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Abstract— We present a microscopic breakdown (BD) model in 

which chemical bonds are weakened by carrier injection and 

trapping into pre -existing structural defects (precursors) and by 

the electric fie ld. The model goes much beyond the existing ones 

by consistently explaining the role  of both current (a weakness 

of the E model) and temperature (a weakness of the power-law 

model), along with the role  of the electric fie ld. It also explains 

the non-Arrhenius temperature dependence of BD. It suggests a 

new comprehensive physics-based framework (with tight 

connections to material properties) reconciling the many 

breakdown theories proposed so far (E, power-law, 1/E, …)  

within a more universal breakdown model.  

Index Terms-- Dielectric Breakdown, Ginestra®, bond-breakage, 

precursors, carriers’ injection. 

I. INTRODUCTION  

Gate dielectrics breakdown (BD) is one of the most 
challenging areas in the field of semiconductor device 
reliability. Despite massive research efforts conducted for over 
50 years by industry and academia, a consensus has not yet 
been reached on the microscopic nature of the degradation 
process leading to BD, and none of the models proposed over 
the years, such as [1]-[4], provides a comprehensive and 
consistent description of all the experimental observations . 
Also, the adoption of new materials [5] and 3D geometries 
(FinFET, GAA, Nanosheet) [6] complicates the scenario. 
Furthermore, time-dependent dielectric breakdown (TDDB) 
testing is typically done under field- and/or temperature-
accelerated conditions. Reliable models are thus required to 
interpret the results and extrapolate them to real operating 
conditions. Having an accurate, physics-based breakdown 
model is thus vital for a correct prediction of device lifetime 
(or, equivalently, of the maximum operating voltage for 10 
years lifetime). 

Among the variety of the proposed models, the ones based 
on thermochemical (TC) bond-breakage [7]-[9], 1/E [10], [11] 
and power-law (PL) [12], [13] are the most relevant and 
widely adopted. The first relies on a physics-based description 
of the bond breakage process [7] and is connected to the 
microscopic structure and properties of the material, while the 
PL implements a more empirical/phenomenological approach. 
When applied to experimental data of accelerated TDDB tests 
as in Fig.1, the models give quite different lifetime 
extrapolations. In particular, the thermochemical model is too 
conservative and results in overly stringent design limitations. 
For this reason, it is typically disregarded by industry in favor 
of the power-law model (and, less often, of the 1/E model, that 
is overly relaxed) that provides larger design margins (that is, 
a higher maximum operating voltage, Fig. 1).  

An obvious question, that is still a subject of heated 
discussions in the reliability community, is whether the use of 
such an empirical model is valid and really advantageous. For 
example, it does not provide predictive capabilities, since it 
must be applied on real device data every time a change is 
made to process and/or technology. Nevertheless, 
experimental TDDB data performed at low-voltage and long 
stress times have shown evidence of a power-law dependence 
of the time to breakdown on the electric field and stress 
voltage [14], [15]. On the other hand, the thermochemical 
model, which has much more solid physics foundations 
connected to the material microstructure [7], also predicts 
many of the experimental observations [4]. 

In this paper, we present a model that reconciles different 
theories (thermochemical, power law, 1/E,…) within a unique 
physics-based framework, consistently explaining key TDDB 
experimental trends. The model stems from recent results 
highlighting the critical role of carriers ’ trapping into pre-
existing defects (precursors) [16]-[19] in facilitating the bond 
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Figure 1. Best fit of experimental TDDB data (corresponding to a failure rate 
of 63%) collected on nFET devices with a 2.9nm-thick SiO2 gate dielectric, 

obtained with (blue) thermochemical, (red) power-law, and (green) 1/E 
breakdown models. Experimental data (symbols) are taken from [41]. 

 

 
Figure 2. Schematic representation of the two-electron injection-driven 
microscopic processes at the bases of the degradation and breakdown. 1) 

Precursor (T) in SiO2. 2) Two electrons occupy precursor. 3) Field- and 
temperature-activated oxygen vacancy (V) generation.  4) Two electrons 

occupy a vacancy. 5) Generation of a new precursor. 6) Field- and 
temperature-activated generation of a second vacancy (aft er two electrons  

are trapped into the precursor). 

 

Figure 3. Schematic representation of the two-electron injection-driven 

vacancy formation in HfO2. A) HfO2 precursor defect occupied by two 
electrons. B) Oxygen ion displaced due to thermal fluctuation. C) Interstitial-

Vacancy pair formed. D) Energy profil e of the defect formation, indicating 
the effect of energy reduction under field stress. 

 

breaking process leading to dielectric degradation and 
breakdown. Using a commercial device simulation software 
[20] that implements the new physical mechanisms, we 
demonstrate that the TDDB E-dependence (typical of the 
thermochemical model) that is observed at high stress voltages 
(used for accelerated test conditions) evolves into a power-law 
dependence at moderate/low stress voltages. This change 
originates from the voltage/field dependence of charge carrier 
trapping at precursors sites, a prerequisite for the weakening 
and subsequent breaking of materials’ bonds. The proposed 
model is successfully applied to reproduce TDDB data 
measured on SiO2 and HfO2 dielectrics.  

II. THE CARRIER INJECTION (CI) BREAKDOWN MODEL 

The developed breakdown model comprises three key 
material-dependent processes, shown in Fig. 2 for the case of 
the SiO2: (i) the presence of precursor electron trapping sites , 
such as oxygen vacancies (VO) and specific structural features 
in amorphous oxides, like wide O-Si-O bond in SiO2 [16], 
[18], [21] or elongated bonds in HfO2 [19], [22], capable of 
trapping two electrons; (ii) the breakage of the adjacent bond, 
weakened by electron trapping at the precursor site, electric 
field and temperature [Fig. 2 (steps 1-3), and Fig. 3]; and (iii) 
an effective process leading to the formation of new 
precursors that provides the self-sustainability to the whole 
mechanism (steps 4-5 in Fig. 2). 

A. Density Functional Theory Calculations 

These processes (Figs. 2 and 3) have been investigated in 
amorphous SiO2 by combining classical molecular dynamics 
(MD) calculations of amorphous structures with Density 
Functional Theory (DFT) calculations of precursor trap 
properties [16] as well as energy barriers  [21] and field 
acceleration factors for the trap generation processes [18]. 
Similar mechanisms have been demonstrated also in both 
crystalline [23] and amorphous HfO2 [19], [22] and are being 
investigated in other materials (e.g. Al2O3, TiO2, Ga2O3, 
HZO), suggesting their possible universality. DFT calculations 
[24] suggest the wide O-Si-O bonds and the elongated Hf-O 
bonds as the fundamental VO precursors in SiO2 and HfO2, 
respectively. Electron trapping by VO facilitates creation of 
new VOs nearby both in SiO2 and HfO2 [see for example Fig. 

2 (steps 5 and 6)] [17], [24]. This so-called “energetic 
correlation” effect, where pre-existing O vacancies locally 
increase the generation rate of additional vacancies , 
accelerates the oxide degradation process [19]. The dynamics 
of such processes is, however, material dependent [24]: in 
SiO2 a doubly occupied VO can generate a new wide O-Si-O 
bond which in turns could generate a new VO, while in HfO2 
new VO can be directly generated from a doubly occupied 
VO, acting as a VO precursor itself. The described carrier-
assisted processes provide an explanation of the VO 
formation, despite the strength of the involved bonds. DFT 
calculations [25] demonstrate that an applied electric field 
only weakly affects barriers for the creation of oxygen 
vacancy-interstitial defect pairs and diffusion of interstitial O 
ions in monoclinic HfO2. The results demonstrate that, even 
close to breakdown fields, barriers for defect pair generation 
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Figure 4. Results of statistical TDDB simulations performed on a Si/SiO2(29Å)/TiN stack with stress voltages between 2.3V and 4.1V. (a) Current-time 
characteristics. (b) TDDB Weibull plots. (c) 63.2% TDDB versus the stress voltage as extracted from (b). Results obtained with (blue dashed line) classical 

thermochemical equation and (red dashed line) power law extrapolation are also shown for comparison. 100 randomly generated devices are considered for 
every stress condition. Experimental data (symbols) are taken from [41]. 

 

exceed 6 eV in the perfect m-HfO2 lattice. However, injection 
of extra electrons from electrodes significantly lowers barriers 
for defect creation (Fig. 3D), which are further reduced by the 
field to around 1 eV. Thus, bias application facilitates the 
injection of electrons into the oxide; these extra electrons 
reduce energy barriers for the creation of O vacancies, and 
these barriers as well as those for O ion diffusion are further 
lowered by the field. 

B. Ginestra® Device Simulations 

The proposed model has been implemented in the 
Ginestra® simulation software [20], a multi-scale defect-
centric simulation platform [17], [26]-[29]. Ginestra 
simulations self-consistently account for the electrostatics, the 
charge trapping/emission processes to/from atomic defects, 
and the charge transport through the material stack by 
different conduction mechanisms. Direct/Fowler-Nordheim 
tunneling, drift and thermionic emission are considered 
consistently with trap-assisted tunneling (TAT), which 
controls the conduction in a wide variety of materials  [26], 
[30]-[32]. TAT is described in the framework of the multi-
phonon theory accounting for carrier-phonon coupling and 
lattice relaxation processes, [26], [33]-[36]. Defects are treated 
as discrete entities characterized by thermal ionization (ET) 
and relaxation energies (EREL), that depend on their atomistic 
structures and are calculated using DFT [19]. Local power 
dissipation and temperature increase associated with the 
charge transport, distortion and breakage of atomic bonds 
promoted by field, temperature and electron injection, 
diffusion of atomic species, are also self-consistently included, 
thus enabling the modeling of material modifications 
associated to the electrical stress and specific material 
properties. Calculations are performed considering the 
potential given by the applied bias and the defect charge state 
and occupation. 

The rate of VO generation is modeled with the effective 
energy description of the bond breakage [8], [37], [38], that 

we modified to account for the bond weakening determined 
by carriers’ injection and trapping: 

  (1) 

G0 is the bond vibration frequency, EA,2e the energy required 
(in absence of electric field) to break the bond when two 

electrons are trapped at the precursor site, p0 is the bond 
polarizability (describing how much the bond is distorted by 
the applied electric field), k the material dielectric 

permittivity, and kB the Boltzmann’s constant. The classical 
thermochemical/effective energy formulation has been 

modified by introducing the probability for the precursor site 
to be occupied by two electrons, f2e. This term accounts for 
the carrier injection-driven degradation processes (Fig. 3) and 

allows reconciling the different BD theories within the same 
physics-based model. f2e is calculated by solving the charge 
continuity equation at trap sites, while accounting for all the 

possible incoming (trapping) and outgoing (emission) transfer 
rates (trap-to-traps, trap-to-bands, trap-to-electrodes), 

determined within the multi-phonon theory: 

   (2) 

 (3) 

N(E) and f(E) are the (energy dependent) density of states and 
Fermi-Dirac occupation probability, respectively; PT is the 

(energy dependent) electron tunneling probability, calculated 
using the Wentzel–Kramers–Brillouin (WKB) 

approximation; Ca and Em are the multi-phonon capture and 
emission rates [17], [26], directly linked to the precursor 

ionization and relaxation energies reported in Table I. 

The rate of precursors generation (steps 4-5 in Fig. 2) is 

modeled with equations similar to (1)-(3), while considering 

the precursors properties reported in Table I. 

III. RESULTS AND DISCUSSION 

Figure 4 shows the results of statistical TDDB simulations 
performed on a MOScap device with a 29 Å-thick SiO2 
dielectric for a wide stress voltage (VG) range (2.3V-4.1V) 
while considering the carrier injection-driven degradation 
process discussed in Section II. The simulated current-time (I-
t) traces are shown in Fig. 4(a). As expected, higher initial 
current and faster timescale are obtained as the stress voltage 
is increased from 2.3V to 4.1V. More importantly, the same 
behavior is observed regardless of the applied VG: the current 
gradually increases as oxygen vacancies are generated (by 
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Figure 5. Average precursors’ 2e- occupation probability f2e obtained by 
averaging the values of 1000 discrete precursors randomly generated within 

the simulated 100x100nm2 SiO2 device as in Fig. 4. For VG < 2.4V, the 
average f2e shows an exponential dependence on VG, although it has very 

small values (only a small fraction of the precursors is occupied by two 

electrons and can therefore promote the breaking of the Si-O bonds, 1% at 

VG = 2.4V). For VG > 2.4V, the average f2e increases linearly with the 

voltage and then saturates to 0.5 at VG = 3.6V (around 50% of the 1000 
precursors present in the device are filled by two electrons and can contribute 

to the Si-O bond-breakage process). Saturation occurs at a value lower than 1 
determined by the dynamics of the electron capture/emission processes at 

precursor sites. Simulations show that in the considered device most of the 
precursors close to the gate electrode are not able to retain the trapped 

electrons and thus remain in their initial D(Q) state, since electrons emission 
(toward the gate) is much faster than their capture (RC << RE). 
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Figure 6. TDDB vs VG plots simulated as a function of precursors’ (a) ET, 

and (b) ET spread, ET, considering the proposed CI BD model.  The solid 
black line indicates the E-dependence. 

 

Precursor Property SiO2 HfO2 [19] Description
ET,D(Q-1) (eV) 1.5 1 first electron capture
ET,D(Q-2) (eV) 1.5 1.1 second electron capture
ET (eV) 0.5 0.8
EREL,D(Q-1) (eV) 1.5±0.3 1±0.3 first electron capture

EREL,D(Q-2) (eV) 1±0.4 1.1±0.3 second electron capture

Generation by Precursor SiO2 HfO2 [19] Description
EA,2e (eV) 0.7±0.4 1.7±0.3 SiO2: wide O-Si-O bond → VO

HfO2: elongated Hf-O bond → VOp0 (eÅ) 4 1

Generation by VO SiO2 HfO2 [19] Description
EA,2e (eV) 1.2 1.3 SiO2: VO → VO + wide O-Si-O bond

HfO2: VO → 2VOp0 (eÅ) 5 1
 

TABLE I. Parameters of the microscopic mechanisms considered in the 
developed breakdown model. D(Q), D(Q-1) and D(Q-2) are the charge state 
of the trap when empty, after single electron trapping and after double 
electron trapping, respectively. ET and EREL are traps’ thermal ionization and 
relaxation energies, respectively. EA2,e and p0 are the activation energy and 
bond polarizability of the generation process, respectively, see Eq. (1).  

means of the carrier injection driven O-Si-O to VO conversion 
process, steps 1-3 in Fig. 2) until the formation of a dominant 
defect cluster triggers the thermal runaway phase that quickly 
leads to the breakdown [17], [37], corresponding to the steep 
current jumps in Fig. 4(a). The corresponding TDDB Weibull 
plots are shown in Fig. 4(b). While the Weibull slope is 
preserved regardless of VG, an increasing time dependence is 
observed at the lower stress voltages. When the 63.2% TDDB 
is extracted and plotted versus the s tress voltage in Fig. 4(c), a 
clear deviation from the trend of the pure thermochemical 
model emerges at low VGs, unveiling a power-law 
dependence. This is a direct consequence of the electron 
injection contribution captured by f2e in (1), which provides a 
voltage-dependent modulation of the oxygen vacancy 
generation rate associated to the voltage-dependent probability 
of the precursors to capture two electrons, which is reported in 

Fig. 5. When the stress voltage is equal or higher than 3.6V 
(corresponding to the stress conditions typically considered in 
accelerated TDDB tests), precursors occupation reaches an 
equilibrium, with most of them in the two electrons [D(Q-2)] 
state. Consequently, f2e becomes almost constant, as shown in 
Fig. 5 (with a value depending on stack thickness and 
composition) and Eq. (1) results in the classical 
thermochemical model (with the EA and p0 values reported in 

Table I for the O-Si-O + 2e– → VO process). As a result, the 
simulated 63.2% TDDBs aligns on the E-dependence 
represented by the dashed blue line in Fig. 4(c). For stress 
voltages below 3.6V, f2e reduces significantly, which 
determines a reduction of the oxygen vacancy generation rate, 
Eq. (1), and thus an increase of the breakdown time. This 
eventually determines a deviation of the TDDB vs. VG plot 
from the E-dependence. Since the f2e reduction is larger as VG 
is smaller (Fig. 5), also this deviation becomes larger at lower 
stress voltages, resulting in the power-law dependence 
obtained in the 63.2% TDDB simulations shown in Fig. 4(c), 
that well reproduce the power-law extrapolation from the 
experimental TDDB data (red dashed line). 

The role of electron trapping precursors is crucial for 
explaining and interpreting the different experimental TDDB 
vs. VG trends. It is the type of precursor defect (tightly 
connected to material properties and process conditions) that 
determines, through its thermal ionization and relaxation 
energy properties, the shape of the 63.2% TDDB vs . VG plot, 
as well as whether, how and at what voltage a deviation from 
the E-dependence occurs.  
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Figure 7. 63.2% TDDB data (open symbols) simulated and (filled symbols) measured (a) as a function of the temperature on nMOS capacitors with a 2.67nm-

thick SiO2 (data from [15]), and (b) on a 5nm-thick HfO2 MIM (data from [39]). Dashed lines represent the TDDB vs VG characteristics obtained considering 
a plain thermochemical model that is, with f2e = 1 in Eq. (1). (c) Same simulated TDDB data as in (a) plotted versus the inverse of the temperature in a typical  

Arrhenius plot. The adoption of the CI model leads to the previously observed non-Arrhenius behavior [40]. 
 

To better investigate this aspect, we performed additional 
TDDB simulations and obtained the TDDB vs. VG plot as a 
function of precursors’ properties. Results  are shown in Fig. 6 
for variations of precursors’ average thermal ionization energy 

ET and thermal ionization energy spread (ET). As can be 
seen, the presence of either an E-dependence, a PL-
dependence, or other voltage dependencies is connected to 
precursors’ ET and ET, Fig. 6(a)-(b). These findings have 
important implications for the explanation of the many – and 
sometimes contradicting – experimental TDDB vs. VG trends 
reported in the literature. In fact, the proposed carrier injection 
BD model not only reconciles TC and PL theories within a 
unique physics-based framework, but also provides a 
theoretical description that can explain why the BD, even for 
the same material, can exhibit different voltage dependencies 
(as for example in the case of the SiO2, that has been shown to 
follow both E-dependence [7] and PL-dependence [15]). 
Results in Fig. 6 clearly show that the presence of either a 
E/TC or a PL dependence of the TDDB on VG is connected to 
precursors’ properties, which depends not only on the material 
per se, but also on the process conditions (that may lead to 
different precursors even within the same material).  

The CI BD model has been used to reproduce 
experimental TDDB data measured on SiO2-based MOSFETs 
[15] and HfO2-based MIM capacitors [39]. Figure 7(a) shows 
a comparison between TDDB simulations and experiments 
performed as a function of the temperature on nMOS 
capacitors with a 2.67nm-thick SiO2 dielectric [15]. Results 
clearly show that a plain TC model (dashed lines) cannot 
explain neither the temperature dependence (unless 
considering different bond-breakage parameters for each 
temperature), nor the voltage dependence of the experimental 
data (especially the small bending shown at low VGs). 
Conversely, the model based on carrier injection well 
describes the power-law nature of the TDDB data for all the 
considered stress temperatures, while considering a unique set 
of parameters consistent with the ones reported in Table I and 
in a previous work [17]. 

Similar results are obtained also for the case of a HfO2 
film, Fig. 7(b), for which a similar process of bond weakening 
induced by carrier injection and trapping into pre-existing 
defects has been recently demonstrated [18], [19], [22], [23]. 
Although the limited set of available experimental data does 

not show any evidence of a power-law voltage dependence 
(being limited to the high-voltage region), simulations 
performed with the proposed model correctly reproduce the 
power-law extrapolation (dotted line). Parameters of HfO2 
precursors (elongated Hf-O bonds) and VO generation 
processes considered in simulations have been derived by 
DFT calculations [19] and are reported in Table I. 

The CI model also allows to reproduce some key 
experimental TDDB trends, such as the non-Arrhenius 
temperature dependence reported for SiO2 [40], Fig. 7(c). 
Simulations show that this  behavior originates from the 
different temperature dependencies of the two concurrent 
processes that lead to the BD: the double electron capture into 
the precursors and the breakage of the weakened bond. 

The Ginestra® device simulation platform implementing 
the CI BD model allows to investigate and understand in detail 
the dynamics of the VO generation process. To this end, the 
evolution of precursors and oxygen vacancies distribution 
(along the thickness and in the X, Y plane), the occupation 
probability of precursors’ state D(Q-2) in the X, Y plane, and 
the current driven by traps (both precursors and VO) in the X, 
Y plane, are shown in Figs. 8 and 9 as obtained from the 
simulation of the 2.67nm-thick SiO2 in Fig. 7(a) at 300K for 
two of the stress voltages considered, respectively 3V and 5V. 
In both cases, simulations start with precursor defects 
uniformly distributed within the simulated device volume 
[cyan spheres in Fig.8(a) and 9(a) – only the 10x10 nm2 region 
in proximity of the BD spot is shown]. Upon the application of 
the stress voltage, carriers start flowing through the oxide and 
interact with existing traps. Double electron trapping into 
precursors promotes the breakage of Si-O bonds, leading to 
the formation of an oxygen vacancy [process depicted in Fig. 
2, steps 1-3]. Double electron trapping into generated 
vacancies has a 50% of probability to induce the formation of 
an additional precursor [process depicted in Fig. 2, steps 4-6]. 
Note that this second process can happen only once for each 
VO, being related to the local lattice distortion induced by the 
vacancy. 

Simulation results show that the evolution of the 
degradation is similar independently on the stress voltage. 
(timing is of course different, as shown in Fig. 4 and as 
discussed below). The generation of the initial oxygen 
vacancies brings the device in the so-called Stress-Induced 
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Figure 8. Evolution of (from top to bottom): (a)-(d) distribution of precursors and oxygen vacancies along the thickness and in the X, Y plane (cyan and blue 
spheres represent wide O-Si-O bond precursors and oxygen vacancies, respectively ); (e)-(h) 2D (X, Y) map of the occupation probability of precursors’ D(Q-

2) state that is, the local f2e; (i)-(l) 2D (X, Y) map of the current driven by precursors and VO traps. All maps are shown for subsequent phases of the 
degradation process (from left to right: fresh device, SILC, SBD/PBD, and HBD) as simulated at 300K with a stress voltage of 3V. 

 
Leakage Current (SILC) stage, characterized by uniform 
degradation, Figs. 8(b) and 9(b), and current distribution, Fig. 
8(j) and 9(j). It is also important to notice that the current is 
driven primarily by oxygen vacancies as evident from the 
comparison of the 2D maps of defects and current in Figs. 8 
and 9, with the highest current points closely corresponding to 
the VO distribution. As more and 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, Figs. 8(c) 
and 9(c), that sustain a larger current with respect to the rest of 
the device, Figs. 8(k) and 9(k). The corresponding increase of 
the local power dissipation and temperature triggers a 
thermally driven positive feedback that eventually leads to the 
thermal runaway phase and hard breakdown, characterized by 
the formation of a dominant BD spot, Figs. 8(d) and 9(d), that 
drives most of the current, Figs. 8(l) and 9(l). This spot is 
typically the evolution of one of those generated during the 
PBD phase. Finally, it is important to underline that the 
process is further facilitated by the parallel generation of 
additional precursors (mechanism in Fig. 2, steps 4-6), without 

which it would be self-limited and would end as soon as all 
precursors have been converted into vacancies. 

Although they share the same evolution, the degradation of 
oxides stressed at different voltages is characterized by rather 
different time scales, since the mechanisms controlling the VO 
generation process – electron injection and trapping into 
precursors – strongly depend on the applied voltage. This can 
be appreciated by comparing the occupation probability of 
precursors’ D(Q-2) state during the stress performed at 3V, 
see Figs. 8(e)-(h), and 5V, see Figs. 9(e)-(h). When the stress 
is performed at low voltages, almost all precursors are 
characterized by a very small occupation probability 
(consistent with the average f2e in Fig. 5), which determines a 
strong reduction of the pre-exponential term G0f2e in (1) and 
thus a large deviation from the E-dependence in the TDDB vs. 
VG plot, as seen in Fig. 7(a). On the contrary, at the high stress 
voltage of 5V, a significant portion of the wide O-Si-O bond 
traps is occupied by two electrons, see red spheres in Figs. 
9(e)-(h). Therefore, since throughout the duration of the stress 
it is always possible to find multiple Si-O bonds weakened by 
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Figure 9. Evolution of (from top to bottom): (a)-(d) distribution of precursors and oxygen vacancies along the thickness and in the X, Y plane (cyan and blue 
spheres represent wide O-Si-O bond precursors and oxygen vacancies, respectively); (e)-(h) 2D (X, Y) map of the occupation probability of precursors’ D(Q-

2) state that is, the local f2e; (i)-(l) 2D (X, Y) map of the current driven by precursors and VO traps. All maps are shown for subsequent phases of the 
degradation process (from left to right: fresh device, SILC, SBD/PBD, and HBD) as simulated at 300K with a stress voltage of 5V. 

 
the double electron trapping into adjacent precursors, the term 
f2e is constant and Eq. (1) takes the form of the classical 
thermochemical model. The bond-breakage process is very 
efficient and the TDDB vs. VG plot follows the E-dependence, 
see for example Fig. 7(a). 

IV. CONCLUSIONS 

We presented a new microscopic, material-related BD 
model that reconciles the many breakdown theories proposed 
so far (E, power-law, 1/E, …) within a universal model. The 
model explains the transition from the E- to the power law-
dependence of the TDDB on the stress voltage and correctly 
reproduces its temperature and field dependencies in different 
materials.  
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