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The positions and energies of four candidate adsorption sites for Cl on GaAs(110) have been
investigated using the ab initio pseudopotential plane-wave method. We obtain general agreement
with recent experimental studies on the distribution and pattern formation of Cl adatoms. An anal-
ysis of adatom height based on valence charge density agrees quantitatively with reported scanning
tunneling microscopy values. For the four adatom sites considered, the relaxation of the first GaAs
surface layer was similar to or less than the relaxation of the bare surface. In the case of the lowest
energy site, the relaxation is nearly healed due to a change in character of the surface bonding.
This is in contrast to conclusions based on core photoemission results and simple charge-transfer

arguments.

I. INTRODUCTION

Understanding halogen adsorption on semiconductor
surfaces is important as semiconductor device fabrication
moves toward smaller scales. As a result of the smaller
scales, dry-etch processes become more important and
need to be refined continually. In the past decade, ex-
perimental interest in the surface science aspect of etch-
ing reactions! has been strong and should continue to be
important.

A system that has been the subject of some recent
studies is Cl,-GaAs with focus on the (100) (Refs. 2-10)
and (110) (Refs. 10-23) surfaces. For the GaAs(110) sur-
face, early studies!! ™4 favored bonding to the As surface
atoms only. It was believed!* that the surface relaxation
prevented Cl bonding to the surface Ga atoms. More
recently, an increasing number of studies!®!%723 report
evidence of bonding to both As and Ga surface atoms.

Although there are many experimental studies re-
ported, there have been few theoretical studies of this
system. Margaritondo et al.''''? carried out tight-
binding calculations of the surface density of states and
band structure of the Cl-GaAs(110) system for several
Ga-bonded and As-bonded adatom geometries. When
these tight-binding results were compared to their angle-
integrated photoemission and angle-resolved photoemis-
sion data, they concluded that the Cl atoms are bound
to the As substrate atoms only. They also find better
agreement between theory and experiment when the sur-
face Ga and As atoms are relaxed, similar to the clean
GaAs(110) surface, rather than near their bulk positions.

Recently, the evolution of adsorbate pattern formation
on the surface as a function of temperature was stud-
ied via scanning tunneling microscopy?’ (STM) and a
corresponding study of the core level energy distribu-
tion curves were presented.?? From the STM images, it
appeared that Cl adatoms preferentially occupied high-
symmetry sites closer to Ga surface atoms (“A” sites)
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rather than the site atop surface As atoms (“B” sites)
at low coverages, with B-type sites occurring once A-
site islands were formed. Core spectra indicated that
at low coverage the Cl bonded with Ga surface atoms
and as the Ga atoms lost charge, neighboring As atoms
gained charge.?? Based on simple charge-transfer argu-
ments used to explain the relaxation of the bare (110)
surface, this charge transfer would be accompanied by a
relaxation of the surface layer beyond that found for the
bare surface. Bonding with As surface atoms occurred
only as Cl coverage increased.

Following these experimental reports, Khoo and Ong??
carried out semiempirical molecular orbital method cal-
culations for Cl, Clp, and 0.16 ML Cl on GaAs(110).
Their results agree well with Refs. 20 and 22. They found
that for isolated Cl adatoms, bonding to As atoms is pre-
ferred whereas for a small island (four adatoms), config-
urations with mostly Ga bonding rather than equal Ga
and As bonding are energetically preferred. For the case
of a small island, relaxation beyond that for the bare 1 x 1
surface was found.

An explanation based on first-principles calculations
for the preferred adatoms sites, surface reconstruction,
and surface bonding would be useful? in understanding
these recent experiments and in reconciling conflicting
conclusions of previous studies.

We present here an ab initio study of four adsorption
sites A, B, C, and D as depicted in Fig. 1. Sites A and
B are seen experimentally?® for Cl. In addition, the C
site is observed for Br,2° which behaves similarly to Cl
in other respects. The hypothetical D site is included
for completeness as it is the fourth high-symmetry site
of the 1 x 1 GaAs(110) surface unit cell. A schematic
drawing of the GaAs(110) surface and the four different
sites considered for Cl adatoms is shown at the bottom of
Fig. 1. Our goal in this study is to understand better the
behavior of Cl adatoms on the (110) surface, the forma-
tions seen in STM images, and the effect of Cl adatoms
on the bonding of the GaAs(110) surface.
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II. CALCULATIONAL METHOD

The ab initio pseudopotential method?® within the lo-
cal density approximation?® is used to calculate the struc-
tural and electronic properties of the bare GaAs(110)
surface and systems which include the four differ-
ent Cl-GaAs(110) adsorption sites. Troullier-Martins
pseudopotentials?? are used to represent the electron-ion
interaction. The exchange and correlation potential em-
ployed was that of Ceperley and Alder?® as parametrized
by Perdew and Zunger.?® Partial core corrections3® are
included in order to model the core-valence exchange and
correlation potentials. Wave functions, potentials, and
charge densities are expanded in a plane-wave basis with
a cutoff of 16 Ry (about 4000 plane waves). Brillouin
zone sums are carried out using 16 special k points3! in
the irreducible zone.

We use a seven-layer GaAs slab within a supercell to
model the surface with Cl adatoms on top and bottom
of the slab in order to preserve inversion symmetry. The
length of the unit cell perpendicular to the surface is cho-
sen large enough so that the neighboring slabs have neg-
ligible interaction (in this case there is 7-8 A of vacuum
between slabs).

In order to compare the different sites, we choose a unit
cell equal to the bare surface unit cell (1 x 1 geometry).
These unit cells for the A, B, C, and D sites are shown
schematically in Figs. 1(a), (b), (c), and (d), respectively.
Since each 1 x 1 surface cell contains a Cl adatom, all of
our calculations correspond to uniform coverage of one ClI
adatom per Ga-As surface pair or a Cl adatom density
of 4.45 x 10* cm~2. The energy for each cell contains
the interaction energy of the Cl adatom with adatoms in
neighboring cells. Interactions between nearest-neighbor
Cl atoms should be small compared with the interaction
with the surface Ga and As atoms, however, since the
distance between Cl adatoms is about 4 A, which is
almost twice as large as the C1-Cl molecular bond length.
In any case, this interaction will be present in each of
the four calculations and cancels when we consider the
relative energies of the sites.

Within the 1 x 1 cells, the Cl adatoms and the first
surface layer of GaAs atoms are allowed to relax while
the remaining five layers of the GaAs slab are held
fixed. Calculations of the forces on the unrelaxed atoms
show that the individual force components are less than
0.02 Ry/a.u. with the largest values occurring for atoms
in the second GaAs layer. As a figure of merit for our
calculation, we calculate a bond rotation angle of 30.4°
for the bare surface. This value is in excellent agree-
ment with previous experimental and theoretical values3?
which range from 27.4° to 31.6°.

III. RESULTS AND DISCUSSION

Shown in the center of Fig. 1 is a representative island
of Cl adatoms as observed?® via STM. An A-site—B-site
chain is shown in the top of the figure. These chains
are more common than A-site islands for Cl deposited at
high temperatures as well as for annealed samples. For
condensation at room temperature, however, islands of
A-site adatoms predominate. These islands are decorated
with B-site adatoms which appear almost twice as high
as the A-site features. Occasionally C-site adatoms are
found in pairs at the edge of the island where the edge
and C-site pair are aligned along the [110] direction, at
least in the case of Br adsorption,2® which is similar to
Cl adsorption in other respects. The fourth symmetry
site D is not observed experimentally.

A. Site energies

Calculated energies and nuclear heights for the Cl
atoms in the observed A, B, and C sites and hypotheti-
cal D site are given in Table I. Measured STM heights2°
for the adsorbed atoms are shown for comparison. We do
not expect quantitative agreement between the measured
STM heights and calculated nuclear heights, however,
since STM images reflect the surface charge distribution
and not the atomic positions. This will be discussed in
detail in Sec. IIIB. Also note that a true B or C site
is found within or adjacent to an island of A adatoms
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TABLE I. Site energies, calculated nuclear heights, and
experimental STM-image heights, of adsorption sites A, B,
C, and D for Cl on GaAs(110) are shown. Energies are given
in eV relative to the energy for site A. Site labels are shown
in Fig. 1. Calculated nuclear heights are given in angstroms
relative to the height of As surface atoms in a bare 1 x 1 cell.
Experimental (STM) values for the adsorbed Cl atom height
from Ref. 20 are cited for positive sample bias. As discussed
in the text, STM heights reflect the charge density due to
states near the Fermi energy and not the nuclear positions.

A site B site C site D site
E-E4 (eV) 0 1.24 1.51 0.55
Znuclear (&) 1.36 2.18 1.75 0.59
zst™ (&) 0.7-0.8 1.5-1.7

and, as a result, the nuclear positions calculated in the
presence of A sites would most likely be higher than the
values reported here.

The lowest energy symmetry site is the A site, centered
within the rectangle formed by four As surface atoms. Of
the adatom sites included in this study, the A site is the
site nearest to the surface Ga atoms. At low tempera-
tures, this should be the observed site unless there are
kinetic barriers to diffusion of a physisorbed atom into
an “available” site. Since A-site islands are the domi-
nant feature seen in lower-temperature deposited Cl; and
our calculations correspond to the 7' — 0 limit, it is not
surprising that we find it to be the energy-preferred site.

The next lowest energy site in is the D site, located
between neighboring As atoms along the longer ([001])
edge of the rectangle. This site has the lowest nuclear
height above the plane of the As surface atoms. While
the nuclear height of the A site is 1.36 A, the D site lies
only 0.59 A higher than surface As atoms.

There are no D-site adatoms observed in STM images,
however. It might be argued that due to the low height
of the C1(D) site the STM image contrast near a D site is
not much different than the bare surface and, as a result,
it is very hard to identify these adatoms. A more likely
explanation is that the D site, 1.24 eV higher in energy
than the A site, is a saddle point in the potential energy
curve for Cl on the (110) surface. This explanation is
supported by the shape3? of the potential energy map
calculated for a Cl atom on the GaAs(110) surface.?® A
single adatom in the D site would easily fall into the A-
site position, and once there is a single A-site adatom on
the surface it will act as a nucleus for an island of similar
sites making D sites unstable.

Next highest in energy is the B site, followed by the
C site only 0.27 eV higher. Based on the 1.24 eV energy
difference between the A and B sites, there should not
be any isolated B or C adatoms on a clean surface. The
presence of B-site Cl adatoms within A-site islands sim-
ply reflects the onset of marblelike stacking. Once there
is an A-site island, the surface charge density is domi-
nated by Cl A-type adatoms and the next layer of Cl
adatoms “fits” into the holes between the A sites. These
holes correspond to the B-site position. Even with the
A sites filled, B-site adatoms can get very close to the
underlying As surface atoms because the distance be-
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tween A- and B-type sites is almost twice the ionic C1™
radius®* and nearly 75% larger than the Cl, molecular
bond length. Each of the other high-symmetry sites are
at least 0.6 A closer to the filled A sites, so the B site will
be energetically favored over other second-layer adatom
sites.

In comparing our calculation of site energies for uni-
form coverages of A, B, C, and D sites to the theoretical
results of Ref. 23 we find several discrepancies. Whereas
the A site is identified here as the lowest energy high-
symmetry site, Khoo and Ong?? find the global minimum
in the potential energy surface for a single adsorbed Cl
adatom to be the B site. In addition, the present study
indicates that the D site also lies lower in energy than
the B site. For a group of adsorbed Cl atoms, how-
ever, Ref. 23 finds a configuration containing mostly A
sites with a few adjacent B sites to be energetically pre-
ferred over islands of equal numbers of A and B sites.
The disagreement could be due to the neglect of the sur-
face relaxation energy in the potential energy calculation
for the single Cl adatom (the surface Ga and As atoms
were fixed at their bare surface relaxed positions in this
preliminary calculation). In the case of the group of ad-
sorbed Cl atoms, however, further surface relaxation was
included. As will be discussed in Sec. III C, the move-
ment of the surface Ga and As atoms back toward their
bulk positions is especially important in describing the
A site and we propose that the potential energy surface
minimum lies at A when surface relaxation in response
to the Cl adatom is taken into account.

Based on the calculated energies of the four high-
symmetry sites, we can infer the barriers to diffusion in
the [001] and [110] directions. Since the D sites are close
in energy to the A sites, we would expect diffusion to
preferably occur along the [110] direction. The energy
barrier in the [001] direction, around 1.25-1.50 eV, is low
enough that local heating due to bond formation would
enable diffusion to occur in that direction, also. As re-
ported in Ref. 20, Br- and Cl-induced features are mobile,
consistent with the magnitude of these energy differences.

One question we have not addressed in this study
is why chain formation is preferred over uniform A-
site coverage of the surface. Both Cl-Ga and Cl-As
bond strengths are nearly twice that of the Cl-Cl bond
strength.3® The higher coordination of a second-layer B
site as compared to the first-layer A site is a plausible
explanation for chain formation, but calculations of the
energy difference between an A-site-B-site pair and an
A-site—A-site pair would quantitatively compare the in-
teraction energies involved in island and chain forma-
tion. Low-coverage calculations??® within a semiempiri-
cal molecular orbital method have been reported which
give some insight into Cl adatom interactions, although
further studies are needed to understand the competing
interactions quantitatively.

B. Atom heights based on distribution of charge

In order to compare our calculations of adatom posi-
tions to the observed heights of Cl adatoms, we need
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to consider the distribution of charge near the sur-
face atoms. There are cases in which STM images re-
flect electronic structure effects rather than the surface
geometry36:37 so one should be careful in the way adatom
surface heights are calculated and in the interpretation
of STM images as structural data.

In most cases the STM image is quite similar to the
total charge density.3® The total valence charge densities
for the bare (110) surface and for uniform coverages of A,
B, C, and D sites are shown in Figs. 2-6. Shown is the
charge density in the y=0.0 and y=0.5 planes as labeled
in Fig. 1. Since these figures correspond to a bias of
the full valence bandwidth, corrugations based on them
should not be expected to agree well with Ref. 20. In
order to calculate a reasonable corrugation to compare
to the STM observed heights, we follow standard models
which relate STM current to partial sums over occupied
valence band states.

A simple extension3® of the expression derived by Ter-
soff and Hamann®® within an s-wave model for the tip
relates the STM tunneling current density j(r) to the
local density of states at the center of curvature of the

tip.
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FIG. 2. Charge density for the 1 x 1 GaAs slab in the (a)
y = 0.0 and (b) y = 0.5 [110] planes (see Fig. 1). Con-
tours are shown for 20,40,. ..,340 electrons/unit cell (1 e/cell
is 2.8x107* e/a.u.? for Figs. 2-6). Heavier contours corre-
spond to 100, 200, and 300 e/cell. Dashed lines correspond
to planes through the Ga and As unrelaxed bulk positions.
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j(ra V) x PSTM(T, V)7 (1)

where

Er
poru(.V)= [ p(eB)dE @)
Ep—eV
and

p(E) =Y | ¥nk(r) | 8(Bng — E). (3)

n,k

Here EF is the Fermi level and v are the eigenstates of
the semi-infinite sample. According to this model, then,
the constant-current STM image is simply a contour of
constant p(r,V).

We have calculated p(r,V) [see Eq. (2)] for biases of
2 and 4 eV for the bare surface and surfaces with A-,
B-, C-, and D-type Cl adatoms. The resulting charge
densities for the y=0.0 and y=0.5 planes were plotted as
for the sum over all occupied states shown in Figs. 2-6.
They look similar to the total valence charge distribu-
tions in shape, but with a much lower magnitude of p(r),
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FIG. 3. Charge density for the 1 x 1 GaAs slab with one
Cl atom per cell on the A site in the (a) y = 0.0 and (b)
y = 0.5 [110] planes (see Fig. 1). Contours are shown for
(a) 20,40,...,340 and (b) 20,40,...,380,400,500,. ..,900 elec-
trons/unit cell. Heavier contours correspond to 100, 200, and
300 e/cell. Dashed lines correspond to planes through the Ga
and As unrelaxed bulk positions.
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as expected. Contours for very low charge density were
plotted since the STM tip will sample charge lying far
from the surface (in terms of Figs. 2-6, these contours
fell around z ~8-10 A).

Since the constant-current STM image corresponds to
a z(z,y) map of constant p for a given bias V, we are
interested in the “height” of the charge density contours
above an adatom compared to the height of the As atoms
on the bare surface. An estimate for the adatom height
relative to the bare surface is then just the difference of
zci(p = z) and zgaas(p = z), which are read off from
charge density plots in planes through Cl adatoms and
As atoms on the bare surface, respectively. These num-
bers vary about 0.05 A for different contours z, where
=0.1-0.5(1-5) e/cell for a bias of 2(4) eV. For the STM
tip far from the surface, we are interested in z, for the
smallest contour, i.e., farthest from the surface. Because
the difference between z¢) and zgaas decreases slightly
for decreasing value of p contour, our estimate of the
adatom height should be seen as an upper bound on the
expected value. This estimate is shown as z, in Table II.

The agreement between calculated and measured
charge density height is best for a bias of 2 eV. Observed
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FIG. 4. Charge density for the 1 x 1 GaAs slab with one
Cl atom per cell on the B site in the (a) y = 0.0 and (b)
y = 0.5 [110] planes (see Fig. 1). Contours are shown for
(a) 20,40,...,380,400,500,. ..,900 and (b) 20,40,...,340 elec-
trons/unit cell. Heavier contours correspond to 100, 200, and
300 e/cell. Dashed lines correspond to planes through the Ga
and As unrelaxed bulk positions.
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TABLE II. Estimated site heights based on charge den-
sity contours for states near the Fermi level are compared to
experimental STM-observed (Ref. 20) Cl heights. Two theo-
retical estimates are given for states between the Fermi level
Er and (Er-A) for A=2 eV and for A=4 eV. The reported
sample bias used in the study of Ref. 20 was between 1.5 and
3eV.

Atom heights A site B site C site D site
z, (A) A=4 eV 1.10 1.75 1.55 0.40
zp (A) A=2 eV 0.8-0.9 1.6 1.3 0.05
zstm (A) 0.7-0.8 1.5-1.7

STM heights?° were reported for an experimental bias of
1.5-3 eV, so better agreement is expected for the 2 eV
calculation rather than the 4 eV calculation. True B- and
C-site adatoms are surrounded by or adjacent to an A-
site island, however. Therefore, the calculated z, would
be slightly higher for these sites if neighboring A adatoms
were included. This perturbation is expected to be small
for the B site since the distance between A- and B-type
sites is almost 3.5 A compared to the Cl, bond length

v (unit cells)

FIG. 5. Charge density for the 1 x 1 GaAs slab with one
Cl atom per cell on the C site in the (a) y = 0.0 and (b)
y = 0.5 [110] planes (see Fig. 1). Contours are shown for
(a) 20,40,...,340 and (b) 20,40,...,380,400,500,...,900 elec-
trons/unit cell. Heavier contours correspond to 100, 200, and
300 e/cell. Dashed lines correspond to planes through the Ga
and As unrelaxed bulk positions.
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FIG. 6. Charge density for the 1 x 1 GaAs slab with one
Cl atom per cell on the D site in the (a) y = 0.0 and (b)
y = 0.5 [110] planes (see Fig. 1). Contours are shown for
(a) 20,40,...,380,400,500,...,900 and (b) 20,40,...,340 elec-
trons/unit cell. Heavier contours correspond to 100, 200, and
300 e/cell. Dashed lines correspond to planes through the Ga
and As unrelaxed bulk positions.

of 1.99 A. The effect on the C-site height will be larger,
however, since it is only 2 A from the A site.

Note that the heights calculated in this way scale dif-
ferently with bias for the four adsorption sites. This is
simply a reflection of variation in character of the wave
functions as a function of energy.

C. Bonding properties and surface relaxation

Changes in the bonding properties and estimates of
charge transfer between the bare surface and the four
surfaces with adatoms can be understood by comparing
Figs. 2-6. The largest qualitative difference between the
bare surface and the four uniformly covered surfaces is for
the A site shown in Fig. 3. Whereas the Ga atoms on the
bare surface have peaks in the charge density directed out
of the surface plane, for the surface covered with A sites
the bonding of the surface Ga atoms looks very similar
to the bonding for bulk Ga atoms. For both the bulk Ga
atoms and the Ga atoms beneath Cl(A) adatoms, the
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peak in p(r) lies in a plane parallel to the surface plane
[see Fig. 3(b)].

There is a slight decrease in the size of the p=120 e/cell
contour from the bare surface Ga to the Ga under the A
site, but the overall variation in this contour for sites
A-D [see Figs. 2(b)-6(b)] is very small—the peak p(r)
values range from 121 to 126 e/cell in the y = 0.5 plane.
In the plane containing both the Ga and As surface atoms
(denoted by the diagonal line in Fig. 1), however, the
peak near the Ga surface atom is noticeably smaller for
the A-covered surface than for the bare surface or the B-,
C-, or D-covered surfaces. Thus, although the full three-
dimensional distribution of charge should be considered
in order to definitively compare the sites, it appears that
the Cl A-type adatom shifts charge away from the Ga
surface atom whereas the B-, C-, and D-site adatoms do
not have as large an effect.

Accompanying the decrease in charge density near the
Ga atom below an A-site Cl is a moderate increase in
charge around the As atom. The B-type site also pro-
duces a comparable increase in charge around the As
atom, especially in the plane through the As-Ga bond.

For the B-, C-, and D-site covered surfaces, the Ga
atom environment is very similar to that of the bare sur-
face. Even for the C site, the shape of the charge density
in the y=0.5 plane is basically a sum of the bare sur-
face p(r) and that of the Cl adatom. In other words, the
C-type Cl adatom does not interact strongly with the
surface Ga atom, even though it is as close to the Ga
atom as the A site.

In general, variations in charge distribution around the
As surface atoms are a little more pronounced than for
the Ga atoms, although there are no remarkable changes
as there is for the Ga beneath the Cl(A) site. In the case
of the B site, there is more sharing of charge between the
Cl and the underlying As atom than for the other three
sites. Even so, the C1(B) adatom alters the charge distri-
bution near the As atom much less dramatically than the
CIl(A) adatom alters the environment of the Ga surface
atom [see Figs. 4(a) and 3(b)].

The core photoemission results of Ref. 22 give very
specific information about the bonding properties of the
different Cl adatom sites. Stepniak et al. find features
identified as Gal™, As'*, and As?t peaks which result
from Cl adsorption. In addition, an As* feature was re-
ported at lower bonding energy than the surface and bulk
components (more negatively charged). The Ga'* and
As* features are the strongest at low coverage, with the
intensity of the As* feature mirroring the intensity of the
Gal* feature as a function of Cl coverage. Both the As*
and Ga'? features were attributed to the growth of A-site
islands. This is consistent with changes in the calculated
bonding charge of the surface Ga and As atoms discussed
above.

As coverage increases, the As't feature grows at the
expense of the As* feature. It appears that as Cl atoms
bond directly to As surface atoms, the extra As charge in-
dicated by the As* feature is significantly modified. Dif-
ferences between Figs. 2 and 4 support this interpreta-
tion.

Based on the Gal't feature, it was argued that the
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TABLE III. Change in position of relaxed surface atoms
compared with the bulk positions for the bare GaAs (110)
surface and for the surface with Cl adatoms on the A, B,
C, and D sites. The displacements dz and dy are in the
[001] and [110] directions, respectively (see Fig. 1), and dz is
perpendicular to the surface. By symmetry, dy is identically
zero for both Ga and As atoms. Absolute displacements | dr |
from the unrelaxed positions are also given.

Displacements no Cl A site Bsite Csite D site
0T As -0.20 -0.13 -0.10 -0.16 -0.29
0zas 0.17 0.04 0.14 0.08 0.22
| 6ras | 0.26  0.14 0.17 0.18 0.36
8ZGa -0.47 -0.15 -0.43 -0.45 -0.27
62Ga -0.51 -0.01 -0.58 -0.52 -0.24
| érga | 0.69 0.15 0.72 0.69 0.36

bonding of Cl to Ga surface sites enabled a more com-
plete change in hybridization for the Ga from sp® to sp?,
beyond that for the bare surface. A corresponding shift
in charge density from the Ga to As, then, would ac-
count for the As* peak which follows the Gal* peak.
As a result of the change in bonding, the relaxation of
the surface would increase relative to the bare surface.
We do not see a significant overrelaxation for any of the
adsorption sites, however. Rather, for the energetically
preferred site we see a change in the direction of the un-
relaxed bulk positions.

Differences in the surface relaxation of the bare and
Cl-covered surfaces are given in Table III. Of the four
adatom sites, we note that the A-site covered surface
shows the least amount of relaxation. In the plots of the
total valence charge density shown in Figs. 2-6, planes
through the bulk Ga and As atoms positions are drawn
as dashed lines.

In the case where a Cl(A) adatom is present, the re-
laxation of the bare surface has been healed. This can
be understood in terms of the change in surface bonding
between the bare and A-site covered surfaces. In a sense,
the Cl adatom acts similarly to the missing next-layer
As atom,; i.e., the As and Ga surface atom positions are
pulled back toward their unrelaxed values.

Relaxation for the B, C, and D sites remain significant,
however. As seen in Figs. 2-6, this is a result of the fact
that there is very little redistribution of Ga or As charge
in response to the Cl adatom. Even for the As atom
below the B-type site, the observed shift in p(r) is not
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significant in the regions which affect the surface bonds.

Based on the fact that the Gal™ and As* peaks indicate
a net shift in charge from the Ga to the As surface atoms,
a change in the bonding structure of the GaAs surface
was inferred.?? For the bare surface, the relaxation is
often attributed to a similar charge transfer which occurs
as the Ga electron density becomes sp3-like while the
As electron density becomes s2p3-like. These changes in
hybridization are accompanied by changes in the bond
angles and result in the surface relaxation of the bare
(110) surface. In the case of the surface covered with Cl
adatoms the same argument does not hold. The charge
transfer happens in the presence of the Cl adatom which
participates in the bonding of the surface. In fact, it
participates in a way similar to the missing As bulk atom
which would occupy the same site.

IV. CONCLUSIONS

Based on the site energies of four high-symmetry ad-
sorption sites, the preference of low-temperature de-
posited Cl atoms to occupy A sites is understood. It
is reasonable that the next layer of Cl atoms would oc-
cupy the B sites since the surface charge density is domi-
nated by the Cl atoms once a layer of A sites has formed
(marblelike stacking). Diffusion at room temperature
is expected due to the relatively small barrier to move-
ment between cells in the [110] direction. Although the
calculated nuclear heights disagree with observed STM
heights, a simple estimate based on the charge distribu-
tion due to states near Ey agrees well with the STM-
reported values. A significant site-dependent variation
in height with a change in bias was found. Finally, our
results indicate that there is less relaxation of the top-
layer substrate atoms under the A site than for the bare
surface. This is due to the similarity in bonding of the
surface Ga and As atoms under the A-site Cl to that of
the bulk.
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FIG. 1. The (110) surface of GaAs is
shown with adsorbed Cl adatoms on the ex-
perimentally observed (Ref. 20) A, B, and C
sites. An A-site—B-site chain is depicted in
the top of the figure. A representative island
of mostly A sites with a few B and C sites is
shown in the center of the figure. Unit cells
used in our calculations for the 4, B, C, and
hypothetical D sites are shown at the bottom
of the figure labeled as (a), (b), (¢), and (d),
respectively.



