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1. INTRODUCTION

This report summarizes the results obtained in a research program
directed toward a basic understanding of electronic transport, chaxrge
trapping, and dielectric breakdown in thin (500-3000 ZS—:?iicon
dioxide films thermally grown on silicon substrates. The research tech-
niques that we have developed and utilized are applicable to other
insulating films, but up to this time we have concentrated on the proper-

ties of thermally grown SiOr7films because of the importance of the

2
Si/Si0£7system in modern solid-state circuits. The purpose of the program:

was to provide a correct and quantitatively accurate understanding of the ™\
physical processes taking place under high-field conditions in these

films, with the ultimate objective of providing a rational basis for the
choice of processing methods and treatment of the insulating films. for

increased yield in manufacturing and greater reliability in use.

The work of this program has resulted in a number of doctoral r

dissertations, reports, and publications in the periodical literature ,=’

-
g

(see References 1-19 at the end of this_;egg;t). ) =gt B At
CThe pr&éram consisted of a ﬁumber of coo;ainated investigations which
included studies of charge injection, transport, and trapping in which the
injection of charge carriers into the insulator was induced by corona
charging of the surface of the dinsulator, the study of the instability
at the onset of breakdown and of catastropic breakdown itself by the self-
quenching technique, the probing of trapping centers in the insulating film
by charge-discharge techniques using equipment which we developed especially
for this purpose, studiz2s of charge transport and trapping using an electron
beam for carrier injection, studies of lateral nonuniformities in MIS
structures by electrical measurement techniques and by use of a scanning
électron microscope, and theoretical modeling of hot-electron transport and

of localized breakdown. Separate sections of this report are devoted to

each of these studies.
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2. HIGH FIELD EFFECTS STUDIED BY CORONA CHARGING

(Z. A. Weinberg and H. 5. Lee collaborating)

2.1. Introduction

The study of charge-carrier transport ‘n insulating films
requires means of carrier injection and the application of an electric
field to the insulator. When a conventional metal-insulator-semiconductor
(MIS) structure is used, a localized breakdown will provide a path for
discharge of the electrostatic energy of the entire capacitor-like struc-
ture and the sample may be permanently damaged. As has been shown by
Williams and Woods,20 this problem can be circumvented if the surface of
the insulator is left unmetallized and is electrically contacted with
suitable ions of low kinetic energy. Under conditions of small lateral
conductivity on the exposed insulator surface, both the total current and
the local current density are strongly limited. Runaway breakdown 1s thus
avoided and, in addition, measurements made under these conditions are
inswositive to the presence of small weak spots and yield results which,
to a good approximation, are representative of the principal, uniform
portions of the film.

We have developed techniques in which ions extracted from a corona
discharge are used to induce charge injection and transport in thin
insulating films for the purpose of studying high-field transpc 't without
destructive breakdown,l’2 and we have applied these methods to a study

s The techniques

of SiO2 films thermally grown on silicon substrates.
include a comparison method for measurement of the voltage across the
insulator during steady-state coromna charginglo and a shallow p-n junction
method for determination of the sign of the principal charge carrier in the
insulator.5 The vibrating Kelvin probe technique was used to measure the
decay of insulator surface potential following the cessation of surface
charging. This technique, by virtue of its sensitivity and accuracy,
provided unusually reliable data for studying the tunneling of electrons
from the silicon substrate into the SiOz.

The principal advantages of the corona method are the availability
of either positive or negative ions and the small, essentially thermal,
kinetic energy of the ions owing to their short mean free path (about 10_5

cm) in the gas at atmospheric pressure. The latter point is of considerable

e S

CEELE

ix

S PR P S R P S A

T i A

(s




LR

e

v
e

e

PR 2SI AN s SN B H o

significance because ions that strike the SiO_, surface at kinetic energies

of tens of eV or higher can damage the surfaci and can even produce damage
at the Si—SiO2 interface.

Of particular interest are the basic injection processes that may
occur when ions of negligible kinetic energy are neutralized at the surface
of an insulator. A qualitative band diagram for the ion—SiOz—Si system
is shown in Fig. 1. The energy of the ionic charge relative to the bands
in the SiO2 is indicated by the vertical positions of the + and - signs
for positive and negative ions, respectively. The diagram shows two
possibilities: For ions of type A, the ionic energy state faces the
insulator conduction or valence band; hence the excess charge can be
injected directly into the band, after which the carrier may be either
trapped or transported through the insulator. For ions of type B, the
ionic energy state lies opposite the forbidden gap of the insulator and
injection through a barrier is necessary. This process requires the
buildup of a large electric field across the insulator so that, in the
steady state, the barrier-limited injection current will equal the ionic
current arriving at the surface. If the field across the SiO2 film is
sufficiently high, carriers may be injected by tunneling from the silicon

conduction or valence bands. Thus, either holes or electrons may be

transported through the insulator for either polarity c¢f the ions.

7.2, Experimental Methods

The general arrangement for éhe experiments was dictated by the
requirement of having a controlled and reproducible atmosphere. This was
achieved by housing the sample and the experimental probes in an environ-
mental chamber in which the relative humidity was kept below 27%Z. The
corona discharge was produced by applying a dc voltage of up to 5 kV to
a gold-plated tungsten needle which was positioned vertically, point
downward, at a distance of about 2.5 cm above the sample. The polarity of
the voltage'détermines the sign of the ions that are drifted to the surface
of the sample. The sample current was controlled by varying either the
voltage applied to the corona-forming electrode or the potential of a
coarse grid of wires interposed between the corona discharge and the sample.
The arrangement was capable of supplying sample currents of up to a few

uA/cmz.



The potential difference across the insulating film was measured
during steady-state charging by a comparison technique,lO and the surface
potenfial of the sample after cessation of charging was monitored by use
of a vibrating Kelvin probe. The principle of the comparison technique
is shown in Fig. 2. The method is based on the dynamics of ions when
drifting under collision-dominated conditions: their trajectories follow,
to a close approximation, the electrdstatic field lines. A grounded
metal reference plate and the sample are arranged symmetrically beneath
the corona discharge, and the top surface of the insulating film is brought
to ground potential by adjusting the dc source, VB’ until the two currents,
Ii and Im, are equal.. The voltage VB is then equal to the potential
difference across the insulator. Further details of the technique are
provided in Ref. 10. The best resolution obtainable by use of this method
in our experiments was about + 1 V.

The vibrating Kelvin probe, which was gold plated, had a diameter of
5 mm and was spaced about 1 mm from the surface of the insulator. It was
vibrated at 400 Hz, and the signal was detected by a lock-in detector.

The arrangement had a resolution of + 0.05 V.

A measure of the charge retained in the oxide after corona charging
was obtained from the high-frequency (1-MHz) capacitance-voltage (c-v)
characteristic, using a mercury probe for temporary metallization of the

insulator surface.

2.3, Identification of Carrier Sign

A clear determination of the sign of the dominant charge carrier
transported across the insulating film was of vital importance to this
study. A technique that proved to be particularly illuminating was the
use of the charge-separating properties of a shallow p-n junction detector
incorporated into the semiconductor Substrate.5 The principle of operation
is illustrated in Fig. 3. To avoid inversion of the thin layer near the
interface with the insulator, a p-type diffusion into an n-type substrate
is used for negative corona charging and the reverse of this is used for
positive corona charging. Carriers injected from the insulator into the
semiconductor are of the same polarity as the corona ions and, as shown
in Fig. 3, they enter the thin semicuaducting layer as minority carriers.

They diffuse through the shallow layer and are collected by the substrate
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Fig. 1. Schematic illustration of
various processes of injection
resulting from ion neutralization
at the 8i0, surface. For ions
labeled A the energy state faces

a band of the Si0,. For ions
labeled B the energy state faces
the band gap.

Fig. 2., Basic principle of
operation of the comparison
technique for measuring the
potential difference across the
insulating film during steady-
state corona charging. The
applied voltage Vy is adjusted
until Ij = I, at which point
the voltage V; across the
insulator is equal to VB.
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in the same manner as a bipolar transistor. These carriers will give
rise to a current in the external circuit that is connected to the
substrate [In in Fig. 3(a), IP in Fig. 3(b)]. On the other hand,
majority carriers of opposite sign that are injected from the shallow
semiconducting region into the insulatox will give rise to a current in
the external circuit that is connectgd to the thin layer [IP in Fig. 3(a),
In in Fig. 3(b)1].

The shallow junction detector has also proved to be a powerful
instrument for monitoring charge-carrier multiplication effects that can
take place in the semiconductor near its interface with the insulator.
When electrons are injected from thermally grown SiO2 into the silicon
substrate [Fig. 3(a)], they enter the silicon with at least 3.1 eV of
excess kinetic energy, corresponding to the barrier height between the
silicon and SiO2 conduction band edges.20 This excess energy is sufficient
to give rise to electron-hole pair production in the silicon. Almost all
of the pairs so generated will be separated by the diode and will produce
corresponding currents in both sides of the junction. Thus, observation
of the magnitude and direction of both currents gives information
regarding the physical processes underlying the mechanisms of charge
transport.

We performed p-n diode detector experiments using SiO2 films which
were grown in dry oxygen at a temperature of 1000°C to a thickness of
approximately 1000 Z. The substrates were 5-{ cm silicon into which,
prior to oxidation, had been diffused an 0.5-um layer of opposite conduc-

7 . 1018 cm*3.

The experimental details have been described elsewhere.5 Qur results in-

tivity type having a surface impurity concentration of 10

dicated that electrons were the principal charge carriers in SiO2 for
both polarities of the corona, as follows:

For positive corona, current was observed only in the circuit connected
to the n side of the junction [Fig. 3(#)], indicating electron transport.
C-V curves taken after positive coronal charging showed no flatband shift,
consistent with the negligible amount jof electron trapping expected in
thermally grown SiOZ21 and inconsistegt with the transport of holes, for
the latter would be accompanied by hole trapping cnd a buildup of positive

charge in the oxide.



e

23

g

I

S

G

SRR

iz

Fig. 3. Schematic illustration of

SHALLOW : _ _
e DIFFUSION (+) the shallow p-n junctlon technique
S0, © § \\ SI0p D ) for determination of the sign of
p-5| & ry ) charge carrier: (a) for negative
: insulator surface potential, (b)
for positive insulator surface
n- S| SUBSTRATE I, p-S| SUBSTRATE I, potential., I, is the corona
In I, current reaching the diode.
‘y———-—————" (T st
5 k

(a) (b)

For negative corona, currents were observed in both circuits, with
L ~ 21, and Ip G -1, [Fig. 3(a)].5 We interpret this as indicating that
each electron egtering the silicon from the SiO2 generates, on the average,
approximately one electron-hole pair by impact jonization, as was described

above.

2 .4. Steady-State Current-Voltage Characteristics

The comparison technique described in Sec. 2.2 permits simultaneous
neasurement of current and potential difference across the insulating
film. Typical results obtained on silicon dioxide films thermally grown
on silicon substrates are shown in Fig. 4 for corona charging in an
atmosphere of dry air. The SiO2 films were HCl-steam grown at 900°C on
(100) silicon of 1-2 ohm~cm resistivity. Both p and n substrates were
used. The range of thicknesses of the SiO films was 580-2580 Z as

2
measured by ellipsometry. Both polarities of corona charging were used.

Within the limits of error shown by the efror bars in Fig. 4, substantially
identical results were obtained for both n and p substrates. In the

upper part of the curves, corresponding to about one decade of rapidly
increasing current, the variation in electric field was sufficiently

small to permit definition of an approximate value of nondestructive

breakdown field. The thickness dependence of this is shown in Fig. 5.

y
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Within the limits of error, the values of these fields are in agreement
with Kelvin-prove measurements made immediately upon cessation of the

corona charging and also with the results reported by Williams and Woods.20

2.5. Surface Potential Decay Studies. Positive Corona

After the surface of an insulator has been charged by corona ions
and one or more of the injection processes illustrated in Fig. 1 have been
established, the dependence of the charge injection on electric field
intensity can be determined by shutting off the ion source and measuring
the decay of surface pctential as a function of time. Evidence regarding
the injection mechanisms and the values of parameters such as barrier
height.can be deduced from these measurements. The vibrating Kelvin probe,
by virtue of its high resolution and insensitivity to small defects, pro-
vides an unusually accurate means of measuring insulator surface potential
in such studies. Representative results obtained with position-ion
surface charging are given in this section, and the results of negative-

ion charging are discussed in the following section.

1078}~ E Fig. 4. Steady-state current-field
g . characteristics for a 1000~A film of
E o CORONA o 5i0,, obtained by the comparison tech-
- i ’///Pm$R”Y\\\ 'L' nique (Fig. 2). The lower levels of
T (A -) & current are controlled by adjusting
& = the potential of a grid interposed
between the corona source and the
o7k o - sample, and the highe:r levels are
F WIERGUS G ‘ l 3 controlled by varying the voltage
y dh ___{__ ! L applied to the corona needle.
AL §
aﬁ\— WITH GAID ’ / ]
o o]
lo-e — il 0/ o]
B o o/ -
: | =z
: T k.. f
107%5—% ‘l, “ é; 8 6 ° Ilz 14
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Figure 6 shows a schematic diagram of the energy bands in the
vicinity of the Si—SiO2 interface -hen the surface of the insulator is
positively charged. The height of the barrier is denoted by ¢. At
sufficiently large /.elds, electrons will tunnel from the silicon into
conduction band of the SiO2 and will be transported with good mobility
(pn v 20 cmz/V--sec)22 to the front sqrface, where they neutralize the
positive surface charge and cause a decay of surface potential, The
tunneling electrons can be assumed to come from the silicon conduction
band only, since at tunneling fields the silicon is in electron
degeneracy at the interface, and electrons in the valence band face a
much larger barrier than those in the conduction band.

The Fowler-Nordheim expression for tunneling through a triangular

barrier is

J = CFz'exp(—B/F) (2.1)

where J is the current density and F is the electric field intensity.

To a first approximation,

2
-9
L 871hd (2.2)
and
8 = 4any? 432 3m (2.3)

where q is the electronic charge, h = 2rh is Planck's constant, ¢ is
the barrier height in eV, and m* is a suitably average value for the
effective mass of the electron within the barrier.24 Corrections for
image-force barrier rounding and for the effect of temperature can be
found in the 1iterature.23 However, the most important information can
be obtained from the slope of the Fowler—Nordheim plot of log(J/Fz) vs
L/FE

d(ln J/F2) _ 4

i *,1/2 ¢3/2
a(1/F) 3K ‘

(2qm s(y) (2.4)

the
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where s(y) is a slope-correction function™~ and y is the fractional amount

of the image~force barrier lowering:

J=s (qF/41re)l/2/¢5 (2.5)

In our work the slope-correction factor, s(y) was of the order of 0,99 and
could be neglected. Thus, to a good approximation the Fowler-Nordheim
slope is equal to B as given by Eq. (2.3).

The decay of electric field in the oxide, caused by the decay in
surface charge, is related to the conduction current, J, through the oxide

by the expression

- _. (dF(r)
J € ox R 5 (2.6)
where €ox is the dielectric permitivity of the oxide. The elimination of

J between Eqs. (2.1) and (2.6) yields the following differential equation:
2
-[B/F"(t) Jexp[B/F(t)]dF = A dt, (2.7)

where

A = CB/eO (2.8)

& E

Integration of Eq. (2.7) provides the result
InA(t +t ) = B[1/F(£)], (2.9)

where tO is a constant of integration defined by the initial value of
field, F(O0).

We see from Eq. (2.9) that for t >> tys @ plot of log t vs 1/F
should result in a straight line with the slope B. If this straight line
is extrapolated down to 1/F(0), the value of tO can be read off the time
axis. If the data are then replotted with this wvalue of tO added to each
experimental value of time, the result will be a curve of log(t + to) vs

1/F which should be a straight line of slope B throughout its entire length.
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Note that this slope is the same as that obtained in the conventional
Fowler-Nordheim plot of log J/F2 vs 1/F.

Figures 7 and 8 show typical results of surface-potential decay

measurements made after surface charging by positive corona. The SiO2

films were grown in dry oxygen on n-type (100) silicon substrates with
resistivities in the range of 1-2 ohm-cm. The results are shown in Fig.
7 for charging done with ions formed By the corona in a nitrogen atmos-
phere, and Fig. 8 compares these results with those obtained by charging
in heliun and dry-air atmospheres. Two oxide thicknesses were used:
1000 3 for charging in nitrogen and in helium, and 559 Z for charging in
dry air. Similar results were obtained with oxides of other thicknesses
and with samples having p-type substrates. Excellent reproducibility
was found among many samples cut from the same wafer, showing the in-
sensitivity of the method to small defects.

The data of Figs. 7 and 8 fit Eq. (2.Y) with the constant of
integration, to’ of the order of 1 sec, which is a negligible correction.
The results thus confirm the assumption of tunneling from essentially a
single energy level. Using Eq. (2.3) and a barrier height of 3.1 eV from
the silicon conduction band to the oxide conduction band,20 the effective
mass is calculated to be m* = 0.43 m_ where m is the free electron
mass. This is in reasonable agreement with the value of 0.42 m obtained
by Lenzingler and Snow25 using a conventional MOS structure. The independence
of the results on the gas ambient, shown in Fig. 8, provides further con-
firmation that the charge-injection process which discharges the surface
takes place entirely at the silicon-oxide interface. We conclude that
with positive corona charging of the front surface, the charge injection

mechanism into the oxide is the tunneling of electrons from the conduction

band of the silicon into the conduction band of the SiOz.

2.6. Studies With Negative Corona

A, DPositive Charge Buildup in the Oxide

When the surface of a silicon dioxide sample is charged by
negative corona to a sufficiently high potential, a buildup of positive

stored charge is observed in the oxide. By limiting the surface potential
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with a grid, a threshold field of (1.1 * 0.1) x lO7 V/cm was found for

TS ik 5T Pl T B . 4 o

the appearance of the stored posltlve charge. Figure 9 shows the buildup

of positive charge in a lOOO—A sample of SlO as determined by the flatband %

shift of C-V curves taken at intervals with the aid of a mercury probe. @
The corona current was held constant at 5 x lO—7 A/cmz, and the magnitude %W
of the initial uniform field was (1.3 + 0.1) x lO7 V/cm. No significant %.
differences were found between n and ﬁ substrates. %g

The positive charge can be electronically annealed by injecting E

: electrons into the oxide either by internal photoemission or by sub- gf
; sequent application of positive corona to cause the tunneling of electrons '%
& from the substrate (Sec. 2.5). The electronic annealability of the ﬁ
?% charge indicates that it is caused by trapped holes and not by ions such %
: as sodium. Recent etch-off experiments by Woods and Williams show that :
% the trapped holes are located near the Si—SiO2 interface.“26 %

In attempting to deduce the mechanisms of charge injection from

o

I-V relationships, it is necessary to know the magnitudes of the elictric

fields at both of the insulator interfaces. With the surface charged '

negatively and with positive charge storage near the Si---SiO2 interface,

e A T P

the electriec field throughout the main portion of the insulator can be

R T TR

obtained with good accuracy by dividing the voltage across the insulator

P

R

AT

by the insulator thickness. In the one-dimensional approximation, the

NS

electric fiéld at the Si—SiO2 interface can be obtained from the well

5,

known relation

TS

= (V, + V) /= (2.10)
where V is the magnitude of the voltage across the sample, VFB is the
flatband voltage of the structure (negative for positive charge storage)

and X . is the thickness of the oxide. The flatband voltage can be

obtained with the aid of a mercury probe.

B. Surface Potential Decay Studies (Negative Charging)

_ Typical results obtained from surface potential «i:cay measure-

ments after charging with negative ions are shown in Fig. 10. The
values of current were obtained from the discharge data by use of Eq. (2.6).

The graphs are plotted in terms of the field at the Si—SiO2 interface, as
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obtained by Eq. (2.10). Unlike the results obtained after positive-ion
charging, where the current is independent of the gas and the data yielded
a straight-line Fowler—Nordheim plot, the currents shown in Fig. 10 for
negative ion charging are gas-dependent in the high field region and do
not plot as a 'straight line. In the low-field region, however, the
currents are gas-independent and yield a linear Fowler-Nordheim plot.
The gas dependence obtained at high fields (the initial part of the
discharge) would be expected for electron tunneling from ions or from
surface states associated with such ions at the front surface. The
nonlinear plot of log J vs 1/E can be explained on the basis of a spectrum
of energies for trapped electrons, since electrons trapped at higher
energies on the surface will face a smaller barrier than those more
deeply trapped and will therefore be emitted more rapidly. The linear,
gas-independent relationship obtained at lower fields (the later portion
of the discharge), when these data are plotted in terms of the field at
the Si—SiOZ interface, indicates that hole injection may be taking place
at this interface. In order to confirm this interpretation we used the
shallow p-n junction technique (Sec. 2.3) to identify the sign of the
carriers. The experiments were carried out in the current range of
approximately 10—8 - 10—7 A/cmz. The results indicated that in this
range the hole currents comprised an appreciable fraction of the total

oxide current but that the electron current became more important at the

. . : 5
‘higher current densities. Weinberg has shown that electron currents

dominate at still higher current densities, in the range 10'-7 - 10—6 A/cmz.
We conclude that when the surface of the silicon dioxide has been
charged with negative ions and allowed to discharge, the observed current
consists of two components, one caused by hole injection from the sub-
strate and the other caused by electron injection from the front surface.
At the larger values of current the electron component dominates; at
smaller current densities the hole-produced component appears to dominate.
The positive charging of the oxide that is observed under negative front-
surface charging conditions is undoubtedly connected with the hole currents

that we observe.
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2.7. Generation of Electron Traps Under High-Field Conditions

' It is generally tacitly assumed that the charge-trapping character-

istics of an insulating film are determined at the time of formation of

the film and remain substantially constant throughout the life of the
z insulator. Our corona studies show clearly that this is not correct but
i that, instead, substantial concentrations of charge-trapping centers can
\i” be generated under high-field conditionms. This provides an explanation
% for unexpected long-term difficulties that have been observed in MOS
f devices and opens an area that deserves further careful study.

Thermally grown silicon dioxide normally has only small concenira-
tions of electron traps,21 typically of the order of 3 xI1014 cmf3. The
results of a series of experiments showing the high-field generation of

electron traps are shown in Fig. 11. The sample had a p-type (100)
o

substrate, 10 ohm-cm, with a 1950 A layer of dry-grown silicon dioxide.

The first C-V curve of Fig. 11 is for the sample in its original condition.
. Exposure to positive corona (in dry air) produced an injection of electrons
: from the substrate into the oxide (Sec. 2.5) and resulted in Curve 2, which

shows very little change from Curve 1. The sample was then exposed to

p, 1950 R, 10 oM - cm

(100) Fig. 11. C-V curves showing
. @ @ pry AIR typical results obtained by
i negative corona charging
¢ followed by positive corona
i charging. Negative charge
s trapping is shown by the
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negative corona, and the negative shift of Curve 3 shows a buildup of
positive charge (Sec. 2.6A). The remarkable result of this study is seen
when the sample is exposed again to positive corona. As is shown by

Curve 4, not only is the positive charge neutralized by the resulting
injection of electrons, but now there is a substantial trapping of
electrons as indicated by the shift of the C-V curve to the right of its
original position. The substantial electron trapping revealed in Curve 4,
as compared with the small amount of charge trapping shown by Curve 2, is
clearly the result of the intermediate step in which the sample was charged
to a high electric field by the negative corona. Annealing experiments
showed that if the surface was discharged and the sample annealed at 150°C
for 30 minutes in vacuum, the traps were discharged but could be charged
sgain by injecting electrons into the oxide. Further annealing experiments
showed that the traps themselves disappeared if the anneal was performed

at an oxide field of approximately 5 x 106 V/cm., -

The physical nature of the electron traps is not known, nor are the
precise conditions for their formation. Indeed, we have not investigated
their rates of formation, and we do not know whether the trap concentra-
tions that we have observed are saturated values or only intermediate
ones. In view of the practical importance of the phenomenon, further

study is clearly indicated.
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3. HIGH FIELD EFFECTS STUDIED BY THE SELF-QUENCHING TECHNIQUE
(D. Y. Yang collaborating)

3.1. Introduction

The self-quenching technique for studying dielectric breakdown in
thin insulating films employs a thin metallization, typically 200-1000 X in
thickness, so that when a localized breakdown occurs in the film, the Joule
heat evolved in the immediate vicinity of the fault results in the removal
of the metal about this point; thus the damage is self limiting. There
are several advantages to this procedure: (1) The remainder of the sample
is preserved for further experimentation. (2) The location of fhe breakdown
can be correlated with other information, for example with the location of
faults in the substrate, insulator, or metallization, (3) The physical
appearance of the breakdown region can provide information about the
mechanisms and progress of the breakdown. (4) If the sample originally
has weak spots, these can be "blown out" at the start of the experiment and
the intrinsic properties of the insulator can then be observed.

The foregoing technique has been used in the past by N. Klein and his
co-workers.27 Here we report on the topography of self-quenched breakdown
(SQBD) regions in Al—SiOz—(lOO) Si structures, with particular emphasis
on an anisotropy that reflects the underlying crystal structure, and on
the observation of a slow, high-~field instability that is enhanced at

lowered temperatures.

3.2. Topography of Self-Quenched Breakdown Regions

The topographic features of SQBD regions produced in Al—SiOz—(lOO)
Si structures show striking differences among the four possible combinations
of substrate type (n or p) and field-plate polarity. The differences are
visible in breakdowns produced at room temperature but are more easily
seen when the breakdown is induced at reduced temperatures.

The breakdown regions shown in Figs. 12 and 13 were produced in vacuum
on 2500—& SiO2 which had been HCl-steam-grown on (100) silicon of 1-2 Q-cm
resistivity. The field plates were of aluminum, approximately 1000 A in
thickness. Bias-temperature stress measurements indicated negligible
contamination with sodium. Figure 12 shows typical breakdown regions

produced at a temperature of 100°K in oxide grown on n-type silicon. The

application of positive field-plate voltage (v 185 vnlts) resulted in tke
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round, smooth breakdown regions, and the application of negative field-
plate voltage (v 180 volts) produced the irregular breakdown regions.

These regions, which print dark in the photographs, are seen in the optical
microscope to have the characteristic color of the oxide (with minor
variations), indicating that essentially all of the metal has been removed
from these areas. Scanning electron micrographs6 show a center hole, a

few pym in diameter, in the oxide<itsélf. With n-8i and negative field
plate, multiple holes are . requently seen.

Figure 13 shows SQBDs produced in an oxide similar to the above but
grown on p-type silicon. The breakdowns shown in Fig. 13(a) were pro-
duced at 100°K. The upper two, with irregular edges, were obtained by
applying negative field-plate voltage (v 190 volts). Most striking,
however, are the lower breakdown regions, which were produced by positive
field-plate voltage (v 190 volts). These regions of field-plate removal
are almost square, with their sides parallel to the [100] axes of the
underlying silicon crystal. As with the n-type substrates, scanning
electron micrographs6 show center holes a few pm in diameter. Similar
breakdowns, but produced at room temperature, are shown in Fig. 13(b).

The breakdown regions encircled by the dashed lines were produced with the
field plate positive. Here the edges are again smooth, but the square
character is almost lost. In this photograph the remainder of the
breakdowns, which have irregular edges, were produced by negative field-
plate voltage.

In summary, the characteristics shown by the breakdown regions are as
follows: .(l) Positive field-plate voltage produces regions of field-plate
removal that have smooth edges. The regions are circular in shape for n-
type substrates but tend to be square, with the sides parallel to the [100]
axes of the urderlying crystal, for p-type substrates. (2) Negative field-
plate voltage produces regions of field-plate removal that have irregular
edges. (3) Each breakdown region has a center hole a few pm in diameter.
Multiple holes were sometimes observed, particularly with n-type substrate
and field plate negative. (4) Scratches on the field plate were found to
nucleate breakdowns when the field plate was positive. Scratch nucleation

was not observed with the field plate negative. (5) A further observation,

=
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Fig. 12. Optical micrograph of SQBDs
produced at 100°K. 2500-A Si0,, n-type
substrate. Smooth-edged circles:

Al(+). Irregular regions: Al(-). (400X.)

(a) - (b)

Fig. 13. Optical micrographs of SQBDs, 2500-A SiOé, p-type
: substrate, (a) Breakdowns produced at 100°K. Squares with
smooth edges: Al(+). Irregular regions: AL(-). (b) Break- -
downs produced at room temperature. Encircled with dashed line:
Al(+). Irregular regions: AL(-).
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obtained by monitoring the voltage across the structure, was that the time
scale for removal of the field-plate material was of the order of 10 nsec
for cthose situations where the substrate was in accumulation, and was
considerably greater than this, of the order of tenths of psec, when

the substrate was in inversion. This indicates that in inversion the

principal voltage drop in the structure is in the inversion layer, not
across the fault in the oxide.

OF 211 the Ubdervatiode Jdeseriled sbove, the wost serikiug ie the
| anisotropy shown by the square hreakdown region when the substrate is
p-type and the field plate is positive. It will be noted that although the

substrate is in inversion under this condition, a corresponding anisotropy

is not seen with an n-type substrate and negative field-plate polarity.
The anisotropy of the breakdown configuration observed with (100) p-silicon
in inversion very likely derives from the anisotropy of hot-electron

conduction. Although low-field electron conduction in silicon is isotropic

B RN R RS AR

because the components from the six equivalent conduction-band valleys f

O el

"’A
average out, and hole conduction in silicon is essentially isotropic ' §
because of the approximate symmetry of the valence bands about the origin |
in reciprocal space, at least two anisotropic properties related to the
[100] axes have been observed previously in silicon: hot-carrier excitation
§ Las becn ubserved to preduce surfzes Lroakdowr traeks tlat propagate in the
[100] directions,28 and anisotropic hot-electron conduction has been
observed in silicon and has been attributed to hot-eiectron scattering i
from one set of valleys to another in the conduction-band struc:ture.zg_31 :
The hot-electron conductivity in the [110] direction is greater than that
in the [100] direc:tion.'31 The anisotropy is more pronounced at low
temperatures than at high temperatures. An explanation for the observed
anisotropic breakdown is as follows: When the insulating film suffers 5
a local breakdown, the collapse of the voltage at the fault results in the
appearance of a large radial electric field in the inversion layer in the

immediate vicinity of the breakdown. The Joule heat produced by hot-

electron conduction in the inversion layer vaporizes the field plate.
The higher hot-electron conductivity in the [110] direction produces a

greater evolution of heat along the [110] axes and removes more metallic
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material along these directions.
In order to study the effect on the anisotropy of an increased electric
A field, we prepared samples with thicker oxides, thus increasing the electro-
static energy stored in the oxide at the breakdown field inteasity. These

samples consisted of 3000 A and 4000 A HCl-steam—grown oxides on p-type

o

o (100) silicon substrates. Very thin aluminum field plates, a few hundred A

in thickness, were used in order to produce minimal interference with the

e

heating contour. Typical results obtained at ronm temperature with a

4000 A oxide are shown in Fig. 14. The breakdowa voltages here ranged up to
280 volts. It is seen that the increased electric field applied to the
inversion region upon breakdown has accentuated the anisdtropy and has
resulted in four—pointed star configurations of field-plate removal with

the points of thu stare aligned in the [110] directions of the underlying
silicon crystal. When defects and weak spots are present in the oxide,

the breakdovn voltage varies from one place to another across the sample,

% and this provides an opportunity to observe a variety of SQBDs as the
applied voltage ‘e gr-dually increased. The evolution in shape can be

' seen clearly in the photograph of Fig. 15, which was taken at room

I temperature on a 4000 A oxide. Three SQBDs appear here, apparently
nucleated on a scratch on the field plate. The respective breakdown
voltages were 170 volts for the circle, 200 volts for the square, and

230 volts for the star. This picture demonstrates clearly the field dependence

3 of the anisot:opy.

3.3. A Slow High-Field Instability

During the course of our work we observed and investigated a

slow instability which leads to breakdown in Al—SiOz—(loo) i structures and
whose progress is enhanced at lowered temperatures. A similar instability
has been reported by Osburn and Weitzman.32 We find that when we subject
the structure to a voltage Just below the value which will cause immediate
breakdown, using either polarity, a small current initially flows which

. can be attributed to the tunneling of electroms from whichever electrode

3 is negative (References 25, 32 and Sections 2.5 and 2.6 of this report).

£ . The current gradually increases over a period of time whose duration is

2 critically dependent on the exact value of the applied voltage: it can be
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minutes or an hour or more. This long-term instability eventually results
in scme SQBDs and finally terminates in a series of rapid breakdowns
which destroy the sample if the voltage is not removed. Two further
observations are of importance. First, positive charge is foﬁnd to build
up in the insulator as the instability progresses. Second, if the sample
ts eooled (toward Iiguid nitrogen renppersture) the iustnbility progresscs
at a faster rate. Typical results obtained while cooling the sample in
vacuum are shown in Fig. 16. The sample here was a 2500 K film of

SiO2 which had been HCl-steam-grown on (100) silicon of 1-2 Q-cm .
resistivity, using an aluminum field plate of approximately 1000 A
thickness. With a voltage of +190 V applied to the fiel& plate, the
current increased slightly for about 20 min but stabilized. As the

sample was cooled toward liquid nitrogen temperature the current showed a
slight decrease. In contrast with this is the result obtained with a
voltage of +195 V applied to the field plate, as shown by the top curve.
The current showed an initial rise at room temperature but stabilized.

As cooling was started the current showed an initial decrease, but at
temperatures below about -75°C the current increased continuously and the
sample underwent a few SQBDs as indicated by the spikes on the curve.
Finally after about 150 minutes, with the sample at a temperature of
approximate.y 90°K, a rapid series of SQBDs took place and the voltage

was removed to preserve the remainder of the sample. Similar results

were obtained (on fresh samples) with negative voltage applied to the field
plate, the voltage required for instability being slightly less than for
positive polarity (~ 185 V). The same instability was observed with oxides
grown on both p and n substrates.

The charge storage observed in the oxide is illustrated by the C-V
curves of Fig. 17, which were taken at a frequency of 1 MHz. Curve 1 is
the original C-V characteristic. The sample was then brought to the verge
of instability by applying +190 volts to the field plate, and the bias

was maintained for one hour. During this time a steady-state current,

attributable to the tunneling of electrons from the substrate, was observed.

At the end of this period the C-V curve labeled 2 was measured, showing a

storage of positive charge in the oxide. Curves 3 and 4 show how the
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Fig. 1l4. Optical micrograph of

temperature, 4000-A 510,. p-type
substrate, Al(+). The points of
the stars line up with the [110]
directions. (100X.)

Fig. 15. Optical micrograph of SQBDs produced
at room temperature, 4000-3 §i0p, p-type sub-
strate, AL(4+). The breakdown voltages were
170 V for the circle, 200 V for the square,
230 V for the star. The sides of the square
are parallel to the [100] directions. (400X.)

anisotropic SQBDs groduced at room
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positive stored cliarge can be annealed out by an injection of electrons
from the substrate. For Curve 3 the applied voltage was reduced to

+150 V, which is well below the point of instability but still sufficient
to cause the tunneling of electrons from the substrate into the oxide.
After three hours an appreciable portion of the stored positive charge
had been removed. An increase in applied voltage to +160 V for one hour
produced a still further annealing of the positive charge. When electrous
are not injected into the oxide, the positive stored charge remains
indefinitely.

The possibility that the observed effects were caused by impurity ion
contamination was investigated. First, conventional bias-temperature
stress measurements were performed, and these indicated negligible ionic
contamination. Second, after positive charge was stored by bringing the
sample to the verge of instability, the sample was heated to a temperature
of 300°C, meanwhile maintaining a voltage of +50 V on the field plate.
This treatment should have held any positive ions at the Si—SiO2 interface
and the positive charge, if caused by ions, should have been maintained.
However, the reverse effect was observed, and the positive charge was found
to anneal out. Finally, the electron annealing of positive charge in
silicon dioxide, in the manner illustrated in Fig, 17, is undoubﬁedly
a characteristic of trapped holes, not of ioms,

The observed results can be explained as shown in Fig. 18, With the
field plate biased to a sufficie.tly large positive voltage, a Fowler-
Nordheim tunneling of eiectrons takes place from the silicon substrate
into the conduction band of - he oxide. Most of the electrons are thermalized
near the bottom of the conduction band, but a few, perhaps only one in
about lO3 according to our estimates, acquire sufficient kinetic energy to
cause hole-electron pair production by impact ionization. The holes
drift toward the Si—SiO2 interface where some of them are trapped, and the
resulting positive space charge enhances the electric field at the inter-
face and increases the tunneling of electrons. Incoming electrons tend to
recombine with the trapped holes, and instability arises only when the
production and trapping of holes dominates over recombination. As the
temperature is lowered, the fraction of electrons that can reach the

required large kinetic energy is increased and the instability is enhanced.
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Inasmuch as we obeerve an exactly gindlar instability when the field
plate is biased to a negative potential, we are led to suppose that
processes similar to those shown in Fig., 18 take place but with the roles
of the two electrodes interchanged. Positive charge trapped under the
field plate can not be observed by C-V measurements because the charge is
imaged in and shielded by the metal. Our C-V measurements indicate
nagligible storapge of rharpe 1o the hulk of the oxidc or at the Si—SjOL
interface after instability has been induced by applying a negative voltage

to the field plate.

3.4, Conclusions

Observations of SQBDs in Al—SiOz—(lOO) Si structures show
distinct differences in the breakdown regions produced with n-type and p-type
substrates and with positive and negative field plate polarities. The
boundaries of field-plate removal are smooth for positive field-plate
polarity and irregular for negative field-plate polarity. Scratch nucleation
takes place only when the field plate is positive. Most striking is the
anisotropy obtained with p-type substrates and positive field-plate
polarity. This is attributed to the anisctropy of hot-electron conduction
in the inversion layer qf the substrate.

A slow instability, eventually terminating in breakdown, .is observed
when the structure is biased to a voltage just below the value which would
cause immediate breakdown. A model is presented which includes the Fowler-
Nordheim tunneling of electrons from the negative electrode, hole-electron
pair production by a few electrons which reach the required high energy in
the oxide, and trapping of holes near the negative interface which enhances

the electron tunneling.

Fig. 18. Schematic energy-
band diagram showing a poss—
ible series of mechanisms
causing instability. Jpy is
a Fowler-Nordheim tunneling
of electrons from the nega-
tive electrode. A few elec-
trons reach high energies
and cause hole-electron pair
production. Holes are t.rapped
near the negative interface,
enhancing JFN'
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4. GENERATION OF ELECTRON TRAPS IN SiO2 BY ION IMPLANTATION
AND BY ELECTRON IRRADIATION*

4.1, Intfbduction

Normal thermally grown silicon dioxide has only small concentra-
tions of electron trapszl and electron trapping is ordinarily negligible.
Electron traps can be generated, however, during the use of the devices and
circuits employing silicon dioxide as the insulator, and the space charge
of electrons in these traps can substantially alter the device character-
istics and the breakdown properties of the oxide. The discovery that
electron trapping centers are generated in silicon dioxide under high-field
conditions has already been discussed in Sec. 2.7 of this report. In the
present section we present the results of experiments which show that elec-
tron traps are also generated in silicon dioxide by aluminum ion implan-

tation and by electron irradiation.

4.2, Generation of Electron Traps by Aluminum Ion Implantation

(N. M. Johnson collaborating)
A. Summary

In this study we used photoelectric and MOS capacitance-voltage
techniques to investigate electron trapping in aluminum-implanted SiO2 and
to compare the trapping with that observed iu unimplanted control samples.
The results. showed that the aluminum implantation created large concentra-
tions of electron traps in the oxide. A substantial fraction of the
electron traps were associated with the displacement damage introduced by
the ion implantation, as was indicated by (1) a considerable reduction in
electron trapping when the implanted sample was thermally annealed, and (2)
similar electron trapping found in preliminary studies of argon-implanted
oxides. The implantation of other species of ions is expected to produce
similar electron trapping centers.

B. Experimental Procedure

Our samples were fabricated from a 3-Q cm n—~type silicon wafer with
(100) crystal orientation. The oxide layer was grown in dry oxygen at 1000°C
to a tliickness of 1400 A. The oxide of one section of the wafer was
implanted with aluminum ions at 20 keV to a fluence of 1014 cm—z. The other

section was not implanted and served as a control sample. Semitransparent

* This work was also supportéd in part oy the Defense Nuclear Agency undgr
the sponsorship of the Naval Research Laboratory/Office of Naval Research.
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gold field plates were vacuum deposited on the exposed oxide surface. The
samples received no heat treatment prior to the beginning of our experiments.

Ihe experimental procedute that we ased to study the elactrun rraps
in the oxide was as follows. The meballic field plate of the sample was
biased positively with respect to the silicon substrate, and the structure
was 1llum1nated from the front with photons having an energy smaller than
the ox1de band gap but greater than the electronic barrier between the
gilicon substrate and the oxide. For this purpose we used photons with an
encrgy of 4.8 eV. A substantial fraction of the incident photons penetrated
the semitransparent field plate and passed through the oxide to the Si—SiO2
interface where they stimulated an intermal photoemission of electrons
from the silicon into the conduction band of the oxide. These electrons
were then drifted by the electric field toward‘the positively biased
field plate and were subject to capture by electron traps in the oxide.

The storage of negative charge resulting from electron capture produced
a shift in flatband voltage which could be determined from the high-
frequency MOS capacitance-voltage (C-V) characteristic. Subsequent dis-
charge of the traps could be accomplished by photodepopulation or by
thermal annealing with the contacts short circuited.

C. Results

The unannealed aluminum-implanted samples initially displayed flatband
voltages of approximately -15 V, indicating an initial storage of positive
charge. In contrast, the confrol samples showed only small inj.tial flatband
voltages, typically - 1 V. The positive space charge in the implanted samples
was neutralized almost completely, and the flatband voltage was brought
essentially to zero, by irradiating the sample with 4.8 eV photons with the
contacts short circuited. Alternatively, the initial positive chavge could
be removed by thermal annealing at 450°C for 30 min with the contacts short
circuited. '

After the initial positive charge had been neutralized, the electron
trapping properties of the oxide were investigated by biasing the field
plate positively and illuminating the sample to produce an internal photo-
emission of electrons from the substrate. The sample current was monitored
and, at intervals, the high-frequency (1 MHz) C-V characteristic of the
sample was measured to determine the charge storage. Typical results

of such an experiment are shown in Figs. 19 and 20. Here the field-plate
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Fig. 19. Voltage shifts of the C-V curve with time during electron
photoinjection. The sample voltage was maintained at Vg = 10 V with
the field plate positive during photoinjection.
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Fig. 20. Photocurrent transient during electron photoinjection with
sample voltage maintained at 10 V. Arrows indicate when light was
interrupted to record the C-V curves shown in Fig. 1.
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voltage was held at + 10 V during photoinjection. As is shown in Fig. 19,
the C-V curves shifted to the right as the photoinjection proceeded,
tolteating & bulldup of negative eharge in the owlda, An important feature T
in Fig. 19 is that the steady-state value of the flat-band voltage is
virtually equal to the voltage applied to the field plate during the
photoinjection, indicating that the negative space charge of the trapped
electrons was great enough to bring tﬁe electric field at the Si—SiO2
interface approximately to zero. Corresponding to this, the photocurrent
fell to a small value which could be attributed to stray photoemission

from other surfaces in the sample chamber (Fig. 20). An analysis, the
details of which are given in References 3 and 15, indicated that (1)
essentially all injected electrons had been trapped in the implanted oxide,
(2) that the centroid of the negative charge distribution was located
approximately 670 K from the field plate, and (3) that the observed decay
in current could be explained by the electric-field dependence of the
photoinjection as determined by Berglund and Powell.33 The negative space
charge in the implanted samples could be annealed either optically by
photons of energy exceeding 4 eV or thermally at 350°C. A 600°C anneal for

30 min substantially reduced the concentration of electron traps, indicating

that many, perhaps most, of the traps were associated with displacement
damage introduced by the ion implantation.

Preliminary experiments on unannealed neon-implanted silicon dioxide
showed large amounts of electron trapping, further substantiating the
importance of displacement damage in the production of electron trapping

centers.

In contrast with the heavy electron trapping found in the aluminum-

and neon-implanted samples, the electron trapping in the unimplanted control

samples was found to be negligible.

Further details regarding this study can be found in Reference 3.

4.3. Generation of Electron Traps by Electron Irradiation

(C. T. Shih collaborating)
In the course of a study of electron transport in which a non-
penetrating (1-5 kV) electron beam was used as an electrical contact to the

SiOz, it was found that deep electron traps were being generated in the
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insulator by the electron irradiation. Further study showed that the traps
were not confined to the volume of the insulator in which the electrons
stopred, but existed through the entire thickness of the §i0,.

The existence of the electron trapping centers was firsé deduced from
the structure of the steady-state I-V curves and was then confirmed by
experinents designed to alternately charge and discharge the traps. The
results of a typical experiment are shown in Fig. 21 for a 4700 A oxide.
Curve 1 is the initial C-V curve taken at 1 MHz. Curve 2 shows the effect
of irradiation with an electron beam that deposited most of its energy
within the first 2000 Z of the oxide. The stretch-out of the curve
indicates the presence of interface states. Curve 3 shows the result of
an anneal which removed most of the interface states. The effect of
negative charge storage, presumably in electron traps, is now shown clearly.
Curve 4 shows the result obtained by photoinjecting electrons from the
substrate into the SiOz. Somn of the electrons were trapped, increasing
the negative charge storage. Curve 5, showing additional negative charge
storage, was obtained by an additional photoinjection of electrons, this
time from the metal field plate. As is shown by Curve 6, most of the
negative trapped charge could be annealed out at 350°C. The traps them-
selves remained, however, and could be recharged by photoinjectiﬁg electrons
again, thus restoring the positive flatband éhift. The structure of steady-
state I-V curves and the voltage dependence of electron photoinjection
currents indicated that thé electron trapping was in the bulk of the oxide
and that a substantial portion of it was located well ahead of the range of
the irradiating electrons. The saturated concentration of the electron

traps was found to be in excess of lOl7 m_3'

The detailed nature of the electron traps is not known, but their presence

has important implications in regard to the results obtained from electron-beam

studies of the SiOz.

Further details regarding this study can be found in Reference 16.
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5. STUDIES OF LATERAL NONUNIFORMITIES IN MIS STRUCTURES

5.1. Introduction

The importance of interface states and of charge storage in the
metal-insulator-semiconductor (MIS) structure was recognized early. Charge
storage produces a shift in the capacitance-voltage (C-V) characteristics
along the voltage axis and a change in turn-on voltage. Interface states

produce a stretch-out of the C-V 'curves and also alter the turn-on voltage.

The effects of these are generally analyzed by modeling the charge storage

and the interface stétes in a one-dimensional, laterally uniform manner.

More recently, however, it has been recognized that lateral nonuniform- %
ities, such as nonuniformities in charge storage, insulator thickness, or %
substrate doping, can cause a stretch—-out in the C-V curves and alter the %

turn—-on voltage in much the same manner as interface states. In fact, it

now appears likely that some of the difficulties formerly blamed on inter-—

faée states might have been caused instead by lateral nonuniformities.

Thus it becomes important to develop diagnostic techniques for the identi-
fication of nonuniformities and methods of characterizing them when they

are found. We have conducted two distinct studies of this problem,

utilizing totally different techniques. In one, we have developed methods .
for using the scanning electron microscope to image the insulator and the |
insulator-semiconductor interface in order to study and identify non-
uniformities. In the othe;, we have developed techniques by which electri-

cal measurements made at the terminals of an MIS capacitor can be used to
determine the presence of lateral nonuniformities in the structure, and

we have devised a simple but effective method for characterization of the

nonuniformities. The two studies are described below.

5.2 . Scanning-Electron-Microscope Studies of Nonuniformities

(D. Guterman and P. Roitman collaborating)

We have developed a technique for utilizing the scanning electron
microscope to image the internal structure of MIS devices. The beam of the
electron microscope is used to induce currents within the sample, Images
sensitive to variations in these currents are thus formed. Most of the
samples studied have been conventional MOS structures utilizing a silicon
dioxide insulator; however, implanted oxides and capacitors incorporating

A1203 dielectric films were also examined.
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We have developed a theoretical foundation for determining the range

and ultimate spatial resolution for the incident beam and have analyzed

s

o three sources of induced current: (1) electron-beam-induced conductivity

T

5

(EBIC) within the insulator, (2) internal emission over the insulator-

interface barrier, and (3) displacement currents generated within the

depletion region of the substrate.

A enis

X The experimental techniques that we have employed include induced-

current imaging studies and single-line scans as a function of incident

: energy, current, scan speed, and applied bias. Information derived from

backscattered primary and secondary electron imaging supplements that of

the induced currents. Supporting techniques such as capacitance-voltage,

current-voltage, bias~thermal stress (BTS), and self-quenching breakdowns
% were employed to clarify the nature of observed features.

: Two types of structure were studied in detail. Stack -z faults in

& the substrate which terminate at the Si—8102 interface were fourd in a number ;

of MOS capacitors. Qualitative agreement between observed and theoretical

WO, current dependence was demonstrated. Carrier-lifetime variation within
i faulted regions is proposed as a possible source of their contrast. The
secoud type of structure, ion aggregations (very likely sodium), were
observed within 9i02, adjacent to an interface, after extended bias—thermal
stressing of MOS samples. The location, density and size of these structures
was shown to be dependent on sample preparation and BTS history. Their
contrast in beam induced imaging is proposed to arise from either enhanced
i conductivity within the SiO2 or enhanced internal emission over the inter-
8 face barriers, depending on the imaging parameters. An example of the EBIC
imaging of sodium clusters at an Si—SiO2 interface is shown in Fig. 22.
g Formations observed in other samples include defects incorporated during
processing and damage introduced by ion implantation.

Under certain conditions a beam-structure interaction is observed,

indicating that radiation damage produced by the electron beam can have a

e

significant effect on the images. Although such radiation damage is seen

5%

to influence both the structures and their images, it is concluded that
the induced imaging technique that we have developed is of significant

value in the analysis of internal structures within MIS devices.

PSR e ey

Further details regarding this study can be found in References 13, 14,

%ﬁr and 19 .
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5.3. Study of Lateral Nonuniformities by Electrical Measurement Methods

(C. C. Chang collaborating)

Although rhis stuly was funded from other sources,” we include it here
because of its importance to the other segments of our program.

The performaice of solid-state devices and circuits based on the metal-
insulator-semiconductor (MIS) structure is adversely affected by the
presence of either interface states or lateral nonuniformities. The study
of lateral nonuniformities is haﬁdicapped by the fact that their effect
on the C-V characteristics of the structure resembles that of interiface
states. In this work we have studied methods for distinguishing between
lateral nonuniformities and interface states and for characterizing lateral
nonuniformities when these are determined to be present.

We have devised a simple, approximate method for determination of the
distribution of flat-band voltages in a nonuniform MIS capacitor, using
only the measured quasi-static and high~frequency C-V curves of the structure.
Computer simulation indicates that the approximate formula generally ylelds
acceptable results. We also propose a more exact method based on use of the
Fast Fourier Transform technique.

We have developed two methods for distinguishing between interface
states and lateral noruniformities which are based respectively on the
ffequency dependence of interface-state capacitance and on the temperature
dependence of both minority-carrier generation and emission from interface
states. Experimental results illustrate the feasibility of these methods.

Analysis shows that when a C-V stretch-out is caused by lateral
nonuniformities, the resulting quasi-static and high-frequency C-V curves
cannot both be fitted by any distribution of interface states, and,
conversely, if the stretch-out is caused by interface states, the resulting
quasi-static and high-frequency C-V curves cannot both be fitted by an
lateral .distribution of flat-band voltages. A convenient procedure for
utilizing this principle has been devised and proved experimentally.

A study of interface states generated under high-field conditions
in metal-silicon dioxide-silicon capacitors indicates that these states
have their charge-neutral level approximately at silicon mid-gap. This

study was made possible by the observation that application of .the high

* This study was supported in part by Bell Telephone Laboratories, Inc.
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Fig. 22. EBIC images of an MOS structure taken (a) prior to bias
thermal stressing, and (b) after bias thermal stressing for 13.5
hrs. at 175°C, and V_ = 4+ 50 V. Cone-like structures are observed
in the induced-current image after stressing.
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field at liquid-nitrogen temperature does not result immediately in the
generation of interface states, but that the states develop as the sample
is warmed toward room temperature. A combination of experiments performed
at liquid-nitrogen temperature and at room temperature permitted separation
of interface-state and charge-storage effects. The foregoirg result
provides a reference for determining the density of stored charge in the
oxide when interface states, at leasﬁ those of the type we studied, are
present,

The foregoing methods were applied to a further study of the stretch-
out of the C-V curves of MIS capacitors that had been subjected to high
fields. The results showed that the -tretch-out was caused by the generation
of interface states instead of by a laterally.nonuniform storage of charge,
as might have been supposed.

Two additional by-products of our study were as follows:

(1) We found it to be generally true that the principal source of minority
carriers in the depletion regime was generation through interface states,
while in the inversion regime the generation through bulk states was
dominant. This explains a peak in the relatively low-frequency C-V

curves near the turn-on voltage that has frequently been observed. (2)

The presence of lateral nonuniformities will give rise to two apparent
peaks in the density of interface states near the band edges if ore
misinterprets the stretch-out as due to interface states and obtains the
interface-state density by standard methods.

Additional details concerning this study can be found in Reference

34. This material is being prepared for publication.
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6. THEORETICAL MODELING

6.1. Modeling of Electrical Breakdown in Si0, Films

2
(Dr. Brian K. Ridley collaborating)

The breakdown field associated with impact ionization and avalanche
was estimatad, using simple energy-momentum balance equations, for low-
gap semiconductors and for high-gap insulators. Reasonable agreement was
obtained in the former case, but estimated fields in the latter case
turned out to be nearly an order of magnitude higher than those observed.
This suggests that mechanisms other than avalanche are responsible for
breakdown in insulators. A mechanism for SiO2 films, based on Fowler-
Nordheim injection from a cathodic protuberance, filamenfary Joule heating,
and activation of mobile positive ions, which enhance the injecting field,
was explored. The protuberance was taken to be spheroidal, with a di-
mension related to the thickness of the film and of order 100 R. A
mechanism for lateral spreading of the initial discharge and subsequent
quenching by the substrate resistance gives the extent of the damaged
area to be of the observed order in self-healing breakdowns. The
breakdown field and its dependence on film thickness are in reasonable
agreement with experiment.

A detailed discussion of this study can be found in Reference 12.

6.2, Hot-Electron Distributions in Insulating Films

(Professor M. A. Lampert collaborating)

The hot-electron energy distribution produced in a high electric
field, F, across a thin insulating film was studied by Monte Carlo cal-
culations on a digital computer. The dominant electron collisions were
assumed to be those with the lattice, producing single optical-phonon

emissions of energy Eph' The mean free path A was initially taken as a

constant independent of energy, and both isotropic and anisotropic scattering

were studied. A scaling law for the average electron energy Eave B& in
b

the steady-state distribution, previously found analytically for isotropic

scattering, namely E = k(FA)z/eph, was found to hold also for

ave,ss
anisotropic scattering, k bzing a numerical constant determined by the
detailed nature of the scattering law. Forward scattering produces larger

values of k, backward scattering smaller values. No matter how strongly
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peaked the forward scattering, short of exact (6=v) forward scattering,
there is a finite, steady-state distribution. An analogous écaling

law was found for the development distance D required to achieve the steady-
state distribution, namely D = k'(FAZ)/eph.

Since the study of anisotropic scattering is costly, an extensive
computer study was made of a highly simplified simulation, namely a
one-dimensional random walk (fixed pafh length between collisons) in
a force field. The salient features of the three-dimensional energy
distribution are reproduced by the one-dimensional simulation, and the
computer running time is reduced by a full order-of-magnitude.

A paper giving the results of the foregoing study has been accepted
for pu.blication.35 In preparation is a second paper giving the results
of a study showing that when the mean free path of the electrons increases
with increasing energy, some of the electrons escape from the well
behaved part of the distribution and gain large energies. This 18 of

importance in impact ionization (Section 3.3).
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MISSION
of

Rome Avr Development Center

RADC is the principal AFSC organization charged with
planning and executing the USAF exploratory and advanced
development programs for information sciences, intelli-
gence, command, control and communications technology,
products and services oriented to the needs of the USAF.
Primary RADC mission areas arc communications, electro-
magnetic guidance and control, surveillance of ground
and aerospace objects, intelligence data collection and
handling, information system technology, and electronic
reliability, maintainability and compatibility. RADC
has mission responsibility as assigned by AFSC for de-
monstration and acquisition of selected subsystems and
systems in the intelligence, mapping, charting, command,
control and communications areas. ’
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