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Site-Selective Reaction ofBr2 with Second Layer Ga Atoms
on the As-rich GaAss001d-2 3 4 Surface
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The top layer of the GaAss001d-s2 3 4d surface consists of rows of As-As dimers. However, our
scanning tunneling microscopy study shows that, in the initial adsorption stage, monoenergetic Br2

molecules (0.89 eV) react exclusively with the second layer Ga atoms exposed in trenches or at defects
on the surface. A simple molecular orbital argument was used to explain the dynamics of forming
gallium bromide species at various surface Ga sites. [S0031-9007(98)06601-0]

PACS numbers: 82.65.My, 61.16.Ch
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This Letter presents the first evidence showing th
energetic Br2 molecules react exclusively with the secon
layer Ga atoms exposed in trenches or at defects
the As-rich GaAs(001)-s2 3 4d surface in the initial
adsorption stage. Such a complete Ga-site selectivity
unexpected since the first layer of the surface entire
consists of dimerized As atoms directly exposed
incident Br2 molecules. This site selectivity indicates
that, although the reactions of Br2 with both Ga and As
atoms on the surface are exothermic [1], the less fille
surface Ga dangling bonds are more reactive to the high
occupied molecular orbitals (HOMO) of halogens than th
more filled surface As dangling bonds.

Surface site selectivity associated with halogen adso
tion on the GaAs surfaces has recently been a subj
of controversy because of the coexistence of Ga and
atoms on the surfaces. It was reported that the initial a
sorption of Cl2 on the As-stabilized, Ga-stabilized, and
sputtered GaAs(001) surfaces occurs preferentially at t
Ga sites [2]. This partial surface site selectivity was als
observed for the adsorption of hydrogen atoms on t
GaAs(001)-cs2 3 8d surface at 303 K [3]. Additionally,
partial preference for Ga sites at low coverages durin
Cl 2 (or Br2) adsorption onto the GaAs(110) surfaces wa
also established [4–6]. However, these observations
contrary to earlier experimental works [7,8] showing tha
As-Cl bonding is favored on GaAs(110) surfaces.

In our experiments, 0.89 eV Br2 molecular beams were
produced by expanding Br2 and He mixtures at 298 K and
3.7 atmosphere through a pulsed valve. The GaAs(00
wafers (Motorola) containing two Si-doped GaAs layer
grown on an1 GaAs(001) substrate and were protecte
by a thick As layer. After thermal removal of this As
layer, the sample was annealed at 450±C for 15 min and
cooled quickly to room temperature to obtain a clea
and well-ordered As-rich GaAs(001)-s2 3 4d surface. A
scanning tunneling microscope (STM) (Park Scientific
was used to scan the filled-state topographic images
the clean or Br2-dosed GaAs surface.

Figure 1(a) is a filled-state STM image of the clea
As-stabilized GaAs(001)-s2 3 4d surface. The image is
0031-9007y98y81(2)y413(4)$15.00
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characterized by alternating protruding columns (brigh
and trenches (dark) running in thes110d direction [9–
11]. The first layer of an ideal2 3 4 unit cell [rectangle
in Figs. 1(a) and 2] contains two As-As dimers and tw
As-As dimer vacancies [12]. Eachsp3 hybridized top-
layer As atom forms two As-Ga back bonds and a strain
As-As dimer bond (bond energyø2 eV), leaving a filled
dangling bond that tilts upwards. At a STM sample bia
of 23 V, both the filled As dangling bonds and the As
As dimer bonds contribute to the tunneling of electron
out of the surface. In the second layer of a2 3 4 unit
cell, four of the six Ga atoms are located at the trenc
edges. Each edge Ga atom has an emptysp3 dangling
bond that is perpendicular to the As-As dimer row
and buckles upwards. These Ga empty dangling bon
cannot be imaged at a negative sample bias. In the th
layer of a2 3 4 unit cell, two As atoms located at the
trench bottom dimerize to form an As-As dimer. Severa
types of surface defects have been identified in our ST
images, including dark As-As dimer vacancy (Vd near
a single As-As dimerD), dark As atomic vacancysVad,
kinks (K), bright excessive arsenic (A), and steps (H) with
the vacancies being most abundant. A few2 3 4 unit
cells containing three As-As dimers and one missing A
As dimer (B) were occasionally observed in our STM
images [13,14].

A 100 Å 3 100 Å STM image of an As-stabilized
GaAs(001)-(2 3 4) surface dosed at 300 K with 0.89 eV
Br2 (,0.7 langmuirs) is presented in Fig. 1(b). This is
a different surface region from that shown in Fig. 1(a
Surprisingly, the first-layer As-As dimers (bright) remain
intact despite the exposure to Br2. The adsorption of
0.89 eV Br2 onto the surface produces new dim feature
at As atomic vacancies, at As-As dimer vacancies, a
inside surface trenches. These dim features are lower th
the unreacted first-layer As-As dimers and have perfe
position registry in thes110d direction with respect to
the second layer Ga atoms. Thus, these new featu
are identified as surface gallium monobromide speci
sGaBrssdd formed at different surface sites. By manually
counting the total number of these surface GaBr spec
© 1998 The American Physical Society 413
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FIG. 1(color). Filled-state STM images of (a) the clean As
rich GaAs(001)-(2 3 4) surface and (b) the As-rich GaAs(001)-
(2 3 4) surface dosed with 0.89 eV Br2 to 0.39 ML coverage
at a sample bias of23 V and a tunneling current of20.3 nA
(see text for details).

over a surface area containing 7892 3 4 unit cells, the
total bromine coverage is determined to be approximate
0.039 monolayer (ML) (where 1 ML is defined as eigh
chemisorbed Br atoms per unit2 3 4 cell).

A dim ball inserted into an As atomic vacancy (Va

sites) has been identified as a Br atom in an isolat
Sa-GaBrssd species [see Fig. 1(b)]. Height profiles alon
a chain of As-As dimers show that theVa site and the
Sa-GaBr site appear as1.5 6 0.1 and 1.1 6 0.1 Å deep
valleys relative to the maximum of an As-As dimer
respectively. By manually counting the GaBr sites,
was found that about 22% of the 0.039 ML chemisorbe
Br atoms exist asSa-GaBr on the As-rich GaAs(001)-
(2 3 4) surface. About 79% of the As atomic vacancie
have reacted with Br2 at a total Br coverage of 0.039 ML,
indicating that Ga atoms atVa sites are very reactive to
bromine. The relative errors of the given percentag
are within 620%. We propose that aSa-GaBr species
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FIG. 2. The bonding structure of As and Ga atoms and th
dangling bonds (DB) on the clean As-rich GaAs(001)-(2 3 4)
surface, whereVa and Vd are an As atomic vacancy and an
As-As dimer vacancy, respectively. A2 3 4 unit cell has been
outlined in the lower-left corner of the diagram.

is formed via the abstractive adsorption mechanism [15
one Br atom from a Br2 forms a Ga-Br bond with a Ga
atom at an As atomic vacancy, and the other is eject
back into the gas phase.

A dim, oblong, and wormlike featuresDdd in Fig. 1(b)
is identified as two adjacent Br atoms in two GaBrsad
species at an As-As dimer vacancy. This feature is ide
tical in size to an As-As dimer and is1.0 6 0.1 Å lower
than a first-layer As-As dimer. Approximately 11% of the
0.039 ML chemisorbed Br atoms exists asDd-sGa-Brd2.
A Dd-sGa-Brd2 species is formed by the dissociative ad
sorption of a Br2 molecule onto the two adjacent edge
Ga atoms at an As-As dimer vacancy. In dissociative a
sorption, the chemical bond of a Br2 molecule breaks so
that both Br atoms separately form chemical bonds wi
the surface [15]. Alternately, abstractive adsorption of
Br2 molecule at an As-As dimer vacancy site forms a B
singly occupied As-As dimer vacancy and ejects a Br ato
into the vacuum. This reaction pathway results in dim
ball-like featuressSdd at one half of As-As dimer vacan-
cies [see Fig. 1(b)]. Approximately 9% of the 0.039 ML
chemisorbed Br atoms exist asSd-GaBr species. Thus, the
abstraction and dissociation probabilities for 0.89 eV Br2

at an As-As dimer vacancy are 64% and 36%, respective
In Fig. 1(b), new dim featuressD'd inside surface

trenches perpendicularly bridge two neighboring dime
columns. The height profile over aD' site in the (110)
direction shows a narrow valley about1.1 6 0.1 Å lower
than the first layer As-As dimers. Moreover, the heigh
profile over theD' site along the central line of the trench
yields a single peak that is approximately1.7 6 0.1 Å
above the trench bottom and about one-half of an A
As dimer length in width. ThisD' feature is identified
as two neighboring GaBr units at the opposite sides
a trench. A D'-sGaBrd2 species is formed from the
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dissociative adsorption of a Br2 molecule onto two empty
Ga dangling bonds at the opposite sides of a trenc
Almost no pairs of adjacent GaBr units on the same si
of a trenchsDkd are found in our STM images. Therefore
the dissociative adsorption of a Br2 molecule into a trench
is orientation specific. Adjacent pairs ofD'-sGaBrd2

units in trenches are also present in the STM images (Q).
The height profile of aQ species along the central line
of its trench shows two overlapping peaks with identica
heights as aD'-sGaBrd2 and is twice as wide as a
D'-sGaBrd2. Hence, aQ-sGaBrd4 unit results from the
spatial coincidence of two dissociative adsorption even
involving two Br2 molecules. Statistically, 41% of the
chemisorbed Br atoms formD'-sGaBrd2 species while
10% formQ species.

Isolated dim bumpssStd protruding into trenches from
As-As dimer rows are also present in the STM image
They have been attributed to isolated Br atoms bonded
the second layer edge Ga atoms. ASt-GaBr species is
formed by the abstractive adsorption of a Br2 molecule
on a Ga atom in the second layer which ejects a B
atom back to the gas phase. Only 6% of the chemisorb
Br atoms formSt-GaBr species, indicating an abstractio
probability of only 19% and a dissociation probability o
81% for a 0.89 eV Br2 molecule in a trench. At the low
coverage of 0.039 ML, neither excess GaBr formatio
near steps nor formation of GaBr islands were observe
indicating that precursor mediated chemisorption is not
important mechanism for Br2 with high incident energy
(0.89 eV) in the initial adsorption stage onto the As-ric
GaAss001d-s2 3 4d surface.

Figure 3 illustrates the bonding structures of the s
GaBrssd species present on the As-rich GaAs(001)-s2 3 4d
surface at a very low coverage of Br atoms. Clearl
0.89 eV Br2 molecules exclusively react with the secon
layer edge Ga atoms. As a Br2 molecule approaches
the As-rich GaAs(001)-s2 3 4d surface, the interaction
between the highest occupied molecular orbitals (i.e.,pp

x,y
antibonding orbitals) of the Br2 molecule with an empty
Ga dangling bond generates net attraction that ste
the incident Br2 molecule toward a Ga atom [Fig. 4(a)].
This forms a commonsGa· · · Br · · · Brd transition state
consisting of a central Br atom partially bonded to th
Ga atom and the terminal Br atom. In contrast, th
interaction of the HOMO of a Br2 molecule with the filled
dangling bond of a top-layer As-As dimer is repulsiv
[Fig. 4(b)]. This repulsive interaction acts as a shield fo
the strained As-As dimer bonds and As-Ga backbon
in the first layer of the surface. A similar theoretica
argument has been used to interpret that the less fil
center Si dangling bonds are more reactive to F2, Cl2,
and Br2 than the more filled corner Si dangling bond
on Si(111) [15]. The same argument was also used
explain the surface preorientation of ICl molecules int
the I-end-first geometry before reacting abstractively wi
the partially filled Si adatom dangling bonds [16].
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FIG. 3. The bonding structures of the adsorbed Br atoms
various Ga sties, where “Sa” represents a Br atom at an As
atomic vacancy (22%), “Sd” a Br atom at an As-As dimer
vacancy (9%), “St” a Br atom in a surface trench (6%), “Dd”
two Br atoms at an As-As dimer vacancy (11%), “D'” two
Br atoms on opposite sides of a trench (41%), and “Q” two
adjacent pairs of “D'” Br atoms (10%).

The chemical surroundings of an in-trench Ga· · ·
Br · · · Br transition state is responsible for the orientatio
specificity (D' versusDk) of the dissociative adsorption
of Br2 molecules in trenches. Since the Ga· · · Br partial
bond and its opposite-side Ga empty dangling bond po
at each other over the trench, the terminal Br atom
the transition state is significantly closer to the emp
dangling bond of the opposite-side Ga atom than t
empty dangling bonds of its two nearest Ga atoms alo
the trench [Fig. 5(a)]. As the weak Br· · · Br bond breaks,
the ejected terminal Br will be captured readily (81%) b
the opposite-side Ga atom, forming aD'-sGaBrd2 species.
Only 19% of the terminal Br atoms escape into the g
phase to yieldSt-GaBr species. The preferred capture
the ejected Br atom by an opposite Ga atom prevents
formation of aDk-sGaBrd2 species.

FIG. 4. Schematics of the attractive interaction of the Br2 pp

antibond with the empty dangling bond of a trench Ga ato
(a), and the repulsive interaction of a Br2 pp antibond with the
filled dangling bond of a top-layer As atom (b).
415
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FIG. 5. Schematics (cross-section view) of (a) a transitio
state in a trench, (b) a buckled empty Ga dangling bond a
missing As site, and (c) a Ga· · · Br · · · Br transition state formed
by the buckled Ga dangling bond.

The Ga dangling bonds at As atomic and As-As dime
vacancies buckle more upwards than those in trenches
to the formation of Ga-Ga bonds in the (110) direction a
these defect sites [Fig. 5(b)]. Accordingly, the Ga· · · Br
transition state bonding at the defect sites [compa
Figs. 5(a) and 5(c)] buckles more than those in a trenc
Consequently, the terminal Br atoms of Ga· · · Br · · · Br
transition states at As-As dimer vacancies are far aw
from the empty Ga dangling bonds on the opposite sid
of trenches so that most (64%) of the ejected Br atom
escape into the gas phase. Only 36% of the ejected
atoms are captured by the buckled empty dangling bo
of the adjacent Ga atom at the dimer vacancy.

The complete Ga-site selectivity of Br2 adsorption on
the As-rich GaAs(001)-s2 3 4d surface at low coverages
is consistent with a theoretical study. This study show
that Cl2 dissociation over an As-As dimer is an activate
process while Cl2 dissociation over an As-As dimer
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vacancy is a barrierless and exothermic reaction [1
We have used a simple molecular orbital argument
explain the complete Ga-site selectivity and the branchi
between abstractive and dissociative adsorption of B2
on different Ga sites of the As-rich GaAs(001)-s2 3 4d
surface. This argument may also be used to interp
the Ga-site selectivity of Cl2 (or Br2) on the GaAs(001)
and GaAs(110) surfaces [2,4–6], and of H atoms on t
GaAs(001)-cs2 3 8d surface [3].
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