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24. STATISTICS OF OXIDE BREAKDOWN: CELL 

PERCOLATION MODEL 

24.1 Review/Background: 

We will continue our discussion about dielectric breakdown of very thin gate 

dielectric. What we discussed so far are the following. If you take a thin oxide and stress 

it at a particular voltage, it will finally breakdown at a certain time. However, if you 

decrease the voltage the lifetime increases dramatically. This is the first important point 

we discussed and it is a consequence of reduced hot hole generation and hot hole 

injection back into the dielectric (Through the anode hole injection picture). The second 

important point we discussed was why PMOS has a shorter lifetime than NMOS. The 

reason for this was minority carrier ionization. This was an additional channel not 

available to NMOS during the normal operation, and therefore the lifetime is shorter for 

PMOS compare to NMOS. These are all about average lifetime: when the 50th device 

break of a sample of 100 devices. 

In real ICs we cannot wait for half the oxides to break – the IC will stop 

functioning long before that time. In practice,  we would like to know when is the first 

breakdown take places.  This is important because after the first breakdown in the circuit, 

the IC might still be functional but we are not sure if it is computing reliably or not. In 

this lecture, we will see when is the first breakdown occurs when you have 100milion 

transistors and what is the physics behind it. 

24.2 Empirical Evidences and Statistical Distribution of Failure Time 

(Why we need a theory?): 

As it is mentioned the breakdown in gate dielectric is a statistical phenomenon. 

On an average, a CPU these days has ~109 transistors  or more. The standard reliability 

requirement in industry demands no more than 1 in 104 chips has to fail. This means that 

the statistical analysis and prediction of TDDB problem must be accurate up to ~10-13! 

No experiment can be performed at this level to ensure the reliability of the product for 
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entering the market,  and a therefore a precise theory to make sure the reliability of 

product is inevitable. 

 

As it is mentioned we need to find out when is the first breakdown, and of 

course 1 in 1013, will occur. This in turn means that the average time to failure is not 

enough. This is emphasized in Error! Reference source not found.. As it can be seen in 

this figure, we need to extrapolate the distribution of failure time to find out when is the 

first breakdown happening. This is why statistical distribution of failure time is more 

important than average failure time. Additionally in this figure the 

��	�� ���1 � ��� (here F is the cumulative failure fraction) is plotted vs. ��	�	� (t is 

average time to breakdown) for a set of measurements. The reason for this will be 

clarified in the next sections. However, the fact that this plot is a linear line and is 

independent of operational condition parameters such as voltage has an important 

physical meaning which is need to be understood in this lecture. 

 

 

 

 

 

 

 

 

Error! Reference source not found. once more emphasize that the Weibull 

plot is independent of general operating conditions as well as transistor parameters, such 

as voltage, temperature, and area of transistor [1]. 

 

 

 

 

Fig. 24. 1. (a) A picture of a modern CPU and the schematic showing statistical nature 
of TDDB where mean does not matter. (b) The Weibull plots for lifetime projection 
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This means that if we understand the physics of the distribution, then we can use 

smaller set of transistor (e.g. N* transistors in the figure), plot the curve ���� ���1 �
��� 
�	��	�	�, extrapolate the curve, and find out when the 1st failure in 1013 takes place. 

By the way the phrase "hard breakdown" in the figure means the "first breakdown".  

Another point people noticed form the early days is that the slope of Weibull 

curve is linearly dependent on thickness of oxide. The Weibull slope is plotted against 

thickness in Error! Reference source not found..This means as oxide get thinner the 

slope is lower and first breakdown takes place faster.  

Although the operational conditions do not affect the Weibull slope, the type of 

transistor as well as substrate bias might matter. This is shown in the Error! Reference 

source not found.. As it can be seen in the Figure, the slope of Weibull curve for NMOS 

is different from PMOS. Additionally, if one apply a substrate or backgate bias, as many 

circuit designers do to control the threshold, the slope might change depend on the 

voltage applied. 

 

Fig. 24. 2. Distribution shape independent of stress and area. [1] 
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These are all empirical evidences and experimental observations which we would like to 

explain and tie them together through theory in the next sections. 

24.3 Models of failure distribution 

In the early 1990th companies faced a horrible reliability issue – the rate of early 

failures was much larger than anticipated. Experienced engineers believed this is extrinsic 

and they can solve the problem by making the oxide more uniform [2]. The extrinsic 

models are described in appendix A. It turns out that all we have seen so far is intrinsic 

physics and there is nothing one can do about it in terms of process. We will discuss the 

intrinsic model in this section. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 24. 3. Weibull slope scales linearly with oxide thickness. 

Fig. 24. 5. a)PMOS and NMOS might have different Weibull Slope. b) Backgate 
(substrate) voltage might change the distribution. 
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24.3.1 Intrinsic Percolation Model  

In this section we will see how through Intrinsic Percolation Model we can 

explain the physics of Weibull curve shown in previous section. Assume we have a thin 

gate oxide, and the defects are modeled in this oxide as rectangular cells, but of equal 

size. Under this formalism we divide the entire oxide structure in M rows and N columns 

of ‘boxes’ (see schematic in Fig. 24.79). Here each ‘box’ represents a potential defect 

site, and the dimension of each box corresponds to the typical defect size in the oxide of 

interest (this value is typically a few angstroms). N is the area of the oxide divided by a2, 

and M is the thickness of the oxide divided by a. In a thin oxide M is much smaller than 

N. The probability of defect creation (red a3cubes in Fig. 24.79) is given by power law 

q=(t/t0)
α. For example α for NBTI was 1. 6. Also t0 is the average time to failure which is 

voltage dependent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Since probability of a defect forming at different locations (q) are independent 

events, the probability p of a column of defects aligning and shorting the oxide 

(percolation path generation) is give by p = qM.  This means that the probability of a 

breakdown happening, which is same as at least one direct short circuit path forming 

across the oxide, is given as 

Fig. 24.79. oxide structure thinning to defect size to obtain Percolation Model. Each cubic cell is 
as large as defect size and each red(shaded) cell is indicative of defect. 
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     �	 = 	 �	/	0���	 = 	 �	/	0�� 
   

24.1 

where β = Mα. 

This means that the probability of surviving up to time t is given by the 

probability that none of the N columns are shorted by that time; i.e., 

     1 � ���� = �1 � ��� = �1 � ��
� �

� ≈ ���� 
   

24.2 

where N is assumed to be infinity, which is a valid assumption because area of 

the capacitor is very large. F(p) is also the probability that at least one failure path occurs. 

Taking the natural logs of equation (24.2) and plugging in the expression for p, we can 

get the Weibull expression as, 

 � ≡ ln	���ln�1 � ����� = � ln�	� � �� ln�	�� + ln	� � 24.3 

If we call , W, Weibull function and plot it as a function of ln(t) then it will be a 

line with a slope of β; as expected from experiment. This slope is the Weibull slope. Of 

course if the area changes, then N and in turn ln(N) would change. This can be written as 

 �! ��" = ln	� !/ "� = ln	�#!/#"� 24.4 

Therefore, the logarithmic area scaling is apparent, and  there is no change in the 

slope of the curve. If voltage varies then ln(t0) is the only voltage dependent term that 

would vary. From the definition of β = Mα, and definition of M = Tox/a0, we have the 

slope parameter  

β = Tox/a0. Here, a0 absorbs the parameter α. This expression of the slope parameter 

satisfies the conditions of voltage independence and oxide thickness dependence, 

observed in experiments. Therefore, it is always the same slope β with respect to natural 

logarithm of time. This is in agreement with the experimental observations explained in 

the previous section. a0 is the defect size in the oxide which is varying between different 

oxides such as SiO2 and HfO2. Since a0 is large in HfO2 by increasing the oxide thickness 

we would not gain much lifetime. From the slope of the curve and by knowing the 

thickness one can calculate the defect size a0. A value of a0 between 4.5 to 6Å explains 

all the data in the literature. 
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The bottom line is Thin oxide breaks much faster than thick oxide due to 

percolation and this is an intrinsic process in thin film oxides. This establishes an upper 

limit the lifetime of the oxide. This means that even with best possible process and lowest 

possible preexisting defects, one cannot do better than the TBD predictions of the 

percolation model. 

24.4 Lifetime Projection Rules 

Assume you have N* transistor with Area Atest.  You do the test and you find out 
%50 lifetime for this test area. Then you project this result to the case with the area of a 
real IC, using the following projection equation: 

$%&'�%�#)*� = �
A,-.,
A/0

�
"
1$%&'�%�#2342� 

   

24.5 

After obtaining the %50 lifetime with real IC area size, then you project this in 
the next step to get what is the life time for %q. As it is mentioned q required to be 1 in 
10000 in today's industry standard. 

     $%&5%�#)*� = �
678"� 9

:;;<
67�"��.'��

:
>$%&'�%�#)*� 

   

24.6 

Now once you have q% lifetime, the test voltage you did the measurement in, 
and the voltage acceleration factor γ (which was explained in lecture 22), you can use 
equation (24.7) to obtain safe operating voltage under which for a certain number of 
years transistor would function reliably.  

    ?@ABC = ?DC@D � �EF�G	HCAI@2JK
9% �/LM,AOO 

   

24.7 
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Fig. 24.80 shows the extrapolated safe voltage at two temperature values. The circles are 

the values obtained at the test voltages. As it can be seen the safe operating voltage for 

room temperature and 125⁰C are 1.5V and 1V, respectively. 

 

Using the same approach safe operating voltage for PMOS and NMOS are calculated and 

shown in Fig. 24.81. From figure it can be inferred that PMOS is less reliable than 

NMOS. As it is explained before, PMOS operating voltage is lower due to minority 

carrier ionization. This basically says that it is impossible to have PMOS with oxide 

thickness less 2.7nm. In the next section we will see how this problem is tackled and 

PMOS with thinner oxide are made possible.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 24.80. Lifetime projection in order to obtain safe operating voltage. 

Fig. 24.81: PMOS less reliable than NMOS. 
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24.5 Percolation and multiple breakdowns 

At this stage in early 2000s, the semiconductor industry was in a fix. Owing to 

the issue with PMOS TDDB vulnerability, it was difficult to decide as to whether ship the 

products or not. The insight that finally resolved this issue, and allowed CMOS scaling to 

continue for next few generations, was the idea of ‘soft’ breakdown [4], which we 

consider next. 

24.5.1 The idea of soft breakdown 

The basic idea of a soft breakdown (SBD) is based on the fact that the operating 

voltages and conditions of the scale CMOS technologies is very small [4]. This means 

that even if a percolating path does form in an oxide as discussed above, it might not 

cause a catastrophic failure of the device, as the increase in current due to such an event 

will be small. As shown in Fig. 24.82a, according to the percolation model, percolation 

paths form in the oxide. The corresponding jumps in gate current, due to these 

percolation paths, are shown in Fig. 24.82b. Although, the current values of this test 

structure may seem high, the actual jumps in case of a small device will be very small. 

This means that the corresponding heating duet to extra current will also be small; hence, 

the oxide will not be damaged severely, and the transistor will retain its functionality. The 

essential effect of this type of breakdown paths forming then manifests itself as an 

increase in gate leakage.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 24.82. (a) Schematics showing the formation of percolating breakdown paths in a gate dielectric 
with time. (b) With the formation of each new percolation path, the corresponding jump in gate current 

is shown. 
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The soft breakdown, in and of itself, does not mean any direct improvement in 

TDDB performance. Two more things must be factored in order to complete this picture. 

First, note that the IC itself is made up of a large number of small transistors. Second, and 

most critically, these soft breakdowns due to percolation path formation are statistically 

uncorrelated events, both spatially and temporally. That is to say that the formation of a 

soft breakdown path in a particular location does not increase the chances of another such 

path forming in its vicinity. A comparison between correlated and uncorrelated 

breakdown is shown in Fig. 24.83. In Fig. 24.83a, the breakdowns are uncorrelated both 

spatially and temporally. On the other hand, in Fig. 24.83b, the breakdowns are spatially 

correlated, Hard Breakdown will happen because after the first breakdown the second 

and third ones will happen immediately. In Fig. 24.83c, breakdowns are temporally 

correlated. Somehow the presence of the first red breakdown give rise to other 

breakdowns and finally Hard Breakdown of the IC. This we have seen from the 

discussion in previous sections and the physics of anode-hole injection model discussed 

in last lecture.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 For this discussion we assume that two soft breakdowns in a single device will 

render it unusable. Now, the soft breakdowns will start happening in many devices all 

across the IC as it is shown in Fig. 24.85. However, owing to the independent nature of 

their occurrence, they will be distributed uniformly across the IC, and the probability of 

two such paths forming in the same device will be very small. This means the probability 

of a device in the IC failing will be much smaller than a soft breakdown happening in that 

Spatially  correlated

Fig. 24.83. Correlated vs. Uncorrelated Breakdown. a) Spatially and Temporally 
Uncorrelated. b) Spatially Correlated. c) Temporally Correlated. 
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device. This probability will further reduce if we consider 3 soft breakdowns to be a 

failure criterion. In the next section we will demonstrate this by calculating the 

probability of a second, third on nth soft breakdown in the same transistor. 

 

 
  

24.5.2 Statistics of soft breakdown 

In previous sections we derived the probability of one percolation path forming 

in equation (24.2). Assuming all such events are independent [5], we can to calculate the 

probability Pn of n soft breakdowns as 

    PG = Q� G�G�1 � ����G ≈ χR

7! e
�χ 

   

24.8 

Here, p is probability of one column forming, which we know from previous 

section to be equal to (t/t0)
Mα = (t/t0)

β. In the exponential approximation for large values 

of N values the χ represents Np. This implies the probability of more than n percolation 

paths forming in one device (decided as a failure criterion) can be written as, 

    �G�U� = 1 � ∑ PW�U�G�"
WX� ≈ 1 � ��Y ∑ χZ

W!
G�"
WX�  

   

24.9 

Fig. 24.85. Left figure: Hard Breakdown 
in a single device. Right Figure: Soft 

Breakdowns in many devices all across 
the IC. Fig. 24.84. Increasing Weibull slope for soft 

breakdowns 
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Here, the approximate value of Pi is used from equation (24.8). We now 

approximate Fn as,  

    �G = Y[
Γ�G� \

"
G �

Y
G]"+

Y^
!!�G]!�… ` ≈

Y[
G!  

   

24.10 

by neglecting the higher terms in the series summation, except 1/n, and noting 

Γ(n) = (n – 1)!. Also, for small values of Fn, the Weibull parameter Wn can be 

approximated as,  

    �G = ln�� ���1 � �G�� ≈ ln��G� 
   

24.11 

From equations (24.10) and (24.11) we can see that the expression for Weibull 

distribution can be written as,  

    �G = � ln�U� � ln��!� = �� ln�	� � Q 
   

24.12 

Thus, we can see that the Weibull slope parameter for multiple soft breakdowns 

case will be larger, by a factor n. This is indicated in Fig. 24.84. As it can be seen in this 

figure, if n is equal to 1, i.e. probability of first breakdown, then the Weibull slope is low 

and the first breakdown happens pretty fast. If this breakdown is soft and transistor 

survives, then the probability of having a second breakdown is much lower. The slope 

increases by a factor of 2 for second breakdown (red curve), factor of 3 for the third 

breakdown (blue curve), and factor of n for the nth  breakdown. As the Weibull is a plot 

on log scale, even a factor of 2 increase in the slope can result in an increase in the TBD by 

many orders of magnitude. 

 

24.6 TDDB Lifetime Projection 

We have already presented how we can calculate the lifetime projection for only 

one breakdown. As a result of that calculation we saw that PMOS with very thin oxide 

thickness is not feasible. Now, we would like to see how these would change for the case 

of multiple soft breakdowns. 
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 Lifetime increases geometrically by increasing the breakdown number. By 

combining the approximate expressions of Fn from equation (24.10), and a first order 

approximation of F1 from equation (24.2), one can calculate the ratio of predicted TBD for 

the hard vs. soft breakdown case as, 

    8D[D:<
1
= 8GC< �2	b��

:
^[
�c[�

:
[

c:
 

   

24.13 

This improvement in breakdown is most easily and strikingly seen in Fig. 24.86. 

Fig. 24.86a shows the schematic of hard breakdown (black), compared to a soft 

breakdown determined situation with different numbers of SBDs constituting a failure. 

As seen from Fig. 24.86b, as the number of SBDs for failure increase, the improvement 

in TBD is exponential (owing the log scales involved). For example if failure fraction Fn is 

10-4 (log(Fn)=-4), then the improvement in lifetime for n=2 is about two orders of 

magnitude with respect to the first breakdown. Note that all curves are normalized with 

respect to black curve (first breakdown curve). Fig. 24.86c shows the same phenomena 

on a normal Weibull plot, where we can see the increasing slope, as the breakdown 

condition becomes ‘softer’ (i.e. number of SBDs n required for failure increases). One 

should note that all the measurements are performed at small dashed box in Fig. 24.86c. 

An area scaling as well as a percentile scaling are necessary in order to project the data to 

an IC with q% failure probability.  
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Fig. 24.86: (a) Schematic comparing the hard vs. soft breakdowns in a gate dielectric. (b) The 
corresponding exponential improvement in TBD with increasing 'softness' of breakdown. (c) Plots 
showing increasing Weibull slope for soft breakdowns. 
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 The improvement in lifetime, obtained by considering the soft breakdowns is 

quite phenomenal, mainly due to the exponential nature of the statistical distribution. 

However, this is not the only desired goal. Having a faster device with a moderate 

lifetime would be more desirable. Basically we want to trade off this enormous lifetime 

we gain with a faster transistor. This is shown in Fig. 24.87a. This is how this figure 

interprets. First, the accelerated testing is performed at high voltage and larger devices. 

Then this is projected back to real size devices (Dashed Black Curve). Now this curve is 

projected to such a low voltage, so that the first breakdown occurs only with 10-13, for a 

fixed technology qualification time of 10 years. Therefore, you have to really reduce the 

voltage (still! Dashed Black Curve).  If the first breakdown doesn't fail the device and 

having a second breakdown is fine, then the lifetime would increase by orders of a 

magnitude and a second breakdown would occur much later (Dashed Red Curve). This 

improvement is good but not necessary and useful. Thus, we can increase the voltage so 

much that the curve shifts back to the 10 years lifetime (Solid Red Curve). This increase 

in voltage would cause the device to work much faster, while it maintain a reasonably 

long lifetime. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 24.87: (a) Weibull plots showing the comparison of the projection of safe operating voltage 
form accelerated testing under the SBD model (solid lines) vs. HBD model (dashed lines), for a 
qualifying lifetime of 10 years. (b) Chart showing the significant effect of SBD on PMOS reliability, 
and its implications for CMOS scaling according to the ITRS roadmap. 
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This crucial improvement in safe operating voltages ensured that the successive 

CMOS technology nodes could operate the PMOS transistors at reasonably high biases, 

without sacrificing the lifetime of the IC (see Fig. 24.87b). Thus, the idea of SBD in thin 

dielectric was able to extend the scaling of CMOS technologies for a few more 

generations according to the ITRS roadmap. 

 

24.7 Conclusions 

In this lecture, we considered the statistical aspects of the TDDB process in thin 

dielectrics. The key takeaway messages from the discussion presented can be 

summarized as – 

• Percolation is a fundamental feature of the TDDB process, and is required to relate 

the breakdown process as being intrinsic to the device. 

• It is important to consider the failure probability of IC as a whole, keeping in mind 

the spatial nature of the breakdown mechanisms, as seen in case of SBD. 

This concludes the theoretical discussion of TDDB phenomena for thin 

dielectrics, by tying together its physical dynamics and temporal and spatial statistics in a 

common framework. Next lecture will focus on the experimental techniques used to 

monitor the defect creation leading to TDDB. 
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Appendix A 

Model 1: Extrinsic Defect model 

This model proposed by Lee et al.[2], is based on the effect of preexisting (or extrinsic) 
defects on breakdown kinetics. In this model we assume a distribution of preexisting 
defects, in the oxide, which result in an effective ‘thinning’ of the oxide by different 
amounts at different locations (see schematic in Fig. 24.88). This effective thinning is 
assumed to weaken the oxide at various locations. By assuming a distribution of these 
defect clusters casing the thinning (denoted as ∆tox), we can derive a relation for the 
statistics of breakdown time (TBD). 

 

The first assumption of the model is from the classical theory of dielectric breakdown, 
which assumes the breakdown time to be exponentially dependent on the oxide electric 
field EOX; i.e. $%& ≈ d��%/3ef. From the oxide thinning picture, we know that the local 
electric field will be enhanced at the position of these thinned regions. Therefore we can 
write TBD as, 

   $%& ≈ d��%�Dgh�iDgh�/Mj;    24.14 

Fig. 24.88. Schematic showing the preexisting defects (shaded cells) resulting in the effective 
'thinning' of the oxide by different degrees at different locations. 
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where VG is the applied gate voltage. This can be simplified by pulling the constants to 
get a relation between the distribution of the area density of these preexisting defects D 
defined as TBD/τ0 to get, 

   l = 2JK
m;
= n"��o:iDgh .    24.15 

Here a1 and b1 are constants depending on tox and VG. Now, the failure fraction F, at a 
given time TBD

* is given by the proportion of devices for which the thinning ∆tox is larger 
than a critical value; i.e., 

   ��$%&∗ � = ��$%& < $%&∗ � = ��Δ	st > Δ	st∗ �	    24.16 

We make a further assumption here by assuming the defect sizes to be Poisson 
distributed. This is a reasonable assumption to make, as many spatially independent 
phenomenon are modeled with a  Poisson distribution. This means that we can write the 
failure fraction as, 

   ��Δ	st > Δ	st∗ � = 1 � ��v&�iDgh
∗ �	    24.17 

where A is the oxide area. Rearranging the above expression by taking natural log twice, 
and using the expression of D from equation (24.15), we get the expression of Weibull 
parameter (W) as,  

  � = ln�� ���1 � ��� = ln�#� + ln�n"� � w"∆	st    24.18 

Comparing with the experimental data from, we can immediately see the merits and 
demerits of this equations (see Error! Reference source not found.)[2]. First thing to notice 
is that this expression does predict the observed straight line on this Weibull plot (note 
that a1 depends on TBD from equation 24.15). The logarithmic area scaling (�! ��" =
ln	�#!/#"�), as seen in Error! Reference source not found., is also predicted correctly.  

This model however, fails to predict to very important features of the Weibull plot. One 
of them is the voltage independence of slope parameter β. This model on the other hand 
predicts the slope to be directly proportional to applied voltage (because � = w"?x/y). 
Moreover, the slope parameter β is known to depend linearly on oxide thickness tox (see 
Error! Reference source not found.). The above model also fails to account for this 
observation. Since, the extrinsic defect model cannot account for these two critical 
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aspects of the failure distributions; it lead to the development of another model, which we 
discuss next. 

 

 

Questions & Answers 

1) What is difference between intrinsic and extrinsic breakdown? 

Intrinsic breakdown refers to a breakdown process that does not require any preexisting 
defects to proceed, unlike an extrinsic breakdown which is determined by preexisting 
defects in the material. 

2) What is difference between correlated and uncorrelated BD? 

In case of correlated breakdown, the probability of a breakdown path or defect forming in 
the vicinity of an existing path/defect is very high. Example of correlated breakdown can 
be the device with the backgate that is discussed in the text. In the uncorrelated case 
however, formation of two distinct breakdown paths are independent events. 

3) Can you use the percolation theory I used for thick oxides as well? 

The cell percolation model discussed here will not be applicable to thick oxides because 
the defect creation will not be independent and uniform, as is the assumption here. A 
percolation based model which is based on propagation of defects resulting in a fractal 
like breakdown path however, will be used for thick dielectrics. It is interesting that for 
very thick (e.g. m>50) and very thin(m<3) the theory is very simple; However, in 
between the theory is somehow complicated. 

4) How does Weibull slope related to oxide thickness? Is low Weibull slope good? 

Weibull slope is a measure of the spread of the distribution in logarithmic time. A low 
slope would mean that the distribution has a larger tail, implying that the time to first 
breakdown can be much smaller than the mean time to failure. Thus, a low Weibull slope 
will not be good. 

5) Does Weibull slope depend on voltage? What about defect size? 

For the thin dielectrics considered here, Weibull slope is given by Tox/a0; where a0 relates 
to the defect size, and Tox is the oxide thickness. Thust, the Weibull slope will be 
independent of voltage but will depend inversely on defect size. 


