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ABSTRACT 

A general theory of the statistics of multiple breakdown 
events in ultra-thin gate oxides is developed. The stan- 
dard theory of multiple breakdown events, based on Pois- 
son statistics, allows only qualitative determination of the 
influence of each breakdown event on the rate of snbse- 
quent trap generation. In this paper, we develop a more 
general theory of multiple breakdown events to quantita- 
tively determine the degree of correlation. This work al- 
lows one to calculate, regardless of the degree of correla- 
tion among the successive breakdown events, the statistical 
failure distribution of ICs as well as the time-dependent in- 
crease in the total leakage current duriug their operation. 
The theoretical description of leakage current not o d y  ex- 
plains all the experimental data reported in the literature 
to date, but also suggests a simple, yet fast experimental 
technique to determine the Weibull slope, the voltage- and 
the temperature- acceleration factors. 

1. INTRODUCTION 

There has been growing interest in using gate oxides after 
a soft-breakdown [SBD] event [1-71 to extend the operating 
lifetime of silicon ICs, because the first SBD limited safe 
operating voltage (V""") for sub2  nIn oxide PMOS tran- 
sistors has now become unacceptably small (Fig. 1 ,  open 
squares and [3,8]). If SBD events are uncorrelated both in 
space and in time, that is, if the trap generation rate is 
ueither enhanced nor localized after the e a h  SBD event, 
the operating lifetime of the ICs can improve geometrically 
[2,3], i.e. 

where C,  = ( n / ~ . ) ( 2 ? m ) ( ' ~ ~ ' ) ,  T, is the lifetime of the IC 
if n-th SBD in a given transistor causes it to malfunction, 
and F,, is the acceptable failure fraction (typimlly lo-'*). 
This increase in lifetime can be traded for higher operating 
voltage, denoted by the symbol x in Fig. 1, which would 
then allow continued scaling of silicon IC with sub2 nm 
gate oxides. However, this reliability improvement depends 
on the degree of correlation, and a significant increase in 
the trap generation rate after a breakdown event may have 
a non-negligible impact on the failure statistics of subse- 
quent SBDs, thereby reducing the safe operat,ing voltage 
below that anticipated by Eq. 1. For example, before the 
first BD, trap generation (Fig. 2, open squares) is spatially 
random. However, once the vertical stack of defects form a 
percolation path, the SBD current Isao cau be orders of 
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magnitude larger than the background current, I T U N N E L .  
This could raise the brtckground temperature, which may, 
in principle, increase the trap generation rate (Fig. 2,  
crossed boxes) either globally (temporal enhancement) or 
locally in the vicinity of the existing percolation path (spa- 
tial enhancement). In either case, successive breakdown 
events (completion of new vertical stacks) could now occur 
faster, reducing the time T, to reach the n-th breakdown in 
a transistor (i.e. T, can no longer be described by Eq. 1). 
This reduction could adversely impact the rcliability-speed 
budget, that is, correlation among breakdown events could 
decrease the safe operating voltage V""" if the IC operat- 
ing lifetime T, is held fixed. In this paper, we develop a 
theoretical framework to quantify the influence of such cor- 
relation on the estimates of TDDB lifetime improvement, 
and in the process, hope to unify the statistical descrip- 
tion of the entire spectrum of breakdowns, from soft (weak 
correlation) to hard (strong correlation). 

1 

Fig. 1: Industry projections for the safe operating voltage for NMOS 
and PMOS technologies, based on first BD reliability estimate. Ac- 
cording ta this projection, while NMOS remain reliable down to 1.1- 
1.3 nm [10,11] with safe operating voltage in excess of ITRS require- 
ment, PMOS does not [3,8]. This makes the analysis of soft-broken 
oxides particularly relevant for technologies with s u b k m  oxides. 

2. ANALYTICAL THEORY 

2.1 Model  Equations: 
Assume that a set of N samples are being electrically 

stressed at constant voltage. At any given time t ,  the sam- 
ples with precisely n SBD spots, N,, are assigned to reser- 
voir E,,,, so that CR,Nn(t)  = N (see Fig. 3 ) ,  and the 
populations of the reservoirs are given by 
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where P, N , / N ,  x = (t/v)O is the generalized and nor- 
malized time-variable, 7 is the nrcam-time to first break- 
down, p c( To, - the oxide thickness, and k, is the rate 
at which samples with n-spots develop (n  + 1) breakdown 
spots. 

I Spatial Localization 

Global Enhancement of Trap Generation 
I 

Fig. 2: Before the first-BD, the spatially random trap generation 
(open squares) can be described by Poisson statistics. However, oncc 
the vertical stack of defects complete a percolation path, the trap 
generation rate (crossed boxes) may increase either globally (temporal 
enhancement) or locally in the vicinity of the existing percolation path 
(spatial enhancement). In either case, standard Poisson statistics 
can no longer be used to describe the failurc statistics of subsequent 
breakdown events. 

Fig. 3: Since standard Poisson statistics can no longer be used to ana- 
lyze the correlated brcakdown problem, wc use a macroscopic Markov 
technique instead. Each srnall rectangle reprosents a stressed oxide 
(..E. N = 16 in this example). The number of short vertical lines 
within each rectangle indicates the number of SBD spots in that sam- 
ple a t  that instant. Samples are =signed to reservoirs (Q) according 
to the number of breakdown spots (n) they have a t  a given instant, 
with a rate of transfer k, characteristic of the trap generation rate of 
that reservoir. The number of reservoirs (R,) equals the maximum 
number of SBD spots before a transistor is destroyed; here we sketch 
only three for illustration. 

At t = 0, none of the samples has any brcakdown spots, 
tbereforc N = No and Po = e-X. Moreover, since a sample 
must develop n SBD evcrits before it cam have (n+ 1) (i.e. 
the devices pass through the reservoirs sequentially), Eq. 
2 can be solved by integral iteration 

Eq. 3 holds for any enhancement of trap generation rate 
with k,  2 1. 

An analytical solution of Eq. 3 can be obtained for the 
case where each soft-breakdown event increases the trap 
generation rate by a factor of I, i.e. k, = 1 + nF. With 
this linear correlation model, the probability distribution 
functions a t  any time x are given by: 

The first two correlated distributions are 

2.2. SBD and HBD Limits and Conservation Rules: 
Since Eq. 2 was derived from simple phenomenological 

considerations, it is important to check if its solutions have 
well-known asymptotic limits. For example, if thc enhance- 
ment of trap generation after a SBD event is so small that 
k ,  + I for all n, then from Eq. 3 (for n > 0) 

= (x"/n!) e-X, (5-4 

which is the Poisson distribution for samples with ezactly 
n uncorrelated SBD events [2,3] (the s a c  result could be 
obtained by setting E --t 0 in Eq. 4a). To convert this dis- 
tribution to  Weibnll distribution, W, = In (-In(1 - FVL)) ,  
whcre F, is the cumulative failure probability of samples 
with at least n brcakdown events, we use the identity 
Crz:Pp,(k) 1 - F,. For small values of x ,  it is easy 
to show that 

w, = np In ( t h )  + C ( n )  (5-b) 
where C(n) is a n-dependent constant. Clearly, these 
Weibull distribntions represent the statistics of uncorre- 
lated breakdown, as has been shown in Ref. 11-31 by using 
binomial statistics. 

On the other hand, if enhancement of trap generation 

lim ~,>o(x) = i i m  1 P n--l ( x ') e - ' ( X - X ' )  dx' + 0. 

Once again, one may compute the Weibnll distribntions 
by using the identity c:ziP,(k) = 1 - F,. However, 
since now only Po = e - X  and P,,o + 0 otherwise, 
thereforc for HBD, F,, + 9: in other words, during 
the highly correlated trap generation due to temperature- 
induced feedback, all Weibull distributions collapse onto 
the first Weibull line in a runaway proccss which is charac- 
teristic of HBD. 

Also, since all the samples must havc n-spots at least 
oncc, Eq. 3 allows us to prove the following conservation 
rules 

after the first BD is so strong that k - 00, then 
X 

-m 0 k - m  

(5-c) 

407 



Moreover, since the devices must be in one or the other 
reservoir at any given instant (Fig. 31, that is, since each 
of the sample must have one or more percolation paths 
present a t  any given time, therefore 

It is easy to show that the iterated probability distributions 
described in Eq. 3 satisfy this conservation rule as well. 

2.3 Numerical Verification 
To prove that this analytical theory is not only correct at 
the asymptotic limits, but also correct in the details, we 
verify Eq. 4 against the results of a numerical percolation 
model [12,13]. We shall only compare the analytical and 
numerical values of the first non-trivial distribution, Pl(k) .  
If they coincide, the conservation rules and the asymptotic 
limits established in Sec. 2.2 guarantee that other distri- 
butions, P,,l, should coincide as well. 

In the numerical percolation model, we divide the area 
of the oxide into Nzy units and its thickness into N, units. 
Cells of this cubic lattice are randomly marked defective 
until the formation of the first vertical defective column, es- 
tablishing a low resistive path between substrate and gate. 
After the formation of this first percolation path, two dif- 
ferent processes can occur. In the first scenario, t.he rate 
of trap generation may increase "globally" by a factor of p 
(temporal correlation). The impact of such global increase 
in trap generation rate on the failure statistics is shown in 
Figs. 4 and 5, in which wc plot the numerical results from 
the percolation simulation for Po and PI as a function of 

x(=  Nzy (&&) ), for various values of p .  Remarkably, 
Eq. 4b fits the numerical results quantitatively, including 
the positions of the peaks and the shapes of the distribn- 
tions (Fig. 4) as well as their exponentially decaying tails 
a t  longer times (Fig. 5 ) .  Excellent agreement is obtained 
among these results and the analytical model by uaing the 
relationship k 1 + = 1 + 2p (Fig. 6). 

In the second scenario, the increase in the current 
through the percolation path could, in principle, localize 
trap generation rate (spatial correlation) within a ;areal di- 
ameter L, around the first percolation path. Such spa- 
tial localization could allow successive breakdown paths to 
form quickly, leading to a rapid increase in the total leak- 
age current. To numerically simulate such cases, we again 
begin by randomly marking the cells of the cubic lattice 
percolation model defective until the first defective column 
forms. Then, instead of increasing the trap generat.ion rate 
by a factor p globally, we localize the subsequent trap gen- 
eration within a distance L,/2 on either sides of the first 
breakdown spot. Clearly, L, would become smaller with 
increasing spatial localization. Fig. 7 shows that even in 
such cases of increasing spatial localization, the analytical 

N .  
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7. 
Fig. 4 Comparison between numerical results from finite-size pert- 

lation model (solid lines; N,, = 500, N ,  = 5) and Eq. 4b (dashed 
lines) for various values of enhancement of trapgeneration rates. The 
excellent agreement between the numerical results and the analytical 
formula establishes the validity of the theoretical framework. 
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Fig. 5 The data of Fig. 4 is replotted in a log plot to show that 
even the exponentially decaying probability functions from the perco 
lation calculations (solid lines) are well represented by the analytical 
probability distributions (dashed lines). The noise in the numerical 
data reflects the difficulty of computing rare events by Monte Carlo 
process - highlighting the need for the analytical theory described in 
this paper. 

Excess Trap Generation After 1st ED (p) 

Fig. 6:  The phenomenological enhancement constant k is linearly 
related to the microscopic enhancement of trap generation rate, p. 

theory developed in Sec. 2 still provides remarkably good 
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description of the trap generation process, provided we im- 
terpret the enhancement factor IC as a spatial average of the 
trap generation process, i.e. IC = 1 +( = (1 +2p)  f (Nzv/Lc) 
(see Fig. 8). 

It is important to understand that the analytical t h e  
ory (e.g. Eq. 4a) only allows determination of the cor- 
relation parameter k ( =  1 + () from the measured break- 
down statistics, but can not by itself distinguish between 
spatial-correlation (L,) or temporal- correlation ( p ) .  To 
make such distinction, one need to use the position mea- 
surement tcchniques described in Refs. [3,14]. Once the 
spatial localization parameter L, is known 131, then the ex- 
perimentally measured ( will allow the determination of thc 
time-correlation parameter p ,  therehy providing a complete 
description of the trap generation process. 

0.4 , I 
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&- 0.2 
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0.0 
0 1 2 3 4 5  

x 
Fig. 7 A cubic lattice of dimension, N,,=500, N,=5, was used to 
test the validity of tho analytical theory in the presence of spatial 
correlation. (dot-dashed line: analytical model, solid line: numerical 
percolation model). The mean-field analytical theory matches the 
numerical results very wcll even when spatial localization is strong. 
Note that the ratio of L ,  to N z y  indicates the strength of spatial 
localization. 
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Fig. 8: The rclationship between cordation parameter k ( i  l+<) and 
the spatial localization parameter N,,IL, is no longer as siniple as 
the relationship between k and the temporal localization parameter p 
(Fig. 6), although the rclationship is still monotonic. Such deviation 
from linearity is expected, because the analytical theory developed in 
this paper treats the trap gcneration procoss in an average manner, 
without regard to its spatial Statures. 

3. APPLICATION OF THE MODEL 

3.1 Reliability Projection: 
In order to use the analytical model to quantify the im- 
provement of reliability due to multiple SBD with various 
degrees of correlations, we use the first two cumulative fail- 
ure distributions to compute (4 - Fz) = P,(k) [3]. then 
determine k(=  1+<) hy using Eq. 4b. Since E:': P,(k)  = 
1 - F,,, Eq. 4a can then be used to construct all the suc- 
cessive Weibull distributions, W, = In(-ln(1 - F,)). For 
example, as shown in Fig. 9 (based on the data from Ref. 
[15]), that the increased trap generation rate after the first 
SBD can reduce the 3rd SBD lifetime by approximately 45 
% ( A  - B ) ,  or equivalently, can increase the number of 
soft-broken transistors hy 37x ( A  + G). In general, it is 
easy to show that the correlation effects reduce the time to 
n-th SBD failiire time as 

which is a simple generalization of Eq. 1 in the presence of 
linear correlation. Surprisingly, Eq. 6 predicts that the cor- 
rection to the previously anticipated enhancement of life- 
time due to soft-breakdown events (Eq. 1) would be small 
even with relatively large increase in the trap generation 
rate (i.e. ( - 1) after the first breakdown event. This rein- 
forces the general validity of the predicted improvement in 
lifetime (and the safe operating voltage) discussed in Ref. 
[3]. Indeed, as oxides get thinner than those discussed in 
Fig. 9 and the operating voltages are seduced following the 
ITRS roadmap (sec Fig. l), the corresponding reduction 
in power dissipation through the percolation path [3,4] al- 
lows the correlation coefficient ( to approach 0 quickly. In 
that case, the breakdown will be essentially uncorrelated 
as discussed in Ref. [1,3], with a corresponding increase 
in the lifetime for oxides with multiple breakdown events 
given by Eq. 1. 

On the other hand, if the correlation is so strong that 
+ cu, then Eq. 6 predicts that T, i T I .  In this case, no 

improvement in lifetime due to multiple breakdown events 
is expected. This is precisely the case for rapid succession 
of breakdown events during hard breakdown. 
3.2 Analysis of Leakage Current: 

In addition to making precise determination of the failure 
statistics of multiple soft-breakdown events in the presence 
of an arbitrary degree of spatial and temporal correlation, 
as discussed above, the Markov formulation of multiple 
breakdown events also allows us to determine the total in- 
crease in the leakage current of an IC under such conditions 
[16-181. The total leakage current due to soft-breakdown 
in gate dielectrics is given by the the first moment of the 
probability distribution function, i.e. 



in k"=(time-t-n SBwmean-iimcto rn.~o)T 
Fig. 9: An example of how correlated breakdown may reduce the 
estimated enhancement of lifetime due to multiple SBD evmts. The 
normalized data from Ref. 1151 (collected from a graph, so the val- 
ues may not be precise) shows that the 2nd SBD is best fitted with 
p = 0.25 or 25% enhancement of trap generation after the first SBD. 
(Solid lines: ""correlated, dot-dashed h e :  weakly correlated). This 
translates to a 45% correction in extrapolated lifetime far the third 
SBD (A - E ) .  However, this correction is small compared to the 
orders of magnitude improvement of the lifetime of an IC with tran- 
sistors tolerant to three SBD events ( D  i A). 

where NT is the number of transistors in an IC and I ,  in 
the average increase in the leakage current per breakdown 
event. Assuming a linear correlation model, we can insert 
the correlation parameters k ,  = 1 + ne in Eq. 2 to obtain 

Multiplying the both sides of the equation by m and sum- 
ming over all m from 1 to M, we derive the following simple 
differential equation for the leakage current of an IC 

which can be solved to obtain 

(9) 

Eq. 9 is another key result of this-paper, with many im- 
plications. Indeed, as we shall see below that Eq. 9 can 
explain all aspects of leakage current data reported in the 
literature to date. 

Leakage current f o r  uncorrelated breakdouin: Let us begin 
by considering the limiting case when the correlation 
among breakdown events arc weak, so that k ,  i 1 or 
i 0. Under this condition, Eq. 9 reduces to 

as discussed in Refs. [3,19]. Inserting the vokage and 
temperature- dependence of the mean failure time q = 
~~e-7V(V-V. je~7T(T-T, j  in Eq. 10, we obtain the following 
theoretical result for the leakage current 

ln(rieczk) = /3ln(t) + Y V ( v  - K )  + ?T(T - To) ~ ln(70) 
(11) 

5.0 

0 '  

2.0 
1 2 3 4 5 6  

in [time (sec)] 

Fig. 10: Arr example of the increase in the leakagc current that 
follows Eq. The oxide thickness is 1.3 nm (hence the slope, 
0 - l), the area of the oxide is 100 pm', and the voltage acceleration 
fact,or is yv = 5.4 dec/volt, close to the expected d u e  of 5.5 decjvolt 
determined from test of small transistors [E]. We should also compare 
this number to 5.2 decjvolt reported in Fig. 16, Ref. 1181 

11. 

where qo is the mean lifetime at voltage V, and temperature 
To. According to this formula, the leakage current curves 
for different voltages and/or temperatures are anticipated 
to be parallel to each other, with the separation constants 
given by the voltage ( y v )  and temperature- ( ~ r )  accel- 
eration factors. For a given voltage and temperature, the 
leakage current is expect to increase with time as a power 
law with slope identical to the Weibull slope (B) for the 
oxide. The leakage current data shown in Fig. 10 supports 
this conclusion. Indeed, this theoretically derived formula 
is identical to the one derived empirically in Ref. [17, Eq. 
1-3; 18, Eq. 51 to describe leakage current data, and pro- 
vides thcoretical validation of these empirical results. 

The above result also resolves the confusion regarding 
the linear vs. nonlinear time-dependence of the leakage 
data reported in the literature. Indeed, for thincr oxides, 
with /3 --t 1, the leakage current may be well characterized 
by a linear function of time within a short experimental 
window. However, if /3 # 1 exactly, then over a longer mea- 
surement window or for thicker oxides, nonlinear power-law 
time dependence is expected. As seen in Fig. 5 of Ref. 18, 
the slope of the post-breakdown l n ( I )  -ln(t) curve is given 
by approximately 1.2-1.4, consistent with the Weibull slope 
of the 2 rim oxide described. 
A measurement technique for 0, yv, and y ~ :  Remarkably, 
therefore, the Weibull like formula described in Eq. 11 can 
be used to determine Weibull slope /3, voltage acceleration 
factor yv, and temperature acceleration factor'TT from a 
few simple measurements of the leakage currents of large 
area transistors stressed at  different voltages and tempera- 
tures. This would dramatically reduce the testing time to 
determine these parameters [19]. Indeed, the failure to de- 
tect the first breakdown in large area testers, traditionally a 
strong argument against uying such structures to construct 
the Weibull distribution, does not apply to this technique 
at all. The technique simply depends on the slopes and 
shifts of parallel leakage current lines to compute Weibull 
slopes and voltage- and temperature acceleration factors. 
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E >> 1, then the leakage current will increase exponentially 
with time, i.e. 

Such leakage current is characteristic of increasingly harder 
breakdown events induced by higher voltages. If and 7 
are known from standard measurements, Eq. 12 provides 
an experimental technique to determine the correlation pa- 
rameter < by a simple measurement of the time dependent 
leakage current. The parameter E can then be used to con- 
struct the general failure probability distributions using Eq. 
4a. Note that while this formula (Eq. 12) applies to the 
simulation up to the hard breakdown limit, this does not 
apply to  hard breakdown current itself. This i s  because the 
trap generation formula assumes a simple linear increase in 
trap generation rate with each SBD event, whereas.a hard- 
breakdown event includes a melting of the local spot with 
discontinuous increase in kn beyond certain critical value 
of n. Such discontinuous changes are not reflected in the 
formula for the leakage current just derived. However,' the 
formula should be applicable to computing the leakage cur- 
rent until the initiation of the hard breakdown. 

4. SUMMARY 

We have developed a phenomenological model for cor- 
related breakdown that correctly reproduces the limiting 
cases of uncorrelated breakdown, follows all the conserva- 
tion rules, and reproduces, in detail, the exact results from 
a finitesize percolation model allowing us to explore the 
statistics of breakdown events regardless of the degree of 
correlation present. We have also shown how such a model 
may revise downward the reliability improvement predicted 
by simpler models. However, for thinner oxides, we find 
that any such correction due to correlation effects is negli- 
gible because a t  lower operating voltage, the breakdown is 
universally soft with very small degree of correlation, con- 
firming the validity of the results discussed in Ref. [l-31. 
Since the "numerical noise" in a percolation model makes 
it difficult to compute extraordinarily rare events such as 
those used in reliability extrapolation, the phenomenolog- 
ical theory described here is the only way to make appro- 
priate reliability projections in the presence of correlation, 
and to quantitatively consider the reliability vs. speed (or 
power dissipation) tradeoff during IC design. Finally, we 
have provided a detailed analysis of post-breakdown leak- 
age current within the theoretical framework developed in 
this paper. The formula developed not only provides cir- 
cuit designers specific design targets for increased leakage 
current, but also explains a wide variety of experimental 
data reported in the literature. This analysis of the leak- 
age current also allows a new, simple, and direct measure- 
ment technique to dctermine Weibull slopes and voltage 
acceleration factors for ultra-thin gate dielectrics. 
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