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Transmission-ion-channeling studies of the silicon„111… monohydride surface
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Transmission ion channeling was used to examine the atomic position of deuterium on the silicon~111!
monohydride surface. A 2-MeV4He1-ion beam was used to elastically recoil deuterium from the beam-exit
surface of a thin silicon crystal. The yield of recoiled deuterium was measured versus angle between the
analysis beam and the channeling axis near the^111&, ^110&, and ^100& axes. The location of the surface
deuterium relative to the silicon lattice was examined by comparing the measured yields with computer
simulations of ion channeling. Channeling measurements were consistent with approximately half of the
deuterium occupying a site close to the site predicted byab initio calculations of the structure for the Si~111!
131 monohydride surface, with the remaining deuterium being disordered or displaced from the predicted
site. @S0163-1829~97!02616-7#
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I. INTRODUCTION

Hydrogen-terminated silicon surfaces have been int
sively studied because of their importance for fabrication
semiconductor devices. Termination of dangling silic
bonds with hydrogen greatly reduces chemical reactivity
the surface, which helps maintain clean surfaces during
cessing. In addition, surface hydrogen strongly influen
chemical vapor deposition and molecular-beam-epita
growth. Hydrogen termination of dangling bonds at surfa
and interfaces also strongly affects electronic properties.
large free energy associated with unterminated bonds on
face silicon atoms causes the surface to reconfigure to re
the number of dangling bonds. The Si~100! 231 dimer
structure and the Si~111! 737 structure are well-known ex
amples. Hydrogen termination drastically alters the surf
free energy, and thus also affects surface reconstruction.
influence of hydrogen termination on the structure of silic
surfaces has been investigated using low energy electron
fraction ~LEED!,1,2 scanning tunneling microscop
~STM!,3–6 atomic force microscopy7 and ion scattering.8

These studies show that for the monohydride configurat
in which one hydrogen atom is attached to each surface
con atom, the~100! surface retains the 231 dimer structure
of the unterminated surface. However, the surface sili
atoms on the~111! monohydride are close to their bulk la
tice positions in contrast to the 737 reconstruction of the
unterminated~111! surface. Previous studies have show
that Si~111! 131 monohydride terminated surfaces wi
very few structural imperfections can be prepared chemic
using a solution of NH4F,

3 and by exposure of Si~111!
737 surfaces at a temperature of 400 °C to atom
hydrogen.4

Severalab initio calculations of the Si~111! 131 mono-
hydride surface structure have been reported9–14which are in
good agreement with each other, and which agree with
served Si-atom positions. These calculations predict that
hydrogen is located directly above the silicon atom to wh
it is bound with a bond length of 1.5360.01 Å, close to the
Si-H bond length of 1.48 Å in the silane molecule. Howev
there has been no quantitative experimental determinatio
the atomic position of hydrogen on the Si~111! 131 mono-
hydride surface, to our knowledge. Quantitative analysis
550163-1829/97/55~15!/9693~6!/$10.00
-
f

f
o-
s
l
s
e
ur-
ce

e
he

if-

n,
li-

n

ly

c

b-
he
h

,
of

f

LEED intensities2 and medium-energy ion scattering8 have
been used to determine the atomic position of the surf
silicon atoms, but not the hydrogen, on the Si~111! 131
monohydride surface.

In a previous study,15 the atomic position of deuterium o
a Si~100! 231 monohydride surface was determined
transmission ion channeling. Here we use transmission
channeling to examine the atomic position of deuterium o
Si~111! 131 monohydride surface@henceforth denoted
H/Si~111! 131# prepared by dosing with atomic deuterium
In Sec. II, the equipment and methods used to prepare
characterize the samples and to make the channeling m
surements are described. In Sec. III, results from channe
measurements near the^111&, ^110&, and^100& axes are pre-
sented. In Sec. IV, computer simulations of channeling
compared with channeling measurements to determine
atomic position of the deuterium.

II. EXPERIMENTAL METHOD

A. Sample preparation and characterization

The thin silicon crystals used in this study were prepa
from silicon-on-insulator wafers produced by a bond a
etch-back process16 which gave a high-quality~111! silicon
layer 0.4mm thick with a resistivity of 1000V cm on top of
an SiO2 layer 1mm thick on a 525-mm-thick ~100! silicon
wafer substrate.

The samples were etched in 4M KOH solution at 80 °C
to remove the substrate over a region about 3 mm in dia
eter at the center of sample. During etching, the front surf
of the thin ~111! silicon layer was protected a 0.25
mm-thick layer of Si3N4, and the buried SiO2 layer pro-
vided an etch stop barrier between the thin~111! silicon
layer and the substrate. Following the KOH etch, the Si2
and Si3N4 layers were removed in hydrofluoric acid. Th
above process yielded Si~111! crystals 0.4mm thick of high
purity and the crystalline perfection required for transmiss
channeling experiments, supported by thicker surround
substrate material by which samples could be handled du
cleaning and mounting.

The method employed to prepare a well-order
monohydride-terminated surface was to prepare a clean
9693 © 1997 The American Physical Society
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9694 55W. R. WAMPLER
surface with a thin oxide by wet chemistry,3 thermally des-
orb the oxide in UHV to produce a Si~111! 737 surface,17

and then dose with atomic hydrogen at 400 °C to give
H/Si~111! 131 surface.4 Since the quality of the surfac
depends on how it was prepared, the following gives det
of the procedure used.

After removal of the SiO2 and Si3N4 layers, the samples
were placed in H2O:HCl:H2O2 ~5:1:1! at 80 °C for 10 min
to produce a clean thin chemical oxide. The samples w
then placed in a 40% solution of NH4F, which removes the
oxide and leaves a clean atomically flat well-order
H/Si~111! 131 surface.3 The samples were then chemical
oxidized a second time. After this final oxidation and b
tween each step in the above chemical treatment, the sam
were rinsed in deionized water. After the final rinse t
samples were mounted on a molybdenum holder, and tr
ferred through a load lock onto a channeling goniomete
an ion pumped UHV analysis chamber with a base pres
below 2310210 Torr.

The sample and sample holder were radiatively heate
400 °C by a tungsten filament near the holder. The sam
temperature was held at 400 °C for 10 min to desorb hyd
carbons. A heat lamp focused on the sample was then tu
on for 2 min to raise the sample temperature above 800
where the surface oxide desorbs.17 The sample was then
cooled back to 400 °C, where it was exposed to atomic d
terium ~D! produced by thermal dissociation of D2 gas on a
tungsten filament near the sample. After dosing with atom
D, the sample was cooled to room temperature where
further measurements were done.

Owman and Ma˚rtensson4~a! used STM to examine the
structure of the H/Si~111! 131 surface produced by expos
ing a Si~111! 737 surface to atomic H. Their atomic H wa
also produced by thermal dissociation of molecular H2 on a
tungsten filament, and they reported their doses in units L
molecular H2 exposure. They found that, for doses of 50
the silicon adatoms of the 737 surface clustered into island
on a surface with much of the stacking faulted regions of
original 737 surface remaining. Higher doses reduced
area of stacking faults and the number of atoms in the
lands. The stacking faults present after low H doses produ
streaks in the LEED pattern between the 131 spots which
became visible when the faulted region exceeded 10% of
total area. In our experiments we measured the surface
erage of D and observed the LEED pattern after vari
doses of atomic D at 400 °C. The D coverage was obser
to saturate at 1 ML for doses above about 200 L. Dose
2400 and 4800 L gave sharp 131 LEED patterns with a low
diffuse background and no streaks as shown in Fig. 1. T
131 LEED pattern is the same as that observed on sam
chemically H terminated in NH4F which is known to pro-
duce a well-ordered H/Si~111! 131 surface.3 Figure 1 also
shows the Si~111! 737 LEED pattern observed after heatin
the sample above 800 °C but prior to dosing with atom
D.18 These LEED results show that an ordered H/Si~111!
131 surface structure was produced by the atomic D dos

Contamination of the surface from residual gas in
vacuum system was avoided by minimizing the time b
tween desorption of the oxide and formation of the mono
dride, since oxide and hydrogen termination both greatly
duce the chemical reactivity of the surface. Auger elect
a
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spectroscopy~AES! showed surface impurities to be belo
the limit of detection which is about 0.03 ML for carbon an
oxygen. Desorption of D during AES analysis was avoid
by keeping the electron-beam current below 1mA. The AES
and LEED measurements were done on the ion-beam
surface of the samples.

Since the thin crystal region must be flat for channeli
experiments, its flatness was checked by reflecting a l
power HeNe laser beam from the thin region of the samp
This technique showed the thin region of the sample was
within 0.05° both before and after dosing with atomic
Results from AES, LEED, and laser reflection examinatio
were the same before and after the channeling meas
ments, showing that the composition, structure, and flatn
of the sample did not change during the channeling meas
ments.

FIG. 1. LEED images taken at 60 eV on thin Si~111! crystals
used for transmission channeling studies for the 737 surface after
heating above 800 °C~above!, and for the H/Si~111! 131 surface
produced by exposing the 737 surface at 400 °C to atomic D
~below!.
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B. Ion-beam analysis and transmission-ion-channeling
measurements

Ion channeling has been used extensively to study
location of foreign atoms within a host crystal lattice19

When an analysis beam of energetic ions is directed on
crystal along a high-symmetry direction, the ions are
flected away from the rows or planes of lattice atoms towa
the center of the open channels. After passing a short
tance (;100 nm! through the lattice, an equilibrium distri
bution of ion flux within the channel is established which h
maxima at the center of the channel and minima along
rows of lattice atoms. The flux distribution within the cha
nel depends strongly on the angle between the incident
beam and the channel direction, or channeling angle.
scattering yield from foreign atoms is proportional to the i
flux at the location of the foreign atom, and hence depe
on the channeling angle and on the location of the fore
atom within the channel. Measurements of scattering y
versus channel angle, i.e., channeling scans, about the m
crystallographic directions are compared with compu
simulations of channeling scans to determine the lattice
ordinates of the foreign atoms.

If the target crystal is thin enough for the analysis beam
pass through it, the position of foreign atoms on the be
exit or downstream surface can also be determined by
method.15,19–21Such experiments require a free-standing t
crystal only a few hundred nm thick. The flux distribution
the analysis beam within the channels at the exit surfac
essentially the same as in the bulk crystal, and is not alte
significantly by surface reconstruction. Thus the measu
scattering yields depend on the position of the foreign ato
on the surface relative to the bulk crystal lattice in the sa
way as it would for foreign atoms within the lattice.

The channeling experiments in this investigation we
done by measuring the yield of D elastically recoiled fro
the beam exit side of the sample. The sample was orie
such that the beam exit surface was the original outer sur
of the SOI wafer. D was removed from the beam entry s
face by sputtering so that yields of scattered D measu
during the channeling experiments were only from D on
beam exit surface.

The analysis beam used for the channeling experim
was 4He1, with an energy near 2 MeV, and an angu
divergence of 0.03°. The size of the analysis beam spo
the sample was 131 mm2. A bakable silicon surface barrie
detector with standard nuclear electronics for pulse-he
analysis was used to collect energy spectra of scattered
recoiled particles. One detector for Rutherford backscatte
~RBS!, faced the beam entry side of the sample, and a
lyzed 4He backscattered from silicon atoms through an an
of 150 °. The ratio of the yield on axis to the yield off ax
(xmin) is a measure of the crystalline perfection of t
sample. The values ofxmin50.055, 0.048, and 0.077 for th
^111&, ^110&, and^100& axes, respectively~Fig. 2!, are close
to the xmin measured in bulk silicon.22 This shows that for
purposes of channeling, the thin crystals used in our tra
mission channeling studies were equivalent to high-qua
bulk silicon wafers.

A second detector, which faced the beam exit side of
sample and was coaxial with the analysis beam, analyze
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and H elastically recoiled from the sample by the4He beam.
A 12-mm-thick aluminum range foil in front of this detecto
stopped the scattered He, but still transmitted recoiled H
D. The central portion of the elastic recoil detector was co
ered by a blocking disk thick enough to stop all particles,
prevent H and D on the range foil from being recoiled in
the detector. The detector configuration allowed particles
coiled from the sample through angles between 4.9°
11.9° to enter the detector.

Counts from recoiled H and D can be distinguished
their different energies, due to the factor of two mass diff
ence and the kinematics of elastic scattering. Elastic re
detection~ERD! thus allows the areal densities of H and
on the sample to be independently measured. Sam
cleaned and dosed with atomic D as described above
only D with no detectable H. Since the differential scatteri
cross sections for H or D recoiled by4He are known,23–25

the areal density of H or D on the sample can be absolu
determined from the measured ERD yields. The absolute
curacy of values for H and D coverage determined fro
ERD yields is estimated to be66% for D and620% for H,
due mainly to uncertainties in the scattering cross sectio
The relative accuracy, for comparisons between measu
values, is mainly determined by counting statistics.

A narrow resonance in the cross section for D recoiled
4He at 2.13 MeV~Ref. 25! was used to determine the D
coverage on the beam entry and beam exit surfaces inde
dently, as described in Ref. 15. The absence of a nar
resonance in the elastic-scattering cross section for H
coiled by 4He ~Refs. 23 and 24! precluded the use of this
technique for H, and only the sum of H coverages on
beam-entry and -exit surfaces could be measured.

The sample could be tilted up to 60° from normal to t
beam without obstructing line of sight to the ERD or RB
detectors or the analysis beam, thus allowing channe
measurements along the^111&, ^110&, and^100& axes.

FIG. 2. Data from transmission-channeling measurements. S
circles show the yield of recoiled D, open circles show the yield
He backscattered from silicon. Also shown are computer simu
tions for backscattered He~dashed curve! and recoiled D~solid
curve! at the location predicted byab initio calculations. The dotted
curve shows a simulation for the case where 50% of the D is
ordered and 50% is directly above the surface silicon atoms wi
Si-D bond length of 1.43 Å.
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III. CHANNELING RESULTS

Channeling data were taken on two Si~111! samples. The
first sample was prepared as described in Sec. II A wit
2400-L exposure giving a 131 LEED pattern. Resonanc
ERD depth profiling showed there was 7.4 D/nm2 on the
beam-entry side and 7.3 D/nm2 on the beam-exit side of th
sample after dosing. D coverage on the beam-entry sur
was reduced to 0.5 D/nm2 by sputtering, and channelin
scans were measured. This sample was then heated wit
heat lamp to desorb the D, after which the total~both beam-
entry and -exit surfaces! coverages of H and D were,1
H/nm2 and ,0.2 D/nm2, respectively, and a 737 LEED
pattern was observed. The same sample was then exp
again to atomic D to the higher dose of 4800 L giving
131 LEED pattern. D was sputtered from the beam-en
surface, and channeling scans were again measured,
which the coverage of D on the beam-exit surface was
D/nm2.

A second sample was prepared as described in Sec.
with a dose of 4800 L. D was sputtered from the beam-en
surface, and channeling scans were measured. The cov
of D on the beam-exit surface of this sample was
D/nm2. The coverage of D on all surfaces after dosing w
atomic D to produce the H/Si~111! 131 surface was very
close to the value of 7.8 D/nm2, corresponding to one D pe
surface Si atom, consistent with the coverage for the mo
hydride configuration.

Channeling scans were measured for the^111&, ^110&,
and ^100& axes. ERD and RBS spectra were recorded
several angles between 0° and 1.2° from the axis. To a
age out planar channeling effects, the spectrum for e
angle was the sum of measurements at 50 points arou
circle of constant angle from the axis. The channeling d
were taken with an analysis beam energy of 2 MeV. T
beam energy at the exit surface is lower than 2 MeV due
energy loss passing through the sample. The beam en
was chosen so that small variations in the beam energy a
exit surface due to channeling effects would not cause
nificant changes in the ERD scattering cross section.

Analysis beam doses to the sample were kept sm
(;12 mc per channeling scan! to minimize effects of the
analysis beam on the sample. Tests were made to c
whether exposure to the analysis beam caused any deg
tion of the sample, either through displacement of the silic
atoms, which would have increasedxmin or through changes
in the configuration or coverage of surface D, which wou
have changed the ERD scans. In most cases each chann
scan was measured twice to insure reproducibility. Th
tests showed there were no significant analysis beam ind
changes in the samples.

Results from the two sets of channeling measurement
the first sample and the one set on the second sample we
the same within the statistical accuracy of the measureme
Figure 2 shows the data from these three sets of channe
measurements averaged together for each axis. The main
tures of the data can be qualitatively summarized as follo
The ERD yield had a dip on thê111& axis to about 55% of
the off-axis value. The ERD yield had a dip on the^110&
axis to about 80% of the off-axis value. On the^100& axis
the ERD yield was about the same on-axis as off-axis,
had a 10% peak about 0.2° off-axis.
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IV. COMPUTER SIMULATIONS OF CHANNELING
AND D POSITION

The atomic position of the D on the H/Si~111! 131 sur-
face was examined by comparing the measured channe
data with computer simulations of channeling. The simu
tions were done using a computer model developed by B
Nielsen,26 which is based on the continuum model for cha
neling and which includes dechanneling and vibrational m
tion of the D and Si atoms. As a starting point for this d
cussion we calculate the channeling scans for hydroge
the location predicted by theab initio calculations9–14 of the
atomic structure of the H/Si~111! 131 surface. Theseab
initio calculations are in good agreement with each other
predict a Si-H bond length of 1.53 Å in the tetrahedral bo
direction, i.e., normal to the~111! surface. Relaxation of the
surface silicon atoms from their bulk lattice position al
affects the H location relative to the Si lattice. Medium
energy ion scattering8 and quantitative analysis of LEED
intensities2 show that the outermost Si atom layer on t
H/Si~111! 131 surface is displaced inward 0.08 Å from th
unrelaxed or bulk lattice position. Thus the theoretically p
dicted H-atom location is 1.45 Å from the unrelaxed latti
site of the Si atom to which it is bound. Thermal and ze
point vibrational motion of the H also influences the yield
recoiled H. Vibrational frequencies of H on the H/Si~111!
131 surface have been measured by electron-energy-
spectroscopy which gives 2084 and 636 cm21 for the Si-H
stretching and bending modes respectively.27 For a harmonic
oscillator the vibrational frequencies for Si-D are lower th
those of Si-H by a factor of approximately 0.707 because
the mass difference between H and D. A quantum harmo
oscillator with these frequencies has vibrational amplitud
for Si-D at 300 K of 0.2 Å for the bending mode and 0.1
for the stretching mode, mostly due to zero-point motio
The channeling simulation also includes dechanneling of
analysis beam due to vibrational motion of the bulk silic
lattice. The two-dimensional rms vibrational amplitude
the Si was estimated to be 0.1 Å from the Si lattice Deb
temperature.28 Figure 2 shows calculated channeling sca
for the theoretically predicted H location and vibrational a
plitudes discussed above. For He backscattered from sili
the calculated and measured curves are in good agreem
The calculated channeling scans for the recoiled D ag
qualitatively with the data in the sense that channeling d
are seen for thê111& and ^110& axes, and a peak slightly
off-axis is seen for thê100& axis. However, the measure
channeling dips at thê111& and^110& axes are not as dee
as predicted. This difference between measured and ca
lated channeling dips cannot be reconciled by adjusting
Si-D bond length, since displacements of the D in t
^111& direction do not affect the position of the D within th
^111& axial channel and hence have no effect on the ca
lated channeling dip for thê111& axis. The difference be-
tween measured and calculated channeling dips also ca
be due to effects of analysis beam divergence or to dech
neling by curvature of the thin silicon crystal or by defects
the Si crystal, since such effects would also reduce the de
of the Si RBS channeling dips contrary to observation. T
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observed difference between measured and calculated y
for recoiled D at thê111& axis leads to the conclusion that
significant fraction of the D is not in line with the rows of S
atoms, but is displaced laterally, i.e., parallel to the surfa
from the position expected for the ordered H/Si~111! 131
surface.

In the following discussion we examine whether the
displacements might be due to a larger than expected the
vibrational amplitude or to static disorder. Thermal vibr
tions are included in the computer simulation by assumin
spherically symmetric Gaussian probability distribution f
the D about its equilibrium position.26 Figure 3 shows the
effect on the calculated channeling scans, of varying th
vibrational amplitude from 0.1 to 0.8 Å. For the^111& axis
the channeling dip becomes shallower as the D vibratio
amplitude increases. However, no single value of vibratio
amplitude gives the observed depth for both the^111& and
^110& channeling dips. Increasing the vibrational amplitu
also decreases the width of dip at the^111& axis. A vibra-
tional amplitude of 0.3 Å gives the closest agreement
tween the widths of the calculated and measured channe
dips at thê 111& axis.

Next we examined whether static tilting of the Si-D bo
away from the surface normal direction can account for
observed channeling results. Such a tilting of the Si-D bo
direction would not affect LEED patterns, and might also
difficult to detect by STM. In these simulations the surface
atoms were fixed at the location described above, and
Si-D bond length was held constant at 1.53 Å while displa
ment components along the directions of the second-to-fi
layer Si-Si bonds were added to the Si-D bond direction. T
three equivalent directions for such displacements were
sumed to be equally probable. For this simulation the r
vibrational amplitude of the D was chosen to be 0.2 Å. Th
lateral displacements do not reproduce the observed cha
ing results. In particular, lateral displacements up to 0.68
~corresponding to tilt angles up to 26° from normal! produce
little change in the channeling dip at the~110! axis, while
lateral displacements greater than 0.5 Å give channeling
sults in qualitative disagreement with experiment for t
~100! and ~111! axes.

The effect on the channeling scans of varying the S
bond length was also examined. For this comparison

FIG. 3. Simulated channeling scans for various D vibratio
amplitudes about the theoretically predicted location 1.53 Å ab
the surface silicon atoms.
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Si-D bond direction was taken to be normal to the surfa
and the rms vibrational amplitude of the D was chosen to
0.2 Å. Displacements normal to the surface have no effec
the channeling dip at thê111& axis, and little effect on the
channeling dip at thê110& axis. The strongest effect is o
the channeling scan at the^100& axis. Qualitative agreemen
between measured and calculated^100& channeling scans is
somewhat better for a bond length 0.1 Å, shorter than p
dicted, but significantly worse for bond lengths 0.1 Å
more longer than predicted byab initio structure calcula-
tions.

Agreement between calculated and measured channe
scans can be significantly improved by assuming that on
fraction of the D is on the predicted site, and the remaining
is disordered, i.e., randomly distributed. The dotted curve
Fig. 2 shows the calculated channeling scans for the c
where 50% of the D is disordered and 50% is directly abo
the surface Si atoms with a bond length of 1.43 Å, which
0.1 Å shorter than predicted byab initio calculations.

The fraction of D which was disordered did not signi
cantly change when the atomic D dose used to prepare
monohydride surface was changed by a factor of 2. Disor
might result from residual defects in H/Si~111! 131 sur-
faces prepared by dosing with atomic hydrogen, i.e., the
lands, holes and stacking faults described by Owman
Mårtensson.4 It may also be possible that the density of su
defects differs between H- and D-terminated surfaces
such surface defects are the cause of the observed D d
der, then our experiments show that these defects do
significantly change the D coverage from that of an id
monohydride-terminated surface. The observed monolaye
coverage also shows that few silicon dihydride and trih
dride units are present on the surface since these would
crease the ratio of D/Si. The possibility that the apparen
disorder is related to residual surface defects could be te
by repeating the channeling measurements using H/Si~111!
131 surfaces prepared by chemical termination us
NH4F, which have been shown to have very few defects.3,29

Another possible cause of the apparent D-disorder may
the presence of additional large amplitude vibrational mo
of the D or of the surface silicon atoms. This could be tes
by conducting channeling experiments at low temperatu
to reduce lattice vibrations.

V. SUMMARY

Si~111! 131 monohydride surfaces were prepared
dosing Si~111! 737 surfaces at 400 °C with atomic D
Three sets of measurements on two samples gave the
results. In each case LEED indicated a well-ordered 131
structure, and measurement of the D coverage by ERD g
a 1:1 ratio of surface D to surface Si atoms, consistent wit
monohydride-terminated surface. Channeling measurem
were reproducible, and were consistent with approximat
half of the D occupying a site close to the site predicted
ab initio calculations of the structure for the Si~111! 131
monohydride surface, with the remaining D being disorde
or displaced from the predicted site.
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