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A Study of Soft and Hard Breakdown—~Part I
Analysis of Statistical Percolation Conductance

Muhammad Ashraful AlamSenior Member, IEEBonnie E. Weir Member, IEEEand Paul J. Silverman

Abstract—A theory of the statistical origin of soft and hard
breakdown, that can explain a wide range of experimental data,
is proposed. The theory is based on the simple premise that the
severity of breakdown depends on the magnitude of the power
dissipation through the sample-specific, statistically distributed
percolation conductance, rather than on any physical difference
between the traps involved. This model (a) establishes the con-
nection between the statistical distribution of the theoretically
predicted percolation conductance and the distribution of ex- Vasre
perimentally measured conductances after soft breakdown (Part _ ] o
), and (b) explains the thickness, voltage, stress, and circuit Fi9: 1. One monitors the pre- and postbreakdalval” characteristics to
configuration dependence of soft and hard breakdown (Part ﬂetzrm'r?e.sc’ﬁ (SO”'.'”ef“lr* poéverr']'a(‘;"l.cc’”%“d'ig: short dashed line) versus
Il). Connections to previous theories are made explicit, and ard (ohmic conduction: long dashed line) breakdown.
contradictions to alternate models are resolved.

Index Terms—Hard breakdown, MOS devices, reliability, semi- data has been collected for soft-breakdown over the years [11],
conductor device modeling, soft breakdown. [16], [20], and the possibility of using soft-broken oxides in cir-
cuits has been discussed [11]-[13], a consistent theory of soft
and hard breakdown that explains available experimental results
is still lacking. To be useful for reliability projections and fu-

HEN stressed by an applied voltage, an oxide film losegre oxide scaling, we must be able to translate the available

its insulating properties in two stages [1]-[4]. First, inrJata—collected from large area capacitors stressed at high volt-
the wearout phase, traps are generated within the oxide thatdges—to ultrasmall IC transistors operating at low voltages for
crease the leakage current through the film. Eventually, thes@ides which are yet to be fabricated. Moreover, this scaling
traps complete a percolation path that bridges the two elefust be performed with an eye to the actual circuit conditions
trodes across the oxide. Various models, e.g., anode hole injgéich may stress these oxides in some combination of constant
tion (AHI) theory [5]-[7], hydrogen release model [8], [9], [35]voltage and constant current stress. The theory proposed in this
and electrochemical model [10], etc., have been proposed to gaper is an effort to achieve these objectives.
plain this wearout phase of oxide degradation. Then, once then this paper, after the introduction, we propose a theory of
percolation path is completed, the power dissipation throughpiteakdown transient (segment I-Il or I-lll, see Fig. 1) in Sec-
controls the second stage of the breakdown transient (charggn I1. This theory is based on two simple concepts: statistical
terized by submicrosecond time-constants, segment |-l or sefgstribution of the percolation conductan@@,) and the exis-
ment I-111, see Fig. 1) which determines the postbreakdown cogance of a threshold power densft§..;;). Section IlI discusses
duction property of the oxide. the concept of percolation conductan@g and its time evolu-

This second stage of oxide degradation for thinner oxidgign. Our conclusions regarding the statistical propertie§.of
tested at lower voltages (soft) appears to be fundamentally dife summarized in Section IV. The companion paper [34] will
ferent from breakdown for thicker oxides tested at higher volfhen analyze the consequences of the statistically-distributed
ages (hard) [2], [12]-[17]. Hard breakdown is characterized ij¢rcolation conductand€?, ) and critical threshold power den-

a large change in voltage or current during the breakdown trafity ( P..;,) in determining hard and soft breakdown as a function
sient and a postbreakdown current-voltage ¥) character- of capacitor area, oxide thickness, and stress conditions, estab-

istic that is essentially ohmic (see Fig. 1, long dashed line). Sahing the scaling principles for reliability projections.
breakdown is detected by a much smaller change of voltage or

current after breakdown and by postbreakdaiw charac-
teristics which can be described by a power law= G,V*

(see Fig. 1, short-dashed line). Although an impressive set ofConsider an oxide capacitor stressed with a constant current
stress (CCS) [or a constant voltage stress (CVS)], as shown

in Fig. 2. During the wearout phase, the current-flow from
Manuscript received March 20, 2001; revised September 17, 2001. Theflee electrodes is balanced by spatially uniform tunneling

(Volts)

. INTRODUCTION

[I. CIRCUIT MODEL FORBREAKDOWN TRANSIENT

view of this paper was arranged by Editor G. Groeseneken. current through the oxide [which may include both direct or
|Th§@amh°rs ar)e with Agere Systems, Murray Hill. NJ 07974 (e'ma'lfowler—Nordheim tunneling current as well as the stress-in-
alam@agere.com). X
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Fig. 3. Three examples of the percolation path formed in an oxide whose
thickness is~3 X the trap diameteP. The number of traps in the percolation
& path (shaded circles)y,..., can be as small as 3 (sample A) or as large at
I perc 8 (sample C), with different conductance. Note that these percolation paths
= were schematically represented by the white spot near the center of the oxide
(b) in Fig. 2(a). The total number of traps at breakdown (the sum of the shaded and
unshaded ones) for each sample is called the critical trap de¥igitywhich is
obviously sample-specific.

% The displacement current through the oxidlg,,, depends on
O\a the rate of change in voltage, and on the oxide thickriégs
£ which includes the quantization and poly-depletion effects. For
~ constant-voltage stress, the voltage source holds the voltage
Toer Trg time across the oxide constant at the poinfsee Fig. 2) so that
© dV/dt = 0. Therefore,Jyis, Need not be considered for

constant voltage stress.

Fig. 2. (a) Oxide sample is stressed uniformly before breakdown; after The third term on the right-hand side of (3), which describes
breakdown a localized percolation path provides a less resistive path betwgleg current through the percolation path is an area-indepen-

the two electrodes. (b) The conduction through the oxide can be represer&%%t sample-specific [see Fia. 3—each sample has different
by an equivalent circuit. For constant current stress, current source, is ’ P P 9. P !

attached to points-f, for constant voltage stress, voltage souftis attached  Statistically distributed conductance, hence the curly braces in
to terminalse-f. Cox[=(€A/Tox)] andG r[=A(dJeunna /dV )] representthe (3)—(5)], time-dependentd, may change as power through

capacitance and tunneling conductance of the capacitor. At breakdown, : ; :
percolation path with conductaneg, is switched in (switch A), and power fH% path changes with tlme) current. The exact analytlcal

dissipation begins through the localized percolation spot. The powerc_lissipgtf&fmma for I,e.c—we use a power law form—is not important
ga? be stori]pe;i ?y) aijustlng thg compllancr? llmlth (whhlch actI as varlalra]li tifer our discussion, because we shall not analyze the physical
elay switch B). (c) The power dissipation through the percolation path (solj ; ; ;
line), which is time dependent, raises the temperature of the localized s%ﬁ?Chamsm underlymg the n_onlmear voltage dependence
(dashed line) which may cause local melting and lead to hard breakdown. [18]—[21], [32] of the percolation current. We shall adopt
a simple nonlinear network of conductors (more on this in
) h h lati hi leted def Section Ill) to parameterize this voltage dependence. Since
instant when the percolation path is completed defines the i, 3y js sample-specific, the power dissipation through
reference time = 0)

the percolation path

AJstress = AJtunnel (1) -Pperc(t > 0) = V(t > O)Iperc(t > 0) (6)

Jiunnel = a(TOX)e—yﬁ(Tox)/V(Ko) @) .
will also vary from sample to sample. For constant voltage

whereA is the area of the capacitak,i,, is the stress current STeSSV (t) = £, so that this power dissipation takes a simple

density, and the/; ynpe1 is the tunneling current density throughform' e.,
the oxide. B B i )

After the localized percolation path is completedtat 0 Brere = Elpere = Go 77 = G E7/6 )
[schematically shown as a localized spot in Fig. 2(a) and is rep- Gp = dlyerc/dV. (8)

resented by a sudden closure of switch A in Fig. 2(b)], signifi- . S

cant current begins to flow through this high-conductance peTt]e local temperatqr@’perc dge to t.hls power d_|SS|pat|on
colation path [11], [17]. For constant current stress, the total ClS ._rough the pgrcolaﬂon path is obtained by solving the heat
rent from the current source must remain constam At ,ess. iffusion equation [22]

therefore the applied voltage across the capadittr,> 0), has AT pere

to decrease as a function of time. Ras 0 P T KV There = Bere(t): C))
Adytsess = Advmet + Addinp + {pere(ry 3) Therc(t) glgpends on hea}t capacity, Q(?nsnyp,specmthermal
qV conductivityx, of the oxide and of silicon surrounding the per-
Tdisp = TL d(t) (4) colation spot, i.e.,
ox t

{Iperc} = {Go (t)}v(t){é} (5) 71perc(t) = TA + f(’ioxv Rsiy Tox7 F)perc(t)) (10)
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whereT’ is the ambient temperature. If the thermal conductivi- L !
ties are relatively constant (they may depend weakly on doping), q:] L—[]] B L{_:]"_I
then for an oxide of a given thickness v

Tperc(t) ~ TA + f(‘PDerc(t))- (11)

Therefore, if theP,... exceeds a certain critical power density
(Pe.iy) for at least the duration of the thermal response time
(Tiher ), Ipere Will be high enough to melt silicon near the per-
colation spot(>7T,;;) and allow it to flow through the oxide.
This will cause an ohmic short-circuit across the oxide [23], " 0.005 0.010 0.015

[25], [30]. This, in our definition, is hard breakdown. How- Conductivity (Arb. Units)

ever, if Poere < Peit, then the percolation path will be pre-

served even after breakdown (although leakage current throdiigh 4. Simple model explains the various configurations (top view) and
the oxide wil increase). This is soft breakdown. InterestingIn2!C™1s o atzeq svriap of e tans (ot savte, ¥ bt gy
since thermal resistancés., <) depend almost linearly on

oxide thickness (see [22], [31], and [33]), thinner oxides requi[)er soft, in analyzing the theory described above. If we continue

higher P,;; to reach a givefl.;; (see [34]). stressing the oxide sufficiently long in constant voltage stress
after the first breakdown, all oxides will eventually experience
hard breakdown. These subsequent hard breakdowns will not be

Since the assumption of the statistical distribution of thelated to the initial distribution of percolation conductance and,
percolation current/,... (or equivalently that of percolation therefore, cannot be described by the theory in this paper.
conductancer,, [see Fig. 3]) is central to the analysis of soft To determine the percolation conductance theoretically, we
and hard breakdown [see (3)], we explore this concept in detagle a lattice-percolation algorithm [27]. A three-dimensional
in this section. In Section IlI-A, we describe the techniquegrid (z-y representing the area, ardrepresenting the thick-
we used to determine the percolation conductance from theomyss direction) divides the oxides into many small cubes (see
and from experiment. We then compare (in Section IlI-B), asRig. 4). Each trap is represented by a larger cube madg of
function of thickness and of power dissipation, the theoreticainaller units. This discretization of the larger trap into smaller
predictions of percolation conductance with the statistical disubes allows for partial overlap of the traps which is impor-
tribution of the postbreakdown conductan@g,) determined tant for thin oxides. The traps are randomly generated until a
from measurements. We also see, in Section IlI-C, how peramnnected path joins the top and bottom electrodes. The total
lation conductance evolves during the breakdown transient, angmber of traps created in the sample before breakd )
how it relates to the critical trap densifygp (and indirectly (see Fig. 3) and a subset of these tréps...) that contribute
to time-to-breakdowr ) providing microscopic insight into to the percolation path, are both determined from this perco-
the breakdown process. Our analysis also helps determine (stien model. To compute the conductance of this path, we re-
Section 1I-D) the upper limit for trap-diametdp which is a place each side of the smaller cubes which make up the per-
critical, yet controversial parameter for predictive percolatiocolation path, with a nonlinear conductgr= iv~*, wherev
models [24], [26], [27]. We find thaD < 1.5 nm. and: are the voltage across and current through the side of the
smaller cube [21]. With" = V,;,, across the oxide, we can
now compute the the net conductance of these randomly con-
figured percolation paths with as a (“hopping”) parameter of

To determine the percolation conductance, we measure these traps, i.e(7, = G,(g, Nperc, config). Both Ny and
postbreakdowd —V characteristics for a large number of samthe relevant overlap configuration comes from the percolation
ples ¢~ 100). The area of the capacitors is kept small so thdteory, but the “hopping parametgf"must be determined em-
the first breakdown, be it soft or hard, is easily detected byprically from measurement by comparing a predicted distribu-
large change in currerf perc > AJsiress). Moreover, we use tion of Glexet) (last paragraph) with that agtheory) (g). Once
a constant voltage source with a low compliance limit so thatis determined, the value is kept constant for all subsequent cal-
power dissipation through the percolation path is minimizedulations involving different oxide thicknesses or stress condi-
and the conductance of the virgin percolation path is preservéidns to make relative comparisons meaningful (of coulgg,.
We then obtair7, andé for each of the samples by fitting theandF,... will depend on oxide thickness and stress conditions).
measured sample-specific postbreakddyn -V characteris- Obviously, this model does not explain the physical origin of the
tics (see Fig. 1, short dashed line,) with a power-law (5). Thmmrameter and the reason power-law conductance exists in the
histogram of these conductivities gives us the experimentaflyst place—by definition the model presupposes the power-law
determined probability distribution function (pdf). In the pdfform of the net conductance.
hard breakdown is characterized by 2 (essentially ohmic = Before making a detailed comparison between the theory and
conduction though the percolation path), and soft breakdowreasurement, it is important to understand how the trap config-
by 6 > 3. We must detect the first breakdown event, be it hautations affects,. Consider a model problem of computing the

I1l. DISTRIBUTION OF PERCOLATION CONDUCTANCE

A. Measurement Technique and Theoretical Model for
Percolation Conductance



ALAM et al: STUDY OF SOFT AND HARD BREAKDOWN—PART | 235

0.4- 10° T a 2usps h
7 Tox=3D Simulation o tve
l (Arb. Units) - 7" R R
2D @ § .
0.2 i E 10 ]
@
g 2 10
E % 10° T T T T Y T v
2 8 RO A ‘
g g whed I ;
a ) O dagee, o
1071 ::’ ‘.\‘ ¢ ¢ . * 1
L d
10° r T ; T T T :
0o 2 4 6 8 10 12 14
Time to Breakdown (sec.)

n e ik Fig. 6. (a) Conductivity after breakdown versiizp from a percolation
5x107 1x10* calculation for7,,, = 2D. (b) Data from a 1.7-nm oxide (25A compliance)

shows the same general shape. Note that a given conductivity may arise from
Conductivity (Siemens) paths involving different numbers of traps.

Fig. 5. (a) Probability distribution of percolation conductance for oxides . . . o .

with different thicknesses from percolation calculation. (b) Experimental da@1d asymmetric, the ratio of maximum to minimum conductivi-

exhibiting the same trend. NFET8\rea = 2.5 x 10" cn?) were tested in  tjes (defined withProb(G),) > .04) is approximately 5-10 [2],

inversion at 4 V. After soft breakdown, detected by at least 30% increase In . ¢ . . .

current, al—V measurement was performed. During stress the complian@@d the hlstograms for thinner oxides indeed show discreteness

was set to 10QA. that disappears with increasing thickness (the sample is small,
so the existence of discreteness at lower thickness is not con-

Hsive). It is also clear from the experimental data that post-

as the trap diameter so that two traps can form a path across h%akdown conductivity erenQS weakly on the thickness of the
oxide (see Fig. 4). Percolation paths for this oxide are donﬂz('dpf' Such a systematic, qlbelt weak, dependencg of the per-
nated by vertical stacks-axis) involving just two traps—one colatloq cpnductance on thickness may require refinement of
on the top of the Oth@tV ez = 2), but having differentdegreesthe ba||I.StIC quantum-point-contact mo.del, which has been pro-
of overlap in ther-y plane (see inset of Fig. 4). A reduction inposed, in [19] and [32], as an explanation for the power-law be-

overlap between the traps decreases conductance, but incregg}é'gr of the]"e“fv characteristics. : . .
the number of possible instances of the particular geometricaITO, further validate the percolat_|on model @scussed n
configuration [28]. If the traps are perfectly aligned, the conduéecnor? lll-A, we plotGz, as a function ofT1.3D (Fig. 6). To
tance is maximum, but only one such configuration exists (s gtermine i, and Tip from theé percolation thenc:ry, note
Fig. 4). Four other configurations all have just four instance®'at @» = Golg, Nyere, contig)V? and Tsp ~ Nij, with
while one other configuration, with traps touching each oth 9_‘3 < mo< 0.7). ExpenmentaIIpr_and T are deter-
halfway along the edge, has eight instances. While this anal ' _Gd _q”ectly. Th_e theory and_ experm_]ent sh_ow_ remarkable
is simple—since traps are not cubes and may not have such llarities (s_ee Fig. 6) _regardlng relativp d|str|_but|ons:

cific discreteness—it does predict some general features of} & conductivity-spread is about an prder of magnitude, on_ly a
expected distribution for percolation conductivity. Indeed, th §W breakdown_s occur at very long times (and these_ I_o_ng-hved
simple model predicts (a) the ratio@F* to G=i= ~ 4, (b) the oxides have_ nelther the most nor the Ie_ast conductivities), and
asymmetry of the distribution profile, and (c) a distribution thar@ther §urpnsmg_|y, there is no correlation betwe¥ép... and .
can have discrete peaks. The peaks in this idealized distrifdP" Fig. 6 also illustrates the expected one-to-many mapping
tion may be considerably broadened in practice (see Fig. 5), b _tweerGP and.NPe“; even though théVyerc apd the geomet-
cause the bonding configurations between traps may allow " al conflguratlops O.f twq samples may be different, they may
increased number of discrete overlaps. still conspire to give identical percolation conductances.

configuration phase-space of the traps in an oxide twice as th

o _ C. Compliance Limit, Reconfiguration of the Percolation Path,
B. Distribution of Percolation Conductance: Theory Versus gnd Power Threshold

Experiment - : .
P We have noted in discussing (5) that percolation conductance

Fig. 5(a) shows several key theoretical predictions based isnexpected to change during the breakdown transient. There-
detailed numerical calculation for the distribution of percolatiofore, to preserve the nature of the percolation path just before the
conductivity as discussed in Section lll-A. These predictions apeeakdown (which allows comparison with predictions from the
then verified by the experimental data in Fig. 5(b) [14]. To corpercolation theory), we minimized the energy discharge during
struct each of these histograms, about 100 devices were testied breakdown transient (which can produce a temperature-in-
and their postbreakdown conductivities were noted and binneldiced reconfiguration) by using a low current compliance for
As expected from the simple analysis discussed in the last patee test setup [29]. The agreement between various experimental
graph of Section IlI-A, these distributions are fairly localizedesults and theory in Section IlI-B shows that this can indeed be
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Fig. 7. (a) Distribution of percolation conductance for three sets of 1.7 nf@mple. No correlation is found.
oxides stressed at 4 V. Each set was stressed with a different compliance limit

to control the amount of energy discharge through the percolation path. A h f . ithin th lati
systematic increase in conductivity is observed. (b) The same trend as in (ﬁhlanges the rate of new trap generation within the percolation

observed if a set of oxides is stressed first with low compliance and then, affth dVpe,o(t) /dt ~ E?. Therefore, a given compliance limit,
breakdown, the stress is reapplied with higher compliance limit. even with constant time delay, can provide snap-shots of dif-
ferent stages of the conductivity evolution.
achieved. Interestingly, this technique of changing the amountGiven this reconfiguration of the percolation conductivity
of energy delivered to the percolation path by limiting the conglistribution, it is interesting to consider whether or not this dy-
pliance [29] also allows us to probe the dynamics of reconfigiamic evolution preserves the sequence of conductivities [30].
uration [and, thereforeG,(¢)] of the percolation paths during In other words, will the oxide with the largest initial postbreak-
the breakdown transient (see Fig. 7). down conductance have the largest conductance after further
We probe this dynamic reconfiguration in two ways—firstconductivity evolution? The sequential stressing method for de-
we take three sets of samples (each about 100 devices) Eifnining conductance evolution [see Fig. 7(b)], as described
stress them with the same voltage but with a different corfit the previous paragraph, does allow us to answer this ques-
pliance limit. Since setting the compliance limit is similar tdion directly. In this measurement, oxides were biased with a
setting the postbreakdown time-delay for opening the swit€@nstant voltage stress. For all these samples, we interrupt the
that connects the stress source to the device under test @e@rgy discharge at the beginning of the breakdown transient
Fig. 2, switch B), the subsequent conductance distribution wiip that the initial percolation paths are preserved (dark gray,
reflect the dynamic conductance distribution at the momehtd- 7(b); z-axis, Fig. 8). Subsequently, the stress is reapplied
when the “switch was opened” (see Fig. 7). To ensure theiith higher compliance so that the percolation paths experience
these snap-shots of the conductivity distribution, taken froftll power dissipation (light gray, Fig. 7(by-axis, Fig. 8). Re-
different sets of samples, actually correspond to the intrindi@garkably, the initialG;, distribution early in the breakdown
time_dependent distribution’ we can test another set of Sawa.nSient is not correlated to the flrﬁb distribution at the end
ples sequentially in the following way: first use a low compIin the breakdown transient. For a correlated distribution, the
ance setup to interrupt the energy discharge at an early phéia points would have been clustered diagonally, not as ran-
of the breakdown transient, note the corresponding cond@@mly as shown in Fig. 8. This means that as the conductance
tivity distribution G(t) and then restress the same oxides witdistribution begins to evolve within the breakdown transient,
a larger compliance limit allowing for more energy discharg@lis evolution is determined not only by the initiél, itself,
(similar to reclosing switch B of Fig. 2(b) and then reopeningut also by the configuration of the defects that gave rise to
it), and then re-determine the conductivity profile. Since tH&at conductance. Since the conductance distribution and the
distribution determined from both procedures shows similfi@P configuration do not have a one-to-one relationship (see
profiles (see Fig. 7), we are assured that the measured cbi¢- 6), the evolution of7,,(¢) need not preserve the sequence.
ductivity actually reflects the dynamic conductivity of the samFredicting such a configuration-dependent change in conduc-
ples, rather than any measurement artifacts. The broaderfiy§y (similar to electro-migration in metal lines?) is beyond
of the conductance distribution with the increase in the corflle scope of the breakdown model presented in Section II.
pliance limit reflects both the reconfigurations as well as thEherefore, we conclude that while we can safely describe the
generation of new traps within the perco|ation path during ﬂ%atlstlcal evolution of the CondUCtiVity in prObabi"StiC terms,
breakdown transient, i.eGo(t) = G,(Npero(t), config(t)). We cannottrace the conductivity evolution deterministically for
While we have used the compliance limit as a proxy for @dividual samples.
time-delayed switch, one can also probe this transient distri- o ) )
bution by changing the energy delivereddg by changing the P- IMPlication for Percolation Trap Diameter
stress voltage”, but keeping the compliance limit constant. In Before we conclude this section on the analysis of the perco-
this casePyerc ~ G, E? increases with increasing voltage andation conductance, let us emphasize that the existence of a



ALAM et al: STUDY OF SOFT AND HARD BREAKDOWN—PART | 237

w

—8— Simulatlon
® Lombardo et al.

Probability
(=]
N
n

(=3
pry

4

o

audy
i

Normalized Conductivity (Arb. Units)

Fraction of Weak Spots (%)

~.

Fig. 9. Distribution of normalized conductivitig$?/ < Ga.) Obtained 3 4 5 6

from the percolation calculation for several ratiosigf. to the defect sizeD.

The width of the distribution decreases as the defect size becomes comparable Dielectric Thickness (nm)

to the oxide thickness. For defect sizes larger than twice the oxide thickness,

a single defect can short-circuit the electrodes making the distribution neaﬂbg. 10. Calculation of the ratio of “almost completed” path (just lacking one

delta-distributed. more trap to complete the percolation path) to the areal trap density plotted as a
function of dielectric thickness. The calculation is in agreement with [31] even
though 0.8 nm is used as the trap diameter.

broad conductance distribution for 1.5-nm oxides requires that

the trap diamete(D) be smaller than 1.5 nm (for our SIMis that the theory and experiment both agree that the ratio must

U|at'0n' D - 0.8 nm). Indeed, ifD were greater thafly, be within a few percent without having to assume that the trap
especially if D ~ 2T, [27], the percolation conductancesdiameter exceeds 3 nm

would have been nearly delta-distributed with the conduc-

tance range given by (see Fig. 97(5%,,, | /G?gn:QTox)) =

(1/24/¢)/(1/(1 + €)) = 1.12. Such a localized conductivity _
distribution is not observed in Figs. 5-7, establishing that the To summarize, we have shown through measurement and
trap diameteD cannot exceed the oxide thickné@g. Contra- percolation calculation that the postbreakdown conductivity is

dicting this conclusion, however, one experimental paper (se&a-independent, sample-specific, statistically distributed, and

[31] and [33]) is often cited to support the claim tHat~ 3 nm asymmetric, and that this conductivity changes systematically
even for oxides withl,,. = 1.5 nm (i.e.,D ~ 2T,,).t How- during breakdown transient. We have noted that while the

ever, the data in [31] and [33] only requires that the numb@fStribution broadens as a function of time during the transient,
of weak spots with “almost-completed” percolation paths gRadicating new trap generation, it does not do so seque_ntlally.
about two orders of magnitude smaller than the areal density/Bfother words, the number of new traps generated during the
traps which in the percolation model is defined as the averaggakdown transient, depends on other factors (configuration,
number of traps, per square cm, in a given layer of the oxidd" €xample) in addition to the total number of traps in the

The total number of almost-completed percolation paths ( ample initially. In addition, this systematic agreement between

fined as those paths that require only one more trap to compl gory and experiment convinces us that the trap diameter must

the bridge across the two electrodes), determines the numbe Bress than 1.5 nm for the dlst.r|but|on to be as broad as seen
>S<per|mentally. In the companion paper [34], we shall use

weak spots at the point of breakdown. The ratio of weak Spcﬁwse roperties of percolation conductance to study the scalin
to the areal density of traps, determined theoretically from the prop P y 9

square lattice percolation model described in Section I al%mmples of soft and hard breakdown.

based on trap-diameter @ = 0.8 nm, matches the results in
[31] and [33] well (see Fig. 10). This agreement between theory

and expe”ment, based (m = 0.8 nm, makes |t unnecessary [1] S.-H. L_ee, H-JChO, J.-C. Klm, and S.-H. ChOI, “Quasrb_reakdown n
. . . ultrathin gate oxides under high field stress,1#DM Tech. Dig, 1994,

to assumeD ~ 3 nm to interpret this experiment. Although pp. 605-608.

only one experimental data point is shown, the main point here[2] K. Okada, S. Kawasaki, and Y. Hirofuji, “New experimental findings on

stress induced leakage current of ultrathin silicon dioxidedritnConf.
1In percolation models, the “size” of the traps is determined by requiring Solid State Devices Material 994, pp. 565-567. _
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breakdown, and inactive ones which contribute only to SILC and causes local 0w voltage lifetime extrapolation IEEE Trans. Electron Devicesol.
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