PHYSICAL REVIEW B

VOLUME 33, NUMBER 7

1 APRIL 1986

Strain broadening of the dangling-bond resonance at the (111)Si-SiO, interface

K. L. Brower
Sandia National Laboratories, Albuquerque, New Mexico 87185
(Received 16 September 1985)

It is observed that the linewidth and line shape of the Zeeman resonance associated with dangling
bonds at the (111)Si-SiO, interface (P, centers) vary with the direction of the applied magnetic field.
An analysis of the line shape of this resonance indicates that it can be represented analytically by the
Voigt function, which is a convolution of Lorentzian and Gaussian line broadening. To a first ap-
proximation the Lorentzian component is attributed to natural line broadening and is angle in-
dependent. The Gaussian component arises from strain broadening of only g, and not g|| giving an
angle-dependent Gaussian linewidth. The strain broadening of the g dyadic is understood in terms
of the molecular-orbital theory for the g anisotropy of paramagnetic dangling bonds in silicon of
Watkins and Corbett. The standard deviation in the bond angle between the paramagnetic dangling
bond and the adjacent bonds localized on the common silicon atom is 0.5°, as deduced from our pre-
vious measurements of the ?°Si hyperfine broadening. It is observed at K band that the relative in-
tensity of the P, resonance, as determined by double numerical integration of the measured deriva-
tive spectrum or from integration of the Voigt function, varies from 1 for B||[111] to approximate-

ly 1.7 for B||[110] with Bucrowave| [[112].

I. INTRODUCTION

Paramagnetic resonance studies have elucidated
numerous features in the structure of the paramagnetic
dangling bond at the (111)Si-SiO, interface. This specific
defect, originally called the P, center by Nishi' who first
observed the resonance, was later identified by Caplan,
Poindexter, Deal, and Razouk®? in their electron-
paramagnetic-resonance (EPR) studies of thermal oxides
on silicon. The fact that the charge state of this defect
could be made to vary under the influence of an applied
or imposed electric field>** emphasized its potential im-
pact on electrical properties. Further studies have in fact
shown that this specific defect also dominates the effects
of charge trapping at the interface.*® This defect is creat-
ed or altered by ionizing events”®%10 and passivated by
hydrogen.!'! The complexity of physical and chemical
conditions that create or involve this defect make it both
scientifically interesting and technologically important.
One of the greatest impediments to the investigation of
this center, not only by EPR but by many other experi-
mental techniques, is imposed by its very low concentra-
tion: the surface density of these centers at the (111)Si-
SiO, interface is only several times 10> cm~2, and even
less in the case of the (001)Si-SiO, interface.'?

This paper addresses yet another aspect of the dangling
bond: the effect of strain broadening of the dangling-
bond resonance at the (111)Si-SiO, interface. The effects
of strain are manifested by a variation in the linewidth
and line shape of the P, Zeeman resonance as a function
of the direction of the applied magnetic field and excess
broadening of the °Si hyperfine lines. The results of a de-
tailed computer analysis of the line shape of the P, Zee-
man resonance in terms of the Voigt function, which is a
convolution of Lorentzian and Gaussian broadening, are
presented in Sec. III A. The unusually large angular vari-
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ation in the linewidth is shown to be due to strain
broadening of only g, and not g|;. The strain broadening
of the § dyadic is understood in terms of molecular-
orbital theory for the § anisotropy of dangling bonds in
silicon developed by Watkins and Corbett (Sec. III B). We
then proceed to deconvolute the Zeeman resonance in
terms of its natural and strain-broadened components
(Sec. IIIC). The strain-broadened portion of the Zeeman
resonance is, in turn, represented by a distribution in g,
(Sec. IIID). Finally, a description of the variation in the
atomic structure of the P, center is deduced from the
various effects of strain broadening (Sec. III E).

The overall objective of this work is to determine vari-
ous features in the atomic structure of this interface de-
fect from an analysis of its EPR spectrum. We begin by
presenting our experimental approach to this study (Sec.
II). A summary of our conclusions is presented in Sec.
Iv.

II. EXPERIMENTAL

A. Sample preparation

Thin silicon samples measuring 60 um thick and hav-
ing a (0.2262.32) cm? (111) face were fabricated from
intrinsic vacuum-float-zone silicon (p type, 2000 Qcm).
Each silicon substrate was oriented such that the 2.32-cm
edge was a [112] direction and the 0.226-cm edge was a
[110] direction. The (111) faces on both sides of each
sample had been cupric-ion electrochemically polished.
No near-surface impurities could be detected with
Rutherford-backscattering (RBS) measurements; however,
a weak resonance near, g =2.0 was detected with EPR and
eliminated by a 4000-A Sirtl etch.!>14

After etching, these silicon samples were oxidized at
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900°C for 1000 min in dry O, at a pressure of 1.2 10°
Pa. During oven warm-up and cool-down, the oxidation
tube was back-filled with Ar gas at a pregsure of 1.2 10°
Pa. The thickness of the SiO, was 2300 A as measured by
ellipsometry and RBS.

In order to enhance the signal-to-noise ratio in our EPR
measurements, 35 of these samples were stacked together,
making a bar measuring 0.210.23%2.32 cm® that was
mounted on the axis of a copper TEy,; cylindrical mi-
crowave cavity (cavity diameter equals cavity height
equals 1.93 cm). Although the crystalline structure of the
silicon substrate is slightly different depending upon
whether the sample is mounted with the [112] direction
“up” or “down” in the bundle, the EPR spectra of defects
associated with the silicon substrate and having symmetry
C; or higher are invariant with respect to this distinction.
The symmetry of the P, center is C3,. This sample bun-
dle was held together by epoxy glue spread over the ex-
treme ends of the sample; these ends were not contained
within the microwave cavity. The Si-SiO, interface arca
within the microwave cavity was 30.5 cm®. This particu-
lar sample bundle is, in fact, the same one that was used
in our 2°Si hyperfine studies of the P, center.'®

B. EPR measurements

The EPR measurements of the P, resonance were made
with a K-band (20 GHz) superheterodyne spectrometer!®
in the absorption mode under conditions of adiabatic slow
passage. Phase-sensitive detection was used to detect the
magnetic-field-modulated resonance so that the recorded
spectrum corresponded to the derivative of the absorption
resonance. The amplitude of the magnetic field modula-
tion was constrained to levels for which the signal
response was proportional to the amplitude of the magnet-
ic field modulation. To enhance our signal-to-noise ratio
for the line-shape analyses, the EPR signal was also
signal-averaged. To avoid introducing erroneous spectral
traces to the accumulated average, the deviation between
the new trace and the previously averaged signal was cal-
culated; any deviations outside of what was expected sta-
tistically resulted in the new trace being omitted from the
accumulated average. A typical signal-averaged spectrum
consisted of an average of 25 to 50 traces.

EPR measurements were made at 35, 100, and 250 K.
The relative intensity of the P, resonance is plotted in
Fig. 1 as a function of microwave power, temperature,
and direction of the applied magnetic field B. The data
in Fig. 1 show that at 100 K saturation of the P, reso-
nance appears to begin at about —33 dBm (0.5 uW) for a
cavity Q of about 13 000; this is evidenced in Fig. 1 by the
decrease in the intensity for microwave powers in excess
of —36 dBm (0.25 uW) at 100 K. Another significant ef-
fect is that the intensity depends on the direction of the
applied magnetic field; in Fig. 1 the solid data points cor-
respond to the intensity I} taken with the magnetic field
parallel to the [111] direction (8=0°), and the open data
points correspond to the intensity I, taken with B per-
pendicular to the [111] direction (6=90°). At 100 K the
average ratio in I, /I, which is referred to in this paper
as the intensity anisotropy factor, was 1.75 at 19.747

K. L. BROWER 33

GHz. To assure ourselves that this was not due to the ef-
fects of saturation arising from an angular anisotropy in
the spin-lattice relaxation times, intensity measurements
were also made at 250 K (Fig. 1). Measurements at 250 K
indicated that the intensity anisotropy factor was 1.69,
and at 35 K it was approximately 2.0. (At 35 K, interfer-
ence with weak background resonances is believed to have
caused the intensity anisotropy factor to be enhanced.)
These results were independent of the rotational orienta-
tion of the sample bundle about the cylindrical axis of the
microwave cavity. The intensity of the P, resonance was
normalized with respect to the signal intensity from a
powdered, isotropic spin standard at each magnet angle.
For a simple spin-5 system, the intensity anisotropy fac-
tor calculated from the transition probabilities is 1 for our
configuration of magnetic fields. The physical basis for
this larger-than-expected anisotropy in intensity remains
unknown at this time; however, similar effects of this na-
ture have been observed previously. Watkins and Cor-
bett!” called attention to this effect in their EPR studies
of the divacancy in silicon; we also noticed this effect on
our studies of the Si-B3 center (see Fig. 3 of Ref. 18).
Until this effect is better understood, measurements of the
spin density should be qualified with respect to the direc-
tion of B and the measured intensity anisotropy factor,
which might be microwave-frequency dependent.

Since this particular study dealt extensively with the
line shape of the P, resonance as a function of the direc-
tion of the applied magnetic field, we were concerned
about the sensitivity of the line shape to variations in mi-
crowave power, temperature, and the effects of partial sa-
turation. For purposes of comparison a line-shape factor
was arbitrarily defined as the peak amplitude of the ab-
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FIG. 1. Plot of the relative intensity of the P, Zeeman reso-
nance versus microwave power as a function of magnet angle
[which is defined in Fig. 2(a)] and temperature. The numbers
associated with the data points are a measure of the line shape,
which is defined as the peak amplitude of the absorption
resonance divided by the area under the absorption resonance.
The area was determined by double numerical integration
of the derivative of the absorption. The relative intensity
is equal to the (numerical area)X [temperature (K)]
X (1Q—microwave power (dBm)/20) /[ (cavity Q)X (B modulation)]. If the
spin density were constant with no saturation and if the intensi-
ty anisotropy factor were 1, the data points would lie on a single
horizontal line.
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sorption resonance, corresponding to the integrated
derivative spectrum, divided by the area of the absorption
resonance. This line-shape factor, which has the units of
G~!, is quoted by the data points in Fig. 1 and indicates
that the line shape for each direction of B was insensitive
to variations in temperature, microwave power, and the
effects of partial saturation.

III. ANALYSIS AND INTERPRETATION

A. Deconvolution of the P, resonance in terms
of Lorentzian and Gaussian components

Inspection of the spectra in Fig. 2(b) due to P, centers
at the (111)Si-SiO, interface indicates that the peak-to-
peak derivative linewidth of this resonance varies with the
direction of the applied magnetic field. Computer analy-
ses of these resonances indicate that their line shape varies
from nearly Lorentzian for B perpendicular to the inter-
face to an admixture of Gaussian and Lorentzian for B in
the plane of the interface.” For B perpendicular to the
interface, one notices satellite structure which is believed
to be due to partially resolved °Si superhyperfine spectra;
therefore, this resonance line is not believed to derive its
general Lorentzian-like character from lifetime-
broadening effects, but is an inhomogeneously broadened
resonance.

The Gaussian and Lorentzian admixture in the line
shape of the P, resonance suggested to us that its line
shape might be well represented by the Voigt function?’

Ab pte e *dx
Y(v,b)=— —_—, (1a)
m JY—w ply(v—x)?
where
B—B
v=V2—g" (1b)
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FIG. 2. (a) Definition of the magnet angle 6. (b) EPR spectra
of the P, resonance observed at K-band frequency (19.752 GHz)
at 100 K with a microwave power of —33 dBm. The sensitivity
of the vertical scale is the same for these three resonances. The
dots correspond to the calculated Voigt line shape resulting
from a least-squares-fit analysis (see Table I).
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The Voigt function represents the convolution of
Lorentzian and Gaussian broadening. In Eq. (la), B is
the center of the resonance, ABPI;, is the Lorentzian peak-
to-peak derivative linewidth, ABS, is the Gaussian peak-
to-peak derivative linewidth, and A is the relative intensi-
ty of the resonance.

The derivative of the Voigt function with respect to the
magnetic field, dY/dB, plus a baseline function, which
was simply a second-order polynomial in B —B,, was
least-squares-fitted to between 200 and 300 data points
evenly selected from the observed, signal-averaged P, res-
onance. All seven parameters were allowed to vary in the
least-squares fit. The peak-to-peak Gaussian and and
Lorentzian linewidths resulting from the least-squares-fit
analysis are shown in Fig. 3.

The results of least-squares fitting the derivative with
respect to B of the Voigt, Gaussian, and Lorentzian func-
tions to the P, resonance for several directions of B are
summarized in Table I. Also included is the relative in-
tensity obtained from double integration of the derivative
spectra in Fig. 2(b). There is reasonably close agreement
between the relative intensities determined from the Voigt
function and double numerical integration of the observed
resonance which indicates that the Voigt function is a
reasonable approximation to the absorption resonance. By
comparison, the disparity in the relative intensities of the
Lorentzian and Gaussian functions illustrates their inade-
quacy. The significantly larger standard deviations in the
least-squares fit of the analytical functions to the observed
spectra for 6=0° is due to the effects of partially resolved
satellite structure, which smears out as the direction of B
is tilted from this high-symmetry direction. Calculated
spectra corresponding to the derivative of the Voigt func-
tion with respect to B as deduced from this least-squares-
fitting procedure are represented in Fig. 2(b) by the dots.
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FIG. 3. Plot of the Gaussian and Lorentzian peak-to-peak
linewidths deduced from a least-squares fit of the Voigt function
to the experimentally observed spectra at 100 K as a function of
the magnetic field direction. The total peak-to-peak linewidth
was determined from Eq. (4).
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TABLE 1. Tabulation of the linewidths, relative intensities, and relative standard deviation as a func-
tion of the method of analysis and the magnet angle. The experimental spectra used in this analysis are
shown in Fig. 2(b). Relative intensities and relative standard deviations are directly comparable in this

table.
6 AB,, AB,, ABj  Relative  Relative standard
Analysis (deg) (G) G) (¢)] intensity deviation
Least-squares fit 0 1.33 1.14 0.49 3.25 4.8
of Voigt function 45 3.44 2.11 2.14 3.45 1.2
90 5.94 3.20 4.03 4.49 0.8
Least-squares fit 0 1.27 3.51 5.0
of Lorentzian function 45 3.10 4.44 1.6
90 5.30 6.23 1.0
Least-squares fit 0 1.58 1.58 10.7
of Gaussian function 45 3.83 1.98 2.0
90 6.54 2.73 1.0
Numerical 0 3.19
integration 45 3.75
90 4.85

B. Atomic origin of the g anisotropy for dangling bonds

Previous analyses of the P, Zeeman spectrum?® and the
2Si hyperfine (hf) spectrum'® indicate the P, center ob-
served from the (111)Si-SiO, interface is due to an un-
paired electron mostly localized within a [111] dangling
bond on a threefold-coordinated substitutional Si atom on
the silicon side of the Si-SiO, interface. The hyperfine in-
teraction indicates that 80% of the spin density is local-
ized on this interfacial Si atom and that this hybrid orbi-
tal is 12% s-like and 88% py;;)-like. Prior to our *°Si
hyperfine measurements, Redondo, Goddard III, McGill,
and Surratt?! predicted from self-consistent Hartree-Fock
and generalized valence-bond calculations of the SisHg
cluster model of the (111)Si surface that 93.1% of the
paramagnetic dangling bond was localized in the region of
the defect surface atoms with 92.9% p;1y;-like character.
The P, center has C;, symmetry within the accuracy of
the EPR measurements, as evidenced by the sharpness
and lack of any apparent splitting in the resonance line
for 6=0°. This means that in the case of the (111)Si-SiO,
interface the dangling bond is essentially perpendicular to
the interface and does not reflect any other surface irregu-
larities such as adjacent ledges or atomic steps?? as part of
the immediate structure of the P, center. The C;, sym-
metry of this defect also probably rules out the existence
of an oxygen atom in any one or two of the three covalent
bonds common with the Si atom on which the dangling
bond is highly localized, since this could perturb the Cj,
symmetry of the defect to a measurable and discrete de-
gree.

Several well-known defects observed in bulk silicon
similarly have dangling bonds localized on a single substi-
tutional Si atom adjacent to a vacancy, namely the phos-
phorous vacancy (Si-G 8) (Ref. 23) and the negative 5-
vacancy complex (Si-P1) (Ref. 24) centers. Watkins and
Corbett?® have shown, using simple molecular-orbital

theory, that the anisotropy in the g dyadic for such a dan-
gling bond is axial about the direction of the dangling
bond with

8| =8free (2)
and

81 =8free + 481 » (3a)
where

Ag =X, %’;ﬁ — 1—;—71 B (3b)
and

gy (30)

A3 B

Here €, is an overlap integral, and the A; correspond to
spin-orbit constants; y has a value of approximately
0.17.2> Measurements of the § dyadic for the P, center
indicate that g;;=2.0016 and g, =2.0090 (Refs. 2, 12,
and 15), with axial symmetry about the [111] direction
perpendicular to the (111)Si-SiO, interface. The impor-
tant point here is that g|; is—to a first approximation—
unperturbed by lattice interaction (gy.. =2.0023), whereas
g, depends on B2, the amount of prin-like character in
the dangling bond, and E, and E,, the defect antibonding
and bonding energy levels, respectively. The direct conse-
quence of this interaction with the surrounding lattice is
that slight variations in bond length and angles in the
neighborhood of this defect produce a distribution in g,
which is manifested by increased Zeeman broadening of
the resonance line as the direction of B approaches the
plane of the interface [see Fig. 2(b)].
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C. Deconvolution of the P, resonance in terms
of natural and strain-broadened components

In attempting to deconvolute the observed resonance
into its natural and strain-broadened components, several
approximations are made. The first approximation is that
the natural line shape corresponds to the observed P, res-
onance observed at 8=0° since Ag, =0 (no strain broaden-
ing possible). The results of our analysis in Table I indi-
cate that the natural line shape is mostly Lorentzian with
a linewidth of 1.3 G. The presence of partially resolved
2Si superhyperfine interactions suggests that the natural
broadening is dominated by **Si hyperfine interactions.
Although the partially resolved 2°Si superhyperfine struc-
ture associated with the EPR spectra of deep-level defects
typically sharpens and blends as the magnetic field direc-
tion changes from high to low symmetry, the natural
linewidth of the main resonance remains essentially in-
dependent of the magnetic field direction. With regard to
the line shape, Feher?® found that for shallow donors in
silicon the line shape of the donor resonance is Gaussian.
He also observed that if the number of 2Si nuclei with
which the electron overlaps is greatly reduced by isotopic
28i doping, the linewidth is significantly reduced and the
line shape is observed to tend toward being Lorentzian.
For deep-level defects the paramagnetic wave function is
much more localized than it is for shallow donors, so that,
in effect, the linewidth is reduced and might deviate from
Gaussian. In the case of the P, resonance, the existence
of partially resolved 2Si superhyperfine spectra is evi-
dence against the P, resonance being exchange-narrowed;
however, it is conceivable that the Lorentzian component
might, in part, be due to the additional effects of exchange
interactions between P, centers whose paramagnetic wave
functions overlap. Preliminary calculations indicate that
the natural line shape may also be affected by dipolar in-
teractions between the unpaired electrons at the interface.
In view of these considerations, we have allowed the
natural component of the total line shape to be Lorentzian
with constant linewidth equal to that of the observed reso-
nance at 6=0°.

The second approximation is that the strain component
of the linewidth is purely Gaussian. The effects of strain
broadening have been observed previously from defects in
glasses.?® The physically most meaningful approach is to
allow for a Gaussian distribution in some atomic structure
parameters, e.g., energy-level splittings, which then convo-
lute into some distribution in the elements of the g dyadic.
However, the electronic structure of the P, center is not
sufficiently well defined within this sort of theoretical
context to arrive at an unambiguous distribution in g,. If
the natural resonance has a 1.33-G Lorentzian com-
ponent, then the remaining 1.87 G of the total Lorentzian
linewidth for #=90° (3.20 G in Table I) contributes to the
distribution in strain broadening. Thus in reality, the
strain component of the linewidth, which if represented
analytically, is dominated by Gaussian with a small ad-
mixture of Lorentzian.” In our approximation the strain
component of the linewidth is purely Gaussian.

Implicit in the analysis which follows is the idea that
the line shape is still reasonably well approximated by the

Voigt function in which the Lorentzian broadening corre-
sponds to the natural linewidth and the Gaussian broaden-
ing represents broadening due to strain.

Stoneham?® has established a simple empirical relation-
ship between the total, Lorentzian, and Gaussian
linewidths of the Voigt function, which is

(AByy)*+0.9085(AB,y )(AB,,)+0.4621(AB,, )
ABS +0.4621(AB,;)

b

T
ABy, =

4)

andL accurate to better than O.OIABPZ for all ABpf, and
AB,,.

T”l,le total linewidth observed from data taken at 100
and 35 K, respectively, was deconvoluted using Eq. (4), in
which the natural linewidth was totally ascribed to a con-
stant Lorentzian component and a Gaussian component
attributed to Zeeman broadening due to strain. The re-
sults of this deconvolution are shown in Figs. 4 and 5.

D. Characterization of strain in terms of &g,

The analyzed data points in Figs. 4 and 5 show that
AB:, due to strain has a distinct angular variation. We
will now show that this experimentally observed angular
variation in ABpf, can be related to the Gaussian distribu-
tion in g, according to the following. The position of the
Zeeman resonance is given by

B=hv/ugg , (5a)
where
g =[(g) cos0)*+ (g, sin6)*]'/* . (5b)

In Eq. (5a), up is the Bohr magneton and v is the mi-
crowave frequency; in Eq. (5b), 6 is the angle between B
and the [111] direction perpendicular to the interface [see
Fig. 2(a)]. Since the derivative of B in Eq. (5a) with
respect to g, is

6 — T T T T T T

8g, = 0.00076
T=100 K

Gaussian -~

peak-to-peak linewidth (G)
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FIG. 4. Plot of the peak-to-peak Gaussian linewidth as func-
tion of the direction of the applied magnetic field assuming a
fixed peak-to-peak Lorentzian linewidth of 1.33 G as deduced
from the total linewidth of spectra taken at 100 K using Eq. (4).
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FIG. 5. Plot of the peak-to-peak Gaussian linewidth as func-
tion of the direction of the applied magnetic field assuming a
fixed peak-to-peak Lorentzian linewidth of 1.4 G as deduced
from the total linewidth of spectra taken at 35 K using Eq. (4).
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it is our contention that the peak-to-peak linewidth of the

Gaussian component representing strain broadening of the

resonance line and 6g,, the standard deviation in g,

are—to a first approximation—related by the expression

2hvg, sin®

e s (6b)
127:2:4

The standard deviation in g, for a Gaussian distribution
is defined within the context of the function

1 1 . 2
\/Erﬁgl exp{ — 5 [(g, <g1>)/581] } -

G
ABy, =

The value for 6g, was found by least-squares-fitting the
analyzed data points in Figs. 4 and 5 to Eq. (6b); the re-
sults of this least-squares-fit analysis are well represented
by the solid line in Figs. 4 and S, which was calculated ac-
cording to Eq. (6b). The average value for the standard
deviation in g, is given by?’

8g, =0.00075+0.0001 . 7

The extent to which this value for 8¢, in Eq. (7) charac-
terizes all (111)Si-SiO, oxides has not yet been established,
but it has appeared to be essentially constant for a variety
of dry oxides that we have grown on (111)Si.

Equation (6b) also indicates that the Zeeman broaden-
ing arising from a Gaussian distribution in g, is linearly
dependent on the microwave frequency, whereas the
Lorentzian component due to hyperfine broadening is fre-
quency independent (to a first approximation). At 9 GHz
(X-band frequency) the total peak-to-peak linewidth is
predicted by our analysis [Eqs. (4), (6b), and (7)] to vary
from 1.3 G for B perpendicular to the interface to 3.07 G
for B parallel to the interface. This is, in fact, consistent
with the earlier observation of Poindexter, Ahlstrom, and
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Caplan,’® who noted that at X band frequency (~9 GHz)
the peak-to-peak linewidth varied from 1 G for B perpen-
dicular to the (111)Si-SiO, to 3 G for B in the plane of
the (111)Si-SiO, interface.

Although the density of unpaired spins on the (111)Si-
Si0, interface is approximately 0.5% of the [111] Si—O
bonding sites, we have as yet not been able to identify a
contribution to the angular variation in the linewidth due
to magnetic-dipole—dipole interactions between the
spins.’!

E. Variations in bond angles

According to simple molecular-orbital theory*? the an-
gle £ between the dangling bond a |s )+ |p) and the ad-
jacent sp® hybrid bonding orbitals localized on the same
silicon atom, illustrated in Fig. 6, is

2 7
=— |— 8)
cosé 35 (

If the strain distribution in g, were totally attributed to
the variation in 82 in Eq. (3b), then the standard deviation
in the bonding angle £ among different P, centers would
be approximately 5°. This is equivalent to a rms variatign
in the vertical position of the defect Si atom of 0.2 A.
This is regarded as an extreme upper limit in the distor-
tion since the total variation in g, should also depend on
variations in the bonding and antibonding energies in Eq.
(3b). Evidence for variation in the energy level structure
of the P, center can be seen from Fig. 7 of Ref. 6. Due to
the limitations in the theory which relates the g to the
atomic structure of the defect, our numerical estimates of
the strain as deduced here should be regarded as approxi-
mate.

The existence of strain at the interface is also corro-
borated by excess line broadening of the P, *Si hyperfine
resonances.!* Each distinct 2°Si hyperfine interaction
which can be measured yields values for a? and ? as well
as 8(a?) and 8(/8?) for that specific site;** therefore the ex-
cess hyperfine broadening provides a more direct and
specific indication of the variation in the bonding angle &
in Fig. 6 than that deduced from the distribution in g, .
We have not performed a detailed line-shape analysis of
the 2°Si hyperfine lines, as we have done in this paper for
the Zeeman resonance, since the 2°Si hyperfine spectrum
is very much weaker. However, our previous estimates of
8(a?) and 8(B?) determined from the excess broadening of
the 2Si hyperfine lines due to strain!® indicate that the

OO

FIG. 6. Basic structure of the P, center and the definition of
the bonding angle &.
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standard deviation in £ is approximately 0.5°, which corre-
sponds to an rms variation in the vertical position of the
defect Si atom of 0.02 A. The nature of the strain is such
as to preserve the C;, symmetry of the individual P,
centers within the limits of our resolution.

The magnitude of the atomic displacements around the
P, center at the (111)Si-SiO, interface as inferred from
EPR are somewhat less than the magnitude of the distor-
tions determined from channeling studies of the (111)Si-
SiO, interface which indicate that the first two silicon
monolayers next to the interface are displaced laterally
~0.1 A and vertically ~0.2 A.3>* In making comparisons
between the EPR and channeling results, it should be
remembered that the channeling measurements can sam-
ple all of the crystalline Si atoms at the interface, whereas
the EPR measurements sample only a subset of Si atoms
in an environment described above (Sec. IIIB). Also,
these defect Si atoms are trivalently bonded, which might
also account for some difference in the degree of local dis-
tortion.

Finally, Redondo, Goddard III, McGill, and Surratt?!
have shown from self-consistent Hartree-Fock and gen-
eralized valence-bond calculations of the SigHy cluster
model that the angle £ in Fig. 6 depends on the charge
state of the surface defect. For the neutral paramagnetic
charge state the defect Si atom relaxes inward —0.08 A
from its tetrahedral position toward the bulk. In the posi-
tive diamagnetic charge state the defect Si atom relaxes
inward —0.38 A from the tetrahedral position, and in the
negative diamagnetic charge state the defect Si atom re-
laxes outward +0.17 A from the tetrahedral position.
Recently, Edwards also arrived at similar conclusions
from linear combination of atomic orbitals—molecular-
orbital calculations.’®> The variation in £ due to strain as
deduced from our EPR studies is smaller than the devia-
tions in £ corresponding to changes in charge state.

IV. SUMMARY AND CONCLUSIONS

This work presents the results of our study of the
paramagnetic dangling Si bond at the (111)Si-SiO, inter-
face (P, center) using electron paramagnetic resonance.
We find that the excess broadening of the P, spectrum is
dominated by the effects of strain in the neighborhood of
the dangling-bond defect. The magnitude of the distor-
tion as deduced from the excess broadening of the 2Si hy-
perfine spectra which we have studied previously'® indi-
cates that the rms variation in the bonding angle £ shown
in Fig. 6 is 0.5°. This corresponds to a rms variation in
the vertical position of the defect Si atoms on the_silicon
“surface” at the interface of approximately 0.02 A. The
effects of strain in the immediate neighborhood of the P,
center are also responsible for broadening of the Zeeman
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resonance, which is dependent on the direction of the ap-
plied magnetic field. The Zeeman broadening due to
strain is characterized by a Gaussian distribution in g,
having a rms variation of 0.00075+0.0001;%° g/ is insen-
sitive to the effects of strain and remains constant. The
difference in sensitivity of the various elements in the g
dyadic to strain are understood in terms of molecular-
orbital theory (Sec. IIIB). The magnitude of the distor-
tion as deduced from strain broadening of the Zeeman
resonance indicates that the rms variation in the vertical
position of the defect Si atom is <0.2 A.

In our analysis the Zeeman line was least-squares-fitted
to the Voigt function, which is a convolution of Lorentzi-
an and Gaussian broadening. To a first approximation
the natural linewidth, which is dominated by *Si superhy-
perfine broadening and is approximately independent of
the direction of the applied magnetic field, is represented
by the Lorentzian portion of the Voigt function, with a
Lorentzian peak-to-peak derivative linewidth of between
1.3 and 1.4 G. The broadening due to strain, which is
dependent on the direction of the applied magnetic field,
is approximately represented by the Gaussian portion of
the Voigt function, whose linewidth is given by Egs. (6b)
and (7). Although the density of spins on the (111)Si-SiO,
interface is approximately 0.5% of the [111] Si—O bond-
ing sites, no contribution to the angular variation in the
linewidth due to magnetic-dipole—dipole interactions be-
tween the spins has yet been detected.

The intensity of the P, resonance for this spin-3 sys-
tem is expected to be invariant with respect to the direc-
tion of the applied magnetic field for the case in which
the applied magnetic field is perpendicular to the mi-
crowave magnetic field. However, our measurements at
~20 GHz indicate that the relative intensity of the P,
resonance as determined by double numerical integration
of the observed derivative spectrum or from integration of
the Voigt function varies from 1 for B||[111] to approxi-
mately 1.7 for B||[110] with Bcowavel|[112]. This ef-
fect is not understood at this time.
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