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A B S T R A C T   

According to the International Roadmap for Devices and Systems, gate-all-around (GAA) metal-
–oxide–semiconductor field-effect transistors (MOSFETs) will become the main devices in integrated circuits over 
the next few decades. However, both vertical and lateral GAA-MOSFETs currently face two issues: large variance 
in sub-10-nm devices and challenges in integration. In particular, vertical GAA-MOSFETs have an asymmetric 
source/drain structure that is different from that of all other MOSFETs, resulting in unfavorable electrical 
characteristics. The traditional fabrication process of GAA-MOSFETs is likely the main cause of the above 
problems, preventing the application of traditional GAA-MOSFETs in integrated circuits. In this work, a novel 
method is proposed to fabricate the ultimate vertical GAA (UVGAA) MOSFET that may exhibit a symmetric 
source/drain structure, significantly reduced variance, high yield, high integration, high performance (high 
speed and low energy consumption), and low cost. Furthermore, a new architecture consisting of a three- 
dimensional (3D) integrated circuit based on the proposed UVGAA-MOSFETs where memory cells and/or 
logic devices are stacked in the vertical direction is developed. This work paves the way for next-generation 
integrated circuits with a new 3D architecture.   

1. Introduction 

Metal–oxide–semiconductor field-effect transistor (MOSFET) minia-
turization has been following Moore’s law since 1960 and has signifi-
cantly benefited the microelectronics industry, leading to the production 
of high speed, low energy consumption, and high integration devices in 
integrated circuits [1,2]. However, the shrinking of technology nodes to 
the nanometer-level also leads to unfavorable characteristics, such as 
short-channel effect, which increase the energy loss of MOSFET-based 
computing memories and logic circuits in both operation and stand-by 
status [3]. Emerging non-volatile working memories, such as spin-
tronics memories [4–6], are expected to replace MOSFET-based 
computing memories. However, competitive technologies that involve 
MOSFET-based complementary metal–oxide–semiconductor (CMOS) 
logic circuits have been less reported. Currently, fin field-effect tran-
sistors (FETs), which allow greater control over their electrostatic 
properties compared with planar MOSFETs, are widely used in inte-
grated circuits. Fin FET has been developed to a several-nanometer 
technology node, which are close to their physical limit. According to 

the International Roadmap for Devices and Systems, gate-all-around (GAA) 
structures, which allow a highest control over electrostatic properties in 
all MOSFET structures and thus exhibit the strongest immunity to 
short-channel effect, are expected to replace fin FETs and become the 
primary MOSFET structures for use in logic circuits over the next few 
decades. Although logical processors based on GAA-MOSFETs have been 
demonstrated [7], considerable efforts are still required to realize 
practical GAA-MOSFETs exhibiting high speed, low energy consump-
tion, and high integration in integrated circuits. 

In this work, the fabrication process and issues related to the two 
main structures of GAA-MOSFETs are first discussed. The first structure 
is the vertical GAA (VGAA) structure, where a vertical nanopillar is used 
as the channel, whereas the second structure is the lateral GAA (LGAA) 
structure, where a lateral nanowire or nanosheet is utilized as the 
channel. Then, a novel method for fabricating ultimate vertical GAA 
(UVGAA) MOSFETs with a symmetric source/drain structure, reduced 
variance, and high integration, which solves almost all the problems 
faced by traditional GAA-MOSFETs, is proposed. Finally, a new archi-
tecture consisting of a three-dimensional (3D) integrated circuit based 
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on the proposed UVGAA-MOSFETs where memory cells and/or logic 
devices are stacked in the vertical direction is developed. 

2. VGAA MOSFETs 

GAA-MOSFETs, which were initially called surrounding-gate tran-
sistors, were developed in the 1980s and 1990s to overcome short- 
channel effect [8–10]. VGAA-MOSFETs with a vertical nanopillar as 
the channel were widely studied owing to their possible easy integration 
in the vertical direction. As can be seen from Fig. 1(a), the typical 
fabrication process of the VGAA-MOSFETs reported in a previous work 
[8–25] could be simplified using the following steps. First, Si nanopillars 
are fabricated. Subsequently, a source (or drain) is formed using only the 
region near the bottom of the nanopillar, as presented in Fig. 1(b), or 
using the region surrounded by a deposited metal layer (source or drain 
electrode) above the bottom surface, as presented in Fig. 1(c). The gate 
oxide and gate electrode are then formed following the deposition of an 
isolation layer (such as SiO2) to separate the source (or drain) from the 
gate. Finally, the drain (or source) is created following the formation of 

an isolation layer protecting the gate. The above process has been widely 
investigated since the 2000s [11–25]. Current studies mostly focus on 
the use of a non-Si nanopillar as the channel [20–25]. In this work, the 
ion implantation for the p–n junction formation (details can be found in 
Ref. [13]) is not discussed, as the junctionless structure [26], which can 
avoid the doping concentration gradient near junctions for sub-10-nm 
GAA-MOSFETs, is well established. In the above process, the variance 
in the shape and size of the nanopillar channel largely affects the vari-
ance of VGAA-MOSFETs. Currently, the advanced extreme ultraviolet 
lithography technology [19] allows the fabrication of 
sub-10-nm-diameter vertical Si nanopillars; yet, the shape and diameter 
variance need to be improved. Despite requiring a larger footprint, using 
a multipillar channel in VGAA-MOSFETs [15,18] is usually required not 
only because the drive current is not large enough for a monochannel 
device but also because currently it is difficult to obtain uniform device 
characteristics in a small monopillar channel due to the variance. This 
may be the reason why high performance SRAM based on traditional 
VGAA-MOSFETs have not been reported [18,19]. 

It should be noted that, in the above process, the source/drain is 

Fig. 1. Schematic of (a) a simplified typical fabrication process of the traditional VGAA-MOSFET. Typical structure of the traditional VGAA-MOSFET with (b) a 
monopillar channel and (c) a source (or drain) metal electrode and multipillar channel. Here, the isolation layers are not presented in (b) and (c). 
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either at the top or the bottom region, and the source and drain are 
fabricated through different steps. This actually explains why traditional 
VGAA-MOSFETs exhibit an asymmetric source/drain structure, which 
differs from that of all other developed MOSFETs (with planar, fin, or 
LGAA structures), for which the source and drain are fabricated in the 
same step and are symmetric. 

The asymmetric source/drain structure of traditional VGAA- 
MOSFETs fabricated through the above process causes unfavorable 
electrical characteristics [27–29]. This is mainly attributed to the fact 
that the asymmetric source/drain structure affects the two sides of the 
channel in a different way, which causes different amounts of electrical 
resistance and Joule heating, seriously affecting the MOSFET charac-
teristics (such as threshold voltage, subthreshold swing, and lifetime) 
and the performance (such as margin, latency, stability, and reliability) 
of its related integrated circuits. Furthermore, the asymmetric source/-
drain structure also causes the characteristic variance; below the reason 
is explained via electrical resistance. Assuming that the error range for 
MOSFET fabrication is σ and that the standard electrical resistances for 
source and drain are A and B, respectively, and A ≥ B > 0. The variance 
is then defined as the worst electrical resistance difference, {[A (1 + σ)] 
− [B (1 − σ)]}, divided by [(A + B)/2]. Thus.  

Variance = {[A(1 + σ)] − [B(1 − σ)]} / [(A + B) / 2]                                

= 2(A − B) / (A + B) + 2σ                                                                    

= 2[(1 − B/A) / (1 + B/A)] + 2σ.                                                           

This indicates that the variance has a minimum value of 2σ when A 
= B. The physical meaning behind this result is that symmetric devices 
(same size of source and drain) fabricated by a mature process with an 
error range of σ, the variance should be ±σ (totally 2σ). However, for the 
asymmetric case, as the difference between A and B increases, the 
variance also increases. Therefore, the asymmetric source/drain struc-
ture of traditional VGAA-MOSFETs is a crucial issue for integrated 
circuits. 

Except for unfavorable electrical characteristics and variance for 
devices in integrated circuits, the asymmetric source/drain structure of 
traditional VGAA-MOSFETs also causes a bad succession of circuit 
design because all other MOSFETs have symmetric source/drain struc-
tures. Furthermore, the asymmetric source/drain structure of traditional 
VGAA-MOSFETs limits the possibility of integrating VGAA-MOSFETs in 
the vertical direction. 

Fig. 2. Schematic of (a) a simplified typical fabrication process of an LGAA-MOSFET and a typical structure of the traditional LGAA-MOSFET with (b) a monowire 
channel and (c) a multisheet channel. Here, the isolation layers are not all presented in (b) and (c). 
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3. LGAA MOSFETs 

According to previous work [30–48], the typical fabrication process 
of LGAA-MOSFETs is schematically simplified in Fig. 2(a). The process 
consists of the following steps. First, the nanowire or nanosheet is 
fabricated. Note that both the monowire (or monosheet) (Fig. 2(b)) and 
multiwire (or multisheet) stacked in the vertical direction (Fig. 2(c)) 
could be used as the channel of an LGAA-MOSFET. Subsequently, the 
nanowire/nanosheet is protected by an insulator deposition. The chan-
nel is then locally released, and the gate oxide/gate layers are formed. 
Next, the source and drain are simultaneously fabricated (thus, the 
LGAA-MOSFET has a symmetric source/drain structure). Finally, the via 
is formed after protecting the gate through the insulator deposition. It 
should be noted that the sequence of these fabrication steps could be 
adjusted. 

As it is difficult to use lithography and etching processes to directly 
fabricate lateral nanowire, channel fabrication (nanowire or nanosheet) 
causes a large variance in LGAA-MOSFETs, as in the case of VGAA- 
MOSFETs. There are two methods of lateral nanowire fabrication. The 
first one involves the use of etching/oxidation of Si bulk; with this 
approach, Si nanowires with a diameter up to several nanometers could 
be obtained [30–32]. The etching/oxidation method could also be used 
to fabricate lateral nanowires stacked in the vertical direction (so-called 
vertically stacked Si nanowires) [33]. However, the fabricated nano-
wires have an uncontrollable shape and size and, consequently, an 
increased variance. Another method involves etching of a multilayer 
thin film [34–48]. For this method, the multilayer thin films of Si and a 
sacrificial material (such as SiGe, which could be selectively etched) 
were first fabricated and then patterned into a nanowire [37,38] or 
nanosheet [39–44] via a semiconductor fabrication process. The sacri-
ficial material was then removed by etching to form a monochannel or a 
vertically stacked multichannel. This method enables the formation of 
nanowires or nanosheets with a relatively regular shape and a 
sub-10-nm diameter/thickness. However, LGAA-MOSFETs face another 
problem: the channel is suspended in some steps (such as in Fig. 2(a)) 
of the abovementioned fabrication processes, which may cause device 
variance and deterioration (due to stress during the process) for chan-
nels with nanometer-level diameter/thickness. Recently, Si nanosheets 
have become a popular choice for use in LGAA-MOSFET channels 
[39–44], which should be attributed to the facts that their large area 
results in an increase in drive current, a reduction in variance, and an 
increase in strength. As nanosheets have a larger footprint, a fork ar-
chitecture that scales down to 3 nm was proposed [42]. This architecture 
can achieve a footprint compromise between nanowire and nanosheet, 
but its trigate structure results in a lower electrostatic controllability as 
compared to that of GAA structure. In addition, several recent works on 
LGAA-MOSFETs based on non-Si channels mostly focus on nanowire 
channels [45–48], suggesting that nanowire channels may still be the 
ideal structure (owing to their highest electrostatic controllability). 

Furthermore, similar to VGAA-MOSFETs, integration challenges are 
another problem faced by LGAA-MOSFETs. This is because LGAA- 
MOSFETs have a relatively larger footprint than VGAA-MOSFETs. 
Furthermore, stacking the channel (multichannel) in the vertical direc-
tion [33–38] does not contribute to the increase in the integration but 
results in an increase in the drive current of LGAA-MOSFETs. 

4. UVGAA MOSFETs 

As discussed above, large variance and integration challenges are 
issues faced by both VGAA- and LGAA-MOSFETs. In the history of the 
semiconductor industry, the 3D NAND flash memory represents a suc-
cessful and famous example for increasing the integration of a semi-
conducting device in the vertical direction. Essentially, a flash memory 
cell has a very similar structure to that of a MOSFET; it uses only a 
floating gate (or charge trapping layers) to change the gate oxide of a 
MOSFET. Several processes have been established to fabricate 3D NAND 

flash memories [49–51], among which the terabit cell array transistor 
(TCAT) [50] has the greatest potential. As presented in Fig. 3(a), the 
TCAT is composed of several memory cells sharing one channel and one 
source/drain in the vertical direction. Fig. 3(b) presents a simplified 
fabrication process for the TCATs, which includes the following steps. 
First, a multilayer of SiO2 and Si3N4 (a sacrificial layer which could be 
selectively etched using a chemical solvent, such as phosphoric acid) is 
fabricated on a Si wafer. Then, a hole is created via dry etching, and 
poly-Si is continuously deposited into the hole to form a channel. 
Another hole (the channel hole) is created at the center of the channel 
region to control the subthreshold characteristics [51]; the details of this 
step are out of the scope of this work. Next, another hole is fabricated 
near the channel, and Si3N4 is removed via wet etching using a solvent. 
The charge trapping layers and metal gate are then formed via atomic 
layer deposition and chemical vapor deposition, respectively. Finally, 
the metal is removed, and the insulator is deposited into the hole to 
separate different memory cells in the vertical direction. In the vertical 
direction, these memory cells with a different control gate share the 
same source/drain (Fig. 3(a)), for which the fabrication process is 
similar to that of traditional VGAA-MOSFETs [8–25]. 

Similarly, if one considers to fabricate the charge trapping layers as a 
gate oxide, the TCAT becomes a device with several gates (of MOSFETs) 
sharing one channel and one source/drain in the vertical direction. 
Furthermore, if one considers that the fabrication of a source/drain for 
each gate is a similar process to that of the gate, several VGAA-MOSFETs 
could then be realized in the vertical direction. Essentially, the fabri-
cation process of a source/drain electrode is similar to, or even easier 
(only a metal deposition is involved) than, that of gate. The problem is 
how to separate the source/drain and gate during the fabrication pro-
cess. This could be realized by patterning the sacrificial Si3N4 layer. This 
simplified process is presented in Fig. 4(a). The proposed process could 
be as follows. First, Si nanopillars are formed. Next, a multilayer of SiO2 
and Si3N4 is deposited. Here, Si3N4 is partly patterned and etched for 
each layer with the purpose of separating the gate and source/drain. 
Therefore, the holes for the formation of the gate or source/drain in the 
following steps could be fabricated separately and they must not inter-
fere with each other. This is the most characteristic step of the proposed 
fabrication process compared with that of the TCAT flash memory. 
Then, a hole is fabricated in the patterned region for the gate, followed 
by the deposition of the gate oxide and gate electrode. Similarly, the 
source/drain electrode could be fabricated. In both cases, a hole fabri-
cation step and an insulator deposition step are taken to separate the 
gates or sources/drains of different MOSFETs following electrode 
deposition. Finally, the via and capping materials are fabricated, fol-
lowed by the formation of stairs for the via to separate different MOS-
FETs in the vertical direction, similar to that of the 3D NAND flash 
memory [49–51]. 

The proposed process enables for the first time the simultaneous 
fabrication of source and drain, which could result in a symmetric 
source/drain structure and a reduced variance for VGAA-MOSFETs. 
Furthermore, the simultaneous fabrication of gate and source/drain of 
several MOSFETs in the vertical direction can also be achieved for the 
first time, resulting in high integration and a considerably reduced 
variance. It should be noted that the significantly reduced variance in 
both the above cases helps obtain a high yield in semiconductor 
manufacturing. As the VGAA-MOSFET fabricated via the proposed pro-
cess has unlimited potential, it is here referred to as the ultimate vertical 
GAA, UVGAA. As an example, a schematic of a typical 3D structure and 
the planar view of two separated UVGAA-MOSFETs stacked in the ver-
tical direction are presented in Fig. 4(b) and (c), respectively. 

Below, the implementation of the manufacturing process, possible 
characteristics, and possible challenges for UVGAA-MOSFETs are 
discussed. 

The formation of gate oxides, gates, source/drain structures and their 
electrodes, vias, and other parts of UVGAA-MOSFETs could be realized 
using a process similar to that employed for TCAT flash memories 
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[49–51] with some advanced atomic layer deposition technologies [52]. 
Furthermore, by changing the sacrificial Si3N4 pattern, one could 
fabricate different devices on different layers using different steps. Some 
materials and processes may need optimization to enhance the resulting 
device characteristics. However, the fabrication of UVGAA-MOSFETs is 
not hindered by the current semiconducting technology. Because of the 
high yield (due to reduced variance) and high integration as discussed 
above, a relatively low fabrication cost could be expected. 

It should be noted that the channel, via, and holes in Fig. 4(a) are 
designed in the same plane for easier illustration. They could also be 
designed in different planes. It has been reported that junctionless 
structures could result in a decrease in the variance caused by the doping 
concentration gradient for nanosized MOSFETs [18,26]. For 
UVGAA-MOSFETs, both junctionless structures and structures based on 
the p–n junctions could be realized by controlling the ion implantation. 
The process for fabricating UVGAA-MOSFETs with p–n junctions is as 
complex as that of traditional VGAA-MOSFETs [13]. Contrarily, in the 
fabrication process for junctionless structures, ion implantation could be 
conducted at an initial stage, e.g., prior to pillar formation. In addition, 
the semiconducting nanopillar should have a cylindrical shape to obtain 

symmetric source/drain in the vertical direction. Very recently, uniform 
sub-10-nm-diameter Si nanopillar arrays with reduced diameter vari-
ance and cylindrical shape have been reported [53,54], suggesting that 
the proposed process is possible for sub-10-nm devices. Therefore, the 
proposed process provides a wide choice of designs and fabrication 
processes. 

As the GAA structure allows the highest control over the electrical 
properties, the leak current caused by the short-channel effect could be 
significantly decreased in UVGAA-MOSFETs. This process enables the 
possible fabrication of monochannels and multichannels, as well as 
channels with different sizes and different materials. The channel could 
also be fabricated after the deposition of the multilayer of SiO2 and 
Si3N4, similar to 3D NAND flash memories [49–51]. The selection of 
high-mobility semiconducting materials in the channel leads to the 
design of high speed, low energy consumption UVGAA-MOSFETs. 

Current leaks between two adjacent UVGAA-MOSFETs through the 
semiconducting nanopillar could indicate an issue. This problem could 
be solved by increasing the distance of adjacent UVGAA-MOSFETs or 
breaking the nanopillar in the connection region using chemical 
methods, such as oxidation. Another problem could arise from the 

Fig. 3. Schematic of (a) the structure and (b) the simplified fabrication process of a TCAT 3D NAND flash memory according to Ref. 50. It should be noted that the 
channel hole is not shown in (b) for easier illustration. 
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contact resistance of the source and drain electrodes, which is typical for 
all nanosized electrical devices. Metal alloys, or novel materials, such as 
carbon-containing materials (graphene or nanotubes), could be 
considered. 

From the above discussion, it can be concluded that UVGAA- 
MOSFETs could be fabricated using the existing semiconducting 
manufacturing technology with a wide selection for design and fabri-
cation procedures. Furthermore, optimization of materials and processes 
could facilitate integration in the vertical direction, considerably 

decrease the variance, and improve the performance (in terms of speed 
and energy consumption) of UVGAA-MOSFETs. Naturally, these 
enhanced characteristics can be retained in the corresponding inte-
grated circuits with a relatively low fabrication cost. 

5. UVGAA-MOSFET-based 3D integrated circuits 

In this section, the applications of UVGAA-MOSFETs in integrated 
circuits are discussed. Similar to the fabrication process of multilayer 

Fig. 4. Schematic of (a) a simplified typical fabrication process, (b) a typical structure, and (c) a planar view of two stacked UVGAA-MOSFETs, which are integrated 
in the vertical direction with one nanopillar. Here, the isolation layers are not all presented in (b), and the blue region in (b) indicates the semiconductor nanopillar. 
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UVGAA-MOSFETs presented in Fig. 4(a), multiple layers of VGAA- 
MOSFET-based memory cells and logic devices stacked in the vertical 
direction can be fabricated by changing the sacrificial Si3N4 pattern. 
Here, the fabrication process for multilayer devices discussed below is 
ignored; it should be noted that the pattern design of the sacrificial layer 
is the key technology for the proposed fabrication process. The basic 
criterion for designing the sacrificial layer pattern is to ensure that the 
holes for depositing each layer must be fabricated separately, and they 
must not interfere with each other during the etching step of the sacri-
ficial Si3N4 layer. Therefore, the proposed fabrication process is avail-
able for all VGAA-MOSFET-based memory cells and logic devices. 

Fig. 5(a) presents a typical CMOS circuit. It has been reported that, 
for CMOS, the current transfer ability for PMOS and NMOS could be 
tuned by using different channel materials. Essentially, a similar effect 
could be achieved by controlling the diameter difference between two 
nanopillars. Therefore, a reduced variance and an improved CMOS 
performance due to a wide selection of materials and channel sizes can 
be expected, as well as a high integration. As an example, Fig. 5(b) 
presents two stacked CMOSs designed by using two nanopillars. 
Compared with the CMOSs fabricated via traditional VGAA-MOSFETs 
with the same footprint [17], an almost double integration is ach-
ieved. Here, other parts of VGAA-MOSFETs, such as stairs and vias, 
could be considered in peripheral circuits. It should be noted that more 
CMOSs could be fabricated in the vertical direction for only two nano-
pillars, which is actually the ultimate high integration enabled by 3D 
architectures based on the proposed UVGAA-MOSFETs. 

As presented in Fig. 6(a), the six-transistor SRAM cell contains two 
CMOSs and two NMOSs, the properties of which are sensitive to the 
variance between the MOSFETs. Therefore, the reduced variance of 
UVGAA-MOSFETs combined with the well-matched CMOS, obtained by 
tuning the channel materials and sizes, results in a large operation 
margin (such as the static noise margin), high performance, and high 
SRAM integration. It is well known that a six-transistor SRAM cell needs 
at least six vertical nanopillars of traditional VGAA-MOSFETs [18,19]. 
However, according to the proposed process, it could be possible to 
design and fabricate one SRAM cell or its stacked cells with different 
nanopillar numbers (six, four, and three, respectively), as presented in 
Fig. 6(b–d), which is mainly due to the symmetric source/drain structure 
of VGAA-MOSFETs. It should be noted that in Fig. 6(d), the two NMOSs 
sharing one Si nanopillar have different functions in SRAM operations, 
thus, their characteristics should be tuned in practical manufacturing. 
Similar to CMOSs, multiple layers of SRAM cells could be realized. The 
vertically stacked SRAM cells could share the same bit lines, bit line bars, 
Vdd, and Vss, whereas different SRAM cells are controlled by different 
word lines. Except for the nanopillar numbers and their layout, the 
wiring and other parts could also be optimized to design SRAMs with 

different architectures. 
In addition, different devices could also be stacked in the vertical 

direction (e.g., SRAM stacking on CMOS) to form hybrid circuits for 
special applications, such as in-memory computing. Hybrid circuits with 
high integration are also attributed to the new 3D architecture based on 
the proposed UVGAA-MOSFETs. 

In this work, the 3D architecture refers to stacking devices in the 
vertical direction, which is different from the traditional 3D integrated 
circuit that involves stacking wafers or chips in the vertical direction 
[55–58]. Therefore, the proposed UVGAA can achieve a significantly 
higher integration. Recently, CMOS circuit integration has been 
improved using heterostructures (PMOS on NMOS or NMOS on PMOS) 
in the vertical direction [59–61]. However, due to architecture and 
processing limitations, this technology cannot be used easily to stack 
more than two MOSFET layers in the vertical direction. In addition, this 
heterostructures do not use vertical GAA-MOSFETs [59–61], possibly 
because the sources/drains of conventional VGAA-MOSFETS are asym-
metric, as discussed above. Conversely, the proposed stacking devices 
(not only MOSFET but also CMOS and SRAM, as discussed above) in the 
vertical direction are expected to be highly integrated, because a similar 
technology (viz., 3D NAND flash memory) is able to vertically stack 
several hundreds of layers [49–51]. Furthermore, the enhanced char-
acteristics of the proposed UVGAA-MOSFETs, such as the greatly 
reduced variance, high yield, high integration, high performance (high 
speed and low energy consumption), and low cost, are expected to be 
retained in their related memory and logic circuits. The optimization of 
materials, devices, and processing is necessary for performance 
enhancement. However, there is no doubt that the current work could 
stimulate both fundamental research and industrial application of 
GAA-MOSFETs in integrated circuits. 

6. Conclusions 

After discussing the issues of GAA-MOSFETs fabricated via the 
traditional process, a novel method is proposed to fabricate UVGAA- 
MOSFETs, which involves the fabrication of the source/drain structure 
in the same step, thus achieving for the first time a symmetric source/ 
drain structure for VGAA-MOSFETs. This process could also allow for 
the first time to simultaneously fabricate the source/drain structure or 
gate for several MOSFETs in the vertical direction. Based on the pro-
posed UVGAA-MOSFETs, a new architecture consisting of a 3D inte-
grated circuit with MOSFET-based memory cells and/or logic devices 
stacked in the vertical direction is developed. The possible characteris-
tics of the proposed UVGAA-MOSFETs, such as the greatly reduced 
variance, high yield, high integration, high performance (high speed and 
low energy consumption), and low cost, are expected to be retained in 

Fig. 5. (a) CMOS circuit and (b) schematic of two CMOSs stacked in the vertical direction sharing two nanopillars. In (b), the gray and blank regions (for easier 
illustration) indicate the insulating layer; green region, the gate oxide; blue pillar, the p-type semiconductor nanopillar; light blue pillar, the n-type semiconductor 
nanopillar; blue substrate, the semiconductor wafer; and other colored regions, the conductive areas. 
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Fig. 6. (a) Circuit of a six-transistor SRAM cell; schematic design examples of UVGAA-MOSFET-based SRAM cells using (b) six, (c) four, and (d) three vertical nanopillars. It should be noted that, in (b–d), the gray and 
blank regions (for easier illustration) indicate the insulating layer; green region, the gate oxide; blue pillar, the p-type semiconductor nanopillar; light blue pillar, the n-type semiconductor nanopillar; blue substrate, the 
semiconductor wafer; and other colored regions, the conductive areas. 
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their related memory and logic circuits. This work paves the way for 
next-generation integrated circuits with a novel 3D architecture. 
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