
PHYSICAL REVIEW B VOLUME 41, NUMBER 12 15 APRIL 1990-II

Hysteresis and Franck-Condon relaxation in insulator-semiconductor tunneling
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We analyze electron tunneling between semiconductor bands and insulator traps at a
semiconductor-insulator interface in terms of a Born-Oppenheimer model. For insulator traps
which exhibit large electron-phonon interactions this model predicts tunneling processes analogous
to optical Franck-Condon transitions, i.e., tunneling followed by atomic relaxation at the defect.
Such ideas go back to Gurney's treatment of electrolysis, but have not appeared in the current inter-
face literature. We estimate the relaxation energies for a model of the E' center in silicon dioxide
and argue that the hysteresis observed by Zvanut et al. in band-to-trap tunneling in Si-Si02 most
likely arises from such a process, which we call hysteretic tunneling. We suggest that such processes
should occur in other cases involving insulating defects which exhibit large electron-lattice cou-
pling.

I. INTRODUCTION

The important role of the silicon-silicon-dioxide inter-
face in semiconductor devices has made it an active sub-
ject of research for many years. Processes involving elec-
tron and hole tunneling are significant in the science and
technology of this interface. Of particular interest are
"band-to-trap" tunneling processes involving electrons or
holes in the silicon bands and defects in the silicon diox-
ide which are near the interface.

Woods and Williams' conducted an important early
study in which they caused holes to be trapped in the ox-
ide near the interface and suggested that oxygen vacan-
cies were responsible. Many papers have since been writ-
ten on band-to-trap tunneling, from a number of per-
spectives.

Meanwhile, extensive research has been carried out on
defects in bulk silicon dioxide, and on silicon —silicon-
dioxide interface defects. Early electron-paramagnetic-
resonance studies in quartz ' were supplemented by stud-
ies in the bulk silicon dioxide glass and by theoretical
models for oxygen-vacancy defects ' which incorporat-
ed large lattice relaxations of oxygen vacancies in
different charge states. More recently the arguments of
Woods and Williams have been extended. " At present
the native oxide had not been removed. The data were
analyzed in terms of a model in which the traps are locat-
ed at the interface between native and deposited oxide.

Recently Zvanut and co-workers' ' conducted an ex-
tensive study and analysis of band-to-trap tunneling in a
particular Si-SiOz system. The samples were prepared by
sputter-depositing silicon dioxide onto silicon from which
the native oxide had not been removed. The data were
analyzed in terms of a model in which the traps are locat-
ed at the interface between native and deposited oxide.

One significant feature of this study was a strong hys-
teresis observed in filling and emptying the traps during
an isochronal bias stress cycle. Similar effects have also
been observed in p-channel transistors' and dual dielec-

tric memory devices. ' Zvanut and co-workers analyzed
their data on the basis of a single defect and a tunneling
process which involved subsequent atomic relaxations,
similar to Franck-Condon optical transitions at defects in
insulators. ' This process may be called hysteretic tunnel-
ing. The purpose of this paper is to present the theoreti-
cal arguments concerning hysteretic tunneling in some
detail, and to relate these arguments to the level positions
determined theoretically and experimentally in band-to-
trap tunneling.

II. HYSTERKTIC TUNNELING

The notion of hysteretic tunneling associated with the
Franck-Condon principle goes back to a classic paper by
Gurney' on the quantum mechanics of electrolysis. One
ingredient of this process is the neutralization of positive
or negative ions by electron tunneling. In this paper
Gurney argued that for any hydrated positive ion the
neutralization potential is less than the metal work func-
tion, while for a negative ion the neutralization potential
is greater than the work function, owing to the Franck-
Condon principle in the tunneling process.

Later Silsbee put these ideas on a firmer footing in an
analysis of tunneling of molecular defects in insulating
crystals. ' Silsbee argued that the physics of tunneling in
strongly relaxed systems follows exactly the physics of
optical transitions in such systems.

Other papers containing similar notions include the
treatment of oxidation-reduction reactions involving elec-
tron transfer by Marcus, ' a treatment of the photoemis-
sion of electrons from tellurium into sulfur by Williams
and Sanchez Sinencio' and an analysis of inverse-
photoemission spectroscopy at a metal-electrolyte inter-
face by McIntyre and Sass.

It should be noted here that tunneling processes are
often thought to take place slowly, whereas optical tran-
sitions are argued to occur rapidly compared with lattice
relaxation times. Therefore one might be tempted to ar-
gue that a "fast" optical process may be followed by de-
fect relaxation, while "slow" tunneling may occur only
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between two relaxed states (a zero-phonon process). Not-
withstanding that tunneling time is an ill-defined quanti-
ty ' which continues to be subject to controversy, it is im-
portant to note that Gurney-Silsbee-type arguments do
not imply that the tunneling takes place either rapidly or
slowly. The same is true of optical processes; for exam-
ple, the tunneling-recombination luminescence between
distant defects in alkali halides can have a radiative life-
time of hours, while still obeying the Franck-Condon
principle.

The initial and final states involved in tunneling must
be carefully considered. For example, we treat a tunnel-
ing process in which an electron from the valence band of
silicon tunnels to a positively charged silicon dioxide de-
fect, thereby neutralizing the defect. The initial state of
the system, ~I &, is the combination of a filled valence
band of silicon, with appropriate atomic positions, and a
positively charged oxide defect, again with appropriate
atomic positions. This initial state is thermodynamically
well defined in that the atoms are fully relaxed. The state
of the system after tunneling, which we call the final state
~F &, is the combination of a hole in the silicon valence
band and a neutral oxide defect, with some atomic posi-
tions. ~I & and ~F & may be written in Born-Oppenheimer
form as

Ir &
= ly &„, IX &„, ly &„, IX &„,

~I'& —
IW&s;, / ~x&s;,I ~4 &d, / ~X&d, / (2)

Here ~i}}& is an electronic wave function, ~x & a vibration-
al wave function. i stands for the initial state, f for final,
and d for defect.

The tunneling process is energy conserving and the
tunneling operator acts only on the electronic states.
Thus the tunneling matrix element between ~I & and ~F &

involves an electronic matrix element containing the tun-
neling operator, times the overlap of vibrational wave
functions. It is likely that there will be little atomic re-
laxation in the silicon associated with the removal of an
electron from the valence band, so we may assume that
the vibrational overlap between ~x &s;; and ~X &s; I will

be nearly unity. We then concentrate on the vibrational
overlap between ~x&d; and ~x&d t. For vibrational wave
functions associated with atomic coordinates which are
nearly the same in initial and final states, this overlap is
large. When the atomic coordinates are very different,
this overlap is small. The former case represents a transi-
tion with no change in configuration (the Franck-Condon
transition), while the latter case represents a transition
between fully relaxed states (the zero-phonon transition).
In the strong-coupling case the Franck-Condon transi-
tion is much stronger than the zero-phonon transition.

Such effects can be seen readily in a simple one-
dimensional linear coupling model. In this model the
strength of the electron-phonon coupling at the defect is
measured by the Huang-Rhys factor S. S is the number
of phonons (of energy A'rv) emitted after the Franck-
Condon transition takes place, so SAm is the energy
difference between the zero-phonon line and the Franck-
Condon peak. We first suppose that the defect level is
deep within the valence band, that the density of

valence-band states is constant, and that the electronic
tunneling matrix element is energy independent. We also
assume that T=O K, so that there are no phonons associ-
ated with the initial state. Then, in this model, the tun-
neling probability to a state with p phonons excited is
proportional to '8', defined by

w, =(s~e-')yp! . (3)

According to the Franck-Condon principle, the max-
imum probability is associated with p=S. The ratio of
the strength of the zero-phonon transition to that of the
p =S transition is then

m, yW, =S!ys'. (4)

If we consider a case with S=20 as a representative
value for a strongly coupled system, then the ratio in Eq.
(4) equals 2. 3X10 . On the other hand, for a weakly
coupled system (e.g. , S=3) this ratio equals 2. 2 X 10

We now consider a strongly coupled oxide defect
whose unrelaxed (Franck-Condon) energy lies within the
semiconductor band gap but whose relaxed (zero-phonon)
energy lies within the semiconductor valence band. In
the absence of an electrical bias, Franck-Condon tunnel-
ing will not occur since energy would not be conserved,
while energy-conserving tunneling has a low probability
because of the small vibrational overlap. If an appropri-
ate bias is applied which brings the Franck-Condon state
to an energy within the semiconductor valence band,
then the higher-probability tunneling process can occur.

To determine the feasibility of this model, we must
determine the relative probability of the zero-phonon
process versus the Franck-Condon process. Equation (4)
provides the answer if the coupling strength S is known.
S may be estimated from the relaxation energy as the ra-
tio of relaxation energy to a typical phonon energy. Our
calculations of the relaxation energy associated with a
particular defect in the Si02/Si system are discussed in
the following section,

III. ELECTRICAL LEVELS IN HYSTERETIC
TUNNELING

The defect level is a measure of the energy involved in
changing the charge state of a defect when both initial
and final states of the system are in thermodynamic equi-
librium. Thus the energy denoted by E(n/(n+1}) is
defined with respect to the vacuum by

E(n /(n+1}}=E„E„+,, —

where E is the total energy of the relaxed system when
its charge state is m. E(n/(n+1)) may also be defined
with respect to the conduction or valence band edge by
including that energy in Eq. (5).

The occupancy of the defect level in thermodynamic
equilibrium is determined by the chemical potential, or
Fermi energy. If the Fermi energy of the system is below
E(n/(n+1)) but above the next lower level, the charge
state of the defect will be (n+1); similarly, if the Fermi
energy is above E(n /(n+1)) but below the next higher
level, the charge state of the defect will be n.
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As discussed in Sec. II, the tunneling process may not
take the defect directly into the equilibrium state, but
into an unrelaxed state after which vibrational relaxation
occurs. In order to describe both relaxed and unrelaxed
states, we introduce a new notation. We define E„( ] as
the energy of the system in the charge state n and the
equilibrium configuration corresponding to the charge
state m. Then, E„~„] corresponds to the previously
defined E„. When the system is in the unrelaxed state, m
differs from n by +1.

We now apply these ideas to the model which has been
suggested to explain the observed hysteresis in the Si-Si02
system' mentioned earlier. The defect involved is taken
to be a surface-like or "hemi" E' center consisting of a
dangling bond on the threefold coordinated Si in silicon
dioxide. This defect is paramagnetic and neutral when
one electron occupies the dangling bond, and it is di-
amagnetic and positively charged (+1) when the dan-
gling bond is empty. It has been suggested by Zvanut
et al. ' that this defect exchanges charge with the valence
band of silicon.

To analyze this defect we consider the states n(m ), us-
ing the notation defined above. Then 0 (0) refers to the
neutral E' center in its minimum energy configuration.
Similarly, 0(+) refers to the neutral E' center in the
minimum-energy configuration of the positive charge
state; +(0) refers to the positively charged defect in the
minimum-energy configuration of the neutral charge
state; and +(+ } refers to the positively charged defect in
its minimum-energy configuration. The corresponding
energies and their locations on the simple configuration
coordinate diagram of Fig. 1 are E+0] at A, E+~0] at
8, E+(+] at C, and Eo[+] at D. The left-hand well
represents the total energy of the system consisting of a
neutral oxide defect and a hole in the Si valence band.
The right-hand well represents the energy for the posi-
tively charged oxide defect with an electron in the Si
valence band. In this example, the two wells are chosen
to be in alignment under zero applied bias. Under this
circumstance, tunneling between zero-point vibrational
states conserves energy. As shown in Figs. 1(a)—1(c),
states A and 8 and states C and D may be brought into
communication with each other by an applied bias V, .
The charging-discharging process which results is de-
scribed as follows.

During discharging, a bias is applied such that the un-
paired electron of the defect tunnels to the valence band
of Si. This is represented in Fig. 1(b) where the defect
transformation from state A [0(0)] to state 8 [+(0)] is il-
lustrated. Subsequent atomic relaxation reduces the en-
ergy and the defect becomes +(+ ) at C. During charg-
ing, a bias is applied such that an electron from the
valence band of Si tunnels to the defect. This is shown in
Fig. 1(c) where the defect transformation from state C to
D is illustrated. The defect then returns to 0(0), at A,
after reducing its energy by atomic relaxation.

The situation illustrated in Figs. 1(a}—1(d) represents
the most probable tunneling event. The vibrational level
at which tunneling takes place is the one in which the vi-
brational wave-function overlap is maximum, i.e., the
Franck-Condon process. Transitions between other vi-

brational levels are possible with a lower probability, as
described in Sec. II.

Returning to the general case, we redefine the level po-
sition with respect to the vacuum given originally in Eq.
(5) as follows:

E(n ( m }/n '( m ') }=E„( )
—E„,(,)

.

Our case, however, addresses the intermediate levels

E(0(0)/+(0)) =E()(()) E+(())

and

(6)

ta)

(b)

Q

(c)

, 0

A

FIG. 1. Schematic configuration coordination diagrams for a
strongly coupled defect near a semiconductor interface under
the special circumstance that with zero bias, tunneling between
zero-point vibrational states conserves energy. In each case the
left-hand well represents the total energy of the system when the
defect has a positive charge. The 6rst few vibrational levels are
shown. In terms of the energies de6ned in the text, A corre-
sponds to Eo(o}, B to E+(0},C to E+,+, , and D to Eo(+,. Panel
(a) represents the situation of zero bias V„(b) a bias leading to
electron tunneling from the defect to the silicon, and (c) a bias
leading to electron tunneling from silicon to the defect.

E(0(+ )/+(+ ))=E()(+) E+(+)

Thus, when the 0(0)/+(0) level is moved above the
Fermi level the neutral defect is converted by tunneling
to a positive one, and when the 0(+)/+(+) level is
moved below the Fermi level the positive defect is con-
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verted to a neutral one. It is the energy difference be-
tween these two levels, [E++~ E—+~+I] [Ep(pj E +(p)],
which accounts for the hysteretic tunneling of this model
of the process.

We have computed these energies as well as the ther-
modynamic level [0(0)/+(+ )] for a Si&O&2H9 cluster
chosen to simulate the hemi E' center, using the semi-
empirical quantum-mechanical technique MINDO/3 and
its open-shell version MOPN. The results of these calcula-
tions are shown in Fig. 2, where the numbers are comput-
ed relative to the vacuum energy and the experimental
valence and conduction band edges are shown by dotted
lines.

The calculation shows that for a particular defect, the
hemi E' center, the relaxation energy is =0.5 eV. If a
typical phonon energy of =0.02 eV is considered, a
Huang-Rhys factor, S, equal to 25 results, representative
of a strongly coupled system for which the ideas based on
Franck-Condon tunneling developed above are expected
to apply. It is reasonable, then, to interpret the trapping
behavior observed by Zvanut et al. as hysteretic tunnel-
ing.

A further important point should be made: even if the
(energy-conserving) zero-phonon tunneling process is im-
probable, it will eventually occur in the absence of com-
peting processes if one waits long enough. The zero-
phonon tunneling rate depends on the size of the elec-
tronic tunneling matrix element. We again use the nu-
merical illustration of Sec. II, with S=20, as an example.
If the tunneling rate for the Franck-Condon process is 1

sec ', then the corresponding rate for the zero-phonon
process will be =10 sec —1 and this process ~ould
take place on the order of once per year. If on the other
hand the Franck-Condon rate is, say, 10 sec ', then the
zero-phonon rate will be =10 sec ', or once per two
minutes. Thus the measurement time becomes in princi-
ple an important experimental parameter. A sufficiently
short measurement time will eliminate the non-Franck-
Condon processes, whereas a long measurement time will
allow such processes to occur. Then the observed energy
distribution of the defects will broaden, reflecting the oc-
currence of both types of processes.

Furthermore, if the defects are distributed in distance
from the interface, one might find that those closest to
the interface will recombine in the absence of bias
through a zero (or few) phonon process, while those far-
ther from the defect will remain "stable" until a bias is

E=O
Si02 Si

Vacuum

1.0 ev Conduction
Band

0(,)„(,) -478ev

0(0)(+(0)
Q(0)/+(+)

Valence
Band

FIG. 2. Level positions computed for a hemi E' center as de-

scribed in the text. Shown in dotted lines are the experimental
conduction and valence-band edges for silicon and for silicon
droxrde.

We have argued that the hysteresis observed in band-
to-trap tunneling in a silicon —silicon-dioxide system by
Zvanut and co-workers' ' can be explained by a
Franck-Condon process in which electron tunneling is
followed by atomic relaxation at the defect. We expect
this description of band-to-trap tunneling to be valid in
other cases which involve insulator defects with large
electron-lattice coupling. Thus, for example, the origin
of hysteresis observed in p-channel transistors' and dual
dielectric memory devices' deserves further considera-
tion.
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applied. Were one to measure the recombination as a
function of time in the absence of bias, one should see a
nonexponential decay similar to that observed in tunnel-
ing recombination of alkali halides.
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