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boundary surface. The instability is accompa-
nied by a negative voltage spike and is preceded
by helical magnetic perturbations, as observed
also in other experiments. The instability itself
is an expansion of the plasma minor radius which
is symmetric in minor azimuth; the expansion
velocity is slow compared to the ion sound speed,
and it begins at or inside the q = 1 surface. It is
unlikely that the disruption depends on the plas-
ma-wall interaction.
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%'e have observed a peak in the conductivity-versus-gate-voltage curves for n-channel
silicon metal-oxide-semiconductor field-effect-transistor devices containing large oxide-
charge densities, 4.7x 10" cm Nog 1.1x 10' cm . This peak is interpreted as an
oxide-charge-induced impurity level within the lowest sub-band tail. It is found that the
impurity level contains one electron state for each oxide charge situated at the Si-Si02
interface.

Many papers have been published recently on
the channel conductivity of silicon metal-oxide-
semiconductor field-effect-transistor (MOSFE T)
devices biased near threshold. The low-temper-
ature conductivity has been shown to obey a lno.

~T"' ' relationship"' for temperatures below
4.2'K. Recently, the present authors have shown'

that this relationship can extend up to 77'K rath-
er than changing to a lno «x T ' law as previously
thought. In the present paper we report the ob-
servation of peaked structure in the conductivity
of n-channel silicon MOSFET devices in which

Na ions have been placed at the Si-SiO, inter-
face. Peaked structure in the field-effect mobil-
ity has previously been reported, ~ ' which seems
to be unrelated to the present structure. We
have also seen the peaked structure in the field-
effect mobility and observed it to decrease in in-
tensity at higher oxide-charge densities (No„&4
x 10" cm ') where the new conductivity peak ap-
peared.

The MOSFET devices used were prepared by
standard techniques except that NaCl was evapo-
rated into the gate oxide prior to the gate metal-
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lization. The devices were fabricated on 2.0-0-
cm P-type substrates, with an oxide thickness of
1000 A. A known number of Na+ ions were then
drifted to the Si-SiO, interface and this distribu-
tion was frozen in. This allowed us to determine
and control oxide-charge effects on a single de-
vice thus isolating effects due to surface rough-
ness, etc. , which may vary from device to de-
vice. The conductivity was measured by use of
an ac technique which has been described else-
where. 4 Conductivity was measured as a func-
tion of gate voltage, temperature, and oxide-
charge density. The oxide-charge density was
determined from the shift of the liquid-nitrogen
transconductance threshold voltage from the
zero-oxide-charge threshold. The inversion-
layer carrier density was calculated from the
difference between the gate voltage and the ob-
served liquid-nitrogen threshold. This method
has been shown to be reasonably consistent with
Hall effect and oscillatory-magnetoconductance
measurements. 4

The new conductivity peak has been observed
for oxide-charge densities in the range 4.7x 10"
cm '&N & 1.lx 10"cm '. At the lowest den-
sity the peak was observed for temperatures be-
tween 10 and 24 K. For the highest density the
peak was observed for temperatures between 4.2
and 33'K. The lower limits of both oxide-charge
density and temperature on the peak observation
are due to the sensitivity of the experimental ap-
paratus. Figure 1 shows the conductivity as a
function of gate voltage for T = 11.5 K and N~
= 7.2x 10"cm"'. The separate curves have been
obtained with different substrate biases, whose
effect will be discussed later. The conductivity
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FIG. 1. Conductivity as a function of gate voltage for
T =11.5'K and No„=7.2x 10 ' cm 2. Separate curves
are for varying substrate bias.

peak is clearly evident. We next subtracted the
estimated background conductivity from the ob-
served conductivity in order to isolate the peak
itself. The following results then apply to the
peak itself.

The temperature dependence of the conductivity
in the peak, as well as the background conductiv-
ity, obeys a lno~T ' ' law. This suggests a vari-
able-range hopping mechanism. ' The full width
at half-maximum (FWHM) of the peak is found to
involve two components: The first is tempera-
ture independent (I',) and the second increases
approximately linearly with increasing tempera-
ture. The position of the peak is found to be in-
dependent of temperature. This position is in
gate voltage, which can only be directly related
to an energy scale if the density of states is in-
dependent of both temperature and screening ef-
fects.

The maximum conductivity of the peak was ob-
served to increase rapidly with increasing oxide
charge, following the approximate empirical re-
lationship o (x N "' '. The temperature-in-
dependent part of the FWHM was found to obey
the relationship F,~N„' '. This latter result
suggests that the FWHM is proportional to the
amount of local oxide-charge fluctuation. The
difference in gate voltage between the positions
of the mobility edge' (E, ) and of the conductivity
peak (E;) decreases with increasing oxide charge.
Strictly speaking this means that the incremen-
tal number of inversion-layer electrons in the
energy range E, -E; decreases. However, since
the density of states can be assumed either to re-
main constant or to increase with oxide charge,
the actual energy separation E, -E,. decreases
with increasing oxide charge.

In Fig. 1 the value of the conductivity peak is
seen to decrease and finally saturate with a neg-
ative substrate bias. Note that the parallel shift
of the conductivity curve in gate voltage reflects
the shift in threshold voltage with substrate bias.
It is instructive to obtain the total number of
electrons in the inversion layer (N,Nv) corre-
sponding to the conductivity peaks. This can be
obtained from the equation

qN~ =Co(Vg —Vr), (l)

where V~ is the gate voltage, V~ is the threshold
voltage, q is the electronic charge, and C, is the
oxide capacitance. A plot of N~ as a function of
substrate bias is shown in Fig. 2. N~ is also
seen to decrease and eventually to saturate with
negative substrate bias.
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FIG. 2. Inversion-layer carrier density at the gate
voltage corresponding to the conductivity peaks as a
function of substrate bias.

All of these results may be interpreted in terms
of an oxide-charge-induced impurity level which
occurs within the band tail. This type of bound
state has been discussed theoretically by Stern
and Howard. ' Our results are consistent with
their lowest-lying bound state associated with
the lowest sub-band.

Several of the results deserve further comment.
The change in the separation E, -E; with oxide
charge is particularly interesting. For an im-
purity level we can assume that, neglecting chang-
es in the screening, the effect of increasing N„
is to increase the number of states in the level,
but to leave E, essentially constant. Therefore,
we can interpret the decrease of E, -E, with in-
creasing oxide charge as a shifting of the mobil-
ity edge further into the band tail.

The conductivity within the oxide-charge-in-
duced impurity band probably proceeds via a vari-
able-range hopping mechanism since the density
of states is still too low for extended-state band
conduction and the T ' ' law is observed experi-
mentally. As the mobility edge moves closer to
the impurity level the slope of the lno-versus-
T ' ' curves becomes smaller, indicating that
the hopping is becoming easier. If the oxide-
charge density can be increased enough without
other effects such as sodium-ion agglomeration
becoming important, the mobility edge should be
seen to pass through the oxide-charge-induced
impurity level.

The substrate-bias effects shown in Figs. 1 and
2 can be explained by considering the effect of
substrate bias on the electrons. Negative sub-

strate bias has the effect of increasing the band
bending at the surface and forcing the electrons
closer to the surface. This causes the electrons
to feel the ion electrostatic potential more strong-
ly and causes an increase in the binding energy.
The inversion-layer charge densities shown in
Fig. 2 consist of a part due to the oxide-charge-
induced impurity level and a part due to the band
tail. The decrease in N~ with negative sub-
strate bias can then be interpreted in ter ms of
the increase in binding energy of the impurity
level relative to the band tail. Saturation of both
N~ and the conductivity occurs when the oxide-
charge-induced impurity level is split off from
the band tail. N»~ is then a measure of —,

' the
number of states in the impurity level (since N~
is measured between the bottom of the level and
the midpoint). In this way, the total number of
states in the impurity level is determined to be
7.8x 10~' cm"' which is nearly equal to the oxide-
charge density (N~ = 7.2x 10"cm ').

We have shown that an oxide-charge-induced
impurity level exists in n-channel silicon inver-
sion layers. This level is distinct from the band
tail and the associated wave functions are prob-
ably very different from those of the band-tail
states. Both the number of states and their FWHM
dependence suggest the Na'-ion origin of the
states. It would be instructive to look for the ab-
sence of such states in p-channel devices where
a repulsive Na+-ion potential will not produce the
same type of bound state.
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