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Abstract—The potential of gate-all-around (GAA) nanowire
(NW) field-effect transistors (FETs) to replace sub-3 nm com-
plementary metal-oxide-semiconductor (CMOS) technology has
attracted significant interest. This simulation study investigates
the impact of gate length (LG) scaling on the drain drive current
(IDD) in NW-FETs using an advanced in-house 3D finite-element
ensemble Monte Carlo (MC) simulation toolbox that incorporates
quantum corrections via the Schrödinger equation. The MC-
simulated ID-VG characteristics show excellent agreement with
experimental data across both low and high drain biases. Our
results reveal that scaling the gate length down to 10 nm leads to
an unexpected decline in IDD beyond 16 nm. While IDD initially
increases from 22 nm to 16 nm, consistent with scaling theory, it
subsequently decreases by up to 12% at 10 nm. This reduction
is attributed to intensified back-scattering and enhanced fringing
electric fields resulting from the shorter source-to-drain distance.
This study uniquely demonstrates the critical role of these
effects in limiting drive current at sub-16 nm gate lengths in
NW-FETs—providing predictive insight into non-ideal short-
channel transport behaviors and highlighting key challenges for
performance optimization in future transistor architectures.

Index Terms—Gate-all-around, Monte Carlo, nanowire, scal-
ing, Quantum correction.

I. INTRODUCTION

FinFETs have dominated semiconductor technology due
to their scalability, strong electrostatic control, and reliable
performance [1], [2]. However, as device scaling advances,
FinFETs face physical limitations such as Fin height, heat
dissipation, and leakage currents [3], [4]. Their three-sided
gate structure also struggles to maintain electrostatic control
at smaller nodes [5], [6], driving the search for alternative
architectures. Gate-all-around (GAA) FETs are emerging as
a promising successor, offering superior electrostatic control
and enhanced scalability [7]–[9]. However, several challenges
must be addressed, including fabrication complexities, thermal
management, 3D channel stacking, doping uniformity, scaling,
drain current, switching speed, and power consumption [10].

Fig. 1. (A) 3D schematic of NW-FET, showing channel width (W), height
(H), gate length (LG), and source/drain length (LS/D). (B) Illustration of evenly
spaced 2D slices along the channel in a 3D view. (C) A 2D finite element
(FE) mesh slice used for Schrödinger equation solutions across the channel.
(D) ∆ valley positions in a NW-FET with a ⟨110⟩ channel orientation. (E)
∆ valley positions in a NW-FET with a ⟨100⟩ channel orientation.

A deeper understanding of MOSFET physics is essential to
improve performance and reliability. These challenges have
slowed widespread adoption [11]. Hence, this study analyzes
silicon n-type GAA nanowire (NW) FETs (see Fig. 1) and
explores key performance optimization factors using a 3D
finite element quantum-corrected Monte Carlo (MC) sim-
ulation toolbox, providing insights into the adaptation and
optimization of NW-FET designs for future technology.

II. MODELLING AND SIMULATION

This study employs MC simulations to analyze the NW-FET
device using the in-house VENDES tool [12]. Unlike conven-
tional TCAD software [13], our toolbox utilizes a 3D finite el-
ement (FE) tetrahedral mesh to accurately model the irregular
shapes, nanoscale geometry, and quantum confinement effects.
It solves the Poisson equation and models carrier transport



with high spatial precision. Moreover, it integrates 3D drift-
diffusion (DD) and ensemble MC simulations, coupled with
the 2D Schrödinger equation. Quantum corrections (QC) are
computed along uniformly spaced 2D slices (Fig. 1 B). The 3D
DD method provides initial approximations in the subthreshold
region, while 3D MC simulations, essential for capturing non-
equilibrium transport at high biases, ensure accuracy despite
their computational demands. The MC engine includes a non-
parabolic and anisotropic silicon band structure, considering
the Γ, L, and ∆ valleys and key scattering mechanisms such as
phonon interactions, ionized impurity scattering, and interface
roughness (IR) using Ando’s model [10]. A static screening
approximation is applied for electron-ionized impurity scat-
tering, with self-consistent calculations of the Fermi energy
and electron temperature [14]. The simulation domain fully
includes the source/drain (S/D) regions, eliminating the need
for post-processing to correct for contact resistance. Addition-
ally, the effective electric field for electron-IR scattering is
dynamically computed at each electron position in real time
[12], [15].

III. SIMULATION TECHNIQUE

A. Verification of the simulation toolkit

An experimental NW-FET with a gate length (LG) of 22 nm
was simulated for two channel orientations: ⟨100⟩ and ⟨110⟩,
to validate the accuracy of the toolbox. The ⟨110⟩ NW-FET,
fabricated by IBM [16], features an ellipsoidal cross-section
resulting from the etching process, with a height of 14.22 nm,
width of 11.3 nm, source/drain length (LS/D) of 30.8 nm,
and an elliptical perimeter of 40.21 nm. The simulated ID-
VG characteristics at high (1.0 V) and low (0.05 V) drain
biases closely match the experimental results [16], as shown
in Fig. 2. This strong agreement confirms the simulation
toolbox’s accuracy for nanoscale devices. The precision is

Fig. 2. ID–VG characteristics of NW-FETs with a gate length of 22 nm
at high (1.0 V) and low (0.05 V) drain biases, for ⟨110⟩ and ⟨100⟩
channel orientations, obtained from 3D MC simulations and compared with
experimental IBM data [16] for a 22 nm gate-length NW-FET fabricated with
a ⟨110⟩ channel orientation. The extracted threshold voltage (VT) is 0.26 V.

TABLE I
DIMENSIONS AND PARAMETERS FOR THE SIMULATED NW-FETS

Device dimensions
Gate length (LG) [nm] 22 → 10
S/D region length (LS/D) [nm] 14
High-κ thickness (EOT) [nm] 1
Channel orientation ⟨110⟩
Channel height (H) [nm] 7.17
Channel width (W) [nm] 5.7
Perimeter [nm] 20.28

Doping parameters
Max n-type (Gaussian) S/D [cm−3] 5× 1019

Uniform p-type channel [cm−3] 1× 1015

Tight-Binding Energy Variations for Silicon ∆-Valleys
∆x (EG1-∆x1) [eV] 1.12 → 1.282
∆y (EG2-∆x2) [eV] 1.12 → 1.247
∆z (EG3-∆x3) [eV] 1.12 → 1.247

achieved by integrating Schrödinger equation-based QC with
DD and ensemble MC simulations. Using the constant current
extraction method, a threshold voltage (VT) of 0.26 V was
obtained from simulations of 22 nm gate length devices.

B. Cross-Section Scaling

The nanowire field-effect transistor (NW-FET) was scaled
to a smaller cross-sectional area after validating the simulation
toolbox. The device features a channel height of 7.17 nm, a
width of 5.7 nm, and a source/drain length (LS/D) of 14 nm
(see Fig. 1), with an equivalent oxide thickness (EOT) of
1.0 nm. To analyze the quantum-confined k-space of the
nanowire, the tight-binding (TB) model [17] was employed to
compute the band structure, enabling the extraction of electron
effective masses [15]. The longitudinal effective mass, ml,
was determined to be 0.92 m0, closely matching the bulk
silicon value of 0.916 m0. Meanwhile, the transverse effective
mass, mt, was found to be 0.233 m0, compared to the bulk
value of 0.19 m0. To accurately represent experimental con-
ditions, a peak n-type doping concentration of 5×1019 cm−3

was established using a reverse-engineering approach [18],
based on the subthreshold characteristics of measured ID-VG
data [16]. All current values were normalized to the NW-
FET perimeter (20.28 nm) to ensure a consistent basis for
comparison. A detailed list of device dimensions and doping
parameters is provided in Table I. The drain drive current, IDD,
a critical performance parameter that dictates both switching
speed and power consumption, was assessed at VG − VT and
VD = 0.7 V, in alignment with IRDS guidelines [19]. A
higher IDD facilitates faster switching but also increases power
consumption, highlighting the trade-off between speed and
efficiency in device optimization.

IV. SIMULATION RESULTS

The scaling process begins with a gate length of 22 nm
and extends down to an aggressively reduced 10 nmn length.
Further reductions beyond this point is not advisable as further
scaling leads to significant source-to-drain tunneling [20],
which hinders transistor switching by preventing complete



Fig. 3. The effect of gate length scaling on the drain-drive-current (IDD)
defined at VG−VT = 0.7 V and VD = 0.7 V [19] in n-type GAA NW-FETs
for ⟨110⟩ channel crystallographic orientations.

turn-off. We will assume in this gate scaling study that NW-
FETs retain the same cross-sectional area, as presented in
Table I, for all scaled gate lengths, to clearly separate the
quantum confinement effects from the scaling. As the LG

is reduced from 22 nm to 16 nm, the drain current, IDD,
follows the expected trend predicted by scaling theory [21],
showing an increase. However, as the LG is further reduced to
14 nm and then to 10 nm, IDD begins to decline significantly,
contradicting conventional scaling expectations. This deviation
is attributed to intensified back-scattering effects. Initially, as
the gate shortens, the fringing electric field at the drain side
strengthens, accelerating electrons and increasing the drain
current. However, when the LG drops below 14 nm, the
fringing field at the source side also intensifies due to the
close proximity between the source and drain because the
source-side potential becomes influenced by the drain-side
potential through long-range Coulomb interactions [22]. The
resulting increase in back-scattering redirects electrons toward
the source rather than allowing them to contribute to current
flow, leading to a reduction in IDD as illustrated in Figure 3.

A. Electron Velocity in the Device Channel

To better understand the physical behavior of NW-FETs as
they scale down, we analyze the average electron velocity
for LG ranging from 22 nm to 10 nm. Figure 4 illustrates
the variation in average electron velocity for NW-FETs with
scaled gate lengths along the ⟨110⟩ channel orientation at a
high drain bias of 0.7 V and a gate overdrive of 0.7 V. In
the gate-controlled region, devices with longer gate lengths
(22 nm to 14 nm) exhibit lower velocity peaks near the
gate entrance. As the LG is further reduced to 12 nm and
10 nm, these velocity peaks increase due to more pronounced
electron back-scattering. This velocity reduction for larger
gate lengths is primarily attributed to enhanced electron in-
teractions with acoustic and non-polar optical phonons [10],
[23]. Additionally, in longer gate devices, fringing electric

fields (which extend beyond the controlled region) have a
minimal impact. However, as the LG shrinks, fringing fields
become increasingly significant, complicating electron veloc-
ity modulation. A distinct trend emerges as electrons traverse
the gate-controlled region: while scattering initially redis-
tributes electron momentum, reducing velocity, an acceleration
phase follows as electrons approach the gate exit, where the
electric field propels them into the drain region. However,
within the heavily doped drain, intensified scattering from
ionized impurities causes another velocity reduction due to
the redistribution of momentum, limiting further acceleration.
A particularly striking observation is the emergence of two
distinct velocity peaks in devices with 12 nm LG and 10 nm
LG—one at the gate entrance and another near the gate exit.
This dual-peak behavior provides direct evidence of intensified
back-scattering effects, reinforcing our finding that aggressive
gate scaling down to 10 nm leads to a deviation from expected
drain current behavior. Scaling the LG to 12 nm and 10 nm
amplifies the fringing electric field intensity beneath the gate.
This effect concentrates the electric field near the gate edge,
producing a sharp velocity peak at the gate entrance. The
stronger field enhances carrier acceleration, allowing electrons
to reach higher velocities, as shown in Fig. 4. For a 10 nm LG,
the average electron velocity peak reaches 1.05 × 107 cm/s,
and with a 12 nm LG, the electric field is slightly smaller,
and the fringing field effect is less pronounced, resulting in a
lower electron velocity of 9.2×106 cm/s. This corresponds to
a 12% reduction in peak velocity for the 12 nm compared
to the 10 nm case. Nevertheless, this decline can be par-
tially mitigated through architectural enhancements such as
incorporating alternative materials (e.g., germanium with sili-
con), introducing channel strain [10], optimizing source/drain
doping, or reducing oxide thickness by replacing the high-
κ gate dielectric [24]. Addressing these challenges to meet
future technology demands may further require novel design
strategies and advanced fabrication techniques [25].

Fig. 4. Average electron velocity in scaled n-type NW-FETs with gate lengths
ranging from 22 nm to 10 nm, at VG − VT = 0.7 V and VD = 0.7 V, in
the ⟨110⟩ channel orientation.



CONCLUSION

Using a state-of-the-art 3D FE MC toolbox, we investigated
the effect of gate length scaling on the drain drive current in
n-type GAA NW-FETs. Our findings show that while scaling
LG effectively reduces the poly pitch and enhances integration
density, it also exacerbates short-channel effects—such as
threshold voltage degradation (VT is 0.24 V in 12 nm LG,
and 0.23 V in 10 nm LG), increased subthreshold swing
(SS), and drain-induced barrier lowering (DIBL)—all of which
negatively impact device performance [7], [26]. Furthermore,
reducing LG below 16 nm introduces significant challenges,
including a 12% decline in IDD due to intensified electron
back-scattering at the source side of the gate, driven by long-
range Coulomb interactions between the source and drain. This
study also identifies a novel impact of fringing electric fields
as LG is scaled down, providing new insights into electron
transport mechanisms and performance limitations in ultra-
scaled NW-FETs, despite the presence of stronger quantum
confinement. As LG decreases, fringing fields at both the
source and drain edges intensify due to potential penetration
from the drain, which enhances back-scattering and reduces
electron injection efficiency. This leads to a lower channel
electron density and a corresponding reduction in IDD. These
findings offer valuable guidance for optimizing NW-FET
architectures, emphasizing the trade-offs between aggressive
gate-length scaling and the fundamental transport limitations
inherent in next-generation semiconductor technologies.
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