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0 environment of unpaired Si bonds (Pb defects) at the (111)Si/SiOz interface
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The immediate oxygen environment in the silica side of the [111]Pb defect (an interfacial 'Si —=Si, de-

fect with an unpaired sp -like hybrid perpendicular to the interface) has been revealed from ' 0
hyperfine (HF) structure electron-spin-resonance measurements on (111)Si/Si0~ structures enriched to
51.24/o 0. The results show that the sp' hybrid has its strongest HF interaction, characterized by the
HF splitting constant a~~, =2.7+0.15 G, with only one 0 site in a first shell, a next interaction of
a

~~2

= 1.1 G with one 0 site in a second shell, and a third interaction of a
~I3

=0.2 G with two equivalent 0
sites in a third shell. These results complete the model of the Pb defect and conAict with a previously
proposed tridymitelike model for the silica side of the Pb defect.

I. INTRODUCTION

Thermal oxidation or nitridation of Si at any ternpera-
ture T is accompanied by the generation of intrinsic in-
terface defects to relieve interface strain. The dominant
defect at the (111) Si/Si02 interface is termed the P&
center, ' which accounts for 50—100% of all electrically
active trapping and recombination fast interface states.
As these defects degrade device performance, they are a
main concern in solid-state-device fabrication, particular-
ly in the light of the ever down-scaling trend of devices.
The Pb defect has been identified —mainly by the
electron-spin-resonance (ESR) technique —as an un-
paired sp orbital on a trivalently bonded interface Si
atom pointing into a microvoid. ' It has C3, symmetry
and is schematically denoted as Si=Si3. It is noteworthy
that only the [111]Pb variant with an unpaired sp hybrid
perpendicular to the interface (sketched in Fig. 1) is ob-
served in a conventional as-oxidized (1 atm dry 02',
900'C —950 C) (111) Si/Si02 structure. ' Such an inter-
face, typically comprising about 5 X 10' Pb defects crn
is abrupt (extending over only 1 to 3 atomic planes) and
atomically smooth over long distances; Aat regions of up
to about 1000 nm are separated by ledges typically 1 to
2 atomic steps high.

The'Si=Si3 model accounts for most of the experimen-
tal observations on the Pb defect, of which the main
properties are primarily set by the Si substrate. Yet this
model is incomplete in the sense that it only rejects the
Si (substrate) "side" of the defect. A full model of this
prototype interface defect, located in the transition plane
of a sharply bordered interface, would also incorporate
the surrounding structure at the insulator side. That ad-
ditional insight could provide information on the physi-
cal mechanism(s) by which the P&'s are formed.

So far, little is known about the PI, 's immediate oxide
environment. A preeminent method to map that envi-
ronment would be the observation of ' 0 (nuclear spin
I =

—,') P& hyperfine (HF) signals in the ESR spectrum, an
almost unique method on that matter. There has been
one attempt in this direction comparing 20.0-GHz ob-

servations at T ~20 K of an (111)/Si/SiOz structure
grown in ordinary oxygen (0.037% ' 0 natural abun-
dance) with one enriched to 51.26% ' O. However, this
was unsuccessful as the mere effect of ' 0 enrichment was
a broadening of the peak-to-peak linewidth 68pp from
about 1.4 to 4.2 6, from where it was concluded that 0 is
not incorporated in the immediate bonding structure of
Pb. A similar conclusion was reached from a compara-
tive study of Si oxide and nitride showing that the
insulator's inAuence on the PI, ESR features is only of
secondary nature.

Recent experiments, however, have led to a more
thorough understanding of the Pb signal structure. In
particular the dipole-dipole (DD) interaction between
Pb s has been identified, mainly as a result of the optimi-
zation of a reversible H-passivation method. The natural
line shape, that is, the shape unaffected by DD broaden-
ing, has been well characterized and a unique
ABvv

—[Pb ] relationshiP has been revealed. These results
show that the PI, concentration is an important parame-

FIG. 1. Sketch of the atomic arrangement at the (111)Si/Si02
interface, where entity a represents a [111]Pbdefect.
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ter and entail that any comparison, either experimental
or theoretical and computational, regarding the effect of
' 0 enrichment must be carried out between otherwise
strictly identical samples in order to keep [Pb], and thus
DD effects, unaltered. In particular, this means that to
simulate the PI, spectrum of ' 0-enriched Si/SiOz, the
calculated ' 0 HF histogram has to be convoluted with
the correct spectrum of unenriched Si/SiOz of equal
[p ]

10

This insight has opened another perspective for ' 0 Pb
measurements. Together with a low-T ESR spectrometry
optimized to record clear undistorted resonances and
well-controlled reproducible sample preparation, this has
revealed an ' 0 Pb HF structure. Simulation of this
structure based on the calculation of the ' 0 HF stick di-
agram for various 0 shell environments and correct con-
volution provides information on the immediate 0 sur-
roundings of the Pb defect.
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II. EXPERIMENTAL DETAILS

Slices measuring 0. 12X2X9 mm were cut from a
commercial Czochralski-grown (111)Si wafer (p type, 10
Qcm) polished to optical flatness at both sides. After
careful cleaning these platelets were oxidized" at
920 'C+ 10 'C either in ordinary oxygen (purity
& 99.999%) or oxygen enriched to 51.24% ' 0 at a pres-
sure of 0.2 atm for about 75 min resulting in an oxide
thickness of =145 A. Particular attention was paid to
cycle both samples fully identically, apart, of course,
from the differing Oz ambient. Post-oxidation thermal
treatments in vacuum and hydrogen, as detailed else-
where, were applied to optimize the Pb density at the
balance of a favorable signal-to-noise (S/N) ratio and an
acceptable DD broadening. Typically 15 slices were
stacked together for ESR measurements. The final Pb
density was (4.9+0.3)X10' and (5.2X0.5)X10' cm
for the unenriched and enriched samples, respectively.
Note that these are well equal within experimental accu-
racy as strictly required for the present purpose.

K-band ( =20. 1 GHz) ESR absorption-derivative
dP„,/dB signals (P„,representing the absorbed mi-
crowave power) were measured at 4.3 K for the applied
magnetic induction 8 perpendicular to the (111) inter-
face' (B~~[111]). The high saturability of the Pb signal
at this low T forced us to reduce the microwave power
P„incident on the TEo» cavity of loaded Q of —15000
to ~ 0.5 nW to record undistorted signals. Signal averag-
ing (typically =20 traces) has been applied routinely; di-
gital filtering, however, has not been used.

III. EXPERIMENTAL RESULTS
AND INTERPRETATION

A. ESR spectra

The Pb signals of both the unenriched and enriched
samples are shown in Fig. 2. The unenriched sample is
characterized by AB„p=1.69+0.03 G and a line-shape
factor ~=I /[ VD ( b B ) ]=5.6+0.3, where I and 2 VD
represent the signal intensity (area under the integrated

i
g = 2.0010

FIG. 2. K-band (20.1-GHz) ESR spectra (solid curves) of the
[111]P& defect measured at 4.3 K with P„=—65 dBm and
BJ (111)interface on (111)Si/Si02 grown in oxygen enriched to
51.24%o ' 0( a) and ordinary oxygen (b), corresponding to a Pb
density of (5.2+0.5) X 10' and (4.9+0.3) X 10' cm respec-
tively. The arrows indicate characteristic features resulting
from ' 0 Pb HF interaction. The dashed curve is a computer
simulation based on ' 0 HF histogram calculation using the pa-
rameters summarized in Table I. The dotted curve, represent-
ing the optimum 6t, is derived from the dashed curve by adding
spreads in a~~; as given in Table I also.

derivative spectrum), and peak-to-peak height of the
dP„,/dB signal, respectively. The corresponding density
[Pb]=(4.9+0.3) X 10' cm refers to a DD broadening
of 0.4 G. The distinct effect of ' 0 enrichment is clear
from a comparison of both spectra showing a broadening
of the Pb response to ABpp 2.71+0.06 G. More excit-
ing, however, is the appearance of (partially) resolved ' 0
HF structure, which has three main characteristics as in-
dicated in Fig. 2(a): a kink at position A, a resolved peak
at B, and a broadly extending shoulder indicated' as re-
gion C. These features may serve as clues to interpret the
effect of enrichment in terms of the 0 environment. The
increase of the line-shape factor for the enriched sample
to 10.1+0.8 just confirms the appearance of the addition-
al structure.

It should be noted that the observed structure in Fig.
2(a) after ' 0 enrichment does not result from the weak
structure resolved in the unenriched sample spectrum
[Fig. 2(b)]. As shown elsewhere, the latter structure re-
sults from a Si superhyperfine and a fine structure (DD)
doublet. And, when carrying out an ' 0 enrichment,
each such doublet line is, similar to the central line,
strongly broadened by the ' 0 histogram. In the light of
the relative intensities involved, this results in a total fad-
ing of the weak structure in the enriched sample spec-
trum as compared to the central signal. The latter now
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predominantly reflects the ' 0 interaction.
It is clear that the observed ' 0 HF splittings are much

smaller than that resulting from HF interaction with a
central Si nucleus (isotropic HF splitting =156 G), as
anticipated by the fact that, unlike Si, oxygen is not an
immediate part of the Pb structure.

B. Spectra simulation and interpretation

4 —k n 4 k.

H (8)= Q 6 'Pk', Bo+ g g MI, a
i=1 i =1 j=O

where

n,. n;. k. n —k. .
l 1 I I

ki( k)IP
—P (2)

MIO—=0 and k; and MI~ (j )0) are understood to run
through all values 0, 1, . . . , n; and —

—,', —
—,', . . . , —,', re-

spectively, to cycle all possible combinations. Bo
represents the ESR resonance field in the absence of HF
interaction while a~~; is the HF splitting constant for
BII[111]resulting from interaction of the unpaired Pb sp
hybrid with ' 0 nuclei in shell i. The buildup of the his-
togram is clear when realizing that a single line (stick) in
the histogram is split in six lines of equal intensity —each
shifted by MIaI~, —corresponding to the MI = ——'„.. . , —',
values of the z component of nuclear spin when interact-
ing with one ' 0 nucleus in shell i.

The best fitting result is shown in Fig. 2 by the dashed
curve, while the corresponding fitting parameters are
summarized in Table I. Interestingly, this reveals that
the Pb unpaired electron has its strongest HF interaction
with only one 0 site (shell 1) characterized by a~~, =2.7
G, which has a probability p =O. S124 of being occupied
by an ' 0 nucleus. The second strongest HF interaction
is again only with one 0 site (shell 2) of a ~~2: 1.1 G, while
the third-level interaction is with two equivalent 0 sites

Simulation of the Pb signal of the enriched sample
starts from the calculation of the HF spectral histogram
for the configuration of a Pb defect that is surrounded by
r shells each containing n; equivalent 0 sites, where r =4
and n; =0, . . . , 10. Each 0 site has a probability
p =0.5124 for being occupied by an ' 0 atom. Such a
histogram is simply obtained by accumulating the shifts
in resonance field caused by each surrounding ' 0 nu-
cleus I'ndividually and the corresponding statistical ampli-
tude for each "line" (stick). This histogram is then con-
voluted with the "unenriched" experimental spectrum of
Fig. 2(b) to obtain a simulation.

The simulation task now consists in calculating the
convoluted HF histogram for each (physically reason-
able) shell configuration, that is, each set of n I,n2, n3, n4
values, and selecting the best fit. Since it is anticipated
that 0 is not an immediate part of the Pb bonding struc-
ture, ' 0 atoms in more distant shells are expected to
cause only small, hardly resolvable HF splittings. Hence
the number of shells (r) considered is limited to 4.

The histogram H(8) for one n „n2,n3, n4 shell
configuration is the accumulation of all pairs

TABLE I. ' 0 HF splitting data and shell distributions of 0
sites in the immediate oxide neighborhood of [111]PI,centers in
(111)Si/Si02 as obtained by fitting 20.1-6Hz ESR spectra mea-
sured at 4.3 K for BII[111].

Shell

No. n;

1

1

2
10

2.7+0.15
1.1+0.1

0.2
0.1

~M, /( 2
I MI I )

(G)

0.60
0.25

in shell 3. The fourth-level HF interaction, of aII4=0. 1

G, with 10 equivalent 0 sites is to be seen as indicative
rather than as a correct physical result. The essential
point for this shell is that it contains a large number of al-
most equivalent 0 sites of small HF interaction when oc-
cupied by ' O atoms. They, in fact, represent the distant
hemispherical cloud of small-aII; O sites of which the
mere effect is to slightly blur (broaden) the spectrum. In-
corporation of this "shell" only improves slightly the
overall fitting quality, but is not essential.

Though satisfactory, the fit is not yet perfect. It ap-
pears still somewhat too "peaky" although it accounts
well for all characteristic details of the experimental spec-
trum [cf. features A, 8, and C in Fig. 2(a)] indicating the
correctness of the underlying physical model.

The final, almost perfect fit, as shown by the dotted
curve in Fig. 2, is obtained by additionally incorporating
a spread in aI~;, which fades the "peaky" structure. Such
spread is known to exist ' ' as a result of the interface
strain and/or randomness of the overlaying SiO film.
This causes slight variations in the positions of the sur-
rounding 0 sites from Pb site to Pb site, even within one
shell, with attendant alterations in wave-function overlap
and HF interaction strengths. The spread in aI~, has been
incorporated by replacing each line (stick) in the histo-
gram shifted over MIa~~,. by a Gaussian distribution of
equal intensity and standard deviation cr~; =2IM~

I ha~~;,

that is, a relative spread of 21MI I
~a ~~&'/(2IMI I

a
[~

)
=b,a~~;/a~~;=22%. Note the increasing impact of b,a);
with increasing field shift.

The physics behind the successful fit is clear. The main
HF interaction with one ' 0 atom in shell 1 leads to six
signals of which the IMI I

=
—,
' and —,

' signals account for
features 8 and A in Fig. 2, respectively. The IMII= —,

'

signal mixes with the strong unshifted or slightly shifted
central part, thus contributing to a broadening of the line
from 1.69 to 2.71 G. The second-level interaction ac-
counts mainly for the broad shoulders (feature C in Fig.
2), while levels 3 and 4, as already mentioned, add to the
broadening and blurring of the Pb spectrum.

It needs to be mentioned that, regarding the number of
O sites in the first two surrounding O shells, the fit is
unique. No reasonable fit can be produced if allowing
more than one equivalent 0 site in the first or second
shell. Depending on one's view, this may come as a
surprise, particularly in light of the attractive ditrigonal
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ring-cap model. This model, proposed as a reasonable
means of terminating the Si lattice at a Pb site, accepts a
microvoidlike structure for the Si02 cap overlaying the
Pb defect and pictures the oxide side as a symmetric
puckered ditrigonal ring of six SiO4 tetrahedra. Detailed
quantum-mechanical calculations, allowing for spin-
polarization effects, have been carried out on a
SizzHz&/Si60&SH6 cluster incorporating such a structure,
leading to quantitative predictions of the Pb HF tensors
describing the interactions with Si and ' 0 atoms in the
cluster. Along this axial microvoid model, one expects
three equivalent 0 sites in a first-neighbor (hemispherical)
shell, six other equivalent sites in a second more remote
shell, and three again in a third shell. However, the
uniqueness of the fitting in Fig. 2 regarding the number of
equivalent 0 sites in the first two surrounding shells, or,
put differently, the inappropriateness of the axial ditrigo-
nal ring model, is demonstrated in Fig. 3. Here are illus-
trated fittings to the experimental curve for various all;
values, accepting as onset three equivalent 0 sites in a
first shell. The fittings have been "optimized, " to match
either the linewidth of the main central signal or the ap-
parent structure in the experimental spectrum, revealing
a strong discrepancy. This should not come as a surprise
in light of the previously mentioned physics behind the
successful fit realized in Fig. 2.

An interesting result of this analysis is that, similar to
the Si side, the immediate oxide side of the Pb center
reproduces very well from Pb site to Pb site, at least in
what concerns the first three surrounding shells. This op-
poses a random matching of SiO to c-Si and is in favor
of a kind of epitaxial transition. ' '

Another interesting result is that the relative spread

C3
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h)

CL
Cl

FIG. 3. Fittings of the experimental K-band ESR spectrum
of the [111]P'defect (solid line, same as shown in Fig. 2) based
on ' 0 HF histogram calculations accepting as onset three
equivalent O sites in a first (strongest HF interaction) neighbor-
ing shell in the SiO2 overlay. The values all, =0.4 and 2.7 G
were used for the dotted and dashed curves, respectively, while
for both curves all2=0. 1 G and n2=6. The dash-dotted curve
corresponds to all& =2.7 G„all2=0.8 G, and n2=3. Similar to
the fit in Fig. 2, all three simulations have incorporated a rela-
tive ~p~~~d hall /all » all o 22%%uo.

hall/all in HF interactions is significantly larger for ' 0
nuclei, that is =22%, than for central Si atoms, for
which b,a;„/a;„=ha~~/a~~=9.5%, where a;„is the iso-
tropic part of the HF interaction. This is as expected
since the c-Si side of the Pb defect is a much more rigid
structure than the oxide side: the Si—0—Si bond angle
is much more flexible' than the rigid tetrahedral Si-
Si—Si angle, which means that the interfacial strain will
be largely adapted by the overlaying Si02.

IV. DISCUSSION

So far, most HF data on defects have been interpreted
along the simplified localized-hybrid-orbital (LHO) pic-
ture (see, e.g. , Refs. 4 and 18). Within this model the
present data regarding the immediate 0 environment of
Pb indicate that the defect has only one 0 atom in a
nearest position, one 0 atom at a slightly larger distance,
two equivalent 0 atoms in a third-neighbor shell, and
many more 0 atoms in more remote shells. As pointed
out previously, ' however, the LHO model ignores spin-
polarization effects of atomic cores by valence levels
which makes the model more interpretative rather than
predictive. Hence, it is not necessarily so that the 0 site
leading to the strongest ' 0 HF interaction is also the 0
site nearest to the core of tht„Pb defect, etc. Yet, the in-
terpretation is conclusive about the "symmetry" of the 0
surrounding, that is, the strongest HF interaction with
only one 0 site, closely followed by a weaker HF interac-
tion again with only one 0 site.

The measured ' 0 HF interaction strengths confirm
the previous insight that 0 is not part of the central
bonding structure of Pb, which points to a microvoidlike
structure of the Si02 cap overlaying the Pb defect. As
mentioned, there is so far one such model' —an axial mi-
crovoid model —which suggests that the first interfacial
oxide layers form, in fact, an epitaxial tridymitelike crys-
talline transition. ' ' Symmetry considerations, howev-
er, show that our results conAict with this otherwise at-
tractive model, which appears to be in line with results of
recent simulations of DD-broadened ESR spectra. There
are various ways to interpret this finding.

In one, still accepting the basic correctness of the tri-
dymitelike concept, the results could perhaps refer to a
distorted symmetry of the six-membered Si04 ring cap; if
this ring would be off center, for example, this would
indeed result in the removal of the axial symmetry of the
' 0 Pb HF interaction. Previously equivalent 0 sites
could then lead to (slightly) different ' 0 Pb HF interac-
tion strengths, which would be more in agreement with
observations. A dif5cult to meet requirement for such a
modified tridymitelike model, however, might be that,
along the present results, the distortion introduced
should reproduce largely identically over the numerous
Pb sites.

Another interpretation could conclude the inappropri-
ateness of the tridymitelike ring cap thus bearing out the
need for another microvoid model. Along one sugges-
tion, the data could well be in line with a matching zigzag
overlay consisting of three fairly linearly arrayed Si04
tetrahedra, as pictured in Fig. 1. A slight asymmetric re-
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laxation of this array resulting in an asymmetric position-
ing of two 0 atoms nearest to the Pb core would well
agree with the presently deduced ' 0 HF interactions for
the first two "shells. " It is realized though that the
confirmation of such a model will require an in-depth
analysis of the global c-Si/Si02 matching within the
framework of the correct oxidation mechanism.

It should be mentioned that, regarding the magnitude
of the largest ' 0 Pb HF interaction, the present result
and the theoretical prediction by the ditrigonal ring-cap
model, i.e., ~a1; ~

=2.7+0. 15 and 2.93 6, respectively, are
remarkably similar. This, however, is a trivial result
within the concept of a microvoid model for the Si02 Pb
cap, rather than providing any evidence for the correct-
ness of the tridymitelike model (which is also a microvoid
model). Over the various nucrovoid models, where 0 is
no immediate part of the Pb structure, the ' 0 HF in-
teraction strengths will be comparable.

It is clear that the correct evaluation of the present re-
sults in terms of deriving the correct oxide side of the Pb
cluster will require substantial additional theoretical
work, starting from detailed quantum-mechanical calcu-
lations on those microvoid cluster models which are
deemed appropriate. The comparison of the derived
symmetry and ' 0 Pb HF interaction strengths with ex-
periment will then select the correct terminating Si cap
overlaying the Pb defect. Such symbiotic interaction of

theory and experiment is badly needed to arrive at the
model since ESR can only measure interaction sym-
metries and strengths —not positions of individual atoms.

V. CONCLUSIONS

Optimized ESR measurements on [111]P& defects in
' 0 enriched (111)Si/SiOz structures have revealed the
shell symmetry of 0 sites in the immediate silica environ-
ment. The strength of the ' 0 HF interactions indicates
that 0 is not incorporated in the central bonding struc-
ture of the Pb defect, as expected. A main result is that,
regarding the ' 0 Pb HF interaction, the unpaired Pb
electron has its strongest interaction with only one 0 site
in a first shell in the Si02 overlay, the next strongest in-
teraction with one 0 site in a second shell, while the
third-level interaction is with two equivalent 0 sites in
shell 3. These data, apparently, convict with the axial
microvoid modeI based on the concept of the ditrigonal
ring Si02 cap of Pb.

If the Pb's are seen as somehow coestablishing the in-
trinsic Si/Si02 interface structure rather than being loose
results of interface adaptation, ' the present insight may
help reveal this structure and the closely linked oxidation
mechanism. This is the ultimate aim and much is expect-
ed from cluster-model calculations of the Pb defect incor-
porating this insight.
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