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A B S T R A C T   

In this letter, a method for dealing with the time-dependent dielectric breakdown (TDDB) of oxide layers in MOS 
and MIM structures in the framework of SPICE simulations is reported. In particular, we focus the attention on 
the clustering model (Burr’s XII distribution) for dielectric breakdown which can be considered an extension of 
the well known Weibull model. The oxide time-to-breakdown for both models is calculated using the inversion 
method for the cumulative distribution function. For the sake of completeness, the proposed approach includes 
uncorrelated variability both in the initial and final resistance states. For illustrative purposes, it is also shown 
how voltage acceleration, progressive breakdown or any other correlation factor can be introduced in the 
simulation parameters. As an application example, the proposed method is used to simulate the simplest case of a 
gate-to-drain dielectric breakdown of a NMOS-based inverter circuit.   

1. Introduction 

Because of the stochastic nature of the dielectric breakdown (BD) 
phenomenon in metal–oxide–semiconductor (MOS) and metal
–insulator-metal (MIM) devices, its statistical features need to be 
addressed in terms of probability distributions. The most widely used 
distribution representing the time-to-BD statistics for constant or ram
ped voltage/current stress is the Weibull distribution [1]. This is a very 
flexible distribution able to capture different failure rate regimes, the 
most relevant one in the context of oxide reliability being the wearout 
phase (increasing failure rate). In previous studies, Monte Carlo simu
lations were used to investigate compound Weibull distributions [2] as 
well as the deviations caused by the oxide thickness variation and series 
resistance effect [3]. However, in recent years, oxide failure data have 
been shown to follow in many cases the so-called time-dependent 
clustering (TDC) model, from which the Weibull distribution can be 
derived as one of its limits [4]. Weibull and TDC coincide at the lowest 
percentiles but they notoriously differ at the highest ones. Importantly, 
TDC not only applies to failure data but also to the set and reset voltages 
of memristive devices based on the resistive switching (RS) mechanism 
[5,6]. TDC is a member of the Burr’s family of distributions (Burr XII) 
and it can be regarded as a superposition of Weibull distributions with 
different scale factors [7]. This distribution of scale factors can arise for 
instance from a nonuniform gate oxide thickness from device to device 

which reflects in a wider spread of the BD times. In the case of RS de
vices, the distribution of scale factors can be attributed to the different 
current capacities of the generated filamentary structures. In any case, 
TDC involves some kind of additional variability in the analyzed data 
(detectable or undetectable) other than the weakest link character of 
dielectric BD. Monte Carlo simulations were also used to investigate TDC 
in the context of Bayesian inference [8] and non-uniform BD [7,9,10]. In 
this work, TDC is implemented in the LTspice XVII circuit simulator 
from Analog Devices [11] with the aim of simulating the oxide failure 
event occurring during a constant voltage stress. This is the typical 
experiment considered for qualifying a given MOS or MIM technology 
and is often referred to as Time-Dependent Dielectric Breakdown 
(TDDB). The proposed methodology can be adapted to more complex 
situations in which device area, stress voltage and temperature accel
eration or correlation effects across model parameters and/or in be
tween the initial and final resistance states of the device need to be 
considered. In the general case, to accomplish these objectives one can 
make use of feedback signals (current or voltage) acting on the behav
ioral electric components provided by the simulator or by adding new 
elements to the basic circuit. Here, we will concentrate on the simplest 
case, i.e. when the applied voltage directly drops across the device under 
test but series resistance effects can be easily included in the simulations. 
Once the simulation ends, measurement directives allow extracting the 
target information for further analysis or just for the generation of 

* Corresponding author. 
E-mail address: emili.salvador@uab.cat (E. Salvador).  

Contents lists available at ScienceDirect 

Solid State Electronics 

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

https://doi.org/10.1016/j.sse.2024.108895    

mailto:emili.salvador@uab.cat
www.sciencedirect.com/science/journal/00381101
https://www.elsevier.com/locate/sse
https://doi.org/10.1016/j.sse.2024.108895
https://doi.org/10.1016/j.sse.2024.108895
https://doi.org/10.1016/j.sse.2024.108895
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sse.2024.108895&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Solid State Electronics 215 (2024) 108895

2

statistical reports. The method is extended to the case of progressive 
breakdown of the oxide layer. A simple example consisting in a biased 
MOS transistor with a gate-to-drain dielectric BD working as an inverter 
is used to illustrate how the proposed approach operates in a circuit 
environment. 

2. Theoretical considerations 

According to the TDC model, the cumulative distribution function for 
the BD events reads: 

FC(t) = 1 −
[

1 +
1
α

(t
τ

)β
]− α

(1)  

where α is the clustering factor, β the shape factor, and τ the scale factor 
(characteristic time). τ corresponds to the 63rd percentile value of the 
failure time. Following [8], expression (1) can be rewritten as: 
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so that considering a series expansion results: 
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For α→∞, the Weibull distribution is obtained: 

FW(t) = 1 − exp
[

−
(t

τ

)β
]

(4)  

It can be demonstrated that expression (4) coincides with expresion (1) 
at the lowest percentiles. In Fig. 1, the corresponding Weibit functions W 
calculated as W = ln[-ln(1-F)] are plotted. In order to generate BD times 
consistent with Eq. (1) and therefore with Eq. (4) in the appropriate 
limit, Eq. (1) is inverted for a uniform random number u ~ Unif[0,1] so 
that the BD time reads: 

t = τ
{

α
[
u− 1

α − 1
]}1

β (5)  

Notice that since u is uniformly distributed, 1-u is also uniformly 
distributed. As reported in [12], for the model parameters considered in 
this work, τ is a voltage-dependent parameter which in the framework of 
the E-model (voltage acceleration) [7,13] is expressed as: 

τ = τ0exp[ − γ(V − I • RS) ] (6)  

whereτ0 and γ are constants, V the applied voltage, I the current flowing 
through the device and RS a series resistance. Eq. (6) illustrates how the 
potential drop in a series resistance can be introduced in the charac
teristic failure time as a feedback or correction term. This kind of effect 
has been reported in [3]. 

It is also worth mentioning that alternative expressions for the 
voltage acceleration factor in Eq. (6) such as the Vn-model [14], 1/E- 
model [7] or E½-model [2] can be considered as well. 

3. SPICE model and simulation results 

Simulations were carried out using the LTspice XVII simulator. This 
is a free downloadable circuit solver with a powerful simulation engine. 
For the sake of simplicity, the clustering parameters reported in [12] for 
the first BD event in Al2O3/HfO2-based devices are considered. This is 
not relevant in the context of this work since we are not focusing neither 
on a particular device nor technology. We are presenting a computa
tional method for its use in a circuit simulator which can be easily 
adapted to the user’s particular needs. Since we will not analyze here the 
case of multiple failure events, the potential drop in Eq. (6) caused by 
the current flowing through the device can in principle be neglected. The 
proposed circuit schematic is illustrated in Fig. 2. After the definition of 
the total simulation time (200 s) and maximum timestep (1 ms), the 
parameter run (from 1 to 200 in unity steps) determines the number of 
independent simulations to be generated. Then, parameters α (a), β (b), 
τ0 (t0), and γ (gam) are specified. seed (1000) is a parameter used to alter 
the random number generator output. tbd computes the BD time using 
Eqs. (5) and (6) with uniform random numbers generated by the stepped 
parameter run. Vs (7 V) is the stress voltage. R specifies the device 
resistance before (R0) and after (RBD) the BD event. time > tbd is a logic 
expression whose value is 1 for time > tbd and 0 for time < tbd. For 
simplicity, pre- and post-BD resistance values with Gaussian variability 
were assumed here but notice that these componenst can be easily edited 
so as to represent the current flowing through the fresh device 
(tunneling, Schottky, Poole-Frenkel, etc.) and the BD current (soft or 
hard BD, quantum point contact: R = h/(2e2N), etc.). R abruptly changes 
as the simulation proceeds according to tbd. Finally post-processing di
rectives (.meas) provide the required outcomes as a function of the 
simulation run. In this particular case, the BD time is stored in the 
variable called time_to_BD. The current flowing through the device at the 

Fig. 1. Simulated data using the LTspice model (symbols) and calculated 
curves (lines) using Eqs. (1) and (4). The blue dashed line corresponds to the 
Weibull model. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 2. Complete schematic in LTspice for the time-dependent clustering and 
Weibull models for dielectric breakdown. The complete explanation about the 
expressions and commands used in this script is provided in Section 3. 
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onset (0 s) and end time (200 s) of the simulation are also recorded for 
further analysis. All these results can be viewed using the Plot.step’ed. 
meas data option (right click on the mouse) in the VIEW → SPICE Error 
Log tag. Notice that the BD times generated in this way can exceed the 
chosen simulation time window. In this case a redefinition of the total 
simulation time is required in order to avoid censoring. Average 

quantities or specific circuit values at a given time or condition can also 
be achieved using similar directives. 

Fig. 1 shows the Weibit plot for the simulated BD times according to 
the TDC (see Fig. 3.a) and Weibull (see Fig. 4.b) approaches. Notice the 
close agreement between the simulated data and the theoretical curves 
calculated using Eqs. (1) and (4). As expected, both distributions coin
cide at the lowest percentiles and differ for the longest BD times. For 
completeness, Fig. 3.b and 4.b show the BD times and the initial and 
final current values as a function of the simulation run. Correlation plots 
are provided for the TDC model in Fig. 5. In the present case, currents 
are straightforwardly linked to the resistance values so that no corre
lations across calculated variables are expected. These plots are just for 
illustrating the kind of analysis that can be performed using the post- 
processing tools (.meas in Fig. 2) the simulator offers. 

In addition, Fig. 6 illustrates how the proposed approach can deal 
with voltage acceleration (see Eq. (6)). As the applied voltage is reduced 
(Vs = 9, 7, and 3 V), longer BD times are statistically observed. This is 
equivalent to the addition of a series resistance in the circuit mesh. The 
acceleration law appears as a multiplicative factor in Eq. (6) and this 
affects both the average value and dispersion of the BD times. 

The proposed approach also allows modeling progressive breakdown 
of the oxide layer. If a sigmoidal evolution [15] is assumed for the 

Fig. 3. A) ltspice simulations of the bd process using tdc. b) the time-to-bd, post-bd current and initial current as a function of the simulation number are 
also reported. 

Fig. 4. A) ltspice simulations of the bd process using weibull. b) the time-to-bd, post-bd current and initial current as a function of the simulation number are 
also reported. 

Fig. 5. Correlation plots among generated variables using TDC: a) time-to-BD 
as a function of the fresh current magnitude, b) post-BD current as a function 
of the fresh current magnitude. In this case, no specific correlations 
are expected. 
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breakdown resistance R in Fig. 2: 

R = (RBD − R0){1 − exp[ − k(time − tbd) ] }⋅(time > tbd)+R0 (7)  

the results shown in Fig. 7 are obtained. k is a constant referred to as the 
degradation rate and depends on the applied voltage [16]. In this case, 
progressive breakdown and clustering/weibull models are combined in 
a single approach. As expected, the final state of the device depends on 
the total simulation time, the time-to-BD, and the initial and final dis
tributions of resistances. As is clearly seen in Fig. 7′s inset, the final 
breakdown current is no longer gaussian-distributed, i.e. degradation 
time matters. 

4. Application to circuit simulations 

The simulation of a failure event in SPICE or in any other simulator is 
important not only for the effects occurring in the device itself but also 
for the consequences this event can generate in the rest of a circuit 
[17,18,19,20,21]. As an application example, Fig. 8 shows the effects of 
a severe gate-to-drain dielectric BD occurring in transistors. Only the 
TDC case is investigated here for a simple NMOS inverter circuit. The 
same parameter values as in the previous sections were used just for 
illustrative purposes but they actually need to be tuned for the pulsed 
stress (dead times need to be considered). As shown in Fig. 8.a a pulsed 
signal (0–5 V) with duty cycle 0.5 is applied to the gate of the transistor 
(2 N7002). At ~ 35 s, according to the TDC distribution, the oxide 
breaks down establishing a direct path between gate and drain. A simple 
resistor (hard BD) was considered here but a power-law (soft BD) for the 
current–voltage characteristic can also be assumed [13,18,22]. From 

Fig. 6. Simulated curves using the TDC model with applied voltages: a) Vs = 9 V, b) 7 V, and c) 3 V.  

Fig. 7. Simulated curves using the TDC model and the progressive breakdown 
resistance (see Eq. (7)). The inset shows the final current magnitude as a 
function of the time to breakdown. Curves were obtained using the script shown 
in Fig. 2 with k = 0.1 s− 1. 
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this point on, the circuit does no longer work as expected. Fig. 8.b shows 
the transfer function before and after the BD event. The channel current 
cannot be switched off and the gate current reaches positive and nega
tive values as reported in [20]. The bottom panel in Fig. 8.c illustrates 
that, though the device still operates as an inverter, the output voltage 
excursion becomes limited. In [23], a similar problem was addressed in 
SPICE but considering the contribution of several independent voltage- 
controlled current sources in the gate-drain circuit. The authors 
analyzed the impact of a successive BD events on the performance of a 
ring oscillator. In this case, Monte Carlo simulations were carried out in 
combination with the Weibull distribution. Successive BDs in a CMOS 
inverter and their impact on the frequency drift of a ring oscillator were 
also investigated in [24] but again in the context of Weibull distribution. 
For the case of a gate-to-channel short, a model consisting in third order 
polynomial sources at the drain and source with a third current source in 
between drain and source with value proportional to the channel current 
was proposed in [25]. In none of the cases, the script used for generating 
the oxide BD data was provided. 

5. Conclusions 

A SPICE approach for simulating the breakdown time of the oxide 
layer in MOS and MIM structures was reported. We show how the 
clustering model for dielectric breakdown can be implemented using the 
inversion method for the cumulative distribution function. The Weibull 
distribution is included as a limiting case. Most of the paper is devoted to 
abrupt breakdown events, but it has also been shown how the equations 
can be adapted to the progressive breakdown case. A simple example 
(NMOS inverter with a gate-to-drain hard breakdown) showing how the 
proposed approach applies in a circuit environment was also presented. 
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