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Bipolar interaction between [111]Pb defects at the (111)Si/SiO2 interface
revealed by electron-spin resonance
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A method is outlined to vary reproducibly the density of [111]Pb centers (.Si—=Si3 defects with an

unpaired sp orbital perpendicular to the interface) at the thermal (111)Si/Si02 interface (grown at
=920'C; 1.1 atm 0&) using alternate non —in situ H passivation (hydrogenation in pure H& at tempera-
tures T =253'C-353'C) and degassing (high vacuum ofp (10 Torr at T =752'C-835'C). These soft
thermal treatments may be randomly sequenced and do not affect the interface structure. Only the spin
state (electron spin resonance activity) of Pb centers is modified by bonding or releasing H. The total
number of Si=Si3 defects —either passivated or not—remains unaltered and seems to be set by the ini-

tial oxidation step. The maximum Pb density is about 1.5% of the Si atom sites in a (111)plane, which

appears as a natural constant for the (111)Si/SiO~ interface thermally grown at =920'C. This [Pl, ]
monitoring is used as a tool to unveil the dipole-dipole (DD) influence on the E-band electron-spin-
resonance spectrum of Pb centers. The main effects are an overall broadening of the Zeeman resonance
and the appearance of fine-structure doublets that grow with increasing concentration. Measurements at
low Pb concentrations reveal the residual dangling-bond resonance (void of dipolar interactions). Simu-
lation of this signal using theoretica1 hyperfine parameters predicted from a relaxed Siz~H» Pb mode1
cluster shows these to be somewhat underestimated. For higher Pb concentrations, dipolar spectra were
calculated, starting from a supposed array of possible Pb sites in a (111)Si plane over which the Pb
centers are randomly distributed, by exact diagonalization of the spin Hamiltonian for a large number of
possible configurations over the array. These are compared with experiments to derive the spatial distri-
bution of the Pb centers. Several site arrays were tested, leading to strong evidence that the Pl, centers
are randomly distributed over all Si atom sites at the interfacial terraces. Models incorporating a strong
clustering of Pb centers or correlating them with interfacial steps are excluded. Also, the ditrigonal ring

Pb silica-cap model appears inappropriate. Fine structure due to first-, second-, third-, and fourth-
neighbor interactions are not observed. This is ascribed to superexchange interaction between neighbor-
ing spins; the magnitude of exchange is shown to be compatible with previous observations on other Si
dangling-bond-like defects in bulk Si. The superhyperfine structure (of splitting A ~~"'= 14.8+0.2 G) due
to Pb-electron interactions with Si nuclei at second-nearest-neighbor positions in the Si substrate, has
conclusively been distinguished from the DD fine structure. Previous investigations of the DD interac-
tions are consistently explained resulting in a consistent picture of the two-dimensional Pb system as re-

gards dipolar and hyperfine interactions, saturation behavior, and moment calculations.

I. INTRODUCTION

Over the past two decades, the interface of thermally
grown c-Si/Si02 structures has received broad attention
from both a fundamental- and applied-physics point of
view. ' Various techniques have ascertained it to be atom-
ically abrupt and smooth over macroscopic distances:
Bat regions of up to =1000 nm are separated by ledges
typically 1 —3 atomic steps high. In spite of this re-
markable fatness, it is well documented that the interface
houses a significant number of defects. While most of
the interfacial Si atoms are believed to be covalently
bonded to interfacial oxygen atoms —thus assuring the
tight connection between Si and its high-quality oxide—
some interfacial Si orbitals cannot reach a matching 0
atom. At the (111)Si/Si02 interface, electron spin reso-
nance (ESR) has conclusively identified this dominant
defect —if not the only one present —as a trivalent inter-
facial Si atom with an unpaired [111] sp -like hybrid
pointing into a microvoid in Si02 and backbonded to

three Si atoms in the substrate; ' it is denoted as
~ Si=Si3, with the dot representing the unpaired electron
that makes the defect ESR active. The identification
mainly results from the C3, symmetry of the defect, the
dangling-bond-like principal values of the g dyadic

(g~~
=2.0013+0.0001 and gj =2.0086+0.0003), and the

observation of the Si hyperfine lines [both strong
hyperfine (hf) and superhyperfine (shf)). Later on, the
model was corroborated by theoretical calculations. "
Figure 1 shows a schematic of this defect, which is la-
beled as Pb center when in its neutral ESR-active state.

After conventional (i.e., =1 atm O2 ambient; 950 C)
thermal oxidation, up to a fraction f:[Pb]/N, =0.5%—
of the N, =7.830X10' cm Si atoms in the (ill)Si sur-

face are the site of a Pb center. Combined ESR and elec-
trical measurements' ' have revealed that Pb defects
are fast interface states able to trap or lose an electron de-
pending on the Si Fermi-level position. Thus Pb centers
emerge as amphoteric centers of positive effective correla-
tion energy U, =0.55 eV. They were shown to account
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FIG. 1. Schematic view of the atomic configuration at the
(111)Si/Si02 interface and applied sample geometry. Entity a
represents a Pb defect.

for 50—100% of the interface trap density D&r
(eV ' cm ) measured electrically. ' Hence the unabated
interest in their formation kinetics and characterization
to atomic detail.

While it has been most intensively studied at the
(111)Si/Si02 interface, the defect is observed for other in-
terface orientations too, ' i.e., [100] and [110]. Interest-
ingly, on good-quality (111)Si/Si02 it is only the [111]Pb
version with unpaired sp hybrid ~~[111] (perpendicular
to the interface) that is observed; those with the unpaired
orbital along one of the "equivalent" directions [111],
[111],or [111]are not found. The latter only show up in
poor-quality' structures. ' Noteworthy is that the oc-
currence of P& is not restricted to the Si/Si02 interface; it
has recently been shown that the Si=Si3 defect is also
the dominant defect at the (111)Si/Si3N4 interface. '

The defect's thermochemical interactions ' ' are dom-
inated by H. It is believed that bonding to H passivates
the center resulting in a neutral diamagnetic defect sym-
bolized as HP&, which, interestingly, may dissociate again
by high-temperature annealing (pressure p ~10 Torr)
at temperatures T~550'C. The large impact this may
have on the electrical and technological (e.g., radiation
hardness) aspects of the Si/Si02 structure has recently
stimulated revived interest.

From this short overview, it may appear that Pb has
been well characterized. However, various ESR features
remain unclear, such as how the Pb centers get rid of ex-
cess energy ' (i.e., spin-lattice relaxation), the linewidth
(and line-shape) buildup, ' and observed K-band ESR
intensity anisotropy in (111)Si/SiOz. Of fundamental
interest is the as yet unanswered question about the phys-
ical process(es) leading to Pb formation. Likely, key in-
formation could come from the knowledge of their distri-
bution: given that they reside essentially in one atomic
(interfacial) plane, their areal distribution remains as yet
unknown. As inferred from observing only a one-branch
ESR spectrum on (ill)Si/SiOz, hardly more is known
than that they presumably do not reside preferably near
ledges or atomic steps. But are they distributed regularly

or randomly? Or perhaps clustered? Or rather statisti-
cally scattered over a less-dense regular pattern of possi-
ble sites, as suggested by recent high-resolution transmis-
sion electron microscopy (HRTEM) (Ref. 4) and theoreti-
cal considerations. ' Obviously, all this relates to the ul-
timate question of how structurally Si02 matches to Si.
Evidently, as the Pb centers, because of their nature, are
intrinsically sensitive interface probes, much insight is ex-
pected from their full distribution characterization. One
possible way —and apparently, so far the only one-
leading to that information would be the ESR observa-
tion and detailed calculation of the dipole-dipole (DD) in-
teraction among the interface states.

There has been some previous ESR work on this
matter. Moment calculations show that the dipolar
broadening should be easily observable for a Pb fractional
occupancy of 0.5% at the (111)Si/SiOz interface. ' For
this, the anisotropy of the peak-to-peak linewidth LeLBpp

versus the angle 8 between the applied magnetic field B
and the interface was calculated —a typical characteristic
of DD interactions in one and two dimensions. However,
several scrutinizing measurements ' failed to resolve
any such dependence. Saturation measurements by Bract
and Stesmans, on the other hand, indicated the Pb reso-
nance line to contain a non-negligible part of homogene-
ous line broadening —most probably due to dipolar
broadening. Finally, an exact calculation by Brower and
Headley, based on numerically solving the spin Hamil-
tonian, showed that there should be a small dipolar
broadening (of =0.35 G on the absorption spectrum for
f=0.5% and B~~[111]), which should be anisotropic.
However, linewidth-versus-magnetic-field measurements
failed to resolve this contribution, persumably because of
too low a Pb density and lack of controlled variation in
[Pb]. In spite of the vast computational efforts, the ex-
perimental line shape could not be fitted, leaving the
effect of dipolar broadening unclear.

The present study divides into two parts. First, it re-
ports on the first observation of DD effects in the ESR
signal of Pb defects at the (111)Si/SiOz interface. To our
knowledge, this even represents the first observation of
DD interactions within a two-dimensional (2D) dilute
magnetic system. The effects of DD interaction are man-
ifested by variations in linewidth, line shape, and resolved
structure of the Pb Zeeman resonance as a function of Pb
density. In contrast with previous attempts, these effects
could be separated out by studying, at one temperature
(4.3 K) and for one magnetic-field orientation (B~~[111]),
the inhuence of a systematic and reproducible change in
fractional occupancy of (ESR-active) P~ defects. Measur-
ing the inhuence of systematic variations in spin density
on linewidth has turned out to be a far more sensitive
means to unveil the DD interaction than analyzing the
linewidth anisotropy, previously pursued.

Second, DD-broadened ESR spectra have been nurner-
ically calculated, using a computational algorithm similar
to that of Brower and Headley. Comparison to the ex-
periment has enabled us to infer information on the in-
plane distribution of Pb centers, which relates to their
role in the Si/Si02 interface growth. The experiments
also provide useful information on the residual line shape,
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that is, the shape in absence of dipolar broadening, to
which the calculations of Cook and White' are corn-
pared.

The overall objective of this work is to provide infor-
mation on the nature of the DD interaction between Pb
centers at the (111)Si/Si02 interface, and to infer the spa-
tial distribution, which is of fundamental interest. Much
of the success in detection of the DD effects in ESR spec-
tra depends on the reproducibility of (hydrogen) passiva-
tion of Pb defects, that is, reversibly switching them be-
tween the neutral, ESR-active paramagnetic state ( Si:—
Si3) and a diamagnetic complex, e.g., HPI, . This thermal
passivation-depassivation procedure, based on alternated
hydrogenation and vacuum treatments, has been sys-
tematically analyzed using the ESR properties of Pb
centers as a diagnostic tool. This procedure is then used
as a tool to disclose the DD effects within the 2D Pb sys-

tern.

II. EXPERIMENTAL PROCEDURES

A. Sample preparation

Starting material consisted of 3-in Czochralski-grown
B-doped (ill)Si wafers of room-temperature (RT) resis-
tivity p = 10+2 0 cm, thinned down to a thickness

ds; =117+16pm and polished to optical flatness on both
sides. Using a diamond saw, the wafers were cut into
slices of 1X9 rnm main surface, which had their long
edge along the [112]crystal axis (see Fig. 1). Typically,
10—15 slices were stacked to enhance the effective inter-
face area ( =2—3 cm ) in the cavity.

Prior to oxidation the platelets were thoroughly
cleaned using a standard procedure described else-
where. The last rinse before transferring the slices to
the oxidation setup was in acetone. All chemicals used
were of metal-oxide-semiconductor (MOS) (low sodium
content) quality.

Thermal treatments were carried out in a conventional
setup consisting of a double-wall fused-silica that could
be offset from the resistance-heated furnace. The pro-
cessing gas composition was continuously monitored by
means of a quadrupole mass spectrometer (type VG
Arga). This laboratory preparation system has exclusive-

ly been used for therma1 treatment of high-purity Si and
was regularly checked to be He leak tight to better than

10 ' Torr1/s.
Three ESR samples (Sl, S2, and S3) were studied,

which were submitted to essentially three types of
thermal treatments, that is, oxidation, hydrogenation,
and vacuum degassing, alternated with diagnostic ESR
measurements. S1 and S2 were oxidized in dry oxygen
(99.999% pure) at a pressure po of about 0.2 atm for a

2

time to of, respectively, 63 and 84 min at a temperature
2

T,„=(92 +01 )'5C; this resulted in oxide layers of thick-
O

ness d&;0 =134 and 152+5 A, respectively. Appropriate
2

use of liquid-nitrogen baNes assured a dry thermal oxida-
tion. Oxidation of sample S3 in dry flowing oxygen at
po = l. 1 atm during 130 min at (956+15}'Cresulted in

2

oxide layers of ds;o =637+13 A. Oxidation was initiat-' 2

ed by rolling the furnace to the fused-silica tube filled
with 99.9999%-pure N2 gas and switching the N2 gas to
pure 02 after a few pump cycles. It was quenched by ei-
ther evacuating the silica tube or changing the ambient to
Nz again and rolling away the furnace. The samples were
allowed to cool to room temperature. They remained in
the sample tube till a first ESR measurement on the as-
oxidized state to characterize the Pb defects.

Subsequently, two types of heat treatment were repeat-
edly alternated to vary the concentration of the spin-
active interface defects. These were either hydrogenation
in order to passivate (part of) the Pb system by bonding to
H or a (partial) dehydrogenation in vacuum to raise the
spin concentration. Hydrogenation treatments were car-
ried out in a 99.9999%-pure Hz flow at pH =1.1 atm for"2
times tH and temperatures TH in the range of 11-79

2 2

min and 253'C —353'C, respectively. The process was
stopped by removing the hydrogen and offsetting the fur-
nace. Depassivation treatments, instead, were performed
in vacuum (p & 2.0 X 10 Torr) pumped by a tur-
bomoleeular pump for times tD and temperatures TD in
the range 110~tD & 150 min and 752 & T ~ 835'C. The
samples were thoroughly cleaned in acetone prior to each
passivation or depassivation treatment. They were kept
at RT in air between measurements. Unlike previous
passivation experiments, a set of hydrogenation and
dehydrogenation cycles were carried out on one sample.
This allowed us to analyze the reversibility of the
passivation-depassivation process, that is, to check for
any eventual irreversible structural rearrangements of the
interface reflected by variations in the ESR characteris-
tics of the Pb centers.

B. ESR spectrometry

Most ESR measurements were carried out at about 4.2
K using a E-band (=20.2 GHz) homodyne reflection
spectrometer of the balanced-mixer type driven in the ab-
sorption mode under adiabatic slow passage. Some con-
trolling observations were carried out in an X-band (9
GHz) setup (4—15 K; incident microwave power P„~ 1

)uW) exhibiting a much lower sensitivity, however.
Sinusoidal modulation at 100-150 kHz of B allowed
phase-sensitive detection resulting in the detection of
absorption-derivative spectra dP„, /d8; P„, represents
the absorbed microwave power in the high-purity copper
TEpl I cylindrical cavity.

As the aimed experimental observations and accuracies
required an utmost spectrometer sensitivity at low P„,
some special precautions were taken. A top-loading sys-
tem was designed that enabled insertion of the sample in
the cavity while the cryostat remained at 4.3 K. This al-
lowed a correct positioning of the sample stack inside the
cavity. Together with the remotely tuned cavity cou-
pling, this permitted the tuning of the system for the
maximum loaded-cavity quality factor ( Qz = 13 000—
16000}. When optimized, the spectrometer could detect
about 4 X 10' Pb defects/G linewidth in a single
magnetic-field trace at 4.3 K with a signal-to-noise
(S/X) ratio of =1 using P„=2 nW, a lock-in time con-
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stant ~= 1 s, and an optimum modulation field amplitude
B . The noise figure of the 11V26 detection diodes was
9.0 dB. Together with signal averaging facilities (typical-
ly 10—30 traces} and the application of low B (typically
~0.2b,Bp ) this permitted us to measure accurately low-
concentration Pb resonances and linewidths without any
overmodulation or saturation effects. No digital filtering
was used throughout. The strong saturability of Pb
centers at 4.3 K necessitated the use of very low mi-
crowave power to avoid saturation effects —power levels
as low as P„=—63 dBm (0.5 nW) were used, which did
not prevent measurements at 4.3 K in the E band. Obvi-
ous advantages of the liquid-He temperature measure-
ments are the enhanced susceptibility y (for Pb, y- I/7)
and the higher cavity QL —as we use Si samples with
p=10 0 cm, generation of free carriers results in a van-
ishing QL above 35 K, thus preventing ESR observations.
Measurements were routinely carried out for B~~[111]as
to obtain the most favorable S/N ratio. It is known
that, as B is tilted away from [111], the Pb signal
broadens due to strain broadening of g~ with attendant
reduction in S /N ratio.

In contrast with a previous conclusion, we obtain the
best S/N ratio at the lowest temperatures. The strong
saturability, though, of the Pb signal at 4.3 K would sug-
gest measurements at higher T to be more favorable:
with increasing T, the Pb resonance will become less sen-
sitive to level population distortions (saturation) as the
spin-lattice relaxation time T& decreases. This, howev-
er, results in a degraded S/N ratio for the present setup
for various reasons. First, there is the obvious decrease
in signal intensity due to variation in Boltzmann factor
describing the difference in Zeeman level population.
Second, the present samples concern commercial Si
doped to [B]=(1.3+0.3) X 10' cm of typically
p&T=10 Qcm, that is, no intrinsic high-purity Si of
p & 1000 0 cm. This causes a steady decrease in QI due
to enhanced microwave dissipation in the Si substrate by
the growing extrinsic carrier concentration as T in-
creases. Third, spectrometer instabilities due to, e.g., mi-
crophonics, become more critical at higher T. These in-
stabilities are relatively more detrimental the smaller the
signal to be measured.

Measurement of the (spin} density [Pb] (cm ) of Pb
defects of spin S=—,

' has received special care. Not only
is it a main quantity in the DD interaction, but also, the
absolute determination of the number of spins in a sam-
ple to a satisfying accuracy is very difficult in general.
The reason is the numerous spectroscopical and geome-
trical factors —some of which are difficult to control—
that may have an influence. If not properly addressed,
the quoted values rarely reach a 50% confidence level.
Numbers of spins were determined relative to a spin con-
centration standard by comparing the intensity I (area
under the absorption curve) of both signals, as obtained
by double numerical integration of the respective
dP„, /dB spectra recorded in one trace. Both signals
have conscientiously been checked for each measurement
for any spectroscopical distortions such as overmodula-
tion, saturation, or dispersion admixing.

The spin standard, basically, is a ruby (A1203.Cr +)
platelet (obtained from the National Bureau of Standards)
of which the number of spins at RT is specified to an ac-
curacy of +1%. Yet, for practical and sensitivity
reasons, it is not this sample which has been attached to
the unknown sample in the cavity. Instead, a secondary
standard consisting of c-Si:P powder of [P]= 1.7 X 10'
cm —calibrated at 4.3 K against the ruby —is used for
practical and sensitivity reasons. The accuracy reached
will depend on various factors, such as, integration er-
rors, spectroscopical (e.g., the microwave field intensity
sensed by both samples), geometrical (e.g., sample size
and positioning in the cavity}, and the reference sample
accuracy. There are two items of concern regarding the
spin standard, namely, the calibration accuracy and tem-
perature. First, the standard's number of spins needs to
be known at the temperature of [Pb ] measurement, that
is, 4.3 K. The RT spin density can only be transferred to
the signal intensity at low T if having theoretical under-
standing of the y-versus-T behavior. The y-versus-T re-
lationship of the ruby sample has been checked in detail
against a metallic LiF:hi marker. ' ' A Curie-law
(y ~ T ') behavior has been found down to 4.3 K, as ex-
pected for a diluted concentration of magnetic impurities
in an insulating matrix. The same remark applies to the
"unknown" Pb signal, which also exhibits a y~T
dependence.

Second, regardless of the fact that its number of spins
has been quoted very accurately, the ruby has been exten-
sively cross checked at 77 K against two independent
markers; first, a powder of c-Si:P doped to the submetal-
lic concentration of [P]=1.7X10' cm, and, second,
to low-concentration P-doped Si ([P]=10' cm ), of
which the number of spins was independently determined
from the sample's conductivity and weight. Agreement is
found within 20% in both cases. Hence, it is concluded
that the accuracy reached on [Pb ] is determined by
geometrical factors and integration accuracies, the latter
likely being predominant for the broad-winged Pb signals.
The absolute accuracy typically obtained is estimated at
+10%, while a relative accuracy of +5% may have been
reached when comparing the Pb density of one sample
over various thermal treatments.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The width b Bpp of the Pb resonance, observed at
g =2.0014, for B~~ [111],is plotted versus spin concentra-
tion (and fractional site occupancy) for three samples
(Sl, S2, and S3}in Fig. 2. Concentrations are obtained
by comparison of the areas under the absorption curves
of the Pb and spin marker signals, as outlined before. As
the areas are calculated by double numerical integration
over a magnetic-field window of typically 25 —50 G about
the center of resonance, the unpaired electrons at Si Pb
nuclei (nuclear spin I= ,'; 4.70% natural abundan—ce),

which show a strong hf splitting ( = 156 G), are not taken
into account; this will have to be corrected for when com-
paring to theory. Figure 2 also shows the [Pb] depen-
dence of two other ESR properties, i.e., the absorption
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linewidth at half height 6B and the line-shape factor a,
defined as ~=I/(VDb, B ), where 2VD represents the
peak-to-peak height of the dP„, /dB curve. Data were
obtained, as outlined, by varying the Pb concentration of
a sample by alternate post-oxidation hydrogenation and
dehydrogenation treatments. This is most clearly illus-
trated in Fig. 2 for sample S1, for which the AB data
points are labeled by letters (a n—) in order of their pro-
cessing and measuring sequence. This brings out the
influence of the step-by-step processing. Point a is mea-
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FIG. 2. Plot of the E-band (4.3 K) absorption linewidth hB
[open symbols in (a)], the line-shape factor a. [closed symbols in

(a)], and the absorption derivative linewidth bB~ (b) of the
[111]P~ defect at the (111)Si/Si02 interface vs P~ density for
three samples: Sl (~ ), $2 (&), and S3 (0). The Sl data were
obtained on one sample by sequential hydrogenation and dehy-
drogenation treatments, of which the sequence is denoted by the
alphabetical labeling of the data. The last thermal treatment
the sample received prior to each ESR measurement is dis-
cussed in the text. The curves are theoretical fits obtained by
numerical calculation of the dipolar histogram vs [Pb], assum-
ing that a11 Si atoms in an unreconstructed (111)Si interface
plane may be the site of a Pb defect (the most general axray of
possible sites model), over which the defects are randomly dis-
tributed. Convolution of the dipolar histograms with three
types of residual line shapes leads to the dashed, dotted, and
solid curves for the residual shapes R 1, R2, and R3, respective-
ly. These residual shapes are estimates for the [Pb]~0 shape
(i.e., void of dipolar interaction e8'ects) as explained in the text.
The spin concentrations are obtained by double numerical in-
tegration over a 25 —50-G sweep, relative to a spin standard.

sured on the as-oxidized state (0.2 atm Oz at 920'C),
characterized by a fractional Pb site occupancy of
f=6X 10 —a typical value for dry oxidations. Subse-
quently, three passivating steps were performed on S1:
hydrogenation at 253 'C for 37 min (b), at 253 'C for 43
min (c), and at 353'C for 19 min (d), respectively. Point
d, however, is not shown in Fig. 2, as in this case the in-
terface defects were passivated below the detection limit.
The next to the highest spin density and linewidth (point
e) was found by a degassing treatment at (743+15) 'C for
tD=138 min, resulting in [P&]=(12.1+0.6)X 10' cm
and ABpp 1 88 0 02 6 This was followed again by
hydrogenation treatments (points f k in —Fig. 2), and a
new dehydrogenation step (I; 150 min at 835'C), result-
ing in about the same "maximum, " i.e.,
[&s]=(12.8+0.8)X10' cm and b,B =1.90+0.2 G.
Finally, this was followed again by passivation treatments
(points m and n in Fig. 2) for 10—33 min at 279'C. The
triangle and diamond symbols in Fig. 2 are data obtained
on samples S2 and S3 (dehydrogenated at 827'C for 123
min), respectively.

The increase of linewidth with increasing Pb concen-
tration is strong evidence for DD interactions between
the interface spina. Indeed, as f increases, the interdefect
site distance decreases, resulting in an increase of the di-
polar broadening. Other line-broadening mechanisms in-
volved, such as unresolved hyperfine broadening, do not
show such dependence on f. In another interpretation,
however, one could attribute the observed b,B fbehav--
ior to variations in strain broadening resulting from in-
terfacial strain adjustments attending the various thermal
steps. Strain broadening is a g-tensor broadening result-
ing from local variations in interface strain that produce
a site-dependent modulation of the defect's structure.
This alternative, however, is untenable. First, it disagrees
with the reproducibility of the b,B -f data: the results
convincingly show that one can move reproducibly up
and down the bB&~-versus-f curve by sequential H-
related defect passivation and depassivation thermal
steps. These steps, apparently, may be arbitrarily alter-
nated and sequenced; the resulting data points all assem-
ble around a common curve. This is true for all three
samples, oxidized under different circumstances. This
clearly suggests that there exists a universal bB frela--
tionship, at least for the (ill)Si/Si02 interface and K-
band observational frequency. This behavior, obviously,
is in conflict with eventual changes in strain broadening
resulting from thermally induced variations in the phy-
sicochemical structure of the Si/Si02 interface, e.g.,
stress relaxation. Such thermal relaxation effects would
exhibit an irreversible character, leading to hysteresis
effects on the linewidth data, unlike experimental obser-
vation. Second, for high-quality thermally grown oxides,
no influence of strain broadening on the linewidth for
B~~ [111]is expected to first order, anyway.

The existence of a universal b,B frelation, in fact, is-
as expected along this interpretation: As long as the Pb
linewidth (line shape) is determined exclusively by un-
resolved hyperfine and dipolar broadening and not by
strain broadening, this curve has to be universal, also for
other Si interface orientations. A promising conclusion
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then is that this bB -versus-f relationship may be used
reversibly, that is, accurate measurement of LaLBpp at
whatever microwave frequency, will unequivocally pro-
vide the sample's Pb concentration, provided, of course,
that the correct spectroscopy is applied to record undis-
torted signals.

The maximum [Pb] measured seems typical for the
(111)Si/SiOz interface grown at T=920'C —960'C.
Whatever dehydrogenation conditions, no Pb fractional
occupancy higher than f,„=0.015 ([Pb ],„=1.2X 10'
cm ) can be obtained on samples S 1 and S3. This
evokes the question of whether f,„, indeed, represents
the density of all Si—:Si3 defects [Pb]' (including both
the paramagnetic, ESR-active Pb centers and passivated
Si:—Si3 defects) typically left at the (111)Si/Si02 inter-

face after thermal oxidation at =920'C. Put otherwise,
are all [Pb]' defects activated by the dehydrogenation
treatment? The variations in degassing (vacuum) temper-
ature and time and oxidation circumstances strongly sug-
gest it is. Consequently, this would indicate that
[Pb],„=[Pb]', the total number of trivalent Si defect
sites at the (111)Si/SiOz interface grown at =920'C.
This has been confirmed by extending experiments to
various Si/Si02 structures, grown under broadly varying
circumstances. It thus appears that, for a (111)Si sur-
face, [Pb )" is primarily set by T,„and the nature of the
grown-on insulator.

The data suggest that H —intentionally or not —has
been the ubiquitous passivating agent of interface defects
in Si/SiOz growth. This is corroborated by the data in
the literature exhibiting a broad variation in electrically
active (unpassivated) fast interface state trap density over
various preparation setups. An unintentional passiva-
tion e6'ect may also be seen in Fig. 2. Although we took
firm measures to grow the oxides as dry as possible, a
partial incorporation of H at the interface seems unavoid-
able, as shown by comparison of the maximum (cf. points
e and l in Fig. 2) and as-oxidized (cf. point a in Fig. 2) Pb
concentrations. Hydrogen, almost unavoidably,
abounds, i.e., as an impurity in the native oxide and oxi-
dizing ambient, where it will further be enhanced by per-
meation through the walls of fused-silica tubes surround-
ing the samples during oxidation.

As shown in Fig. 2, the linewidth variations versus f
are accompanied with unusually large variations of v, in-
creasing from ~=2 for f~0 to a.=7.9 for f,„. It is
clearly seen that the description of the line shape by a
Voigt profile (convolution of a Lorentzian and Gaussian),
as is practiced for low-density Pb signals, ' fails for the
highest Pb concentrations: The Voigt profile of highest K

is a Lorentz curve with ~=3.63. It follows that the line
shape of the dominant broadening mechanism for high
[Pb] has to be characterized by ~~ 8. Such a high sc is
unrealistic for a strain-broadening mechanism of any
kind (usually a Gaussian profile). It is, however, quite
feasible for the dipolar spectrum of a dilute 2D spin sys-
tern, as will be shown in the next section, and points to a
(partially resolved) multiline spectrum.

Extrapolation of the b,Bpp-versus-f relationship to-
wards f~0 leads to the residual natural width (that is,

natural width void of DD broadening) b,BPP =1.29+0.03
G. The corresponding signal has a line-shape factor
re=2. 0+0.1. For the integrated spectrum, we obtain the
width 6B = 1.98+0.03 G, giving hB /hB"
=1.53+0.06. This is to be compared with the Voigt-
function value bB/b, B (@=2.0+0.1)=1.40 +0.02, in-
dicating that the residual Pb signal, like the high-f sig-
nals, has no perfect Voigt shape. If, nevertheless, inter-
preting the residual signal along a Voigt shape, it follows
that the best fit is obtained with Li~eLBpp =0.67 G and
6B

pp
0 90 G for the peak-to-peak width of the constit-

uent Lorentzian and Gaussian broadening function, re-
spectively. A previous self-consistent analysis on a
somewhat-higher-f sample (quoted as 3 ~ [Pb ] ~ 5 X 10'
cm ) also concludes a Voigt shape, but with
laLB

pp
1 14 G and 6B =0.49 G—clearly bearing out

the higher f. As the exact knowledge of the residual line
shape is of primary importance to predict the correct line
shape in the case of DD interactions, a detailed theoreti-
cal study of the residual line will be carried out in the
next section.

Figure 3 shows Pb signals for difFerent values off mea-
sured on sample Sl for B~~[111]. Clearly, there is a dis-
tinct evolution from a narrow, featureless (at least, within
measurement accuracy) signal for f~0 (labeled A) to an
intense, multistructured signal at f=0.015. As the
resolved structures are doublets (labeled as B, C, and D in
Fig. 3) centered at the central signal A, they can origi-
nate either from hyperfine or DD interactions. It is
known, however, that the hf interaction with Si nuclei
does not depend on [Pb ], so that the relative hf signal in-
tensity should not vary with increasing f. Moreover, as
the Si natural abundance is =4.70%%uo, no intense hf
structure is expected. Hence, doublet B can be quite cer-
tainly identified as fine structure due to DD interactions,
not hyperfine, since at f,„ the intensity of doublet B sur-
mounts the intensity of the central line. The assignment
of the overlapping doublets C and D is more subtle—
doublet D outgrows doublet C only at higher f—and
must await the theoretical analysis of the DD-broadened
spectra, as explained below. Yet, doublet C, whose rela-
tive intensity appears little affected by variations in f,
may be ascribed to Si hf interactions. There is theoreti-
cal evidence" ' for the existence of such a hf doublet
with a splitting of 13.0+4.0 G. It is ascribed to a (weak)
interaction of the unpaired Pb electron with Si nuclear
spins at the three second-nearest-neighbor sites in the
substrate, and has been interpreted along these lines. '

This assignment is corroborated by the present systemat-
ic analysis of DD-induced fine structure, leading to une-
quivocal identification of the various doublets.

The other structure with larger splittings has patiently
been looked for at 4.3 K using difFerent magnetic-field
windows, covering the whole field range between the cen-
tral line A and the strong Si hyperfine doublet; this hf
doublet originates from interaction of the unpaired Pb
electron with the nuclear spin (I=—,') of the central Si
atom. This search, however, was unsuccessful, even
after continued signal averaging, of up to =100 field
scans. It is the fine structure, or else the lack of struc-
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ture, that is particularly analyzed in the 1'
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are randomly distributed. The results are very similar to
those of the 3D case. ' The ratio M4/Mz, which is
generally used as a line-shape criterion, is a strong
function of f: It is very large for small f but decreases
strongly with increasing f; M4/M&~3 (the value of a
Gaussian curve) for f~1.

The method of moments has repeatedly been applied to
calculate linewidths ' for the 3D case. Calculations
on 3D crystals find in concert that for high f (f)0. 1)
the linewidth is proportional to f ' j, while M4/M2 is ap-
proximately, but not quite, 3. The shape is approximate-
ly Gaussian, although variations are seen both in
linewidth and shape for different orientations of B rela-
tive to the crystal due to the anisotropic nature of the
DD interaction. More specifically, M4/Mz is generally
in the range 2. 1 —2.6 for a simple cubic crystal. ' This
ratio becomes very large (M4/M2 ~+ oo ) for dilute sys-
tems, the linewidth now being proportional to f. This
agrees quite well with experiment in high-f systems (see,
e.g., Ref. 40) for which the line shape is observed to ap-
proach the Gaussian shape. As f decreases, the ratio
M4/Mz increases, and the line shape tends to a more
Lorentzian (M4/M2 ——+ ao ) character. In between these
limits the resonance line is mostly described as a
Lorentzian with cutoff wings ' so that the ratio of mo-
ments matches theory.

Thus, the moment-versus-f relationships come out
equal for the 2D and 3D cases. But, as a fundamental
question, does this necessarily imply that the line shapes
are identical? There is, as yet, no experimental answer to
this question, as to our knowledge there has so far been
no experimental report on the DD interactions between
spins distributed over a single plane. More in-depth
theoretical analysis, however, shows it is not. Using the
local-field approximation as first worked out by Bloem-
bergen, Purcell, and Pound, Parker ' showed that the
dipolar broadening of a S=—,

' system only leads to a
Gaussian line shape if f is sufhcient large compare—
with the f)0. 1 condition in Ref. 39—and if the spins are
more or less uniformly distributed in space This m. eans
that the basic condition for the dipolar broadening to
generate a Gaussian line shape is thorough averaging of
the spin-spin interactions in three dimensions. This only
occurs if there are enough spins in each other' s
neighborhood —f has to be large —and if there are a lot
of topologically different ways for the spins to be in each
other's neighborhood, which increases strongly with the
spin system's dimensionality. Hence why the 2D line
shape may well differ from the 3D one. It has not to be
Gaussian even if the ratio M4/M2~3. Instead, lack of
averaging in the missing third dimension may lead to
much (partially) resolved fine structure, which statistics
has failed to smear out. It is clear that the averaging will
be particularly poor for the present 2D Pb system of low

The profound impact this has for a 2D spin system is
nicely illustrated by extending Parker's calculations. Ac-
cordingly, we have calculated the dipolar histogram for a
random Pb distribution of f=5X10 at a (111)Si/Si02
interface using the local-field approximation. As an on-
set, we consider the interaction energy

j o Pj Pk (l j jk)(Pk jk)—3
4m. rk3 rjk

5 (4)

between two magnetic moments p - and pk. This can be
rewritten as

E = —
PJ Bjk,

if defining

(5)

Po PkBjk 4 3 jk
—3r.

fjk

Pk 'rjk
5

Pjk
(6)

PogPaB k= — (1—.3cos Ok) .
8~13

jk

In the exact quantum-mechanical calculation, the local
field B.& is given as

3 PogPaBk= —— (1—3cos 8k) .
2 8~13jk

(9)

The extra factor —', accounts for the Larmor precession-
induced resonant coupling between like spins (spin-flip
terms), which can only be computed quantum mechani-

as the magnetic field felt by p. as a result of the presence
of p, k at site k. If we substitute for the magnetic mo-
ments their quantum-mechanical analog p=gP&S, the
equations above transform into the DD interaction Ham-
iltonian [cf. Eq. (19)] which will be used in Sec. IV C. In
general, the magnetic field B.k is dynamic, i.e., in an ap-
plied field B all p, ; will precess out of phase around B.
The polarization of pk along B makes up the static com-
ponent, while the precessing motion induces a dynamic
component perpendicular to B. Spin flips and flip-flop
transitions —the latter transitions result from the mag-
netic coupling of p and pk via the dynamic magnetic
fields they induce and are described by the second term in
the full DD Hamiltonian [Eq. (22} in Sec. V]—account
for the rest of the dynamic behavior. In the magnetostat-
ic approximation of the local-field approach, all dynamic
components are supposed to average out so that, apart
from the applied field B, the magnetic field at a given spin
site is determined solely by the sum of the magnetic fields
exerted independently by the other static spina (parallel to
B), i.e., the so-called local geld. In this way, the reso-
nance line shape is equivalent to the shape of the local-
field distribution. As this model neglects spin flips (there
is no rigorous theoretical justification for this magneto-
static approximation, certainly not in the case of identical
spins), the calculated linewidth differs from the experi-
mental one due to lifetime broadening and exchange-
narrowing effects. The line shape, however, is a fair ap-
proximation, as has been shown by Parker for the 3D
case.

For B~([111],we may rewrite Eqs. (5} and (6) in the
local-field approximation, using p =gP~S, as

E = —PJBJ

with



4352 G. VAN GORP AND A. STESMANS 45

cally. The dipolar histogram for a random Pb distribu-
tion off=5X10 at a (111)Si/Si02 interface, calculated
by means of Eq. (9) for a large number of randomly ar-
ranged spin distributions, is illustrated in Fig. 4. Fine-
structure doublets are clearly resolved, the pth doublet
resulting from the central spin —pth-neighbor spin in-
teraction. It is obvious that this structure contributes
significantly to the moments of the spectrum —even
though the structure may not be very intense —and mo-
ment calculations will certainly overestimate the true
linewidth if supposing a structureless line shape. On the
other hand, this fine structure, which contributes to the
signal intensity without increasing the linewidth (of the
central line), will significantly increase the observed line-
shape factor a with increasing f, thus explaining the data
in Fig. 2.

Because of the enhanced fine structure in a 2D spin
system, it follows that Van Vleck's moment method is
fundamentally unsuitable for exact calculation of dipolar
effects, both as regards linewidth and line shape. This
was well realized in previous moment-based calculations
to investigate the Pb spin-spin interaction. Brower and
Headley also found the moment method to be inade-
quate. In their calculation, contributions of the
resolved fine structure to the second moment were elim-
inated by excluding nearest-neighbor spin-pair interac-
tions, up to the fifth neighbor. This approach appears
realistic, as such pair interactions lead to resolved fine
structure not contributing to the width of the central
Zeeman resonance. While this procedure is possible for
the second moment, it fails for the fourth. Hence, no in-
formation could be obtained on the line shape nor on its
dependence on f. In an estimate, they used the adapted
second-moment formula [Eq. (1)] to calculate the
linewidth assuming a Gaussian line shape. This predicted
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FIG. 4. Dipolar histogram of a 2D spin system (S=
~ ) at a

(111)Sisurface. It is calculated for 8~~[111]using the local-field

approximation (see, e.g., Ref. 40) on a circular region containing
N= 1573 Si atoms over which a fraction f= 5 X 10 of Pb spans

are randomly distributed. The doublets p centered at the cen-
tral line are fine structure arising from the pth nearest-neighbor
pair dipolar interactions.

a dipolar contribution of 2.6 G to the absorption
linewidth for f=5X10 . In a somewhat different sta-
tistical approach, Bract and Stesmans carried out mo-
ment calculations assuming a cutoff Lorentzian line
shape. For f=8.6X10 they found a dipolar absorp-
tion width of 24.5 G. When excluding first and both first
and second neighbors (also out of M4), they obtained di-
polar linewidths of 8.5 and 5.9 G, respectively, thereby
showing the importance of nearby spins on the moments
and linewidths. When excluding first and second neigh-
bors, the value AB =3.7 G was calculated for
f=5.3X10 . Clearly, the estimates of both calcula-
tions are far too high as compared to the data in Fig. 2.

It follows that the method of moments is inappropriate
to calculate the dipolar broadening of the Pb resonance.
Even worse is that it fails totally to provide information
on the line shape of a 2D interacting spin system. The
overestimation on the linewidth, as calculated from M2,
just results from the fact that the correct line shape is not
taken into account. Instead, an overall, structureless
shape, i.e., Gaussian or truncated Lorentzian, lacking the
typical structure exposed by a 2D spin system, is just as-
sumed.

2. Saturation data

Using the Bloch theory and assuming adiabatic slow
passage conditions, the absorption susceptibility y" of a
resonance line versus microwave frequency, containing
both homogeneous and nonhomogeneous broadening, can
be written as

+ ~ 'Irni g(co co )Ii(ni bio)
X"(ni)=—X, » dni', (10)1+ y2B21T,g( ')—

where go, y, B& T, and coo=yBO represent the static
susceptibility, the gyromagnetic ratio, the amplitude of
the circularly polarized microwave field at the sample

site, the spin-lattice relaxation time, and the central angu-

lar resonance frequency, respectively. The homogeneous
and inhomogeneous line shapes are represented by g(co)
and h(co), respectively. For the case where the homo-

geneous part is described by a Lorentzian curve and the
inhomogeneous part by a Gaussian, Castner calculated
that the susceptibility at the center of the absorption line
( proportional to the signal amplitude) can be written as

ea t2 2

y" =go&a ln2 [1 4(at ) ], —
EBG t

where a =&ln26BI IbBG—is &1n2 times the ratio of the
homogeneous (spin packet) and inhomogeneous absorp-
tion linewidths, r —= ( 1+y B i Ti T2 )

' is the saturation
factor, T2 is the transverse relaxation time, and 4 is the
error function. As the ratio of the susceptibility (intensi-
ty) of the investigated resonance line and a susceptibility
marker can be measured quite accurately in their respec-
tive line centers, Eq. (11) enables us to determine the
linewidth ratio a and the saturation factor t. Both quan-
tities provide important information on the spin dynam-
1cs.

Bract and Stesmans ' used ESR measurements at
different microwave frequencies to deconvolve the P& sig-
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nal (for [Pb ]=5 X 10' cm ) in frequency-dependent and
frequency-independent parts; the former part is of inho-
mogeneous nature, as it is due to a (Gaussian) g distribu-
tion. The frequency-independent part, which dominates
the total linewidth, was assumed to be homogeneous and
of Lorentzian shape, leading in this way to the variables
EBL and bBG (and a). At a fixed frequency (b,BG con-
stant) and temperature (T, Tz constant), a and t were
determined by fitting Eq. (11) to the continuous-wave sat-
uration plot —that is, the derivative signal height Vi, (or
the relative height times B, if measuring relative to a
nonsaturating standard) versus B,—and correcting for
the fact that the first derivative of the absorption instead
of the absorption signal was measured (see, e.g., Ref. 36).
This led to confident values for t and ABL, as indeed the
fitting quality was satisfying, indicating that the assump-
tion of the homogeneous character of the frequency-
independent broadening was correct. The inferred a
value was consistent with the one deduced from self-
consistent fitting of the frequency-dependent Pb signal.
This enabled the calculation of T, and the spin-spin re-
laxation time T2 in the range T=2.4—25 K. For this,
T, T2 was extracted from t and compared to the spin-
packet width, which is given as b,Br =2/( y T2 ) for a
Lorentz curve (see Ref. 36 for detailed information). As
1/T2 = 1/T2 +1/T, and because T2 was much shorter

than QT, T2, they argued that in a good approximation
T2 = T2. This suggests that the spin-packet width ABL,
which is of the order of the measured linewidth AB, is
determined exclusively by spin-spin interactions, i.e.,
homogeneous dipolar broadening. This conclusion agrees
with the T dependence of the Pb signal width for good
quality (111)Si/Si02. Indeed, if instead of T2 « Ti one
would have T2 = T, (negligible spin-spin interaction}, the
homogeneous linewidth, and thus also the total linewidth,
would show a T-dependent broadening, which is not ob-
served.

On the other hand, if the frequency-independent
linewidth would be predominantly of inhomogeneous
character (e.g., unresolved hyperfine broadening), it
would have been impossible to fit the saturation data con-
sistently with Eq. (11) using the value of a as obtained
from the frequency-dependent measurements. ' So, in
accordance with the moment calculations, saturation
theory points to a considerable dipolar line broadening.
Later on, the same saturation characteristics were
found on distinctly difFerently grown (111)Si/SiOz struc-
tures (native oxide). Some saturation plots were also ob-
tained by Carlos for Pb defects in SIMOX (separation
by implanted oxygen) structures. In this work, however,
the role of the DD interactions was not recognized.

There are some factors that make the quantitative
determination of a, and thus of the dipolar broadening,
less accurate. First, beside the frequency-independent di-
polar broadening, there has to be admixing of another
frequency-independent inhornogeneous broadening due to
unresolved hyperfine interactions. From the literature on
deep defects in silicon (see, e.g., Refs. 47 and 48), this
broadening is known to be non-negligible. Second, the
Lorentzian and Gaussian line shapes, used in Castner's

saturation theory for the homogeneous and inhomo-
geneous broadening, respectively, may not be very good
approximations. As outlined above, local-field calcula-
tions show that the description of the (homogeneous) di-
polar broadening by a Lorentz curve is mostly
incorrect —particular for the 2D case. As regards the
(inhomogeneous) hyperfine broadening of the Pb signal,
evidence against a Gaussian shape for this broadening
will be presented in Sec. IV B. Third, even if experiments
were accurate and theory were correct, it would still be
difficult to determine accurate values of a, as the satura-
tion plot appears rather insensitive to small variations in
a.

The dipolar origin of the concentration-dependent line
broadening depicted in Fig. 2 can be ascertained from
saturation analysis. Therefore, we measured saturation
plots as a function of [Pb] on sample Sl. If, as claimed,
the concentration-dependent linewidth broadening is due
to DD broadening, the parameter a =&ln2b, BL /bBa
should increase with increasing spin concentration due to
the growth of EBL . But, instead, should it originate from
a change in interface strain —there are reports in the
literature suggesting that post-oxidation annealings can
fundamentally change the interface structure in a way
different from nitridation, oxidation or
(de)hydrogenation —a would stay constant or decrease
with increasing f, depending on the amount of strain
broadening (g distribution). Saturation plots for two
different concentrations are superposed in Fig. 5. The
dotted and dashed lines represent the completely homo-
geneous (a =+ ~ ) and inhomogeneous (a =0) saturation
curves, respectively, as calculated from Castner's theory
for the dP„, /dB signals. The square and diamond sym-
bols are the Pb data for concentrations of (55+4)X 10"
and (121+6}X10" cm, respectively. Both saturation
plots clearly indicate that the Pb resonance contains a
dominant homogeneous (Lorentzian) component. More-
over, the fact that, after reaching a maximum value, the
higher-f saturation curve (diamonds) bends down earlier
than the lower-f data (squares) shows that the higher-f
Pb resonance has a higher a value. This necessarily
means that the Pb signal gets increasingly more homo-
geneous (increasing EBI ) with growing density, as ex-
pected for a signal broadened by DD interactions. The
alternative, that is, ascribing it to a decrease in bB&, i.e.,
a reduction of strain broadening, is untenable. It would
convict with the overall increase in Pb linewidth with in-
creasing f. Saturation curves for other f values corro-
borate this behavior.

It has been reported previously that the spin-lattice
relaxation time of Pb centers, and hence the saturability,
increases significantly with increasing hydrogenation.
This was tentatively ascribed to a variation in the phonon
density of states of the oxide by the annealing in hydro-
gen. As a phonon bottleneck effect may be excluded,
this implies that the intrinsic spin-phonon relaxation of
the Pb center would be dominated by its coupling to the
oxide side of the interface. Within experimental
scatter —due, for instance, to a change in cavity Q or
cavity coupling between different sample mountings —we
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FIG. 5. Saturation plot, that is, ESR absorption-derivative
signal amplitude VD vs B&, of Pb centers at the (111)Si/Si02 in-
terface for two Pb densities: (55+4) X 10" cm (~ ) and
(121+6)X 10" cm (f). The dotted and dashed curves
represent theoretical variations for the extreme cases of purely
homogeneously and inhomogeneously broadened spin systems,
respectively. The more homogeneous character of the higher-
concentration sample is clearly revealed. Measurements were
carried out for B~~ [111]at T= 6 K and 20.2 GHz. The two data
sets were matched to each other at maximum VD values.

did not observe any such systematic increase of T, . Yet
we do see systematic variations in saturability with in-
creasing hydrogenation (decreasing [Pb ]): saturability is
enhanced as f decreases. Saturation measurements on
one sample, however, show that the amount of change is
well explained by the increase in T2 —not T& —resulting
from the receding DD broadening as f decreases.

Along one interpretation, one might suggest that these
contrasting findings relate to diffrences in initial oxide
quality (structure), e.g., variations in the positive fixed
charge near the interface, resulting from unequal growth
procedures. The impact of hydrogenration may then be
different. For instance, a modification by hydrogenation
of the positive fixed charge, which can create a conduc-
tion electron bath (a very efficient relaxation path ) at
the interface, might significantly alter T, .

B. The residual Pb resonance line shape (f~0) for B~~ [111]

Figure 2 shows that in absence of any dipolar line
broadening (f~0), the residual derivative linewidth of
the Pb signal is given as AB =1.29+0.03 G, while the
line shape is characterized by ~=2.0+0. 1. Saturation
measurements have demonstrated that this large a
linewidth cannot be ascribed to T& lifetime broadening
nor to strain broadening. In support, frequency-
dependent ESR observations ' provide a direct proof
for the latter. Moreover, calculation of the dangling-
bond g dyadic by Watkins and Corbett show that strain
broadening in

g~~
vanishes to first order. This leaves as

the most plausible explanation for the residual linewidth

the idea that it results from unresolved hyperfine interac-
tions of the unpaired defect electron with neighboring

Si and eventually ' 0 nuclei' I=—', . The observation of
a superhyperfine doublet' "" supports this assignment,
and indicates that the spectrum is not exchange nar-
rowed, as suggested before. For unenriched oxides with
a natural abundance of ' 0 of 0.037%, the contribution
of ' 0 hyperfine interaction to the linewidth can be
neglected.

Accepting then that the residual Pb signal is dominated
by (partially) unresolved Si hf splittings, what is the ex-
pected line shape for the 2D spin system? Among others,
it should explain the measured line-shape factor
li;=2.0+0. 1. If we want to calculate the theoretical line
shape of the Pb defect at higher f, where the DD interac-
tions come into play, the knowledge of the residual line
shape (f~0) will be necessary. In this respect, it is in-

structive to examine similar line shapes for other
paramagnetic centers in Si, for which unresolved hf
broadening is the dominant line-broadening mechanism,
too.

With this approach, Brower pointed to an ESR study
by Feher ' of donors in natural and Si-enriched c-Si
showing that unresolved hf interactions between the
donor electron and Si nuclei dominate the donor reso-
nance linewidth and shape. The M4/M2 ratio of all
donor lines was found to approach the characteristic
value 3 of a Gaussian curve, the deviations getting small-
er as the donor-electron ionization energy becomes small-
er. In this work, a semiempirical calculation of the line
shape was also carried out using experimental values for
the hf splittings obtained by electron nuclear double reso-
nance (ENDOR) and theoretical estimates calculated
from the Luttinger and Kohn donor wave function.
This calculation predicted a closely Gaussian shape for
the donor line shape, in agreement with observations.
However, the line shape starts to deviate from its predict-
ed profile when the number of nuclear spins with which
the donor electron may interact is decreased. This may
be achieved either by a Si enrichment or by a larger
donor-electron ionization energy, which reduces the elec-
tron wave-function extension. As the Pb center is a
dangling-bond-like deep defect as well, the residual Pb

line shape in unenriched SiOz/Si ([ Si]=4.70%) is ex-

pected to exhibit similar characteristics, which, because
of their hf origin, are independent of [Pb ].

The same conclusion can be reached from adapting
Parker's local-field calculations towards the hf interac-
tion. Instead of the electron-spin —electron-spin interac-
tion, which determines the DD broadening, the hf in-
teraction deals with electron-spin —nuclear-spin interac-
tion, which is a similar physical situation. One
difference, though, with the calculations originally car-
ried out by Parker is that the gyromagnetic ratios of the
respective spins in the case of the hf interaction are quite
different. This implies that there can be no resonant cou-
pling between their precession motions, thereby strongly
diminishing the importance of flip-flop terms in the dipo-
lar hf Hamiltonian. This makes the magneto-
static approximation in the local-field calculations even
more plausible than in the case of the successful calcula-
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I (x,q )= qa.t

x !(q —x )!2
(13)

where x is the index running over the different
(2q I+ 1 =q + 1) spectral lines of the multiplet. The in-
tensity of one hf line in the ultimate stick diagram of the
Pb electron, delocalized over the K Si atoms of the clus-
ter, can be easily calculated from Eqs. (12) and (13) as

I(P;x, , . . . , x~,.q„. . . , qp., k, , . . . , kp)

gQ(1 g)K
—g P k !2&, x !(q —x )!(k .

—
q )!

(14)

For B~~[lll], the final stick diagram is obtained by as-
signing the correct resonance field to each hf line and
summing over all x =0, . . . , q and q =0, . . . , k al-
lowed. The magnetic-field shift of the hyperfine line
I(g;x„.. . , xp, qi, . . . , q&, ki, . . . , k&) relative to the
center of the spectrum [the Si (I =0) and Si (I =0) Pi,
resonance field] is

A second, more refined approach consists of consider-
ing a cluster of atoms surrounding a Pb center and calcu-
lating the hf histogram using the statistical expressions
describing the hf interactions of the unpaired electron
with the Si nuclei for the different configurations ( Si
occupancies) of the cluster. The particular hf splittings
pertaining to each Si shell are the parameters in this mod-
el. By selecting an adequate broadening function, it
should be possible with such a serniempirical
parametrized model to test the theoretical hyperfine split-
tings predicted by Cook and White. ' The model will

also allow one to take into account the fact that the
hyperfine splittings are quite sensitive to changes in the
defect symmetry and interface strain (change in the hy-
bridization of the electron wave function).

In the semiempirical parametrized model, let E be the
total number of Si sites at which the Pb wave function
has a non-negligible probability density. These sites can
be subdivided into P shells along symmetry and distance
towards the central atom, where each shell a contains k
Si atoms of which q are Si isotopes. All Si spins
within a shell are assumed to be equivalent as regards the
hf interaction. Let Q be the total number of Si nuclei
involved. The probability that a Si atom is a Si isotope
equals the natural abundance (=0.047. The probability
for a shell a to contain q Si atoms on k possible sites
is described by the binomial distribution. As
Q =g~~, q and E=g~ ik, the probability for the de-
fect cluster to contain Q Si isotopes, subdivided along
the different shells as described by one set of q 's, can be
written as

P(g, qi, . . . , qp, k„.. . , kp)

k!
(»)

, q!(k —
q )!

The normalized intensity I (x,q ) of each hyperfine line
x within a rnultiplet, built up by the q Si nuclei of
shell a, equals

68( p q qp Ai Aip)

q
x — A ii, (15)

=1 . 2

where A~! is the hyperfine tensor value along [111] in
field units for Si atoms in shell a. Equations (14) and
(15) lead to the total hyperfine stick diagram. Finally, the
hyperfine line shape is obtained by convoluting the stick
diagram with a broadening function (of derivative
linewidth EBP ) for which the Gaussian profile has been
taken. This profile is chosen to represent the hyperfine
interaction with distant Si nuclei that have not been
taken into account in the explicit hyperfine calculation
above.

Up to now we did not include in the calculation a pos-
sible distribution of A

~~

resulting from the dependence of
the Pb wave-function hybridization parameters on the in-
terface strain. This is easily done by replacing each A

~~

in Eq. (15) by a Gaussian distribution with a standard de-
viation u such that

cr =cA)) (16)

for all a. c can be calculated by fitting the model to the
experimentally observed hf and shf linewidths of the Pb
resonance, giving c=0.11+0.03. As the value for c is
rather small, the distribution in A can safely be neglect-
ed for the calculation of the central line shape. The num-

ber of Si shells is taken as P= 6 in the calculations.
Two residual line shapes, labeled as residual spectra

R2 and E3 in Fig. 6, were calculated using the semi-
empirical model described by Eqs. (14) and (15). The pa-
rameters used can be found in Table I, together with
some data on the experimental residual spectrum. Resid. -

ual spectrum R 3 is obtained using the hyperfine parame-
ters A ~~, incorporating both isotropic and anisotropic hf
interaction, insofar as specified by Cook and White'
from calculations on a relaxed Si22Hz7 Pb cluster model.
The other hyperfine parameters were set equal to the
respective (isotropic) Fermi-contact splittings a, given in
their Table III (see Ref. 13). For the superhyperfine split-
ting we used our experimental result (i.e., Ai =14.8 G;
see below) in order to enhance accuracy. Model R 2 is an
adapted version of spectrum R 3 as to optimize the fit to
the residual experimental curve.

It remains to select the spectrum out of the three cal-
culated that conforms best to the experiment and will be
used in the next section to convolute the dipolar histo-
grams. The partially resolved hyperfine structure close to
the central line (positions F), typical for deep-level defects
in silicon, is clearly seen in spectrums R 1 and R2 in Fig.
6. This structure is somewhat blurred in spectrum R3,
calculated using the Cook and White parameters. In the
experimental residual spectrum, no resolved structure is
seen. However, this is believed to result mainly from the
unavoidably low S/X ratio of the spectrum. Anyho~,
comparison by eye of the different residual spectra does
not allow us to prefer one above the other; the final ar-
biter will be the success of their use in convoluting dipo-
lar histograms so as to produce correct dipolar line
shapes (Sec. EV C). Yet the comparison in Table I may
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The spin Hamiltonian of n spins in a static field B can
be written as (see, e.g., Ref. 53)

n 77

%=ps $ B g; S;+ $ S, K," S, , (17)
i=1 ij

(i &j)
with g; the g tensor of spin i and K;. the tensor describ-

ing the spin-spin interaction between spins i and j. Devi-
ations of the Pb g tensor elements from the free-electron g
value (go ) are small, since the spin-orbit coupling in Si is

small compared to the crystal-field splitting of the orbital
states, and the Pb ground state is an orbital singlet
(Kramer's doublet}. Moreover, the g dyadic is approxi-
mately the same for all Pb defects at the (111)Si/SiOz
interface —especially gl [B~~[111],perpendicular to the
(111)interface] —so that the subscript i of the g tensor in

Eq. (17) can be dropped for the present case.
Generally, K;. can be subdivided into

Kj'Sj JjS' Sj+S Dj'Sj +S' Nj'Sj
with J,J =Tr(K;J )/3, D; a symmetrical tensor satisfying
Tr(D;J)=0 and N; an antisymmetrical tensor with, of
course, Tr(N; ) =0. The first term on the right-hand side
of Eq. (18) describes the isotropic exchange interaction
with interaction coefficient Jij while the other two right-
hand-side terms describe anisotropic interactions. This
interaction actually contains two parts, i.e., direct ex-
change and superexchange with interaction coefficients

Jj'and JJ', resPectively, so that Jj Jj +Jj The sign of
J;J determines whether the interacting spins i and j are in
a triplet (negative sign) or a singlet (positive sign) ground

state. The tensor D; contains the symmetrical part of
I

(18)

give some indication. As regards ~, it is clearly seen that
the values of the theoretical line shape are all higher than
the experimental one. This may partly be due to the low
S/N ratio of the f~0 experimental signal, which makes
the determination of ~ less accurate. However, this error
is likely very small, as the experimental ~ values for low
and high f match fluently (see Fig. 2). The ~ of spectrum
R 1 comes out highest, while the other two agree reason-
ably well with experiment. The comment regarding hB"
is short: all three approach the experimental value very
closely. This should not come as a surprise, since the
different theoretical spectra were optimized (cf. b,8' and

b,8'z in Table I} so as to match the experimental b,B
value. This optimization as regards the experimental
LNEB

pp
value for al 1 three models implies that the model

"inadequacies" will show up as differences in AB . In
this respect, spectrum R 3 (the Siz2H27 model) appears the
least correct. But, as mentioned, we will continue to use
all three residual line shapes in the calculation of the di-

polar Pb line shape (Sec. V};a final selection will follow.

C. Dipolar interaction in the Pb signal for B (( [111];fine
structure

the dipole-dipole and superexchange interactions, while
N;- stands for the antisymrnetrical part of both interac-
tions. The antisymrnetrical part of the DD interaction
comes in due to the anisotropy of the interacting magnet-
ic moments (cf. the g dyadic) and is generally much
smaller than the symmetrical part when

~g =g —
go «g.

Various simplifications apply ' ' ' for the studied
dilute (typically f=5 X 10 ) magnetic system composed
of identical spins with S=—,'. The result is that, first, we

may neglect the contribution of exchange and superex-
change interactions to the spin-spin interaction Hamil-

tonian, and, second, the DD interaction can be described

by a symmetric tensor (D) only. Hence, the spin-spin in-

teraction Hamiltonian is approximated solely by the DD
interaction between pure spin states so that

(rrS')r'r S, S,. (Sr, )(S,,:r,, ) ),S;K;"S =
3

—3
7T p' ~ 7 7'J'

(19)

The brackets in Eq. (19) indicate the averaging of r;1 over
the wave functions of spins i and j. If the spin-spin dis-

tance r," is much larger than the wave-function delocali-
zations, as discussed, then the spatial part of the wave

functions of the unpaired defect electrons may be re-
placed by 5 functions, i.e., the so-called point dipole a-p-

proximation. In the case of very close spins, DD fine-

structure splittings should be calculated using a linear
combination of Slater 3s, 3p atomic orbitals for the Pb
wave function, taking, for instance, the orbital population
coefficients calculated by Cook and White. ' At these
distances, however, the DD interaction is not the only
significant interaction involved, making the enhanced ac-
curacy on the DD interaction of little value. It can be
concluded that the above approximations will be inade-
quate for the case where the resulting line shape will ex-
hibit much resolved fine structure of substantial splitting.
On the contrary, the approximations are reliable when
the central line dominates the ESR spectrum, as can be
inferred, for instance, from local-field calculations.

As B is tilted away from the [111]direction towards
the interface plane, the linewidth and shape of the Pb sig-
nal get increasingly more dominated by strain broaden-
ing, ' thus masking the influence of other line-
broadening mechanisms. This is a main reason why we
will calculate the dipolar contribution only for B~~[111].
Another reason is that the S/N ratio is best for this field
orientation, which is of prime importance when looking
for weak and/or partly resolved structure on the reso-
nance.

The basic calculation scheme is then similar to that
of Ref. 24. We choose a Cartesian coordinate system
with z(~ [111]and x~([112].All Pb sites are considered ly-
ing in the x,y plane and we define (t," as the angle between
x and r,--. Then the spin-Hamiltonian operator can be
written as

n p~ p n

glibaB g S, +
(i (j)

S,S,
4

i j
3
7J

S.+S +S. S S+S+e "+S. S. eJ 7 J —3
7 J J

3 3
7J P7J

(20)
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As a basis for the spin wave function of a system of n

spins, we choose the ~S, S„;M, . . .M„) states, with

S, =—,
' for all i and with two possible values for each mag-

netic quantum number M, (+—,
' }—2" states all together.

The 2" energy levels E; and eigenstates, denoted by ~i ),
are obtained by numerically solving the eigenvalue equa-
tion from which the transition energies DE„=IE, —EI I

and transition probabilities PkI are cal~:ulated. The
transition probabilities are normalized so that the total
absorption matches the number of spins gk, ,P~, =n
Other dependences of the absorption, for instance on the
microwave field strength, are not taken into account, as
they are not relevant for the present purpose. All calcu-
lations were performed with an IBM 3090/400e VF
mainframe using a FORTRAN program. The n-spin dipo-
lar histogram (stick diagram) —this is the intensities of
the resonance transitions of the n DD-interacting spins
versus the magnetic field —calculated along this scheme
is stored in a computer array with a resolution of 200
data points (sticks)/G.

For the practical calculations, we consider a circular
region of diameter d in an unreconstructed (111)Siplane
enclosing N Si atoms, over which are distributed n Pb
spins. Part of this region is illustrated in Fig. 7, where
the nearest neighbors to the central Si atom are identified
by circles. The Si sites form a 2D triangular net of lattice
parameter aL =3.8426 A. However, as it is not neces-
sarily so that all Si sites in a (111)plane may be the center
of a Pb defect, but perhaps only a subset of these sites, we
will call from now on the subset of Si sites on which Pb
defects may be located a net or array. It is a main aim of
this work to draw conclusions about the particular array
of allowed sites for the Pb centers, and calculations have

been carried out for various nets. The Pb centers are as-
sumed to be randomly distributed over the net unless stat-
ed otherwise. In the extreme case where the array

max

I(f', B,N„)= g P(N», n, f'}I„(B,N„) . (21}

In a fourth, final step, the total dipolar histogram is con-
voluted with a residual line shape (see Sec. IV B) to ac-

comprises all Si-atom sites in a (111) plane —the most
general net —it is referred to as the random-distribution
model.

The calculation procedure for a given measured frac-
tional site occupancy f of P& centers at the (111)Si/Si02
interface and a supposed Pb distribution model (array)
consists of the following steps. First, the average number
of Pb defects n =fN occurring in the circular region of
the net comprising N Si sites is calculated, of which N, &

are allowed Pb sites, and the array (net) fractional site oc-
cupancy f ' =f(N /N» ). Clearly, for the case of the
random-distribution model, N»=N and f'=f. As the
distribution of defects over the net is random, the number
of Pb defects within equally sized confined regions of the
interface is not always exactly n but may Auctuate be-
tween n =0 and n =N„. In order to get theoretical re-
sults that represent a macroscopic (111)Si/Si02 interface
(as experimentally studied), we calculate in a second step
the n-spin dipolar histograms I„(B,N») for n ranging
from 1 to n,„; the value of n,„will be determined
below. Each such n-spin histogram is calculated as an
average over all possible, or else a great number of, ran-
dom configurations of n spins over N, &

net sites. This
leaves us with n, „dipolar histograms, of which each has
thus been averaged with respect to fluctuations over the
(111)Si/Si02 interface. In a third step, the dipolar histo-
grams are subsequently added together in proportion to
their statistical probability of occurrence P(N», n, f')
= (N»!/[n!(N» n)!]I

—f' "(1 f') ", co—mposing in
this way the total dipolar histogram I(f ', B,N») as

/ + g % j ~ /

3.84 A

(112 ]

FICx. 7. Schematic top view of an unreconstructed (111)Sisurface. The lines, pointing out of each Si atom (), represent the Si-
Si bonds with the underlying atoms of the crystalline silicon. The interatomic distance at the interface is aL =3.8426 A, rendering a
surface Si atom density of N, =7.830X10' cm . The circles identify the first- through twelfth-nearest-neighbor shells with respect
to the central Si atom ( L ).
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FIG. 8. Dependence of the calculated dipolar ESR broaden-
ing for Pb centers at the (111)Si/Si02 interface on the size of the
circular sampling region (enclosing N Si atom sites, all allowed
as possible Pb sites) in an unreconstructed (111)Siplane. Calcu-
lations are carried out for f=5X10 and B~~[111]using resid-
ual curve R2 (see Fig. 6) as convoluting broadening shape. The
curve represents a polynomial fit. Though the absolute
differences may appear small, there is still a significant relative
increase in the dipolar width in going from an N=600 to an
N = 1600 region. Note that the curve has nearly reached its pla-
teau for N= 1573.

count for the unresolved hyperfine broadenin.
An important item in practical calculations is the size

of the circular region sampled, that is, the number of al-
lowed Si sites N, &

and spins n enclosed. Finite computa-
tion time and computer memory limit n to n,„=12and,
accordingly, N is limited to N, „=n,„/f (or,
equivalently, N, j is limited to N„,„=n,„/f '). Indeed,
the rank of the Hamiltonian matrix increases exponen-
tially with the number of interacting spins n (for n spins
the rank is 2") and the number of operations for solving
the eigensystem jumps up as the cube of the rank. The
impact of the n,„restriction is best illustrated by plot-
ting the relative absorption peak heights of the n-spin di-
polar histograms for the random-distribution model and
N=1573 (i.e., an improved extension of Fig. 9 of Ref.
24). This shows that, for f=2X10, dipolar histo-
grams up to n = 8—thus n,„~8—are needed for a reli-
able representation of the total histogram, while with
n,„=12 and N = 1573, reliable dipolar spectra can only
be calculated for f & 5 X 10 . This is a main limit of the
present calculations.

Hand in hand with the n,„ limitation goes the re-
quirement that the circular (111)Si surface region sam-
pled has to be large enough so as to avoid the situation
where the calculated dipolar spectra depend on the
chosen region size d, which would lead to an intolerable
calculation artifact. This imposes an underbound N;„
for N. The impact of this has been evaluated within the
random distribution model by its effect on the calculated
hB~~ using the calculated residual line shape R2 (Sec.
IVB) of width bB" =1.29 G. The total (DD and
hyperfine) linewidth bB~~ was calculated for f= 5 X 10
for three values of N, as plotted in Fig. 8; the N = 1 value,

of course, is the residual (zero DD broadening) linewidth.
The absolute changes in hB are small. Indeed, EBpp
increases from 1.41 G for N =613 to 1.48 G for N = 1573,
which is an increase of only 0.07 G. However, when we
compare the changes in dipolar broadening, the difference
is significant. Starting from EB =1.29 G, the dipolar
broadening reaches 0.12 G for N=613 to increase to 0.19
G for N=1573—still an increase of 58%%uo in going from
N=613 to 1573. It is evident that underestimating N
will lead to intolerable errors in 5B at higher f. Clear-
ly, though, the dependence of b,B» on N for f=5 X 10
starts to Qatten out for N ~1573. We thus conclude that
N;„&1573 is required for f=5X10 and that reliable
calculations can be carried out for f up to =5X10
As will be explained in Sec. V C, this is a significant im-
provement of previous calculations covering only 613
sites with n,„=6. We will henceforth use N=1573 in
all our further calculations where experiment and theory
are directly compared. A (111)Sisurface region compris-
ing N=613 Si atoms, though, will be used to compare
theoretical spectra calculated for different networks of al-
lowed Pb sites. Although the linewidths are underes-
timated, it is still possible to compare the line shapes and
the f dependence of the spectra.

Dipolar spectra were calculated for five different rnod-
els (arrays) of allowed sites, of which the calculation pro-
cedure will be outlined briefly. The physical relevance of
the models will be discussed in the next section. These
arrays were selected as a representative cross section of
all plausible Pb distributions one could expect, based
upon the present microscopical understanding of the
Si/SiO~ interface.

Model 1 is a calculation for the most general array, i.e.,
all Si atoms at the (111)Si/SiOz interface are allowed to
be the site of a Pb defect, over which the Pb centers are
randomly distributed (the random-distribution model).
The calculation of the dipolar spectra for this model has
been explained above. The n-spin dipolar histograms are
shown in Fig. 9 for n =1—12 and N =1573. They were
calculated as an average over all possible spatial Pb
configurations for n =2, over 100000 configurations for
n =3—8, and over 10000, 2000, 400, and 100
configurations for n =9, 10, 11, and 12, respectively.
Comparison of the histograms of Fig. 9 with Fig. 4 shows
the positions of all resolved fine structures to be identical,
giving confidence to the local-field approximation.

In model 2, the only possible sites of Pb defects are as-
sumed to be Si atoms aligned along a certain crystal axis
in the (111)plane. Such a model would comply with the
suggestion that Pb defects prevail at interfacial ledges.
The array considered for a particular axis is the linear
chain of Si atom sites with Si-Si site spacing as occurring
along the corresponding c-Si axes. The number of chains
per cm of interface is chosen in agreement with the typi-
cal density of ledges (terrace borders) as observed experi-
mentally. ' The value for N;„can now be taken
much lower (N;„=40). The spin distribution on this
one-dimensional Si array is supposed to be random, so
that the formulas of model 1 also apply to this case.
However, when comparing theory with experiment, it
must be realized that the fractional site occupancy f' on
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the 1D lattice relates to the experimentally obtained frac-
tional occupancy f as f'= fN/N, ), where N, &/N ( «1)
is the fraction of the (111)Sisurface atoms at the 1D ar-
ray. Model-2 calculations were carried out for Pb arrays
along the [110]and [112]crystal axes.

The array of possible Pb sites in model 3 is determined
by looking at the (111)Sisurface as consisting of a struc-
ture of hexagonal Si rings; the array considered is then
formed by the Si atoms at the center of those hexagonal
rings, which form a 2D net of the same crystal symmetry
but with a different orientation and lattice constant, i.e.,
aL =10.167 A=~7X3.8426 A, where 3.8426 A is the
lattice constant of the general (111)Si net. A schematic

diagram of this array (large dots) is shown in Fig. 10.
Each of them is surrounded by six Si surface atoms, con-
nected to each other by a dashed hexagon. It is easy to
see that the symmetry of the "heavy" net is identical to
the symmetry of the unreconstructed (111)Sisurface. So
the calculations are identical to model 1 except for the
different lattice constant and a computational fractional
site occupancy f', which is seven times larger than the
experimental value f. The physical reasons for consider-
ing such a rescaled net will be evidenced below.

Models 4 and 5 consist of modifications of model 1 re-
sulting from introducing correlations in the "random"
distribution of Pb's over the allowed sites. The Pb defects
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FIG. 9. Dipolar histograms for n =1—12 interacting Pb spins (S=
2 ) in the random-distribution model. The calculations were

carried out on a circular unreconstructed (111)Sisurface containing N= 1573 Si atoms and B~~ [111].The n = 1 dipolar histogram (a)

represents the Zeeman resonance. The n =12 histogram, which is an average over 100 configurations of Pb defects on the (111)Sire-

gion, represents the highest number of interacting Pb spins that could still be calculated with the present calculation capacity.
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FIG. 10. Schematic top view of the net of allowed Pb sites (large dots) in interface model 3, constructed on a view of a (111)Sisur-
face (Fig. 7). Each Si atom of the net is surrounded by six Si atoms (not belonging to the net), connected by a dashed hexagon. The
model-3 net exhibits the same symmetry as the (111)Sisurface but with a different lattice constant aL =10.167 A=v 7X3.8426 A,
and a seven times lower atom density.

are made to cluster in model 4, whereas in model 5 the
separation between the Pb defects tends to be enhanced
(clustering avoided). The distribution function is calcu-
lated by assigning each Si atom in the (111}plane a
different probability of being the site of a Pb defect, de-
pending on the configuration of the P& defects already al-
located. The latter information is used to stochastically
select the next Pb site. Different distribution functions
were tried for the calculation of the site probability, but
all gave more or less identical results at the low f encoun-
tered. The region over which the spins are distributed
was chosen much larger than in the previous models; the
DD calculations, however, were carried out on a subre-

gion of the surface containing %=1573 Si atoms. Be-
cause of the deviation from the random-distribution func-
tion, the linear combination coefBcients of the various n-

spin dipolar histograms in Eq. (21) were determined sta-
tistically this time, instead of being given by the binomial
distribution.

V. COMPARISON OF THEORY WITH EXPERIMENT

In Sec. III, the Pb linewidth variations were con-
clusively identified as resulting from DD interaction us-

ing mainly qualitative arguments. The purpose of this
section is to present a quantitative comparison between
experiment and calculations for both the linewidth-
versus-f dependence and resonance line shape. It is
hoped in this way to obtain information on the in-plane
distribution of P& defects.

A. Low-f spectra (f~SX10 ')

The devicing of site arrays for which DD calculations
are carried out, that is, the search for the array of possi-
ble Si atom sites at the (111)Si/Si02 interface plane over
which the Pb centers are distributed, is best guided by the

present knowledge of the interface structure. Fortunate-
ly, various microscopic methods have recently provided
detailed information, which is pictured in Fig. 11. Using
HRTEM, ' ~4 x-ray photoelectron spectroscopy (XPS},
and low-energy electron diff'raction (LEED}, the
(ill)Si/SiOz interface has been shown to be atomically
abrupt, consisting of atomicaOy fiat terraces separated by
ledges, typically 1-3 atoms high and 110-220 A apart.
This corresponds to step atom densities N„, in the range
(3.3—6.6}X10' cm . According to one report, the
otherwise perfect terraces comprise small domains of in-
homogeneities (patches), three to eight atomic distances
wide on average. But in contrast with the terrace and
ledge structures, these are strongly dependent on the ap-
plied post-oxidation annealing. While there is general
agreement on the abruptness of the interface, the nature
of the structural matching of the Si02 to the (111}Sisur-
face is still controversial. Many earlier works reported
that the interfacial oxide is amorphous and Si-rich, but
this description is fundamentally questioned by recent ob-
servations. By growing thermal oxides on silicon,
prepared by the molecular-beam-epitaxy (MBE) method,
Ourmazd, Rentschler, and Bevk concluded from
HRTEM observations that the interfacial oxide is, in
fact, crystalline over about 7 A deep into the oxide, the
crystalline phase closely resembling tridymite. This may
be compared with a previous conclusion ' indicating that
the short-range order in SiOz as obtained by x-ray and
neutron-diffraction experiments, most closely relates to
the tridymite structure. When carrying out calculations
on the Pb center at the (111)Si/Si02 interface, Cook and
White' found that the interfacial Si02 layers could most
easily be modeled by tridymitelike puckered ditrigonal
rings of six Si04 tetrahedra, as these could be matched to
the underlying (111)Sisurface without great distortions of
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FIG. 11. Schematic picture of the present microscopical un-

derstanding of the (111)Si/Si02 interface structure, showing the
characteristic features, i.e., terraces, ledges, and patches. The
enlarged view shows a ball-and-stick model of the Pb cluster as
proposed in Ref. 13; the immediate silica cap of the unpaired Pb
bond is formed by a puckered, ditrigonal ring of six Si04
tetrahedra (the c-tridymitelike model).

the bond angles or interatomic distances (see enlarged
view in Fig. 11). We will refer to this as the ditrigonal
ring or tridymitelike model. The atomic abruptness of
the (1 1 1)Si/Si02 interface indicates that the Pb interface
defects are essentially distributed over one (111)Si inter-
face plane, as concluded before. ' This is a basic assump-
tion underlying all further theoretical models.

The key question, then, is where the Pb defects fit into
this interface picture. With what particular interface
structure(s) are they connected? Are they created during
cooling off of the interface after oxidation, or rather, are
they created solely as a result of the natural Si/Si02
mismatch during the oxide growth? In the latter case,
the Pb defects are perhaps essential in establishing the
particular interface structure. If so, the interface struc-
ture and the Pb defect distribution will be correlated. If
the Pb defects would, indeed, coestablish the interface
structure during oxidation, e.g. , by release of interfacial
strain, then they should be generated in reproducing
quantities leading to a more or less universal interface
structure, as observed. From the combined understand-
ing of Pb distribution and interface structure, that is, dis-
closure of the array of possible Pb sites, we could then
stand a fair chance of understanding the physica1
mechanism(s) by which they are formed. In this way the
present dipolar calculations might also lead to informa-
tion on the interface structure. Obviously, within the ex-
perimental evidence just summarized, there are three
main interface features, i.e., ledges, terraces, and inhomo-
geneity patches, to which the Pb centers may be linked.

A first possibility is that Pb defects might only reside at
steps, which, depending on one's view, may be seen as
preferred dangling-bond locations. This is represented by
model 2, referred to as the step model. If this model
would apply, it is probably the easier one to test. Indeed,
in contrast with the other models, the configuration of
the spins is one dimensional in this case, so that unique
ESR properties, such as a highly anisotropic linewidth
and line shape, may be expected.

A second possibility is that the Pb centers may be part
of the inhomogeneity patches, which is represented by
model 4. This is very unlikely, as the concentration of in-

homogeneity patches is strongly dependent on the oxida-
tion conditions and post-oxidation annealings, whereas
(in the absence of H) the Pb defects seem to be
unaffected. However, if this case would apply, the dipo-
lar line shape would certainly resemble that of a strongly
clustered Pb distribution, which will be discussed below.

Third, the Pb defects may only reside at terraces. Yet
in this case there remain many different ways to incorpo-
rate them, and several arrays of possible Pb sites, each
devised to meet a certain physical insight, may be en-
visaged. First, if assuming that the defects are created as
a result of random strain release, then one might expect a
random distribution of Pb centers over all Si atom sites in
a (1 ll) plane; this is the model-1 situation (the random-
distribution model). But if efficient strain relaxation
would only occur by interface adaptation over finite re-
gions, Pb defects could show a tendency to cluster. This,
in fact, leads to the same conclusion as the above
(patches) model 4. As a second alternative, it may be
presumed that the strain release by generating a Pb at a
certain site may be suScient so that the critical stress
limit for a Pb generation is not reached anymore in the
immediate neighborhood. The Pb defects will then tend
to be separated further apart than a random distribution
would imply —i.e.,"self-avoiding will tend to be"—
which is the basis of model 5. The suggestion that Pb
defects are generated as a result of the release of strain
energy from finite regions of the interface during the
cool-down period after thermal oxidation leads to a simi-
lar conclusion. Third, regular arrays could be imagined
if we suppose that the Pb centers somehow coestablish
the particular interface structure. One such array may be
inferred from the tridymitelike model, leading to model 3
(see Fig. 10). This model is of particular interest because
there appears to be some experimental evidence for it
from HRTEM observations. It also suggests an interest-
ing explanation for the fact that the Pb defects may readi-
ly be reversibly passivated by the H radical, and not by
other chemical species. ' The size of the opening ( =1.4
A) of the capping ditrigonal silica ring (cf. Fig. 11) would
be such as to permit the H radical to reach the unpaired
bond, but would protect the Pb unpaired bond from pas-
sivation by large radical species present in the Si02 layer.
In the case where the interface transition is crystalline,
the six-membered rings wi11 cover the Si surface in a
close-packed way, and the central Si atoms, which are
possible dangling-bond sites, again make up a 2D tri-
angular net of lattice constant &7 times larger than that
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of the most general net; this is the physics behind model
3. If the six-membered rings are not close packed, the
model essentially reduces to a variant of model 1.

Pb ESR spectra calculated for f= 5 X 10 for all mod-
els are depicted in Fig. 12 for the five models (arrays) con-
sidered. Residual line shape R2 (including the shf peaks;
see Fig. 6) is used in the convolution of the dipolar histo-
grams. The respective linewidth and ~ variations versus

f are plotted in Fig. 13. All spectra contain the same
qualitative features characterizing the experimental line
shape, i.e., a central line (A), a partially resolved fine-
structure doublet (8), observed as "shoulders" on the
central line, and some additional (partially) resolved dou-
blets. The central line A and the strong doublet B are
easily recognized in the experimental spectra (see Fig. 3);
the identification of the other weaker doublets seems
more problematic due to overlapping structure. Based on
calculations for N=613 (1 1 1)Si regions, the gross

. features of the different spectra (models) are compared
with experiments in order to select the most likely model.
The final model will then be analyzed in detail from
N = 1573 calculations.

The calculated dipolar spectra in Fig. 12 can be divid-
ed into three groups along the Pb concentration depen-
dence of ESR parameters. The first group consists of
models 1 (random distribution), 3 (ditrigonal ring), and 5

(self-avoiding), which exhibit a similar f dependence of
all three parameters 68 JaLBpp and a, as shown in Fig.

13. This, in fact, should not come as a surprise, particu-
larly in light of the low-f values considered. All three
underlying models are 2D arrays of Si sites, over which
the Pb centers are dilutely and randomly distributed (in

model 5 the spins have a tendency to avoid each other,
but because of the low f considered, the influence of this
is minimal). There are, however, distinct spectral
di8'erences. The fact that the spins in model 3 are distri-
buted on an array with a different lattice constant has a
profound influence on the dipolar spectrum. As com-
pared with spectra 1 and 5 (Fig. 12), spectrum 3 exhibits
a well-resolved, strong B doublet, unlike experimental
observations (cf. Fig. 3) for f=5X10 . This eliminates
model 3. Spectra 1 and 5 are, however, closer to experi-
mental observations.

The second group is formed by model 2, the step mod-
el. The fractional site occupancy f' for the array com-
posed by the linear chains (steps) is calculated as

f' =f(N, /N„, ) =7.9 X 10, where '~9 N„, = 5 X 10'
cm . In comparison to the other curves shown in Fig.
12, spectrum 2 exhibits markedly more resolved fine
structure and a smaller linewidth (both hB and 58»).
The latter is also refiected in the linewidth-versus-f
dependence (see Fig. 13), which shows a distinctly smaller
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FIG. 12. Theoretical Pb spectra for f=5X10 ', B~~[111],
and N=613 for five different arrays of Si-atom sites at a
(111)Si/Si02 interface over which the Pb's are randomly distri-
buted: (a) most general net, comprising all Si atom sites in a
(111) plane, (b) array of surface steps oriented along [110], (c)
2D triangular net of aL =10.167 A, modeled for a c-tridymite
(Si02)/Si transition, (d) clustered Pb distribution over the same
array as (a), and (e) "self-avoiding" distribution of Pb's over the
same array as in (a).

FIG. 13. Theoretical dependence of absorption linewidth 68
and line-shape factor a. [in (a)], and peak-to-peak width b,B~~ on

f for B~~[l11] of the Pb resonance calculated for five different
models, i.e., arrays of possible Pb sites in a (111)Siplane. Calcu-
lations were carried out for a (111)Si/Si02 region encircling
N=613 Si atoms. Model 1, random Pb distribution model
(solid curves); model 2, random Pb distribution along a [110]
step axis (dash-dotted curves); model 3, ditrigonal ring model
supposing a tridymite (Si02)/Si-like transition (dotted curves);
model 4, clustered Pb distribution (dashed curves); model 5,
"self-avoiding" Pb distribution (bold solid curves).
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increase of linewidth (6B =1.38 G at f=5X10 )

with increasing f. Comparison with the experimental
signal shape in Fig. 3 clearly rejects the step model,
though the behavior of ~ is similar to the models of group

This is well understood from the local-field calcula-
tions, ' which indicate that with decreasing dimensionali-
ty, the resolved dipolar fine structure will enhance due to
the less-effective averaging. As this resolved fine struc-
ture contributes little to the width of the central line, the
weaker broadening with increasing f follows naturally.

The disagreement of the step model with experiment
affirms other experimental facts. In conventional
(111)Si/Si02, only the Pb defects with the unpaired orbit-
al perpendicular to the interface are observed, which ex-
hibit a sharp resonance. No Pb defects with unpaired sp
orbitals along "equivalent" directions ([111],[111],or
[111])are observed, ' which means that surface irregu-
larities, such as steps, are no essential part of the immedi-
ate Pb structure. Depending on one's opinion, this may
not come as a surprise. If strain is to be released at the
interface, the irregularity formed by a step may be a nat-
ural means of lattice adaptation, such that there might be
no need for the matching lattices to generate additional
unpaired Si bonds there.

The last group is made up by model 4, the cluster mod-
el. Similar to the step model 2, spectrum 4 (see Fig. 12)
shows much-resolved fine structure and a strong B dou-
blet, unlike experimental observation. The increase of all
three line-shape parameters with f shown in Fig. 13 is

much stronger than for the other models. In particular,
the f dependence of a deviates profoundly from what is

observed experimentally (Fig. 2), thus clearly negating
the cluster model.

The above comparison leaves as the most probable
model a Pb defect interface distribution in which the Pb
centers are randomly distributed at the interface
terraces —the so-called random distribution model (mod-
el 1). For low f, model 5 essentially reduces to the
random-distribution model, so that a clear distinction be-
tween the two models appears as of yet unfeasible. Prob-
ably, this must await correct simulation of high-f ( ~

l%%uo )

ESR spectra.
The Anal step then is to compare this random-

distribution model in quantitative detail with experimen-
tal observations to check for the model's adequacy. It
has been demonstrated before that a N =613 (111)Sisam-

pling region used above is too small to render correct
quantitative data. Instead, X ~ 1573 was required for

f ~ 5X10, leading to the calculation of the n-spin di-

polar histograms (n = 1 —12) for the random-distribution
model on a (111)Si/SiOz surface region containing
%=X,&=1573 Si atoms, as shown in Fig. 9. VA'th these
the total dipolar histogram for f=4X10 was con-
structed, and theoretical Pb resonances were calculated

by convoluting with each of the three residual line shapes
presented in Sec. IV B. The results are shown in Fig. 14.
The dependence of b,B, b,B and a on f was calculated
for each residual line-shape model and is illustrated in

Fig. 2.
It needs to be mentioned that the "theoretical" Pb con-

centrations (i.e., f's) used to calculate spectra were taken

slightly /arger than the experimenta1 one as a result of
two corrections. As mentioned earlier, a first one (of
about 4.9%) stems from not haveing included the main

Si hf ( A~~ =156 G) doublet in the integration of experi-
mental spectra to determine [P&](f). The second correc-
tion, likely resulting from antiferromagnetic spin pairing,
will be treated further on.

The quantitative agreement between theory and experi-
ment revealed in Fig. 2 is quite satisfactory for all three
residual profiles. This is particularly true if one realizes
that it concerns the comparison of absolute measure-
ments and ab initio theoretical calculations. The fit of all
three b,B -versus-f curves to the data is nearly equally

satisfactory; the scatter between these curves is minor,
making them an exceHent criterion to distinguish be-
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FIG. 14. Fitting of theoretical dipolar spectra to the experi-
mental 20.2-GHz Pq signal for f=4X10 and 8~~[111] mea-

sured at 4.3 K. The theoretical curves were obtained by calcu-

lating the dipolar histogram for a random-spin distribution
(S= 2) on a (111)Si/Si02 region encircling %=1573 Si atoms

(random-distribution model) which was subsequently convolut-

ed with (see Fig. 6) (a) residual spectrum R1: sum of Gaussian

profiles; (b) residual spectrum R2: parametrized hf cluster cal-

culation; (c) residual spectrum R 3:based upon a SizzHQ7 +b clus-

ter hf calculation [see Ref. (13)]. The ~ Si shf doublet of
A ~~"

= 14.8 G (see Fig. 15) has been included.
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tween the different P& distribution models. The theoreti-
cal bB-versus-f and ~-versus-f curves, however, show a
larger spread between the various residual broadening
shapes, thus allowing for a more in-depth test of the
random-distribution model as regards the most adequate
residual broadening function. The residual model-R2
curves show the best overall agreement with the experi-
mental data and a nearly perfect trend towards higher f,
for which, as explained, no calculations could be carried
out because of practical constraints.

A crucial test of the residual broadening function in
combination with the random-distribution model is pic-
tured in Fig. 14, showing an experimental spectrum
(f=4X 10 ) together with three theoretical line shapes,
each calculated by means of one of the residual line
shapes. The A, B, and C structures, which have been ob-
served experimentally (see Fig. 3), are also indicated. The
fittings of the central line (signal A) and structure C ap-
pear satisfactory for all three models. The intensity of
doublet B, however, is clearly underestimated in spec-
trum (c), whereas it is perfect for the other two cases (a)
and (b). This may seem somewhat surprising, as all three
spectra in Fig. 14 are calculated from the same dipolar
histogram, and none of the residual profiles in Fig. 6 ex-
hibits shoulders with an intensity close to the B-doublet
intensity. Yet, the B-doublet intensity appears
significantly "tunable" by just changing the shape and the
extension of the residual profile's shoulders, which affects
the hB-versus-f and a-versus-f curves as well. This just
bears out the sensitivity of the ultimate dipolar signal
shape to the details of the residual (f~0) broadening
spectrum, which lends some support as regards the selec-
tion of the correct theoretical residual shape. At first
glance, the overall fitting quality of the curves (a) and (b)
pictured in Fig. 14 seems equally successful. Yet, in
agreement with the conclusions from Fig. 2, it follows
from overall line-shape fittings over many experimental
observations and taking into account all details, which
are somewhat difficult to demonstrate in the singular fit
pictured in Fig. 14, that the residual line-shape model R2
is most adequate.

There is one further remark regarding the residual
spectra R2 and R3. As mentioned, these have been cal-
culated using identical equations [Eqs. (12)—(16)]but with
different hf splitting parameters A ~~;. Residual spectrum
R3 was obtained from an elaborate ab initio Si22H27 PI,
cluster calculation, ' while R2 is just an adjusted version
of this. It would follow from the less-than-ideal fit (c) in
Fig. 14 and a comparison of the respective 3

~~;
values of

the models R2 and R3 tabulated in Table I that the pa-
rameters of R 3 are underestimated. This, however, is not
kept as proof that the A

~~;
parameters of residual model

R 2 are unique in any way —the number of adjustable pa-
rameters is large. They were just obtained as one possible
set of parameters leading to a correct fitting of experi-
mental results. Instead, the main result of this analysis is
that it disfavors some theoretical residual line shapes.

Summarizing, a first conclusion is that the hf parame-
ters A ~~;, calculated for the particular Si22H27 P& cluster, '

are too small to obtain satisfactory agreement with exper-
imental spectra at higher f. This may be due either to

the use of Fermi-contact hf parameters instead of the full
(isotropic plus anisotropic) hyperfine parameters or, more
fundamentally, to a theoretical underestimation of the
full hyperfine parameters themselves. Second, the analy-
ses of both the low- and high-f spectra suggest residual
spectrum R2 as the best representation of the P& line
shape for f~0.

We now proceed to a more-detailed analysis of the
structure revealed in the experimental Pb spectra. A
step-by-step buildup of the calculated spectrum (b) in Fig.
14 is shown in Fig. 15. Spectrum S1 represents the
theoretical Ps dipolar line shape for f=4X10, calcu-
lated with residual profile R2 (see Fig. 6) in the absence
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FIG. 15. Detailed buildup of theoretical Pb spectrum (b) of
Fig. 14, exposing the fine structure and shf features. The calcu-
lations are carried out for B~~[111]and f=4X10 within the
random-distribution model using residual profile R2 (see Fig. 6)
as convoluting broadening function. S1: theoretical Pb reso-
nance line shape in the absence of the Si shf doublet. Signal I
represents the Pb Zeeman resonance. The fine-structure signals,
labeled by roman numbers, are due to fourth- (VI), fifth- (V),
sixth- and seventh- (III), and eighth-, ninth-, and higher-order
(II) nearest-neighbor dipolar interactions. S2: Si shf doublet
(labeled IV) for B~~[111] (Al""=14.8 G). $3: sum of the
theoretical profiles Sl and S2 (dots) superposed on an experi-
mental Pb resonance (solid line) observed at 4.3 K. The struc-
tures, which are clearly observed experimentally at f=4X 10
are labeled A, B, and C.
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of the Si shf doublet. The characteristic structural
features are labeled by roman numbers. Signal I
represents the central line in the absence of all dipolar
and hf interactions. The origin of the fine structure can
be identified from comparison with the fine structure of
the n-spin dipolar histograms pictured in Fig. 9 or by
comparison with the histogram in Fig. 4—a result of the
local-field approximation. In this way we find that the
fine-structure signals VI and V originate from dipolar in-
teractions between fourth and fifth nearest neighbors, re-

spectively. The sixth- and seventh-nearest-neighbor in-
teractions make up fine-structure signal III, whereas sig-
nal II is the added result of eighth-, ninth-, and higher-
nearest-neighbor interaction. Spectrum S2 represents the

Si shf spectrum resulting from hf interaction of the un-
paired Pb electron with the three nearest-neighbor Si nu-
clei in the bulk as used in the present simulation, with
A ~~" =14.8+0.2 G and total insity of 14.7% of spectrum
S1. This doublet is labeled by roman number IV. The
sum of spectra S1 and S2 is shown by dots in S3,
whereas the solid line in S3 represents the same experi-
mental spectrum as shown in Fig. 14 (f=4 X 10 ).
Comparison of S1 and S3 immediately identifies the
theoretical signal I as the experimental line A and the di-
polar fine structure II as the shoulders B. Fine-structure
signal VI, however, is not observed experimentally.

The structure C, which was previously ascribed' ' to
the Si shf doublet, is in fact a superposition of several
signals, that is, the theoretical Si shf doublet IV and the
fine-structure doublets III and V. The latter are nearly
symmetric relative to the shf doublet IV so that, when
added together, the signals III, V, and IV result in the
smoothed and broadened signal C as compared to signal
IV. The perfect fit of the experimental C region obtained
by adding the calculated spectra S1 and S2 conclusively
demonstrates the presence of the shf doublet, and allows
unequivocal determination of the shf splitting and signal
strength. The assignment of the shf doublet, which was
predicted on theoretical grounds" ' in PI, experimental
spectra, has so far necessarily been speculative, as the di-
polar and shf structures have not been separated. When
the S/N ratio is not very high, part of the blurred shf sig-
nal intensity may be lost during the double numerical in-
tegration of the derivative spectrum. Unless the DD-
interaction effects have been wel1 separated, this will
make it extremely diScult to draw any conclusion from
the experimentally determined intensity of C relative to
A and 8 regarding the nature (i.e., the number of in-
teracting equivalent neighboring nuclei) of the shf signal.
Moreover, it explains why at higher f the structure C
seems to "split up" in more signals (see Figs. 3 and 16); in
particular, doublet D becomes well resolved. Indeed,
whereas the intensity of the shf doublet remains relatively
unaltered with rising f, the dipolar fine-structure dou-
blets III and V do grow relative to signal A. This causes
structure C to blur, and, eventually, to split up in the two
fine-structure signals III and V, and shf signal IV at
higher f. This overshadowing of the shf structure by fine
structure demonstrates that assigning the shf doublet at
high f ( & 1%) requires extreme care.

It was mentioned in Sec. III that scrutinizing experi-
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ments were carried out to search for eventual fine-
structure signals with larger field splittings (i.e., 20
G)—without any success, however. In a first explana-
tion, the absence of fine-structure signals due to first-,
second-, third-, and fourth-nearest-neighbor interactions
could be ascribed to too low an SjX ratio. It is believed,
though, that these fine-structure signals should have been
observable with the present S/N ratio realized if they
would have occurred with relative intensities as predicted
by theory, e.g. , as depicted in Fig. 15 (doublet VI on
curve S1). A second reason may be the total absence of,
or at least a very much reduced, probability of the oc-
currence for first, second, third, and fourth nearest neigh-
bors due to the particular Si site array of allowed P„sites
in the (111)Siplane, e.g., in the sense of the self-avoiding
array of model 5. Indeed, first, second, third, and fourth
neighbors do not occur in this model for f ~3%. As
mentioned, the previous low fcalculations wer-e not able
to rule out model 5 as a possible alternative for the
random-distribution model. A third, more-favored ex-
planation is the presence of superexchange interactions
between nearby (rendering large DD splittings) Pb spins.
These may induce an antiferromagnetic coupling of the
spins and, consequently, the disappearance of the ESR
signal. This interaction has not been included in our spin
Hamiltonian up to now, and may therefore be a natural
explanation for the unobserved fine structure. This inter-
pretation, however, requires a justification of the magni-
tude (strength) J" of the superexchange coupling

B(G j

FIG. 16. High-concentration (f=0.016%0.001) Pb signal
observed on (111)Si/Si02 at 4.3 K and 20.2 GHz with P„&—63
dBm for B~~[111]. A rich structure is clearly observed around
region C. The doublets C and D are ascribed to ' Si shf struc-
ture and fifth-neighbor pair DD interaction (fine structure), re-
spectively. The signals E, of splitting =27 G, though compet-
ing with the noise, are likely remnants of the fourth-neighbor
pair DD interaction.
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coefficient.
It has been pointed out before that an accurate esti-

mate of the superexchange interaction range and strength
is hard to achieve. But, instead, we can compare the Pb
results to experimental data on superexchange between
spins in dangling-bond-like orbitals in bulk silicon. Al-

though the presence of exchange between S= 1 deep-level
defects in bulk silicon is well established, accurate values
for the interaction coefficients are seldom obtained; the
majority of these defects can only be observed at T=4.2
K using light excitation to populate the paramagnetic
spin-triplet levels. ' Lee and Corbett could deduce a
value for the isotropic superexchange constant J" be-
tween two spins a distance rss =6.72-7.68 A apart from
a comparison of the g and D tensors of double and triple
vacancies containing a different number of oxygen atoms.
They found that J"-0.01 eV. As the Pb defect electrons
at the (111)Si/SiOz interface are situated in prototype
dangling-bond orbitals in a silicon and oxygen environ-

ment, we may argue that the superexchange interaction
coefficient J"between the third-neighbor dangling bonds

&=g1PaB (S,+S~)+J"S, S~+S, D S~, (22)

where D is determined exclusively by the DD interaction
(as hg/g is quite small, the anisotropic part of the su-
perexchange is negligible). The reduction factor R for
8~~[111]of the ESR Pb fine-structure signal (the expres-
sion is actually only computed for the 1ow-field reso-
nance, as the high-field part gives identical results) as a
result of the increased population of the diamagnetic
singlet state at the cost of the paramagnetic triplet spin
level due to superexchange may be written as

0

(rss =7.68 A) should be of the same order of magnitude.
In analyzing resolved fine structure on calculated Pb
spectra, it should be noted that the intensity of these sig-
nals can be almost completely accounted for by strongly
dipolarly interacting spin pairs, which couple only weak-
ly by dipolar interaction to other spins.

Two interacting Pb electrons may be described by the
spin Hamiltonian

1+exp( hv /ks—T ) +exp [ ( h v ——', D )Iks T ]+exp [(J"—
—,'D ) /ks T ]R=

1+exp( —hv/ks T)+exp[(h v —', D)/k' T—]+exp( D /2k'—T) (23)

where D = (pa/4m )(g ps Ir ss ), and ks and v represent
the Boltzmann constant and microwave frequency, re-
spectively. R is obtained from the ratio of the ESR inten-
sities (proportional to the population difference between
the two levels that make up the low-field transition) mea-
sured for the cases where J"%0 and J"=0, respectively.
The energy-level populations and their differences are cal-
culated in the canonical ensemble formalism using the set
of energy levels obtained by solving Eq. (22). Inserting
the values J"=0.005 —0.02 eV, v =20.2 GHz, and
rss=7. 68 A gives R(T=4.2 K) =4X10 s —4X10 ~4.

So the intensity of the third-neighbor fine-structure dou-
blet, which is already weak in the absence of exchange
[see the theoretical dipolar spectrum for the random-
distribution model shown in Fig. 15 (Sl )], is attenuated

ter will be prerequisites for any success. Neither could
the resolved fine structure be detected by light excitation
at 4.2 K because of the physical dimensions of the sam-
ple, consisting of a stack of about 15 platelets that
prevents the light from reaching the internal Si/SiOz in-
terfaces. Light excitation could probably populate the
triplet levels, which are otherwise nearly empty because
of the Boltzmann factor.

As a result of the superexchange-induced antiferro-
magnetic spin pairing, the concentration of trivalent de-
fects ( Si—:Si3) and ESR-active P& defects are no longer
identical. This means that the measured (ESR) fractional
occupancy is lower than the fractional site occupancy of
nonpassivated Pb defects to be used in the calculation of
the spectra. The effect is small for low f, but increases
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f=5X10 . Figure 16 shows a high-f spectrum
([P„]=1.2X10' cm ) spanning a 52 G range. This is
the maximum intensity available by the depassivating
treatments outlined. Apart from the A, B, and C lines,
traces of some more structure are observed that likely re-
sult from fifth-, sixth-, and seventh-nearest-neighbor in-
teraction. The lack of intensity and theoretical simula-
tion, however, prevent conclusive identification. Much is
expected, though, from correct simulations of these spec-
tra as a means to obtain more-refined knowledge about
the prevailing array of Si sites at the (ill)Si/Si02 inter-
face allowed as Pb sites, viz. , the fully random-
distribution model versus the partially self-avoiding Pb
defect distribution. This, however, must await strongly
enhanced computer calculation capacity, or, preferably,
analytic solution of the line shape for a 2D system in the
presence of DD interactions.

C. Comparison with other calculations
using the computational approach

The computational approach for calculating dipolarly
broadened resonance spectra was pioneered by Brower
and Headley in an attempt to understand line broaden-
ing within the Pb system. In particular, it was applied to
separate out the DD broadening in a Pb spectrum, mea-
sured for B~~ [111]on a stack of 35 (111)Si/Si02 platelets,
each slice measuring 0.21X0.23X0.32 cm, and which
was assigned a Pb density [Pb ]= (3—5) X 10' cm, cor-
responding to f=0.004—0.006. The spectrum is charac-
terized by a width hB =2. 1 G of the absorption Pb spec-
trum, obtained by numerical integration of the derivative
spectrum of width ABpp 1 33 G Their calculations,
however, encountered difficulties, among others in repro-
ducing the observed line shape and derivative width. To
match the absorption linewidths, they convoluted the di-
polar histogram with a Gaussian residual curve of
AB =1.75 G, resulting in a theoretical shape of too much
Gaussian character. There appears, additionally, some
inconsistency: Using a Gaussian residual profile with
6B =1.75 G implies a residual derivative width of
b,B =bB /v 21n2=1.49 G. This not only exceeds our
experimental values of 1.29+0.03 G but also exceeds
their experimental value hB „(f=5X10 )=1.33 G.
By comparison of the experimental and theoretical line
shapes for f=5 X 10, these workers also point out the
excessive Gaussian character of the calculated resonance.

The present results may well explain their difficulties
encountered in fitting the experimental spectrum. There
are two shortcomings in the theoretical simulation. First,
there is the fact that their calculations were carried out
for the random-distribution model on a circular region of
the (111)Si/Si02 interface containing (N=613) Si-0
bonding sites, i.e., possible Pb sites. It has been shown
that such a region is too small to obtain accurate esti-
mates of the dipolar broadening; Fig. 10 clearly shows
that for a (111)Si surface region of N=613 and for
f=5X10, the calculated dipolar broadening has still
not reached two-thirds of the correct final value obtained
for N~ ~. This means that their calculated values for
N=613 and f=5X10 are still underestimated, and

most of the underestimation will have resulted from lim-
ited computer capacity. Second, the Gaussian profile
they used to represent the residual Pb line shape is inap-
propriate, as was demonstrated in Sec. IV B. Neither is a
Lorentzian shape appropriate; the present experiments at
low concentrations clearly indicate that the ratio
6B/hB„= 1.53+0.06 G is incompatible with the values
v'2ln2=1. 18 and &3=1.73 for the Gaussian and
Lorentzian profiles, respectively. One could argue, in
support of the use of a Gaussian residual shape, that the
experimental Pb resonance, measured in Refs. 23 and 24,
contains a larger strain broadening than is the case for
the present observations. Such a broadening is of Gauss-
ian character. Strain broadening, however, is expected to
be negligible for B~~ [111].

These theoretical shortcomings, though, may not ex-
plain all of the difficulties encountered. There appears,
additionally, an experimental one of even higher impact.
It relates to the accuracy of the generally hard-to-realize
absolute spin-density measurement, in particular for the
present 2D spin system. When comparing their linewidth
data to those of Fig. 2, it appears that the former would
appertain to the f=0.0008 —0.0009 ( [Pb ]=7 X 10"
cm ) case rather than to the quoted value

f=0.004—0.006. This means that an attempt has been
made to fit a theoretical spectrum of too large a DD
broadening. With these remarks taken into account, one
finds that the theory accounts well for their superb spec-
trum.

A still puzzling ESR characteristic of the Pb defect re-
gards the observation of a Pb concentration anisotropy.
In his work, Brower reports an intensity anisotropy fac-
tor, defined as the intensity ratio Ij (Bi[111])/

(all[111]),«2.0 at 35 K, 1.75 at 100 K, and .169 ta

250 K for v=19.747 GHz. The presently gained under-
standing of the DD interaction in the Pb spectrum has

prompted us to check these observations, as it was
suspected that they could relate to anisotropy in the DD
effects. Accurate concentration calibrations were carried
out for different orientations of 8 in the (112) plane, giv-

ing I~/I~~ =1.15+0.10 at T=4.2 K. Saturation effects

were thoroughly checked. This discrepancy is not under-

stood, although many of the measurement conditions for
both experiments were similar (except for the tempera-
ture).

It needs to be remarked, though, that particular care is
required when numerically integrating the experimental
dP„, /dB Pb spectrum. As evidenced in this work (see,
e.g. , Figs. 3 and 16), increasingly more oscillator strength
is shifted out of the main Zeeman resonance with increas-
ing f, which reaches considerable proportions. Broad
wings are generated, literally extending over tens of
gauss. This imposes the use of a su%ciently broad field
integration range so as to include all signal strengths,
e.g., a 50-G range is needed for f= 1% to keep the error
below a few percent. It is evident that one needs to be
particularly on the alert for such an effect when rotating
B because of the varying Pb line shape resulting from ad-
mixing of anisotropic g-tensor broadening and anisotrop-
ic DD-interaction effects; this would suggest a field-
direction-dependent adjustment of the integration ranges.
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So, if it does not result from a measurement artifact,
the intensity anisotropy remains unclear; such a large in-
tensity anisotropy cannot be understood from the present
knowledge of hyperfine, dipolar, and exchange interac-
tions in the Pb spin system.

D. The linewidth anisotropy

The ESR linewidth anisotropy is well known to be one
of the typical indications for the presence of DD and ex-
change interactions in one- and two-dimensional magnet-
ic systems. ' Its nature depends on the dimensionality
of the spin system, and scrutinizing experiments have
been carried out on the Pb resonance in order to separate
out such anisotropic effects —without any success, how-
ever 23726

The measurements and calculations, as presented in
this paper, enable us to make an accurate estimate of the
dipolar linewidth anisotropy of the Pb resonance. For
the highest-f spectrum (f=0.015) measured, bB ap-
proximately equals 1.90 G, which corresponds to a dipo-
lar broadening with respect to the residual profile of ap-
proximately 0.6 G for B~~ [111].The dipolar broadening
as a function of the magnetic-field angle b,B~~(8) can be
written as

bBpp(8)=bB pii+g(3cos 8—1) (24)

where b,B~~~~ and g are empirical constants. The ratio
of the maximum dipolar broadening, which occurs at
8=0, to the minimum dipolar broadening is typically —,

for 2D spin distributions. Hence, the maximum dipolar
anisotropy of the Pb resonance linewidth 68pp is about
0.2 G for f=0.015. This variation is strongly oversha-
dowed by the anisotropic linewidth variation due to
strain broadening, which is at least ' =5 G. Moreover,
the residual linewidth, being dominated by unresolved
hyperfine broadening, may even exhibit an estimated an-
isotropy of at least 0.1 G. Trying to reveal the dipolar
broadening in the Pb resonance by means of its linewidth
anisotropy is therefore rather desperate, at least within
the present state-of-the-art S/N ratio. This is particular-
ly true for as-oxidized samples were the Pb density is only
about one-third of the maximum concentration presently
attainable. Variation of the spin concentration, on the
other hand, has been shown to be a far more sensitive
way to resolve DD interactions.

VI. SUMMARY AND CONCLUSIONS

This work has led to the separation of the effects of the
DD interaction in the ESR spectrum of [111]Pb defects
at the (111)Si/Si02 interface for B~~[111]. This has been
made possible by varying the Pb concentration reproduci-
bly on a single sample by means of sequential hydrogena-
tion and dehydrogenation treatments. To our knowledge,
this also is the first observation of the dipolar line shape
in a pure 2D magnetic system confined to a single atomic
plane not interacting with other nearby magnetic planes.
The thermal treatments in vacuum up to 835'C were

found not to inQuence the interface structure, thus ena-
bling reproducible measurements of the Pb characteris-
tics.

Measurements at extremely low concentrations
(f=0.0002 —0.0005) revealed the residual line shape, de-
void of DD interactions, which is dominated by un-
resolved hyperfine interactions. The knowledge of that
shape is crucial, not only because it is needed as the con-
voluting line shape of dipolar histograms, but also be-
cause it incorporates the basis to unravel the various
line-broadening mechanisms. It is characterized by
68" =1.29+0.03 G, hB =1.98+0.03 G, and
~=2.0+0.1. Theoretical analysis of the line shape indi-
cates that the hyperfine interaction constants, predicted
by the Si»H» Pb model of Cook and White, ' " are
somewhat underestimated. The residual experimental
ESR data could not be perfectly simulated. Nor could
the theoretical residual shape, when used to convolute
the dipolar histograms, satisfactorily account for the
higher-f experimental Pb spectra. This raises questions
regarding the particular cluster model underlying these
calculations. Accurate data on superhyperfine interac-
tions will be needed to clarify this matter. These may
come from ENDOR measurements or ESR observations
on Si-enriched Si substrates.

The effects of DD interactions between Pb spins are re-
vealed with increasing f. The central Zeeman resonance
gradually broadens and changes shape, while fine struc-
ture doublets develop. Fine-structure doublets resulting
from the fifth-, sixth-, seventh-, and higher-order
nearest-neighbor DD interaction have been identified,
which bears out the discrete nature of the DD interaction
within a diluted 2D spin system. The resolved structure
in the line shape has been demonstrated to be the main
reason why moment calculations are not suitable for pre-
dicting the dipolar linewidth.

Dipolar Pb spectra have been calculated by numerical
diagonalization of the spin Hamiltonian for different ar-
rays of Si atom sites in an unreconstructed (111)Siplane,
over which the Pb's are randomly distributed. The calcu-
lations were carried out for circular regions of a (111)Si
plane containing maximally 1573 sites. Five different ar-
rays have been studied, which were selected as a
representative cross section of all plausible Pb location
arrays one could suggest, based upon the present micros-
copical understanding of the Si/Si02 interface. The com-
parison to experimental curves gives strong evidence that
the Pb defects reside at interfacial terraces and are de-
scribed by a random-distribution model, that is, the array
of possible sites is formed by all Si atom sites in a (111)Si
plane. Small distortions from the random-distribution
model, however, such as, for instance, a small tendency
of Pb centers to cluster or to be self-avoiding, or the
nonexistence of nearest neighbors, could not be excluded,
mainly because of the inability to calculate higher-f dipo-
lar spectra. Models incorporating a strong clustering of
Pb defects or a decoration of the interface steps with Pb
defects could be ruled out. Likewise, a perfectly tridym-
itelike c-Si02/Si transition was found inappropriate,
though it needs to be added that only one configuration
of the interfacial puckered ditrigonal rings of six Si04
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tetrahedra has been considered. From an estimated value
of the superexchange coupling constant for interacting
dangling-bond-like defect electrons in bulk Si, we suggest
that the absence of resolved dipolar fine structure due to
first-, second-, third-, and fourth-neighbor spin-pair in-

teraction in the Pb resonance at 4.2 K is due to spin-spin
antiferromagnetic coupling. Moreover, it is predicted
from the same value that this fine structure can be ob-
served in principle at room temperature.

The shf structure of splitting A~~" =14.8+0.2 G has
been unequivocally identified and discriminated from fine

structure. Previous inconsistencies between experimental
and theoretical data have been removed, and a consistent
picture of the Pb defect distribution, line shape, and spin
interaction is obtained.

The reversible passivation results point at the existence

of a constant number, i.e., [Pb] =1.2X10' cm, of
-Si=Si3 defects (passivated or not) at the interface of
conventional (111)Si/Si02 interface. This number ap-
pears as a natural constant characterizing the
(111)Si/Si02. Yet more experiments at different oxida-
tion temperatures will be needed to validate this finding.
Together with the spin distribution, the maximum Pb
concentration value and the determination of the inter-
face stress and strain may lead to a more thorough un-

derstanding of the oxidation process and the physical
mechanism leading to Pb generation.
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