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Abstract: In this paper, we study the effect of parasitic channel on electrical characteristics and
power consumptions of vertically stacked gate-all-around (GAA) silicon nanosheet (NS) MOSFETs
of the bulk and silicon-on-insulator (SOI) substrates. Through deliberate control of the bottom
parasitic channel coverage, we systematically assess its influence on DC, AC, and RF characteristics
including power consumption. The observed findings highlight a significant differentiation among
the bottom parasitic channels: GAA (i.e., control sample with 100% coverage), omega-shaped gate
NS (70% and 80% coverages), and FInFET (60% coverage). Compared with the device with a 60%
coverage channel, the device with a 100% coverage channel possesses 3520% and 8030% normalized
leakage current improvement for both NFET and PFET under the bulk substrate, respectively.
Compared with bulk-substrate devices, the SOI-substrate devices further significantly improve the
leakage current. Due to enhanced off-state current leakages in the 100% covered bulk-substrate
device, the static power demonstrates a notable improvement (about 98.1%), compared to 60%
covered devices. Hence, the utilization of a 60% covered channel will result in a degradation of both
device and circuit performance. The observation of GAA NS MOSFET indicates that an increase in
the bottom parasitic channel coverage ratio leads to a positive impact on power consumption and
leakage currents. The examination presented here is useful in the fabrication of stacked GAA NS
MOSEFETs.

Keywords: gate-all-around; nanosheet; silicon-on-insulator; vertically stacked; parasitic channel;
short-channel effect; current densities; gate capacitances; transconductance; cut-off frequency; 3dB
frequency; power consumption; 3-D device simulation

1. Introduction

A key component of the advancement of integrated circuit design technology has been the
miniaturization of transistors [1-3]. In recent years, transistor scaling has been exemplified by
Moore’s Law, which has significantly increased the performance of devices [4,5]. However, in
addition to the compelling advantages of cost reduction and performance enhancement, the
continuous scaling of transistors has raised challenging issues concerning short-channel effects (SCE)
and device reliability concerns [6-8]. Consequently, further transistor scaling has been hindered [9].
Conventional planar MOSFETs have evolved into multigate FETs to address these SCE challenges,
including double-gate and three-dimensional (3-D) fin-field effect transistors [10,11] as well as gate-
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all-around (GAA) MOSFETs [12,13]. Notable examples of GAA structures are nanowire (NW) and
nanosheet (NS) configurations [14,15]. Because of their robust control over SCEs, bulk, and Silicon-
On-Insulator (SOI) FInFETs emerged as promising substitutes for planar MOSFETs during the
transition to sub-22-nm technology around 2012 [16]. In spite of this, FinFETs encountered
performance limitations as semiconductor technology advanced to nodes smaller than 5-nm [17-19].
They became susceptible to SCEs and reliability issues, compounded by fabrication challenges
associated with further scaling. GAA NS MOSFETs have since emerged as compelling candidates for
sub-5-nm nodes [17,20], offering both superior performance standards and desired capabilities
[21,22].

In GAA NS MOSFETSs, the gate surrounds the channel from all directions, thereby bolstering the
gate’s electrostatic integrity over the channel [23]. This design innovation not only enables a reduction
in supply voltages but also sustains gate drive capabilities, paving the way for high-performance
applications in advanced technology nodes [24,25]. During the fabrication of GAA NS MOSFETs on
Si bulk substrates, Si nanosheets are released through the wet etching of SiGe sacrificial layers [26—
28]. Additionally, the high-k-metal-gate (HKMG) is deposited on the bulk, SOI substrates, and this
results in the formation of the bottom parasitic channel [29]. Unlike the upper channels of stacked
GAA NS MOSFETs, which are wrapped surrounded gates, the bottom parasitic channel is solely
controlled by only the top gate (Fin shape) [30]. Consequently, this channel can function as a leakage
path during the off-sate, impacting the overall performance of the GAA NS MOSFETs and circuit
[22,31]. To address this concern, recent efforts have focused on various approaches related to
suppressing the parasitic leakage in GAA devices, with a particular emphasis on the bottom dielectric
isolation (BDI) [27], punchthrough stopper (PTS), buried oxide beneath the gate area [32]. This is
because the substrate of GAA NS MOSFETs serves as the planer channel region. These techniques
have been investigated to decrease off-state leakage current by blocking the source-to-drain leakage
path [18,31]. Furthermore, Y. Choai et al. have reported that increasing the height of the bottom
parasitic channel further decreases leakage current [31]. In a typical PTS structure, p-type substrates
are used for NFETs and n-type substrates for PFETs and they are moderately doped to prevent
punchthrough between the source, drain, and substrate. However, only the top vertically stacked
channels of an NFET are utilized, and an aggressively high PTS doping process is employed to
minimize the current flow through the NFET bottom channel [33,34]. Consequently, the PTS structure
is susceptible to band-to-band tunneling current from drain to substrate junction. This phenomenon
is associated with a negative or zero gate bias, causing a strongly doped p+/n+ junction to function as
a reverse-biased tunneling p+/n+ diode. Moreover, in the case of SOI substrates, the insulator layer
beneath the source/drain regions increases the thermal resistance to the heat sink path, which
exacerbates the self-heating effect [33]. Despite these considerations, there has been a lack of
systematic studies on the influence of parasitic channels and their coverage ratios in the GAA NS
MOSFETs with bulk- and SOI-substrate devices on circuit performance and power consumption.

In this research, we investigate the impact of different bottom parasitic channel coverage ratios
on the output and transfer characteristics, transient behavior, and power consumption of GAA Si NS
MOSEFETs with bulk and SOI substrates. We systematically examine how different coverage ratios of
bottom parasitic channels: specifically, 60%, 70%, 80%, and control sample (i.e., 100%), affect the DC,
AC, and RF characteristics of the devices. To comprehensively analyze the influence of the bottom
parasitic channel coverage ratios on the characteristics of GAA devices, we employ intensive 3-D
device simulations. Our primary findings reveal a substantial reduction in leakage current as the
bottom parasitic channel coverage ratio increases, holding true for both bulk and SOI substrates.

The rest of this paper is structured as follows. Section II provides a concise presentation of the
simulated device structure, highlighting variations in the bottom parasitic channel coverage ratio. In
Section 1III, we delve into an in-depth examination of the outcomes, encompassing DC, AC, and RF
characteristics, as well as power consumption, all of which are influenced by the presence of bottom
parasitic leakage channels and control samples. Finally, in Section IV, we draw our study to a
conclusion.
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2. 3-D Device Simulation

In Figure 1la, we present a transmission electron microscope (TEM) image of fabricated GAA NS
MOSEFETs [26]. Figure 1b shows the simulated 3-D device which is constructed based on Figure 1c of
the fabricated device. The design of a 16-nm gate length GAA Si NS device with dimensions of 25-
nm width and 5-nm height is accomplished through the 3-D device simulation. To prevent leakage
current from the source to the drain in the substrate, the substrate is doped with high concentrations
(10" cm?) of boron (NFETs) or arsenic (PFETs). Figure 1d—g illustrate 2-D cross-sectional views (cut
along the cut line-Ci of Figure 1b) along the channel under the different coverage ratios of bottom
parasitic leakage channels, specifically for the bulk-substrate devices. It’s worth noting that similar
considerations for bottom parasitic channel coverages are applied to GAA S5i NS MOSFETs with SOI
substrates. The adopted physical dimensions, doping concentrations of the channel, source, drain,
and source/drain extensions, as well as the utilized metal work function, effective oxide thickness,
achieved characteristics, and SCEs of the 60%-covered channel device, are listed in Table 1. To ensure
the physical accuracy of our vertically stacked GAA Si NS MOSFETs, we conducted calibration of
our device simulation against measurement data [26], a process we have previously detailed in our
prior work [12]. In this simulation, we utilized a calibrated mobility model, in particular, we
intensively employed 3-D quantum mechanically corrected device simulations to evaluate device
characteristics [35]. For validation purposes, we examined the conduction band energy and electron
density along the channel during on and off states by numerically solving the 3-D density gradient
equation along with drift-diffusion (DG+DD) and nonequilibrium Green’s functions (NEGF) models
[36-39]. Not shown here, but by adjusting the electron effective mass, the simulation results of the
DG+DD model are in good agreement with those of the NEGF model [40]. In our device simulation,
we have properly incorporated doping dependence, high-field saturation, and impurity scattering
mobility models into our device simulation [41,42].

Table 1. List of the adopted parameters of 60% coverage sample of GAA NS device and the achieved
DC/AC/RF characteristics.

Device parameter Value
Channel length (nm) (Lg) 16
Channel doping (cm™) 1x10%
S/D extension (nm) 5

S/D length 12
Effective oxide thickness (nm) (EOT) 0.63
Nanosheet thickness (nm) (Tns) 5
Nanosheet width (nm) (Wns) 25

Work function (eV) 4.45,4.82
S/D doping (cm) 1x10%
S/D extension doping (cm-) 4.8 x 108

The achieved characteristics of the 60% GAA device and intrinsic RF parameters of a common
source amplifier
Absolute value of Threshold voltage (Vin) (mV) 250

Off-state current (Lot#f) (A/mm) 6.3 x 10-1°
On-state current (Ion) (A/mm) 6.43 x 10
Gate capacitance (Cq) (fF) 0.13
Voltage gain (dB) 17.3
3-dB frequency (f48) (GHz) 34.5

Cut-off frequency (fr) (GHz) 348
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Figure 1. (a) Extraction of nanosheet width (Wns), nanosheet thickness (Tns), inter-channel separation
(Tsp) using the transmission electron microscope (TEM) image of vertically stacked GAA NS structure
[26]. (b) A 3-D bird’s view of the simulated GAA Si NS MOSFET. (c) TEM image of one of the GAA
NS MOSFET showing the variation in Wns, Tns, and Tse [26]. (d) 2-D view of 60% coverage ratio of
bottom GAA channel (i.e., FINFET type channel). (e)-(f) 70% and 80% coverage ratios of bottom
channel (i.e., omega shape GAA channels). (g) The control sample (100%) covered the bottom channel.

3. Results and Discussion
i). Impact of Parasitic Channel on Transfer and Output Characteristics

To gain deeper insights into the impact of different bottom parasitic channel coverage ratios on
GAA Si NS MOSFET, we conducted 3-D TCAD simulations using Sentaurus TCAD tools [43].
Additionally, we conducted a comparative analysis of leakage currents among the bulk- and SOI-
substrate devices. Figure 2a,b depict the simulated Ip-Vc curves for both NFET and PFET, considering
the different bottom parasitic channel coverage ratios under the linear and saturation drain bias
conditions. Analysis of these Ip-Vc curves reveals a pronouncedly higher leakage current for the 60%
coverage bottom parasitic channel compared to the other coverage ratios. Overall, when GAA Si NS
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MOSFETs operate under linear drain bias conditions with different bottom parasitic channel
coverage ratios, they exhibit enhanced gate control and reduced drain-induced barrier lowering
(DIBL) effect. These factors collectively contribute to a lower leakage current, as depicted in Figure
2a. In contrast, saturation drain bias exhibits a more substantial variation in leakage current with
different coverage of the bottom parasitic channel, as shown in Figure 2b. Furthermore, our study
extends to calculating the normalized leakage current, expressed as ((I teakage_60% - I leakage_control sample) /
Leakage_60%) x 100%). Figure 2¢,d illustrate the off-state leakage current of NFETs and PFETs with
different coverage ratios of parasitic channels under linear and saturation drain bias conditions.
Remarkably, in; linear and saturation drain bias conditions, as opposed to the 60% coverage channel,
the normalized leakage for both NFET and PFET demonstrates substantial enhancements of 194%,
453% (linear drain bias), and 3520%, 8030% (saturation drain bias), respectively, in the case of the
100% coverage channel. It is noteworthy that as the bottom channel functions similarly to a planar
MOSEFET, the increased coverage ratio of the bottom parasitic channel further improves the leakage
current, primarily attributed to enhanced channel confinement and reduced floating body effect.
Figure 3a-d portray simulated 2-D cross-sectional of off-state current densities of the investigated
devices with different coverage ratios of bottom parasitic channels. These results clearly indicate that
the 60% coverage of the bottom parasitic channel exhibits a significantly higher current density in the
bulk- and SOI-substrate devices, establishing it as the primary source of substantial leakage in the
device. Furthermore, it is observable that as the coverage ratio increases (from 60% to 100%) for the
bottom parasitic channel, the current density correspondingly decreases. Notably, the mitigation of
parasitic channel leakage is significantly achieved through 80% coverage, characterized by an omega
shape bottom parasitic channel, facilitated by vertically stacked NS channel release via wet etching.
However, achieving 100% channel coverage release for the bottom channel becomes unfeasible,
making beyond 80% coverage a viable option. Similar to the bulk-substrate devices, the SOl-substrate
devices are analyzed, with simulated Ip-Vc curves presented in Figure 4a,b. Results indicate that the
SOl-substrate devices exhibit enhanced leakage currents attributed to the insulating BOX layer,
which isolates the device from the substrate. This isolation effectively suppresses floating body effect
and reduces junction leakage from source to drain. The normalized leakage for NFET and PFET in
SOl substrates is found to be less than 165%, as demonstrated in Figure 4c,d. Furthermore, Figure 5a—
d depict off-state current densities of SOl-substrate devices under different coverage ratios of bottom
parasitic channels. Due to strong isolation from the substrate, the current distribution is almost
uniform across all coverage ratios. Consequently, the leakage current of SOI-substrate devices with
different coverage ratios of bottom parasitic channels exhibits significant improvement.
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Figure 2. Simulated Ip-Vc characteristics are presented for bulk NFETs and PFETs under (a) linear
and (b) saturation drain bias conditions, with varying coverage ratios of the bottom parasitic leakage
channel in the vertically stacked GAA NS device with bulk substrate. The leakage current of NFETs
and PFETs are estimated for different coverage ratios of parasitic channels under (c) linear and (d)
saturation drain bias conditions, respectively.
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Figure 3. For the device with bulk substrates, 2-D cross-sectional views of the off-state current density
(Vp=0.7 V and Vc =0 V) distribution of NFETSs are shown for the different bottom parasitic channel
coverage ratios: (a) 60%, (b) 70%, (c) 80%, and (d) control sample (i.e., 100%), respectively.
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saturation drain bias conditions.
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Figure 5. For the device with SOI substrates, 2-D cross-sectional views of the off-state (Vb=0.7 V and
Ve =0 V) current density distribution of NFETs are shown for the different bottom parasitic channel
coverage ratios: (a) 60%, (b) 70%, (c) 80%, and (d) control (i.e., 100%), respectively.

In Figure 6a,b, we present a comparative analysis of Io-Vpb characteristics among bulk- and SOI-
substrate devices, considering different coverage ratios of bottom parasitic channels under different
gate voltages. Notably, the Ib of the 60% coverage ratio of the channel is consistently lower than that
of the other coverage ratios across each gate bias condition. Moreover, we conducted calculations to
determine the normalized improvement in Io for NFETs and PFETs, revealing substantial
enhancements of 8.5% under each gate bias condition in the case of the 100% covered channel.
Furthermore, we extended our analysis to simulate the transconductance (gm), a fundamental
parameter with significant implications in radio frequency (RF) design as it directly influences gain
and cut-off frequency. Figure 7a,b illustrate the gm-Vc relationship for different coverage ratios of
bottom parasitic channels in bulk- and SOI-substrate devices. It's noteworthy that gm exhibits an
increasing trend with an escalation in the different coverage ratios of the bottom parasitic channels.
Remarkably, in the case of 100% coverage, a notably larger value of gm is observed when compared
to the other coverage ratios.
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Figure 6. The simulated Ip-Vb characteristics of NFETs and PFETs under the different coverage ratios
of bottom parasitic channels: (a) bulk- and (b) SOI-substrate devices.
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Figure 7. The transconductance versus gate voltage of the different coverage ratios of bottom parasitic
channels under the drain biasing of 0.7 V: (a) bulk and (b). SOI substrates.
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ii). Impact of Parasitic Channel on AC, RF, and Transient Characteristics

A major AC characteristic to consider is parasitic capacitance, specifically the total gate
capacitance (Cc) determined directly from AC curves measured under strong inversion conditions.
In Figure 8a,b, we present a comparative analysis of Cc-Vc characteristics among the bulk- and SOI-
substrate devices, considering different coverage ratios of bottom parasitic channels while operating
at a frequency of 1 GHz and a drain voltage of 0.05 volts. Our analysis clearly identifies that an
increased coverage ratio of the bottom parasitic channel leads to a corresponding increase in Cc. This
phenomenon is attributed to the expansion of the bottom parasitic channel coverage ratio, which in
turn increases the channel surface area in contact with the gate. This expanded surface area
significantly contributes to the enlargement of the gate capacitance, as the gate capacitance is directly
proportional to the area of overlap between the gate and the channel.
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Figure 8. The Cc-Vc characteristics among the different coverage ratios of bottom parasitic channels:
(a) bulk and (b) SOI substrates.

Gate Capacitance (fF)

The inset in Figure 9a illustrates a common-source amplifier circuit designed for high-frequency
(RF) applications. In this circuit, a sinusoidal input wave with an amplitude of 0.05 volts is applied,
and the circuit operates within the range of Ve = 0.4 V and Vb = 0.5 V. The voltage gain curves in
decibels (dB) versus the input signal frequency, considering bulk and SOI substrates under the
different coverage ratios of the bottom parasitic channel, are presented in Figures 9a and 9b,
respectively. Remarkably, the samples with 100% coverage, whether on bulk or SOI substrates,
exhibit notably higher voltage gain, cut-off frequency (fr), and 3-dB frequency (fs), as highlighted in
Figure 9¢,d. Notably, the 100% covered device (indicated by the red line) achieves a voltage gain of
18.6 dB. We calculate this voltage gain at a frequency of 107 Hz, and estimate fr using the unitary
voltage gain, and determine fs using the 3-dB point voltage gain, as defined by

VO\.I
-3dB = 20logy, (0.707 x V—t). 1)

in
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Figure 9. The voltage gain versus frequency curves for different coverage ratios of bottom parasitic
channels, the inset figure is the utilized common-source amplifier circuit for radio frequency (RF)
simulations, where the value of R1 is 50 Ko, Rz is 50 Ke, and C is 10 F: (a) bulk and (b) SOI substrates.
(c) The calculated 3-dB frequencies among different coverage ratios of bottom parasitic channels with
bulk- and SOI-substrate devices. (d) The calculated cut-off frequency comparison between bulk- and
SOI-substrate devices under the different coverage ratios of bottom parasitic channels.

We observe a substantial variation in voltage gain as we transition from 60% to 100% coverage
ratios of the bottom parasitic channel, particularly at low frequencies. As the signal frequency
increases, we note a reduction in the extent of voltage gain variation among the different coverage

ratios of the bottom parasitic channels. It's important to highlight that a voltage gain of unity is
achieved at the cut-off frequency, which defines fr as

Em

fr= 27‘(CG' ()

In the given equation, gm represents the transconductance, and Cc represents the gate
capacitance. For the device featuring 100% coverage of the bottom parasitic channel with a bulk-
substrate device, the voltage gain, fas, and fr are measured at 18.6 dB, 37.2 GHz, and 374 GHz,
respectively. Similarly, for the SOI-substrate device with 100% coverage of the parasitic channel, the
voltage gain, fis, and fr are recorded as 18.5 dB, 57.5 GHz, and 525.3 GHz, respectively. These fr
values are influenced by the variations in gm and Cc under the respective coverage ratio conditions
of the bottom parasitic channels.

Figure 10a,b provide a comprehensive overview of the transient response observed in the GAA
Si NS MOSFET inverter circuit and show input and output behaviors over time under varying
coverage conditions of the bottom parasitic channels. The inverter transient analysis encompasses
two primary conditions: i) NFET turned on while PFET is off, and ii) PFET turned on while NFET is
off, as illustrated in the zoom-in plots presented in Figure 10c,d. From these plots, we extract
important parameters such as falling time (#), rising time (¢), high-to-low delay time (fxz), and low-
to-high delay time (t.n) for the input and output signals, as depicted in Figure 10c,d. Notably, the
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scenario with a 60% coverage ratio of the bottom parasitic channel exhibits pronounced variations,
primarily due to the presence of parasitic leakage in the bottom channel, leading to significant power
fluctuations. It's essential to highlight that tme is directly proportional to Cc and inversely
proportional to the Ion of NFET, while t.x follows a similar relationship but is associated with PFET.
Figure 10e provides a comprehensive listing of estimated timing values for different coverage ratios
of the bottom parasitic channels, demonstrating a clear trend where increased bottom parasitic
channel coverage leads to decreased timings. During the high-to-low signal transition of the output
signal, the delay time is initially governed by the signal transition’s starting points and subsequently
controlled by the on/off-state of NFET in the inverter. Consequently, the threshold voltage of NFET
significantly influences tur. Similarly, tin is notably impacted by the threshold voltage of PFET.
Analogous to the investigation into the transient response of CMOS inverter with bulk substrates, we
extended our study to examine the transient characteristics of CMOS inverter with SOI substrate
under the different coverage ratios of the bottom parasitic channels, as depicted in Figure 11. Our
findings reveal that SOl-substrate devices, benefiting from substrate oxide isolation, exhibit reduced
leakage. Interestingly, the timings of these SOlI-substrate devices remain relatively unaffected by the
varying coverage ratios of the bottom parasitic channels. Furthermore, we delve into the assessment
of the total power (Prwi), which encompasses dynamic power (Pay), short-circuit power (Psc), and
static power (Psat) for different coverage ratios of the bottom parasitic channels. These results shed
valuable light on the substantial impact of bottom parasitic channels on GAA Si NS CMOS inverter
performance, providing critical insights for device optimization and enhancing power efficiency.
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Figure 10. (a)-(b) Input and output signals of the bulk-substrate CMOS inverter samples of different
coverage ratios of bottom parasitic channels. Zoom-in plots of (c) high-to-low (txL), rise time (¢-) and
(d) low-to-high (t.n), fall time () timings under the two operations (NFET on and PFET off, NFET off
and PFET on) conditions, respectively. (e) The comparison of timings of the different coverage ratios
of bottom parasitic channels.
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Figure 11. (a)-(b) Input and output signals of the SOI-structure CMOS inverter samples of different
coverage ratios of bottom parasitic channels. Zoom-in plots of (c) tar, t- and (d) fis, tf timings under
the two operations (NFET on and PFET off, NFET off and PFET on) conditions, respectively. (e) The
comparison of timings of the different coverage ratios of bottom parasitic channels.

The P is derived by summing the Psiar, Psc, and Payn. The definitions of these power components
are as follows:

Pyrar = VDDIleakage, (3)
where the lieakage is the leakage current that flowing between the power rails during at static operation,
lieakage is defined as follows,

Ileakage = Ioff,n +10ff:p' (4)

Pstt will be consumed as long as the Vob is opened, regardless of the switching activity between
the input and output.

Psc = fo-1Vop flsc(‘f)d'f. (5)
T

where f,,_,; denotes the clock rate. While Isc refers to the shot-circuit current, Isc is achieved when
both the NFET and PFET devices are concurrently activated, establishing a direct current path
between the power rails. T represents the switching period.

den = f0—>1VDD2Cload. (6)

Payn depends on the load capacitance, represented as, sum of the Cc of both NFET and PFET at
on-state condition,

Cioaa = CG,n + CG,p- (7)

Figure 12a,b present a detailed analysis of the estimated power consumption components,
including Pstat, Payn, Psc, and Protal, under the different coverage ratios of the bottom parasitic channels
for bulk- and SOl-substrate devices. The findings consistently reveal a reduction in all power
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consumption components as the coverage ratio of the parasitic channel increases. Of particular
significance is the observation that Pst:, which exhibits notable normalized values of 98.1% and 50%
for both bulk and SOI substrates, respectively, in the case of 100% coverage of the bottom parasitic
channels. This outcome can be attributed to the strong dependence of P« on the leakage current,
which is significantly influenced by the coverage ratio of the bottom parasitic channel.
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T_/Ie-?
01e-8
2109
0-1e-10
1e-11
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Figure 12. The calculated static power, short-circuit power, dynamic power, and total power of GAA
NS Si CMOS devices for different coverage ratios of bottom parasitic channels: (a) bulk- and (b) SOI-
substrate devices.

4. Conclusions

In summary, our study extensively investigates the electrical characteristics, RF performance,
transient behavior, and power consumption while varying the coverage of the bottom parasitic
channel in GAA NS devices under the bulk and SOI substrates. We have found that the increase of
the bottom channel coverage ratio results in an improvement of leakage current. Remarkably, the
SOl-substrate devices have demonstrated a substantial reduction in leakage current, compared to
bulk-substrate devices. Furthermore, our investigation has highlighted those devices featuring 80%
and 100% coverage ratio of the bottom parasitic channel exhibiting noteworthy improvement in the
off-state leakage and static power consumption. This suggests that, from a manufacturing perspective,
achieving 80% coverage ratio of the bottom parasitic channel offers a practical approach to minimize
parasitic channel leakage. However, it remains a challenge to establish a 100% coverage ratio of the
bottom GAA channel, representing an open problem in current research.
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