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ABSTRACT The gate scaling to an ultimate length of 8 nm in Si nanosheet (NS) and nanowire (NW) field-
effect transistors (FETs) results in a notable reduction in the drain drive current (Ipp), despite conventional
scaling theory predicting an increase. Using advanced 3D finite element ensemble Monte Carlo (MC)
simulations with Schrodinger equation quantum corrections, we investigate the impact of gate scaling from
22 nm to 8 nm in gate-all-around (GAA) NS and NW FETs. Our results indicate that while Ipp initially
increases for a gate length scaled from 22 nm to 16 nm as expected, further scaling to sub-16 nm lengths
leads to a decline of up to 18% in NS FETs and 20% in NW FETs at 8 nm. This Ipp reduction is mainly due
to enhanced long-range Coulomb interactions between the source and the drain, inducing fringing electric
fields at the source gate-edge in addition to already present fringing electric fields at the drain gate-edge,

leading to increased channel back-scattering.
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I. INTRODUCTION

Gate-all-around field-effect transistors (GAA FETs) have
emerged as a dominant next-generation architecture [1],
[2], [3] replacing the existing FinFET architecture for
integrated circuits beyond the 3 nm complementary metal-
oxide-semiconductor (CMOS) technology node. GAA FETs
will be the second major 3D innovation in transistor archi-
tecture, following FinFETSs, where the industry adopts a
fundamentally different architecture. Among the proposed
designs, nanosheet (NS) and nanowire (NW) architectures
are the leading candidates for fabrication by foundries in
the coming years [4]. Compared to FinFETs, NS FET and
NW FET architectures offer enhanced gate control and
greater suppression of short-channel effects. This advantage
stems from the complete gate enclosure around the car-
rier transport channel, enhancing electrostatic integrity [5],
[6], [7]. The NS and NW architectures allow for fabri-
cation into a vertical structure by stacking the channels
between the source and the drain in a vertical design [8],

leading to a larger on-current while maintaining a lower
leakage current, thanks to all-around gate control com-
pared to the existing FinFET architectures [9]. Previous
studies on nanosheet (NS) and nanowire (NW) FETs have
focused on scaling benefits as improved electrostatic con-
trol, low off-currents, and increased drive currents at smaller
dimensions [7], [8], [10], [11].

This paper investigates the reasons behind the unexpected
reduction in drain drive current (Ipp) occurring between gate
lengths (Lg) of 14 nm and 8 nm. Our approach employs
state-of-the-art 3D finite element (FE), quantum corrected
ensemble Monte Carlo (MC) simulations incorporating 2D
Schrodinger equation (SchE) quantum correction (QC) [12],
accurately simulating highly non-equilibrium electron trans-
port in operating Si-based n-type NS and NW FETs.
Our study identifies and explains the physical processes
responsible for the Ipp degradation, when the device gate
length is scaled down to the source-to-drain tunneling limit
of 8 nm [13].
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FIGURE 1. Finite-Element (FE) mesh of the (a) NW FET, (b) NS FET. (c) 3D
view of the 2D slices across the channel for the NW (left), and the NS
(right), used in solving Schrédinger equation. (d) 3D schematic of the
NS with dimensions used for the simulations: width (W), height (H),
gate length (L¢), and source/drain length (Lg/p). (e) A 3D view of the
NW and the dimensions used for the MC simulations.

Il. DEVICE SIMULATION TECHNIQUE

A. 3D MONTE CARLO SIMULATION FRAMEWORK

The nanoscale dimensions of GAA FETs require that
the simulation domain, including the device active region,
be described using a 3D FE mesh to correctly capture
quantum-mechanical confinement in order to assess their
performance. Figs. 1(a) and (b) illustrate 2D cuts of the
finite-element (FE) tetrahedral meshes, while Figs. 1(d)
and (e) show the actual 3D meshed shapes of nanosheet
(NS) and nanowire (NW) FETs. This mesh allows for the
solution of the Poisson equation and particle movement and
scattering in k-space and in real-space [12], [14]. The use of
FE mesh in particle simulations must address the issue of arti-
ficial self-forces arising from the assignment of charges from
the particles to the mesh nodes [15]. To accurately capture
quantum-mechanical confinement in the transistor channel,
the simulation MC toolbox integrates the solutions of the 2D
Schrodinger equation [16]. These quantum corrections are
solved along 2D slices as illustrated in Fig. 1(c) throughout
the device channel.

The ensemble MC engine employs a non-parabolic and
anisotropic band structure for silicon, accounting for the I',
L, and X valleys, and includes all relevant electron scattering
mechanisms [12]. These comprise interactions with acoustic

(c)

(a)

FIGURE 2. A 3D view of NW and NS FETs, highlighting the device
geometries and the constant-energy ellipsoids of the conduction band
A valleys in silicon. Each set of ellipsoids is doubly degenerate. Valley
positions are shown for: (a) NW FET with a (110) channel, (b) NW FET
with a (100) channel, (c) NS FET with a (110) channel, and (d) NS FET
with a (100) channel.
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and non-polar optical phonons (intra- and inter-valley), ion-
ized impurity scattering via third-body exclusion using the
Ridley model [17], and interface roughness (IR) scattering
based on Ando’s formulation [18]. The IR scattering requires
an effective electric field, which is computed dynamically
at each electron position. The IR is characterized by a root
mean square (RMS) height Arys = 1.5 nm and a correlation
length A; = 1.7 nm [11]. The comparatively high Arys may
reflect fabrication-process-induced degradation of interface
quality in stacked-GAA integration, as well as limitations of
the quantum-mechanical Ando IR scattering model, which
relies on ‘second-order perturbation’ theory and does not
account for the proximity of other interfaces in NS and
NW device geometries [19]. Reported RMS heights range
from Arms =~ 0.3 nm for well-optimized processes [20]
to Apms =~ 0.8 nm for more aggressive or less selec-
tive etches [21]. In practice, Arms can reach approximately
5.0 nm if etch chemistry, processing conditions, or tool con-
trol are not well optimized [22]. Since the simulation domain
encompasses the full source and drain (S/D) extensions and
access regions, series resistance is inherently captured with-
out additional post-processing. Electron transport in heavily
doped S/D regions is resolved through electron—ionized
impurity scattering. The scattering uses static screening with
self-consistent calculations of the Fermi level and electron
temperature, derived from local carrier density and energy
at each time step, thus ensuring realistic injection into the
channel. This method has shown excellent agreement with
experimental Ip—Vg data in prior MC studies on SOI Fin-
FETs, nanosheet, and nanowire FETs [11], [12], and the same
approach is used here to ensure accurate modelling of access
and contact resistances [23].

B. IMPACT OF CRYSTAL ORIENTATION ON TRANSPORT
PROPERTIES

Figure 2 shows the device geometry and conduction band A
valley alignment in NW and NS FETs with various channel
orientations. For (110) channels, valleys involve both longi-
tudinal (m;) and transverse effective masses (m;,) in transport
and confinement directions. In (100) channels, a m, from
two valleys and m; from one valley aligns with the transport
direction, while the confinement cross-section has m; and
m; from two valleys and two m; from one valley. NS FETs,
with larger cross-sections, are simulated using the effective
mass approximation (EMA) [24]. For NW FETs, the stronger
quantum confinement of their cross-section necessitates a
full-band tight-binding (TB) model to account for band struc-
ture changes and valley splitting [ 14]. Further insights into the
orientation-dependent behavior in NW FETs are provided in
Section IV, where the valley contributions to the drain current
are analyzed for (100) and (110) orientations (Fig. 8), illus-
trating the role of anisotropic masses and valley configuration
in current variations.

Ill. NANOSHEET AND NANOWIRE DEVICE STRUCTURES
A. COMPARISON OF THE MC SIMULATIONS WITH
EXPERIMENT

We model two experimental devices: a 12 nm gate-length
NS FET [8] and a 22 nm gate-length NW FET [10], both
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TABLE 1. Dimensions and parameters for the simulated NS and
NW FETs in subsection III-B and Section IV. Here, S/D stands
for source/drain, and m; denotes the free-electron mass.

Dimensions NS NW
Channel height (H) [nm] 5 717
Channel width (W) [nm] 50 5.7
Perimeter (P) [nm] 110 20.28
S/D region length (Lg /) [nm] 14 14
Gate length scaling (Lg) [nm] 22 —» 8
Channel orientation (110), (100)

Gate dielectric: high-~ thickness (EOT) [nm] 5.0 (1.0)

Max n-type S/D doping [cm ™3] 5 x 1019
Uniform p-type channel doping [cm 3] 1 x 1015

Bulk — TB energy bandgaps (Eg) for Si A-valleys in NW FETs [14]
Eg: Longitudinal Ajgy,g [eV] 1.12 — 1.282
Eq: Transverse A¢rans [€V] 1.12 — 1.247
Bulk — TB electron effective masses for Si A-valleys in NW FETs [14]
Longitudinal (m; xmy) 0.916 — 0.92
Transverse (mXm,)) 0.19 — 0.233

featuring a (110) channel orientation. The NS FET has a
12 nm gate length, a 5 nm channel height, a 50 nm channel
width, and a total perimeter of 110 nm. The NW FET has
an elliptical cross-section due to the fabrication process, with
a major diameter of 14.2 nm, a minor diameter of 11.3 nm,
and a perimeter of 40.2 nm. The dimensions of both devices
are summarized in Table 1. The doping profiles are extracted
through reverse engineering of the subthreshold region in the
experimental Ip-Vg data, following the methodology in [25].
The Ip-Vg characteristics from our 3D MC simulations are
compared to experimental data at both high and low drain
biases in Fig. 3. All drain currents are normalized to the
device perimeter to ensure a fair comparison. Excellent agree-
ment is observed, validating the accuracy of the simulation
framework.

B. CROSS-SECTION SCALING OF NW FET

While simulations of NS FETs employ bulk Si effective
masses due to their larger dimensions (a width of 50 nm
and a height of 5 nm) [24], making the effective mass
approximation (EMA) method [26] an appropriate choice,
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FIGURE 3. lIp-Vg characteristics of the 12 nm Lg NS FET and the 22 nm
Lg NW FET, obtained from 3D MC simulations, at both high and low
drain biases, for the (110) channel orientation. The MC results are
validated against experimental data (EXP) extracted from Ref. [8] for NS
FET and Ref. [10] for NW FET, both fabricated with the (110) orientation.
The gate workfunction is assumed to be 4.33 eV for NS FET and 4.51 eV
for NW FET.
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the scaled NW FET simulations use energy bandgaps and
electron effective masses derived from tight-binding (TB)
calculations [14], [27], [28]. These energy bandgaps and
effective masses are then employed in 3D MC transport
simulations and in solutions of the 2D SchE. Such quantum-
confinement-affected parameters are necessary because the
strong quantum confinement occurs in scaled NW FETs with
a cross-sectional area of 7.17 x 5.7 nm?, influencing the
Si band structure [14], [29]. The band structure parameters
obtained from TB calculations are summarized in Table 1.
The gate dielectric is composed of a high-x, HfO,-based
dielectric [30] with a physical thickness of 5 nm [31] and an
equivalent oxide thickness (EOT) of 1.0 nm [11], consistent
with the experimental device [8].

In this study, only the gate length is scaled, while the
source/drain lengths (Ls/p), channel width, and channel
height remain unchanged across all gate lengths for both NS
and NW FETs. This approach isolates the impact of gate
length scaling on the drive drain current (/pp), while ruling
out any additional changes in other device dimensions or
the doping profile. Although source/drain doping and oxide
thickness can be optimized to partially mitigate the reduction
in Ipp [7], this study intentionally keeps these parameters
constant to isolate the intrinsic effect of channel length scal-
ing on device performance.

IV. GATE LENGTH SCALING

A. DRIVE CURRENT

The gate length scaling of GAA FETs at the end of the
roadmap [4] is limited by the source-to-drain tunnelling in
nanoscale transistors, which restricts the distance between the
source and the drain to about 8 nm [13] and the maximum
active n-type doping of the source/drain regions achievable
by ion implantation to 1 x 10>! cm™3 [32]. Consequently, this
raises the question of the maximum drive current that GAA
FETs can deliver within these constraints.

Figs. 4 and 5 show Ipp, defined at Vg — V7 = 0.7 V and

Vp = 0.7 V [4], as a function of the gate length in the NS
and NW FETs, respectively. Lg scaling starts with a 22 nm
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FIGURE 4. The effect of scaling the gate length to the ultimate
dimension on the drain-drive current Ipp at VG-V = 0.7 V and
Vp = 0.7 V in n-type NS FETs for two channel orientations: (100)
and (110).
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FIGURE 5. The effect of scaling the gate length to the ultimate
dimension on the drain-drive current Ipp at Vg-V1 = 0.7 V and
Vp = 0.7 V in n-type NW FETs for two channel orientations: (100)
and (110).

and continues till its ultimate length of 8 nm, considering the
device dimensions and parameters of the NS FET and NW
FET highlighted in Table 1. Note that the 22 nm Lg NW FET
shown in Fig. 5 has been scaled down [23] to a smaller cross-
section than the experimental 22 nm Lg NW FET described
in Subsection III-A. The purpose of using the 22 nm NW
FET is to validate the accuracy of the simulation toolbox
against the experimental IBM data [10], while the smaller
cross-section NW FET is used to align with the IRDS [4]
roadmap for future technology. Finally, both crystallographic
channel orientations, (110) and (100), are simulated for NS
and NW FETs.

As the gate length scales from 22 nm to 16 nm in both NS
and NW FETs, Ipp increases, consistent with the predictions
of scaling theory [33]. However, as the scaling continues
to 14 nm Lg and further down to 8 nm Lg, Ipp begins
to significantly decrease, contrary to the scaling theory as
illustrated in Figs. 4 and 5. For the NS FET, the 16 nm
Lg with the (110) channel orientation exhibits the highest
drive current, reaching 1101 pA/pum. Further scaling of the
gate length results in a reduction in Ipp. At a gate length
of 12 nm, Ipp is 1070 pA/um, which is approximately 3%
lower than that of the 16 nm Lg NS FET (see Fig. 4). The
10 nm device exhibits a further reduction to 995 pA/um,
a decline of about 10%, while the 8 nm device shows an
18% drop to 900 pwA/um. The transistors with a (100)
channel orientation deliver higher on-currents compared to
those with a (110) orientation, thanks to the smaller elec-
tron effective mass along the transport direction, as shown
in Fig. 2 [7].

On the other hand, the NW FETs with the (110) orientation
exhibit an Ipp of 696 wA/um for Lg = 12 nm, 650 nA/um
for Lg = 10 nm, and 587 uA/um for Lg = 8 nm, as shown
in Fig. 5. These values represent reductions of 5%, 11.5%,
and 20%, respectively, compared to the 16 nm Lg NW FET,
which achieves an Ipp of 735 uA/um. The (100) orienta-
tion of the NW FET channel delivers a significantly higher
Ipp, with similar reduction trends as the gate length scales
down. For example, the 12 nm Lg device achieves an Ipp of
848 wA/um, corresponding to a 5% reduction compared to
the maximum /Ipp of 893 wA/um for the 16 nm Lg device.

VOLUME 14, 2026

Further scaling results in Ipp values of 791 wA/um (an 11.4%
reduction) for 10 nm Lg and 713 pA/um (a 20% reduction)
for 8 nm Lg. Furthermore, when Agrms is reduced from
1.5 nm to 0.3 nm, the behavior of drain-current degradation
with gate length scaling remains the same for both NS FETs
and NW FETs. The reduced roughness increases the drain
drive current, resulting in an increase of about 29% in Ipp
for NS FETs and 32% for NW FETs at Vp = 0.7 V and
Vo — Vr = 0.7 V. This increase is consistent with the
reduction in momentum relaxation expected for a smoother
interface.

B. IMPACT OF FRINGING FIELDS ON DEVICE CURRENT
The increase in Ipp with gate length scaling up to 16 nm is
well understood [34], [35]. This enhancement is attributed
to the increase in average electron velocity, which results
from the stronger fringing electric fields beneath the drain
edge of the gate. However, at very short channel lengths
starting from 14 nm, Coulomb interaction between the source
and drain leads also to an increase in the fringing electric
field at the source side of the gate because the source-to-drain
distance is so small that the source side starts to be affected
by the drain side potential [35].

Figs. 6 and 7 show the electric field distribution in the
channel of NS and NW FETs with a (110) channel orien-
tation. As the gate length decreases, the fringing fields at
the source and drain gate edges become more prominent for
Lg < 16 nm due to the long-range Coulomb interaction
between the source and the drain. Therefore, the increase in
the fringing electric field at the source side increases electron
back-scattering [35], resulting in a decrease in Ipp because a
larger fraction of carriers is scattered back toward the source
rather than being transmitted to the drain. Note that NW
FETs with the (100) channel orientation exhibit a higher
drain current than those with a (110) channel orientation
(see Fig. 5). This increase is attributed to the higher average
electron velocity and enhanced mobility in (100)n-type Si
FETs across all gate lengths [36].
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FIGURE 6. Distribution of the absolute electric field, |£(x)|, along the
transport direction x in the channel of NS-FETs with varying gate
lengths (x < 0 toward the source; x = 0 at mid-channel; x > 0 toward
the drain). The fringing electric field increases near the source gate
edge as the gate length is scaled for L < 16 nm. This increased
fringing field is due to drain-induced, long-range Coulomb interaction,
contributing to enhanced electron back-scattering.
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FIGURE 7. Distribution of the absolute electric field, |£(x)|, along the
transport direction x in the channel of NW-FETs with varying gate
lengths (x < 0 toward the source; x = 0 at mid-channel; x > 0 toward
the drain). The fringing electric field increases near the source gate
edge as the gate length is scaled for L < 16 nm. This increased
fringing field is due to drain-induced, long-range Coulomb interaction,
contributing to enhanced electron back-scattering.

The drift-velocity contribution from each A valley is gov-
erned mainly by its transport effective mass mans. Figure 8
shows that the A, valley provides the largest contribution
to Ipp for both channel orientations, whereas the A, valley
contributes the least. The figure further resolves the contri-
butions of the A valleys (Ax, Ay, and A;) to the total Ipp
in the 12 nm Lg NW FET for the (110) and (100) channel
orientations. For the (100) orientation, Ay and A, contribute
more strongly because their transport mass along the chan-
nel is the transverse mass m; (where m; is the transverse
effective mass), while A, has a heavier transport mass along
the channel that is the longitudinal mass m; (where my; is
the longitudinal effective mass). For the (110) orientation,
the A, and A, contributions decrease because the transport
direction mixes the longitudinal and transverse mass compo-
nents of these valleys, which increases the effective mans and
reduces the drift velocity. In contrast, the A valley retains a
comparatively lighter my,ns along the channel and therefore
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FIGURE 8. The contribution of the A-valleys to the drain current in the

12 nm gate length NW FET at a high drain bias of 0.7 V for two channel
crystallographic orientations: (110) and (100).
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FIGURE 9. Simulated Ip-V¢ characteristics of NS FETs with gate lengths
of 12 nm, 10 nm, and 8 nm, obtained from 3D MC simulations at a high
drain bias of 0.7 V for the (110) and (100) channel orientations.

remains dominant. Accordingly, the valley-resolved current
contributions are A, > A, > A, for the (110) orientation.
For the (100) orientation, the A; and Ay valleys dominate,
and A, contributes the least.

Figs. 9 and 10 show the complete Ip—Vg characteristics for
NS and NW FETs under a high drain bias of 0.7 V, with device
geometries summarized in Table 1, for gate lengths of 12 nm,
10 nm, and 8 nm. All extracted currents are normalized to
the device perimeter to enable a fair comparison. The drain
currents of the NW FETs are smaller than the equivalent drain
currents of the NS FETs because of a stronger electron inter-
action with IR [7], [11]. The effect of the channel orientation
is also larger in NW devices because of the stronger quantum
confinement of their channel. In contrast, the NS FETs, which
exhibit weaker quantum confinement in the channel, show a
smaller dependence on the channel orientation. Note that the
channel orientation (e.g., (100)) is related to a surface orien-
tation arising from different crystal planes at the top/bottom
and sidewall interfaces in fabricated structures.
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FIGURE 10. Simulated Ip-V¢ characteristics of NW FETs with gate

lengths of 12 nm, 10 nm, and 8 nm, obtained from 3D MC simulations at
a high drain bias of 0.7 V for the (110) and (100) channel orientations.
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FIGURE 11. The average electron velocity at V-Vt = 0.7 V and

Vp = 0.7 V for the (110) channel orientation in NS FETs across varying
gate lengths (from 22 nm to 8 nm). The location of the gate is indicated
by arrows.

C. ELECTRON VELOCITY IN THE DEVICE CHANNEL

The average electron velocity along the channel with the
(110) channel orientation in NS and NW FETs is depicted
in Figs. 11 and 12, at a high drain bias of 0.7 V and a gate
overdrive (Vg-VT) of 0.7 V. At larger gate lengths of 22 nm
and 20 nm, electrons lose velocity near the source gate-edge,
because the fringing electric field in that region is small. How-
ever, as the gate length scales down, this initial loss of velocity
disappears, and the average electron velocity increases. This
increase results from the acceleration of electrons by the
intensifying fringing electric field near the source gate-edge.
In the gate-controlled region, devices with larger gate lengths
(22 nm to 14 nm) exhibit a single velocity peak at the drain
gate-edge.

As gate lengths decrease to 12 nm, 10 nm, and 8 nm,
a second peak emerges at the source gate-edge due to
back-scattering of electrons injected from the source. This
back-scattering is driven by a significant rise in the fringing
electric field at the source gate-edge, as the potential from
the drain penetrates toward the source due to long-range
Coulomb interactions when the source-to-drain distance
reduces [35].

The presence of back-scattering is evident from a large
increase in the electron velocity at the source spacer, while the
electron kinetic energy (KE) decreases at the same location,
as seen in Figs. 13 and 14. The decrease in KE, along-
side a large increase in velocity, can only be explained by
the electrons traveling back to the source simultaneously
when they are injected into the channel. These large average
peak electron velocities are a signature of so-called velocity
overshoot [37], [38], [39]. The larger velocity in NS FETs
is attributed to IR scattering, the strength of which expo-
nentially depends on the distance from the interface. This
scattering is, on average, less operative in NS FETs because
electrons scatter less with the interface in the nanosheet cross-
section compared to the cross-section of a nanowire.

Figs. 13 and 14 present the average electron KE profiles
along the channel for scaled NS and NW FETs with a (110)
channel orientation at a drain voltage of Vp = 0.7 V
and a gate overdrive (Vg-VT) of 0.7 V. At Lg < 14 nm,
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FIGURE 12. The average electron velocity at Vg-V1 = 0.7 V and

Vp = 0.7 V for the (110) channel orientation in NW FETs for varying gate
lengths (from 22 nm to 8 nm). The location of the gate is indicated by
arrows.

drain-induced long-range Coulomb interactions increase the
fringing electric field in the source/spacer region. The
higher source-side electric field accelerates injected elec-
trons, increasing their KE and thereby increasing the emission
and absorption of acoustic and non-polar optical phonons,
which in turn increases the probability of back-scattering
toward the source [35]. This increased back-scattering in the
source/spacer region also reduces the average electron KE at
the drain/spacer region [40].

Electrons achieve an average peak velocity of 1.2 x
107 cm/s in the 8 nm NW FET, while in the 8 nm NS
FET, the peak velocity is 1.62 x 107 cm/s. When electrons
enter the gate-controlled region, they are accelerated by the
rising fringing electric field. Their KE remains very sim-
ilar, increasing only by a small amount until the 16 nm
gate length. When the Lg becomes smaller than 16 nm,
the KE increases by larger amounts as the fringing electric
field at the source/spacer region increases due to drain-
induced long-range Coulomb interactions. The peak KE
occurs near the drain/spacer region, where the fringing elec-
tric field is largest, similar to the average electron velocities in
Figs. 11 and 12. The average KE increases with gate scaling
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FIGURE 13. Average electron kinetic energy in NS FETs along the
channel at Vg-V; = 0.7 V and Vp = 0.7 V, with the (110) crystallographic
orientation, for scaled gate lengths ranging from 22 nm to 8 nm.
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FIGURE 14. Average electron kinetic energy in NW FETs along the

channel at V-V = 0.7 V and Vp = 0.7 V, with the (110) crystallographic
orientation, for scaled gate lengths ranging from 22 nm to 8 nm.

to 8 nm. This is due to an increase in quasi-ballistic trans-
port, where electrons retain more of the energy gained from
the increasing fringing electric field despite scattering with
phonons. Once electrons enter the heavily doped drain region,
their average KE decreases due to strong momentum ran-
domization from ionized-impurity scattering, together with
phonon emission. These dissipation processes accelerate
energy relaxation toward the drain and reduce the average
electron KE in the drain region [40]. Contacts in source/drain
are treated as a thermal reservoir at 7 = 300 K. Therefore,
carriers injected from the contacts follow a thermal energy
distribution. These injected electrons contribute to a lower
local average kinetic energy near the source/drain.

Finally, although the scaling of gate length to extremely
small dimensions enhances device density and integration,
it also brings substantial fabrication challenges. Precise con-
trol over crucial parameters such as channel dimensions and
doping uniformity becomes increasingly difficult at these
scales. Furthermore, such extreme miniaturization exac-
erbates short-channel effects, particularly source-to-drain
tunnelling [13], and increases variability due to metal grain
variability and line edge roughness [12]. Additionally, main-
taining the required drive current in nanoscale NS and NW
FETs demands novel techniques, such as advanced dielec-
tric engineering, strain engineering, and optimized doping
strategies [7], [41].

These challenges may be mitigated through design modi-
fications and the exploration of new materials or fabrication
schemes that are better aligned with future technology
requirements [42], [43]. In particular, GAA nanosheet perfor-
mance can be further enhanced through process innovations
such as bottom dielectric-isolation, wider nanosheets, and
advanced multi-Vt modules [44], while recent experimental
work has shown that CMOS performance can be improved
even further by three-dimensional stacking (FET-over-FET)
of complementary nanosheet tiers [45]. Resolving these fab-
rication and integration issues is therefore critical to enable
the transition of ultra-scaled transistor technologies from
research to commercial manufacturing.
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V. CONCLUSION

Our 3D quantum corrected ensemble MC device simulations
of n-type Si NS and NW FETs reveal that when their gate is
scaled from 22 nm to 16 nm, the drive drain current increases
as expected according to the scaling theory. However, when
the gate length is scaled further to an ultimate length of
8 nm, the drain current starts to decrease by approximately
18% for NS FETs and 20% for NW FETs with the (110)
channel orientation at 8 nm gate length. This decrease is
driven by increased electron back-scattering in the source
spacer region, resulting from the increased fringing elec-
tric field at the source gate-edge induced by the long-range
Coulomb interaction between electrons in the source and
drain regions due to their close proximity [35]. This effect
is more pronounced in NW FETs because of their stronger
quantum confinement [46]. Further exploration of innova-
tive doping techniques, alternative channel materials, and
advanced dielectric engineering could provide pathways to
mitigate the identified performance limitations [7].
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