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Progress 1s reported in the characterization of electronic transport and
dielectric breakdown properties of technologically important, thin insulating films on
Si, namely 5107, AﬂZO', Si3N4 and thelr composites.

New corona-charging techniques have been developed for the study of non-destruc-
tive breakdown of un-metallized 510, films, enabling the measurement of I-V character-
istics in the steady-state discharge, the identification of the current-carrier in
the oxide, an accurate study of electron tunneling from the Si substrate, and
producing strong evidence against avalanching in the oxide.

Locally destructive, self-quenching breakdown of Au-Al1203-51 and Al-510,-Si
structures has been studied. The time scale for breakdown is hundreds of nanoseconds
for the Si in inversion, ani tens of nanoseconds in accumulation. Pre-breakdown C-V
(charge storage) measurements suggest breakdown of the Al,03 structure at the Si
interface, and of the S10; structure at the Al interface. A sllicon-oxide interface
under a thin film has been successfully probed in the SEM with high lateral resolution,

Strong electron-trapping in Al-implanted S10; films has been verified by charge-
discharge techniques, using optical charging and optical or thermal discharging, and
has been successfully mcdelled theoretically. C-V measurements have confirmed strong
electron-trapping in S10, films previously exposed to kilcvolt electron-beam injection.

Theoretical modeling of self-quenching breakdown is under study with tunneling,
joule-heating and their interaction (feedback) as the key ingredients. The dynamical
behavior of runaway, hot-electron distributions has been extensively studied by
graphical and computer techniques.

R S

#
DD 1:00“\:‘“1 473 (PAGE 1) ,'a/ Unclassified

S/N 0102-014-6600 Security Classification




e i e e 4,

Unclassified
Security Classification 4
14. WEY WoRos LINK A LINK B LINK C
ROLE wT ROLE wT ROLE wT
|

Electronic transport 8 2

Dielectric breakdown 8 3

Insulating films 9 3

Corona charging 10 3

Nondestructive breakdown 9 3

Tunneling into oxide 7 2

Insulator breakdown 8 2

Self-quenching breakdown 8 3

Scanning electron microscopy 10 2

Electron trapping in silicon dioxide 8 3

Aluminum Implantation into silicon dioxide 10 3

Hot electrons in insulators 8 3

I S VN — ds
DD 201473 teacx) i s

——linclacsified
(PAGE 2) Security Classificstion




Abstract

Progress is reported in the characterization of electronic
transport and dielectric breakdown properties of technologically
important, thin insulating films on Si, namely 8102, A1203, Si3N4
and thelr composites.

New corona-charging techniques have been developed for
the study of non-destructive breakdown of un-metallized §i0y films,
enabling the measurement of I-V characteristics in the steady-state
the identification of the current-carrier in the oxide, and the
accurate study of electron tunneling from the Si substrate.
Evidence is adduced against avalanching in the oxide.

Locally desctructive, self-quenching breakdown of
Au-Al,03-Si and Al-8i0,5-S1i structures has been studied. The
time scale for breakdown is hundreds of nanoseconds for the Si in
inversion, and tens of nanoseconds in accumulation. Pre-breakdown
C-V (charge storage) measuremen:s suggest breakdown of the Al,04
Structure at the Si interface, and of the 5105 structure at the
Al interface. A silicon-oxide interface under a thin film has
been successfully probed in the SEM with high lateral resolution.

Strong electron trapping in Al-implanted SiOZ films
has been verified by charge-discharge techniques, using optical
injection of charge carriers into the films for charging of the
traps and optical or thermal discharge of the trapped carriers.
The trapping has been successfully modeled theoretically.

Theoretical modeling of self-quenching breakdown is
under study with tunneling, joule-heating and their interaction
(feedback) as the key ingredienis. The dynamical behavior of
runaway, hot-electron distributions has been extensively studied
by graphical and computer techniques.
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I. Intrcduction

This report detwils pregress in a comprehensive
experimental and theoretical research pregram for the character-
1zaticn of electronic transport and dielectric breakdown
properties of thin insulating films on silicon which are

technologically important (SiO A1203, 8i.N),, and their

2 3

The experimental approaches being used are:
1) Completely non-des*ructive breakdown of the insulating film
achieved by contacting the exposed surface of the film by a
corona discharge 1n a suitable gas,
ii) locally destructive, selif-quenching breakdown of the film,
achieved with thin metallizaticn,
1i1)optical injection cf charge into the film and optical or
+hermal discharge of trapped carriers in the film,
1v) electrcn-beam injecticn of kilcvelt electrons stopped inside
the film under a thin metaliization,
v) elemental analysis and topographic imaging of breakdown-
induced damege in the film,
v1) electron-beam studies of the solid-solid interface between
the silicon substrate and the film.

The theoretical studies which are being carried out are:
1) Monte-Carlo calculations of hot-electron distributions
produced by high electric fields in the film,
11) modeling studies directed toward identification of those
physical mechani=ms critical tc the electrical breakdown of the film,
iii)tunneling of electrons out of a triangular potential well
in the Si, produced by strong band-bending at the interface into
the fium,

Highlights of the current report are:

A. Non-Destructive Breakdown

In the non-destructive breaskdown of 8102 films thermally
grown on Si, the sign of the current.carrier in the oxide has
been determined by use cf a shallow P-N junction diode as the

substrate. For both pcsitive and negative coronas, electrons




gre the current carrier. With negative corona it has been
directly verified that each electron entering the silicon from
the cxide generates apprcximately one electron-hole palr in

L thermalizing to the bottom of the silicon conduction band.

A direct-comparison technique has been developed for
measuring the surface potential of the exposed film under steady-
state charging by the corona. With this technique it has been
shown that there are no significant differences in the I-V
characteristics for n-and p-type substrates.

The vibrating Kelvin-probe technique for measuring

surface-potential decay rates, after charging, has been developed

{ intc an accurate and reliable vehicle for studying tunneling of
elecrrons from S1 into Si02. This technique yields an electron
effective mass in the oxide of mn/m = 0.39, in agreement with
Previcusly reported values.

Under negative corona charging, at fields above
1.1 x 107 V/em, positive charge is found in the oxide through
C-V measurements with a mercury probe. Arguments are adduced
that the positive charge is the result of injection of hot
holes from the Si into the Sioz, the holes being created by the
incoming electren (the primary current-carrier in the oxide).

Iwo independent experiments negate avalanching in the
8102 tilm as a likely significant factor in locel film breskdown.
The stallcw-junction diocde experiment with negative corona
establishes that a significant fraction of electrons in the
oxide cannot have as much as even 2 ev excess energy. Further,
the complete absence of oxide charging with positive corona
establishes that a negligible number of electron-hole pairs

can have been created in the breskdown.

B. Locally Destructive, Self-Queaching Breakdown

Locally destructive, self-quenching breakdown has now
been studied on Au—A1203—Si and Al-SiOz-Si structures, where the
A1203 is pyrolytically deposited and the 8102 thermally grown,

A result commcn to both structures is en order-of-magnitude

difference in the time scales for breaskdown between those




situations where the Si substrate is in accumulation at the ‘
interface (tens of nanoseconds) and where the substrate is in
inversion (hundreds of nanoseconds). The corresponding
equivalent resistances in the discharge path are roughly one
hundred chms (Si in accumulation) and a few kilohms (Si in
inversion). In the case of A1203, at high fields at pre-
breakdown, positive gate (Au) voltage charges the film negatively
and negative gate voltage charges the film positively, as
determined by C-V measurements. These results are concistent
with breakdown always initiated at the silicon interface. The
results for SiO2 are the opposite: at high fields at pre-
breakdown, positive gate (Al) voltage charges the film positively
(up to 1017/cm3 voiume density of charge) and negative gate
voltage produces relatively little charging (C-V flat-band shift
less than 5 volts). These results are consistent with breakdown
a.ways initiated at the Al interface. Electrons are not strongly
trapped in a clean SiO2 film and therefore do not charge up the
film, whereas holes are ulways strongly trepped at the Si-SiO2

interface and therefore charge up the film, With positive gate
bias the breskdown was sensitive to scratches on the gate; with
negative gate bias it was insensitive, With positive gate
bias, optical and SEM photography of the exposed breskdown area
revealed it to be round, smooth-edged, with %+ 20u diameter,
and & distinct inner region % 0.5 diameter; further the
overall size of the breakdown region appears to be independent
of whether the silicon substrate is n-type-or p-type. With
negative gate bias the exposed breakdown area appears round,
rough-edged, with o 5-6& diameter, and a distinct inner region
iy 1.2u diameter. Only p-type substrates have to-date been
studied in this polarity. The exposed area of breakdown has
been probed for elemental composition in the SEM using x-ray
fluorescence.

C. Secondary-Electron Spactroscopy

(o]
With relatively thin films (; 1000A thickness) the
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SEM has been used to image the silicon-oxide-interface. The
rezhnique emplcyed sweeps the detection volume through the
irterface region, comparing the gbscrbed current images

during the sweep. Up to the present, lateral resolution

o1 200A has been achieved, and depth resolutien sufficient

1o 1mage detail at the interface but remaining to be determined
quantitatively.

D. Charge-Discharge Studies

Electron traps in a.lmninum—1mplanted-8i02 films have
been studied by electron injection induced by internal photo-
emission, fonllowed by optical or thermal de-trapping. The
optical de-trapping required hy > b.bev. Thermal de-trapping
was achieved at temperatures below 350°C. Thermal annealing at
600°C substantially reduced the concentration of electron traps,
suggesting that the traps are located at defect centers created
by rthe implantation process. A model of electron trapping has
been formulated which illustrates the dynamic features of the
trapping process and correctly predicts the time dependence
cf the flat-band voltage and photocurrent during electron
photoinjection; both analytical and numerical calculations have
besr made. Arplication of the model to the experimental results
indicates that all photoinjected electrons are trapped in the
nx1de-. Also, the analysis yields-a numerical value for the-
centrcid of tne resulting space-charge-distribution.

E. Electron-Beam Injection Studies

A square-law portion of the steady-state I-V
characteristic obtained in the electron-beam injection experiment
has previously been interpreted in terms of electron-trapping

in the cxide in equilibrium with photon de-trapping, the photons

being generated by the incident (primary) electron beem in stopping.

The presence of electron traps in the electron-bombarded oxide
has now been independently confirmed by internel photoemission
experiments. C-V measurements have yielded flat-band voltage
shifts on the order of 25 volts corresponding to negative charge

in the oxide. The electron traps are not present in oxide films




which have not been bombarded by the kilovolt electron beam.

Further work will concentrate on obtaining a quantitative picture
of the production of traps by the beem. Toward this end, an
improved, more uniform beam, available from a tungsten cathode,
is under design.

F. Theoretical Modeling of Local Breakdown

On the theoretical side, the major effort has been
spent on identifying those physical mechanisms which appear to
be basic for electrical breakdown of the films. Two ingredients
are essential for any model of breakdown: 1) injecticn of
carriers into the film from the substrete or gate, and 2) Jjoule
heating in the film. Generally, models of breakdown attempt
also to identify posi.ive feedback mechanisms. In Si02,
breakdown is certainly initiated by Fowler-Nordheim tunneling
inte the film from the substrate or gate, though at a later
stage thermionic emission may be significant. It is likely
that the significant tunneling occurs at sites of irregular
structure (deviation from flatness) at the cathode surface
where there is field enhancement. A simple gtatistical model
1s given for estimating the distribution of protuberance sizes.
Current initially flows in filaments in the film inside which
there is rapid heating to exceedingly high temperatures.

(Because of the small filament radius, radiative transfer of
heat out of the filament is insignificant and the filament
temperature can get very high.) The spreading resistance of the
silicon substrate is an important element in the evolution of the
breakdown in that, at some current level, it brakKes:' the runaway
in the filament. The fields are high enough (; 1 x 107 V/em)
that ionic conductivity (e.g., of Na+ ions) may be appreciable
even at room temperature, Feedback mechanisms which have been
considered are: 1) thermal runaway in the silicon substrate,
which may entirely reverse the breking action of the spreading
resistance of the silicon; 2) a thermionic instebility in which

the thermionic current from the cathode is high enough to

sustain the cathcde at high temperature, and which provides a




mezhanism for substeatial radial growth of a filament; 3) growth |

of a ccnducting prctuberance with consequent increase of the

f1eld enhancement which was initially determined, at room
) temperature, by the pure topography; 4' ion-induced field
erhancement fclilcwing ion motion in the high fields at elevated
temperatures. This effect has recently been demonstrated
experimentally. It 1g a very powerful mechanism in lcwering the
breakdown field. Impact ionization, historically a very popular
mechanism 1n the theoreticai literature, is shown to be highly
uniikely :n large bandgap insulators. This mechanism is also
nct supperted by the available experiments (see A).

| G. Tunneling Calculations

Theoretical work has also been done, in support of
the non-destructive, corona-induced breakdown experiments, on the
prcblem of tunneling of electrons out of the triengular potential

well produced inside the silicon at the Si-Si0, interface by

2
streng band-bending. This problem, which 1s an extension of the
previdusly solved problem of space quantization inside the
triangular well, alsc has a complete analytical solution, 1n

terms c¢f Airy functions. The calculations indicate that

tunneling 1€ mostly out of the lowest sub-band of energy levels in
the well.

H. Hot-Electron, Monte-Carlo Calculations

Scme further hot-electron, Monte-Carlo calculations
have been carried out with availeble programs. The scaling
law for the constant mean-free-path. problem has teen more
extensively studied for large scattering anisotropies in the
cne-dimensional rendom-walk simulation. Also, a more systematic
exploration of the distribution runaway associated with energy-
deperdent mean.free-paths has been carried cut. (Only rudimentary
results on this problem were available in ‘che previous report.)

In terms of & simple graphical analysis we now have a good

picrure of how the distribution function runs away.




2. Non-Destructive Breskdown and Transport in Un-Metallized Films

(Z. Weinberg collaborating)

A. Background Discussion and Summary

Recent progress has been successful in firmly
establishing the corona discharge as a powerful research tool
for the study of thin insulating films. This discharge provides
a simple means for charging , positively or negatively, the
exposed, unmetallized surface of the film. The film is easily
charged up tc breakdown, which is totally non-destructive
because of the absence of lateral conductivity along the film
surface. Thus, true steady-state and quasi-steady-state
currents can be drawn through the fiim (the latter if there are
slow charging effects in the film). There are several unique
advanta%es to the corons discharge technique: 1) the experiments
are done at approximately atmospheric pressure so that the
charging of the surface takes place st negligible ion kinetic
energies ( < 1 ev); thus damage to the film produced by ion
kinetic energyl is avoided, 2) film breakdown is reached at

1l x lO7 V/cm, corresponding roughly to a surface ion density
cf 1013/cm2. Thus, the effertive gate associated with the ion
depcsition is at most a few percent of one monolayer, and
3) because of the absence of lateral conductivity along the film
surface, 'weak' spots play a negligible role in the {non-
destructive) breekdown of the film., If the film is metallized,
the stored energy in the film capaciter discharges through a
'weak' spot, producing severe locel destruction.

The results obtained to-date have established that
the non-destructive breakdown of 8102 films induced by either
positive or negative coronas in dry air is due to the tunneling
of electrons from either the silicon (positive corona) or from
surface electron traps (negative corona) into the film. This
has been established by use of a shallow-junction P-N diode for
the substrate. The breakdown field strength of the film is
constant over the range of thicknesses studied to-date, namely:

[+
600 to 2700A, and the value of the breakdown field is




6 x 106V/cm. for pcsitive corona (electrons tunneling from ihe
cilicon) and 1.3 x lO7V/cm. for negative corona (electrons
tunneling cut of surface traps). With the positive ccrona an
vnusually accurate study of tunneling from the silicon into the
cx1de has been possible using a vibrating Kelvin probe to monitor
the decaying surface potential (gﬁigg_corona charging). With
negative corona, C-V measurements with & mercury probe have
established the build-up of positive charge in the oxide near
the i1nterface. At present, the aveilable data on this point to
the tunneling of hot holes from the silicon, these holes being
created by electron-ho.e pair generation by the incoming
electrons during their thermalization (these eleectrons enter
the silicon from the oxide with at least 3 ev kinetic energy).

B, The Corona Discharge

A corona discharge in a gas ambient is produced by
field intensificatilon at sharp pointe or thin wires under 1
application of high voltage. It is a well-known phencmenen in
the electric power industry, in that the corona generated
around & high-voltage transmission line is an undesirable loss

mechanism - in fact, the corona losses determine the upper limit

cf veluage usable for electric power transmission., More recently
the corona discharge has played a more benevolent role in
technclegy; 1t 1s a standard component in electro-copying
equipment, being used to charge up the photo-sensitive paper.
In general, the corona is a convenient source of electrostatic
charge in a gas ambient. It has been, and is being, used-by P
R. William52 for the study of Si02 films, but not as far-reachingly
as in the present work.
Shahin3 has carried out a mass-spectroscopic analysis
of the lonic constituents produced by a corona discharge in
room air at various humidities. He found that the dominant
ions are the following:

For positive corona,

(8,0) K" with A=l 'S

Estimated ionization energy: 3.8, 3.2, 2.6 ev
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For negative corona, CO

of 3.8 + 1ev.

, with en estimated electron affinity

The above positive ions are far too shallow to inject
holes into the valence band of SiOz, whose maximum lies approx-
imately 10 ev below the vacuum. (Only a handful of positive
ions are deep enough to inject holes directly into the valence
band of 510,; these include He+,Ar+,Ne+,N2+, ete.). Likewise,
the above negative ions are far too deep to inject electrons
into the conduction band of SiOz, whose minimum lies approximately
1 ev below the vacuum. Thus, ions of either sign can only charge
up the surface of the exposed oxide, until non-destructive
breakdown sets in. In the terminology cof energy bands, these ions
constitute surface states lying inside the oxide bandgap. Very
high fields, 2 5 x lO6 V/cm. are required to allow charge to
tunnel from these states into the corresponding band of the
oxide.

C. The Basic Electronic Processes

The basic electironic processes by which conduction
current can flow through the oxide in the corona experiments
are schematically illustrated in Fig. 1(a) and (b). With the
corone positive, Fig. 1(a), the silicon substrate will be in
electron degeneracy at the interface because of the very high
field, Thus, n-type Si will be in heavy accunulation at the
interface, and p-type Si will be in deep inversion., Possible
injection modes are: 1) electrons tunneling into the oxide
conduction band from the degenerate electron gas in the conduction
band of the silicon at the interface, 2) electrons tunneling
into the oxide conduction band from the valence band of the
silicon, or 3) holes tunneling from the positively charged
surface states (adsorbed positive ions) at the exposed surface
into the valence band of the oxide. At any one field, one of
these three injection modes will be dominant. At a higher

field another mode may take over. (Note that for the sake of
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simplicity we have drawn a single energy. level. of positively
charged surface states; in practice there may be several
energy levels corresponding to different adsorbed ions, and
further, each ' single' level may in fat¢t be somewhat

smeared out 1nto a surface band due to various interaction
effects. At present very little is known about adsorbed ionie
levels cn the surface of 8i0,. Figure 1(b), corresponding to
negative corona, is the dual of Fig. 1(a). The silicon
substrate will now be in hole degeneracy at the interface at
the high fields. Hence, p-type Si will.be in heavy accumvlation
and n-type Si 1n deep inversion at the interface, Holes may
tunnel from either the valence band or the conduction band of
the silicen, or electrons may tunnel from the negatively
charged surface states (adsorbed negative ioms).

From Figs. 1l(a) and (b).it is clear that, with.either
polarity cf corona, either sign of . current-carrier may .be
dcminant. A major result of the present .work.is, in fact, the
determination of the sign of curreant-carrier - negative, for both
pclarities, foi corona in dry air..

D. The Basic Experiment

A schematic of the basic corona experiment is shown.
in Fig. 1(c). The ions are produced in the immediate vieinity
of the corona needle. The dominant element in.the.subsequent.
fate of the ions is their short mean free path ) .for collisions
with the neutral gas molecules; namely i is .on the order of
10-5 cm. at atmospheric pressure. As.a result.the ions.remeain
thermalized at the ambient temperature, corresponding to a kinetic
energy = 0.025 ev. This very low kinetic.energy of. impacting.
ions protects the oxide film from undesireble excitations which
Plague other methods of depositing.charge.on the film. A further
consequence of the strongly collision-dominated motion is. that
the ions closely follow the electric field lines. This

feature has provided the basis for measurement.of the surface .

potential of the film during steady-state cnarging by the




corcna, namely by a comparison method described. below.

The corona-induced flux of ions.serves as an. ideal
current-limited source. The exposed film surface serves. es a
perfect floating electrode which self-adjuste its potential,
in the steady 'state,to accept the ion current which the bulk
of the film can transport to the silicon substrate.

In a dry ambient there is negligible. lateral
conductivity along the exposed surface of the oxide. Thus,
'weal:' spots in the film are uneble. to discharge.the zslectrostatic
energy stored throughout the film. . Their sole effect is to
create & highly localized, very smell area of potential deviation
from the averags potential over the film surface. The.total
area of potential deviation is obviously proportional to the
area of the weak spots; if the latter is small compared to the:
total exposcd film area, the overall effect of the weak spots
is correspondingly small. This unusual feature of the corona.
method is in startling contrast to the conventional MOS.
capacitor studies, where a single wesk.spot.will. lead to.
locally destructive breakdown, because of the high.lateral
ccnductivity of even the thinnest metallization.

The samples studied to-date have all been Sioz.films
thermally grown, in a dry embient, on (100) waférs of silicen,
bcth n- and p-type in the resistivity range 1-2 Qcm.

Film thicknesses studied were

o]
p-substrate : 581, 1027, 25T0A
[

n-substrate : 58T, 1000,. 25804 ,.

as measured by ellipsometry to en accuracy better than 1%. The
index of refraction of the oxides is 1.U6. Contact to the back
of each wafer was made by Al evaporation following the. appropriate
shallow-dopant diffusion (boron into p-Si, phosphorus into n-8i)
tc provide a high-conductivity region of.contact. The sample
dimensions were 7.5 x T.5 mm. All of the samples.were provided

by the RCA Laboretories in Princeton.

A1l experiments were done in en environmental chamber




which allows control of the gaseous ambient. The. chamber is
equipped with an air lock for transferring material. in and out,
and a pair of gloves for exterior manipulation of the interior
equipment. The humidity inside the chamber is kept low by
circulating the interior ambient through a. desiccating system
containing both silica-gel and & molecular sieve. The
equipment includes provision for introducing & slow, controlled
flow of dry N2 or cther gases. The unit can be completely
covered to shield the experiment from exposure to ambient light,
if necessary.,

A schematic of the corone source is shown in Fig. 2.
The source of the discharge is a gold plated needle of. the type
used as a microprobe for integrated circuitry, It proved to
be a reliable and stable source, and provided better uniformity
of charging cver the small sample aresa than a thin wire.

The surface potential of the exposed film was. measured
under two conditions: trensient decay, following charging, and
steady-state charging. The transient decay was . monitcred by a
vibrating Kelvin probe, as illustrated in Fig. 3(a). The
vibrating metal plate generates an sec signal proportional to the
difference in potential between the plate (known) and the film
surface (unknown). A lock-in detector, sensitive only to the
L00 hz frequency, monitors the ac signal. A precision voltage
supply varies the potential of the vibrating plete until a null
is obtained in the ac detector. The detection sensitivity.is
+ 0.05 V relative to an average film-surface potential of

= 100 volts.

E. Steady-State Potential Measurements

The steady-state charging potential. is measured by &
comparison technique, as illustrated in Fig. 3(b). . The. sample
énd a metal reference plate of equal area are placed symmetrically
in the corona field and the currents to both are monitored. If

the surface potentials of the film and the metal plate are unequal

then the two curretrts will 'also be-dneqﬁhiif~6éhverséiy7?174w”

equal currents correspond to equal potentials. In the imple-
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mentation of this simple idea, tha two surfaces are surrounded |

by a grouvaded mask, as shown in Fig. 3(b). The mask ensures
equal exposed areas of the two surfaces and prevents ions froum 1
reaching the sides or back of the sample. The metal reference
plate 1s also grounded, the current being controlled by & grid,

as shown. The potential VB of the silicon back plate is

adjusted so that the sample current IS is the same as the current
Im coLiected by the metal plate. At this point the exposed
surface of the film must also be at ground potential, and the
oxide voltage Vox must cancel the applied voltage VB: Vox = - VB.
In practice, the sensitivity of this technique can be as good

as t 1l V. However, when the sample response is very slow, the
uncertainty in the final balance hinders its reliability. In a
regime of quick response the method is both accurate and con-
venient. In this respect the method is quite complementary

tc the vibrating probe method, which is rendered impractical

by quick decay. In fact, development of the steady-state,
comparative method was spurred by the problem of coping with
deep-depletion in the silicon substrate. With the substrate in

deep inversion, a sufficiently fast rate of tunneling of

carriers out of the inversion layer into the oxide can drive
the substrate into a steady-state deep depletion. Since a
sizable voltage can be absorbed across the deep-depletion layer
the measured total sample voltage and the oxide voltage can
differ substentially, leading to large uncertainties in the latter
quantity. Since deep-depletion in silicon decays to normal
inversion on a time scale shorter than a second at room
temperature, the Kelvin probe method would be ineffective in
studying this important regime. The steady-state, comparative
method, in contrast, is well suited to this purpose.

5

F. C=V Measurements

A standard technique for measuring the sign and

quantity of charge stored in an insulating film is the C.V

measurement, conveniently made at a frequency of 1 Mhz,




Contact tc the insulator surface is made by a probe in the form

of a small mercury ball held in a platinmm container with a

20 mil diameter opening. The physical mechanics of the
measurement are such that it cen only be carried out after
charging, i.e. during the decay period. As is well-knuwn, the
C-V measurement is most sengitive to charge stored at or near
the substrate-film interface, and is least sensitive to charge
stored at or near the exposed film surface. Note that the sign
of the charge stored in the film after corona charging need not
be the same as the sign of the dominant current-carrier either
during charging or decay. Thus, it is a matter of common
experience that good SiO2 films have negligible electron trapping
states so that electron currents leave behind negligible stored
negative charge.

G. The P-N Junction-Diode Substrate-Detector Experiments

One of the goals of our research has been to identify
the sign of the current-carrier in the oxide during breakdown.
This goal has been achieved through the use of a shallow=Junction
P-N dicde for the substrate, instead of a homogeneous wafer, as
illustrated in Fig. 4. In addition to being a low-leekage
Junction, the main requirement on the junction is that it be
shallow, i.e., sufficiently close to the interface that a
minority carrier, injected into the diode from the oxide, will
diffuse to the junction with negligible prcbability of
recombination before reaching the junction. In effect, the total
structure may be viewed as a transistor, with the oxide film
serving as the emitter and the diode-proper furnishing the base
and collector. In the polarity used foa: -Fig. h(b)(negative
corona), if the dominant current carrier in the oxide during
breakdown is holes, tunneling in from the p-region of the diode,
then the only current observed in the external circuitry will
be that in the circuit connected to the p-region (the current
labelled Ip in Fig. 4(b)). Conversely, in terms of the tramsistor
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analog cited above, if the dominent current in the oxide were

electrons, tunneling in from the negatively charged states on

the exposed surface of the oxide, then one might expect the

only external current observed to be that flowing in the circuit

connected to the n-region (the current labelled In in Fig. 4(v)),

except for a very much smaller hole-circuit current Ip due to

& small amount of recombination in the p-region. The actual

measured currents, presented in the Fig., correspond to neither

situation. In eilect, sizable currents are observed in both

circuits with In = =2 Ip. This result is readily explained

in terms of the known energy-band structure of the Si--SiO2
interface,as presented in Fig. 1. Electrons entering the
silicon from the oxide are initially very hot; in fact, these

L electrons lie at least 3.1 ev above the conduction band

minimum in the silicon - more, if the electrons are also

hot in the oxide. Thus, the entering electrons have an excess

energy at least three times the silicon bandgap. The mean free

path for creation of an electron-hole pair on the silicon by

such a hot electron is exceedingly short, probably less than
o]

b 50A. (Note that the emission of one or two optical, or acoustical,
phonons by the hot electron, prior to the impact-ionization event,

is of no consequence). Thus, with near-certainty the one hot

electron quickly becomes two electrons and one hole. The two

electrons are collected by the n-region, after diffusing to the

Lf Junction, and the hole is ohmically relaxed out of the p-region.

, The current data in the Fig. quite accurately reflect this picture.
} Starting from 3 ev, the first-generation progeny (the first

. electron-hole pair) both have excess kinetic energy. However,

on the average the parent electron and the two progeny will

evenly divide up the total available excess of 2 ev leaving. each
of the three without sufficient energy for another impact-
ionization event. Note that the rather accurate two-to-one

ratio of IInI/Ip is rather cogent evidence against hot electrons

in the oxide, despite the high breskdown field = 1.3 x lO7 V/cm.

a . -
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If the electrons in the oxide had been heated to 2 or 3 ev {
before entering the silicon, the corresponding excess energy
in the oxide would have been 4 or 5 ev (subtracting out the

y s1licon bandgap) instead of 2 ev and subsequent electron-hole

progeny would become almost a certainty, leading to Ip/ IInI

values closer to unity then the 0.5 actually Observed, and to

Ip’on = Ip/ (IIn!- Ip) % 2, instead of the ~1 actually observed.

We see that the shallow-junction diode experiment not

only established that, for negative corona in dry air, the

breakdown carriers in the oxid: are tunneling electrons from the
surface, but it has also furnished very strong evidence that the

electrons in the oxide are not strongly heated up by the very

high field, ~ 1 x 107 V/em. The direct demonstration of hole-
creation in the silicon near the interface has importent bearing
cn an interesting phenomenon to be discussed below, and that is
the build-up of positive charge in the oxide above a certain

9

current level (~ 5 x 10~ amp/cmz) with negative corona. It
will be argued below that this build-up is probably due to the
tunneling of the impact-generated hot holes from the Si into
the oxide.

With positive corona in dry air the diode experiment
yields only one circuit current, that in the circuit going to
the base region of the analog tramsistor, i.e.,, the n-region
of the diode. From this it is concluded that the breskdown
carriers in the oxide are electrons which have tunneled in from
the silicon. The C-V measurements after charging yield no
flat-band shift, indicating negligible trapped charge in the
oxide.—- completely consistent with the above interpretation. (A
deminant hole current in 8102 will always yield trapped pousitive
charge). Further evidence confirming electron current injection
comes from a detailed study of the decaying surface potential
after charging, as discussed below. These measurements, which
are extremely accurate, are in excellent agreement with a
theoretical model based on Fowler-Nordheim tunneling of electrons

from the conduction band of Si into the SiOz.
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In addition to the above purposes which the junction-
diodes have so usefully served, they can also be very useful in
obtaining other kinds of valuable information. Virtually any
source of electron-hole excitation in the silicon can be
detected by the diodes. For example, we were able to demonstrate,
using the diodes, that light emitted in the region of the corona
discharge around the needle point and reaching the exposed
insulator surface had a negligible effect on our measurements.

(In this demonstration the shield was biased to cut off the ion
current to the oxide).

H. Preliminary Results with Dry Nitrogen

The results discussed up to this point were obtained
in the environmental chamber in a dry air ambient. Some
preliminary experiments were carried out in a dry N2 embient in
a bell jar. With positive corona the breakdown field in the
~xide was the same as in the dry air experiment. However,
with negative corona the breakdown field differed substantially
from the dry-air value. These results are pre-eminently sensible
in view of our interpretation of the dry-air experiments. So
long as breakdown proceeds by tunnel-injection of electrons from
the silicon into the oxide (positive corona) the breakdown field
of the oxide will obviously be independent of the discharge
ambient. On the other hand, if breakdown proceeds from tunneling
of electrons out of surface states (adsorbed ions from the
negative corona), it will be sensitive to the nature of the
adsorbed ion, which may be expected to vary as the ambient is
changed. A systematic exploration of the breekdown behavior of
the oxide in a variety of gaseous ambients is expected to shed
more light on these phenomena.

I. BSteady-State I-V Characteristics

Current-voltage characteristics for the non-destructive
breekdown of the oxide film induced by a corona (both + and - )
in dry air are exhibited in Fig. 5. These characteristics were
obtained under steady-state charging conditions using the

comparison technique previously described. The lower levels of
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current are controlled by a grid, as seen in Fig. 2, and the
higher levels are controlled by varying the voltage on the

corona needle. The relatively large error bars at the lower

levels of current are a manifestation of the slow response of
the insulator, as previously discussed. At higher current
levels the error bars are narrower, but still there is not
sufficient resolution to give truly quantitative results, i.e.
results sufficiently precise to test a theoretical model for

I vs V. However, the resolution is sufficient to define a
'breakdown field'. Further, there is a substantial overlap of
this region with the same region of I vs V as measured for the
decaying surface potential'by the more precise Kelvin probe
method, as previously discussed. The two methods give the same
results.

Note that for a given sign of corona the same Ivs V
curve is obtained for both n- and p-silicon substrates. For
the negative corona this is an expected result since the
breakdowr is initiated at the exposed, charged surface of the
oxide (by tunneling of electrons out of the adsorbed ions into
the oxide conduction band). For the positive corona the
coincidence of I vs V curves for both n- and p-substrates
conveys an interesting piece of information. The n-substrate
is in strong accumulation and the p-substrate in deep inversion.
Our results show that, at rcom temperature, the pair-generation
rete in the p-Si (neer or at the interface) is sufficient to
supply the oxide current without widening of the depletion layer
just behind the inversion region, i.e. without driving the
p-silicon into deep depletion. By lowering the substrate
temperature, the peir-generation rate can be made sufficiently
slow ( it is & thermally activated process which decreases
exponentially with temperature as exp (-Eo/kT)) that the
p-silicon must go into deep depletion. At sufficiently low
temperature only steady-state avelanching in the deep-depletion
region can supply the oxide current. These effects have

already been observed, at room temperature, in analogous
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experiments on MNOS structures (with very thin oxides),h 4
We plan to look for them in corona experiments on pure SiO2
films at lower substrate temperatures.

J. Thickness Dependence of the Breakdown Field

SiO2 film breakdown fields have been obtained, through
I vs V curves as in Fig. 5, for both + and - corona in dry air,
over a range of oxide thicknesses between approximately 500
and 30003. The data points, plotted in Fig. 6, show a
negligible thickness dependence over this thickness range. (The
apparent small drop at 27002 is attributed to a larger
systematic error at higher voltages). This observed thickness

independence is important for the theoretical modeling of the

B e e TR

breakdown. Rather similar results (thickness independence) have
L been obtained for A1203 films on Si (the A1203 being deposited

by pyrolysis ), with Au electrodes, in an MOS capacitor configura-~
tion, by Carnes and Duffys, as seen in Fig. T (a), reproduced from
Reference 5. Shown in Fig. T(b) , reproduced from Reference 6, is
a ccllection of breakdown data for A.1203 films taken frcm a
number of investigators. The most obvious thing ebout this

1 Fig. is the state of confusion as regards the experimental

S breakdown situation for A1203 films. Most (possibly all) of

this confusion must derive from the wide variety of deposition

methods used in the preparation of the films,.

K. Electron Tunneling Induced by Positive Corona

Cereful measurements, using the vibrating Kelvin probe,
= were made of the decaying surface potential of the oxide,
, following charging by a positive corona. The decey was followed ‘
over a large time span, ranging from a few seconds to many
hours, as shown in Fig. 8, The positive corona polarity is of +
particular interest because in this polarity the geometry of
the experiment lends itself to detailed theoretical modeling,
namely on the basis of Fowler-Nordheim tunneling from the
conduction band of the silicon into the oxide. (In the negative
corona polarity, as we have already seen from the shallow-

Junction diocde experiments, we are dealing with electrons

‘
.
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tunneling out of surface states (adsorbed icms) into the oxigde.
Since a detailed knowledge of these surface states is lacking
at. present - we know nothing of the trapped-electron wave
function, cr even its binding energy - a detailed theory is not
possible fcr the present. For this reason the decay after
negative ccrona charging is not discussed here). In order to
interpret the positive-corona decay curve exhibited in Fig. 8
it is necessary first to sketch the background theory.

First we note that, since there is no observed trapping
cof electrcns in the oxide, the field across the oxide is quite
unifcrm, and accurately given by its nominal value: B = Vox/d-
Since vox is a known, measured function of time, § is also a
kncwn function of time: & = E(t).

The reiations between the conduction-current density
J through the cxide, the surface charge Q per unit area on the
oxide, and the oxide field & are

= d— " i —d t
) = - 3= Qt) = Et) 3 (1)

where € is the static dielectric constant of the oxide, and we
have used Gauss' theorem.

For J we use the Fowler-Nordheim tunneling expression,

here ocmitting the correction 1:erms:7
J= BE2 exp(-o/E ) s (2)
with
v 2m 32
-4 ox , 3/2 Loge "si
a = 3 -_Ea?:-— ¢ and B %gm 5 s (3)

oxX

with ¢ the barrier height, as defined in Fig. 9, L the



IMAGE FORCE POTENTIAL

ELECTRON
F TUNNELING
I Ec,s10,
Si

SCHEMATIC ENERGY-BAND DIAGRAM FOR FOWLER-NORDHEIM
TUNNELING FROM THE CONDUCTION -BAND OF Si INTO SiO;




electron effective mass in the oxide conduction band, Mgy the

prcperly averaged (orientation-dependent) effective mass in

the silicen conduction band, K = Planck's constant/2m , end g ‘
the charge on the electron.

Substitution of (2) into (1) yields the differential

eguation:
I 2 _ ak
BE, exp( - o/E) = - ¢ v ’ (i)
or
expz
| ak= - ~= at ; (5)
s g2
b which integrates directly to
|
!
i_1 = %8
E=glmAlt+t) , a=2 : (6)

The constant of integration t is determined from (6) evaluated

at t = 0

i

’ —

1l

t Equations (6) and (7) yield the oxide field € as a function of

| time t. Note that for t >> tg the predicted plot of 1/E vs n(t)

. is asymptotically linear, as observed experimentally (see Fig.9).
Further, the slope of the asymptotic straight line gives
rrecisely the constant o appearing in the Fowler-Nordheim
expression (2). Finally, the experimental plot yields a value
for A, from which the Fowler-Nordheim pre-exponential constant B

C is also determined.

In processing the experimental data points (circles)

of Fig., 9, first the linear portion is extrapolated down to

-
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t = 0, at which time the measured field éé yields the constant
t_, using (7). When t_ is added to each value of t the resultant
plot (crosses) in Fig. 9 is an accurate straight line extending
over four decades in time (corresponding roughly to four decades
in current), and following the predicted form, Eq. (6). The
measured slope of this line gives o, which, according to (3)
is reéated to mox¢3/2. Using for ¢ its recently measured
value we finally obtain:

m

( ¢ =3.1ev) ‘xi—x = 0.39 . (8)

Note that this value for m . is in good agreement with

9

previously published results of Lenzlinger and Snow”, who
studied tunneling in MOS capacitor structures, The following

table compares our results for I . with theirs:

mbx/m from ¢
Tunneling from Si : 0.l2 3.25 ev
Lenzlinger i "OAl 0.39 3.2
and Snow g " Mg : 0.48 2l
Our result " L O 0.35 3.25%

(* Used for purpose of comparison only)

A theoretical value for A, the constant appearing in
Eq. (6),is obtained from a more refined analysis of Fowler-
Nordheim tunneling which will be presented in & more detailed
report. Here we state only the result, namely

_ 15 -1
Atheoretical = haf Y ™ ol (9)

Experimental velues for A, obtained for three different oxide

thicknesses grown on n-5i, are:

d (X) : 587 1000 2580
5

15 2.5 x 10lh 1.4 x 10l
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Considering the simplicity of the model this is quite |
satisfactory agreement with (9). It is to be recalled that the |
Fowler-Nordheim anelysis is worked out for tunneling from a
highly-degenerate Sommerfeld (non—interacting) electron gas into
the vacuum. 1In the present set of experiments there is strong
band-bending of the silicon at the interface., Thus the degenerate
electrrn gas at the interface is actually held in g tri-
angular well narrow enough to produce significant space-quantization
effects. The latter have been studied extensively by Sternlo
and others at the IBM Research Leboratories, without considering
tunneling. We have extended this analytical work to include
tunneling into the oxide, as outlined in Section 8 of this
report.

In concluding this discussion of decay experiments
we would like to emphasize the accuracy and reliability of the
technique. The Kelvin probe measurements have an accuracy of
+ 0.1%. A potentiel is directly measured rather than & current;
thus, weak spots in the oxide, of small area, have a negligible
influence on the overall result, This is in marked contrast

to MOS cepacitor measurements where current is messured and

where, consequently, weak spots can lead to large errors. Likewise,
edge effects and potential spreading associated with metallic
contacts and high fields are avoided with the present

technique. Measurements on different samples cut from the

game wafer give results that agree to within 0.1%., Different
thicknesses of oxide have the same slope to within 1%. Our
conclusion is that the corona- charging, potential-decay technique
promises to be & powerful technique for further studies of

tunneling.

L. Positive Charging Induced by Nlegative Corone

A finel subject remains to be discussed in this section,
and that is the observation of positive charging of the oxide
under negative corona, as noted on Fig. 5. A typical charging

rate, plotted as flat-band voltage shift vs time is shown in

Fig. 10. The amount of positive charge corresponding to
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V__ = -20V and d = 1000A is Q - 5 x 10 2em™2 (assuming the

cggrge 1s trapped near the interface, as is certairly reasonable
ir the present problem. If the charge were trapped near the
exposed surrace, the corresponding Q would be higher). The
simplest interpretation of this charging phencmenon is that it
is due to the tunneling of holes from the Si into the Sio2 at
the very high fields, exceeding 1 x 107 V/cm. We proceed to
analyze the charging on this basis, the model being schematically
illustrated in Fig. 1l.

The fieid in the oxide at the interface, EI = EI(t},

can be written, using Gauss' Thecrem, as
Qi)
(B = - i
‘-"1 % £g-= . (10)

Q(t) being the charge trapped at (or near) the interface at time

t, and Ec being the equivalent chmic field, Eo * Vv/d. (V is

constant in time, since these are steady-state corona experiments).
In the spirit of the tunneling model, we represent the

hele current Jh entering the cxide from the silicen by a Fowler-

Nordheim-like expressicn:

dgit) " ®n
% T Gonp - i n . (11)

neglecting the pre-exponential field-dependence, i.e., C # C(EJ.
since the model i1s not precise enough (at this stage) to
warrant such a complication. Note that in writing (1l1) we have
assumed that alli injected holes are trapped in the oxide
(presumably near the interface). Again, departure from this
assumpticn would bring in unnecessary complications at this stage
of the game.

Substituting for Et(t) from (10) into (1i) gives the
differential equation for Q:
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a b
® = cexm- = g) : (12)
E

Since, even at the upper end of the VFB vs t plot in
Fig. 10, the reduction in the field at the interface is only
about 15% there is no significant loss of accuracy in expanding

the exponent in (12), giving the new equ -.on

Q
a9 ok - _ %
It C exp {-Eo— (1 + ?E; )} J exp 5—5?- , (13)

where Jo = C exp (-ah/Eo) is the initial hole flux.
Equation (13) is readily integrated to give

Qt) =q tn (¥ +1) , (1)
with
eEoe e£02
Q, = end T = 5 (15)
1 oy tho

where the boundary condition: Q(o) = o, has been used.

The corresponding flat-band voltage shift is

a(tla e £ 4
Von wm == = --— In (= +1) (16)
h ]

In view of this theoretical expression, the exper-
imental data of Fig. 10 were re-plotted on a semi-log plot
exhibited in Fig. 12. It is seen that quite good linearity holds
over the full two decades in time for which the data were

available. From the slope of this line, using (16), a value for

o is obtained, namely:
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a, = (3.7+0.8) x 10° v/em . (17)
The corresponding Fowler-Nordheim constant for electrons,

cbtained from the surface-potential decay measurements, Fig. 8,

is:

o, = 2.3 x 108 V/em . (18)

From (17) and (18) we see that, at most, ah/ae = 2.
The theoretical value for this same ratio, assuming
tunneling of thermal holes (for ah) and thermal electrons

{for a ) is:
e

(?ll_ ) = (mox’h )l/2 (%_)3/2 - z(mox’h)l/z
o theor. m )
e 0X,€e e OX,€

(19)

where we have used the values ¢, = 4.8 ev and ¢, = 3.1 ev (see
Fig. 1). We have already seen that LN = 0.4 m. Although

9
m is not known, a reasonable guess is that m oy h/m >> 1, a8

wgﬁig follow if holes in the oxide are either stroggly self-
trapped (a speculative concept) or drift in an equivalently very
narrow band (very high density of states at the top of the valence
band). Finally, note that the calculated Fowler-Nordheim

J - lO-8 A/cm2 is quite consistent with the measured sample
current, JS “ 5 x 10-7 A/cm2 already determined to be carried
by electrons, whereas the calculated Fowler-Nordheim 1 is

about five orders of magnitude larger than the experimentel T,
gotten from Fig. 12. All of these observations suggest strongly
that tunneling of hot holes generated in the Si by the

incoming electrons is responsible for the charging of the oxide.

This hypothesis will be incisively tested experimentally.




3. Locally Destructive , Self-Quenching Breakdown in MIS

Capacitor Structures (D. Y. Yang collaborating)

A. Summary
Work in continuing on the self-quenching breskdown (SQB)

studies of pyrolytically deposited Al films on Si, and such

203
studies have now also been initiated on thermally grown 8102 films

on Si. Voltage-time studies of breakdown events on the A1203
structure, with a Au electrode, consistently give an order-of-
magnitude longer time scale for breakdown with the substrate in
inversion (hundreds of nanoseconds), than in accumulation (tens
of nanoseconds). Charge-storage (C-V) measurements on the
A1203 structures suggest that, whatever the polarity of the Au
gate, the breakdown is initiated at the Si interface. Photo-
micrographs of the Au gate show marked differences in the
topography of the localized breskdown areas between the
accumulation and inversion situations. The breakdown voltage vs
time behavior of 3102 structures follows a pattern very

similar to that of the A1203 structures, with an order-ofemagnitude
longer time scale for inversion as compared to accumulation.

C-V measurements indicate negligible charge storage induced by
negative gate voltage and either large-scale positive charge
storage and/or production of new interface states induced by
positive gate voltage. SEM studies of the Si02 structures
after\breakdown have shown marked differences ir the topography
of the breakdown spots produced by positive gate polarity as
compared to negative gate polarity.

B. The Breakdown Voltage vs Time Behavior for A1203

Struectures

The pyrolytic A120 films have been studied over a thick-
[~]

ness range 300 to 20004 , on3both p-Si and n-Si substrates, of
resistivity approximately 1 Q-cm, and with gold metaellization
of thickness = lOOOK and area =0,01 cm?. A constant voltage
was applied to the MAS (metal-Al,0_- Si) structure through a

273
series, current-limiting resistor RL. Following the initiation

of breakdown, the voltage across the film was monitored on a




Tektronix 546 oscilloscope. The breaskdown pulse was used to

trigger the oscilloscope sweep. (However, because of the
) built-in oscilloscope delay line a portion of the signal before
triggering can still be seen). Typical voltage-time character-
istics are exhibited in Figs. 13, 14 and 15 which are direct
tracing of photographs of the oscilloscope screen. Upon
breakdown, the voltage deceases sharply, then climbs back
again, relatively slowly, (on a time scale determined by the
external circuitry), to the full applied voltage. The most
straight-forward interpretation of the voltage drop is that

it is produced by discharge of the electrostatic energy stored
in the capacitor through the breaskdown spot. The turn-around

L point in the V vs t trace presumably corresponds to the instant
of time at which either evaporation, or melting flow, or blow=-
cut of the gate in the immediate neightborhood of the breskdown
volume produces an open circult between the intact area of the
gate and the breskdown volume. It is this breskdown-produced
open circuit that we call 'self-quenching'.(It has previously
been called 'self-healing'. From the gross, overall capacitance
point of view, this is appropriate terminology. From the
microscopic point of view, there is severe local damage, and
'self-quenching' seems a more appropriate description). The

' recovery of the voltage across the capacitor is determined by the

RC time constant, with R the current-limiting series resistance
and C the MAS capacitance.

Figures 13(a) and (b) show the V vs t characteristic
for a film thickness = 3002, on a p-Si substrate. In (a) the
Si is in accumulation (gate negative); in (b) the Si is in
inversion (gate positive). Figure 13(a) is a single-shot bresak-
down; Fig. 13(b) is a multiple exposure exhibiting several break-
downs. As expected, there is some fluctuation in behavior from
breakdown to breeskdown. Comparing (&) and (b), it is seen that

the time scale for the breskdown is a full order of magnitude

longer with the substrate in inversion than in accumulation, an
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effect first reported by Klein in 1966ll in studies of SiO2 films i
on Si. Concomitantly, the fractional voltage drop across the

oxide is much larger for accumulation than it 1is for inversion.

Comparab%e results are obtained with a thicker A1203 £ilm,

d = 2000A , on p-Si, Fig. 1k, where (a) is teken in accumulation

end (b) and (c¢) in inversion, (b) with light illumination and (c)

in the dark. We note further, that with the substrate in

inversion & microscope lamp shining on the sample through the

gate, Fig. 14 (b), can shorten the breskdown time as compared to

its velue in the dark, Fig. lk(c) - an obviously reasonable result.

Note that (a) is a single-shot exposure, (b) and (c) multiple-
shot exposures. Figure 15 exhibits the V vs t transient for an
n-Si substrate with d__ = lOOOX. Figure 15(a) shows the normal
fast breaskdown for the substrate in accumulation. Fig. 15(v),
also for accumulation, is unusual in that it exhibits two distinct
time constants for the recovery following self-quenching, a
normal, fast recovery initially, barely visible on the drawn-
out time scale, 1 usec/div, followed by a very slow recovery

to full voltage. Figure 15(c) exhibits several breakdown
trensients, with the usual fluctuations. Some characteristic
numbers for the voltage-time transients, derived from the

oscilloscope rhotographs, are presented in Table I. (see page 46).

If the time-constant T characterizing the voltage Vs
time transient is plotted vs dox the results obtained are as
chown in the log~log plot of Fig. 16. It is seen that with
the substrate in accumulation the data is well represented by the

simple relation 1= l/dox' This suggests that an equivalent

breakdown resistance RB be defined thru
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Table I. Some Characteristic Numbers for the Voltage-Time Transients

0 . ’ 4 . * * ¥ *%
Xtal type nterface = VapEl S¢ TSQA T

accum 3003 -26V -16V 40x10™ 7 sec 80x10 " sec

sccum 2000 ~150 0 20x10”  20x107°

scoum 1000 495  +10 20x10~0  20x107°
-6 -6
-9

inv. 300 +30 +27.5 1x10 11x10
inv. 2000 +150 +100 100x10 h00x10'9
1nv. 1000 -95 -70 150x10'9 550x10'9

* V. is the voltage at the turn-around point in time

5Q
*H TSQ is the time to turn-around
*¥%% 1 ig the extrapolated time to reach O voltage, using the

slope of the V vs t curve at t = 0.

with A the capacitor area, and with the subscript a added to
signify that the substrate 1is in sccumuletion. (Correspondingly,
the subscript i signifies that the substrate is in inversion).

From the plot of Fig. 16, Rg,a ® 100Q. Using only the two points
o]

corresponding to dox = 10004 and dOx = 20004, then also in

inversion, 7. « 1/d__, end R, . = 5KQ. (There 1s a point for
6 1 ox B,1
dox = 300A which is well off the inversion straight line. How-
ever, it is also to be noted that thin-oxide substrates, in
inversion, generally lead to shorts following breakdown and there-
fore, in some sense, embody different physical phenomena).
The V vs t relation associated with the simple RC

representation (20) of the discharge is

exp - o=, V_=4 (21)

vit) dox BC B ox

where V is the voltage across the oxide, VB the voltage at
breakdown, Eé the thickness-independent breaskdown field, and

RB the equivalent breskdown resistance.




The power dissipated in the resistance RB is

A

d
=y =38y, Qv ={ox 7B)" Tt
P=Iv=Jvs=g Id,c | v 2 exp {RBeA d b (22)

Equations (22) and (20) state that the initial power dissipation
is proportional to the square of the oxide thickness, whereas the
time constant for the dissipation is inversely proportional to
the thickness. Assuming that the equivalent resistance RB can be
associated with an approximately fixed volume of silicon (or
silicon plus oxide), as suggested by the large difference in
time scales between the accumulation and inversion situations,
we would infer that self-quenching is favored by thicker oxides.
Further, from (22) we see that self-quenching is also favored
by accumulation (smaller RB) as compared to inversion (larger RB).
Indegd, we find that with thin oxides, dox in the range 300 to
800 A, and with the substrate in inversion, the breakdown almost
always leads to a short rather than to self-quenching. These
results bear directly on Carnes' observations’6 that in his
reamp-mode experiments it was very difficult to obtain consistent,
reproducible behavior when the substrate was in inversion,
although the same substrate, ia accumulation, always exhibited
definable, measureable behavisr. With the thin oxides, and the
substrate in inversion, it was generally not possible to obtain
& voltage drop, following breskdown, sufficiently large to
trigger the oscilloscope sweep. However, observation of the
sample through the optical microscope did reveal the presence
of bubble-like areas on the Au gate, but no visible evidence
of local destruction.

C. C-V Measurements and Optical Photomicrogrqphy of

A1203 Structures

C-V measurements were made on the A1203 structures to
determine the charge storage in the oxide, both before the

application of the high field and after the occurrence of self-




quenching breakdowns, Figure 17 exhibits the results for MAS
o}

samples with dox = 1000A and with an n-type Si substrate. There
is an initial, positive flatband voltage of approximately 15V
prior to the application of high fields. With the gate positive,
the flatband voltage shifted to +45V. On a different capacitor
on the same sample, with the gate negative, the flatband
voltage shifted in the opposite direction, from +15V to =25V
after breakdown. There appears to be no distortion in the
post-breakdown C-V curves. Other samples with a p-type substrate
generally exhibited the same features. A simple interpretation
of these results is that breakdown is initiated at the Si
interface rather than at the Au interface. This important
conclusion remains to be verified by independent experiments.
Similar charging effects could be observed at high fields below
the breakdown threshold. Pre-breakdown charging of the oxide
might influence the breakdown via a distortion of the applied-
field distribution away from the uniform, ohmic distribution.
Observations of self-quenching breakdown were made
through an optical microscope. Breakdown events occurred
randomly in space and were always accompanied by a flash of
light. Figure 18 shows two typicel photomicrographs, (a)
taken of a p-type sample in accumulation, and (b) taken of
an n-type sample in inversion. Figure 18(a) is typical of
breakdowns with the substrate in accumulation, whether n-or
p-type, and also for a p-type substrate in inversion. Corr-
esponding to each breakdown event there is an outer circular

area, of diameter =10 and an inner spot of diameter s lu.

Figure 18(b) is typical of breakdowns with an n-type substrate
in inversion. Corresponding to each breakdown there is an outer
area of quite irregular shape, with a maximum dimension on the
order of 20 u roughly, or less. As in Fig. 18(a), there is

also a much smaller inner spot. The photomicrographs suggest
that there is an inner core to the discharge corresponding to

a filament through which the capacitor energy discharges.

b W
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(b) n-Si in Inversion, dox = 1000A

Fig. 18. Optical Photomicrographs of Localized Breakdown Areas

on Au—A1203—Si Structures, (Magnification: 300X)



D. The Breakdown Voltage vs Time Behavior for SiQ

2

Structures

Breakdown voltage vs time studies, similar to those
discussed in Section B for A.].203 structures, have also been
made on SiO2 Structures. The oxides age thermally grown,
to an approximate thickness dox= 25004, on both n- and p-Si
substrates of resistivity in the range 1-2 Q cm. The metal
electrode is Al, of thickness = lOOOX, and with the area in
the range lO-3 to 10_2 cm2. Typical voltage-time character-
istics are exhibited in Figs. 19 and 20, which, again, are
direct tracings of photographs of the oscilloscope screen.

Figures 19 (a) and (b) exhibit the V vs t charecter-
isties for SiO2 on a p-Si substrate. In (a), the Si is in
accumulation (gate negative); in (b) the Si is in inversion
(gate positive). Figures 20 (a), (b) and (c) correspond to
an n-type substrate - (a) to accumulation, (b) and (e) to
inversion. The gate area in (b) is double that in (c¢), and
accordingly the breakdown time constant is in (b) approximately
twice that in {~). As in Section B, one can use the measured
time constants to define equivalent breskdown resistances,
obtaining RB,a ~ 75 @ in accumulation, and RB.i = 1.5KQ
in inversion. 1In this, as well as all other respects, as
regards the voltage-time measurements, the behavior of Si0

2
structures is very similar to that of Al O structures. Thus,

the time scale for breakdown is about an2oider of magnitude
larger for the inversion case than for the accumulation case,

and the fractional voltage drop across the oxide is much

larger in the accumulation case, 90- 100%, than for the inversion
case, 40-60% (with large fluctuations).

E. C-V Measurements on SiO2 Structures

Charge storage in the oxide was monitored by C-V
measurements as exhibited in Fig. 21 for a pP~type substrate,
and Fig. 22 for an n-type substrate. The solid lines denote

the initial C-¥ areas, measured before the samples were exposed
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to high fields. THey indicate that there is negligible charge

storage prior to the application of the high fields. In Fig. 21(a),
the inversion case,it 1s seen (the dashed curve) that positive
gate bias, inducing breakdown, prcduce a large negative flatband
shift of gbout 70 vclts, corresponding to a volume density of
positive charge (near the Si interface) - 1017/cm3. A substantial
distortion of the C-V curve is produced, accompanied by large
hysteresis. These striking results are consistent with field-
induced tunneling of holes from the Al and their subsequent
transport thrcugh the oxide and trapping near the interface.
(However, based on the corona studies reported in Section 2L,
we see that this observation does not, by itself, establish the
sign of the dominant carrier in the oxide during breakdown.
Further experiments are needed to settle this point). Note
that the magnitude of the capacitance 1s somewhat reduced due
to loss of gate area through repeated breakdown events- The
magnitude of the nominal breskdown field is 8 x 106 V/em. In
Fig. 21(b), the accumulation case, it is seen (the dashed curve)
that negative gate bias leading to breakdown results in no charre
storage whatever. This strongly suggests breakdown initiated at
the Al gate with the injected electrons as the dominant carriers.
For both n- and p-substrates, whether in accumulation or inversion,
there is a steady occurrence of breakdown events at the field strength
8 x 10" V/cm, and an onset of such events at 656—7,0x106 V/em.
Figures 22(a) and (b) exhibit comparable plots for
an n-type substrate, (a) corresponding to the gate pesitive
(substrate in accumulation) and (b) to the gate negative (substrate
in inversion). Although the gate-positive case does not produce
a large flatband shift as in Fig. 21(a), there is very substantial
distortion with some hysteresis,evident in the post-breakdown
((dashed) curves of Fig. 22(a), indicating a probably large
production of interface states. Figure 22(b) strongly resembles
Fig. 21 (b) in that the post-breakdown (dashed) curve is very
little changed from the pre-breekdown (solid) curve, indicating

negligible charge storage and negligible surface-state production




due to the breakdown.

Studies are also under way of pre-breakdown current
flow and charge storage at high fields. With the gate of a
p-Si sample held positive at a nominal field of 7.4 x 106 V/em
the current decayed from an initial value of lO6 A/cm2 by one
order of magnitude over a 24 hour period. Concomitantly, the
C-V plots exhibited a slow drift towards negative voltage -
a 10 volt shift after 1.5 hours and a 30 volt shift after
24k hours. These pre-breakdown effects are currently being
studied systematically.

F. SEM Topographic Studies of SiO2 Structures

Topographical studies of the local breakdown areas on
SiO2 structures were made in the Princevon SEM, with results for
p-type samples exhibited in Figs. 23 and 24, A notable feature

2
breakdown spots, Fig.l8, is the existence of an inner core

which the Si0, breakdown spots have in common with the A1203

surrounded by a much larger area from whic: the gate material has
been removed. We have already noted the strong polarity dependence
of the behavior of the C-V plots, Figs. 2l(a) and 22(a) as compared
to Figs. 21(b) and 22(b). Polarity dependence also shows up in
the SEM photographs. With the gate positive, Figs. 23(a) - (c),
the edge of the breakdown area is quite round and very smooth

in appearance, as if molten during the course of the breakdown.
Figure 23(a) shows a few overlapping spots and 23(b) a single

spot. Figure 23(c) exhibits the structure after 2tch-off of the
gate., The inner core of the spot appears vivic y exposed as a
hole 'burned through' the oxide. For all three photographs of

Fig. 23 the total gate area was the same, namely 1.3 x lO_zcmz.
Figures 24 (a) and (b) exhibit breakdown spots for the opposite
polarity, gate negative, and for two different gate areas,

'3 ® lO-zcm2 in (a) and 1.3 x 10-30m2 in (b). In both cases,

the breakdown areas have a quite different appearance form those

seen in Fig. 23 (gate pcsitive). Those in Fig. 24 are smaller

and have much rougher edges, as if gate material were either blown




(a) Scan of Gate
(5800%)

(b) Scan of Gate
(5800%)

(c) Scan After Etch-Off
of Gate (19,000X)

Fig. 23. SEM Photographs of Localized Breakdown Areas on Al—SiOZ—Si 2 2
Structures; p-Si Substrate, Gate Positive. (Gate Area = 1.3 x 10~ cm )

-~
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(a) Gate Area = 1.3 x 10 cm2 (58,000X)

i 2
(b) Gate Area = 1.3 x 107 3cm(58,000X)

Fig. 24. SEM Photographs of Localized Breakdown Areas on Gate of
Al—SiOZ—Si Structures; p-Si Substrate, Gate Negative.
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out or exceedingly repidly quenched from a molten state. The

spot tn (a) is much larger than either of the two in (bl
corresponding to the order-of-magnitude larger gate area in

(a), and correspondingly larger stored capacitor energy. 'The

SEM photographs of Figs. 23 and 24 were taken on p-type substrates.

With n-type substrates, negative gate voltage (substrate in
inversion) produces breakdown spots of exceedingly irregular
shape as already noted in the optical photograph of Fig., 18(b).
With the oxide completely etched off, benetration of the inner
core of the breakdown into a p-51i substrate has been seen in
the SEM,

An interesting phenomenon was discovered accidently
when four dots on p-type substrates were inadvertently
scratched. With positive gate polarity, the breakdowns were
clearly initiated elong the line of a scratch, whereas with
negative gate polarity the scratch appear to have no effect
on the spatially randem pattern of breakdown spots. These
seme results were also found to hold for n-type samples,
After etch-off of the oxide, no sign of the scratches could

be seen on the substrate.

4. Fldsbmen-Beam Technigues for Probing the Solid-Solid Interface

A. Background Discussion

.
When an electron beam strikes a solid surface there are
& number of "signal channels" activated which, if properly
collected and analyzed, can offer useful analytical informaetion
about the sample. These are illustrated schematically in Fig. 25.
The electron beam loses energy when passing through a sample by
e number of meghanisms. These include plasmon generation, phonon
generation, "kﬁock on'" demage, and ionization processes,both
localized and non-localized in nature. These energy losses
limit the range of the electron beam and, at the same time, give
rise to analytical information resulting from the relaxation of
the absorbed energy. In most of the existing electron-optical

installations, provisions are made to gather the information from

[
.
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only one or two of these signal channels. In order to deal in

the most efficilent way with & particular signal, specialized
instruments have been developed such as the Auger electron
spectrcmeter, the electron microprobe, the transmission electron
micrcscope and the scanning electron microscope. The most
complete specification of a material can be obtained only by
collecting the signal from a maximum number of activated
signal channels in one instrument. An electron beam technigue
has been developed which can probe structure at the interface
between & thin insulating film and a semiconductor substrate
utilizing the simultaneous collection of signals from more
than one signal channel.

B, Differential Detection-Volume Spectroscopy

The information contained in the various signal
channels provides analytical data for the volume of material
in which a given signal is generated. This volume we will
refer to as the "detection volume". It i. schematically
illustrated in Fig. 26 for a number of signal channels being
excited by the same incident electron beam. The exact sizes
of the detection volumes for different signal channels
depend both on the nature of the specimen under examination
and on the beam voltage, which together determine the range
of the primary electrons, and the angle of incidence of the
incoming electron beam, which determines the surface normal
component of that range. The depth to which this detection
volume extends can therefore be altered, by changing the
pertinent parameters, from a very shallow penetration on the
order of a few angstroms to & penetration of several microns.
The range R of the electrons in gsolids can be expressed by
the following epproximate expression:

R = ¥ (23}
(o]

where k and n are constants for a given material and Eo is the

primary beam energy. This expression is accurate to within
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|
+ 10 per cent in the range of incident energies between 2 and \
50 kev for mevallic absorbers. It 1s less accurate for

materials of lower electron density. Since the values of n

-

and k are not readily available, and the range of electrons
in thin films of varying density is not expected to follow
this equation with great accuracy, an alternate method of
estimating the range can be used. Assuming that the density
of a material is provortional to the volume electron density
we may determine a range-density product for a given incident
, beam energy and then estimate the range for any other material
by dividing the product by the appropriate density. Estimates
v of primary electron range using this range-density product can
be made with an accuracy of * 30%. The errors introduced by
‘ the change from one material to another are smaller than those
due to the changes in the densities of materials when we are
examining thin films. In order to examine the interface between
| a semiconductor substrate and a thin insulating film we can
alter the range of the electrons (and thereby the detection
volume) so that the volume sweeps through the interface region.
When the detection volume includes part of the interface and
substrate regicns we may record differences in the signal
channels and attribute them to the differences in the material
encompassed by the detection volume, i.e., the interface and
the substrate. The information gathered in this way is of
;- course an integral of the particular signal channel over the
entire detection volume so that the sensitivity, resolution,
| etc. of the technique are best when the insulating film on the

substrate is as thin as possible and there is little, if any,

»

{ metallization on the sample surface. For an analysis of the
interface between an insulating film and its substrate the

} following measurements are made: 1. The chemical composition

| of the oxide is determined using X-ray fluorescence with the

r sample at a high tilt angle. The incident beam voltage must be

suffiniently high that the energy levels of interest will be




excited by the beam,and the renetraticn depth 1s controlled

by using a high angle ci 1ncidence sc vhat the electron range
r normal to the surface 1s less than the thickness cf the oxide.
2. The chemical compcsiticn c¢i the interface region and the
substrate material 1s determined using X-ray fluorescence, as
above, by decreasing the angle of tilt so that the detection

volume includes the interface and vart cf the substrate region.

The spectra are then normalized To thos: obtained from the
insulating film alone (high tilt angle) to determine that
portion of the spectra which 1s due to the material at the
interface and in the substrate. A fuither increase 1in the
penetration will allow some separaticn of the spectra due

k to the insulating film and the interface region from that due

to the substrate. An exampie of such a measurement 1s shown 1in

| Fig. 27. While these measurements are not yet quantitatlve

in depth resolution, they oirer infcrmation about the critical

region near the interface whick 1& ncu avaliable from any

y other nondestructive tecl.nijue at “2is taime  Our expectation

h is that future deveiopmeit of this technigue will yield
semiquantitative or quantitative results. 3. The structure
of the oxide can be probed by using an induced-current mode

of imaging where the insuleting fiim 15 sandwiched between

the substrate and a thirn metal layer. The secondary emission

of the sample at low voltages may charge the specimen either
positively or negatively to provide a seli-biased  1induced-
current image. As the incident angle, and electron energy,

are changed we can form the 1lmages by the transport of charge
due to the eiectron-beam-induced carriers at varying depth 1in
the specimen. An example of an 1mage formed in this way 1is
shown in Fig. 28, Figure 28(a; is an image formed with incident
electron beam energy of 30 Kev and an incident angle of 30
degrees using the secondary electrons to modulate the intensity.
Figure 28(b) is a similar image formed w.-h the same beam energy

and incident angle but the induced current signal has been used
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Figure 28(a) Secondary electron image showinz surface structure.

Figure 28(b)

Figure 28,

Film and interface region imaged with induced current
signal. Structure not visible in the surface image
(a) above 1is noted.

SEM secondary electron and induced current images of
Al,0, on Si. The beam energy is 30 KV and the incident
angle is 30°,
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to modulate the image intensity. The electron beam penetration
into the oxide, after compensation for the stopping power of the
top electrode, is on the order of 1300 angstroms and the impact
area of the beam includes the interface region. The structure
visible in the induced current 1mage can be attributed to the
oxide or interface regicn since it is not visible in the secondary
electron image which has information about the surface layer

only. Figure 29 shows a lower maegnification of the same area.

In Figure 29(a), a secondary electron image, taken with a beam
energy of 15 Kev, the striations on the surface of the sample

are visible as in Figure 28. Figure 29(b) shows that at lower
accelerating voltages the lateral nonuniformities in the charge
stored at the interface and in the oxide region can be 1maged
using the induced current signal. Spatial resoiution on the or¢ r
of 200 Z is obtainable with this technique. Althcugh interpre-
tation of these images is not yet well urnderstood, they offer

a method of observing the structure at the interface which has

nct yet been exploited, and work is currently underway to
quantify this method for the study of thin insulating layers

on semiconducting substrates.,

5, Charge-Discharge Studies of Electron-Trappling in Af-Implunted

#
SiO2 (Noble Johnson collaborating)

A. Background Discussion and Summary

It is a well-known property of clean, thermally grown
SiO2 films on Si that they are relatively free of electron traps.
In consequence, electrons are easily removed from the oxide at
high electric fields, there generally being no impediment to
their egress at the oxide interface with either the silicon
substrate or the gate. On the other hand, holes are very

strongly trapped in the oxide, either throughout the bulk or at

*

Viork supported in part, also, by ONR under Contract NOOO14-67-A-0151-0035
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Figure 29(a) Secondary electron image showing surface structure.

Figure 29(b) Film and interface region imaged with induced current
signal. Two-dimensional charge distribution is visible.

Figure 29. SEM secondary electron and induced current images of
AL.O. on Si. The beam energy is 14 Kev and the incident

angle is 40°.
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the SiOQ—Si interface. The very weak trapping of electrons and |

the very strong trapping of holes is almost certainly the origin of
the radiation sensitivity of SiO2 films on Si. One logical

approach to radiation-hardening of the Si0, is controlled doping

2
of the oxide in such & manner as to produce large numbers of

. v -

electron traps and hence strong trapping of electrons in the oxide.
A convenient means of controlled doping of the oxide is ion

implantetion. Since aluminum implantation has shown promise for

radiation hardening of the oxide, we have been studying the

electron-trapping behavior of Al-implanted Si02 films on silicon
by chaerge-discharge techniques. These studies are not concerned

[ directly with radiation-hardness, but rather with the fundamental

electronic behavior of SiO2 as modified by the implantgtion-

k deping with Al. A brief, preliminary report of these studies was
given in the First Semiannual Technical Report. A more extensive
repor- 15 presented here.

The experiments have conclusively demonstrated that unannealed
eluminum-implanted SiO2 possesses electron treps not found in the
undoped material. Optical excitation of traepped electrons indicates
that the traps are located in the lower half of the forbidden
energy gap of Si02. A model of electron trapping has been form-
ulated which illustrates the dynamic features of the trapping

process and correctly predicts the time dependence of the flat-

band voltage and photocurrent during electron photoinjection.
Application of this model to the experimental results indicates
that essentially all of the photoinjected electrons are trapped

D T

in the oxide. An analytical solution of the rate equations has

been obtained by suitable approximations.

The samples used were MOS structures in which the oxide
o]
layer was grown to & thickness of 1400 A in dry oxygen on the

’
B. Experimental Procedure and Results
(100) face of a 3 Q-cm n-type silicon wafer. The oxide of the

test samples was implanted with 20 keV gluminum ions to a fluence
ot 10M* em™2, A control sample was not implanted. The profile

12
of the implanted aluminum ions has been published elsewhere,
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| Semi-transparent gold field plates were vacuum deposited on the

exposed oxide surface. The implanted samples, as received
(unannealed), showed a flat-band voltage typically of -15 volts
(see curve labelled 1 in Fig. 5 of the First Semiannual Report).
An initiel exposure of the implanted samples to UV light

with the contacts short-circuited reduced the flat-band voltage
epproximately to zero. After this optical annealing, a positive

| voltage was applied to the gate and the sample was exposed to
4L.77 eV photons from a high-intensity monochromator. This

i exposure induced en internal photo-emission of electrons from the

silicon into the oxide. Up to the highest applied voltage, 35

volts, no steady-state current could be observed, only a transient
| current which alweys decayed to zero. Following the current
k decay, C-V measurements, made at 1 MHz, showed a positive flat-
, band voltage, indicating negative charge storage, with the magnitude
| cf the flat-band voltage being essentially equal to the applied
’ gete voltage. The flat-band voltage could then be reduced
approximately to zero by either optical or thermal annealing with
the contacts short-circuited. Optical annealing required photon
energies greater than about 4.6 eV. Thermal annealing could be
accomplished at temperatures below 350°C. This experiment was
repeated, with reproducible results, over the entire range of
gate voltages.

In marked contrast with the foregoing results obtained with
=5 Al-implanted samples, the non-implanted control sample, when
subjected to the same experiment, showed no detectable storage
of negative charge and the photo-induced current showed no signs
. of decaying over a long period of time.

The dynamics of the negative charging of the Al-implanted
samplzs were investigated by shutting the light off, and so
interrupting the photoinjection at intervals during the charging
process, and measuring the C-V curve. The resulting time
evolution of this curve for a gate voltage of 10 volts is shown

in Fig. 30. 1In Fig. 31(a) is shown a plot of vg - V__ vs. time,

FB
is the flat-band voltage.

FB

where Vg is the gate voitage and V
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The corresponding photocurrent, as measured in the external |
circuit, is shown in Fig. 31(b). Similar results were obtained
for all other gate voltages used in the study.
A straightforward interpretation of the above-described
results is as follows: The aluminum implantation into the SiO2
created deep electron traps in the insulator. Electrons
photoinjected into the insulator were captured into these
traps, building up & negative space charge which gradually reduced
the electric field at the Si—SiO2 interface to zero, concomitantly
reducing the injected photocurrent to zero. The trapped negative
charge shifts the flat-band voltage in the positive direction,
and & shift in flat-band voltage equal to the applied gate
voltage corresponds to the reduction in electric field at the
interface to zero. In the next section we present & model of
electron trapping which correctly predicts the time dependence
of VFB and of the photocurrent measured in the external circuit 3
during electron photoinjection. The shapes of the curves in
Figs. 31(a) and (b) reflect the dependence of the photoinjected
current on ghe intensity of the electric field at the Si—SiO2
interface, A tentative ccaclusion resulting from application
of the model to the data of Figs. 31(a) and (b) is that essentially
all of the photoinjected electrons are trapped in the oxide, the
measured gate current being almost entirely caused by displacement
current in the oxide. In this connection it should be noted
that at the largest gate voltage used in our experiments, namely
35 volts, the number of trapped charges was approximately )
1083 cn™® in the steady state, whereas the number of implanted
aluminum atoms was an order of magnitude greater than this,
The indicated position of the centroid of the space-charge !
distribution of trapped charge was approximately 620 X from the

metal-oxide interface.

C. Analysis and Numerical Results

In this section we examine two aspects of the exper-

imental results: first, we analyze the relationships between the

-

_aden o



steady-state magnitudes of photoemitted, trapped, and externally
measured charge, and shcw by comparison with the known aluminum
impurity profile that it is likely that all of the photoemitted
electrons were trapped in the oxide; then we analyze the time
evolution of the flat-band voltage and the externally measured
current during the trap-charging transient.

i) Steady-State Analysis

The total charge photoinjected into the oxide at the

Si—SiO2 interface, Qinj’ can be expressed as the sum of two

components: the charge trapped in the oxide, Qox’ and the charge
that is drifted completely through the oxide and into the

. Thus:

metallic gate, chru

Qin,j = Qox i chru (1)

The charge that has been transported through the external circuit,
on the other hand, consists of the sum of the conduction-current

component Q and a displacement-current component which is

thru
equal to Q_ _ weighted by the factor 1 - x/L, where x is the dis-
tance from the Metal—SiO2 interface to the centroid of the steady-
state distributicn of trapped charge and L is the thickness of

the oxide, i.e.:

Q. . =(1-32)q (25)

+
ext oX chru

Finally, the change in flatband voltage caused by Qox is given by

BVop = TQu, s (26)
where £ is the absolute dielectric constant of the oxide.
By elimination of the quantity Qox between Eqs. (25) and
(26) we obtain the following expression for the ratio of the
through-going charge to the charge measured in the external

circuit:




Loy . (27)
X

By elimination of Q. 8nd Q.. between Egs. (ek), (25),
and (26), we obtain an expression for the ratio of the charge

trapped in the oxide to the total photoinjected charge:

Ux L/%

Qinj QextL/e AVFB *1 .

(28)

We now apply the foregoing relationships to the data of

the present experiment. By integration of the data for current
given ‘a Fig. 31(b) we find Quyy = 249 X 1977 COulomb/cmz. Using

>

L=1.4 x 1077 cm, AV__ = 10 volts, and a reletive dielectric

FB
constant of 3.8 for the oxide, we cen plot the ratios given oy
Egs. (27) and (28) as functions of the ratio X/L. The results
are shown in Fig. 32, together with a graph of the aluminum

. . . 12

impurity profile.

Inasmuch as Qox/Q cannot exceed unity, and chru cannot

be negative, the result:nglotted in Fig. 32 show that the centroid
of steady-state charge distribution is restricted to the range
0.45 < X/L < 1. Furthermore, the tail of the aluminum impurity
profile to the right of X/L = 0.45 contains only about one-tenth
of the total number of implanted Al atoms. If we assume that the
location of the centroid is somewhut to the right of x/L = 0,45,
say at x/L = 0.6, we must suppose that the implentation-related
traps caused by fewer than lO13 cm_2 impurity atoms were able to
capture three-fourths of the electrons (Qox/QinJ N 0.75) while
the traps on the left, which were the result of an order-of-
magnitude greater number of impurity atoms, were unable to
capture the remaining 25 percent of the carriers. This argument
maekes it appear highly likely that essentially every emitted

electron was caeptured, and that the location of the centroid of

charge distribution in the final steady state was at x/L = 0,45,
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1i) Trancient Analysis

We next analyze the dynamics of the trap-charging
process, assuming that the location of the centroid of trapped
charge distribution is not a function of the time. This assumption
1s made purely fcr mathematical convenience; its relationship
to the ongoing physics is discussed below. When a positive
voltage is impressed on the gate of the MOS structure and

electrons are photcemitted from the Si into the SiO, by means of

2
opticel excitation, the injected current is a function of the
electric field intensity at the Si—Si02 interface.l3 The dependence

of phctocurrent on electric field intensity for our samples,
using photons cf 4,77 eV energy, is shown in Fig. 33, (This
relationship was obtained by measurements made on our unimplanted
control sample, in which sample charging was shown to be negligible.)
As the traps in the implanted sample capture electrons, the electric
field intensity at the interfac~, f&, is gradually reduced toward
zero, thus diminishing the photoinject :d current; meanwhile the
trapped negative charge increases the flatband voltage in tae
positive directicn. The process ceases when the electric field
in the cxide at the interface is reduced to zero, at which point,
assuming negligible fixed charges in interface states, the bands
in the semiconductor are flat; i.e., the flatband voltage has
been brought to the value of the gate voltage.

Neglecting the effects of fixed charge at the Si—Si02
interface, the flatband voltege of the MIS structure can be
written as
L
J x o (x,t) ax , (29)

e}

VFB(t) =0 . -

i
€
where Oms 1s the metsl-semiconductor work-function difference,
oox 1s the charge density in the oxide, and x is measured from

the metal-insulator interface. The total charge per square

centimeter is
y Qs
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Q (ti= . oox(x,t) ax . (30)

L
I x p__(x,t) dx
: ox

=7 . (31)
|
| oox(x,t) dx
‘o

or by use cf (30):
L

|

x==——1 xo_ (x,t) a&x . (32)
Q J ox
ox ‘0

Using [32), we can write (29) as

Thus, th> efiect of the distributed charge in the oxide is the
came as wculd be produced by a sheet of charge of magnitude

Qox leccated at the position of the centroid of the distribution.
As was mentioned previously, we shall assume for simplicity of
enalysic that the location of the centroid is independent of the
time. Assuming alsc that all of the photoinjected charge is

trespped in the oxide, we have the following relaticn:

Hox J (3L)
dt inJ »

where Jinj 1t the density of the photoinjected current. This
current is a function of the electric field intensity in the oxide
at the Si—SiO2 interface, E&, in the manner shown in Fig. 33.

For the field intensiiy we can write

-~

:
1




1 e .
(t) == [V - -0 + = [ 25)
E:"1 L [ g Qms s € Q’cx(t)J ? 5
where Vg 1s the gate vcltage and @s is the surface potential of
the semiconductcr. Tke current measured 1n the external circult,
Jext’ is given by

(36)

ext(t) = (1 - x/L)JinJ(t)

An analytical soluticn can be obteined by using a piecewise=
n to the photoinjected current as & functicn of

The

linear apprcximatio

electric field intenstity, 1n “he manner shown in Fig. 32.

use of twc straight lines div

ides the field dependence 1into &

high-field regime and & low-fie

1d regime, with the 1ntersection

of the two linear segments definin

g & transit’ .u field 5&' Hence

the photocurrent density may be written as

Jo ¥ chE% 2 Z; 2-i:'x
8, <k,

(High-field Regime),

(Low-f1eld Regime) ,

o k.

i
(37)

where JO igs the intercept cf the high-field linear segment, and

o and ¢ are the slopes of the high- and low-field segments,

h 2

respectively. licity the metal-silicon work function

For simp
e surface potential of the semiconductor are

From Eq. (35)

difference and th
peglected 1n comparison with the gate voltage.

Ei depends only on the applied gate bias and the trapped charge

Qox
flat-band voltage of zero the 1nitial co
Thus, Eq. (34) can be solved to yield
nto Egs. (35) and (37) yields
(33)

cbtained:

From Eg. (33}, Ven depends only on Q_. Then for an initial

ndition fur the total

i ( = 0.
charge is Q_, 0) =0
Qox(t) which when substituted i
JinJ(t). Then VFB(t) and Jext(
and (_6), respectively. The following results are then

t) are obtained from Egs




High-Field Regime, t < tx :

J L -t/

= o h
Veglt) = (Vg + 5, 1 - e ) (38)
= v ~t/T
X h
ext(t) = (1 - 2T +a9 72 e , (39)
T .U : (40)
dhx
Low-Field Regime, t > tx
-(t -t )/t
Vp(t) =V - ékL e o : (41)
- -(t -t )/1
- X a
L =a-%o e , (k2)
. _ EL
L ;_EE (43)

The quantity t_ is defined as that instant of time when

E=E.

* ﬁote that Eqs. (39) and (42) yield a linear dependence of
Qn(Jext) on time in each field regime, in agreement with the
experimental results, Fig. 31(b).

The experimental results presented in Figs. 31(a) and (b)
furnish the following numerical values for paremeters appearing

in the analytical solutions:

J _,(0) =5.9x L amps/cm2

_ -10 2
Jext(tx) =2,k x 10 amps/cm
t =5.T x lO2 sec.
x
2
'y " 6.3 x 10 sec.

T, = 2.9 x 102 sec.

-~
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In order to make a self-consistency check with the results
quoted earlier in this section, where the location of the final
steady-state centroid of charge distribution was deduced to be
at X/L = 0.45, we can use Egs. (39) and (L0) to obtain the following

expression for x (as obtained from our transient data):

X i 1
=1 -1+ = (Lb)
- 7ol Jext
with
J L *
A1+ 2 (45)
Vo ‘h h g

Substitution of the above-listed numerical values (and also
iy, = b3 x 10° sec) into Eq. (4b) yields the result X/L = 0.L9,
which is only slightly in excess cf the value of 0.45 which was i
deduced from the steady state analysis (Fig. 32). It is to be

expected that the value of X deduced from the transient analysis
should, if anything, be larger than that obtained in the steady
state, for, as the traps charge, the centroid of charge distri-
bution should move away from the Si-SiO2 interface and toward

the metal gate; thus the mean value of x during he transient

should be larger -han the final value. The discrepancy between

the two values of X is small and tho difference is in the

expected direction; thus we regard the resu “s to be satisfactorily

a

self-consistent.

*
6. Electron-Beam Injection and Damage Studies (C.T. Shih collaborating)

>

A. Background Discussion

In the initial studies with the electron beem,
summarized in the First Semiannual Technical Report, we were
concerned primarily with the properties of the beam-induced
I-V characteristic of the oxide.. Typical results of this phase
of the study are presented in Figs. 34(a) and (b). There is

#*
Work supported in part, also,by ONR under Contract NO001L-67-A-0151-0030
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generally a temperature-insensitive square-law-regime, up to
. it . - : : +
the point of unity gain (Isample Ibeam)’ in which furthermcre,

at fixed voltage, I . We interpreted this set of

sample * Ibeam
results in terms of shallow-trapping of the inje~ted electrons
in the oxide bulk, the de-trapping being due to photouns
generated by the beam. In order to obtain supporting evidence
for this interpretation, extensive charge-storage (C-V)
measurenents were made, both before and after electron-beam
irradiation. These measurements have confirmed negative-
charge storage in the oxide as a result of the beam injection.
Further, the trapping states are created in the oxide bulk

by the beam, presumably within the range of the beam.

Interface states, at the Si-5i0, interface, are also created

2
by the beam - undoubtedly by photons generated by the beam -

but these states cannot explain either the I-V or C-V data.

B. Charge-Storage Studies: C-V and Internal Photoemission

Measurements

A typical set of C-V curves is shown in Fij. 35.

The capacitance measurements are made at high frequency,
namely 1 MHz. The curve labelled()is teken on tne sample
prior to any electron bombardment. It indicates a small
initial positive charge in the sample. The curve labelled
C)is measured following a 30-minute exposure, at low temperature
(107°K) to UV illumination (hv = 5 eV) through the gate with
the gate positive, still prior to any electron bombardment.
(This curve is actually independent of polarity). The very
small shift to the right corresponds to a slight diminution
of the net positive charge, due to trapping of the internally
photo-injected electrons. Electron-trap densities in the
as—-grown thermal oxide generally do not exceed about

1 315 .
100 cm giving a maximum trapped-electron sheet-

density below 10°° cm™2. This is consistent with the tiny
shift from(to@). The curve labelled(exhibits the C-V
curve measured after electron-beam irradiation for 15 minutes

at 2.5 kV with the field in the oxide at 3 x lO6 V/em., with

-~
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the gate negative. This C_V curvz is obviously strongly distorted
and also indicates large negative charge storage. Its general
shape is discussed further in connection with Fig. 36. The
curve labelled@ is & post-irradiation curve teken after a
vacuum annesl at 300°C, for 1 hr, with the gate negative at

L0 V. A substantial recovery from@‘coward@is evident, both
in the shape of the curve (much less distortion in(E)than in
(3)) and in the amount of shift. If the anneal had proceeded

for many hours(E)would have been driven back to(Z)(this has been
observed), indicating the removal of all negative charge trapped
during the electron irradiation. After curve@was taken, and
without any further electron irradiation or annealing, the
sample was subjected to UV irradiation (hv = 5 eV) for 20 minutes
at room temperature with the results exhibited as curve(E} The
z1gnificance of()is that it demonstrates conclusively that
slthough the charge created by the electron irradiation is
indeed annealsble at 300°C (by thermal stimulation out of the
traps) the traps themselves do not appear to be annealable
(comparing@with@), at least at the relatively low temper-
ature of 300°C. The C-V measurements alone do not establish
the spatial location of the electron traps in the oxide.

It is by now well-established that almost any form of

radiation will either directly or indirectly (via UV or higher-
energy photons) generate interface states at the Si-SiO2
interface. The non-penetrating electron beam is no exception.
Using the Gray-Brown techniquel6, involving C-V measurements
over a wide temperature range (from 100° to 300°K, in our

case) we have indeed shown that the electron irradiation
generated an order-of-magnitude increase in the surface-state

density from 2 x 102 cm-2 tolx 1003 cm-2

. However we do
not see any way in which interface trapping of electrons, by
itself, can explain our I-V data summarized in Fig. 3b.

Further evidence of the bulk nature of the electron trapping

is given below, in the discussion of Figs. L0 and bl.
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The <izpe of the post-irradiation C-V curves(é)and(})in
Fig. 35 can be understccd by reference to Fig. 36. In the
vpper left inset we schematically illustrate the metallization
3ot with two areas indicated, an area A'b exposed to the electron
beam ‘which is apertured) and an unexposed area A. Purely for
simplicity of argument we assume A = Ab' Further ,assume that
the besm 1s unifcrm across Ab (rectangular profile in the
inset). Obvicusly we are dealing with two capacitors in
parallel, areas A and Ab respectively. The unexposed area A
obvicusly exhibits the same C-V curve before and after
irrazdistion, wuich we draw schematically as the dashed curve
labelled C = C _ _ in Fig. 36. The exposed area A, exhibits

b,pr

& quite different C-V curve after irradiation, Cb in Fig.
3

post

36, than befcre irradiation, . There is a substantial

cb,pre
flat-band shift *o positive voltages due to stored negative
charge and some distcrtion due to either interface-state
generation or lateral non-uniformity. The two capacitors, of
srea A and Ab respectively, are obviously in parallel, so that
the +otzl effective capacitance Ct is simply the sum of the
=2
ct,pre C
“he upper sclid curve in Fig. 36, and following irradiation
g ct,pcst =C + cb'Post, the dot-dashed curve in Fig. 36.
[Note twa* non-uniformities in the irradiating beam will

(11

sepavate capacitances. Prior to irradiation Ct

inevitsbly accentuate the distortion in the transition from
low to high capacitence. Practically, the best that can be
achieved with a stationary beam is a Gaussian profile, as
illustrated in *he inset of Fig. 36. A small lateral high-
frequency wobble of a Gaussian beam might then yield an
effectively uniform beam.] Note the strong resemblance of
curves(S)and(E)ln Fig 35 to the schematic Ct,post curve in
Fig. 36.

The experimental C-V curves of Fig. 35 and schematic
'C-V curves of Fig. 36 are all high-frequency curves. A
clearer scparation of the separate capacitance effects of areas

A and Ab is, in principle, achievable if low-frequency C-V
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curves are measured. Practically, it is simpler to keep the
measuring frequency fixed and reach the low-frequency C-V
reg:me by either raising the temperature or illuminating the
S1 csubstrate, through the cxide, with strongly absorbed

F
(supra-bandgap) llghfl ’18.

A comparison of the high- and
lew- frequency situations 1s given in the schematic C-V
diagram of Fig. 37. The room-temperature curves (T = Tl)

labelled C, Cb,pcsr and Ct,post are the same as in Fig. 36,
8nd sre protctype high-frequency curves. The corresponding

crurves labelled C » G are the
low

b,post,lcw had Ct,post,low
same C-V curves measured at a sufficiently higher temper-
ature (T = Te) to represent protctype low-frequency curves.
The transiticn portion of the high-frequency C-V curve becomes
a dip in *he ccrresponding low-frequency C-V curve. Further,
where & significant flat-band shift from C to Cb,post has
cccurred (high-frequency curves), as in Fig. 36, the dips d1
end d2 1n the corresponding low-trequency curves are well-
s2psrated, as shown in Fig. 37. The effects illustrated
schematically in Fig. 37, are seen experimentally, as shown in
Fig 38. Three post-irradiation C-V curves are shown,
cerresponding to successively higher “emperatures of measure-
men*,@ at room fempera*ure,@at 200°C and@a.t g o

Beth @and @have the high-frequency appearance of curve@
4% of Fig. 36, whereas(:)exhibits the

characteristic low-frequency dips of Fig. 37. Curve(:>is

cf Fig. 35, or Ct

8 post-irradiation, room-temperature C-V curve following a
partial anneal. Cugve@ is shifted leftwards fron@, as
expected, The dip d2, associated with injected negative
charge, 1s shifted leftwards as a result of annealing, the
shift being greater the longer the annealing time,

A curve such as(Qin Fig. 35, corresponds to & single
value of gate bias during irradiatlon(in this case -1L0 V),
Based upon the model of Fig. 36, a flat-band voltage shift

can be asscciated with curvee, namely from that portion of

the curve associated with +he irradiated area. The flat-band
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voltage shift so determined as a functicn of gate bias during

9 amp of 2 |

electron irradiaticn (fcr a fixed dosage of 3.° X 1o
kV electrons for 5 hrs ) is shown in Fig. 39, 1cr irradiation
at two temperatures, 200°K and 300°K. The dip in this curve
with increasing (negative) gate voltage is not presently
understood. The large hysteresis exhibited by the 300°K
curve (dashed portion) is quite normal— as IVg! is reduced
in successive irradiations, trapped electrons are not thermally
released and the sample is not in thermal equilibrium at the
lower v ! A similar hysteresis is seen with the 200°K
curve (not shown).

The UV-induced (hv = 5.0 eV) internal photo-emission
currert from the Si substrate into the oxide as a function
of ga:e bias (positive) is shown in Fig. 40, under three
cenditions: curve(Z)ls taken prior to irradiation by the
electron beam, curve(P)after irradiation by the beam and
curve(:)after irradiation, then anrealing at 300°C for one
hour. These curves provide very strong, independent evidence
for electron trapping. Curve(:)has the expected shape
previously predicted and found experimentally by Powell and

Berglundlg. The post-irradiation curve(:)is approximately
a translation of (Dby about 25 V. This latter is readily
interpreted as the voltage required to overcome the potential
barrier created by the trapped negative charge left in the
oxide bulk by the electron-irradiation. The anneal at 300°c
for cne hour removes over half of this trapped charge so
that curve@ls much closer to the pre-irradistion curve@
The curves in Fig. 40 were obtained with a slow, linear
ramp voltage acros: the oxide, as indicated by the diagram )
in the inset in Fig. 41. The directly measured photocurrent
is exhibited as the dashed curves in Fig. 41. There is a

hysteresis associated with the direction of the ramp, as

shown. The dashed curve includes the contribution to the
total current of the constant displacement .current associated

with the linear ramp. With the direction of the ramp inverted,

N
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the constant displacement current changes sign, hence the
hysteresis. The three curves exhibited in Fig. 40 have the
displacement current substracted out, for the sake of clarity
(that is why the curves in Fig. 40 all gc through the origin,
whereas the two dashed curies in Fig. Ul are symmetrically
displaced from the origin).

More important than the hysteresis, which is simply an
artifact of the meesuring technique, 1s apprcximate symmetry
as between positive and negative gate bias of either dashed
curve, after the constant displacement current is substracted
out. In either pclarity there 1s the same magnitude of
threshold voltage befcre photc-emitted current can flow. This
is precisely what one would expect from a potential barrier
inside the oxide bulk due tc trapped negetive rharge.

Also exhibited in Fig. 41 are the quasi-static C-V
curves at room temperature (the solid curves), which, for the
slow ramp, are simply on vs v320,91,22’ in the absence of the
UV. 1In the upward direction cf the ramp (- to +) I, is the
pure displacement current of the ramp (the horizontal line);
in the downward direction of the ramp there is a very rich
structure in on Vs V8 which 1s not understood at present.

At elevated temperatures such structure could be attributed
to ionic motions, but it 1s difficult to invoke such ionic

motions at rocm temperature.

C. Suumary
The cutstanding result tc-date of our electron-
beam irradiation studies i1s the demonstration of stored
negative charge in the bulk follcwing the non-penetrating
irradiation. Relatively few other studies have been made

23,24,25 and these

utilizing non-penetrating electron beams
studies have only reported positive charge storage, near the
Si-QiO2 interface, following the irradiation. A major goal
of our current program is the reconciliation of these

earlier results with cur own results Qur current efforts

AN
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are concentrated on inpreving the unifcrmity of our electron
beam snd designing means to profile the beam. We expect to
obtain the greater uniformity by going over from the standard
cxide which we have been using, to a thoriated tungsten cathode.
Special phcsphor screens have been fabricated for beam-

pr>filing purposes, by the Phosphor Group at RCA Laboratories.

Theory of Electron-Tunneling from Si into Si0O, - Triangular

Well ..pproximation (Z. Weinberg collaborating)

A. Background Discussion

At the high fields (> 5 x 106 V/cm; see Fig. 5)

which are required to produce significant tunneling currents
from Si intc 8102 there 1s very strong band-bending in the

S1 near the interface. Our interest here 1s in the polarity
with the 81 negative, in which case there is a degenerate
electron gas in the Si1 conduction band adjacent to the
interface. If the Si 1s n-type, it is in accumulation at the
interface; 1f the Si is p-type, it is in inversion. Whether
the Si 1s 1n accumulation or inversion, the electron gas is
ccnfined 1n a very narrow well in the direction perpendicular
to the interface. This confinement leads to spatial quanti-
2zation effects in the perpendicular direction, which have been
studied in the inversion case by Sternlo, and in the accumula-
tion case by Duke.e6 The spatial quaantization effects have
been studied theoretically with various degrees of refinement.
A completely accurate theoretical study requires the self-
consistent solution of the Schr&dinger equation for all
electrons trapped in the well together with the Poisson
equation (since the detailed shape of the well is determined
by space-charge considerations). Such studies, which require
the use of a high-speed digital computer, have been made.lo
However, in no case which we are aware of has the spatial-
quantization problem been looked at with the aim of

calculeting the tunneling current from the well into the oxide

film. This is precisely the problem to which we address
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ourselves here. In order to get a reasonable, analytical
handle on the problem we neglect the specific space charge
effects and assume that the well has a triangular shape,

as shown in Fig. 42, For the case that most of the electrons
in the well occupy the lowest quantized energy state, the
triangular well approximation is a good one. Since this is
also a case of great practical interest, the results pre-
sented here are of direct use in the analysis of tunneling
currents. (From the diagram in Fig. 42 it is clear that we
are also neglecting the well-known image-force lowering of
the potential barrier by the tunneling electron. This effect
produces only a small change in the tunneling probability,
and can be suitably incorporated into the results at a later

peint.,

B. The Mathematical Calculatioxn-

The ore-electron Eflxed potential) quantum-
mechanical problem to be solved is defined by Fig. 42, The
electron in the Si is trapped in the well defined by the
potential step, height ¢ = 3.1 ev (for 8102), et the interface
and by the bottom energy of the Si conduction band Ec,Si =
—&.x where q is the magnitude of charge on the electron,
thé.field in the Si (assumed constant near the interface) and
x the position variable normal to the interfece which is
located at x = 0. The barrier through which it must tunnel
is defined by the potential step at the interface and by the
lowest energy of the SiO2 conduction band Ec,SiO = gb - qE2x.

Mathematically it is convenient to ob%ain the
solution 1n two non-overlapping regions: Region I extending
from the interface into the Si, and Region II extending from
the interface into the SiO2. In each region the solution

27

consists of a suitable combination of Airy functions. The
separate solutions are thea matched at the interface to
provide current continuity. As one might expect in a tunneling

problem, the solution inside the well, i.e. Region I, is

PR ey e T T e il R 2
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only slightly affected by the presence of tne field in the
oxide. Thus, the wave function normelization can be carried
out using only the solution in Region I. This procedure
leads to a closed-form expression for the tunneling current
per electron out of the ground state of the well. The total
tunneling current musc¢ include, additionelly, the contributions
from electrons in varticipating excited states in the well.
Since the triangular-well approximation is not a good one
for the study of the excited levels, we can obtain only a
somewhat crude estimate for the tunneling contributions from
the former using Airy-function solutions.

We proceed to the mathematical discussion:
Region I (Si): -« < x < 0, Fieldel, electron effective-
mass m, .

The appropriate Schrodinger equation in the normel
direction is

2 2m
a"y(x) 1 -
dx2 * 5 (E + qux)w(x) =0, (46)

Region II (Sioz): 0 < x <=, Field.ﬁé, electron effective-mass m,.

The apprcpriate Schrodinger equation in the normal

direction is

2 2m
dy(x) , —2 (E - qp + qax)w(x) = 0, (47)
o %2 e

E in Egs. (46) and (47) is the eigen-state energy of the electron.

It is convenient to introduce dimension-less variables:

2m
Region I: yl=ai/3 (E—&:-r &) al=f—§-]-'-q§ : (L8)

2m
Region II: y, = aé/3 (Eq- g, x), s, = ﬁﬁg q£2 . (49)

Substitution of (48) into (46), and (L49) into
(47) reduces the two Egs. (46) and (47) to a common form:

a :




" y1,2) + Y1, w(yl’z) =0 , (50)

whick 1s a form of Airy's Eg This equation has two independent

i
e2luticns which are conventicnally written a32
Arl(=y) and Bi(-y)

The bcundary conditions appropriate to the present
tunneling p-cblem are physically obvicus.

1) The wave function must decay exponentially going
tcward == 1n Regicn I, 1 e, well beycnd x = Xy

11) [he wave function must describe a pure outgoing
wave 1M Region I! beycrd x = X,
These boundary conditions enable us to write the

apprcpriate scluticns of (50) as:

Regicn I: v = a Al(-yl) , (52)
Regicn 11: ¢ = T[Bl(-y2) + 1 Ai(-y2)] g (52)

From (48) and (49), at x = 0

1/3 B 1/3 E - g¢ 1/3 ¢
' = —— and =g 2 o g
1,0 81 a%, Y20 %2 qE; 2 E,'g' ’

(53)
since ¢ = 3.1 ev E. With Y10 known, E is determi..ed by
?
(53). Using '49) and the known tunneling field .n the oxide

(- 6 x 10 V/cm) we obtain a good estimate for 8-

[o]
a;'3 R 109/mefer = 0.25/A . (54)

6

Using this value in (53), teking ¢/£2 = 3,1/6 x 10
o]
= 50A, we obtain




It is a property of the Airy functions that, in

going from x, towards x = 0, Ai(yz) decays exponentially

whilst Bi(y2§ increases expcnentially. Since y2,o >> 1,
Ai(-yz) can be neglected compared to Bi(-yz) at y, = y2,o and
the matching of the wave function at x = O gives, using (51)
and (52):

uAi(-yl o) =T Bi(-y2 o) : (56)

Matching of the derivative of the wave function at
x = 0 gives:
1)
a1/3 1/3

a Ai (-yl ) = a

: o 5 - TBi ('yz,o) . 5T)

Because 1y2’°| >> 1 it is permissible to use the
asymptotic form of the function Bi(-y2) in evaluating it at
Yo =¥p o Finelly, then, division of (56) by (57) gives
the equation:

a ,
-1/2
Ai i

Y10
The solutions to this equation are the eigen-

energies E Note that (58) replaces the simpler condition

t
Ai(x = 0) =0 , (59)

used in space-quantization theory for a triangular well

bounded by an infinite wall (¢ = =). In our problem the

solutions E, to Eq (58) differ negligibly from those

to Eq. (59), as shown by Stern,1°
The tunneling current density, corresponding to

the pure outgoing wave (52) in Region II, can be written a:

sad 232 (60)

'nm2
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The coefficient T is given by (56):

2
Ai"(=~y. )
= —— 10 2 (61)

2
Bi (-y2,o)
Ais remerked earlier, the wave function throughout
Region II is small enough that we can neglect it in normalizing

the total wave function. Thus, we write for the normalization:

(o]
o® At%ax = 1 ] ' (62)
J-OO
which yields
2 1/3 1 A12
L N v RN . TR s (63)
A1%(1+1) LA ¥}

where the argument of Ai and Ai' is Y1 6
?
From (58) we know that (Ai/Ai')2 < 0.01, Further,
i
for the first ten energy levels Ei’ yl,o,i <{o . Hence
f < 0.1, and can be neglected in (63).
Using the various results above in (60) we finally

obtain for the tunneling current:

q
J=2rll-—l——%‘-exp-(FN) A (64)
"2 /om, '

where
T = _u_' — ( b e E)
(F) 3,/,;; J-;{?—— , (65)

and the novation (FN) has been used because the exponent in
(64) is Fowler-Nordheim-like (see Eqs. (2) and (3)).

It is convenient to re-write (64) in the form

xp -(FN) ,(66)

o b M.,3/2 Eo 1/2 fél

(o}




where Eo is the lcwest space-quantized energy-level in the well:

\2/3
i ﬁqil)

E = ——————17 . (67)
o (2m¢)l/3 o

Z, being the first zero of the Airy function: Ai(Zo) = 0, and
Zo = 2.34. Here we have used (59) as a suitable replacement
for (58).

The factor E_/h in the pre-exponential of (66) has
the dimension of frequency; indeed it is the frequency of the
periodic motion of the electron in the well. Physically it
corresponds to the frequency with which the electron hits
the potential wall ¢ 1in Fig. 42 and has accordingly been
called "the attempt-to-escape" frequency in the literature.
The pre-expcnential factor in (66), corresponding to tunneling
from a bound state in & triangular well, replaces the pre-
exponential factcr B£2 of Eqs. (2) and (3), corresponding to
tunneling from a Sommerfeld electron gas, in which case one
more appropriately considers the particle current incident

on the barrier.

C. Application of the Theory

The theory cf Section B has been applied to the
tunneling experiments on the Si-SiO2 system described in
Section 2. These experiments were all done on (100) Si, for
which the appropriate (weighted) electron effective mass in the
space-quantization problem is ml = 0,9, The electron effective
mass in the oxide, obtained from the experiments is 0.4 (see
Eq. (8)), E ¢ 0.3 ev, obtained from (67) taking 81 =6 x lO6 V/em
(see Fig. 5). The corresponding attempt-to-escape frequency
is E /n = T x 1013/ gec. Using this in (66) we evaluate the

complete pre-exponential factor as

&= L.k lO8 exp - (FN) Amp/cm2. (68)

The corresponding classical Fowler-Ncidheim expression (2) and
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(3) yields

T exp - (FN) Amp/cme. (69)

J= 4 x 10

In arriving at (68) we have considered tunneling
only from the ground state of the well. Sternlo has estimated
that approximately T0% of the electrons in the well at the
interface are in the ground state, under the conditions of
our experiment, so that (68, should be a fair estimate for
J, even allowing that the remaining 30% of the electrons have
a higher tunneling probabiliity (smaller area of tunneling
barrier). The small image-force corrections to (66) are
taken up in a more complete study of this problem to be

published later.

8. Monte-Carlo Studies of Hot-Electron Behavior in Insulating
Films at High Fields (S. Baidyaroy colleborating)

A. Background Discussion

In the First Semiannual Technical Report an extensive
discussion of our Monte Carlo studies of hot electrons in high
fields in insulating films was given. Most of that discussion
was concerned with constant-mean-free-path problems, with both
isotropic and anisotropic scattering. In particuler, a detailed
study was made of one-dimensional random-walk simulations of
three-dimensional problems. A beginning was made on the study
of runaway electrons in situations where the mean free path
is energy-dependent and increases with energy. In this report
we present some additional information on one-dimensional
simulations of anisotropic scattering problems and carry the

study of runaway electrons considerably further.

B. New Results
In the First Semiannual Report it was shown that
constant mfp (mean free path) problems with anisotropy could be
well simulated by one-dimensional random walks with a single
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enisotropy perameter. In particular, in Fig. 28 of that report
it was shown that the computer results could be represented
by the simple constant mfp scaling law: E « (FA)2/ep

ave,ss h’
with Ea the mean energy of the electron emerging from the

film inv:ﬁzusteady~state (i.e. independent of film thickness),
F the electric field intensity in the film, A the constant mean
free path, and Eph the optical phonon energy. In that Fig.
curves were plotted for f = 0.2, 0.4, 0.5, 0.6 and 0.8, f being
the anisotropy parameter (ratio of forward-to-back scattering
probabilities). A mysterious change in slope appeared in the

f = 0.2 curve., The calculations for f = 0.2 have been done over,
with the new results presented in Fig. 43. Also plotted are
new results, namely the curves for f = 0.1 and f = 0.9 respec-
tively, and the old results for f = 0.4, 0.5, 0.6 and 0.8.
Since the seven plots of Fig., 43 are all linear, the relation-
ship

Eave,ss “£ ¢ ? (70)
holds, where ko ® (f) is an f-dependent constant which is
determined empirically, namely from calculations such as
exhibited in Fig. 43. A semi-long plot of Ke
in Fig. Lu4, with points available in the range of 0.l <f

£ 0.99. It is seen that in the 'middle' range, 0.1 < f < 0.8,

vs f is g.ven

a simple power-law obtains:

0.1 <f <0.8: «x,=0.1exph.22f (T1)

Since <f must diverge as f » 1 (pure forward scattering)
this relation cannot be valid for f close <o 1, as indeed we
note in Fig. Uk,
A second area in which importent progress has been
made concerns the runaway of electrons in situations where the

mean free path is energy-dependent and increases as the energy

increases. Such situations were examined briefly at the end

of the First Semiannual Report, in Figs. 38-41 inclusive. The
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key figure was Fig 38 which 1s reproduced here, with several
additicna. curves cn it, as Fig. 45. In this Fig. the average
energy E in the emerging electron distribution is plotted vs
mfp ». Seen on the Fig. are a single parabole and two families
o1 straight lines. The parabola is the plot of E = 0.87

\FA)Q,‘ for F = LO6 V/em., and € . = 0,1 ev; the straight

ph’ ph

lines are plots cf the relations A = A+ a(E/eph) with

‘ph = 0.1 ev. This 1s a particularly simple form of energy-
dependence ot the mfp, chosen for convenience. The parabola is
the empirical relationship between the emerging, steady-state

average energy Ea end the constant (energy-indegendent)

mfp ), assumlng 1:§€:2pic scattering, previously discussed in
the First Semiannual Report. The two families of straight
lines correspond tc o 29 X and Koy ™= Lo X respectively. The
members of each family correspond to different values of a:
a=0.5,0.8,09,1.0, 1.1, 1.2 and 2.0 for ghe 'Ao = 25 X'
family, and o = 0.5 and 0.8 for the 'Ao = 4O A' family. The
nature of the runaway has to do with the presence or absence
of intersections of the straight lines with the parabola. In
the absence cf intersections (the a = 2.0 line for Ao = 25 X

o]
and the o = 0,8 line for Ao = 40 A) there is strong runavay,

(o}
es seen in the a = 1.0 curves, for Ao = L0 A, in Fig. 46, and

the a = 2.0 curves in Figs. U4T and 48 (as well as in Fig. Ll
-f the First Semiannual Report). For the case that there are
two intersecticns of the straight lines with the parabolas
the situation had not been resolved at the time of writing of
the First Semiannual Report, .i¢ available results for this
situation being summarized in Fig. 39 of that Report. A more
extensive study of this situation has led to a considerable
understanding which we now discuss.

First consider the two a = 0.5 curves in Fig. L6.
From Fig. 45 this 1s clearly a case with two widely separated
intersections. Yet it is clearly seen in Fig. L6 that the two
o = 0.5 curves in Fig. 46 do not converge to the same horizontal

asymptote, that, in fact, the curve for Eo = 10.0 ev actually
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slowly diverges at large film thicknesses. The reason for this

interesting behavior is that for a batch of particles entering
at the energy Eo = 10.J ev, a few 'escape' from the well-behaved
part of the distribution. (These few 'escaped' electrons are
very much like Shockley's 'lucky' electrons). A particle,
once escaped to sufficiently high energy (which is just the
second, higher i “eisection point in Fig. 45) is almost certain
to continue gaining energy monotonically. A single such
perticle, in a finite batch of particles, is enough to push
the average energy into divergence as the film thickness is
taken larger and larger. The curve for a = 0.5 and EO = 0,01 ev
has not a single escaped electron 1in the batch of 200 particles,
hence the convergence of a well-defined value of Eave,ss'
The one cr twc escaped particles in the a = 0.5, EO = 10,0 ev
.un cause the slow divergence. Clearly the non-escaped particles
are behaving 'properiy', i.,e. ccnverging as expected (e.g.,
the point at t = 6000A). Going to Fig. 47, we see that even
fer Eo = 0.01 ev, for a ac low as 0.8 there are escaped particles,
even though there are twc well-separated intersec¢tions of
the parabolg by the a = 0.8, iy QSZ straight line in Fig. 45.
For A = 25A end E_ = 10.0 ev we see from Fig. 48 that there
are escaped particles for all values of o studied, namely down
to a = 0.5. Finally, in Fig. 49 we compare the divergence of
the o = 0.9, Ao = QSA curves for Eo = 0.0l ev and EO = 4,0 ev,

The problem of 'escaping' electrons is examined
more closely in a Technical Report which will be issued in the
coming months. In particular, the actuel histograms of
emerging particle energies will be presented in this Report.
These histograms confirm in detail the 'escaping' electron

picture implied by the Eave vs t (film thickness) curves

discussed above.
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9. Theoretical Modeling of Local Breakdown (B. Ridley collaborating)
A model for electrical breakdown in SiO2 films has

been constructed along the following lines, illustrated schematically:

[Electron injection via )

Fowler-Nordheim tunneling| [Joule LJ.Activation of]

from projections at the ! heating|™ positive ions

Motion of positive
ions to cathode and
resultant field

interface L : enhancement

Lateral flow of heat
'activates' neighboring
projections into similar
cycles

The model assumes that there are irregularities at the
cathode interface which produce a geometric enhancement of the
field at the irregularity. Fowler-Nordheim tunneling of
electrons into the oxide at the irregularity produces a locally
high current density which produces strong joulean heating.
Positive ions bound in the oxide volume are thermally released
and drift, in very high field, to the irregularity. The pile-up
of positive ionic charge further enhances the field at the
irregularity, yielding a positive feedback cycle and a thermal
runaway. The lateral flow of heat activates neighboring
projections into comparat.e positive-feedback cycles. In SiO2
the postulated ions are very likely Na+. The required total
Le to 1013/cm2 and

are somewhat dependent on details of the model. Such densities

sheet densities of Na+ are on the order of 10

appear reasonable, based on the recent work of Kuhn and
Silversmith.28

The details of the above model, based on a considerable
amount of work, will be presented in a Technical Report. Here
we present Just a single Figure, namely a comparison of the

prediction of the theory for the breakdown field dependence on

film thickness,EB vs d, with the experimental results of Osborn
, Fig. 50.

29

and Ormond
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