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The atomic and electronic structures of Ga chemisorption on the Si(100)-(2X 1) at low coverage have
been investigated by a combined molecular-cluster total-energy and atomic-force approach and x-ray
standing-wave (XSW) measurements. Four possible Ga-dimer adsorption geometries are calculated us-
ing cluster models with up to 77 atoms. By comparing the total energies for these optimized geometries,
it is found that Ga dimers are centered at valley bridge sites with the Ga-dimer bond oriented parallel to
the underlying Si-dimer bonds—a geometry strongly supported by XSW measurements of the Si(100)-
(2X2)-Ga surface structure. The calculated Ga-dimer height above the ideal Si(100) is in excellent
agreement with the XSW result. The stability of this parallel-dimer model is explained through the
bonding between Ga-Si and Si-Si and by analyzing the Si-surface distortion when Ga is present.

I. INTRODUCTION

Structural studies of clean and metal-covered Si(100)
surfaces and interfaces have long been the subject of in-
terest for both scientific and technological reasons. The
clean Si(100)-(2 X 1) surface is known to form dimers that
reduce the number of dangling bonds on the ideal sur-
face.! Adsorption of metal atoms can further saturate
the Si dangling bonds and form new reconstructed struc-
tures. These surfaces phases, which are a result of chemi-
cal bonding between the adatoms and the surface Si
atoms, may play an important role in the epitaxial
growth of metals and semiconductor thin films on Si(100).
Thus it is highly desirable to understand these structures
and how they form.

The adsorption of group-III metals (e.g., Al, Ga, and
In) on Si(100)-(2X1) (Refs. 2—14) has recently received
considerable attention. This group of metals induces on
Si(100) an abundance of surface reconstructions, such as
2X3,2X5,2X2, and 1X8; most of these reconstructions
occur at coverages below one-half monolayer (ML)
(where 1 ML=6.78 X 10'* atoms/cm?). These structures
have been studied experimentally by reflection high-
energy electron diffraction (RHEED),? low-energy elec-
tron diffraction (LEED),*> Auger electron spectroscopy
(AES),*’ and scanning tunneling microscopy (STM).6—%
In their LEED study of Ga/Si(100), Bourguignon, Car-
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leton, and Leone* proposed a structural model, shown in
Fig. 1(a), for interpreting the low-coverage surface
phases. This model assumes that the Ga ad-dimers lie be-
tween adjacent Si-dimer rows and are oriented orthogo-
nal to the Si-dimer bond. The spacing of these Ga ad-
dimer rows can be arranged to form 2X3, 2X5, and 2X2
phases at coverages of §, £, and 1 ML, respectively. The
STM study of Ga/Si(100) by Nogami and co-workers®™2
observed both the 2X3 and 2X2 structures when Ga
coverages were below 0.5 ML. Later, the same authors
found for the related Al/Si(100) system® that, in addition
to the orthogonal ad-dimer model, a parallel ad-dimer
model, illustrated in Fig. 1(b), is also consistent with the
STM images and the LEED pattern. A recent impact-
collision ion-scattering spectrometry (ICISS) experiment
by Steel and co-workers'© of In/Si(100) found that at low
coverage In forms parallel ad-dimers. The most recent
STM study of Al/Si(100) by Itoh and co-workers!! also
confirms the parallel ad-dimer model.

On the theoretical side, three pseudopotential total-
energy calculations have been performed for group-III
metals adsorbed on Si(100). Batra!? studied Al- and Ga-
dimer adsorption on Si(100) and suggested that the un-
derlying Si dimers are broken at coverages above 0.5 ML.
The parallel ad-dimer model was not examined in that
paper. Northrup and co-workers!® determined from their
total-energy calculations that the parallel metal ad-dimer
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is more stable than the orthogonal ad-dimer model. For
the Si(100)-(2 X 2)-Ga surface, they obtained quite a large
energy difference of 1.32 eV per atom between the paral-
lel ad-dimer and the orthogonal ad-dimer. A recent pseu-
dopotential calculation by Brocks, Kelly, and Car for the
Al/Si(100) surface'* also supported the parallel ad-dimer
model.

It thus appears that group-III metals adsorbed on
Si(100)-(2X 1) establish a unique structural feature by
forming parallel metal dimers on the surface. Elements
of other groups such as Ge, As, and Sb are known to
have orthogonal dimers on S$i(100).1°7!° Until now,
quantitative experimental measurements of the adsorp-
tion structure of group-IIT metals on Si(100) were lacking
and the reason why the parallel dimer is more stable than
the orthogonal dimer was unclear.

In this paper we report results of a combined theoreti-
cal and experimental determination of Ga adsorption
geometries on Si(100)-(2 X 1) at coverages below 0.55 ML.
Using a first-principles molecular-cluster approach,
called “DMol,” we have investigated four different Ga
ad-dimer structure models shown in Fig. 2. Experimen-
tally, we have studied the Si(100)-(2 X 2)-Ga surface struc-
ture with (400) and (220) x-ray standing-wave (XSW)

(a)
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@-® Ga ad-dimer [100]
OC=O Si dimer [o1i} '
® 2nd layer Si atom {011)

FIG. 1. Top view of 2X2 Si(100) metal ad-dimer surface
models: (a) orthogonal dimer model at the valley bridge site; (b)
parallel dimer model at the valley bridge site.
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FIG. 2. Top view of four possible Ga-dimer structures on
Si(100)-(2X 1): orthogonal dimer model at the valley bridge site
(OV) and at pedestal site (OP), and parallel dimer at valley
bridge site (PV) and at pedestal site (PP).

measurements. This experiment represents a high-
resolution quantitative measurement for Ga chemisorbed
on the Si(100)-(2X 1) surface. By comparing the adsorp-
tion energies of these four structures, the most stable
structure was found to be the parallel dimer at the valley
bridge site (PV model in Fig. 2). This dimer model was
further confirmed by the excellent agreement between the
calculated Ga-dimer height above the ideal Si(100) sur-
face and the experimental measured value. By analyzing
the atomic and electronic structures of parallel and or-
thogonal dimers at the valley bridge site, it is found that
the Ga parallel dimers induce considerably less distortion
than the orthogonal dimers. The Ga-Si and Si-Si bonding
is stronger in the parallel dimer structure than in the or-
thogonal dimer structure. These factors contribute to the
stability of the parallel dimer structure.

II. THEORETICAL APPROACH

For the theoretical calculations, we employ the DMol
method.?’ This is a first-principles molecular-cluster ap-
proach based on the local-density approximation to
density-functional theory. The detailed formalism for the
DMol method and the calculation of energy derivatives
were presented by Delley.?*?! Here, we describe some
details pertinent to our calculation. We used an extended
double numerical basis set for Ga and Si that contains a
double set of valence functions plus a single d polariza-
tion function and a double numerical basis for H. The
extended double numerical basis set has proven to be very
reliable in studying metal adsorption on Si(100)-(2X1)
(Ref. 19) and other molecular systems.?>?! The frozen-
core approximation was used for Ga and Si except that
the Ga 3d electrons were treated fully in the self-
consistent iterations. The Hedin-Lundqvist?? exchange-
correlation potential was adopted in the calculations.

For simulating the bare Si(100)-(2X 1) reconstructed
surface, we used a symmetric dimer arrangement® previ-
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ously found to relax the first-layer Si atoms inward by
0.38 A and a dimer bond length of 2.23 A. Several clus-
ters of different sizes which were used to simulate the
Si(100)-(2 X 1) surfaces are described in the next section.
As usual, hydrogen atoms were used to saturate the Si
dangling bonds at the cluster boundary and the Si-H
bond length was taken to be 1.48 A.
The binding energy of a cluster is defined as

E,=E,—E, , (1)

where the E, is the sum of atomic energies and E, is the
total energy of the cluster. For the chemisorption prob-
lem, the difference between the binding energy of a clus-
ter of the clean surface and a cluster of the chemisorbed
surface, i.e., the chemisorption energy, is given by

AE =E,(chemisor.)—E,(clean) . (2)

A negative AE value means a possible chemisorption sys-
tem. Obviously, the lower the chemisorption energy, the
more stable the system. In practice, the binding energy
of a given geometry and the atomic force on selected
atoms are calculated. To find optimized atomic posi-
tions, atoms are moved along the force direction until the
forces acting on them are sufficiently small. The force
convergence criterion is taken to be 4.0X 1073 Ry/a.u.
The degree of convergence of the self-consistent itera-
tions, measured by root mean square (rms) changes in the
charge density, is set to 107° which allows the total ener-
gy to converge to 10~ ¢ Ry.

III. THEORETICAL RESULTS

Let us first examine the adsorption sites for Ga dimers.
The orthogonal and parallel dimer models proposed in
the literation (shown in Fig. 1) both have the mass center
of the Ga dimer above the valley bridge site but with
different orientations for the Ga dimer relative to the Si-
dimer bond. At the valley bridge site, each Ga atom
bonds with three nearest-neighbor atoms, which is con-
sistent with its three valence electrons. Another possible
adsorption site that complies with Ga valence considera-
tions is the pedestal site shown in Fig. 1, which has not
been studied theoretically for the Ga/Si system. Thus,
counting the two dimer orientations at each site, there
are four Ga-dimer configurations shown in Fig. 2 that
must be considered as possible adsorption geometries.
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The simulation of these geometries is accomplished by
using the two cluster models displayed in Fig. 3, where
only the parallel dimer arrangement is shown. Each clus-
ter includes Si atoms up to the fifth layer. The orthogo-
nal dimers can be studied by rotating the dimer by 90°
and keeping the dimer mass center at valley bridge or
pedestal sites.

For each dimer configuration, we calculated the ad-
sorption energy by varying the distance between Ga and
the Si surface and the distance between Ga and Ga atoms
until the minimum energy is found. By calculating forces
(energy gradients) on Ga atoms, the direction of the re-
quired movement of the Ga atoms is easily determined.
Assuming a rigid substrate, the calculated adsorption en-
ergies and height of the Ga dimer above the ideal
Si(100)-(1 X 1) plane for each dimer geometry are present-
ed in Table I. As can be seen from this table, the adsorp-
tion energy of the parallel dimer at the valley bridge site
(PV) is much lower than that of the three other struc-
tures, and is thus the most stable structure energetically.
This is in agreement with the pseudopotential result.!?

It is known that metal adsorption on Si can induce
large relaxations of the Si substrate;?* hence, a complete
study of Ga dimers on Si(100) should consider the relaxa-
tion of the substrate. To this end, the larger cluster
shown in Fig. 4 consisting of 39 Si, 32 H (not shown in
this figure), and 4 Ga atoms was employed to calculate
the parallel Ga-dimer structure at the valley bridge site
(PV). We put a Ga dimer on the surface center and two
Ga atoms at the surface boundary in order to simulate
the environment of neighboring dimers. The first three Si
layers were allowed to relax while the fourth and fifth
layers were fixed in their bulk positions. C,j, symmetry
was kept for the cluster during the relaxation studies.
For comparison with the pseudopotential calculation,®
we also carried out relaxation studies for the orthogonal
dimer at the valley bridge site (OV). The cluster used for
this dimer is similar to that shown in Fig. 4 but with the
parallel dimer rotated by 90° and the two boundary Ga
atoms replaced with two pairs of orthogonal Ga dimers.
The final optimized results are listed in Table II along
with the pseudopotential results’> and our x-ray
standing-wave measurement described in Sec. V. It can
be seen from the table that the height calculated by
DMol of the Ga parallel dimer relative to the ideal sur-
face (i.e., h') is very close to the experimental result.

FIG. 3. Two cluster models used to simu-
late the Ga dimers at valley bridge and pede-
stal sites. Only the parallel dimers are shown
here. (a) Ga,SijsHy, cluster; (b) Ga,SijsHg
cluster.
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. TABLE 1. The adsorption energy E,y and Ga-dimer height
h' above the ideal Si(100)-(1X 1) surface for Ga/Si(100)-(2X1)
using cluster models depicted in Fig. 3.

PV

_ oV oP PP
E,q (eV/atom) —3.14 —3.29 —4.15 —343
h' (A) 0.69 127

1.64

1.10

TABLE II. Optimized structural parameters (in A) for Ga
dimers on Si(100)-(2X1): h is the vertical height of the Ga di-
mer from the Si(100)-(2X1) surface, and Lgg, Lg,s;, and
Lga.ca stand for Si-dimer, Ga-Si, and Ga-dimer bond lengths,
respectively. Az represents the inward relaxation of the top Si
layer relative to the bulklike position and Ay is the lateral move-
ment of the Si-dimer gtbms along the [011] direction indicated
by arrows in PV model of Fig. 2. h’ is the height of the Ga di-
mer relative to the ideal surface. '

Orthogonal

Parallel
Present Ref. 13 Present Ref. 13 XsSw
Lgsi 249 246 280  2.84
Lgasi 2.54 2.47 2.63 2.61
Lgac 2.65  2.63 2.64 250  2.50+0.06
h 1.18 1.09 0.77 0.73
Az 0.13 0.17 0.08 0.13
Ay 0.07 ’ 0.00
h'=h—Az 1.05 0.92 0.69 0.60 1.031+0.02
@ c- © s
Q s @® s
@ s ® Si5)
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FIG. 4. The Ga,Si;H;, cluster model used to simulate the
parallel dimer at the valley bridge site. This is given in top view
from the [100] direction and side view from the [011] direction,
and the hydrogen atoms are not shown.
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IV. X-RAY STANDING-WAVE TECHNIQUE

When an incident x-ray plane wave is Bragg diffracted

" by a perfect single crystal, the interference between the
. _ingcident_and reflected plane wave generates an x-ray

wave inside the crystal®® and above the crystal

with a period equal to the d spacing of the

standin,

surface?®

=+Bragg diffraction planes.

As the incident angle is scanned in angle 8 through the
Darwin width for strong Bragg reflection, the nodes and
antinodes of the XSW move inward by one-half of a d
spacing due to a 7 rad phase shift of the reflected plane
wave. If the energy of the incident x ray is above the ad-
sorption edge of an impurity atomic species, the fluores-
cence from that species is stimulated and is proportional
to the electric-field intensity of the XSW at the center of
the impurity atom. Therefore, the phase shift of the
XSW will give rise to a characteristic modulation of the

_fluorescence emission from adatoms on the crystal sur-

face. The @ dependence of the normalized fluorescence
yield from a distribution of adatoms can be expressed as

T Y(0)=1+R(8)F2[R(O)]/2f, yeos[v(0)—2aPy] ,
3)

where R(8) is the reflectivity and v(8) is the relative
phase of the reflected plane wave. The coherent fraction
fe,r and coherent position Py are, respectively, the am-

. plitude and the phase of the Hth Fourier coefficient for

the normalized adatom density distribution function.
Unlike standard x-ray-diffraction techniques, which in
general only measure the amplitude of the structure fac-
tor, the x-ray standing-wave method measures both the
amplitude and the phase of the Fourier coefficient. The
XSW has been developed as a high-precision probe for lo-
cating positions of adatoms at crystal surfaces.!>2672°
Based on the convolution theorem, the coherent frac-
tion can be written as the product of three factors:?
fen=CayDy . 4)
The three factors, which range in value from zero to uni-
ty, are the ordered fraction C, the geometrical factor ay,
and the Debye-Waller factor Dy =exp(—27*{u} ) /d});
here {u} ) is the mean-square thermal vibrational ampli-
tude of the adatom in the H direction, where
|H|=1/d,;,. For the case of Ga forming symmetric (un-
buckled) dimers on the Si(100) surface (see Fig. 1 and the
inset in Fig. 5), the geometrical factor ay is a measure of
the projected separation of the two Ga adatoms along H.
More specifically, the (400) and (220) geometrical factors
can be written as

(5

where L is the ad-dimer bond length. The coherent posi-
tion Py indicates the location of the center of the Ga di-
mer along the H direction. For the [400] direction,
Puo=h'/ds, where h' is the height of the Ga dimer
above the Si(400) bulklike lattice plane. If the center of
the Ga ad-dimer is above one of the 2mm symmetry sites
in Fig. 1, the value of P,,; must be equal to (14 Pyy)/2.

a40=1, and ay,=|cos(7L /2d,)| ,
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It should be noted that the above formulas for the (400)
and (220) values of ay and Py for either of the two mod-
els do not change when atomic steps are introduced.

V. EXPERIMENT

The experimental work was performed at the X15A
beamline of the National Synchrotron Light Source at
Brookhaven National Laboratory. The multichamber
ultrahigh-vacuum (UHYV) system at X15A allows for
sample preparation, surface characterization, and x-ray
measurements. (A detailed description of the experimen-
tal facilities at X15A can be found in Ref. 30.) Before in-
sertion into the UHV chamber, the Si(100) samples were
Syton™ pohshed and chemlcally etched by the Shiraki
procedure.’! The base pressure in the UHV system was
9X 10~ ! torr. After outgassing at 600°C for 5X 10 h,
the sample was flash annealed to 900°C for 10 min to re-
move the thin surface oxide layer. During the flash an-
nealing, the chamber pressure went up to 10~° torr tem-
porarily but dropped immediately back to 10710 torr. A
sharp two-domain 2X1 LEED pattern for the clean Si
surface was observed after the sample was cooled down
to room temperature.

The Auger spectrum showed no trace of O and a small
C peak on the surface corresponding to ~0.03 ML. Ga
was then evaporated onto the Si from molecular-beam ep-
itaxy effusion cell held at 840 °C with the Si substrate held
at room temperature. This gave a Ga deposition rate of
(4-5)X 1073 ML/sec. By using the ratio of the Ga to Si
Auger peaks and Rutherford backscattering, the Ga cov-
erage was calibrated to be directly proportional to the ex-
posure time up to 1 ML, with a relative error of 10%.
We have prepared the Ga/Si(100) surfaces with various
Ga coverages ranging from 0.35 to 0.55 ML while the Si
substrate was held at room temperature. For all of these
coverages, we observed a 2X2 LEED pattern. We did
not see the 2X3 or 2X5 LEED patterns reported in an
earlier experiment.* The room-temperature STM study’
also did not observe these LEED patterns.

We then transferred the prepared sample into another
chamber in the UHV system where XSW measurements
were performed. An XSW measurement consists of
simultaneously recording the Darwin curve x-ray
reflectivity, R(8), from the single crystal and the ada-
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toms’ fluorescence yield Y(O) The parameters f, y and
Py, are determined by a ¥? fit of Eq. (3) to the experimen-
tally measured adatom fluorescence yield data. For all
coverages of the Ga/Si(100) surface mentioned above,
XSW measurements using the (400) reflection were per-
formed at room temperature. (220) measurements were
also done for some of these coverages.

Table III lists the results of our XSW measured values
for f, g and Py at various coverages. Figure 5 presents
data for the (400) x-ray reflectivity and Ga K« fluores-
cence yield for the 0.50 ML of Ga measurement which
was taken at an incident energy at 13.0 keV.

Using the results of the (400) and (220) measurements,
we are able to determine the Ga ad-dimer bond length
and location on Si(100).. The Ga ad-dimer height above
the Si(400) bulk-extrapolated lattice plane is
h'=P4pd400=1.0320.02 A. Note that 2’ was found to
be independent of coverage (see Table I1I). The Ga ad-
dimer in-plane location can be confirmed by a consistency
check between the P,,, and P,y values. The fact that
Py =(14+Pyy)/2 indicates that the Ga ad-dimers are
centered above one of the 2mm symmetry sites (see Fig.
2). The Ga ad-dimer bond length can also be determined
when we combine the (220) and (400) XSW results by us-
ing Egs. (4) and (5). In Eq. (4), the coherent fraction
equals the product of the three factors we explained ear-
lier. Among these three factors, the geometrical factor
ay is determined by Eq. (5) since Ga forms symmetric
(unbuckled) dimers on Si(100). For each coverage, we
found that the ordered fraction C remained unchanged
during the time period when both the (400) and (220)
XSW measurements were being made. The only un-
known remaining in Eq. (4) is the Debye-Waller factor
Dy or the thermal vibration amplitude of Ga atoms on
the Si(100) surface in the (400) and (220) directions.
Here, we make a simpliﬁed assumption that the thermal
vibrational amplitude is isotropic and is equal to
(u?)1/2=0.12 A, a value found by theoretical calcula-
tion for the Si(100)-(2X 1) surface atoms.’? This would
make D 4, =0.86 and D,,,=0.93 for the Ga atoms. The
calculated Ga ad-dimer bond length, L =2.5010.06 A as
listed in Table III, is mdependent of coverage. The error
bar of 0.06 A quoted here in our bond-length measure-
ment includes the uncertainties for the assumption of sur-
face thermal vibrational amplitudes.

TABLE III. Results from XSW measurements for the (400) and (220) reflections. ® (ML)=Ga cov-
erage; f. g =coherent fraction; Py =coherent position; #'=Ga-dimer height relative to (400) bulk ex-
trapolated atom planes; AP =Py, —(1+Pyy)/2; C=Ga ordered fraction; and L =Ga-dimer bond

length.
5] Se,a00 Py Se200 Po B’ (A) AP C L (A)
(+£0.05)  (£0.01) (+0.01) (£0.01) (£0.01) (+0.02) . (£0.02) (+0.06) (£0.06)
0.35 0.73 0.76 1.03 0.85 .
040 0.69 0.75 0.34 - 0.84 '1.02 —0.04 0.80 2.50
0.45 0.67 0.75 1.02 0.79
0.50 0.55 0.76 0.27 0.88 . 1.03 . 0.00 0.64 2.49
0.55 054 . 06 0.27 0.88 103 000 063 251
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FIG. 5. Experimental data and theoretical curves for the nor-
malized Ga Ko fluorescence yield and Si reflectivity R versus
Bragg reflection angle 0 for the (400) reflection at 13.0 keV. The
results of the x? fit of Eq. (3) to the data are listed in Table III
The normalized Ga K a fluorescence yields based on our PV and
OV models are also shown. The inset shows the Si atoms as
open circles and Ga atoms as filled circles. The dashed lines
represent the (400) Miller planes.

VI. DISCUSSION OF THE RESULTS

The total-energy calculations show that the parallel di-
mer at the valley bridge and between the Si dimer rows
(PV model displayed in Fig. 2) has the lowest energy of
the four dimer configurations studied. As shown in Table
I, the other three dimer structures, namely, OV, OP, and
PP, have adsorption energies that are at least 0.7 eV
higher than that of the PV model. The orthogonal dimer
model at the valley bridge site (OV) which was previously
proposed* for Ga/Si(100) is found to be the least stable
structure. Strong support for the PV model is obtained
through a comparison of the calculated dimer height 4’
of the four models listed in Table I and the XSW mea-
sured value, 1.03£0.01 A. Since the XSW experiment
measures the ad-atom height relative to the ideal Si(100)-
(1X1) surface, the information listed in Table I can be
directly compared to the XSW result. Without consider-
ing the Si lattice relaxation, the 4’ of the PV model is 7%
larger than the XSW result, while the other three dimer
structures differ by more than 25% with experiment. By
including the Si substrate relaxation in the calculation,
the A’ for the PV structure becomes 1.05 A (shown in

- Table II), which is within 2% of the experimental result.
Clearly, the PV dimer model is the most favorable struc-
ture for the Si(100)-(2X2)-Ga surface—in agreement
with previous experimental'®!! and theoretical stud-
ies.13’14

To demonstrate the sensitivity of our XSW measure-
ment to the change in Ga height, we compare in Fig. 5
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the Ga K« fluorescence yields for the PV and OV models
calculated by the DMol method including substrate re-
laxation with the fluorescence yields of the XSW experi-
mental data and best y? fit of the parametrized yield [Eq.
(3)] to the data. It can be easily seen that the fluorescence
curves based on our PV model are in excellent agreement
with the experimental curves while the OV model curves
clearly show different modulations. Typically, the XSW
technique can be used to measure coherent positions with
a precision of +0.02 A. It is therefore an excellent test
for theoretical models.

As shown in Table II, the present results on the Si-Si,
Ga-Si, and Ga-Ga bond lengths for parallel and orthogo-
nal dimers are in good overall agreement with the pseu-
dopotential calculations of Northrup et al.,'* with the
exception of the Ga-Ga bond length for the orthogonal
dimer. The Ga-Ga bond length for the parallel dimer
from both the DMol and pseudopotential calculations is
in reasonable agreement with the XSW result. For both
the parallel and orthogonal dimer structures, Ga induces
large relaxations of the Si substrate. For example, the
first-layer Si atoms have been lifted from —0.38 A (Ref.
23) to —0.13 and —0.08 A for the parallel and orthogo-
nal dimers at the valley bridge site, respectively. Howev-
er, the Si(100) surface still retains the dimerized struc-
ture. The present calculation shows that the underlying
Si-dimer bond is weakened as a consequence of Ga ad-
sorption. The Si-Si bond length is stretched from 2.23
(Ref. 23) to 2.49 A which is 6% larger than the bulk Si-Si
bond length. In the orthogonal dimer, the Si-Si dimer
bond is severely weakened; its bond length is 2.80 A and
is 19% larger. The same trend of Si-Si bond-length
stretching is observed in the pseudopotential calculation
shown in Table II. This weakening of the Si-Si dimer
bond can also be seen in Fig. 6 where the valence charge
densities in the Si-dimer plane of the parallel and orthog-
onal dimer models are shown. For comparison, the
charge density of the clean Si(100)-(2X 1) surface in the
same plane is also displayed. For the parallel dimer [Fig.
6(b)], the covalent bonding between the Si-dimer atoms is
easily seen, and this bonding is weaker than in the clean
Si surface [Fig. 6(a)]. For the orthogonal dimer [Fig.
6(c)], there are some charge accumulations between the
Si-dimer atoms, but apparently the bonding is much
weaker than that for the parallel dimer. This will cer-
tainly reduce the stability of the orthogonal dimer struc-
ture.

When two Ga atoms form a parallel dimer at the valley
bridge site, each Ga atom bonds with two top-layer Si
atoms and one Ga atom which results in a maximum use
of its three valence electrons to form hybridized states
with other atoms. This dimer arrangement has the spa-
tial advantage of forming relatively short Ga-Si bonds
without seriously disrupting the underlying Si surface. In
order to reach a shorter Ga-Si bond length in the case of
the orthogonal dimer, the Ga atoms should stay quite
close to the Si surface and the Si-Si dimer bond will be
greatly stretched. In other words, the Si substrate has to
be relaxed significantly to comply with the need to form
an orthogonal dimer. We can also see this effect in Fig. 6.
For parallel dimers [see Fig. 6(b)], there is a slightly dis-
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FIG. 6. Contour plots of the valence charge density of
Ga/Si(100)-(2X 1). The plots are in a (100) plane containing the
Si dimers. The contour spacings are 0.004 e /(a.u.)®. (a) Clean
Si(100)-(2 X 1) surface; (b) parallel dimer, PV; and (c) orthogonal
dimer, OV.

torted charge redistribution in the channel between the
Si-dimer row compared to the clean Si surface [shown in
Fig. 6(a)]. By contrast, for the orthogonal dimer, in addi-
tion to the weakened bonding between Si-Si dimer atoms,
there is more charge in the region between Si-dimer rows
which indicates that the orthogonal dimer has a stronger
influence on the Si surface than the parallel dimer.
Besides the weaker Si-Si bonding in the orthogonal di-
mer model, the Ga-Si bonding is also weaker than that
for the parallel dimer. This is reflected in the larger Ga-
Si bond length calculated for the orthogonal dimer (2.63
A) than for the parallel dimer (2.54 A) and can be seen in
Fig. 7 where the deformation charge density in a plane
containing both Ga-Ga and Ga-Si bonds is plotted. The
deformation charge density is defined as the difference be-
tween the total charge density and the sum of each atom-
ic charge density, so that the bonding between atoms is
seen more clearly. The solid contours (positive values)
represent charge buildup, or bonding states, and the
dashed contours (negative values) stand for charge loss,
or antibonding states. For both parallel and orthogonal

dimer structures, the covalent bonding between Ga-Ga

1599

FIG. 7. Contour plots of the deformation charge density for
Ga dimer on valley bridge site of Si(100)-(2X1). The plots are

“in'a plane containing both the Ga-Ga dimer and the nearest

Ga-Si bond. The contour spacings are 0.002 e/(a.u.)’. (a) Paral-

.. 1lel dimer and (b) orthogonal dimer.

and Ga-Si is obvious. The fact that more charge accumu-
lates between Ga and Si in the parallel dimer than in the
orthogonal dimer again indicates the stronger bonding of
Ga-Si in the parallel dimer structure.

Through these analyses of the atomic and electronic
structures obtained for the two dimer models, we now
know that at least two factors contribute to the stability
of the parallel dimer. (i) In a parallel dimer geometry, the
Ga dimer induces considerably less distortion on the Si
substrate than does the orthogonal dimer, which implies
that less work is needed to form a parallel dimer. (ii) The
stronger bonding between Ga-Si and Si-Si contributes to
the stability of this dimer.

In the parallel dimer structure, we also found that the
Si dimers move 0.07 A towards the center, forming a con-
tracted dimer row configuration, which is indicated by
arrows on the PV model shown in Fig. 2. This arrange-
ment of Si dimers was not detected previously in any ex-
periments with group-III metals on Si(100); it is compati-
ble with the 2X2 reconstructed pattern found in LEED
experiments. This contracted dimer row results in a
shorter Ga-Si bond length and is favorable for the stabili-
ty of the parallel dimer. It is very possible that the con-
tracted Si dimer row only exists when Ga coverage is
below 0.5 ML since greater Ga coverage could destroy
the 2X2 structure and force the Si dimer to relax back to
its original position.

Finally, we discuss the Ga coverage in forming the
2X2 structure on Si(100)2X 1. As shown in Table III,
when the Ga coverage is increased from 0.35 to 0.55 ML,

the Ga ordered fraction is reduced from 85% to 63%.
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However, the Ga ordered coverage defined as C®
remains almost constant at about + ML. This suggests
the increased probability of Ga clustering on the Si(100)
when Ga coverage increases. This is consistent with pre-
vious STM images®~® which show vacancies, missing di-
mer rows, and antiphase domains on the Ga/Si(100) sur-
face. The fact that the bond lengths and the height of the
Ga dimer are insensitive to the change of Ga coverage in-
dicates that the local ordered structure of the Ga dimer
on Si(100) remains the same up to & ML.

VII. CONCLUSION

We have investigated Ga adsorption on the Si(100)-
(2X 1) surface at low coverage by a combination of first-
principles molecular-cluster approach and the x-ray
standing-wave measurement. Four possible Ga-dimer
structures calculated using cluster models with 33 and 37
atoms show that the parallel dimer in between two Si-
dimer rows gives the lowest energy. Using cluster models
containing 75 and 77 atoms, we further calculated the re-
laxation of the Si substrate when a parallel dimer or an
orthogonal dimer is present. By comparing the calculat-
ed results and the XSW measurement, it is concluded
that the parallel dimer model can be used to interpret the
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Si(100)-(2X2)-Ga surface structure at coverages below
one-half monolayer. This agrees with the pseudopoten-
tial calculation by Northrup et al.,'® who also found that
the parallel dimer model is strongly favored over the or-
thogonal dimer. The stability of the parallel dimer over
the orthogonal dimer is explained based on an analysis of
atomic bonding and Si substrate relaxation. Our study
shows that combining state-of-the-art theoretical ap-
proaches and sophisticated experimental techniques leads
to a more complete understanding of the interface struc-
ture.
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