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In the drain current of submicrometer silicon metal-oxide-semiconductor field-effect transistors,
we have observed a new class of random telegraph signal which exhibits anomalous behavior. We
discuss the various models that could account for these signals and suggest that they are due to indi-
vidual Si/SiO, interface states which can exist in two or more charge-equivalent, metastable states.
We describe one particular signal which is consistent with sequential two-electron capture involving
a number of such metastable states at a single defect. We point out that these signals are a source of

non-Gaussian noise.

I. INTRODUCTION

In very small-area (<1 pm?) silicon metal-oxide-
semiconductor field-effect transistors (MOSFET’s), the
fluctuating occupancy of individual Si/SiO, interface
states generates discrete switching behavior in the drain
current.? The study of the resultant random telegraph
signal (RTS) as a function of temperature and gate volt-
age allows one to build up a detailed picture of the
charge-carrier capture and emission processes.>~> In this
paper, we present a full description and analysis of a new
class® of RTS which exhibits anomalous, and sometimes
very complex, switching behavior (see Figs. 1 and 3). We
conclude that the most plausible explanation for this be-
havior is that it is a direct demonstration of a fundamen-
tal property of amorphous materials; namely, the ability
of local lattice configurations to exist in two or more
metastable states.”~® These signals also explain the re-
cent observations of non-Gaussian behavior in the noise
properties of small silicon-on-sapphire (SOS) and GaAs
resistors.!%!!

II. TWO-LEVEL ANOMALOUS SIGNALS

Silicon-gate, n-channel MOSFET’s with electrical
channel dimensions of 0.5X0.75 um? and gate-oxide
thickness of 40 nm were employed. Figure 1 depicts the
unique switching behavior found in the drain current of
one such device. This complex behavior was relatively
common; out of a total of 320 RTS’s that we observed, 12
were found to be anomalous. Within the time window
t,~t, the rapidly switching RTS shows the conventional
behavior corresponding to fluctuations in occupancy of
an individual interface state."> Most RTS’s have precise-
ly this form for times extending to * oo ; the times in the
up and down states correspond to single-electron capture
and emission, respectively.>® Capture times decrease
strongly with increasing gate voltage and hence electron
concentration, whereas emission times are normally
gate-voltage independent or increase with increasing gate
voltage. During periods such as ¢,-¢; shown in Fig. 1,
the rapid switching completely disappears and the RTS
maintains its low level. It thus appears that the fast-
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switching RTS is modulated in time, with the envelope of
modulation itself being an RTS of the same amplitude.

The initial observations of this phenomenon were in
two devices operating in weak inversion, indicating that
the likely cause was either two traps on the same percola-
tion channel or Coulombic interactions between pairs of
traps in close proximity (spatially and energetically). The
percolation model is restricted to the weak inversion re-
gime, since it requires inhomogeneous current flow due to
partially screened charge centers at the interface. How-
ever, the model was quickly discarded since the majority
of anomalous signals were subsequently observed in
strong inversion where percolation is not a major
current-carrying mechanism.

The Coulombic model requires two traps with relative-
ly fast and slow time constants to be colocated and with
both their occupancy levels residing close to the Fermi
level. The rapid switching shown in Fig. 1 is then due to
the fluctuations in occupancy of the fast trap. However,
on electron capture into the slow trap the occupancy lev-
el of the fast trap will be lifted higher in energy by an
amount which can be estimated from simple electrostat-
ics. If the fast trap’s occupancy level is moved by several
kT the rapid fluctuations will cease and the current will
remain at its low level, as in period ¢, -5, until such time
as the slow trap releases its trapped electron and the fast
trap is free to fluctuate in occupancy again.

The key feature of the anomalous RTS in Fig. 1 which
the Coulombic model has to explain is the presence of
two and not three or four current levels. (The only
three-level signal that we observed was clearly not the re-
sult of Coulombic interaction between pairs of defects
and is described later.) During those periods in which
the slow trap has captured an electron no observable fluc-
tuations of the fast trap take place, otherwise three
current levels would be present. This requires the follow-
ing set of conditions: either the channel in the immediate
vicinity of the fast trap is completely blocked (inversion
charge excluded), so that the fluctuations are still occur-
ring but are not observable; or else the occupancy level of
the fast trap is moved several k7T away from the Fermi
level so the trap’s occupancy does not fluctuate.
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FIG. 1. Fluctuations in current vs time showing a rapidly
switching RTS modulated by an envelope of the same ampli-
tude. The upper trace is an expansion of part of the lower trace.
Ve=1V,¥Vp=10mV, I, =10.3 nA, and T =293 K.

Referring first to the channel-blocking model, the im-
portant point to note is that on electron capture into a
defect there is a localized increase in resistance in the vi-
cinity of the defect; but in practice the channel is never
completely blocked. The primary effect is locally to
move the inversion-layer electrons away from the inter-
face. In the worst case of weak inversion where there is
no screening, evaluating Poisson’s equation classically
showed that the local free-carrier concentration perpen-
dicular to the interface and directly above the defect fell
to a minimum of 21% of its value before trapping. Thus
any continuing fluctuation in occupancy would always be
visible.

If the effect shown in Fig. 1 were due to one trap mov-
ing the occupancy level of a second trap away from the
Fermi level, then the distribution of the defects on the in-
terfacial plane is a crucially important parameter. In or-
der to test whether anomalous RTS behavior could arise
from the interaction of randomly distributed defects, we
performed a simple numerical simulation of the situation
corresponding to the device operating in strong inversion.
Experimentally it was found that in strong inversion, at a
given gate voltage, typically between three and five RTS’s
were visible in the time window 1 ms-10 s. The simula-
tion was carried out assuming that in a device of dimen-
sions 0.5X0.75 um? five defects were distributed ran-
domly on the interfacial plane. 10000 simulations were
carried out to calculate what percentage of devices would
contain defects in sufficiently close proximity to cause
some degree of correlation; a separation of 7 nm—or a
potential energy shift of 5 meV—was used for this pur-
pose. The simulation assumed a two-dimensional elec-
tron gas'? which is obviously not a complete description
at room temperature, but is quite accurate enough for the
present purpose (using a classical result gave similar
answers). The simulation found about 3 of the number
of anomalous signals actually observed. Moreover, the
criterion for proximity included those pairs of defects
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which would show intermediate behavior: i.e., some
RTS’s would show three levels due to a slight
modification of one trap’s time constant caused by occu-
pation of a rather distant second trap. So we can con-
clude that if the anomalous behavior of Fig. 1 were the
result of pairs of defects, then it would require that the
pairs be grouped at specific sites and not randomly distri-
buted. In order to explain the complete absence of the
third level, the screened Coulomb potential must shift the
energy level of the other defect by several kT. We esti-
mate that the defect separation must be less than ~2 nm
to achieve this.

Clustering of defects in the oxide at some inactive de-
fect would appear to be a logical cause of the high num-
ber of anomalous signals seen. Since there are stringent
requirements on the maximum allowable defect separa-
tion ( ~2 nm), this necessitates that the defects decorate
inactive point defects; clustering at line and planar de-
fects is ruled out because such clustering does not restrict
the separation of defects to less than the critical value.
Clustering of heavy-metal ions has been observed at the
Si/SiO, interface in intentionally contaminated sam-
ples,'® with the clustering occurring at a small number of
nucleation sites; but in good device-quality interfaces,
conductance measurements do not show anything other
than a random distribution of charge (although this tech-
nique would not normally be sensitive to clustering on
length scales much less than the oxide thickness). Recent
experiments using the scanning tunneling microscope
have shown defect clustering on submonolayer oxide sur-
faces,!* but this is far removed from our situation.

The requirement of very closely spaced pairs of defects
prompts the question: Should the composite defect be
considered a single defect, arising out of the union of two
defect potentials, and leading to a single occupancy level?
Whilst it is not possible to answer this question in
detail—since current theoretical and experimental
knowledge of defects in SiO, and its interfaces is
limited—it is clear that an explanation based on two in-
dependent traps is unlikely to be complete. The two-trap
model has to be very carefully molded: it is only con-
sistent with the data if the defects are clustered around a
point defect and their separation does not exceed ~2 nm,
but they must be far enough apart to prevent hybridiza-
tion.

A simpler explanation consistent with our observations
is that the signals result from a single defect with two
reconstruction modes (metastable states) available for the
filled trap. This hypothesis immediately accounts for the
fact that the amplitudes of the underlying RTS and its
envelope are equal and the total absence of a third level.
Moreover, it is particularly appropriate in view of the es-
tablished evidence of metastability in glassy systems’—°
and recent observations of significant electron-lattice cou-
pling at individual Si/SiO, defect states.!>

Figure 2 shows schematic configuration-coordinate di-
agrams of two models which exhibit metastability; the
models differ only in the way the various states intercom-
municate. Rapid electron capture and emission proceeds
via total-energy minimum a; and accounts for section
t,-t, of Fig. 1. In the model shown in Fig. 2(a), after
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FIG. 2. Two possible configuration-coordinate diagrams for
the defect whose RTS is shown in Fig. 1. The dashed curve
shows the empty trap before the creation of a free electron in
the conduction band: O labels the empty trap plus a free elec-
tron; @ marks the metastable states containing one trapped elec-
tron. The observed transitions are labeled with the correspond-
ing average times from Fig. 1. (a) Both metastable states are in
communication with the inversion layer. The activation ener-
gies in eV are given in parentheses (Ref. 5). These are also the
activation energies one would obtain using a Coulombic interac-
tion interpretation of the data. (b) Only a, is able to capture an
electron directly. Activation energies for the transformations
a;<>f3; were evaluated assuming 7r=T1yexp(E /kT).

electron capture into B, it will take a time, C (C >> 4,B),
for the filled trap to reemit the electron. During this time
interval no switching of the RTS will occur, and the
drain current will remain fixed at its low level as in period
For the model of Fig. 2(b), the transformation
from o, into state B; should be thermally activated and
roughly gate-voltage independent, with C representing
the time taken for the physical reconfiguration of the one
electron state from B, to ;. Referring to Fig. 1, we see
that the time for electron capture into a, is given by the
average of time A4, 4; the emission time from a, is B.
For the model in Fig. 2(a), the capture time into 8, 3 4,
can be obtained by summing the time A over an average
time window ¢, —-t,; alternatively, for the model in Fig.
2(b) the transformation time from a, to B, is given by
SB.

Using the gate-voltage dependence’ of 4 and I 4, we
found that the metastable states a; and B, were located
the same distance into the oxide. Using the grand parti-
tion function!® to evaluate equilibrium occupancies, we
found that B, lay above a; by 0.025 eV. In fact, both
metastable models shown in Fig. 2 were consistent with
our data and we were unable to distinguish between
them. The important point to note, however, is that the
concept of metastability provides a simple yet elegant ex-
planation for the anomalous RTS of Fig. 1, independent
of the transformation mechanism.

t—t;.

III. THREE-LEVEL ANOMALOUS BEHAVIOR

Up to this point, we have discussed the behavior
characteristic of the majority of anomalous RTS’s that
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we observed. We would now like to consider one particu-
lar RTS which showed complex and interesting behavior
(see Fig. 3). The first point to note is that it is a three-
level signal with the separation between levels O and 1
equal to the separation between levels 1 and 2. In addi-
tion, the rapid switching represented by times U and V
occurs only between levels 1 and 2 showing that the RTS
is not just a straightforward superposition of two distinct
and independent RTS’s. These facts taken together sug-
gest that the signal represents a sequential two-electron
capture process: transition 0—1 being capture of the
first electron; transition 1—2 being capture of the second
electron. Thus it is a candidate for the Coulombic effect
alluded to earlier.

To address this possibility, we investigated the gate-
voltage dependence of the various time constants (see Fig.
4). P and U are both strongly gate-voltage dependent
with the same slope. This demonstrates that they
represent straightforward single-electron capture: P of
the first electron; U of the second electron. If this signal
were the result of Coulombic effects, then P would
represent capture into the relatively fast state with the
slow state empty, and U capture into the relatively fast
state with the slow state full. Since the effect of filling the
slow trap would be to lengthen the time for capture into
the fast trap (by moving the carriers away from the
Si/Si0, interface hence reducing the local carrier concen-
tration and cross section), it is required that U> P. Since
in fact U < P for all gate voltages, it was not possible to
explain the signal by simple Coulombic interaction be-
tween two traps.

We shall now show that the behavior can be explained
by a model involving two-electron capture at a single de-
fect exhibiting metastability. Immediately after capture
of the first electron and before a transition to the charge-
2 level takes place, the RTS spends a period of time S in
the charge-1 level. At high gate voltages, S, has the same
gate-voltage dependence as both P and U, whereas at low
gate voltages it becomes independent of gate voltage.
These two facts are consistent with S representing the
capture of a second electron in competition with emission
of the first electron.

-~

AL/l (% /div) &

L I L 1

Time (sec /div)

5

g’(b) P h

@Wo- oy T

‘i‘- e ey

g

" Vi R e =

FIG. 3. (a) Complex RTS generated by a single defect which
shows one- and two-electron capture. T=290 K, V;=0.6 V,
Vp=20 mV, and I, =195 pA. (b) Schematic RTS showing all
the features which were observed for this defect.
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FIG. 4. Gate-voltage dependence of representative times P,
S, U, and ¥ from the RTS shown in Fig. 3. The solid lines are
regression lines and the dashed line is a fit assuming simple
competition between emission and capture in the 0, state.

Turning now to the other time constants observed in
the RTS of Fig. 3, we found that ¥ was independent of
gate voltage and thus corresponded to a simple single-
electron emission process. We were not able to study W
and X in any detail: W was quite a rare event lasting
around 0.5 sec; and X turned off all fluctuations for
several hours, making all measurements of this complex
defect rather difficult.

Based on this information, an appropriate
configuration-coordinate diagram for this defect is shown
in Fig. 5. The energy zero has been chosen as the defect
in the charge-0 level with two electrons at the Fermi lev-
el. Taking one of these electrons from the Fermi reser-
voir and placing it in the conduction band increases the
total energy of the system by an amount equal to
Ec—Ep. Metastable minimum 6, (one electron cap-
tured), for example, is separated from the energy zero by
an energy (Ec—Ep)—[Ec—E;(1/0)]=Eg4 (1/0)—Ej;
minimum 6, (two electrons captured) is separated by an
energy [Eel(1/0)"'EF]+[E82(2/1)_EF]-

The charge-1 level consists of two metastable states, 9,
and A,. Capture of the first electron from the inversion
layer, with time constant P, takes place into the 6, state
and not into the A, state. Capture of the second electron
initially takes place from 8, into 6, with time constant S.
Thereafter, fluctuations in occupancy of 6, take place:
via 6,«>A; with relatively fast time constants U and ¥
and via 0,<>0, with slower times T (=S) and V. An
important observation is the fact that direct, thermally
activated (and gate-voltage-independent) transformation
between the metastable states 8, and A, of the charge-1
level was not observed. Instead, transformation between
the two always took place via an intermediate state 6, of
different charge.

The energies of the various occupancy levels were eval-
uated using the formalism of the grand partition func-
tion,'® assuming all degeneracies were equal. The energy
levels are shown in the inset to Fig. 5. The important
point to note is that the occupancy levels E 91(1/0) and
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FIG. 5. Schematic configuration-coordinate diagram for the
defect whose RTS is shown in Fig. 3. The diagram shows the
total energy of the defect for the three cases of 0, 1, and 2 elec-
trons removed from the reservoir (at energy Er): O indicates a
free electron in the conduction band and @ a trapped electron.
The arrows show the various transitions we have identified; the
dashed section is speculative and incomplete. Varying the
gate-voltage changes E; — Ep, the relative positions of the three
sets of curves, and hence the occupancy of the defect. The inset
gives the trap energy levels we evaluated.

Eq (2/1) were found to be degenerate to within a few

meV. This means that as the Fermi level crosses the oc-
cupancy level Eel(I/O)——and the charge state changes

from 0 to 1—it also crosses the occupancy level Eq (2/1)

and so the defect is immediately capable of capturing a
second electron. This very nearly corresponds to a
negative-U system in which the occupancy level E(2/1)
would lie below E (1/0). In such a system, the occupan-
cy of the defect would change directly from O to 2 miss-
ing the charge-1 state. The extra electron-lattice interac-
tion accompanying the capture of the second electron
offsets the additional Coulombic interaction energy.'¢

We have hitherto referred to the charge levels of the
defect as 0, 1, and 2, and inspection of Fig. 3 shows that
the amplitudes of the 0—1 and 1—2 transitions are
nearly equal. This can be explained by a defect whose
charge state changes from + to 0 and then O to —; the
occupancy levels would then be E(0/+) and E(— /0).
If we denote the average local free-carrier concentrations
surrounding the defect as n ™, n° and n—, then, due to
the exponential dependence of carrier concentration on
surface potential, n*/n°=n°/n—. The local conduc-
tances obey the same equality. Using a simple resistive
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network model or effective-medium theory, one can then
show that (for small changes) AR /R for the + —0 tran-
sition is equal and opposite to the change for 0— —. The
charge assignments and negative-U properties would then
be consistent with the defect being, for example, some
form of dangling hybrid.

IV. NON-GAUSSIAN NOISE

We would like to consider the incidence of metastabili-
ty and its implications for noise statistics. Our observed
figure of ~4% of defects exhibiting anomalous behavior
is very much a lower bound. The true fraction is prob-
ably considerably greater. Our experimental setup only
measures RTS’s whose mark-space ratio is close to unity,
and thus we are only capable of detecting metastable
states if all the energy levels lie within a few kT of the
Fermi level.? In practice, one expects a wide range of
energy-level separations and barrier heights.’

Restle et al.'®!! have shown that in small SOS and
GaAss resistors the integrated noise power in a given oc-
tave exhibits low-frequency amplitude modulations as a
function of time. In GaAs, the modulations were them-
selves found to exhibit a 1/f spectrum. The RTS shown
in Fig. 1 possesses all the required characteristics to be
the origin of this non-Gaussian behavior. The modulat-
ing envelope accounts for the low-frequency modulations
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of the integrated power as we have verified in recent nu-
merical simulations.!” Moreover, the observed 1/f spec-
trum in the amplitude variations must arise from a wide
distribution of time constants of the modulating en-
velopes. We saw a spread of envelope time constants
ranging from milliseconds to days.

V. CONCLUSION

We have discovered anomalous random telegraph sig-
nals in the drain current of small-area silicon MOSFET’s.
These defects have hitherto not been visible using con-
ventional techniques which only measure average proper-
ties. The signals can be explained by Coulombic interac-
tions between clustered defects; but a more realistic and
simple explanation is that they are due to charge trapping
into individual metastable SiO, interface states. The
wealth of information available from these small devices
has allowed us to identify in one particularly complex sig-
nal, two-electron capture and negative-U-like behavior at
a single defect.
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