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Acoustic-phonon runaway and impact ionization by hot electrons in silicon dioxide
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We present model calculations for high-field electron transport in silicon dioxide based on recently
measured energy-dependent electron-phonon scattering rates and impact ionization rates. We find a

hot-electron runaway phenomenon in SiO,, “‘acoustic-phonon runaway.

"

This phenomenon occurs at

electric fields exceeding 7 MV/cm, when acoustic-phonon scattering can no longer stabilize the hot
electrons. A fraction of the electrons are accelerated in the electric field to energies high enough to
generate electron-hole pairs by impact ionization. Simulated hole currents due to high-field impact
ionization in SiO, gate oxides with thicknesses greater than 200 A agree well with measured substrate
hole currents in n-channel field-effect transistors. This suggests that these currents are due to holes

generated by hot-electron impacts in the gate oxide.

Since the direct observation of strong electron heating
in SiO; in the early 1980’s, the concept of impact ioniza-
tion has largely vanished from the literature of high-field
studies in SiOQ,. There are two reasons for this. First, Di-
Maria et al. have shown experimentally that the average
energy of hot electrons does not exceed 6 eV even at fields
as high as 10 MV/cm.' Such an energy stabilization has
been theoretically explained by Fischetti in terms of a rap-
id increase of the acoustic-phonon scattering rate with in-
creasing electron energy.? The discovery of this efficient
scattering process at higher energies superseded older
models, in which only longitudinal-optical (LO) phonons
served to stabilize the electron energy distribution.
Second, DiMaria and Stasiak® discovered that hot elec-
trons with energies as low as 2 eV produce both positive
and negative charge in the bulk and at the interfaces
of metal-oxide-silicon (MOS) structures. This finding
showed that positive charge buildup in the oxide (or at in-
terfaces) is not in itself necessarily a signature of impact
ionization. Theoretically, the problem of impact ioniza-
tion was tackled by many authors.* 7 Difficulties, howev-
er, arose from the fact that the energy dependences of nei-
ther the electron-phonon scattering rates nor the impact
ionization rate were known and unambiguous predictions
of impact ionization at high fields and its observable
consequences could not be made. However, recently
developed zero-field electron transmission techniques have
now been used to perform direct measurements of the
phonon scattering and impact ionization rates as a func-
tion of electron kinetic energy, including energies of the
order of the band-gap energy and above.®*™'" This is an
energy range crucial for calculations of electron-hole pair
generation by impact ionization under high-field stress.

In this paper we investigate the implications of these
measured electron-phonon scattering and impact ioniza-
tion rates for high-field electron transport in SiO,. We
extend the model of Fischetti>'? so that the theoretical
scattering rates agree with the measured rates. We solve
the Boltzmann transport equation within this model via
Monte Carlo integration. Our simulations reveal an
electron runaway phenomenon— “‘acoustic-phonon run-
away”—at electric fields above approximately 7 MV/cm.

4

Acoustic-phonon runaway occurs when the electron
scattering with acoustic phonons becomes too weak to sta-
bilize the electron distribution at subband-gap energies
and electrons accelerate to energies high enough to cause
electron-hole pair generation by hot-electron impact. We
show below that acoustic-phonon runaway is the control-
ling process for impact ionization in SiO,. Quantities
describing the average electron behavior are insensitive to
the runaway phenomenon itself. However, strong experi-
mental evidence for acoustic-phonon runaway can be
found by measuring the hole current produced by high-
field-induced impact ionization in the gate oxides of field
effect transistors (FETs).

We describe the electron motion in our study by assum-
ing a single valley band structure with the extended zone
scheme.>!* The scattering rates for acoustic-phonon
scattering and impact ionization used are in quantitative
agreement with those measured by hot-electron transmis-
sion through thermal oxides.®*”'' At low energies, the
measured acoustic-phonon scattering rates are in good
agreement with values calculated within first-order time-
dependent perturbation theory,”'? using a value of 6 eV
for the acoustic deformation potential. This value has also
been shown to account for the experimentally observed
energy stabilization of the hot electrons at average ener-
gies of 2-6 eV at high electric fields.! The transmission
experiments indicate a maximum in the acoustic rate
below 8-eV kinetic energy and show a gradual decrease
above 8 eV. The decrease at high energies is due either to
a decrease in the density of states, or to a decrease in the
deformation potential, or both. At the present time it is
not possible to determine which of these phenomena is
occurring due to a lack of reliable knowledge about the
band structure at high energies. In our formalism the
density of states increases at high energies in the manner
prescribed by Fischetti,” but the deformation potential is
set to zero for phonon wave numbers above 2.35
x10'"m ~'. This choice is not based on a rigorous theory,
and is therefore not unique; however, it forces good agree-
ment between the model and the measured scattering
rates. LO-phonon scattering is treated in the Frohlich ap-
proximation using optical constants as given by Lynch.'*

1477 © 1992 The American Physical Society



RAPID COMMUNICATIONS

1478 D. ARNOLD, E. CARTIER, AND D. J. DiMARIA 45

Finally, the impact ionization rates are obtained from
direct measurements, and parametrized using the Keldysh
formula.'s We use a prefactor of 1.3x 10" sec ™' and set
the threshold energy to the band gap, 9 eV. This parame-
ter set reproduces the x-ray photoemission data.® ™' It
should be pointed out that this formula is not rigorously
justified here, but is simply used as a convenient function
to fit the measured ionization rate. This point is often
overlooked in the semiconductor transport literature
where the Keldysh formula has been routinely applied to
complicated model band structures for which it is not
strictly valid. In Fig. 1, we show a compiled summary of
all scattering rates in terms of the total energy and
momentum relaxation rates. The energy (momentum) re-
laxation rate is defined in the usual manner as the change
in energy (momentum) with respect to time divided by en-
ergy (momentum). The interplay of these two relaxation
rates allows a clear cut distinction between the various
transport regimes in SiO» and the related runaway
phenomenon. The rapid decrease of the energy relaxation
rate above the energy of the dominant LO-phonon mode
(153 meV) gives rise to the well-known phenomenon of
“LO-phonon runaway.” Upon entering the LO-phonon-
runaway regime at fields above 2 MV/cm, the electrons
gain more energy from the field than they lose to the lat-
tice via LO-phonon emission and they are rapidly ac-
celerated until they reach energies in excess of 2 eV. At
energies of 3-6 eV, the momentum relaxation rate in-
creases sharply, due to quasielastic, isotropic (acoustic)
scattering, while the energy relaxation rate stays approxi-
mately constant because of the small energies involved in
acoustic scattering. In this dispersive transport regime,
large-angle scattering strongly enhances the path length
in the solid compared to a straight flight in the field direc-
tion and therefore the number of emitted LO phonons
rapidly increases with this increasing momentum relaxa-
tion rate. The electron energy distribution is again stabi-
lized at average energies of 2-6 eV over a wide range of
applied electric fields.! This stabilization process cannot
hold for arbitrarily high fields, however, since the momen-
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FIG. 1. Hot-electron energy (solid line) and momentum

(dashed line) relaxation rates in SiOs vs electron energy at room
temperature.

tum relaxation rate is now known to decrease above about
6 eV, while the energy relaxation rate is fairly constant up
to the threshold for impact ionization (=9 eV). Run-
away from the acoustic phonons is expected at even higher
fields, leading to impact ionization and a restabilization of
the energy distribution by the strong energy relaxation in-
volved in this process.

Porod and Ferry have reported an alternative model
which includes satellite valleys in the band-structure mod-
el and emphasizes intervalley scattering.'® More re-
search, both experimental and theoretical, is required to
determine which model, or combination of models, is most
appropriate. However, a version of the multivalley model
which quantitatively reproduces the x-ray photoemis-
sion® ' data will likely yield energy and momentum
scattering rates qualitatively similar to those in Fig. 1. In
this case a phonon runaway phenomenon at energies of a
few electron volts will still be observed, even if the
relevant scattering mechanism is intervalley scattering.

In order to quantify this electron runaway phenomenon,
we have calculated transient and steady-state electron en-
ergy distributions for oxide films with thicknesses up to
1000 A and applied electric fields of up to 15 MV/cm.
Typical simulated electron energy distributions are shown
in Fig. 2. These distributions were obtained by averaging
10000 sample electrons over a 500-A-thick film, which
yields an adequate representation of steady-state energy
distributions. The figure illustrates rapidly increasing
high-energy tails extending well beyond band-gap ener-
gies with increasing electric-field strength. Above 7
MV/cm, acoustic scattering is too weak to stabilize the
energy distribution below the maximum in the momentum
relaxation rate, and the electrons escape to energies high
enough to cause impact ionization. However, acoustic
runaway is largely masked by the high-energy losses in-
volved in impact ionization. An electron initiating an im-
pact ionization event gives up most of its kinetic energy
and becomes part of the distribution in the dispersive
transport regime. Thus, there is a steady stream of elec-
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FIG. 2. Simulated electron energy distributions in SiO» using
the rates shown in Fig. 1. The distributions are averaged over
an oxide thickness of 500 A for oxide fields between 5 and 11
MV/em.
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trons to energies above 9 eV even though most of the elec-
trons at any given time are below this energy. Only be-
cause impact ionization has a soft threshold do the high-
energy tails extend beyond band-gap energies. Such ener-
gy tails in the electron distribution extending to energies
of 20 eV have been observed using vacuum emission tech-
niques.'” The strong energy relaxation accompanying im-
pact ionization (see Fig. 1) thus renders quantities
describing the average behavior of the hot electrons in-
sensitive to acoustic runaway. For example, average ener-
gies calculated from the simulated distributions do not
show any obvious change due to acoustic runaway. This is
consistent with the measured average electron energies up
to fields of 10 MV/cm.'

We have performed measurements of substrate hole
currents in n-channel silicon field effect transistors which
provide a direct observation of hole generation by hot-
electron impact in SiO, after acoustic runaway. In these
measurements, a positive voltage is applied to the gate
with respect to the FET channel. There is a negative
built-in potential at the substrate with respect to the chan-
nel due to the induced p-n junction. Electrons are injected
into the SiO, gate from the channel via Fowler-Nordheim
tunneling. These electrons are supplied by the source and
drain contacts which are both grounded. When, as de-
scribed above, the oxide electric field exceeds about 7
MV/cm, impact ionization transpires in the oxide. The
holes produced by impact ionization move towards the sil-
icon substrate and are collected as a Si substrate current
and thus provide a measure for the number of impact ion-
ization events in the gate oxide. The ratio of the substrate
and the channel current, a=I,/I., is then simply the
number of impact ionization events in the gate per inject-
ed electron, provided that all holes are collected and no
other mechanism contributes to the substrate current. In
Fig. 3, we show measured current ratios in FETs with ox-
ide thicknesses ranging from 245 to 957 A. Our data are
consistent with similar measurements reported earlier by
a number of researchers.'® ™% In the thickness range
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FIG. 3. Measured (curves) and calculated (symbols) values
for the ratio of the substrate current to the channel current in
n-channel FET as a function of oxide field. Results are shown
for oxide thicknesses of 245, 517, 670, and 957 A.

shown in Fig. 3, a depends only on the average field in the
gate oxide and is relatively insensitive to the degree of in-
terface and bulk charge buildup or to the fabrication con-
ditions of the FETs. Two major sources of spurious hole
currents are generation-recombination centers in the sil-
icon and light emission from hot-electron relaxation in the
gate which in turn may lead to electron-hole pair genera-
tion in the substrate. We have measured these contribu-
tions independently. They are found to be small com-
pared to the total hole current, except for the 245-A sam-
ple. A constant contribution of 1073 due to the above
spurious sources was subtracted from a.

We have calculated the number of holes generated by
impact ionization per electron injected into SiO, gate in-
sulators using the Monte Carlo method described above.
The comparison of calculated (symbols) and measured
(lines) current ratios in Fig. 3 shows excellent, and before
this work unexpected agreement between the two. Once
an electron escapes from the region of strong acoustic
scattering to energies of the order of the band gap, it is
rapidly accelerated to energies sufficient to create an
electron-hole pair. This renders the calculation more sen-
sitive to the absolute magnitude of the acoustic rate than
to the impact ionization rate itself. It is this acceleration
to the threshold energy for impact ionization which is the
rate limiting process, not the rate of impact ionization
once the threshold energy has been attained. Our model
not only predicts good absolute current ratios in the
steady-state regime, but it also yields a thickness depen-
dence which is consistent with the experimental data. At
fields above 7 MV/cm, an oxide thickness of about 300 A
is required in order to allow the electron distribution to
evolve from the injected Maxwellian into the steady-state
energy distribution with fully developed high-energy tails.
Due to this heating transient, the hole current is found to
turn on rapidly over an initial thickness range of about
300 A. This trend is shown by the experimental data in
Fig. 3. Only at thicknesses above about 500 A does a
scale with oxide thickness 1y, as a =Pt 1, where B(F)
is the field-dependent impact ionization coefficient. It was
not previously clear that the measured thickness depen-
dence is consistent with impact ionization. Our calcula-
tions now show that the rapid onset of the hole current
with increasing film thickness (at a constant field) can be
quantitatively attributed to the spatial transient in the
electron heating.

The calculated hole currents are very sensitive to the
chosen absolute values of the momentum relaxation rate
above 6 eV. Therefore, the limited accuracy of the zero-
field transport experiments®”'' leaves the calculated
current ratios uncertain within about a factor of 2. The
uncertainties in the calculated current ratios due to the
experimental uncertainties of the impact ionization rate
are less critical. This is a consequence of the nature of the
rate limiting step for hole production, which in the run-
away scenario is the acceleration of the hot electrons out
of the dispersive transport regime at around 6 eV of kinet-
ic energy up to the threshold energy. For this reason, com-
parison of the calculated and measured substrate hole
currents provides a sensitive means to fine tune the
acoustic-phonon scattering rates in our model.
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In conclusion, we have shown that the recently reported
values for the acoustic scattering rates and impact ioniza-
tion rates®* ! imply the existence of a quantitatively
high-field-transport phenomenon in SiO,, acoustic-phonon
runaway. This phenomenon is shown to be the controlling
mechanism for impact ionization. Strong evidence for
acoustic-phonon runaway was obtained from the quantita-

tive prediction of substrate hole currents due to high-field
impact ionization in gate oxides of n-channel FETs.
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