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Abstract: This article reviews advanced process and electron device technology of integrated circuits, including
recent featuring progress and potential solutions for future development. In 5 years, for pushing the performance of
fin field-effect transistors (FinFET) to its limitations, several processes and device boosters are provided. Then, the
three-dimensional (3D) integration schemes with alternative materials and device architectures will pave paths for future
technology evolution. Finally, it could be concluded that Moore’s law will undoubtedly continue in the next 15 years.
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Introduction

In the past 60 years, integrated circuits have continued
to develop rapidly, following the trend predicted by
Moore’s law, achieving great developments in high
integration and performance. Since the beginning of
the 21st century, the transformation of the planar
silicon gate complementary metal-oxide-semiconductor
(CMOS) to strained silicon, high-/metal gate, and
fin field-effect transistors (FinFETs) was successively
achieved. However, with the rapid expansion of big
data, mobile communication, and Internet of Things
applications, the electronics industry roadmap has
changed from a technology-driven bottom-up approach
to a fusion of application-driven top-down requirements
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and bottom-up technology challenges. Beyond the 5 nm
technology node, under the requirements of seamless
interaction between big data and instant data, power
and interconnection bandwidth are severely challenged.
Meanwhile, the fin-width and contact width cannot be
further scaled down, and the cost of wafer manufacturing
becomes more expensive with the increased process
complexity.
Based on the reports provided by the International
Roadmap for Devices and Systems (IRDS)[1] , in the next
five years, several process technologies will push FinFET
architectures to their performance limit. Advanced
lithography and etching process are key points for further
scaling and yield control. Alternative interconnect
materials are solutions for overcoming scalability and
reliability limit. Accordingly, design technology cooptimization (DTCO) is considered an effective method
for power scaling and cost reduction.
Moreover, new device architectures, materials, and
integration schemes are required for further performance,
power, density, and cost improvement. Alternative
high-mobility channel materials, such as Ge/SiGe, are
promising boosters for drive current. Gate-all-around
field-effect transistor (GAAFET) structures can provide
good gate control and density increase. Monolithic/
heterogeneous integration schemes are expected to bring
more performance gain and cooperation possibilities,

The author(s) 2022. The articles published in this open access journal are distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).
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and these innovations will make Moore’s law continue
indubitably.
This article reviews the state-of-the-art of the
integrated circuit process and electron device
technology, as summarized in Fig. 1. In Section 2,
several performance boosters for the current FinFET
optimization are provided. In Section 3, new structures
and materials are reviewed, such as GAAFET and
Ge/SiGe devices, and a description of the threedimensional (3D) integration scheme is also given. In
Section 4, a brief conclusion is summarized.

2
2.1

Performance
Technology

Boosters

for

Logic

Advanced lithography and etching process

As the integrated circuit technology enters into the 5 nm
technology node, for further scaling and better control,
patterning-related processes have become critical for
mass production. Advanced lithography and etching
processes, such as extreme ultraviolet (EUV) and atomic
layer etching (ALE), provide continuous improvement
on the FinFET performance and cost reduction. On
one hand, lithographers keep increasing the process
factor (k1 ) to improve the process stability, cost, and
yield. EUV and innovative patterning techniques can
relax design limitations and promote pitch shrink.
However, small pitches, tight resolution, and narrow
process windows are the main challenges in advanced
technologies. On the other hand, precise controls of the
etching process are also a critical issue. Relative to the
planner device, the channel of FinFETs is surrounded
by a gate, which brings more requirements. Thus,
first, a steep sidewall angle during etching should be
guaranteed. Second, damage to the source and drain
should be avoided as much as possible. Third, a clean
connection for the gate and fin without polycrystalline
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residue should be ensured. To meet these aforementioned
requirements, ALE with pulsed plasma is considered to
be a better process.
2.1.1

EUV lithography

The continuous development of lithography machines
has played an extremely important role in increasing
the integration of chips. The way to improve the
resolution is to reduce the exposure wavelength or
increase the numerical aperture (NA). The exposure
wavelength widely varies, including 436, 365, 248, 193,
and 13.5 nm. Immersion lithography technology and
multiple exposure technology of a 193 nm scanner were
applied to integrated circuit production before EUV is
ready for mass production.
Figure 2 illustrates the EUV light source vessel[10] .
The EUV production is performed in a vacuum
environment because almost everything can absorb EUV
light. The liquid tin will turn into tin vapor and finally
become plasma, which will emit EUV light with a
wavelength of 13.5 nm. Once EUV light is generated,
the photons will hit a multilayer mirror called a collector.
The light will bounce back in the collector, then pass
through the center focus unit, and enter the scanner.
Afterward, EUV light with appropriate brightness will
get through the photomask. Finally, the shrunken pattern
will be achieved on the wafer.
EUV lithography effectively reduces the difficulty
of the process and relaxes the limitations of design.
However, EUV technology still faces several challenges,
such as the power requirements of the exposure
light source, defect control of mask, and photoresist
development. Currently, the power of a 250 W light
source employment is a necessary condition for the
production of 125 wafers per hour[11] . It is critical
to increase the CO2 power of the laser, increase the
conversion efficiency, and reduce the metering loss. In

Fig. 1 Technology trend of the integrated circuit process and device beyond the 5 nm node (source: Refs. [2–9]). 2D represents
two-dimensional and IC represents integrated circuit. Schematic diagram for DTCO: Copyright (2021) Synopsys, Inc.
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(a)

(b)

Fig. 2 Introduction of the extreme ultraviolet (EUV) source. (a) Illustration of EUV light source vessel with hydrogen gas as a
buffer and (b) image of laser-produced plasma around a tin droplet[9] .

addition, only mirrors can be applied in the optical
system of the EUV lithography machine, and EUV
masks are required to be reflective because almost all
optical materials have strong absorption of EUV. The
quality of the reticle will also directly affect the imaging
quality and process window, as shown in Fig. 3[12] .
Moreover, the line edge roughness of EUV lithography
is worse than that of deep ultraviolet lithography because
EUV requires a low exposure dose and secondary
electron scattering effects occur during exposure. The
resolution, pattern edge roughness, and sensitivity are the
main parameters of the EUV photoresist, which cannot
be improved at the same time, as shown in Fig. 4[9] .
2.1.2

ALE

ALE is valued for its precise control capability.
It is widely used in controlling 3D FinFET gates,
dielectric spacer size, and gate length of horizontalchannel GAAFETs and channel size of vertical-channel
GAAFETs.
In 2017, Lam Research developed an ALE method
for silicon using the pulsed plasma ALE method[13] .
This method has better performance than conventional
continuous etching. When conventional etching is
used from 25% to 100% over-etching, there are still

Fig. 4 Relationship between line edge roughness and resist
in patterning process. (a) Line edge roughness (LER) strongly
dependent on the exposure dose. (b) Resist sensitivity,
resolution, and line edge roughness[9] .

polysilicon residues on both sides of the dense fin
structures. With the use of ALE, only 25% over-etching
makes polycrystalline etch clean and leave no etching
residues because ALE can achieve good results on the
micro-loading effect. That is, the etching rates are almost
equal at the dense fin structures and isolated regions.
The Institute of Microelectronics of the Chinese
Academy of Sciences (IMECAS) has developed
wet[14, 15] and dry quasi-ALE (qALE) techniques
as shown in Fig. 5[16] . These techniques can
precisely control isotropic selectively etching for the

Fig. 3 Extreme ultraviolet (EUV) reticle structure[9] . TEM represents transmission electron microscopy, CWL represents
central wavelength, CTE represents coefficient of thermal expansion, PV represents peak to valley, and FWHM represents
full-width half-maximum.
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Fig. 5 Dry quasi-atomic layer etching (qALE) technique
used in vertical nanowires[16] . HAADF means high anale
annular dark field.

amount of SiGe and fabricate perpendicular nanowire
structure. The results showed excellent characteristics
of self-limiting. Moreover, the ALE accuracy order
of magnitude reached 0.5 nm, which can be applied to
horizontal or vertical nanowire devices.
The SiO2 ALE method was put forward by Lam
Research using the etching method, which uses Cx Fy
deposition and Ar to achieve bombardment. Moreover, it
is combined with repeated etching cycles. The accuracy
order of the magnitude reached 0.3–0.4 nm[17] . Hence,
it is a promising candidate process to be applied in selfaligned contacts and spacer etching.
With the further shrinking of devices and the
introduction of new materials, ALE has great potential
for new materials, such as III–V materials and twodimensional materials. However, several challenges
are still currently faced by the etching process in 3D
integration.
The uniform height of all fins after etching presents
a good performance for subsequent shallow trench

Fig. 6
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isolation control. Conventional etching methods may
lead to the inconsistent height of fins due to the
significant etching micro-loading effect, which is also
called the reactive ion etching (RIE) lag effect, as shown
in Fig. 6[18] . D1 , D2 and D3 are the etching depths
under the same etching condition and different opening
pattern sizes. First, owing to the etching process for a
trench with a small size and deep depth, the hard mask
will consume some ions. Second, the neutral active
group is absorbed by the sidewall. Third, the ion energy
generated by bias voltage is weakened at the bottom.
The aforementioned three factors in the trench with a
small size and deep depth have more obvious effects than
the wide trench. Accordingly, the mainstream solution
is pulsed plasma, which can weaken the three factors,
reduce the RIE lag effect, and improve the uniformity of
etch depth values for different structures.
2.2

Future interconnection technology

As the CMOS technology enters into nodes of
5 nm and beyond, the delay caused by interconnect
resistance and inter-metal capacitance seriously restricts
the improvement of device performance. Parameters
contributing to the total resistance of interconnects
consist of the conductor resistance (Rconductor / filling
it and source/drain (S/D) resistance (Rsd /. The
key challenges include diffusion barrier efficiency,
conformal metal deposition, and electromigration (EM)
reliability. As interconnect line widths are reduced, the
current density increases, leading to material breakdown
along the conducting path and circuit failure.
In current digital circuits, copper (Cu) and tungsten
(W) are widely used in interconnects and contact plugs,
respectively. However, as shown in Fig. 7[6, 19] , the
resistance of Cu and W dramatically increases due
to the increased electron scattering from the grain
boundary and surface[20] and the increased occupation
of a higher resistive TaN/Ta or TiN/Ti bilayer in such
fine dimensions. Moreover, the scaling thickness of the

Micro-loading effect: (a) cross-section and (b) mechanism[16] .
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Fig. 7 Chip area and electrical performance when pitch keeps shrinking (a) 50% area reduction by metal and poly pitch scaling
and (b) resistivity measurements of copper as a function of the critical dimension (CD) of the lines[6, 19] .

barrier/liner layer results in a poor gap-fill capability,
leading to poor chain yield and EM properties. Aside
from the surge in conductor resistivity, Rsd also increases
as the contact poly pitch is reduced in FinFETs and
GAAFETs. The main contributors to Rsd are the S/D
extension resistance (Rext / under the sidewall spacers
and contact resistance (Rc / between the metal layer and
diffusion regions. Thus, the resulting increase in the
overall resistance degrades the interconnect performance.
Another factor governing the interconnect performance
is the inter-metal capacitance, which depends on the
geometry and dielectric constant  of the surrounding
insulating material. Therefore, alternative barrier, liner,
conductor, and dielectric are needed to withstand
aggressive performance and reliability constraints posed
by the advanced semiconductor technology.
2.2.1

Methods to extend Cu and W interconnects

Strategies to extend Cu and W to smaller dimensions
have focused on the seed enhancement layer, self-formed
barrier, and self-assembled monolayers (SAMs). Each of
these process changes has an impact on the interconnect
reliability, and performance gains must be carefully cooptimized with reliability in mind. In general, a trade-off
always exists[21] .
Before Cu electrochemical plating (ECP), an adequate
physical vapor deposition (PVD) Cu seed coverage
at the trench/via sidewall surface is required; this
is typically larger than 3 nm Cu. Without a layer
of continuous and sufficiently thick Cu seeds, ECP
Cu nucleation will have a poorly exposed liner or
completely oxidized Cu seed surface, resulting in voids
at the sidewall or line-end regions. To avoid thick Cu
seeds and thus reserve more space for an effective
Cu conductor, Co or Ru liner has been proposed
to replace the conventional Ta liner due to its good
wetting and high sticking coefficient with Cu during

the re-sputtering process. This liner could facilitate a
direct ECP Cu process on its surface without PVD-Cu
seeds, collectively called the seed enhancement layer.
Kim et al.[22] demonstrated a robust gap fill performance
at 10 and 7 nm node equivalent patterns using the
chemical vapor deposition (CVD)-Ru-based reflow Cu
scheme. He et al.[23] and Sun et al.[24] enhanced the Cu
gap fill by replacing the conventional Ta liner with a
Co liner in a 22 nm width interconnect structure. The
initial highly conformal Cu seed coverage profile on
Co helps ensure a uniform Cu reflow process within
the interconnect structure, therefore providing a better
top-open dimension for the ECP process compared to
the reflow Cu seed on Ta. Nogami et al.[25] reported a
process with CVD-Co, in which PVD-TaN/CVD-Co/
PVD-Cu(Mn)-seed (high Mn%) was used to form the
through-cobalt self-forming barrier (tCoSFB). In this
structure, the thickness of TaN could be reduced to 1 nm,
where Mn diffuses out of Cu (Mn) through the CVD-Co
wetting layer to reach the ultra-thin TaN layer and to
stuff defects with TaMnx Oy compounds to gain barrier
integrity. The results indicated that the tCoSFB scheme
enables 32% and 45% lower line and resistance at the
10 nm node, respectively, while achieving a superior
EM performance as compared to competitive TaN/Co
and TaN/Ru-based barriers. Similarly, Mn was also
introduced to the Ru-based barrier/liner. Jourdan et
al.[26] successfully integrated a thin 1 nm CVD-Mn/1 nm
CVD-Ru-based barrier/liner system in 22 nm half-pitch
dual Damascene structures and extended it to 15 nm
feature size. The results show that Mn/Ru-based stack is
a promising barrier/liner solution for future technology
nodes.
For emerging materials, SAMs are one of the most
promising candidates for the next generation of barrier
layers, which are of interest for the diffusion barrier
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application in advanced Cu interconnect technologies
with a thickness smaller than 2 nm[27] . The molecules are
composed of organic chains bonded by silane head group
chemistry and terminated with desired functional groups,
such as NH2 -(CH2 /n -Si(OCH3 /3 . For the W contact
plugin middle of the line (MOL), Rodriguez et al.[28]
substituted the conventional TiN/Ti with a fluorine-free
tungsten film, and the line resistance of contact plugs
could be decreased by approximately 20%. In addition,
the alloy has been proposed to be a single barrier/liner to
replace the TaN/Ta or TiN/Ti bilayer, such as the Co-Ti
and Co-W alloy[29, 30] .
2.2.2

Alternative conductors and metallization

Although the chip manufacturing industry will try
to extend Cu and W as long as possible, the
continued scaling of Cu and W interconnects using the
aforementioned techniques cannot continue indefinitely.
The criteria of the alternative metals are as follows: first,
only require very thin, or even no barriers, to maximize
the available volume for interconnect metals, such as Co
and Ru. Second, the metal has a small electron meanfree path , presenting less sensitivity to the surface
and grain boundary scattering in fine lines. Third, it
has a high melting point (Tm /, because the activation
energy of diffusion or cohesive energy of bulk metals
is proportional to Tm and a high Tm could alleviate the
reliability problems caused by the EM failure.
Single-crystalline silicide is a potential candidate as
an interconnect via material due to the significantly
smaller  (5 nm) as compared to Cu (39.9 nm) and
W (15.5 nm). It has achieved a low resistivity of
10 cm for NiSi single-crystal nanowires (SCNWs)
with diameters down to 58 nm. Owing to their singlecrystalline nature, the current carrying capacity of NiSi
SCNW is in the range of 100 mA/cm2[31, 32] . Due to the
sp2 bonding structure of carbon nanotubes (CNTs) and
the ballistic transport of electrons, the current density
of CNTs is 109 –1010 A/cm2 , which is three orders of
magnitude higher than that of Cu and W. This attractive
advantage makes CNTs a competitor to replace Cu and
W, especially in vias, if the via resistance of CNTs can
be reduced close to those of copper and tungsten[33] . As
shown in Table 1[1] , Co and Ru are the most promising
materials to replace Cu and W beyond 10 nm nodes
owing to their smaller  and higher Tm. Zhang et
al.[34] employed Ru in a 48 nm metal pitch using the
dual Damascus process. The electrical results measured
by the temperature coefficient of resistance method
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show that with the decrease in metal film thickness,
the increase in Cu resistivity is almost four times
that of Ru. Compared with Cu, the smaller  of Ru
makes the increase in resistivity caused by scattering
much weaker, indicating that Ru is a competitor of
metallization alternatives at a line width of less than
16 nm. The higher reliability and lower resistivity of
Ru in reduced dimensions were also confirmed by Wen
et al.[35] and Dutta et al.[36] . Bekiaris et al.[37] achieved
a void-free CVD-Co filling in a trench with a bottom
width of 10 nm and aspect ratio of 20:1, where 1 nm
TiN was served as a liner. Time-dependent dielectric
breakdown results show that it could meet the reliability
requirements of a 10-year lifetime, and the resistivity
of Cu will be greater than that of Co when the line
width is less than 14 nm. Similarly, Naik[38] used Co to
replace W in the contact hole, greatly reducing the whole
resistance in the contact plug. Intel, Applied Materials,
IBM, IMEC, and other companies have applied Co into
local interconnects beyond 10 nm nodes to meet the
reliability and performance requirements[39] .
Because the bulk resistivity of Co and Ru is larger
than that of W and Cu and their advantages cannot be
performed in large line widths, Co has been only used
in local interconnects with small dimensions. Bhosale
et al.[40] proposed a composite interconnect scheme,
as shown in Fig. 8. First, TaN is deposited as the
adhesion layer of Co to prevent Co agglomeration during
annealing. Then, Co is filled through the CVD process.
Meantime, the narrow line is filled with Co, and the
large line is deposited with a thin layer of Co followed
by Cu deposition. Consequently, Co is equivalent to the
wetting layer for Cu, which is beneficial to the Cu reflow.
At the same time, the advantage of Co could play a full
role in the narrow line. Therefore, the combination of
the advantages of Co and Cu could achieve a 4%–10%
performance improvement.
2.2.3

Methods to
capacitance

reduce

Rc

and

parasitic

The strategies for the reduction of Rc can be summarized
into two main categories: reducing the Schottky
barrier heights (SBHs) through Fermi level depinning
using the metal-insulator-semiconductor (MIS) structure,
interface passivation, dopant segregation, and alloying
and increasing the doping concentration at the surface
of Si/SiGe/Ge substrate using advanced annealing tools
or alternative methods.
For MIS, the basic idea is to employ an insulator

Tsinghua Science and Technology, June 2022, 27(3): 534–558
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Table 1
Technical specification
Logic industry “node range”
labeling

2020 interconnect roadmap for scaling[1] . Copyright (2020) IEEE.
Year of production
2020
2022
2025
2028
2031

2034

5 nm

3 nm

2.1 nm

1.5 nm

1.0 nm

0.7 nm

FinFET

FinFET

Lateral
Gate-all-around
(LGAA)

LGAA

LGAA-3D

LGAA-3D

18

20

20

21

22

22

133

301

474

920

1447

1447

28.4

50.0

52.8

38.3

63.9

63.9

1.5–2.5
Co, Cu

1.5–2.5
Co, Ru

1.5– 2.5
Co, Ru

1.5–2.5
Co, Ru

1.5–2.5
Co, Ru

Cu

Cu

Cu, Co, Ru

Cu, Co, Ru

Cu, Co, Ru

1.5–2.5
Co, Ru
Cu, Co, Ru

1.0 nm
TiN + WC

0.5 nm
TiN + WC

0.5 nm
TiN + WC

0.5 nm
TiN + WC

0.5 nm
TiN + WC

0.5 nm
TiN + WC

2.0 nm
TaNRuCo,
TaNCo
SiCOH
(2.40–2.55)
Airgap (1.0)

1.5 nm
TaNRuCo,
TaNCo
SiCOH
(2.40–2.55)
Airgap (1.0)

0.5 nm
TiN + WC

0.5 nm
TiN + WC

0.5 nm
TiN + WC

0.5 nm
TiN + WC

SiCOH
(2.20–2.55)
Airgap (1.0)

SiCOH
(2.20–2.55)
Airgap (1.0)

SiCOH
(2.20–2.55)
Airgap (1.0)

SiCOH
(2.20–2.55)
Airgap (1.0)

Mainstream device for logic

Number of wiring layers
Mx-tight-pitch interconnect
resistance (/m)
Vx-tight-pitch interconnect
via resistance (/via)
Aspect ratio
Metallization-M0
Metallization-M1, Mx
Barrier-Non-Cu M0
Barrier metal-M1, Mx

Di-electrics  value

Fig. 8 Schematic of the composite interconnect scheme[40] .
CMP represents chemical mechanical polishing.

layer to block the penetration of free traveling electron
waves into semiconductors, which leads to the depinning
of the Fermi level. Insulators, such as Si3 N4 , TiO2 ,
AlOx , ZnO, and NiO, have been successfully applied
to modulate SBH. For different insulators, an optimal
thickness is proposed to derive the lowest total resistance,
which strongly depends on the so-called conduction
band offset (CBO) to the semiconductor, and insulators
with low CBO, such as TiO2 and ZnO, are highly
desired[41] . For interface passivation, exotic atoms,
such as chalcogens and halogens, are usually used
to passivate the dangling bonds of the semiconductor
and thus alleviate the Fermi level pinning[42] . For
dopant segregation, impurity dopants, such as B, In,

P, and As, were introduced at the interface between
silicide (germanide) and Si/SiGe or Ge. The segregated
dopants result in a strong energy band bending, which
shifts the Fermi level toward the band edge. For the
alloying method, Ni alloying with metals of different
work functions is used to tune the SBH[43] . Essentially,
these methods can work synergistically instead of
independently to deepen the Fermi level.
Generally, with the increase in dopant concentration,
the width of the barrier at metal/semiconductor contacts
is narrowed and the tunneling probabilities of carriers
are promoted significantly. Consequently, another very
important approach in reducing the contact resistance
is to increase the active dopant concentration as heavily
as possible. Although the active dopant concentration
can be improved using in-situ doping and advanced
thermal annealing, the most common way to enhance it
is to utilize the solid-phase epitaxial regrowth (SPER).
SPER refers to the epitaxial recrystallization process
of an amorphous layer on a single-crystal Si or SiGe
substrate. During the SPER process, the implanted
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impurity dopants and Si atoms have the same chance
to occupy substitutional lattice sites and are activated,
thereby enhancing the dopant concentration at the
surface. Owing to its low-temperature recrystallization
(500 ˚C– 650 ˚C), SPER, in conjunction with advanced
thermal annealing, has become an alternative technique
to explore the formation of shallow junctions with
steep abruptness and above-equilibrium activation
levels. Recently, the TiSix /nC -Si and TiSiGe/pC SiGe ohmic contacts in combination with the preamorphization implantation (PAI) process have been
explored extensively[44] . The PAI process can not only
boost the dopant concentration by SPER but also
enhance the Ti silicidation and interfacial morphology,
which leads to reduced Rc .
Capacitance reduction is also remarkably useful to
speed and power. For the front-end-of-line process of
fully depleted silicon-on-insulator devices and dual- or
multi-gate devices either in a planar or vertical geometry,
the distance between the raised S/D and gate edge is
much closer, leading to a sharp increase in parasitic
capacitance because junction/diffusion capacitance (CJ )
and fringing capacitance (CFR ) are increased. Moreover,
a new gate dielectric material that has a higher dielectric
constant than SiO2 is needed because it is essential
to improve the device performance and reduce the
gate leakage current. Hence, the capacitance is much
increased. For the back-end-of-line (BEOL) process, the
reduction of inter-metal dielectric capacitance is critical
for the continuous scaling of on-chip interconnects.
To reduce the capacitance, the prevalent solution is
to replace CVD SiO2 with low- materials in the
gate spacer and intra-metal dielectric stack. CVD
SiO2 has a  value of approximately 4.2 and is the
reference material for low- dielectrics. Currently,
there are two main approaches to reduce the  value of
dielectric films: material composition modification and
porosity introduction. For silica-based low- dielectrics,
replacing part of the Si-O bond with C-C and C-F bonds
can reduce the polarity of the molecule structure, thus
reducing the  value, such as SiBCN, SiOCN, SiCOH,
and fluorosilicate glass (FSG)[45] . Because air or vacuum
has the lowest dielectric constant ( = 1), it is the ideal
gate spacer or intra-metal dielectric for reducing parasitic
capacitance in future technology nodes. Taking into
account reliability and yield, it is an effective method to
integrate partial air into low- materials, forming an air
spacer, air gap, or porous dielectric. As shown in Fig. 9,
Cheng et al.[46] proposed a partial air spacer scheme, in
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Fig. 9

Schematic of the partial air spacer structure[46] .

which air spacers are formed only above the fin top and
sandwiched by two dielectric liners, as a viable option to
adopt air spacers in the FinFET technology with minimal
risks in yield and reliability.
2.3

Hotspot detection in DTCO

The biggest challenge for DTCO is that the most
fundamental decisions should be made with the least
amount of data at the beginning of the technology
development cycle. It is difficult to mitigate the risk of
making wrong decisions by maintaining multiple options.
Down-selecting is also cost and time prohibitive because
data should be collected systematically.
With technology moving toward 5 nm and beyond,
design has become more complex, and the corresponding
manufacturing process reaches the physical limits. The
original test structures in fab are uniform and simple,
lacking the capability of detecting all possible cases.
Therefore, it is necessary to put forward systematic
methodologies and cooperate between fab and fabless
to detect potential weak points. This method could help
to fill the gap between the design and process. The
systematic DTCO flow is depicted in Fig. 10[47] , which
can be seen as an iterative mediation process between
designers and process engineers to drive the continuous
refinement of the technical definition.
The hotspot is the pattern that could not be printed
on the wafer within the specifications after exposure.
Hotspot fixing intends to modify the problematic patterns
to obtain better lithography results without affecting
the physical design and chip area. Hotspots may affect
the yield and extend the turnaround time (TAT). Hence,
hotspots need to be detected and fixed before the tapeout. Hotspot detection could happen in two stages: the
early stage of new technology node development and the
verification stage of physical design.
2.3.1

Hotspot detection at an early stage of new
technology node development

Process hotspots are migrated from the older technology
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profiling method is used on generated test key patterns
to determine potential yield detractors on new incoming
products and take actions to avoid them[52] . The failing
image contours, which are the hotspots detected in
real layouts, are presented in Fig. 11. After a source
mask optimization, the acceptable image contours and
an optimized source are determined, which will avoid
process reworks in future stages.
2.3.2

Fig. 10 Design technology co-optimization (DTCO)
conceptual graph[47] . Copyright (2016) Society of PhotoOptical Instrumentation Engineers (SPIE).

node to the new one for verification. After hotspots are
detected in layout, they can be fixed by computational
lithography methods[47] . Combined with the test pattern
enumeration methodology, this method could catch some
yield detractor patterns[48] . Test patterns are similar
to the real self-aligned multiple patterning design,
and simulations are conducted on them to identify
hotspots[49, 50] . These hotspots are used to consequently
optimize the fabrication process and models. The results
are the guidelines for fixing the hotspots. Combining the
advantages of the scoring-based criteria and model-based
approach for early designs, Fig. 11 shows examples of
potential hotspot patterns and provides a prediction of
potential problems to designers[47] .
Off-axis illumination (OAI) and optical proximity
correction (OPC) cannot provide enough capability to fix
all the hotspots. Source mask optimization (SMO) can
optimize pattern fidelity through source modification.
DTCO pattern generators are presented to create cellbased designs, aiming to increase pattern diversity and
preliminarily discover potential hotspots[51] . The layout

Fig. 11 Examples of potential hotspot patterns before and
after fixing[47] . Copyright (2016) Society of Photo-Optical
Instrumentation Engineers (SPIE).

Hotspot detection in the verification stages of
the physical design

Lithography hotspots may intensively influence the yield,
so they need to be detected and removed during the
physical design or verification stage. The conventional
approach to identify hotspots is lithography simulation
on a full chip, which is accurate enough but timeconsuming. To overcome this shortage, three kinds of
research have been conducted.
Some studies are based on geometric approaches, such
as pattern matching and machine learning[53] , and some
are devoted to optimizing the lithography simulation
and inspection data analysis. Moreover, lithographyfriendly design (LFD) is a hotspot detection method at
the fabless side. Hotspot detection based on geometric
approaches depends on the hotspot library, which
detects hotspots only from the perspective of geometry.
There are two main approaches, i.e., pattern matching
based method and machine learning based method. The
pattern matching based method identifies hotspots by
matching similar patterns with the hotspot library,
whereas the machine learning based method conducts
hotspot detection through data training and testing
with machine learning algorithms. Both approaches
aim to detect hotspots more accurately in less time.
The lithography hotspot detection based on a deep
convolutional neural network was also presented[54] . A
lithography hotspot detection method uses Delaunay
triangulation and graph kernel-based machine learning,
which could achieve high accuracy with a tolerable
amount of false alarm[55] . The hotspot detection methods
based on convolutional neural networks and other efforts
to improve the performance, such as data augmentation,
density-based scan clustering algorithm clustering, and
modified batch normalization, were proposed[56] .
Another approach focuses on systematic hotspot
detection. This method usually adopts the statistical
metrology or optical model to explore the solution space
and determine a balance between the accuracy of the
model and computation time. The lower contrast points
are likely to result in hotspots or, otherwise, optical
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intensity[57] . Accordingly, a hybrid method is presented,
which uses a regression model to predict optical intensity,
filter out high contrast points, and leave lower contrast
points to go through lithography simulation. This method
leads to the same hotspot detection result with less
computational time. A process window qualification
method based on statistical values to find weak points
of the pattern increases the accuracy of the process
margin and reduces the timing cost[58] . Data mining
was performed on a pattern database linked to wafer
information[59] . Based on the mining algorithm, the
yield loss and failure rate evaluation could be applied
to a specific layout sample, which increases visibility
on design pattern-related failures. The monitor points
for inspection and finds sensitive design structures
that are produced by analyzing statistical design
data[60] . A scoring system is utilized to categorize
randomly generated patterns and filters out the yield
of problematic patterns[61] . Lastly, the LFD check is a
necessary verification before a tape-out at the 14 nm
technology node and beyond. If the hotspot patterns
can be optimized from the fabless side before a tapeout, then it has the maximum possible opportunity
to avoid design rework and mask re-spin. Thus, the
LFD should be accelerated because the runtime is the
bottleneck for the design house. The basic phases include
selecting pre-determined potential hotspot regions and
simulating these locations in LFD only. Pattern matchfast LFD (PM-FLFD) flow is a fast LFD flow where
the selection of simulation regions is based on pattern
matching[62, 63] . Only the matched OPC or wafer
hotspots will be simulated by LFD. Unknown hotspots
will not be detected in PM-FLFD. The machine learningfast LFD flow is a fast LFD flow where the selection of
simulation regions is based on the locations predicted by
a trained machine learning model. Moreover, unique
patterns represent the design layout and provide
enough pattern type coverage for simulating in the
LFD only. Unique pattern-based accelerated LFD can
simultaneously achieve high accuracy and short runtime.
The selection of smart LFD simulation regions is
based on the locations of unique patterns in the chip
after simple geometrical rule generation, exact pattern
matching, and removing duplicated patterns[64] . Smart
LFD with the reference library accelerates the Smart
LFD flow by filtering safe patterns[65] .
2.3.3

Hotspot fixing

Hotspot fixing is another important branch related to
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hotspots during the DTCO flow. On the one hand, in
the tape-out flow, hotspots can be classified, and the
root causes of failure can be analyzed. Then, pattern
matching is leveraged to mark all the hotspots in the
full chip. Lastly, the hotspots can be fixed in batches.
Pattern matching is used to keep the hierarchy structure
of the layout, which leads to a decrease in TAT for
hotspot fixing[66] . On the other hand, in the early phase
of the technology node, design rule optimization is
hotspot fixing to avoid future rework. An integrated
flow from the DTCO pattern generation to layout
modification is present, with which hotspots could be
automatically fixed and more development cycle time
could be saved[51] . A hotspot fixing flow is proposed,
which is based on random pattern generation, source
mask co-optimization, and lithography performance
analysis; this flow could also optimize the design
rule and obtain the lithography RET solution[67] . The
layout schema generator is used to generate realistic
design-like layouts and then uses lithography simulation
to determine hotspots and use them to complement
design forbidden patterns[68] . Design rules for the new
technology node are modified by the guide of the
detection and fixing of hotspots[69] . Patterns that pose
the highest risk are found and scored based on a pattern
complexity comparison and potential yield factors[70] . A
fast lithography hotspot detection flow of standard cells
is put forward to optimize the issues inside cells or at
the abutted regions of cells[71] . The results can feed the
solutions of hotspot fixing and design rule optimization
at the early stage of the technology node.

3

Device Technology Beyond FinFETs and
3D Integration

3.1

Research and development (R&D) progress of
the mainstream industry
3.1.1 Evolution of device architectures
Because conventional planar devices reach a
fundamental limit for the required short channel
control necessary to continue scaling at the rate dictated
by Moore’s law, FinFETs have been integrated into the
manufactural 22 nm CMOS process by Intel in 2011[72] .
As reported in Ref. [1], FinFETs will be the mainstream
device architecture that could sustain scaling in near five
years, shown in Fig. 12. Due to the limits of fin-width
scaling and contact width, beyond 2022, a transition to
lateral gate-all-around (GAA) devices is expected to
start, which potentially includes vertical GAA devices
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Fig. 12 Evolution of device architectures in the International Roadmap for Devices and Systems (IRDS) More Moore
roadmap[1] . Copyright (2020) IEEE. NVM represents non-volatile memory, IO represents input output, and RF represents
radio frequency.

in a hybrid form with the lateral GAA. Consequently,
sequential integration will finally achieve denser and
more functional 3D VLSI than ever.
3.1.2

Progress of the mainstream industry

In 2018, Samsung Electronics developed a 7 nm platform
technology where EUV is straightforwardly used for the
single patterning of MOL and BEOL[73] . Figure 13a
shows that the combination of a 27 nm fin pitch (FP) and
54 nm contacted poly pitch (CPP) and a high-density
SRAM cell size of 0.0262 m2 is obtained. The AC
performance will be 20%–30% better in speed and 30%–
50% better in power, as demonstrated with the various
library sets shown in Fig. 13b[73, 74] .
Taiwan Semiconductor Manufacturing Company has
defined and optimized a leading-edge 5 nm CMOS
platform technology for mobile and high-performance
computing (HPC) applications in 2019[2, 75] , which is a
full-node scaling from their 7 nm node[76] in offering
1.84  logic density, 15% speed gain, or 30% power
reduction. A high-mobility channel (HMC) FinFET is
shown to produce 18% more drive current than the Si
FinFET. This 5 nm platform technology has been used

for high-volume production in 3Q20. The results are
shown in Fig. 14.
3.2

High-mobility channel (HMC) devices

High electron or hole mobility channel materials and
thin high- dielectrics are required in near-future
device technologies, such as SiGe-based GAAFETs.
In contrast to Ge and III–V compounds, SiGe is a
promising candidate to replace Si in FinFET devices.
SiGe offers the tunability of band gaps and carrier
mobility through variations in the Ge content and
subsequent tensile/compressive stresses, and it can be
more easily integrated into the Si FinFET process
flow and have a relatively mature device fabrication
technology. However, there are still challenges in the
selective epitaxial growth process, achieving a high Bdoping concentration and Ge out-diffusion issue in SiGe.
3.2.1

Source/drain stressor

For advanced CMOS technology, an embedded S/D
stressor is critical for enhancing hole mobility to boost
the metal-oxide-semiconductor field-effect transistor
(MOSFET) device performance[1] . Furthermore, it

Fig. 13 7 nm technology node introduction. (a) Scaling trend based on the contacted poly pitch (CPP) and Mx pitch. The
extreme ultraviolet (EUV) is indispensable to the true 7 nm technology[73] . (b) Power and speed of various 7 nm libraries in
comparison with the 10 nm library[73] .
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(a)

(b)
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(c)

Fig. 14 5 nm technology offers (a) 15% speed gain with 1.84  logic density, (b) a set of critical high-performance computing
(HPC) features over 7 nm, and (c) 18% performance gain with high-mobility channel (HMC) vs. Si fin field-effect transistors
(FinFET)[2] . VT represents threshold voltage, SVT represents standard VT, LVT represents low VT, uLVT represents ultra-low
VT, LL represents low leakage, and eLVT represents extremely-low VT.

is essential for GAAFETs with an inner spacer to
reduce the parasitic capacitance between the gate and
source/drain. The process flow of inner spacers and S/D
stressors for the GAAFETs are presented in Fig. 15.
The selective epitaxial growth process is essential for
strain engineering because stressor materials should be
grown on the S/D region of a device. For Si-based
channel devices, in-situ B-doping in SiGe is considered
to be the best option for the S/D stressor. Typical
SiGe epitaxy process temperatures are approximately
650 ˚C with conventional precursors (SiH4 , DCS, and
GeH4 / to have high growth rates[77–79] . HCl is used to
obtain the selective epitaxy growth of SiGe in exposed
source and drain areas without unwanted amorphous or
polycrystalline SiGe deposition on oxides and nitrides.
Diborane is added for B-doping. Embedded in-situdoped Si0:5 Ge0:5 :B S/D epitaxially grown on Si/SiGe
superlattice fins for Si GAAFET was demonstrated
at the IEEE International Electron Devices Meeting
2017[80] . Considering the shrinking S/D epi volume and
increasing Ge concentration in high-density technology
nodes, the S/D stressor epithermal budget should be
reduced to avoid strain relaxation due to the large lattice
mismatch. Decreasing the epitaxy process temperature
typically results in a decrease in growth rate and a
deterioration in selectivity. To obtain a high growth
rate at a lower temperature, higher-order silanes and
germanes enable important reductions in SiGe growth

temperatures with a reasonable growth rate. The
combination of Si2 H6 and Ge2 H6 allows epitaxial
growth of SiGe in a wide range of temperatures (400–
550 ˚C) and a wide range of Ge concentrations (15%–
65%)[81] . From the selectivity side, HCl can only be
used up to 600 ˚C for the etching of Si or SiGe, but Cl2
allows a dramatic reduction of the etching temperature
down to 400 ˚C for Si and 250 ˚C for Ge[82] . In
addition, it is mandatory to work with deposition/etch
cyclic schemes, including low-temperature growth and
selective etching of amorphous/polycrystalline SiGe
versus crystalline SiGe using Cl2: Porret et al.[83]
reported that selective depositions could be achieved
for deposition/etch ratios lower than 5.
The competition effect between boron and germanium
and the additional loading effect on patterned
wafers make it difficult to achieve a high B-doping
concentration in Ge-rich SiGe[84] . Moreover, the
relatively low solubility of B results in the segregation
of B on the SiGe surface during the epitaxy process[85] .
The increasing active doping concentration in Ge-rich
S/D materials can be achieved by increasing the growth
rate at low temperatures[83] . Due to the high solubility
of Ga in Ge, Ga is considered a promising alternative
dopant. On Ga doped p-Ge, Wang et al.[86] achieved c
of 1.2  10 9 cm2 with rapid thermal anneal (RTA)
activation, a high activation level of 5  1020 cm 3 ,
and a record-low c of 5  10 10 cm2 with

Fig. 15 Process flow of inner spacers and embedded S/D stressors for the gate-all-around field-effect transistor (GAAFETs):
(a) S/D Fin recess, (b) SiGe cavity etching, (c) inner spacer fill and etch back, and (d) S/D epitaxy.
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nanosecond laser annealing (NLA) activation, which
suggests promising Ga doping for p-type metal-oxidesemiconductor (PMOS) with high-Ge content S/D.
Everaert et al.[87] reported record-breaking values of
c below 10 9 cm2 for PMOS S/D via shallow Ga
ion implantation on Si0:4 Ge0:6 in combination with
subsequent pulsed NLA. In addition, Ga and B can
be co-doped in SiGe materials[88] . Indeed, the lower
Ga solubility in Si makes it challenging to control Ga
segregating toward the surface on patterned wafers[89] .
Due to the higher electron and hole mobility of
Ge than those of Si, Ge1 x Snx is a promising S/D
stressor material for Ge-based GAAFET devices as it
offers the preferred compressive channel strain to boost
carrier mobility[90] . Margetis et al. grew Ge1 x Snx
layers by utilizing GeH4 and SnCl4 at temperatures
of less than 450 ˚C[91] . Sn was incorporated to act
as a catalyzer, which enables epitaxial growth at low
temperatures while maintaining high growth rates. The
higher growth rates thereby enable an increase in active
boron concentrations up to 2  1020 and 5  1020 cm 3
for co-doped and •-doped processes, respectively[91, 92] .
However, due to the low Sn solubility in Ge, there
is a risk for Sn precipitation and clustering. Sn
agglomeration can be suppressed by increasing the
GeSn growth rate, i.e., using a higher gas flow of
the Ge precursor. Vohra et al.[93] obtained selective,
in-situ B-doped epitaxial growth Ge0:99 Sn0:01 :B by
Ge2 H6 instead of GeH4 with active B concentrations
of 3.2  1020 cm 3 , the devices have been achieved
with c down to 3.6  10 9 cm2 . Furthermore, the
implementation of Ge0:99 Sn0:01 :B S/D on advanced
Ge GAAFET could demonstrate very good process
conformity and selectivity, as shown in Fig. 16[93] .
3.2.2

Passivation

The presence of Ge at the surface and within the

Fig. 16 Structure Ge0.99 Sn0.01 :B selectively epitaxially grown
on S/D areas of Ge GAAFETs plane-view scanning electron
microscope (SEM) (a) and crosssectional TEM[93] (b).
Copyright (2019) The Japan Society of Applied Physics.

native oxide makes the high-/SiGe interface passivation
challenging because of GeO2 water solubility and
reliability issues caused by Ge out-diffusion through
the gate oxide. Therefore, passivation is one of the major
issues in developing high-performance SiGe devices.
High-/semiconductor interface passivation has been
extensively studied for various methods, such as Sicap, vulcanization (S), nitriding (N), and oxidation
passivation.
Si-cap passivation is employed by growing several
layers of epitaxial Si film directly on the SiGe material
to realize the interface contact of Si/SiO2 /high-. The
Si-cap layer can prevent the diffusion of Ge atom into
high- materials and suppress carrier scattering from
gate stacks. In addition, this scheme can reduce the
difficulty of the integration process using the same grid
structure as the Si-based process. GlobalFoundries[94]
has grown the Si-cap epitaxial layer on 20% Ge content
SiGe fin to realize Si-cap-layer passivation in the SiGe
3D device structure. Compared with the device without
Si-cap passivation, the Si-cap decreased Dit from
9  1011 to 2  1011 cm 2  eV 1 , thus significantly
increasing mobility, as shown in Fig. 17. Interfacial
properties close to the Si substrate can be obtained
using Si-cap passivation, but the thickness of the Sicap needs to be precisely controlled to obtain optimal
electrical properties. Obtaining several atomic layers of
the Si-cap within 3D devices has some challenges. In
addition, the high-temperature pretreatment process of
the epitaxy process, subsequent cleaning, and hightemperature annealing have a certain influence on the
thickness and quality of the Si-cap layer, which requires
comprehensive optimization.
Sulfur passivation has been successfully applied to
SiGe to reduce the equivalent oxide thickness and density
of the interface traps of their interfaces with high gate dielectrics, such as Al2 O3 , HfO2 , and HfON.
Wet ex-situ (NH4 /2 S dip and in-situ H2 S exposure are

Fig. 17 Hole mobility as a function of Ninv as compared to
SiGe with and without the Si-cap[94] .
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common methods of S passivation[95, 96] , which are
achieved by forming Ge-S, Ge-S-Ge, or Ge-S-H bond to
substrate atoms. However, the temperature uniformity
of the wafer during the atomic layer deposition (ALD)
process would be influenced after the in-situ H2 S
exposure. In addition, the gas path of equipment would
be limited for the utilization of the H2 S gas. Therefore,
the wet ex-situ (NH4 /2 S dip has become a common
treatment method. Remarkably, sulfur oxidation in the
(NH4 /2 S solution results in the formation of Si and Ge
oxides and deteriorates the effect of passivation.
N passivation is usually accomplished by the hightemperature method and plasma method. Compared with
the high temperature (above 700 ˚C method, the plasma
method with lower temperatures is more suitable for
the passivation of SiGe. The principle of N passivation
forms Ge-N, Si-N, Si-N-O, and Ge-O-N in the interfaces
with high- gate dielectrics to passivate Ge dangling
bonds. Compared with GeOx, Ge nitrides have higher
thermal stability and dielectric constant, and it can
effectively prevent the mutual diffusion of Ge, Si, O,
and HF. In addition, NH3 is usually used instead of
N2 as a reactant because NH3 has lower bond energy.
Plasma nitriding has two main types: direct nitriding of
the SiGe material and deposition of a high- material
and then nitriding[97] . Although the plasma nitriding
process after the deposition of high- materials with
relatively low temperature can obtain a better interface in
planar devices, it is difficult to guarantee the uniformity
of passivation through the plasma passivation method
for multi-gate devices such as FinFETs or stacked
nanosheets.
Due to Gibbs free energy (G) of generating SiO2 is
lower than that of GeO2 , the purpose of O passivation is
to form pure SiO2 between SiGe and HK dielectrics. The
traditional O passivation technology is high-temperature
oxidation by O2 , which would lead to the oxidation
of Si on the surface of SiGe and Ge segregation at
the interface. In addition, SiGe stress will be lost due
to the excessively high temperature, resulting in a
decrease in carrier mobility[98] . Therefore, a relatively
low-temperature oxidation method should be used to
achieve the interface passivation of SiGe. At present,
low-temperature oxidation mainly includes three ways:
plasma oxygenation, high-pressure oxygenation, and O3
passivation.
3.3

GAAFETs

To overcome short channel effects and improve gate

547

control, device architectures have been evolved from
a 2D planner to 2.5D FinFET, and a 3D GAAFET is
finally introduced for achieving ultimately enhanced
electrostatic integrity[99] . A transition from FinFETs to
lateral GAAFETs beyond 2022 is expected, and vertical
GAAFETs in hybrid form with the lateral ones are
possibly included[1] . GAAFETs were first introduced by
Colinge et al.[100] in 1990 and have been widely used in
silicon-on-insulator (SOI) device manufacturing[101] . At
this stage, the channel in GAAFETs generally chooses
stacked nanowires or nanosheets. How to achieve a
selective source and drain growth at the edge of the
channel where different materials are stacked is the
main problem faced by GAAFETs. Here some types
of potential GAAFET architectures are provided for
reference.
3.3.1

Vertical GAAFETs

At present, vertical GAAFETs are mainly divided
into gate-first and gate-last devices according to
manufacturing methods. Among them, the gate-last
device is prepared through a bottom-up method, which
has good compatibility with the current mainstream
replaced metal gate and other processes, and the
technology is relatively mature and has a good
application prospect for device miniaturization.
The groups from IMECAS recently developed a
vertical sandwich gate-all-around field effect transistor
(VSAFET)[102] , as shown in Fig. 18, which has a selfaligned metal gate and accurate control of gate length
by the epitaxial thickness. The size of the nanowire is
accurately defined by a qALE process, and the size of
the channel could be precisely controlled.
VSAFETs have advantages, including high pattern
integration, a simple process of forming gate-ring

Fig. 18 Self-aligned vertical sandwich gate-all-around fieldeffect transistors (VSAFET)[102] . (a) structural design for a
single device, (b) test structure with two devices connected in
parallel via a local interconnect bridge.
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structures, and a low average cost of individual devices,
and may become the mainstream technology that
continues Moore’s law after horizontally stacked gatering devices. First, the pressure between contacts could
be relieved. At present, the decreasing trend of Lg
is gradually slowing down, and more attention has
been paid to the reduction of contact width. However,
for vertical nanodevices, the direction of the gate
is perpendicular to that of the wafer plane, and Lg
is generally determined by the thickness of the gate
material in the vertical direction. Therefore, vertical
nanodevices can alleviate the shrinking pressure of
the contact gate pitch. Second, it is beneficial for the
standard cell size reduction.
Compared with other structures that require dummy
gates to be added to adjacent devices to cut off
the diffusion region, vertical GAAFETs are naturally
isolated, which reduces the number of dummy gates and
reduces the area of the standard unit[103] .
A comparison of GAAFETs with different channel
materials and directions is shown in Table 2,
demonstrating the good characteristics of VSAFETs.
Vertical GAAFETs do not have the same technological
development level as lateral FETs, but there is a great
potential to improve their characteristics, particularly

Channel material/direction
SiGe-Si Cap/vertical
Si/vertical
Si/vertical
Si/vertical
Si/vertical
Ge/lateral
Ge/lateral
Si/lateral

their performance, compared with lateral Si and Ge
channels[102] .
3.3.2 Forksheet devices
Forksheet devices are set for technology nodes
2 nm and below. The process flow of this device
is compatible with conventional stacked nanosheet
devices. The main difference is that additional dielectric
wall preparation technology is required, as shown
in Fig. 19[104] . Compared with conventional stacked
nanosheets, dielectric wall isolation has the following
advantages: (1) physically isolated n-type metal-oxidesemiconductor (NMOS) and PMOS gate structures can
simplify metal gate modules, and (2) the risk of shortcircuiting NMOS and PMOS source and drain while
epitaxy is avoided.
On top of the process window enhancement, the main
benefit of forksheet devices resides in their potential
to offer superior area and performance scalability over
nanosheets due to the large reduction of the n-to-p
separation in standard cell designs. First, the wall
reduces the gate-drain overlap and thereby reduces the
Miller capacitance. Second, the available space can
be used to increase driveability. Finally, the n-to-p
separation reduction can be used to reduce the track
height while keeping similar design arcs. Different

Table 2 Comparison between vertical and lateral GAA pFETs[102] .
Lg (nm)
D (nm)
SS (mV/decade) DIBL (mV/V)
Iodsat (A/m)
60
T D 20, W D 152
86
66.7
37.6; Vd D 0.65 V, Vov D 0.45 V
150
40
75–100
50
 200I Vd D 1.2 V, Vov  1.6 V
 70
< 30
 75
N/A
 10I Vd D 1.0 V, Vov  0.6 V
15
18
95
25
 100I Vd D 1.2 V, Vov  1.1 V
14
30
88
10
 4I Vd D 0.7 V, Vov  0.62 V
40
9
79
30
 600I Vd D 0.5 V, Vov  0.8 V
28
6
68.5
 80
 1300I Vd D 0:5 V, Vov  0.8 V
28
T D 11, W D 15
68
 30
 600I Vd D 0.7 V, Vov  0.7 V

Note: Lg represents gate length, D represents nanosheet thickness/width, SS represents subthreshold swing, DIBL represents drain
induced barrier lowering, Iodsat represents Id @Vg D.Vtsat 0:45 V/=Vd D 0:65 V, T represents nanosheet thickness, W represents
nanosheet width, Vd represents drain voltage, Vov represents overdrive voltage, and Vg represents gate voltage.

Fig. 19

Dielectric wall and metal grid module technology in forksheet devices[104] .
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standard cell templates are shown in Fig. 20[104] .
The proposal of the complementary FET (CFET)
structure provides a choice in the vertical direction for
reducing the standard cell area. CFETs are composed of
two separate p-type and n-type nano ring-gate devices.
NMOS devices are generally “folded” on PMOS devices;
that is, transistors with different conductivity types
are stacked three-dimensionally, which eliminates the
bottleneck of n-to-p separation. Thus, the standard cell
area is greatly reduced[104] , as shown in Fig. 21.
3.4

Monolithic 3D integration

Challenged by the physical limitation of area scaling and
exponential cost increase, 3D scaling schemes, including
both monolithic and heterogeneous, will drive Moore’s
law for another couple of decades. Monolithic 3D
integration allows sequential stacking of devices on top
of each other. Highly parallel 3D architectures pave new
paths for satisfying the requirements of performance,
power, area, and cost. However, several technical
challenges should be overcome before 3D integration
mass production, such as Electronic design automation

Fig. 20 Different forksheet layouts optimized for the cap (a),
drive (b), and area (c)[104] . BPR represents buried power rail.

Fig. 21 Complimentary field-effect transistors (CFET)
architecture[104] . COAG: contact over active gate. Vdd
represents voltage drain drain and Vss represents voltage
source source.
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(EDA) tools for 3D layout design, the trade-off between
low thermal budget and performance and reliability, highdensity 3D contact and interconnect, BEOL integration,
and contamination control. A typical monolithic 3D
integration process is illustrated in Fig. 22. This part
will focus on schemes for the 3D integration process.
3.4.1

3D integration method

For vertical sequential integrating high-quality films
as the active layer, upper-layer devices require a
strict thermal budget. Widely used semiconductor
materials, such as Si and Ge, show great potential
in monolithic 3D integration, with advantages of low
defect density, compatibility with the CMOS process,
convenience in circuit design, and trustworthy reliability.
The mainstream process integration includes on-chip
bonding, CVD deposition, and epitaxial growth. A
detailed comparison of the above methods is listed in
Table 3.
On-chip bonding method. After the fabrication of
underlying devices, the pre-processed top active layer
is bonded to the SOI substrate through an oxide/SiCN
low-temperature wafer, and a single-crystal Si layer with
a specific thickness is obtained through SmartCutTM
or chemical mechanical polishing (CMP) back-thinning
method[105] .
CVD method. Before the fabrication of upper devices,
a thick amorphous Si is deposited. The a-Si (amorphous
Silicon) experiences a far-infrared laser activation
process, then translates into poly-Si as the active layer.
The thickness of the poly-Si layer could be achieved
through recrystallization and CMP[106] .
Epitaxial growth method. After the fabrication of
underlying devices, a seed window (SW) is formed to
expose the substrate. Taking SW as the center, lowtemperature crystalline Si with the Mosaic Damascus
method was extended. Finally, the thickness of the upper
active layer is controlled by CMP[107] .

Fig. 22

A typical monolithic 3D integration process.
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Quality of the upper active layer

Table 3 Comparison of different integration methods.
Epitaxial growth
CVD deposition

On-chip bonding

Illustration

Crystal quality

3.4.2

Single-crystal Si with
uncontrollable defect

Integration density

Limited by epitaxy conditions

Thickness control
Thermal budget

nm
Low

Crystal orientation

Same as the underlying layer

Process schemes for integrated devices

The device integration schemes include thermal budget
control, interlayer isolation, low-temperature sidewalls,
and SPER (details in Section 2.2).
Thermal budget control. For the stability of the
underlying device, the main concern is the stability of
silicides. CEA-Leti improves the thermal stability of
NiPtSi silicides through the addition of F and W [108] .
After doping F and W in NiPtSi silicides, their sheet
resistance does not change with annealing time at
a temperature of 650 ˚C. Deprat et al. also explored
methods for improving the thermal stability of PMOS
source/drain silicides[109] . The results show that the
Ni0:9 Co0:1 silicide can remain stable after annealing
at 800 ˚C for 30 s on the Si substrate, but it only remains
stable under 500 ˚C for 30 s on the Si0:7 Ge0:3 substrate.
Interlayer isolation. Isolation is beneficial for upper
and underlying devices. The important factors for
interlayer dielectrics are maintaining morphology and
permittivity[110] .
Low-temperature sidewalls. For top-level devices
with a limited thermal budget, the key process steps are
the formation of high-quality sidewalls, selective epitaxy
of the source and drain, and impurity activation. In
the conventional process, sidewalls are manufactured by
depositing SiNx via ALD at 600 ˚C. If the temperature
of the sidewall formation process is directly reduced
to 500 ˚C, then the reliability of the SiNx film will
degrade, where the etching rate in the HF solution will
be increased twice in contrast to that fabricated at a
conventional high-temperature process[111] .

Poly-Si

Limited by grain size and its Same as the underlying layer
distribution
 10 nm
 10 10 m
Medium
High
Single-crystal Si with
Poly-Si
controllable orientation

years, integrated circuit processes and device technology
will continue to evolve. First, technology nodes are
expected to reach beyond 1 nm by boosting FinFET
performance. Second, innovated by new technologies,
such as high-mobility materials, GAAFETs, and 3D
integration, the mainstream technology node will keep
achieving the requirements of performance, power,
area, and cost. As stated in the above sections,
several obstacles and challenges are laid in the
roadmap. However, undoubtedly, Moore’s law will be
expected to continue.
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