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Evidence of a long-range density gradient in Si02 films on Si from H2-permeability measurements
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We describe a technique for the measurement of the di8'usivity, solubility, and permeability of H2
through Si02 thermally grown on Si substrates at room temperature. We have applied this technique to
determine the dependence of the H2 permeability on oxide thickness and growth temperature. Since per-
meability depends strongly on density, these measurements provide a sensitive probe of the oxide densi-

ty. Our results indicate that the H2 permeability is considerably less in Si02 alms thermally grown on Si
substrates than through bulk Si02, in agreement with previous works which had indicated that thermally
grown oxides are denser than bulk SiO2. The permeability is found to decrease with oxide thickness, in-

dicating that thinner oxides have larger densities than thicker oxides. Oxides grown at high tempera-
tures are found to have higher permeabilities than oxides of similar thickness grown at lower tempera-
tures. We present evidence that the dependence of permeability on oxide thickness results from a densi-

ty gradient throughout the oxide rather than from a uniform reduction of the oxide density as the oxide
becomes thicker.

I. INTRODUCTION

Because the operation of silicon metal-oxide-
semiconductor (MOS) devices depends strongly on the
properties of the thermal oxide and of the Si-SiO2 inter-
face, there have been numerous studies of the structure of
the oxide, especially near the interface. Although some
theoretical work' had indicated that an abrupt interface
was geometrically and energetically favorable (at 0 K),
most early experimental results using a wide variety of
techniques indicated that the interfacial region had a
small surplus of Si. The experimental situation as of 1980
is summarized in Ref. 2. One of the first investigations to
determine both the width and the stoichiometry of the in-
terfacial region was the spectroscopic ellipsometry study
of Aspnes and Theeten which reported that an oxide
grown in dry oxygen at 1000'C had a transition layer
with a thickness of 7 2 A and a stoichiometry of SiO
where x =0.4+0.2. In this analysis it was assumed that
the bulk of the oxide had a uniform density.

Grunthaner and co-workers used x-ray photoemission
spectroscopy (XPS) and chemical etching to characterize
the Si-Si02 interface of oxides grown in dry oxygen at
1000'C. Their work describes the interface as having a
layer approximately 5 A thick at the Si interface which is
composed of a mixture of various silicon suboxides.
There is also a region of stoichiometric strained Si02 ap-
proximately 15—30 A wide in which the density of the
oxide changes from approximately that of the SiO layer
(which they estimate to be 3.8 g/cm ) to that of un-
strained SiO2 (2.20 g/cm ). This density change is
achieved by gradually increasing the Si02 ring size.

It is well known that the refractive indexes of thermal-
ly grown oxides depend on their growth temperature,

with oxides grown at lower temperatures having larger
indexes. Although this is a strong indication that
thermal oxides differ from bulk Si02, there is little con-
sensus about the actual oxide structure. As discussed in
Sec. IV, some work indicates that the oxide becomes op-
tically identical to bulk Si02 at a distance of about 60 A
from the interface, whereas other work indicates that the
oxide further than 7 A from the interface has a uniform
refractive index which is greater than that of bulk Si02.

We have studied the structure of thin thermally grown
SiO2 films on Si substrates by measuring their permeabili-
ty to hydrogen gas. Since permeability is extremely sensi-
tive to density, these measurements provide an excellent
probe of the oxide density. We have used this probe to
study pyrogenic and dry oxides. Our results indicate that
the oxides have a density gradient which extends at least
several hundred A from the interface. We show how
these results are in general agreement with the results of
several other studies.

II. METHOD FOR DETERMINATION
OF PERMEABILITY

A. Introduction

There are several standard methods for determining
the solubility S, diffusivity D, and permeability K =SD of
a gas through bulk specimens. One technique involves
exposing one side of a membrane of the material to the
gas and measuring the rate at which the gas evolves from
the other side. In another type of measurement the ma-
terial is saturated with the gas, then the evolution of gas
from the sample is monitored during degassing. Since
such techniques cannot be applied to the measurement of
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gas permeability through a thin film in contact with a
substrate, another method must be devised.

Thermally grown oxide films are formed by difFusion of
the oxidant (either 02 or H20) through the oxide. The
rate at which the oxide grows therefore depends on the
permeability of the oxidant, and has been modeled by
Deal and Grove. For thick oxides, the HzO and Qz per-
meabilities estimated by fitting the model parameters to
experimental growth rate data are in good agreement
with the values determined from studies of diffusion
through bulk SiOz. ' But for thin oxides grown in dry
oxygen the Deal-Grove growth rate model is in poor
agreement with experimental data, and cannot be used to
determine the Oz permeability.

The transport of hydrogen through thermally grown
films of SiOz on Si has been studied in at least two previ-
ous works. ' '" In both studies passivation of interface
traps in metal-oxide-semiconductor (MOS) capacitors by
hydrogen was used to determine the hydrogen diffusivity.
Schols and Maes' observed the spatial variation in the
number of interface traps (N;, ) as hydrogen diff'used la-
terally across a MOS capacitor at 700—1000 C. They ob-
served a sharp boundary between regions of low and high
N;„and estimated the Hz diffusivity by measuring the ve-
locity at which this boundary moved across the capaci-
tor. They did not consider the effect of Hz consumption
at the interface on the velocity of the front, however. As
we will show later, consumption of Hz can significantly
affect the rate at which the Hz appears to be diffusing.

Fishbein, Watt, and Plummer" made a similar study at
temperatures from 400 C to 500'C. They included the
effect of Hz consumption by developing a model for the
chemistry of interface trap passivation. The values of the
Hz diffusivity obtained by fitting this model to their ex-
perimental data are within a factor of 2 of those reported
in Ref. 10 when extrapolated to the higher temperature
range. Significantly, the diffusivities reported in both of
these studies were almost two orders of magnitude small-
er than the results reported for bulk SiOz. '

Since the techniques used in Refs. 10 and 11 depend on
the passivation of interface traps by Hz, they can only be
used at temperatures above about 225 'C at which appre-
ciable passivation occurs. ' An earlier publication' out-
lined a method for determining the room temperature
permeability of Hz through SiOz films on Si, and applied
the method to study the permeability of pyrogenic oxides.
The value obtained for K was only approximate, howev-
er, since it depended (weakly) on the value of S, which
could n(at be accurately determined. In this paper we
show how this technique can be enhanced to obtain accu-
rate values for both S and D independently, so that a
more accurate value of E can be obtained. The method
has been applied to determine the thickness dependence
of the permeability of both dry and pyrogenic oxides.

The technique used for the determination of X is based
on an earlier observation' that x-ray irradiation of SiOz
forms defects in the oxide which are able to crack Hz
molecules introduced into the oxide at room temperature
after irradiation. As a result of the cracking of the hy-
drogen molecules, the number of traps at the Si-SiOz in-

terface (N;, ) increases during the hydrogen exposure and
the number of traps in the bulk of the oxide (N„) de-
creases. A short description of this efFect will be present-
ed in Sec. IIC. The details of how this effect has been
utilized to determine the permeability of Hz in SiQz films
on Si substrates will then be presented in Sec. II D. The
next section will describe the preparation of the samples
used in these studies, and the techniques used to measure
X;, and X„.

B. Sample preparation and measurement of N;,

Samples used for the permeability measurements were
MOS field efFect transistors (MOSFET) fabricated on
(100) Si substrates. The standard LOCOS (location oxi-
dation of silicon) method was used for isolation. The gate
electrodes were 5000 A thick films of polysilicon. All de-
vices received a postmetallization anneal in forming gas
at 400'C. Most of the MOSFET's had gate oxides which
were grown at 900 C and had p-type channels. The gate
oxides of one subset of these samples were grown in dry
oxygen and those of another subset were grown in a mix-
ture of hydrogen and oxygen (pyrogenic oxides). The py-
rogenic oxidations were preceded and followed by a 5-
min dry oxidation. The oxides were grown to various

0
thicknesses ranging from 95 to 1140 A. In addition,
some of the pyrogenic oxides were prepared by first grow-
ing the oxide to 1082 A, then etching back to form a
thinner oxide. Qne group of the pyrogenic oxides were
annealed in 33% Hz at 900'C for 1 h. Another set of
MQSFET's had gate oxides which were grown at 1000'C
in dry oxygen to a thickness of 772 A, and had n-type
channels. A summary of the samples used for the per-
meability measurements is shown in Table I.

A different set of samples was used in the preliminary
studies of hydrogen cracking discussed in Sec. II C.
These samples were prepared similarly, but were n-
channel MOSFET's whose gate oxides were grown in dry
oxygen at 900'C on (100) Si to a thickness of 770 A or on
(111)Si to a thickness of 557 A. The eff'ects of hydrogen
exposure on X;, described in Sec. II C were similar for all
the samples.

A side view of the MOSFET s is shown in Fig. 1.
Several MOSFET's are fabricated on each chip. All
MQSFET's on the same chip have identical gate oxide
thicknesses T, and gate widths W (=140 pm), but have
different gate lengths Lg, varying from about 2 to 23 pm.
An important feature of these MQSFET's is that the gate
oxide is exposed to the ambient along the width of the de-
vice so that gas from the ambient can enter the gate along
these two sides of the gate oxide, then diffuse the length
of the gate oxide. Each chip is mounted in its own
ceramic package, so that all devices on the chip are ex-
posed to the same irradiation and ambient gas. The gate
width and gate length of each MOSFET were measured
at the end of the experiment using an electron micro-
scope. The gate oxide thicknesses were determined from
single wavelength ellipsometry measurements on dummy
wafers prepared at the same time as the device wafers.

The samples were x-ray irradiated in air at room tem-
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TABLE I. Summary of gate oxides studied. Substrates for all oxides were (100) silicon.

Oxide
thickness

(A)

1082
478

354
236
214

161

1140
422
146
95

772

Dry or
pyI ogenlc

oxide

pyrogenic
pyrogenic

pyrogenic

pyrogenic
pyrogenic
pyrogenic

pyrogenic

dry
dry
dl y
dry
dry

Growth
temperature

('C)

900
900

900

900
900
900

900

900
900
900
900
1000

Channel
type

n

Notes

Annealed in
33%%uo H2 for 1 h
at 900'C prior

to device
fabrication

Etched back
from 1082 A

Etched back
from 1082 A
Etched back
from 1082 A

'Pyrogenic oxidation was preceded and followed by a 5-min dry oxidation.

Lg

POLY-

SILICON

THERMAL OXIDE

SOURCE DRAIN

n-TYPE Si SUBSTRATE

FIG. 1. Side view of MOSFET structure. Device has no pas-
sivating layer, so the thermal oxide is exposed to ambient.

perature using a 10 keV ARACQR system with a
tungsten target tube. Various x-ray doses from 0.1 Mrad
to 10 Mrad were used. The dose rate was always 1.8
(SiOz) krad/sec. During the irradiations the gate elec-
trodes were held at a positive bias to maintain a field
across the oxide of 1 MV/cm. This gate bias was main-
tained for approximately 24 h after irradiation before ex-
posing the MOSFET's to hydrogen at room temperature.
The hydrogen was in the form of either pure Hz or form-
ing gas (10.0% H2 and 90.0% N2). The gate bias was
maintained at the same value during hydrogen exposure
as during irradiation.

Measurements of X;, were made using charge pumping
techniques as described by Grosenecken et al. ' In this
technique the source and drain of the MOSFET are con-
nected together and held at a small reverse bias relative
to the substrate. A trapezoidal shaped voltage pulse is
applied to the gate electrode with a frequency m. The

upper and lower limits of the pulse are chosen so as to
move the Si surface between inversion and accumulation.
The resulting current Aowing from the source and drain
into the substrate is measured. This charge pumping
current, I, , is the recombination current Rowing through
the interface traps, and is given by

I, =qual%;, ,

where q is the electronic charge, and A is the area of the
Si surface being pumped. N;, is the number of traps in a
limited region about the center of the band gap. The ex-
tent of the band gap being probed depends on the rise and
fall times of the trapezoidal pulse applied to the gate. By
varying the rise and fall times, therefore, the spectral dis-
tribution of the number of interface traps in the band

gap, D,„may be determined. ' In the measurements of
D;, reported here the pulse rise and fall times were varied
from 1.25X10 sec to 1.25X10 sec, so that D;, was
measured as a function of energy from approximately
0.16 to 0.94 eV above the conduction band edge. For the
measurements of X,, a pulse with a frequency of 62.5 kHz
and rise and fall times of 4 psec was used, so that the
number of interface traps in approximately the central
0.5 eV of the band gap was measured.

C. Experimental background

Figure 2 shows D;, after irradiation for a representative
MOSFET before hydrogen exposure and after a long ex-
posure. Before irradiation D;, is approximately two or-
ders of magnitude smaller than the values shown in Fig.
2. The hydrogen exposure results in approximately a fac-
tor of 2 increase in the number of interface traps in the
band gap. As Fig. 2 indicates, however, the energy distri-



48 EVIDENCE OF A LONG-RANGE DENSITY GRADIENT IN. . . 17 975

20

'l 6

G3

12

AFTER 50 HOURS OF I~

H2 EXPOSURE

~ ~ ~ ~
354 A WET OXIDE

2 MRAD
1 OFo H2

r~
ye

r

O

8—
~ ~~ oo

~ ~~ ~ ~ ~ ~ Iy
QQ

0 Q5t3
Q CCID

Q~ + Q BEFORE H2 EXPOSURE

GATE L EN GTH (p, rn)

Q 2
c) 1 1.6

7. 'I

~a' ~

~a'

I

0.2
I I I I

0.4 0.6 0.8
ENERGY (eV)

1.0
I ~ppppp
p

FIG. 2. Density of interface traps (D;, ) as function of energy
above valence band edge. Values before hydrogen exposure and
after 550 h exposure to forming gas (10.0% Hz) are shown.
Data were obtained on a MOSFET with a 354 A dry oxide
grown at 900'C. The MOSFET had been irradiated with x rays
to a dose of 2.0 Mrad.

bution of the traps remains relatively unchanged during
exposure to hydrogen. The approximate factor of 2 in-
crease in D;, after long exposures to H2 at room tempera-
ture has been seen for all samples studied. For identical
MOSFET's which have not been irradiated, however, no
increase is observed in D;, even after very long hydrogen
exposures. This suggests that the radiation has formed
defects in the oxide which are able to crack Hz. From
these and other studies, it was suggested' ' ' that H2 is
cracked in the oxide by the reaction

H2+D+ — =- HD+H

where D+ is a positively charged defect formed by the ir-
radiation. The H+ formed in this reaction quickly moves
to the interface to form an interface state in a process
identical to that which has been suggested to occur dur-
ing irradiation. ' From the relationship between the
number of interface traps formed during irradiation and
the number formed during the postirradiation hydrogen
exposure, it has been suggested ' that the D+ cracking
sites are created when holes generated during the irradia-
tion knock hydrogen atoms off 03——Si-H or 03—=Si-OH
defects in the oxide (the 03—= symbol represents three
back bonds to the network oxygen atoms).

D. Permeability determination

Figure 3 shows the increase in I, as a function of the
square root of the hydrogen exposure time t for 4
MOSFET's fabricated on the same chip. Each of the
MOSFET's shown had a gate oxide which was grown in
dry oxygen to a thickness of 354 A. The devices were all
identical except for their gate length, which varied from
4.0 to 21.3 pm. The devices were irradiated with x rays
to a dose of 2 Mrad one day prior to the hydrogen expo-
sure. Forming gas was used as the source of hydrogen.

FIG. 3. Change in charge pumping current (I,~) as a function
of square root of time in hours. Data for four MOSFET's on a
single chip are shown. MOSFET's are identical except for their
gate lengths. Devices were simultaneously irradiated to a dose
of 2.0 Mrad of x rays, then exposed to forming gas (10.0% H2).

The linear increase in I, when plotted as a function of
&t suggests that the increase results from the lateral
diffusion of the H2 into the oxide. This conclusion is also
supported by the observation from Fig. 3 that the time to
reach saturation varies as I. . If the rate of increase in
I, is, in fact, caused by the diffusion of hydrogen into the
oxide, then it should be possible to calculate the hydro-
gen diffusivity by measuring the rate at which I, in-
creases during the hydrogen exposure. An approximate
method for doing this was outlined in a previous paper, '

and was used to estimate the room temperature permea-
bility of hydrogen in dry thermal oxides. The method de-
scribed in that paper will be reviewed here. An enhance-
ment of the method will then be presented which allows a
more accurate determination of the permeability to be
made, and for the diffusivity and solubility to be individu-
ally determined.

As pointed out in Sec. II C, the increase in X;, results
from the cracking of hydrogen molecules at radiation in-
duced cracking sites in the bulk of the oxide. The by-
product of this reaction is H+, which under positive gate
bias drifts to the Si-Si02 interface, where it forms inter-
face states. In modeling the diffusion of the H2 into the
oxide, then, it is necessary to include the loss of the H2
(and the loss of the cracking site) which occurs immedi-
ately preceding the formation of the interface trap. If the
rate of reaction between the cracking site and the H2 is
very fast compared to the diffusion rate, then the H2
diffusion can be described by the tarnishing model dis-
cussed by Shelby. ' Because of the fast reaction rate,
as the hydrogen diffuses into the oxide a sharp boundary
forms at a distance X from each side of the gate oxide
from which the hydrogen is entering (i.e., from the width
of the gate). This is illustrated in Fig. 4. No hydrogen
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FIG. 4. Concentration of H2 (triangular regions) and crack-
ing defects (shaded region) in oxide after a time t ( t„,. At t =0
cracking defect concentration was C throughout oxide, and H2
concentration was zero.

The factor f in Eq. (2) is a function of SP/C„, and is de-
scribed by Booth. Because of its importance in separat-
ing S and D from K, f is plotted in Fig. 5. For the sam-
ples studied here, SP/C„ranges from 0.1 to 20, so f
ranges from 1 to about 0.2. In deriving Eq. (2) it was as-
sumed that the concentration of cracking sites is initially
uniform throughout the oxide. But, as discussed in Refs.
20 and 22, the concentration of cracking sites may de-
pend on the distance from the Si-Si02 interface. This
does not have a significant effect on the validity of Eq. (2)
in modeling the H2 diffusion, however, since the lateral
diffusion distance of the H2 (2 —25 pm) is very large com-

0

pared to the Hz hopping distance (a few A) and the oxide
thickness (95—1140 A). In other words, as the Hz
diffuses along the length of the gate oxide, it uniformly
"samples" the entire oxide, so only the average value of
C perpendicular to the interface is of importance.

The number of cracking sites which have been re-
moved at time t is given by C„ times the volume of oxide
which has been cleared of cracking defects, 2XR'T. The
removal of each cracking site produces a single H+
which then quickly moves to the interface where it forms
an interface trap. The number of interface traps formed
at time t as a result of cracking H2 is therefore

b.X,", =WT+SfSDPC r . (3)

This relationship is valid for t & t„„the time at which the
two moving boundaries meet at the center of the oxide.
At t =t„, no cracking sites remain, and growth in N;,

has diffused inside this boundary, so the concentration of
cracking sites is still C in the inner regions of the
MOSFET. On the other side of this boundary all crack-
ing sites have been removed. At the outer region of the
oxide the concentration of hydrogen is SP, where S is the
hydrogen solubility and P is the hydrogen partial pres-
sure. The hydrogen concentration decreases in the outer
regions of the oxide to a value of zero at the moving
boundary as shown in Fig. 4.

The distance X is given as a function of t by

2fKPr 2fSDPrC„C

0 5 10 15 20 25
sp/c„

FIG. 5. Booth's f factor as a function of SP/C„.

saturates. From Eq. (2)

C„I.
sRt gfSDP

(4)

Equations (3) and (4) predict that the growth rate of
X;*, and t„, should both depend on the number of radia-
tion induced cracking sites, C, and on the partial pres-
sure of the hydrogen, P. To test these predictions four
identical MOSFET's were irradiated to a dose of either
0.1 or 0.5 Mrad, then exposed to either pure hydrogen or
forming gas (10.0% hydrogen). The increase in I,
[which is linearly related to the number of interface traps
by Eq. (1)] was monitored during the hydrogen exposure.
As Fig. 6 shows, the MOSFET's irradiated at the higher
doses have more radiation induced cracking sites, and
therefore produce more interface traps during hydrogen
exposure than MOSFET's irradiated at lower doses. Fig-
ure 6 also provides verification of the dependencies on C
and P predicted by Eqs. (3) and (4). Note, for example,
that I, rises faster when either the hydrogen pressure or
radiation dosage is increased, in accordance with Eq. (3),
whereas the time required to reach saturation increases
when the radiation dosage is increased, or when the par-
tial pressure is decreased, in accordance with Eq. (4).

The validity of the model developed above is also
shown by the linear increase in I, (and therefore N, , )

when plotted as a function of &t, as shown in Figs. 3 and
6. When MOSFET's which are identical except for their
gate lengths are exposed to the same radiation dosage, it
is expected that they will all have the same value of C .
According to Eq. (3) when these MOSFET's are then ex-
posed to hydrogen the rate of increase in X;, shou1d be
the same for each MOSFET when plotted as a function of
&t. Figure 3 shows that this is the case.

The curves shown in Figs. 3 and 6 do not pass through
the origin as expected from Eq. (3). This is because the
MOSFET source and drain regions extend slightly under
the gate oxide, as shown in Fig. 1. Since the charge
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FIG. 6. Increase in charge pumping current (1,~) as a func-
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MOSFET's which were first irradiated with x rays to a dose of
either O. l or 0.5 Mrad, then exposed to either pure H2 or to

0
forming gas (10.0% H2). Gate. oxides were all 478-A-thick pyro-
genic oxides grown at 900'C.

Errors which might be introduced into the calculation of
D, S, and E by inaccuracies of this approximation will be
discussed below.

Solving Eq. (3) for SD, we find

where the term in parentheses is the slope of the A%;*t

versus &t curve before saturation. To use Eq. (6) we
must first determine C . Since one interface trap is
formed from each cracking defect,

pumping measurements only detect interface traps in the
region between the source and drain, the hydrogen must
therefore diffuse a short distance into the gate oxide be-
fore the resulting increase in the number of interface
traps is observed by the charge pumping measurements.
In determining the saturation value of I, this effect can
be compensated for by shifting the I, axis upward slight-
ly so that the curves pass through the origin. The added
charge pumping current rejects interface traps formed
by the cracking of H2 in the region of overlap between
the oxide and the source and drain.

The number of interface traps, N~t, shown in Eq. (3) is
the number of traps formed in the entire band gap. As
discussed in Sec. II B, however, the charge pumping tech-
nique only detects those traps in the central 0.5 eV of the
gap. From Fig. 2 we can estimate that approximately
40% of the traps are not included in the N, , calculated
using Eq. (I). We therefore assume that

X- =1.4% =1.4 I,
it ' it
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L RT
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FIG. 7. Method for independent determination of diffusivity

and solubility. Top panel shows calculated values for perrnea-

bility E (normalized to bulk value, Eb) as a function of the as-

sumed value of the solubility. Lower panel shows calculated
values of diffusivity D (normalized to bulk value, Db) as a func-

tion of the assumed value of the solubility. Data for three iden-

tical MOSFET's with 422-A-thick oxides are shown. Each
MOSFET was irradiated to a different dose and/or exposed to a
different H2 partial pressure.

where N;, (sat) is the number of interface traps formed at
time ~$„j and Lg W»s the vo»me « the gate oxide.

Because f is a function of SP/C, S effectively appears
on both sides of Eq. (6), and a value of K cannot be ob-
tained from a single set of data. But because f is only
weakly dependent on SP/C„(see Fig. 5), we can obtain
an approximate value for L from a single set of data by
assuming that either S or B has the same value in these
films as in bulk Si02. This is the approach which was
taken in Ref. 16.

We point out here, however, that it is possible to ob-
tain values for S and D independently, and therefore ob-
tain more accurate values of E by comparing the rate at
which I, increases when identical MOSFET s are irradi-
ated to different doses (so as to change C ) and/or ex-
posed to different partial pressures of hydrogen. In this
way the value of f can be modified and self-consistent
values of S and D determined. This is illustrated in Fig.
7, which shows values of X/K& and D /Db calculated us-
ing Eq. (6) when various values are assumed for S. In
these plots Eb = 1 4 X 10 cm ' sec ' atm ' and
D& =1.4X 10 " cm sec ' are the permeability and
diffusivity, respectively, of H2 in bulk Si02. The three
sets of data converge near an assumed solubility of
0.4+0. 1 X 10' cm atm ', somewhat less than the
value 1X10' cm atm ' which has been reported for
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FIG. 8. Data similar to top panel of Fig. 7, but for 772 A
thick oxide grown at 1000'C.

the hydrogen solubility in bulk Si02 at room tempera-
ture. Note that the three lines do not cross at a single
value of the assumed solubility; this is primarily the re-
sult of inaccuracies in the determination of the gate
length, but may also reflect experimental problems which
will be addressed later. We believe that the results for E
have a precision of about 30%%uo, but the values determined
for S and D may be precise to only a factor of 2 or worse.

0
Similar data for a 772 A oxide grown at 1000 C are
shown in Fig. 8.

The impact of using the f factor to determine S and D
independently is indicated in Fig. 7. Had it been (in-
correctly) assumed, for example, that the solubility was
the same in these thermal oxides as in bulk Si02, then the
calculated value of E would have been erroneously large
and the calculated value of D would have been erroneous-
ly small. On the other hand, had it been (incorrectly) as-
sumed that the diffusivity was the same in these thermal
oxides as in bulk SiOz, then the calculated values of both
E and S would have been erroneously small. The magni-
tude of the errors would have depended on the radiation
dose and partial pressure (through the ratio SP/C )

Such a determination was reported earlier' for dry
thermal oxides. In that study a relatively large dosage (1
Mrad) and small hydrogen partial pressure (0.1 atm) were
used (corresponding to the data shown by the solid line in
Fig. 7), so errors in the reported values of K were rela-
tively small.

PYROGENIC OXIDES
G ROWN AT 900 C

300 600 900 1200
DISTANCE FROM INTERFACE (ANGSTROMS)

FIG. 9. Experimentally determined values of permeability K
(normalized to bulk value, Kb) as a function of oxide thickness
for pyrogenic oxides grown at 900'C. Points are average values
over entire oxide thickness, lines are deconvolved values of the
average permeability over various ranges of oxide thickness.

average value of E over the entire oxide thickness is
determined experimentally. The measured permeability
for an oxide of thickness T is

T
K( T):K„,(0~T) =——J K'(x)dx,

where K'(x) is the local permeability at a distance x from
the interface. If the transition layer has a very small per-
meability, then K„,(0~T) will be smaller than the local
permeability of the bulk of the oxide, and K,„,(O~T)
will appear to decrease as T is decreased. To determine
whether an interfacial layer might be responsible for the
apparent gradient in E, we have determined average
values of E over smaller segments of the oxide using

0.20

0. 1 5

0 900 C DRY
900 C PYROGENIC AS GROWN)
900 C PYROGENIC ETCHED BACK

I 000 C DRY~ 0. 10 — *

III. EXPERIMENTAL RESULTS

The permeability, diffusivity, and solubility of various
thicknesses of dry and pyrogenic oxides were determined
using the method described above. Our experimentally
determined values for E for the pyrogenic oxides grown
at 900'C are shown in Fig. 9.

In view of earlier studies ' discussed in Sec. I which
reported the existence of a transition layer near the Si-
Si02 interface, it seems plausible that the thickness
dependence of E shown in Fig. 9 may arise because an

0,05

0 200 400 600 800 1000 l200
OXIDE TH CK ~ ESS (ANGSTROMS)

FICx. 10. Experimentally determined values of permeability
K (normalized to bulk value, Kb) as a function of oxide thick-
ness.
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FIG. 11. Experimentally determined values for solubility S as
function of oxide thickness.

TK,„,(0~T) T„K,„,—(0~T„)
K,„,(T„~T)= (9)

IV. DISCUSSION

where T is an intermediate oxide thickness. If we as-
sume that the thicker oxides are identical to the thinner
oxides, but have an additional layer on top, then we can
use Eq. (9) to determine the permeability of the additional
layer. Figure 9 shows the results of this deconvolution;
the solid horizontal lines are the average permeabilities
over segments of the oxide. Had the thickness depen-
dence observed in the measured values of K resulted sole-
ly from a low permeability transition layer near the inter-
face, the average values of E in regions beyond the transi-
tion layer would have been constant. Figure 9 indicates
that this is not the case.

In Fig. 9 the permeability was plotted on a log scale to
emphasize the data for the thin oxides. In Fig. 10 the H2
permeability is plotted on a linear scale. The thickness
dependence of the permeabilities for all the oxides grown
at 900 C can be described by the straight line shown. If
the measured permeabilities are, in fact, linear with oxide
thickness, then the local permeability at any distance
from the interface will be twice the permeability mea-
sured for an oxide of that thickness. Our experimentally
determined values for S are shown in Fig. 11, and display
no clear dependence on oxide thickness; for the oxides
grown at 900'C S remains relatively constant at about
5+3 X 10' cm atm '. These figures also show the re-
sults for 772-A-thick oxides grown in dry oxygen at
1000'C; these oxides have significantly larger values of K
but S is similar to that of the oxides grown at 900'C.
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the permeability of oxides etched back to a given thick-
ness is similar to those grown directly to the same thick-
ness, and (iv) higher growth temperature results in higher
permeability. These results will be discussed in this sec-
tion.

Figure 10 indicates that even the thickest 900 C oxides
studied have permeabilities which are an order of magni-
tude smaller than the permeability of bu1k SiOz. It is well
known from ellipsometry studies ' that thermal oxides
grown below a certain temperature have larger refractive
indexes than bulk SiO2. This temperature is 1150'C for
dry grown oxides and 1000'C for wet grown oxides. The
increase in refractive index is attributed to densification
of the thermal oxide. We propose that the decreased per-
meability shown in Fig. 10 is also a result of densification.

Shelby studied the diffusivity of helium in densified
8203 glass at 100'C, and found that the diffusivity varies
inversely with glass density. His results are replotted in
Fig. 12. We have used spectroscopic ellipsometry to
determine the density of a thermal oxide grown under the

0
same conditions as the 1082 A pyrogenic oxide
MOSFET, and have found that this oxide is compacted
by about 3.3%. From Fig. 12 it is seen that this
densification of 8203 would reduce the diffusivity of He
by about a factor of 2.5. Shelby's results also show that
the solubility is reduced by the densification, so that the
total reduction in permeability would be about a factor of
5, similar to the factor of 12 that we observe for the de-
crease in the room temperature diffusivity of Hz through
our thick Si02 oxides. His observation that the solubility
is lower in densified glass is also in agreement with our
results (see Fig. 11), if our oxides are densified.

The dependence of permeability on glass densification
has also been suggested from several studies which
used less direct methods. In these studies thermal oxides
were grown at various temperatures (and in some cases
further annealed at another temperature), then reoxi-
dized. The oxide density was inferred from the refractive
index of the oxide before the reoxidation, and the per-

The data shown in Figs. 10 and 11 show several rather
surprising results: (i) even the thickest oxides have per-
meabilities which are much smaller than that of bulk
Si02, (ii) the oxides have a permeability gradient which
extends at least several hundred A from the interface, (iii)

10 2 3
DENSIFICATiON (w)

FIG. 12. Data of Shelby (Ref. 29) for the diffusivity of He in
82O3 glass at 100'C as a function of glass densification.
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meability of the oxide was calculated from the increase in
the oxide thickness which occurred during the reoxida-
tion. Some of these studies ' also indicated an ex-
ponential dependence of the O2 permeability on the glass
density. Tanaguchi et al. state that a 3% compaction
results in an order of magnitude decrease in the 02 per-
meability, very close to our value for the decrease in the
H2 permeability at room temperature.

Since the lower permeability of the thick oxides can be
attributed to their increased density, we suggest that the
decrease in the permeability as the oxide thickness de-
creases is a reAection of a gradient in the oxide density.
From Fig. 12 and Ref. 32 permeability appears to vary
exponentially with density. The linear dependence of K
on oxide thickness shown in Fig. 10 then suggests that
from 160 to 1200 A the oxide density p varies as

p —
po ~ —ln(x), (10)

where x is the distance from the Si-SiOz interface. Since
0

for the 1082 A pyrogenic oxide a 3.3% compaction re-
sults in a factor of 12 decrease in the permeability, the
factor of 100 decrease in the permeability we observe for
oxides approximately 160 A thick can be explained by as-
suming a 6% average densification for these oxides.

Direct verification of a densification of this magnitude
is extremely dificult. Although, as discussed by Kalnit-
sky et al. , random errors in even the most precise ellip-
someters make the determination of the density of thin
oxides very difficult, most ellipsometric studies indicate
that the index of refraction increases as an oxide is
thinned by etching (see, for example, Fig. 7 of Ref. 4).
Aspnes et al. attributed this to the presence of an inter-
face. They determined that the interfacial layer had the
least inhuence on their data for oxides near 1400 A in
thickness, so in their determination of the thickness and
stoichiometry of the interfacial layer they assumed that
oxides of all thicknesses had the same density as their
1400-A-thick oxide. Kalnitsky et al. reported that they
could explain their (single wavelength) ellipsometric etch-
back data as a result of a transition layer with a graded
index of refraction. In this model the index corresponded
to a densification of the oxide greatly exceeding 10%%uo at
distances within 40 A of the interface. At distances

0
greater than 60 A from the interface, their model in-
cludes no oxide densification.

The above paragraph illustrates the difficulty in accu-
rately determining the oxide density using ellipsometry.
It is clear that there is some densification of the oxide,
but the spatial distribution of the densification is un-
known. The rather small gradient in density (increasing
from 3.3% to 6'7o as the distance is decreased from 1100
to 160 A) proposed above to explain our Hz permeability
results does not seem to convict with any known ellip-
sometry data.

A number of models have been proposed to explain
why thermally grown Si02 films have larger refractive
indexes than bulk SiO2. Most of these mode1s attribute
the increase to an increased oxide density which results
from strain at the interface. This strain is believed to
arise from the inability of the oxide to totally accornmo-

date the increase in molar volume as new oxide grows at
the Si/Si02 interface. Measurements by Taft indicate
that the refractive index depends on growth temperature,
suggesting that during growth the oxide undergoes
viscous Aow or a similar process to relax the strain.
These results are in agreement with direct measurements
of the density of oxides by Irene et al. who reported
that oxides grown at 800'C have larger densities than ox-
ides grown at 1000 C, presumably because the oxide
grown at the higher temperature was able to relax during
growth.

Fitch et al. have measured the total stress in oxides
of various thickness grown at 700'C and 1000 C, and
correlated these results to the strain as determined by
their infrared absorbance measurements of the bond-
stretching frequencies. Their results indicate that the
magnitude of the strain depends on the oxide thickness
and growth temperature. For oxides grown at low tem-
peratures, the strain decreases very slowly with increas-
ing oxide thickness, whereas for oxides grown at higher
temperatures (above 1000'C) the decrease is much more
rapid. Even for oxides grown at 1000'C, however, oxides

0
several hundred A thick show significant strain. Their
results are in good qualitative agreement with the density
gradient required to explain our permeability measure-
ments.

Mrstik et al. reported that a 1150-A-thick oxide
grown in dry oxygen at 1000'C was densified by 1.91%,
considerably less than the 3.3%%uo densification of the 1082
A thick oxide grown at 900'C used in this work. From
the exponential dependence of permeability on oxide den-
sity, this would imply that the 1000 C oxide should have
a permeability about three times larger than an oxide of
similar thickness grown at 900 C. Figure 10 shows that
this prediction is accurate. Since Shelby's results indi-
cate that solubility is inversely related to density, the
1000 C oxide should also have a solubility closer to the
bulk value (1X10' cm atm ') than do the 900'C ox-
ides. Figure 11 indicates that this is also in agreement
with our results.

The dependence of the permeability on oxide thickness
reported here has important implications on the oxide
growth kinetics. The growth rate of Si02 on Si was
modeled by Deal and Grove. In their model the growth
rate is determined by the rate at which the oxidant can be
consumed at the Si/Si02 interface and the rate at which
it can be transported through the oxide. The inverse
growth rate is therefore

dt
dx

where t is the oxidation time, x is the oxide thickness, kI
is the linear rate constant, which is related to the surface
reaction rate, and k is the parabolic rate constant, which
is proportional to the permeability of the oxidant in the
oxide.

The model is very successful in describing the growth
rate of wet oxides, in which the oxidizing species are hy-
droxyl groups. It is well known, however, that when the
oxidant is dry oxygen, the oxides grow faster than pre-
dicted by the model during the early stages of growth.
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This "fast growth" regime has been the subject of
numerous papers (see, for example, Ref. 38). In one of
these papers Revesz et al. pointed out that the anomaly
actually exists at all thicknesses, and attributed it to a
dependence of the oxygen diffusivity on the oxide thick-
ness. Thus, whereas k in the Deal and Grove model is
constant, Revesz et al. suggested that k increases linear-
ly as the oxide thickness increases, i.e.,

k =k, +xk (12)

This model produced excellent agreement with measured
growth rates.

The thickness dependence of k determined by Revesz
et al. is shown in Fig. 13 for oxides grown at 870'C and
1000 'C. At low growth temperature, the thickness
dependence of k& is similar to the dependence shown in
Fig. 10 for the room temperature permeability of hydro-
gen in Si02. This is additional support for our hypothesis
that our observed dependence of hydrogen permeability
on oxide thickness is due to a gradient in the oxide densi-
ty, since this gradient would also be expected to modify
the oxygen diffusivity during oxide growth. Since water
diffuses through the oxide by breaking and reforming
bonds, however, it would be less sensitive to density
changes, so no "fast growth" regime would be expected
for pyrogenic or wet oxidation.

Landsberger and Tiller have studied the density re-
laxation which occurs when dry oxides grown at 800 C
are annealed in inert gas at temperatures from 800'C to
1100'C. They find that after growth the oxide is
densified by about 3%, but that during the anneal the
density approaches that of undensified Si02, the rate of
approach being dependent on anneal temperature. If the
oxide relaxed by Newtonian fIow, the density would de-
crease exponentially with anneal time, much faster than
observed. Rafferty et al. ' note that because of the high
stress the relaxation must be modeled using non-
Newtonian Bow to include the effect of stress on the oxide
viscosity. Their results are in excellent agreement with

the experimental data of Landsberger and Tiller, and in-
dicate that at times greater than a few hundred seconds,
the density decreases logarithmically with anneal time.

If we assume that the same relaxation is occurring dur-
ing growth as during the inert gas anneal, then the oxide
away from the Si-Si02 interface must have a lower densi-
ty than the oxide near the interface because it has had a
longer time to relax. According to Eq. (11) for relatively
thick oxides, the time to grow an oxide of thickness x
varies as x . Since Rafferty et al. found that the density
decreases logarithmically with anneal time, their results
suggest that the density should also decrease logarithmic-
ally with distance from the Si-SiOz interface. This is in
agreement with our measurements, as we discussed in
deriving Eq. (10).

Although the density gradient implied by our permea-
bility measurements is in general agreement with predic-
tions of Refs. 40 and 41, two aspects of our data need fur-
ther study. First, Fig. 10 indicates that the dry oxides
have nearly identical permeabilities as pyrogenic oxides
of similar thickness. This is hard to understand in terms
of viscoelastic relaxation because the wet oxides have
much smaller viscosities than dry oxides. Although this
is compensated for somewhat by their much higher
growth rates, it is difficult to accept the similarity in den-
sity gradients as being coincidental. Second, Fig. 10 indi-
cates that pyrogenic oxides which were first grown to a
thickness of 1082 A, then etched back to their final thick-
ness (457 A or 214 A), have nearly the same permeabili-
ties as oxides grown directly to a similar final thickness.
Since the etched oxides have had a longer time to relax,
the results of Ref. 41 would suggest that they should have
smaller densities and therefore higher permeabilities.
Both of these observations suggest that an additional
mechanism may be responsible for the relaxation. One
possibility is that the oxide structure retains some
memory of the epitaxial structure of the interface. Boric
et al. , for example, report that for the formation of
(crystalline) Cu20 films on Cu crystals the epitaxy
significantly affects the strain relaxation throughout the
film.

V. SUMMARY

4-
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FIG. 13. Thickness dependence of parabolic rate constant
determined by Revesz et al. (Ref. 39) to describe growth of ox-
ides on Si(100) substrates at 870'C and 1000'C.

We have described a method for measuring the room
temperature permeability of Hz in thermal oxides on Si
substrates, and for determining the solubility and
diffusivity independently. The technique is based on the
observation that interface traps are formed when an irra-
diated MOSFET is exposed to hydrogen. The technique
requires that certain assumptions be made about the
physical processes by which the interface traps are
formed. The consequences of these assumptions are ex-
amined in detail in the Appendix.

We have used the method to determine the dependence
of permeability on oxide thickness. Permeability is ex-
trernely sensitive to density, so these measurements pro-
vide an excellent probe of the oxide density. Our results
indicate the presence of a density gradient in the oxide

0
which extends at least several hundred A from the inter-
face. These results are in agreement with earlier studies
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using infrared techniques, with studies of the oxide
growth rate, and with studies of the density relaxation
which occurs during annealing in an inert gas.
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APPENDIX: DISCUSSION
OF POSSIBLE SOURCES OF ERROR

The primary experimental measurement is the charge
pumping current, I,~, from which N;, can be calculated.
But in converting X;, to %,*, , for use in Eq. (6) some esti-
mate of the number of interface traps outside the range
probed by the charge pumping measurements must be
made. From Fig. 2 it appears that D;, is small near the
band edges, so our factor of 1.4 [used in Eq. (5)] in the
conversion of N;, to N, seems reasonable. It is possible,
however, that D;, may be large outside the range shown
in Fig. 2. The effect of miscounting the number of inter-
face traps can be examined by using Eq. (6) to write an
expression for D:

8Sf PC WTX

(A 1)

If the measured number of traps, X.. . is related to the ac-
tual number by X;*, = RON;, , then C = ROC„, where C
is the measured concentration of radiation induced de-
fects. In terms of the measured values, then, Eq. (Al)
may be rewritten as

S SP
Cm

PCm W2T2

gg~ m 2

(A2)
5 t

Equation (A2) is identical to Eq. (Al) if the actual solubil-
ity S= AOS, where S is the solubility determined from
the experimental data using Eq. (Al). Errors in counting
the number of interface traps will therefore not affect the
experimentally determined values of D, but will affect the
value determined for S. From Fig. 2 it is clear that we
cannot be significantly overestimating X;, , but we might
be underestimating 1V;., if a large number of interface
traps exists beyond the range probed by the charge
pumping measurements. It is therefore more likely that
our value for S is too small than too large. But since our
value is in reasonable agreement with the value reported
as characteristic of bulk SiOz, we do not believe the error

Because the method used in this study for the measure-
ment of permeability is new, this appendix will carefully
examine various aspects of the experimental procedure
and of the implicit assumptions made in deducing K from
the experimental data.

1. Errors in calculating W;*,

is large. In fact, the close agreement can be taken as evi-
dence that there are few interface traps near or beyond
the band edge. Any error in S would also affect the cal-
culated value of K by the same factor. Our observation
of a gradient in K would not be affected, however, since
A o should be independent of thickness.

2. Adsorption/absorption of H2
at the substrate or polysilicon interface

C,
C ~C~+

T (A3)

where C& is the bulk concentration of radiation induced
cracking sites, C, is the surface concentration of Hz ad-
sorption sites, and T is the oxide thickness. Equation (4)
for the saturation time can therefore be written as

(TC~+ C, )L

8fPSDT (A4)

If C, ))TC&, Eq. (A2) might predict a thickness depen-
dence similar to that observed. We can rule this out,
however, since there would be no dose dependence of t„,;
Fig. 6 indicates that there is a dose dependence of t„, and
that it is given very well by Eq. (4). Such a modification
in C would also shift the curves in Fig. 7 so that the
curves would no longer intersect near a common point.

3. Errors in calculating C„:
Amphoteric interface traps

If the interface traps are amphoteric, then each hydro-
gen formed by the cracking of Hz at the radiation in-
duced cracking sites will form two interface traps rather
than just one as has been assumed. As pointed out in
Ref. 17, there is some indication that between 1 and 2 in-
terface traps are formed from trapped charge in the oxide
(N„) removed during the hydrogen exposure. The data
(and the assumptions made in the calculation of X„),
however, are not, accurate enough to determine this ratio
reliably. If the interface traps are amphoteric the actual
value of C will be half as large as we have previously as-
sumed. The result of this on our determination of S, D,
and K for one of the oxides is shown in Fig. 14. S is now
found to be 2X10' cm atm ', half as large as before,
and D/D& is found to be 0.35, four times as large as be-
fore. K is therefore increased by a factor of 2. These
changes in S, D, and K can be understood by examining

In modeling the diffusion process, we have assumed
that the only loss of Hz occurs as a result of reaction with
the cracking sites, so that an interface trap is formed for
each hydrogen molecule which is lost. It is possible,
however, that H2 is also lost through adsorption or ab-
sorption at either of the interfaces sandwiching the oxide.
Since this would have a larger effect in decreasing the ap-
parent H2 diffusivity in thin films than in thick films, it
could provide an explanation for the apparent gradient in
the permeability.

If we assume that the interfaces adsorb H2, then we
can include this effect by replacing C„ in Eq. (2) by
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FIG. 14. Same as Fig. 7, but permeability is calculated by as-
suming that two interface traps are formed from each H2 mole-
cule which is cracked, rather than just one.

Eq. (6): if C, is reduced by a factor of 2, the f factor will
remain the same if S is also reduced by a factor of 2. D
will therefore be increased by a factor of 4, and E will be
increased by a factor of 2. Although the values deter-
mined for K may be in error by a factor of 2, the gradient
in K shown in Fig. 9 will not be unaffected.

4. Errors in calculating C„: Effects of atomic hydrogen

During the permeability measurements the gate is
maintained at a positive bias so that all H+ formed will
drift to the interface, where it can form interface traps.
But as seen in Fig. 6 of Ref. 17, some interface traps are
also formed when the gate bias is negative. Typically the
number of traps formed with negative bias is between
25% and 50% of the number formed with a positive gate
bias. The formation of interface traps under negative
gate bias suggests that either (i) some of the H+ which is
formed near the interface is drifting against the field, or
(ii) that the cracking reaction produces some atomic hy-
drogen, Ho, which may also form interface traps.

If some Ho is, in fact, being formed, then our deter-
mination of E may be in error if all the Ho formed does
not produce interface traps, since the amount of H2 con-
sumed will not be properly calculated. Although most of
the Ho striking the Si/SiOz interface probably will form
an interface trap, and therefore have no effect on our cal-
culations, Ho may also be lost through several other
mechanisms, including the following.

(i) Absorption at SiOz/poly Si or SiOz/Si interface. It
is known that Ho formed in an rf plasma can be ab-
sorbed into Si substrates. Preliminary measurements by
Buchanan, however, have indicated that during the
postirradiation hydrogen exposure the amount of Ho ab-
sorbed by the substrate is probably only 1 —10% of the
amount of H2 cracked by the positive charge.

(ii) Dimerization. It is possible that the Ho will dimer-
ize to form Hz rather than an interface trap. Thus two
cracking defects will be removed, but only one H2 on bal-

ance will be consumed, so that C will be inaccurately
determined. The concentration of Ho formed during the
hydrogen exposure, however, is very small so dirneriza-
tion is unlikely. Note, however, that during irradiation
the concentration of Ho is much larger, and dimerization
is the primary mechanism by which Ho is consumed.

5. By-product of interfacial reactions

k =2mpD, (A5)

where p is the equivalent reaction radius. Typical reac-
tion radii are usually taken to be about 5 A. For the 354
A thick oxide shown in Fig. 3, for which D /D& =0.038,
then, k =3.3 X 10' cm sec '. We have numerically
solved the differential equation describing the diffusion of
hydrogen with consumptive reaction at the cracking site
defects and have found that for the case shown in Fig. 3,
this value of k leads to a transition region about 0.2 pm
wide in which the concentration of the cracking defect
goes to zero. This distance is small compared to our
shortest device lengths, so the tarnishing model can be

We have so far not discussed the reaction at the inter-
face by which an interface trap is formed by the H+ (or
Ho). The interface traps are presumably some variation
of the Pb center, a Si atom with three back bonds to Si
substrate atoms and a dangling bond. There is some evi-
dence 6 that the I'b centers at the SiOz-Si(111) interface
are passivated with hydrogen atoms. The probable reac-
tion at the interface by which the interface trap is formed
during postirradiation hydrogen exposure would then be

H +HPb ~H2+Pb .

But if Hz is formed at the interface, then there will be
no net consumption of the H2 in the oxide, and the tar-
nishing model used to derive Eq. (2) will not be appropri-
ate. The success of the tarnishing model (with H2 con-
sumption) in explaining the observed dependence of the
rate of N;, formation on gate length, defect concentra-
tion, and partial pressure leads us to suggest that the
above reaction does not occur. Rather, we suggest that
the Pb centers are passivated not by hydrogen but
perhaps by hydroxyl groups, OH, so that H20 rather
than H2 is formed when the passivating species is re-
moved by the H+. A similar problem with reaction (b)
was discussed previously. This issue is discussed fur-
ther in Ref. 48.

6. Reaction rates

In extracting the permeability from our experimental
data we have used the tarnishing model for simplicity.
The tarnishing model is an accurate solution of the prob-
lem of diffusion with consumption only in the limit in
which the reaction rate is very fast compared to the
diffusion rate, so that a sharp boundary forms at which
the density of cracking sites decreases from C to zero.
Physically, however, the reaction rate is not infinite, so
we must verify that it is large enough to ensure the validi-

ty of the tarnishing model.
From bimolecular reaction rate theory ' the max-

imum reaction rate, k, is related to the diffusivity by
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safely used. For reaction rates 100 times smaller than
this the transition layer is about 2 pm wide, and a small
amount of curvature in X,, (&t) is observed near t =0
and t =t„,.

7. Effec of poor saturation

Figures 3 and 6 indicate that after the rise in X;,(&t)
[or I,~(&t )] breaks away from the linear portion it does
not abruptly saturate as predicted by the tarnishing mod-
el. This is seen in all the oxides studied, but is smallest in
the hydrogenated oxide, shown in Fig. 6. To understand
this we have used numerical simulation to study the H2
movement through the oxide for conditions more general
than those applicable to the tarnishing model.

Attempts to explain the curvature in the X;, vs &t
plots at long times as the result of a slow reaction rate
were found to result in a large curvature at short times as
well (as discussed in the Appendix, part 6), contrary to
our experimental observations. The reaction rate re-
quired to fit the experimental data was found to depend
on gate length, also indicating that a slow reaction rate
was not responsible for the observed behavior.

We also examined the possibility that two reaction sites

are responsible for cracking the H2, one with a fast reac-
tion rate and one with a smaller reaction rate. This was
also found to be incapable of explaining the shape of the
curves for all gate lengths.

At least two possibilities remain. The absence of satu-
ration could indicate the presence of cracking sites hav-
ing a variety of reaction rates. This is certainly a possi-
bility in an amorphous material, since the local geometry
might be expected to affect the reaction rate of the crack-
ing site. Another possibility is that the additional X,, re-
sults from the slow diffusion of the by-products of the in-
terfacial reaction (see the Appendix, part 5) away from
the interface.

In extracting S, D, and K from the experimental data
no attempt was made to consider the effect of the other
mechanism(s) of N;, growth; the break point from the
linear portion of the curve was used to determine C„.
This is not expected to lead to significant errors in the
values deduced for these parameters; without these addi-
tional cracking sites the value determined for C„would
have been slightly (about 10%%uo) smaller, but the slope of
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