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Observation of Bulk Defects by Scanning Tunneling Microscopy and Spectroscopy:
Arsenic Antisite Defects in GaAs
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The scanning tunneling microscope is used to study arsenic-related point defects in low-temperature-
grown GaAs. Tunneling spectroscopy reveals a band of donor states located near E,+0.5 eV arising
from the defects. Images of this state reveal a central defect core, with two satellites located about 15 A
from the core. The structure of the defect is found to be consistent with that of an isolated arsenic an-
tisite defect (As on a Ga site) in a tetrahedral environment.

PACS numbers: 61.16.Ch, 61.72.Ji, 71.55.Eq

The ability of the scanning tunneling microscope
(STM) to resolve geometric structure on the atomic
scale, while also providing electronic spectroscopy, has led
to its wide applicability to problems involving both or-
dered and disordered surface structures. However, one
area in which the STM has found relatively little applica-
tion is in the study of bulk defects, that is, defects which
are grown into the bulk of the material and thus are not
surface specific [1]. Two reasons for this dearth of activi-
ty are that the number of bulk defects seen on a surface is
generally quite low, and that surface reconstructions will
often act to mask the presence of such defects. The first
problem can be alleviated by using specially prepared ma-
terial containing a very high density of defects, such as
the low-temperature-grown (LT) GaAs used in the
present work which contains about 1%10% cm ™3
arsenic-related point defects [2]. The second difficulty is
avoided on the (110) cleavage face of GaAs, in which no
reconstruction occurs (other than the well-known buck-
ling of the surface) and the surface dangling bonds lie in
energy outside of the band gap region. These favorable
properties of the GaAs(110) surface have been used to
advantage in numerous STM studies, including cross-
sectional studies of thin layers grown by molecular-beam
epitaxy (MBE) [3-5]. As demonstrated here for the first
time, STM measurements can directly yield the energy
levels and electronic structure of point defects—this in-
formation is especially significant for deep level defects
and defect complexes, whose structure is generally diffi-
cult to discern by other techniques.

In this work, thin layers of LT GaAs are studied by
cleaving the MBE-grown wafers in ultrahigh vacuum and
viewing the layers in cross section. Tunneling spectrosco-
py reveals a band of donor states located near E.+0.5
eV, arising from arsenic-related point defects in the ma-
terial. Images of these states reveal four types of struc-
tures. The structures are all interpreted as belonging to
the same type of defect, with the variation arising from
the location of the defect relative to the cleavage plane.
The images consist of a central defect core, with two sat-
ellites located about 15 A from the core. Based on the
observed number, symmetry, and spectroscopic properties

of the defects, it is concluded that they consist of an iso-
lated arsenic antisite (As on a Ga site), which is believed
to be the dominant point defect in the material [2]. The
observed satellites are interpreted as antisite wave-
function tails extending along (112) surface directions.

The LT GaAs layers, typically 1000 A thick, were
grown in a Varian Gen-II MBE system at a growth tem-
perature of 225°C. A cap layer grown at 350°C was
grown on top of the LT layer, and no subsequent anneal-
ing of the samples was performed. In addition to the
1%x10%° ¢cm ~? deep donor arsenic-related defects con-
tained in the material, shallow donors or acceptors were
also intentionally introduced. Three samples discussed
here have shallow dopant concentrations of n+(1x10"°
em~? Si), p*(1x10" cm ™ Be), and p*+(5x10"
cm ~3 Be). The samples are cleaved in the STM ultra-
high-vacuum chamber with a pressure of <4x10~!!
Torr. Single-crystal (111)-oriented tungsten probe tips
are used. Prior to use they are thoroughly cleaned by
electron-bombardment heating, and characterized by
field-emission microscopy. Descriptions of the STM
design, and spectroscopic methods, have been given previ-
ously [4,5].

Before presenting STM images of the arsenic-related
defects, we first discuss tunneling spectroscopy results.
Figure 1 shows typical spectra acquired from each of the
three types of samples described above (at least two sam-
ples of each doping type have been studied, and good
reproducibility is found). The spectra reveal tunneling
out of valence-band states at large negative voltages and
into conduction-band states at large positive voltages,
with the band edges denoted by E, and E., respectively.
These bands are separated by the bulk band gap of 1.43
eV. On a region of the LT layer, which is not on a point
defect, the spectra reveal zero current and conductance
within the gap. If the probe tip is positioned on top of a
point defect, then the spectra reveal large peaks within
the gap region as seen in Fig. 1. Focusing first on Fig.
1(a), we find a band of states centered near E,+0.5 eV,
and the Fermi level (0 V) is located above this band. The
location of this band is close to that for the donor states
of an arsenic antisite defect (the upper state is the well-
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FIG. 1. Tunneling spectra acquired from layers of LT GaAs
containing varying amounts of compensating shallow dopants.
The valence-band maximum (E,) and conduction-band
minimum (E.) are indicated by dashed lines in each spectrum.
An intense band of states, arising from arsenic-related defects,
appears within the band gap. The states of a bulk arsenic an-
tisite defect are shown in the upper part of the figure, relative to
the band edges of spectrum (a).
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known EL?2 level) [6], as shown in the top of Fig. 1 rela-
tive to the band edges of spectrum (a). The width of the
band we interpret as arising from Coulomb interactions
between neighboring arsenic-related defects (for a con-
centration of 1x102° cm ~3 their average separation is 22
A) and with the shallow dopants [7]. Moving to Figs.
1(b) and 1(c), we see that as shallow acceptors are intro-
duced into the material the Fermi level moves into the
band of deep defect states. Thus, these states are donors.
For spectrum (c), in which the Fermi level is roughly in
the middle of the deep defect band, a distinct minimum
in conductance forms at the Fermi level, indicating a gap
of about 0.4 eV in the state density. We interpret this
gap as arising primarily from the Hubbard U term (0.21
eV in the bulk) [8] separating the two donor levels of the
antisite defect, although contributions from the Coulomb
gap of the impurity band (0.1 eV in the bulk) [7] may
also be present.

In Fig. 2 we show STM images of the p* LT-GaAs
layer. These images are acquired with negative sample
bias, so that the background atomic corrugation arises
from the As sublattice of the GaAs. Numerous defects
are visible in the images, and these defects can be
classified into several types as labeled in Fig. 2. The larg-
est apparent defect is type A, and the next largest is type
B. Note the presence of two distinct satellites around the
type B defects, and these satellites can be faintly seen
around the type A4 defects as well. Other smaller types of
defects are labeled C and D in Fig. 2, and most unlabeled
defects in the images can be seen to fall within one of
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FIG. 2. STM images of the (110) cleaved surface of LT
GaAs, acquired with 0.1 nA tunnel current and at a sample
voltage of —2.0 V. Various point defects can be seen, and they

are classified as types A, B, C, and D as indicated.

these four classes. Images such as those shown in Fig. 2
have been obtained from five samples with various shal-
low dopant concentrations, each with different probe-tip
geometries, and the results for observed defect types and
the presence of the satellite features have been repro-
duced in each case. It is important to note that for imag-
ing of filled states near the band edge as in Fig. 2, the ap-
pearance of the defects is completely dominated by tun-
neling through the deep defect states. Voltage-dependent
imaging of the empty states, which do not include contri-
butions from the gap states, reveals a relatively unper-
turbed Ga sublattice in the vicinity of the defects, as
shown in Fig. 3. Thus, the defect images shown in Fig. 2
are, in essence, images of the deep defect states seen in
the spectra of Fig. 1.

In Fig. 4 we show expanded views of each of the types
of defects observed in Fig. 2. A clue to the origin of the
different types of defects can be obtained by noting the

1 nm

t 170

FIG. 3. STM image of identical surface regions, acquired at
sample voltages of (a) —2.0 and (b) +2.0 V. Defects of type
B and C are seen.
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FIG. 4. Expanded view of the defect images type A4, B, C,
and D. The cross hairs in the images are located on the Ga sub-
lattice (corrugation minimum) in (a) and (c), and on the As
sublattice (corrugation maximum) in (b) and (d), in accor-
dance with the model described in the text.

symmetry of the defects relative to the background As
sublattice. In particular, the type 4 defects are seen to
extend over an even number of rows in the [110] surface
direction [e.g., six rows between and including the satel-
lites as indicated by the arrows in Fig. 4(a)l, whereas the
type B defects extend over an odd number of rows [five
rows between and including the satellites as in Fig. 4(b)].
Similarly, the type C and D defects extend over an even
and odd number of rows, respectively (satellites are not
seen for these defects due to insufficient sensitivity, so the
arrows in Fig. 4 simply mark the neighboring unit cells
around the defect core). This type of even-odd symmetry
is precisely what occurs for a defect on a given lattice site
as one moves through consecutive higher-lying planes in
the (110) direction. Thus, we interpret all of the ob-
served images as arising from a single type of defect
structure in which the defect core is located in differing
lattice planes relative to the cleavage plane. This varia-
tion is, of course, to be expected for the present case of
bulk defects in the GaAs. Specifically, the image types
A, B, C, and D are interpreted as an arsenic-related point
defect located 0, 1, 2, or 3 planes (2.0 A spacing) below
the (110) cleavage plane. From the observed structure of
the type 4 images, the central core of the arsenic-related
defect is seen to reside on the Ga sublattice.

Given the above interpretation of the images in terms
of the depth of the defect core below the cleavage plane,
we can construct a geometric model for the defect struc-
ture, as shown in Fig. 5. As a reference we choose the
observed type B image, so that the defect core is in the
second layer below the surface. Since the dominant de-
fect in LT GaAs is known to be the arsenic antisite, and
the location of this defect on the Ga sublattice is con-
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FIG. 5. Geometric model for the structure of the observed
defect. Ga and As atoms in the first and second layers below
the (110) surface are shown. An antisite defect (Asca) is locat-
ed in the second layer. Arsenic atoms in several shells are la-
beled, with the observed satellite features corresponding ap-
proximately to the location of the 15th-nearest-neighbor (Asis)
arsenic atoms located 15.2 A from the antisite. The satellites
are located along [112] and [112] directions relative to the de-
fect one.

Asyg

sistent with our observations, we place the antisite, Asga,
in the second layer as shown in Fig. 5. All the defects ob-
served here possess a single (110) mirror plane passing
through the central Asga, as shown by the horizontal
dashed lines in Fig. 4. This is the only symmetry opera-
tion present on the (110) surface. If the defects them-
selves have lower than tetrahedral symmetry, then, as-
suming they are randomly oriented relative to the sur-
face, a fraction of the observed defects should violate this
(110) mirror reflection. Even if the defects tend to orient
themselves relative to the cleavage plane, we expect for
defect complexes with low symmetry that the cleavage
procedure will split some of the complexes, leading to a
greater diversity of images and spectroscopy than that
seen here. We conclude that the defects have tetrahedral
symmetry in the bulk.

With the central core of the arsenic-related defects
consisting of Asg,, the outstanding question concerning
the STM images is the origin of the observed satellites.
This is of particular interest for these defects which are
responsible for the EL?2 level, since they are known to
contain a central Asg,, but considerable controversy sur-
rounds the possibility of additional defects such as inter-
stitial arsenic being located near the antisite defect
[8-10]. The possibility that the observed satellites arise
from two (or more) additional defects can be excluded on
the basis of spatially resolved spectroscopy measure-
ments: Current images acquired at voltages throughout
the band gap reveal that the spectrum of states measured
over the satellites is basically the same as that acquired
over the defect core [11]. Thus, we conclude that the ob-
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served satellite features are purely electronic features of
the defect, arising from tails of the antisite wave function.
The observed amplitude of the satellites corresponds to
less than 1% of the state-density relative to that at the de-
fect core. The satellite features probably arise from
strain-related variations in surface buckling. Similar
effects, though not so long range, have been seen in recent
computations for Si donors at the GaAs(110) surface
[12].

In conclusion, we have used the STM to study the
geometric and electronic properties of arsenic-related
point defects in LT GaAs. We observe a band of donor
states located near E,+0.5 eV arising from the defects,
which is close to the energy of the well-known EL?2 level
in GaAs. The number of observed defects is about
1%10%° cm 73, which is the same as the number of EL2-
producing defects observed in LT GaAs by infrared ad-
sorption studies [2]. We thus identify our defects as be-
ing identical to those which produce EL2 in LT GaAs,
the structure which is known to consist primarily of an
arsenic antisite [2,8-10]. We find a structure for the de-
fect which is consistent with an isolated antisite in a
tetrahedral environment. The possibility of a low symme-
try defect complex, in particular an additional arsenic in-
terstitial atom located along a [111] direction [9], is in-
consistent with the observed symmetry and spectroscopy
of our defects. A more complete understanding of the
long range satellite features seen in the STM images may
yield additional structural information concerning this
EL2-producing defect.

We thank J. A. Stroscio and H. W. M. Salemink for
discussions concerning STM probe-tip preparation and

cross-sectional imaging.
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FIG. 2. STM images of the (110) cleaved surface of LT
GaAs, acquired with 0.1 nA tunnel current and at a sample
voltage of —2.0 V. Various point defects can be seen, and they
are classified as types A, B, C, and D as indicated.
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FIG. 3. STM image of identical surface regions, acquired at

sample voltages of (a) —2.0 and (b) +2.0 V. Defects of type
B and C are seen.
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FIG. 4. Expanded view of the defect images type A, B, C,
and D. The cross hairs in the images are located on the Ga sub-
lattice (corrugation minimum) in (a) and (c), and on the As

sublattice (corrugation maximum) in (b) and (d), in accor-
dance with the model described in the text.
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FIG. 5. Geometric model for the structure of the observed
defect. Ga and As atoms in the first and second layers below
the (110) surface are shown. An antisite defect (Asg,) is locat-
ed in the second layer. Arsenic atoms in several shells are la-
beled, with the observed satellite features corresponding ap-
proximately to the location of the 15th-nearest-neighbor (As;s)
arsenic atoms located 15.2 A from the antisite. The satellites

are located along [172] and [112] directions relative to the de-
fect one.



