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Pb1 interface defect in thermal „100…Si/SiO2:
29Si hyperfine interaction

A. Stesmans, B. Nouwen, and V. V. Afanas’ev
Department of Physics, University of Leuven, 3001 Leuven, Belgium

~Received 8 April 1998!

An optimized electron spin resonance study has resulted in the observation of the full angular dependence of
the hyperfine interaction spectrum associated with the unpaired electron of thePb1 point defect at the thermal
(100)Si/SiO2 interface, showing that the dominant interaction arises from a single29Si isotope. The hyperfine
tensor exhibits nearly axial~weakly monoclinic I! symmetry with Ai (i^211&)516763 G and A'5107
64 G. Molecular-orbital analysis indicates that the unpaired electron resides for;58% in a single unpaired Si
hybrid orbital, found to be 14%s like and 86%p like, with the p orbital pointing closely along â211&
direction at 35.26° with the@100# interface normal. If O is excluded as an immediate part of the defect, the
results establish the kernel of thePb1 defect as a tilted~;22° about̂ 01̄1&! asymmetric, likely strained, Si3[Si•
unit. Like Pb andPb0 , Pb1 is a prototype Si dangling bond defect. All available structural information may, in
principle, be compatible with the moiety being incorporated as part of a defected strained Si-Si dimer con-
figuration at slightly subinterfacial position. The dimer has previously been advanced as a natural building
block in matching SiO2 to ~100!Si. @S0163-1829~98!06440-6#
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I. INTRODUCTION

The Si/SiO2 unit remains a subject of intense research.1–3

Without doubt, that interest mainly derives from the fact th
it serves as the basic entity in the current most import
technology for semiconductor device fabrication. But ad
tionally, the unit also attracts much fundamental attention
a unique, easily grown structure for studying interface ph
ics, that is, understanding how an amorphous solid (a-SiO2)
is naturally matched to a crystalline one (c-Si) within, at
most, a few atomic layers.

However, while much of the electrical success of t
Si/SiO2 unit stems from the fact that the Si surface states
efficiently eliminated by growing a thermal oxide, the unit
not perfect. It was recognized early on electrically4 that dur-
ing thermal oxidation of Si, point defects are inherently ge
erated at the interface as a result of lattice mismatch. Ad
tionally, there also remain defects in the oxide.3 As a result,
the study of point defects has turned into one of the m
important areas of investigation, boosted by the applica
of sensitive electrical techniques, which unveiled their el
trical characteristics in impressive detail.1–3 Yet, whatever
their sensitivity, these electrical techniques, sensing cha
aspects, inherently fall short of atomic identification. T
latter, however, became within reach, at least in princip
upon the observation of interface defects by electron s
resonance~ESR!,5 a technique with atomic identificatio
power, both structurally and chemically. In subsequent E
work in conjunction with electrical measurements,6,7 at least
part of these defects were shown to be electrically act
They operate as trapping and/or recombination centers
impairing crucial currents in adjacent Si layers, hence
high technological interest in atomic identification.

The appearance of the ESR-active interface defects
ferred to asPb-type centers, depends on the Si substr
orientation. A major property of these defects is that th
PRB 580163-1829/98/58~23!/15801~9!/$15.00
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crystallographically correlate with the Si substrate. At t
bulk8 (111)Si/SiO2 interface, only one defect has so far be
isolated,2,9,10specifically termedPb . Mainly by ESR, it was
convincingly identified10 as a symmetric Si3[Si• unit, i.e., a
trivalent interfacial Si backbonded to three Si’s in the su
strate, where the dot symbolizes the unpaired electron in
sp̂ 111&

3 -like orbital. It exhibits C3v symmetry and is ESR
active when neutral. For this symmetry, four different orie
tations of identical defects in the Si lattice would occur. Y
only the orientation withp^111& along the@111# interface nor-
mal is generally observed,9–11 exposing its interface-
constrained character.

The technological dominant (100)Si/SiO2 structure,
by contrast, exhibits two prominent ESR-active defects12

called Pb0 and Pb1 . For standard oxidation temperature
~800–950 °C!, the naturally incorporated densities2 of defect
sites ~passivated by H or not! are13 @Pb#;531012 cm22

and14 @Pb0#, @Pb1#;131012 cm22. Referred to a single S
plane, this corresponds to fractional occupancies of 0.6
0.15%, respectively. The initial observations indicated low
thanC3v symmetry (C2v)—monoclinic I—for both defects,
the Pb0 symmetry, however, being nearly axial about^111&.
Like Pb , both were initially12 tentatively also ascribed to
single unbonded interfacial Si orbitals, based on the simil
ties in ESR properties such as the principalg values tensor,
the inherent character, and interfacial position. Generally,
atomic identification here is still less satisfactory or just a
sent, as ESR has so far failed to provide a set of data
complete and convincing as obtained forPb in (111)Si/SiO2.
As compared to thePb case, the reasons include the inhe
ently lower defect density~;4 times! and spectral interfer-
ence. In ESR context, atomic information about a point
fect is inferred from the center’s symmetry as contained
the g tensor and other useful ESR parameters such as
width and shape, and their temperature dependencies. H
ever, the conclusive evidence must come from resolving
15 801 ©1998 The American Physical Society
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15 802 PRB 58A. STESMANS, B. NOUWEN, AND V. V. AFANAS’EV
hyperfine~hf! interaction of the unpaired electron at the d
fect with nearby magnetic nuclei. The better set of data,
cluding 29Si hf structure, has been assembled15,16 for Pb0 ,
where a gaining impression15,17 is that it just concerns the
equivalent of the Pb defect, but now residing a
(111)Si/SiO2-like microfacets ~steps! at the macroscopic
(100)Si/SiO2 interface. It would thus merely reflect nonide
~100!Si termination. The altered interface plane arrangem
leads, as expected, to second-order variations in the de
nature as reflected in crucial ESR parameters, such as tg
tensor,29Si hf interaction strength, inherent density, etc.2,17

II. Pb1 DEFECT

The Pb1 defect is still unidentified. Initially, Poindexte
et al.12 modeledPb1 as an interfacial•Si[Si2O entity~model
Pb1

P in Fig. 1!, the defect thus suggested to differ chemica
from Pb and Pb1 . Over the years, however, the model w
countered partly experimentally,18 but mainly theoretically.19

The latter followed from a theoretical study of thePb1 de-
fect, based on a combination ofab initio and semiempirical
molecular orbital ~MO! techniques. Detailed calculation
were carried out on five model clusters, i
cluding the initial •Si[Si2O model and the SB1 model, th
latter symbolizing an unpaired Si bond at one end
a strained reconstructed interfacial Si-Si dimer, i.
Si25Si•2Si[Si2O, where the long hyphen represents t
strained bond. The model originated from the Si-Si dim
pictured as a natural strain-relief site20,21necessary to absor
strain in matchinga-SiO2 to ~100!Si. Poindexter’s mode
was found untenable based on the calculated electronic b
gap level structure, being incompatible with the then av
able experiment result,7 and effective correlation energy con
siderations. As to the SB1 model, the calculated electro
level structure was found close to the then available exp
mental data. But the model was also discarded as the
dicted central29Si hf interaction was found to be too sma
Yet, it should be added here that this conclusion was
tained by comparison to one singular experimental18 value
~for one orientation of the magnetic field!, providing no in-
formation on the hf tensor symmetry and orientation. Hen
that conclusion may have appeared somewhat prematur
accepting the recent finding14 that Pb1 is not electrically ac-
tive, i.e., no electrical levels deep in the Si band gap, we m

FIG. 1. Ball-and-stick models forPb1 at the (100)Si/SiO2 inter-
face including the initialPb1

P model after Ref. 12, the strained de
fected Si-Si dimer model~SB1 model in Ref. 19! and the defected
strained Si-O-Si bridge model~SB2 model in Ref. 19!, with, for the
latter two, the unpairedsp3 hybrid adjusted along@211#. The
dashed drawing represents the Si lattice before defect forma
The bonding anglej is also defined.
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face an upside-down situation for the SB1 model: indeed
appeared initially acceptable on electrical grounds, but w
discarded because of the predicted29Si hf values, while the
reverse may be the case.

The Pb1 ESR properties12 were recently accurately
measured,17 confirming the monoclinic I symmetry withg1
52.0058,g252.00735, andg352.0022, where, importantly
theg3 direction is at 361° ~towards the@100# interface nor-
mal! with a ^211& direction, theg2 principal direction being
approximately alonĝ111&, i.e., at 361° ~towards the inter-
face! with a ^111& direction at 35.3° with the~100! interface
plane. This is schematically shown in Fig. 2. Only the fo
crystallographic defect orientations~ESR-! equivalent
through the 4̄@100# face symmetry occur. From these resu
together with previous salient ESR data, the key part ofPb1 ,
like Pb andPb0 , was also pictured as a single unpairedsp3

hybrid on an interfacial Si. Furthermore, the former im
proved results on theg tensor and field-angle-dependent lin
broadening included a slight hint that the unpaired hyb
would point along theg3 direction, i.e., closely along@211#,
instead of theg2 direction ~close to a normal̂111& direc-
tion!. But without supportive hf identification, the hint nec
essarily remained highly speculative.

The hf information onPb1 is scarce. There appear so f
only two pertinent observations. In a first pioneerin
work18 on standard thermal (100)Si/SiO2 ~900–1000 °C; 1.2
bar dry O2; oxide thicknessd0x510– 500 nm), a single—
only for the applied magnetic fieldBin, the @100# interface
normal—hf observation was reported for bothPb0 andPb1 ,
tentatively attributed to29Si hf interaction. The observation
was made on a sample stack containing 30–90 25-mm-thick
(100)Si/SiO2 slices of;2332.3 mm2 each. A hf splitting of
A@100#;157 G was reported forPb1 , about 50 G larger than
for Pb0 ~;105 G for Bin!, which in turn is comparable to
that one ofPb ~;117 G for Bin!. From this, it was specu
lated that thePb1 paramagnetic electron is highly localize
on a single Si atom, and that the unpaired electrons are m
tightly bound onPb1 centers than they are onPb0 defects.
An important suggestion was that for all three defects, the
interaction occurs with a single29Si. Unfortunately, how-
ever, these observations were restricted—very likely,

n.

FIG. 2. Sketch of thePb1 g and hf tensor~A! principles axes
within the cubic Si lattice for one of the four interface restrict
equivalent defect orientations at the (100)Si/SiO2 interface. The
applied sample geometry is also shown.



al
a

alue
red

PRB 58 15 803Pb1 INTERFACE DEFECT IN THERMAL . . .
TABLE I. Compilation of29Si hyperfine interaction parameters of thePb andPb1 defects in various types
of thermal ~111! and (100)Si/SiO2. The MO wave-function coefficients were calculated~Ref. 26! using
uc3s(0)u2534.55310225 cm23 and ^r 3p

23&517.78310224 cm23 ~cf. Ref. 28!.

Defect Reference
Ai

a/

~G!
A'

b/

~G!
ABi@100#

~G! hf axis

No.
equivalent

sites a2 b2 h2 c

Bulkd thermal~111! and (100)Si/SiO2 and SIMOX
Pb 10 15665 9169 117 @111# 1 0.11 0.89 0.62
Pb0 18 105

24 ~SIMOX!e 151 84 103 ^111& 1 0.10 0.90 0.59
25 144 72 102 ^111& 1 0.09 0.91 0.66
Current work 14964 7565 10562 ^111& 1 0.09 0.91 0.67

Pb1 Current work 16763 10764 15662 /@211#,f Ai530 1 0.14 0.86 0.58
18 157

Oxidized porous Si
Pb(0) 15g 149–156 78–83 ^111& 1 0.10 0.90 0.65

16h 156 83 ^111& 1 0.10 0.90 0.67

aNo information on the sign ofA is inferred; allA values are supposedly negative.
bFitting monoclinic I symmetry results inA1(i@01̄1#)510263 G; A25(;i@111#)511263 G, and A3

5Ai516763 G.
cIt needs to be remarked that the inferred values ofa2, b2, andh2 depend on the used set of theoretic
estimates foruc3s(0)u2 and ^r 3p

23&. The derived values fora2 and b2 are almost invariant as these are
function of theratio ^r 3p

23&/uc3s(0)u2, for which the various theoretical estimates give about the same v
~;0.51–0.53!. However,h2 depends on themagnitudeof these wave function averages, so that the infer
value may significantly vary depending on the theoretical estimates used. For one, Brower~Ref. 10! using
the valuesuc3s(0)u2525.84310224 cm23 and^r 3p

23&513.68310224 cm23 ~Ref. 37! foundh250.82 instead
of 0.62 as quoted here.

dSee Ref. 8.
eConfined Si/SiO2 /Si structure prepared by the method of ‘‘separation by implantation of oxygen’’~SIMOX!
starting from~111!Si or ~100!Si.

f@211# stands for@211#, @211̄#, @21̄1#, and@21̄ 1̄#.
gGrown on~100!Si.
hGrown on~100!Si and~111!Si.
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sensitivity reasons—to only the one observation forBin; it is
the simplest ESR situation, as now the various signals
each type of defect~generally three forB rotating in the
~011! plane# coincide, resulting in a two-line spectrum. Thu
the decisive information on the hf tensor symmetry and
teraction strength remained still unknown, leaving the m
eling undecided and providing a source for excessive sp
lation.

More recent information came from the study22 of porous
Si ~PS!, which, because of the strongly enhanced Si/S2
interface area per unit sample volume~specific area;300
m2/cm3!, would enable drastic signal improvement in a typ
cal ESR-sized sample. This has culminated in much rese
activity, mostly onPb0 , which, among others, has led t
additional confirming data15,16 on the Pb0

29Si hf structure
~cf. Table I!. Interesting was the fact that one group,15 study-
ing mildly oxidized PS~1000 °C; 12 mbar O2; 5–40 min!
grown on~100!Si, reported the observation of thePb1 defect
superposed on the generally dominantPb0 species, which
opened new perspectives forPb1 hf structure exploration.
However, while thePb0

29Si hf structure was again clearl
observed, noPb1 hf structure could be traced, despite exte
sive research on numerous differently oxidized PS sam
~oxide thicknessd0x51 – 4 nm!—in sharp contrast with
Brower’s observation. The authors concluded that the29Si
or
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-
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-
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-
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Pb1 hf structure remains unresolved from the Zeeman sign
putting an upper limit for the splitting at 40 G forBi @100#,
i.e., reduced by.60% as compared toPb0 . This left thePb1
hf story in dispute. Remarkably, the lack of any resolvedPb1
hf structure observation was taken as evidence for the va
ity of a previously advanced SB1 model for thePb1 defect
(vide infra).

Clearly, conclusivePb1 identification is in need of hf
structure information. This is the subject of the current wor
reporting the successful observation of the full angular d
pendence of the dominant29Si hf structure, providing a fun-
damental clue as to the defect’s microscopic structure. A
key inference, the results demonstrate that thePb1 unpaired
electron resides in a single unpairedsp3-like orbital, ap-
proximately oriented along â211& direction.

III. EXPERIMENTAL TECHNIQUES

A. Samples

ESR-compatible samples of a 239 mm2 main face were
cut from a commercial 4-in-diam two-side polished~100!Si
wafer ~float zone;;0.1 V cm; p type! about 29mm thick,
with the 9-mm edge along â011& direction. After appropri-
ate wet chemical cleaning, including a 10-min treatment
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15 804 PRB 58A. STESMANS, B. NOUWEN, AND V. V. AFANAS’EV
H2SO4 (96%):H2O2(30%) @~4:1! by volume# at 80 °C and
dipping for ;2 min at 22 °C in HF (39%):H2O ~1:9!, the
samples were submitted to three thermal steps. This was
ried out using a high vacuum laboratory system equip
with a double-walled silica tube at the center of a mob
conventional electronically stabilized furnace, as descri
elsewhere.13 First, they were thermally oxidized at 970 °
~1.1 atm O2, 99.9995%, dry,d0x;42 nm!. Next, in order to
maximize thePb1 density, the samples were submitted
hydrogenation~H2, 99.9999%, 1 atm! at 795 °C for 1 h. As
after such step, the major part of thePb-type defects are lef
passivated by H~i.e., Pb(0,1)H formation!, this was finally
followed by a vacuum anneal at;620 °C for;1 h—a treat-
ment known14,23 to exhaustively depassivate~ESR activate!
the Pb-type defects. Typically, an intensity rati
@Pb1#/@Pb0#'1.22 is obtained, with @Pb1#5(7.260.5)
31012 cm22. All the thermal steps were terminated by coo
ing to room temperature in an unaltered ambient. The co
ing process occurs semiexponentionally with a time cons
of ;200 and 390 s in vacuum and gas ambient, respectiv
Typically, about 70 slices were stacked in an ESR samp

B. ESR spectrometry

ESR measurements were carried out in the 1.6–4.3
range employing a cwK-band~;20.09 GHz! spectrometer,
as described elsewhere.13 Routinely, it is driven in the adia-
batic slow passage absorption mode, where modula
~;100 kHz; amplitude;0.6 G! of the applied magnetic field
B results in the recording of first derivative absorption s
nals. However, as weak hf structure detection was a m
goal, the incident microwave powerPm ~;20 pW! was en-
hanced (Pm;0.8 nW) to optimum signal magnitude, thoug
without introducing excessive signal distortion. Under the
partial saturation conditions, the rapid passage effects a
K resulted in recording undifferentiated absorptionli
peaks.B was rotated in the~01̄1! plane withfB , the angle of
B with the @100# interface normaln, varying from 0→90 °.
Spin densities were determined relative to a microsized SP
intensity standard through double numerical integration
the dPm /dB spectra recorded in one trace. For spin-dens
calibration, spectra were measured in the undistorted m
in combination with intensified signal averaging~;200
scans!, with the modulation field amplitude~;0.25 G! and
Pm ~,20 pW! reduced to linear signal response levels.

C. Signal enhancement

As mentioned, the typical signal-to-noise ratio obtained
state-of-the-art ESR spectrometers is insufficient to allow
detection of Pb1 hf structure in standard therma
(100)Si/SiO2. The successful resolution ofPb1 hf structure
is seen to have resulted from cumulative signal enhancem
in four ways:~1! maximizing the arealPb1 density by post-
oxidation anneal in H2; ~2! enlarging the interface area com
prised in an ESR sample stack to;25 cm2; ~3! lowering of
the observational temperature to 1.6 K in combination w
optimization of the spectrometer detection mode;~4! inten-
sive signal averaging~;100–200 scans!.
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IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. Results

Typical ESR spectra observed in the slow passage lowPm
~undistorted! mode at 1.6 K are shown in Fig. 3 for tw
orientations ofB. Though this detection is not the most se
sitive one~not used generally for hf structure mapping!, hf
structure is clearly resolved next to strongPb0 andPb1 ~cen-
tral! Zeeman signals. The simplest spectrum occurs
Bin, displaying pairs of hf doublets of splittingDBhf@100#
510562 and 15662 G centered at thePb0 andPb1 Zeeman
signals, respectively. The first one is the expectedPb0

29Si hf
structure, of splitting well in agreement with previou
results.10,24,25The second doublet is assigned toPb1 . It was
observed once before,18 with identical splitting, and was ten
tatively ascribed to29Si Pb1 hf structure. In the latter work
to maximize theS/N ratio, ESR was measured at,30 K in
the dispersion mode under fast passage conditions gi
absorptionlike signals. When measuring at higherPm under
similar circumstances, our hf spectrum forBin—with en-
hancedS/N ratio–becomes indeed virtually identical to on
of Brower ~Fig. 4 of Ref. 18!, as shown in Fig. 3~b!, thus
confirming that observation. The marked differences in s
nal features of the two hf doublets clearly indicates th
dissimilar origin, i.e.,Pb0 and Pb1 , thus justifying the as-
signment.

Unlike previous work, the achieved signal enhancem
has enabled us to perform the full angular variation of the
structure. This is exemplified in Fig. 3 also, where thePb1 hf
structure is seen to split into various, generally three, co
ponents. This is as expected forPb1 as forB rotating in the

FIG. 3. Absorption derivative ESR spectra observed at 1.6
under conditions of adiabatic slow passage~a,c; Pm;20 pW! and
rapid passage~b; Pm;0.8 nW! in thermal (100)Si/SiO2 grown at
970 °C (dox;42 nm) for two directions ofB in the ~01̄1! plane;fB

is the angle ofB with the @100# interface normal. The spectra dis
play thePb0 andPb1 Zeeman signals and resolved29Si hf structure.
The angular dependentPb1 hf structure is clearly exposed.
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PRB 58 15 805Pb1 INTERFACE DEFECT IN THERMAL . . .
~01̄1! plane, theg map exhibits three branches. As outline
previously, it exposes the fact thatPb1 , exhibiting mono-
clinic I symmetry, is an interface constrained defect. In
signing the hf structure, also the relative intensity of the
spective hf signals is informative. The three components
the Pb1 hf structure exhibit different relative intensity, on
being of approximately double intensity. Anticipating the i
terpretation, this factor has been incorporated in thePb1 hf
mapping through the use of different symbols for the hf lin
of estimated double intensity.

The inferredPb1 hf rotation pattern is shown in Fig. 4
together with the previously measuredg pattern; hf signals of
single and double intensity are symbolized by circles a
squares, respectively. No other hf signals could be traced
magnetic field window of;500 G centered at the Zeema
signals, even after prolonged signal averaging.

The structural identification power of ESR bears on
observation of hf structure, which, in principle, enables
identification of the atom~s! on which the unpaired electro
is predominantly localized, and in the most favorable case
map the atomic structure of the defect. Next to the hf spec
composition and magnitudes of observed splittings, a

FIG. 4. Angular dependence of thePb1 ESR spectrum in bulk
thermal (100)Si/SiO2 for B rotating in the~01̄1! plane~cf. Fig. 2!.
The squares represent hf signals of estimated double intensi
compared to those depicted by circles. The dashed curves repr
the previously determinedPb1 g map. The solid curves represe
the optimized theoretical fit for monoclinic I~nearly axial! symme-
try, from which the principal hf tensor values listed in Table I a
inferred. Theg andA tensor principal axes coincide within exper
mental accuracy. The various branches arise from identical def
but differently oriented in the Si lattice. In both theg and hf ~A!
maps, only the four defect orientations equivalent through

4̄-fold symmetry of the~100! face are observed. Numbers near t
branches indicate relative intensities.
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element in assigning hf structure is the relative signal int
sities. As determined on undistorted lowPm spectra, the ratio
in spectral intensity~area under absorption curve! of the hf
doublet to the Zeeman signal is found to be 0.04460.006 for
Pb1 . This agrees with the value of 0.049 expected for int
action with a single29Si ~4.70% natural abundance! nucleus.

As is the case10,17 for Pb(0) , thePb1 hf signals are broad-
ened as compared to the Zeeman signal, e.g., forfB50°,
the peak-to-peak widthDBpp is 11.260.4 and 4.060.2 G for
the hf and Zeeman signals, respectively. With the ratio of
absorption derivative peak-to-peak height (2App) of the hf to
the central signal measured as;0.07, this refers to a differ-
ence in line shape. This is compatible with a Voigt signal
line shape factork[I/(App3DBpp

2 );2.4 for the Zeeman
signal vs a Gaussian shape (k51.033) for the hf signals.

Before addressing these hf results, it may be useful to
a remark on the extraction of the data, i.e., interpretation
the spectra. With two types of defects~Pb0 andPb1! simul-
taneously being observed, one may wonder about the
crimination and assignment of the respective, often inter
ing hf signals to either of the defects. Indeed, as known,
Pb0 hf structure will generally also consist of three comp
nents forBP~01̄1!. In addition to the higher relativePb1
density ~i.e., @Pb1#/@Pb0#;1.22!, this was aided by three
features. First, the width of thePb1 hf lines appears generall
somewhat smaller than those ofPb0 . Second, in gradually
increasingPm , starting from the low-power undistorted de
tection mode, the enhancing rapid passage effect cause
Pb1 hf signal to gain in relative prominence as a result of t
unequal saturability; it enables spectrometer settings opt
zation for maximumPb1 resolution. Third, there is the recen
observation17 that the width of thePb0 Zeeman signal, as fo
Pb in (111)Si/SiO2, is field angle dependent, which is pre
dominantly ~it may also contain some dipolar broadenin!
ascribed to a strain-induced Gaussian distribution ing' of
spreadsg';0.0009. Pb1 exhibits a similar, though three
times weaker effect. As this strain broadening is also
flected in the width of the corresponding hf lines, albeit re
tively to a lesser extent, it will generally for an arbitrar
orientation ofB favor Pb1 hf signal observation nearPb0 .

Notwithstanding the fact that thePb0 hf signals are thus
less prominent, the angular dependence of thePb0 hf struc-
ture was also measured. In agreement with previ
reports,15,24,25 its hf tensor is found to be axially sym
metric about ^111& with Ai (i^111&)514964 G and A'

57565 G.

B. MO analysis

The Pb1 spectrum can be described26,27 by the simplified
spin Hamiltonian composed of the electronic Zeeman in
action and the hf interaction term

H5mBB–g–S1I j–A j–S, ~1!

with effective electron spinS5 1
2 . Hereg is the electronicg

dyadic, I the nuclear spin~51
2 for 29Si!, andA j the hf tensor

for interaction of the electron spin with thej th nearby lattice
site; for the presentPb1 case,j 51. Similar to the Zeeman
g map, the hf structure pattern is found readily fitted w
monoclinic I symmetry. The optimised fitting gives th
principal hf tensor valuesA1 (i@011#)510263 G, A2
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15 806 PRB 58A. STESMANS, B. NOUWEN, AND V. V. AFANAS’EV
(;i@111#)511263 G, andA3 (;i@211#)516763 G. The
departure from trigonal~axial! symmetry thus appears sma
In fact, within experimental accuracy, the data are equ
well fitted by axial symmetry, giving the values~see Table I!
Ai5A35167 G andA'5107 G. To ease the discussion, w
shall henceforth assume axial symmetry.

The fitting also indicates that the principal hf tensor ax
coincide with those of theg tensor, which need nota priori
be the case27 ~vide infra!. However, while a satisfactory fit is
obtained, the experimental accuracy does not permit
specify theA tensor principal directions to better than;3 °.
This finding strikingly demonstrates that within the simp
picture of a single dangling bond at a Si3[Si• entity, the
unpaired bond axis points closely along a^211& direction—
not a normal̂ 111& direction.

In the conviction that the unpairedPb1 electron resides in
a Si orbital, the paramagnetic defect electron wave func
uc~x!& may be approximated by a molecular orbital co
structed as a linear combination of atomicsp3 hybrids c i
centered on Si atoms near the defect

uc~x!&5S ih i„a i ucs,i~x!&1b i ucp,i~x!&…, ~2!

where normalization requiresS ih i
251 and a i

21b i
251.

Here,h i
2 is the wave function density at thei th site, anda i

2

andb i
2 give its relatives andp character. Because of its sho

range nature~ignoring overlap!, the hf interaction ofuc~x!&
with nucleusi is dominated by the atomic orbitalc i at that
site. Hence, to first order, the hf interaction will be axia
symmetric along thep orbital lobe. For a singular brokensp3

bond, the symmetry of theg and A tensor will be similar.
The magnitude of the hf splitting can then directly be rela
to the defect wave function through the relations

Ai5a12b, A'5a2b, ~3!

wherea andb, given as

ai5~m0/4p!~8p/3!gmBgNi
mNucs,i~0!u2a i

2h i
2,

~4!
bi5~m0/4p!~2/5!gmBgNi

mN^r p,i
23&b i

2h i
2,

represent the isotropic~s part: Fermi contact interaction! and
anisotropic~p part: dipolar interaction! parts of the hf inter-
action. HeregNi is the nuclearg factor,m0 the vacuum per-
meability,mB the Bohr magneton, andmN the nuclear mag-
neton. The values used forucs,i(0)u2 and^r p,i

23& are those for
neutral Si tabulated in Ref. 28. Though such linear combi
tion of atomic orbitals~LCAO! approach is considered mor
interpretative than predictive,29 the qualitative predictions
are found largely correct, as, e.g., concluded from rigor
calculations29,30 on the Pb defect. It was successfully
applied26,27 to point defects inc-Si.

The results of the LCAO analysis for the MO wave fun
tion parameters are compared with those ofPb and Pb0 in
Table I, where an overview of the29Si hf interaction param-
eters ofPb-type defects is presented. This provides use
information.

~1! It indicates that 58% of the paramagnetic orbital
localized on a single Si atom at the interface, with the hyb
exhibiting 14%s and 86%p character. These localizatio
andsp hybridization values are quite similar to those fou
y

s

to

n
-

d

-

s

l

d

for prototype Si dangling bond defects such as, e.g.,G8
~P-vacancy center! ~Ref. 27! and Pb ~Ref. 10; cf. Table I!,
leaving little doubt that thePb1 paramagnetic orbital also
concerns a single Si dangling-bond orbital.

~2! Most revealing perhaps is that this unpaired Si hyb
points closely~within ;3°! along a^211& direction at;35 °
with n.

~3! The gyromagnetic and hf tensor symmetries are fou
to be identical within experimental accuracy. But, as me
tioned, the accuracy on this statement cannot be better
63 °, e.g., the attained accuracy does not permit us to c
clude that, e.g., theA3 (Ai) direction, like g3 , is really at
361 ° ~towards the interface normal! with a ^211& direction
at 54.74 ° with the interface plane. However, to simplify t
wording, we shall henceforth assume both tensor symme
to be coinciding.

~4! If deemed significant, thePb1 unpaired hybrid dis-
plays slightly mores character than thePb0 one. The simple
MO theory gives the relationship31 between the hybridiza-
tion ratio a2/b2 of the dangling bond and the anglej it
makes with the adjacentsp3 backbond orbitals as cosj
52@a2/(32b2)#1/2. According to this formula, thePb1 de-
fect Si atom, at the apex of a[Si• tetrahedron, is in averag
;0.067 Å more remote from the plane of the three ba
neighbors~less planar! as compared toPb0 .

Within the LCAO framework, the results must imply tha
the key part ofPb1 consists of a tilted[Si0 entity that, under
interfacial physicochemical influence, has rotated~cf. Fig. 1!
about a^011& axis over;22 ° so as to bring the Si danglin
bond from its normal̂111& direction towards a nearest^211&
direction.

This finding on the unpairedsp3-like hybrid direction
makes previous results transparent. First, there are the m
suredg shifts12,17 Dg[g2gfe , wheregfe52.002 32 is the
free electrong value. The shift is smallest, i.e.,20.000 12
~close to zero!, along the@211# g3 principal direction, while
the shift is substantially larger and of comparable magnitu
~i.e., 0.005 and 0.0035! along the other two principalg di-
rections. In line with the current finding that the unpair
Pb1 hybrid points along theg3 direction, the successfulg
shift interpretation26 for a single broken Si orbital based o
simple MO theory indeed predicts to first-order zerog shift
for gi and a positive, order of magnitude larger shift ing' .
Second, the inferred dangling bond direction~g3 direction! is
also corroborated by the recently revealed17 strain-induced
angular dependent part in thePb1 linewidth. It was found
smallest~possibly absent! along theg3 direction. This again
is consonant with the simple26,32MO view, predicting that, to
first order, the strain-induced variations in bond lengths a
angles near the defect site only lead to a distribution ing' ,
none ingi , however. Hence, the broadening is also minim
along thesp3 hybrid (g3) direction.

V. DISCUSSION

A. Pb1 characteristics

With the basic atomic unit ofPb1 identified, a main goal
of this research has been accomplished. It now remain
trace how the entity is incorporated as part of a larger de
structure. That structure, placed in an adequately chosen,
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ficiently extended Si/SiO2 cluster will enable reliable theo
retical verification through quantum-mechanical calculati
Defect modeling can only be considered definite after s
cessful theoretical support. Together with the newly gain
hf information, this search should be guided by the sali
experimental facts, mostly inferred by ESR. It may be n
ticed that in addressing the identity ofPb1 , its properties are
often compared with those of the other unavoidably cop
sent prominent ESR-active defectPb0 . When referring to
our knowledge of thePb0 defect, this may appear beneficia
SalientPb1 facts include:

~1! The Pb1 g tensor data show thatPb1 is an interface
restricted12,17 defect of monoclinic I symmetry. The lowes
principal g value g352.0022 is only weakly shifted from
gfe . This g3 axis is at 361° ~towards the interface norma!
with a ^211& direction at 35.26° with the@100# interface nor-
mal, while the principalg2 ~52.007 35! is at 3° with ^111&.

~2! The magnet angle dependent line broadening,17 as-
cribed to a strain-induced distribution predominantly ing' ,
is smallest~absent! for Big3 axis @211#. The overall angular
dependent broadening is significantly weaker~;3 times!
than forPb(0) , which would indicate thePb1 defect to reside
in a more regular~less strained! environment.

~3! The Pb1 center is more sensitive to saturation17 than
Pb0 ; ;3 times in terms ofPm . In one view, this may indi-
cate that as compared toPb0 , the Pb1 defect, in terms of
spin-lattice relaxation, responds more to the Si lattice tha
the a-SiO2 network. If simply connected with the defect
location, it would suggestPb1 to be at a slightly more sub
interface plane position in the substrate.

~4! The study18 of 17O enriched (100)Si/SiO2 indicates
that O is not an immediate part of thePb1 defect. Only some
17O-induced ESR line broadening~;3.5 G! is observed, at-
tributed to the interaction on the unpaired spin with the
mote O cloud in the overlaying oxide. With no hydrogen
observed, H is also excluded as a building block of the
fect.

~5! The activation energy for passivation inmolecularH
was found to be close33,34for all three defects,Pb0 , Pb0 , and
Pb1 . The former two exhibit an identical value, i.e.,Ea
51.5160.04 eV, while Ea(Pb1)51.5760.04 eV is found
slightly higher, however. This finding in itself was taken as
significant indication that thePb1 defect, likePb , also con-
cerns an unpaired singlesp3 hybrid at an interfacial Si, even
apart from other evidence.

~6! Passivation in atomic H, by contrast, occu
different,35,36 Pb1 defects being more readily passivated th
Pb0 . The behavior ofPb0 appears consistent with the ba
ance expected35 from the simple picture inferred for th
Pb-H2 interaction kinetics.23,33Likely, this dissimilarity is to
be related with the actual local positioning of the respect
defects and their immediate environment, e.g., in the cas
Pb0 , the possible proximity of H-scavenging defects~sites!.

~7! The electrical role ofPb1 is in dispute. From straight
forward ESR experiments, based on sample sets exhib
systematic significant differences in@Pb1#, we concluded14

the center not to be active as an electrical interface t
implying that there are no1/0 and 0/2 charge transition
levels deep in the Si gap. This contrasts with the init
experiment,7 which concludedPb1 to be a deep amphoteri
.
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ng
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adverse interface trap with the1/0 and 0/2 transition levels,
respectively, at10.45 and10.8 eV above the valence-ban
edge deep in the Si gap.

B. Pb1 configuration

As to possible configurations comprising thePb1 entity,
the inferred hf data are selective. For instance, it elimina
at once all suggestions based on an[Si0 unit regularly in-
corporated intoc-Si. If still needed, it also excludesPb1 to
constitute an unpaired electron trapped in a molecular S
bent bond, e.g., at the site of a Si vacancy, for various r
sons.~1! In such case, the29S hf interaction would primarily
be with two equivalent Si sites, rather than one.~2! As theg
tensor should reflect the symmetry of this molecular rec
structed bond, the@100# axis should be a principalg symme-
try axis, unlike observations.~3! The defect would be
charged when ESR active.

Perhaps in a simplest scheme, the basicPb1 unit may be

pictured incorporated as one half of a Si25Si•-Si[ defected
dimer configuration at slightly subinterfacial position~see
Fig. 1!. As a result of the pulling of the two interfacial nex
nearest-neighbor Si atoms together under influence of
rounding strain during the Si-Si bond reformation, t
Si25Si•—moiety with the left broken bond may be envi
aged as having tilted about the@01̄1# axis over;20° away
from @111# towards the@100# interface normal, the unbonde
hybrid now pointing approximately along@211#. ~In Fig. 1,
such dimer configuration is sketched as having formed a
the removal of two next-nearest-neighbor Si surface ato
Practically, the defect might occur as a special strained di
at the edge of single height stepsSB bordering a terrace.38! It
may be remarked that according to this picture, it is rat
coincidental that the principalg2 axis points nearly along
@111#.

If placed slightly subinterfacial so that the defect structu
is rigorously fixed by the Si lattice without much disturban
from the top SiO2 network, this picture could, at least i
principle, account for the various salient experimental fa
thus far accumulated: The symmetry axes of the unpa
orbital at such tilted Si3[Si•—entity, i.e.,@01̄1#, ;@211#, and
;@111#, agree with the measured principalg axis ~cf. Figs. 1
and 2!. Also according to this symmetry, three different pri
cipal g value magnitudes are expected, that is, lower th
axial symmetry ofg. Since the unpairedsp3-like hybrid
points along theg3 axis ~;@211#!, theg shift along@211# is
an order of magnitude smaller than along the two other p
pendicular directions, as observed. As the unpaired spin
sides in a single danglingsp3-like hybrid, theg and hf tensor
symmetries are expected to coincide to first order, also
agreement with observations.

C. Pb1 theoretical assessment

The strained fully bonded Si-Si dimer had previous
been proposed as a natural building block in matching S2
to ~100!Si, accounting for the observed Si11 oxidation state
at the interface.20,21As mentioned though, initial calculation
concluded the dimer model forPb1 to be untenable. Perhap
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improved calculations on a more reprensative cluster inc
porating the dimer at a subinterfacial level may provide m
insight.

Recently, Edwards has theoretically readdressed the
eral models forPb1 explored before.39 In particular, the pre-
vious semiempirical MO calculations,19 using MINDO/3,
were repeated in anab initio unrestricted Hartree-Fock ap
proach with allowance formoredefectrelaxation. From the
models considered, they concluded that only the SB1
Pb1-H ~the originalPb1

P model with the O atom faced by th
unpaired Si bond replaced by H! could be kept as candidate
Focussing on SB1,ab initio calculations were performe
with basically two new elements:~1! a significantly smaller
cluster was considered, where all atoms were allowed to
lax; ~2! d functions were included in the used valence ba
set. As described, this resulted in two main variations:~1!
reduction of the equilibrium length of the strained Si-Si bo
from 2.52 to 2.35 Å, i.e., the regular Si-Si bond length in
It may be noticed that the defect would now rather look li
a regularPb entity, of which the known magnitudes of theA
values ~cf. Table I! will indeed be in the range of thos
reported forPb1 ; ~2! Significant increase of the central29Si
hf interaction, now given asA15115.4 G,A25119.9 G, and
A35186.2 G—much closer to the present experimentalPb1
29Si hf data, indeed~cf. Table I!. It would credit the SB1
model. However, it remains to be seen whether the theo
cal ‘‘improvements’’ with respect to the experimental da
are not merely fortuitous: The calculations are performed
a very small cluster, with no consideration of the effect of t
top (SiOX) coverage. Next, the calculations predict two ele
trical levels in the Si band gap, in sharp contrast with rec
data.14 Also, the relaxed unpaired Si-bond orientation r
mains unspecified.

But, however attractive the dimer picture, other structu
may be envisaged. Based on symmetry considerations,
of interest is the Si25Si•-O-Si[ oxygen bridge strain relie
center~termed SB2 in Ref. 19!. Like the dimer, it is also
considered as a natural strain relief center in matchingc-Si
to a periodic form~e.g., tridymite! of SiO2. Based on sym-
metry properties, even the initial PoindexterPb1

P model may
be reconsidered. Yet, while both models may display an
ceptable symmetry, they are likely to be untenable on
basis of theoretical calculations of the electric level positio
in the Si band gap and the incorporation of O as an esse
building block ~O back bond!.

Finally, it needs to be commented on the dissonant res
on porous22 ~100!Si, where no29Si Pb1 hf structure could be
observed despite the intense Zeeman signal and inten
search on various samples. As the reportedg tensor data
indicate, the failure cannot have resulted from having m
sured a defect different fromPb1 . As already hinted
before,17 one possibility may originate from the general
greater sensitivity of hf interactions than the Zeeman line
strain and disorder.10 In view then of the admixed Si/SiO2
interface nature in PSvis-à-vis bulk (100)Si/SiO2, thePb1 hf
structure may have remained undetected as a result of ex
sive line broadening.
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VI. CONCLUSIONS

An ESR study was carried out at cryogenic temperatu
on conventional thermal (100)Si/SiO2. Optimization of ESR
spectroscopy has resulted in the full angular mapping of
strong 29Si hf interaction associated with thePb1 defect in
thermal (100)Si/SiO2. The data show that the hf structur
results from interaction with a single29Si isotope. The hf
tensor exhibits nearly axial~weakly monoclinic I! symmetry
about ^211&, with Ai516763 G andA'510764 G. Like
the g map, the hf structure map also exhibits three branc
~three pairs of doublets! for B in the ~01̄1! plane, arising
from identical but differently orientedPb1 defects in the Si
~surface! lattice. It affirms Pb1 as an interface constraine
defect.

Analysis based on the LCAO approach demonstrates
the paramagneticPb1 electron is localized for;58% in a
singlesp3 hybrid; It is 14%s like and 86%p like, with the
p orbital approximately pointing along â211& direction at
;35° with the@100# interface normal.

The Pb1 defect is convincingly identified, likePb , as a
prototype Si dangling bond~[Si• tetrahedron! defect. Com-
bination with the previous conclusion18 excluding O as an
immediate part of thePb1 defect reveals it as â211& ori-
ented ~;20° tilted!, likely strained, Si3[Si• unit. Clearly,
thorough theoretical analysis will be required to trace
way how this unit is incorporated in a larger defect structu
It is felt that with the currently provided hf data, this can no
be reliably carried through so as to culminate in the defin
model.

The present results complete the identification of
ESR-active defects at the Si/SiO2 interface. With inclusion of
the similarity ofPb0 andPb1 , it now appears that the kerne
of all three defects,Pb , Pb0 , andPb1 , is chemicallyidenti-
cal; •Si[Si3 is the generic entity of the three defects. Ye
they do differphysically: First, there are second-order diffe
ences betweenPb0 and Pb related with their positioning a
two macroscopically differently oriented interfaces; seco
there is a major~orientational! difference between the forme
two defects andPb1 . It are these particular physical differ
ences~e.g., regarding orientation, bond strain, structural
laxation! that account for the observed spectroscopical a
interactive dissimilarities.

So, if, in an easygoing way, one would refer globally
all three defects just as singular Si dangling bond defect
would imply gross oversimplification, covering only part o
the physical reality. More refined terminology may be r
quired. ForPb and Pb0 , the single unpaired Sisp3 hybrid
points along a normal̂111& direction, while it points nearly
along ^211& ~within 3°! for Pb1 ; in short then, the defects
may be referred to aŝ111& and ^211& oriented•Si[Si3 de-
fects, respectively. In the particular case ofPb1 , it must be
remembered though that the three Si backbonds are
equivalent.
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