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Thermally induced interface degradation in (111 Si/SiO, traced by electron spin resonance
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Thermal post-oxidation interface degradation(111) Si/SiO, has been isolated by electron-spin resonance
(ESR as a permaner®,, (SE=Siy) interface defect creation. This process, initiating frer40 °C onward,
reveals interface breakdown on an atomic scale as interfacial SiO bond rupture. The crucial creation step has
been isolated as thermal cycling in an O-free ambient. Once created, thegsystem exhibits similar fully
reversible H passivation-depassivation kinetics as the preexisting one, naturally introduced during oxidation.
ESR is herewith raised to a powerful probe for Si/gif@gradation[S0163-18206)51340-9

As crucial transistor SiQgate oxides enter the sub 5-nm based on ESR signal height monitoring; this method fails,
region, there is more concern than ever about the quality ofiowever, in the case d?, it turns out'® So, only oneP,
the nonscaling111) Si/SiG, interface. The incorporation of generation mechanism,Ry{ dissociation, was concluded.
electrically active interface defects, induced by lattice However, recent extended ESR wbtln P, passivation
mismatch during oxidation, is a long known Achilles’ héel places the simple scheme in a less ideal perspective. This
of the Superb SI/SlQ structure. Atomic identification of prompted reana|ysis of the Comp]ementa@d—ﬂissociaﬁon
these coordination defects—in particular those responsiblinetics, during which it emerged that the reversiblePH-
for current degradation—has received much attenttion. interaction mechanism is only half of the story. Just inThe
The key informatiof” comes from electron spin reso- range where depassivation is readily completed, an irrevers-
nance(ESR), which has been applied successfully to at leasible mechanism is found to initiate substant®| creation
part of these defects. In standaftl]) Si/SiO,, only one  vis-avis activationoccurring in the first mechanism. This is
type of ESR-active defect is encountefeclledPy,. It has  reported here. It concerns a clear structural isolation of
been identified as an unpaired electron in a danglinghostoxidation annealPOA) induced interface degrada-
Sppag-like hybrid on an interfacial Si atom trivalently tion—an effect of clear relevance to device technology that
backbonded to Si atoms in the bulk, pointing into a micro-has previously been encountered electrically in varying
void. More specifically only th¢111] P, species with the circumstance$’ Once created, the newly formej, sites are
unpaired hybrid. (111) Si/SiG, interface occurs normally”  stable, their H-interaction kinetics from then on fully com-
From a symbiotic combination of ESR with electrical mea- plying with the simple HP,, passivation/dissociation scheme
surements, a close correlation was conclddeetween the inferred from their counterparts naturally incorporated dur-
P, density [Py] and the interface trap densi®;. From  ing oxidation.
early on, in the Si era, the interface defects were technologi- S;j slices of 29 mn? each were cut from commercial
cally mastered—either deliberately or inadvertently—2.jn -diam two-side polished float zon€l11) Si wafers
through inactivation by hydrogen, which is admitted to sim-(>100Q cm, p type). After appropriate cleaning, these were
ply lead to the formation of R, entities™® The interaction  thermally oxidized in a laboratory setup-a870 °C(1.1 atm
with H thus emerged as a major thermochemical issue. 0% 99.999%; oxide thicknesd,,~42 nm terminated by
Intensive ESR analysis'™ of the H-P,, interaction kinet-  cooling to room temperature-20 min) in the same ambient
ics inferred a transparent fullyeversibleH-P,, interaction  (more details are given elsewh&reThis was followed by a
scheme. Passivation and depassivat&tndied in the 230—  —40-min treatment in b (1.1 atm; 99.9999%at 405 °C in
260 °C and 500-590 °C ranges, respectiyelye described order to passivate afl'® P, [cf. Eq. (1)], as affirmed by
by the reactions ESR. Finally, samples were submitted7to a 62-min annealing
in diffusion-pumped vacuum(<4x10 " Torr) at desired
Pp+H,—HP,+H, (1) temperatures in the range 480 °C—1135 °C. The accuracy
reached orT is <0.3%, with a uniformity over the sample
space better than 0.5 °C.
proceeding with activation energif,~1.66 and 2.56 eV, Conventional absorption mode ESR20.6 GH2 mea-
respectively. The net result of both steps is simply the thersurements were carried out at 4.3 K. Modulation field ampli-
mal dissociation of the Hmolecule!! Supported by theoreti- tude (0.25 G; 100 kHz and microwave power levels were
cal insight!? this lucid picture soon became accepted as dereduced to such levels for which the signal response was
finitive. Basic ingredients of the simple picture are full linear. All spectra were taken with the applied magnetic field
reversibility andP,, entity stability: theP, sites are formed B1(111) Si/SiG, interface(within 3°), corresponding to the
during thermal oxidation and the total density of defect en-smallest linewidth position as the spread effect is then
tities [P,] +HP,]—passivated by H or not—remains fixed. minimized. This assures optimum sensitivity and spectral
The latter was thought evident from some singular depassicomparison. Unlike previous work!® spin densities were
vation experiments at elevated temperattté875-850 °GC  determined by double numerical integration of the

HPb_)Pb+ H, (2)
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FIG. 1. Isochronal generation of ESR-acti?g defects in stan-
dard (111) Si/SiO,. (@): Each datapoint is obtained on a freshly
oxidized (~970 °Q Si/SiO, structure, subsequently passivated in
H, (1.1 atm H; 405 °C; ~40 min). (< ): Obtained on one sample,
initially vacuum annealed at 967 °C forl h, where each isochro-
nal annealing step is preceded by exhaustive passivation,in

(405 °Q. All data points shown represent averages over four to six S ) .
measurements. The error bars shown indicate the spread. Solid agfPonential-like increase in the range 480 °C-600(2};a

dotted curves represent fits of E). The dashed line is a guide to general monotonical increase iR{], interrupted, however,
the eye. by a weak though significant kink in the range 600 °C—

650 °C;(3) a prominent monotonical increase iRJ] above

absorption-derivative spectra relative to one fixed isotropic50 °C, with no indication for saturation up to 1135 °C. It
Si:P spin standard signé&y=1.99869-0.00002 recorded in  then remains to trace the underlying physics.
one trace. Absolute and relative accuracy on measured spin The interpretation of the lowef range (<640 °Q may
densities is estimated at10% and 5%, respectively. The still appear straightforward. Very informative here is the
increasing ESR linewidth and line-shape alterations with inkink feature, which, when looked at from the Iolvside, is
creasingP,, due to the strengthening dipolar interacfion indicative of the onset of a leveling off atf, density of
requires care about thé integration range; This has been 4.5—5<10'> cm™2. This together with the initial exponential-
fixed at~54 G, centered at thi,, signal, appropriate for the like rise in [Py], leaves little doubt that th& <640 °C data
highest [P,]. Typically, about ten Si slices were stacked in concern the known simple P, dissociation mechanism, i.e.,
an ESR sample. activation of preexisting R, entities. Indeed, th& <640 °C
The key results are assembled in Fig. 1, showing the isodata may readily be fitted by E¢3) when complementéd
chronal(62 min) P, generation by vacuum annealing in stan- by the existence of a spreagt in E4. The fitted solid curve
dard thermal(111) Si/SiO,. Of prime interest are the solid corresponds to the valuesE;=2.63+0.04 eV,
symbol data, each point pertaining to a freshly oxidizedoeq=0.105-0.01 eV, and Ny=(4.7+0.2x10"* cm?,
(~970 °C:d,~42 nm and subsequently fully H passivated Where the previous valté ky,=1.2x10"> s has been
(1.1 atm H; 405 °C; ~40 min) sample(henceforth referred adopted.
to as the fresh-oxide SetAccording to previousP, ESR In fitting, the initial Ny density might be left as a fitting
reactivation analysiin the range 500 °C-595 9C this  parameter. InsteadN, was determined experimentally
should be solely a matter of dissociation oPgientities, through exhaustive dehydrogenation fee9 h at 537 °C—a

expected to be described by the first-order kinetics rel#tion value in theT range devoid of any noticeable admixing of
the highT P, generation process—resulting in

FIG. 2. Isothermal production ofESR-activgé P,, defects in
standard(111) Si/SiO, (1.1 atm Q; ~967 °C; d,x=~42 nm). For
eachT, data are obtained through cumulative stepwise annealing in
vacuum of one sample initially exhaustively passivated in(H1
H’;\tm H,; 405 °C; ~40 min). The curves are guides to the eye.

Py/No=1—exp( —kqt). (3)  Nop=(4.9£0.4x10" cm? (see Fig. 2 That value is in re-
assuring agreement with the valuPy] =4-5x10 cm™2
Here, Ny is the initial concentration of A, centers(maxi- measuretion as-oxidized111) Si/SiO, all over the oxida-

mum number of recoverable ESR-acti®gs), t is the anneal tion rangeT,,=100 °C-1000 °C, suggesting that in the as-
time, andky=Kky.exp(—E4/kT) is the rate constantk is  oxidized state, mog®, entities are not left passivated by H.
Planck’s constant E4 represents the activation energy for It advances this value as the true numbePgfdefects natu-
dissociation andky, and pre-exponential factor, previously rally incorporated in thermatl1l) Si/SiO, during oxidation.
determined as€,=2.56+0.06 eV andky,~1.2x10'? s1.  The data then strikingly reveal that from640 °C onward, a
The (ESR-active P, density would thus recover exponen- secondP, generation mechanism enter®,] monotonically
tially with increasingT, leveling off atN, for T=600 °C— increasing with no trend for leveling out; &t950 °C, about
in contrast with present observations showing little trend of &7.6x 10" cm™2 P, have additionally been generated, while
plateau. Instead, the data, spanning the range 480 °Cat 1135 °C, P,] has almost quadrupoled.

1135°C, exhibit three characteristic feature€l) an This second process is identified a®gacreation process
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vis-avis activation (HP,, dissociation, the first generation present results are seen as providing the closing link for con-
mechanism The evidence comes from a second set of 62sistent picturing of Si/Si@degradation.
min vacuum anneal dat@pen symbols shown in Fig. 1. Such a model should be based on and rigorously account
This set was obtained on one state of the art oxidized sampfer all essential facts regarding thermal Si/Sig@rowth and
submitted at once to a high-vacuum anneal at 968 °C for degradation. In short, these include the followiri@) P,
~1 h, exhibiting, as expectddf. first data set a P,, density  defects are mismatch-induced centers, strongly correlated
of (12.3+0.4)X 10" cm 2. Each vacuum anneal step mea- with interface stres$(2) Standard oxidation of SiB00 °C—
surement is preceded by exhaustive passivation,inTiie 900 °C; 1 atm Q) is a terrace-attacking process, with little
remarkable finding here is that this generation sequencdlow of interface step&® that is, it occurs by oxidizing dis-
though on an enlarged scale, mirrors the simpk, ldisso-  crete monolayergnot preferentially steps the initial step
ciation mechanism exposed by the previous fresh-oxide datamorphology is thus not improved3) In contrast, the etching
below ~640 °C. The level of exhaustiveRj dissociation—  of Si at the Si/SiQ interface through volatile SiO extraction
the initial value~12.3x10'? cm %—is now clearly exposed occurs preferentially at step&:t would tend to reduce the
by the extended plateau. Accordingly, the data may be welstep density.(4) The average step spacing at thEll)
fitted by Eq.(3), as shown by the dotted curve. This indicatesSi/SiG, interface is drastically reducgdrder of magnitude
that Py, has initially (at 968 °Q been created, and is perma- by high-T annealing in inert ambier(.050 °C; N;; 1 h),'°
nent in that the density of ne®, entities either passivated the effect decreasifgwith T [nonoxidizing conditions are
by H or not remains unaffected by subsequent treatment iflattening, in compliance with{3)]. (5) As electrically de-
an O-free ambient at any lowar. The extent of the process tected fromT=<750 °C onward(coinciding with the present
may be quantifiedin terms of [P,]) in Fig. 1 by the dashed T range, oxide degradation resulting from POA in O-free
line, relative to the naturdll,=4-5x10'? cm 2 “baseline.”  ambient is firmly correlated with SiO formatidf.Defects
Significantly, the very same effects have been observedn the oxide network may play a role in this.(6) The
when, instead of in vacuum, POA is carried out in inert am-present results unveil interface degradation as a uniform sub-
bient, i.e.,N,. In sharp contrast, n®,, creation is observed stantial rupture of interfacial Si bonds, indicating that the
in an oxygen-rich ambient. This complies with the observa-degradation process initiates at the interface.
tion that the create®,, are affected by reoxidation which is Degradation of dry Si/SiQ driven by SiO formation,
the way to eliminate them. This is not surprising, perhaps, amay then consistently be pictured as follows. During POA at
it just reestablishes afinwardly moved pristine Si/SiQ in- T>640°C in an O-free ambienfor partial Q pressure
terface, characterized by the natuR density No. Two p02<100pSio(Ref. 16], Si terraces are attacked through SiO
main conclusions follow. First, the secori®, generation release. This SiO is either absorbed in the Sl@yer or
process is uncovered as a truly irreversilitg creation, escapes to the ambient through channels encountered in dry
where annealing in an O-deficient ambienTa¢660 °C con-  oxides®! The ensuing reduction in steps, leaving less room
stitutes the crucial step—the very same conclusion a$or interfacial adaptation, is accounted for by nature through
reached for oxide degradatidhSuch annealing creates new additional interfacial Si bond ruptuk®,, creation. In a way,
P, (e.g.,Nc~7.6x10" cm 2 at 960 °Q, in densitiesN. it may be pictured as breakdown in interlayer connectivity.
gradually increasing witfT; these appear in addition to the The specific amount oP),, created is set by the intricate
preexistingP, system ofN,=4-5x10'? cm 2 naturally in-  balance between the change in interface free energy, interfa-
corporated during oxidation. Second, after creation, thecial oxide relaxation, and efficiency of SiO drainage. This
addedP,, baths of densityN-+N, behave as one uniform results in a characteristic equilibrium numberf for each
Py system in a fully reversible way with respect to the T.
H-interaction mechanisitf. Egs.(1) and(2)]. The observations are also considered important for the
The creation mechanism proceeds rapidly, as illustrated igeneral ESR spectroscopy of interface defects in SySiO
Fig. 2. Isothermal vacuum annealing at 717 °C reveals thastructures in that they may clarify the discrepancies over
P, generation jumps to ‘“saturation,” that is, creation of various ESR works in reporte®, densities for nominally
Nc~3.0x10' P, cm 2 in addition to the depassivation of identical Si/SiQ structures:*1%??t is clear from the present
the N0~4.8><10P2 cm 2 preexisting HP, entities, within  data that, while the oxidation conditions may appear identi-
about; h to remain constant for higher anneal times up to 28cal, postoxidation thermal processing in an inert or
h. The process proceeds faster with increading O-deficient ambient may altogether be far more dominant in
It may be useful to add that while the results presented seetting the scene foP,, densities. Taken together with a
far were obtained using a laboratory-type thermal setupyarying degree of often inadvertent admixing of partial H
some experiments have been repeated on samples fulpjassivation, an obvious explanation results. This serves as a
cycled in an industrial facility, with identical results. It un- warning in consistentESR interface defect analysis that
derscores the universal character of the reported phenomenrgre is a third prominent factor to be held under strict con-
i.e., not pertaining to some type of exotic oxides producedrol: beside the precise oxidation conditiofdry-wet, Ty,
and handled in a nonrepresentative thermal facility. etc) and the H-passivation factor, there is the factor POA
The mechanism unveiled here is cleaftlye) one of ther-  budget in an inert ambient.
mally induced interface degradation, a specific component of In conclusion, the mechanism of an inert ambient POA-
oxide-interfacial degradation of Si/SjGtructures and long induced Si/SiQ interface degradation has been isolated as
recognized electrically® 1t is likely that interface and oxide production ofP, interface defects, i.e., interfacial Si bond
degradation have a common physical origin. In fact, therupture. The crucial degrading step is found to be thermal
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treatment in O-deficient ambient at temperatures in excess eimental properties oP,, defects as current degrading inter-
~660 °C, where interfacial Si@) release is seen as the- face states, the message is clear. Thermal treatment of vital
atomic driving force. A consistent overall model of POA- Si/SiG, interfaces in O-deficient ambient at elevated tem-
induced oxide-interfacial degradation has been attained. Thegeratures, even for short times, should be avoided at all
importance of understanding this afflicting effect for devicetimes, unless followed by a curing post-thermal treatment
technology needs little comment. When referring to the detreoxidation step.
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