Solid-State Electronics 230 (2025) 109212

journal homepage: www.elsevier.com/locate/sse

Contents lists available at ScienceDirect

Solid State Electronics

=

SOLID-STATE
ELECTRONICS

Geometrical variability impact on the gate tunneling leakage mechanisms in

FinFETs™> "™
C. Medina-Bailon'” *, J.L. Padilla, L. Donetti

Nanoelectronics Research Group and CITIC, Universidad de Granada, Granada, Spain

, C. Navarro, C. Sampedro

, F. Gamiz

ARTICLE INFO ABSTRACT

Keywords:

Geometrical variability
Gate leakage mechanism
Direct oxide tunneling
Trap assisted tunneling
Leakage current
MS-EMC

FinFET

Given the critical role that quantum tunneling effects play in the behavior of nanoelectronic devices, it is
essential to investigate the influence and restraints of these phenomena on the overall transistor performance.
In this work, a previously developed gate leakage model, incorporated into an in-house 2D Multi-Subband
Ensemble Monte Carlo simulation framework, is employed to analyze the leakage current flowing across the
gate insulator. The primary objective is to evaluate how variations in key geometrical parameters (specifically,
gate oxide and semiconductor thicknesses dimensions) affect the magnitude and bias dependence of tunneling-
induced leakage. Simulations are performed on a representative FinFET structure, and the results reveal that

tunneling effects become increasingly pronounced at low gate voltages in devices with thinner oxides and
thicker semiconductor thickness. These findings underscore the relevance of incorporating quantum tunneling
mechanisms in predictive modeling of advanced transistor architectures.

1. Introduction

Since transistors have reached the nanoscale regime, the description
of quantum tunneling is now an absolute necessity due to the expected
alterations to appear in the device performance [1]. In particular, the
use of ultra-thin insulators, where a high electric field is induced,
increases the probability of tunneling through the gate oxide, modi-
fying the electrical characteristics and thus the device reliability [2].
These tunneling phenomena are labeled as gate leakage mechanisms
(GLM) [3] and involve both tunneling directions (from/to metal gate
to/from semiconductor) as well as direct (DT) and elastic/inelastic trap
assisted tunneling (TAT).

This study aims to thoroughly investigate the influence of the
device geometry on these effects in silicon and, subsequently, on the
device performance. In that sense, it is worth highlighting that this
variability analysis is associated with those structural and geometrical
device parameters whose variation affects these GLM instead of those
connected to conventional sources of degradation. In particular, we
assess the roles of: (i) the semiconductor thickness (Tg;), as it modifies
the charge distribution along the confinement direction (altering the

particles position with respect to the insulator-semiconductor inter-
face); (ii) the oxide thickness (TSiOZ), due to its direct impact on the
tunnel probability; and (iii) the gate length (L), as it affects the overall
short channel effects in the transport direction. This has been achieved
by simulating for several drain voltages a wide number of different
geometrical configurations of an ultrascaled FinFET device using a 2D
Multi-Subband Ensemble Monte Carlo (MS-EMC) tool.

2. Methodology

The simulation frame is based on a 2D MS-EMC code [4] based on
the mode-space approach for quantum transport (Fig. 1). The simulator
solves the 1D Schrédinger equation in the confinement direction and
the 2D Boltzmann Transport Equation (BTE) using the Monte Carlo
method in the transport plane. The system is coupled by solving Poisson
equation in the 2D simulation domain. In general, the main advantages
of this simulation scheme with respect to purely quantum approaches
are the affordable computational time and its modular nature, which
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Table 1
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Device parameters and biases considered in this work for the FinFET simulations.

Fixed parameters

Varying parameters

Lg and L, (nm) 10 L (nm) 5, 7.5, 10, 12.5, 15

Distance from Si-SiO, 1 T (nm) 3,4,5

affected by GLM (nm)

Dipyps (em™) 5 .10'2 Tsio, (nm) 0.8, 0.9, 1

WF (eV) 4.385 Vgs (V) [-1.5, 1.5] with AV =0.1 V
Abrupt Ny, and Ny doping (cm~3) 10% Vps (V) 0.1, 0.5, 1
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Fig. 1. Schematic FinFET device herein analyzed with confinement and transport directions (011) and <011>, respectively, and all the constant and varying
geometrical parameters (see Table 1). Although FinFET is a 3D structure, it can be studied in a 2D approach considering high aspect ratio fins (H>Tg;) [6]. In
this 2D system, x and z are the transport and confinement directions, respectively; whereas y corresponds to the infinite direction. The 1D Schrdédinger equation
is solved for each grid point in the transport direction, and BTE is solved by the MC method in the transport plane.

facilitates the inclusion of novel mechanisms. This tool has previ-
ously demonstrated its effectiveness in modeling electron transport,
scattering, and other types of tunneling [5].

This simulation flow includes a dedicated module for
self-consistency incorporating GLM [5,7], which takes into account the
description of DT and both elastic and inelastic TAT events (regardless
of the direction of the tunnel), their low occurrence (executing this
module in larger time intervals than the generic MS-EMC loop), and
its stochastic nature (by random determination of the GLM outcome
of each particle). All the tunneling probabilities are computed using
the WKB approximation and the trap occupation obeys the Pauli
exclusion principle. The latter fact directly affects the WKB tunneling
probability as it is scaled by the trap occupation factor-set to 0, 0.5,
or 1-depending on whether the trap is empty, partially filled, or fully
occupied, respectively. For both DT and TAT, we consider that the
tunneling time of particles inside the oxide is negligible due to the
narrowness of the dielectric layer. In addition, the number of traps
is deterministically calculated according to the oxide dimensions and
the trap density, whereas their location and energy (within a typical
range of 2.9 eV to 3.9 eV below the conduction band edge of SiO,)
is randomly reckoned. In this work, the trap density (Dr,,,,) has been
fixed at 5 -10'2cm~2 [8], a medium/high value for a good-quality gate
oxide when the dielectric is SiO, and the wafer orientation is (100).
For comparison purposes, the spatial location of the traps as well as
their energies are set to be identical when simulating the same oxide
geometry.

There are two possible scenarios for the tunnel direction. On one
side, a particle can tunnel from the channel when it is situated close
to the insulator-semiconductor interface and its energy level is above
that of the Fermi level in the metal (E),). Available states at any given
energy above Epy in each gate electrode are assumed considering that,
after tunneling, the electrons thermalize. In this work, the distance from
the Si-SiO, interfaces at which particles can be considered to tunnel
from the semiconductor to the metal has been set at 1 nm for each gate.
It is important to note that, due to the 2D description of the MS-EMC

code, the estimation of particles near this interface is probabilistically
assigned based on their statistical distribution across the confinement
direction. On the other side, the charge injected into the MS-EMC loop
from the metal is determined based on the device geometry and the
GLM time interval, both of which are incorporated into the calculation
of the electron tunneling current density [9]. In this case, the final
state of the particle in the device is determined based on the energy
alignments: it can be a non-full trap, if its energy matches that of the
Fermi level in the metal; or the semiconductor, if there is a subband
energy in it below the Fermi level in the metal. In the latter scenario,
the particles will be injected at Egy into the subband that minimizes
their kinetic energy.

This variability study has been conducted on a FinFET device,
sketched in Fig. 1, with confinement and transport directions (011)
and <011>, respectively. It is important to note that, although it is a
3D structure, it has been demonstrated that FinFETs with high aspect
ratio fins (H>>Tg;) can be studied in a 2D approach [6], which justifies
the use of the 2D in-house simulator in this work. The constant as
well as the varying geometrical parameters and biases are summarized
in Table 1. Since the gate length and silicon thickness dimensions
chosen in this work correspond to ultrascaled devices, the simulation
scheme also includes the description of additional quantum phenomena
to properly describe the electronic behavior. In particular, the source
to drain tunneling module within the MS-EMC tool has been enabled
due to the well-documented degradation of the subthreshold behavior
in sub—10 nm nodes [5,10]. Moreover, the realistic conduction band
structure of 2D devices has been taken into consideration by the
effective electron masses for these confinement and transport directions
extracted by first principle simulations [11].

3. Results
The inclusion of GLM in a simulation inherently implies the modifi-

cation of the charge distribution since electrons are injected/extracted
to/from the semiconductor. Fig. 2 illustrates the average number of
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Fig. 2. Average number of injected electrons per MC time step (¢, = 1fs) due
to GLM vs. V5, including both direct and trap assisted tunneling, for a FinFET
device with Vpg = 500 mV, Lg = 10 nm, Tg; = 4 nm, and Tg;5, = 0.9 nm.

electrons per femtosecond (fs) participating in the GLM processes for a
particular scenario, demonstrating that the primary tunneling direction
is from the metal (semiconductor) at negative (positive) gate voltage,
respectively. In any case, the DT contribution is significantly larger than
that of the TAT.

The total net current from channel to gate (Fig. 3) highlights the
specific impact of these tunneling mechanisms, showing the same
maximum level (around 1-2 pA/pm in absolute value) as the average
number of injected electrons by both DT events are equivalent for
the lowest/highest V¢ (Fig. 2). This net current though the SiO,-Si
interface has been computed following the tunnel direction of elec-
trons injected into the device (DT from the metal and TAT from the
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oxide traps) minus the ones extracted from it (DT and TAT from
the semiconductor). By doing so, the particles that are incorporated
into the simulation flow (due to the tunnel from metal) increase the
device current, whereas the ones leaving the semiconductor (because
of the tunnel in the opposite direction) reduce it. Accordingly, this fact
explains the sign of the net gate current being positive/negative for
negative/positive Vg, as the energy alignment between the semicon-
ductor subbands and the Fermi level in the metal prioritizes the GLM
from the metal/semiconductor, respectively.

Regarding the impact of the silicon thickness (Fig. 3.(a)), it is worth
highlighting that two different trends can be observed as a function of
the gate voltage. First, the GLM are more deleterious for wider silicon
layers when Vg < OV, which can be explained by the substantial
increase in the electron density due to the GLM, as illustrated by its per-
centage change (Fig. 4). To properly show the charge density variation
in the oxide traps (and to avoid the division by zero), this percentage
change is calculated as the difference between simulations with and
without GLM divided by the first one. This fact is related to the energy
modification when Tg; shrinks, making the energy difference between
the Fermi level in the metal and the lowest subband larger, and thus
reducing the electron tunneling current density from the metal. Second,
although there is a decline in the electron density near the Si-SiO,
interface as Ty; is reduced (so less particles are available for GLM from
the channel), the opposite tendency can be observed for V¢ > OV. This
is explained by the fact that the DT from the semiconductor (recall that
this was the dominant phenomena for positive bias according to Fig.
2) depends on the WKB probability along the confinement direction,
which increases for lower and narrower potential barriers. Therefore,
when Tg; is reduced for V¢ > OV, the rise of the WKB probability leads
to a higher number of particles undergoing this effect. On the other
side, the impact of the oxide thickness (Fig. 3.(b)) is mainly due to
the WKB probability itself since smaller tunnel paths give rise to larger
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Fig. 3. Net Gate Current vs. Vg for a FinFET device with V,g = 500 mV and L; = 10 nm as a function of (a) Tg; (fixed Tsio, = 0.9 nm) and (b) Tsio, (fixed
Tg; = 4 nm). The prevailing tunneling type (to/from channel) determines the current direction (positive/negative).
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Fig. 4. Percentage change of the electron density (N2D), computed from simulations with and without GLM, along the transport (X) and confinement (Z) directions
as a function of Tg; ((a) 3 nm, (b) 4 nm, and (c) 5 nm) for a FinFET with Vg = 500 mV, V¢ = -1.4 V, L5 = 10 nm, and TSioz = 0.9 nm. X=0 nm corresponds
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Fig. 5. I, vs. V¢ with and without the GLM module for a FinFET device with
Vps = 500 mV, Lg = 10 nm, Tg; = 4 nm, and Tgp, = 0.9 nm.

probability values, thus making the GLM more detrimental for thinner
oxide thicknesses.

This net gate current appearance has a direct impact on the I,
vs. Vg characteristics, as depicted in Fig. 5 for the same FinFET
configuration as that of Fig. 2. It is important to highlight that, despite
the aforementioned fact that the maximum net currents for the lowest
and highest gate voltages are comparable, the GLM impact is only
noticeable in the OFF state, where the drain current has a similar
magnitude as the net gate current. The slight decrease in the drain
current for the ON state demonstrates that the reduction in particles
due to the GLM has almost no impact on the overall drain current
calculation.

The same reasoning regarding the geometrical impact on the device
performance as that shown in Fig. 3 can be extended leading to Figs.
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6 and 7, which show the minimum and maximum values, respectively,
that the drain current can achieve in these simulations. These quan-
tities have been chosen for each simulation considering the minimum
possible drain current above the inherent stochastic noise region shown
in all the Monte Carlo simulations (but selecting the same Vg for the
subtraction between the simulations with and without GLM) and the
highest V¢ (i.e. V55 = 1.5V). Results are expressed as their percentage
change for the different geometrical configurations, being computed as
the difference between simulations with and without GLM divided by
the first to be consistent with the results presented in Fig. 4. As can be
extracted from Fig. 5, the percentage variation is much higher for the
minimum current, reaching 100% in some geometrical extreme cases,
compared to the change in the maximum current (which is negative
due to the slightly lower drain current when considering GLM). Finally,
regarding the L; impact, it is important to highlight the reported
opposite trend that can be observed due to the scaling effects: for ALy,
the percentile increases when the gate length decreases; whereas for
ALy ,x, the percentile is more negative as Lg rises.

4. Conclusions

In this work, we have thoroughly investigated the impact of ge-
ometrical variability on GLM in ultrascaled FinFET devices using a
2D MS-EMC simulation tool. The results demonstrate that tunneling
effects (both direct tunneling and trap-assisted tunneling) exert a sig-
nificant influence on device performance, particularly at low gate
voltages. Our analysis reveals that thinner oxide layers and increased
semiconductor thickness enhance the detrimental impact of GLM. In
particular, the gate leakage becomes more pronounced under neg-
ative gate voltages due to higher injection from the gate, whereas
at positive gate voltages, leakage from the semiconductor dominates.
Additionally, although the influence of GLM on the ON-state cur-
rent is minimal, the OFF-state performance is considerably degraded,
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with the minimum drain current experiencing substantial variations
depending on the device geometry. Furthermore, we observed that
the gate length plays a critical role: shorter gate lengths amplify the
effects of GLM on the minimum current, whereas longer gate lengths
slightly reduce the maximum current due to quantum confinement and
source-to-drain tunneling interactions. These findings underscore the
importance of accounting for geometrical variability when modeling
and designing next-generation nanoscale FinFETs, especially in relation
to gate leakage and its implications for power consumption and device
reliability.
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