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Structural degradation of thermal SiO, on Si by high-temperature annealing:
Defect generation
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An electron spin resonand¢&SR study has been carried out of point defects generated in standard thermal
SiO, on (100 Si during vacuum annealing in the temperature range-950—1250 °C, including the pre-
dominant exclusives center in addition to the familiaiE;, Ej, andEX defects. The latter only appear after
10-eV optical excitation. Th& and E; density is found to increase monotonically wi,, while EX andEj
detectivity fades fofT ,,=1050 and 1200 °C, respectively. Over brokg, ranges, the generation of all three
defectsS E;, and Ej; appears thermally activate@rrhenius typg with a common activation energk,
~1.6eV. Large defect densities may be reached, [[®.up to ~1x10"°cm2 for T,,=1250 °C, typically
one order of magnitude larger th@E;]. With a view to identification, th&center ESR characteristics have
been mapped in detail. Its susceptibility is found nearly paramagnetic—Curie-Weiss type with critical tem-
peratureT.=1.3=0.4 K, indicative of a weak ferromagnetic coupling; the defects appear clustered. Oxide
etch-back experiments reveal that during degradation the oxide undergoes significant modification, dependent
on depth into the oxide film. As to defect distribution, fbg,= 1200 °C, the etch-back experiments show the
S centers to predominantly occur near the oxide borders, with a sharp pileup withinA of the Si/SiQ
interface, and a more stretched out ¢rel50 A) towards the top surfac&and E’y centers generally occur in
anticorrelation. Thes defects are susceptible to passivation in molecularfom the salient ESR properties,
the S center is suggested to be of the typgGBi =Si- (n=1,2). Though tentative, the observed weak
hyperfine structure may be compatible with either the simgtel defect or an overlap of both the=1,2
types, the defect system exhibiting substantial randomness-induced variation in defect morphology. Based on
the known interfacial Si@reduction process, the thermal degradation of the oxide as a whole is interpreted as
effectuated by interface-released SiO.
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[. INTRODUCTION eration of several types of ESR active point defects in the

oxide. Perhaps most remarkable in this study is the observa-
It is well established experimentally that some types oftion of a new—at least, in thermal Sjo-characteristic iso-
post-oxidation annegPOA) treatments may lead to electri- tropic broad ESR signal aj=2.0027. On the basis of its

cal degradation of thermal Si/SjGtructures Especially salient ESR features, the signal was identified with the de-

; oA i _ fect, labeledS, reported once in previous work on vacuum-
at high anneal temperaturdg, (=600°Q in an oxygen annealed T=700K) fused silica glasse€$This terminology

def|(_:|ent amb|§nt, the effects of POA appear elect.rlcallyis further adopted here. Additionally, th&center generation
detnmgntaﬁ It is accepted that the electrical degradation ofy,ring degradation was found attendant with the appearance
the oxide layer is largely concerned with the introduction of ¢ other, more familiar oxide point defedts: Together with
defects. Yet the microscopic essence of part of the degrada& the EX defect? was observedEX has been suggested to
tion process, in terms of point defect generation, was repe an electron delocalized over four oxygens at a Si vacancy
vealed only rather recently by detailed electron spin resosite; cluster of nonbridging oxygen-related hole centers:
nance(ESR observation$:? NBOHC clustey. After applying vacuum ultravioletVUV)

In particular, at the(111) Si/SiO, (Ref. 7 and (1000 irradiation, E/, (generic entity> O;=Si-) appeared, and
Si/SiO; (Ref. 9 interfaces, degradation resulting from post- VUV irradiation applied under a positive bids-30 V) re-
oxidation vacuum annedPOVA) was identified as perma- vealed also the presence of the relaigddefect'* Based on
nent additional creation of the,-type interface defect. recent extensive calculations involving atomic-scale model-
For the(111) Si/SiO, structure, it was found that the degra- ing, Ej is ascribed to an impaired electron delocalized over
dation process was initiated froif,~640 °C onward, ex- two neighboring, nearly equivalent Si atoms in the oxide
hibiting a monotone increase M, (Si;=Si-) density above symmetrical variant of th&’, centej at the site of a mono-
the inherent value (~5x10'2 cm™?) present in the as- oxygen vacancy> ' although there is still experimental
grown state as a result of mismatch. dispute'®

These recent findings have unveiled the effects of POVA The abundant appearance of these oxide defects brings to
on theinterface condition to atomic detail. In the present the fore yet another structural aspect of the Si/Si€grada-
complementary study, we mainly intend to address the eftion. The defects might be interpreted as “reaction products”
fects of POVA on thebulk-)oxidelayer. To this matter, as a of some kind of reaction irearrangement dpthe oxide, and
possible starting point may serve a recent study on thermalystematic observations of their occurrence might offer key
SiO, exposed to POVA aT =950 °CP? reporting the gen- information to the understanding of the microscopic kinetics
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involved, an ultimate point of interest here. (quasiexponential, with cooling rate constan200 9. The

A previous first hint at this kind of knowledge might be treatments were carried out using a laboratory high-vacuum
the suggestion the defect creation to be related to a morsetup, leak tight to better then 18 Torr I/s. Details can be
drastic oxide decomposition process, also observed undéound elsewherd.
high-temperature vacuum conditiol’By the observation of After a first ESR test, the sample slicgmth sideg were
the formation of poregvoids) through the SiQ film, the  additionally exposed to VUV photons (10 eV,
process was evidenced to occur via the freeing of volatile~ 10'°photons cm?s™%, 300 9 utilizing a resonant Kr dis-
SiO at the Si/SiQ interface through the net reduction reac- charge lamp sealed with a Mgkvindow. One aim of this
tion Si(s) + SiO,(s)—2SiO (volatile). The in situ observa- treatment is to maximally photodissociate H from passivated
tion of SiO(g) production under reduced,(ressure in a defects(ESR activatiol thus optimally exposing the defect
POA furnacé® provided further evidence for this reaction. sites. The use of the relatively low photon energy, which
Additionally, outdiffusion and subsequent desorption of theexceeds the SiDband gap by only~1 eV, excludes the
volatile SiO from thermal Si/SiQduring POVA at 800°C  knockoff of Si or O atoms from oxide network sites. Semi-
was evidenced through observation of significant changes itransparent Au filmg~10 nm thick, evaporated at both
the profile of the so-calleduboxided(i.e., SP*---S states  sides after the thermal treatments, were used to apply a posi-
in Si0,) monitored by angle-resolved x-ray photoelectrontive bias during the 10-eV photon exposure. StandardB0
spectroscop$! Also of importance for the present work is V was used, except for tHE,,= 1250 °C sample for which a
another study, where it was shown thatcenters can be +10 V bias was applied.
induced in pure quartz by annealing-at140 °C in the pres- Conventional absorption-modéband(~20.5 GH2 ESR
ence of SiO¢) ambient—they remain absent, however, if was performed in the range 4.2—-35 K. The modulation am-
annealed in vacuurt. plitude (0.25 G,~100 kH2 of the applied fieldB and mi-

Additional insight into the oxide degradation schemecrowave powerP, incident on the T, cavity (of loaded
might follow from detailed knowledge of the structural ori- quality factorQ~10000 were adjusted to linear signal re-
gin and identity of the occurring defects. Obtaining such un-sponse levels. Spin densities were determined by comparison
derstanding is of considerable interest in the light of the keyof the signal intensity (obtained by double numerical inte-
role the Si/SiQ structure occupies in current microelectronic gration of the measured absorption derivative spectra
devicing. Especially, the as-yet-unknown structure of $he dP,/dB) to that of a comounted calibrated Sjfnarker and
center may provide useful information. Upon its first obser-spin standardg=1.998 69, spirs=1/2). Both signals were
vation in P-doped silica glasses, tBeenter(termedS after  recorded in one trace. Taking into account geometrical fac-
single) was tentatively assigned t&’-like defects, with a tors and integration error, the absolute accuracy reached on
modified backbond arrangeméht. These defects— the spin density is estimated at30%. Additional control
represented as SSESi- and OSj=Si-—were suggested measurements were carried out in a simi@gdband spec-
by Holzenkampferet al?® to exist in SiQ with 0<x<2. trometer set up operated &t=5-300K. Further details on
Though plausible, the presented interpretation based on tHth spectrometer setups are given elsewfret.
E’ variants remains tentative and lacks conclusive experi-

mental evidence. Basically, the structure of fhdefect has IIl. EXPERIMENTAL OBSERVATIONS
so far remained elusive, essentially, because of the lack of
data on ESR hyperfine structure and possiplanisotropy A. Degradation

that prevents reliable assessment of its atomic nature.
The aim of the present study is to further explore the
creation of defects associated with degradation of the oxide. Examples of ESR signals appearing upon POVA at vari-
Special attention is paid to their occurrence as a function obusT,,, followed by VUV under bias, are shown in Fig. 1.
the POA temperaturg&,,, with main emphasis on the ESR Probably most eye catching, in the left part of the figure, is
characterization of th& defect. the isotropic signal appearing @& 2.0027[indicated by(A)
in Fig. 1], previously labele&®!As evidenced by compari-
son to the marker signdat g=1.998 69, there is a drastic
increase inS signal intensity withT,, increasing toward
Samples were obtained from commercial 2-in.-diam two-1250 °C. With increasiné density, a marked increase in the
side polished float-zong¢100 Si/SiO, wafers (~80 um  peak-to-peak widthAB,, is noticed, in particular towards
thick, 10—30€) cm, p type), fully processed in a technologi- the T, ,=1250°C sample. The spectra shown were measured
cal facility.** Following standard RCARadio Corporation of ~ applying P,=2.5uW at T=4.2K, for which ESR condi-
America cleaning, the wafers were oxidized to an oxidetions there was no sign of microwave saturation of e
thicknessd,,=66 nm (1000 °C, 1 atm dry ¢, in situ suc- signal. The line shape appears to remain approximately
ceeded by an Nanneal(N, flow, 30 min). Lorentzian throughout the whol€,, range covered, yet a
For ESR purposes, the wafers were cut in slices of Zsubtle asymmetry in the signals can be discerned. To illus-
X 9 mn? main face. Subsequently, ESR samples, each contrate, an optimized Lorentzian cur{e- symbolg is com-
prising 7—10 slices, were submitted to POVA ferl h at pared to the highest-density signal in Fig. 1. This may not
different temperatures in the range 900—1250 °C. The POVAppear so obvious for the lowdr,, S signals, distorted by
was terminated by cooling to room temperature in vacuunadditional signals in the negative signal Idleeg.,(B) in Fig.

1. Generation of defects; assessment

Il. EXPERIMENTAL DETAILS
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Po=25wW P,=4-8nW FIG. 1. K-band ESR spectra observed at 4.2 K

i \l 4= 199869 A) in standard thermal Si/SiQafter ~1 h vacuum

m“__w_/ \ \ l 9719986 annealing at various temperatur&g,. The left

T, =1250°C - part exposes the growth with increasimg, of a

- v'= 20,5455 GHz \ T:m\// broad signal(A) attributed to theS center. The

z (B) right part (insey), magnifying the g~1.997—
5 r—{| 2.005 region, was measured at lower microwave
g D e T, = 1150°C L power to avoid saturation, thus correctly expos-
& © ing the additional narrow signals, remaining par-
% } tially saturated in the left side spectra. The signals

0\_1 1050 °C T o1050°C (B) and (C) originate fromE’7 and Ej, respec-

© 205684 Grz - tively. Additionally, reproducible traces of tHex

T : ©) ‘ signal are observe®). The + symbols represent
’ | a best Lorentzian fit to the largest intens8ig-
nal. O symbols represent a tentative “powder
- . . W pattern” fit assuming an axial dangling bond type
magnetic field (G) o Baa Gz defect(see text The signal ag=1.998 69 stems
106 | from a comounted Si:P marker.

1]. However, it was observed that before VUV irradiation, generation also becoming visible optically. The distinct im-
when these additional signals are not detected Sk@nal pact of the T,,=1250°C POVA step was also exposed
exhibits approximately the same characteristic weakly asymelectrically. Unlike all lowerT ,, sampleg=< 1200 °Q, it was
metric signature. noticed during VUV irradiation that the leakage current
Through optimization of the spectrometer settings and inthrough the oxide upon applying the standar@0 V was
tense signal averaging, much effort was given to detect adsery high (~1 mA/slice), which forced reduction of the bi-
ditional signals that could be attributed to hyperfi() asing voltage to- 10 V. BelowT,,= 1050 °C, weak traces of
structure. Reproducible structures, albeit with limited resoluype signal neag=2.0027 could only be observed in the
tion and obscgred by interfering background signals, Werq-an: 1000 °C sample. Possibly these traces are also d8e to
observed at distances larger tham0 G from the central but competition with the noise makes the integration trouble-

Zeeman line. The assignment will be discussed below. : : . ;
The “distorting” signals[e.g.,(B)] appear to be saturated some. A rough estimate of the signal mtegsny would corre

i 5
signals mainly due t&’,.*” This is demonstrated in the inset spond to an areal density below<]1_01 em-
. o . After VUV irradiation, the qualitative behavior dgfS]
of Fig. 1, closing in on theg~1.997-2.005 window. Here with T,, is approximately the same. However, an overall

saturation was avoided by reducifg, to 4—8 nW. Several an ' '
signals can be recognized. TEé/ signal displays a distinct
powder pattern(PP line shape and is most dominant R N R $(C)
[marked (B) in Fig. 1]. At g=2.0019 an additional weak 3 T T ' ' ' '
narrow line is observef(C) in Fig. 1], also previously ob-
served and attributed to th&) defect. Finally, atg 10°
=2.0025 another small narrow signdD)] appears repro- i s
ducibly, which in line with previous observations is attrib- ¢ 10"t =
uted to theEX center. It needs to be remarked, however, that i
the presence dEXin the presently studied series of samples
is somewhat different from the previous observafidn.the
latter study the distinct simultaneous presencé&gfand S
defects was observe@f. Fig. 1 in Ref. §, which, in the i ]
present study, was not observed. i [ "o
Figure 2 shows the inferred areal densities of the observec 0" ¢ §f ------------- >
defectsS E/, Ej, andEX as a function ofT,,. The quoted i % E,=06:08eV EX |
densities for all signals, including were obtained assuming 10° — o7 ‘ 08 '
spin s=1/2 defects and Curie-type magnetic susceptibility. 1000/T,, (1/K)
The densities were measured both before and after VUV ir-
radiation. In the former case only tt&signal could be dis- FIG. 2. Areal defect densities & (D)), E/, (), E} (A), andEX
cerned, appearing only fdF,=1050 °C. From this tempera- (o) defects inferred fronKk-band ESR in standard thermal Si/$iO
ture on, the density o8 (solid squares in Fig.)2increases after ~1 h vacuum anneal at various temperatures, befsotid
monotonically with increasing ,, up to 1200 °C. After the  symbols and after VUV irradiation under positive bigstandardly
last T,y increment {,,=1250°C), an additional large in- +20 V). Dashed lines represent best fits of E2), from where the
crease (factor 10) in[S] is observed, with some oxide de- indicated activation energie€() are inferred.

LR

10" b E

10" E =~ T N T 5

Defect density [cm™]
i
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TABLE |. Evolution of the arealS and E; defect densities over time. Quoted values are in units of

108cm2
Tan

1250°C 1200°C 1150°C
Condition [S] [S] [E ’7] [s] [E;]
As-degraded 581 3.60+0.13 2.3:0.25
As-degraded 100+10 8.9+0.5 2.1+0.2 4.9+0.5 1.1+0.1
VUV irr. biased
As-degradee 47+25 2.70.25 0.68-0.07 2.70.1 0.34:0.03

VUV irr. biased
aged for~3 years

significant increase of the signal intensity, on average by &2.7+0.25<x 103 cm 2 (4.1x10'® cm 3, uniform) after
factor of ~1.8, is noticed. aging for about 3 years. This was carried out by sequentially
The reported densities are in good agreement with thehinning down the oxide for controlled times in diluted HF
previous observatiohwhere[S]=1.5x10cm™* was re-  HF(44%):H,0, 1:9 (by volume] stabilized at 21 °C, alter-
ported for a sample as annealed at 1130 °C. In that sRidy e with ESR signal intensity measurements. The thickness
was observed in samples annealed‘%tas_lzow as 960°C,  of the remaining oxide layer was determined by monochro-
for which [S] was estimateds 1.5 10 cm 2. matic ellipsometry, mostly on separate, but identically
Upon VUV irradiation, alscE’,, E;, andEX do appear. treated sample slices. Over the various etch-off steps, no sig-
E) is most prominent among these. Its intensity increasesificant changes in line shape, linewidth or position of the
steadily with increasing ,,, but remarkably, for the degen- various signals were noticed. It may be useful to add that the
erateT,,=1250 °C sample, th&’, density drops below de- 1200 °C POVA treatment had no impact on the initial oxide
tectivity ([E}]<9x10'°%cm™?). Approximately, a similar thickness: a value ofl,,=663+6 A was measured both
behavior is observed for the less populdifscenter. How-  prior and after POVA.
ever, the Ej; signal intensity diminishes rapidly fofl g, Figure C{q) shovys the relation betwgen the'etch time and
=1100°C. As indicated, th&X signal is observed weakly removed oxide thickness, together with the inferred values
and only when theS signal is absent. Considering that the for the etch rater,e. For standard state-of-the-art thermal
observed intensities extend over several orders of magnitudxide, the etch rate would correspond-t6.5 A/s?® fairly
the loss of signal intensity of the various signas,, for uniform over the oxide. Clearly, the degraded oxide under
T,>1200°C, E} from Tu~1100°C, EX for Ta, study dlspl_ays a nonur.uform etc_h rate. Roughly,_ two regimes
>1050°0 might partly be artificially induced by misinter- can be distinguished: In a first one, pertaining to the

pretation in the deconvolution of the various resonance sig—~450.'A outer oxide !ayer, the etch rate can be approximated
nals as being constant within the experimental error: The aver-

age value forr ¢ is determined as 550.7 A/s, well in
agreement with previous datdSecond, over the remaining
~210-A oxide layer, a marked decrease in the etch rate to-

Three of the highest-defect density samples were remeggards the interface is noticed. For the ultimat&0 A, r
sured after being kept in standard laboratory conditions fopas decreased t60.4 A/s, revealing a significant gradient in
~3 years after the initial ESR tests. Table | compares the ,_.
evolut|0n_of the ob'Falne_d defect densities. Surprisingly, this 1he depth profiles of the volume densities ®andE’,
reveals signs of aging, i.e., an overall decrease of the defect s e’ ) .
density by a factor of 2—3. Comparing tig,= 1200 and denotedNy andN,”, respectively, are shown in Figs(i3
1150°C samples, it is interesting to note that the ratioand 3c). These reveal tha centers are situated preferen-
[S]/[E;] remains comparable prior and after the decay fortially near the oxide surface and near the interface: R-
both samples. Attempts to reset the original defect density imughly half of the total amount of centers resides within
the T,,=1200°C sample, aged for3 years, by repeating ~50 A of either the outer oxide surface or the interface. The
the VUV irradiation failed: either with or without bias, the pileup ofSat the interface, though, appears sharper than that
density remained essentially unaffected, except for an appa&t the oxide surface. In the bulk of the oxide, an apparent
ent small(~30%) increase i E’] and the marginal reap- slight increase il occurs in the region 300—400 A from
pearance oE}. the interface. The observed depth profile complies with the

previous observation where is was reported flghtwas re-
3. Defect depth profile duced by~70% upon removing half the oxide lay®r.

RemarkanyE’7 appears to be present only in the top half

2. Aging

A defect distribution depth profile was determined on an -
aged sample stack degraded at 1200°C, exhibifis§ of the oxide layer and reaches a maximunNyy at a depth
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. . . FIG. 4. Zero-crossing value (), peak-to-peak linewidtiA B
FIG. 3. (@ E.tCh. time vs removed oxide th'Ckn(f@) for _stan- (b), and line shape factok (c) of the S-center ESR signal 22 a
dard thermal S'/S'@Sme'md to POV.A at 1200 .C and '.”fefred function of the measured defect density{1) K-band datd4.2 K),
fetch rate“(D) as a” functloq of _depth into the oxide. Solid Ilnc_es (O) Q-band(~33 GHz; 10 K. Solid and open symbols represent
|nd_|cate constant approxlm{:ltlon to the etch, rate. Dashed IInevalues obtained prior and after VUV irradiation under positive bias
guides the eye(.b),(,c) Distribution of theS andE,, volume defect (+20 V), respectively(a) The dashed and dotted lines indicate the
densitiesNy and N\E/, respectively, over the oxide thickness. Dotted averagey value 2.002 6& 0.000 08 and error interval, respectively.
lines represent etch-back intervals over which was averaged. (b) The curve here represents the calculdiseke Refs. 39 and 40
and Eqg.(4)] minimum expected dipolar broadening component as-
of ~210 A. This behavior is unexpected Eé/ is usually  suming uniform defect distribution over the oxide thickng¢epThe
found distributed throughout the oxide with a distribution dotted line marks the Lorentzian line shape factbr3.63.

ronouncedl eaking towards the interf&eén comparin
P yP d paring sibly, the influence of occurring unresolved resonance lines,

NG  with Ny, it may be suggested that both defects roughlydue to, e.g.EX, might have contributed to such scatter. The

occur in anticorrelation. averaged value obtained gs=2.002 63 0.000 08.
The behavior oAB,, for the Ssignal is depicted in Fig.
B. S-center characterization 4(b). The S signal is unusually broad as compared to other

generated defectécf. K band: AB,, intrinsic E’y~1 G,
EX~1G, E;~0.8G. A common trend clearly observable
The behavior of theg value, AB,, and the line shape both before and after irradiation is a considerable broadening
factor « [defined asc=1/(AX AB2 p) W|th Ahalf the signal  of AB,,, towards the highest density. Again, it may be no-
peak-to-peak heighbf theSS|gnaI as a function of the areal ticed that there is a larger scatter in the data prior to VUV
density are summarized in Fig. 4. irradiation. The linewidth obtained from addition@band
Except for the highes$-density sample, the zero crossing spectrometer (frequency v~33 GHz, T=10K) control
g value behaves isotropic with respect to the directio®of measurements on the irradiated samples are also indicated in
For this reason the value for the former sample is not Fig. 4b) (open circles Within experimental error the line-
shown in Fig. 4a). Within experimental erroig appears con-  width appears to be independentof
stant for all other samples. Apart from the fact that the data The behavior ofx is shown in Fig. 4c). Although no
appear somewhat more scattered before VUV irradiation, nenarked trend is observable here, it is clear that the dominat-
significant influence from the irradiation @yis noticed. Pos- ing line shape broadening contribution is approximately

1. Salient ESR parameters
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FIG. 5. (@) K-band angular behavior at 4.2 K of tt&signal
zero-crossingy value for two samples of differer@ density, deter-
mined as~47x10%cm™2 (¢) and 2. 10¥cm~2 (O). (b) De-
pendence of the extrenevalues obtained foBlin andBL n [see
(a); ¢ on observational temperature kt(<¢) and Q band(4).

Solid lines represent a best fit to the data based on the formulas for

the Curie-Weiss susceptibiliffggs.(1) and(2)] and the influence of
demagnetizing fieldgEgs. (6) and(7)].

Lorentzian:
ate in the intervalk=3-4, i.e., close to the valua"
=3.63. for a Lorentzian line.

A remarkable angular dependencegbn magnet angle
¢g (angle betweeB and the interface normal) is observed
for the highestsdensity sample. This is shown foF
=4.2 K in Fig. 5, comparing the variation mfor a highest
Sdensity samplg[ S]=4.7x 10'*cm 2, diamond$ with the
isotropic behavior of a sample withS]=2.7x10"%cm 2
(squaregs The relative accuracy ipg is estimated at-0.2°,
yet there may be a larger shift in the absolute angle from
possibly amounting to ~10°. Figure 5%b) ([S]=4
X 10 cn?) shows the evolution off at the extreme posi-
tions(i.e., Blln andB.L n) as a function oflf atK(<¢ ) andQ
band (). Clearly, with increasingl, both extremes con-
verge, albeit at a slightly different value for eaetand the
anisotropy ing gradually fades.

The behavior of thes center line widthA Bpp with T is

Most of the determined line shape factors situ- c moNyg?B7s(s+1)

PHYSICAL REVIEW B66, 045307 (2002
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[s]1(10%em? 1
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temperature (K)

FIG. 6. Temperature dependence aB,, of the Scenter
K-band ESR signal for samples of differédtconcentration: 2.9
+0.3 (¢), 4905 (0), 8905 (O), and 1010 (A)
X108 em2,

increases from-4 to 25 K. For the other samples, this trend
is less pronounced or just absent.

2. Magnetism of the S spin system

The magnetic susceptibility of the S spin system was
determined for the four higheSdensity samples. This was
done by measuring the signal intenditgs a function ofl in
the range 4.3-35 K. Generally, Curie-Weiss-type behavior is
expected, i.e.,

| _C
X= T_TC7

(€Y

with T¢ the Curie temperature an@ the Curie constant,
proportional to the volume spin densi,, given by

3Ky 2
Here ug, kg, B, ands are the magnetic permeability of the
vacuum, Boltzmann constant, Bohr magneton, and spin of
the magnetic particles, respectively.

The measuredl”* values are shown in Fig. 7. Solid lines
represent best fits of Eql) to the data. The thus inferred
parameter€ and T as a function of S] are shown in Fig. 8.

As expectedC exhibits a quite linear proportionality with
[S]. T¢ appears constant within experimental error. An aver-
age value of 1.20.7 K is obtained, indicating a slight trend
to ferromagnetic coupling.

3. Interaction of the S center with hydrogen

It is a known fact that various types of point defects oc-
curring in the Si/SiQ structure exhibit a prominent interac-
tion with hydrogen in varying ranges, e.g., passivatii:

shown in Fig. 6. There appears to be a slight trend to deinto an electrically inactive(diamagnetig state through
crease with increasind@, most pronounced in the highest- bonding to H—a well-known fact foE’- and P,-type de-

density sample, displaying a decrease-df G inAB,, asT

fects. Accordingly, in an attempt to passivaecenters, a
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FIG. 7. Temperature dependence of the magnetic susceptibility FIG. 9. Evolution of the normalize® defect density upon iso-
of the S spin system for various densities: 2.9.3 (<), 4.9 chronal(~100 min annealing in H at various temperaturg®).
+0.5(0), 8.9+0.3(0), and 108-10(A) X 10*¥cm 2. The defects  The initial S density was set by POVA of the Si/SjGtructure at
were induced by POVA of standard Si/Siét various temperatures. 1150 °C for 69 min. Numbers refer to the successive anneal treat-
The solid lines represent best fits of expressibn ments carried out at 500 °), 670 °C(2), 770 °C(3), and 670 °C

(124 min (4). Solid symbols show the effect on the obseng&d

limited study was carried out by subjecting two samples exdensity of a 400 °C anne4B8 min) in H, on a Si/SiQ structure
hibiting Ssignals to additional thermal treatments in molecu-Submitted to POVA at 1100 °C for 69 min with Athickness: 500
lar hydrogen(1 atm). A first sample(O in Fig. 9), having A) evaporated on top of the oxide.
received a POVA at 1150 °C for 69 min, was submitted to
successive isochronal thermal treatmeRtd00 min in H,  reproducing the previou§H2=670 °C anneal density. A sec-
at increasing temperatureg'k(z) of 500, 670, and 770°C. ond Samp'e (. in F|g 9), vacuum annealed aﬂ'an
Additionally, a final anneal at 670 °C inHor 124 min was =1100 °C for 69 min, received an anneal i3 400 °C, 38
applied. The normalized ESR areal densityStlefects is  min) after an Al layer(thickness 508 25 A) was evaporated
shown in Fig. 9. Clearly, the anneals affect the obsef@d onto the oxide. It is known that during subsequent heating
exposing passivation. After a steady, strong initial decreasetomic hydrogen is released at the Al/SiGnterface—the
the density of the ESR-activB centers levels off, perhaps latter is presumed to be produced by Al reacting at the inter-
even appearing to increase again Tm2> 650°C. Appar- face with trace amounts of water, more specifically, bound
ently, also, a final anneal step againTag, =670 °C, though ~hydroxyl groups, absorbed before the Al layer deposttidh

on the edge of experimental error, does not quite result inSuggested reaction AIOH—AIO+H). However, as shown
in Fig. 9, there appears no effect of the metallization.

1000 , - Probably, the safe interpretation here is that, within ex-
E L o perimental accuracy, th8 defects may be passivated to a

] residual value, i.e;-10% of theS centers left unpassivated,

inaccessible for passivation in,Hor some physical reason,

at least in thél ,time window covered. One reason could be

r L ] the existence of a substantial spread in the activation energy

o 1 for passivatior’* as discussed below.

C (arb. units)
g
T

251 IV. ANALYSIS AND DISCUSSION

20 @ %- A. S center

% 1 1. Previous observations

L S Previously, theS center was already reported as a defect

107 1018 residing in the oxide layétfully confirmed here. The main
experimental evidence then was the observed reduction
(~70%) of the signal intensity after etch-off of approxi-

FIG. 8. Curie constar and Curie temperaturk as a function ~mately half of the 66-nm-thick oxide layer. The more de-

of areal S density, as inferred from fitting the temperature depen-tailed etch-off data presented in this work confirm this ob-
dence of the magnetic susceptibility for the various densiidés  Servation both qualitatively and quantitatively. Moreover, the
Fig. 7). Ssignal was also observed in high-purity quattz.

T.(K)

15

[S] (cm™)
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Because of the higlitechnological sample quality used in g is only seemingly. Possibly, it could, at least partly, be
for the previou&??and present observations and the fact thaexplained by referring to the observed variationsgims a
S has been observed in Samp|es of various oﬁdi‘rﬁzwe function of the magnet field angle and local defect density
may exclude the possibility that any impurity other than the(see Sec. lll B 1, which apparently were not varied in the
omnipresent H is involved in th& defect structure on the Signal studies. However, this possibility has to be dropped as,
basis of the deduced defect densities: For one, in the cadflike the C implantation work where -SiO, plates were
of the highest-density sample, the areal density1( fﬁﬁﬁ%nféﬁiﬂe‘iv gfl‘(mPt')isthwgﬁdiissedrgggrﬁge t'ﬁetﬁiéﬁ'e
% 5 =2 inNS=1. MK . .
L ccu o defect st ang no (20022 value(vide infr. Intead, it may be noticed ha

ide ablation. With—2.3x 1072 Si kS the difference in the reporteglvalues corresponds to differ-
oxide abiation. Vi ' 10, groups per ¢ ) @8N ences in the resonance zero crossing field of erlly8 G (X
!mpur!ty asa cen_tral part 9f tthtructqre would require an band and ~1.6 G (K band. Considering that both studies
mpunty content in the oxide amounting to the few at. Per g tfered from the presence of interfering signals, IEE(;,and
mile level. _ _ the peroxy radicalPR),*” and given the large linewidths of

It has been suggested previously that&eenter pertains o 5 and'X signals, the difference in the determined reso-
to structural defects of the type ,8=Si- and/or nance positiortanda fortiori g) might then rather concern an
OSi,=Si-,™ i.e., an intermediate defect structure betweengrtifact. Yet, as will be outlined later, we do not deem ¥e
the known SE=Si- (Pp,) and Q=Si- (E)) trivalent Sicen-  andScenters to be identical, so the difference in repoged
ters. These defects were first suggested by Holzenkampfgalues is considered significant.
et alZ to explain the behavior of ESR spectra observed in Pertinently, in the ?°Si*-jion implantation work on
amorphous SiQwith 0<x=<2, prepared by electron-beam ;-Si0,,3" a doublet of 230 G was detected, which on
evaporation under different oxygen pressures. ¥Agle-  grounds of hf considerations oAB; radicals and Si-
creased, the intensity of the ESR signal component due to thenplantation-tied effects, was ascribed to hf structure of apex
E/, center decreased. A ne@@ompound component gradu-  2°Sj nuclei of S;0;_,=Si- (n=1,2) centers. Also th&cen-
ally emerged with & value greater than that of tHig/, cen-  tral) X signal was observedhough not explicitly referred to
ter. Its intensity andy value increased further with decreas- that way. For clarity, though, it needs to be remarked that no
ing x. Forx<0.2 theg value was equal to that observed for explicit correlation of the 230-G doublet and tfeentra) X
the signals in the spectra of amorphous Si attributed to theignal was advanced, neither interpretatively nor experimen-
Si;=Si- defect(D centej. The continuously changinggand  tally: no correlation ing or intensity (variation was
line shape were attributed to changes in the relative populademonstrated—an absolute requirement for the signals to be
tion of the mentioned $D;_,=Si- (n=1-3) type centers. treated as one spectrum, originating from one defect. Likely,

Interestingly, systematic theoretical quantum-mechanicain a correct scientific attitude, this was not attempted due to
analysis of hf coupling constants, electronic structure, angéxperimental complexity and limits. In subsequent theoreti-
electrical properties for such neutral,8k_,=Si- radicals cal work3*the 230-G splitting was found close to the calcu-
with n=0,...,3 have since become availabfe®® These lated dominant 2°Si splitting, i.e., A, [=T,(A)/3]
calculations, based oab initio Hartree-Fock theory, obtain ~250 G, whereA is thehf tensor, for the GS=Si- defect,
fairly accurately(~10%—-20% the measured hf splitting for from whereX was identified with this centefContinuing the
the dominant®Si (apex defected atonif doublet for theP,  stated terminology, then, the QSiSi- defect was desig-
andE’y defects, i.e., the=3 andn=0 clusters, respectively. nated as a center. As far as is known, this defect has not
Accordingly, partly because of these predictioms, the  been experimentally isolated yet.Implicitly, here, the
present studyan extensive search f@-center hf structure 230-G doublet anck were assumed to be correlated. So, in
has been carried out—with limited success, howdwvede  strict terms, while the assignment of thgSB=Si- defect as
infra). originating the 230-G doublet may be correct, it may just not

Very relevant for the present work may be that a defectbe related with thelcentra) X signal at all. In the initial
observed in both Cr- and Si-implanted Si@lasses, was also reporf on the S signal in thermal SiQ observation of a
attributed to QSE=Si- and/or OSi=Si- type of doubletof~270 G splitting was mentioned; yet, as explicitly
defects®®3"|t is interesting to note how salient ESR featuresstated, exploration of the correlation was experimentally pre-
of that defect, termeX and described as aE’-type defect vented. In the theoretical work,from the close hf splitting
associated with a Si-Si homobond,” resemble those of thevalues,S was also ranked as an,8=Si- defect and,a
presently investigate® center. Like S the center is de- fortiori, as anX center. Clearly, identification demands the
scribed as exhibiting an “almost isotrodiESR] line shape,” utmost care: Solid experimental ground must be provided
i.e., displaying a similar characteristic slightly asymmetricas to the(isotopig intensity correlation and variation of Zee-
signature(cf. Fig. 2 of Ref. 3¢ with aAB,, of 8 G (Ref. 36 man and hf signals. If absent, firm identification is excluded.
to 9 G (Ref. 37. The signal is reported not to saturate ap-
preciably up to power levels of 200 mW at 110 K f&band
ESR. So theX andSsignals might be suggested to pertain to  If, as likely, theS center concerns an intrinsic oxide de-
one and the same defect. Yet there is a marked difference ffiect, a remarkable observation is that, compared to the other
g, reported at 2.00220.0001 for X vis a vis 2.00269 observed oxide defects, tt@signal linewidth is unusually
+0.00008 for theS center. Perhaps, though, this differencelarge and the signal intensity may reach high values. More-

2. Linewidth and shape
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over, theS signal appears to be considerably less saturablexpected minimum dipolar contribution for uniform distribu-
(cf. Fig. 1) than other known oxide point defects. tion (dotted curvé As to this broadening, it appears as if the
Yet these characteristics may be put in a plausible perexperimental and theoretical data converge for the higest
spective by taking into account the dipole-dip@lzD) inter-  densities. This then may suggest that, toward the higher den-
actions between the defect spins. Indeed, DD interactionsities, the defect distribution becomes more uniform. How-
would contribute to explaining the unusually large width andeVver, in the range belofpS]~1x 10" em?, the minimum
the linewidth variations witS] due to the characteristic €xpected dipolar contribution is rather negligitte1 G),
broadening effect® Also, the DD interaction represents an compared to the experimentally observa8,,. It is seen
energetic coupling between the spins that enhances the draifidt ABpp changes little(almost constaptin this region,
of absorbed microwave energy, hence explaining the loweWhich would then indicate, if assuming thaB,,, is deter-
ESR saturability of theS spin system as compared to other mined by DD mteracthnsl,ocal agglom_eraﬂon(cluste_nng
typical oxide defects. Furthermore, the observed indepenc—)'c the S defects effecuvely resulting in an approximately
dence of the linewidth on observational frequercly Fig. 4 constant local volume density over a rangé 8f values(see

; : ..also below.
and the Lorentzian shape of th? ESR §|gnal also comply witf Generally, several line broadening mechanisms can be ex-
the effects expected from DD interactions.

The successful theory developed by Van Vénd Kit- pected to contribute. Considering that theenter originates

e ) e . from an oxide defect, it may be interesting to estimate the
tel and Abrahams allows one to quantitatively estimate the gy iant to whichg anisotropy in the amorphous Sid.e., the

density-dependent broadening contribution due to DD intersq_cajled PP effect, contributes to the linewidth. Here it
actions. Among others, it predicts that for sgir 1/2 cen-  peeds to be remarked that, in order to calculate the minimum
ters, randomly distributed over a cubic lattice of lattice con-dipolar contribution[cf. Eq. (4)], g anisotropy was already
stantd, with BL[001] axis and a fractional occupandy  assumed to be present, as this is the most general case. Im-
<0.01, the line shape for the dipolar contribution i¢cat-  portantly, if nog anisotropy is present, the minimum dipolar

off) Lorentzian with a peak-to-peak width given by contribution [cf. Fig. 4(b)] would increase by a factor of
3/249 At the highestS density, such an increase in the mini-
9 mum dipolar contribution, i.e., from 8.1 to 12.2 G, would

1.16x10 Ny (cm3). exceed the experimentally observed vai@,,=11G. In a
simplifying view, this suggests thaf anisotropy would be
3 required to match the data. Yet it should be added that this

In the case of randomly distributed centers, IBethis ex- Find Orf] straightforward reasoning mayr?e illegig)i_maée, gs thef
oression is modifielf to ine shape structure may represent the combined effect o

several broadening mechanisms, which, in general, do not
4) add linearly.
The absence of an explicit PP line shape suggests that any
The modification accounts for the random defect positioning?ccurring anisotropy irg provides only a minor contribution
and orientation leading to a reduction B, by a factor of to the total IlneW|dth._ However, PP effects could possibly be
0.71. Additionally, a factor of 2/3 has been incorporated acihe cause of the typically observed subtle asymmetry of the
counting for the supposed anisotropygrisee also beloy line shap_e. Accordlngly, an attempt to fit the observed signal
The expected DD contribution is minimal when the aver-for the highest-density sample with a PP structure was car-
age distance between the defects is maximized, i.e., if it i§i€d out. Two basic assumptions were made. First gtiog-
assumed thaB centers are uniformly distributed over the adic was restricted to axial symmetry. Within the limits of
oxide thickness. In that case, Hd) can also be expressed as acceptable fitting, the difference between the two compo-
a function of the corresponding areal densitysing NS ~ Nentsg, andg, was maximized to obtain th@orst case
=[S]/d,,). The thus obtained curve is shown in Fighy scgnanoaglsotropy ing .value. Seconq, the residual contri-
(dotted curvi from where it appears that over the whole bution ABy,, representing the combined effect of all other
density range, the calculated values are significantly smalldin@ broadening mechanisms, was also allowed to glsplay
than the observedB,,. The discrepancy may have two a@xial anisotropy. Particularly, the residual contributidBy,)
causes. First, if still accepting the DD interaction as domi-along the axialg, direction, was restricted taABR*
nant broadening mechanism, it must imply the lob& =ABy,, where AB[." represents the residual broadening
value to be significantly higher than inferred based on theontribution along any direction perpendicular go, i.e.,
assumption of a uniform distribution throughout the oxide.alongg, . Both assumptions comply with the expected be-
This appears evidenced by the nonuniform defect distribuhavior of a dangling bon(DB) type of defect, as outlined by
tion in Fig. 3, suggesting agglomeration®€enters and thus Watkins and Corbét and, among others, was successfully
locally enhanced effectivisy values. Second, additional line applied to the case d?,.*? The additional contribution to
broadening mechanisms are still expected to be present. ABrFfp in the perpendicular direction is attributed to strain-
In Fig. 4(b) it is seen that foS] increasing from~1  induced variations iy, known to primarily result in a spread
X 10" cm™2 (equivalent to 1.5 10'°cm™2 if uniformly dis-  in g, , but not to first order irg,. Usually, the broadening
tributed an increase iM\B,, of ~4 G is measured toward contribution due to such perturbations on tgedyadic,
[S]=1x10" cm 2 (uniform volume density ~1.5  henceforth calledtrain broadeningis assumed to be Gauss-
X 10°° cm™3). This increasing trend is also followed by the ian. However, the simulations bore out that the residual line

2
AB G)=—Xb41lf —5=
pp ( ) V3 d3

AB,, (G)=0.54x10*N§ (cm3).
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for the S center should rather be taken Lorentzian. This re- g(T)=0g,ef 1—x(T)] for Bln. 7)

sult, again, is expected when DD interactions dominate th?|ereg . represents the “high-temperaturefvalue. Com-
re .

residual broadening. The optimized fit, shown in Fig(Cl L . ]
symbo), represents a better fit than the single Lorentzian Iineblnlng Egs.(6) and (7) with Egs. (1) and (2) allowed suc

(+ symbols in Fig. 1in the central part. In the wings, how- cessful fitting of the temperature dependenceydbr both

ever, the fit still fails, probably due to the specific dipolar line ?g;?erléatlggrsar%fgégs ?g?xvn tlhne Flf?t.tigg (;lrjévei' ZTSSZIQS_J
shape effect?? The inferred g components areg; ref — <

: +0.00002,Tc=0.8+0.5 K, Ny=(10.6+0.8)x 10"cm?,
= 2.001.70t 0.000 10 a.nagL = %.?03 35-0.000 10, whlleRfPr and gre=2.00275-0.00002, T,=1.3+0.5 K, N&=(10.2
the residual contr|but|qnsApr=6.8i0.5 G andAB; +08)=10' cm 3 for K and Q band, respectively. The
=10.8+0.5 G are obtained. These values should be handleglignt shift in measureq (zero crossingbetweenk and Q
with reservation as they are the result of a tentative fitting oband(cf. constant vertical shift in Fig.(6) corresponding to
a nonprominent PP shape, and the uniqueness of the resultisp.2 G atk band, not expected from Eq$6) and(7), may
in doubt. However, albeit arguably, the values may add inconcern a line-shape effegiowder pattern
sight into the structure of the resonance line. Among others, When comparing results, excellent agreement is thus
the simulation demonstrates that even without clearly refound with the g value measured for the lower-density
solved PP shape features being observed, the difference beamples[g (K-band =2.002 63-0.00008 andy (Q band
tweeng, and g, can amount to~1x10"3 (cf. E,: g, =2.00275-0.00009. Both values ofT, i.e., 0.8 and 1.3 K,
—g,=1.2x103; P,: g, —g,=7.3x 10 3). appear somewhat lower than the vallig=1.9+0.7 K ob-

In line with the inferredg anisotropy, the difference be- tained from the signal intensity measurements. Yet both mea-
tween the residual linewidth contribution for tigg andg, ~ Surements in unison indicate a very I, with average
directions could be interpreted as due to strain broadeningalue of 1.3-0.4 K. The obtained value oNy=106
Here in a first approximation we might neglect the strainx109cm™> cannot be compared to a directly obtained esi-
broadening contribution inBf; (Refs. 41 and 4pand take ~Mate of thdocal Ny (not measured Yet as an extreme upper
the linear differenceABR:" — ABR!'=4.0-0.7G as a mea- limitit may be compared to aNy estimate based on E¢f)

pp

sure for the additional strain broadening contributiongon ~ @nd the observed gOtalilé”eWidepp.: 11G, giving a maxi-
as compared tg, . Assuming the latter to be Gaussian, anmum Ny~20x10""cm™°. The obtained value from fitting

estimate ofoy, , the standard deviation ig, , can be ob- EQs.(6) and(7) stays well below this upper limit. As a lower

tained fronf? limit, on the other hand, the valié{=10.6x 10°cm 3 may
2Ny be compared tdl{=(7.2+0.4)x 10'°cm ™3, i.e., the volume
ABRy —ABg~ B L (5)  density inferred from the areal density-67x10"3cm 2
1

assuming a uniform defect distribution owy; .

This results inoy, ~0.000 55 0.000 10, an intermediate re- ~ FO the Tg,=1200°C case [§]~2.7x10"°cm™?) of

sult as compared to the values for, ey (o, which the g-vs-pg behavior is shown as wellFig. 5a)],
—0.000 74) (Refs. 42—4% and E/, (05, ~0.000 16) (Ref. there is also a good agreement between the different ap-
45). v proaches tdNg inference. For this sample, assuming that the

defects occur in layers, the fitting using Eq8) and (7)
3. Angular dependence of resonance field bears out thaN\S,S(l.3i 0.1)x10*cm 3. Larger values of
N\S; would lead to observable anisotropy gf=3x10 ).

lar dependence of the zero-crossing field value, observed f ddit.i(.)nallly, for.this samplle, a direct .estimate for the local
the highestS density sample onlycf. Fig. 5. Generally, this ~ 9&nSities is avaHaS)IeS(ig Fig. 3. A maximum local value of
is not expected for an amorphous material where microNv=1.4+0.4X 10cm® was obtained—uwithin experimen-
scopic defect anisotropy like, e.qy, anisotropy(resonance tgl error in good agreement with the results of the demagne-
position, is averaged out orientationally. Hinted by the fact ization. Both values are about a factor 6fl0 below the
that it is only observed for the higheg®] sample in the Upper limit based olB,, (~7 G) and Eq.(4) which would
present case, the origin of the angular dependenagi;  requireNg=(13+1)x10"%cm 3.
attributed to demagnetization, i.e., situated at a more macro- In comparing the different approaches to the density de-
scopic level. The effects of demagnetizing fields are welltermination, some remarks may be added concerning the ori-
known in ferromagnetic and superconducting mateffals.  gin of the linewidth and the defect distribution. First, it may
ESR, demagnetization effects can often be neglected, ydie noticed that for th& ,,=1200 and=1250 °C samples, it
small shifts ing of paramagnetic spin systems may becomes found that thauniform N§ values, obtained fdfS] assum-
significant’”48 ing uniform distribution overd,, i.e., (0.40-0.04)x 10
The impact of demagnetization effects depends on the aand (7.2-0.4)x 10'°cm 3, respectively, are significantly
plied magnetic field direction, sample sh&B@nd magneti- smaller than their locaN$ values, determined as-1.4
zation. For the simple case of a disk-shaped sample, it isx10°cm™2 (via depth profiling and ~10.6x10°cm™2

Another peculiar observation for ttf&center is the angu-

found that fory(T)<1 (SI unity (via demagnetizationrespectively. This indicates thaicen-
1 ters probably occur aggregated in both samples. Yet it ap-
T)= 14 = (T for BLn, 6 pears that this aggregation is more pronounced inTthe
9N =Greq 1+ 5x(T) © 1200 °C sample where the ratio between “maximum” and
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uniform values is ~3.5 vis-avis ~1.5 for the T, 20.5189 GHz 42K J
=1250°C sample. This is in line with the comparison of the

ABp,-vs{S| profile with the minimally expected dipolar
contribution[cf. Fig. 4(b)], where it was already suggested
that towards the highe§& density the defect distribution be-
comes more uniform.

There are two more remarks. First, it may be noted that
for the T,,=1200°C sample, the maximumd\s, value ob-
tained from analysis of the demagnetization effedt$.3
+0.1)x 10*cm 3] is almost equal to the maximuid ob-
tained from the depth profiling;-1.4x 10®cm 3. At first
sight, this would leave little room for clustering of defects
within regions considerably smaller than the etch steps. Yel
the possibility that clusters may have shapes that are les. B
sens:tive to lciemagn_etif}z;ttion edff_ec(;er?_g., spheliicalmglkesdd FIG. 10. Comparison of the wing structure oKaband ESRS
conclusions less straightforward in this case. It may be adde 5.2
that such a scenariogin whic8 centers are predo?‘r/]inantly iger;?égigl)[hsf];jgmfgs ] Ob.served at 4.3 KR/.LNSO_nW) to

. predicted for theSB=Si- (thin solid
c!u'stere.d to res.ult in more or less .const.ant local volume der\ines) and OSj=Si- (dotted liney models, using hf splitting values
sities with varying[ S] also complies with the fact that N0 from Ref. 34, rounded to axial symmetry. An isotrogiwalue of
significant dependgnce df on[S] was fQL_Jnd- Second, itis 2,002 69 was assumed. Additionally shown is the effect on the the-
remarked that the inferred volume densities for both samplegyetical spectra of a 30% Gaussian spread on the componets of
are significantly smaller than the upper limits obtained on thgsolid and dotted lines marked with). The left wing of the mea-
basis of the dipolar broadening formul&q. (4)] and the  syred spectrum was corrected for a broad background sighal.

linewidth. This suggests that other line broadening mechasymbols indicate a cavity background sextet, likely originating from
nisms may also be of importance. Mn?* impurities.

279G

(arb. units)

w

dP /dB

100 G

4. Depth profile o . o
building blocks of theS defect are Si, O, and the ubiquitous

As shown in Fig. &), the oxide etch rate is not uniform - considering the natural abundances of isotopes with
as a function of the depth into the oxide, with- decreasing |, ,clear spinl #0, it may be assumed that only °Si, |
inward from 5.5-0.7 to ~0.4 A/s—more than an order of =1/2, 4.7% natural abundanceand H (H, I=1/2
magnitude. As known, this may be related to changes in th COA ' ’
stoichiometry and/or the structure of the oxtdé&he drastic

decrease, then, apparently reveals that in-tt280-A-thick through optimization of spectrometer settings and intense

interfacial oxide layer significant deviations from the Stan'signal averaging, much effort was given to resolving addi-

dard oxide occur, the deviation growing towards the Inter'tional hf doublets, with limited success, however: With the

face. In support, it was also noticed that in approaching thi%ttained(maximun) number ofS centers in a typical ESR

region the surface of the remaining oxide layer changed fron%ample (10, no prominent hf structure could be dis-

wetting In I-bO_ (t.yplclal for standard Sig) to nonwetting cerned, the search further suffering frgkmown) interfering
(typical for a virgin Si surface cavity background signals.

An interesting observation is that the etch rate appears For reasons of ESR sensitivity and Idwaccessibility,

Fhegtflzlorggr?cr)et?]e”}nttg?; gs%ireg'St:f:gﬁ:; altmlisr,]i;c::’ﬁei this search was most intensively carried usiitpand ESR.
ileup of S centers is observed ﬂAFdditionaII 2 weaker ]:|UC- So the discussion is started from there. Though weak, some
prieup ' Y, structure is observed in the magnified wings of the intense

fcuatlon inNy IS noticed at a O.'?pth In .the oxide of320 A, central Zeeman signal of thé-band spectruntbold dotted
i.e., approaching at the transition region betweenrdigeilar curve shown in Fig. 10. The spectrum was observed-at3

and the likely graduallyaltering oxide. . K on a Si/SiQ sample submitted to POVA &, =1250°C
_ Clearly, thoggh, the correlation betwegs andNy is not [S]~1x10%cm 2 the highest density obtained in this
tight, as the pileup o6 centers towards the outer surfacé—york ' A doublet may be discerned, characterized, within the
albeit more gradual than near the Si/gi@terface—is not  gj;apje uncertainty of the experiment, by a splitting of 279
attended by a significant changerige . +12 G and centered at the mdirentra) SZeeman line; the
signals (best exposed by the high-field gnare distinctly
broadened, i.e.AB,,~30 G, as compared to the central
a. Basic resultsKey to atomic defect characterization is signal AB,,~10.5 G). As indicated, signals from a cavity
the observation of ESR signals originating from hf interac-background sextefmarked by solid trianglgs ascribed to
tions. In this respect, ESR has proved indispensible to proMn?" impurities, do interfere. In addition, a large, broad
viding insight into the chemical and structural nature of point(~150 G cavity background signal at the low-field side was
defects. If admitting tha$ pertains to an intrinsic structural substracted, potentially marring the low-field doublet signal
oxide defect, the possible atoms expected as immediateven further.

@9.985% would have a reasonably detectable fraction of
spin-active nuclei, unlike O(*’O, 1=5/2, 0.037%. So

5. hf structure
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not have been correctly preserved. So the interpretation
should be looked at with extreme caution. From combination
r of the K- andQ-band results, the ratio in spectral intendity
289£10 G (area under absorption curyesf the inner and outer dou-

- 16265 G blets is estimated at~0.6, with an experimental

’ uncertainty-factor 2; the similar ratioR=1I,/II, of the
y MWW N\/AM\MMW outer doublet to the central Zeeman signal may~t®015

» (uncertainty factor 2 So within the large experimental un-
- certainty, the intensities of both doublets may be comparable.
Clearly, more discriminative experimental information
L will be needed to fully assess these doublets, which may
partly come from further enhancement of tB&N ratio.

w ‘ ! ‘ i : w b. Nature of the S centein one opinion, one may take the
11800 oo o 12000 12100 failure to detect prominent hf structure as evidence forShe

magnefic field (G) center being an O-centric defect. However, the spectral fea-

FIG. 11. Strongly magnifie@-band spectrum, observed at 293 tures of theSsignal are very dissimilar from those of known
K (P,=2.97 mW) after intense signal averaging and corrected folO-related defect centers, like the NBOHEhe =Si-O-
cavity background signals. After base line substraction two doubletdagment?), peroxyradical=Si-0-O- fragment?), or even
appear, centered at the centBsignal, with splittings of 1625  self-trapped holes® Among others, all these centers display
and 28910 G. The doublet signals are broadened compared to theesolved powder pattern spectra with at least one component
S signal width. of the g dyadic significantly larger thafclose to 2.01Dthe
free-electron valugy=2.0023. Moreover, these defects are

On closer examination, as indicated by the arrows in Figg gl annealed out and are not expected to occur in oxides
10, there may be even evidence for the presence of a second \~aied abova..=950°C. So we rather adhere to the
an .

weak inner hf doublet, apparently also centef@tthin ex- 4 thats concerns Si dangling bond type centers.
perimental accuragyat the Zeeman-line zero crossing. It is In another view then(Si) hf signals may occur, but ap-

generally observed for the higheStensity sampledyet o gisproportionally weak because of excessive line broad-

W'th varlqble resolution Howev_er, even m_ore_than the pre- ening due to, e.g., hf anisotropy and/or strain effects. Effects
viously hinted at doublet, the interpretation is hindered by,

h flanks of th i d thelati ional of site-to-site variations in defect morphology are well ex-
the steep flanks of the central line and thelative) signa ected in an amorphous mediuvide supra discussion of

Weakness. So its ”.‘e““"“'”g situates p.efh%ps even more o iﬂewidth). This possibility has been scrutinized at somewhat
tentative level. This obscures conclusive isolation, €.9., 8§,5re detail within the context of the @, =Si. (n
=

regards its relationship to th® center, exact doublet split- =1,2) picture. Some of it is exemplified in Fig. 10 showing
ting, signal width, and, perhaps of most interest of all, their,[he’Simulated PP spectra for the@i_,=Si- (n=1,2) type
= ,

signal intensity relative to that of the central lifisotopic  yefacts including?®Si hf (interaction with one Si site, 4.7%
abundanck In fact, attempting to do so may be at the edgezgSi abundanceas predicted by Karma and Kuta(thin

of smentlflc' fgor. Nevertheless, to mark an IMpression, &4 cyrves represent thre=1 case, dotted curves the case
computer-aided substraction of a Lorentzian central signg

has been carried out, from where a doublet splitiizgro n=2). The theoretically reported values were slightly
crossing of 162+5G and a hf linewidth 153 G—ie., rounded to obtain an axially symmetric hf tensor resulting in

. . A=294 G andA, =224 G for then=1 defect andA
smaller than of the outer doublé80 G)—is estimated. Thus, ! oL - . I
even more so than for the first doublet, the involvement of_ 245 G andA, =169 G forn=2. The central line was

this apparent second doublet with tBeenter is to be looked approximated by a single Lorentzian line and optimized to

at with extreme caution. Nevertheless, for brevity, we shalfhe obser_ved cer_ltral Zeeman S|gn_al. Clearly, _ﬂ%s| hf_
. tructure in the wings of the theoretical spectra is relatively
henceforth refer to the doublets as the outer and inner h .
X more peaky than any of the structures observed in the back-
structure, respectively.

To resolve the potential hf structure, tBesignal has also ground. To e.Xp"’re further, Fig. 10 displays s_imulated hf
been intensively averaged usi r@-banc] spectrometry. An spectra resulting from an assumed 30% Gaussian spread on

ultimate strongly magnifiedd-band spectrum, observed at the above-mentioned components of theensorg[solid (n

293 K after intense signal averaging and corrected for cavity” 1) and dotted 16=2) curves marked wittD], mimicing
background signals, is displayed in Fig. 11, where it is re-Sité-to-sité variations in the 'defect bath. _These hf structures
warding to retrieve the signatures of both doublets, generall$XP0oSe an obvious broadening and, particularly in the neater
within the limits of experimental accuracy, of similar prop- Nigh-field wing, the hf signal amplitudes are now comparable
erties as exposed by thHé-band data. In fact, the spectral t© the observed additional structure.

values quoted for both doublets are rather averages dfthe =~ One may wish to compare this fairly large spread of 30%
andQ-band results. In the same breath, though, it needs to ben A-tensor components with that of other relevant defects in
added that as a result of the necessary applied invasive coa-SiO,. For theE’ center in fused Si@) generically perhaps
rections for marring background signals, salient hf signaimost closely related to th& center, a(Gaussian spread
properties such as width, shape, and relative intensity majAis,~7% on the isotropic part of the hf interaction

| 33.89GHz 293K

dP /dB
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has been reporte?ﬁ, while for the P, defect (Si=Si-), temperatures are to be expected. Depending on the S-H bond
spreads AA,~10% and 14% are found for standard strength a passivation and depassivation scheme such as in-
thermal® (111 Si/SIO, (To=900°C) and(11) Simative ferred for, e.g.,P,, could be envisaget:* However, as
oxide structures® respectively. Thus, while acceptable, the borne out by experiments, only part of the tosaénsemble
spread for the preseftcase may appear somewhat larger. Ifcan be passivated: a fraction10% remains ESR active at
admitting that theS signal arises from a D;_,=Si- (n ~670°C. WithT,, increasing to~760 °C, even a slight re-
=1,2) type center, one reason for enhanced spreaijn covery of the ESR-active fraction is discerned. But as stated,
might be enhanced chemical atomic asymmetry, i.e., eithethat finding may be at the limit of experimental reproducibil-
1Si/20 or 2Si/10 as tetrahadral base plane atoms as cority.

pared to E; (3 O atom$ or P, (3 Si atoms. Since Ajgo A possible explanation here could invoke the existence of
«|W4(0)|? (wave function overlap of the unpaired spin at substantial spreadLsEf andaEd in the activation energieis;

constituent atomsthe “asymmetric” situation is likely more andE, for passivation and dissociation, respectively. For de-
prone to excessive broadening of the hf signals induced bjects in an amorphous surroundingEf and e, could turn

vitreous disorder. Thus enhanc&hf line broadening may ;¢ 14 pe significantly larger as compared to, e.g., the values
appear natural. I9n summary, Whl|le mconpluswe, .there. MaY piained for theP,'s (o /E=3%—4%), rather pertaining
be evidence _f0'2 Si hf structure in theS signal's wings in 5 the crystalline Si substrate. With large spreads, there may
expepted regions. . L be a non-negligible overlap of tHi&aussiaindistributions in
With the information attained, albeit limited and plagued E, andE4. So the totalS bath would indeed never become
by experlmentalhuncertamty, one may explore the S'grr]"f"fully passivated. The behavior, then, would closely resemble
cance f ,to theS centerskatomlc hature. Usmgf the the simultaneous action of passivation and dissociation as
Sih0;-=Si- models) as b_a(_: drop, We assunse- 1/2 for reported for theP,, defect’ and the essence of the kinetics is
the Scenter. If deemed sulfficiently reliable, two doublets areq tlined in more detail there. In fact. for the same reason. the

observed. Clearly, their _spl!ttings and relative posi_tiqns .eX'Pb bath can never be 100% passivated i H correct, this
clude them frqm constituting one quadruplet Or.'g'nat”.ﬁ'gfinding will be of much significance as to the possibility of
from hf interaction of the unpaired electron with a single S'tecuring thermally induced degradation damage through the

of nuclear spinl =3/2. Likewise, their appearance as part of o, inracticed method of passivation of defects by hydrogen.
a sexteF is excluded. S_O’ I|kel'y, e‘?mh dqublet stems from aByt, clearly, the effect needs more in-depth investigation.
interaction of the unpaired spin with a sindle 1/2 nuclear

site. Then, within experimental uncertainty, the doublets may _

be part of (perhaps only oneor not part of the Si-defect B. Degradation

spectrum. Obviously, with respect to tBeenter’s origin, we 1. Basic mechanism

can only further the discussion if accepting the former case. _. .

Next, if we assume that for each doublet the exposed relative, Finally, we tum to the degradation process as a whole. As

- - : 20,21
spectral, within experimental accuracy, complies with thehinted at the Introduction, the previous observattdr%?*of

electron hf interaction with a single Si site of 4.7% naturalth_e .forr.nation of gaseous .SiO. probably_ _generatgd at -the
255j occupation (expected R=0.049), then, within the Si/SiO, interface and escaping into the dlsmtegratmg ox_lde
Si,05_,=Si- (n=1,2) picture, the finding could imply two Ia}yer toward_s the ambient during POVA might prpwde in-
things. In one interpretation, it could indicate tBsignal to S9Nt The direct relevance of the presence of SiO for the
be a (balancedl superposition of the signals of both aPPearance _of defects, at le&tenters, was dempnstrated
0,SE=Si- and OSj=Si- defects. In that case, the intensity by POA studies on pure quartz: POA treatments in the pres-

: - . f SiO caused th® signal to appear, while annealing
of both doublets may differ, as might be slightly suggesteoence ol X . . ;
by the data. Also, in that case, with overlapping Zeema uartz in vacuum did not induce any ESR sigffalhe im-

signals one expect® to be (significantly) smaller (depend- portance of the experiment is twofold: It isolates SiO as a
ing on [0,Si=Si- /[0SL=Si-]) than 0.049, the value for critical ingredient required to generg$eand reveals that the
interaction with one?*Si site—as suggested ,by the data aIso.Si/SiOZ interface plays a crucial role. The net interfacial de-

Instead, if inferring from the data the doublets to be of equapomposmon reaction suggested to occur is
intensity, it would rather favor the one-defect origin, i.e.,
0O,SE=Si-, where the two Si sites involved might originate
two doublets. The data may favor somewhat the first inter- . . .
pretation. But, apparently, this is as far as the present in'[ery—\’he.r_e f[he partlgll@pressurepoz durlhg POA d_rlves the
pretation can go. Obviously, in addition to further theoreticalequ'|'b“Ufn condition: . Beyond a critical valdé,i.e., Po,
exploration, the decisive verdict has to come from improved>100pgY', where pSh' represents the partial equilibrium
experimental assessment, implying signal enhancement arglO vapor pressure for reactid8), the equilibrium is driven
controlled defect density variation. Until then, one cannotto the left, effectively resulting in oxide formatidipossible
consider theS center(neither theX centej as identified. via the reaction 2Si®0,— 2Si0,). Importantly, complete
disintegration of the oxide can be attained at elevateth
surface science, this is a generally practiced method to obtain
If, as suggestedS concerns a Si dangling bond type de- a virgin Si surfacé® The occurrence of this reaction has
fect, distinct interactions with j1at appropriate elevated been compellingly evidenced in conjunction by various ana-

SiSUbStratES) + Siofz”‘ide( s)—2Si0(g) 1 , 8

6. Interaction with hydrogen
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lyzing method&%2%and the interfacial generation of Sig)  the effectuated\ distribution during POVA may also partly
has been invoked as a basic agent in accounting for variodde reminiscent of initial physicochemical variations in the
thermally induced effects on the Si/SiGtructure including oxide. If the SiO diffusivity would be affected, the less-
catalytic effects on the thermomigration of impurities in Pronounced peaking oRly near the middle of the oxide
Si02'58 SiO-driven vacancy supersaturation in Si during an_might then involve a region of reduced SiO dlf'fUSIVIty In
nealing in Ar*® low-electric-field oxide breakdowhthermal ~ this respect, one may refer to the presumed presence of
decomposition of(thin) oxide layer€? and y-irradiation- ~ Pores” (dynamic channejsin dry thermal oxide and under-

1 “ H H ” H 3 H
induced E}; defect generation in buried oxidéSi/Si0,/si  ¥ing pseudo-“crystaliinity” of the oxid€® Second, oxide
sandwich structure$? modification (near-surface SiO sinkmay also promote a

In the light of these previous results, it appears natural tcgradual pileup oNy towards the outer Sigsurface. Third,

propose that the observed generation of defects is either réhe interprgtation hgs so far left O.Ut the possible drastig effect
lated to the chemical reaction steps responsible for freein f Hé_omn:(presen: |nhtherma;tll o>((j|c_[ev1_0t prl)lm(Ref. 64)| n i
SiO from the Si/SiQ interfaceper seor is the result of the ry SiGy], known to have a hand in virtually every relevan

interaction processes occurring whileactive SiO diffuses aspect of the Si/ Sig)structgre_. .
into the oxide. This quest was left unaddressed in Ref. 61. Focusing on the quantitative aspects of the defect distri-

The latter interpretation is favored by the observation of. ““Of?' it was conclude_d that, if admitting that the linewidth
Scenter generation in quard,i.e., in the absence of an is mainly determined dipolarly, the defects appear clustered.
interface. Whatever the case, ’it m,ay be important to remar his then would com_p!y with the previc_)us observation where
that the samples studied here may be considered as being 1t POVA def:omplgsmon of thermal Sj@as reported to be

a quenched momentary condition, providing an instanta-h.'ghly nonuniform. AI.SO’ Fhe pos§|b|llty of enhanced d|ffu-.
neous view of the disintegrated oxide at the varidyscov- sion pathways, resulting in effective channeling of the SiO

ered. Thus the observed, apparently unique, relation betweetww’ may be envisaget. i ) . )
the various densities of defects observed Eigarepresents a | e measured depth profile of tRg center is depicted in
(quenched-in temperature-dependent dynamical steady™19- 3C)- As shown, no detectable amount i could be
state. Since the applied annealing tifrel h) is long, this traced near the SiOborders. This is most rema_rkable in
may also represent equilibrium conditions for each particulafomparison with the case of standard thermal oXnde-
T, value. graded whgre an exponentlal-llke dlstrlputlon, peaking to-
Assuming then that the generation ®fs predominantly ~Wards the interface, is observ&tif relating S-center cre-
governed by the reaction between diffusing SiO and the, Sioation to the interaction of volatile reactive Sio with the $iO
network rather than to the initial freeing of SiO at the inter- N€twork, the stoichiometry at th&-defect site may be ex-
face, we may address the observed depth profileSfdie- pected to be Si enriched. This then would put the anticorre-
fects. Regions of enhanced are found near the interface lation betweerSandE; in perspective. If both centers have
and outer oxide surface. There is also a less-pronounced pe8kygen deficiency in common, a competition in their pres-
found in a region about 100 A thick at300 A away from €nce might appear natural. Yet in the near interfacial region
the interface. at 50—300 A from the interface, neith& nor E’7 appears
From this picture, one may conclude that SiO moleculedresent. Apparently, the structure or stoichiometry of this re-
are produced at the Si/SjOnterface through reduction of gion disfavors the presence of defects after degradation.
SiO, by Si, which, in diffusing to the outer surface, are  Quantitative aspects suggest a common origin of the gen-
gradually consumed through reaction with appropriate sitegration of the various defects. When the defect densities, as
in the oxide network, resulting in defect generation, e.g.observed after VUV excitation, are plotté¢garithmically
Scenter creation. In such a scenario the expe&eenter ~ Versus reciprocal absolute anneal temperature as depicted in
distribution would exhibit an exponential type decayNj Fig. 2, linear dependences are revealed for the variogs de-
away from the Si/Si@interface?! i.e., N§ peaking towards [€CtS, at least over part of the covergg, range. Thus, in
the Si/SiQ interface, as observed. The expediijivs-depth principle, it is possmle_ to assign a ther.mal activation energy
distribution in the oxide layer would then be much like the Ea 1 €ach defect, which may be obtained from the plots in

one found for theE’y defect in as-grown standard Si/Sié Fig. 2 via the Arrhenius-type equation for a defect density

However, in this scenario, the trend of gradual increasing ~E,
Ny towards the outer surface—albeit significantly more necexpy— . 9
stretched out than near the Si/Silbterface—is not under- B
stood. It may also appear in conflict with a result in Ref. 21.Importantly, this formula has only a real physical meaning
However, to be noted here is that in the latter work, POVAfor equilibrium situations. It thus appears that for each set of
treatments were only performed up to 800 °C. But this doeslata the observed defect density ver3ys behavior obeys
not necessarily mean that the basics of the simple model afeqg. (9), at least within a certaif 4, interval. The best fits
wrong, as various additional effects may play a role. Firstover the various intervals, together with the obtained corre-
there is the fact that the initial undamaged oxide may not baponding values foE,, are marked in Fig. 2. FOEX the
homogeneous in depth, as the observed variations in the etefalue of E, is rather tentative and may be somewhat under-
rater = would suggest® This may affect the oxide-network estimated due to a lack of data points and large experimental
SiO interaction efficiency as well as the SiO diffusivity. So uncertainties. Apart from the latter, it is interesting to note
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that the obtained, values of other defectsS(E’ ,E}) are
approximately equal, averaging to a value Bf~1.6eV. (A) Before:
This result suggests an intimate relationship between the
mechanisrts) originating the various defects. Suggestively,
the T dependence of the rate limiting step is the same over
the various defects, hinting that it could be the same step for
all three(four) defects.

We also remark that in other previous wétkwhere poly-
Si-capped oxide layers were annealed in vacuum, resulting in After:
the observation oE; after UV irradiation under bias, a value
E,=1.5+0.1eV was reported for the occurririgf, defects.
Finally, however suggestive and convenient, we would like
to stress that thé&, values inferred here are only used to
empirically quantify the observed density-Vg; depen- (B) Befote:
dence. Great care should be exercised in applyingd®qglts
physical background is not considered proved to be appro-
priate to describe the observed phenomena as may be testi-
fied by the applicability of the formula over only limited
ranges(cf. Fig. 2.

0,Si=Sie

After:

2. Reactive sites \—< OSipy =Sie

Clearly, the nature of the rate limiting step for defect gen- v

eration is a basic issue. One hlnt.may. come from the ob- FIG. 12. (a) Speculative picture of thermally driven incorpora-
servedE, values. Indeed, to be noticed is that, should$he jon of Si0 in the a-SiO, network at strained bondSB) sit-
center, as suggested, indeed be of the typ®sSi,=Si-  es: transformation of a&’, defect into an GSE=Si- structure by
(n=1,2), all three defect§, E),, andEj of similar E, are  successively strained bond breaking and incorporation of volatile
O-vacancy-related defects. As previously mentiori&djs a  SiO into thea-SiO, network.(b) Breaking of a strained Si-Si bond
distinctly different kind of defect, which may account for its and incorporation of volatile SiO leading to an @SiSi- defect.
weak appearance and strongly deviattag. Within the in-

terfacial SiO_reIease conc_ept, this_ observati_on may.be_ put iBresent, the outcome of POVA will vary accordingly. And
th_e perspective of t_he notion t_hat Incorporation of S'Q n thethere are numerous reports of physicochemical variations in
SiO, network effectively constitutes Si enrichment. This MaY . crmal oxide films depending on growth conditions and
hint at the rate limiting step implying the effective incorpo-

ration of SiO at available reactive sites in the Sit@twork, {aostomda?on (’;reaatmen_':j, (:._.g., dlfféerelfpore strugture ?el-l'
effectuating local network modifications of which at least ween wet and dry oxidation, underlying pseudocrystafiine

one resembles that of O-vacancy formation, i.e strainegtructure of the oxide, chemical resistance, molar volume,
Si-Si or Si dangling bond formation. Clearly, about the VerySi—O—Si bridging bond angle distribution, etc. Further stretch-

atomistic scenario of such a crucial step, ESR is of scant helffd the interpretation, it may thus even appear POVA may
as it only provides information about the end result, i.e., thaUSt Serve as a kind of evaluation test @herma) oxid-
presence of paramagnetidangling bond defects So one & dissimilarities in accessible SiO interaction precursor

can only speculate and one may envisage various possibilf/t€S Will be exposed. _ _
ties. Finally, then, there remains the basic quest as to the

A corrollary with the advanced picture is that, if the SiO- atomic nature of the interaction site. Here one can add little

oxide network interaction would proceed sufficiently drasti-More than speculation. First, one may ponder about its
cally (as may indeed be attained as, e.g., evidenced by eﬁeghemlcal character: it may be either |ntr|n5|c in natgre—a
tuated total electrical degradation of the oxidét will affect ~ Particular structural feature ofidefects in the SiQ
virtually every fundamental aspect of the Sifim, such as netwo_rk—or_ extrinsic. In_the Ia_tter case, it may be rt_alated to
density, dielectric constant, local vibrational modes, chemi@ Particular impurity straightly incorporated in the gifet-
cal properties, etc., all of which have been reported. Th&VOrk (considered unlikely, as mentionedr, perhaps less
presently observed drastic variation in the etch rate in dilut&liréctly, a site appearing in the network as a result of the
HF may constitute further pertinent evidence. presence or catalytic action of an impurity, either during
One more consequence of thidrastio SiO-oxide inter- POVA or OX|d_e form_atlon itself. If so, tracing that impurity
action model is that distinct variations may be anticipated in©f» Perhaps, impurities, should there be more than one type
the impact of heat treatment in O-deficient ambient over dif-Would be exciting. Here it may not be amiss to reemphasize
ferently grown and handled thermal oxides. It is likely thatthe crucial role of Qin the degradation matter: As long as
SiO incorporation predominantly, if not exclusively, occurs ©N€ Stays in the oxidation regime during POA, i.pg,
at particular precursor sites present in the oxide prior to>100 pSh', no degradation is observed. Clearly, more in-
POVA. So if a difference in interaction sites is initially depth research will be required.
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Two, to help achieve insight, a relevant observation maydominated by dipolar broadening in addition to other contri-
be the uncovered general spatial anticorrelation in the occuibutions. The subtle asymmetry of the line shape might indi-
rence of theS and E’y defects(cf. Fig. 3. This may suggest cate the presence of anisotropy. Accordingly, powder pat-
that interacting SiO preferably scavenges Si dangling bondern line shape simulations were carried out showing that the
type sites (O vacancieg transforming these then in components ofy might vary up to~1x10 3, without re-
SinO5_n=Si- (n=1,2) type centers. It may hint at a route to solving observable powder pattern shape features. Distribu-
modeling. One such possibility is depicted in Fig.(@2  tion depth profiles of thé andE/, defects were mapped for
where through SiO incorporation, @trained E’ site is 51, —1200°C sample, unveiling two major regions in the
transformed into a kind of “epoxide” GBE=Si- defect. yige Jayer ,,~66 nm), both with respect to etch rate and
Similary, at the site of a strained Si-Si bond, one may PiCtUreyatact distribution: The top oxide layéto a depth of 400
SiO incorporation to result in OSESi- formation[cf. Fig. A) etches at 5.50.7 A/s, in agreement with standard data.

12(b)] _ s ]
For completeness, we should add that in the oxide Iayelrn the layer of 200-300 A from the Si/SiGnterface, how

between 100 and 300 A from the top oxide surfdf:f;,cen- ever, a gre_ldu_al d_ecrease in the etch rate is obser_ved down to
. . = ~0.4 A/s, indicating structural and/or stoichiometric changes
ters predominate and attain large densitiep to ~3

. : wards the interface. Both nd E!, def re foun
X 10 cm™3). Obviously, then, ifE/- and S-center genera- towards the interface. Both trandE, defects are found

. . . . Y . distinctly inhomogeneously distributed throughout the oxide.
tion compete, in this region the balance must be drast|call)1.heScenter is found piled up towards the oxide borders: a

e e e e oy STTP I, W0 A 3 e SISI0 rertac, and 3
' 9ag Y- more stretched out one towards the outer surface. The 200—

300-A-thick oxide layer near the Si/SjOnterface contains
almost no ESR defects except for tBeenter pileup in the
last 40 A towards the interface. About 50% of the obserSed

Post-oxidation annealing of Si/SjGtructures in vacuum centers reside in the top and bottorB0-A-thick layers.
in the range 900—1250 °C results in the production of ESRRemarkably, thee’, centers reside predominantly in the top
active point defects in the oxide. Their generation has beehalf of the oxide, with, however, n&’, defects in the top
studied systematically as a function ®f,. Among these ~100 A layer. NoE’7 defects are found beyond a depth of
defects, theS center, previously reported only once in ther- 400 A. Apparently, thes andE’, distributions are in anticor-
mal Si0,, appears most substantial, especially fof, relation. During etch-off, no significant changes in the line-
—1250°C. Other occurring and more familiar defects arewidth of theSsignal was observed, indicating that, if accept-
E/, E5, andEX The latter three were only detected aftering dipolar broadening as the main line broadening
VUV irradiation under positive bias. mechanism, thé& centers occur clustered.

The ESR characteristics of tf&center, displaying rather This study complements the previously unveiled creation
unpronounced spectral properties, have been studied in def interface defect$P,-type defectsas a result of POVA:®
tail, with the aim to identification. SalientK band ESR  Both oxide and interface degradation, proceeding in correla-
properties includga) zero crossingy=2.00269-0.00008. tion, are related to a previously reported oxide decomposi-
For one sample, exhibiting a distinct highdensity (-1  tion reaction occurring under high-temperature vacuum con-
x 10" cm™?) a shift in resonance position was observed as alitions. The variety of defects observed in the oxide, Be.,
function of the applied magnet field angle and temperatur&’, E;, andEX, is suggested to béartly) related to the
(4-20 K). These dependences are attributed to demagnetizinteraction with the oxide network of volatile SiO, freed
tion effects.(b) Approximately Lorentzian shape, apparently from the interface and diffusing through the oxide. A unique
slightly asymmetric(c) For[S]<10"cm 2, a peak-to-peak relation between the anneal temperature and defect concen-
linewidth >6 G. The latter increases with the defect density,tration is observed.
but is independent of the microwave frequena). The sig- From the comparison of the ESR features with known
nal is fairly insensitive to microwave saturation-a#.3 K: it intrinsic oxide defects, th& center is suggested to be a Si
can endure about-15 dB higherP, than the other more dangling bond type defect, possible of the typgSE=Si-
familiar defects in the oxide, i.eE,, E;, andEX (e) Inthe  and/or OSj=Si-. The ESR signal properties comply with
range 4—30 K the magnetic susceptibility is found to be al-what can be expected from such Si dangling bond defects. If
most purely Curie type, with a constant critical temperaturdooking at the QSESi- and OSj=Si- models as Si-
Tc=~1.3K, indicating a possible slight trend for ferro- enrichment-related defects in the otherwise stoichiometric
magnetic coupling between the spif3.For the highest den- SiO, network, the assignment is also conceivably in line with
sities attained £ 10'°cm™2), an intense search for hf struc- the SiO interaction idea, which, as a net result, effectuates Si
ture was carried out, yet with limited success, likely due toenrichment of the Si©network. Obviously, the key point
excessive hf signal broadening. There is evidence for twahen would be to unravel at what sites, e.g., intrinsic or ex-
distinctly broadened doublets of splitting;162 and~289 trinsic in nature, and how SiO is effectively incorporated in
G, respectively, the latter being more broadened. Their apthe SiGQ network, to result in the g8=Si-/OSL=Si- type
pearence may comply with a Si-centric defect, yet no decidefect formation. This may constitute a very essential clue to
sive prove is provided. insight into thermally induced oxide degradation in

Signal analysis suggests the line shape and linewidth to b®-deficient ambient.

V. CONCLUSIONS
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Yet as a final remark it needs to be added that, howevesignal intensity, and hf data, including, within the advanced
detailed the analysis and perhaps being plausible, thenodel, detection of thé’O hf structure(probably to be re-
0,SE=Si- (OSL=Si-) identification of theS center is not ~&lized through'’O enrichment Such definite identification

considered established. Unambiguous correlation of the ur{Pay well prove the effort, not only for fundamental reasons.

. . : . here is also the technological motive, as Beefect ap-
veiled hf structure with thés center is lacking. The model, ears to constitute an essentidinot the main product of

however, is considered as a “best choice” working S‘?heme{)hermally induced degradation in O-deficient ambient of
from where to start further verification and, perhaps, implethermal oxide. Unveiling the defect’s exact atomic nature
menting improvements. Decisive identification must await,may significantly enhance our understanding of the amor-
in conjunction with underlying theoretical insight, improved phous SiQ network.
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