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Localized-State Interactions in Metal-Oxide-Semiconductor Tunnel Diodes
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We report on the study of large two-level, low-frequency resistance fluctuations in 1-pm metal-
oxide-silicon tunnel diodes, which are due to the strongly correlated emptying and filling of ensembles or
clusters of interacting localized states in the oxide. The interaction mechanism is attributed to ionic
forces in the strained oxide. It can give rise to complex structure in the switching noise and, under
strong electrical stress, can result in the breaking of oxide bonds by the collective action of localized
states.

PACS numbers: 72.70.+m, 71.50.+t, 73.40.QV, 77.50.+p

There have been a number of observations' " of two-
level fluctuations (TLF's) in small-area electronic de-
vices, chiefly tunnel junctions and metal-oxide-semi-
conductor field-effect transistors (MOSFET's). Because
of the discrete nature of the phenomena and, in some in-
stances, because the observed resistance fluctuation is of
the appropriate amplitude, this telegraph noise has been
generally attributed to the trapping and escape of a sin-

gle electron, either in the tunnel barrier or in the oxide
layer adjacent to the active channel of the MOSFET.
While interactions between the noise sources were noted
in a previous study ' of metal-insulator-metal tunnel
junctions, the general assumption has been that in de-
vices with more than a few active TLF's, the traps act
essentially independently.

Here we report on an extensive study of two-level
noise sources arising from slowly fluctuating electron
trap states in small-area MOS tunnel junctions. We
have found that these states do not fluctuate indepen-
dently; rather, there are quite strong trap interactions.
As one result, trap states sometimes empty and fill in

synchronization, giving rise to very large amplitude two-
level switching. In addition, under high electrical stress,
the sudden change of occupancy of a group of trap states
can also initiate a complex collective switching process
which terminates in the irreversible breaking of oxide
bonds and the creation of new localized states in the
SiOq. This last eAect represents the first observation of a
new, collective mechanism that can be responsible for
the onset of electrical breakdown in insulating films.

The devices that have been examined in this study
consist of 1-pm Al-Si02-p-type Si diodes formed in
windows etched through a thick field oxide. The tunnel
oxide was grown by a rapid thermal oxidation process,
which for the devices discussed here resulted in an ap-
proximate oxide thickness of 1.6-2.0 nm as determined
by ellipsometry and tunnel conductance measurements.
An I-V characteristic of one such MOS tunnel diode tak-
en at 77 K is shown in Fig. 1. This characteristic is in

good accord with that expected for a nonequilibrium
minority carrier tunnel diode. ' At low bias voltages,
& 1.0 V, the diode characteristic is equivalent to that of

an abrupt n-p diode, with the silicon bands in inversion
at the Si-Si02 interface. At higher bias the surface of
the silicon moves from inversion, going to heavy accumu-
lation at 1.2 V. Above this point essentially all the ap-
plied voltage is across the oxide barrier. For an ideal
diode with no interface states the transition from inver-
sion to heavy accumulation should be accompanied by
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FIG. 1. The I-V characteristic of a 1-pm Al-Si02-pSi tun-
nel diode, taken at 77 K. The average oxide thickness is ap-
proximately 1.6 nm. The solid line is the I-V taken before elec-
trical stressing, the dashed line is after ten "breakdown" events
(see Fig. 4) and the dot-dashed line is after a large number of
such events.
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only a small increase in diode current, but depopulation
of any interface states increases the diode conductance in

this region. From measurements of room-temperature
I-V characteristics we estimate that these diodes have in-

terface state densities of the order of 10' eV ' cm
A time record of the resistance R of one such device is

shown in Fig. 2(a). The low-frequency behavior of R is

dominated by abrupt transitions between two distinct
levels. This is the simplest type of behavior that is ob-
served. Depending on the particular bias point and tem-
perature chosen, a given diode exhibits none, or one, or
more than one of these low-frequency TLF's. An exam-
ple in which there are two, apparently independent
TLF's active at the same time is shown in Fig. 2(b). The
change in tunnel resistance that occurs during these fluc-
tuations ranges from less than 0.1% to greater than 10%.
These latter values are surprisingly large for a 1-pm de-
vice. The R increase that would be expected to occur for
the capture of a single electron in an otherwise uniform
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FIG. 2. Time records of MOS tunnel-diode resistances

showing some of the diflerent types of discrete, low-frequency
fluctuations that have been observed at moderate bias. (a)
Clean TLF. (b) Two independent TLF's. (c) Three-level "at-
tractive" fluctuation. (d) Three-level "repulsive" fluctuations.

Si02 tunnel barrier is of the order of 0.01% for a 1-pm
diode. "' (We note that very large TLF's have also
been recently reported ' in A1203 and A1GaAs tunnel
barriers. )

The statistics of the TLF's can be examined by mea-
surements of the probability of transition from one level
to the other. As usual the lifetime of each state is found
to be exponentially distributed, with the mean lifetimes
invariably changing with T as expected for both thermal-
ly activated electron capture and electron emission:

ruem, cap
= ruuem, cap exp(~a em, cap/& T)

We have measured a very wide range of activation ener-
gies and attempt rates, with E, varying from 7 to 450
me V and coo; from 10 to 10 ' sec

The simplest interpretation of these TLF's is that an
independent defect in the barrier, whose behavior can be
described in terms of a single generalized coordinate Q,
fluctuates about an equilibrium position. If a fluctuation
is of a sufficient amplitude Q, it can bring, for example,
an occupied localized electron energy level near the Fer-
mi level of one of the two electrodes, at which point a
transition can occur through electron tunneling to the
electrode. As a result of this event, the defect relaxes to
a new equilibrium position Qo for which the associated
unoccupied electron energy level lies well above the elec-
trode Fermi level and from which it eventually makes the
reverse transition. E, is then the amount of energy that
the Q fluctuation must have to bring either the occupied
or unoccupied electron level to the point where electron
tunneling is favorable, while the attempt rates are set ei-
ther by the vibrational frequency of the trap state or by
the electron-tunneling rate, whichever is the lower. Pre-
vious results' have been consistent with this model.
But here the smaller values of coo; are many orders of
magnitude too low to be the rate for electron tunneling
completely through a 1.5- to 2.0-nm Si02 barrier. This
could be a result of barrier inhomogeneity with the lower
attempt rates being associated with tunneling to and
from traps in a much thicker than average part of the
oxide. But a change of occupancy of such traps would
have little eA'ect on the overall junction resistance and
thus could not cause the large hR that is observed.
Indeed, we have seen no correlation between the size of a
TLF and its attempt rates. We conclude that electron
tunneling cannot always be the rate-limiting step in the
capture and emission process.

While the behavior illustrated in Figs. 2(a) and 2(b) is

most common, we have often observed different types of
switching. Two examples are shown in Figs. 2(c) and
2(d). Here the switching is between three well-defined
levels, not two or four. There are a number of possible
explanations for this behavior. One, which is consistent
with all the observations, is that an ionic, strain-related
interaction occurs between, presumably, nearby defect
states such that the occupancy of one trap, or one group
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of traps, strongly aftects the probability of electron cap-
ture or emission by another trap or group of traps. Since
the ionic reconfiguration that accompanies the capture or
emission of an electron at a slow trap site will cause a lo-
calized strain in the tunnel barrier, such an interaction is

plausible. The behavior in Figs. 2(c) and 2(d) is then
described as the tuning on or oN of fluctuations of one
TLF by another. The proposed strain interaction also al-
lows both the attractive effect illustrated in Fig. 2(c)
where the filling of one state permits the filling of the
other state, and the repulsive effect shown in Fig. 2(d)
where the emptying of one state permits the filling of the
other. If this strain interaction model is adopted, then
we must also conclude that the interaction energy can be
relatively high. For example, in Fig. 2(d) not one of the
small transitions was observed over a two-hour period
when the large fluctuator was in its up state. If we sim-

ply assume that only the activation energy is aftected by
this interaction then this corresponds to at least a 0.3-eV
shift in E, , for the small TLF.

This trap-trap interaction model is supported by the
behavior of some of the large amplitude TLF's as a func-
tion of temperature T. An example is shown in Fig. 3.
At the lowest T we see that R is characterized by very
sharp two-level switching. As T increases R begins to
make transitions to intermediate values between the two
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extrema. At still higher T, R switches randomly be-
tween a number of distinct levels, but with the extrema
still being present. The obvious conclusion is that the
low-temperature TLF is caused by ensembles of strongly
interacting traps emptying and filling simultaneously,
within the time scale of the measurement. The eAect of
increasing T is to weaken the interactions so that some
traps can change their charge while others do not. Since
the amplitude of the intermediate resistance steps is still
quite large compared to that calculated for single-
electron capture and emission, it appears that even these
intermediate steps are due to the collective action of
more strongly interacting subensembles of traps.

If the large TLF's are due to the collective fluctuations
of trap states we then have a straightforward explanation
for the low values of mo;. The attempt rate for such a
fluctuation would be set not by an electron-tunneling
time nor by the vibrational frequency of a single ion, but
by either the net fluctuation rate of the strongly interact-
ing ensemble of traps or by the probability of the simul-
taneous tunneling of all the electrons into and out of the
traps whenever a sufficiently large fluctuation is made.

Final evidence for strong and complex localized-state
interaction efrects is found by biasing the tunnel diodes
at high electrical fields (and currents). An example of
what is observed under such conditions is given in Fig. 4,
which shows R versus time taken at 77 K for a diode
biased at 2.99 V (Eb;„=18 MV/cm). Typically R is

very stable for long periods of time, but at random inter-
vals it makes an abrupt transition to a lower level
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FIG. 3. R vs time for a large TLF taken at three diferent

temperatures. (a) At T=77 K, R switches sharply between
two very well defined levels. (b) At T =174 K, R pauses at a
few well defined intermediate values. (c) At T =226 K, R
switches between still more levels.

C). 4'IQ seconds
FIG. 4. R vs time for a MOS diode based at high voltage

(V=2.99 V, Eb;„=18 MV/cm). The upper half shows the
record of a single breakdown event. The resistance after the
event is noticeably lower than before. The lower half, an ex-
panded portion of the complete time trace, shows that the
switching is discrete and quasistationary for brief periods of
time.

2257



VOLUME 58, NUMBER 21 PHYSICAL REVIEW LETTERS 25 MA+ 1987

(hR/R & 1%) which marks the beginning of a very com-
plex switching phenomenon that eventually terminates in

a permanently lower, but again low noise, resistance lev-

el. As can be seen in the figure, these "breakdown"
events still involve clear switching between discrete lev-

els. But now these levels, and the switching rates, rather
than remaining constant, keep changing with time. At
still higher bias, the time between these breakdown
events decreases until they occur continuously. At this
point the discrete switching is still clearly resolvable.

The I-V of a diode at 77 K taken before and after it
has undergone ten such breakdown events is shown in

Fig. 1. On the scale of the figure the main eAect is to
slightly decrease the diode conductance in the 1.0- and
1.2-V portion of the I-V. Such a decrease is consistent
with the creation of donor states at the Si-Si02 interface.
If these newly created states are distributed fairly uni-
formly over the interface, this corresponds to the
creation of —10 additional interface states. The I-V
characteristic taken after a very large number of these
breakdown events is also shown in Fig. 1. Now the con-
ductance has increased very significantly for all bias volt-
ages above 1.0 V. This increase is consistent with the
creation of a large density ( & 10' eV ' cm ) of posi-
tive states in the oxide barrier.

Several studies' ' have shown that strong electrical
stress can cause the creation of interface states and posi-
tive oxide states in Si02 layers, a process that eventually
results in the abrupt electrical breakdown of thicker ox-
ide layers. Our interpretation of the results shown in

Fig. 1 is consistent with this work. The essential new re-
sult is that the mechanism for the formation of these
states has as its basis a sudden, collective change in the
occupancy of a group of traps, presumably induced by
the strong electrical stress. This collective event sets up
a strong strain in the oxide, which in turn causes an un-
stable situation in which ensembles of trap states empty
and fill abruptly as a configuration is sought which will

minimize the overall energy of the system. Eventually
such a stable configuration is reached, apparently by the
breaking of additional oxide bonds which serves to
reduce the local strain and relax the system. The crucial
point is that here the energy necessary to break a bond is

provided not by a single electron process, but by the col-
lective action of groups of trap states.

In summary, we have found that two-level resistance

fluctuations can be due to correlated, multielectron cap-
ture and emission in a strongly interacting cluster of lo-
calized trap states. The interactions can result in quite
complex low-frequency noise behavior. This points to an
explanation of some of the diverse noise behavior found
in many electronic systems. At high electrical stress we
find that the correlated switching of ensembles of trap
states can result in the breaking of oxide bonds and the
creation of positive oxide and silicon interface states.
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