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The structure of the Si{ 100} surface in the clean (2X 1), (2X1)-H monohydride, (1 X 1)-H dihydride,
and c¢(4X4)-H phases has been studied by time-of-flight scattering and recoiling spectrometry. The hy-
drogenated phases were formed by saturation exposure to atomic hydrogen at room temperature for
(1X1), =400°C for (2X 1), and =620°C for c¢(4X4). Time-of-flight spectra of scattered and recoiled
neutrals plus ions were collected as a function of crystal azimuthal angle and primary-beam incident an-
gle to the surface. Structural analyses of the phases were obtained from the azimuthal anisotropy of the
recoiled silicon-atom flux from 4 keV Ar* primary ions and from the critical incident angles for 4-keV
Ne* primary ions scattering along selected azimuths. Analysis of shadowing and blocking effects in
these scattering and recoiling events, using calibrated shadow cones, is used in the structure determina-
tions. The data provide a direct determination of the interatomic spacings in the outermost silicon layer

of the four surface phases investigated.

I. INTRODUCTION

The Si{ 100} surface has been studied extensively over
the past two decades using various theoretical'!! ap-
proaches and all of the experimental'>”3? techniques
known to surface science (see Ref. 33 for reviews).
Despite this enormous effort, structural details at the
atomic level remain controversial for both the clean sur-
face and the various hydrogen-induced surface phases.
The difficulty arises from the complicated reconstructions
involving large displacements of atoms from their bulk
positions. This is the first of a pair of papers concerning
the structure of Si{100} and hydrogen on its surface.
The purpose of this paper is to present the application of
the technique of time-of-flight scattering and recoiling
spectrometry (TOF-SARS) to determination of the Si sur-
face structure of Si{100} in the clean (2X1), (2X1)-H
monohydride, (1X1)-H dihydride, and c¢(4X4)-H
phases. The following paper®* presents the application of
TOF-SARS to determination of the hydrogen structure
on these various phases of Si{ 100}.

The clean Si{100} surface undergoes a (2X1) recon-
struction. For this (2X 1) surface, it is generally accepted
that the first-layer Si atoms dimerize along the (011) az-
imuth, thus doubling the repeat length along this direc-
tion. However, there still exists some uncertainty con-
cerning the actual configuration of the surface dimers and
their intradimer spacing. The models that have been for-
mulated can be classified into two categories, i.e., buckled
asymmetrical and simple symmetrical dimers. The buck-
led dimer model was favored by early theoretical and ex-
perimental studies, while more recent works tend to favor
the simple symmetrical dimer model, although both mod-
els have been the subject of ongoing discussions in the
literature. Scanning tunneling microscopy (STM) stud-
ies?®?° have found symmetrical dimers on defect-free ter-
races and buckled dimers or zigzag structures near
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monoatomic steps. Recent molecular-dynamics simula-
tions3! have provided evidence for subpicosecond inter-
conversion of buckled and symmetric dimers. This
finding has been supported by low-temperature STM im-
ages.>> These images show that at low temperature the
number of buckled dimers increases while at high tem-
perature the dimers rapidly switch orientation, leading to
an averaged symmetric appearance in STM images. Con-
cerning the intradimer spacing, typical reported values
are 2.3-2.5 A from experimental measurements'>*? and
2.1-2.4 A from theoretical calculations.?™*’

Exposure of the Si{ 100} surface to a saturation dose of
H atoms at =~400°C produces a hydrogenated surface
which retains its (2X 1) periodicity. It is proposed that
H atoms react with the single dangling bond of each Si
atom in the dimerized surface to produce a monohydride
with a coverage of 1.0 monolayer (ML). The structure of
this surface has been shown® to be well ordered and
stable in the presence of atomic H. To the best of our
knowledge, the intradimer spacing in this monohydride
phase has not been determined experimentally.

Exposure of the Si{ 100} surface to a saturation dose of
H atoms at room temperature produces a (1X1) low-
energy electron diffraction (LEED) pattern with a diffuse
background. The structure of this surface has been prob-
lematic. It was originally believed!>!® that the surface
was bulklike and a dihydride phase was formed by H
atoms bonding to the two dangling bonds of every Si
atom. Experimental observation of a saturation coverage
less than 2.0 ML raised doubts about this model.?! Subse-
quently, it was suggested?® that the surface consists of a
disordered (3X1) phase consisting of alternating
monohydride and dihydride units. Recent H exposure
studies!® have found a saturation coverage of 1.85+0.18
ML, supporting a dihydride structure. STM results*® for
the H saturated surface indicate a (1X 1) dihydride phase
which is poorly ordered and susceptible to spontaneous
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etching by H atoms. The (3X 1) phase is suggested?’*°
to be a H-induced reconstruction which exists only under
special conditions.

The c(4X4)-H phase of Si{100} has received much
less attention than the other phases. This surface can be
produced in a number of ways,>®3” one of which consists
of exposure to H atoms while the sample is at =620°C.
It is proposed that the high hydrogen exposure produces
missing-dimer defects by vaporization of volatile silane
and that subsequent annealing orders these missing-dimer
defects. LEED analysis®®>7 suggests an ordered structure
of missing-dimer defects formed on the basic (2X1)
structure.

In view of the remaining uncertainties concerning the
structures of these technologically important surfaces, we
have applied the technique of time-of-flight scattering
and recoiling spectrometry®® to determine the structure
of the outermost atomic layer of silicon in these four
different phases. We assume as a starting point, based on
LEED and STM results, that both the clean (2X 1) and
(2X1)-H surfaces are dimerized along the {(011) az-
imuth.

This study of the silicon surface uses the method of Si
atom recoil detection. Since the atoms are ejected from
the surface sites that they occupy in the lattice, the tra-
jectories are simple and direct structural information is
obtained. This recoiling method is extremely sensitive to
the outermost atomic layer of a surface and, therefore, is
ideal for determining the configuration of the dimers and
the H-induced structures. Coupling this recoiling
method with ion scattering from the surface makes it pos-
sible to determine the periodicities of the various surface
phases, the intradimer atomic distances, and the dimer
configuration.

II. EXPERIMENT

A. Description of the TOF-SARS technique

Time-of-flight scattering and recoiling spectrometry
(TOF-SARS) has been detailed in a previous publica-
tion.*® 1In short, it consists of bombarding a sample with
keV rare-gas ions and detecting the scattered and recoiled
neutrals plus ions. Anisotropies in the scattered and
recoiled particle fluxes as a function of the crystal azimu-
thal and beam incidence angles are interpreted in terms
of shadowing, blocking, and focusing effects. These
effects arise from the fact that in the keV energy range,
interatomic interactions between projectiles and target
atoms are governed by repulsive potentials. As a result,
regions which projectiles cannot penetrate are created
behind the target atoms, effectively masking other target
atoms that would be located inside such a region from
the incident beam. These regions are referred to as sha-
dowing or blocking cones, depending on whether they act
on the incoming or outgoing particle trajectories, respec-
tively. An important property of these cones is that
focusing of the particle trajectories occurs at the edge of
the cones, giving rise to further anisotropies in the flux
distributions.

The instrumental details employed are as follows. Pri-
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mary 4-keV Net and Art beams are pulsed onto the
sample in a UHV chamber at a 30-kHz rate, with a 30-ns
pulse width, and an average current density of 0.1
nA/mm?. The scattered and recoiled particles are veloci-
ty analyzed through a 120-cm-long time-of-flight drift
tube and both the neutral and charged particles are
detected with a channel electron multiplier. The signal is
amplified, discriminated, and fed to the stop input of a
time-to-amplitude converter (the start input being provid-
ed by the pulse generator). The signal is then analyzed
with a multichannel pulse height analyzer and displayed
as particle distribution versus time of flight. The scat-
tered and recoiled intensities are obtained by integrating
narrow time windows under the corresponding TOF
peaks. All TOF spectra were acquired with the sample at
room temperature.

Collection of both ions and neutrals in the TOF mode
provides two important advantages. First, the technique
is relatively nondestructive due to the efficient collection
of both ions and neutrals in the TOF mode. Spectra can
be acquired with an ion dose of <10* primary
ions/surface atom. Second, the problem of unknown
ion-surface neutralization probabilities is eliminated. It
has recently been shown*® that the survival probabilities
of scattered noble gas ions have a strong azimuthal
dependence.

B. Sample preparation

Several different samples were used. Each one consist-
ed of a 10X 15 mm Si{100} wafer which was cleaned ac-
cording to the procedure described by Ishizaka and
Shiraki.*! Extended heating in UHV at > 1000°C pro-
duced a sharp (2X1) LEED pattern with no impurities
detectable by TOF-SARS. Hydrogen adsorption on this
surface was achieved by exposure to H atoms produced
by dissociation of molecular H, on a tungsten filament at
~1500°C positioned =10 cm in front of the sample.
TOF-SARS spectra of these surfaces revealed H recoils
but no impurity C and O recoils.

The (2X1)-H monohydride and (1X1)-H dihydride
surfaces were produced by saturation exposure of the
clean surface to 1.0X 10~ ° torr H, at ~400°C and room
temperature, respectively. The (2X1)-H monohydride
surface produced a sharp LEED pattern repeatedly. For
the (1X1)-H dihydride surface, sharp LEED patterns
were produced only intermittently, depending on the
subtleties of the heating and exposure procedure; mea-
surements were made only on surfaces with sharp LEED
patterns. The c(4X4)-H surface was obtained by three
different methods: (i) exposing to 1X107% torr H, with
the sample at =620 °C, (ii) formation of the (1X1)-H sur-
face and then annealing at =~620°C, and (iii) taking a sur-
face that was recently exposed to H atoms, heating it to
> 1000°C, and annealing it at =~620°C in the absence of
hydrogen. Method (i) gave the sharpest ¢(4X4) LEED
pattern. Method (iii) produced the c(4X4) pattern for
only the first few heating cycles, after which it was neces-
sary to redose with H atoms in order to achieve the pat-
tern. This suggests that there may be subsurface hydro-
gen. The c(4X4) structure could be converted into the
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(1X1) dihydride structure by saturation exposure of
atomic hydrogen at room temperature. Examples of the
LEED patterns obtained are shown in Fig. 1.

III. EXPERIMENTAL RESULTS

A. Time-of-flight spectra

Examples of typical TOF spectra obtained from 4-keV
Ar* impinging on a Si{100}-(2 X 1) surface are shown in
Fig. 2. Peaks due to scattered argon and recoiled hydro-
gen, carbon, oxygen, and silicon are observed on the un-
cleaned surface. These TOF peaks are identified by appli-
cation®? of the classical binary elastic collision model.
Only the scattered Ar and recoiled Si peaks are observed

FIG. 1. Observed LEED patterns for the (2X1)-H, (1X1)-
H, and c(4X4)-H phases of Si{100}. The (2X1) pattern
represents a superposition of two structural domains, i.e.,
(2X1) and (1X2), rotated by 90°. The LEED pattern of the
clean (2X1) surface is similar to that shown here for the
(2X1)-H surface. Electron energy is 50 eV.
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FIG. 2. Time-of-flight spectra of an unclean (left) and clean
(right) Si{ 100} surface showing the scattered Ar and recoiled H,
C, O, and Si features. Conditions: 4-keV Ar", 6=28°, a=8°,
and 8=15°.

after cleaning the surface in UHV. Scattered Ar corre-
sponds to quasisingle scattering of Ar from Si, i.e., the
projectile experiences one large-angle deflection (small
impact-parameter p collision), which may be preceded or
followed by minor deflections. Recoiled atoms are those
that are directly recoiled from a quasisingle collision of
an impinging Ar™, i.e., small-angle deflections may pre-
cede and follow the close collision. The positions of these
peaks are not sensitive to the incident a and azimuthal &
orientations of the sample and very close to the TOF pre-
dicted by the binary collision model, indicating that the
major contributions to these peaks are from single col-
lision events. The broadening of the scattered Ar peak
on the long TOF side is due to multiple scattering. The
recoiled silicon intensity Si(R) was obtained by integrat-
ing the area under the Si recoil peak following back-
ground subtraction.

B. Clean Si{100}-(2X 1) surface

1. Azimuthal angle 8 scans of Si(R)
in the shadowing mode

The azimuthal patterns of the recoiled Si atoms were
obtained in the shadowing mode,*»* i.e., the primary
Art beam was directed at a glancing incident angle a
and, as the crystal is rotated azimuthally, the recoiled Si
flux Si(R) is monitored in off-specular conditions where
the scattering and recoiling angles (© and ¢) are consid-
erably higher than 2a. Using the recoil angle of ¢=28°,
the recoil trajectory is above the blocking cones for recoil
of first-layer atoms and the azimuthal dependence is con-
trolled by shadowing of the incident ions. For azimuths
along which the first-layer atoms are directly aligned, the
shadow cones of the closely spaced atoms prevent the ion
trajectories from penetrating below the first-atomic layer.
Therefore, the impact parameters (p) that are necessary
for recoiling of first-layer atoms out of the surface are
unattainable. As a result, minima in Si(R) are observed
along the directions for which the first-layer atoms are
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aligned. Along intermediate axes where the interatomic
spacings are longer, such p values are accessible and max-
ima in Si(R) are observed.

An azimuthal scan of the Si recoils is shown in Fig. 3.
The Si(R) variation with 8 reveals the surface periodicity.
The pattern is symmetrical about the (011) or (011)
(6=0°) azimuth. The positions of the minima ( 4), (B),
and (D) correspond to alignment of first-layer atoms
while the minima (C) have both first- and second-layer
contributions. The positions of these minima and the re-
petition of the symmetry features every 90° are consistent
with a surface that has two domains which are rotated
90° with respect to each other. The alignments of the
atoms in the two domains that contribute to these mini-
ma are indicated in the structural drawings.

The widths of the minima are related to the interatom-
ic spacings along that particular direction. The smaller
the interatomic spacing, the wider the minimum because
of the larger degree of rotation about & required for
atoms to emerge from the shadow of their preceding
neighbor. The wide minimum ( 4) is a direct result of the
short interatomic spacing between the dimers along the
{011) azimuth. The shallow, narrow minima (C) result
from the long interatomic first- and second-layer spacings
along the (001) and (010) azimuths.

The minima (B and D) were used to obtain the registry

Si§100}—2X1
a=5°, 8=28°

RELATIVE INTENSITY

A
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FIG. 3. Azimuthal angle & scan of silicon recoil intensity
Si(R) for the clean (2X1) surface. The minima are identified
from the two domains (rotated by 90°) of the structural draw-
ings.

of the dimers with respect to the underlying lattice.
Measuring these regions, which are symmetrically
dispersed about §=0°, in increments of A8=1° indicates
that each region actually contains three minima, labeled
B,, B,, and B; and D,, D,, and D; as shown in Fig. 4.
Deconvolutions of the overlapping peaks using Gaussian
peak shapes are-shown in the lower part of the figure.
From comparison with the structural drawings, it is ob-
served that the B, B,, D, and D, minima correspond to
the alignment of atoms in neighboring Si dimers in the
two domains. The minor B; and D; minima correspond
to alignment of second-nearest-neighbor Si atoms in the
dimers. Note that the widths of the B, and D; deconvo-
luted minima are larger than those of the B, and D,
minima, in accord with the inverse relationship between
the widths and the interatomic spacings as discussed
above. The positions of these B,, and D;, minima
are listed in Table I. Since the first-layer atoms dimer-
ize along (011), the interatomic distance along
(011) remains bulklike, i.e., 3.84 A. Using simple
geometry, the intradimer bond lengths are determined as
listed in Table I. Averaging these values provides an in-
tradimer spacing of 2.26+0.10 A. This intradimer bond
length was used to calculate all of the azimuthal orienta-
tions for alignment of first-layer Si atoms; the results are
compared to the positions of the experimental minima in
Table II. There is excellent agreement between the calcu-
lated and experimental minima.

2. Incident angle a scans of Ne(S)

Monitoring the Ne scattering intensity Ne(S) as a
function of a along selected azimuths provides informa-
tion*? on the interatomic spacings d along those crystallo-
graphic directions. At grazing «, all atoms lie within the

RELATIVE INTENSITY
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FIG. 4. Details of the azimuthal angle 8 scan of silicon recoil
intensity Si(R) for the minima labeled B, , and D, , in Fig. 3.
The dashed curves are deconvoluted peaks and the solid line
through the data points is the sum of the deconvoluted curves.
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TABLE 1. Calculation of intradimer spacings from the deconvoluted azimuthal minima of the &

scans.
Calculated
Minimum Intradimer
8 value spacing
Minimum (deg) (A)
Si{100}-(2X 1) surface; minima (B, and B, and D; and D,) of Figs. 3 and 4
B, —29.8+1.0 2.20+0.10
29.9+1.0 2.21+0.10
B, —359+1.0 2.371+0.10
36.0+1.0 2.40+0.10
D, 60.8+1.0 2.15+0.10
D, 549+1.0 2.224+0.10
Average 2.26+0.10
Si{100}-(2X 1)-H monohydride surface; minima (C,) from Figs. 8 and 9
C, 38.0+1.0 3.00+0.10
37.3+1.0 2.93+0.10

Average 2.971+0.10

shadow cones of their preceding neighbors precluding
small p collisions; as a result, no large angle scattering
can occur and Ne(S) is negligible. As a is increased,
first-layer atoms move out of the shadow cones of their
first-layer neighbors. When the p value required for
scattering into © becomes accessible, a sharp increase in
Ne(S) is observed. This sharp increase in Ne(S) results
from a combination of two factors, i.e., accessibility of
previously shadowed scattering centers to the ion beam
and focusing of incoming Ne trajectories at the edges of
the shadow cones. Subsequent increases in a result in de-
creases in Ne(S) due to loss of the focusing effect.

The critical incident angles a_, defined as the a value
at half peak height, can be related*? to the interatomic
distance d through the use of calibrated shadow cones.
For a given scattering process, a, is related to d and the
inclination angle a; of the bond direction to the surface
according to

L =d Xcos(a,+a;) (1)
and
R =d Xsin(a,+a;)+p . (2)

Here L is the distance behind the shadowing center, R is
the shadow cone radius, and p is the impact parameter
necessary to scatter Ne into ©. The 4-keV Ne—Si sha-
dow cone was calculated from the Moliere potential and
Firsov’s screening length.** The screening constant C
was varied to obtain agreement with the experimentally
determined «, for a known d value. This was accom-
plished by measuring a, for the Si{ 100}-(1X1)-H surface
along the principal azimuths at §=0° ({011) and (011)
from the mixed domains) and §=45° ({010)) as shown in
Fig. 5 and adjusting C to fit the bulk Si-Si spacing. The
(1X1)-H surface phase was used for this calibration be-
cause all of the first-layer Si-Si spacings along a given az-
imuth are identical for this surface. The presence of H is
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FIG. 5. (Top) Incident angle a scans of 4-keV Ne scattering
intensity Ne(S) at ©=34° along the §=0° ({011) and (011))
and 8§=45° ({010)) azimuths for the Si{100}-(1X1)-H surface
showing the critical incident angles a, used for calibration of
the shadow cone. (Bottom) Calibrated shadow cone plotted as
the radius of the cone R vs distance behind the target atom L.
The two experimental points from the a scans used for calibra-
tion are indicated.
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FIG. 6. Plot of the calculated critical incident angle «. for
4-keV Ne scattering from Si vs the Si-Si interatomic spacing.

a negligible perturbation on the Ne trajectories at the
scattering angle © =34° used. The value of the screening
constant which gave the best fit (see Fig. 5) to the experi-
mental data was C =0.68. The resulting calculated curve
for a, versus interatomic distance d is shown in Fig. 6.
An «a scan was carried out along §=30° (the B, direc-
tion of Fig. 3), i.e., the alignment direction for near-side
and far-side dimer atoms, as shown in Fig. 7. The critical
angle from Fig. 7 is a.(exp)=7.5". From the intradimer
distance of 2.26 A doetermined above, the Si-Si distance
along 8=30°is 4.46 A for a symmetrical dimer; using the
calibrated shadow cone, this spacing corresponds to a
critical angle of a (calc)=8.2°. The a (exp) is less than
the a.(calc) because there are some long interatomic
spacings near §=30° which contribute to Ne(S). If the
dimer would be buckled by a vertical shift of one of the
atoms upward by 0.1, 0.2, or 0.3 A, the a.(calc) value

RELATIVE INTENSITY
. \.&.
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X
o
o

. Si{100¢—2x1
PS [ o
. 6=30", 8=34
[} " 1 " L " 1 "
0 3 8 9 12 15 18 21 24
INCIDENT ANGLE (deg )

FIG. 7. Incident angle a scan along §=30° [ B; minimum for
the clean (2X1) surface] showing the critical incident angle a,
determined between near- and far-side dimers as shown in the
structural diagram of Fig. 3.

would shift down to 7.1°, 5.8°, or 4.5°, respectively; the
latter two values are well outside of the experimental un-
certainty and the former value is at the uncertainty limit.
These data are therefore consistent with a symmetrical
dimer arrangement, however a vertical buckling <0.1 A
cannot be ruled out.

C. Si{100}-(2X 1)-H monohydride surface

The azimuthal pattern of Si recoils from the ~400° hy-
drogen saturated surface is shown in Fig. 8. The pertur-
bation of the Ar and Si trajectories by H atoms can be
neglected because the maximum deflections are only
~1.4° and ~2.1° respectively. The observed periodicity
indicates that the outermost layer of Si atoms are in a
(2X1) dimerized array as shown from comparison with
the structural diagrams of Fig. 8. However, compared to
the clean surface (2X 1) pattern of Fig. 3, there are dis-
tinct differences. The positions of the minima, as listed in
Table 1, are significantly different in both cases. The az-
imuthal pattern of Fig. 8 is consistent with a (2X1)
structure in which the intradimer bond length is larger
than that of the clean surface. The minima in Fig. 8
define the registry of the dimers with respect to the un-
derlying lattice. Measuring these regions in increments
of A5=1°, as shown in Fig. 9, indicates that there are two

(antad L&)
08087289,
(el &
080CCE>;

'3111'00;—'21(1;'11
) a=8°, 8=28

RELATIVE INTENSITY

-100-80 —60 —-40 —-20 0 20 40 60
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FIG. 8. Azimuthal angle 8 scan of silicon recoil intensity
Si(R) for the (2X1)-H monohydride surface. The minima are
identified from the two domains of the structural drawing. The
hydrogen atoms are not shown.
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FIG. 9. Details of the azimuthal angle & scan of silicon recoil
intensity Si(R) for the minima labeled C;, in Fig. 8 for the
(2X1)-H surface. The dashed curves are deconvoluted peaks
and the solid line through the data points is the sum of the
deconvoluted curves.

pairs of minima (C, ,). Deconvolutions of the overlap-
ping peaks using Gaussian peak shapes are shown in the
lower part of the figure. Note that the widths of the C,
and C, minima are inversely proportional to the inter-
atomic spacings. From comparison with the structural
drawings, these two pairs of minima correspond to the
alignment of atoms in neighboring Si dimers in the two
domains. Since the first-layer atoms dimerize along
(011), the interatomic distance along (011) remains
bulklike, i.e., 3.84 A. Using only the sharp minima (C,)
and simple geometry, the intradimer bond lengths are
determined as 2.9740.10 A. The positions of the other
minima were calculated from this intradimer bond
length; the results are compared to the positions of the
experimental minima in Table II. There is excellent
agreement between the calculated and experimental mini-
ma.

D. Si{100}-(1X1)-H dihydride surface

The azimuthal pattern of Si recoils from the room-
temperature hydrogen-saturated surface is shown in Fig.
10. The observed periodicity indicates that the outermost
layer of Si atoms is in a (1X 1) bulklike array as shown
from comparison with the structural diagrams of Fig. 10.
Compared to the 8§ scans of the clean and monohydride
(2X1) surfaces in Figs. 3, 8, and 9, there are several dis-
tinct differences. (i) The positions of the minima [(B, ,)
and (D, ,) for the clean (2X1) and (C, ,) and (E, ;) for
the (2X1)-H surfaces] are shifted from pairs of minima

to single minima at +24° and £63°, respectively, on the
(1X1) surface. (ii) The large minimum (A4) at §=0° is
narrower in the very bottom of the minimum for the
(1X1) surface because the removal of the Si dimers re-
stores the interatomic spacings to the longer bulklike dis-
tance. (iii) The minima (C) along the (010) and (001)
azimuths (8=145°) are much deeper and wider than
those of the (2X1) surfaces. This is because all of the
first- and second-layer Si atoms are aligned in this direc-
tion on the (1X 1) surface.

The azimuthal pattern is also compared with a previ-
ously proposed?* (3 X 1) surface structure consisting of al-
ternating monohydride and dihydride units in Fig. 10.
Table II compares the experimental minima with the po-
sitions of minima calculated from the (1X1) and (3X1)
models. The (1X1) structure is in excellent agreement
with the experimental data. The (3X1) structure is not
in good agreement with the observed azimuthal anisotro-
py because the predicted pattern of the & minima is
different from that observed experimentally.

E. Si{100}-c (4 X4)-H surface

The azimuthal pattern of the Si recoils from the
c(4X4)-H surface is shown in Fig. 11. The observed
periodicity is different from that of the other surfaces and
certainly more complicated than that of a (1X1) struc-
ture. Four different missing-dimer models considered as
possible structures giving rise to the observed c(4X4)
pattern were used as models. These models, shown in
Fig. 12, are (a) crosswise linked dimers (CLD), (b) one
missing dimer (IMD), (c) two missing dimers (2MD), and
(d) three missing dimers (3MD). The calculated and ex-
perimental minima positions are listed in Table II. The
calculated positions were optimized for best agreement
with the experimental positions by varying the intradimer
bond lengths. From Table II, the 2MD and 3MD models
can be ruled out because they do not give the major mini-
ma observed at positions (B) and (F) in Fig. 11. The
IMD and CLD models provide equally good fits to the
observed positions of the azimuthal minima. Considera-
tions of the depths of the minima favor the CLD model
as follows. (i) The (C) minima should be deep for IMD
[comparable to the (B) minima of Fig. 3] due to the short
interatomic spacings and shallow for CLD due to the
long spacings; this favors the CLD model. (ii) The (B)
minima should be shallow for IMD because of the single
long spacing and deep for CLD due to the short and long
spacings; this favors the CLD model. Also, the (B) mini-
ma are observable even as high as a=7’, which is only
possnble for interatomic spacings <4.5 A the first-layer
Si spacings along the (B) directions are ~4.1 A for CLD
and ~8.1 A for IMD. (iii) The deep (D) minima are
consistent with alignment of closely spaced first- and
second-layer atoms along 6§ =45°, which also favors CLD
over IMD. Using the CLD model an intradimer dis-
tance of 2.5+0.2 A (Table II) provides best agreement
with the experimental data.

The incident angle a scans of the scattered Ne intensi-
ty Ne(S) also favor the CLD model. An a scan along
8=19" corresponding to the B, , alignment of Fig. 11 is



1685

STRUCTURE OF THE Si{100} SURFACE IN THE CLEAN ...

‘[OpOW IOWIP-FUISSTW 321y} ‘(TINE ToPOU ISWIP-SUISSIW 0M) ‘(JINT [OPOUI IWIIP-FUISSIUI SUO ‘(JA] SISWIP PINUI] SSIMSSOID ‘qTDe

006 S$9S  TES O'sy JL9E €S 00 AN
006 S£96 096 K¥7 OV S°€E 00 AT
006 Ran S$96 095  0°€S 'Sy OLE  OFE  S€E 981 00 NI
006 0T 8°0L 096 LO°Sh L€ L6 081 00 Q10
0EF.S°88 0 EFS0L OEFO°LS OEFS 9P O TF0¥E D EFS 61 OEF0°0 1dxyg
06V d q a o) g 'q |4 wnwiuIpy
H-(#X¥)2-{001 }1S
€9 009 68 LSy Ky JIE L0°0¢ 097 00 (1X€) 21D
€9 0y 997 00 (IXT1) "ored
DEFO0E9 O EF0'SH O EF0PT O 1F00 “1dxg
a o) q 14 WU
apupAyIp H-(1X1)-{001}1S
006 F€9 0TS 9°08 LSy F6¢ 08¢ 997 00 I[ED
0EF0°LS O EFS P9 DEFSTS O EFSTS O EF0'SH O TF0°0p O TFLLE O EFSST OEF00 1dxg
067V d q g a 7o) o) q 4 WU
apupAyouow H-(1X7)-{001}1S
09 1SS Q'Sy L€ 96T 00 018D
0 1F.8°09 O TFHYS O EFO'SH O TF6°SE O TF6°67 OEF00 1dxg
a 'a o) g 'q 4 WU

(1x2)-{oo1 }18 wesd

*JX3] 9} UI PJROIPUT 3SOY] I JI9Y PI)SI| SUOH)IS
-od payenores ay) papiaoid yorgm sy38us] puoq pue 2InjonIjs Y], "BUIUIUI P3Je[nofes pue [ejusuiiodxa usamlaq Juswaaide 159q oY) urelqo o} sduroeds orwoleIsyul 19Kel-181y oY) Sul
-AIea Aq paurwIajop oxe spapous 3y, ‘paredussaut {oQ] }1s jo saseyd aoejins 1oy 9y} Jo sueos Q SjSue [BYINUIIZE [I003] UODIIS 3Y} JOJ BWIUI PIJR[NO[Ed pue painsesy ‘11 ATAV.L



1686 Y. WANG, M. SHI, AND J. W. RABALAIS
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FIG. 10. Azimuthal angle 8 scan for the (1X1)-H dihydride
surface. The minima are identified according to the (1X1)
structural model. A (3X1) structural model consisting of alter-
nating monohydride and dihydride units is also shown. The hy-
drogen atoms are not shown.
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FIG. 11. Azimuthal angle & scan of silicon recoil intensity
Si(R) for the c(4X4)-H surface. The minima are identified
from the two domains of the structural drawing. The hydrogen
atoms are not shown.
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FIG. 12. Four structural models considered for the c(4X4)
structure. CLD, crosswise linked dimers; IMD, one missing di-
mer; 2MD, two missing dimers; 3MD, three missing dimers.

shown in Fig. 13. The a.=8.7" value corresponds to an
interatomic spacing of 4.1 A (Fig. 6) along $=19° and a
corresponding intradimer spacing of 2.3 A, in qualitative
agreement with the value determined from the § scan
above. The intradimer spacing determined from the &
scan (Fig. 11) is the most accurate since the a scan (Fig.
14) has contributions from different Si-Si distances. For
the lMDamodel, the interatomic distance along §=18.6°
is =8.1 A, corresponding to a,=5.7° (Fig. 6); this is far
outside of the experimental uncertainty of Fig. 13.

IV. DISCUSSION

Detection of recoiled Si atoms by the TOF-SARS tech-
nique is capable of providing unambiguous determina-
tions of the structures of various Si{ 100} surface phases.
This was discovered only after attempting several other
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FIG. 13. Incident angle a scan of the scattered Ne intensity
Ne(S) along §=19° (minima B of Fig. 12) for the ¢ (4X4) sur-
face showing the critical incident angle a, determined between
near- and far-side dimers.
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methods. First, scattering of 1-4-keV He™ was attempt-
ed. This was unsuccessful because the open structure of
the Si{ 100} lattice resulted in He scattering from several
atomic layers. Hence, the surface dimers were only a
small fraction of the total scattering centers and the re-
sults reflected primarily the bulk interatomic spacings. It
has recently been shown that keV He™ is scattered from
several subsurface atomic layers.* He™ scattering may be
a good technique to investigate subsurface interfaces or
subplanted*’ atoms. Second, Ne™ scattering can be done
only at small forward angles because Ne loses a large
fraction of its energy in collisions with Si, providing poor
detection efficiency for neutrals at © X 50°. The use of
such small scattering angles (large impact parameters)
and small incident angles (to emphasize first-layer scatter-
ing) results in significant Ne multiple-scattering contribu-
tions which broaden the azimuthal structural patterns.
However, Ne ™" scattering intensity versus incident angle
a scans along selected azimuths were useful in determin-
ing interatomic spacings. Third, incident angle a scans
of Si recoil intensity Si(R) could not be used for structure
determinations for the following reason. For scattering
and recoiling angles © and ¢ >40° the Si recoiling and
Ar scattering peaks overlap, forcing the use of small © or
¢. For O or ¢ <40°, the a scans for a > 15° are distorted
due to blocking along the small exit angle of the recoiling
trajectory. As a result of these studies, it was found that
8 scans of Si recoiling from Ar*t provided the highest
sensitivity to the dimer structures in the first layer. Ar™
is the choice projectile for recoiling Si rather than Ne*
because Ar has a larger shadow cone and a larger recoil
cross section for Si atoms.

Our data are consistent with symmetrical dimer struc-
tures with intradimer spacings of 2.26+0. 10, 2.97+0.10,
and 2.5+0.2 A for the clean (2X1), (2X1)-H, and
c(4X4)-H surfaces, respectively, and a bulklike structure
for the (1X1)-H surface. For the clean (2X1) surface,
determinations of the intradimer spacings by other exper-
imental techniques!>3? are typically in the range 2.3-2.5
A, whereas theoretical calculations predlct spacings in
the range 2.1-2.4 A.2~*7 Our result is therefore in best
agreement with some of the theoretical predictions. To
the best of our knowledge, there are no experimental
determinations of the (2X1)-H intradimer spacing. The
finding that the intradimer spacing is larger in the
monohydride than in the clean surface is expected, in
view of the fact that the H atoms satisfy one of the Si
dangling bonds and, as a result, the Si atoms of the
monohydride surface are closer to a complete valence
shell than those on the clean surface. A bulklike struc-
ture is expected for the (12X 1)-H surface where both dan-
gling bonds of the terminal Si atoms are hydrogenated.
The crosslinked dimer structure found for the ¢ (4 X4)-H
surface is consistent with hydrogen etching of the surface
Si atoms, which reduces the surface Si dimer concentra-
tion.
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In view of the molecular-dynamics calculations of
Weakliem, Smith, and Carter,>! which show that both
symmetrical and asymmetrical dimers coexist and inter-
convert on a subpicosecond (10—100 fs) time scale, and
the STM images of Wolkow,>’ which show that at room
temperature there is a rapid switching of asymmetric di-
mer orientations leading to an averaged symmetric ap-
pearance, the TOF-SARS observation of symmetrical di-
mers may be a time-averaged representation of the real
surface. Consider the time scale of the TOF-SARS mea-
surements. Primary Ne' and Ar™ ions at 4 keV travel 2
A in about 1 fs. Therefore, individual scattering and
recoiling events take place on a shorter time scale than
the proposed dimer interconversion time. However a
TOF-SARS spectrum is a collection of many of these in-
dividual trajectories, which provides a time-averaged rep-
resentation of the dimer atom positions. This time-
averaged representation is consistent with both atoms of
the dimer being at the same height above the surface, i.e.,
symmetrical dimers.

V. CONCLUSIONS

The TOF-SARS technique has been used to character-
ize the outermost monolayer structures of four surface
phases of Si{ 100}. The lateral structures, i.e., the geome-
trical models and intradimer spacings, were determined
from the positions of the shadowing minima in azimuthal
angle scans; these determinations are independent of the
model and shadow cone sizes. The symmetrical or buck-
led nature of the dimers was determined from critical an-
gles in incident angle scans; these determinations are
dependent on the shape of the shadow cones, which was
calibrated for this specific case. The results are consistent
with the following structures.

(i) The clean Si{100}-(2X 1) surface has a symmetrical
dimer structure, no detectable buckling, and an intradi-
mer spacing of 2.26+0.10 A A buckling amplitude up
to 0.1 A cannot be ruled out.

(ii) The Si{100}-(2X 1)-H monohydride surface has a
symmetrical dimer structure, no detectable buckling, and
an intradimer spacing of 2.97+0.10 A A buckling am-
plitude up to 0.1 A cannot be ruled out.

(iii) The Si{100}-(1X1)-H dihydride surface is ter-
minated in a (1X1) bulklike array in which the inter-
atomic spacings are similar to those of the bulk.

(iv) The Si{100}-c(4X4)-H surface has a crosswise
linked dimer structure and intradimer spacings of
2.5+0.2 A.
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FIG. 1. Observed LEED patterns for the (2X1)-H, (1X1)-
H, and c(4X4)-H phases of Si{100}j. The (2X1) pattern
represents a superposition of two structural domains, i.e.,
(2X1) and (1X2), rotated by 90°. The LEED pattern of the
clean (2X1) surface is similar to that shown here for the
(2% 1)-H surface. Electron energy is 50 eV.



