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Abstract —The breakdown of thin oxides (7.9-32 nm) subjected to
high-field current injection is investigated in this study. The physical
mechanism of breakdown is found to be localized field enhancement at the
cathode interface due to hole trapping. The source of this hole trapping is
believed to be impact ionization in the Si0,. A quantitative model for
oxide breakdown based on impact ionization and hole trapping at the
cathode is presented and shown to agree well with the experimental J - ¢
and time-to-breakdown, (fy,) results. We observe that log iy, varies
linearly with 1/E rather than with £ as commonly assumed. The field
acceleration factor, ie., the slope of the logrgy versus 1/E plot, is
approximately 140 decades per centimeter per megavolt for the 7.9 nm
oxide, with approximately 25 percent of this coming from the field depen-
dence of the impact ionization coefficient and the remainder from the
Fowler-Nordheim current dependence on 1 /E. Based on this model, oxide
wearout performance might be improved by process changes that reduce
interface hole trapping, such as radiation-hard processing, in addition to the
reduction of particulate contamination and crystal defects.

I. INTRODUCTION

HE reduction of gate oxide thicknesses is necessary in

order to achieve improved MOS device performance
for future-generation integrated circuits. The integrity of
the SiO, is, therefore, a primary concern. In particular, the
breakdown of thin gate dielectrics is a major cause of
circuit failure, especially for large scale dynamic random
access memories [1]. In addition, the rupture of the very
thin tunnel dielectrics in nonvolatile E2PROM’s is the
principal cause of E?’PROM’s endurance (write/erase cy-
cling) failures. A good understanding of the physical ef-
fects resulting from the application of large electric fields
applied to thin oxides is needed.

In this paper we report results pertaining to breakdown
in thin (7.9-32 nm) SiO, gate dielectrics which are sub-
jected to high-field /current stressing. The eventual break-
down is due to the accumulation of trapped holes at the
injecting interface which eventually results in the formation
of localized high-field /current-density regions [2]. A model
based on our results has been developed and is presented
here. In addition, we discuss possible implications of our
physical model on process improvements.
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II. OverviEw OF S1O, BREAKDOWN

Conceptually, the time-dependent dielectric breakdown
process may be divided into two stages. During the first,
the buildup stage, localized high-field /current-density re-
gions are formed as a result of charge trapping. Eventually,
when the local current density or field reaches a critical
value, the rapid runaway stage begins during which ad-
ditional runaway electrical and or thermal processes result
in breakdown. This is shown in Fig. 1. The runaway stage,
once reached, is completed in a very short period of time.
Hence the time necessary to reach the runaway stage
determines the lifetime of the oxide. This paper is con-
cerned with the buildup stage.

The time necessary to complete the buildup stage can be
reduced considerably when defects are present. For exam-
ple, Na™ contamination can greatly accelerate the break-
down process [3]-[6], and particulates present on the sili-
con surface before oxidation have been shown to be a
source of localized contamination [7]. Also, crystalline de-
fects in the silicon substrate such as stacking faults can
reduce the lifetime of the oxide [8]. In this study, however,
we concentrate on the intrinsic breakdown mechanism
characteristic of basically gross defect-free devices. It is
believed, however, that the basic model to be presented
also applies to gross-defect breakdown. The effect of the
defects is to modify the model parameters such as oxide
thickness, trap density, or a field-enhancement factor.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The devices used in this study were polysilicon-gate
MOS capacitors with gate oxide thickness varying from 7.9
to 32 nm. The substrate material was 10-20 Q-cm (100)
p-type. The gate oxide was grown in O, at 900°C with a
10-min nitrogen anneal following oxidation. A post-
metallization anneal consisting of 30 min at 450°C in
forming gas was also performed. Bias-temperature (+4
MV /cm for 15 min at 150°C) C-V measurements de-
tected essentially no mobile-ion contamination.

The configuration used to stress the devices consisted of,
for constant-current stressing, a Keithley 225 current
source, a Keithley 610°C electrometer to monitor the
voltage necessary to maintain a constant current, and a
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High-feld current injection
Charge trapping
Formation of high-field/current-density regions
(a)
Critical field /ourrent density resched at which destructive
breakdown ocours
(b)
Fig. 1. Conceptual view of the time-dependent dielectric breakdown

process. (a) Buildup stage. (b) Runaway stage.
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Fig. 2. The gate voltage necessary to maintain a constant current as a
function of the stressing time at a constant-current density of 4.8
mA /em’. The gate oxide thickness was 17 nm.

Hewlett-Packard 4140B picoammeter to monitor the cur-
rent through the device. For constant-voltage stress experi-
ments, the current source is replaced by a Hewlett-Packard
4140B voltage source. All of the instruments are controlled
by a Hewlett-Packard 9845C computer.

Current injection eventually results in breakdown of the
SiO, [9]. This type of stressing roughly emulates the condi-
tions experienced in nonvolatile E2PROM memories, which
rely on the tunneling of electrons to and from a floating
gate. Thus this type of stressing condition is directly appli-
cable to such devices. It is also a convenient way to
characterize the integrity of the gate oxide.

Fig. 2 shows the voltage needed to maintain a constant
current as a function of the stressing time for a 17-nm
oxide stressed at a current density of 4.8 mA /cm®. The
gate voltage increases with time until breakdown, at which
time the gate voltage necessary to maintain a constant
current drops suddenly, to a value of a few volts. There
was no ambiguity in the use of this criterion to determine
the time at breakdown. The increase in gate voltage neces-
sary to maintain a constant current is due to electron
trapping in the SiO, [9]-{11]. In addition, traps are be-
lieved to be generated as a result of the high-field stress.
This trap generation explains the nonsaturating behavior of
the gate voltage versus time plot. Thus electron trapping
occurs throughout the buildup stage.
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It is tempting to conclude, and the recent prevalent view
seems to be, that oxide breakdown is a result of electron
trapping [9], [12]. Evidence for positive charge generation
during the high-field stressing, however, has also been
presented [2], [13]-{15]. Positive charge generated by im-
pact ionization in the SiO, has long been associated with
breakdown [16]-[19]. Essentially, in the impact-ionization
model the breakdown process is a result of a current
instability due to cathode field enhancement resulting from
holes generated in the oxide via impact ionization. We now
briefly describe some recent experiments supporting the
impact ionization model.

A convenient parameter to characterize breakdown due
to charge injection is the “charge-to-breakdown” Qp,,
given by (for the constant-current case)

Qpp = fu’““Jdr = Jty, C/cm? (1)
where J is the current density in amperes per square
centimeter (A/cm?), and 7y, is the time necessary for
breakdown, i.e., the time to complete the buildup stage.

In order to separate out the effects of trapped electrons
and trapped positive charges on breakdown. devices were
stressed to approximately 90 percent of Qg and then
annealed at high temperatures to detrap the electrons. The
I-V and C -V characteristics of such a device are shown in
Fig. 3. This device was stressed at a current level of +6.7
mA /cm’ to +18 C/cm’ (substrate injection. ¥, positive),
and then thermally annealed at 450°C. The gate oxide
thickness was 32 nm. Shown in Fig. 3 are the pre-stress,
post-stress, and post-stress/anneal characteristics. The an-
neal succeeded in removing the electrons which were
trapped during the constant-current stress. This can be
seen by comparing the gate-injection -V characteristics
before and after stress/anneal. The post-stress/anneal
gate-injection / -V characteristic has essentially completely
recovered to its pre-stress value (Fig. 3(c)). The slight shift
of the I-V curve to the left is due to the presence of
positive charge which was not annealed. This positive
charge can also be seen in the post-anneal quasi-static
C -V characteristics. However, the most dramatic change
in the device characteristics after stressing and annealing is
the increased current and lowered slope of the post-
stress /anneal substrate-injection /- V characteristics (Fig.
3(b)). This interface was the cathode (injecting interface)
during the constant-current stress.

We attribute this 7-V characteristic to the trapping of
holes near the cathode, which increases the electric field
there resulting in enhanced current injection. The I-V
characteristic in SiQ, is described by the Fowler—Nordheim
equation

J=AEZe P/E (2)
where E,_ is the cathode electric field and 4 and B depend
on the electron effective mass and the barrier height at the
cathode. Specifically, B is given by

B=8n(2m*)"*¢¥*/(3hq) (3)



CHEN ef al.: ELECTRICAL BREAKDOWN IN OXIDES

ClpF)
Post stress fonneal
R T T N T T T U T U N O S
-50 -30 -0 .o 30 50
Vg (volts)
(a)
10™*® . .
o+l
Cu?hode = Cothode during stress
IO" r <
[ Post stress/
anneal
=10
Iglumps) 10 ] 4
+ st stress
|0"': 4
o Qi | AT NN A AP W e o
1800 2120 2440 2760 3080 3400
Vg (voits)
(b)
L s e o e R
“Vg.-lg
Cathode = Anode during stress 4
ot 4
]
]
0™k .
F Post stress/ jiFresh 1

1 {amps) anigol

io™ _

X 320m
=12

P | PRI BV [ T L
18.00 2120 2440 2760 3080 34.00

Vo (volts)

(©)

Fig. 3. The before-stressing and post-stressing/annealing C— 1V and /-1
characteristics of a device stressed to +].gB C/cm® at 6.7 mA/cm®
(substrate injection). (a) Quasi-static C-}° measurement. (b)
Substrate-injection /-V measurement. (¢) Gate-injection /-1 mea-
surement.

where m* is the electron effective mass, ¢, is the barrier
height at the cathode, / is Plarick’s constant, and ¢ is the
electronic charge. Thus the slope of the I-¥ characteristic
(on a semi-log plot) is

dan=i+£
dv E. E2

<

(4)

and is dependent on E_. Hence a lower slope implies a
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higher E_, assuming that the conduction mechanism after
stressing and annealing can still be described, at least
qualitatively, by the Fowler-Nordheim equation. In the
next section we present a more exact model for the /-1
characteristics after stressing. Image force barrier lowering
is neglected in this work. Hartstein and Weinberg have
shown both experimentally and theoretically that image
force barrier lowering is negligible for the case of tunneling
in SiO, [20]-[22].

From the shift of the C -V characteristics we estimate
that the trapped hole density affecting the C -V measure-
ment is =3.6x10" cm~2 This is, however, much too
small to cause the observed slope lowering. In addition, a
uniform field enhancement necessary to cause the observed
decrease in slope would result in an extremely large in-
crease in current due to the strong dependence of Jon E_.
From these considerations we conclude that the substrate-
injection conduction following stressing and annealing is
localized in a very small fraction of the oxide area (ap-
proximately 1 part in 10° of the total area). Because of the
strong dependence of J on E,, this localized component
dominates over the current flowing in the remainder of the
oxide area where the field enhancement is much smaller.
Localized conduction has been observed previously, both
in Na*-contaminated devices [3] and clean oxides [23], and
in devices known to have stacking faults in the underlying
silicon substrate [8].

We then studied the effect of this field enhancement and
electron trapping on breakdown. After annealing, the de-
vices were subjected to further constant-current stressing
both with and without annealing, and both with the same
current as the initial stress and with the reversed polarity.
When the polarity of current injection is unchanged, the
cathode during the final stress has already experienced
field enhancement as a result of the initial stress. When the
polarity of current injection is reversed after annealing,
however, the cathode during the final stress has not under-
gone any significant field enhancement as evidenced by the
recovery of this /—¥ characteristic in Fig. 3.

The results of this experiment are shown in Table 1. In
Table I, + refers to substrate injection (gate positive) and
minus to gate injection. The current density was 33 mA /cm’
in this experiment and the gate oxide thickness was 32 nm.
Q, is the initial charge per unit area injected into the oxide
before annealing, and Qyp, is the additional charge neces-
sary for breakdown after annealing. One observes from
Table I that if the polarity of the current is unchanged
after annealing, the device breaks down very quickly (row
2). Furthermore, the annealing steps in row 2 detrapped
the electrons trapped during the initial stress (Fig. 3) but
did not increase the final charge-to-breakdown. Obviously,
there is no direct link between electron trapping and
breakdown. If the polarity is reversed after annealing,
however, then a much longer time to breakdown (equiv-
alent to larger Qyp) after annealing is observed (row 3).
Thus the field enhancement, which occurs mainly at the
cathode interface, has a dominant effect on the breakdown,
and we conclude that oxide breakdown is due to positive
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TABLEI
ADDITIONAL CHARGE PER UNIT AREA NECESSARY FOR
BREAKDOWN Oy, AS A FUNCTION OF THE INITIAL CHARGE PER
UNIT AREA INJECTED INTO THE OXIDE Q, AND THE ANNEALING
TEMPERATURE
(Note: — refers to electron injection from the polysilicon gate, and 4
refers to injection from the silicon substrate (J = 33 mA /cm?).)

Final
L
Initial No 350C 4500
@ €7em® | Anneal | Anneal | Anneal
1 0 -18.1 -16.3 -18.8
2 -17.0 -1.4 -0.8 =1.2
3 -17.0 +15.4 +139 +16.2

charge trapping at the cathode in localized areas, which
become localized high-field / current-density regions. When
the local current density reaches a critical value, the runa-
way process quickly brings the oxide to destructive break-
down. While the data are for the 32-nm samples, we have
observed similar results with the thinner 13-nm samples.

The most likely source of this positive charge is holes
generated by impact ionization in the SiO,. This conclu-
sion is based on the similarity of the trapping and anneal-
ing characteristics of the positive charge with that observed
in radiation experiments [2]. Previous experiments by
Shatzkes and Av-Ron [13], and more recently by Nissan-
Cohen et al. [14], [15] offer strong evidence for impact
ionization in Si0,, and in fact high-field current injection
leading to positive charge trapping has been proposed as a
nonradiative technique to electrically measure the radiation
sensitivity of MOS dielectrics [24], [25].

Thus the following picture for breakdown in SiO, sub-
jected to high-field current injection based on the impact-
ionization model is shown in Fig. 4. Electrons are injected
from the cathode into the SiO, via Fowler—-Nordheim
tunneling. Some of these electrons gain sufficient energy to
cause impact ionization in the SiO,. A fraction of the
generated holes in the SiO, are then driven by the field
back toward the cathode, where some are trapped. A
localized component of trapped holes results in localized
field enhancement and conduction, which further accel-
erates the local hole trapping and eventually results in
breakdown and thermal destruction when the localized
current density reaches a critical value.

Thus the model for breakdown presented here is very
similar to the impact-ionization models reported carlier
[13], [16]-[19]. There are, however, several important dif-
ferences. First of all, the previous models do not include
the effects of electron trapping and trap generation. While
we rule out electron trapping as the cause of breakdown,
we cannot neglect the effects of electron trapping on the
internal fields in the oxide. Electron trapping lowers the
cathode field for the case of a constant-voltage stress which
in turn lowers the current, resulting in effect a negative
feedback situation. Previous models consider only recombi-
nation of some of the generated holes with injected elec-
trons as a means of limiting the increase in the cathode
field which eventually results in breakdown [13], [17], [18].

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 5C-20, NO. 1, FEBRUARY 1985

/L‘ %

SUBSTRATE

(b)

S S

(c)

Fig. 4. Breakdown in SiO, due to high-field current injection. (a) Elec-
tron injection from the cathode results in some of the electrons gaining
sufficient energy to create hole-electron pairs in the Si0,. Some of the
generated holes are driven to the cathode. (b) Hole trapping in local
areas at the cathode increases the cathode field. (¢) Localized hi%‘h
densities of trapped holes result in the formation of localized high-
field /current-density regions, causing positive feedback eventually re-
sulting in breakdown.

Electron trapping, however, will also tend to decrease the
cathode field for the case of constant-voltage stressing and
cannot be neglected. In addition, electron trapping will
increase the field near the anode for both constant-current
stressing and constant-voltage stressing. This will result in
an increase in hole generation due to the strong field
dependence of the impact-ionization coefficient. These
points are elaborated on in the next section.

Also, most of the previous models neglect hole drift in
the oxide [13], [17]. [18]. Our results, however, show that
holes are indeed driven to the cathode where a fraction are
trapped (Fig. 3). In addition, the dominant hole trapping
in terms of the enhancement of the cathode field occurs in
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localized areas, which was not included in the previous
models. This effect could be important when one considers
the possibility of oxide lifetime improvement as a result of
improvements in the processing of the oxide. This is dis-
cussed further in Section V. In the next section the quanti-
tative model is presented.

1V. TaE QUANTITATIVE MODEL

There is no qualitative difference between constant-cur-
rent and constant-voltage stressing. Only constant-voltage
stressing, however, will be simulated here, simply because
constant voltage stressing is the more popular method of
stressing the gate oxide. '

The oxide sample is subdivided into two types of oxide
areas connected in parallel, the weak area and the robust
area. The localized weak area is very small in total size and
highly susceptible to hole trapping near the cathode (the
weak area could also be areas of thinner oxide leading to
similar simulation results). The robust area is much larger
in relative size and not susceptible to localized hole trap-
ping near the cathode. The areas of these two types of
capacitors are denoted by A, and A,, respectively. The
area ratio 4, /4, has been estimated to be in the order of
10~° from the data presented in Fig. 3. What follow are
the descriptions of the weak and robust oxides and the
charges associated with each. For the sake of simplicity, all
the charges are assumed to be sheet charges located at their
respective centroids.

A. Weak Oxide Area

The band diagram associated with this type of oxide is
shown in Fig. 5(a). The definitions of the terms are as
follows:

=
af

is the density of trapped holes near the cathode
(C/em?);

x, is the centroid of Q;
Q... s the density of trapped electrons in the oxide;
X is the centroid of @, ,, which is =0.6 T, for
13-nm oxide [11];
E.,  is the cathode field;
m.w 18 the field between x = x, and x = x;
w.w 18 the anode field, i.e. the field between x = x,
and x=T_.:
Ty is the oxide thickness; and
i is the tunneling distance.

Since the voltage across the oxide is constant, by Gauss’s
Law it can be shown that

me I-/O:( Xy Q;-‘,ur x!’ Q;—f
Eew=7, (1 ?:,x) +(1 T, PR
Ep o= Epp— 22 (52)
E, y=Ey o+ 2oue (53)

EOK

337

(a)

@{ x)

(b)

Fig. 5. (a) Energy-band diagram for the weak area oxide susceptible to
hole trapping near the cathode. For a fixed oxide voltage ¥, , both O,
and Q, , will affect the cathode field. (bl) Potential barrier at the
cathode. With @], located within the tunneling distance the potential
barrier is no longer triangular.

where V__ is the potential drop across the oxide, and ¢, is
the permittivity of Si0,.

As shown in Fig. 5(b), with Q, located near the cathode
the barrier (shaded region) is no longer triangular. There-
fore the Fowler—Nordheim equation (2) cannot be applied
directly, and the tunneling probability must be calculated
for this barrier shape. '

It can be shown that the current density for this type of

barrier can be expressed as (Appendix)
- J,=AE% % (6)

where 4 and K =87(2m*)'/?/3hq are the two constants
of Fowler—Nordheim equation

= %f:{@(x) di (7)

and E is obtained from the following equation:

E=T. (8)

Once J, (1) is determined, Q,, ,, can be determined by
using the electron trapping model of Liang and Hu [11]
(although any empirical electron-trapping model may be
used), i.e.,

Q,1=aN,,(1- e‘-’5°""/‘?)+f'g(J)J(r)dz
i 0

_qg(J) ~ Jiogrdt/
) (1 -torars) (o)
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where N,, is the pre-existing trap density (% /em?), g(J)
is the generation rate which can be determined from the
slope of a V, versus F plot for constant-current stressing
where F is the fluence, i.e., the number of electrons per
unit area injected into the oxide, o is the capture cross
section for the pre-existing traps, and o, is the capture
cross section for the generated traps. The value of g at
J=—10 mA /cm? is determined to be 7x 10~ ® experimen-
tally. The values for o and o, are taken from [11, Fig. 4].
The functional dependences on J for these parameters are
also obtained from [11]. Not shown in Fig. 5 is any positive
charge trapped in the anode region. This positive charging
has been observed and studied in detail [10], [13]-[15].
While this charge is not included explicitly in the model, its
effects are included in the electron trap generation rate g
which is a measure of the net charge trapped in the oxide.
This also implicitly includes any effects due to field emis-
sion of trapped charges.

Thus the density of trapped holes near the cathode is
given by

Q31=nf:a‘w(f)(Mw—1)df (10)

where 5 is the trapping efficiency and M, is the multipli-
cation factor in the weak area, which can be expressed as

1
! l—fT“‘a(E)dx

T

=1+x[nh(5)dx (11)
T,

where a(F) is the impact ionization coefficient. n im-
plicitly includes the effects of recombination of generated
holes with injected electrons. More exact modeling of the
dynamics of recombination can be found in references [13],
[14], [17]-[19]. a( E) has the form
a(E)=ae”H/E

(12)

with H =78 MV /cm and a, =3.3x10° at room tempera-
ture [25]. We have also found H and «; to be in this range
[26]. The n factor is a parameter to be adjusted. In our
charge sheet model, f{m adx can simply be expressed as

[Fady=a(E, ) (x,~ T)+a(E, )T~ x,)-
I
(13)
B. Robust Oxide Area

For the robust oxide, the situation is similar but simpler.
The only difference is that there is no localized hole
trapping near the cathode. The band diagram associated
with these areas is shown in Fig. 6. The symbol definitions
should be self-explanatory. Equations (5)-(14) still apply
after obvious modifications (change of subscript and set-
ting @, to zero).

We simulated the time evolution by subdividing the time
scale into small intervals. The charges that influence the
electric field are taken from the previous time interval.
After the new J, and J, arc determined, the additional
charges built up within the new time interval can be
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gate

Fig. 6. Energy-band diagram for the region without localized cathode
hole trapping (robust area), For a fixed oxide voltage V,,, electron
trapping Q,, will decrease the cathode field and therefore reduce the
current.

calculated. The total current density J, is

1

m (AWJ,,, +A,J)

(14)

Jtmal =

and breakdown is arbitrarily defined as the time when J_,,
increases by a factor of more than ten in one time interval.
The ¢y, results are insensitive to the definition as J,
increases rapidly within a very short time just prior to
breakdown.

In this simulation, the only adjustable parameters are x,
and the 7 factor. n is process dependent for the case of
uniform trapping of holes generated by ionizing radiation
[24], [25], [27]. Values of 7, however, have not been re-
ported for the case of localized hole trapping. In addition,
the trapping efficiency is expected to become smaller as
more charge is trapped due to saturation effects [28]. In
our case, X, is chosen to be 20 nm from the cathode, and 7
is chosen to be a constant value of 1075,

Fig. 7 shows the logJ,,, versus 7 plots for constant
voltage stressing at ¥, =-16.5 and —16.0 V (7, =13
nm). As can be seen, the calculated result follows the
experimental curve quite closely. The discrepancy in /gy, is
not much larger than the observed sample to sample varia-
tions. Although the statistical nature of tg, cannot be
modeled by a single event, these figures do show that the
simulation result does in general follow the experiment. In
particular, the reduction of J due to electron trapping is
well modeled. Fig. 8 shows the time-to-breakdown iy,
versus average field E_  for the 13-nm-thick oxide samples.
The time-to-breakdown is predicted quite well by the model.
We believe that the discrepancy is mainly due to the
imperfection of (12).

From the preceding discussion, it is not difficult to see
that (11) is the key process that determines the lifetime of
the oxide. If we assume that the amount of @, needed to
cause runaway is the same for different gate voltages, then
the lifetime 75, should be inversely proportional to the
product of J, and (M, —1). Since both J, and (M, —1)
have the e °™"¥ dependence, ty, can be expected to
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Fig, 7. logJgy versus ¢ for ¥, equals —16.5 V and —16.0 V (T, =13
nm). The monotonic decrease in current is mainly due to electron
trapping. The current in the weak area is not significant initially but
eventually becomes the dominant component.

behave similarly, i.e.,

14 ==——c
B J(M,—1)
(B+H)/E

(15)
where B and H are the exponential factors in the F-N
current (2) and impact-ionization coefficient (12) respec-
tively, and ¢ and c* are constants independent of E. This
equation implies that logry, versus 1/E should be a
straight line, more so than log/y, versus E, which is
widely postulated to be a straight line in the literature
[29]-[31]. Klein and Solomon have also derived a very
similar equation for the time-to-breakdown [18]. To our
knowledge, however, this field dependence of 15, has not
been experimentally observed.

Fig. 9(a) shows the tzp versus £ and versus 1/E
plots for a 7.9-nm tunneling oxide, where E_ is the
average oxide field defined as £ =V, /T, . The solid
lines are obtained from the model. As can be seen, a more
nearly linear relationship between logty, and 1/E . can
be observed over a wide range of . Furthermore, Fig.

= c%
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Fig. 8. Time-to-breakdown 1y, versus average field E, =V, /T, for
C]?mmondl voltage stressing (7, = 13 nm). The solid curve is the result of
the model.

9(b) is the log(1/na) versus 1/E_, plot [26], and Fig. 9(c)
is the log(1/J) (Fowler-Nordheim current) versus 1/E_
plot. As can be seen, the slope in Fig. 9(a), 140 decades per
centimeter per megavolt is approximately the sum of the
slopes in Fig. 9(b) (40 decades per centimeter per mega-
volt) and Fig. 9(c) (110 decades per centimeter per mega-
volt), as predicted by (15).

V. DiscussioN

One key result that we have presented is the likely role of
interface hole trapping in the SiO, breakdown process.
Further evidence for the role of the interface in breakdown
is the fact that Qg for substrate injection is about 20
percent higher than Qg for gate injection [2]. Thus from
the standpoint of breakdown, the polysilicon-SiO, inter-
face is weaker than the Si-SiO, interface. This effect has
also been observed by Van der Schoot and Wolters [32].

Thus, we believe that any improvement in the break-
down characteristics will require an improvement in the
interface properties. In particular, according to our model,
hole trapping at the interfaces must be minimized. Hole
trapping in Si0, has been studied extensively becanse of
its role in the degradation of MOS devices exposed to
ionizing radiation. As a result of these studies, “radiation-
hard” processes have been developed [33]-[35]. In general,
radiation hardness has been achieved by minimizing the
temperature at which the gate oxide is grown, and by
minimizing the temperature for all post-oxidation proc-
essing steps.

However, while radiation-hard processing is known to
reduce the uniform component of hole trapping, it is only a
hope that it will also reduce the localized hole trapping.
The uniform component of positive charge, which is re-
sponsible for the post-stressing/annealing C—¥ shift in
Fig. 3, anneals in a similar manner to what has been
observed for radiation-induced positive charge [2], [36]-[38].
This is to be expected since in both cases, we believe, the
positive charge is trapped holes. The density of positive
charge remaining decreases as a function of the annealing
temperature. The localized component of positive charge,
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oxide. log typ follows a linear relationship with 1 /Es, not E,, as
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figure is approximately equal to the B factor of the Fowler-Nordheim
current. (J = AE2e~8/F)

however, does not seem to be affected significantly by the
anneal, as can be seen in Table 1. The Qgp, for the case
without polarity reversal (row 2) is basically insensitive to
temperature over this temperature range. Since the local-
ized and uniform hole traps exhibit different thermal de-
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trapping characteristics, they may respond differently to
radiation-hard processing also. Nevertheless, we recom-
mend investigating the hypothesis that radiation-hard
processing could improve the time-dependent breakdown
quality of the oxide as well.

We mentioned earlier that this type of high-field stress-
ing was applicable to E’PROM’s. In particular, the
threshold-window closing observed after a sufficient num-
ber of write and erase cycles have been performed is due to
electron trapping, and we believe the oxide breakdown in
these devices is also described by our model. While we
have studied the “intrinsic” breakdown of basically defect
free oxides, it is reasonable to assume that the “early”
breakdowns are caused by the same mechanism of hole
generation and trapping. In this case the “weak oxide
area” is weak because of a particularly high density of hole
traps or large hole capture cross section at a local spot, or
because of thinner oxide thickness or lower effective bar-
rier height at time zero due to particulate contamination,
crystalline defects or interface asperities in the silicon. In
fact, we suspect that all three causes contribute to the early
breakdowns in different oxide samples. The quantitative
model presented in this paper, after straightforward mod-
ifications, should be applicable to these early breakdowns
as well.

VI. SUMMARY

We have presented evidence which suggests that hole
trapping in localized areas at the cathode is responsible for
breakdown in SiO, films which have been subjected to
high field current stress, The holes are believed to be
generated by impact ionization, A quantitative model de-
scribing the charge buildup stage of the breakdown process
has been presented and found to agree with experiments.
Specifically, it is shown that although electron trapping
occurs throughout the stressing experiment, it is not re-
sponsible for oxide breakdown. Localized hole trapping
enhances the cathode field and increases the local current
density, hence further accelerating the local hole trapping.
This process eventually causes the local current density to
reach a critical value to cause destructive thermal break-
down.

It appears that the thinner tunneling oxides in
E?PROM’s break down by the same mechanism as the
thicker gate oxides. While electron trapping is responsible
for the threshold window closing, the tunneling oxide
breakdown is due to hole trapping. A quantitative model
for J — t and time-to-breakdown (1y,) is presented. Excel-
lent agreement was obtained between the model and ex-
periments. Both the model and experiment suggest that
log typ varies linearly with 1/F rather than £ as widely
postulated. This fact is especially clear with thinner sam-
ples for which data over a larger range of E can be
collected. For a 7.9-nm oxide the field acceleration factor
for t,, is approximately 140 decades per centimeter per
megavolt of which approximately 25 percent is contributed
by the field dependence of the impact ionization coefficient
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and the additional 75 percent is due to the Fowler—
Nordheim current dependence on 1/E.

While data has been presented only for “intrinsic”
breakdown of basically defect-free oxides, it is reasonable
to assume that “early” breakdowns occur at local sites
where hole trap density or trap cross section is large, or
where the oxide thickness or effective barrier height is low
due to particulate contamination or silicon crystalline de-
fects. Both the physical and the quantitative models should
be applicable to early failures.

Reduction of the densities of particulates and material
defects will obviously be helpful. Our model suggests that
any process changes that reduce hole trapping at the
interface should be helpful, too. Radiation-hard processing
is an obvious candidate.

&

APPENDIX

The tunneling probability for an electron with energy
& 1is
D(&) = 2it k&) dx (A1)

where k(&) is the wave vector within the oxide, and can be
approximated by

k()= 2T fam*(q0(x)-6) (A2)

where ®(x) is the potential barrier profile, m* is the
effective mass, and & is Planck’s constant. Therefore, the
tunneling probability is mainly determined by the follow-
ing integration:

(A3)

G=f:1,/¢(x) dx

Here & is set to zero, ie., the tunneling is from the
conduction band edge of the cathode. For a triangular
barrier with barrier height ¢, and field E, the above
integral becomes

ok

2
o=3 5 (A4)
If the preceding two cases has the same tunneling probabil-

ity, then

3/2
¥’ _3
B -—26. (A5)

This is the factor that we put into the Fowler—Nordheim
equation, and the effective field E can also be determined
this way.
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