size to 2.56 µm2 , and the grain distribution and 
shape were also controllable [57 ]. Kao et al. [58 ] and
other researchers demonstrated additional improved 
process results. Regardless of the method used to in- 
crease the grain size, the grain boundaries and de- 
fects are inevitable, and may greatly degrade the re- 
sulting device’s performance and reliability, in addi- 
tion to the integration density of the top transistors. 

In contrast, Si active layer transfer based on wafer 
bonding technology can produce high-quality and 
uniform single-crystal channels. The major research 
teams focused on this technology include those at 
CEA-LETI, IMEC, Intel and STM. After production 
of the bottom-tier devices, the pre-processed top 
active layer is transferred onto the wafer with the 
bottom-tier devices through a low-temperature 
oxide bonding process. Single-crystal Si layers with 
specific thicknesses can then be produced using the 
SmartCutTM , etchback or CMP methods. Because 
the transferred active layer can be pre-processed 
into single crystals and then subjected to doping and 
high-temperature annealing steps, the transferred 
active layer’s quality can reach an optimal state. The 
only thermal budget requirements for sequential 
integration of high-quality active layers using the 
on-chip wafer bonding transfer method relate to 
the bonding annealing process ( < 400 ◦C, and the 
bonding temperature can reach a minimum value of 
200 ◦C) [59 –61 ]. Furthermore, the active layer to 
be transferred in the wafer bonding transfer process 
can be designed to have various crystal orientations 
that differ from the underlying materials. The CEA- 
LETI, IMEC and Intel teams have all successfully 
bonded and transferred high-quality Si active layers 
on 300-mm wafers, such as the two-layer Si-based 
FinFET stack implemented by the IMEC team 

[59 ]. Intel has achieved sequential integration of 
Ge (100) and Si (100), and of Si (100) and GaN
on 300-mm wafers [60 ,61 ]. For high-performance 
ICs, vertical stacking of different two-layer Si-based 
dev ices prov ides versatile choices. The devices can 
be integrated to optimize the n - and p -type FETs in
separate layers, e.g. Si-based devices and their Ge- 
based counterparts. Si-based devices exhibit useful 
n -type device characteristics with high electron 
mobility, whereas the Ge-based devices can support 
higher hole mobilit y for p -t ype transistors [62 ]. To
enhance the richness of the system performance, 
different modules can be integrated vertically and 
suitably advantageous materials can be used for the 
different modules, e.g. vertically integrated Si-based 
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Figure 6. Vertical stacking methods for fabrication of homogeneous and heterogeneous 
CFETs using Si-based semiconductors and other semiconductors, including CNTs, 2DMs 
and AOSs. 
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ogic control circuits, high-density SRAM arrays and
aN radio-frequenc y sw itching module circuits. 
The process of vertical stacking of the active

ayers by epitaxy can be used for reference for the
uperlattice epitaxial SiGex /Si stacking of the active
ayers in GAA devices. The difference is that in the
AA devices, SiGex /Si acts as a sacrificial layer to
solate the NS channels, and the layer thickness is
etermined by the thicknesses of the high- κ gate di-
lectric and metal work function layers. For CFETs,
he SiGex /Si layer not only plays a role in isolating
he NS channels, but also isolates the top and bottom
hannels, where the layer thickness is determined
ore strongly by the vertical isolation process used
or the SD electrodes, and the layer is usually thicker
han that used in GAA devices. Moreover, the active
hannels grown by epitaxy can present high-quality
ingle-crystal structures without any process in-
erruption. The processing methods for on-chip
olycrystal line si licon recrystallization and on-chip
afer bonding transfer are mainly used to produce
equential CFETs, whereas the solid-state epitaxy
ethod is mainly used to fabricate monolithic
FETs. Among these methods, solid-state epitaxy
as become the main research and development
ocus in the industry, with the aim of obtaining
igh-quality single-crystal channels at low cost. 
Given the complex processes required for Si-

ased homogeneous CFETs and the impact of the
hermal budget constraints on the performances
f the top-tier devices, heterogeneous CFETs are
xpected to use emerging materials to maximize
he benefits of this new transistor structure. The
ottom-layer devices are sti l l the traditional Si-based
evices, while the top layers use new device materi-
Page 11 of 18
als with low-temperature processing characteristics, 
including CNTs, 2DMs and AOSs. These de- 
vices demonstrate smaller channel thicknesses and 
stronger immunity to SCEs, while also maintaining 
high device performance. The most used on-chip 
heterojunction integration methods are shown in 
Fig. 6 , and include thin-film deposition and thin-film 

transfer. A suspension of CNTs can be spin coated 
onto the substrate and used to prepare on-chip CNT 

devices. Another method involves direct immer- 
sion of the target substrate in the CNT suspension 
to attach a uniform CNT film (i.e. dip casting), 
followed by a drying process [65 ]. Alternatively, pre-
deposited and arranged CNTs can be transferred 
onto a target substrate through a complex transfer 
process to provide excellent transistor performance 
[66 ]. Formation of 2DMs (e.g. MoS2 or WSe2 
layers) on the bottom devices by methods such as 
CVD, wet transfer [67 ] and direct mechanical strip- 
ping [68 ] is feasible for heterogeneous integration, 
but these techniques are not suitable for large-scale 
ICs. Preparation of 2DMs by MOCVD [69 ] is 
becoming the preferred technique in the industry 
for wafer-scale deposition and provides improved 
film quality within the processing limits for CFETs. 

AOSs are important materials that include IGZO 

and other amorphous metal oxides. When compared 
with traditional Si-based semiconductors, AOSs are 
suitable for processing at lower temperatures, while 
also maintaining acceptable carrier mobilities [70 ]. 
When compared with p-Si devices, AOS-based 
devices can provide higher carrier mobilities in their 
amorphous state [71 ,72 ]. For bottom-tier devices, 
IGZO thin films can be formed by either physical 
sputtering or ALD, and they exhibit high quality and 
uniformity, making the films suitable for preparation 
of large-scale ICs based on BEOL 3D integration 
[73 ]. 

DTCO for CFET 

Beyond device structure and process breakthroughs, 
CFETs require a full DTCO or STCO to enable the
construction of transistors, circuits and even systems 
at various levels for higher PPA gain. After the 10-
nm node, DTCO and advances in electronic design 
automation are becoming increasingly important 
for transistors in improving density, enhancing 
performance and reducing variability [74 ]. As 
Fig. 7 (a) shows, DTCO includes two optimization 
approaches: a process-device optimization loop and 
a process-device-circuit optimization loop. In the 
process-device optimization loop, universal devices 
used for large-scale CMOS integration are optimized 
by targeting device performance parameters such as 
the device ION 

, VT , the SS , the off current ( IOFF ) and
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he DIBL . For device performance optimization,
ew materials or advanced process technologies
ust be evaluated carefully in the large-scale circuits
nd not only in individual devices. After device-level
esting the device characteristics obtained are com-
ared with the corresponding theoretical results and
re used to calibrate the deviations in the emulation
nvironment and then deliver good designs to the
ctual process manufacturing and circuit design
tages. 
For IC advancements using the CFET structure,

he working DTCO wi l l require further optimization
o achieve increased PPA gain with the 3D stackable
tructures in the vertical direction and the newly
ntroduced materials and technologies. The inter-
ace from the CFET to the 3D circuit evaluation is
stablished based on extraction of the device SPICE
odel and the layout optimization with respect to
he SDC and the unit circuits of SRAMs. These
re fundamental unit circuits for construction of
arge-scale ICs and their performances affect the IC
erformance directly. The typical circuits to be eval-
ated mainly include the CMOS inverter, the ring
sci l lator and the SRAM. Based on the calibrated
evice model obtained, the circuits are fully evalu-
ted in terms of operating speed, energy efficiency
nd area occupied. With DTCO, innovative CFET
Page 12 of 18
structures such as the hybrid-channel CFET (HC 

CFET; as shown in Fig. 7 (b)) [63 ] can be designed
that offer improved SRAM operation margins and 
speeds for similar power consumption. The layout 
rule and the impact of parasitic resistance and capac- 
itance on the 3D SRAM based on the CFET is also
greatly improved (as shown in Fig. 7 (c)) [64 ]. 

NEW PATHS TO A VERTICAL 
TRANSISTOR 

Previous transistor innovations have principally 
been based on horizontal or lateral conductance 
channels. Applications using carrier channels and 
transport paths that are oriented orthogonal to the 
wafer plane, as in vertical GAAFETs (VGAAFETs), 
have also been developed, as shown in Fig. 8 [75 ].
For lateral devices, continuous scaling suggests a 
continuous reduction in their CGP, which is mainly 
determined by the LG , the contact size and the SD 

spacer width. At present, the trend for LG reduction 
is gradually slowing because of the associated SCEs. 
In the VGAAFET, the LG is generally determined 
by the gate material thickness in the vertical di- 
rection. Therefore, the device can relax the area 
penalty and channel size limits involved in achieving 
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igher transistor performance with reduced power
onsumption [76 ]. 
Another major advantage of the use of vertical

evices is reduction of the SDC and SRAM cell
reas. For FinFETs and lateral GAAFETs, SDBs or
DBs are required to provide isolation [77 ]. How-
ver, VGAAFETs can use STI for circuit isolation to
chieve zero-diffusion breaks (ZDBs). Figure 8 (a)
hows the ZDB scheme for VGAAFETs, which can
educe the device area significantly [78 ]. When
ompared with FinFETs, use of vertical devices
an achieve a 22.5% reduction in SDC cell area
79 ]. Moreover, the VGAAFET can be stacked
ertical ly li ke CFETs using lateral transistors, which
an reduce the circuit area further [80 ]. 

ertical transistors with non-self-aligned 

ates 
everal approaches to VGAAFET fabrication were
nitially proposed, including both bottom-up (B-U)
81 ] and top-down (T-D) [82 ,83 ] methods to form
he vertical channels. The B-U approaches can
e divided into two categories according to their
rocess sequences: channel-first and channel-last
rocesses. The vapor-liquid-solid (VLS) method is
 B-U channel-first process that uses a metal catalyst
nd metal-organic vapor-phase epitaxy to grow
ertical NWs using various materials, including Si,
iGe, InAs and InP. Figure 8 (b) shows a typical
i NW VGAAFET that was fabricated using the
LS process [84 ]. However, it is difficult to control
he NW position and size accurately, and the NW
rowth is affected significantly by process fluctua-
Page 13 of 18
tions that make it difficult to achieve large-scale mass 
production. 

The B-U channel-last process is similar to the 
production method used for 3D NAND devices 
in the memory field [85 ]. First, multi-layer CVD 

films are deposited sequential ly, fol lowed by pho- 
tolithography and etching processes to create a 
cylindrical groove structure with a high aspect ratio. 
The gate dielectric is then deposited in the groove 
and materials such as silicon and germanium silicon 
are grown epitaxially to form the channels. This 
process enables fabrication of self-aligned gates and 
well-controlled LG s, and it is also compatible with 
the RMG scheme. However, channel formation is 
dependent on the size of the contact holes. There- 
fore, when the device size continues to shrink and 
the aspect ratio of these holes increases, particularly 
in the case of vertically stacked device structures, 
it wi l l become increasingly difficult to form high-
quality single-crystal channels, which is particularly 
important for high-performance IC fabrication. 

The T-D method, which defines and forms the 
vertical structures of NWs or NSs using a combi- 
nation of traditional photolithography and etching 
processes, is compatible with current mainstream 

CMOS processes and has thus received significant 
attention [83 ,86 ]. Figure 8 (c) shows the process flow
for the Si NW VGAAFETs fabricated by the Agency 
for Science, Technology and Research (A*STAR) of 
Singapore [75 ]. IBM has also demonstrated vertical 
channel NS transistors fabricated using a T-D ap- 
proach, as shown in Fig. 8 (d) [78 ,87 ]. These devices
show high electrical performance and indicate that 
VGAAFETs may enable scaling beyond the limits 
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f lateral GAAFETs. However, the device LG is
etermined by the thin-film deposition and etching
rocesses, and the process fluctuations and the
roblems with alignment between the gate and the
D electrodes have not been addressed well to date. 

ertical devices with self-aligned gates 
o address the challenges noted above and the
rocess variation issues [88 ], two new types of
GAAFET, comprising the vertical sandwich
AAFET (VSAFET) [89 –91 ] and the vertical
-shaped-channel NS FET (VCNFET) [92 ,93 ],
ere developed at IMECAS, as shown in Fig. 9 .
SAFETs and VCNFETs both exhibit self-aligned
KMG structures and smaller effective-gate-length
ariations than similar devices obtained by lithog-
aphy and etching processes because their LG are
etermined by epitaxy rather than other factors.
CNFETs can be fabricated while controlling the
hicknesses of their NSs easily because they are
lso formed by the epitax ial grow th process. New
perational theories based on VSAFETs and VCN-
ETs, including those for tunneling and ferroelectric
SAFETs [94 ], may provide greater process fea-
ibility and transistor performance. VGAAFETs
lso offer new opportunities for 3D integration in
ynamic R AM (DR AM) [93 ] and NOR-type [95 ]
emory applications. 
Figure 9 (b) shows the process flow for VSAFET

abrication. The process begins with epitaxial
rowth of Si/SiGe/Si multi-layers on blank wafers.
he top and bottom silicon layers can be doped
n situ by epitaxy or later by ion implantation, en-
bling them to serve separately as the SD electrodes.
Page 14 of 18
The LG of a VSAFET is mainly determined by the 
thickness of the SiGe film grown by epitaxy. Next, 
nano-pi l lars linked via bridges are patterned by 
electron-beam lithography and isotropic etching. To 
form the precisely controlled diameters/thicknesses 
of the NWs/NSs, the vertical channel, and the 
lateral gap required for self-aligned gate formation, 
an isotropic and Si-selective quasi-atomic layer etch 
(qALE) [96 ] process is performed. An inner spacer 
then protects the vertical channel before implemen- 
tation of the silicide process and the SD deposition 
process to form n -type CMOS devices. TEM cross 
sections acquired after the ALD-HKMG process are 
shown in Fig. 9 (c). Excellent electrical properties 
were obtained for both the p - and n -type CMOS
devices, as shown in Fig. 9 (d). 

Although VSAFETs offer the advantages of self- 
aligned gates and precise LG control, the channel 
dimensions are determined by qALE or by other 
etching processes, which sti l l suffer from significant 
fluctuations caused by process deviations. Based on 
VSAFETs, VCNFETs that offer precise control of 
both the channel thickness and the LG have been 
proposed and fabricated. A 3D schematic and the 
dual-side process flow diagram for VCNFETs are 
shown in panels (e) and (f) of Fig. 9 , respectively.
Using the spacer transfer lithography process, pi l lars 
composed of Si/SiGe/Si sandwich films are formed, 
and the SiGe layer is then partially and selectively 
etched from the sidewall to form a gate gap, leaving 
the remaining SiGe as a seed layer. A crystalline Si 
film cal led the C-channel is grown epitaxially in the 
gate gap; this is the key step that enables precise 
channel thickness control. Another sidewall for 
the VCNFET can be defined by RIE after the top 
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andrel is removed. The exposed SiGe seed layer
s then etched selectively to release the C-channel
nd the gate gap is fil led with the HKMG stack to
orm a self-aligned gate with respect to the channel,
s i l lustrated in Fig. 9 (g). Beneficial electrical prop-
rties were obtained from the VCNFETs, as shown
y the transfer curves in Fig. 9 (h). The integrated
rocess flow for the VCNFET is compatible with
ainstream industrial processes and can easily be
xtended to 3D stacked devices. 

ONCLUSIONS AND PERSPECTIVES 

he introduction of 3D FinFETs and the GAAFET
as revolutionized the general transistor platform by
nabling continuous development of large-scale ICs
hrough channel structure innovation to provide
ontinued process node scaling with better gate
ontrol and improved transistor performance. More
dvanced transistor structures such as the CFET,
DS FET and vertical transistor are set to sustain
he development of Moore’s law for trailblazing
ncreases in transistor integration density and cell-
ircuit functionality with innovative 3D integration
ethods on the transistor level. To enable practical

mplementation of these new structures in real ICs,
he main challenges include the requirements for
recise patterning, film deposition and interconnec-
ion process technologies, even at the atomic level,
hich wi l l require major changes to current fabri-
ation methodologies, techniques and equipment.
nother critical challenge is the incredible heat
enerated by the 3D and 3D stacked transistors with
igh integration numbers in ICs when operating
t high speeds, which wi l l require a revolutionary
eat dissipation method [97 ] and structural design
rom transistor level to chip level. The third critical
hallenge is the performance and power efficiency
f the 3D circuit with the new transistor structure
ecause of the complex 3D routing possibilities and
ugmented parasitic capacitance, which wi l l require
ore sophisticated circuit design methodologies
nd chip architecture innovation. 
In the future, to realize higher transistor integra-

ion densities and higher computational efficiency,
t wi l l be necessary to surpass the thermionic limit
f kB T / q (where kB is the Boltzmann constant and q
s the electron charge) and the minimum operating
oltage of general MOSFETs, which is currently
o less than 0.5 V. Submerging the MOSFET into
iquid nitrogen, i.e. the cryo-CMOS method [98 ],
ay provide a way to reduce operating voltages
elow 0.2 V. The tunneling MOSFET [99 ], which
perates via quantum tunneling, rather than by
Page 15 of 18
general thermal diffusion or drift, can also surpass 
the thermionic limit in theory and exhibits reduced 
operating voltages. However, tunneling devices 
currently suffer from low currents because of their 
poor quantum tunneling efficiency. A transistor 
using a Dirac source to generate an energy band tail
also provides similar results. Introduction of a ferro- 
electric film into the gate insulator allows a transistor 
to exhibit a negative capacitance effect that inher- 
ently accumulates surface charges near the channel 
[100 ], which also helps this transistor to surpass the
thermionic limit and reduce its operating voltage. 
Ultimately, more advanced ICs can be developed 
to integrate hundreds of bi l lions of transistors and 
achieve beyond-CMOS breakthroughs in PPA for 
further innovations in everyday life. 
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