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ARTICLE INFO ABSTRACT

This study examines the reactive surface dynamics of GaAs(110) oxidation with molecular oxygen at room
temperature over a range of impinging kinetic energies. Visualization of the surface by scanning tunneling
microscopy (STM) after exposures to O, with kinetic energies of 0.4-1.2 eV provides morphological and kinetic
data that were obtained utilizing a novel instrument that combines a supersonic molecular beam with an in-line,
in-situ STM. Oxidation was found to proceed by two morphologically distinct, competing mechanisms: a spatially
homogeneous process with randomly distributed chemisorbed oxygen atoms leading to layer-by-layer oxide
growth, and a spatially heterogeneous process with oxides nucleating on structural surface defects and growing
vertically and laterally with continued exposure. Both oxidation mechanisms exhibit enhanced reactivity with
increasing kinetic energy. Only trace oxidation was observed with O, kinetic energies below 0.7 eV; a rapid
increase in the rate of oxidation from 1.0 to 1.2 eV was found with homogeneous and heterogeneous oxidation
proceeding simultaneously until full surface coverage was reached. In addition, the relative rates of the two
mechanisms appear to change with O, kinetic energy: spatially homogeneous oxidation is expected to dominate
at lower kinetic energies (< 0.7 eV) while the heterogenous growth of oxide islands increasingly dominates with
higher kinetic energies (=1.0eV). The results obtained in this study conclusively demonstrate that a hetero-
genous oxidation mechanism is activated on GaAs(110) at high O, kinetic energies, and reveal that thin oxide
layers can be achieved with higher efficiency at room temperature using molecular beams of oxygen. These
results provide vital information about the morphological evolution of the surface in conjunction with the
overall kinetics, and identify a controlled method of enhanced oxidation at moderate temperatures that could
potentially improve abruptness at oxide interfaces and be used in the fabrication of GaAs semiconductor devices.
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surface temperatures and clean environments to maintain surface
stoichiometry and reduce defects in the oxide film. A fundamental
understanding of the O,-GaAs interface is therefore required to probe
new oxidation pathways of the GaAs surface and to ultimately improve

1. Introduction

I1I-V compound semiconductors may be the key to developing ever-
faster electronic devices as silicon transistors reach their size limitations

[1]. GaAs represents one of the most promising semiconductor mate-
rials due to an electron mobility five times that of silicon and a high
radiation hardness valuable in aerospace and military applications such
as integrated circuits and solar cells for spacecraft [2]. The performance
and quality of gallium arsenide metal-oxide-semiconductor (MOS) de-
vices depends critically on the ability to create ultra-thin oxide films on
the substrate surface. Previous studies [3-10] on the oxidation of the
GaAs substrate have utilized aggressive conditions involving high-
temperature or electrochemical environments to overcome the low re-
activity of O, on GaAs under ambient conditions [11,12]. Ideally, en-
hancement of GaAs oxidation could be achieved using relatively low
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the processing and manufacturing of GaAs MOS devices.

In this paper, we present a marked enhancement of oxidation ki-
netics on the p-type GaAs(110) surface using impinging O, with high
kinetic energies and incident angles oriented normal or 45° to the
surface. We have utilized a unique approach to studying interfacial
reaction dynamics by visualizing the oxidation of a p-type GaAs(110)
surface at room temperature with energy- and angle-selected O, using a
combination of supersonic molecular beam and ultra-high vacuum
scanning tunneling microscopy (STM) techniques. This experimental
approach has been used previously to successfully answer questions
about the site-specific reactivity of O, on Si(111)—7 x 7 [13] and
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HOPG [14] surfaces. The combination of supersonic molecular beam
and STM techniques links time-evolving morphologies to reaction ki-
netics, providing spatio-temporal correlations that govern the reactivity
of surface reactions. By visualizing micrometer to sub-nanometer
length-scales over time as oxidation proceeds, we have monitored the
oxidation process from its initial phases to the formation of large-scale
oxides on the surface. These results demonstrate two simultaneous
oxidation mechanisms with distinct spatial distributions: the homo-
genous accumulation of randomly dispersed chemisorbed oxygen atoms
as well as the heterogenous nucleation of oxide islands near defects.

Molecular oxygen starts to dissociatively chemisorb on the GaAs
(110) surface at temperatures above 60K [15]. The initial sticking
coefficient for thermally dosed O, on a clean GaAs(110) surface is
2 x 10735, with oxygen initially adsorbing at a linear rate followed by a
quasi-logarithmic uptake with continued exposure [12]. Results from
AES and XPS studies indicate that the initial chemisorption
(~3 x 10°L; 1L = 10~ ® Torr sec) of O, is slow and only increases the
surface coverage to © = 0.05-0.1 depending on the amount of surface
defects present [16]. The main oxygen uptake onto the surface proceeds
via activated adsorption followed by field-assisted growth of an oxide
phase [17-20]; the formation of subsurface oxides is still disputed
[21-23]. Subsequent oxidation appears to be layer-by-layer [17,19] and
has been described by the Mott-Cabrera mechanism [24], a phenom-
enon in which an electric field assists the oxidation process via electrons
tunneling through the oxide film [20]. While the initial oxidation is
generally assumed to be spatially homogeneous across the surface,
there is some indication of spatially inhomogeneous oxidation with
oxide islands nucleating on defects [21,22].

Numerous AES and photoemission studies [25-30] have addressed
the bonding coordination of the adsorbed oxygen, with results in-
dicating varying bonding geometries during different stages of the
oxidation process. At high oxygen coverages, experimental [21-23] and
theoretical evidence [31] indicates O atoms are multicoordinated about
equally between Ga and As atoms. In the initial oxidation regime,
conflicting evidence supports preferential bonding to surface As
[26,32,33] and Ga [16,22,34,35] atoms, as well as bonding in bridge-
bond positions with coordination to both Ga and As [28,36]. Experi-
mental and theoretical studies on multiple GaAs(100) surfaces have
demonstrated that the bonding of oxygen to surface Ga atoms is ther-
modynamically favored over bonding to surface As atoms [37-39].

STM imaging of the clean GaAs(110) surface exhibits atom-selective
behavior in which positive sample biases with respect to the STM tip
(unoccupied surface state imaging) visualize the Ga atoms while ne-
gative sample biases (occupied surface state imaging) visualize the As
atoms [40]. Investigations using STM have demonstrated spatially
homogeneous oxidation with the stochastic appearance of scattered
oxidized sites on the GaAs(110) surface [36,41], while the spatially
heterogenous nucleation and growth of oxide islands has also been
observed by STM on the GaAs(100) surface [42]. The presence of
spatially homogeneous chemisorbed oxygen atoms on a p-type GaAs
(110) surface was found on defect-free terraces as shown by subsequent
imaging in the same ~ 225 nm? area after exposure, and the imaging
suggests that the chemisorbed oxygen sits in an interchain bridging site
aligned in the [110] direction with respect to the surface As atoms [36].
The chemisorbed O atoms demonstrate slight variations in topo-
graphical height and width with changes in imaging conditions but
always appear as small isolated protrusions on the surface with a lateral
size of 4-6 A at full-width half-maximum (FWHM) on a p-type sample.
This differs significantly from the delocalized nature of oxygen ad-
sorbates on an n-type sample that results from the negatively-charged
nature of the chemisorbed O atom, as opposed to the neutral adsorbates
on p-type samples [41,43]. Spatially heterogenous oxidation was ob-
served on a n-type GaAs(100) surface, with nucleation centers growing
to cover the surface in a manner similar to the oxidation mechanism
found on InP [42,44]. 100nm x 100nm STM images of the surface
with continued exposure to air revealed the nucleation of oxide islands,
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which grew laterally to cover the surface in a uniform oxide layer
~2nm thick. This stands in contrast with previous findings indicating
that GaAs oxidation is homogenous across the surface and proceeds
layer-by-layer.

The results of this paper will detail the reactive oxidation of a GaAs
(110) sample at room temperature using high kinetic energy impinging
O, while visualizing the corresponding morphological evolution of the
surface during exposures. By employing a combination of molecular
beam and STM techniques, we have explored the energetic barriers to
reaction using monoenergetic O, and have illustrated two kinetically
and morphologically distinct mechanisms of oxide growth: the hetero-
geneous nucleation and growth of oxide-islands at O, kinetic energies
=1.0eV, and the homogenous accumulation of randomly distributed
oxidized sites leading to layer-by-layer oxide growth. Characterization
of the kinetics and surface evolution of both modes of oxide formation
will be detailed, and a comprehensive overview of the high kinetic
energy oxidation of the GaAs(110) surface will be presented.

2. Experimental

The results reported here were obtained using a new UHV instru-
ment combining supersonic molecular beam and STM/AFM techniques.
The instrument is composed of a triply differentially pumped beamline,
a surface preparation/characterization chamber, and an SPM chamber
containing a variable temperature SPM based on the ultra-stable design
of Shuheng Pan, built in collaboration with RHK. As described in pre-
vious publications [13,14], the custom-built Pan STM has been de-
signed with the surface plane vertical such that the sample can be ex-
posed to the supersonic molecular beam with the STM tip still in
contact, and includes the capability for exploring variable angles of
incidence. This unique configuration and the high stability of the mi-
croscope allow given nanoscopic areas to be revisited after exposure to
the molecular beam, tracking the progression of surface oxidation over
time.

Supersonic molecular beams were generated by the expansion of a
5% 0,/95% He gas mixture through a 30 pm molybdenum pinhole at
pressures from 20 to 80 psi and nozzle temperatures ranging from 300
to 975K ( = 5%). The translational kinetic energy of the molecular
beam at each nozzle temperature was measured using time-of-flight
(TOF), and values of 0.38 + 0.04eV, 0.73 = 0.08eV,
0.97 = 0.15eV, 1.10 = 0.12eV, and 1.22 + 0.17 eV were found for
nozzle temperatures of 300, 575, 775, 875, and 975 K, respectively. The
uncertainty values in these energies represent the FWHM of each en-
ergy distribution. The molecular beam flux for all beam conditions was
on the order of 10'® O, molecules cm "2 s, as determined by the King
and Wells method [45]. The GaAs(110) sample was positioned in the
SPM chamber during exposures, with a 4 mm diameter beam spot on
the crystal. The sample was held at room temperature for all experi-
ments and the surface plane was oriented either normal or at 45° with
respect to the impinging beam. The kinetic energy of oxygen in each
beam therefore exceeds the thermal energy of the room temperature
surface by over an order of magnitude. Imaging was performed between
beam exposures. Same-spot visualization experiments, whereby the
same set of atoms could be revisited after exposure to high kinetic
energy O,, were completed by moving the STM tip laterally multiple
micrometers downrange (away from the O, beam) from the reference
area during each exposure to mitigate tip shadowing while keeping the
tip in contact with the surface. The STM tip was then moved back to the
reference area after the exposure and the set of reference atoms were
located using topographical markers on the surface. Only areas of the
sample with direct line of sight to the beam were reacted after ex-
posure, confirming that thermalized O, reflected from the STM tip and/
or chamber did not significantly affect the oxidation of the surface.

GaAs(110) crystals (p-type Zn-doped, VGF grown, MTI Corporation)
were used for all experiments, and were cut into approximately
5mm X 1lcm strips for appropriate fit onto the sample mounts.
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Fig. 1. A) 300nm X 300nm (—-2.8V, —0.6 nA), B)
40nm X 40nm (2.8V, 0.6 nA), and C) 20nm X 20nm
(—3.0V, —0.3 nA) STM images of representative clean GaAs
(110) surfaces obtained after multiple sputter/anneal cycles.
The terrace sizes and overall roughness of the surface are il-
lustrated in A), while the row structure can be seen running
horizontally (and slightly down moving left to right) across B)
and C), along with the presence of natural bright site defects.

Samples were cleaned in a UHV chamber (<5 X 10~ Torr base
pressure) by repeated cycles of ion sputtering at room temperature
using 0.5-1.0keV Ar* ions followed by subsequent annealing at
700K =+ 30K to form the well-ordered GaAs(110) surface [46-48].
The surface was heated by applying current directly through the sample
and the temperature was monitored using a Mikron infrared pyrometer
(e = 0.69) during the annealing process. An ion flux of ~7 uA/cm? was
measured during the sputtering cycles. STM images were taken using
etched or cut Pty glrg » tips.

3. Results and discussion section

A representative clean GaAs(110) surface as imaged by STM is
shown in Fig. 1, which was achieved after multiple cycles of ion sput-
tering with 0.5-1.0keV Ar* ions and subsequent annealing to ~700 K.
Fig. 1A demonstrates both the overall terrace size and topography of
the surface on a larger, mesoscopic scale. Fig. 1B and C illustrate the
row structure on the terraces, along with individual bright site surface
defects. The observed row structure in the nanoscopic images matches
the expected periodicity of the GaAs(110) surface, scales appropriately
with images of different sizes, and does not change with varying
scanning conditions.

No significant oxidation was observed with exposures up to
6 x 10'7 cm ™2 using O, with kinetic energies of 0.4 eV, while 0.7 eV O,
demonstrated only minimal surface oxidation. A critical threshold in
reactivity was reached around 1.0 eV, as shown in Fig. 2. After this
point, reactivity increased at a greater than linear rate with kinetic
energy, reaching a value at 1.2eV about four orders of magnitude
higher than what has been observed previously with background ex-
posure to room temperature oxygen [11]. The observed increase in
reactivity is likely due in large part to the activation of the
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Fig. 2. Overall reaction probability vs O, kinetic energy for exposure to oxygen
impinging normal to the surface with kinetic energies between 0.4 eV and
1.2 eV. Reactivity sharply increases after a critical threshold energy is reached
between 0.7 eV and 1.0 eV, showing a nonlinear relationship between O, en-
ergy and reactivity. The horizontal error bars are derived from the TOF mea-
surements at each beam energy to show the width of the distribution of O,
kinetic energies.

Fig. 3. A 400 nm x 400 nm STM image (—2.0V, —0.6 nA) of an oxide island
on a GaAs(110) surface after exposure to ~7 X 10'® cm ™2 of 0.7 eV kinetic
energy O, with a magnified image (200 x 200 nm; —2.0V, —0.6 nA) showing
a more detailed view of the same area. The topographical profile on the mag-
nified image demonstrates the corrugation and height of the oxide island.
Spatially heterogeneous oxidation creates patches of oxide that nucleate on
surface defects, such as the pit shown here, and grow laterally to cover the
surface with further oxygen exposure.

heterogenous oxidation mechanism with oxygen energies =0.7 eV. As
shown in Fig. 3, STM imaging has revealed the nucleation and growth
of “oxide islands” after exposure to ~7 x 10'® cm™2 of 0.7eV 0,
normal to the surface that appear to nucleate on or near pit defects. The
oxide islands have a height profile of ~5-10 A above the surface with
both positive and negative scanning bias, consistent with a thin oxide
film [49,50]. The oxide islands completely replace the row structure
seen on clean terraces and are morphologically distinct from the clean
GaAs(110) surface. Given that the surface in all cases was dominated by
such ~5-10A tall oxide islands, the reactivity shown in Fig. 2 was
calculated by approximating the fully oxidized surface as consisting of a
uniform 10 A thick sheet of B-Gay03, as any As,O3 formed at the in-
terface with GaAs is expected to react to form Ga,O3 and As [51]. This
10A thickness value represents an upper bound on the probable
thickness of the oxide layer at full coverage. Reaction probability per
impinging O, molecule, P, is then given by

_ 3 ]’l NApGazO3
2 Mga,0,P0,t

for oxide thickness h = 10A, density PGay05 Avogadro's number Ny,
molar mass Mgg,0,, Stoichiometric factor %, flux of impinging oxygen
®p,, and time to fully oxidize the surface t. The reaction probability is
therefore here defined as the ratio of the number of impinging O,
molecules that contribute to the 10A thick oxide layer to the total
fluence of O, molecules. This calculation allows a reasonable compar-
ison of relative reactivities in order to determine the effect of impinging
O, energy on the reactivity of the GaAs(110) surface.

Infrequent oxide islands grew to a maximum area on the order of
10* nm? with exposures up to 5 x 10'” ecm™~2 of 0.7 eV oxygen, and
cumulatively covered a very small percentage of the surface. At higher
energies (=1.0eV), the islands expanded laterally with continued ex-
posure until they consumed the entire surface. In some cases, islands
grew vertically as well as laterally, with STM visualization revealing the
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presence of tall, multilayer oxide islands spanning >1 pum in diameter,
such as the one shown in Fig. 4. The dramatic vertical growth of these
islands likely indicates multilayer/subsurface oxidation near intrinsic
large-scale surface defects (i.e. microfissures, dislocations, etc.) as pre-
viously suggested in the literature [22], which then cause the surface to
“blister” as a result of the lattice expansion resulting from the formation
of subsurface Ga,03 and/or As,0s. Fig. 5 shows the uplift of clean GaAs
terraces after exposure to 1.2 eV oxygen, possibly as a result of sub-
surface oxidation. This area of the surface is adjacent to a large-scale
surface defect, which comports with the idea that subsurface oxidation
occurs through the exploitation of deep surface fissures. This blistering
mechanism explains the vertical growth of the islands without the need
for mass transport of gallium and arsenic atoms, which at room tem-
perature would be too slow to represent a realistic possibility.

Using our unique ability to monitor a single nanoscopic area while it
is exposed to high energy oxygen, we have directly observed the growth
of oxide islands with exposure to 1.2 eV O, impinging at a 45° angle
(0.8 eV kinetic energy normal to the surface) as shown in Fig. 6, pro-
viding explicit evidence of the spatially heterogeneous oxidation me-
chanism. This figure illustrates representative examples of the spatially
heterogeneous growth of patches of oxide in otherwise clean areas on
the GaAs surface. Each set of images shows a single nanoscopic area as
it is exposed to oxygen, demonstrating spatially heterogeneous oxide
islands nucleating near defects and growing across the surface. There is
a sharp divide between oxidized and unoxidized areas in these images,
with the terraces not overtaken by oxide islands remaining clean. These
images demonstrate conclusively that the heterogenous oxidation me-
chanism is activated at high oxygen energies, with oxide islands nu-
cleating and growing laterally across the surface while surrounding
areas remain unoxidized.

STM imaging with a variety of different surface bias values indicates
that the observed elevation of the oxide islands is reflective of the
surface topography, not electronic effects. The exact coordination of the
chemisorbed oxygen atoms within the oxide cannot be determined by
STM, but due to the inherent instability of the GaAs-As,O3 interface, the
oxides are assumed to largely consist of Ga;Os; [51]. The observed
spatial heterogeneity suggests that the activated dissociative chemi-
sorption of the high kinetic energy O, is favored on intrinsic surface

Enlarged
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Fig. 4.A 1.2 pym x 1.2 pm image
(—2.8V, —0.6 nA) STM image of an
elevated oxide island on a GaAs(110)
surface formed after a total exposure of
~1 % 10'7 em™2 of O, with a kinetic
energy of 1.0eV. A 3D representation
of the STM image is shown at right to
emphasize the height and roughness of
-4 nm the oxide island. The high vertical ele-
vation of such islands may indicate
subsurface oxidation and “blistering” of
the surface.

19 nm

Fig. 5. Sequential STM images (—2.8 V, —0.6 nA) in the same
local area illustrating the elevation of clean terraces on a room
temperature GaAs(110) surface after exposure to 1.2eV O,
impinging 45° from normal to the surface. Two
400nm X 400nm images show the area after
3 x 10'®cm ™20, exposure (left) and after 5 x 10°cm ™20,
exposure (center). The morphological change is likely due to
subsurface oxidation and subsequent lattice expansion re-
sulting in the “blistering” of the surface. The magnified
200nm X 200 nm image at right highlights the raised terraces
seen in the middle image.

defect sites, consistent with previous findings [21,22]. Subsequent
three-dimensional oxide growth might then occur at these nucleation
sites, which would lead to the formation of the spatially heterogeneous
oxide islands. The results of this study conclusively demonstrate the
activation of a distinct heterogeneous oxidation process, adding to the
knowledge base on the oxidation of this important electronic material.

Although heterogenous oxidation is the dominant mechanism at
high oxygen kinetic energies, the homogenous mechanism was also
found to occur simultaneously, indicating competition between the two
mechanisms. Representative examples of a surface before and after
exposure to normal-angle 1.0 eV O, are shown in Fig. 7, with the ran-
domly distributed bright features corresponding to individual oxidized
sites [36]. An analysis of the x and y coordinates of the bright protru-
sions in seven 40nm X 40nm images of a surface exposed to
4 x 10'7 cm?® of 1.0 eV oxygen, including the one shown in Fig. 7B,
finds an average nearest neighbor separation of 2.2 = 0.1 nm, which
matches the separation of 2.2 + 0.1 nm expected for a stochastic
process once the presence of image boundaries is taken into con-
sideration [52]. The density of oxidized sites grows linearly with ex-
posure, as shown in Fig. 8 for exposure to 1.1 eV oxygen. The slope of
this plot corresponds to the reaction probability of the homogenous
mechanism at this oxygen kinetic energy. The linear trend therefore
indicates a constant reaction probability with exposure, suggesting that
in the low coverage limit, the homogeneous chemisorption of oxygen
atoms to the GaAs(110) surface does not affect the subsequent re-
activity of the surrounding surface sites. The spatially homogeneous
oxidation mechanism therefore represents a stochastic process in the
low coverage limit whereby oxygen molecules dissociatively chemisorb
on unreacted surface sites with a constant reaction probability. The
reaction probability of the homogeneous oxidation mechanism at
higher coverages could not be measured due to the complete con-
sumption of the surface in an oxide layer resulting from the kinetically
dominant heterogeneous oxidation process.

Measurements of oxide formation with oxygen impinging normal to
the GaAs(110) surface demonstrate that increasing O, kinetic energy
greatly enhances the reactivity of both the spatially heterogeneous and
homogeneous mechanisms of oxidation above the observed energy
threshold of 0.7-1.0 eV. The comparative kinetics for the heterogeneous
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and homogeneous oxidation mechanisms are plotted in Fig. 9 for im-
pinging O, energies from 1.0-1.2 eV; this plot demonstrates the strong
correlation for both mechanisms between impinging O kinetic energy
and the reactivity of a room temperature GaAs(110) surface. The het-
erogeneous reaction probability was calculated indirectly by sub-
tracting the contribution of the homogeneous mechanism from the
overall reaction probability. The figure demonstrates that the fast ki-
netics of the heterogeneous mechanism completely dominate surface
oxidation at O, kinetic energies =1.0eV. The homogeneous oxidation
reaction rate also increases with increasing O, kinetic energy, similar to
the heterogeneous reaction rate, but the values for the reaction prob-
ability of the homogeneous mechanism at each energy are 3-4 orders of
magnitude lower than those of the heterogeneous growth mechanism.
The dominant oxidation mechanism at high oxygen energies is there-
fore the heterogenous nucleation of oxide islands on surface defects that
grow laterally to consume the surface, outcompeting the homogenous
accumulation of oxidized sites and subsequent layer-by-layer growth.

4. Conclusions

The results of this study demonstrate the enhanced oxidation of a
room temperature GaAs(110) surface using impinging O, with high
kinetic energies (=1.0eV), representing an enhanced method of oxi-
dizing a GaAs surface at moderate temperatures. Surface dynamics and
energetic dependencies at the atomic scale were examined by

Clean

8 x 10%°cm™2

4x10Ycm™?
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Fig. 6. Multiple examples of sequential STM images (—2.8V,
—0.6n A) in which the same local area is revisited after each
exposure, directly demonstrating the growth of spatially het-
erogeneous oxide structures on a room temperature GaAs
(110) surface with exposure to 1.2 eV O, impinging 45° from
normal to the surface. Total exposures of O, are given above
each STM image. A) A sequence of 400 nm X 400 nm images
in a single area. B) A sequence of 300 nm X 300 nm images in
another area with longer exposures. Both A) and B) demon-
strate the emergence of spatially heterogeneous oxide patches
(seen as clusters of large bright features on the surface) while
nearby terraces remain largely unoxidized.

1.1 eV O, Homogeneous Oxidation
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Fig. 8. A reactivity plot demonstrating the increasing areal density of homo-
geneous oxidation sites on a room temperature GaAs(110) surface after con-
tinued exposure to O, with a kinetic energy of 1.1 eV. The slope of the linear fit
represents the probability of an O, molecule colliding with the GaAs(110)
surface and forming an individual bright protrusion as imaged by STM. The
linearity of the fit indicates that oxidized sites do not influence the reactivity of
the surface to subsequent oxidation in the low coverage limit.

monitoring the in-situ evolution of the GaAs(110) surface during ex-
posures to tightly controlled energy- and angle-selected O,. Increasing
the kinetic energy of the impinging O, dramatically increases the
probability for dissociative chemisorption, while also markedly altering

Fig. 7. STM images in different local areas of the surface, re-
presentative of the A) «clean GaAs(110) surface
(40nm X 40nm; —3.0V, —0.6 nA) and B) a surface after
exposure to ~4 x 10" em ™2 of O, with a kinetic energy of
1.0eV (40nm X 40nm, —2.0V, —0.6 nA). Comparison of
these two images demonstrates the difference in the density of
chemisorbed oxygen atoms (the bright protrusions) before and
after exposure to 1.0 eV O, as the surface undergoes homo-
geneous oxidation. The spacing between nearest neighbors
matches that of a stochastic process, indicating that the pre-
sence of the oxidized sites does not significantly affect the
reactivity of surrounding surface atoms.
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Fig. 9. A reactivity plot illustrating the O, impinging kinetic
energy dependence of the reaction probabilities of the het-

erogeneous and homogeneous oxidation mechanisms on a
room temperature GaAs(110) surface. The data show that the
reactivities of both mechanisms increase with oxygen kinetic
energy, and that the heterogeneous mechanism dominates
over the homogenous mechanism at each energy. The reaction
probability is plotted on a logarithmic scale on the y-axis, and
is calculated as the ratio of the number of individual bright
oxidized sites to the total number of O, collisions for the
homogeneous mechanism, and as the ratio of the number of
impinging O, molecules that contribute to a 10 A thick oxide
layer to the total fluence of O, molecules (minus the con-
tribution of the homogeneous mechanism) for the hetero-
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the morphology of the resulting oxides. Oxidation proceeds through [21
multiple competing mechanisms, with the dominant oxidation me-
chanism dependent upon the incident O, kinetic energy. While the 8599,
homogenous mechanism with randomly distributed oxidized sites [31
leading to layer-by-layer growth is expected to dominate at low oxygen
kinetic energies, at high kinetic energies the heterogenous mechanism 4l
dominates, with oxide islands nucleating on surface defects and
growing laterally and vertically. Results suggest that the oxide islands [5]
can be physically uplifted by subsurface oxidation that nucleates at 6] 22-26.
defect sites and induces lattice expansion that forces the surface to grow
vertically in a “blistering” fashion. Homogeneous oxidation was ob-
served occurring simultaneously but at a lower rate, resulting in the (7]
domination of the heterogeneous mechanism. The heterogeneous for- (8]
mation and growth of oxide islands was observed at all impinging O,
kinetic energies at or above 1.0 eV, with the reaction probabilities of (9]
both mechanisms increasing with oxygen kinetic energy. The results of
this study reveal spatio-temporal correlations that link the varying
oxidation kinetics on the GaAs(110) surface to specific surface
morphologies on a broad range of length scales. This provides new (101
insight into the initial oxidation stages of GaAs surfaces that is vital to [11]
better controlling oxidation during material processing, represents a
possible method of creating crucial ultra-thin oxide films with enhanced (12
efficiency at lower surface temperatures, and offers a potential route to pp. 353-376.
enabling a high degree of interfacial abruptness. A greater under- [13]
standing of the dynamics of GaAs oxidation holds the potential for new
techniques allowing passivation and modification of GaAs at moderate
surface temperatures for the effective manufacturing and optimal [14]
functioning of this high-performance semiconductor.
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