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The surface bonding arrangement in nearly all the confirmed reconstructions of InAs(001) and
GaAs(0 0 1) have only two types of hybridization present. Either the bonds are similar to those in the bulk
and the surface atoms are sp> hybridized or the surface atoms are in a tricoordinated bonding arrange-
ment and are sp? hybridized. However, dicoordinated In atoms with sp hybridization are observed on the
InAs(0 0 1), In-rich, room temperature and low temperature surfaces. Scanning tunneling microscopy
(STM) images of the room temperature (300 K) InAs(0 0 1) surface reveal that the In-rich surface recon-
struction consists of single-atom rows with areas of high electron density that are separated by ~4.3 A.
The separation in electron density is consistent with rows of undimerized, sp hybridized, In atoms,
denoted as the B3'(4 x 2) reconstruction. As the sample is cooled to 77 K, the reconstruction spontane-
ously changes. STM images of the low temperature surface reveal that the areas of high electron density
are no longer separated by ~4.3 A but instead by ~17 A. In addition, the LEED pattern changes from a
(4 x 2) pattern to a (4 x 4) pattern at 77 K. The 77 K reconstruction is consistent with two (4 x 2) subunit
cells; one that contains In dimers on the row and another subunit cell that contains undimerized, sp
hybridized, In atoms on the row. This combination of dimerized and undimerized subunit cells results
in a new unit cell with (4 x 4) periodicity, denoted as the B3(4 x 4) reconstruction. Density functional
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theory (DFT) and STM simulations were used to confirm the experimental findings.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Due to its high electron mobility (30,000 cm?V~!s™!), InAs is a
potential channel material for III-V metal-oxide-semiconductor
field effect transistors (MOSFETSs) [1]. Formation of a defect-free
oxide-InAs interface is a key challenge in InAs MOSFET develop-
ment. During the growth of the gate oxide layer using techniques
such as molecular beam epitaxy (MBE) or atomic layer deposition
(ALD), the InAs surface may be exposed to oxygen [2,3]. Since oxy-
gen has been shown to cause defects and Fermi level pinning on
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other III-V surfaces [4-6] it would be preferable to find an InAs
surface that is relatively unreactive to oxygen. The InAs(00 1)-
(4 x 2) surface has been shown to have very low reactivity to
molecular oxygen [7] making it a viable potential starting template
for subsequent ALD or MBE growth in MOSFET fabrication. How-
ever, the In-rich InAs(00 1) surface reconstruction is not well
understood, and having an atomic understanding of the clean sur-
face is critical. A clear understanding of the surface structure al-
lows for the analysis of defects, expands the knowledge base of
semiconductor surfaces, and aids in the development of new and
specific chemistry.

Since InAs and GaAs have similar chemical properties, it might
be assumed that the (4 x 2) reconstruction of the two semiconduc-
tors would be the same. However, scanning tunneling microscopy
(STM) images of the two surfaces differ dramatically. Despite the
differences in STM images between InAs(001)-(4 x2) and
GaAs(001)-(4 x 2) reconstructions [4,6,8-11], some computa-
tional studies still propose that the InAs structure is the {(4 x 2)
[11,12] reconstruction that has been well documented for GaAs.
Both of the theoretical studies that conclude the InAs(4 x 2) struc-
ture was the {(4 x 2) reconstruction did not employ STM for com-
parison to the structural model, and one study did not compare the
B3 model to other structures they proposed. Other studies have
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proposed different (4 x 2) structures that include the o(4 x 2)
[8,9], B2(4 x 2) [12], and B3(4 x 2) [4,10,13]. These structures
along with four other possible (4 x 2) reconstructions [02(4 x 2),
o3(4 x 2), B(4 x 2), and S(4 x 2)] are shown in Fig. 1. Although
numerous studies have attempted to determine the InAs(00 1)-
(4 x 2) reconstruction, the majority focused either on experimen-
tal determination [4,8,13] or computational determination
[11,12,14] of the surface but did not employ both techniques. In
addition, many of the computational studies only considered a
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Fig. 1. Ball-and-stick diagrams of the possible structures for the InAs(0 0 1)-(4 x 2)
reconstruction. The red boxes denote the unit cells of each reconstruction. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

small subset of the possible (4 x 2) reconstructions and none of
the experimental procedures involved cryogenic experiments.

Experimental and computational studies were employed to
determine the room temperature (300 K) and low temperature
(77 K) reconstructions of the In-rich InAs(0 0 1) surface. Detailed
room and low temperature STM images of the clean surface re-
vealed that neither reconstruction was an identical match to the
possible (4 x 2) structures shown in Fig. 1. The 300 K STM images
identified that the most probable InAs(00 1)-(4 x 2) reconstruc-
tion was similar to the B3(4 x 2) structure. However, instead of
having row In atoms that were dimerized, the row In atoms were
undimerized, thereby making it the B3’(4 x 2) structure. The
B3'(4 x 2) structure consists of rows of sp hybridized, dicoordinat-
ed In atoms which run in the [1 1 0] direction. As the sample was
cooled from room temperature to 77 K, low energy electron dif-
fraction (LEED) revealed that the sample underwent a spontaneous
and reversible change in surface periodicity from a (4 x 2) recon-
struction to a (4 x 4) reconstruction. STM images confirmed that
the real space periodicity of areas of high electron density changed
from ~4.3 A to ~17 A. LEED and STM findings suggested that the
77 K surface reconstruction results from the combination of two
(4 x 2) unit cells; one subunit cell being a B3(4 x 2) unit cell and
the other subunit cell being a B3'(4 x 2) unit cell. This results in
a new unit cell with (4 x 4) periodicity denoted as the B3(4 x 4)
reconstruction. Density functional theory (DFT) calculations were
performed to confirm the experimental findings.

2. Experimental and computational techniques

Experiments were performed in two different UHV chambers
that were both equipped with a LEED and an STM. One chamber
housed a Park Scientific VP STM while the other chamber housed
an Omicron LT STM. Images taken with the Omicron STM are la-
beled within the text of the paper. In addition, the Omicron ma-
chine was capable of taking STM images at both 300 K and 77 K.
As,-capped InAs(00 1) samples were grown offsite via MBE on
epi-ready wafers and then were transferred into one of the UHV
chambers. The samples were then thermally decapped to produce
the In-rich InAs(0 0 1) surface by different procedures in the two
STM chambers. In the Park Scientific VP STM chamber, the wafers
were decapped by performing ramping cycles to ~450 °C as previ-
ously described.[15] In the Omicron LT STM chamber, the wafers
were decapped by radiantly heating the sample via a PBN sample
stage heater as described previously.[7] In both chambers, after
the decapping procedure was complete, LEED was used to verify
the surface periodicity, after which the samples were transferred
into the STM for analysis. Both LEED and STM data from each
chamber show that both preparation methods produce the identi-
cal B3'(4 x 2) reconstruction of the InAs(00 1) surface at room
temperature. Atomically resolved STM images were recorded at
both 300 K and 77 K with the Omicron machine.

Other STM studies of decapped InAs(00 1) have been per-
formed and revealed similar room temperature (4 x2) STM
images. In addition, no other (4 x 2) reconstructions have been
seen by this group or published by other groups for thermally dec-
apped samples. The authors concede that other (4 x 2) reconstruc-
tions may be possible on non As-capped MBE grown samples;
however, there are no published STM studies on in situ grown
(4 x 2) reconstructions. Therefore, the focus of this paper will be
on the reconstructions that correlate to current and previous
STM studies on decapped samples.

DFT calculations were used to confirm and interpret the exper-
imental results. Plane wave (periodic boundary) calculations were
performed using the Vienna ab-initio simulation package (VASP)
code on double slabs (two (4 x 2) unit cells) [16-19]. The current
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study employed a nine-atomic-layer slab which has pseudo-hydro-
gen atoms with a charge of 1.25 e~ terminating the bottom layer.
In order to preserve the bulk-like properties of the system, the bot-
tom three layers of the slab, along with the pseudo-hydrogen
atoms, were frozen in the bulk position. In addition, thirteen layers
of vacuum were used to minimize interactions between the top
and bottom of the slabs. Calculations were performed using the
Perdew-Burke-Ernzerhof (PBE) [20] variant of the general gradient
approximation. Atoms were modeled using projector augmented
wave (PAW) [21,22] potentials as supplied by VASP. A 2 x 4 x 1
Monkhorst-Pack k-point sampling scheme was employed which
resulted in the generation of 4 irreducible k-points in the first Brill-
ouin zone. The plane wave cut off energy was set to 500 eV. The
relaxation criteria were set to terminate the calculations once the
forces were below 0.05 eV/A.

3. Experimental results and discussion
3.1. 300 K In-rich InAs(0 0 1) reconstruction

A large scale (450 A x 450 A) 300 K STM image of the clean In-
rich (4 x 2) reconstruction is shown in Fig. 2a. The image shows
bright, long straight rows that run in the [1 1 0] direction. The rows
are separated by ~17 A and have a thickness of ~7 A. The effects of
sample bias on the STM images were also explored. The bias-
dependent images showed that the trough structure is more read-
ily resolved in empty state images than in filled state images, as
was noted by other groups [4,13]. The STM results allow for the
elimination of many of the proposed real space (4 x 2) structures
(Fig. 1).

Although InAs and GaAs have similar chemical properties and
both have group-III rich (4 x 2) reconstructions on the (00 1) sur-
face, the real space {(4 x 2) structure for the GaAs(001)-(4 x 2)
[11,14,23,24] surface is inconsistent with the InAs(00 1)-(4 x 2)
STM images. Comparing the STM images from GaAs and InAs stud-
ies reveal that the GaAs(0 0 1)-(4 x 2) reconstruction has thicker
rows than the (4 x 2) reconstruction on InAs(0 0 1). Furthermore,
the periodicity of the trough structure on the {(4 x 2) reconstruc-
tion in the [1 1 0] direction is only ~4.3 A instead of the ~8.5 A ob-
served in the STM data from this study. Therefore the {(4 x 2)
structure can be eliminated as a possible reconstruction for the
InAs(0 0 1)-(4 x 2) surface.

One of the physical attributes of InAs(0 0 1)-(4 x 2) STM images
are straight rows which do not zigzag. This implies that the recon-
struction cannot have multiple, nearly degenerate structures. An
example of a structure with two nearly degenerate reconstructions
is the 02(4 x 2) reconstruction. For the a2(4 x 2) reconstruction as
shown in Fig. 1, the In dimer can either occur on the top portion of
the row or the bottom portion of the row. Since the structures are
energetically degenerate, the experimental surface would contain a
distribution of the sites, causing the rows to appear to zigzag in
STM images [25]. Since all of the reconstructions in the “o” series
[0(4 x 2), a2(4 x 2), and a3(4 x 2)] contain nearly degenerate
reconstructions, all of the o reconstructions can be eliminated as
possible real InAs(0 0 1)-(4 x 2) structures.

Atomically resolved STM images of the trough region (Fig. 2b)
on the In-rich InAs(0 0 1) reconstruction reveal the experimental
periodicity in the bright trough regions is ~8.5 A. In addition, the
STM image clearly shows double dimers in the trough region.
The information gleaned from the trough structure allows for the
elimination of two other structures, the p(4 x2) and the
B2(4 x 2) reconstructions. The B(4 x 2) reconstruction would be
expected to have trough spacing of ~4.3 A instead of the ~8.5 A
experimentally observed; in addition the B(4 x 2) structure has
no dimers in the trough region. Whereas, the 2(4 x 2) reconstruc-
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Fig. 2. (a) 450 A x 450 A large scale STM image (Vs=-2V, It=0.5nA) of the
InAs(001)-(4 x 2) surface. (b) 50A x 50 A atomically resolved STM image
(Vs=-1.5V, It=0.05nA). (c) Line scan corresponding to the black line on the
STM image revealing that areas of increased electron density are separated by
~4.3 A. (d) Ball-and-stick diagram of the p3'(4 x 2) reconstruction.

tion has only 1 dimer in the trough as opposed to the double di-
mers that are seen experimentally.

The remaining two structures, the f3(4 x 2)and S(4 x 2), can be
distinguished from each other by examining row thicknesses. The
experimentally observed rows on InAs(001)-(4 x 2) are only
~7A wide. The GaAs(001)-(2 x4) surface is very well
documented to have double As dimer rows, which image ~9 A
wide in STM [26]. Since the InAs rows are thinner than the
GaAs(001)-(2 x 4) rows, this suggests that the (4 x 2) structure
has rows which are a single dimer wide. This is further supported
by a comparison of the InAs and GaAs lattice constants. The lattice
constant of InAs is larger than the lattice constant of GaAs by about
0.4 A [27]. If the InAs(0 0 1)-(4 x 2) reconstruction had the identi-
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cal double dimer row configuration of the GaAs(001)-(2 x 4)
reconstruction, the bright row would appear even thicker in STM
images for InAs, which was not found experimentally. Although
the S(4 x 2) reconstruction only has a single dimer row, the row
As dimers are aligned in the [110] direction; therefore, the As filled
dangling bonds point into the trough. This would cause the rows
on the S(4 x 2) reconstruction to appear wider than a structure
that contained double dimers which run in the [11 0] direction.
Therefore, the most probable structure from Fig. 1 is the
B3(4 x 2) reconstruction.

Atomically resolved STM images indicate that the InAs(00 1)-
(4 x 2) reconstruction deviates slightly from the expected fully
dimerized B3(4 x 2) reconstruction. Figs. 2b and ¢ show an atomi-
cally resolved STM image along with a line scan down the length of
one of the InAs(00 1)-(4 x 2) rows scanned by the Omicron sys-
tem. The line scan reveals that regions of high electron density
are periodic and occur every ~4.3 A. However, for the fully dimer-
ized B3(4 x 2) reconstruction one would expect areas of high elec-
tron density to occur every ~8.5 A. Therefore, the experimental
data suggests that instead of the rows consisting of In dimers, they
are comprised of undimerized In atoms. Fig. 2d shows a ball-and-
stick diagram of the undimerized B3(4 x 2) structure (denoted as
the B3'(4 x 2) reconstruction).

The bonding environment of the row In atoms on the p3(4 x 2)
and B3'(4 x 2) surfaces are drastically different. On the B3(4 x 2)
surface each In atom is bonded to one other row In atom and
two second layer As atoms. This results in sp? hybridized row In
atoms. IlI-V semiconductor surfaces typically only have surface
atoms which are either sp? or sp® hybridized. However, if the In
atoms are undimerized, as in the case of the B3'(4 x 2) reconstruc-
tion, the row In atoms form bonds to two second layer As atoms,
causing the row In atoms to be sp hybridized. In an sp hybridized
system, the As-In-As bond angle should ideally be 180°. Therefore,
examining bond angels of the DFT simulated B3/(4 x 2) surface can
further confirm the hybridization of the reconstructed surface
atoms.

Similar to the GaAs(001)-c(2 x 8)/(2 x4) reconstruction
[28,29], the location of the trough dimer/dimers in neighboring
rows results in two different reconstructions being present on
the InAs(0 0 1) surface. If the trough dimers are aligned in neigh-
boring rows, the structure is called the InAs(00 1)-(4 x 2) recon-
struction. However, if the trough dimers are shifted by half of a
unit cell distance in the [1 1 0] direction, the result is trough di-
mers in neighboring rows that do not align. This gives rise to a
reconstruction that is referred to as the InAs(0 0 1)-c(8 x 2) struc-
ture. Since both structures will have the same bonding environ-
ments and electronic properties, only the (4 x 2) structure will
be discussed from here on out.

3.2. 300K In-rich InAs(0 0 1) reconstruction

As the InAs(0 0 1)-(4 x 2) surface is cooled from 300K to 77 K, a
spontaneous and reversible surface reconstruction change is ob-
served. LEED images taken at 300 K and 77 K are shown in Fig. 3.
In the 300 K LEED image (Fig. 3a), each row of diffraction spots is
separated by one less well-resolved diffraction streak. In the 77 K
LEED image (Fig. 3b), the rows of diffraction spots are separated
by three diffraction streaks. This is consistent with the surface
reconstruction changing from a (4 x 2) reconstruction to a
(4 x 4) reconstruction.

The STM images also change as the InAs(0 0 1)-(4 x 2) surface is
cooled to 77 K. Fig. 4a shows a 450 A x 450 A image of the surface
at 77 K obtained on the Omicron system. The 300K and 77 K
images have many similarities such as identical trough structures,
single atom-width rows, and no degenerate structures. However,
there are two major differences between the row structures that

Fig. 3. LEED images of the In-rich InAs(0 0 1) surface (a) at 300 K and (b) at 77 K.
Showing a change in surface periodicity from a (4 x 2) reconstruction at 300K to a
(4 x 4) reconstruction at 77 K.

can be seen from the atomically resolved STM image, Fig. 4b. First,
the line scan (Fig. 4c) of the atomic atomically resolved STM image
reveals that the full width at half-maximum of the areas of high
electron density along the [1 1 0] direction change from ~2 A at
300K, to ~8-10 A. This is consistent with the row structure chang-
ing from single In atoms at 300K to an In dimer at 77 K. Second,
the periodicity of the areas of high electron density along the
[11 0] direction also changes from ~4.3 A at 300K to ~17 A at
77 K, as shown in Figs. 2c and 4c respectively. The spacing between
the areas of high electron density is consistent with a structural
change from a (4 x 2) reconstruction to a (4 x 4) reconstruction.
At 77 K, it is possible that physisorption of ambient gas in the
UHV system (such as H,0, CO, and hydrocarbons) occurs on the
semiconductor surface. However, this is not believed to result in
the change of surface reconstruction for several reasons. First,
physisorption does not tend to be site-specific, as would be re-
quired for a physisorbate-induced ordered reconstruction. Second,
no STM tip-induced migration of physisorbed species was ob-
served during scanning. Third, the partial pressure of gasses within
the UHV chamber that are condensable at 77 K is only about
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Fig. 4. (a) 450A x 450 A STM image (Vs=-2.7V, It=0.1nA) of the In-Rich
InAs(001) surface at 77K. (b) 33 A x33A atomically resolved STM image
(Vs=-2.2V, It=0.05nA). (c) Line scan corresponding to the black line on the
STM image revealing that areas of increased electron density are separated by
~17 A. (d) Ball-and-stick diagram of the p3(4 x 4) reconstruction.

1 x 107'2 Torr, and would require several days to reach 1 ML cov-
erage, assuming a sticking probability of unity. Fourth, the change
in reconstruction is reversible. In sum, the data supports that the
change in reconstruction upon cooling from 300 K to 77 K is solely
due to the change in temperature and not condensation of
contaminants.

At 77 K, the spacing between areas of high electron density
along the rows in the [1 1 0] direction is ~17 A. Based on the bulk
InAs lattice parameter, four In atoms could be accommodated per
surface unit cell in the [1 1 0] along the row. In addition, the trans-
formation from the (4 x 2) to the (4 x 4) surface reconstruction is
reversible, therefore, both the (4 x 2) and the (4 x 4) surface
reconstructions must have the same number of surface In atoms.
Since the 300 K (4 x 2) reconstruction has four row In atoms per
17 A, the In-rich 77 K InAs(0 0 1) reconstruction must also have

four row In atoms. Moreover, since the areas of high electron den-
sity are ~9 A long (length of areas of high electron density vary
from 8 A to 10 A depending on the image), two of the In atoms
must be dimerized. Since the trough structure visually remains
the same for the 300 K and 77 K images it is not necessary to ana-
lyze the trough region in the same detail as the row structure.

The height of the row In atoms is dependent on whether the In
atoms are dimerized or undimerized. As discussed previously, an
undimerized In atom on the row would form one bond each to
two second layer As atoms in the [110] direction (consistent with
sp hybridization), which would result in a planar 180° bond angle.
Dimerized In atoms, however, would be expected to have a differ-
ent bonding geometry. In that case the row In atom must bond to
two second layer As atoms in addition to an In atom on the row.
Since the dimerized In atoms are bonded to three other atoms
and have no filled dangling bonds, they would be expected to be
sp? hybridized. This ideally would result in a planar structure with
120° bond angles. If this ideal structure existed, the height of
dimerized and undimerized atoms would be the same. However,
simple geometry calculations based on the dimensions of the InAs
bulk unit cell reveal for an ideal bonding angle, the In dimer bond
distance would be ~1.8 A. The covalent radius of In is 1.63 A, there-
fore, the ideal In-In bond length is 3.26 A [30]. In order to increase
the In dimer bond length and reduce overlap in electron density,
the In atoms must be forced up out of the plane, causing the bond
angles to deviate from 120°. This would cause the dimerized In
atoms to image higher in STM images than the undimerized In
atoms in the row. Therefore, the most likely low temperature
InAs(0 0 1) reconstruction is one which has four row In atoms with
one pair being dimerized and the other pair of In atoms being undi-
merized as shown in Fig. 4d. This structure is referred to as the
B3(4 x 4) reconstruction. Further exploration of this bonding con-
figuration is performed using DFT.

4. Computational results and discussion
4.1. 300 K In-rich InAs(0 0 1) reconstruction

The experimental results strongly suggest that the InAs(00 1)-
(4 x 2) reconstruction observed at 300 K is the B3'(4 x 2) structure.
DFT was used to simulate both the B3(4 x 2) (Fig. 5a) and the
B3'(4 x 2) (Fig. 5b) reconstructions. In addition, a highly distorted
B3'(4 x 2) structure (referred to as the p3/(4 x 2) alternative struc-
ture), Fig. 5¢, is also identified.

Fig. 5 shows the different fully relaxed reconstructions along
with the corresponding energies relative to the B3(4 x 2) structure.
The lowest-energy structure is the 3’(4 x 2) alternative structure
(Fig. 5¢). The B3'(4 x 2) alternative structure has trough dimers
with large distortions, even though the structure is fully relaxed.
However, experimentally, trough dimer distortions are not ob-
served at 300 K. It is possible that the trough In dimers are buckled,
but flip between buckled positions so rapidly that the trough di-
mers appear flat in STM images. The flipping dimer phenomenon
has been seen on other semiconductor surfaces containing buckled
dimers. However, on those surfaces frozen buckled dimers can be
seen near defects [31-33]. No frozen trough buckled dimers has
ever been observed on the 300 K or 77 K In-rich surfaces.

The discrepancy between the computations and the experi-
ments may result from the periodic boundary conditions required
by slab computations. It is possible that the B3'(4 x 2) alternative
structure is the most energetically favored structure if an infinite
line of distorted troughs dimers could form. Defects and step edges
interrupt the trough dimers, which prevents this from occurring on
real surfaces. Therefore, the 3'(4 x 2) alternative structure will be
discarded as a possible structure.
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Fig. 5. Top-down (top) and side views (bottom) of the (a) B3(4 x 2), (b) B3'(4 x 2),
and (c) B3'(4 x 2) alternative structures computational slabs. Only the top three
atomic layers are shown for clarity.

The major difference between the p3'(4 x 2) structure and the
B3(4 x 2) structure is the bonding environment of the row In
atoms. As discussed previously, the row In atoms are dimerized
in the B3(4 x 2) structure; therefore, the row In atoms should be
sp? hybridized. However the bond angle should be expected to
be slightly larger than the ideal 120° for sp? hybridized system in
order to accommodate the In-In bond. Computationally the As-
In-As bond angle is found to be 142° (Fig. 6a) confirming that
the out of plane buckling is necessary to relieve strain. Conversely,
the row In atoms are undimerized in the p3/(4 x 2) reconstruction
- therefore, they should be sp hybridized. This would result in an
As-In-As ideal bond angle of 180° which is in agreement with
the bond angle of 179° calculated using DFT (Fig. 6b).

Changes in the hybridization of the surface In atoms should re-
sult in changes in the STM images. In the B3(4 x 2) reconstruction,
the row In atoms are positioned higher than the As atoms at the
edge of the row (see side-view Fig. 5a). Conversely, the p3'(4 x 2)
structure has In atoms that are sp hybridized, which results in In
atoms that are positioned in the same plane as the row edge As
atoms and are lower than in the p3(4 x 2) structure (see side-view
Fig. 5b). Moreover, the In dimers have enhanced brightness in STM
images since the electron density in the dimer bond is more readily
imaged in filled state STM images. The B3’(4 x 2) structure does
not have this electron density originating from the In dimer bond-
ing orbitals resulting in attenuated tunneling from the In row.

a [3(4%2)
sp? Hybridized
Ideal Computationally
Single . .
Bonds 120° 142°
b B3'(4x2)
sp Hybridized
Ideal Computationally
Double s &
Bonds )l80 L (%

@In Q As

Fig. 6. Ideal and computational bonding angles for the (a) B3(4 x 2) and (b)
B3'(4 x 2) reconstructions.

Tersoff and Hamann STM simulations were calculated in order
to compare the DFT results with the experimental findings [34].
Filled and empty state STM simulations of the f3(4 x 2) and the
B3’(4 x 2) reconstructions are presented in Fig. 7a and b, respec-
tively. Filled state STM simulations of the B3(4 x 2) reconstruc-
tion have prominent features from the row In dimer. Due to
the height difference between the row In atoms and the row
edge As atoms, very little electron density from the As atoms
is observed. Filled state STM simulations of the p3/(4 x 2) recon-
struction have prominent features from the row edge As atoms
because the row In atoms and the row edge As atoms are at
the same height. In empty state STM simulations of both the
B3(4 x 2) and B3'(4 x 2) structures, the majority of the electron
density results from the row In atoms. However, the B3(4 x 2)
structure has In dimers and the B3'(4 x 2) structure has undi-
merized In atoms. Therefore, the spacing in row-charge-maxima
is ~8.5 A for the p3(4 x 2) structure and ~4.3 A for the p3'(4 x 2)
structure. Experimentally, only charge maxima with ~4.3 A peri-
odicity have been observed at 300 K. Therefore, the B3'(4 x 2)
STM simulation correlates more with the experimental findings
at 300 K.
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Filled State
B3(4x2) / p3'(4x2)

« w 63308888

Empty State
B3(4=2)/ P3'(4+2)

Fig. 7. (a) Filled state STM simulations of the 3(4 x 2) (top left) and the B3'(4 x 2)
(top right) reconstructions. (b) Empty state STM simulation of the B3(4 x 2)
(bottom left) and the B3'(4 x 2) (bottom right) reconstructions.

The B3'(4 x 2) structure is only marginally (—0.16 eV per unit
cell) more stable than the B3(4 x 2) structures, therefore, DFT the-
ory predicts that both structures should be present on the surface
at 300 K. However, only the B3'(4 x 2) reconstruction is observed
in STM experiments at 300 K. Several explanations can be given
for differences between theory and experiments. First, it is possible
that the surface is rapidly converting between the p3'(4 x 2) and
B3(4 x 2) structures. If the conversion was fast enough, the STM
images would be a super-position of the two structures, making
the images appear as solely the p3'(4 x 2) reconstruction. Second,
DFT does a poor job of calculating electronic structures of narrow
band gap semiconductors such as InAs [35]. The electronic struc-
tures of the InAs slabs show a significant overlap between the con-
duction band and the valence band. This overlap likely causes
deviations between the calculated ground state and the actual
ground state of the system. Therefore, it is possible that the atomic
placements are slightly askew, leading to higher than normal er-
rors in the energy. These errors may be significant enough to alter
the energy difference between the two structures.

4.2. 77 K InAs(0 0 1)-(4 x 4) surface

Experimental results strongly suggest that the reconstruction at
77 K is the B3(4 x 4) reconstruction. Fig. 8 shows top-down and
side views of the DFT calculated B3'(4 x 2) and B3(4 x 4) structures
and their relative energies. The relative energies reveal that the
B3(4 x 4) slab is less stable than the B3'(4 x 2) slab by 0.04 eV,
which is in the error range of DFT and therefore, insignificant.

a B3'(4x2) b
E=-032eV

p3(4x4)
E=-028cV

YV PY oYY

@In O As

Fig. 8. Top-down (top) and side views (bottom) of the (a) B3'(4 x 2) and (b)
B3(4 x 4) structures computational slabs. Only the top three atomic layers are
shown for clarity.

p3(4<4)

Filled State Empty State

LR meeten
AP W W

[110]

Fig. 9. Filled state (left) and empty state (right) STM simulations of the B3(4 x 4)
reconstruction.

STM simulations of the p3(4 x 4) reconstruction are shown in
Fig. 9. The row structure in both the filled and empty state images
is dominated by areas of electron density that are separated by
~17 A. These areas of charge maxima result from the row In di-
mers. The row In dimers sit higher on the row than the undimer-
ized In atoms and have electron density in their dimer bonds.
Therefore, they appear brighter (higher) in STM images. This is
consistent with the experimental results.

Although computationally the B3(4 x 4) structure and the
B3'(4 x 2) structure are energetically degenerate, experimental re-
sults acquired at 77 K reveal the existence of only of the B3(4 x 4)
structure, which indicates that it is the most stable structure. The
difference between theory and experiment could result from po-
tential errors in calculated ground states associated with narrow
bandgap semiconductors as previous discussed.

5. Conclusion

STM images accompanied by DFT calculations identify the
300 KInAs(0 0 1)-(4 x 2) reconstruction as the B3'(4 x 2) structure.
The B3/(4 x 2) reconstruction has undimerized sp hybridized row
In atoms. As the surface is cooled from 300 K down to 77 K, the
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reconstruction spontaneously and reversibly changes from the
B3'(4 x 2) reconstruction to the B3(4 x 4) reconstruction, which
has both dimerized, sp? hybridized row In atoms, and undimerized,
sp hybridized In row atoms. Both the B3'(4 x 2) reconstruction and
B3(4 x 4) reconstructions have sp hybridized surface atoms which
is atypical for IlI-V surfaces.
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