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We demonstrate that at least two varietiesEdf defect precursors exist in a wide variety of
conventionally processed thermal Sitin films. We provisionally label the defecksP andE’,,
We find thatEP defect capture cross sections exceed the correspoidingalues by an order of
magnitude, thakE P centers are distributed far more broadly throughout the oxides than ak,the
defects, and that theEP resonance, unlike theE), resonance is not stable at room
temperature. ©1994 American Institute of Physics.

Charge trapping in gate oxides is an important reliability =~ With a combination of electron spin resonan@SR
concern since charge traps determine the electronic propeand charge injection schemes, we find that paramagBk&ic
ties of amorphous insulators. In the early 1980s, the work otenters are positively charged hole traps with extremely large
Lenahan and Dressendorfet showed thaE’ centers domi- capture cross sections for holes when neutral and electrons
nate charge trapping in irradiated thermal SiBin films.  when positively charged, in both cases significantly larger
(E’ centers are paramagnetic oxygen deficient silicon sites ithan that ofE’,, centers. We also find that EP centers, unlike
the oxide®) This work was confirmed by a number of later E’p centers, are distributed broadly throughout the oxide and
studies’~® For quite some time, no explicit distinction was are not stable at room temperature.
made with regard to possible variationsEn line shapes or Several sets of oxides were used in this study. One set
structures in thin SiQfilms. Recently though, a menagerie denoted HarrigCl), were exposed to significant amounts of
of “new” E’ variants~° has been reported, almost entirely CI during processing. The Cl was introduced during oxide
in exotic SiG thin films. The newE’ variant observations growth by addition of trichloroacetylen@ CA) to the oxi-
include a “peculiar” line shape in separation by implanted dizing ambient. These pyrogenic steam oxides were grown to
oxygen (SIMOX) buried oxides;'° the 10.4 G doublét'?  a thickness of 35 nm at 800 °C on lightly dopée~100
and 74 G doublét****hydrogen complexel’ center spec- ) cm) (111) n-type Si substrates at the Harris Semiconductor
tra, the “EX” center® in home grown thermal SiQ the facility at Findlay, OH, in an ambient with an,@low rate of
“EH" center*® in bond and etchbadilBESO|) buried oxides, 3250 sccm, a Kiflow rate of 3500 sccm, and a TCA flow rate
andEj-like centers:1"~1°The “EX”, ** EH"", Ej}, and “pe-  of 50 sccm. After oxidation, they were annealed for 10 min
culiar line shape” observations all involve a sharp line shapen N, at 1050 °C. Another set of oxides, denoted Harris
with a zero crossingg=2.002, similar to a line shape ob- (REOX), is identical to the HarrigCl) except that it was
served in bulk fused silica by Griscom and Frieb@le. exposed to an additional 800 °C reoxidation step. Other ox-

In this letter, we compare electronic properties of #/0  ides, denoted Harrigno-Cl), were not exposed to Cl. The
variants which can be generated in a variety of thermallyno-Cl oxides were grown by Harris Semiconductor facility in
grown thin oxide films. The appropriate names for thin film Melbourne, FL to 850 nm op~3-5 () cm (100 n-type Si
E’ variants is now in a confusing state of flux. Some yearssubstrates. A 120 nm oxide was grown in steam orf)4tm
ago, Griscomet al?*?! proposed a nomenclatufee., E,,  (111) Si by Sandia National Laboratories. After oxidation, a
Ej, E;, Ej) for severalE’ variant spectra which they had polysilicon gate was deposited. After gate deposition, the
observed in bulk fused silica. Although the Griscom structure was subjected to an 1100 °C anneal j (The
et al?%?! nomenclature is reasonable on the basis of theipolygate was removed before any measurements were
bulk SiO, studies, a simple transfer to thin-film spectrataken) Oxides grown in steam on high resistivit¥11) Si at
(which they never intendeds probably impossible. How- 900 °C for 95 min to 38 nm were prepared at a university
ever, two of the Griscom and Friebele line shapes appear tiacility.
be relevant to our study: the’, andEj. Unfortunately, their ESR measurements were performed at room temperature
proposed models for these defects are either wrong in somen a Bruker Instruments X-band spectrometer. Relative spin
aspects or nonunigue and thus not applicable to the thin-filndensities are accurate t©10% while absolute numbers are
datal’?2-24 accurate to within a factor of two.

Therefore, in order to minimize confusion, we refer to In order to generate and annihilate t8® andE’,, cen
the two E" variants of our study a€’, for positively  ter signals, the oxides were flooded with holes and electrons.
chargedE’, centers andP for our E - Ilke line shape. The We flooded oxides with holes by positively biasing the oxide
EP |nd|cates a_Povisional E’ assignment(Aside from the surfaces with corona iof%?® and then exposing the oxide
Griscom and Friebele bulk SiGtudy?® we are unaware of surfaces to vacuum ultravioléVUV) photons(hc/x=10.2
any other convincing evidence regarding the detailed struceV) in an evacuated chamber. The 10.2 eV photons are ab-
ture associated witk s-like line shapes. sorbed primarily in the top 10 nm of the oxide where they
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signal and because very narrow signals show up very
strongly?® the E/,, signal shows up only weakly.

Although Griscom and Friebef®proposed structure for
the Ej; involves an unpaired electron delocalized in a cavity
fon. Spectrometer setings were chosen (o maximize viiiity ofare O C Capped Si atoms, the strongdsplike trace (€) was
center F;t the expense ofgtIEéy spectra. Shown ar@) a 100 nm >c;ry Uni- Observe_d on a Harrigi0-C) O_dee_' Ten times Weake_r S|gnals
versity oxide,(b) a 120 nm dry Sandia radiation soft oxide) a 35 nmwet ~ appear in oxides prepared in high CI content environments.
Harris (Cl) oxide containing Cl(d) a 35 nm wet HarrigREOX) reoxidized ~ This result very strongly suggests that our defect is inconsis-
oxide, and(e) an 850 nm Harrigno-Cl) oxide specially processed to elimi-  tent with their model. It is for this reason we label the defect
nate Cl. In each case, approximately B0'® holes/cn were injected. spectra EP (Provisional E' assignment Recent

observation¥ also suggest that Cl is not involved at tg

create electron hole paifé.The holes are driven across the center site in SIMOX buried oxides.
oxide while electrons are swept out to remove corona charge. EP density varies from 8:10"/cn? in the Harris(no-
This process is repeated until the desired number of holes 1) and Sandia oxides to less than'¥6n? in the Harris
injected. To inject electrons, we expose the positively coron4REOX). The two orders of magnitude variation EP de-
charged oxides tghc/A<5 eV) ultraviolet (UV) photons. fect density indicat_es thaE!D precurs_or_density de_pends
The <5 eV UV photon exposure photoinjects electrons fromStrongly on processing detail&P density is greatest in the
the Si valence band into the Si@onduction band; the elec- thick Sandia and Harrigno-Cl) oxides and smallest in the
trons are driven across the oxide by the positive bias. Thin Harris(Cl) oxides, suggesting a thickness dependence. A
number of injected holes is determined K§(AV)=0Q, thickness dependence is conS|stenF with Efe distribution.
whereC is the geometric capacitance of the oxide @ is Etchback measurements on our thickest S.a”.‘p'es reveal that
the difference between the pre- and post-illumination surfacg P celnters are d.'St”bUted from near thg Si/gitterface to

- deep into the oxidé200 nm), a distribution much broader
potential measurements.

: . . . than that of/ nters in th m mpl&s;, centers ar
Figure 1 displays ESR traces of a variety of convention- an that ok, , centers € same samp E%‘P centers are

ally processed thermally grown thin Sidiims on silicon mostly within 10 nm of the Si/SiQinterface. Trace M)

fer the iniecti f imatelwEL02 enk. (Gai shows that thé& P center density is below our detection limit
a er.d N wglec lon g apr;])ro:gma f‘y)& ¢ .I( ?lns.v%rly ‘ in the Harris(REOX) reoxidized 35 nm wet oxide. This may
considerably so that the line shapes are clearly visible 10f, , yog it of reoxidatiof? Vanheusderet all” also ob-

samples with spin densities which differ by two orders of o\ 4 similar precursor annihilation in reoxidized SIMOX
magnitude). Traces(a)—(c) and(e) show that the hole injec- 1 jeq oxides which they attributed to reoxidation. It is per-
tion results in the creation of an ESR signal with a zero4,5 important to mention that these measurements were
crossingg=2.0019 in four widely different, yet reasonably mage within hours of the hole injection sequences. Simply
processed oxidegSeveral years ago, a signal termelly”  sioring the posthole injection samples for several days at
was reported in thermal SiO Quite recently, a signal room temperature and pressure in a normal atmosphere
termedEj was reported in thermal SiGubjected to a simi- greatly reduces thE P signal amplitudé®
lar VUV irradiation®*9) The signal ag=2.0019 has a very In order to more quantitatively evaluate the possible
narrow (apparent width about 0.8)Gnd apparently struc- technological significance dP centers, especially in rela-
tureless line shape. Both the line shape and zero-crogsingtion to E/,, centers, we measured the approximate electron
of this signal most closely correspond to thg center first  and hole capture cross sections of both centers. We utilized
reported by Griscom and Frieb&en bulk fused silica. the Harris(no-Cl) samples since they exhibited quite strong
Also present in traces(4)—(c), (e) are E;p centers at EP and E’yp signals. Figure 2 showEP and E;p defect
g=2.0005. The commonly observéd,, centers are present density versus hole injection fluence. From this plot, we cal-
in equal or higher densities than tBd° centers but because culate that theEP precursors have a much larger hole cap-
the spectrometer was optimized to detect the very nali&w ture cross sectiofr=10""*cn?) thanE/,, centergo=10""*

g=2.0019 (EP)
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trapping center may be significantly incomplete. Our results
indicate that a singl&’ precursor cannot explain all charge
trapping in all thermal oxides. We have shown tHaP
O}"M“‘z m-Eyp (E-like) centers can occur in a fairly wide variety of thermal
®: EP oxides. The density dE P centers in these oxides is strongly
processing dependent. Positively charded centers, with
their large electron and hole capture cross sections, could
play a significant role in the charge trapping properties of
A thermal SiQ films under some circumstances.
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FIG. 3. E, andEP defect densities vs injected electron fluence after hole
injection. (The lines are drawn only as a guide to the gye.
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