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On–off switching of edge direct tunneling currents
in metal-oxide-semiconductor field-effect transistors
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On–off switching behaviors or two-level random telegraph signals~RTS! are measured in the low
voltage (21.40 V,VG,20.88 V) edge direct tunneling currents in ultrathin gate stack
(10 Å oxide110 Å nitride) n-channel metal-oxide-semiconductor field-effect transistors. The
plausible origin is the process-induced defects in terms of localized gate stack thinning~or
equivalently the conductive filament!. In such extrinsic case, the current trapping–detrapping
theories can adequately elucidate the data, particularly the RTS magnitude as large as 18%. The
current–voltage characteristic associated with a certain defective spot is assessed straightforwardly,
showing remarkable compatibility with existing oxide thinning case. Systematic measurements of
RTS in the terminal currents allow for determining the occurrence probability as well as locations
of defects, and may be treated as a sensitive process monitor. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1518563#
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For ultrathin gate stack metal-oxide-semiconduc
field-effect transistors~MOSFETs!, the edge direct tunneling
~EDT! of electrons or holes from polysilicon to underlyin
silicon diffusion region has very recently bee
investigated.1–3 According to quantum mechanica
simulation,2,3 the EDT spans from the gate edge a range
about 6 nm wide, which exactly falls within the gate-t
diffusion overlap region. Thus, exploration of the noise
fluctuations via EDT currents is highly probable in the pre
ence of such a nanoscale dimension. In this letter we exh
a two-level random telegraph signals~RTS! phenomenon
measured from the EDT currents at low voltages, follow
by interpretations and discussion.

Then-channel MOSFETs with the gate width and leng
of 10 and 0.5mm, respectively were manufactured in a sta
dard process technology. During the gate stack formatio
10 Å thick SiO2 layer was thermally grown and underwe
rapid plasma nitridation~RPN! treatment, then on which a 1
Å thick nitride film was grown, followed by NO annealing a
950 °C. The devices were characterized by means of a s
conductor parameter analyzer HP4156 with source, dr
and bulk tied to ground. The measured steady-state term
currents versus negative gate voltage characteristics, as
picted in Fig. 1 for a certain sample, were found to be nea
the same for all samples. From Fig. 1 we drew a certain E
region of interest throughout the work:21.40 V,VG,
20.88 V. In such a low voltage range, the EDT currentI S

flowing from source to gate and the other EDT currentI D

from drain to gate both dominantly constitute the gate c
rent I G . Figure 1 further points out that the source and dr
currents are comparable each other in the sense of ste
state characterization. To strengthen RTS measurement
cision, the integration time in HP4156 for data sampling w
changed from a default value of 1 ms down to equipm
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limit of 8 ms. The measured fluctuations in drain, gate, a
source currents for the sample in Fig. 1 are displayed in F
2, looking like those from a two-terminal tunnel gate sta
with a percolation path.4–7 The abrupt transitions betwee
two distinct states occur in gate and source currents whe
being absent in the drain current, suggesting that~i! signifi-
cant defects exist in the gate-to-source overlap part ra
than gate-to-drain overlap; and~ii ! they should be localized
such as to match above steady-state characterization. F
2 also reveals identical RTS parameters between source
gate currents: the same time durationton andtoff in the high
and low current stateI on andI off , respectively, and the sam
state current changeDI (5I on2I off). This consistency con-
firms the existence of a two-terminal EDT path.

Figure 3 shows experimentalI on and I off of the source
current against gate voltage. We also found that~i! the sta-

il:FIG. 1. Measured steady-state terminal currents vs negative gate vol
The inset shows the connection configuration.
8 © 2002 American Institute of Physics
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tistical distributions ofton’s andtoff’s indeed obey an expo
nential behavior with the meant̄on and t̄off , respectively;
and~ii ! t̄on andt̄off each exponentially decrease with increa
ing magnitude of gate voltage. Finally, repeated RTS m
surements yielded the same RTS parameters, indicating
no stress induced defects are encountered, as expected d
low voltage operation.

The above on–off switching phenomenon can be lik
ascribed to the manufacturing process induced defects8,9 as
schematically shown in Fig. 4 in terms of localized ga
stack thinning, or equivalently the conductive filament9 de-
fined by the thinning thicknessDtox and the occupied are
DA ~shaded region; shown only partly!. Such a defective

FIG. 2. Time records of drain, gate, and source currents atVG521.08 V for
the sample in Fig. 1.

FIG. 3. Experimental high and low state currents vs magnitude of g
voltage for the sample in Fig. 1; also shown is a line for comparison.
rticle is copyrighted as indicated in the article. Reuse of AIP content is s
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spot can be thought to be a conductive filament connecte
series with the remainder~with the net thickness oftox

2Dtox) of the gate stack. The conductive filament is also
trap-rich region in nature as characterized by the trappin
detrapping probabilities7 in terms of both the emission tim
toff and the capture timeton as mentioned above. Accordin
to current trapping–detrapping theories,7 once a single elec-
tron is captured in the trap-rich region, the caused Coulo
repulsive force repels subsequently tunneling electrons,
effectively turning off the influenced area around the trapp
electron. This specific area can be represented by a cap
cross-section area10 denotedpr 2 in Fig. 4. Consequently, the
EDT current in the filled trap mode can be written as~analo-
gous to Simoenet al.’s work10!

I off'Jn3~AEDT2pr 2!, ~1!

whereJn is the tunneling current density associated with t
gate stack thicknesstox andAEDT is the EDT area. The region
pr 2 can be recovered to the on state in the empty trap mo
The corresponding high current stateI on can thereby be ex-
pressed as

I on'Jn3~AEDT2DA!1DJn3DA, ~2!

whereDJn is the tunneling current density for a net thickne
of tox2Dtox , indicating thatDJn@Jn for considerableDtox .
The mentioned ‘‘localization’’ implies thatDA can be of
comparable order withpr 2.9 As a result, Eq.~2! minus Eq.
~1! produces quantitativelyDI'DJn3DA for the two-
terminal characteristic of a defective spot. In Fig. 3 the fra
tional changeDI /I off turns out to be between 12% and 18%
Also plotted in Fig. 3 is a line from an empirical formula o
direct tunneling for oxide thinningDI 5auVGub,6 showing
not only close agreements with experiment but also reas
able values ofa andb compared with the citation.6

te

FIG. 4. Topside and cross section views of a gate stack overlap part dev
to the edge direct tunneling operation, defined by the gate widthWG , the
effective tunneling sizeLEDT(;6 nm), and the thicknesstox . On the topside
a shaded circle with the trapped electron as the origin is drawn with a ra
r. On the cross section part a localized gate stack thinning or conduc
filament is drawn in terms of the thinning thicknessDtox and the occupied
areaDA.
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Furthermore we carried out a very extensive RTS m
surement across the whole wafer. It turned out that ab
36% of the samples exhibit two-level RTS only in ED
source currents; 12% only in EDT drain currents; and
noticeable RTS was observed for the rest or for both E
source and drain currents. Therefore, systematic meas
ments of RTS in the terminal currents allow for determini
the occurrence probability as well as locations of defects,
may be treated as a sensitive process monitor.

In conclusion, a new on–off switching behavior is me
sured in the gate stack overlap EDT currents. With proc
defects as the plausible origin, experimental data can be
equately described by current trapping–detrapping theo
Significant efforts are also made: assessing the two-term
current–voltage characteristic associated with a defec
spot; finding the occurrence probability of the defects as w
as their locations in a manufacturing process; etc.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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