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Abstract— We present a multiscale device simulation
framework for modeling degradation and breakdown (BD) of
gate dielectric stacks. It relies on an accurate, material-
dependent description of the most relevant defect-related
phenomena in dielectrics (charge trapping and transport,
atomic species generation), and self-consistently models all
degradation phases within the same physics-based description:
stress-induced leakage current (SILC), soft (SBD), progressive
(PBD) and hard breakdown (HBD). This methodology is applied
to understand several key aspects related to the reliability of
SiO2 and high-k (HK) gate dielectrics: i) characterization and
role of defectsresponsible for the charge transportin fresh and
stressed devices (SILC); ii) the differences observedinthe SILC
behavior of nMOS and pMO S transistors; iii) the degradation
of bilayer SiOx/HfO2stacks; and iv) the voltage dependence of
the time-dependent dielectric breakdown (TDDB) distribution.

Keywords— Dielectric degradation, dielectric breakdown,
TDDB, Ginestra®, stress-induced leakage currents (SILC).

l. INTRODUCTION

Dielectric degradation and breakdown (BD) are strongly
affecting the reliability of logic devices. Despite the vast
research efforts made so far, many experimental trends and
observations have still not been fully understood and
explained. The adoption of 3D geometries (FINFET, GAA,
Nanosheet) [1] and new materials [2] further complicated the
scenario. Nonetheless, achieving a comprehensive and self-
consistent description of many different aspects conceming
dielectric degradation (nMOS vs. pMOS BD dynamics,
bilayer dielectric stacks, voltage/field dependence, etc.) i
mandatory for reliable interpretation of experiments and
correct assessment and prediction of device lifetime.
Achieving this requires accurate models of defect processes.

In this paper, we present a physics-based simulation
framework, implemented in the Ginestra® software [3], that
providesa comprehensive and self-consistentsolution for the
modeling of degradation and breakdown in gate dielectric
stacks. This methodology is applied to investigate stress-
induced leakage currents (SILC) in both nMOS and pMOS
devices, model the dielectric degradation —fromSILC to hard
BD (HBD) in SiO; and SiO/HfO dielectrics, and to
understand the differentvoltage dependencies (power law, E-
model, etc.) exhibited by experimental time-dependent
dielectric breakdown (TDDB) distributions.
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Il. THEMULTI-SCALE MODELING FRAMEWORK

Simulations of dielectric degradation and BD in SiO; and
high-k (HK) gate oxides are performed using the Ginestra®
commercial software [3], a multi-scale simulation platform
that self-consistently describes all the main physical
mechanisms occurring in dielectric layers subjected to
electrical stress: charge trapping and transport, increase of the
local power dissipation, temperature, and field, breaking of
interatomic bonds promoted by field, temperature, and carrier
injection. This enables the simulation of stress-induced
degradation and BD in single and multi-layer stacks [4]-[8].
TDDB simulations are performed considering statistically
different time-zero devices (in terms of energy, location and
character of distribution of pre-existing defects) and
accounting for the randomness of the defect generation
process through the kinetic Monte Carlo method [9].

Transport of carriers through the dielectric(s) includes
both intrinsic (direct/Fowler-Nordheimtunneling, thermionic
emission, drift) and defect-assisted mechanisms. The latter are
implemented in the framework of the multi-phonon trap-
assisted tunneling (TAT) theory [10], [11], that has been found
to dominate electrical conduction in a wide variety of
materials [10], [12]-[16]. It provides a defect-centric
description relying on two key parameters connected to the
atomic structure of the trap, the thermal ionization, Er, and
relaxation, Eret, energies [10], [17], [18]. In highly degraded
oxides, the model accounts for a change in the dominant
conduction mechanismfromTAT to drift [5], associated with
the presence of high defect density (~10?* cm®). The total
current is computed including all of the discussed transport
mechanisms simultaneously, while considering the local
potential (defined by the applied bias, defect charge states and
occupations and the internal redistribution due to the presence
of breakdown spots with a quasi-metallic or semiconducting
nature) and the local temperature (accounting for the power
dissipation associated with the charge transport).

The stress-induced creation of new defects is described
using an effective-energy description formalism [19]-[21]
where the temperature (T) and field (F) dependent defect
generationrate Gis written as:

< EA—poﬂF>

G = Rexp| ——— |, @
kT

where R is the specific frequency of the generation process,

Ea is the zero-field bond-breaking activation energy, p, the

effective process dipole moment, k is the relative dielectric
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Figure 1. Schematic representation of diflerent mechanisms involved in
dielectric degradation: i) field-driven (a) bond stretching and (b) breaking
(thermochemical model [McPherson2003]); ii) (c) double electron trapping
at precursor site with subsequent weakening and (d) breaking of the adjacent
bond (carrier injection model [Padovani2023]); iii) (¢) double electron
trapping at an existing trap and (f) subsequent formation of a new precursor
(for example, due to local lattice distortion).

constant, and kg is the Boltzmann’s constant. Equation (1)
allows to model different degradation mechanisms, from the
simpler thermochemical bond-breaking process [19], Fig.
1(a)-(b), to the more complex microscopic processes
involving bond weakening induced by an injection and
trapping of carriers by pre-existing defects (precursors) [5],
[71, [8]), Fig. 1(c)-(d). Equation (1) is also usedto model the
formation of new precursor defects [7], [8], Fig. 1(e)-(f). We
should note that a comprehensive understanding and
explanation of dielectric degradation and BD (including
experimental trends and observations [22]) cannot be
achieved without the adoption of an advanced microscopic
model based on defect creation assisted by carrier injection
and trapping (the Carrier Injection (CI) model, see Fig. 1(c)-
(f [8]). The simplified approach relying on the
thermochemical formalism, in which Ex and b in eq. (1) are
considered as phenomenological parameters canbe (and have
been) used to understand degradation dynamics and explain
important BD behaviors [6], [15], but lack the mechanistic
insight. The proposed multi-scale simulation framework is
therefore tightly connected to ab-initio modeling that provides
physically sound values of the various material-related
parameters of trap-assisted transport (Er, Egrel) and
degradation (Ea, po) [5], [7], [23]-[25]. These parameters can
also be extracted fromexperimental data[10], [26], [27].

I1l. STRESS-INDUCED LEAKAGE CURRENTS

Using the proposed framework to reproduce experimental
gate leakage currents is a very effective way to identify and
characterize the traps responsible for the charge transport
throughthegatedielectric stack [10] in both fresh and stressed
devices. Figure 2shows the excellent agreementbetween the
gate leakage currents measured and simulated as a function of
the temperatureon unstressed nMOSFET capacitors having a
high-k gate dielectric stack comprised of a 1.1nm-thick SiOx
interfacial layer (IL) and either a 3nm-thick or a 5nm-thick
HfO,. The simulation results indicate that neutral oxygen
vacancies (V) in the IL (E;=2.2-3.1eV; Ere=0.36eV) and
positively charged oxygen vacancies (V') in HK (E+=1.7-
2.7eV; Erer=1.19eV) are responsible for the gate current,
respectively, in thin and thick stacks [10]. The different nature
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Figure 2. Gate leakage currents (symbols) measured and (lines) simulated as

a function of the temperature on nMOSFET capacitors with (a) a 1.1nm/3nm
and (b) a 1.1nm/5nm SiO/HfO, gate dielectric stack.
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Figure 3. Stress-induced leakage currents (symbols) measured and (lines)
simulated during CVS experiments at 3V and diflerent stress times on a
NMOSCAP device with a 1.1nm/3nm SiOJ/HfO, gate dielectric stack.
Cartoons on the right show the evolution of the oxygen vacancies
distribution (red spheres) as obtained from the simulation of the CVS.
ofthe traps assisting the chargetransportin the two devices is
in agreement with thedifferentdependence of the gate cument
on temperature, which is controlled by the multi-phonon
transitions [10]. It is also worth noting that the density of IL
traps is significantly higher (of the order of 10*°cm®) than in
a high-quality SiO; film, as a consequence of its interaction
with the overlying HfO; layer [28], [29].

The results just discussed identified SiOx \P traps as the
major contributor to the gate leakage current for the thinner
1.1nm/3nm SiO/HfO high-k dielectric stack. We now use
these important results, together with the modeling of stress-
induced trap generation, to investigate the degradation of this
dielectric stack. Figure 3 shows the evolution of the gate
current measured and simulated at different stress times
during a constantvoltage stress (CVS) experiment perfomed
at Ve=3V and room temperature on the same 1.1nm/3nm
SiO/HfO, nMOS capacitor as in Fig. 2(a). Simulations of the
degradation process show that the electrical stress leads to the
generationoftraps in the SiOx IL (cartoons in Fig. 3). Such an
increase of IL traps with stress time allows to nicely reproduce
the significantincrease in the current (SILC) [30], [31].

Simulations alsoallow us to understand and to explain the
different SILC behavior exhibited by high-k/metal gate NnMOS
and pMOS transistors under CVS. Different groups have
reported that, while the breakdown of a nMOS device is
preceded byasignificantSILC increase [similarto the onein
Fig. 2(a)], no (orvery limited) SILC is typically observed in a
pMOS device before BD [32], [33]. Figure 4 shows theresults
of CVS simulations performed on nMOS and pMOS devices
having the same 0.7nm/1.5nm SiO,/HfO; high-k dielectric
stack. As can be seen, the gate current of the nMOS as a
function of the stress time shows a clear increase (SILC)
before breakdown, Fig. 4(a), which is not present in the case
of pMOS, Fig. 4(b). This behavior, which is fully consistent
with the reported experiments [32], [33], also correlates with
the degradation dynamics and with the nature of the traps
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Figure 4. Evolution of the gate leakage currents as obtained from the

statistical simulation of CVS experiments on (a) nMOS and (b) pMOS

capacitors with a0.7nm/1.5nm SiO,/HfO, gate dielectric stack. The numbers

identify subsequent instant of the degradation, whose IV characteristics and

oxygen vacancies distributions are shown in Fig. 6 (for a single device).
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Figure 5. Band diagram of the 0.7nm/1.5nm SiO,/HfO, gate dielectric stack
(@ nMOS and (b) pMOS devices respectively at positive and negative
voltages. The distribution of V°, V* and Hydrogen-bridge traps extracted by
reproducing experimental data (not shown) are also reported and colored
depending on theamount of the driven current.

assisting the conduction through the stack. In this respect, Fig.
5 shows that the current flowing through the high-k stack is
controlled mainly by IL V° in the nMOS under positive
voltages, Fig. 5(@), and by HfO., V* in the pMOS under
negative voltages, Fig. 5(b) (note thatthese conditions are the
same as forthe CVSin Fig. 4). This, together with the factthat
the electrical stress induces the formation of oxygen vacancies
in the IL (see Fig. 3), well explains the different SILC
behaviorexhibited by nMOS and pMOS devices under CVS.
This can be better understood by looking at the simulation
resultsin Fig. 6. In the case of thenMOS device, Fig. 6(a), the
gate current increases assoon as oxygen vacancies startto be
generatedin the ILdue to the applied electrical stress [see IV
characteristics 1, 2and the corresponding VO distributions in
Fig. 6(a)]. Such rapid SILC increase, observable also in Fig.
4(a), is a direct consequence of the dominant current
contribution provided by the oxygen vacancies in the IL, see
Fig.5(a). On the other hand, the same defects do not assist the
charge transport in the case of a pMOS device under a
negative Vs, whose current is mostly controlled by HfO;
oxygen vacancies and, to a much lesser extent, by H-related
defects (e.g. H-bridges), Fig. 5(b). As a consequence, no
significant current increase is observed when new VOs are
generated in the IL, see IV characteristic 1 and the
corresponding VO distributions in Fig. 6(b), and Fig. 4(b). As
shown in Figs. 4(b) and 6(b), the current starts to increase
(@bruptly) only when the IL is broken and traps start to be
generated in the overlying high-k (IV characteristics 2, 3, 4
and thecorresponding VO distributions in Fig. 6(b)). Notethat
at this stagethe device is already in the runaway phase leading
to HBD, Fig. 4(b). Finally, it must be mentionedthat a minor
SILC increase could be observed even in pMOS under
negative CVS if some of the generated IL vacancies are
converted into H-related traps [34]-[36], since these defects
provide a (minor) contribution to the current, see Fig. 5(b).
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Figure 6. Evolution of the gate currents during the simulated CVS in Fig. 4
for one of the considered (a) nMOS and (b) pMOS devices. 2D visualizations
of the IL/HK stack representing subsequent snapshots of the simulated
evolution of the oxygen vacancies distribution (red spheres) are shown on
the right. Each snapshot is numbered according to the corresponding I-V
characteristic for increasing stress times as in Fig. 4 (0: fresh; 4/5: HBD).

The simulation results consistently explain also the
differences observed between the SILC measured in both
nMOS and pMOS devices under inversion and accumu lation
conditions (notshown) [33].

IV. TowARDS A UNIVERSAL BD MODEL

The key parameter used to assess gate oxide reliability is
the time-dependent dielectric breakdown [37], whose
characterization is typically done under field-accelerated
and/or temperature-accelerated conditions. The collected
experimental data are then used to extrapolate the device
lifetime under operating conditions, a critical step that
strongly depends on the adopted model [8], [37]-[39] (among
the many proposed in the literature, such as the E-model [19],
[20], the power-law model [40], [41], the L/Emodel [42], [43],
etc.). Here, we briefly describe a new microscopic degradation
model that has demonstrated the potential to reconcile the
earlier BD theories/models within a unique physics-based
framework. It is based on the Cl model, Fig. 1, and stems from
recent findings highlighting the role of structural precursors in
facilitating thebond-breaking process leading to the dielectric
breakdown [5], [7],[8],[23].[44]. It has been implemented in
the Ginestra® platform through the effective-energy
descriptionformalismdiscussed in Section l.

The CI model relies on four key material-dependent
processes shown in Fig. 1(c)-(f): the two-electron trapping
into a precursor defect, Fig. 1(c); ii) the breaking of the
adjacentweakened bond andthe formation of O vacancy and
interstitial O™ ion, Fig. 1(d), iii) an additional process leading
to the formation of new precursors, Figs. 1(e)-(f), and iv)
multi-phononelectron tunneling through the formed neutral O
vacancies. Within this model, the termR in eq. (1) includes
the probability for the precursor site to be occupied by two
electrons, which is calculated using the multi-phonon theory
while considering all possible electron trapping/de-trapping
transitions (trap-trap, trap-band, trap-electrode) [8]. Here we
focus on the specific case of SiO, but the model has already
been adopted to HfO, [7] and Al.Os [45].
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Figure 7. Results of TDDB simulations performed on a Si/Si0,(29A)/TiN
stack with stress voltages between 2.3V and 4.1V. (a) TDDB Weibull plots.
(b) 63.2% TDDB versus the stress voltage as extracted from (b). Black and
red dashed lines respectively represent results obtained with classical
thermochemical equation and power law extrapolation (for comparison
purposes). 100 randomly generated devices are considered for every stress
condition. Experimental data (symbols) are taken from [46].

Figure 7 shows the results of the statistical TDDB
simulations performed using the proposed model on a MOS
capacitor with a 29 A-thick SiO, dielectric for stress voltages
from 2.3V to 4.1V [8]. The simulated TDDB distributions are
characterized by the same Weibull slope, butan increasing
spacing in time between them is observed at the lower stress
voltages (red arrows in Fig. 7(a)). When the 63.2% TDDB is
extracted and plotted versus the stress voltage, Fig. 7(b), this
translates into a deviation from the trend of the pure
thermochemical (TC) model (dashed black line) towards a
power-law (PL) dependence (dashed red line). This is a direct
consequence of the electron injection contribution capturedby
the prefactor Rin eq. (1), that determines a voltage-dependent
modulation ofthe oxygen vacancy generation rate associated
with the voltage-dependent probability of precursors to
capture two electrons [8]. These findings have important
implications for the explanation and interpretation of many —
sometimes contradicting — experimental TDDBVvs. Vg trends
reported in the literature. In fact, the proposed Cl BD model
not only reconciles TC and PL theories, but also provides a
theoretical description that can explain why the BD, even for
the same material, can exhibit different voltage dependencies.
Itis the type of precursor defect (tightly connected to material
properties and process conditions) that determines, through its
Erand EreL properties, theshape of the TDDB vs. Vs plot, as
well as whether, how and at what voltage deviation from the
E-dependenceoccurs (notshown) [8].

Figure 8 shows the 2D maps of the evolution of the
distributions of precursors and oxygen vacancies and of the
current they drive, as obtained from the simulation of one of
the 2.9nm-thick SiO, devices in Fig. 7 at 300K for a stress
voltage of 4.1V. The generation of the initial oxygen
vacancies brings the device in the SILC stage, characterized
by uniform oxygen vacancies and current distributions, Fig.
8(a),(d), the latter driven primarily by oxygen vacancies. As
more vacancies are generated, the device enters the
soft/progressive BD stage (SBD/PBD), characterized by the
formation of one or more spots with a higher local
concentration of vacancies that sustain a larger current with
respect to the rest of the device, Figs. 8(b),(e). One of these
local vacancy clusters is the seed of the final BD spot: its
higher current increases locally the power dissipation and
temperature (not shown), which triggers, together with local
field variations, a thermally driven positive feedback that
eventually leads to the hard breakdown. This condition is
characterized by the presence of a dominant BD spot that
drives almost all the current, Figs. 8(c), (f). The degradation
process is sustained by the generation of additional precursors
through the mechanismin Fig. 1(e)-(f).
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Figure 8. 2D map (X, Y plane) of the evolution of (a)-(c) distribution of
precursors and oxygen vacancies (cyan and blue spheres, respectively) and
(d)-(§ current driven by precursors and VO traps. All maps are shown for
subsequent phases of the degradation process: SILC, SBD/PBD, and HBD
(from left to right — the initial fresh state is not shown) as simulated at 300K
with a stress voltage of 4.1V on the 29A-thick SiO, film of Fig. 7.

V. CONCLUSIONS

We presented a multiscale device simulation framework
for the modeling of the degradation and breakdown (BD) of
gate dielectric stacks. The framework is applied to the
investigation of stress-induced leakage currents (SILC) in
nMOS and pMOS devices, to the modeling of dielectric
degradation in SiO, and SiOx/HfO; dielectrics, and to the
understanding of the different voltage dependencies (power
law, E-model, etc.) exhibited by experimental TDDB data.
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