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The various origins of low-frequency (1/f)
noise in electronic systems are of continuing in-
terest. ' Quite generally, such noise increases
in systems of small physical size. In metal-ox-
ide-semiconductor field-eff ect transistors
(MOSFETs), for example, Mikoshiba' recently
demonstrated an inverse proportionality between
gate area and noise. He identified empirically
correlated fluctuations of both mobility and car-
rier density as the noise source. In this Letter
we describe measurements on much smaller
(submicrometer) MOSFETs which reveal discrete
switching events that account for at least part of
the low-f requency noise observed. The switching
allows us to study in detail the fluctuating occu-
pancy of a single electron trap, interesting both
in its own right, and for its connection to expla-
nations of 1/f noise in MOSFETs.

Our MOSFET channels are 1 p m long and 0.1
pm wide. ' The narrow NiCr gate metallization
(defined by electron-beam lithography) protects
the narrow channel from reactive-ion etching
that removes adjacent material, leaving a ped-
estal consisting of the gate, the 65-nm gate ox-
ide, and an additional 100 nm of the underlying
(100)-oriented p-type silicon. The resistance of
the electron inversion layer induced at the oxide-
silicon interface shows discrete switching events
of up to 1% magnitude. No such switching was
resolved, although low-frequency noise was ob-
served, for a large device (10 p m && 20 p m) fab-
ricated at the same time as other smaller de-
vices that display the discrete behavior.

The measured switching was a genuine resis-
tance change. Typically we measured the ac
drain-source voltage Vd, induced by an ac cur-
rent bias, using a lock-in amplifier. The in-
ferred resistance was independent of bias level,
so long as V'd, was kept small enough (- 1 mV)
to prevent device heating at low temperatures.

The discrete switching events, seen in several
samples, are illustrated here by data from a sin-
gle device 0.15 p m wide by 1 pm long. After
etching, the device was annealed at 450 C in H,
for 30 min, resulting in a helium-temperature
mobility of 5000 cm'/V-sec (confirmed by Shub-
nikov-de Haas magnetoconductance measure-
ments). With repeated use over several weeks
the mobility degraded to 2000 cm'/V-sec, and
the low-temperature threshold increased from
1.5 V to greater than 3 V, presumably because
of the irreversible capture of electrons in neu-
tral traps.

Figure 1 shows resistance as a function of time
for one of the prominent switching sequences ob-
served. It changes randomly between two values,
spending an average time (T,„) in the high resis-
tance state, and (T,ff) in the low. In our experi-
ment, the window of convenient observation times
is limited by lock-in response time at one end,
and experimenters' patience at the other. The
switching times are a strong function of temper-
ature and gate voltage, so that a given switching
feature is observable only over a limited range.

A single such "random telegraph signal" makes
a, Lorentzian contribution to the noise power spec-
trum, ' and a superposition of such Lorentzians
with an appropriate distribution of time constants
yields a power spectrum proportional to 1/f
McWhorter' noted that such a distribution of
trapping times at a semiconductor-oxide interf ace
could arise naturally from a spatially uniform
distribution of tunneling depths to traps in the
oxide. More recently, Dutta, Dimon, and Horn'
have demonstrated that thermally activated proc-
esses with a broad distribution of activation ener-
gies (of order 1 eV) provide a consistent and de-
tailed picture of the temperature dependence of
1/f noise in continuous metal films above and be-
low room temperature. Our measurements orove

Resistance fluctations in submicrometer narrow Si inversion layers are studied over a
wide range of temperatures and electron concentrations. Thermally activated switching
on and off of discrete resistance increments is observed, caused by the capture and emis-
sion of individual electrons at strategically located scatterers (interface traps). The
traps have a broad distribution of activation energies, as assumed in accounting for 1/j
noise in larger devices.
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FIG. l. Resistance switching observed in a small MOSFET in a particular range of temperatures and gate volt-
ages. The duty cycle depends on gate voltage, while the overall rate decreases with temperature (note scale
changes). The last trace demonstrates that superposition can lead toward 1/f noise.

that the switching we observe is associated with
interface traps characterized by a wide range of
activation energies, demonstrating a direct con-
nection to such explanations of 1/f noise.

Our devices are so small that full superposition
is not possible, and individual switching process-
es can be resolved. When switching is prominent,
a fast Fourier transform of computer-logged data
yields power spectra with a I orentzian contribu-
tion up to an order of magnitude larger than the
general 1/f background resulting from super-
posed contributions of other smaller, less active
sources. The last trace in Fig. 1, with two event
sequences complexly superimposed, qualitative-
ly displays how a 1/f signal can begin to be built
up. In larger devices, more sequences of small-
er individual effect tend to overlap, eventually be-
coming impossible to resolve. Although we can
characterize prominent switching events in con-
siderable detail, we cannot, of course, prove
that events of this character account for al/ of the
low-f requency noise.

What causes the jumps? Discrete switching
dependent on gate voltage implicates individual
electrons. Different sets of resistance jumps
vary greatly in size, and can be either greater or
smaller than the fractional change due to removal
of a single channel electron. (For this device,
there are - 500 electrons per gate volt above
threshold. ) Therefore we conclude that the chan-
nel mobility is also affected, i.e. , individual scat-
terers are turned on and off, some more stra-

and define gate-voltage dependences

EF n of f d ln(vtxt of f) /dV~.

Table I describes several such switching fea-
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FIG. 2. Exponential dependence of mean lifetimes on
inverse temperature and gate voltage for a particular
switching sequence. These are identified with capture
and emission rates at a single interface trap.

tegically located than others. At plausible inter-
face trap densities N~t of 10"-10"cm ', our
device contains -10'- 104 such scatterers, con-
sistent with the overall magnitude of effect.

Figure 2 demonstrates that for the feature de-
picted in Fig. 1 (7,„) and (w, ff) depend exponen-
tially on temperature and gate voltage. From the
slopes of such plots, we determine apparent ac-
tivation energies
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TABLE I. Measured parameters (defined in text) of individual traps. Quantities in parentheses are based on
temperatures from estimated electron heating.

Observation range

T Vg

(K) (v) Polarities

Gate voltage dependence

DE «4E' „dEz/dV&
(1/V) (1/V) (meV/V)

Cfp

(nm)

Activation energy

~or& ~on
(me V) (me V)

101-111
48-56
26-34
(12-20)

4 2

3.8-5.3
2.2-5.5
10-13

3.5-4.5
10.3-10.9

0.3
0.1
0.2
0.7
0.2

—14
0.47
0.57

—2.9
4.7

2.2
—1.0
—10

4.3
—7.5

28
6

3
10

5

1.9
0.3
0.1
0.5
0.2

210
70
26

(16)

280
70
39
(9)

(1-f, ) E, -E,-g expfr k T (3)

tures sufficiently prominent and well isolated to
be studied in detail. in our device. As noted above,
the percentage size does not correlate with gate
vol. tage (electron density).

Data of this sort represent an unusual' degree
of specificity about electron traps. We can iden-
tify (~,«) and (~,„) directly with the emission and
capture times v, and v„respectively, whenever
(+ in Table I) a positive scattering center seems
neutralized by electron capture at high gate vol-
tages. The reverse identification holds whenever
(- in Table I) a negative scattering center turns
on by electron capture. Both polarities are ob-
served. Ordinarily, emission and capture rates
of ensembles are measured separately in differ-
ent types of experiments or interrelated by as-
sumptions about detailed bal. ance. '

These data reveal. the spatial. location of the
trap, for example, provided that we assume that
it has a single local energy l.evel E~ in equilibri-
um with the channel electrons, which have Fermi
level. EF. In a MOSFET at small Vd„E& through-
out the channel is set by the potential of the drain
and source contacts. Varying of the gate poten-
tial results in spatial variation of the energy of
both bands and localized traps, and hence their
equilibrium occupancy. In our device, above
threshol. d, the conduction-band edge at the inter-
face lies near EF and shifts by -2.2 meV per
volt on the gate. The depleted bands further in the
semiconductor are screened by the inversion lay-
er and shift by much l.ess. The bul. k of the poten-
tial drop occurs in the 65-nm oxide, resulting in
energy shifts of -15 meV per gate vol. t for each
nanometer from the interface. Thus sensitivity
to V~ provides direct information about the spatial
location of traps. By detailed balance (equal num-
bers of up and down jumps) we obtain

d, = ( dEr/d-V~ —2.2)/15 nm. (5)

Data in Tabl. e I show that the traps lie 0.2-2 nm
into the oxide, consistent with availabl. e informa-
tion about interface traps. " The same argument
shows that under fl.at band conditions, the trap
energy E~ lies above the conduction-band edge,
an important regime not previously investigated.

Current knowledge about interface traps" is
limited to states with E ~ in the forbidden gap,
which show a U-shaped distribution, rising in
density near the conduction-band edge. An ac-
tivation energy E, -E~ is required to reach the
conduction-band edge E„and the capture cross
section is def ined as

o„=(~,v, „n) '

= (~,v, „X,)-'e~ [(E,-E,)/r, T),
where v, & is the thermal velocity, n is the elec-
tron density, and N, is the effective density of
states at the conduction-band edge. The l.atter
relation depends on detailed balance. Near the
band edge a„decreases dramatical. ly," and may
itself appear thermal. ly activated (al.though there
is dispute even about the sign of the activation
energy). " Our data show directly that both v,
and ~, have an activated temperature dependence,
even though E~)E, . [The activation energies
measured for emission and capture differ slightly
because they are measured at fixed gate voltage,
not fixed ratio ("duty cycle" ).] The observed
"activation" energies cover a wide range, with

where fr is the trap occupancy function and g is
the trap degeneracy. ' From (3), we have

dE~ d~ = k~T ln —' =-kRT
i bF,„—bF 1)i. (4)de d&G 7

If the gate-voltage sensitivity is greater than 2.2
meV per volt, then the trap must be in the oxide
at a distance
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the "shallowest" traps being observably active
at the lowest temperatures. The "deepest" trap
seems furthest from the interface, but more ex-
tensive data would be required to establish a val-
id correlation. It is tempting to model the pro-
cess simply as activation over an electron poten-
tial barrier between the trap and the silicon con-
duction band, so that the gate-voltage dependence
of the emission rate could be accounted for by
field-induced barrier changes. This seems incor-
rect, however, because electron energy barriers
of millivolt height together with nanometer thick-
ness should be dominated by nonactivated tunnel-
ing. This problem arises with particular clarity
because we are investigating the previously unex-
plored interface states which lie above the conduc-
tion-band edge, allowing direct escape by tunnel-
ing. One solution to this dilemma is to imagine
a potential barrier in some system configuration
space, in which a lattice distortion, for example,
is required for capture. " Another solution might
be a direct calculation of inelastic tunneling pro-
cesses. ' Clearly additional. theoretical work is
called for, as well as more extensive experimen-
tal observations. In any case, the opportunity to
observe the behavior of a single trap represents
a fresh approach to a problem of l.ongstanding
scientif ic and teehnol. ogical interest.
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