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The initial stages of oxidation of the In-rich InAs(0 0 1)-(4 � 2)/c(8 � 2) surface by molecular oxygen (O2)
were studied using scanning tunneling microscopy (STM) and density functional theory (DFT). It was
shown that the O2 dissociatively chemisorbs along the rows in the [1 1 0] direction on the InAs surface
either by displacing the row-edge As atoms or by inserting between In atoms on the rows. The dissocia-
tive chemisorption is consistent with being autocatalytic: there is a high tendency to form oxygen chemi-
sorption sites which grow in length along the rows in the [1 1 0] direction at preexisting oxygen
chemisorption sites. The most common site size is about 21–24 Å in length at �25% ML coverage, repre-
senting 2–3 unit cell lengths in the [1 1 0] direction (the length of �5–6 In atoms on the row). The auto-
catalysis was confirmed by modeling the site distribution as non-Poisson. The autocatalysis and the low
sticking probability (�10�4) of O2 on the InAs(0 0 1)-(4 � 2)/c(8 � 2) are consistent with activated disso-
ciative chemisorption. The results show that is it critical to protect the InAs surface from oxygen during
subsequent atomic layer deposition (ALD) or molecular beam epitaxy (MBE) oxide growth since oxygen
will displace As atoms.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

As complementary metal-oxide-semiconductor (CMOS) tech-
nology approaches the 22 nm node, new channel materials may
be included in metal-oxide-semiconductor field effect transistors
(MOSFETs) in order to improve device performance while decreas-
ing the average feature sizes. InAs is being investigated for III–V
MOSFETs using high-j dielectrics (Al2O3) [1]. InAs is also used as
a channel layer in III–V HEMTs due to its high electron mobility
and the ease of growing InAs on wider band gap substrates such
as InP using lateral overgrowth molecular beam epitaxy [2].

In ALD, most gate oxides are deposited using water, peroxides,
or alcohol as the oxidant [3,4]. Oxidants tend to bond to group III
atoms on III–V semiconductors since the group III metal atoms
are good electron donors and oxidants are good electron acceptors.
Nearly all III–V surfaces have tricoordinated group III atoms, which
can make single bonds to oxidants. Dissociative chemisorption of
H2O on III–V surfaces would produce hydroxyl, which can be ex-
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pected to form single bonds to the group III atoms on the surface
with little substrate lattice disruption at low temperature and
low coverage. Conversely, oxygen atoms nearly always make two
bonds. Therefore, dissociative chemisorption of O2 creates surface
oxygen atoms that may displace substrate atoms in order to form
multiple bonds to the surface metal atoms even at 300 K. During
MBE or ALD growth of gate oxides, oxygen may be present in the
process environment and so it is essential to understand the reac-
tion of oxygen with the materials involved in transistor fabrication.

The focus of this study is the reaction of molecular oxygen with
the group III-rich InAs(0 0 1)-(4 � 2)/c(8 � 2) surface. The (2 � 4)
series of reconstructions for InAs(0 0 1) closely resembles the
(2 � 4) series of surface reconstructions for InGaAs(0 0 1) [5] and
the same nomenclature is employed. These include the As-rich
b2(2 � 4) and a2(2 � 4) reconstructions, which are stable at lower
temperatures and contain arsenic dimers on the 1st row of the sur-
face. The b2(2 � 4) structure is more stable at higher As overpres-
sure [6,7]. At higher temperatures and lower arsenic flux, a
transition to the In-rich (4 � 2)/c(8 � 2) reconstruction is observed
[8,9] which consists of In rows along the [1 1 0] direction separated
by �17 Å. The In-rich (4 � 2)/c(8 � 2) reconstruction has a trough
structure that contains two In dimers per unit cell, as shown in
Fig. 1. Studies have shown that InGaAs exhibits In surface segrega-
tion, which may mean that the InGaAs(0 0 1) surface layer is al-
most pure InAs(0 0 1) [10–12]. InGaAs(0 0 1)-(4 � 2)/c(8 � 2) is
being extensively investigated for use in III–V MOSFETs [13–15],
016/j.susc.2009.04.036
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Fig. 1. The b30(4 � 2) surface reconstruction of InAs(0 0 1). The rows in the [1 1 0]
direction consist of In chains and the trough features contain two In dimers per
surface unit cell. (a) Filled state STM image (�1.50 V, 50 pA, 260 � 260 Å) and
detailed inset. (b) Detail of the transitional defect, ‘‘T”. (c) DFT ball-and-stick
diagram of the InAs(0 0 1)-(4 � 2) surface. The experimental results reproduce the
main features shown in the DFT ball-and-stick diagram.
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but since InAs(0 0 1)-(4 � 2)/c(8 � 2) is nearly identical to InG-
aAs(0 0 1)-(4 � 2)/c(8 � 2), it is ideal for atomistic studies of sur-
face reactions since it exhibits much better long-range surface
order. Furthermore, InAs has a simpler unit cell compared to InG-
aAs for DFT simulations.

For dissociative chemisorption of O2, electron density from the
substrate is likely donated to the incoming oxygen molecule. This
process has been shown to occur for the reaction of O2 on transi-
tion metal surfaces [16–18]. In these cases, an O�2 or O2�

2 molecu-
larly chemisorbed species is formed via electron donation from
the metal surface, which precedes dissociative chemisorption.
The donation of electron density to O2 upon the chemisorption
on Si(0 0 1) surfaces has also been shown to occur [19,20] and
it is postulated that the density would occupy the p* antibonding
orbital of the O2 molecule prior to dissociative chemisorption
[21], initiating the breaking of the oxygen molecular bond. The
overall process on InAs(0 0 1)-(4 � 2)/c(8 � 2) is likely very similar.
It has been shown on the GaAs(0 0 1)-(2 � 4)/c(2 � 8) surface that
As dimers provide electron density for O2 dissociative chemisorp-
tion even though the final oxidation product on the surface is
insertion of O atoms into the As–Ga backbonds and subsequent
As displacement [22]. Oxidation of the As-rich GaAs(0 0 1)-
(2 � 4)/c(2 � 8) and GaAs(0 0 1)-(6 � 6) surfaces by molecular oxy-
gen proceeds via the displacement of surface arsenic atoms, lead-
Please cite this article in press as: J.B. Clemens et al., Surf. Sci. (2009), doi:10.1
ing to surface Fermi level pinning [23,24]. This is consistent with
Ga2O3 being more thermodynamically stable than arsenic oxides.
For reaction of InAs(0 0 1) with O2, In2O3 is also expected to be
the most thermodynamically stable oxide [25,26]. Therefore, it
can be expected that oxidation of the InAs(0 0 1)-(4 � 2)/c(8 � 2)
surface proceeds via a similar mechanism whereby the O2 is ini-
tially attracted to the electron density at the nearly filled (empty)
surface As (In) dangling bonds, then proceeds to form more ther-
modynamically stable In–O bonds, potentially displacing surface
arsenic.

InAs(0 0 1)-(4 � 2)/c(8 � 2) has no surface As dimers so disso-
ciative chemisorption on this reconstruction is expected to be
highly activated. The b30(4 � 2) reconstruction is shown in Fig. 1.
This surface reconstruction has only the row-edge As atoms as
electron-donor sites [27]. Tricoordinated surface In atoms or sp-
hybridized dicoordinated In atoms of the b30(4 � 2) reconstruction
of InAs(0 0 1) would be expected to have nearly empty dangling
bonds based on simple electron counting models [28]. Existing
experiments on other InAs surfaces support this hypothesis. The
InAs(0 1 1) surface has no As dimers [29,30] and exhibits an initial
sticking probability of less than 10�5 for molecular oxygen [31].
Studies of the low temperature oxidation of InAs(0 0 1) have
shown that the anion-rich surface, or the (4 � 2) reconstruction,
is much less reactive to molecular oxygen that the cation-rich sur-
face, or the (2 � 4) reconstruction [32]. Since there are no surface
As dimers on InGaAs(0 0 1)-(4 � 2)/c(8 � 2) or InAs(0 0 1)-(4 � 2)/
c(8 � 2), these surfaces are more likely to be optimal for the start-
ing template for ALD of gate oxides.
2. Methods

2.1. Experimental setup

Experiments were performed in a UHV chamber with a base
pressure of 2 � 10�11 Torr. The chamber was equipped with an
Omicron low temperature scanning tunneling microscope (STM)
and an Omicron SpectraLEED low energy electron diffractometer.
Highly doped 300 nm thick InAs layers were grown by collabora-
tors offsite by MBE on commercially available InAs substrates.
The doping concentration was 1 � 1018 cm�3 for both n-type and
p-type wafers, using either Si or Be as dopants. The InAs samples
were protected with a 60–80 nm thick amorphous As2 capping
layer for transport. After transfer into the UHV analysis chamber,
the InAs samples were degassed at 200 �C for 3 h and then heated
to 380 �C for 2 h to desorb the As2 capping layer. The desired
InAs(0 0 1)-(4 � 2)/c(8 � 2) reconstruction was obtained by
increasing the substrate temperature by 0.2 �C s�1 to 450 �C and
holding for 10 min. Surface periodicity was confirmed using LEED
and STM. Oxygen dosing was performed in situ at 20–25 �C through
a UHV leak valve at pressures from 2 � 10�8 to 2 � 10�6 Torr. Some
STM images were acquired during O2 dosing to differentiate oxy-
gen-induced sites from defect sites on the InAs(0 0 1)-(4 � 2)/
c(8 � 2) surface and to observe the evolution of the oxygen chemi-
sorption sites with increasing O2 exposure. Additional STM images
were obtained in the absence of O2 after background dosing by O2.
Filled state STM images were acquired at �1.50 V to �2.00 V sam-
ple bias relative to the electrochemically etched W tip. The con-
stant-current images were taken at a tunneling current setpoint
of 100 pA.

2.2. Computational details

The experimental results were confirmed with density func-
tional theory (DFT) calculations. The Vienna ab-initio simulation
package (VASP) code was used with plane wave calculations and
016/j.susc.2009.04.036
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periodic boundary conditions [33,34]. A slab consisting of nine
atomic layers was employed with termination on the bottom sur-
face by H atoms with a charge of 1.25 e�. The bottom three layers
of the slab, along with the H atoms were frozen in the bulk position
in order to preserve the bulk properties of the system. The vacuum
consisted of thirteen layers, which minimized the interaction of the
top and bottom layers of the slab. The calculations were performed
with the Perdew–Burke–Ernzerhof (PBE) [35] variant of the gener-
alized gradient approximation (GGA) and the atoms were modeled
using the projector augmented wave (PAW) [36] potentials that
were supplied with VASP. The generation of four irreducible
k-points in the first Brillouin zone was achieved by using
2 � 4 � 1 Monkhorst–Pack k-point sampling scheme. The plane
wave cutoff energy was 500 eV and the criteria for full relaxation
and termination of the calculations was when the forces were less
than 0.05 eV/Å. VASP was used for geometry relaxations and
adsorption energies.

To verify the autocatalytic dissociative chemisorption, a Monte
Carlo simulation of the site size distribution for O2 on InAs(0 0 1)-
(4 � 2)/c(8 � 2) was developed using MATLAB, version 7.4.0
R2007a. A numerical simulation of the number of available chemi-
sorption sites for O2 was created that represented the number of
available sites on the InAs(0 0 1)-(4 � 2)/c(8 � 2) surface observed
in STM. Only In-row chemisorption sites were allowed because O2

sticking in the trough was not observed. Initial chemisorption sites
were chosen randomly and given a weighted probability for the
relative sticking coefficient, 0 6 s 6 1. For s = 1, the simulated sites
resulted from a single oxygen molecule impinging on the InAs sur-
face and reacting at that location with the chemisorption of a sin-
gle O atom. Other factors, such as the sticking probability of
impinging O2 molecules adjacent to already-oxidized sites, were
considered and are described in Section 3.2. The sites were ana-
lyzed by measuring their lengths and developing an average distri-
bution of O chemisorption site lengths over 100 or more
simulations. The weighted sticking probability allowed for tailor-
ing different site-length distributions. These results were com-
pared to an equivalent area of the real oxidized surface.

3. Results and discussion

3.1. Experimental results

The clean surface of InAs(0 0 1)-(4 � 2)/c(8 � 2) has been im-
aged using STM by other researchers [8,9,37], but new features
have been observed recently [27]. The main features of the
InAs(0 0 1)-(4 � 2)/c(8 � 2) are rows of In atoms along the [1 1 0]
direction and trough regions in between the row features that con-
Fig. 2. The InAs(0 0 1)-(4 � 2)/c(8 � 2) surface after oxidation by O2 at a dose of �500 L. (
image under the bright-site imaging condition. STM images (440 � 440 Å) acquired at �
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tain two In–In dimers per unit cell in the 3rd atomic layer. The
rows are spaced 17.2 Å apart, and the trough dimer-to-dimer dis-
tance in the [1 1 0] direction is 8.6 Å. This structure is shown in
Fig. 1 and is called the b30(4 � 2) reconstruction of the InAs(0 0 1)
surface. The c(8 � 2) periodicity arises from the superposition of
(4 � 2) unit cells, with the shift of ½ unit cell (or 4.3 Å) in the
[1 1 0] direction between neighboring (4 � 2) regions. The shift ini-
tiates at the trough-region defects called transitional defects, or
‘‘T”, as shown in Fig. 1b [9].

Upon imaging the O2 dosed InAs(0 0 1)-(4 � 2)/c(8 � 2), two
major types of In row oxygen adsorption sites are observed: dark
cuts in the In row or grouped bright protrusions atop the In row,
as shown in Fig. 2. The STM images in Fig. 2 shows InAs(0 0 1)-
(4 � 2)/c(8 � 2) after 500 L of O2. Depending on STM tip conditions,
either one type of site or the other is observed, but not both con-
currently. Modification of STM image contrast due to tip function-
alization is a common phenomenon [38–41]. Excess arsenic
leftover from the capping/decapping procedure and adsorbed oxy-
gen are both present on the InAs surface. Either excess As or O
atoms could cause a functionalization of the tungsten tip consis-
tent with the observed adsorption site image contrast reversal.

Sticking was absent in the trough regions for these O coverages,
verified when high resolution tunneling conditions were acquired.
The sticking probably was estimated by counting the number and
sizes of adsorption sites on the surface from the STM images. From
each of the images in Fig. 2, the sticking probability was estimated
to be 1.3 � 10�4. A sticking probability of �1.6 � 10�4 was mea-
sured from STM data from a repeated experiment. The measured
sticking probability is slightly higher than the sticking probability
for the cleaved InAs(0 1 1) surface measured by MacRae and
coworkers [31]. However, the (0 1 1) surface of InAs is more polar
than the (0 0 1) surface of InAs, and it contains no In–In bonds nor
dicoordinated In atoms.

3.1.1. The dark-site imaging condition
The most common O2 chemisorption sites seen in STM under

the dark-site imaging condition after �500 L exposure on
InAs(0 0 1)-(4 � 2)/c(8 � 2) are shown in Fig. 3a–c. These sites
appear as cuts in the In rows in the [1 1 0] direction and are labeled
as single, double, and triple cuts. At these exposures, the most
common O dark site has a length along the row of about 21–24 Å
(a double cut). This corresponds to a distance equivalent to 2.5–3
unit cell lengths in the [1 1 0] direction, or the length of 5–6 In
atoms along the row.

STM images in dark-site conditions were acquired during the
oxidation of the InAs surface as shown in Fig. 4. The initial oxida-
tion site forms after about 20 L of exposure to O2 at a pressure of
a) Filled state STM image under the dark-site imaging condition. (b) Filled state STM
2.0 V, 100 pA.

016/j.susc.2009.04.036



Fig. 3. Detail of the O2 chemisorption sites observed in STM with the dark-site
imaging condition. (a) The single cut site. (b) The double cut site. (c) One of several
larger cut sites.

Fig. 4. The evolution of a single oxidation site on the InAs row under dark-site
imaging condition. The 52 � 35 Å filled state STM images (�2.0 V, 100 pA) were
taken during continuous oxidation (O2 background pressure = 2 � 10�8 Torr). (a)
Before the O2 dose. (b) Same area of surface after O2 dose of 20 L. (c) Same area of
surface after 50 L O2 dose. (d) The line scan data for Fig. 4a (black), Fig. 4b (red), and
Fig. 4c (blue). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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2 � 10�8 Torr and has a measured length of about 12 Å (Fig. 4b).
After 50 L of total O2 exposure, the reaction site increases in length
to about 24 Å (Fig. 4c). The line scans along these sites in Fig. 4d
show the evolution of oxygen chemisorption. Using filled state
STM images of the clean surface, the apparent height difference be-
tween the top of the In row and the top of the In–In dimer in the
trough is about 1.5 Å. At submonolayer coverages of O2, the dark
cuts in the filled state STM image appear to have a depth of 1.5–
2 Å below the row height (slightly deeper than the trough).

The experiments are consistent with the initial oxygen sites on
the In row of the InAs(0 0 1)-(4 � 2)/c(8 � 2) surface acting as
nucleation centers for further chemisorption of molecular oxygen.
The site length of �24 Å remained unchanged in length until a final
dose of 150 L. The 24 Å site length correlates to the most common
length of observed sites in large scale images after even higher
exposures of up to 500 L; therefore, it is hypothesized that the
24 Å site is the most stable oxidation sites for these conditions.
Please cite this article in press as: J.B. Clemens et al., Surf. Sci. (2009), doi:10.1
The smallest site observed after O2 exposure is �4 Å long and
this could be due to a single O atom. If oxygen chemisorption takes
place on the surface in a random non-autocatalytic fashion, it
would have Poisson spatial distribution; therefore at low coverage,
the number of single sites would be the greatest, followed by dou-
ble sites, and then triple sites, etc. Since O2 dissociates into pair of
O atoms, one might expect the double site to be most common.
This is indeed observed experimentally that few small �4 Å sites
are seen. However, STM images reveal that the greatest number
of sites have an apparent length of �24 Å. This strongly suggests
that there is an energetic stability in forming adjacent oxygen sites
for more than two O atoms.

3.1.2. The bright-site imaging condition
When the other imaging condition is observed, the O2 chemi-

sorption sites are imaged as bright protrusions. The protrusions
show three main types of sites occurring: the ‘‘pyramid,” the ‘‘dou-
blet,” the ‘‘quad” sites shown in Fig. 5a, b, and c, respectively. Lar-
ger sites also occur more infrequently, but the shapes of these sites
vary greatly. The pyramid site has an apparent length of 27 Å and
an apparent height of 1.0–1.2 Å from the center of the site to the
top of the In row. The doublet sites are slightly taller with an
apparent height of 1.1–1.3 Å and a length of 21 Å, including the
surrounding dark regions. The quad site consists of a cluster of pro-
trusions, with a height of 1.5–2.0 Å and a length of about 27 Å.

Oxidation during STM was also carried out under the bright-site
imaging condition. This allowed for the identification of initial O2

sites and their evolution under continued O2 exposure. The evolu-
tion of the oxidation of the InAs surface is shown in the filled state
STM images in Fig. 6. In Fig. 6a, the O2 exposure is 50 L and there
are two pyramid sites already present, labeled 1 and 2. After
150 L exposure, site 1 has developed into a doublet site while site
2 remains a pyramid site. In Fig. 6c, the O2 exposure is 550 L. Site 1
remains a doublet, site 2 appears to have developed into a doublet-
like state, and there are two new pyramid sites, labeled 3 and 4.
Fig. 6d was acquired after the O2 exposure reached its final value
016/j.susc.2009.04.036



Fig. 5. Detail of the O2 chemisorption sites observed in STM with the bright-site
imaging condition. (a) The pyramid site. (b) The doublet site. (c) The quad site.
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of 1020 L. In this image, site 3 has now evolved from a pyramid to a
doublet, site 1 remains a doublet, site 2 remains doublet-like, and
site 4 remains a pyramid. The pyramid sites are the first STM evi-
dence of O2 chemisorption, and they almost always evolve into
doublet sites. It was not observed that a doublet site evolved into
a pyramid site under O2 exposure.

The initial oxygen chemisorption site observed on InAs(0 0 1)-
(4 � 2)c/(8 � 2) under the dark-site imaging condition was shown
to be the In row single cut in Figs. 3a and 4b. It is reasonable to as-
sume that the equivalent in the bright-site imaging condition is the
pyramid site. Additionally, the equivalent of the doublet in dark-
site imaging conditions would most likely be the double cut site
shown in Figs. 3b and 4c. The pyramid and the doublet have very
similar lengths in STM of 24 Å and 21 Å, respectively. However,
the single cut and double cut sites have lengths of 13 Å and 22 Å,
respectively. The ‘‘pyramids” consist of a more prominent center
circular area and two flanking, less prominent areas that appear
less well defined. The development of the pyramid site into the
doublet site involves little change in the overall length of the site.
It involves creating another circular area of equal prominence and
adjacent to the original central feature in the pyramid. This is in
Please cite this article in press as: J.B. Clemens et al., Surf. Sci. (2009), doi:10.1
contrast to the dark-site imaging condition in which the site actu-
ally grows unidirectionally with further oxidation. This suggests
that the flanking features to the central prominence of the pyramid
site are electronic effects.

3.2. Site size distribution simulation

Since at high coverage, single or double sites are no longer the
most probable sites even for a Poisson spatial distribution, a Monte
Carlo simulation was performed to predict the distribution of oxy-
gen sites at the experimentally observed coverage. Fig. 7a is the
oxygen chemisorption site length distribution that results from
the experimental STM data from Fig. 2a. The same STM image is
shown in Fig. 7b. If an equivalent oxygen coverage is instead dis-
tributed randomly as single O sites, a Poisson spatial distribution
predicts a exponential-like decay of site sizes, with the maximum
number of sites being at the length of about 4 Å. The results of this
simulation are shown in the site length distribution in Fig. 7c, with
a pictorial representation in Fig. 7d. Fig. 7e comes from a weighted
simulation in which there was a greater probability for a new O
site to bond near a pre-existing site. The probability of sticking
to a site without any neighboring sites being occupied (an isolated
O chemisorption site) can be adjusted by applying a relative stick-
ing factor of 0–1. The relative sticking probability for an isolated
site was set to 0.10, while the relative sticking probability for an
adjacent (immediately next to an already-occupied site) was set
to unity or 1.00. This resulting O site distribution for weighted
sticking is represented pictorially in Fig 7f. It still does not match
the experimental distribution. The distribution in Fig. 7g results
from the attempted reproduction of the experimental data. The
clean surface relative sticking probability is set to 0.01 in this sim-
ulation and the adjacent-site sticking probability is set to unity.
There was also a soft limit on the length of sites that were gener-
ated. This was done by setting the relative sticking probability to
0.07 for all sites that would result in an overall site length of great-
er than 24 Å. The purpose of these parameters was to reproduce
the maximum from the experimental sets of data that all showed
the most common site size to be about 21–24 Å for the observed
coverage. The pictorial representation of this simulation is shown
in Fig 7h. This case reproduces most closely the experimental data.
It gives a maximum at frequency ffi30 at a site length of about 24 Å.

This simple model allows one to estimate the relative difference
in sticking probabilities for the isolated versus adjacent oxygen
chemisorption sites. Although it does not represent the true stick-
ing probability of O2 on InAs(0 0 1)-(4 � 2)/c(8 � 2), it does show
approximately what the ratio of sticking probabilities should be
for isolated to adjacent sites. In the case for Fig. 7g–h, this ratio
is 0.01; specifically, the probability of chemisorption of oxygen to
isolated sites is approximately 100 times lower than for chemi-
sorption of oxygen adjacent to preexisting oxygen chemisorption
sites. The results for the weighted probability distribution can lend
insight to the relative activation energy barrier lowering during the
autocatalytic effect.

Assuming a simple one dimensional activated chemisorption
model for the O2 bonding to the InAs(0 0 1)-(4 � 2)/c(8 � 2) sur-
face, the energy barrier lowering for additional O2 chemisorption
to adjacent sites (autocatalytic effect) can be estimated. For O2

molecules impinging onto the InAs surface, the translational en-
ergy follows the flux-weighted Maxwell–Boltzmann (FWMB) dis-
tribution [42,43]. Only O2 molecules with enough translational
energy can overcome the activation barrier to chemisorption on
isolated sites. Since the experimental sticking probability is known
to be 10�4, this represents only the highest-energy 0.01% of the
impinging 300 K O2 molecules for the simple one-dimensional
model. Using integrated areas for a FWMB distribution, these O2

molecules have a translational energy of at least 0.30 eV. Sticking
016/j.susc.2009.04.036



Fig. 6. The evolution of several single oxidation sites on the InAs row with the bright-site imaging condition. The 90 � 90 Å filled state STM images (�1.50 V, 100 pA) were
taken during oxidation (O2 background pressure = 5 � 10�8 to 1 � 10�7 Torr). (a) InAs surface after 50 L. (b) Same area of surface after 150 L total dose. (c) After 550 L total O2

dose. (d) After 1020 L total O2 dose. The evolution from pyramid sites to doublet sites is evident on sites #1–3.
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to adjacent O adsorption sites was estimated to be about 100 times
greater than to isolated sites. This represents the O2 molecules
with the highest 1% of translational energy in the FWMB energy
distribution. Using integrated areas for a FWMB distribution, the
impinging O2 molecules would require translational energies of
at least 0.17 eV for bonding to adjacent sites. This represents an en-
ergy barrier lowering of 0.13 eV from O2 binding on isolated verses
adjacent sites of the InAs(0 0 1)-(4 � 2)/c(8 � 2) surface.

The barrier lowering could be due to the creation of charge
donation centers on the surface. If O2 chemisorption results in
As displacement, there would be under-coordinated As on the sur-
face. This excess As may become an electron donor to incoming
oxygen, thereby lowering the activation barrier to oxidation com-
pared to the clean surface. From the STM images, areas of high
charge density are seen, as in the case of the ‘‘protrusion” type
sites. These sites could offer enough easily accessible electron
density for the required 0.13 eV energy barrier lowering. Addi-
tionally, as the site sizes become larger, more bright areas are ob-
served in STM. Data from STM is a convolution of both geometric
and electronic effects. Therefore it is unknown whether the pro-
trusions are simply electron density from filled non-bonding orbi-
tals, or whether they result from displaced substrate atoms. In
either case, it is reasonable to assume that these sites would low-
er the activation barrier for oxidation. Displaced substrate atoms
can result in higher energy partially-filled orbitals. Also, if the pro-
trusions represent electron density in filled state STM images, that
electron density could be transferred to the HOMO of an incoming
O2 molecule. Both of these cases would lower the activation bar-
rier to oxidation.
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The combination of a highly exothermic reaction with a low ini-
tial sticking probability is consistent with a large activation barrier
for O2 dissociative chemisorption on InAs(0 0 1)-(4 � 2)/c(8 � 2).
Clustering of the chemisorption sites furthermore indicates that
either clustered sites are more thermodynamically stable or there
is an autocatalytic process which lowers the activation barrier to
O2 dissociation near existing O chemisorption sites. Since the
chemisorption is highly activated, it is likely that the autocatalytic
effect is due to differences in the activation barrier and not chemi-
sorption energy. However, the observation of a maximum in the
observed oxygen site length of 21–24 Å suggests a thermodynamic
effect.

3.3. Density functional theory results

DFT simulations were performed to model the chemisorption
sites. The DFT model for InAs(0 0 1)-(4 � 2) that was used in this
study represents two surface unit cells, as shown in Fig. 1. The dis-
tance in the [1 1 0] direction for the unit cell is only 17.2 Å, so it
was impossible to accurately reproduce the 21–24 Å sites seen in
STM. The DFT results show which sites are possible at the low cov-
erage, initial chemisorption stage due to these computational lim-
itations. STM simulations of the O chemisorption sites were
performed but were omitted since simulations of the full 24 Å sites
are impossible at the current computational limitations for this
model. In addition there is a well documented problem with DFT
underestimating the band gaps of semiconductors and insulators
[44,45]. In the case of narrow band gap semiconductors such as
InAs, the band gap is predicted to be nonexistent. This results in
016/j.susc.2009.04.036



Fig. 7. Results for the Monte Carlo simulations and a comparison to the experimental data. (a) The experimentally observed distribution of site lengths from the data in Figs.
2a and 7b with a maximum at 7 (site length of � 24 Å). (b) The experimental STM image for the distribution in Fig. 7a. (c) The distribution of site lengths obtained from an
average of 100 simulations with a 1.00 sticking probability for all sites. (d) Results from one simulation using conditions described in Fig. 7c. (e) The distribution of site
lengths obtained from an average of 100 simulations with a 0.10 sticking probability to isolated sites and a 1.00 probability for sticking to adjacent sites. (f) Results from one
simulation using conditions described in Fig. 7e. (g) The averaged data of 100 simulations for a 0.01 sticking probability for isolated sites, a 1.00 sticking probability for
adjacent sites, and a sticking probability for sites greater than 24 Å of 0.07. (h) Results from one simulation using conditions described in Fig. 7g.
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mixing between the HOMO and LUMO states, which could lead to
inaccurate DFT STM simulations. This was reflected in the fact that
the empty state DFT STM simulation reproduced the filled state
experimental STM results.

There are three main types of oxygen binding sites on
InAs(0 0 1)-(4 � 2): arsenic displacement sites (Fig. 8a and b), In–
In insertion sites (Fig. 8c), and InAs2 displacement sites (Fig. 8d).
For the As displacement site, an oxygen molecule displaces the
Please cite this article in press as: J.B. Clemens et al., Surf. Sci. (2009), doi:10.1
row-edge As atoms on the 2nd atomic layer and the displaced As
atoms are assumed to form trough As–As dimers. The chemisorb-
ing O2 molecule can displace As atoms either on the same side or
opposite side of the row as shown in Fig. 8a and b, respectively.
For the In–In insertion sites, an oxygen atom inserts between the
In atoms along the row to form an In–O–In bond. For the InAs2 dis-
placement, an oxygen molecule displaces a row In atom and the
two row-edge As atoms to which it is bonded, leaving the O atoms
016/j.susc.2009.04.036



Fig. 8. The oxygen adsorption sites examined with DFT. (a) Double As displacement
on the same side of the row. (b) Double As displacement on opposite sites of the
row. (c) The In–In insertion site. (d) The InAs2 displacement site. These DFT ball-
and-stick diagrams show only the top 3 atomic layers of the simulated slabs and the
displaced atoms are not shown for clarity.
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in the sites previously occupied by As and a cut in the row; the dis-
placed InAs2 are assumed to form a pyramid site in the trough. The
displaced atoms are not shown in Fig. 8 in order to more clearly see
Table 1
Summary of the enthalpies of oxygen chemisorption on InAs(0 0 1)-(4 � 2). All energies
Energies are listed towards the right in order of increasing number of adjacent O adsorption
dimers in the trough region. In the last case, the InAs2 is displaced and inserts into two In

Adsorption site Fig. DHads 1st (eV) DHads 2nd (eV)

Same-side As
displacement

8a �1.40 �2.01

‘

Opposite-side As
displacement

8b �2.10 �1.94

In–In insertion 8c �1.77 �1.01

InAs2 displacement 8d �0.86 �0.66
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the resulting O chemisorption sites. It is important to note that the
O adsorption sites could have different apparent lengths in the
experimental STM images. For instance, a single O into the In–In
insertion site would appear about as long in the [1 1 0] direction
as two adjacent opposite side-of-row As displacements by 2 O
atoms. Either of these could correspond to the smallest 4 Å site ob-
served experimentally.

The number of consecutive insertion and displacement sites
was also examined. Using the slab model for InAs, it was possible
to model one, two, three and infinite insertion and displacement
sites. This is due to the size of the InAs slab, which contains two
surface unit cells, and the periodic boundary conditions. The DFT
calculations of the binding sites for O onto InAs(0 0 1)-(4 � 2) show
that there are a multitude of stable binding sites with exothermic
enthalpies of adsorption, ranging from �0.5 to �2.0 eV (see
Table 1).

The most reactive As atoms on the surface are those at the row
edge because they form only three bonds to the substrate, leaving a
dangling bond with electron density. Displacement can occur
either on the same side or the opposite side of the row. The As dis-
placement sites are shown to be thermodynamically stable, with
nearly degenerate energies, regardless of the number of As dis-
placements. The stability for all of the displacement sites is about
�2 eV per O. However, there is a slight trend towards greater sta-
bility with greater number of As displacements by O for displace-
ment on the same side of the row, as indicated in Table 1, row 1.
The single As displacement is stable by �1.40 eV and the stability
increases for the infinite displacement which is stable by �2.15 eV.
This trend supports the thermodynamic driving force for the for-
mation of large sites. However, As displacement on opposite sides
of the row shows no trend, with all sites energetically equivalent
within 0.28 eV as shown in row 2 of Table 1. Additionally, this site
would be less likely to occur than the same-side-of-row As
are per O atom and with respect to the O2 molecule and were determined via DFT.
sites. In the case of the 2 different As displacement sites, the displaced 2 As form ad-
dimer bonds across the trough in the [�1 1 0] direction.

DHads 3rd (eV) DHads Inf (eV)

�1.73 �2.15

�1.82 �1.91

‘ �1.01 �0.45

�0.52 �1.06
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Fig. 9. The proposed types of reactions for dissociative chemisorption of O2 on InAs(0 0 1)-(4 � 2)/c(8 � 2). Fig. 9 is not the result of DFT calculations. (a) The clean surface
before oxidation. (b) Oxidation is initiated via In-In insertion by O. (c) As displacement is activated by the In–O–In insertion. (d) The main types of chemisorption sites
incorporated into the stable 21–24 Å sites.

Fig. 10. The DFT ball-and-stick diagrams of the mixed O adsorption sites. (a) Four
As displacements and one insertion site, DHads = �1.98 eV. (b) Two As displace-
ments and two insertion sites, DHads = �1.73 eV. The displaced As atoms are not
shown for clarity. Energies are per O atom.
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displacement sites since an incoming O2 molecule would need to
deposit oxygen atoms on opposite sides of the row.

For the O insertion sites, DFT total energy calculations indicate a
trend towards lower stability with increasing site length. The
insertion of a single O atom between two row In atoms results in
a stabilization energy of �1.77 eV. For the next consecutive O
insertion, the stability drops to �1.01 eV per O atom. Finally, with
an infinite length O insertion the stability drops off to �0.45 eV per
O atom. The energy barrier for subsequent O insertion sites on the
In rows may still be lowered (autocatalysis), but there is a limit to
the energy gained by further oxidation for insertion sites. For these
reasons, the insertion sites would be expected to grow to some
limiting site length.

The displacement of an As–In–As group as shown in Fig. 8d is
not likely to occur. As shown in Fig. 2, there are two distinct STM
imaging conditions during the STM experiment, giving either the
‘‘cut” or the ‘‘protrusion” features. If an InAs2 group is displaced
from the surface, the existence of cut features in STM images could
easily be justified. However, an explanation of how protrusion sites
appear in the bright-site imaging condition would be difficult con-
sidering the removal of the top two atomic rows in the displace-
ment region. Additionally, the displacement of an InAs2 group
would probably be a very activated process.

It is reasonable to assume that displacement of As from
InAs(0 0 1)-(4 � 2)/c(8 � 2) is a more activated reaction than for
O insertion into the In row atoms. Displacement is usually a mul-
ti-step process that proceeds via one or more intermediate steps.
Additionally, the electron density at the In atoms on the
InAs(0 0 1)-(4 � 2)/c(8 � 2) rows is sterically more accessible by
incoming O2 molecules than the dangling bonds of the tricoordi-
nated As atoms in the second atomic layer along the In row. The
insertion site is probably the initial reaction site for oxidation of
the surface. However, only the first few O insertion sites are exo-
thermic by �1.0 eV or more, so further reaction is suggested via
As displacement. Arsenic displacement is stable by about �2 eV,
regardless of the number of consecutive adjacent displacement
sites.

The overall site size limit is about 24 Å and the autocatalytic
mechanism is initiated by insertion. After insertion into the In
row, it is suggested that the As displacement mechanism is ther-
modynamically favored and subsequent reaction can take place
via this route, probably resulting in the protrusions seen in
bright-site imaging condition. Arsenic atoms on the same side of
the row are the likely candidates for displacement. However, as
previously stated, the displacement reactions may be more highly
activated because displacement proceeds via one or more interme-
diate steps. Therefore, the sites being limited to 24 Å may be due to
an increase in activation barrier as one switches from insertion to
displacement sites even though displacement sites are more ther-
modynamically stable. This overall reaction concept is shown in
Fig. 9 in the ball-and-stick diagram. Although not a precise, verifi-
able mechanism, Fig. 9 illustrates what is believed to take place
during oxidation even though it does not include the stable 21–
24 Å site.

This proposed mechanism was also modeled by mixing the two
main proposed types of oxygen chemisorption sites. Two of the
Please cite this article in press as: J.B. Clemens et al., Surf. Sci. (2009), doi:10.1
DFT models used are shown in the ball-and-stick diagrams in
Fig. 10. In all cases the mixing of insertion and displacement sites
was a stable by almost �2.0 eV per O atom, consistent with the
proposed mechanism. There was no evidence for thermodynamic
limitations of mixing In–In insertion and As displacement sites
within the DFT model.

Since dissociative chemisorption of molecular oxygen likely
proceeds via transfer of electron density to the p* antibonding orbi-
tal of O2, it is possible that there is a low sticking probability on the
clean surface because there are no ½ filled dangling bonds. The
autocatalytic effect likely involves the creation of non-bonding
orbitals containing electron density that would be reactive towards
the O2 molecule. For example, if the As atoms do not dimerize upon
displacement, each As will have two half-filled dangling bonds and
should be reactive. The process is similar to what has been ob-
served on GaAs(0 0 1)-(2 � 4)/c(2 � 8), where the electron density
of the As atoms is the initial reaction site, but the oxidation results
in group-III to oxygen bonds [22,24].

4. Conclusions

Oxidation of InAs(0 0 1)-(4 � 2)/c(8 � 2) proceeds via the
chemisorption of O2 onto the rows along the [1 1 0] direction.
The sticking probability was measured to be very low, 1–
2 � 10�4 and the reaction sites tend to be large but finite in size.
Oxidation tends to nucleate at a single site and then expand auto-
catalytically to a size of 21–24 Å. This is consistent with bonding
along the In row, occupying about 5–6 In row atom spacings at
low oxygen coverage (<0.5 monolayer) and at 23 �C. Monte Carlo
simulations show that because the sticking probability is low, the
autocatalytic effect could be due to a very small reduction in the
activation barrier (0.13 eV) by oxygen-induced displacement of
substrate atoms. DFT simulations suggest the initial oxygen bind-
ing site is insertion into the In atoms on the rows in the [1 1 0]
direction, which is stable by �1.77 eV per O atom. However,
increasing the number of O insertion sites into neighboring In
atoms decreases the stability, consistent with DFT results. The sta-
bility of two neighboring row In–In insertion sites is already less
stable by 0.76 eV per O atom, limiting the length of the oxidation
sites. Further oxidation occurs by displacement of As atoms on
016/j.susc.2009.04.036
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the same side of the rows in the [1 1 0] direction and In–O bond
formation, which is stable by about �2 eV per O atom. Bright-site
imaging conditions for the largest oxidation sites show what is
most likely displaced As. The theoretical results confirm that the
growth of the In row insertion sites is ultimately limited by lower
stability with increasing length of oxidation sites. Since oxidation
of InAs(0 0 1)-(4 � 2)/c(8 � 2) proceeds via an autocatalytic fash-
ion, it is important to limit the amount of oxygen in ALD process
systems in order to avoid disruption of the surface lattice during
growth.
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