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Abstract. Gate-all-around (GAA) nanosheet field-effect transistors have emerged as the presumed 

successor to FinFET architectures at sub-3nm technology nodes; however, prevailing compact 

models inadequately account for the interplay between quantum confinement-induced subband 

splitting and drain-induced barrier lowering (DIBL) suppression mechanisms. This work presents a 

rigorous re-examination of threshold voltage (Vth) roll-off behavior through self-consistent 

Schrödinger–Poisson simulations coupled with non-equilibrium Green's function (NEGF) transport 

formalism. Parametric sweeps across nanosheet width (3–8 nm) and gate dielectric permittivity 

reveal that conventional threshold voltage extraction methodologies overestimate electrostatic 

integrity by 12–19% under strong quantum confinement regimes. Revised figures of merit for 

multi-stack nanosheet configurations are proposed, offering corrected scaling guidelines for next-

generation VLSI design at advanced technology nodes. 
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Introduction 

The relentless pursuit of transistor miniaturization, guided by Moore's Law and its 

derivative roadmaps including the IEEE International Roadmap for Devices and Systems 

(IRDS) 2024 edition, has propelled the semiconductor industry beyond the physical 

boundaries of conventional planar and FinFET topologies. Gate-all-around (GAA) 

nanosheet field-effect transistors (NSFETs) have been commercially introduced at the 3nm 

node by leading foundries, offering superior gate electrostatic control over the conducting 



channel through full circumferential gate wrapping. Despite this architectural advancement, 

the theoretical underpinnings governing threshold voltage (Vth) behavior in aggressively 

scaled nanosheet geometries remain contested, particularly regarding the competing effects 

of quantum mechanical confinement and classical electrostatic short-channel effect (SCE) 

suppression. In classical long-channel MOSFET theory, threshold voltage is predominantly 

determined by doping concentration, gate oxide capacitance, and flat-band voltage. At sub-

5nm channel lengths and nanosheet widths approaching 3nm, however, discrete subband 

formation due to quantum confinement fundamentally alters the carrier energy landscape. 

The lowest occupied subband energy rises significantly with decreasing nanosheet 

thickness, manifesting as a confinement-induced Vth shift that scales non-linearly with 

geometric parameters. Concurrently, the enhanced gate-to-channel coupling characteristic 

of GAA architectures suppresses DIBL — quantified as the change in Vth per unit drain 

voltage — more aggressively than FinFET counterparts, creating a nuanced and previously 

undercharacterized trade-off space. Existing compact models adopted in industry-standard 

SPICE environments, including BSIM-CMG and its nanosheet extensions, incorporate 

quantum correction terms via the van Dort approximation or density-gradient methods. 

These approaches, while computationally expedient, have been validated predominantly 

against device structures with nanosheet widths exceeding 5nm. As foundry processes now 

routinely yield sub-4nm nanosheets in stacked multi-layer configurations, the accuracy of 

these correction schemes at the extreme quantum confinement limit warrants critical 

scrutiny. Recent experimental data from transmission electron microscopy (TEM)-

characterized devices and split C–V measurements suggest systematic discrepancies 

between model-predicted and physically measured threshold voltages, with deviations 

reaching nearly 20% in worst-case geometric configurations — a margin unacceptable for 

high-density SRAM bitcell design and analog front-end circuits. This paper is structured as 

follows: Section II details the simulation methodology, encompassing the self-consistent 

Schrödinger–Poisson solver framework and the NEGF ballistic transport model 

parameterized against ab initio effective mass tensors for strained silicon and SiGe 

channels. Section III presents threshold voltage extraction results across a comprehensive 

nanosheet width and high-κ dielectric permittivity parameter space, benchmarked against 

available experimental data. Section IV analyzes the DIBL–quantum confinement trade-off 

surfaces and proposes revised electrostatic integrity metrics. Section V discusses 

implications for multi-stack nanosheet process design rules and compact model 

recalibration, before concluding remarks are offered in Section VI. 

This is a preliminary version. To read the full version of the article, please purchase a 

subscription. 
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