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Scanning-tunneling-microscopy study of InSb(110)
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The (110) cleavage surface of InSb has been studied with scanning tunneling microscopy. A
variety of surface defects has been observed, including those that appear to be simple vacancies and
Schottky defects. Atomic-resolution images have been obtained of both the occupied- and
unoccupied-state densities concentrated on the Sb anion and In cation, respectively. By simultane-

ously imaging both the occupied- and unoccupied-state densities, the relative positions of the In and
Sb dangling bonds within the unit cell have been determined. As expected, the In state density is
shifted with respect to the Sb state density by approximately one-half of a unit cell along the [110]
direction. Along the [001] direction, the In state density is displaced by approximately one-third of
a unit cell, in good agreement with surface electronic structure and surface-buckling calculations.
Measurements of the tunnel current versus voltage reveal conductance within the band gap associat-
ed with dopant-induced occupation of the conduction band.

The advent of scanning tunneling microscopy (STM)
has led to the publication of atomic-resolution images of
a wide variety of surfaces. ' Although many studies of
semiconductors have been reported, most have been of
elemental Si surfaces. ' To date, very few STM studies of
clean III-V semiconductor surfaces reporting atomic reso-
lution have been published; to our knowledge, only im-
ages of GaAs(110), ' GaAs(100), ' and GaAs(111) (Ref.
6} have appeared in the literature. This may be due to
the relative difficulty of obtaining atomic-resolution im-
ages of these surfaces compared to elemental Si surfaces;
lower tunnel currents must be employed and the surface-
charge-density corrugations tend to be smaller.

Application of the STM to the study of III-V com-
pound semiconductors is particularly interesting on the
(110) surfaces due to the polar nature of these materials.
The two dangling bonds broken at the surface generally
rehybridize into a single lone pair localized on the
group-V element, leaving an empty valence orbital on the
group-III element. Hence, the occupied-surface-state
density, observed when tunneling from the sample to the
tip, is concentrated on the group-V anion, and the
unoccupied-state density, observed when tunneling from
tip to sample, is on the group-III cation. " This en-

ables atom-selective imaging of the different chemical ele-
ments on the surface, ' so that images acquired simul-

taneously of both filled- and empty-state densities may be
used to infer the atomic positions of the constituent sur-
face atoms, and thereby permit direct evaluation of calcu-
lated surface structures.

In this Rapid Communication we report the structural
and electronic properties of the (110}cleavage face of
InSb as determined with STM. Although InSb is a
narrow-band-gap semiconductor (E, =0.15 eV) that has
applications in near-infrared detection' and high-speed
electronics, ' relatively few studies of the surface proper-
ties of this material have been reported. ' As previ-
ously achieved with GaAs(110), we have simultaneously
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imaged the occupied- and unoccupied-state density asso-
ciated with Sb and In, respectively. In addition, finite
conductance within the band gap caused by dopant-
induced conduction-band occupation has been observed
in measurements of the voltage dependence of the tunnel
current.

InSb(110)-oriented samples (n-type, Te-doped
1.6—3.0X10' cm ) were cleaved in situ under ul-
trahigh vacuum ((1X10 ' Torr) to expose a clean (110)
crystal face, and immediately mounted on the STM. The
STM is an IBM Zurich type microscope; ' the sample
is mounted on a "louse" for coarse positioning, the tip is
mounted on a piezotripod, and the whole microscope
stage is mounted on a glass frame with a double-spring
suspension system for vibration isolation. The probe tips
were prepared by electrochemically etching (111)-
oriented 0.005-in. -diameter tungsten wire, and cleaned in
situ by electron-bombardment heating. Topographic im-
ages were obtained with a constant tunnel current of 0.1

nA, with a typical height resolution of 0.02 A and lateral
resolution less than 4 A. Images recorded simultaneously
at different bias voltages were obtained by completing one
scan line at the first bias, returning the probe tip to the
origin, and then switching the bias and recording another
scan line at the second bias voltage. In this way the two
images wi11 be offset by at most the thermal drift that
occurs during the scan of a single line, typically less than
0.1 A. The images were recorded with the [110]direction
at 45' with respect to the +x scan direction. Those
displayed here have not been corrected for the effects of
thermal drift (typically 1 —2 A min ').

After cleaving the samples in vacuo, (110}terraces with
dimensions on the order of millimeters could usually be
visually observed. Atomic-resolution images on such ter-

0
races frequently revealed large (a few-hundred-A-wide)
defect-free regions. Occasionally various surface defects
are observed as illustrated in Figs. 1 and 2. The image
displayed in Fig. 1 was obtained with a sample bias of
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—2.5 V with respect to the tip, so that the occupied state
density is observed. Since the occupied state density is
concentrated on the anion, the image indicates the ap-
proximate positions of the Sb atoms. The known unit cell
is 4.6 A in the [110] direction and 6.5 A in the [001]
direction, as indicated in the model of the surface on the
bottom of Fig. 1. (Note that the unit cell in this image is
slightly distorted by thermal drift. ) The In atoms, whose
occupied state density is not observed in the image, alter-
nate with the Sb atoms along [110]and are predicted to
be displaced from the Sb atoms by 1.4 A in the [001]
direction. Note that we have never observed any other
ordered surface structures or reconstructions following
cleavage.

The region of the surface imaged in Fig. 1 appears to
have three vacancies. These defects appear as a simple
absence of Sb state density, with little lateral perturbation
of the surrounding dangling bonds. It also appears that
the Sb row adjacent to the upper vacancy and the rows
between the two lower vacancies are raised with respect
to the neighboring rows (they appear brighter in the im-

age). This may be due to some long-range electronic per-

FIG. 2. A composite of two STM images of InSb(110) ac-
quired simultaneously with sample biases of +1.5 V (unoccu-
pied state density, in red) and —1.5 V (occupied state density, in
blue). The area shown is approximately 30X 30 A . The rela-
tive positions of the empty and filled dangling bonds associated
with the In (red) and Sb (blue) atoms, respectively, are apparent.
The defect appears to be a Schottky defect, with adjacent Sb
and In atoms missing.
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FIG. 1. A gray-scale STM image of a cleaved InSb(110) sur-
0 2

face, approximately 100X 100 A . The image was acquired with

a constant tunnel current of 0.1 nA and a sample bias of —2.5
0

V. The gray scale represents a height contrast of —1 A. Only
the occupied state density, concentrated on the Sb atoms, is ob-
served. The defects appear to be simple anion vacancies. A
top-view model of the surface is also shown, with the uppermost
In atom denoted by open circles and Sb denoted by solid circles.
Note that the unit cell in this image is slightly distorted by
thermal drift.

turbations associated with the defect. Since images of
similar defects acquired at positive sample bias show
complete rows of In atoms, these defects appear to be
simple anion vacancies. Although we cannot rule out the
possibility that these features are adsorbate induced, we
would expect more structure in and around the defects if
that were the case.

A more complicated defect is evident in Fig. 2, where
the Sb state density on another sample is shown in blue.
The unoccupied state density, shown in red, has been im-
aged simultaneously for this topograph, revealing the rel-
ative positions of the empty orbitals associated with the
In atoms. (The figure is a composite of the two images. )

As in the defects discussed above, there appears to be an
Sb vacancy; however, the composite image reveals that
both an anion atom and the adjacent cation atom are not
observed, i.e., this appears to be a Schottky defect. The
physical and electronic structure of these and other de-
fects will be investigated more fully in future work.

The composite image shown in Fig. 2 also reveals the
relative positions of the In and Sb state density. The In
and Sb alternate along the rows in the [110]direction as
expected. Along the [001]direction the In state density is
shifted in the Sb unit cell an amount determined by the
surface buckling. As shown in the model in Fig. 3, the
(110) surface of III-V semiconductors relaxes with respect
to the bulk-terminated structure, with the group-V ele-
ment buckling outward and the group-III element in-
ward. For GaAs(110), which has been investigated
more thoroughly, calculations show that the distance
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face, we have also employed the scanning tunneling mi-

croscope to measure the tunnel-current-versus-voltage
(I V)-characteristics. The I-V characteristics were ob-
tained by interrupting the STM feedback loop while hold-
ing the tip a fixed distance above the surface. I-V curves
were recorded with multiple, decreasing tip-surface dis-
tances in order to increase the dynamic range of the mea-
surement in the region of the InSb band gap. A family
of I-V curves recorded in this way is shown in Fig. 4(a)
for an initial sample bias of —1.5 V. It is difficult to
resolve features near the band gap in a linear plot of the
I-V curves. The gap region can be more clearly observed,
however, if the natural logarithm of the normalized
current is displayed, as shown in Fig. 4(b). In this figure
the tunnel currents have been normalized by taking into
account the exponential dependence of the current on the
tip-sample distance, I ~exp( —2i~bZ), where hZ is the
relative tip-sample distance and ~ is a function of the
average barrier height. The expected positions of the

FIG. 3. A pair of STM profiles along the [001] direction of
InSb(110) interpolated from two images acquired simultaneous-

ly at —1.5 (solid line; Sb, filled states) and +1.35 V (dashed line;
In, empty states). The average displacement, 6, of the Sb and In
state density is 2.4+0.4 A. A side view of the atomic structure
of the top two surface layers as calculated in Ref. 25 is shown
for comparison (vertical dimensions not to scale).

along [001] between the filled and empty states, as ob-
served in a STM topograph acquired with a tip-sample
distance of 6 A, increases from 1.2 A when there is no
buckling to 2. 1 A when the buckling angle is 30' (as
defined by the III-V bond axis and the surface plane).
The InSb(110) surface structure (lattice constant ao =6.48
A) is very similar to that of GaAs(110) (aa =5.65 A); the
relative positions of the filled and empty states should ap-
proximately scale with the lattice constant. Hence,
with a buckling angle of 30', as calculated for
InSb(110), the In state density should appear shifted by
2.4 A along [001] with respect to the adjacent Sb state
density in STM topographs recorded with a tip-sample
distance of 6 A. In comparison, if there is no buckling a
shift of only 1.4 A should be observed.

A pair of profiles along the [001]direction interpolated
from two images acquired simultaneously at —1.5 and
+1.35 V is displayed in Fig. 3, showing clearly the rela-
tive displacements of the Sb-versus-In state density.
Based on I-V and I-Z measurements, we estimate that the

0
tip-sample distance at these voltages is 6 A. %e have
measured the relative positions of the In and Sb state
density along the [001] direction in this way in seven im-
ages obtained with three samples and tips, and sample
biases at or near + 1.5 V. The average separation
b, =2.4+0.4 A (the uncertainty is one standard devia-
tion), in excellent agreement with that expected on the
basis of the calculated buckling. The large uncertainty
reflects the fact that the tip shape and electronic struc-
ture, which will vary from tip to tip, can have a notice-
able e6'ect on the resulting image.

In addition to obtaining images of the InSb(110) sur-
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FIG. 4. (a) Tunnel-current-vs-voltage curves acquired with
InSb(110) initially at —1.5 V (I=0.1 nA) with the tip pushed
closer to the sample an additional hZ=1 A and hZ=2 A. (b)
Normalized tunnel-current-vs-voltage computed from the data
in (a). The currents have been normalized by multiplying by

o

exp( —2~hZ), where ~=0.8 A . The dashed lines indicate the
positions of the valence-band maximum (VBM} and
conduction-band minimum (CBM) expected for n-type InSb
(band gap =0.15 eV). The enhanced conductance near the

VBM, including conductance in the expected band gap, is due
to dopant-induced occupation of the conduction band. For

0
each I-V curve in (a), except that with hZ=2 A, only data
points above the noise level of the current amplifier are

0

displayed. For hZ=2 A, the current signal decreases below the
noise level of the amplifier when the Fermi level is crossed near
the CBM, causing the tunnel current to change direction.
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valence-band maximum (VBM) and conduction-band
minimum (CBM) for n-type InSb are indicated by the
dashed lines in Fig. 4(b). When the sample bias is less
than —0.5 V, tunneling out of occupied states in the
valence band is observed. As the VBM is approached,
however, additional tunneling occurs from states at the
bottom of the conduction band occupied by dopant-
induced carriers. This results in the enhanced conduc-
tance observed near the VBM. Tunneling from these
dopant-induced states continues within the expected
band gap of =0.15 eV until the Fermi level is crossed
near the CBM, causing the tunnel current to reverse
direction. (The current signal decreases below the noise
level of the amplifier at this point. ) For sample biases
above the CBM, tunneling into unoccupied conduction-
band states is observed. Note that in the absence of dop-
ing, tunneling would not occur within the band gap.
These I-V curves, showing enhanced conductance around
the VBM, including conductance within the band gap,
are characteristic of degenerately doped n-type semicon-
ductors.

In summary, we have employed scanning tunneling mi-

croscopy to acquire atomic-resolution images of
InSb(110) surfaces cleaved under ultrahigh vacuum. A
variety of surface defects has been observed, including
possible anion vacancies and Schottky defects. By simul-
taneously imaging the filled- and empty-state density, the
empty dangling bond associated with each surface In
atom is found to be shifted 2.4+0.4 A in the [001] direc-
tion with respect to the filled dangling bonds associated
with the adjacent Sb atoms. This is in excellent agree-
ment with the shift expected from the calculated surface
buckling. In addition, by measuring the dependence of
the tunnel current on sample bias voltage at decreasing
fixed tip-sample distances, finite conductance within the
band-gap characteristic of degenerately doped semicon-
ductors has been observed.
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