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Abstract

An empirical model of radiation-induced interface
states at the SiO2/Si interface in SiO2 MOS capacitors
is developed. The formulation explicitly addresses
the time-dependent two stage nature of the buildup
process, and it gives the mathematical dependencies of
the experimentally observed buildup on time, field,
temperature, and dose. The model is applied to both
wet and dry grown oxides. The implications of the
empirical model for microscopic mechanisms involved in
the buildup are discussed. In particular, it is
argued that the experimental observations can best be
understood in terms of a positive ion (probably H+)
release in the SiO2 bulk and the subsequent transport
of the liberated ions to the SiO2/Si interface (for
positive gate bias). The induced interface states
result from an interaction of the ions at the inter-
face.

Introduction

Radiation-induced interface states at the SiO2/Si
interface in MOS structures continue to be an import-
ant technological problem, sometimes deleteriously
affecting device performance after exposure to ioniz-
ing radiation. In other instances, however, these
states are responsible for improving the radiation
tolerance of MOS devices by reducing threshold shifts
via negative charge compensation for trapped positive
oxide charge. In addition, large variations in the
magnitude of interface state buildup have been
observed in oxides with different processing histories.
Clearly, it is desirable to obtain some basic under-
standing of the generation process. In spite of con-
siderable attention addressed to this problem, however,
still little is known about the microscopic mechanisms
of the buildup.

In recent years, a great deal of empirical infor-
mation about the buildup of interface states has been
obtained.1-5 It has been found to be a complex time-
dependent process involving two separate stages. The
first stage, which occurs during the time (< ls) re-
quired for radiation-generated holes to transport to
the SiO2/Si interface under positive bias, determines
the final or saturation value of interface states and
was found to be field dependent and temperature inde-
pendent. This stage depends critically upon some
interaction of the holes as they traverse the oxide
film. The second stage, which begins after the holes
have reached the Si02/Si interface and continues for
thousands or even tens of thousands of seconds at room
temperature, determines the time scale for the buildup
and was found to be both field and temperature depen-
dent. The buildup is observed4 only if positive bias
is maintained on the gate during the entire buildup
process. Switching to negative bias after the trans-
port (first) stage is over but during the buildup
stage inhibits further interface state growth, and if
the bias is switched negative for some period of time
and then back to a positive value, the saturated
interface state density is reduced below the value
obtained if positive bias is maintained throughout the
process.

These observations were initially reported in
radiation-hardened wet and soft-dry oxide capacitors.
Recent results6 on hard dry oxides indicate that the
same mechanisms are responsible for the interface
state buildup in both wet and dry oxides, the major
difference being only that the magnitude of the buildup
is much smaller in the hardened dry as compared to the
hardened wet oxide, the difference presumably reflect-
ing different amounts of water incorporated in the
oxide during processing. This result suggests that a
water related specie or defect plays a principal role
in the buildup process.

Therefore, evidence exists that two key factors
involved in radiation-induced interface states are (1)
an interaction of the radiation-generated holes in the
oxide film, and (2) the role of a water related specie
or defect. Two previous attempts have been made to
combine these factors in a model of radiation-induced
interface states. Sah7 in 1976 proposed that the holes
under positive gate bias interacted in the interface
region to break weak Si-OH bonds, freeing OH- radicals
to drift toward the gate, leaving behind dangling Si
bonds, which resulted in interface states. However,
the two-stage character of the buildup cannot be under-
stood with this model, especially the long term genera-
tion process continuing long after the hole transport
is complete. In 1978 Svensson,8 based on previous work
of Revesz,9 postulated the essence of a possible two
stage process, namely, that transporting holes broke
Si-H bonds in the bulk of the oxide film leading to
positively charged trivalent Si centers in the bulk and
neutral interstitial hydrogen atoms which were free to
diffuse away. Svensson then suggested that the atomic
hydrogen which diffused to the interface reacted with
Si-H bonds in the interface region to produce molecular
hydrogen, H2, and dangling Si bonds, which as in the
Sah model, resulted in the creation of interface states.
Although this model does involve a two stage process
for the generation of interface states, it fails to
explain the field and polarity dependencies of the
second stage. In particular, it fails to explain how
the field during the second stage affects the time
scale for the buildup and how reversing the bias polar-
ity inhibits further interface state generation.

In this paper, we first draw together the experi-
mental results in an empirical model of the two-stage
process which gives the mathematical dependencies of
the interface state buildup on time, field, temperature
and dose. Then with the empirical model as a guide, we
discuss possible microscopic models of the buildup pro-
cess. By combining the implications of the empirical
model with some of the earlier ideas concerning inter-
face state production, we develop a framework in which
it is possible to understand the experimental observa-
tions in a consistent manner.

The Empirical Model

The two stage character of the buildup process can
be succintly expressed by the expression:

AN s(t) = NSs (El,D)f(t/T).
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Here, the change in interface state density as a func-

tioIn of time, AN (t), is written as a product of two

expressions, the saturated values of N at long time,
00 ~~~ ~ ~ ~ ~ ~ ~ ~

N s and a time dependent function, f(t/T), which

approaches unity at late time. The densities AN and
ss

NSs in eq. 1 represent integrated values of the inter-

face state distributions over a selected energy inter-

val in the Si bandgap. The saturation value N' is
Sss

determined solely by the first-stage process, during
the time that the holes transport through the oxide
film, and is a function of dose D and of the field El
applied during the first stage, but is independent of
temperature. The time dependence of the buildup is

contained in the "second stage" function f(t/T), where

the time scale T(T,E2) depends on the temperature, T,

and field, E2, applied during the long-term buildup
stage, and not on the field or temperature during the

first stage.

The explicit dose and field dependence of the

"first stage" function N is given by
Sss

Ns (E1,D) = AD2/3 exp(SEll/2). (2)

The functional dependencies are the same in both wet

and dry oxides,6 although the numerical constants vary

between oxides. The rather unexpected 2/3 power law
dependence on dose has been observed6 to apply to a

number of different oxides (both wet and dry, hard
and soft) over almost three orders of magnitude in dose
with no apparent saturation with dose. The exponential

dependence of N onES/2 is evident from the semilog

plot of N vs Eli2 shown in Fig. 1 for both hard wet
ss

and dry oxides for 5 Mrad(SiO2) 60Co irradiation. For
the dry oxide the data were replotted from ref. 6; for
the wet oxide the data from ref. 3 for a 0.8 Mrad
(SiO2) irradiation was utilized but scaled to a 5 Mrad
(SiO2) dose level. In both cases the data were

adjusted to account for the field dependent yield of

holes,10 i.e., adjusted to a constant number of radia-
tion-generated holes. The numerical values of the
constants A and 6 in eq. 2 arelisted below.

A (cm-2 Mrad-2/3)

S (MV/Cm)-1/2

Wet

4.6 x 1010

1.32

Dry

2.0 x 1010

0.89

Although for a fixed dose, N is determined by

the field during the first stage, N (t) does not

achieve the saturation value until long times after

the radiation pulse. At room temperature and for

positive bias polarity the interface states begin to

be manifested typically in the range from 0.1 to 1.0 s

after the pulse and continue increasing in approxi-
mately logarithmic fashion until saturation occurs at

thousands to tens of thousands of seconds. Hence, for

positive bias the second stage time-dependent function

can be expressed approximately as

f(t /T) = b ln (1 + t/T) (V > 0) (3a)

for t less than the time ts at which saturation

occurs. The factor b is chosen so that f(t/T)->l as

t -> t , i.e., b = l/ln(l + t kT). For negative bias

polarity,

f(t/'r) = 0 (V < 0). (3b,
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Fig. 1. Field dependence of final interface state

density for radiation hardened wet and dry oxides.
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Fig. 2. Second-stage activation energy analysis for
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The important quantity of interest associated
with the second stage is the time scale T for the
buildup. T has been found to be both temperature and
field activated and can be described by the expression

T = T exp (A/kT - aE2), (4)

where A is an activation energy, k is the Boltzmann
constant, and T0 and a are constants. We illustrate

this behavior with an analysis of the time-dependent
data as a function qf temperature and field in a
hardened wet oxide3'5. As a convenient measure of the
time scale for the buildup, we take the time t1/2 at
which half the final, or saturated, interface state
density is reached. In fig. 2 we show an "Arrhenius
plot" of log t1/2 vs reciprocal temperature for the
temperature range 273 to 323 K at a constant applied
field of 4 MV/cm. From the slope of the straight line
fit to the data an activation energy of 0.82 eV is
obtained. In fig. 3 log t112 is plotted against
applied field between 2 and 6 MV/cm at room tempera-
ture. The exponential dependence of tj/2 on field is
evident, and a value a = 0.51 (MV/cm)- is obtained for
the slope. Finally, using the room temperature value
of t1/2 along with the 0.82 eV activation ener y
determined from fig. 2, we obtain T = 2 x 10- s for

the pre-exponential factor of eq. 4 associated with
the half buildup time.

A similar analysis of the buildup time in hard-
ened dry oxides has not been performed due to the
difficulties in producing observable change in NSs
with pulsed LINAC irradiation at sufficiently low dose
to avoid problems associated with space charge and
heating effects. Only with a different experimental
approach is it possible to observe a time-dependent
interface-state buildup in the hard dry oxides.6 But
because such a time-dependent behavior is observed,
which is qualitatively similar to that observed in wet
oxides, and because the same dose and field dependen-
cies of the saturated interface state density are
observed in both hard wet and dry oxides, it is rea-
sonable to assume the same mechanisms are involved in
the buildup in both cases. Hence, one expects similar
behavior for the time scale of the buildup in the dry
oxide as expressed by eq. 4, but with perhaps differ-
ent values for the constants.

Discussion: Implications for Microscopic Processes

It is clear from the empirical model of the
interface state buildup that rather complex micro-
scopic mechanisms must be involved in the process. We
will now discuss the implications of the empirical
model with regard to the first and second stages in
turn, followed by a somewhat more speculative dis-
cussion of possible microscopic processes occuring at
the interface.

A. First-Stage Process

Consider first the field dependence of the first
stage, i.e., of the saturated interface state density
(see Fig. 1 and eq. 2). The exponential dependence on
the square root of the field is a classic signature of
charge ejection over a field reduced coulomb-like
(h/r potential) barrier, i.e., the Schottky effect.
This would suggest as a possibility for the first
stage process some interaction of the holes in which
an ionic charge is released. The fact that the first
stage is temperature independent indicates that ther-
mal energy is insignificant in the process, i.e.,
essentially all the energy for bond breaking and ion
release is derived from the transporting holes.

One envisions a process in which a hole makes a
transition to a localized trap site adjacent to or

involving a weakly bonded ion impurity, where the
initial overall charge state of the impurity complex
is neutral. In the light of what is known about hole
transport in SiO2, 11'- a broad distribution of ener-
gies with an average in the range from 0.5 to 1.0 eV
is expected to be deposited locally whenever a hole
undergoes either a polaron hopping transition or a

trapping event. (In a small fraction of transitions,
such as for a long hop at high fields, the amount of
energy transfer can be significantly higher than the
average.) The ion is then liberated by the sudden
localized energy excitation. If the released ion has
positive charge (see below) then the interaction prob-
ably involves a charge transfer process in which the
hole is annihilated by an electron initially involved
in bonding the ion, and the positive charge is then
carried by the ion. The defect site remains in a neu-
tral charge state.

The question now arises as to where the first-
stage (ion release) process occurs, i.e., whether at
the SiO2/Si interface or in the SiO2 bulk (or at least
extended into the bulk from the interface). Based on
the observations that positive bias must be applied to
the oxide in order for interface state buildup to
occur,4 it was our feeling until recently that the
first stage was associated with an interaction of the
hole flux at the interface. However, recent further
field switching experiments15 indicate that this is
not the case. Table I shows the effect of gate bias
polarity during the first and second stages on the N

buildup. The first three lines summarize the data
base previously available.4 The recent experimentsadded the case where a negative gate bias was applied
during the hole transport (first) stage, but then the
polarity was switched positive at -ls and maintained
until -104s. The result (line 4 of Table I) was that
NSs buildup was observed in this case and indeed was

comparable in magnitude to the case where bias was
maintained positive throughout. Since, in the case of
negative polarity during the hole transport phase,
essentially all the holes are removed at the gate,
these results strongly imply that the first stage
interaction occurs in the bulk of the oxide film.
Furthermore, the final number of interface states is
directly related to the number of ions released during
the first stage, and this number is determined by the
magnitude (but not polarity) of the field applied
during the hole transport.

Table I. Effect of Gate Bias Polarity on N Buildup

Gate Polarity
1st Stage

(O-ls)

2nd Stage
(10° - 104s)

+ +

NSs Buildup

Yes

No

+ No

+ Yes
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B. Second-Stage Process

With the first-stage process apparently being
that of ion release in the bulk, the interpretation of
the long term buildup stage becomes evident. It is
simply that of a field-assisted ionic transport to the
interface, with a subsequent interaction of the ions
at the interface which produces the observed interface
states. From Table I the important polarity condition
for NSs buildup is positive gate bias during the
second, long-term buildup stage. This then argues for
a positively charged ion specie, which would drift
toward the Si interface under positive bias. It is
reasonable to assume that the ion is H+, since hydro-
gen is expected to be relatively mobile in SiO2 at

room temperature and since the difference between Nss
buildup in hardened wet and dry oxides appears to be
only one of magnitude. However, based on electrical
measurements alone, other positive ions such as Na+
cannot be ruled out completely. For the purpose of
this discussion we will assume the ions to be H+.

In the light of the present discussion, let us

consider the earlier field switching experiments,4
which demonstrated the inhibiting effect of a negative
field across the oxide during the buildup stage. The
field switching data for a wet oxide subjected to 0.6
Mrad (SiO2) LINAC irradiation, consisting of a series
of pulses completed within a time interval of 0.1 s,
is shown in Fig. 4. Curve A shows the N5s buildup for

a positive field of 4 MV/cm applied throughout the

experiment, for which the maximum interface state

generation is observed. Curve E shows the result when
the bias is maintained negative during and following
the irradiation; no measurable NSs buildup is ob-
served. In curves B,C, and D a positive field of 4

MV/cm was applied during the irradiation and hole

transport period. The bias polarity was then reversed
at 0.8 s and maintained negative until 20, 200 and

2,000 s for B, C and D, respectively, at which times

the bias was returned to positive polarity. The
inhibiting effect of a negative field across the oxide

during the buildup stage is evident, and the explana-
tion is simply as follows. As long as the gate bias

is positive during the buildup process (curve A), the

positive ions drift toward the Si interface with

subsequent appearance of NSs; but if the bias polarity
is reversed (curves B,C,D) further N5s production is

inhibited as the remaining diffusing ions now drift

back into the bulk. Furthermore, depending on the

length of time the bias remains negative, a certain
fraction of the ions will make it to the gate and be

trapped or removed from the oxide there. Hence, when

2.0

E
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-

z 1.0

10 1 100 101 lo2

TIME(s)

the bias is switched positive again, Ns5 approaches a
lower final density, the reduction being greater the
longer the time period of negative bias polarity. If
the bias is kept negative for the time required for
all the ions to transport through the film, then no
further Ns5 generation is observed. This is the case
for curve D and it is evident that this time
(. 2000 s) is approximately the same as the time re-
quired for NSs to achieve saturation with positive
bias maintained throughout (curve A). This is cer-
tainly consistent with a bulk process (ion diffusion
and drift) determining the time scale for the buildup.

If the time scale is indeed related to a field
assisted thermally activiated ionic transport process,
then it should be possible to express eq. 4 as

T = To exp[(A0 - eaE/2)/kT], (5)

where A is the zero field activation energy for
diffusion, a is an average hopping distance in the
field direction, and a high field regime is assumed,
i.e., eaE/kT > 1. Unfortunately, there is insuffi-
cient data at present to rigorously substantiate eq.
(5), as the activation energy analysis was done for
only one field value and the field dependence was
determined at only room temperature. But if we assume
the validity of eq. 5, we find from the measured slope
of fig. 3 a hopping distance of a = 2.6 A, and 0.87 eV
for the zero field activation energy. An average
hopping distance of 2.6 A is very reasonable. Indeed,
this is precisely the average distance between nearest
neighbor oxygen atoms in amorphous Sio2. One may well
expect that H ions would tend to temporarily bond to
the lone pair, non-bonding p orbitals on the 0 atoms
between hops and hence transport by hopping between
nearby 0 atoms. This bonding may also explain the
considerably higher activation energy A = 0.87 eV)
observed here than that commonly quoted ?or diffusing
neutral atomic hydrogen in Sio2 (-0.3 eV). However,
the higher activation energy found here lies within
the range of activation energies (0.70 - 0.92 eV)
observed16 in a detailed study of proton transport in
a number of SiO2 films. We may also note that the

pre-exponentialliactor that was determined for eq. 4-13
(T = 2 x 10 s) is reasonable for ionic transport;
it is about a factor of 10 larger than the period
associated with the optical phonon vibration in SiO2.

The approximate logarithmic buildup of NSs with
time follows simply from the dispersive nature of
diffusive ionic transport, with the ions being re-
leased throughout the SiO2 bulk. The buildup is gen-
erally observed to occur over about three decades in

A

Fig. 4. Effect of reversing polar-
ity of applied field across oxide at
varying times for hardened wet-oxide
capacitors, illustrating inhibiting
effect of negative gate bias on NSS
buildup during second stage. The
magnitude of the field was 4 MV/cm.

AOc Curve A: positive gate bias polar-
ity throughout; Curve E: negative
polarity throughout; Curves B, C, D:
gate bias initially positive, but

o0____C___0 D polarity reversed at 1 s and then
switched back to positive at 20,

E 200, and 2000 s, respectively.

lo 104
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WET OXIDE
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time. (See curve A of fig. 4). This spread in time
is directly correlated with the number of hops re-
quired for an ion to transit the entire film
(- 400), which corresponds to the saturation time for
the buildup, whereas the buildup begins at times
comparable to a single hop time (for ions released in
the immediate vicinity of the interface).

Because no tendency toward saturation with dose up
to 20 Mrads (SiO2) was discernible in either the hard
wet or dry oxides, we are unable to estimate the
initial concentration of hydrogen in our Sio2 films.
Lower bounds on the concentrations necessary to ex-
plain the experimental observations over the dose
range studied are 1 x 1019 cm-3 and 2 x 1018 cm-3 in
the wet and dry oxides, respectively. But these are
lower bounds only; the actual concentrations may be
significantly higher. (See ref. 9.)

We may summarize at this point with the statement
that a great amount of the empirical information
obtained from the electrical measurements of radia-
tion-induced NSs can be understood simply on the basis
of a positive ion release in the bulk by hole trans-
port and the subsequent field-induced drift of the
ions to an interface. This, of course, agrees with
the essence of the model proposed by Svensson8 with
the modification that hydrogen ions instead of neutral
atomic hydrogen are released and diffuse in the bulk.

C. Interactions at the Interface

When the ions reach the SiO2/Si interface, they
undergo a further interaction which results in the
electrically observable interface states. It would
appear that this reaction occurs immediately. The
time scale for the second stage as well as the results
of the bias switching experiments (Fig. 4) can be
entirely understood on the basis of field-assisted ion
diffusion, and there is no evidence of any significant
time delay after the ions reach the interface before
the appearance of NSs' This is further indirect
evidence that the positive ions involved are H+, as
they are expected to be highly reactive, whereas the
results of bias stress measurements on samples
deliberatly contaminated with alkalai ions (Na+, K+)
indicate these ions can be moved freely back and forth
across the oxide layer by reversing the bias polarity.

Based on purely electrical measurements one cannot
say anthing specific about the nature of the
interaction at the interface. Assuming the ions are
H+, it seems entirely reasonable that the H+ interacts
with Si-H bonds in the interface region to form mole-
cular H2 and leaves a dangling Si bond as suggested
by Svensson8 and Revesz.9 It is also plausible that
the H+ combines with the OH in Si-OH bonds forming
water and again a dangling Si bond. There is also XPS
data17 which indicate the average oxidation state in
the interface region is reduced after ionizing irradi-
ation, the result perhaps of strained Si-O bonds being
broken. If the H+ ions are involved in breaking
strained Si-O bonds, then the H+ would probably actu-
ally be incorporated into the network structure at the
interface by bonding to either the Si or 0 atoms.

One comment about the nature of the interface
states may be made on the basis of the electrical
measurements. That is, the radiation-induced inter-
face state distributions (in energy across the Si
bandgap) are almost always observed to be U-shaped,
with a relatively flat minimum near midgap and rising
sharply toward the conduction and valence band edges.
Recent density of state calculations for the Sio2/Si
system 8 indicate that a specific defect in the inter-

face region, e.g., a dangling Si bond, results in a

peaked structure in the density of states distribution
function, which sharply contrasts with the universally
observed U-shaped distributions. The calculations
show, however, that fluctuations in bond angles and
lengths in the interface region can result in U-shape
distributions via band tailing from both the Si con-
duction and valence bands. The most probable origin
of such fluctuations is localized microscopic strain
fields.

The presence of strain fields localized in the
interface region of thermally grown oxides has been
inferred from recent XPS studies.19 The generation of
additional localized strain fields after irradiation
is in principle compatible with any of the
interactions mentioned above as well as other possible
interactions. There is in general a certain amount of
local reconstruction that occurs with the formation of
any defect in Sio2, or even with changing the charge
state of a defect due to the large lattice coupling
with charge centers in Sio2 (the polaron effect). As
one example, there is well documented EPR evidence20
of a local reconstruction associated with the
formation of E' centers in vitreous SiO2. Another
possibility is related to a class of defects, the so-

called valence alternation pairs, which are under
increasingly active discussion21 23 in the theory of
amorphous semiconductors, particularly the chalco-
genide glasses, and have been discussed recently in
connection with the nature of intrinsic defects in

2'vitreous 5i02. 4-26 They provide a possible link
between dangling Si bonds, appearing perhaps via
interactions with H ions as discussed above, and
large localized strain fields. Briefly, a dangling Si
bond is thought to be unstable against bonding with a
lone pair (nonbonding) p electron on a nearby 0 atom.
This leads to a strained reconstructed region in which
the Si atom is in the normal four-fold coordination
configuration but bonded to a three-fold coordinated 0
atom which was previously doubly coordinated. The
question of whether such defects can exist in Sio2 is
presently under active debate. The concept is in
question precisely because of the large strain fields,
namely, that the energy lost to the strain fields may
more than offset the gain in electronic energy from
the new bonding configuration.

D. Dose Dependence

Thus far the rather anomalous sublinear 2/3 power
law dependence of the saturated interface state den-
sity on dose has not been addressed. Although the
dose dependence enters in the first stage function,
eq. 2, it seems to be somewhat separate from the
issues discussed above. We note that the D2/3 depen-
dence appears to be universal in nature, independent
of oxide processing. It was observed6 in a number of
oxides grown at different laboratories and included
both wet and dry, hard and soft oxides. It was ob-
served over a dose range from 0.2 to 20 Mrad (SiO2)
with no evidence of saturation setting in with dose.
The observations were made with 60Co irradiation;
hence, effects associated with high dose rates would
appear to be ruled out. It is possible that a sub-
linear dose dependence could result from a distribu-
tion of hydrogen bonding energies in the bulk, such
that the weaker bonded H would on the average be
released first. Hence, as a function of time, the
remaining H bonds would be on the average more diffi-
cult to break, and the number of ions released per
unit dose would decrease with time. However, it would
seem that the distribution of bonding energies would
be highly sensitive to processing, and, furthermore,
that the 2/3 exponent would be purely fortuituous.
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It would appear that the universal-like D2/3
dependence requires a more general, processing-inde-
pendent explanation. One possible such explanation is

that this dose dependence results from interactions
between the electrons occupying the interface states.

If one considers that the radiation-induced interface

states constitute a surface energy band, then the

total number of states is proportional to the total

number of defects generated at the interface, and for

low doses one expects a linear dependence of NSs on

dose. However, due to interactions between the

electrons of the band, the states tend to be split

apart in energy as the number of states increases. If

an inverse distance interaction between the electrons

occupying the surface band is assumed, and if the

splitting is directly proportional to this interac-

tion, then a sublinear dose dependence for NSs follows

in general. But more specifically, if the splitting

of the states due to the electron interactions
dominates the initrinsic (no interaction) bandwidth,

then for regions of energy where the shape of the

distribution remains relatively flat (i.e., around the

midgap region), a D2/3 dependence results. What this

argument states in effect is that if two defect

centers are created at the interface, each of which

lead to an observable midgap interface state if

infinitely separated, then due to the repulsive
interaction between the interface state electrons the

observed number of interface states for finite

separation distance is less than two and decreases

with decreasing separation distance.

The above discussion is speculative and somewhat

over-simplified. The argument hinges to a certain

extent on the fact that the observed NSs is an inte-

grated value over a fixed midgap energy range where

the density of surface states is generally relatively
flat. It also requires a strong interaction between

the interface state electrons for the NSs densities

observed in the dose range (0.2-20 Mrad) used in the

measurements. The density effect may be enhanced by
lateral non-uniform (LNU) distributions of interface

states, i.e., by clustering effects, and indeed there

is experimental evidence of a correlation between

radiation-induced NSs and LNU charge distributions.

The question remains unresolved, however, and further

work addressed to the dose dependence issue is clearly
indicated.

IV. Summary

We have formulated an empirical model of the time-

dependent, two-stage radiation-induced interface state

buildup, which describes the dependencies of the

buildup on time, field, temperature and dose. In

particular, we have shown that the two stage character

of the process can be expressed mathematically as the

product of two functions, each corresponding to a

single stage of the buildup. The first stage function

is simply the long-term saturation value of Nss and,

for fixed dose, is determined by the magnitude of the

applied oxide field during the first (hole transport)

stage. The second-stage function describes the tine

dependence of the buildup, with the time scale related

to the field (magnitude and polarity) and temperature

during the long-term buildup stage.

We then used the implications of the empirical
model to discuss microscopic processes involved in the

buildup. Drawing also on some recent field-switching

experiments, we attribute the first stage to positive

ion release in the bulk of the oxide via interactions

with the radiation-generated holes as they transport

through the oxide. The ion release mechanism appears

to be ejection over field-reduced potential barriers

due to energy transfer from the transporting holes.

The final number of interface states (for positive

bias) is determined simply by the total number of ions

released during the first stage. We argue that the

most likely candidate for the released positive ions

is H

The time scale for the second, long-term buildup

stage is simply understood by field-assisted ion

diffusion through the oxide. Under positive gate

polarity the ions drift toward the SiO2/Si interface
where a subsequent interaction results in the appear-

ance of induced interface states. Under negative

polarity the positive ions drift toward and are col-

lected at the gate with no NSs buildup observed. With

the modification that ionic hydrogen replaces neutral

atomic hydrogen, these conclusions concur with an

earlier model suggested by Svensson.8

On the basis of electrical measurements alone we

can say little specific about the interactions of H+
at the interface. However, we suggest that the uni-

versally observed, U-shaped radiation-induced inter-

face state distributions (in energy) may be related to

localized strain fields at the interface, the strain

fields being generated as the result of the H+ inter-

actions. We speculate that the rather anomalous 2/3

power law dependence of Nss on dose results from

interactions of the electrons occupying the interface

states.

As a final comment we note that the H+ ion

release/drift model for Ns generation is also compat-

ible with results on interface state generation under

high field stressing of MOS capacitors recently re-

ported by Hu and Johnson. 8 Upon positive bias

stressing at 90 K with fields of 7.1-7.5 MV/cm, they

found a buildup of positive charge in the oxide layer,

but they observed no buildup of interface states.

Upon warming the samples to room temperature, however,

they observed a time-dependent buildup of NSs, the

number of which were correlated with the amount of

positive charge initially present at 90 K after bias

stressing. These results can be explained on the

basis of H+ ions being released in the bulk during the

high field stressing, probably by holes generated as a

result of impact ionization by the hot electrons

moving under the high fields. But at 90 K the H+ ions

are essentially immobile and remain near their origin-

ation points (see fig. 2). However, when the samples

are warmed to room temperature the H+ become mobile,

and those which reach the SiO2/Si interface result in

a time dependent NSs buildup. This is completely
analogous to the manner in which the time dependent
buildup of radiation induced Nss at room temperature
was studied in the hard dry oxide6 after irradiation

at liquid nitrogen temperature.
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