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Abstract—Based on the theory of soft and hard breakdown es-
tablished in Part I of this paper [10], we now study the principles
of area, thickness, voltage, and circuit configuration dependence
of hard and soft breakdown. These scaling principles allow us to
conclude that breakdown in ultrathin oxides stressed at operating
voltages (1.0–1.5 V) can never be hard, which should allow a more
relaxed reliability specification for these oxides.

Index Terms—Hard breakdown, MOS devices, reliability, semi-
conductor device modeling, soft breakdown.

I. INTRODUCTION

I N this paper, we begin analyzing the available experimental
data [1]–[7], (based on the theoretical framework developed

in Part I of this paper [10], to understand the principles of area
scaling (Section II), voltage scaling (Section III), and thickness
scaling (Section IV) for the soft breakdown phenomenon [7].
We also show, in Section V, that it is the power dissipation,
not the stored energy, which determines the severity of oxide
breakdown [7], [8], [9]. This discussion provides a framework
to explain the available experiments consistently, and allows
us, in Section V, to scale these results to thinner oxides with
smaller areas operating at lower voltages. Theoretically, our
analysis will be based on verifying the predictions of (3)–(5)1

, given the statistical properties of the percolation conductance
discussed in [10], and given the fact that the various terms

of (3)–(5) depend on area, thickness, and stress conditions in
different ways. Rather than solving for the entire probability
distribution function (pdf) of , we can solve (3)–(8) for
the maximum and minimum values of the voltage across
the capacitor and power dissipation
through the percolation path , by using
the maximum and minimum values of the percolation con-
ductance . In this way, we can delineate the
boundaries of the pdf of the voltage and power transient just by
solving two equations, which will be sufficient to indicate the
trends of the experimental observations. Based on the detailed
analysis of the percolation conductance in [10], we assume that
although is area independent, it does depend weakly on
thickness [10, Fig. 5], and that the ratio is 4 to
6. For simplicity, we ignore the time-dependent conductance
evolution during the breakdown transient, i.e., we assume

. Although this assumption will introduce
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larger error-bars in our results, the trends predicted, over a wide
range of parameters, will still be accurate [7].

II. A REA SCALING

The capacitors used to determine the physical properties of
oxide films often have large areas. However, the areas of tran-
sistors in IC are usually orders of magnitude smaller. The basic
question, then, is: How do the properties of soft and hard break-
down (i.e., magnitude of the postbreakdown currents or volt-
ages, dependence on stress conditions, etc.) translate as a func-
tion of different oxide areas? Consider the experimental data
shown in Fig. 2. Each short horizontal dash in this plot repre-
sents a specific sample with a certain area (-axis) and a cer-
tain postbreakdown voltage (-axis). The distribution of these
postbreakdown voltages for different samples with the same ca-
pacitor area results from the statistical distribution of percola-
tion conductivities. Given that all the capacitors were stressed
at constant current density (same stress voltage), Fig. 2 shows
two contradictory trends:

a) soft breakdown gets softer with increasing area; in other
words, the difference between pre- and postbreakdown
voltages for soft breakdown decreases with area;

b) yet, hard breakdown becomes more probable for capaci-
tors with larger areas. (e.g., the gray dashed line in Fig. 2).

To understand these trends for constant current stress, con-
sider the prebreakdown current–voltage ( ) characteristics
(see Fig. 1) of capacitors with two different areas: (solid
line) and (dashed line). For a given prebreakdown
stress voltage and therefore,

corresponding to points A and B in
Fig. 1. After breakdown, are given by points C and
D on the area-independent, almost-coincident, postbreakdown

curves. This explains, qualitatively, why the final
soft breakdown voltages for larger capacitors are larger and
why the breakdownsappearsofter for larger capacitors (see
Fig. 2). However, the power dissipation for the larger capacitors

is much larger than that of smaller capacitors
, (because, although )

which makes hard breakdown more probable for larger area
capacitors, again confirming the observations of Fig. 2. Having
qualitatively explained the trends, we can now validate these
conclusions quantitatively by solving (3)–(6) numerically. For
each stress current, the maximum and minimum values of
[in (3)] determine (dashed line with open squares,

Fig. 2) and (dotted line with open circles, Fig. 2),
respectively. The simulation results show good agreement with
experimental data for post-soft-breakdown voltages, and Fig. 3
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Fig. 1. I�V characteristics (for two different areas) before and after soft
breakdown. Note that the postbreakdown current is uncorrelated to area of
the capacitor. Before breakdown, both the capacitors are stressed at the same
voltage so that the larger area capacitor (point B) has more total current than
the smaller area capacitor (point A). The trajectory ofI�V transient during
breakdown for constant current stress (horizontal lines, end points C and D),
and constant voltage stress (vertical lines, end points E and F) determine the
final breakdown characteristics of these oxides.

Fig. 2. Area dependence of oxide breakdown for constant current stress.
Equivalent circuit simulation, withG (dotted line, open circles)
and G (dashed line, open squares), reproduces the correct range of
experimentally observed postbreakdown voltages. Note that as the area of the
capacitor gets larger, the postbreakdown voltages also become large (compare
point D to point C, Fig. 1).

shows how [(see (7)] increases with capacitor area
making hard breakdown more probable for larger capacitors.
According to the discussion in Section II, if the range of

(based on and is completely above
or completely below (Fig. 3, horizontal dashed lines
without symbols) only hard or only soft breakdown is possible.
Otherwise, will exceed for some of the samples
leading to hard breakdown, for others will stay below

leading to soft breakdown, and therefore, the breakdown
distribution will be bimodal. These observations, based on
Fig. 3, are confirmed in Fig. 2.

Next, consider the consequences of area difference for con-
stant voltage stress. Fig. 4 shows two distinct trends:

a) for soft breakdown, the postbreakdown current, ,
is essentially area independent;

b) the fraction of oxides having soft breakdown does not de-
pend on the capacitor area.

Fig. 3. Power dissipation through the percolation path increases with area for
constant current stress, explaining why hard breakdown becomes more probable
(see Fig. 2) with larger capacitor area. For very small capacitors,P <

P , so all the breakdowns are soft. However, for larger area capacitors,P

can exceedP for some of the capacitors resulting in hard breakdown and
explaining the bimodal breakdown distribution in Fig. 2.

Fig. 4. For constant voltage stress, the prebreakdown current (filled circles)
scales linearly with area (see Fig. 1). After breakdown, both the postbreakdown
currents (short dashes) as well as the fraction of oxides undergoing soft
breakdown, are surprisingly insensitive to the area of the capacitor. In
this particular case, all of the breakdown events (short dashes) are soft (as
determined from the� values of their postbreakdownI�V characteristics).

Both of these trends are in sharp contrast to those observed for
constant current stress. To understand this, we refer to the
characteristics (Fig. 1), which shows that while the prebreak-
down currents scales linearly with area for a given stress voltage
(points A and B), they translate vertically to nearly coincident
postbreakdown currents (points E and F). This explains why the
postbreakdown currents in Fig. 4 are nearly area-independent.
The distribution of the postbreakdown current simply reflects
the distribution of the percolation conductance. Moreover, since
the stress voltage is held constant, the capacitor can not dis-
charge during the breakdown transient, so the contribution of
its displacement current vanishes [comments following (6) and
(8)]. Therefore, the net power dissipation is in-
dependent of the area of the capacitor, and depends solely on
the stress voltage. More specifically, Fig. 1 shows that

will be almost exactly equal to
, because , and because

are negligible in comparison. Once again, if , soft
breakdown will occur, otherwise hard breakdown will follow.
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Fig. 5. Current after soft breakdown versus direct tunneling current for
different areas. Soft breakdown(I —solid line, and�I —dotted lines)
becomes more difficult to detect for large area capacitors particularly if the
stress voltage is large, say,V = 5:6 V, here).

Fig. 6. Experimental data (solid squares) and interpretation (continuous solid
line) from [6] for soft breakdown fraction obtained compared to our calculation
(open symbols) assuming a 10% change in current was used to detect breakdown
occurrence.

But in either case, as seen in Fig. 4, area plays no role in deter-
mining the breakdown characteristics.

Note that it is very important to determine the first break-
down, be it soft or hard, for any rigorous analysis of the
breakdown dynamics. For large area capacitors, this determi-
nation may be particularly difficult. For example, Fig. 5 (a
replot of Fig. 1) shows that if the area of the capacitor is too
large (e.g., cm , diamond symbol, Fig. 5) for a
given stress voltage, it is possible that the first breakdown can
be completely missed due to the large background tunneling
current, i.e., , so that the total current

. In this case, no change
in current is detected, and one may believe, incorrectly, that
no breakdown has occurred. The only time breakdown is
detected for large area capacitors is when hard breakdown
short-circuits the capacitor so that and

so that the change
in the total current becomes noticeable. Indeed, this may lead
one to believe, incorrectly, that there is higher probability of
hard breakdown for a larger area capacitor evenfor constant
voltage stress. In fact, this possible misinterpretation has even
been presented as evidence for new breakdown models which
claim that soft and hard breakdown are caused by different
types of traps [6]. To compute the probability of the missed
soft breakdown events for a large area capacitor, assume that
detecting a breakdown requires at least a % change in the
total current, (i.e., ), therefore the detection of soft

Fig. 7. I�V characteristics for an oxide stressed with different currents
before (e.g., points A and B) and after breakdown (e.g., points C and D for
constant current stress and points E and F for constant voltage stress). The
power dissipation during the breakdown transient determines the fraction of
hard and soft breakdown events.

breakdown requires .
Using the data from [6] for and , we see that,
as anticipated, the fraction of the missed breakdown exactly
follows the profile of fraction of “hard breakdown” (see Fig. 5
and 6). Therefore, the increased incidence of hard breakdown
in [6] simply reflects the difficulty in detecting soft breakdown
events, and does not contradict our assertion that for constant
voltage stress, the probability of soft breakdown is independent
of area.

III. STRESSVOLTAGE (CURRENT) SCALING

The analysis of the last section allows us to translate break-
down results from large area capacitors to small area transis-
tors (for a given stress current), and to design better test struc-
tures with appropriate areas so that hard and soft breakdown
can easily be detected. In this section, we consider the effect
of changing the stress currents and stress voltages on soft and
hard breakdown. This analysis will help translate the test results
obtained from higher stress voltages (or currents) to actual op-
erating conditions.

Considering the pre- and postbreakdown characteristics
shown in Fig. 7. If, before breakdown, two capacitors (the same
oxide thickness and same area) are stressed at two different cur-
rents, and , such that , then obviously .
Under constant current stress, the final voltages after break-
down for these capacitors will be and , such that

. Therefore, we expect that larger prebreakdown stress cur-
rent should produce larger postbreakdown voltage. Moreover,
since , the difference between
pre- and postbreakdown voltages are such that

. In other words, thedifferencein the pre- and post-
breakdown voltages becomes smaller with larger stress current.
Both these predicted trends are validated in Fig. 8. The solution
of (3)–(9) for these specific stress conditions correctly antici-
pates the range of final breakdown voltages corresponding to the
statistical distribution of percolation conductance (dotted and
dashed lines). Similarly, for constant current stress, the power
dissipation is much smaller than

(see Fig. 7). This is because, although
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Fig. 8. The breakdown distribution, as a function of stress current, is plotted
(short horizontal dashes: experimental data; dotted and dashed line: simulation).
The postbreakdown voltage increases with stress current and so does the
probability of harder breakdown. The predictions of the postbreakdown
voltages from (3)–(9), agree with the experimental data reasonably well.

Fig. 9. Power dissipation though the oxide (dotted line, open circle forG ,
dashed line, open squares, forG ) at low stress current is much smaller than
the critical power density resulting mostly in soft breakdown. For high stress
current, power dissipation always exceeds critical power density ensuring hard
breakdown. In between, the breakdown is bimodal.

. Therefore, we expect the number
of hard breakdown events to increase with increasing stress cur-
rent. These conclusions about soft and hard breakdown are sup-
ported by both detailed measurements and quantitative numer-
ical results [based on the solution of (3)–(8)] in Figs. 8 and 9.

For constant voltage stress, based on the pre- and post-
breakdown characteristics in Fig. 7, one expects the final
postbreakdown current to increase slowly with increasing stress
voltages (points E and F). Referring to Fig. 10, we find that this
predicted slow increase in the in the soft breakdown
regime ( A) is indeed observed experimentally.
In addition, the power dissipation through the percolation path
increases with increasing stress voltage, because and

(see Fig. 7), and and , so
that . Therefore, hard breakdown is more probable
for larger stress voltages as seen in Fig. 10.

We explore the effect of constant voltage stress in some more
detail in Fig. 11, which shows the percolation model predic-
tions for distribution [10, Fig. 7]. This distribution
is oval shaped. For constant voltage stress, as the stress voltage

Fig. 10. For constant voltage stress, the postbreakdown current increases with
increasing stress voltage. Moreover, a rise in the power dissipation with higher
stress voltage,P � V I j , makes harder breakdown (I >
30 �A) more probable.

(a)

(b)

Fig. 11. (a) Theoretically predicted conductivity versus time-to-breakdown
for an oxide thickness= 2 � (trap-diameter). Each data point represents
one sample. The horizontal line represents the critical conductivity,
G � P =V , below which all breakdowns are hard, and above which
all breakdowns are soft. This dividing line moves downwards with increasing
voltage increasing the fraction of oxides that experiences hard breakdown. (b)
Slope ofln(I )� ln(V ) curve [�, see (5)] obtained after breakdown. Note
that� < 2 defines hard breakdown, and� > 4 defines soft breakdown. Each
panel represents results for a given stress voltage corresponding to a given
vertical position of the dividing line shown in (a). The oval-shape of (a) predicts
the time versus slope relationships (indicating soft and hard breakdown) shown
in the successive panels.
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(a)

(b)

Fig. 12. (a) Adding a resistanceR in series with the test capacitor modifies
the power dissipation through the oxide, thereby controlling the fraction of
hard and soft breakdown events. WithR = 0, andR = 1, these new
circuits become identical to those in [10, Fig. 2(b)] with stress sourcesE and
J , respectively. (b) Constant voltage stress(R = 0) produces more hard
breakdown (left) compared to constant current stress(R =1) (right) due to
larger power dissipation through the percolation conductance at breakdown.
The ratio of hard to soft breakdown changes smoothly as theR changes
between the two extremes.

is increased, the conductance which separates the hard and soft
breakdown, , moves through the distribution
like a knife (parallel to the -axis) separating the samples into
soft- and hard-broken populations. Our theory of soft and hard
breakdown predicts that for such an oval-shaped dis-
tribution, hard breakdown will occur at smaller for lower
voltages, the two populations of hard and soft breakdown be-
come symmetric with respect to the distribution at inter-
mediate voltages, and finally, hard breakdown occurs at smaller

for large voltages. The experimental data in Fig. 11(b)
provides beautiful confirmation of these theoretical predictions.
Note that Figs. 10 and 11(b) are based on the same set of exper-
imental data.

Finally, it is important to understand that, for the same initial
stress conditions, CCS results in somewhat softer breakdown,
statistically speaking, compared to CVS [see Fig. 12(b)]. For
CCS, the voltage across the sample decreases as a function of
time during the breakdown transient, with a corresponding de-
crease in power dissipation through the percolation path (see
[10, Fig.2(c)]. Therefore, if the transistor can survive the first
few microseconds of power dissipation, it is likely to survive
without having a hard breakdown. On the other hand, CVS re-
sults in time-independent power dissipation through the perco-
lation path , so that after the initial tran-
sient up to the time (see [10, Fig. 2(c)], the temperature
of the percolation spot becomes constant. This sustained tem-
perature rise makes it more probable that more samples will

Fig. 13. I�V characteristics for thin (4 nm, solid lines) and thick (5 nm,
dashed line) oxides before (right pair, ABB’) and after (left pair, CEDF)
breakdown. Note that the dependence of postbreakdown current on oxide
thickness is weaker than that of prebreakdown current. Points A and B on
prebreakdownI�V curve move to points C and D after breakdown with
constant current stress. The final points for constant voltage stress are E and F.

have a harder breakdown. In fact, the entire range of such con-
ditions can be experimentally realized by adding a resistance

in series with the stress voltage source [see Fig. 12(a)], and
can be theoretically simulated by replacing in (3) with

. Constant current stress and constant
voltage stress represent two extremes of this configu-
ration. Indeed, in Fig. 12(b) we find that, as predicted, the proba-
bility of soft breakdown increases with the increase in the series
resistance. This increase in gradually transforms a constant
voltage source into a constant current source.

IV. THICKNESSSCALING

In the previous two sections, we have discussed how to trans-
late the results of soft and hard breakdown as a function of area
and stress voltage. Next we consider how the soft/hard break-
down fraction changes with oxide thickness, which could be
useful for making predictions for future (yet-to-be-fabricated)
gate oxides. To understand this scaling, consider Fig. 13 which
shows that the applied voltage for thicker oxide (point B) must
be larger than that of thinner oxide (point A) to produce the same
prebreakdown stress current. Similarly, both Fig. 13 and our
analysis in Section III show that thicker oxide requires slightly
larger voltage (point D) than thinner oxide (point C) to produce
the same postbreakdown percolation current. Notice that the dif-
ference in voltage to obtain equal percolation current, is
much smaller than that required to produce the same prebreak-
down current ; i.e., , while . There-
fore, we expect that the postbreakdown voltages for constant
current stress should be relatively thickness independent, which
is confirmed by the experimental data in Fig. 14.

Fig. 13 can also be used to approximate the power dissipation
for oxides with different thicknesses: since

because
, thicker oxides will have harder breakdown than thinner

oxides, which is again clearly validated by Fig. 14. More quan-
titatively, if we solve (3)–(7) (note the dependencies of the dis-
placement current term [(4)], and percolation conductance term
[(5) on thickness], the possible range of postbreakdown voltages



244 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 49, NO. 2, FEBRUARY 2002

Fig. 14. Statistics of thickness dependence of oxide breakdown. To keep the
prebreakdown current constant, the 3.5 nm oxides were stressed at�4.5 V,
4.0 nm oxides at�5.1 V, 5.0 nm oxides at�6.1 V, and 6.5 nm oxides at
�7.5 V. The distribution of the stress voltage for each oxide thickness reflects a
small distribution of oxide thicknesses around the mean value. Note that while
the post-soft-breakdown voltage is almost thickness independent, the ratio of
soft to hard breakdown is not, but rather shows strong thickness dependence.
Simulation results based on (3)–(8) anticipate these trends (G : dashed line,
open circles;G : dotted line, open squares).

Fig. 15. Power dissipation (dotted line forG , dashed line forG )
increases superlinearly with oxide thickness explaining the progressively harder
breakdown with thickness. Note that the critical power density,�1.5 �W,
explains the transition of soft breakdown to hard breakdown as a function of
oxide thickness.

predicted by the model (dashed and dotted lines, Fig. 14), cor-
responding to the statistical distribution of the percolation con-
ductance, is consistent with the measurement. The conclusion
that hard breakdown is more probable for thicker oxide, which
has higher dissipated power (see Fig. 15), is also supported ex-
perimentally in Fig. 14. Also, the relative magnitudes of
and W determines whether breakdown for a partic-
ular oxide thickness would be all soft, or all hard, or bimodal.
However, note that for larger currents the theoretical predictions
overestimate the experimental postbreakdown voltages. This is
because, in solving (3)–(9), we assumed thatis time-inde-
pendent, whereas in reality increases moderately during the
breakdown transient (Section III-A and Fig. 7 of [10]). This in-
crease in reduces the measured postbreakdown voltage.

When we stress the oxides at the same voltage so that thicker
oxides (point B’, Fig. 13) have lower prebreakdown current
than thinner oxides (point A, Fig. 13). After breakdown,
the final breakdown points are E and F which are relatively
thickness-insensitive. The postbreakdown currents, measured

Fig. 16. For constant voltage stress for oxides with different thicknesses, both
the postbreakdown currents as well as fraction of soft to hard breakdown events
are almost independent of oxide thickness. The text explains why these trends
are consistent with the theoretical analysis based on Fig. 13 and (3)–(8).

at 1.5 V and shown in Fig. 16, validate this expected thickness
insensitivity. (e.g., A). Moreover, we expect,
again based on Fig. 13, the ratio of hard to soft breakdown to be
almost thickness independent to the first order. This is because
although is slightly larger than

, the is also slightly larger
than (see discussion after (9) in [10]). Therefore,
the ratios ,
is relatively independent of thickness. Indeed, in Fig. 16, we
see that the ratio of soft to hard breakdown remains relatively
unchanged as a function of thickness, as predicted. Finally, if
we compute the for these oxides, we find
that W. Compared to of 15–25 W for 4-nm
oxides, we do find that the critical power density increases with
decreasing oxide thickness as anticipated in [10, Sect. II]. Note
that since and since increases faster
than for thinner oxides, the critical (transition) voltage
would actually decrease with thickness.

V. POWER DISSIPATION VERSUSSTOREDENERGY

We have explored the implications of changing the various
terms of (3), by changing oxide thickness, stress current, capac-
itor area, etc. And we have seen that the predictions based on
this model have consistently been satisfied. However, a specific
aspect of our model that needs to be emphasized is the funda-
mental role of the dissipated power rather than the stored
energy [8], [9], in determining the severity of oxide
breakdown.

To test the proposition that is the relevant parameter,
we add a large capacitor, , in parallel to the oxide under test
(see Fig. 17). This addition increases the energy stored in the cir-
cuit by many orders of magnitude [see Fig. 18(a)]. Models that
consider the total stored energy as the primary factor
determining hard and soft breakdown would predict that adding
a capacitor would result in significantly harder breakdown (sta-
tistically speaking). In contrast, our model predicts that since
at constant voltage stress, the capacitors can not discharge their
stored energy through the percolation path ,
the must remain constant independent of (see
Fig. 18(a), dotted and dashed line). Therefore, the addition of
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Fig. 17. Adding a large auxiliary capacitor in parallel to the oxide under
test increases the stored energy (solid line) in the system without significantly
increasing the power dissipation (dotted line forG , dashed line forG )
through the oxide. This independent control of stored energy and power
dissipation is needed to differentiate their relative importance.

(a)

(b)

Fig. 18. (a) Adding a large parallel capacitor increases the stored energy
(solid line), but does not increase the the power dissipation (dotted and
dashed line) through the percolation path significantly. For constant voltage
stress, power dissipation is independent ofC ; therefore, we do not expect
any change in breakdown statistics due to this additional capacitor. (b) For
constant voltage stress, the addition of the auxiliary capacitor plays no role in
determining the ratio of soft to hard breakdown which is consistent with the
theoretical considerations described in the text.

can play no role in determining breakdown statistics (see
Section I). The experimental data shown in Fig. 18(b) supports
our analysis: the fraction of hard to soft breakdown events re-
mains unaltered even though the stored energy differs by six or-
ders of magnitude between the two cases (see Fig. 18(a), filled
squares).

Similarly, for constant current stress, adding a capacitor in
parallel increases the stored energy significantly, [see Fig. 19(a),
solid line, filled symbol], with only a modest increase in
[see Fig. 19(a), dotted line]. This is because increases both
the stored energy, as well as the discharge
time, , keeping power dissipation, which is
the ratio of the stored energy to the discharge time, the same

(a)

(b)

Fig. 19. (a) Similar to Fig. 18(a), adding a large parallel capacitor increases
the stored energy (solid line). However, in contrast to Fig. 18(a), for constant
current stress, theP (dotted line forG , dashed line forG ) increases
with C making harder breakdown more probable with larger auxiliary
capacitance. (b) However, even with several orders of magnitude change in
stored energy (solid line), the decrease in fraction of soft broken samples is
small. The oxide thickness is 3.2 nm and the oxides are stressed at 2 A/cm,
and the dashed and dotted lines (with symbols) are the theoretical predictors
for V .

to zeroth order. However, since the discharge time is longer
with a larger auxiliary capacitor, power dissipation is slightly
higher at any given moment during the breakdown transient [see
Fig. 19(b)]. Therefore, as we increase the value of the auxiliary
capacitor, the proportion of hard breakdowns increases gradu-
ally. However, even after five orders of magnitude change in the
stored energy ( nF and pF), the ratio of
soft to hard breakdown has not still changed significantly. Had
the total stored energy been the determining factor, one would
expected a stronger change in breakdown statistics with such a
significant change in the stored energy.

VI. HARD BREAKDOWN AT 1 V FOR A 1.5 nm OXIDE

As an example application of the scaling principles discussed
in Section I to V, we now compute the probability of hard break-
down for a 1.5-nm oxide operating at 1 V. Assume, conserva-
tively, that W, and the oxides are being stressed
at constant voltage stress. Therefore,

A, which defines the critical current for hard breakdown at
1 V. To compute the probability of hard breakdown, we must
now determine the number of 1.5 nm samples (as a fraction of
the total sample size) whose postbreakdown current would ex-
ceed . To do so, one fits the pdf of the postbreakdown cur-
rent distribution for a 1.5-nm oxide, taken at 1.5 V (see [10,
Fig. 6] and Fig. 16), with an analytical expression. One may
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then use the voltage scaling law, and the ana-
lytical pdf function to translate the distribution of percolation
currents from 1.5 V to 1 V. Comparing the probability that the
tail of the postbreakdown current distribution exceeds the crit-
ical current threshold of 10A, we find the possibility of hard
breakdown to be negligible . This virtually guar-
antees that there will be no hard breakdown for 1.5-nm oxides
at 1 V, especially since no area scaling will be involved (because
severity of breakdown, for constant voltage stress, is essentially
independent of oxide area (Fig. 4, Section II).

VII. CONCLUSION

A theory of soft and hard breakdown that can explain a wide
range of experimental data has been proposed and verified. We
have established, in Part I of this paper [10], a concrete con-
nection between the percolation theory and the statistical dis-
tribution of the postbreakdown current (see [10, Sect. III]). We
have also provided independent and direct experimental veri-
fications of the existence and the dynamics of the percolation
conductance. This connection between percolation theory and
the postbreakdown data has, among other things, convinc-
ingly shown that the trap-diameter cannot exceed 1.5 nm.

This thorough understanding of the percolation conductance
has in turn enabled us, also for the first time, to predict and to ex-
perimentally verify the hard and soft breakdown characteristics
for oxides of different thickness, stress conditions, and capacitor
area, all within a consistent theoretical framework of the break-
down transient. We not only explored the existing experimental
data relevant to IC applications, but also conducted experiments
inspired by the theoretical predictions, e.g., the consequences
of adding a capacitor in parallel or a resistor in series. Based
on the model, we conclude that soft breakdown will be the pri-
mary mode of device failure for small area transistors with ultra-
thin gate oxides and very low operating voltages, due to a sig-
nificant decrease in power dissipation through the percolation
path during the breakdown process. Also, by establishing the
common statistical origin of soft and hard breakdown, we have
demonstrated why one should consider the first breakdown, be it
soft or hard, for the analysis of experiments involving voltage,
area, and temperature acceleration. This model, therefore, can
now be used to explore the role of soft-broken oxides in future
MOSFET technologies, a topic we shall explore in a separate
article in the future.
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