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Py, interface defect in thermal (100 Si/SiO,:  2°Si hyperfine interaction
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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 Bf thmint defect at the thermal
(100)Si/Siq interface, showing that the dominant interaction arises from a sfigieésotope. The hyperfine
tensor exhibits nearly axialweakly monoclinic } symmetry with A, (1{211))=167+=3 G andA, =107
+4 G. Molecular-orbital analysis indicates that the unpaired electron residesSR# in a single unpaired Si
hybrid orbital, found to be 149% like and 86%p like, with the p orbital pointing closely along &211)
direction at 35.26° with th¢100] interface normal. If O is excluded as an immediate part of the defect, the
results establish the kernel of tRg; defect as a tilted~22° about011)) asymmetric, likely strained, $&Si.
unit. Like P, andPy,, Py, 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 Si@to (100)Si. [S0163-182808)06440-9

[. INTRODUCTION crystallographically correlate with the Si substrate. At the
bulk® (111)Si/SiQ interface, only one defect has so far been
The Si/SiQ unit remains a subject of intense resedrch. isolated®®° specifically termed®,, . Mainly by ESR, it was
Without doubt, that interest mainly derives from the fact thatconvincingly identified® as a symmetric $=Si. unit, i.e., a
it serves as the basic entity in the current most importantrivalent interfacial Si backbonded to three Si's in the sub-
technology for semiconductor device fabrication. But addi-strate, where the dot symbolizes the unpaired electron in an
tionally, the unit also attracts much fundamental attention asp?lm-nke orbital. It exhibits C3, symmetry and is ESR
a unique, easily grown structure for studying interface physactive when neutral. For this symmetry, four different orien-
ics, that is, understanding how an amorphous s@i5(0,) tations of identical defects in the Si lattice would occur. Yet,
is naturally matched to a crystalline one-&i) within, at  only the orientation witfp;,, along the[111] interface nor-
most, a few atomic layers. mal is generally observeti!! exposing its interface-
However, while much of the electrical success of theconstrained character.
Si/SiG, unit stems from the fact that the Si surface states are The technological dominant (100)Si/SiOstructure,
efficiently eliminated by growing a thermal oxide, the unitis by contrast, exhibits two prominent ESR-active defégts,
not perfect. It was recognized early on electrictlyat dur-  called P, and P,,. For standard oxidation temperatures
ing thermal oxidation of Si, point defects are inherently gen-(800-950 °Q, the naturally incorporated densitfesf defect
erated at the interface as a result of lattice mismatch. Addisites (passivated by H or nptare’® [P,]~5x 1012 cm2
tionally, there also remain defects in the oxidas a result, and®[Py,], [Py;]~1x 10 cm 2. Referred to a single Si
the study of point defects has turned into one of the mosplane, this corresponds to fractional occupancies of 0.6 and
important areas of investigation, boosted by the applicatiol®.15%, respectively. The initial observations indicated lower
of sensitive electrical techniques, which unveiled their electhanCs, symmetry C,,)—monoclinic I—for both defects,
trical characteristics in impressive detiif Yet, whatever the P,y symmetry, however, being nearly axial ab@li1).
their sensitivity, these electrical techniques, sensing chargeike P, both were initiall}? tentatively also ascribed to
aspects, inherently fall short of atomic identification. Thesingle unbonded interfacial Si orbitals, based on the similari-
latter, however, became within reach, at least in principleties in ESR properties such as the princigatalues tensor,
upon the observation of interface defects by electron spiithe inherent character, and interfacial position. Generally, the
resonance(ESR),®> a technique with atomic identification atomic identification here is still less satisfactory or just ab-
power, both structurally and chemically. In subsequent ESRBent, as ESR has so far failed to provide a set of data as
work in conjunction with electrical measuremeftsat least complete and convincing as obtained Ry in (111)Si/SiQ.
part of these defects were shown to be electrically activeAs compared to thé,, case, the reasons include the inher-
They operate as trapping and/or recombination centers thuently lower defect density~4 time9 and spectral interfer-
impairing crucial currents in adjacent Si layers, hence thesnce. In ESR context, atomic information about a point de-
high technological interest in atomic identification. fect is inferred from the center’'s symmetry as contained in
The appearance of the ESR-active interface defects, rehe g tensor and other useful ESR parameters such as line
ferred to asP,-type centers, depends on the Si substratavidth and shape, and their temperature dependencies. How-
orientation. A major property of these defects is that theyever, the conclusive evidence must come from resolving the
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FIG. 1. Ball-and-stick models fdP,; at the (100)Si/SiQinter- R

face including the initialP}, model after Ref. 12, the strained de- 1071 [071)
fected Si-Si dimer modglSB1 model in Ref. 19and the defected
strained Si-O-Si bridge modé€sB2 model in Ref. 19 with, for the
latter two, the unpairedsp® hybrid adjusted alond211]. The
dashed drawing represents the Si lattice before defect formation. SAMPLE

The bonding angl€ is also defined.
FIG. 2. Sketch of theP,, g and hf tensorA) principles axes

h Hine(hf) interaction of th noair lectron h _With.in the cubic Si Iz.attice.for one of the four. inFerface restricted
yperfine(hf) interaction of the unpaired electron at the de equivalent defect orientations at the (100)Si/SiBterface. The

fect with nearby magnetic nuclei. The better set of data, in-a lied sample geometry is also shown
cluding 2°Si hf structure, has been assembfed for Py, PP e y '
where a gaining impression'’ is that it just concerns the face an upside-down situation for the SB1 model: indeed, it
equivalent of the P, defect, but now residing at appeared initially acceptable on electrical grounds, but was
(111)Si/SiQ-like microfacets (step$ at the macroscopic discarded because of the predicté8i hf values, while the
(100)Si/Siq interface. It would thus merely reflect nonideal reverse may be the case.
(100Si termination. The altered interface plane arrangement The P,, ESR propertie¥ were recently accurately
leads, as expected, to second-order variations in the defeaiseasured’ confirming the monoclinic | symmetry with;
nature as reflected in crucial ESR parameters, such ag the=2.0058,g,=2.00735, andj;=2.0022, where, importantly,
tensor,?%Si hf interaction strength, inherent density, 8.  the g5 direction is at 3= 1° (towards thg100] interface nor-
mal) with a (211) direction, theg, principal direction being
approximately along111), i.e., at 3-1° (towards the inter-
face with a (111) direction at 35.3° with th€100) interface
The Py, defect is still unidentified. Initially, Poindexter plane. This is schematically shown in Fig. 2. Only the four
et al’? modeledP,; as an interfacialSi=Si,O entity(model  crystallographic defect orientationESR) equivalent
PEl in Fig. 1), the defect thus suggested to differ chemicallythrough the 4100] face symmetry occur. From these results
from P, andP,,. Over the years, however, the model wastogether with previous salient ESR data, the key paRgf,
countered partly experimentall§f but mainly theoretically?  like Py andPy,, was also pictured as a single unpaisgef
The latter followed from a theoretical study of tiRg, de-  hybrid on an interfacial Si. Furthermore, the former im-
fect, based on a combination ab initio and semiempirical proved results on thg tensor and field-angle-dependent line
molecular orbital (MO) techniques. Detailed calculations broadening included a slight hint that the unpaired hybrid
were carried out on five model clusters, in- would point along they; direction, i.e., closely alonfR11],
cluding the initial .Si=Si,O model and the SB1 model, the instead of theg, direction (close to a norma{111) direc-
latter symbolizing an unpaired Si bond at one end oftion). But without supportive hf identification, the hint nec-
a strained reconstructed interfacial Si-Si dimer, i.e.,essarily remained highly speculative.
Si,=Si'—Si=Si,O, where the long hyphen represents the The hf information onPy; is scarce. There appear so far
strained bond. The model originated from the Si-Si dimeronly two pertinent observations. In a first pioneering
pictured as a natural strain-relief $té* necessary to absorb work'® on standard thermal (100) Si/SiC®00-1000°C; 1.2
strain in matchinga-SiO, to (100Si. Poindexter's model bar dry Q; oxide thicknessdy,=10-500 nm), a single—
was found untenable based on the calculated electronic barwhly for the applied magnetic fielBlin, the [100] interface
gap level structure, being incompatible with the then avail-normal—hf observation was reported for bdf, and Py, ,
able experiment resuftand effective correlation energy con- tentatively attributed t&°Si hf interaction. The observation
siderations. As to the SB1 model, the calculated electroniavas made on a sample stack containing 30—9@bthick
level structure was found close to the then available experi¢100)Si/SiQ slices of~23% 2.3 mnt each. A hf splitting of
mental data. But the model was also discarded as the préy;o5~157 G was reported fdPy;, about 50 G larger than
dicted centraP°Si hf interaction was found to be too small. for Py, (~105 G for Blin), which in turn is comparable to
Yet, it should be added here that this conclusion was obthat one ofP, (~117 G forBIlin). From this, it was specu-
tained by comparison to one singular experiméfitablue  lated that theP,; paramagnetic electron is highly localized
(for one orientation of the magnetic fi¢/doroviding no in-  on a single Si atom, and that the unpaired electrons are more
formation on the hf tensor symmetry and orientation. Hencetightly bound onP,, centers than they are dp,, defects.
that conclusion may have appeared somewhat premature. Ain important suggestion was that for all three defects, the hf
accepting the recent findiftthat Py, is not electrically ac- interaction occurs with a singlé®Si. Unfortunately, how-
tive, i.e., no electrical levels deep in the Si band gap, we magver, these observations were restricted—uvery likely, for

Il. Py, DEFECT
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TABLE I. Compilation of?°Si hyperfine interaction parameters of fRgandPy, defects in various types
of thermal (111) and (100)Si/SiQ The MO wave-function coefficients were calculatéRef. 26 using
| 135(0)|?=34.55< 10 % cm ™2 and(r ;) =17.78< 10 2* cm ™ (cf. Ref. 28.

No.
AY A Agiiog equivalent
Defect  Reference (G) (G) (G) hf axis sites o Bz Pc
Bulk® thermal(111) and (100)Si/Si@ and SIMOX
Py 10 156+ 5 91+9 117 [1171] 1 0.11 0.89 0.62
Py 18 105
24 (SIMOX)® 151 84 103 (11D 1 0.10 0.90 0.59
25 144 72 102 (111 1 0.09 0.91 0.66
Current work 1494 75+5 105-2 (111 1 0.09 0.91 0.67
Pp1 Current work 1673 107£4 156+2 A[le],fA”=30 1 0.14 0.86 0.58
18 157
Oxidized porous Si
Pb(O) 157 149-156 78-83 (111 1 0.10 0.90 0.65
16" 156 83 (111 1 0.10 0.90 0.67

®No information on the sign of is inferred; allA values are supposedly negative.

bFitting monoclinic | symmetry results im\;(I[011])=102+3 G; A,=(~I[111])=112+3 G, andA;
=A,=167+3 G.
°It needs to be remarked that the inferred valuesrdf 82, and > depend on the used set of theoretical
estimates ol y3(0)|? and(rg.p?’). The derived values for? and 82 are almost invariant as these are a
function of theratio <r3‘p3)/| W35(0)|?, for which the various theoretical estimates give about the same value
(~0.51-0.53. However,7? depends on theagnitudeof these wave function averages, so that the inferred
value may significantly vary depending on the theoretical estimates used. For one, BRafetQ using

the valuegys4(0)|?=25.84x 10" 2 cm ™3 and(r 3.’y = 13.68< 10~ 2* cm 2 (Ref. 37 found »°=0.82 instead

of 0.62 as quoted here.

dSee Ref. 8.

®Confined Si/SiQ/Si structure prepared by the method of “separation by implantation of oxy¢g8HOX)
starting from(111)Si or (100Si. o
211] stands fof211], [211], [211], and[21 1].

9Grown on(100Si.

"Grown on(100Si and(111)Si.

sensitivity reasons—to only the one observationgim; it is Py, hf structure remains unresolved from the Zeeman signal,
the simplest ESR situation, as now the various signals foputting an upper limit for the splitting at 40 G f& [100],
each type of defectgenerally three foB rotating in the i.e., reduced by>60% as compared tBy,,. This left thePy,
(011) plang coincide, resulting in a two-line spectrum. Thus, hf story in dispute. Remarkably, the lack of any resol¥gd
the decisive information on the hf tensor symmetry and in-hf structure observation was taken as evidence for the valid-
teraction strength remained still unknown, leaving the modity of a previously advanced SB1 model for tRg, defect
eling undecided and providing a source for excessive specyvide infra)
lation. Clearly, conclusivePy,; identification is in need of hf
More recent information came from the stdélpf porous  structure information. This is the subject of the current work,
Si (P9, which, because of the strongly enhanced SifSiO reporting the successful observation of the full angular de-
interface area per unit sample volurfepecific area~300  pendence of the dominaRtSi hf structure, providing a fun-
m?/cm?), would enable drastic signal improvement in a typi- damental clue as to the defect's microscopic structure. As a
cal ESR-sized sample. This has culminated in much researdtey inference, the results demonstrate thatRe unpaired
activity, mostly onP,,, which, among others, has led to electron resides in a single unpaireg?-like orbital, ap-
additional confirming dat&'® on the Py, 2°Si hf structure  proximately oriented along €11) direction.
(cf. Table ). Interesting was the fact that one grotistudy-
ing mildly oxidized PS(1000°C; 12 mbar @ 5-40 min
grown on(100)Si, reported the observation of tig, defect ll. EXPERIMENTAL TECHNIQUES
superposed on the generally domind®y, species, which
opened new perspectives f&,; hf structure exploration.
However, while theP,, 2°Si hf structure was again clearly ESR-compatible samples of ax® mn? main face were
observed, nd®y,; hf structure could be traced, despite exten-cut from a commercial 4-in-diam two-side polishéD0 Si
sive research on numerous differently oxidized PS samplewafer (float zone;~0.1 () cm; p type) about 29um thick,
(oxide thicknessdy,=1—4 nm—in sharp contrast with with the 9-mm edge along @11) direction. After appropri-
Brower's observation. The authors concluded that &  ate wet chemical cleaning, including a 10-min treatment in

A. Samples
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H,SO, (96%):H,0,(30%) [(4:1) by volumg at 80°C and (100)SiSIO, Po1

dipping for ~2 min at 22°C in HF (39%):kD (1:9), the 1.6 K; 20.10 GHz Poo

samples were submitted to three thermal steps. This was car-

ried out using a high vacuum laboratory system equipped 2951y x1 2951

with a double-walled silica tube at the center of a mobile

X . T X x 16 ¢ =
conventional electronically stabilized furnace, as described W /’\/’/\\W

elsewheré? First, they were thermally oxidized at 970°C @ B66 o PL1
(1.1 atm Q, 99.9995%, drydox~42 nm. Next, in order to — > 2y o
maximize thePy; density, the samples were submitted to N N Y

hydrogenationH,, 99.9999%, 1 atmat 795°C for 1 h. As
after such step, the major part of tRg-type defects are left oz
passivated by Hi.e., P, q)H formation, this was finally W W
followed by a vacuum anneal at620 °C for~1 h—a treat- ©

ment knowri*?3 to exhaustively depassivatESR activatg

the P,-type defects. Typically, an intensity ratio
[Pp1l/[Ppol=1.22 is obtained, with[Py;]=(7.2=0.5)

X 10* cm~2. All the thermal steps were terminated by cool-
ing to room temperature in an unaltered ambient. The cool-
ing process occurs semiexponentionally with a time constant 1
of ~200 and 390 s in vacuum and gas ambient, respectively. 7040 7080 7:;:‘ GNE?:"; FIEZEOOG 7240 720
Typically, about 70 slices were stacked in an ESR sample. ©

0=1.99877

FIG. 3. Absorption derivative ESR spectra observed at 1.6 K
under conditions of adiabatic slow passdge; P,~20 pW) and
B. ESR spectrometry rapid passagéb; P,~0.8 nW) in thermal (100)Si/Si@ grown at
ESR measurements were carried out in the 1.6—4.3 K70 °C (dox~42 nm) for two directions oB in the (011) plane;¢g
range employing a cviK-band(~20.09 GH2 spectrometer, is the angle o with the [100]_interface normal. The spectra dis-
as described elsewhefeRoutinely, it is driven in the adia- P&y thePy andPy, Zeeman signals and resolvéti hf structure.
batic slow passage absorption mode, where modulatioh® ngular dependef,; hf structure is clearly exposed.
(~100 kHz; amplitude~0.6 G of the applied magnetic field
B results in the recording of first derivative absorption sig-
nals. However, as weak hf structure detection was a main A. Results

goal, the incident microwave powér, (~20 pW) was en- Typical ESR spectra observed in the slow passageAgw
hanced P,~0.8 nW) to optimum signal magnitude, though (yndistorted mode at 1.6 K are shown in Fig. 3 for two
without introducing excessive signal distortion. Under thesg,ientations ofB. Though this detection is not the most sen-
partial saturation condl'qons, the_ rapid passage effec_ts at 1 &tive one(not used generally for hf structure mappingf

K resulted in recqrdlng _undlfferentllated absorptionlike gircture is clearly resolved next to stroRg, andPy, (cen-
peaksB was rotated in th€011) plane with¢g , the angle of  ya)) Zeeman signals. The simplest spectrum occurs for
B with the [100] interface normah, varying from 0-~90°. B, displaying pairs of hf doublets of splittingBy,{ 100]
Spin densities were determined relative to a microsizeB Si: — 105+ 2 and 156 2 G centered at they,, andP,, Zeeman
intensity standard through double numerical integration Ofsignals respectively. The first one is the expe®gg2°Si hf

the.dPM./dB spectra recorded in one trace. For_spin—densitystructure, of splitting well in agreement with previous
calibration, spectra were measured in the undistorted modg,g|tsl®2425The second doublet is assignedRg, . It was

in combination with intensified signal averagirg-200  spserved once befoféwith identical splitting, and was ten-
scang, with the modulation field amplitude~0.25 G and  (41ively ascribed t#°Si Py, hf structure. In the latter work,

P, (<20 pW) reduced to linear signal response levels. {4 maximize theS/N ratio, ESR was measured @80 K in

the dispersion mode under fast passage conditions giving
absorptionlike signals. When measuring at higRgrunder
similar circumstances, our hf spectrum fBin—with en-

As mentioned, the typical signal-to-noise ratio obtained inhancedS/N ratio—becomes indeed virtually identical to one
state-of-the-art ESR spectrometers is insufficient to allow thef Brower (Fig. 4 of Ref. 18, as shown in Fig. @), thus
detection of Py, hf structure in standard thermal confirming that observation. The marked differences in sig-
(100)Si/SiQ. The successful resolution &f,; hf structure  nal features of the two hf doublets clearly indicates their
is seen to have resulted from cumulative signal enhancemedissimilar origin, i.e.,P,, and Py, thus justifying the as-
in four ways:(1) maximizing the areaPy; density by post- signment.
oxidation anneal in K (2) enlarging the interface area com-  Unlike previous work, the achieved signal enhancement
prised in an ESR sample stack 25 cnt; (3) lowering of  has enabled us to perform the full angular variation of the hf
the observational temperature to 1.6 K in combination withstructure. This is exemplified in Fig. 3 also, where g hf
optimization of the spectrometer detection mo@®;inten-  structure is seen to split into various, generally three, com-
sive signal averaging~100-200 scans ponents. This is as expected B, as forB rotating in the

IV. EXPERIMENTAL RESULTS AND ANALYSIS

C. Signal enhancement
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element in assigning hf structure is the relative signal inten-
sities. As determined on undistorted I®y, spectra, the ratio

| in spectral intensitfarea under absorption cupvef the hf

i doublet to the Zeeman signal is found to be 0844006 for

] Pp1. This agrees with the value of 0.049 expected for inter-
i action with a single?®Si (4.70% natural abundanceucleus.

] As is the cas€"for Py, the Py, hf signals are broad-
= ened as compared to the Zeeman signal, e.g.gfor 0°,

()
[o11]

L T

7280 LA B
7260

7240

7220

. i ] the peak-to-peak widthB, is 11.2+0.4 and 4.6:0.2 G for

% 7200 |- 4 the hf and Zeeman signals, respectively. With the ratio of the

o ‘ % : absorption derivative peak-to-peak heighA(2) of the hf to

o 7180 | l . the central signal measured a®.07, this refers to a differ-

e D= :gzg:jﬂt:mw\ﬁ\ 1 ence in line shape. This is compatible with a Voigt signal of

% 7160 |- Todo T TE o= line shape factom=1/(A,,x AB2)~2.4 for the Zeeman

a i ] signal vs a Gaussian shape=1.033) for the hf signals.

T 7140 | % — Before addressing these hf results, it may be useful to add
a remark on the extraction of the data, i.e., interpretation of

7120 =

the spectra. With two types of defed®,, andP,;) simul-
taneously being observed, one may wonder about the dis-
crimination and assignment of the respective, often interfer-
ing hf signals to either of the defects. Indeed, as known, the
7080 |- 7 P,o hf structure will generally also consist of three compo-
o 10 20 30 40 50 60 70 8 9 nents forBe(011). In addition to the higher relativéy,
density (i.e., [Pp11/[Ppol~1.22, this was aided by three
features. First, the width of the,; hf lines appears generally
FIG. 4. Angular dependence of ti&,, ESR spectrum in bulk Somewhat smaller than those Bf,. Second, in gradually
thermal (100)Si/Si@for B rotating in the(011) plane(cf. Fig. 2.  increasingP,,, starting from the low-power undistorted de-
The squares represent hf signals of estimated double intensity 46Ction mode, the enhancing rapid passage effect causes the
compared to those depicted by circles. The dashed curves represdtiy; hf signal to gain in relative prominence as a result of the
the previously determine®,, g map. The solid curves represent unequal saturability; it enables spectrometer settings optimi-
the optimized theoretical fit for monoclinic(hearly axial symme-  zation for maximun®,, resolution. Third, there is the recent
try, from which the principal hf tensor values listed in Table | are observatioh’ that the width of theP,q Zeeman signal, as for
inferred. Theg and A tensor principal axes coincide within experi- Py, in (111)Si/SiQ, is field angle dependent, which is pre-
mental accuracy. The various branches arise from identical defectgominanﬂy (it may also contain some dipolar broadening
but differently oriented in the Si lattice. In both tilgeand hf(A)  ascribed to a strain-induced Gaussian distributiomy inof
maps, only the four defect orientations equivalent through th"spreado-gj_~0.0009.Pb1 exhibits a similar, though three
4-fold symmetry of the(100) face are observed. Numbers near the times weaker effect. As this strain broadening is also re-
branches indicate relative intensities. flected in the width of the corresponding hf lines, albeit rela-
— tively to a lesser extent, it will generally for an arbitrary
(011) plane, theg map exhibits three branches. As outlined orientation ofB favor Py; hf signal observation ned?,.
previously, it exposes the fact th&,, exhibiting mono- Notwithstanding the fact that the,, hf signals are thus
clinic I symmetry, is an interface constrained defect. In asdess prominent, the angular dependence ofRjg hf struc-
signing the hf structure, also the relative intensity of the reture was also measured. In agreement with previous
spective hf signals is informative. The three components ofeports®?42° jts hf tensor is found to be axially sym-
the Py, hf structure exhibit different relative intensity, one metric about(111) with A, (I(111))=149+4G andA,
being of approximately double intensity. Anticipating the in- =75+5 G.
terpretation, this factor has been incorporated in RQe hf
mapping through the use of different symbols for the hf lines B. MO analysis
of estimated double intensity. . L
The inferredP,, hf rotation pattern is shown in Fig. 4, 1€ Pp1 Spectrum can be descridéd” by the simplified
together with the previously measurggattern; hf signals of SPIn Hamiltonian composed of the electronic Zeeman inter-
single and double intensity are symbolized by circles andction and the hf interaction term

7100

MAGNETIC FIELD ANGLE ¢g (deg)

squares, respectively. No other hf signals could be traced in a = 4B-0-S+1:-A.-S 1
magnetic field window of~500 G centered at the Zeeman H=neB-g e @)
signals, even after prolonged signal averaging. with effective electron spis= 3. Hereg is the electronig

The structural identification power of ESR bears on thedyadic, | the nuclear spif=3 for 2°Si), andA; the hf tensor
observation of hf structure, which, in principle, enables thefor interaction of the electron spin with théh nearby lattice
identification of the atorfs) on which the unpaired electron site; for the presenP,, case,j=1. Similar to the Zeeman
is predominantly localized, and in the most favorable case, tg map, the hf structure pattern is found readily fitted with
map the atomic structure of the defect. Next to the hf spectranonoclinic | symmetry. The optimised fitting gives the
composition and magnitudes of observed splittings, a keyrincipal hf tensor valuesA; (Il[011])=102+3 G, A,
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(~I[111])=112+3 G, andA; (~I[211])=167+3 G. The for prototype Si dangling bond defects such as, €38,
departure from trigonalaxial) symmetry thus appears small. (P-vacancy centgr(Ref. 27 and P, (Ref. 10; cf. Table ),

In fact, within experimental accuracy, the data are equallyeaving little doubt that theP,; paramagnetic orbital also
well fitted by axial symmetry, giving the valuésee Table)l ~ concerns a single Si dangling-bond orbital.

A,=A;=167 G andA, =107 G. To ease the discussion, we  (2) Most revealing perhaps is that this unpaired Si hybrid

shall henceforth assume axial symmetry. p(_)ints closely(within ~3°) along a(211) direction at~35°
The fitting also indicates that the principal hf tensor axegwith n. . _
coincide with those of thg tensor, which need nat priori (3) The gyromagnetic and hf tensor symmetries are found

be the cas® (vide infra). However, while a satisfactory fitis to be identical within experimental accuracy. But, as men-
obtained, the experimental accuracy does not permit téioned, the accuracy on this statement cannot be better than
specify theA tensor principal directions to better thafB °. +3°, e.g., the attained accuracy does not permit us to con-
This finding strikingly demonstrates that within the simple clude that, e.g., thés (A)) direction, likegs, is really at
picture of a single dangling bond at a;SSi, entity, the 3*1° (towards the interface normalith a(211) direction
unpaired bond axis points closely along241) direction—  at 54.74° with the interface plane. However, to simplify the
not a normak111) direction. wording, we shall henceforth assume both tensor symmetries
In the conviction that the unpaire®,, electron resides in to be coinciding.
a Si orbital, the paramagnetic defect electron wave function (4) If deemed significant, thé,; unpaired hybrid dis-
|y(x)) may be approximated by a molecular orbital con-plays slightly mores character than the,, one. The simple
structed as a linear combination of atonsip® hybrids ¢, MO theory gives the relationshib between the hybridiza-

centered on Si atoms near the defect tion ratio a?/B? of the dangling bond and the angleit
makes with the adjacersp® backbond orbitals as c@s
[ p(x)) =2 7| hs,i (X)) + Bil .1 (X)), (2 =—[a?(3-BY)]¥2 According to this formula, the,, de-

fect Si atom, at the apex of=a Si, tetrahedron, is in average
~0.067 A more remote from the plane of the three back
neighbors(less plangras compared t®,, .

Within the LCAO framework, the results must imply that
the key part ofP,; consists of a tilted=Si, entity that, under
interfacial physicochemical influence, has rotatefd Fig. 1)
about a(011) axis over~22° so as to bring the Si dangling

where normalization require€;7’=1 and o+ B2=1.
Here, 2 is the wave function density at théh site, anda?
and ,8i2 give its relatives andp character. Because of its short
range naturdignoring overlap, the hf interaction of#Ax))
with nucleusi is dominated by the atomic orbita} at that
site. Hence, to first order, the hf interaction will be axially

symmetric along the orbital lobe. For a singular brokesp® bond from its norma{111) direction towards a neare&t11)
bond, the symmetry of thg and A tensor will be similar.  4i-action.

The magnitude of the hf splitting can then directly be related ;g finding on the unpaireép*like hybrid direction

to the defect wave function through the relations makes previous results transparent. First, there are the mea-
suredg shifts'?'’ Ag=g—gs, wheregq=2.002 32 is the

Aj=a+2b, A =a-b, © free electrong value. The shift is smallest, i.e<0.000 12

wherea andb, given as (close to zerp along the[211] g5 principal direction, while
the shift is substantially larger and of comparable magnitude

a;= (poldm) (87/3)g e inl si(0) [ 2a? 77, (i.e., 0.005 and 0.003%long the other two principa di-
(4) rections. In line with the current finding that the unpaired

bi:(M0/47T)(2/5)9MBgNiMN<rp:,i3>18i277i21 Py1 hybrid points along they; direction, the successfig

shift interpretatiof® for a single broken Si orbital based on
represent the isotropi@ part: Fermi contact interactigmnd  simple MO theory indeed predicts to first-order zershift
anisotropic(p part: dipolar interactionparts of the hf inter-  for g, and a positive, order of magnitude larger shiftgin.
action. Heregy; is the nucleag factor, uq the vacuum per-  Second, the inferred dangling bond directigg direction is
meability, ug the Bohr magneton, andy the nuclear mag- also corroborated by the recently revedlestrain-induced
neton. The values used fhj‘/syi(O)|2 and(r;f} are those for angular dependent part in thH®,; linewidth. It was found
neutral Si tabulated in Ref. 28. Though such linear combinasmallest(possibly absentalong thegs direction. This again
tion of atomic orbital§LCAO) approach is considered more is consonant with the simg&3*2MO view, predicting that, to
interpretative than predictiv@, the qualitative predictions first order, the strain-induced variations in bond lengths and
are found largely correct, as, e.g., concluded from rigorousingles near the defect site only lead to a distributiogin
calculationé®® on the P, defect. It was successfully none ing,, however. Hence, the broadening is also minimal
applied®? to point defects irc-Si. along thesp?® hybrid (g3) direction.

The results of the LCAO analysis for the MO wave func-
tion parameters are compared with thosePgfand Py in
Table 1, where an overview of th&Si hf interaction param- V. DISCUSSION
eters of P,-type defects is presented. This provides useful
information.

(1) It indicates that 58% of the paramagnetic orbital is With the basic atomic unit oP,, identified, a main goal
localized on a single Si atom at the interface, with the hybridof this research has been accomplished. It now remains to
exhibiting 14%s and 86%p character. These localization trace how the entity is incorporated as part of a larger defect
and sp hybridization values are quite similar to those found structure. That structure, placed in an adequately chosen, suf-

A. P,; characteristics
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ficiently extended Si/Si@cluster will enable reliable theo- adverse interface trap with the/0 and O transition levels,
retical verification through quantum-mechanical calculationrespectively, at-0.45 and+0.8 eV above the valence-band
Defect modeling can only be considered definite after sucedge deep in the Si gap.
cessful theoretical support. Together with the newly gained
hf information, this search should be guided by the salient
experimental facts, mostly inferred by ESR. It may be no-
ticed that in addressing the identity Bf,;, its properties are As to possible configurations comprising tRg; entity,
often compared with those of the other unavoidably coprethe inferred hf data are selective. For instance, it eliminates
sent prominent ESR-active defeBt,,. When referring to  at once all suggestions based on=asi, unit regularly in-
our knowledge of thé,,, defect, this may appear beneficial. corporated intac-Si. If still needed, it also excludeBy,; to
SalientPy,; facts include: constitute an unpaired electron trapped in a molecular Si-Si
(1) The Py, g tensor data show thd,, is an interface bent bond, e.g., at the site of a Si vacancy, for various rea-
restricted®!’ defect of monoclinic | symmetry. The lowest sons.(1) In such case, th&’S hf interaction would primarily
principal g value g3=2.0022 is only weakly shifted from be with two equivalent Si sites, rather than o(®.As theg
Ore- Thisg; axis is at 3£ 1° (towards the interface normal tensor should reflect the symmetry of this molecular recon-
with a(211) direction at 35.26° with thg100] interface nor-  structed bond, thE100] axis should be a princip@ symme-
mal, while the principab, (=2.007 35 is at 3° with(111).  try axis, unlike observations(3) The defect would be
(2) The magnet angle dependent line broadenings- charged when ESR active.
cribed to a strain-induced distribution predominantlygin, Perhaps in a simplest scheme, the b&&j¢ unit may be

is smallest(absent for Blg; axis[211]. The overall angular  pictured incorporated as one half of 3-SBi-Si= defected
dependent broadening is significantly weaker3 timeS  gimer configuration at slightly subinterfacial positidsee
than forPy o), which would indicate th®y, defect toreside g 1) As a result of the pulling of the two interfacial next-
in a more regularless strainedenvironment. nearest-neighbor Si atoms together under influence of sur-
(_3) The.Pbl center is more sensitive to sa?ura%lthan- rounding strain during the Si-Si bond reformation, the
Pro; ~3 times in terms 0P, . In one view, th|§ may indi- Si,=Si—moiety with the left broken bond may be envis-
cate that as compared By, the Py, defect, In terms of aged as having tilted about tfi611] axis over~20° away
spin-lattice relaxation, responds more to the Si lattice than t?rom [111] towards thd100] interface normal, the unbonded
the a-SiO, network. If simply connected with the defect's hybrid now pointing approximately alor@li] (In Fig. 1

location, it would suggesP,; to be at a slightly more sub- . ) A ;
interface plane posit?c?n inbt?]e substrate gty such dimer configuration is sketched as having formed after

(4) The study® of O enriched (100)Si/SiQindicates the removal of two next-nearest-neighbor Si surface atoms.
that O is not an immediate part of ti, defect. Only some Practically, the defect might occur as a special strained dimer

170-induced ESR line broadenirig-3.5 G is observed, at- &t the edge of single height steBg bordering a terrac®) It

tributed to the interaction on the unpaired spin with the re-nay be remarked that according to this picture, it is rather

mote O cloud in the overlaying oxide. With no hydrogen hf coincidental that the principag, axis points nearly along

observed, H is also excluded as a building block of the de 111]. . . )
fect. If placed slightly subinterfacial so that the defect structure

(5) The activation energy for passivation molecularH is rigorously fixgd by the Si Iatt_ice \_Nithout much disturbance
was found to be clog&3*for all three defectsPyo, Py, and fro.m.the top SiQ network, th|s picture could, at least in
P,,. The former two exhibit an identical value, i.€E, principle, account for the various salient experimental fa_cts
=1.51+0.04 eV, while E,(Pp,)=1.57+0.04 eV is found thu_s far accum_ulated_: Ttle symmetry axes of the unpaired
slightly higher, however. This finding in itself was taken as a°Pital at such tilted $=Si—entity, i.e.,[011], ~[211], and
significant indication that the,, defect, likeP, , also con- ~[111], agree with the measured princigaéxis (cf. Figs. 1.
cerns an unpaired sing&p® hybrid at an interfacial Si, even 2nd 2. Also according to this symmetry, three different prin-
apart from other evidence. C|pal g value magnltud(_as are expectgd, that_ls, Iowe_r than

(6) Passivation in atomic H, by contrast, occurs®Xial symmetry ofg. Since the unpairedsp*-like hybrid
different®36 P, , defects being more readily passivated thanP0iNts along theys axis (~[211]), theg shift along[211] is
P,o. The behavior ofP,, appears consistent with the bal- & or_der of r_nagr_mude smaller than along the two other_ per-
ance expectéd from the simple picture inferred for the Pendicular directions, as (;bgerved. As the unpaired spin re-
P,-H, interaction kinetic€3*Likely, this dissimilarity is to ~ Sides in a single danglingp™like hybrid, theg and hf tensor
be related with the actual local positioning of the respective®YMMetries are expected to coincide to first order, also in
defects and their immediate environment, e.g., in the case G3reement with observations.

Pyo, the possible proximity of H-scavenging defettgtes.

(7) The electrical role oPy; is in dispute. From straight-
forward ESR experiments, based on sample sets exhibiting
systematic significant differences iP,;], we concludetf The strained fully bonded Si-Si dimer had previously
the center not to be active as an electrical interface tragyeen proposed as a natural building block in matching, SiO
implying that there are no-/0 and O~ charge transition to (100)Si, accounting for the observed'Sioxidation state
levels deep in the Si gap. This contrasts with the initialat the interfacé®*' As mentioned though, initial calculations
experiment, which concludedP,; to be a deep amphoteric concluded the dimer model f@,, to be untenable. Perhaps,

B. Py, configuration

C. Py, theoretical assessment
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improved calculations on a more reprensative cluster incor- VI. CONCLUSIONS
porating the dimer at a subinterfacial level may provide more
insight. An ESR study was carried out at cryogenic temperatures

Recently, Edwards has theoretigally readdressed the sewn conventional thermal (100) Si/SiOOptimization of ESR
eral models fotPy, explored beforé? In particular, the pre-  spectroscopy has resulted in the full angular mapping of the
vious semiempirical MO calculatiortS, using MINDO/3,  strong 29Si hf interaction associated with tha,, defect in
were rep(_aated in aab initio unrestricted ngtree-Fock ap- thermal (100)Si/SiQ The data show that the hf structure
proach with allowance fomore defectrelaxation From the g 1ts from interaction with a singl&Si isotope. The hf
models considered, they concluded that only the SB1 ang s, expibits nearly axidiveakly monoclinic ) symmetry
Pbi-H (the c_)r|g|naIPbl model with the O atom faced py the about(211), with Aj=167+3 G andA, =107+4 G. Like
unpalre.d Si bond replage.d_ by idould pe kept as candidates. the g map, the hf structure map also exhibits three branches
Focussing on SB1lab initio calculations were performed (three pairs of doublesfor B in the (011) plane, arising

with basically tWo new elements1) a significantly smaller from identical but differently oriente&,; defects in the Si
cluster was considered, where all atoms were allowed to re-

lax; (2) d functions were included in the used valence basis‘(surfacé lattice. It affirmsP,; as an interface constrained
set. As described, this resulted in two main variatiotg: ~ 9efect:

reduction of the equilibrium length of the strained Si-Si bond Analysis based on the LCAO approach demonstrates that
from 2.52 to 2.35 A, i.e., the regular Si-Si bond length in Si.the paramagneti®,, electron is localized for-58% in a

It may be noticed that the defect would now rather look likeSinglesp® hybrid; It is 14%s like and 86%p like, with the

a regularP,, entity, of which the known magnitudes of the P orbital approximately pointing along @11) direction at
values (cf. Table ) will indeed be in the range of those ~35° with the[100] interface normal.

reported forP,;; (2) Significant increase of the centr&lSi The Py, defect is convincingly identified, liké,, as a

hf interaction, now given a8,=115.4 G,A,=119.9 G, and prototype Si dangling bon¢=Si" tetrahedrondefect. Com-
A;=186.2 G—much closer to the present experimeRigl  bination with the previous conclusithexcluding O as an
29Sj hf data, indeedcf. Table ). It would credit the SB1 immediate part of theP,, defect reveals it as &11) ori-
model. However, it remains to be seen whether the theoretiented (~20° tilted), likely strained, Sj=Si" unit. Clearly,

cal “improvements” with respect to the experimental datathorough theoretical analysis will be required to trace the
are not merely fortuitous: The calculations are performed ofay how this unit is incorporated in a larger defect structure.
a very small cluster, with no consideration of the effect of theyt s felt that with the currently provided hf data, this can now
top (SiGy) coverage. Next, the calculations predict two elec-pe reliably carried through so as to culminate in the definite
trical levels in the Si band gap, in sharp contrast with recenfgdel.

datal* Also, the relaxed unpaired Si-bond orientation re- The present results complete the identification of the

mains unspecified. ESR-active defects at the Si/Siidterface. With inclusion of

But, however attractive the dimer picture, other structures, similarity of Py, andPy, , it now appears that the kernel
may be envisaged. Based on symmetry considerations, als ’ : : : .
of interest is the SFESi-O-Si= oxygen bridge strain relief ot all three defectsP, , Py, andPy, , is chemicallyiden

center(termed SB2 in Ref. 19 Like the dimer, it is also ;?I; 'i'zds.f'? IS rt]he. ge”nelil_c ?Tr']ty of the threed de;ectz..ﬁYet,
considered as a natural strain relief center in matclehj e Ob ’ erpﬁ)ysmadyp |rs,| edre elxr;]a shec_on -order difter-
to a periodic form(e.g., tridymite of SiO,. Based on sym- ences betweeRy,, and Py, related with their positioning at

metry properties, even the initial Poindex®f, model may two macroscopically differently oriented interfaces; second,

be reconsidered. Yet, while both models may display an act_here is a majoforientational) differencg between t.he former
It are these particular physical differ-

ceptable symmetry, they are likely to be untenable on thdWO defects andPy,. It a . :
basis of theoretical calculations of the electric level position$£Nc€S(€.g., regarding orientation, bond strain, structural re-
in the Si band gap and the incorporation of O as an essentidxation that account for the observed spectroscopical and
building block (O back bonl interactive dissimilarities.

Finally, it needs to be commented on the dissonant results S0, if, in an easygoing way, one would refer globally to
on porou$? (100)Si, where nd?®Si P, hf structure could be all three defects just as singular Si dangling bond defects, it
observed despite the intense Zeeman signal and intensiveould imply gross oversimplification, covering only part of
search on various samples. As the reportetensor data the physical reality. More refined terminology may be re-
indicate, the failure cannot have resulted from having meagquired. ForP, and P, the single unpaired Sip® hybrid
sured a defect different fromP,,. As already hinted points along a normall1l) direction, while it points nearly
beforel’ one possibility may originate from the generally along (211 (within 3°) for Pyy; in short then, the defects
greater sensitivity of hf interactions than the Zeeman line tanay be referred to a&l11) and(211) oriented.Si=Si; de-
strain and disordel? In view then of the admixed Si/SIO  fects, respectively. In the particular caseRyj;, it must be

interface nature in P@is-avis bulk (100)Si/SiQ, thePy; hf  remembered though that the three Si backbonds are not
structure may have remained undetected as a result of excesguivalent.

sive line broadening.
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