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ABSTRACT

It has been known for some time that non-de-
structive electric breakdowns precede destructive
thermal dielectric breakdown. We have been study-
ing both processes in oxides between 5 nm and 80
nm in thickness. We have shown that the electric
breakdowns can trigger dielectric breakdown under
certain conditions. This triggering of dielectric
breakdown causes TDDB distributions to be non-
unique. The TDDB distributions could be shifted
to shorter times if a) the impedance of the test
equipment was lowered and/or b) the capacitance
of the test equipment was raised. The implications
of this work will be discussed in terms of
electric/dielectric breakdown models and practical
circuit and device operation.

INTRODUCTION

It has been known for some time that non-de-
structive electric breakdowns precede destructive,
thermal, dielectric breakdown in silicon oxides [1]
[2] [3] [4] [5]. The electric/dielectric breakdown
process has been described as a multi-step event,
which has been summarized [2] [4] as follows.
During the application of high voltages, traps are
generated inside the oxide. These traps result in
local high-current-density regions. These local
high current regions lead to local oxide heating,
thermal runaway, and electric breakdown. If the
balance between the energy stored in the capacitor
and the time decay of the current through the exter-
nal electrical circuit is matched, the breakdown re-
gion can be open-circuited. This process repeats it-
self many times, at different locations, until a suffi-
ciently low resistance path has been formed be-
tween cathode and anode to produce a shorting,
thermal, breakdown. This final thermal breakdown
is generally referred to as dielectric breakdown.
Electric breakdowns have been measured to occur
in about 1/10 of the time and at voltages as low as
1/2 of those required to produce thermal dielectric
breakdowns [6]. These pre-breakdowns, soft-
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breakdowns, early-breakdowns, or quasi-break-
downs have received much study in the past sever-
al years [7] [8] [9] [10] [11]. It has been found that
early breakdowns can be characterized by the noise
associated with the electric breakdown events [12]
[13][14] [15].

Generally, when breakdown tests are per-
formed, the time-to-breakdown results reported are
the final, thermal, dielectric breakdown, not the
earlier electric breakdowns, and are presented as
time-dependent-dielectric-breakdown (TDDB) dis-
tributions. When measuring the breakdown voltage
using ramp voltage tests, the applied voltage caus-
ing the breakdown is usually reported as the volt-
age required to produce dielectric breakdown, not
the voltage at which the first electric breakdown
occurs. Early breakdowns have not received much
study, partially because, in the early days of inte-
grated circuit technology, many of these break-
downs were defect related [16] [17]. However, the
high quality of present integrated circuit technology
has eliminated most of these defect dominated
breakdowns and the electric breakdowns can now
be considered to be intrinsic breakdowns and can
be reliably studied in detail.

An engineering model of dielectric breakdown
has been developed incorporating various TDDB
distributions reported by different workers on dif-
ferent oxides using different test equipment [18].
Implicit in this model was the assumption that di-
electric breakdown distributions measured in one
facility could be reproduced in another facility,
even though the measurement test stations might be
different.

In this paper we will discuss electric and dielec-
tric breakdowns. The two breakdowns will be de-
scribed and correlated. It will be shown that the
TDDB distributions measured on identical oxides
at the same voltages were not unique, but depend-
ed on the details of the resistance and capacitance
of the test station. The electric breakdown voltages
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measured during ramp voltage tests were signifi-
cantly lower than the dielectric breakdown volt-
ages. The impact of electric breakdowns on both
dielectric breakdown theories and on practical de-
vice and circuit operations will be briefly dis-
cussed.

EXPERIMENTAL

Two different types of experiments measuring
both electric and dielectric breakdowns were per-
formed. In one set of experiments constant voltage
TDDB distributions were measured while observ-
ing the surface of the oxides and recording both the
steady current through the oxides and the transient
voltages across the oxides. Different test equip-
ments were used to apply the voltages and measure
the currents during this experiment. In a second set
of experiments the oxide voltages were ramped to
breakdown and the surfaces of the wafers were ob-
served and the transients that occurred prior to di-
electric breakdown were recorded.

For the first set of experiments, high quality, 5
nm to 80 nm, oxides fabricated using commercial
LOCOS processes on both n-type and p-type sub-
strates were used. Constant-voltage TDDB distri-
butions were measured using different measure-
ment equipments. Both a relatively high impedance
HP 4140b pAmeter and a low impedance, VIZ WP
711 voltage source were used. The voltages across
the oxides were monitored using a Tektronix
TDS520 oscilloscope during the TDDB measure-
ments. Both the wave shapes and the times of the
non-shorting electric breakdowns were recorded.
On a separate set of oxides, the stress-induced-
leakage-currents (SILCs) were measured after dif-
ferent numbers of non-shorting electric break-
downs had occurred. Photographs of the electric
breakdown spots were taken on the thicker oxides.

For the second set of experiments, both the ox-
ides described above and a set of 3 nm thick oxides
fabricated on p-type substrates were used. The gate
voltage was swept until dielectric breakdown oc-
curred. A sensitive detector across the oxide detect-
ed current spikes associated with electric break-
downs prior to the occurrence of dielectric break-
downs. Some of the breakdown spots were pho-
tographed.

CONSTANT VOLTAGE BREAKDOWN
RESULTS

The two types of breakdowns measured in this
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experiment have been described in Figure 1.
Dielectric breakdown occurred when a precipitous,
and permanent, increase in the oxide current was
measured. The electric breakdowns shown in
Figure 1 could be open circuited by the test equip-
ment. The voltage across the oxide temporarily
dropped when the electric breakdowns occurred as
the capacitor discharged its energy. The gate volt-
age was then recharged from the voltage source
when the electric breakdowns open-circuited [1]
[2] [4]. These non-shorting electric breakdowns
were usually accompanied by emission of light
from the breakdown region, as have been observed
by others [19] [20]. The transient voltage spikes
became more frequent as dielectric breakdown was
approached. Similar effects, including emission of
light, have been reported for electric breakdowns
in liquid dielectrics [21]. A typical voltage wave-
shape measured across a 40 nm thick oxide during
one of the electric breakdown events has been
shown in Figure 2. It should be noted that the elec-
tric breakdown spikes were not easily detectable
using the HP 4140b pAmeter due to the slow re-
sponse of the pAmeter. It was necessary to use the
oscilloscope to detect the electric breakdowns.
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Figure 1 The current vs. time characteristics of an
oxide being stressed at high voltage showing both
the dielectric breakdown and the electric break-
downs.

Gate voltage (volits)

-79

Figure 2 The voltage across 40 nm thick oxide
during a typical electric breakdown event.
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Photographs of the surface of the oxide de-
scribed in Figure 2 have been shown in Figure 3
during the breakdown measurements. The last, and
largest, spot measured on the wafer was the dielec-
tric breakdown region. The spot patterns were usu-
ally different for the two polarities of stress voltage
due to the different locations of asperities at the
two electron injecting interfaces, particularly near
the LOCOS edge [22].

before stress one spot

several spots immediately prior

to breakdown

Figure 3 Breakdown spots photographed after
electric breakdowns on 40 nm thick oxide.

In a separate experiment, the SILCs were mea-
sured during a breakdown measurement and have
been shown in Figure 4, before any electric break-
downs had been observed, after the first electric
breakdown, after about 10 electric breakdowns and
just before dielectric breakdown occurred. These
SILCs were comparable to those measured on thin-
ner oxides during quasi-breakdown studies [11]. It
has been shown that stress-induced leakage cur-
rents are proportional to the density of traps gener-
ated by the stresses [23], which seems to be con-
sistent with the data shown in Figure 4.

Since it was clear that electric breakdowns were
occurring prior to dielectric breakdown, it was de-
cided to try to trigger some of the early electric
breakdowns into dielectric breakdowns. The tech-

niques that were used were to couple the 1/2 cv?2
energy stored in the oxide to the early breakdowns
by a) lowering the impedance of the voltage source
used to drive the current through the oxides and/or
b) having more stored energy available for dis-
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charge by placing an external capacitor in parallel
with the test structure and allowing this capacitor’s
energy to discharge through the electric breakdown
region. A 0.1 UF tantalum capacitor was placed
across the test oxide capacitor at the probes when
more capacitive stored energy was desired. The
total capacitor energy was not raised by increasing
the test oxide area since it has been shown that in-
trinsic TDDB distributions are area dependent [24]
due to the random nature of the statistics involved
in the breakdown process [25]. Four TDDB distri-
butions measured on 40 nm thick oxides on n-type
substrates at +40.5 V have been shown in Figure
5. These TDDB distributions were measured using

a) a HP 4140b pAmeter (40 KQ) as the voltage
source, b) a HP 4140b pAmeter with the 0.1 uF
tantalum capacitor placed across the oxide, ¢) an

VIZ WP 711 (4€2) voltage source. The fourth time
distribution shown in Figure 5 was the time of the
first electric breakdown using the HP 4140b
pAmeter as the voltage source and no capacitor
across the oxide. The TDDB distributions mea-
sured on these identical oxides varied by about an
order of magnitude and had similar slopes. A simi-
lar difference between non-destructive and destruc-
tive breakdowns has been reported [6]. Similar
TDDB distributions were measured on other thick-
nesses of oxides.Three dielectric breakdown spots
have been shown in Figure 6 for the three condi-
tions described above.
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Figure 4 Low-level leakage currents measured on
a 40 nm thick oxide.

RAMPED VOLTAGE RESULTS

Several of the oxides were sweep to breakdown
at ramp rates of £1 MV/sec. While transient volt-
age spikes were measured on all of the oxides, vis-
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ible spots were recorded only on the thicker ox-
ides. A detector circuit was set to indicate an elec-
tric breakdown whenever the logarithmic slope of
the I-V characteristic increased by a factor of 3
over the average slope of the last 5 I-V recordings.
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Figure 5 TDDB distributions measured on identical
40 nm thick oxides at 40.5 V using different test
equipments.
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Figure 6 Breakdown spots photographed on 40 nm
thick oxides when the HP 4140b pAmeter was used,
with and without the external capacitor, and when
the low impedance voltage source was used.

The I-V characteristics, to breakdown, of a 3
nm oxide has been shown in Figure 7, along with
the change in the logarithmic slope. Dielectric
breakdown occurred at 7.1 V and electric break-
down at 5.4 V. The breakdown voltage of this
oxide would have been recorded as 5.4 V if the
first electric breakdown were used as the break-
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down criterion and would have been recorded as
7.1 V if dielectric breakdown had been used as the
breakdown criterion. These data are similar to data
that have been previously presented [6].
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Figure 7 Ramped current-voltage characteristics of
a 3 nm thick oxide along with the change in the
logarithmic slope that occurred whenever an elec-
tric breakdown had occurred.

DISCUSSION OF RESULTS

The presence of both electric and dielectric
breakdowns has been shown. These measurements
support the work of others, who had shown that
electric breakdowns occurred at shorter times and
at lower voltages than did thermal, dielectric break-
down [6]. The triggering of some of these electric
breakdowns into dielectric breakdown, by the use
of an external capacitor or the use of a low
impedance voltage source has shown that dielectric
breakdown distributions, measured at the same
voltages, are not unique. These results have sever-
al ramifications regarding the theoretical and practi-
cal aspects of dielectric breakdown measurements.

Much of the recent work on oxide breakdowns
has concentrated on describing thermal dielectric
breakdowns. A statistical model for dielectric
breakdown has been proposed [25] and confirmed
over a wide variety of oxide conditions [26]. This
model and the confirmations were based on mea-
suring the time, voltage, and thickness depen-
dences of the trap generation inside the oxides
prior to breakdown [27] and coupling the mea-
sured time dependences of the trap generation to
the statistics of breakdown and the TDDB distribu-
tions [25]. In this model, breakdown was triggered
when the local density of traps exceeded a critical
value. It has been shown that parallel shifts in
TDDB distributions to lower breakdown times,
such as those shown in Figure 5, were predicted if
the number of traps in the breakdown region re-
mained constant and the breakdown area became
larger [28]. A shorting breakdown would be ex-
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pected to produce such a region. Thus, the statisti-
cal model of breakdown seems to account for the
qualitative results reported above.

A recent model of dielectric breakdown, where
the traps responsible for the triggering of break-
down must be aligned in space to produce a local
high-current-density region, has been shown to be
able to explain the thickness dependence of dielec-
tric breakdown TDDB distributions [29]. Both of
the theoretical models of dielectric breakdown [25]
[29] appear to be sufficiently robust to predict elec-
tric and/or dielectric breakdowns. The only differ-
ences that need to be applied, when using these
models is to differentiate between the two break-
downs, is to change the number of traps required
to trigger a breakdown and to change the cross-
sectional area of the breakdown region. The exper-
imental confirmations of these theories will require
that both electric and dielectric breakdowns are
measured. Any, more complete, model of
electric/dielectric breakdown, that is developed in
the future, must include the thermal geometry of
the oxide, including a transient analysis of the cir-
cuitry used to make the measurements. This more
complete theory awaits development.

It has been observed by many workers that the
dielectric breakdown field decreases as the oxide
thickness increases [30]. This effect has often been
attributed to the higher likelihood of including a de-
fect in a thicker oxide and, thus, the triggering of
an extrinsic breakdown. Based on the work report-
ed here there may be an additional effect due to the
energy stored in the capacitor causing the break-
down field to drop as the oxide thickness increas-
es. The energy stored in the oxide, E,, is given as

- 2
E,=12CVZ=12e,AE,V, (1

where C is the oxide capacitance, V is the applied
voltage, & is the dielectric constant of the oxide, A
is the capacitor area, and Eox is the oxide field, ap-

proximated as the oxide voltage divided by the
oxide thickness. At a constant oxide field and as
the oxide thickness is increased, the energy stored
in the capacitor increases. It was shown in Figure
5 that the time-to-breakdown decreased as the
stored energy in the oxide increased. A similar ef-
fect may be lowering the breakdown field of the
thicker oxides leading to lower breakdown fields
for thicker oxides.
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The current-voltage characteristics, to break-
down, of oxides of different thicknesses have been
shown in Figure 8. The electric field at dielectric
breakdown was smaller in the thicker oxides, in
agreement with previous work of others [30].
However, the energy stored in the oxide, at the
breakdown voltage, increased as the oxide thick-
ness increased and may be part of the reason lower
breakdown fields have been associated with dielec-
tric breakdown in thicker oxides.
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Figure 8 Ramped current-voltage characteristics of
different thicknesses of oxides showing the dielec-
tric breakdown.

The energy stored in the capacitor, at the break-
down voltage, has been plotted as a function of
oxide thickness in Figure 9. In light of the differ-
ences observed here between electric and dielectric
breakdowns, it is necessary to reconsider the thick-
ness dependences of breakdown fields.

It is believed that these non-destructive electric
breakdowns are possibly the cause of the over-
erase upsets in EEPROMs when Fowler-Nordheim
tunneling is used for erasing [31]. During the erase
cycle electric breakdowns trigger upsets in a few of
the cells, but do not, in general, permanently dam-
age any individual cell. However, once a cell has
had an electric breakdown, there may be a higher
probability that a subsequent electric breakdown
can occur near the first electric breakdown region
and trigger another upset in this cell. The extra cur-
rent associated with the electric breakdowns can
over-erase the cell and cause the skew of the erased
cells’ threshold voltages.
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Figure 9 The stored energy in the oxides as a
function of oxide thickness at the breakdown volt-
ages shown in Figure 8.

CONCLUSIONS

It has been shown that both electric and dielec-
tric breakdowns can be observed in oxides using
both constant voltage and ramped voltage measure-
ments. These electric breakdowns can be triggered
into dielectric breakdown if appropriate modifica-
tions are made to the external measurement circuit-
ry. Thus, TDDB distributions at a constant voltage
are not unique. The two statistical models of break-
down appear to be sufficiently robust to describe
both electric and dielectric breakdowns. These
electric breakdowns may be the cause of upsets in
EEPROMs when F-N tunneling is used to erase
the cells.
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