
PHYSICAL REVIEW B VOLUME 51, NUMBER 8 15 FEBRUARY 1995-II

Location of deuterium on the silicon (100) monohydride surface
determined by transmission-ion channeling

W. R. Wampler
Sandia National Laboratories, A/buquerque, New Mexico 87185-1056

(Received 15 September 1994)

The location of deuterium (D) in the monohydride configuration on the silicon (100) surface is estab-
lished using transmission-ion channeling. A 2-MeV He+ ion beam was used to elastically recoil D from
the beam-exit surface of a thin silicon crystal. The yield of recoiled D was measured versus angle about
the (100), (110),and (111)axes. The location of the surface D relative to the silicon lattice was deter-
mined by comparing the measured yields with computer-channeling simulations. The observed location

0
is consistent with a Si-D bond length of 1.6+0.2 A along the silicon tetrahedral bond direction in agree-
ment with recent ab initio theoretical calculations.

I. INTRODUCTION

Hydrogen termination of dangling bonds on silicon
surfaces can produce beneficial effects for device fabrica-
tion. The hydrogen protects the surface from chemical
contamination and it reduces carrier recombination at
the surface which can improve performance of devices
such as solar cells and photodiodes. In addition, surface
hydrogen may strongly affect chemical vapor deposition
and molecular-beam epitaxial growth processing. These
effects may be more clearly understood if the atomic
configuration of the hydrogen on the surface is known.
Several ab initio theoretical calculations have been re-
ported which predict the configuration of hydrogen
bound to the Si(100) surface. ' These calculations are
generally in good agreement with each other, but there is
little experimental data available with which to compare.
Although some of the structural features, in particular
the (2X1) reconstruction of the Si(100) monohydride,
have been elucidated by scanning tunneling microscopy
(STM) (Refs. 7 and g) and low-energy electron diffraction
(LEED), ' these techniques do not give the hydrogen lo-
cation. One recent experimental study, " based on low-
energy ion scattering, reported a configuration for the
Si(100) monohydride surface which differs significantly
from the ab initio calculations.

Here we use transmission-ion channeling to determine
the position of deuterium on a Si(100) monohydride sur-
face. Although the location of surface hydrogen can be
determined fairly directly from transmission channeling
measurements, use of this technique has been limited
mainly by the difficulty of preparing the necessary thin
single-crystal samples. Here we describe a method of fa-
bricating thin single-crystal silicon samples. In Sec. II
the basic principles behind transmission channeling ex-
periments are discussed, and the equipment and methods
used to prepare samples and make the measurements are
described. In Sec. III results from axial channeling mea-
surements about the ( 100), ( 110},and ( 111} axes are
presented. In Sec. IV the hydrogen location relative to
the Si lattice is determined by comparing the channeling
data with computer simulations of channeling. This re-

suit is then compared with the location predicted by ab
initio calculations.

II. EXPERIMENTAL METHOD

A. Transmission-ion channeling
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FIG. 1. Schematic illustration of the basic principles of
transmission channeling. D on the beam-exit surface in line
with rows of Si atoms gives a dip in the channeling yield,
whereas D near the center of open channels through the Si lat-
tice gives a peak in the channeling yield.

Ion channeling has been extensively used to study the
location of foreign atoms within a host crystal lattice. '

The basic principle is illustrated in Fig. 1. When an
analysis beam of energetic ions is directed onto a crystal
along a high-symmetry direction, Coulomb repulsion
deAects the ions away from the rows or planes of lattice
atoms toward the center of the open channels. After
passing a short distance ( —100 nm) through the lattice,
an equilibrium distribution of ion Aux within the chan-
nels is established which has maxima at the center of the
channels and minima along the rows of lattice atoms.
The Aux distribution within the channel strongly depends
on the angle between the incident ion flux and the chan-
nel direction, becoming more uniform at larger angles.
Collisions involving a small impact parameter between
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the ions and foreign atoms can be detected by various
methods. The yield of such events is proportional to the
ion flux at the location of the foreign atom. Typically,
one measures the scattering yield from the foreign atom
versus angle between the analysis beam and the channel-
ing direction. The location of the foreign atom within
the channel can then be determined from the shape of
such a channeling scan. For example, if the foreign atom
is near the channel center as viewed along the channeling
direction, then a peak in the scattering yield will be seen
at the channeling direction. Conversely, if the foreign
atom is nearly in line with a row of lattice atoms, a dip in
the scattering yield will be seen at the channeling direc-
tion. Measurements of channeling scans about the major
crystallographic directions provide the information need-
ed to determine the position of the foreign atom relative
to the host lattice. A computer model can be used to
simulate channeling scans for various lattice positions
and channel directions, and by comparing the measured
scans with the computer simulations the lattice coordi-
nates of the foreign atom can be determined.

If the target crystal is thin enough for the analysis
beam to pass through it, the position of foreign atoms on
the exit or downstream surface can also be determined by
this method. This technique of transmission channeling
has previously been used to determine the position of hy-
drogen on Ni and Pd surfaces, ' ' and of Ni, Sb, and
Ge on Si surfaces. ' ' Such experiments require a free-
standing thin crystal only a few hundred nanometers
thick. The flux distribution of the analysis beam within
the channels at the exit surface is essentially the same as
in the bulk crystal, and is not altered significantly by sur-
face reconstruction. Thus the measured scattering yields
depend on the position of the foreign atoms on the sur-
face relative to the bulk crystal lattice in the same way as
it would for foreign atoms within the lattice.

B. Sample preparation and characterization

The thin silicon crystals used in this study were
prepared from Si(100) wafers with a buried oxide layer.
The buried oxide was produced by implanting wafers at
500'C with 150-keV oxygen ions. The wafers were then
annealed, and additional epitaxial silicon was deposited
at 1275 C. This procedure produced a continuous buried
layer of Si02 0.4 pm thick beneath a single-crystal over-
layer 0.4 pm thick. Wafers with buried oxide layers pro-
duced by implantation of oxygen (SIMOX) are commer-
cially available. An alternative process of bonding fol-
lowed by thinning of the top silicon crystal has also been
used to produce silicon wafers with a buried oxide lay-

18

In our studies a SIMOX wafer was diced into samples
9X9X0.62 mm. The substrate was partially removed
with a dimple grinder to leave a silicon thickness of about
50 pm at the center of the dimple. The sample was then
chemically etched in 4 M KOH solution at 80'C until the
substrate was removed over a region about 3 mm in di-
arneter at the center of the dimple. The front surface was
protected during grinding and etching of the substrate by
bonding the sample with epoxy to a quartz support. The

buried Si02 layer serves as an etch stop barrier during the
KOH etching. Following the KOH etch, the samples
were separated from the quartz support by soaking in
HzSO4..Hz02 (2:1). The oxide layer was then removed by
etching in buffered oxide etch (BOE), NH~OH:HF (7:1).
The above process yielded thin single crystals of silicon of
the high purity and crystalline perfection required for
transmission channeling experiments, supported by thick-
er surrounding substrate material by which samples
could be handled during cleaning and mounting.

The procedure described by Ishazaki and Shiraki'
was used to prepare a clean silicon surface on the thin
samples. This consists of alternate rinses in boiling
HNO3, BOE, and deionized water. Final rinses in
HC1:H202.H20 (3:1:1)followed by deionized water were
used to produce a clean thin passivating oxide layer im-
mediately prior to mounting in an UHV chamber. The
remainder of the sample preparation and analysis was
done with the sample attached to a channeling goniome-
ter in an UHV chamber which had a base pressure of
10 ' Torr. Sample mounting was done through a
loadlock to maintain UHV conditions in the analysis
chamber.

The sample was mounted on a channeling goniometer
with three axes of rotation which provided precise angu-
lar positioning (within 0.05') necessary for the channeling
measurements. The goniometer also allowed three-
dimensional translation of the sample holder for center-
ing the sample on the analysis beam and for translating
the sample to various working positions during prepara-
tion and characterization of the surface. After mounting
the sample in the UHV chamber the sample preparation
proceeded as follows. The sample and sample holder
were radiatively heated to 400'C by a tungsten filament
located close to the holder. The temperature was mea-
sured by a thermocouple attached to the sample holder.
The sample temperature was held at 400'C for 10 min to
desorb hydrocarbons. A heat lamp focused on the sam-
ple was then turned on for 2 min to raise the sample tem-
perature above 800 C where the surface oxide desorbs. '

The sample was quickly cooled back to 400'C, where it
was then exposed to atomic deuterium (D) produced by
thermal dissociation of Dz on a tungsten filament near
the sample. The atomic D exposure conditions were
chosen to provide a dose sufficient to produce a saturated
monohydride-terminated surface. The sample heater was
then turned off, allowing the sample to cool to room tem-
perature. All channeling measurements were made with
a sample temperature near 25 C. Contamination of the
surface from residual gas in the vacuum system was
avoided by minimizing the time between desorbtion of
the oxide and formation of the monohydride, both of
which greatly reduce the chemical reactivity of the sur-
face.

The composition of the sample surface (excluding D)
was examined by Auger electron spectroscopy (AES), and
the surface structure was examined by low-energy elec-
tron diffraction (LEED). AES showed surface impurities
to be below the limit of detection. For carbon and oxy-
gen, the two most likely impurities, the AES detection
limit is about 0.05 monolayer. Thermal desorbtion of D
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FIG. 2. LEED image showing the 2 X 1 surface structure tak-
en with an electron energy of 55 eV after dosing the sample with
D.

through inadvertant heating of the sample by the AES
electron beam was avoided by keeping the electron-beam
current below 1 pA. A sharp (2X1) LEED pattern
(shown in Fig. 2) was observed, confirming the dimer sur-
face reconstruction found in previous studies ' for the
Si(100) monohydride-terminated surface. Previous STM
studies have shown that monohydride Si(100) surfaces
prepared as described above have a well-ordered dimer-
ized structure.

Since the thin crystal region must be flat for channeling
experiments, its flatness was checked by reflecting a low
power HeNe laser beam from the sample. This technique
showed that the thin region of the sample was flat within
0.05'. Results from AES, LEED, and laser reflection ex-
aminations were the same before and after the channeling
measurements, showing that the composition, structure,
and flatness of the sample did not change during the
channeling measurements.

C. Ion-beam analysis and channeling measurements

The channeling experiments were done by measuring
the yield of D elastically scattered from the beam-exit
side of the sample. The sample was oriented such that
the beam-exit surface was the original top surface of the
SIMOX wafer. While exposing the sample to atomic D,
the beam-exit side of the sample was facing the atomic D
source. However, it was found that the resulting D cov-
erage was close to one monolayer on both the beam-exit
and beam-entry sides of the sample. D was therefore re-
moved from the beam-entry surface by sputtering with
500-eV xenon so that yields of scattered D measured dur-
ing the channeling experiments were only from D on the
beam-exit surface.

The analysis beam used for the channeling experiments
was He+ with an energy near 2 MeV and an angular
divergence of 0.03 . The size of the analysis beam spot at
the sample was 1X1 mm . Two stages of di6'erential
pumping along the beamline were used to maintain UHV
conditions in the analysis chamber during channeling

FIG. 3. Backscattering spectrum for 2-MeV He from the
transmission channeling sample. The open symbols are with the
beam aligned with the (100) axis and the filled symbols are
with the beam 1' away from the (100) axis. The curve is a
computer simulation used to determine the Si thickness.

measurements. Bakeable silicon surface barrier detectors
with standard nuclear electronics for pulse-height
analysis were used to collect energy spectra of scattered
and recoiled particles. One detector for Rutherford
backscattering (RBS) faced the beam entry side of the
sample, and analyzed He backscattered through an angle
of 150'. Figure 3 shows a backscattering spectrum taken
on a transmission channeling sample with the analysis
beam aligned along the ( 100) axis and a spectrum taken
1' away from the (100) axis. The ratio of the yield on-
axis versus off-axis (g;„)is a measure of the crystalline
perfection of the sample. The value of g;„=0.04 from
the spectra shown in Fig. 3 is typical of values measured
for transmission channeling samples which were very
close to the y;„measured in bulk silicon. ' This shows
that, for purposes of channeling, the thin crystals used in
our transmission channeling studies were equivalent to
high quality bulk silicon wafers.

He scattered near the beam exit side of the sample
loses energy passing through Si and therefore reaches the
detector with less energy than He scattered near the
beam-entry side of the sample. Thus the width of the
RBS peak depends on the thickness of the silicon and the
stopping power of He in silicon. ' ' The curve in Fig. 3
shows a computer simulation of the backscattering spec-
trum for a thin silicon target. From a fit to the back (i.e.,
low-energy) edge of the spectrum, the thickness of the
sample was determined to be 0.36+0.02 pm.

A second detector, which faced the beam. -exit side of
the sample and was in line with the analysis beam, ana-
lyzed D and H elastically recoiled from the sample by the
He beam. In order to detect recoiled D it is necessary to

prevent scattered He from reaching the elastic recoil
detector. This is done by placing a range foil in front of
the detector, which is thick enough to stop the He but
thin enough to transmit recoiled D and H ions. Alumi-
num foil 12 pm thick was used for the range foil. In ad-
dition, the central portion of the elastic recoil detector
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must be covered by a blocking disk thick enough to stop
all particles, to prevent H and D on the range foil from
being recoiled into the detector. The detector
configuration allowed particles recoiled from the sample
through angles between 4.9' and 11.9 to enter the detec-
tor. Thus, the solid angle for elastic recoil detection
(ERD) was 0.113 Sr.

Counts from recoiled H and D can be distinguished by
their different energies, due to the factor of 2 mass
difference and the kinematics of elastic scattering. ERD
thus allows the areal densities of H and D on the sample
to be independently measured. H was observed on sam-
ples with H-terminated surfaces prepared by rinsing in
BOE. ERD showed that samples cleaned by the Shiraki
method and dosed with atomic D as described above had
only D with no detectable H. Furthermore the areal den-

sity (N) of H or D on the sample can be absolutely deter-
mined from the measured ERD yields which are given by

F=—n, XQo. ,

where nH, is the number of impinging He ions, 0 is the
detector solid angle, and o is the differential scattering
cross sections for H or D recoiled by He which are
known. Experimentally, nH, is determined by in-
tegrating the beam current used to make the measure-
ment. The absolute accuracy of values for H and D cov-
erage determined from ERD yields is estimated to be
+10% from the combined uncertainties in nH„Q, and cr.
For comparisons between measured values, the relative
accuracy is mainly determined by counting statistics.

The He analysis beam loses energy while passing
through the silicon and therefore has a lower energy at
the beam-exit surface than at the beam-entry surface.
The resulting difference in energy between D recoiled
from the beam-entry and beam-exit surfaces is not
sufhcient to distinguish counts from D on the beam-entry
versus beam-exit surfaces from a single energy spectrum.
However, the cross section for D recoiled by He has a
narrow resonance at 2.13 MeV, whose width [68-keV
full width at half maximum (FWHM)] is comparable to
the energy lost by the He analysis beam as it passes
through the sample. This resonance allows the D cover-
age on the beam-entry and beam-exit surfaces to be in-
dependently determined by measuring the ERD yield as a
function of analysis beam energy and then fitting the data
to a D depth profile consisting of two 5 functions. This
method of resonance depth profiling has often been used
with nuclear reactions which have narrow resonances.
Our fitting procedure used the ERD cross section mea-
sured by Bessesbacher, Stensgaard, and Vase for a labo-
ratory scattering angle of 10'. Furthermore we used a pa-
rametrization for the energy dependence of the cross sec-
tion in the energy range between 2.0 and 2.3 MeV, con-
sisting of a Lorentzian peak with a constant background.

Figure 4 shows a depth profile measurement of D on
the transmission channeling sample. The filled circles
show data taken with the analysis beam 1' away from the
(100) axis after D on the beam-entry side had been par-
tially removed by sputtering. The solid curves show the
fit obtained using the Lorentzian parametrization for the

500

400

&100& 1' off axis BEAM EXIT 6.6 D/nm

300
Z',

U
O 200

100

2.00 2.05 2.10 2.15 2.20

ENERGY (MeV)

2.25 2.30

FIG. 4. ERD yield vs energy from D on the transmission
channeling sample. The curves show fits to two Lorentzian
peaks from D on the beam entry and beam exit surfaces. For
the open symbols and dashed curves the analysis beam was
aligned with the (100) axis. For the solid circles and solid
curves the analysis beam was 1' away from the ( 100) axis.

ERD yield from D on the two surfaces. This measure-
ment shows there is 6.6 D/nm on the beam-exit surface
and 2.4 D/nm on the beam-entry surface. The measured
D coverage on the beam-exit surface (6.6 D/nm ) is equal
(within the +10% absolute accuracy of the measurement)
to the number of Si atoms on the (100) surface which is
6.8 Si/nm . This fact, combined with the observation
that doubling the exposure to atomic D did not
significantly increase the D coverage, shows that the
beam-exit surface was fully terminated by the monohy-
dride.

The open circles in Fig. 4 shows a depth profile mea-
surement taken with the analysis beam aligned along the
(100) axis. The dashed curves show the corresponding
fit. Compared to the data taken 1' off-axis, the yield from
D on the beam-entry surface is the same but the yield
from D on the beam-exit surface is smaller by a factor of
2. In addition, the peak from D on the beam-exit surface
is shifted down in energy by about 10 keV. Both of these
effects result from channeling. The reduced yield for the
on-axis versus off-axis measurement results from a re-
duced He Aux at the hydrogen position under conditions
of channeling along the (100) axis as discussed above.
This is the effect we use to determine the D location. The
energy shift results from the fact that under channeling
conditions the He Aux is concentrated near the center of
the channel where the electron density, and therefore the
stopping power, is lower than average. The open dia-
monds in Fig. 4 show the ERD yield measured with the
analysis beam aligned along the ( 100) axis, after further
sputtering to remove all D from the beam-entry side of
the sample. During the channeling measurement the D
coverage remained constant, which shows that the
analysis beam did not induce significant loss of D from
the surface.

The channeling goniometer was designed to allow the
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sample to be tilted up to 60 from normal to the beam
without obstructing line of sight to the ERD or RBS
detectors or the analysis beam. This permits measure-
ments along the ( 100 ), ( 110), and ( 111) axes which re-
quire tilts of 0', 45', and 55' from normal incidence, re-
spectively.

III. CHANNELING RESULTS

Channeling scans were measured at the (100), (110),
and ( 111) axes on a sample prepared as described above
to produce a saturated monohydride surface. The results
are shown in Fig. 5. Since D on the beam-entry surface of
this sample was removed by sputtering, the ERD yields
shown in Fig. 5 are from D on the beam-exit surface
only. The data shown in Figs. 3, 4, and 5 were all taken
on the same sample. For each axis, ERD and RBS spec-
tra were recorded at several angles between 0' and 1.2
from the axis. To average out planar channeling effects,
the spectrum for each angle was the sum of measure-
ments at 20 points around a circle of. constant angle from
the axis. The channeling data shown in Fig. 5 were taken
with an analysis beam energy of 2 MeV. The beam ener-
gy at the exit surface is lower than 2 MeV due to energy
lost while passing through the sample. This beam energy
was chosen so that small variations in the beam energy at
the exit surface due to channeling effects would not cause
significant changes in the scattering cross section.

The main features of the channeling data shown in Fig.
5 can be qualitatively summarized as follows. On the
( 100) axis the ERD yield was lower by about a factor of
2 than the off'-axis value. On the (111) axis the ERD
yield was higher by about 25% compared to the off-axis
value. On the (110) axis the ERD yield was about the
same on-axis as off-axis but showed evidence of a small
peak about 0.2 off-axis. Note that the factor of 2 reduc-
tion in ERD yield on the (100) axis is consistent with
the decrease in ERD yield from D on the beam-exit sur-
face due to channeling shown in Fig. 4 and discussed in
Sec. II.

IV. CQMPUTER SIMULATIONS OF CHANNELING

Evaluation of the D location was done by comparing
the measured channeling data (Fig. 5) with computer
simulations of channeling. The simulations were done us-
ing a computer model developed by Bech Nielsen,
which is based on the continuum model for channeling
and which includes dechanneling and vibrational motion
of the D and Si atoms.

The Si(100) monohydride surface is known to recon-
struct into symmetric dimer pairs by displacement of
atoms forming the pair toward each other in the (110)
direction from their lattice positions. ' By symmetry the
Si-D bonds should be in (110) planes normal to the sur-
face which pass through the dimer pair. The geometry of
the Si(100) monohydride surface is shown in Fig. 6. The
dimer pairs may form in two orthogonal (110) direc-
tions on the (100) surface. The calculations assume equal
numbers of dimers in the two directions.

Channeling scans for the (100), (110), and (111)
axes were calculated for the grid of possible D locations
relative to the Si lattice shown in Fig. 6. The best agree-
ment between the measured and simulated channeling
scans was obtained for D located at x =0.05a and
z =0.25a, where x and z are the displacement vectors
parallel and perpendicular to the surface, respectively, to
the D from the unreconstructed lattice site of the Si to
which the D is bound, in units of the Si lattice constant
a =5.43 A. Figure 7 shows the simulated channeling
scans for the ( 100), ( 110),and ( 111) axes for D locat-
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FIG. 5. Results from channeling scans. The filled circles
show the ERD yield from D on the beam-exit surface, and the
open circles show the RBS yield from the Si lattice.

FIG. 6. The configuration of the Si(100) monohydride sur-
face. The surface Si atoms are displaced from their original lat-
tice sites (indicated by the dotted circles) toward each other to
form dimer pairs. The array of crosses shows the grid on which
channeling simulations were calculated. The crosshatched cir-
cles show the region within which the D must be located for
agreement between simulated and measured channeling scans.
The shaded circles labeled H show the H position predicted by
ab initio calculations.
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FIG. 7. Channeling scans calculated using Bech Nielsen's
computer simulation. The dashed curves show the predicted
RBS yield from Si. The solid curves show the ERD yield for D
at the various locations indicated. The coordinates labeling the
curves are given in units of the silicon lattice constant a =5.43
A.

ed at the best-fit position. Figure 7 also shows how the
channeling scans are affected by changes in the D loca-
tion. The (100) scan is not affected by displacements
along the z direction, since this is along the direction of
the analysis beam. Small changes in the x coordinate
have a greater affect on the (100) scan than on the
(110) and (111) scans. Thus the range of possible x
coordinate values is most tightly constrained by the fit to
the (100) scan and is estimated to be 0.05+0.04a or
0.3+0.2 A. The range of possible z coordinate values is
most tightly constrained by the fit to the (110) scan, but
the ( 111) scan gives almost the same range of possible z
coordinate values which is estimated to be 0.25+0.04a or
1.36+0.2 A. The crosshatched circles in Fig. 6 show the
regions within which the D must be located to give simu-
lated channeling scans which agree with the measured
channeling scans. The simulated channeling scans for D
at a position (x,z) are the same as those for D at (

—x,z)
because the two D atoms bound to a dimer pair are in
symmetric positions with respect to the x coordinate.

Thermal motion of the D reduces the magnitude of the
variations in scattering yield with angle as shown in Fig.
8. The agreement between calculated and measured (Fig.
5) channeling scans is best for a value of 0.4 A for the
two-dimensional rrns vibrational amplitude of the D.

0
This value is somewhat larger than the value of 0.2 A ob-
tained from a quantum harmonic-oscillator model using
vibrational frequencies for Si-H measured by electron-
energy-loss spectroscopy. For a harmonic-oscillator
model the vibrational frequencies for Si-D are lower than
those of Si-H by a factor of 0.707 because of the mass
difference, and most of the D motion at room tempera-
ture results from zero point motion of the Si-D bending
mode. The two-dimensional (2D) rms vibrational ampli-
tude of the Si was estimated to be 0.1 A from the Si lat-
tice Debye temperature. The channeling scans shown
in Fig. 7 used 2D rms vibrational amplitudes of 0.4 A for
D and 0.1 A for Si.

The location of H on the Si(100) monohydride surface

FIG. 8. Calculated channeling yield for various D vibrational
amplitudes for D at x =0.05a and z =0.25a. The labels for the
curves indicate the two-dimensional rms vibrational amplitude.

predicted by several ab initio calculations' are given in
Table I. The positions of the H from the different calcu-
lations are in good agreement with each other. Averag-
ing results from Refs. 1 —6, we And that the ab initio cal-
culations predict that (1) the bond length between the
dimerized surface Si and the second-layer Si d3 =2.35 A,
which is equal to the Si-Si bond length of the bulk lattice;
(2) the Si dimer spacing d2=2. 42 A, (3) the Si-H bond
length d

&
=1.51 A, which is close to the value of 1.48 A

for the Si-H bond length in the silane molecule; and (4)
the angle between the Si dirner bond and the Si-H bond
0= 110', which is very close to the tetrahedral bond angle
of 109.5'. The average position of H from the six ab ini-
tio calculations is x =0.185 A and z =1.21 A. This cal-
culated H position, indicated by the shaded circles la-
beled H in Fig. 6, lies within the crosshatched region,
showing possible positions consistent with results from
the channeling experiments. Thus the D location deter-
rnined by channeling measurements agrees with the H
position predicted by the ab initio calculations.

The location reported for H on the Si(100) monohy-
dride surface from time-of-Right scattering and recoiling
spectroscopy (TOF-SARS) experiment of Wang, Shi, and
Rabalais" differs significantly from the location deter-
mined from our channeling experiments, and from the ab
initio calculations (see Table I). In the TOF-SARS exper-
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0.26
0.21
0.18
0.22
0.08
0.16

—0.40
0.27+0.2

1.16
1.17
1.24
1.24
1.19
1.27
0.82

1.36+0.2

1

2
3
4
5
6
11

this work

TABLE I. Geometry of H on the Si(100) monohydride sur-

face. Parameters are defined in Fig. 7 and the text. References
1 —6 are ab initio calculations. Reference 11 is a previously re-
ported measurement by low-energy ion scattering.

d I (A) d2 (A) d3 (A) 0 x (A) z (A) Reference
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iments the H location was determined from measure-
ments of the yield of H recoiled from the surface by 4-
keV Ne+ and Ar+ ions at very small angles ( (4') of in-
cidence to the surface. Their H position, given in Table
I, was obtained from an analysis which used a shadow
cone for single event scattering of Ne+ and Ar+ from Si
and did not include multiple deAections of the incident
ions. However as Wang, Shi, and Rabalais acknowledge,
at the low ion energies and small angles of incidence used
in their experiments, multiple deAections, i.e., surface
channeling, are known to occur and are expected to have
a significant efFect on the trajectory of the analysis beam
and hence on the location of the H obtained from
analysis of the TOF-SARS data. Wang, Shi, and Ra-
balais acknowledge this difficulty and state that their
value for the Si-H bond length is a lower limit. "

Our channeling experiments determine the location of
the D relative to the bulk Si lattice. The length and
direction of the surface Si-D bond also depend on the po-

sition of the surface Si atom to which the D is bound.
The position of the surface Si o'otained from averaging
the six ab initio calculations listed in Table I is x =0.7 A
and z = —0.2 A. This position for the Si together with
our position for the D gives values of d, = 1.6+0.2 A and
0=106+6' for the Si-D bond length and direction on the
Si(100) monohydride surface.
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