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Soft breakdown fluctuation events in ultrathin SiO > layers
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When an ultrathir{<5 nm) oxide is subjected to electrical stress, several soft-breakdown events can
occur prior to the final dielectric breakdown. After the occurrence of such failure events, the
current—voltage I(-V) characteristic corresponds to the superposition of highly conductive spots
and background conduction through the undegraded capacitor area. In this conduction regime, the
application of a low constant voltage gives rise to large leakage current fluctuations in the form of
random telegraph signal. Some of these fluctuations have been identified with ON/OFF switching
events of one or more local conduction spots, and not with a modulation of their conductance. The
experimental soft-breakdowh-V characteristics are shown to be better understood if the spot
conduction is considered to be locally limited by the silicon electrodes and not by the oxide.
© 1998 American Institute of PhysidsS0003-695(98)01530-7

The integrity of the ultrathin gate oxides required by us to propose a new interpretation for the SBEV charac-
ultralarge scale integrated metal-oxide semicondud®S)  teristic which is qualitatively different from those already
technologies is one of the most important reliability issuesgpublished because we consider that the conduction is locally
and therefore a better understanding of the involved failurdimited by the Si electrodes and not by the locally degraded
mechanisms is a major concern. It has been recently reportgzkide path.
that an intermediate conduction state between the direct tun- Our devices are polysilicon-gate MOS capacitors with
neling and the final breakdown regime can be reached und@xide thickness of 4.2 nm and area of 19F0° cn fab-
electrical stres&? This state is referred to as B-mode SILC ricated onp(100)-type silicon substrates. Under high-field
(stress induced leakage currentjuasibreakdown or soft negative-gate stress, different failure modes are detected as
breakdown(SBD) indistinctly, and has been detected only in felevant changes in the conduction properties. [FR¢ char-
ultrathin oxides(<5 nm). This new failure mechanism has acteristics corresponding to these successive failure modes
important consequences for the reliability of ultrathin oxidesa’® shown in Fig. 1 together with that of a fresh sample.
because the oxide lifetime is overestimated if SBD is notrf0m the beginning of the stress experiment, a continuous
taken into account in wear out test€ Two main features of increase of the current in the low-field region is recorded.
this “partial” breakdown can be highlightedi) during a  1his degradation moge is known as SILC, it was first ob-
high-field stress, several SBD events can occur in a singlé€rved by Olivoet al,” and has received much attention in
sample and this causes an apparent increase of the area A€ recent llltgratur%.As. the degradation proceeds, SBD
volved in the conductior(a clear correlation between the €VENts of similar magnitude occdsudden changes in the
number of SBD events and the total current has beefXid€ conductangavhich lead to an upward shift of the-V
demonstratel; and(ii) the application of a low voltage after CU'Ve- Finally, an abrupt and stronger increase of the con-
the occurrence of SBD events leads to the observation Oquctance. is identified as the final breakdol@). Thel-V
large current fluctuations which have the appearance of gurves with the SBD label are recorded after the occurrence

random telegraph signdRTS). RTS fluctuations occurring of o_rre c}rsn’écge SBD events duhrllng thelIhllgth-fleldhstrtiss._The
in tunnel oxides have been the subject of considerable thetg'-Slml yo curves are roughly parafiel to each otherin a

retical and experimental investigation'. In general, these

fluctuations have been ascribed to changes of charge or con- 102 tox=4.2 nm

figuration of trap states exhibiting metastable behaviors. Al- 10-3

though these blocking mechanisms cannot be ruled out, it is 10-4} “BD

worth noting that we are dealing with a different conduction 10-5}

regime than those previously referred, and therefore a direct z 10-6} SBD\
comparison of the switching characteristics is of relative — 107}

value. In both cases the fluctuations are local phenomenon. 108 Fresh
In the present case, the current consists largely of local cur- 10-9} ‘SI_C
rent through the SBD spots, while in tunnel oxides the cur- 10100/ A
rent was mainly due to background tunneling over the entire 0 12 3 456
area of the capacitor. Besides, the analysis of the data leads VIVl

FIG. 1. Typical evolution of thd —V characteristic of a sample as the
30n leave from the Universidad de Buenos Aires-Argentina with support ofdegradation proceeds. The oxide thickness if 4.2 nm and the gate is nega-
the Agencia Esparia de Cooperacio Internacional. Electronic mail: tively biased. SILC, SBD, and BD refer to stress induced leakage current,

enrique.miranda@cc.uab.es soft-breakdown, and breakdown, respectively.
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0 10 20 30 40 50 a~0.4 is physically relevant and it indicates that the ampli-
t [s] tude of the transitions has the same voltage dependence as

the current. In other words, the fluctuation amplitude is pro-
FIG. 2. (a) Fluctuations of the leakage current measured in the SBD regimeportiona| to the current for this particular fluctuator, implying
at —2.25 and—2.5 V. (b) Comparison of the relative amplitudes of the y,4; the same mechanism that controls the overall curtent,
currents shown irta). | ,, is the minimum current measured for each applied .
voltage, | (—2.25 V)=13.3 nA andi (- 2.5 V)=38.5 nA. also controls the incremental current represented by the fluc-

tuator. The simplest wafthough not the uniqueo interpret

this result is to consider that the switching takes place be-
log—log plot and can be labeled with an integer which cortween thel—V characteristics corresponding to two spots
responds to the number of SBD evefise number of dif-  and that the difference of conductance between the high and
ferent conductive spotsActually, some authors have re- |ow states is related to differences in the conducting areas. It
ported experimental data showing that the total SBD currenfs worth mentioning that there are significant differences be-
is astonishingly proportional to the number of evéh@pti-  tween these fluctuations and those considered by Farmer
cal inspection experiments have also confirmed the localizegt a1® They observed that the mean amplitude of a two level
nature of SBD injection and the existence of several conducfiyctuation varies inversely with diode area. This is under-
tive spots well correlated with the number of electrically de-standable since their fluctuations occur upon the direct tun-
tected SBD event¥) At high voltages(>5 V in Fig. 1) all  neling current. In our case, this effect is not seen, since the
the curves of the SBD family merge into the frdskV char-  current is always controlled by the conduction spots. More-
acteristic because the SBD mechanism is masked by thgver, a modulation of the oxide conductance up to 10% has
oscillatingu Fowler—Nordheim tunneling current which been observed by Farmet a|_,6 and up to 30% by Anders-
flows through the non damaged capacitor area. sonet al,” while in the SBD regime, the amplitude of the

If a low constant voltage is applied to the samples aftefjuctuations can be higher than the base current itself—see

the occurrence of SBD events, RTS current fluctuations argig. 2b). This switching behavior is also confirmed by
observed. Flgure(a) shows the time evolution of the current ramped V0|tage measurements as shown in F|g 3. In this
measured in the SBD regime at two fixed gate hia2.25V  case one spot is always conducting while the other has an
and —2.5 V) chosen to be sufficiently high to induce well intermittent ON/OFF behavior. This is quite different from
defined transitions and sufficiently low to prevent furtherconsidering that there is only one spot modulating its con-
damage during the measurement. A change of the bias voltuctance due to a charge trapping-detrapping process. Al-
age often modifies the switching characteristics in an unprethough rarely observed, the first open spot can exhibit a re-
dictable manner making rather difficult the study of the fluc-versible behavior, becoming totally closed. However, this
tuations. Nevertheless, we have been able to isolate stab#tuation is very unstable and the SBD spot immediately re-
discrete level transitions and our results indicate that theppears if any stress condition is applied.
fluctuations—at least for some particular fluctuators—  The |-V characteristics recorded immediately after the
correspond to changes between the different curves of theccurrence of three successive SBD events detected during a
SBD family, i.e., to the complete ON/OFF switching of SBD constant voltage stress are shown in Fig. 4. It is assumed that
conduction spots. Figure(ld reproduces the currents dis- the first curve corresponds to the first SBD spbf) ( the
played in Fig. 2a), replotted in terms of their relative ampli- second to the superposition of two spots«1,) and the
tudesa=(1—1)/1,, I, being the minimum current mea- third to the three spotd {+1,+13), all conducting in paral-
sured for both applied voltages. Although a multilevellel. The same figure shows the relative values of the currents
fluctuation occurs, the curves exhibit a perfect coincidence irassociated to each spot referred to the first one, arbitrarily
the normalized main transition levels. Notice that the supertaken as the reference current. At the lowest voltages, the
position of the low conduction states at=0 is guaranteed current ratios are voltage dependdntandl; being several
by construction in this normalized plot. On the contrary, thetimes larger thar,. However, as the voltage increases, the
aimost periect coincidence of the high conduction states a@tios become roughly constant indicating that both currents
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105 20 materials with an exponential energy distribution of capture
10-6} centers® The final BDI—V characteristic can also be fitted
107t 168 to a power lanb~2, although a diodelike behavior which is
108 {128 very similar to that of a direct metal-semiconductor contact

&" - is found in the low-field region.

- 109} 18 § Several conduction models have been proposed to ex-
10-10} 5 plain the SBD conduction: superposition of tunneling cur-
10-111 140 rents with series resistanéadirect tunneling through a lo-
1on2td. . . %21 cally modified oxide barriet! and variable range hopping

012 \3/ (‘/ 567 conductiont> However, all these models share the same idea:

they try to understand the full experimentatV character-
FIG. 4. |-V characteristics measured after the occurrence of three succedStiC assuming that the oxide limits the current in the whole
sive SBD eventsl,, |,, andl; are the currents of each individual spot bias range. Our proposal is radically different because the

calculated assuming that the total current measured after each detected S%Ride is considered to be locally transparent above a certain
event during a constant voltage stress is the superposition of the currents

associated with the open spots. The current rdtjds, andl; /1, are also VOItage (this is ConSiStem_ \_Nith a trap-z_issisted resonan_t t_un'
depicted. neling picturé®), and the silicon is considered to locally limit
the current.

follow the same voltage law dg in nearly three decades of In .summary, we havg analyzed the _current fluctuations
current. The voltage at which this plateau appears is not th@ccurring in the SBD regime and we attributed them to ON-
same for all the samples and is strongly dependent on th@FF states of the conductive spots. Besides, the analysis of
microstructural characteristic of the considered spots. Alsothe experimental data has led us to suggest that thelSBD
the final value of the ratio is not unitfvalues ranging from characteristic is locally controlled by the electrodes and not
0.2 to 4 have been found in different samplas one would by the locally degraded oxide path.
expect for identical SBD spots as those found by Okada S
etal? In any case, the fact that a flat plateau is found in all The F‘“thF’rS, z.;\re gra,teflljl to the Dweoq@engral de In-
the cases is full of physical significance since it indicates thaYestigacia Cientfica y Tecnica for supporting this work un-
the voltage dependence of the current is roughly the same f&ler Project No. PB96-1162.
all the spotgexcept in the low voltage regignin our opin-
ion, one way to consistently explain this experimental result
is the assumption of an electrode limited injection mecha-
nism governing the current through locally transparent oxide
paths(the SBD spots Otherwise, whichever the mechanism K. Okada, S. Kawasaki, and Y. .Hirofuji, Extgnded Abstracts. of the 1994
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