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Electron paramagnetic resonarl&R) measurements of Si/Sy8ystems began over 30 years ago.
Most EPR studies of Si/SiOsystems have dealt with two families of defed®; centers andE’
centers. Several variants from each group have been observed in a wide range of SifSjles.

Some of the most basic aspects of this extensive, body of work remain controversial. EPR is an
extraordinary powerful analytical tool quite widely utilized in chemistry, biomedical research, and
solid state physics. Although uniquely well suited for metal—oxide—silidd@®S) device studies,

its capabilities are not widely understood in the MOS research and development community. The
impact of EPR has been limited in the MOS community by a failure of EPR spectroscopists to
effectively communicate with other engineers and scientists in the MOS community. In this article
we hope to, first of all, ameliorate the communications problem by providing a brief but quantitative
introduction to those aspects of EPR which are most relevant to MOS systems. We review,
critically, those aspects of the MOS/EPR literature which are most relevant to MOS technology and
show how this information can be used to develop physically based reliability models. Finally, we
briefly review EPR work dealing with impurity defects in oxide thin films. 1®98 American
Vacuum Society.S0734-211X98)08004-4

[. INTRODUCTION damentally different from a dangling bond or lies deeper
] ) o inside the silicon away from the interface.” Recently Cartier
Electron paramagnetic resonan&PR’ investigations of  anq stathi¥’ wrote that “prior to these studies, it was widely
metal—oxide—silico(MOS) systems were begun in eamest gccepted that the silicon dangling bond defect, which gives
by Nishi and co-workefs® who identified a paramagnetic rise to the well knowrP,, signal in electron spin resonance
defect called thd>, center as a “trivalent silicon at or very (ESR is the microscopic defect causing the fast interface
near” the Si/SiQ interface. Nishet al. argued rather persua- state. As will be outlined in this contribution, we cannot
sively thatPy, centers are quite important Si/Sitnterface  gypport this view.” They go on to argue that “silicon dan-
state centers in as processed SisS#pstems. Later studies gjing bonds, as detected by ESR measurements, account for
refined and reinforced this conclusibn? Py, centers are sili- only a small fraction of the electrically detected interface
con “dangling bond” centers dominating interface traps atgtateg ”
the the Si/SiQ boundary. Studies by at least four indepen-  \why should we think that th®,, center is a silicon dan-
dent groups indicate a dominating role fg centers in sev-  gjing bond? Why should we think th&, centers play im-

: e 1812
eral technologically relevant device instabilitfes? ~ portant dominating roles in Si/SiOnstabilities? Should we
Quite a few MOS oxide centers have also been identifiedhink otherwise?
. , 9,11-14 ! ) :
with EPR. The most important centers &edefects) In order to answer these and other questions, one might

usually holes trapped at oxygen vacancies. At least five ingimply ask a specialist in the area. However, with a rudimen-
dependent groufis™® have identifiecE’ defects as dominat- tary understanding of EPR spectroscopy, one may draw con-
ing deep hole traps in a wide range of oxides. Quite recentlygysions for oneself. In this article we present a brief but
physically based models with considerable predictive powegantitative introduction to those aspects of EPR most rel-
have been developed linking' defects and molecular hy- eyant to MOS studies and a critical review of MOS EPR
drogen toP, dominated Si/SiQinterface instabilities>°In  syydies. We show how information gleaned from EPR stud-

addition to theE’ defects, about a dozen nitrogen,_phos_phor-jes may be utilized to develop physically based predictive
ous, and boron related defects have also been identified inodels of oxide reliability problems.

MOS oxide system$’

Recently, Stathis and co-workers have strenuously ob-
jected to the conclusions drawn in the earliyy work 819 1I- EPR AND MOS TECHNOLOGY
On the technologically importafiL00) Si/SiO, interface, the Advances in MOS technology have resulted in extremely
Py, Center variant dominates. Stathis and Bfbergue that complex integrated circuits with remarkably small device di-
“the defect responsible for thB,, resonance either is fun- mensions. With ever greater complexity and with device di-

mensions approaching the “atomic” scale, an approach

3Electronic mail: pmlesm@engr.psu.edu called building in reliability(BIR) has grown in technologi-
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cal importance. BIR involves identifying those device pro-wheregy=2.002319 angB is the Bohr magnetorgh/4mm,,
cessing parameters that are involved in device failure phewhereeis electronic charge anu, is the electron mass. The
nomena and adjusting these parameters in ways th&ohr magneton is 9.2740%510 28 J/G.
ameliorate or eliminate the failures. This approach holds Expression(1l) describes the resonance condition for an
great promise but for full realization, it requires physically electron which does not otherwise interact with its surround-
based models of the effects of processing parameters on rigs. The structural information provided by EPR is due to
liability limiting mechanisms. deviations from this simple expression. For the relatively
With regard to MOS systems, the reliability limiting simple trapping centers studied in MOS systems, these de-
mechanisms largely involve point defects and point defectiations are due to spin-orbit coupling and electron—nuclear
interactions: hole trapping, Si/Sjinterface trap generation, hyperfine interactions.
defect/hydrogen interactions, nitrogen, boron, and phospho%-\ Spi . .
. . - .A. Spin-orbit coupling
ous impurity center responses. These point defects and point
defect interactions are generally amenable to studies involv- The deviations from expressidf) due to spin orbit cou-
ing EPR. pling come about because a charged particle, the electron,
Widely utilized by chemists, EPR is an analytical tool traveling in an electric field due to the nuclear charge, expe-
which can provide fairly detailed chemical and structural in-riences a magnetic field=E xv/c?, whereE is the electric
formation about trapping centetdt can also provide mod- field, v is the velocity, andc is the speed of light. The
erately precise measurements of the densities of these cespin-orbit interaction may be understogdalitatively (and
ters, provided that they are paramagnetic. For the relativelpnly qualitatively in terms of the Bohr picture: an electron
simple electrically active defect centers of relevance to MOSnoves about the nucleus in a circular orbit. It would appear
device technology, the requirement of paramagnetism is & an observer on the electron that the positively charged
great advantage. Most trapping centers will capture a singleucleus is in a circular orbit about the electr@happears to
electron or a single hole. Thus, with the capture of either aran unsophisticated observer on earth that the sun is in a cir-
electron or a hole, an initially diamagnetic center will be cular orbit about the earthThe nucleus thus generates a
rendered paramagnetic and EPR “active.” An initially para- local magnetic field which would scale with the electron’s
magnetic center can be rendered diamagnetic and EPR “irerbital angular momentumy xp, and with the nuclear
active” with the capture of either an electron or a hole. Incharge. One would thus correctly surmise that spin-orbit cou-
this way, EPR can identify the response of a defect to chargpling interactions increase with increasing atomic number
carriers, measure its density, and identify its chemical ané@nd orbital angular momentum quantum number.
structural nature. In solids, the spin-orbit interaction is “quenched” but a
With a fundamental understanding of the physical andsecond order effect appears from excited states. This effect
chemical nature of the defects which limit device perfor-scales with the applied magnetic field and depends on the
mance, one may apply the techniques of the statistical mesrientation of the paramagnetic defect in the applied mag-
chanics of solids to predict and to manipulate their numbersaetic field. The spin-orbit coupling may thus be included in
EPR is thus directly applicable to the development of physithe EPR resonance condition by replacing the congguof
cally based BIR models and, arguably, quite technologicallyexpressior(1) with a second rank tensgy; . The symmetry
useful. of this tensor reflects the symmetry of the paramagnetic cen-
ter. Under some circumstances, the symmetry of the tensor
may permit identification of the defect under study.
Perturbation theory allows calculatigwith modest accu-
racy) of the g tensor for the simple defects so far studied in
IIl. EXPERIMENTAL TECHNIQUES MOS systems.The components of thg tensor are given by

In EPR measurements, the sample under study is exposed (a|Lilk)(K|Lj|a)
to a large slowly varying magnetic field and a microwave gij—goﬁij—Z)\Ek:  (Ex—E, @
frequency magnetic field oriented perpendicularly to the ap- ] ) ] .
plied field! Usually the measurements are made atXan He.re,go is the free electron value, the atomic spin-orbit
band: a microwave frequenay=9.5 GHz. coupling coqstantLi andL; are Qngqlar momentum opera-
An unpaired electron has two possible orientations in thdrS appropriate for the, y, or z directions, and the summa-
large applied field and thus two possible orientation depention is over all excited statek. State|a) and energyE,
dent energies(From classical electricity and magnetism, the correspond to the paramagnetic ground state of the system.
energy of a magnetic momeipt in a magnetic fieldH is
—p-H.) Magnetic resonance occurs when the energy differB. Electron—nuclear hyperfine interactions
ence between the two electron orientations is equal to
Planck’s constant;, times the microwave frequency. For the
very simple case of an isolated electron, the resonance r
quirement may be expressed as

The other important source of deviation from expression
él) is the hyperfine interaction of the unpaired electron with
hearby nuclet:?° Certain nuclei have magnetic moments; in

metal/insulator/silicon systems, the significant magnetic nu-
hv=goBeH, (1)  clei are?®Si (spin 1/2, *H (spin 1/2, 3P (spin 1/2, and*N
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a b

Fic. 1. Schematic illustration of an electron irparbital interacting with a

magnetic nucleuga) for the nuclear moment parallel to the symmetry axis

and (b) perpendicular to the symmetry axis.
Fic. 2. Schematic of the isotropic interaction of aorbital electron with a
magnetic nucleus.

(spin 3. (Boron, with two stable magnetic nuclei, has been a
minor factor in EPR studies of insulating films on silicbA.
spin 1/2 nucleus has two possible orientations in the largéteraction with this field except for a spherical region about
applied field; a spin 1 nucleus three possible orientationsthe nucleus with a radius of an imaginary current loop gen-
Each nuclear moment orientation corresponds to one locdrating the nuclear moment's field. Since therbital has a
nuclear moment field distribution. nonzero probability density at the nucleus, a large isotropic
We envision the nuclear moment interacting with an un-interaction results. The orbital hyperfine interaction can
paired electron residing in a wave function which is a linearalso be computed from an elementary electricity and magne-
combination of atomic orbitald CAOs). For the defects of tism calculatior? the magnetic field at the center of a cur-
interest in MOS systems, we need only consigeandp-  rent loop of radiusa is given by 2u/a°, whereu is the
type wave functions. The LCAO for an unpaired electron carimagnetic moment of the current loop. The probability den-

be written as sity of the electron varies little over the volume of the
nucleus; take it to be constarjiz(0)|2. Considering then
la)="> an{cys)+c,|p)l, (3)  only the fraction of the electron wave function at the nucleus,
) mone )+ GolP) to be 37a%|a(0)|?, the interaction would be
where|s) and|p) represent the appropriate atomic orbitals 4 2u
X . > o : iy A3 2| ==
corresponding to thath site,a? represents the localization A(ISOUODIQ—(3 ma’|a(0)| 23 )

on thenth site, andc and c; represent, respectively, the
amount ofs andp character of the wave function on théh ~ The magnetic moment of the nucleus is the nuctgtactor,
atomic site. On, times the nuclear Bohr magnetgs, . Thus, the isotro-

For the most important MOS oxide and interface sites)ic or Fermi contact interaction is given by
as=1; that is, the unpaired electron is reasonably well lo- -
calized at a single nuclear sitgor all but one of the defects Aiso=—=5 9nfBn| @(0)|?, (6)
discussed in this article, 0s6a3<1.) To first order then, we 3
can interpret EPR spectra in termssbp hybridized atomic  where |a(0)|? represents the unpaired electron probability
orbitals localized at a central site. density at the nucleus.

The electron nuclear interaction of an electron ip ar- Both isotropic and anisotropic hyperfine interactions are
bital is anisotropic: a classical magnetic dipole interaction ispresent for nearly all the paramagnetic centers studied in
schematically illustrated in Fig. 1. The interaction is stron-amorphous thin films on silicon(The sole exception is
gest when the field is parallel to the symmetry axis. The sigratomic hydrogen. This is so because the unpaired electron
of the interaction changes and the magnitude is decreased Ryave functions generally involve bofhorbital ands-orbital
one half when the field is perpendicular to the symmetrycharacter. The hyperfine interactions, like the spin-orbit in-
axis. teractions, are expressed in terms of a second rank tensor. To

When the electron and nuclear moments are aligned by & pretty good approximation, the centers in these films have
strong magnetic field in thedirection, a reasonable assump- axially symmetric wave functions and thus an axially sym-
tion for work discussed in this article, only tzecomponent  metric tensor is appropriate.
of the dipolar field is important, because the interaction en- \ith the magnetic field parallel to theorbital symmetry
ergy involves a dot product—u-H. This z component, axis, the anisotropic coupling of Eq.(4) yields
gnBn(1-3 cos )r~3, is averaged over the electronic wave (4/5)g,8,(r ~3); the field perpendicular to the symmetry

function to produce the dipolar contribution, axis results in an interaction of half the magnitude and op-
1—-3 cof 0 posite sign—(2/5)g.Bn(r ~3). This result is intuitively sat-
Dipolar contribution= —gnﬂn<r—3> (4) isfying and consistent with the sketches of Fig. 1.

The components of the hyperfine tensor correspond to

The electron—nuclear hyperfine interaction of an electrorsums of the isotropic and anisotropic interactions for the ap-
in an s orbital is isotropic. This interaction is illustrated in plied field parallel and perpendicular to the unpaired elec-
Fig. 2. The spherical symmetry of the orbital results in zerotron’s orbital symmetry axis:
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Fic. 4. EPR trace of th&’ center showing a very narrow center line trace
- N B corresponding to the=95% abundant spin-zer§Si nuclei and two broad
e lines corresponding to the5% abundant spin-1/2Si nuclei.

Fic. 3. Schematic sketch of the EPR spectrum of a spin-1/2 nucleus system
with axial symmetry(a) illustrates a random array of identical defects with ) )
a solid line and a random array in an amorphous matrix with a dotted line. The evaluation of EPR hyperfine tensor components al-

(b) illustrates the derivative of the amorphous absorption pattern. lows for a reliable and moderately precise identification of
the unpaired electron’s wave function.
For reasonably “clean” MOS oxides, we anticipate sig-

A =Aigot+ 2Aiso, (7) nificant concentrations of only silicon, oxygen, hydrogen,
and under certain circumstances, nitrogen, phosphorous, and
AL =Aiso™ Aanisor (8) boron. The nuclear moments of these atoms are all quite
where different’ Over 99% of oxygen atoms have nuclear spin
., 3 zero; 95% of silicon atoms also have spin zero but about 5%,
Aaniss= 5INBN(T ). ©  those with?°Si nuclei have a nuclear spin of one half. This

For a paramagnetic center with a specific orientatibes-  95% spin zero/5% spin one half ratio is uniqgue among ele-
ignated by the angl® between the symmetry axis and the ments of the periodic table. Thus, a three line pattern with
applied field vectorthe resonance condition is two side peaks, each about 2.5% the integrated intensity of

the much more intense center line, can be convincingly

H=Ho+MA, (10 linked to an unpaired electron on a silicon atom. Hydrogen
where Hy=hv/gB., and M, is the nuclear spin quantum nuclei (99.9% of them have a nuclear spin of one half and
number, thus produce a two line spectrum. Nitrogen nu¢89.6% of
them have a nuclear spin of one and therefore produce three

— (N2 2 o
g=(gf cos’ f+g7 sir™ 9) (19) lines of equal intensity.
and A little common sense usually allows one to identify the
A=(Af cod 9+Af sir? 0). (12) magnetic nuclei involved in observed hyperfine interactions.

Having identified the nuclear species involved, a first order
Equations(10)—(12) provide a very straightforward basis analysis of the unpaired electron wave function is extremely
for analyzing EPR results for defects with a specific orienta-straightforward in terms of the LCAO picture. For defects in
tion with respect to the applied magnetic field. The “dan-a crystalline environment, Eq12) can be fit to the EPR
gling bond” centers at the Si/SiOboundary yield spectra spectrum for several values & For defects in an amor-
readily described by expressiof)—(12) since the crystal- phous(or polycrystalling environment one may fit the ap-
linity of the silicon substrate provides a fixed relationship propriately broadened analytical expressions to the EPR
between the applied field and defect orientation. spectra to yieldA, and A;. (This process is illustrated in
The description of EPR spectra of defects within an amor¥ig. 3) Using Eqs.(7) and(8) one then obtains the isotropic
phous film is more complex. All defect orientations areand anisotropic coupling constams,, and A,piso-
equally likely and, due to the lack of long range order, slight Tabulated valuésof A, and A, calculated for 100%
differences in local defect geometry may be anticipated. Th@ccupation probability can then be utilized to determine the
presence of defects at all orientations leads to the continuougybridization and localization of the electronic wave func-
distribution of bothg andA values fromg, andA;tog, and tions. For example, the isotropic and anisotropic coupling
A, . The differences in local geometry lead to slight defect-constants for an electron 100% localized in a siliscandp
to-defect variations iy, g, , A, andA, . orbital are, respectivelya,=1639.3 G and,=40.75G. In
Both of these complications are relatively easy to deaFig. 4, we illustrate an EPR trace of tB2 center, the domi-
with. The random distribution of defect orientation can benating deep hole trap in high quality thermally grown oxides
dealt with easily in terms of analytical expressions found inon silicon. An application of the analysis schematically indi-
most EPR textbooks(For axially symmetric centers, far cated in Fig. 2 indicates th#;,=439 G andA,,— 22 G.
fewer centers will have the symmetry axis parallel to thelf the electron were 100% localized in a silicsrorbital, we
applied field than perpendicular to it; thus the EPR spectrumvould expect an isotropic coupling constant &,
intensity will be far stronger at th&, andg, values than at =1639.3G. We measured 439 G; thus the orbital has
A, andg, .) The slight defect-to-defect variations gnandA  439/163%=27%s. If the electron were 100% localized in a
values lead to broadening of the line shapes anticipated failicon p orbital we would expech s b,=40.75 G. We
unbroadened tensor componeri(fBhe process is illustrated measured= 22 G; thus, the orbital has 22/402%4%p.
in Fig. 3) The analysis indicates a localization on the center silicon of
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about(54+27)=81%. Although the crude analysis just dis-

cussed is not extremely precise it is, to first ordgrite re- I‘ﬁ—{
liable. One should realize that the isolated atomic values ob- '
tained fora, andb, are themselves only moderately accurate
and that placing a silicon atom in an oxide matrix will inevi-
tably alter the constants somewhat. Nevertheless, a straight-
forward analysis of hyperfine parameters provides moder-
ately accurate measurement of hybridization and locali-

zation. —F/\[_/_‘/

IV. MEASUREMENT OF DEFECT DENSITIES Fic. 5. EPR traces of thB, center for the magnetic fiel@d parallel andb)

perpendicular to th¢l11) symmetry axis.

(a)

A. Accuracy and sensitivity

The EPR is typically measured by placing the sample and i
a calibrated spin standard in a high microwave cavity. Pcetween thélll) P, and(100 Py g tensors was confirmed
EPR is detected via changes @ Comparing sample and in later observations by Kim and LenaharPoindexter
standard responses, relative defect densities can be det&tal’™> found that Py, exhibits lower symmetry:g;
mined to a precision of better than10%; absolute precision =2.0076,9,=2.0052, andg;=2.0012. Traces of thé,
is better than a factor of 2. With considerable effort, as fewcenter taken with the magnetic field parallel and perpendicu-
as=10' defects/crih may be observed using standard EPR.!ar to the(111) symmetry axis are shown in Fig. 5.
As discussed later in the text, the EPR detection technique The close similarity betweeRy, and Py, g tensors lead
called spin dependent recombination is abett0’ times Poindexteret al. to suggest that the two centers are essen-
more sensitive than conventional EPR. Unfortunately quantially identical: silicon “dangling bond” defects in which the

titative spin counting measurements are not yet possible vignpaired electron resides on a silicon backbonded to three
spin dependent recombination. other silicon atoms at the Si/Sj®@oundary. This identifica-

tion makes physical sense: a silicon dangling bond defect
shouldhave ag tensor with(111) axial symmetry[Silicon

V. PARAMAGNETIC CENTERS IN MOS SYSTEMS bonds point in(111) directions] Also, as pointed out by

A. Si/SiO, interface defects: P, centers Caplan, Poindexter and co-workers, theensors are consis-
, tent with those of other silicon dangling bond centtFor a
1. Analysis of the structure (111) Si/SiO, interface thisy tensor symmetry axis should be

The chemical and structural nature®f centers has been normal to the interfacét is). Serious doubts about the basic
established by several independent, consistent, and mutuakyructure of thg111) P, and(100) Pyq centers should have
corroborating studies. ThreR,, variants have been consis- been resolved by measurements of the hyperfine interactions
tently observed: at111) Si/SiO, interfaces a defect called with 2°Si nuclei. The(111) P, hyperfine tensor was first
simply Py, at (100 Si/SiO, interfaces two defects called measured by Browé who found A=152G and A,
Ppo andPy; . The structure of both thel11) Si/SiO, P, and =89 G. The similar(100 Py hyperfine tensor was first
the (100) Si/SiO, Py, are reasonably well understood; only a measured by Jupina and Lenafiin radiation damage stud-
rudimentary understanding &f,; exists at this time. ies and later by Gabrys and Lenafin hot carrier damaged

P, centers were first observed by Nishi and co-work@rs transistors andprobably quite recently by Cantiet al?® in
in a study initiated more than 30 years ago. Their work fo-porous silicon films. Brower'§111) results have also been
cused primarily on thé111) Si/SiO, system. They showed confirmed by Jupina and Lenalarand (probably Cantin
that theP,, centers were at or very near to the Si/Sifter- et al?® In all cases, the approximately 5%/95% ratio of side
face and that they possess an axially symmegriensorg; (?°Si) peaks to center’{Si) peaks was reported. THe5%/
=2.000 andy, =2.01 with the symmetry axis corresponding 95% ratio of “hyperfine lines” to center line intensity for
to the(112) direction. On the basis of this information Nishi both (111) P, and (100) P, unequivocallyestablishes that
et al. concluded thaP,, centers are “trivalent silicon” cen- both centers arsilicon dangling bonds. Th¢111) P, and
ters at or very near the Si/Sj®oundary. (100 Py have nearly identical hyperfine tensors which

Later, Poindexteet al*® obtained more precisg tensor demonstrate, as had been indicated by eagliensor results,
parameters. For thg1ll) Si/SiO, P,, they found g that P,, and P, are essentially identical defecf©f course
=2,0014 andg, =2.0081 with, as Nishi had observed pre- quite subtle differencesevitably exist; the(111) P, cen-
viously, the symmetry axis corresponding to th€l$l) di- ter's unpaired electron is in an orbital directed along the
rection. For the(100 Si/SiO, system, they found twd®,  (111) surface normal.The (100 P,, is also directed along a
variants; Py and Py, . Although hampered by overlapping (111) direction but this direction is obviously not normal to
spectra, Poindextegt al. were able to show that the,; g  the (100 surface. The structures of tHd11) P, and the
tensor was virtually identical to that of tlig¢11) Si/SiO, Py ; (100 Py, are shown in Figs. 6 and 7.
they obtainedg,=g;=2.0015 andg, =g;=g,, with g; The detailed structure of theP,; center remains some-
=2.0087 andg,=2.0080. This very close correspondencething of a mystery; although it too is clearly a silicon “dan-
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Fic. 6. Schematic illustration of &, center at th€111) Si/SiG, interface.

gling bond” at the interface. Brower observed tRg, 2°Si
hyperfine interactions for a single orientatihHis results
clearly indicate an unpaired electron localized on a silico
atom in an orbital of higlp character. Brower observer],;
(as well asP,y andPy,) in oxides grown on botl{111) and
(100 silicon substrates in &0 enriched atmosphere. Since
170 possesses a nuclear magnetic moment, ifRpeenter
silicon were bonded to an oxygen, th® nuclear moment
would greatly broaden the spectrum. None of the thHPge

variants is broadened enough to indicate nearest neighbg

oxygens. Howevenrll are slightly broadened, indicating that
they areall at the interface Since nitrogen and hydrogen
also possess magnetic moments we know thatPtheand
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received 30 min anneals. After the anneal in the SAF both
samples were placed in a furnace in an argon ambient at
760 °C and then pulled out after 30 s. Some samples re-
ceived a blanket aluminum deposition after the annealing
steps “to ensure that these samples saw the same processing
sequence as similar samples that were used for electrical
characterization.”(Stathis and Dori did not discuss these
electrical characterizations.

The Stathis/Dori conclusions with regardRg, not being
a dangling bond, for example, apparently arise from differ-
ences they observed in th®,, Py, and Py, responses to
the growth and annealing steps which were themselves
somewhat different for the two samples. What conclusions
may be drawn from the Stathis/Dori work are not obvious.
However, in view of the enormous amount of consistent and
mutually corroborating evidence generated by many other
groups investigating a vastly wider range of oxides, one must
conclude that the overwhelming preponderance of evidence
indicating that th€111) P, and(100 Py, are virtually iden-
tical defects is convincing. Both defects are silicon dangling
bonds; in this regard the hyperfine results are utterly conclu-
sive. Both involve silicons backbonded to three other silicons

3hd both are at the Si/Sioundary.

B. Electronic levels of P, centers

P?]l silicons could noj[ be li)onded to 'them et;ther_ Sf:f(?e NO " Several measurements of the population of paramagnetic
other atoms are consistently present in numbers sufficient tgb density versus Si/SiQinterface Fermi level provide ap-

account for theP, centers we may conclude thall three

varieties ofP}, center are silicons back bonded to silicons at

the respective Si/Sigboundaries.
It should be noted that Stathis and D8trenuously ob-

ject to the conclusions above regarding both the structure q

Pyo and its close similarity to thél11) P,,. They argue that
“the defect responsible for thBy, resonance either is fun-
damentally different from a dangling bond, or lies deepe
inside the silicon away from the interface.’
that “the structure ofPy, is a silicon dangling bond similar
to theP, on (111) and thatP,, is afundamentallydifferent
defect.”

Stathis and Dotf draw these conclusions from an experi-
ment for which they reported on two oxide samples—on
grown on a(111) surface and one on @00 surface. The
oxides were exposed to a post oxidation anneal in argon
700 °C in a sealed oxygen free silicide anneal furn&#F).
The(111) samples received 5 min anneals, (h60 samples

()0

Fic. 7. Schematic illustration of B, center at th&€100) Si/SiO, interface.

@ si
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proximate but unequivocal information about the center’s
electronic density of states.

The first attempt at this measurement by Poindexter and
o-workeré” was not successful. They were able to show
%at thePy, center spin lattice relaxation time was gate bias
dependent but were unable to determine whether or not the

charge state is also bias dependéfhe spin lattice relax-

fation time is the time it takes for an electron “flipped” via

They also ArgUeEPR to return to its previous orientation in the magnetic

field.)

Another attempt at this measurement by Brunstrom and
Svensorf® although qualitative in nature, showed that the
application of a very large positive or negative bias across

&he oxide could suppress much of tRg amplitude. From

this observation, Brunstrom and Svenson inferred fhat
Lenters can accept both electrons and holes.

The first semiquantitativeand quantitative information
about P, levels within the Si band gap was reported by
Lenahan and Dressendorféwho measured the ESR ampli-
tude of the unsaturatd®, absorption spectra as a function of
the interface Fermi level using a T& double resonant cav-
ity and a calibrated spin standard. Their results are shown in
Fig. 8. Investigating irradiated thermal oxides, they found
that the distribution oPy, centers is broadly peaked. Below
mid-gap theP, center is a donorlike interface state defect
(P,=Pp +e€; P,+h"=P}). As the Fermi level moves to-
ward mid-gap, the positively chargd®}, center accepts an
electron and becomes paramagnetic and neufgl+e~
=Py). As the Fermi level moves from mid-gap to the con-
duction band edge, the, center picks up another electron,
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processed oxides. A recent study by Semon and Le&han
also confirms the original results; they found that the distri-
bution of P, centers in a wide variety of oxides is roughly
the same and that the electron—electron correlation energy of
the P, is about 0.7 eV. Gerardit al*° established that the
energy levels and correlation energy Ry, are nearly iden-
L tical to the P, (111). They also report that th€,, has a
) ".a. 03’ smaller correlation energy than thg,, and a distribution
E-E (eV) skewed towards the top of the gap. Kim and LendHater
or obtainedPy versus Fermi energy results nearly identical to
those off Gerardet al,; they also showed that th&,, center
(and not theP,,) is primarily responsible fof°Co radiation
induced interface trapdy).
Although Lenahan and Dressendorfer and the Poindexter
L group published virtually identicaP, amplitude versus en-
1 ergy curves, they interpreted them in slightly different ways.
Whereas Lenahan and Dressendorfer proposed that the abso-
ey Y o Vv lute value of the derivative oP, amplitude versus energy
E-e (av) |dP,/dE| would roughly correspond to thé, density of
si-@ states, Poindextest al. presented a plot did P, /dE| asthe
ELECTRON - 4 ) . density of states. Although Poindextet al. also clearly
viewed this as an approximation, the idea tle®,/dE| rep-
©) I I I resents theP,, density of states has caused some misunder-
standings. ThédP, /dE| curve goes to zero near mid-gap; if
Fic. 8 (a) Population c_>f paramagnetiBb centers vs the position of the |de/d E| very accurately represented ti&, density of
Fermi energy at the Si/SiCboundary(b) Density of interface statesc) . .
Schematic illustration oP,, occupation vs Fermi energy. States’_ th_ere would be zeR, levels at mid-gap. It is clear
that this is not the case from at least two types of measure-
ments:(1) spin dependent recombination studies of irradiated
gnd hot carrier stressed metal—oxide—semiconductor field-
effect transistoryMOSFETS and (2) a comparison of mid-
gap interface state densities afg densities in many as
processedand relatively poor Si/SiO, samples.
In spin dependent recombinatiogfsDR>! one detects

P, (10'3/cm?)

p' . (10"/ cmieV)

becoming negatively charged and again diamagnetic. In th
upper part of the band gap, tiig, center is thus an accep-
torlike interface tragP,+e~ =P, ; P, +h"=Py). TheP,
center is paramagnetic when it has an unpai@® elec-

tron; it becomes diamagnetic by either accepting or donatin% s in g q h ) binati
an electron. The distribution of paramagneffig centers is EFR Via spin dependent changes in a recombination current

consistent with the “U-shaped” distribution of interface N @Semiconductor device. SDR was discovered by Leiine, .
traps that is generally reported. Lenahan and Dressendorféf© Showed that the spin dependent capture of charge carri-
proposed that th@,, density of states could be roughly ap- €S at paramagnetic deep levels could be modulated via EPR
proximated by the absolute value of the derivative of e @nd that EPR induced changes in capture probability could
versus energy curve, yielding a U-shaped distribution. Th&€ measured in a recombination current. Lepine proposed a
spin state of theP,, center corresponding to its rough posi- VEry simple model which, although not completely correct,
tion in the gap is also displayed in Fig. 8. provides qualitative understanding. A strong applied mag-
Lenahan and Dressendorfer’s results showed Ryaten- netic field polarizes the spins of both the paramagnetic trap-
ters are amphoterid®, centers are positively charged and Ping centers and the paramagnetic charge carriers. With both
diamagnetic when the Fermi level is near the valence banfiap and charge carrier spin systems polarized, imagine the
and negatively charged and diamagnetic when the Fernfiapture of an electron atR, center dangling bond site. If
level is near the conduction band. When the Fermi level id0th theP,, center and conduction electron spin point in the
near the center of the gap, centers are paramagnetic and same direction, the recombination event will be forbidden.
have no net charge. Thus, the application of a large magnetic field will reduce
Lenahan and Dressendorfer pointed out thdjfcenters ~charge carrier capture and thus will also reduce a recombi-
account for most of the interface traps, then one can separakétion current. However, in EPR, the application of a micro-
the effects of oxide space charge from interface charge byave frequency field satisfying the resonance condition will
measuring capacitance versus voltage shifts corresponding tflip” the trap electron. The trapping event is no longer
the Fermi level at mid-gap, where tlifg centers are electri- forbidden and the recombination current increases. Thus, by
cally neutral. measuring the recombination current versus applied field
Poindexteret al?° subsequently confirmed thi, versus  while simultaneously applying microwave radiation, one
energy result. They published an essentially identical energgnay identify the defects dominating recombination. The cur-
distribution plot for Py, in unirradiated high temperature as rent versus field SDR spectrum will almost exactly match the
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Unknown Overlap Two broad levels separated by a correlation energy 0f6
T eV; a quite significanP}, density of states exists at mid-gap.

VI. ROLE OF P, IN Si/SiO, INTERFACE
INSTABILITIES

Second
Energy

Level The Si/SiQ interface can be damaged when MOS devices
are stressed in a variety of ways. Among the stressing phe-
nomena, ionizing radiation has been the most extensively
investigated, although a considerable body of work also ex-

ists regarding hot carrier and high electric field effects.

-04 -02 Midgap 02 04
(b) i

A. Radiation damage

P, Amplitude] Several early studies by Lenahan, Dressendorfer
- et al®®% using (111) Si/SiO, structures, established that

-04 -02 Midgap 02 04 when MOS devices are subjected to ionizing radiatiep,
Fermi Energy at Si/SiO, Interface (eV) centers are generated in densities which approximately
match the average of the interface state densities generated in
the mid-half band gap. They showed that the annealing char-
acteristics of theP,, centers and radiation induced interface
EPR spectrum of the defe@r defect$ involved in recom- state densities are virtually identical. They furthermore dem-
bination. onstrated that the densities of radiation induégdcenters

Grove, Fitzgerald, and co-workéfs3*extensively inves- could be strongly influenced by processing variations. Pro-
tigated recombination currents in gate controlled MOS di-cessing yielding lowP,, generation also produced low yields
odes. They showed that near mid-gap interface states acé radiation induced interface state densities. Processing
almost entirely responsible for recombination currents wheryielding higher P, densities resulted in proportionately
these devices are biased to yield the maximum recombindarger interface state densities. A later study by Kim and
tion current. Both the pioneering SDR study of VranchLenahan extended these results to the more technologically
et all% and the later more extensive SDR measurements dfportant (100) Si/SiO, system. Some results from these
Jupina and Lenah&hreported quite stron@, SDR spectra  studies are shown in Figs. 10 and 11. As mentioned previ-
under these biasing conditions, results essentially impossibleusly, an interesting aspect of the Kim/Lenahan study was
to reconcile with a near zer®, density of states in the the observation that the radiation inducBg centers were
vicinity of mid-gap. primarily (although not exclusively P, defects.(Weaker

Almost equally compelling objections to the notion of Py, spectra were also generatethe results of these studies
near zeroP, density at mid-gap come from an examination have been confirmed and extended by many other groups.
of the early collaboration between Caplan, Poindexter, Deal Miki et all! compared the response of ultradry and steam
and RazouKCPDR).*® In the CPDR studieP, and mid-gap  grown oxides to ionizing radiation. They found higher den-
interface state densities were evaluated on a variety of asities of radiation induced interface states and higher densi-
processed Si/SiOsamples with relatively high mid-gap in- ties of radiation inducedP,, centers in the steam grown ox-
terface state densities in the range-eflx 10'Ycn?eV to  ides. They also found a rough numerical correspondence
2x10'%cm? eV. (CPDR reported a virtually one-to-one cor- between the ratios of induce®}, and interface state defects
relation between thP,, densities and 1 eV times the mid-gap as well as in the absolute numbersRf centers and inter-
interface state densitigslf the P, density of states were face states. However since the EPR measurements were
virtually zero, Poindexteet al. could not have obtained the made on soft x-ray irradiated devices and the electrical mea-
results they reportedObviously, if theP,, densities at mid- surements were made on devices in which holes were ava-
gap were very low, the mid-gap interface trap densRy, / lanche active injected into the oxid® simulate the radia-
density ratiohasto be very high). tion) precise numerical comparisons were not possible.

A schematic illustration of theéP, density of states is Awazu et al'? have also studied the role of processing
shown in Fig. 9. As recently demonstrated fy-like dan-  parameters on the generation Bf centers by ionizing ra-
gling bonds in amorphous hydrogenated siliédthis sche-  diation. Among the oxide processing parameters investigated
matic curve should be viewed as exactly thatseaematic  were those used in the first study of Lenahan and Dressedor-
The shape of the density of states curve will depend to somier. For these oxides, Awazet al. obtained the sam®,
extent upon the density 6, centers’® The P, energy levels versus dose curve reported in the original 1981 study.
couple to the band tail states which they themselieparf Awazu et al*? studied oxides grown on botfi11) and
create.P,, defects close to one another will have a coupling(100 substrates. They found that if an as-processed interface
between their own levefS.Nevertheless the schematic illus- had low P,, density then technologically relevant irradiation
tration is a reasonable zero order descriptionPgflevels. levels (<10 Mrad generated very large~(10'%cn?) P,

Fic. 9. Schematic density of states By, centers.
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. C. Hot carrier stress of short channel MOSFETs
._,\, ® Krick et al®° and Gabryset al?* have used SDR to study
0 3x ;) 3;“05 '(')1 hot carrier damage centers created near the drain of short

channel MOSFETs. To the best of our knowledge, these
DOSE (RADS) studies included the highest sensitivity electron spin reso-

Fic. 10. Plot of P, density(above and interface state density in the mid- na,nce measurements ever made in condensed matt,er' Both
half band gap as a function of ionizing radiation dose. Krick et al. and Gabryset al. generated strong, SDR sig-

nals by hot hole stressing the drain regions of the transistors.

Krick et al. reported that theP,; SDR signal scaled with
densities. However, if the as-processeg densities were increasing interface state density as measured by charge
extremely high 2-3x10'%cn?) the P, density was re- pumping. The Gabrys measurements were sufficiently sensi-
duced. They argued that this result should be expected frotiive to allow detection of théSi hyperfine side peaks as
elementary reaction theory. well as an evaluation of thBy, 2°Si hyperfine tensor.

Vranchet al1° have also investigated the effects of ioniz-

ing radiation on the silicon—silicon dioxide. They showed D. Conclusion regarding P, centers and Si/SiO ,
that dose levels of several megarad could generdt@3 P, instabilities
centers/crﬁ as mgasgred in a convemional EPR measure- A jeast four independent grotpd2232437-3%ave re-
ment. Their studies included conventional EPR as well a
spin dependent recombination. They fou@$ did several
other groupsa strong preponderance Bf,, centers gener-
ated by radiation stressing.

?)orted essentially incontrovertible measurements on many
oxides demonstrating a strong generationPgf centers in
device stressing. For radiation induced instabilities, all four
groups concluded thaP, centers play a dominating role.
Although these studies have been most extensive for ionizing
B. High and low oxide field electron injection radiation, one may reasonably conclude tRgtcenters do

. . o . indeed play dominating roles in several technologically im-
In addition to ionizing radiation, several other oxide ) . . N s

) . : . ortant instabilities. The earlier studies of Nighial“~>and
stressing mechanisms have been investigated by EPR. N@oindexteret al*® established tha®, centers play dominat-
kawa and Lenahdh found thatP,, centers could be gener- ' b pay

ated by injecting electrons into an oxide at low field by in- ing roles in as-processed Si/SiGtructures with relatively

ternal photoemission. Warren and Lenaiiahowed thaP,, poor interfaces.
centers could also be generated by high field stressing O)E
ides. In both the Mikawa/Lenahan and Warren/Lenahan '
studies a rougtiabout one to onecorrespondence was ob- It should probably be noted that Cartier and Staftisve
served between the densitiesRyf centers generated and the strenuously objected to this conclusion. In a recent paper,
densities of interface states in the middle half of the bandhey wrote that “prior to these studies, it was widely ac-
gap. cepted that the silicon dangling bond defect, which gives rise

Dissenting opinion
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to the well knownP,, signal in ESR is the microscopic defect
causing the fast interface states. As will be outlined in this
contribution, we cannot support this view.” They argue that
“silicon dangling bonds, as detected by ESR measurements _|_
account for onlya smallfraction of the electrically detected
interface states’'(emphasis added
Cartier and Stathis draw this conclusion on studies in
which they bombard Si/SiQstructures withextremelyhigh
fluences of atomic hydrogenup to 13! hydrogen ‘ Sj
atoms/cr) to generate extremely high densities of interface 1 O
states 5% 10'%/cn? eV).
There are a few problems with the Cartier/Stathis study.
At least five bear mentioning.

Fic. 12. Schematic illustration of thE’ center.

(1) The ~10* hydrogen atoms/cfrused in their study cor- (5) There is another, slightly more subtle problem with the

responds to abouine million monolayersA typical ox- Cartieret al. study. Their fundamental result, gross dif-
ide ~100 A thick with ~0.1 at. % hydrogen would have ferences inP, and interface state densities, involved
about 16* hydrogen atoms/cfn Thus, the amount of EPR measurements &f, centers on 97 A oxides and

hydrogen involved in their model experiments is many  capacitance versus voltage measurements on 495 A
orders of magnitude greater than that present in the pro-  oxides** An extremely large number of studies involv-
cess they are attempting to model. ing radiation damage have consistently shown that inter-

(2) lonizing radiation, in particular, has been well studied.  face state generation is a very strong fraction of oxide
Atomic hydrogen is dimerized in a fraction of a second  thickness®®>™*’ Since very large differences in interface
at room temperatur®. At room temperature, generation state generation are consistently observed for different
of interface states proceeds forany secondafter a de- oxide thicknesses, one would not expect a 97 A oxide
vice is exposed to ionizing radiatiéh” Since atomic and a 495 A oxide to exhibit comparable interface state
hydrogen is not present during nearly all the time in-  densities in the process which Cartieral. attempt to
volved in interface state generation, atomic hydrogen by  model.(Indeed, the thinner oxide would be expected to
itself cannotbe responsible for most of the process. exhibit much lower interface state denstty*)

(3) Johnsoret al*® have shown that atomic hydrogen is ex- _ _ _ _
tremely effective in annihilating silicon dangling bonds. Although the Stathis/Cartier atomic hydrogen studies may

Testing a silicon dangling bond generation model with abe of some general mfcerest, their conclusions are not
process known to annihilate silicon dangling bonds is a5trongly supported by their own data and are contradicted by
less than an optimal approach much more relevant and extensive data generated by many

(4) A fourth problem with the work of Cartier and Stathis Cther groups.
involves the extremely high amounts of energy which
H 1
would be required to gen.erate fluences of'ydrogen VII. OXIDE CENTERS: NEAR Si/SiO , CENTERS
atoms/cri. For example, if one were actually to flood an
interface with 18" hydrogen atoms/cfnsay via ionizing A. E’ centers structure

irradiation, one would necessarily have to break'1gy- The most important oxide trapping centers Bfecenters,
drogen altoms bonds/¢mif each bond energy is2 eV, yhich involve an unpaired electron localized on a silicon
~2X10* eV/cn? would be absorbed by the 100 A hackhonded to three oxygens. Usually, though not always,
oxide involved.(Stathiset al. reported results dP, gen- e paramagnetic silicon site is coupled to a positively
eration in 97.5 A oxide$.Radiation dose is typically charged diamagnetic silicon as shown in Fig. 12.

reported in rads: 1 rad10” ergs/gram. For Si/Sigthen, E’ centers have been studied in cubic centimeter sized
1 rade (10 eral 10773 ev samples for quite some tin?&*° In these large volume
rad=( erg/9 erg )\ 1.6x10 19 samples, it is quite easy to measure the hyperfine interactions

. of the unpaired electron with the single silicon atom on

2.2 gISIQ)) =1 4% 104 eV/en? which it primarily resides. Although the magnefiSi nuclei

cm’ ' ' are only =5% abundant, the number of centers present in
Thus, for a 100 A thick oxide, a fluence of2thydro-  large volume sample@ypically ~ 10— 10""/cm?® for amor-
gen atoms/chwould correspond to a dose af least  phous SiQ) is more than sufficient to generate quite strong
1.3x 10" rad. This is about a million times higher dose 2°Si spectra. An EPR spectrum taken on such a large volume
level than the highest levels utilized in the earlier studiesamorphous sample is shown in Fig. 4. As discussed previ-
and, not coincidentally, a million times higher than the ously one may, by inspection, obtain a rough estimate of the
upper limit of technological relevance. Indeed, thishybridization and localization of the electron from this spec-
amount of energy is orders of magnitude higher than thatrum. Also, as discussed previously, one notes that a second
required to vaporize the oxide sample in question. integration of the two side peaKsorresponding to spin 1/2

X
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Fic. 13. Plot ofE’ density vs trapped hole density in MOS oxides subjected
to ionizing radiation. Fic. 14. Plot of trapped hole density affl density vs dose for oxides
irradiated under positive gate bias.

nucle) yields an intensity of about 5% of the center line—

unambiguously identifying the center as an unpaired spifingful range of ionizing radiation dosésee Fig. 14 (3)

localized on a silicon atom. They showed that MOS oxidE’ centers and oxide trapped
In crystalline SiQ, Feigl et al*® argued thaE’ centers holes have the same annealing response ifsei Fig. 15

are holes trapped in oxygen vacancies. The unpaired electrqn) They demonstrated that the distribution®f centers and

resides on a neutral silicon on one side of the vacancy. Thgapped holes are virtually identical in oxides subjected to

silicon on the other side of the vacancy is positively chargedionizing irradiation under positive gate bias: both the trapped

Bonded to jUSt three other atomS, it adjusts its pOSition to Eho'es andE’ centers are quite close to the S|/§|m)undary

flat-planar arrangemeriexpected forsp? bonding with its (see Fig. 16

three neighboring oxygens. In amorphous Si@’ centers The results of the early studies have been confirmed and

can be positively charged or neutral. extended in quite a few later studied) Takahashi and
Quite a number of studies indicate that centers are CO_WorkergzvSP’ also reported an approximate|y one-to-one

dominating tl’apped hole centers in techn0|ogica||y relevanéorrespondence betweé&i centers and trapped h0|es; they

thermally grown oxide film&:*1-1%%0TheseE" centers ais0 reported that the distribution & centers and trapped

are primarily the positively charged Feigl Fowler YB'  holes were the same in their irradiated oxidé. Lipkin
defects shown in Fig. 12.

B. MOS oxide E’ centers: Electronic properties

The role ofE’ centers in high quality thermally grown
oxides is fairly well understood at the present time. These L
centers were probably first detected in thermally grown ox- A AV
ides by Marquardt and Sigélwho studied quite thickup to me
11 000 A oxides subjected to quite higlup to 220 Mradl
doses of ionizing radiation. They observed weak signals in
these films which they attributed t&' centers. Although
they did not report results of electrical measurements, they
proposed(correctly that E’ centers are thermal oxide hole
traps.

The electronic properties &' centers and their signifi-
cance in MOS device operation were first demonstrated by
Lenahan and Dressendorfet® They made a series of obser-
vations which clearly established th&at centers are domi-
nating hole trap centers in a variety of MOS oxidgs.They
found a rough one-to-one correspondence betweeden-
sity and the density of hole traps in relatively hard and rela-
tively soft oxides grown in both steam and dry oxygeee
Fig. 13. (2) They found a rough one-to-one correspondence
betweenE’ density and trapped hole density in oxides irra-

diated under positive gate bias over a technologically meanFic. 15. Annealing response &’ centers and holes trapped in the oxide.
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of E' generation, suggestin@s the other studies had shgwn
o thatE’ generation was due to the capture of a charged par-

0o ©® o ® ® ticle.

3 The results of at least five independent EPR studies all
indicate a dominant role foE’ centers in oxide hole trap-
ping. On the basis of this mutually corroborating work we
conclude thakE’ centers do indeed dominate oxide hole trap-
ping in a wide variety of thermally grown oxide films on
silicon. However, the current understanding of oxide hole
trapping is moderately complex and still incomplete. At least
five E’ variants have been observed in thermally grown ox-

o ide films. Two E’ variants areE’ defect/hydrogen com-
plexes for which detailed and convincing models have yet to
be established. A third variant calldd; or EP is almost
certainly closely related to the conventiori&l site but ex-

3 , . hibits significantly differentg and hyperfine tensor compo-

! ! nents and somewhat different capture cross sections than the
0 300 600 900 1200 conventionalE’ site. A fourth variant, called EP2 is even
Remaining Oxide Thickness (A) less we_II characte_ri_zed. It is positively charged _when para-
magnetic and exhibits a large capture cross section for holes.

Fic. 16. Plot ofE’ centers remaining in an oxide after a series of etch backA fifth variant is the neutrakE’ center, observed in plasma-

steps. The results show that_ne_arly all t&e centers, like nearly all the enhanced chemical vapor deposititlPPECVD) oxide films

trapped holes, are near the Si/gibundary. and in thermally grown oxides exposed to very high doses of
ionizing radiation.

1.5 1

E’' present in oxide (102/cm?)

et al®* also measured an approximately one-to-one corre- ,
spondence betweeB’ density and the density of trapped Vill. HYDROGEN COMPLEXED E’ CENTERS

holes generated in oxides subjected to 10-20 Mrad of Two hydrogen complexeB’ variants may play important
gamma radiatiori3) Miki et al!* compared botlE’ genera- roles in device reliability. The hydrogen complexed centers
tion and trapped hole generation in ultradry and steam groware called the 74 G doublet and the 10.4 G doublet. EPR
oxides. They found that their ultradry oxides contained twicetraces of both defects are shown in Fig. 17. Both defects
as manyE’ centers as the steam grown oxides and that thevere first observed in cubic centimeter size sampi8and
ultradry oxides also had twice as many trapped holes as thoth centers clearly involve a@&’ hydrogen complex. It has
steam grown oxides. In addition, they found a rough numeribeen proposed that the 74 G doubled involves an unpaired
cal correspondence between tké densities and trapped electron on a silicon back bonded to two oxygens and one
hole densities in the samples investigated. However, sinckydrogen and that the 10.4 G doublet defect involves an
Miki et al!* made electrical measurements on oxides subtnpaired electron on a silicon back bonded to three oxygens
jected to avalanche injection of holes and EPR measurewith one of the oxygens bonded to a hydrogenAlthough
ments on x-ray irradiated oxides, a precise humerical comthese models seem quite reasonable and are undoubtedly cor-
parison betweek’ density and trapped hole density was notrect to the extent that the defects dfé/hydrogen com-
possible.(4) Awazu et al1? have explored the role of pro- plexes, in detail, the models should probably be viewed as
cessing parameters @1 generation. As previously noted by provisional)

Lenahan and Dressendorfet® as well as by Mikiet al,'* The 74 G doublet was first observed in thin oxide films by
the densities oE’ centers are strongly processing depen-Takahashiet al®?®® who generated them at somewhat el-
dent. A point of particular interest in the Awazu study is evated temperatureg=100 °Q in irradiated oxides. More
their observation that the cooling rate after high temperatureecently, Conleyet al®">® observed the room temperature
processing strongly affecis’ generation. Awazet al.con-  generation of both the 74 G doublet centers and 10.4 G dou-
cluded that thee’ centers in their oxides were holes trappedblet centers in oxides subjected to either vacuum ultraviolet
in oxygen vacancies £&=Si+-Si=0,. Since they observed (hc/A=<10.2 eV) or gamma irradiation.

~1-3%x10%E’ centers/crh after modest(~1-11 Mrad Takahashiet al®>°® suggested that the hydrogen com-
doses of ionizing radiation, these centers would inevitably belexed E’ defects might play an important role in Si/SiO
the dominant hole trap centers in the oxides of their studyinterface state generation. Conleyal>”*8 provided strong

(5) Results of a more qualitative nature by Catfaaiso sup-  circumstantial evidence linking’ /hydrogen coupled centers
port the correspondence between oxide trapped holeEand to interface trap generation. Sevetplrely electrical mea-
centers. He reported a significant 10'% cn¥) density ofE’ surementstudies®®°had shown that a molecular—hydrogen-
centers in oxides subjected to technologically relevant radiacontaining ambient leads to an enhancement in radiation in-
tion levels. Although he did not report results of any electri-duced interface state generation. Conkyal®’*® showed

cal measurements, he did report a gate polarity dependentigat exposing an oxide previously flooded with halesgen-
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74G doublet gen complexed centers, and nearly identgcahlues for both

hydrogen complexed centers. On the basis of those observa-

tions, they argued that the BPJ center must be very closely

related to conventiond&’ centers, and almost certaintpta

five atom silicon cluster. Recent studies of the EPFSi

hyperfine spectrum indicated that the unpaired electron is

shared by two equivalent silicofis.

g+2.0082 (Pp) Quite recently, Chavezt al. have proposed that the

T EP/E} center is an oxygen vacancy but with the positive
charge and the unpaired electron equally shared by the two
silicons. The model proposed by Chawzl®8 is consistent
with many experimental observation&) as observed ex-

g=2.0005 (E') perimentally, the center is positively charge@) as ob-
15X 1x 15X served expgrimentally the penter behaves almost exactly like
/\/\ the conventionaE’ center in response to molecular hydro-
/ \ gen.(3) The predicted hyperfine coupling is almost exactly

what is observed experimentallg) The model is consistent
with recent observations indicating that the unpaired electron
is shared by two silicons. There is extensive agreement be-
tween the Chavez model and experimental observations; it's
probably correct.

5G
l T G oo X. NEAR Si/SiO , INTERFACE E’ CENTERS:
. oublet
ELECTRONIC PROPERTIES
Fic. 17. EPR traces ofa) the 74 G doublet andb) the 10-4 G doublet

centers. One could reasonably divide electrically active MOS de-
fects into three categories: Interface state traps, which can
communicate readily with charge carries in the silicon, oxide
erateE’ center$ to an H,/N, ambient leads to a conversion traps which do not communicate with charge in the silicon,
of conventionaE’ centers to 74 G doublet centers as well as2nd very near interface traps which can, on fairly long time
generation of interface state centers. The numbéE’ofen- scales, communicate with charge carriers in the silicon.
ters converted to hydrogen complexed centers is approxi- 1he near Si/Si@interface traps go by many names: slow
mately equal to the number of interface traps generated. Thiates, border traps, switching traps,.... It is possible, even
time period involved in interface trap formation is approxi- likely, that more than one type of near Si/Si@terface trap

mately equal to the time required to saturateEhéhydrogen ~ Can exist in certain oxides under certain conditions. One near
complexing process. Si/SiG, interface trap has been directly identified via EPR

the E’ center.
, Many studies(involving only electrical measurements
IX. EP OR E; VARIANT (ONE DEFECT, TWO show that when some MOS devices are subjected to ionizing
NAMES) radiation capacitance versus voltage and current versus volt-
The EP orEj variant has been observed in separation byage, characteristics experience a negative voltage ahiff,
implanted oxidg'SIMOX) buried oxide$'~%bond and etch indicating the capture of positive charge in the oXitié’
back(BESO) buried oxides, and thermally grown oxides. It However, if a positive gate bias is applied, the magnitude of
is generally observed simultaneously with the conventionalAV decreases logarithmically in time, indicating the annihi-
E’ center. Its spectrum is quite narrow with a zero crossingdation of some of the positive charge. If the applied bias is
g=2.002. Vanheusden and Stesnf4nestimate that the reversed from positive to negative some of the previously
E/EP variant accounts for about 20% of tRé centers in  annihilated charge returns. The charge that returns is said to
SIMOX buried oxides. Conlegt al®163556have observed be in switching traps.
EP/E centers in a variety of thermally grown oxides as well ~ An EPR study by Conlegt al.”* clearly demonstrates that
as in SIMOX buried oxides and demonstrated that they areomeE’ centers can act as switching traps. These centers are
positively charged. presumably very close to the Si/Si®oundary. Results from
Vanheusden and Stesmans and Wareal®® had ini- the Conleyet al”* study are shown in Fig. 18. The bias
tially proposed that the EE/; center involved a five silicon voltages and bias switching times approximately match those
atom microcluster. Conley and LenaRasompared the re- of earlier purely electronic measurements. The first point
sponse of the EM; centers to molecular hydrogen and (HOLES) indicates theE' density initially after holes were
found nearly identical responses for both centers: virtuallyinjected into the oxide. The second poi@ero 1 was taken
identical time scales for the room temperature responsefter 10 s with no bias across the oxide. Poifteg 1) was
nearly identical hyperfine coupling constants for both hydro-taken after a negative gate voltage corresponding to an aver-
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1 well developed and widely verified methods of manipulating
o intrinsic point defect populations. These methods are based
£E10} S o X
S upon the fundamental principles of the statistical mechanics
N o9 of solids as well as on basic principles of physical chemistry.
Q One should be able to ameliorate device reliability prob-
‘;0-8 lems by applying these well established principle&toand

5 Py, centers.

907

7]

Cos

w 0.5 . . A. Predicting oxide hole trapping

o1 N1 P1 N2 P2
Bias Condition

I
+

Lenahan and Conléyused the standard approach of sta-
tistical mechanicS'’#to calculate the density of oxygen va-
Fic. 18. Plot ofE" spectrum amplitude vs the biasing sequence discussed itancies in MOSFET oxides, calibrated the parameters of the
the text. expression with EPR measurements, and then tested the va-
lidity of calibrated(quantitative expression on several oxide

age oxide field of 3.5 MVv/cm was applied for 24 h. The films. They found good correspondence between the cali-

negative bias increased the number of paramagétgites. brated expression a?dhexperllmenftal 're|SU|tSf -
Point (POS 1 was taken on the same sample after an addi- A consideration of the basic principles of statistical ther-

tional 24 h under positive gate bias, also corresponding to afftedynamics tells us that equilibrium occurs when the Gibbs

L L 7374
average oxide field of 3.5 MV/cm. The positive bias substani'€€ €nergyG of a solid is minimized" It can be shown

tially decreases the density of paramagn&ticcenters. Two that, for the simplest cases, the minimization of Gibbs free
additional biasing points indicate the repeatability of this€N€r9y léads to an equilibrium density of vacancy sites given
process. Clearly, the “spin state” and thus “charge state” of y

theseE’ centers can be repeatably switched with bias;thus = NgASi/k-aH/kT (13

E’ centers can act as oxide switching traps.

The results of Conleyet al’* are consistent with, and WhereAS; represents the nonconfigurational entropy contri-
clearly confirm, the basic premise of the switching trapbution per defect siteAH¢ represents the enthalpy of forma-
model proposed earlier by Lelet al®® 7% after hole capture, tion of a defect sitek is the Boltzmann constant, ard
subsequent electron capture does not always returriEthe represents the density of available sites. For the purposes of
site involved to its original condition. This irreversibility this discussion, the important points here are that the non-
leads to the switching behavior. The results of Cordéexl. configurational entropy contribution is large and essentially
do not, of course, preclude the possibility that defects othefemperature independent, and thel; essentially represents
thanE’ centers may act as switching traps. the increase in system energy caused by vacancy creation of

The Conleyet al.” results extend earlier results generatedan unstressed lattice site minus the strain energy lost by re-
by Jupina and Lenahan who reported the SDR detection dnoval from a compressed SjOnatrix. (This reduction in
E’ centers! Since SDR can only detect defects which in AH¢ would be a strain energy PdV caused by the effective
some way “communicate” with Si/Si@interface Charge volume Change resulting from the removal of the atom from
carriers, their results strongly indicated that some nealts particular location). e _

Si/Si0; interfaceE’ centers did indeed behave in this way. As pointed out by Ohmameuds al.”™ this strain energy
The Conleyet al. study is also consistent with a recent ESR reduction will be greatest for sites near the Si/SiOundary;
study by Warreret al.”> which suggested, but did not dem- this energy contribution should amount to several tenths of

onstrate, thaE' centers may act as Switching traps_ an electron VOlE One thus eXpeCtS and flrﬁthat theE’
centers are primarily located close to the Si/Si@undary.

XI. INTRINSIC DEFECTS AND DEVICE _ An:lc;]pa:mg then an oxygen vacan&// precursor den-

RELIABILITY: PHYSICALLY BASED PREDICTIVE sity of the form

MODELS n=ae AT, (14

Although the_ many EPR St“‘?"es of MQS systems are O%vhere the temperature independent constatg given by
some general interest as physics, chemistry, and materials_ \ sy /k and B=AH, /k, we may evaluate the relevant
science, their ultimate significance must relate to their utility:“t ermodynamic” consftan’ts by making measurements on

can these studies help design better, more reliable, integrat vices exposed to various high-temperature anneals. With a
circuits? The answer to this question is almost certainly yesknowledge ofE’ center hole capture cross secfiband the

Yes, if the results can be utilized to predict and manipulateyy,garg analysis of charge capture in oxide films, we would

defegt densities. . . , anticipate that, for a given fluence of holes through the ox-
It is clear that two families of point defect§’ centers ides

and P, centers, play dominating roles in a number of MOS
reliability problems. Materials scientists and engineers have Ny,=ae #T(1—e °7), (15
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Fic. 20. Solid lines represent E¢L6) evaluated for the various indicated

Fic. 19. Plot of the natural logarithm d&’ density vs the reciprocal of .
femperatures. Dots represent experimental results.

annealing temperature. Slope of the line yields an activation energy of to b
about 1.5 eV.
dict the response of an oxide from an essentially no-
adjustable-parameter fit of a physically based model.
whereNy, is the density of trapped holes ards the fluence
of holes through the oxide. With, 8, ando evaluated from  B- Predicting interface trap formation

spin resonance measurements the expression provides a no-strajightforward concepts from the equilibrium thermody-
adjustable-parameter prediction of oxide hole trappingnamics of chemical reactions also allow one to make some
(However, due to the modest absolute precision of EPR megyredictions about interface trap formatith.
surements, the value af as determined strictly from EPR  As discussed previously at least four independent groups
could be in error by almost a factor of)2. have demonstrated that significaigreater than or approxi-
The potential validity of Eq(15) was assessetithrough  mately equal to 16/cn?) generation ofP, centers occurs
a series of measurements on MOS oxides subjected to aghen MOS oxides are subjected to technologically relevant
neals at 875, 950, 1025, and 1100 °C. The oxides were ajbyels of ionizing radiation. More limited results indice®g
grown at 825 °C and then a polysilicon gate was depositetyeneration resulting from high or low oxide electric field
After gate deposition the anneals were carried out for 30 mifijection of electrons as well as the injection of hot holes into
ina dry N, atmosphere. After the anneals the capacitors wWerghe oxide from the near drain region of short channel MOS-
rapidly pulled from the furnace in order to “quench in” the FETS, The previously discussed studies of Corgepl ">
defect densities at the annealing temperatures. show thatE’ centers react with molecular hydrogen at room
The poly gates were removed and two sets of measurgemperature and that this reaction is accompanied by the si-
ments were made on the samples, both after subjecting th@ultaneous generation of Si/SiGnterface trapgthese are
oxides to hole flooding. To evaluate th& precursor en- p_ centers.
thalpy of creation, oxides of the three higher temperature |y our study®”%®only about 25% of th&’ centers disap-
annealing samples were each flooded with approximately 2eared as about an equal number of hydrogen complExed
X 10" holes/cri. The enthalpy was determined from the centers(which we termE’H) appeared: the loss iB’ den-
slope of a plot of the natural logarithm &' density versus  sjty was accompanied by an approximately equivalent gain
reciprocal temperature, shown in Fig. 19; the activation enin interface trap density. No increase in interface trap density
thalpy is approximately 150.1 eV. To test the predictive occurred with H exposure if the positively charge® cen-
capability of Eq.(15), holes were injected into samples sub- ters were absent. These observations are significant because
jected to each of the four annealing steps; mid-gap capaciyhen SiQ is subjected to ionizing radiation, atomic hydro-

tance versus voltage shiftdVy, were plotted versus in- gen is created: above 110 °K it very rapidly dimerizes leav-
jected hole fluence. Using expressi¢tb) and taking the ing pehind H in the oxide”®

trapped holes to be close to the Si/gi®oundary, our It is well established that silicon dangling bond sites at the
modet® predicts mid-gap shifts of Si/SiO, interface(P,, centers are passivated by hydrogén’
qae AT Assuming that the interface trap creation process involves
Avmg=c— (1—e7), (16)  the breaking of silicon—hydrogen bondsRyt center precur-
(004

sor sites P,H) we proposed a reaction of the following
whereq is electronic chargeC,, is oxide capacitance, and form:1®
all other parameters are as previously defined. , ,

Figure 20 compares the experimental results and the pre- Hot PpH+E = Hp+ Py +EH. 17
dictions of Eq.(16). The correspondence between prediction In this reaction, H plays the formal role of a catalyst.
and experiment is quite close. It clearly demonstrates soméA’hen a hole drifting to arE’ precursor site is captured, a
thing new and almost certainly useful: It is possible to pre-positively charged silicon dangling bond sité’ centej is
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created, which, as Conlest al®® have shown, can react with eration. Initial oxide hole densities were evaluated, then in-
radiolytic H, to form a complex which we terre’H. After  terface traps allowed to generate, and those interface trap
irradiation, the H is eventually dissipated, but for a short densities were also evaluated. As E®1) predicts, Hu and
time the system wilbpproachequilibrium. Elementary sta- Johnson found that the initial oxide hole density was ap-
tistical mechanics tells us that, if the system were to reaclproximately equal to the eventual interface trap density.
equilibrium, one could writé There are other semiquantitative aspects of this model
|PLJ[E'H] which are in agreement with results in the literature.

[PoHILE']T

whereK=exp(—AG/kT) andAG is the difference in Gibbs
free energy of the reactants and products. Since expression
(18) involves the transfer of a hydrogen atom from a silicon @)
at the interface R,) to a silicon in the oxide E'), one
would reasonably conclude thAG is small. ThusK=1, at

least within about an order of magnitude.

(18) (1) Expression(21) shows thatA P}, should be sublinear in

E/. SinceE] generation should itself be sublinear in
dose!® the model predicts a sublinear buildup of inter-
face sites with dose. Such behavior is widely repoffed.
The model predicts that in devices with low initial inter-
face trap density, the hole trapping and interface trap
generation Py, generation ande’ generation would ap-

In order to solve Eq(18) for AP, (the concentration of proximately scale together. This behavidroth cases

. h .
P, centers eventually generated after the interface trap for. as been observéﬁ . .

. . . L (3) Since the model involves interaction of a trapped hole
mation process is complegtedefine the initial(prestress Py, . . ! . .

. L site with molecular hydrogen triggering a reaction at a

concentration to b&,,;, the initial (prestress P,H concen- G :

) . , Si/SiO, interface P,H site, one would expect that the
tration to be P,H);, and the density o’ trapped holes S T . )

X . . L : ; time involved in interface trap generation would be sig-
present immediately after irradiatiqand immediately after o . . ) - )
all the holes which were not trapped are swept from the nificantly increased by reversing the irradiation bias
oxide) to be E/ from positive gate voltage to negative gate voltage. This

1 o ; 83
With these definitions, Eq19) becomes b(_ahawor |slcon5|stently observed. .
(4) Since theE’ center precursorgoxygen vacancigsare
[Ppri+t APy][APy] intrinsic defects, one would expect that their number

[(PoH)))— AP,][E/ — APy - (19 would be an exponential function of propessing tempera-
, ) ture. Thus one would expect a strong increase in inter-
In Eq.(19), take the number d&'H complex sites created face trap generation with increasing temperature of gate
to be equal to the number &, sites created. Assuming it oxide processing. This behavior is obserdéd.

captures the essential physics of the process,(E9). pre- (f5) Radiolytic, molecular hydrogen will be rapidly dissi-
dicts the interface trap generation behavior in a wide range o pated from the oxide: in some cases this will not allow

oxides. _ _ S _ equilibrium densities of P, interface traps to be
_For the technologically important situation in which the  ,chieved. One would thus expect that post irradiated ex-
S_l/SlOz interface has a very low interface trap aRg den- posure to a molecular hydrogen ambient generally in-
sity, Ppi=0, at low dosg APp<(PyH);, Eq.(19) becomes creases interface trap density. This behavior is
[AP,I[AP,] observed®®°
(PoH);(E — AP )5 ) (20 (6) Consider a metal-oxide—semiconductor device in which
bt VI b the oxide has been flooded with holes for a brief period.
yielding If a positive voltage was applied to the gate electrdgle,
K precursors near the Si/Sjhoundary would be popu-
APy= 3 (PoH)({1+4E! I[[K(P,H) 1}Y2-1). (22) lated with holes: if a negative voltage was appliéd,
precursors near the gatesually polycrystalline Si/Si©
For a low level of initialE/ generationA P, will be al- boundary would be similarly populated. Our model, at
most equalalways slightly less tharthe initial E/ density. least to zero order, predicts a similar radiation response,
Thus, if we were to flood a very good oxide with a small in that the eventual number &f, centers created would

number of holes, suppress the interface trap generation pro- be the same with either sign of gate bias during irradia-
cess, measure the initial trapped hole concentration, and then tion. (This assumes equé&l’ precursor density at both
allow interface trap generation to proceed, we would expect interfaces. Experimental work indeed shows this to be

that the eventual interface trap densigach P, has two the case “electrically” for brief bursts of irradiatiopro-

levels would be roughly equal to the initial trapped hole  Vvided that the oxide bias is positiveafter the

density. irradiation®® (That is, the eventual interface state densi-
The generation of interface tramsin be suppressed for ties generated are approximately equal for both cases.

hours by lowering the temperature of the systéwarming  (7) Briefly consider the technologically irrelevant case of a
to room temperature allows the process to proceed. Many Very high initial interface trap density and a very high

years ago, Hu and Johns8rsubjected good oxide/silicon initial Py, density. In such a case we would expect a
devices to relatively low levels of hole flooding at tempera-  reaction of the following form:
tures low enough to temporarily suppress interface trap gen- H,+P,+E'=E'H+PyH. (22
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A

lar orientation is not further specified, the center line
effectively corresponds to no nuclear moment.

A straightforward analysis of the spectrum of Fig. 22 in-
dicates an unpaired electron highly localized on a single ni-
trogen in a nearly purp-type wave function(Recall that the
small splitting of the side peaks indicates quite lewhar-
acter; their substantial breadth higkcharactep. The results
clearly demonstrate that this center involves a nitrogen
bonded to two other atoms, almost certainly silicons. The
structure of the bridging nitrogen center is shown in Fig. 21.
The bridging nitrogen EPR spectrum was first studied in
large volume ¢ 1 cn?) samples by Mackegt al® who also
established the center’s structural nature.

It should probably be mentioned that a very different EPR
Sl N spectrum has been linked to bridging nitrogens by Stathis
and Kastnef? Later studies by Tsast al®* pointed out that

the spectrum described by Stathis and Kastheas incom-
Fic. 21. Schematic illustration of the structure of the bridging nitrogen patible with the bridging nitrogen hybridization and localiza-
center. tion. Recently Austin and Leisute have argued that the

spectrum discussed by Stathis and Kasth@oes not involve

_ o _nitrogen at all but is caused by a carbon atom bonded to two
Thus, the model would clearly predict an initial post ir- pygrogens.

radiation decreasein P, density for Si/SiQ structures Chaiyasenaet al® and Yountet al®~ identified the
with quite high initial P, density. This behavior has been pyidging nitrogen center as a rather large capture-cross-
reported: section electron trap. They found quite high densities of

these centers in NHannealed oxides~10"/cm®) and that
their numbers are substantially reduced but not eliminated by
XII. EXTRINSIC TRAPPING CENTERS reoxidation. Quite high densities of electron traps

Often, impurity atoms(other than hydrogenwill be (~10'%cm?) are found in NH annealed oxides; their num-
present in an oxide; nitrogen, phosphorous, and boron impueers are reduced but not eliminated by reoxidation. N
rities have all been investigated to some extent in oxide film@nnealed or BD grown oxides one finds far lower levels of
on silicon. Among these impurities, nitrogen appears to be oPoth Ng and electron traps. Yourgt al® provided quite

greatest potential significance. direct evidence regarding the trapping capabilities gfy
showing that N density is reduced when electrons are in-

jected into the oxides. Theg\capture cross section is about
Chaiyesenat al® and Yountet al®>-8have studied ni- 10" *° cn?. Yount et al® noted that N reacts rapidly with

trogen defect centers in nitride and reoxidized, nitrided oxiddH, at room temperature. Theghsignal is annihilated if the

films. Most of their work dealt with the bridging nitrogen oxides under study are briefly exposed tg & room tem-

center, N, illustrated in Fig. 21. An EPR trace due to this perature.

defect is illustrated in Fig. 22. A three line spectrum with ~ On the basis of these observations, Yoenal =% pro-

each line of equal intensity is indicative of a spin-1 nucleusposed that the precursor forgNs a nitrogen bonded to a

of approximately 100% abundance. Nitrogen is the only poshydrogen and two other atoms, presumably silicons and that

sibility. The center line is quite narrow, the two side peaksthe defect serves as an effective electron trap.

rather broad. This is so because quantum mechanics restricts

the nit_rogen ngcleus to three orieqtatiqns: parallel to the apg pefect centers involving phosphorous and boron

plied field, antiparallel to the applied field, aridny direc-

tion) perpendicular to the applied field. Since the perpendicu- At least four phosphorous-related defect centers and one
boron-related center have been identified in doped oxide

films on silicon?*=*° These centers have been studied in

[ =200 phospho_silicate glgséPSC—) an_d borophosphosilicate glass
(BPSQ films on silicon. The wide scan EPR trace of Fig. 23
illustrates the simultaneous presenceé?ef P,, andP, cen-
ters along with the ubiquitoug’ center and some organic
free radicals in a tetraethyl orthosilicafEEOS based PSG

206G thin film on silicon. A much narrower EPR trace taken on a
I_—l silane based BPSG film indicated the simultaneous presence
of the phosphorous oxygen hole centBOHQ in addition
Fic. 22. EPR trace of the bridging nitrogen center. to the previously discussdd,, andE’ centers.

A. Defect centers involving nitrogen
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BOHC TaBLE |. EPR centers in oxide films: intrinsic and extrinsic defects.
Defect Name EPR Parameters Structure Electronic
Properties
(11D P, g =2.0014 4—6— A(11D) Two broad levels
g,=2.008 Si in gap
A=110G e U=z=06eV
Amio=21G Si S‘i\i
et (100) Py, 21=2.0015zg (111)y,  A(100) | Two broad levels
£2=2.0080 = &% O in gap
2OG 2:=2.0087=g, Si ~ U=06eV
(a) Aip=96G !\ ~Si
a Aamso= 24G ! Si
(100) Py, 21=2.0012 el Two broad levels
g =2.0076 Si in gap
25=2.0052 / \\Si Uz03eV
Si Si
P, E g=2.0018 0o, Q Deep hole trap
(Positively g1=2.0002 0— Si¢+$i—0 Large hole capture
Charged) Aiss=439G o o] cross section
(b) Amisa=22 G o=3x 10" cm?
EP/E’; 8 (zero cross) = Provisional Deep hole trap
2.0002 unrelaxed E’ Large hole capture
Aio=120G center cross section
Auigo = “small” (c>0(E))
E’ (74 G doublet) } g (zero cross) = (Provisional) At least sometimes
2.0016 positively charged.
—_— AMH)=72G H\ o Created by H,
o= Si$+ Si— O | interaction with E’
o)
800G E’ (104G g;=2.0018 (Provisional) Created by H;
. - doublet =2.0002 interactions with
Fic. 23. EPR traces taken {@) borophosphosilicatéeBPSG and (b) phos- ouble) il(ﬂ)g 13G 00—\Si$+§)i_o E’
phosilicate(PSQ films showing(a) the boron oxygen hole centéBOHC) (;f o
and phosphorous oxygen hole centBOHO spectra superimposed upon H
the ubiquitousE’ and Py, spectra andb) the P, P,, andP, spectra along N, 2= 2.0035 Neutral electron wap
with E’ and organic radical spectra. g, =2.0068 e o= 10" cm?
A=11G Si\
Apiso=125G _ N
. . Si
EPR parameters of the five centers are shown in Table I. O
Provisional defect structure$ollowing Griscomet al %) Py B=e.22005 [0 Sihen paramagric i
are illustrated in Fig. 24. A= 60 G o—Pcfz
The literature on these phosphorous and boron centers in C/
thin films is fairly limited*>=**They appear to play a role in P, £=20013 o0 When paramagnetic, it is
instabilities in certain integrated circuits even though the e | N i @ hole trap
BPSG and PSG films are typically interlevel dielectrics. . oo =
. . = t] t
Along with several organic centers, the phosphorous centers | e e i ectron trap
can capture significant amounts of space charge in the TEOS Az 103G | o_p
films.%® Some of the phosphorous centers are also important e
charge trapping centers in silane based filfit§. POAC 5220075 i Hole trap
Limited studies of the response Bf, P,, andP, to the ngg.g?% 0\ /00
injection of charge carrie?$®® into the oxide indicate that yoyp oo
significant changes in the density of paramagnetjc P,, A1=54G /I
. A3=51G Y o
andP,, and POHC centers occur when charge carriers are A 0
injected into the oxides in questioR; , P,, and POHC have BOHC :;iig?ﬁ <S':\o<% égo (]:)a‘;;illo:ni:‘s,z::;;iefor
large capture cross sections for holéy, a large capture §=2.0355 O | electrons or holes
. A=136G
cross section for electrons. 133G
A=87G

C. Other paramagnetic centers in Si/SIO , systems

Several other paramagnetic centers have been observed._in
thin oxide films on silicon: unpaired electrons on oxyg&hs, XIll. CONCLUSIONS
(probably nonbridging oxygens or peroxy centers, organic More than a dozen paramagnetic centers have been ob-
radicals? and atomic hydrogeff, and electrically neutra’ served in MOS systems. Several of these centers play domi-
center® Although radiolytic atomic hydrogen is clearly im- nant roles in MOS device instabilities. Recent studies show
portant since it is almost instantly dimerized to form molecu-that predictions with regard to oxide reliability can be made
lar hydrogen at room temperature, studies of its presence iny combining our EPR-derived understanding of electrically
SiO, films on silicon are very limited. Studies of organic free active defects with fundamental principles of statistical me-
radicals and the paramagnetic oxygen radical, have also beehanics. The various oxide centers and their properties are
too limited to warrant further discussion. summarized in Table .
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Fic. 24. Schematic sketch of phosphorous and boron centers found in PSG

and BPSG thin films on silicon.
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