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electrode separation.

In order to understand hole “ransport and mobility in Si0,, we have
studied optical transitions by using uv reflectivity to investigateée
Structures near the band edge as a function of the S$i-0-Si bond angle,
Structure i1s seen in the optical data of cristoballite vhich ind*cates

that the uppermost narrow valence band has a finite bandwidth due to
wavefunction overlap.

Phosphorus precipitates were found on the interface between P-doped
silicon and thermally grown Si0.. The technique of scanning internal
photoemission was used to form in image of the phosphorus islands whose
size and spacing depend upon the areal density of phosphorus in the
oxidized silicon. The islands were found to ciwpleﬁely cover the
silicon surface for an areal density of 5 x 107 /em”.

Resistive switching was studied in Ge. Te by transmission electron-
microscopy. Three resistive states were observed, “consisting of a wholly
amorphous structure, Te crystaliites in an amorphous GeTe matrix, and Te
crystallites in a crystalline GeTe matrix. Switching was observed
between the latter two but structural degradation resulted.

In the area involving the structural instability of glass-metal
interfaces, we have performed a systematic study of interfacial reactions
Setween thermally-grown SiO, and three transition metals; V, Ti. and Nb,
We found that there interfaCes became unstable at temperatures above
700°C and destruction of the structure of Si0 followed. This is
significant because active transition wetals Are often used to increase

the adhesion of a second metal to the surface of SiO?.
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THE PHYSICS OF INTERFACE INTERACTIONS RELATED TO
RELIABILITY OF FUTURE ELECTRONIC DEVICES

INTRODUCTION

The overall purpose of our work continues to be the investigation

of fundamental phenomena that directly impact the performance of

proiected electronic device configurations. We have been probing and

reporting on various possible approaches to understanding the many
phenomena which can influence the reliability of integrated devices
ipcluding such areas as polarization effects on interface contact
barriers and carriew injection into 8102; dielectric breakdown mechan-
isms and models, band structure in insulation; radiation-induc .1}
charge in insulators; trapping states in insulation interfaces such

as MNOS structures; switching and conduction mechantsms in doped

fransition metal oxides; drift of charged carriers through 8102 and

impurity induced crystallization; and reactions at metal-Si and metal-

8102 interfaces.

For the near future, we will concentrate on those programs which

have proven to be of. fundamental scientific importance and which under-

lie the significant degradation modes that can be foreseen. This

provides the best chance for future extension of new device concepts.

These include a more concerted effort theoretically to describe inter-
face polarization effects and contact barrier drift, continued expan-~
sion of the theoretical dielectric breakdown model and its implications,
description of radiation-induced charge carriers in 8102, and reaction

kinetics at meta1—8102 (or Si) interfaces.




o We have developed an understanding of precisely what happens in
the initizl stages of dielectric breakdown in Si0,. A simple model
for dielectric breakdown was formulated on the hasis of electron
injection from blocking ccntacts and subsequent impact ionization of
the lattice. Several predictions can be made, including the increased
average breakdown field found for ultra-thin filus of Si0,. Ionizing
radiation is predicted to reduce drastically the breakdown strength
of $i0,.

2
(@] The breakdown mudel predicts .n increase in the breakdown fileld
of greater than 100% for S5i0 films 100 % thick. For such thin films,
the negative reistance portion of the curve disappears. This means
that thin films about 100 R thick, would have superior quaelities as a
gate insulator. .

O For n-type silicon or for n-channel MOS devices, the phosphorus
dopant from the silicon was found to precipitate onto any silicon
surface which has been oxidized. This surface layer or phosphorus
can cause a leakage channel to appear near the surfaces of heavily
phosphorus doped silicon. As a result, the surface leakage path
can destroy the operation of an ultra-small MOS transistor because
the leakage path bridges the source and drain regions. It 1s
expected that arsenic, the other n-type dopant, displays the same
behavior.

L) We have found that the optical properties of 510 do not depend
significantly upon the zllotropic form of the materia%. The results
indicate a valence band width of about 1 eV for the top valence bhand
of 5102 crystoballite.

o We have found that certain metals can cause reliability problems
when used as metallization on $i0, glass, especially where the
combination is subjected to eleva%ed temperatures. Metals that form
both stable silicides and oxides, such as YV, Ti, Cr, Nb, and Ta, may
decompose SiO, thin films over a period of time, and thereby destroy
the dielectric properties of the insulating film.

o In the area of Schottky ba>riers, we have finished a review of
our current understanding of siiicide formation and stability. Ve
found that there is a distinct difference between the silicides formed
by the metal-silicon reaction and by metal- glass reaction; the latter
produce a metal-rich phase while the former produce a silicon-rich
phase. This shows the signficance of having a thin oxide layer on

the contact reaction between a Si wafer and a metallic films.




1. THE RELIABILITY OF SEMICONDUCTOR~INSULATOR INTERFACES

We have completed an investigation of a physical model of dielectric
breakdown in SiO2 thin films, including a study of the influence of the
adjustable parameters and a study of several important predictions.
This is the first quantitative model to describe exactly what occurs
during the critical initial stages of dielectric breakdown in the
dielectrics used in integrated circuits. The negative resistance type
of breakdown is due to a distortion of the electric field caused by
positive charge left in the insulator by the small amount of impact
ionization produced by hot electrons. From this study, we find that
the only parameter which has a significant effect on the calculated
breakdown strength is the electron-phonon scattering length. A good
fit to the experimental breakdown data for films below 1000 R was
obtained for a scattering length of 1.34 ?. The analysis was expanded
to include relative effects of the mean free path Ai for impact ion-
ization of the valence band edge as well as the recombination cross
cection 0 as calculated by several models. Neither were as important
in determining breakdown as the electron-phonon scattering length.

The theory predicts the experimentally observed increuse in break-
down strength for filws thinner than v 500 . The other important
predictions need experimental verification: the threshold current for
breakdown is found to increase dramatically with a decreasing film
thickness, and the intrinsic breakdown voltage decreases in the presence
of ionizing radiation.

By scanning internal photoemission measurements, we have seen

P -




evidence for the precipitation of phosphorus on Si—3102 interfaces

grown on phosphorus doped silicon. Apparently, the phosphorus that
dissolvas in the 3102 during oxidation of the doped silicon precipitates
onto the interface during the period when the silicon is cooled from
the oxidation temperature. Islands of phosphorus were seen as dark
spots (low photoyield) on photoemission images of sodium stained Si-SiO2
interfaces. These spots are absent from interfaces grown on lightly
phosphorus doped silicon (v 2 x 1018/cm33, while they completely cover
an interface grown on a very heavily doped wafer (v 5 x 1020/cm3).
Samples in the intermediate range of doping show phosphorus rich islands
on the Si-SiO2 interface, with a diameter of up to 25 microns. The

significant fact is that silicon surfaces are degraded by phosphorus

which 1s introduced during the thermal oxidation of heavily doped

silicon.
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IMPACT IONIZATION MODEL FOR DIELECTRIC INSTABILITY AND BREAKDOWN

T. H. Di Stefano and M. Shatzkes

Dielectric breakdown ir wide-bandgap insulators is an old problem

which has long been considered +n quite general terms from several points

of view.l’2 These treatments determine criteria for electronic instabil-

ity and dielectric breakdown in terms of the behavior of a single electron

in an infinite insulator which supports a uniform electric field. More

recent theoretical work has resulted in a few microscopic models for diel-

ectric breakdown in finite systems. The models fall into two classifica-

tions: an instability due to thermal runaway3 in a system containing a

relatively low energy excited electronic state; 455

or an electronic avalanche
type of dielectric breakdown in which hot electrons impact bound electrons

and ionize them from the valence band. By either a thermal or an avalanche

model, the current-voltage relationship is found to have a negative resis-

tance or dielectric instability due to a non-local regenerative mechanism.

The avalanche model for electronic breakdown developed by O'dwyer4 employs

a distortion of the electric field in the insulator to obtain the non-local
feedback necessary for the instability. 1In effect, the positive charge

carriers produced during an avalanche drift to the cathode where they en-
hance the electric field which, in turn, leads to an incgeased eluctron
injection current and a greater rate of impact ionization. The 0'dwyer
model is based on the assumption that the holes produced by impact ioniza-

tion remain relatively mobile and that the electron energy distributiocn

depends only upon the local electric field but not upon distance from the

cathode.

This set of assumptions is valid for many semiconductors, but it




does not apply well to thin films of those wide-bandgap insulators with a

very low hole mobility.

| We present a simple theory for dielectric breakdown in materials such
as 81026 for which the hole mobility is relatively smill. The calculations
are based on impact ionization of the insulator latrice by electrons injec-
ted from the cathode and subsequently heated by the electric field.7 The
theory is developed ior the idealized case in which hole motion is negli-
gible during the rapid breakdown process. It is assumed that during the
short time required for breakdown, hoies are cleared from the insulator
largely by recombination and that drift in the electric field does not ser-
iously influence the hole distribution or density in the insulator. Ag a
specific example of thisg model, the breakdown voltage and the current-

voltage relationship were calculated for the case of a thin layer of SiOz.

The breakdown voltage was found to depend significantly upon only one of

the adjustable parameters, the one dimensional energy loss length, The
recombination cross section and the ionizat'on cross section have a rather
small influence on the calculated breakdown voltage. The dependence of the
average electric field at breakdown on thickness is calculated and found to
increase rapidl below 2002.

The principal features of the model are outlined in Fig. 1, which
shows the valence 2nd conduction bands in the insulator during the break-
down process. Since the bandgap8 of 8102 is 9.0 eV, the threshold for
impact ionization is 9 eV above the bottom of the conduction band, as

marked by the dached line in the xigure. Electruns are injected into the

insulator by Fowler-Nordhaim tunneling from one of the electrodes. The
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tunneling current density J is of the form9

1/2 .3/2
3 = (OB /16v%20) e~ [ (32m%) 112 0372 3y W

where ¢ is the interface energy barrier, m* is the effective mass in the

insulator, and E ig the electric field at the cathode. For SiOz, m¥=,4]

and ¢=4.2 eV, As will be shown, the results of the calculation of the

field distortion in the insulator are independent of the level of injected
current. Since the solution ig insensitive to the level of injected cur-

rent for high % contacts and low temperatures, we will use the approximate

form for the Fowler-Nordheim Current, and neglect temperature and image

force lowering corrections.

The injected electrons are accelerated by the electric field so that
after traversing a distance X, a high energy tail of the electron energy
distribution has sufficient eénergy to ionize the lattice. Electrons above
the ionization threshold are assumed to produce impact ionization with a
mean length Ai. Each impact ionization event leaves behind a low-mobility
valence band hole. 1In this model, it igs assumed that the hole moves an
insignificant distance before it is anihilated by recombination with another
injected electron. As a consequence of repeated impact ionization, a re-
sidual cloud of positive space charge is built up and the potential is
distorted so as to enhance the cathode field. In turn, the enhanced field
leads to impact ionization nearer the cathode, moving the sheet of positive
charge closer to the cathode. The holes downstream from the major ioniza-

tion region are removed by recombination. By a regeneration process, the

positive charge sheet moves closer to the cathode, leading to an increase

e K = B S — W O Rt T L e




in the cathode field and a resulting increase in the injected electron

current. At a critical point, an increase in current is accompanied by a
decrease in total potential drop across the thin film. This point, at the
beginning of the negative resistance regime, marks the onset of a diélec—
tric breakdown instability.

In order to calculate the current-voltage relationship and to find
the dielectric breakdown voltnge of a thin dielectric, the rate of impact
ionization is first determined. The problem is complicated by the fact
that the electron energy distribution does not reach an equilibrium form
in the sharply varying field of the insulator. It is both possible and
necessary to determine the spacial evolution of the electron distribution,
with the aid of a few simplifying approximations. The electron scattering
events are assumed to be independent and to involve the loss of one LO |
phonowr per collision which is assumed to be predominantly ¢ forward scat-
tering event. The electron energy distribution is obtained by considering
the one dimensional projection of the scattering events to be a Poisson
process. That is, the electron moves an average distance A in the x
direction between independent scattering events. The parameter A is the

one dimensional projection of the phonon emission length. This A i1is not

to be confused with the mean free path or momentum randomization length;
indeed, the two can be quite different fcr the case of a predominantly for-
ward scattering event. The probability that an electron will suffer 'n

collisions in traversing a distance A 1is,

n
P(n,%) = = &) e X/, (2)
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A discrete energy distribution curve at peint x is obtained by allowing

the electron to lose one phonon or Hw in each collision. At x, the prob-

ability P.is a function of the energy E,

-E/Kuw
! x ~(x/2)
P(X,E) = (-E/ﬁw)! (A) e » (3)
or, by the central limit theorem, the energy distribution 1s
2
. _(E/fw + x/3)
(x,E) = LMW -5 (4)

v2m(x/))
where E is the energy with respect to the initial energy.

For the case in which an electron ionizes the lattice as soon as it
attains an energy of Eg above the conduction band edge, the rate of impact
ionization or production of positive charge is then,

ol 3 5o J D(x,E) dE. (5)
i ¢(x) + E
g
In the equilibrium condition, the rate of production of positive charge by

ionization is equal to that of destruction by recombination.
0
c 2, S
p,| = o (E) D(X,E) dE (6)
+ e
r ¢ (x)
where o(E) is the energy dependent recombination cross section. The hole
charge density Py isofound to bz independent of injected current J,
2 J D(x,E) dE
= dx ¢(x) + E8 , (1)

¢ (x) o
o(Ey) [ D(x,E) dE + |  o(Es D(x,E) dE
L ' ¢ (x)

Py

where o(E) is the energy dependent recombirat‘on .ross section and ET is

the limiting enerzvy of electrons near the conduction band bottom. Here,




ikl i R

the tail of the electron distribution which is calculated to be at or be-

low the conduction band bottom is assumed to have a limiting energylo of Y

ET=4ﬁw/3n. Now the potential p(x) can he found from a double integration :

of the net charge in the insulator.

b

px) == [ ax [ dax (o, - 0. (8) {

o™ |

|
In the usual situation, p_ 1s negligible in comparison to Pyr The po-

tential V drop across a film of thickness d is found by the integration [

the current corresponding to the V(d) is obtained from the Fowler-

Nordheim equation(l) evaluated for the electric field at the cathode. From

these two values for Ax=d, the J-V relationship is calculated for an insu-

lator of thickness d.

Our impact ionization model is applied to the specific case of SiOz,

which may be somewhat less than ideal for two reasons. First, although the

hole mobility in SiO2 is quite small and unknown it must be finite. Since

this mobility is undetermined at present, we leave it out of the calcula-
tion; however, more exact solution including the effect of hold motion are

not expected to influence the general characteristics of the model.

Another assumption which is not exact for 8102 is the phonon energy loss,

which is taken to be.the LO phonon energy Hw=.153 eV. At electron ener-

gies near the ionization threshold, phonons from other parts of the

Brillouin zone contribute to the scattering but introduce an energy loss
less than the full .153 eV. Since the relafive cross sections are not
known for

scattering by the various types of phonons, we must retain the

simple Einstein model for the phonon spectrum.




The results of the calculation are gummarized in Figs. 2-4 for the y

application of the model to 8102. The J-V characteristic for a film of N
1000 ; of 8102, in Fig. 2, displays an unstable rniegative resistance re- '
gime above a critical point on the knee of the curve at 95 Volts. Here,
the family of curves corrvsponds to the J-V characteristic for three
widely different values of Ai the mean ionization path length. The re- o
combination cross section o(E) 1is evaluated by using the Milne formula to
estimate the cross section for radiative recombination. The third and
most import;;t parameter is A, the one dimensional projection of the
electron-phonon me.n rree path. The X was set to 1.34 ; to match the
experimentally determined breakdown strength for films 1000 ; thick.
Notice that the negative resistance instability occurs at very nearly the
samevgoltage, independent of the mean ionization length Ai for
Ai=0,10, and 100 ;. Apparently{ the breakdown voltage 1is not influenced
by the parameter Ai. Below the critical point at the knee of the J-V
curve, the current does not deviate appreciably from the Fowler-Nordheim
value.
Insensitivity of the breakdown voltage to variations in the magnitude
of the recombination cross-section is 1llustrated in Fig. 3. The curve
labelled "Rose" in this figure is the result of the calculation using a
recombination cross-section estimated according to qualitative arguments
given by Rose.11 This cross-section is

oomet 1
22 E2

2}

Roughly this gives a cross-section which is larger than that of the

11




Milne-model by about a factor of 106. Yet the same breakdown voltage is
obtained if a A=1.68 R is used in place of the A=1.34 Z required in the
Milne model.

In figure 4, the average field at breakdown, the breakdown voltage
divided by the oxide film thickness, is plotted as a function of oxide
thickness for the Milne recombination cross-section and A=1.34 Z. There
is little change in the average field for the thicker films, while for
films thinner than ~ 200 Z there is a sharp increase in the average field.

In this calculations we have retained what we considered to be the
essential characteristics of insulators such as SiOz, i.e. the relative
immobility of the hole, aud a single active optical phonon. Neglect cf
hole motion and other eriergy loss mechanisms are approximations that re-

duced the complexity of the problem, but may have iutroduced some

inaccuracy.

12
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Figure 1: Electrons injected from the cathode lose emergy via phonon
collisions, so that the electron energy distribution at a position within
the insulator will be as shown. Those electrons with kinetic energy liarger
than the ionization energy unde:go impact ionization, losing energy in the
process; an electron is excited into the conduction band from the valence
band leaving an immobile hole. Electrons recombine with the holes. The
positive space charge causes an enhancement of the field at the cathode.




Figure 2: Current density vs applied voltage for a 1000 R sio0 layer. For

current densitieu below the onset of negative resistance, the cCurve is
indenendent of the value chosen for the ionization mean free path A,. In
tl.e negative resistance regime variations with A, are significant. "The
oreakdown voltage is the maximum applied voltage such that a steady state
solution for the current is possible.
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CURRENT A/cm?

Figure 3: Current density vs applied voltage for two models of electron-
_hole recombination. 1in both cases A. = 0, for the Milne mocdel the phonon
mean free path A = 1.34 X, while for the Rose model X = 1.68 X. With these
choices for A, the breakdown voltage is the same for both mgdels, though
recombination cross sections differ by about a factor of 10, the Milne
cross section being smaller. This illustrates the extreme insensitivity
of the calculation to variations in the recombination cross section.
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B. PHOSPHORUS PRECIPTTATION ON Si/SiO2 INTERFACES Y

§
T. H. DiStefano
Scanning internal photoemission has been used to study the {

recently discovered phenomonoul’2 that phosphorus 1s found in a thin

layer on the oxide side of a Si—SiO? interface formed by the oxidation {

of phosphous doped silicon. It is well known that the silicon surface
of each interface has an ennanced phiosphorus concentration. The
phosphorus found on the interface i3 different in that it comprises

a large fraction of a monolayer of phosphorus in a layer which is

10 R or less in thickness. By using scanning internal photoemission,

we have been able to examine the distribution of phosphorus on the

interfuce. We have found islands of phosphorus, from 1 to 10 microns

in diameter or even larger in some cases, distribution across the

interface. The island size depends upon the concentration of phosphorus

in the srlstrate.
The interfaces which were studied were prepared by thermal
oxidation of the (100) surface of phosphorus doped silicon. The

oxidation was performed by the standard dry-wet-dry technique at

1100°C, to obtain a film of SiO2 to a thickness of 1000 %. Before
oxidation, the silicon surface was phosphorus doped by diffusion to a
depth ¢f Vv 2 microne; the surfuce of the silicon was clean

2d after

the phosphorue diffusion by a surface etch procedure. The photo-

emission measurements were performed on a series of interfaces grown

on silicon with a range of phosphous doping levels.

The photcemission images are shown in Figs. 1-4, where the field




of view is 250 microns by 250 microns. Interfaces grown on a silicon

with a doping level of about 5 x 1019 P/cmz, shoun in Figs. 1-2, show
phosphous islands about 10 microns in diameter. For a substrate doping
level of about 2 x 1019 P.cma, the phosphous islands are much smaller
and further apart as seen in Figs. 3-4. On interfaces grown on less
heavily doped silicon show few of these phosphous islands, while those
grown on silicon doped to 1020P/cm3 are completely covered with the
phosphorus precipitate. The influence of the phosphorus doping level

»
is summarized in. Fig. 5, which shows the photocurrent produced by

light at 3250 R for interfaces grown on silicon with a range of

phosphorus doping. It is seen that the average photocurrent drops

20

rapidly with increasing phosphorus up to a level of 10 P/cm3, at

which point the photocurrent disappears completely. This phosphorus

4

ievel corresponds to a concentration of 5 x 10 P/cm2 on the inter-

face, 1f 1t 1s assumed that all of the phosphorus in the oxidized
layer of silicon has segregated at the Si-SiO2 interface.

References:

1. T. H. DiStefano and J. M. Viggiano, IBM J. Res. and Develop. 18,
94, (1974).

2. N, Chan and Y. van der Meulen, to be published.




Figure 1 and 2: Scanning Internal Photoemission maps of an Si-Si0
interface gronw, gn sil:_(icon (100) with a surface phosphorus doping
level of 5 x 107~ P/em™.

20



Figure 3 and 4: Scanning Internal Photoemission maps of a Si-S10
interface grown, gn silacon (100) with a surface phosphorus doping
level of 2 x 107° P/em™.

21



NOLLHYINIINOD

PELATIVE INTENSITY L (32504

o n o
® /
St '
= /
.l
o7
i 4 =
-
- “
8] o
W
M
—
| S
-
| P
|
F
——
OHI
Figure 5: The relative photocurrent measured from Si-510, interfaces
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IT. BAND STRUCTURE AND SWITCHING IN INSULATORS t

From our theoretical work on dielectric breakdown mechanisms, f
it has become apparent that more information is necessary to under-
stand the role of holes in the 8102 formed by impact lonization or by (
radiation. Accumulation of positive charge causes increased field |
at the cathode and increased carrier injection. The stability of the '
holes in terms of their mobility is key to the predictions of the theory. %
To help gain needed insight into hole mobility, it is desireable to
ascertain the valence band width. To do this, the effects:of crystal \
field splitting must be minimized. This was accomplished by measuring
the reflectivity of the allotropes of 3102 characterized by different
angles of the Si-0-Si bond: o quartz, amorphous quartz, cristobalite.
The latter case should not show crystal field splitting. The optical
transitions giving rise to the reflectivity results indicated a
valence band width of about 1 eV. This finite width implies that hole
conduction is possible, but the small width means that any lattice
defect, such as unbridged oxygen, will induce trapping of any holes
in the valence band (Anderson localization).

The second paper deals with change in resistanca state of GelSTe85
films by switching between three different structures. The highest
resistance state is found for the completely amorphous film, When
switching to a lower resistance state crystallites of Te are formed

in a still amorphous matrix. The lowest reistance state involves a

second switch in which the matrix crystallizes to GeTe. Switching

between the lowest two #tates is readily accomplished. However, by S




SN g B ol | =N

simultaneously observing the structural charges occurring during the
switching process by transmission electron microscopy 1t can be con-
cluded that permanent degradation of the film increases until failure
ultimately takes place. This seems tyoical of other switchable

materials we have investigated in the past such as Nb,0. where atomic

)

rearrangement ac:ompanies the switching process.
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A. OPTICAL PROPERTIES OF ALLOTROPIC FORMS OF 8102
T. H. DiStefano and P. K. Roy
Until recently, little has been reported about the electronic
structure of 8102 which determines several physical, optical and
dielectric properties. Knowledge of the valence band (VB) structure
is important to current studies of radiation damage, elcctronic
structure of various defects, and properties of Si (or metal)—SiO2

interfaces. Optical properties (ultraviolet reflectance spectra from

8 to .3 eV in the present case) for different allotropes of SiO2 will
give -

(a) detailed information about the structure of the relatively
unknown VB edge.

(b) veriations of optical and dielectric properties as a function
of S1-0~Si bond angle, ©. As we know @ varies from 120° (coesite) to
180° (for cristobalite or tridymite) with crystalline and amorphous
quartz having bond angles of 144° and 150°, respectively.

(c) The width of the top of the VB (AE, Fig. 2), which plays
a very important role in determining the mobility of the holes created

. when S10, 1s subjected to an ionizing radiation.

2
The structure of amorphous SiO2 crn be understood in terms of
B-crystobalite, in which the SiO4 tetrahedra occupylng the points of
the diamond lattice are connected by straight Si-0-Si chains. Oxygen
in this lattice occuples the sites of D3d symmetry shown in Fig. 1
(a). In the amorphous 8102, the S1-0-Si chain is bent to an angle of
about 150°., The electronic l<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>