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Local State Density and Long-Range Screening of Adsorbed Oxygen Atoms
on the GaAs(110) Surface
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IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598

(Received 2 February 1987)

We report scanning tunneling microscope images of isolated oxygen atoms adsorbed on the
GaAs(110) surface. The images display a dramatic voltage dependence, which arises from the energy
dependence of the local state density, and provides a signature of an adsorbed electronegative atom. At
low oxygen coverages, a long-range screening of the adsorbed atoms is observed in the surrounding bare
surface region, with a characteristic screening length scale of —50 A.

PACS numbers: 68.35.Bs, 73.20.At, 73.20.Hb

The scanning tunneling microscope (STM) has proven
to be a powerful tool for the study of surfaces. ' To date,
most applications have concerned themselves with the
study of clean or ideal surfaces. The study of multicom-
ponent systems is a first step toward the application of
STM to more sophisticated problems. The most funda-
mental start in this direction must deal with the question
of how atoms of diferent chemical elements "appear" in

STM images. Recent theoretical work suggests that the
energy dependence of the local state density plays a cru-
cial role in determining whether diff'erent atoms might be
"visible" or "invisible, " depending on the tunneling volt-
age used for imaging.

In this Letter, we present voltage-dependent STM im-

ages of adsorbed oxygen atoms on the GaAs(110) sur-
face, which demonstrate experimentally for the first time
how the local state density is rejected in the STM im-

ages of isolated atoms. The oxidation of gallium ar-
senide has been a subject of considerable interest and
controversy in the scientific community. The applica-
tion of the STM to this problem provides a unique view
of the initial stages of adsorption at coverages of —0.003
ML (monolayer), which is difficult to study by other
techniques. The initial uptake is seen to take place on
perfect terraces and does not require the presence of de-
fects, as has been previously thought. The presence of
the filled 2p resonance of the oxygen atom is observed to
give rise to both positive and negative STM contours at
the adatom site, in agreement with theoretical expecta-
tions for the energy dependence of the local state density.
In addition to this short-range behavior, a long-range
screening is observed in the STM contours of the bare
surface region surrounding the adsorbed atoms, provid-
ing a microscopic look at the local band bending at the
surface.

The tunneling microscope used for this study is similar
to that described by Binnig and Rohrer, ' and is de-
scribed in detail elsewhere. The GaAs(110) surfaces
were obtained by cleaving of n-type wavers with a
1 x10' -cm Si impurity concentration, in an ultra-
high-vacuum system with a base pressure of (4x10
Torr. All images shown here were recorded with a tun-

neling current of 100 pA. Tungsten probe tips were
prepared by electrochemical etching. Upon introduction
into the vacuum system, or after oxygen exposure, the
tips were cleaned by electron-beam heating and continu-
ous scanning. This procedure eliminated any extraneous
tip-related voltage drops and ensured reproducible re-
sults.

Figure 1 shows images of GaAs(110) surfaces exposed
to molecular oxygen at exposures of 120 and 1480 L (1
L = 1 x 10 6 Torr sec) in Figs. 1(a) and 1(b), respective-
ly. The oxygen shows up as small protrusions on the sur-
face, which increase in density with increased exposure,
as seen in Fig. 1. Prior to oxygen exposure, large perfect
terraces are observed in the STM images. The periodic
array of lines or small dots in the images in Fig. 1 shows
the GaAs surface; in this case the array represents the
position of the As atoms, since the images were acquired
at a negative sample bias corresponding to tunneling
from the valence states of the sample. Conversely, tun-
neling at positive sample bias shows only Ga atoms, as
described elsewhere. This selective imaging arises from
the fact that the filled states are preferentially localized
on the surface As atoms whereas the unfilled states are
localized on the surface Ga atoms.

As seen in Fig. 1, the adsorbed oxygen appears as pro-
trusions on the surface for tunneling out of the valence
states of the sample. To investigate the energy depen-
dence of the local state density of the oxygen, images
were acquired simultaneously at diAerent tunneling volt-
ages, by a technique described elsewhere. Figure 2(a)
shows an image of one of the isolated protrusions at —2.5
V while Fig. 2(b) shows the exact same region of the
surface at a tunneling voltage of 1.5 V. As seen in Fig.
2, the appearance of the oxygen defect is highly voltage
dependent, varying from a protrusion to a surface
depression.

As demonstrated in Fig. 2, near oxygen-related defects
we observe an increase in the density of filled states, and
a decrease in the density of empty states. This eA'ect is
very reproducible and characteristic of the adsorbed oxy-
gen. One source of this behavior arises from the bonding
character of an electronegative adsorbed atom, as seen in
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FIG. 1. Large-area STM images of the GaAs(110) surface
exposed to 02 for exposures of (a) 120 L and (b) 1480 L. The
image in (b) was taken on the same surface as in (a) but with
an additional exposure of 1360 L 02. Sample voltage was —2.5
V for both images. The surface height is given by a grey scale,
ranging from 0 (black) to —3 A (white). Oxygen coverage is
estimated at 0.003 ML for (a) and 0.01 ML for (b), by count-
ing of the number of protrusions in each image. These esti-
mates are in agreement with previous measurements obtained
with conventional methods (Ref. 3).

recent theoretical calculations. Lang has shown how an
electronegative adsorbate has an enhanced state density
below the Fermi level and correspondingly a depleted
state density above the Fermi level, leading to highly
voltage-dependent STM contours. We expect this be-
havior to be spatially localized within a radius of 5-10 A
around the defect. We note that the maxima of the
contour AA in Fig. 2 do not coincide with the minima of
contour BB, thus demonstrating that the enhanced and
depleted states are not spatially coincident.

In addition to the "chemical eA'ects" discussed above,
an electrostatic eAect is observed encompassing the oxy-
gen defects. The oxygen adsorbates will tend to acquire
electrons to fill their 2p level, and thus will have a net
negative charge. This negative charge will repel the
conduction-band electrons, and a depletion region is
formed around each adsorbate. Outside this depletion
region, the field from the charged defect is screened by
the conduction electrons with a characteristic length

0
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FIG. 2. STM images of an oxygen defect acquired simul-
taneously at sample voltages of (a) —2.6 V and (b) 1.5 V. (c)
Surface-height contours along the lines AA (solid line) and BB
(dashed line) shown in (a) and (b), respectively. (Absolute
height is arbitrary. ) Oxygen exposure is 120 L. The tick
marks indicate the position of the Ga lattice.

given by

L = H«aTP i g(rl) ~l(4zne'2 t(2(tl) lj '

where t..is the static dielectric constant, n is bulk electron
concentration, Pk is the Fermi integral of order k, and
rl=EF/kaT is the reduced Fermi energy. For GaAs
with an impurity concentration of 1 x 10' cm we ob-
tain L =56 A.

The Coulomb field from the charged adsorbate modi-
fies the surface state density of the semiconductor; in a
semiclassical picture this may be viewed as band bend-
ing, and quantum mechanically the eN'ect is described by
scattering from a Coulomb potential. For conduction-
band states (electrons) the potential is repulsive, leading
to a decrease in the band-edge state density, and for
valence-band states (holes) the potential is attractive
leading to an increased state density. ' This change in
state density in turn affects the tunneling current and
constant-current contours. The contours in Fig. 2(c)
display this electrostatic eA'ect. The change in contour
height is large for a radius of 10-20 A around the de-
fect, and has a tail extending to a radius of —50 A, in
agreement with the above estimate for the screening
length. The atomic configuration (shown by the tick
marks on contour BB) can be seen superimposed on top
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of this slowly varying envelope. The fact that the curva-
ture of the bare surface is either positive or negative, de-
pending on tunneling bias, shows that this eA'ect is purely
electronic and does not correspond to a geometric distor-
tion of the surface. The range of the electrostatic pertur-
bation is more clearly seen in the defects shown in Fig. 3.
Figure 3(b) shows the two contours along the lines AA
and BB in Fig. 3(a). The field of the charged defect pro-
duces in this case both an increase in the contour height
near the defect as well as a reduction in contour height
at large distances from the defect. This oscillatory na-
ture of the contour, observed only at negative bias,
occurs as a result of competing components in the tun-
neling current, as demonstrated by the spectroscopic re-
sults presented below.

The STM contours observed around the defects are, in

eAect, a real-space view of the local band bending pro-
duced in response to the field introduced by the defects.
The (110) surface of GaAs maintains flat bands upon
cleavage and the adsorption of oxygen is observed to
cause band bending. This band bending at the surface
can be directly observed in the current-voltage (I/V)
measurements on the oxygen-covered surface, as shown
in Fig. 4. Before oxygen exposure the I/V measure-

ments on the clean surface are characteristic of a degen-
erate semiconductor and show an onset for tunneling at
both the small-positive- and -negative-voltage regions,
which can be understood from the band diagram for the
clean surface in Fig. 4." Current at 0+ voltages occurs
through tunneling into the empty conduction-band
states, while current at 0—voltages occurs as a result of
tunneling out of conduction-band states which are occu-
pied because of the n-type doping. The latter component
of the current is labeled D in Fig. 4. The band bending
on the oxygen-exposed surface can be seen in the I/ V
curve as a gap opening up at low voltages. The onset
current for tunneling into the conduction band shifts
from 0 to approximately 0.5 V. The upward shift of the
bands also pinches oA the D component of the current,
as illustrated in the band diagram for the oxygen-
covered surface in Fig. 4. A shift in the valence-band
onset is slightly obscured since the clean-surface I/V
contains the current from the D channel, but the onsets
can be approximately located as —1.5 V on the clean
surface and —1 V on the oxygen-covered surface.

The local band bending on the surface can be investi-
gated spatially, with I/V measurements taken in the vi-

cinity of the oxygen defects, as shown in Fig. 5. In Fig.
5(a) an oxygen defect is observed at the left of the figure
with the familiar depressed region surrounding it. I/V
measurements taken at positions 1-4 are shown in Fig.
5(b), where we focus on the D component of the current
in the range 0 to —2 V. The transition from the flat
bands observed on the clean surface, in Fig. 4, to the
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FIG. 3. (a) STM image of defects on GaAs(110) at —2.5 V
sample bias. (b) Surface-height contours, in the [001] direc-
tion, along the lines AA (solid line) and BB (dashed line)
shown in (a).

FIG. 4. Current-voltage measurements obtained in the clean
GaAs(110) surface (solid line), and on the oxygen-exposed
surface in Fig. 1(b) (dashed line). Insets: The band diagrams
for the clean and oxygen-covered surfaces; current components
are labeled C, conduction band; V, valence band; and D,
dopant induced.
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valence-band surface state density. This efect is dom-
inant close to the defect, and the STM contour then in-
creases.

In conclusion, we have shown how the STM contours
of isolated oxygen atoms, adsorbed on the GaAs(110)
surface, refiect the energy dependence of the local state
density. This dependence is characterized by an increase
in state density below the Fermi level at the expense of a
decrease of unoccupied state density, characteristic of an
electronegative adsorbate. A microscopic observation of
the local band bending produced by the oxygen is seen in
the STM contours, with a long-range screening length of
-so A.

We thank R. T. Collins, N. D. Lang, R. Ludeke,
D. M. Newns, and F. Schaffier for useful discussions in
the course of this work.
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FIG. 5. (a) STM image of an oxygen defect at —2 V sample
bias. Oxygen exposure is 30 L. (b) Current-voltage measure-
ments obtained simultaneously with the image (a) at the four
points indicated in the image.

pinned oxygen-covered surface can be observed in the se-
quence of I/V's. Far from the defect the current turns
on at low negative voltages because of the D channel,
similar to that seen on the clean surface in Fig. 4. As we

approach the defect, the bands bend upward with a de-
crease in the D component of the current, as observed in
1/V's No. I and No. 2. Note that this component de-
creases in I/ V No. 2 even though the tip moves closer to
the surface. This elucidates the mechanism by which the
band bending is observed in the STM contours at nega-
tive voltage. It is the decrease in the D component of the
current which causes the tip to move closer to the sur-
face, giving rise to the depressed regions far from the de-
fects. As the D component decreases, the V component
of the current will increase because of an enhanced
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