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Sb and Bi on GaAs(110): Substrate-stabilized overlayer structures
studied with scanning tunneling microscopy
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The growth structures for Sb and Bi films on GaAs(110) have been studied for thicknesses of 0.5—50
monolayers (ML) with annealing to temperatures as high as 600 K. Antimony films exhibit layered

0
structures with -6-A heights but also disordered surface features for coverages up to -10 ML when

grown at 300 K. Annealing to 500 K produces orientationally ordered films that contain grains with

striped domain walls and two differently oriented superstructures. These superstructures can be ex-

plained in terms of a Moire effect in which the (001) direction of the pseudocubic Sb(110) plane is rotat-
ed by +7' or —7' from the substrate [110]direction. Sb undergoes a semiconductor-semimetal transi-

tion when the film thickness reaches —15 A. By 20-ML deposition, the ability of the substrate to dictate
surface structure is lost. Films grown at 300 K are polycrystalline with randomly oriented basal planes.
Annealing to 600 K creates large crystallites with basal planes parallel to the substrate surface. For Bi
overlayers on GaAs(110), the first layer is epitaxial but two-dimensional islands form on the 1X 1 layer at

0
300 K. These islands are -7 A in height and exhibit two differently oriented superstructures. As for Sb,
this superstructure reflects a Moire effect. For Bi/GaAs, the t', 001) direction of the Bi pseudocubic (110)
plane is rotated by + 10' or —10' from the substrate [110]direction. The islands coalesce to form large,

highly anisotropic crystallites having a periodic superstructure at 4-ML coverage. Bi crystallites are
formed after 50-ML deposition at 300 K with elongation along the substrate [110]direction.

I. INTRODUCTION

The growth modes of metals and nonmetals on semi-
conductors have received considerable attention recently
because there is increasing interest in control over the
various growth parameters and because the scanning tun-
neling microscope (STM) allows direct imaging of the
overlayer structures. ' Particular emphasis has been on
the structures of the semimetals Sb and Bi on GaAs(110)
because they form ordered interfaces free of intermix-
ing. Feenstra and Mkrtensson have shown that the
first Sb layer is epitaxial on GaAs(110) but also that there
are vacancies in that layer and small clusters are formed
on it. For coverages ) 1 ML, a layered structure formed
on the epitaxial layer but its surface appeared to be disor-
dered. Each layer is -6 A thick, corresponding to the
stacking of three atomic planes. STM results for 1 ML of
Bi on GaAs(110) (Ref. 4) have shown that the first layer
grows epitaxially with misfit dislocations every -25 A in
the [110]direction. The presence of misfit dislocations
has been associated with the larger atomic size of Bi com-
pared to Sb and the need to relieve strain.

In this paper, we focus on Sb and Bi growth on
GaAs(110), with emphasis on the changing structures as
a function of the amount of material deposited and the
annealing temperatures used. The coverages investigated
spanned the range from the first ordered monolayer to
the substrate mediated structures to the intrinsic struc-
ture exposing (111) surfaces. The temperature ranged
from 300 K to the desorption temperatures of Sb and Bi.
For Sb/GaAs(110), the low coverage results are in agree-
ment with those of Feenstra and co-workers, ' showing a

1 X 1 epitaxial layer. Subsequent growth at 300 K of -4
ML produces islands that are -6 A high with nucleation
on terraces prior to completion of lower levels. Surface
flattening is enhanced by annealing, and orientationally
ordered grains are produced. Superstructures within the
grains reflect Moire patterns due to island alignment with
respect to the substrate. Nonintersecting domain walls
form in these grains due to lattice compression. The
grains are continuous over monatomic steps. The
domain walls are also continuous through substrate
monatomic steps and Sb terrace steps. The Sb layers ex-
hibit a semiconductor-semimetallic transition when they
are —15 A thick. Growth to 20—40 ML produces poly-
crystalline Sb films at 300 K with basal planes that are
generally not parallel to the substrate surface, but anneal-
ing to -600 K yields large Sb crystallites with basal
planes parallel to the substrate. Hence, growth on
GaAs(110) involves two differently oriented rhom-
bohedral structures because of the influence of the
substrate-overlayer interface.

For Bi/GaAs(110), the deposition of the equivalent of
2 ML at 300 K results in an epitaxial layer and then the
formation of -7-A high islands on the epitaxial layer.
These two-dimensional (2D) islands also have superstruc-

0
tures with 21-A periodicity oriented +55 or —55' rela-
tive to the substrate [110]direction. Additional Bi depo-
sition results in island coalescence so that large crystal-
lites are formed. These anisotropic crystallites exhibit a
superstructure that can be modeled as a Moire effect in
which the (001) direction of the Bi pseudocubic (110)
plane is rotated by +10' or —10 from the substrate
[110]direction. For a 50-ML Bi deposition, crystallites

46 10 221 1992 The American Physical Society



10 222 J. C. PATRIN, Y. Z. LI, M. CHANDER, AND J. H. WEAVER

are formed that are preferentially elongated in the sub-
strate [110]direction.

II. EXPERIMENT

The STM experiments were conducted in an
ultrahigh-vacuum chamber containing reverse view op-
tics for low-energy electron diffraction (LEED) and a
Park Scientific Instruments scanning tunneling micro-
scope. GaAs(110) surfaces were prepared by cleaving
2X3X10 mm sample posts that were Zn doped at
1 X 10' cm . Electrochemically etched tungsten tips
were cleaned in situ by electron bombardment. Sb and Bi
were evaporated from resistively heated Ta boats, and the
amount of metal deposited was determined with a
quartz-crystal microbalance. The pressure remained
below 1 X 10 ' Torr during evaporation (operating pres-
sure of 6X 10 "Torr). One monolayer of Sb (Bi) corre-
sponds to 2.7 A (3.1 A) assuming 8.85 X 10' atoms cm
Although we will adopt the monolayer representation for
characterizing the amount of material condensed, layer-
by-layer growth is not implied. Indeed, as the STM im-

ages will show, the growth is more complex.
In most cases, the samples were held at 300 K during

deposition, but some results were obtained for samples
held at 575 K during deposition. Annealing involved
heating for —1 h, including a 15-min warmup period.
Typically, imaging could commence within 1 h after the
heater was turned off. Temperatures were measured with
a chromel-alumel thermocouple attached to the sample
holder. They were verified with an optical pyrometer.
Calibration of the piezoelectric scanner was done using
the GaAs(110) lattice and monatomic steps on the sur-
face.

All images were taken in the constant-current mode
with currents of 0.1 —1.0 nA and bias voltages of
+(0.2 —3) V. The images are displayed with the [110]
direction being 135' from the +x direction, except where
noted. The crystal planes and directions for Sb and Bi
are given in the pseudocubic notation. We have also in-
cluded the rhombohedral indexing where needed for clar-
ity. For a detailed discussion of the structure of Sb and
Bi and the relationship of these indexing conventions, we
refer the reader to the thorough paper by Jona. ' As he
showed, the rhombohedral structure can be approximat-
ed by a pseudocubic structure. Additional motivation for
using the pseudocubic notation comes from the fact that
cubic structures for As, Sb, and Bi can be produced by
high pressure and the influence of the substrate may tend
to stabilize this cubic phase. Although intriguing, the
present results cannot distinguish between the two struc-
tures, but none of the conclusions are influenced by the
slight ambiguity.

III. RESULTS AND DISCUSSION

A. 0.4—8-ML Sb/GaAs(110): Substrate-mediated structures

Figure 1(a) shows an atomic resolution STM image ob-
tained after 0.5 ML of Sb had been deposited on
GaAs(110) at 575 K. This curvature-enhanced image

shows rows of Sb atoms parallel to the [110) substrate
direction. The spacing between rows is —5.6 A along the
[001] direction, as demonstrated previously. Imaging
with this sample voltage, —2. 32 V, reveals Sb atoms
bonded to surface Ga atoms. The effect of Sb deposition
is to unrelax the surface layer of GaAs to its bulklike ter-
mination. Thus, the two inequivalent Sb adatoms in the
unit cell are nearly equidistant from the surface plane,
even though they are not identical electronically. Sb
clusters can form on top of the 1 X 1 terraces at 300 K,
but they are not present for growth at 575 K. Likewise,
fewer clusters form at terrace edges compared to 300-K
growth. While there are vacancies in the terraces, the
vacancy number can be reduced by depositing more than
the equivalent of 1 ML of Sb at 300 K and annealing to
-600 K. This process also removes excess Sb. Even for
growth at 575 K, the edges of the 1 X 1 regions are irregu-
lar in shape.

Figure 1(b) shows a STM image obtained after the
equivalent of 1.5-ML Sb deposition. In this case, growth
involved deposition followed by annealing to 600 K to
produce a single well-ordered 1X 1 monolayer" and then
the deposition of another 0.5 ML of Sb at 300 K. The Sb
island that represents most of the image is -6 A or three
layers higher than the underexposed 1 X 1 Sb layer at the
right. Such triple-layer islands cover only about 20% of
the surface. Small bright clusters are also evident on the
island surface. The small dark areas reflect irregularities
in the surface layer of the island, probably associated
with incomplete growth of the topmost layer (discussed
below). These island surfaces contain fewer clusters than
those produced for higher coverages, and the edges of the
islands are more distinct. This probably reflects the fact
that the defect-free epitaxial monolayer acts as a good
substrate for the growth of the first multilayer.

Figure 1(c) is a large-scale STM image obtained after
the deposition of -4 ML of Sb ( -3.6X 10"atoms/cm ),
following the same growth procedure used for the 1.5-
ML deposition [Fig. 1(b)]. Up to four different height
multilayers can be seen on this image, each -6 A thick.
Such growth is referred to as modified Stranski-
Krastonov or monolayer plus simultaneous multilayer
(MSM) growth since layers nucleate before preceding lay-
ers are completed. ' Models of MSM growth assume that
the lateral diffusion of Sb is insufFicient to produce com-
plete layers. Such multilayers are thermodynamically
less stable than planar layers, but they are kinetically
favored. Disordered clusters are also present on the sur-
face. The upper right corner shows the 1X1 epilayer
with only small amounts of second-layer Sb. Detailed
analysis of the surface of the thicker multilayers shows

increasing cluster density and roughness than for Fig.
1(b), presumably because the multilayer islands act as less

perfect templates than the annealed 1 X 1 epilayer.
Figure 1(d) shows a crystalline film with terraces pro-

duced by annealing the Sb overlayer of Fig. 1(c) to 375 K.
After annealing, the clusters disappeared, the island sur-

faces were much smoother, and the overall topography
was more regular. The upper right corner shows a
triple-layer island on a lower triple-layer terrace. Within
each multilayer, darker regions can be readily observed.



Sb AND Bi ON GaAs(110): SUBSTRATE-STABILIZED. . . 10 223

It is likely that they are formed from the disordered
depressions of Fig. 1(b). Seen in cross section, the lighter
areas of the island are -6 A above the lower terrace and

0
the darker areas are -4 A higher. The edges of the in-
terconnected ordered arrays are irregular with no prefer-
ential orientation.

The 2300X2300 A image of Fig. 1(e) shows that an-
nealing 4 ML of Sb to 500 K produces larger, better-
ordered multilayers. Again, the height difference be-

tween the lighter and darker areas in the lower half of the
image is 2 A or one layer of Sb. In addition, the central
portion of the figure shows a second multilayer island
that is 6 A higher than the region surrounding it. This is-
land also has 2-A depressions. The growth of complete
multilayers near higher level multilayer islands indicates
that Sb diffuses from the higher islands. Such Battening
can be understood from free-energy arguments.

Figure 1(f) schematically depicts a multilayer region on

Clusters and
surface disorder

fMultilayer i
I'

1X18b
-6A

,
"-2.5 A

1X1Sb ,
"-2.5 k

FIG. 1. (a) A curvature-enhanced atomic resolution image obtained after the equivalent of 0.5 ML of Sb was deposited at 575 K on
GaAs(110). The islands at the left and right exhibit the 1 X 1 epitaxial Sb structure. Growth at 300 K produces clusters on the 1X 1

structure and at the edges of the 1X1 islands, but the cluster number density is significantly reduced for growth at 575 K. (b)
200X 200-A image showing the growth of an Sb multilayer on the 1 X 1 Sb epilayer (the latter is the underexposed region at the right
of the image). The multilayer surface shows disorder due to depressions (darker regions) and Sb clusters (bright spots). This layer is

0-6 A thick, corresponding to three layers of Sb. (c) STM image after the equivalent of 4 ML Sb was deposited on GaAs(110) at 300
K. The upper right corner shows the 1X 1 epilayer with bright spots that correspond to islands of the first multilayer. The numbers
draw attention to four successive multilayers. Each is -6 A thick, corresponding to a triple layer of Sb. Small clusters are also ap-
parent on each multilayer surface. (d) A 400X400-A image obtained after annealing the surface of Fig. 1(c) to 375 K. Annealing
eliminates the small Sb clusters and enhances surface ordering. The darker regions are recessed by a single Sb layer from the sur-
rounding regions. The brighter area at upper right shows a second trilayer where the darker portions are one layer thinner. (e) STM
image after annealing 4 ML of Sb at 500 K. The dark areas in the lower half reQect ordered regions one Sb layer thinner than the

0
brighter areas surrounding them. The upper portion shows a large island that is 6.4 A thick and derived from a triple layer of Sb, as
indicated by the arrow. %ithin it, the darker areas are two layers thick. Comparison to (d) shows that annealing enhances layer or-
dering by forming a complete atomic layer near the trilayer island. (f) A schematic cross section depicting Sb multilayer growth on a
1&1 epilayer on GaAs(110). The upper panel reveals the disorder apparent in the images of (b) and (c). Annealing produces the
better ordered structure of the lower panel with double and triple layers of Sb on the 1 X 1 layer.
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a 1 X 1 layer that is in contact with the substrate.
Growth at 300 K produces these multilayers but it also
produces the small clusters and depressions shown as ir-
regularities at the top of Fig. 1(Q. It is important to note
that the disordered Sb clusters coalesce and transform to
ordered three-layer-thick multilayers at some critical
stage in the growth sequence, even for growth at 300 K.
Continued deposition produces additional islands, as in
Fig. 1(c), each with -6 A height and derived from three
layers of Sb. Annealing enhances surface ordering, as de-
picted at the bottom of Fig. 1(f), and clear separation into
two- and three-layer structures with a reduction in the
number of steps to minimize step energy costs.

Figure 2(a) shows a 2500X2400 A image obtained
after the sample of Fig. 1(c) was annealed to 525 K for 2
h. Similar results were obtained for lower annealing tem-
peratures and longer times. At this stage, the surface to-
pology was much more regular with no exposed 1 X 1

areas and few second- or third-layer islands. The first-
layer islands formed a network with homogeneous
6.4+0.5-A thickness over large regions of the surface.
Within this overlayer there were grains with easily dis-
tinguished boundaries. The superstructures, visible as
parallel lines in gray scale, were oriented +40' or —40
from the [110]substrate direction, as labeled. The spac-
ing between the lines is 25+2 A and the peak-to-peak
corrugation was -0.4 A for a sample bias of 1.0 V. The
superstructure can be modeled as a Moire effect in which
the (001) direction of the Sb pseudocubic (110) plane
[or, equivalently, the rhombohedral (101) plane] is rotat-
ed by +7' or —7' with respect to the substrate [110]
direction.

Domain walls (DW's) are also formed, visible as bright
lines that generally begin at one end of a grain and ter-
minate at the other. They are roughly parallel to one
another and do not intersect. Such striped domain walls
reflect strain associated with the compression of an ad-
sorbed layer. ' Our STM images for Sb/GaAs(110) show
that the domain walls form in regions of complete uni-

formly thick multilayers. Such domain walls and super-
structures were also produced by lower annealing temper-
atures [they were present in a -500-A band below the
second multilayer in Fig. 1(e)]. A domain wall was also
found bisecting an isolated island -500 A in size having
clearly evident superstructures. The domain-wall corru-
gation was voltage dependent, ranging from -2 A at a
sample voltage of 0.2 V to -0.2 A at a sample voltage of
2.5 V. This indicates that the domain-wall appearance is
largely an electronic effect that is associated with an un-

derlying structural difference.
Lines of defects (D) define the grain boundaries of Fig.

2(a). The defect diameter is -20 A but the size is also
somewhat bias dependent. Defects occasionally appear
within a grain as well, where they can serve to terminate
a single domain wall. The arrow at the right center of
Fig. 2(a) draws attention to a region devoid of periodic
superstructures or domain walls. It was not surrounded

by defects, and it may still have structural disorder. The
dark region in the upper right corresponds to a -2-A-
deep depression where the third layer of the 6.4-A multi-

layer had not formed.

FIG. 2. (a) STM image obtained after annealing 4 ML of Sb

to 525 K for 2 h. Differently oriented superstructures (SS)

aligned +40' or —40' relative to the substrate [110]direction

are apparent in the grains as straight lines in gray scale. As dis-

cussed, the superstructure reflects a Moire effect. Defects (D) of
0-20-A size define the grain boundaries. Periodically spaced

striped domain walls (DW) are formed within each grain due to
strain in the Sb overlayer. The dark region at upper right is a

monolayer depression. The arrow draws attention to a region

with no apparent order. (b} STM image of a portion of (a)

showing a grain defined by defects with domain walls and a su-

perstructure that is oriented 40' relative to [110]. There is a

phase shift of 180 as the superstructure passes through the

domain wall. (c) A curvature-enhanced STM image showing

that the grain boundaries and the domain walls are continuous

over a monatomic substrate step which runs diagonally through

the image. (d) A curvature-enhanced STM image showing that

the domain walls (marked by arrows) continue through a 6.4-
0
A-high multilayer step in the Sb overlayer.
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Figure 2(b) represents a high-resolution image where
the two superstructure orientations, the domain walls,
and the grain boundaries are evident. This particular im-

age was chosen because it shows that the superstructure
has a phase shift of 180 as it passes through the domain
wall. As will be illustrated below, the phase shift can be
modeled by producing dislocations in any of the pseudo-
cubic (110) directions. Figure 2(c) shows that the Sb
grains are continuous over monatomic substrate steps.

6 0 ~ ~ I ~ ~ % ~ a r ~ ~

(b)

~40.
Xl

Z 20

40

20

~~ooe
p a I

80 100 120 140 160
Watt Separation ()()

-90 -45 0 45 90
Angle relative to

substrate t1$0) direction

QaAa

VOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO(O4»
(c) &oooooooooooooooooooooooooooooooo ' sa ~»o~

Haec~~~aooooooooooooooooooooooo
040
040
400
000
400
0004
0000
0000
4040
8888
00004
00000
00400
00000
00000
44000
040004
O04000
)00000
'44400 0

QaAa
— 1 tiol

4400 Sb [OOtl
0000
4400

00000
000
040
400
040
000
00
88 ~ow
00
00
00
0
0

FIG. 3. {a) A distribution of domain walls as a function of
their separation derived from images such as Fig. 2{a). The

0
mean separation was 110+7 A. The inset shows how the
domain wall (DW) separation was defined with respect to the
superstructure (SS). (b) The angular distribution of domain
walls for the two differently oriented grains. The domain-wall
angle is given with respect to the substrate [110]direction. The
solid (dashed) line is a Gaussian fit to the distribution of domain
walls for grains containing superstructures oriented +40'
( —40 ) relative to [110].The peak for the grains containing the
superstructure oriented +40' ( —40') is +10 ( —15 ). (c) Moire
pattern generated between the Sb pseudocubic (110) lattice and
the GaAs(110) surface. For simplicity, each Ga-As pair was

represented by a single circle. The Sb lattice was rotated 7'
clockwise from the GaAs array, producing a superstructure

0
with a separation of -24 A, as observed experimentally. The
phase shift observed for the superstructures as they passed
through the domain wall (DW) was modeled by creating a dislo-
cation of a/2(110) in the Sb lattice. (The GaAs substrate
directions are given along with the Sb pseudocubic directions in
the upper right corner. ) From (a), these dislocations are spaced
every 110+7A.

The 2-A-high step of Fig. 2(c) runs —13$' from the +x
axis. The lines of defects that define the perimeter of the
grains and the domain walls are continuous across the
step. The image of Fig. 2(d) also illustrates the continu-
ous character of the domain walls as they pass through a
6.4-A multilayer step and even through the oval grain
boundary at lower right. These observations indicate
that the domain walls and the grain boundaries (consist-
ing of defects} probably extend to the 1X1 Sb layer and
are not inhibited by surface defects and steps.

Insight into the character of the domain walls can be
obtained by measuring their separation and their lengths
for overlayers annealed to 525 K. The separation was
determined by measuring the distance perpendicular to
the superstructure, as depicted in the inset of Fig. 3(a).
The measurements were taken 200 A from the grain
boundaries at 200-A intervals to avoid possible interac-
tions between the domain walls and grain boundaries. A
Gaussian fit indicates the mean separation is 110 A (stan-

0
dard deviation k7 A). The onset of domain-wall forma-
tion in large uniformly thick multilayers and the periodic
separation between the domain walls indicate that they
serve to relieve strain in the overlayer.

To determine whether the domain walls had preferred
orientations, we measured their directions for the
differently oriented grains. The domain-wall orientation
is important because the compression of the overlayer
occurs perpendicular to the domain-wall direction. Fig-
ure 3(b) shows the distribution of domain-wall orienta-
tions for the two difFerently oriented grains, together with
Gaussian fits to the experimental results. For grains with
superstructures oriented +40' ( —40'), the domain-wall
orientation has a maximum at approximately +10' (ap-
proximately —15') from the substrate [110] direction.
This suggests that the direction of the domain walls
occurs primarily along the (001) direction of the (110)
pseudocubic Sb plane. Therefore, the compression for Sb
occurs mainly in the pseudocubic (110)direction. Using
this, we can model a domain wa11 by creating a disloca-
tion of a/2(110) in the pseudocubic Sb (110) surface.
Figure 3(c) shows a Moire pattern generated from the
substrate (simplified in the figure by using a single symbol
per unit cell to reflect a Ga and As pair} and the pseudo-
cubic (110) Sb surface. The latter was rotated by —7'
from the substrate [110]direction. The Sb lattice also in-
cludes a domain wall (dislocation) near the middle of the
figure. The periodic superstructure is reproduced as well
as a phase shift of 180' for the superstructure as it passes
through the domain wall. This phase shift corresponds
to that observed experimentally in Fig. 2(b). Although
this simple model reproduces the phase shift across the
domain wall, the atomic positions across the domain wall
and its width within one unit cell should not be inferred.

Annealing Sb multilayers to 550 K exposed large re-
gions of the epitaxial 1 X 1 layer on GaAs(110). Some ter-
races were observed that were up to —18 A or three tri-
ple layers high, containing grains with domain walls and
superstructures. The existence of the domain walls and
the superstructures and the persistence of the triple-layer
structures indicate that the substrate was able to

0
inhuence the surface layer even when it was 18 A away.
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STM images acquired after the equivalent of -8 ML
of Sb had been deposited and annealed to 450 K revealed
atomically flat islands on regions exhibiting domain walls
and periodic superstructures. These islands were -4 A
thick, in contrast to those observed for thinner films

0
where the multilayer height was -6 A. Some layers had
triangular or hexagonal symmetry, suggesting a change in
the growth pattern of the rhombohedral overlayer. In
addition, the domain walls and superstructures from the
lower-coverage multilayer structures did not persist.
These observations are particularly interesting because
they signal the transition from a substrate-stabilized over-
layer exposing surfaces with rectangular symmetry to one
exposing the low-energy (111) surfaces of the rhom-
bohedral structure. The transition from the substrate-
stabilized structure to one exposing (111) surfaces with
hexagonal symmetry was clearly seen by low-energy elec-
tron diffraction (LEED). In particular, fractional order
spots adjacent to integer order spots were observed for a
3-ML Sb coverage and annealing to 475 K. The LEED
pattern showed the gradual appearance of two different
rotated hexagonal domains on a ring structure as the
overlayer thickened.

B. 10—40-ML Sb/GaAs(110):
Transition to intrinsic grow'th structures

Images obtained after the equivalent of 10 ML of Sb
deposition on GaAs(110) at 300 K show a surface having
small clusters, as at lower coverages, but the 6-A layered
structures were not apparent. The absence of distinct
multilayers probably reflects the fact that each successive
multilayer acts as an increasingly imperfect template, to-
gether with the change in growth pattern to one in which
the surface layer is close packed. Annealing to 475 K
produced large layered crystallites that were parallel to
the substrate, as shown in Fig. 4. Their hexagonal sym-
metry indicates that they exposed (111)planes. Each lay-
er is 3.9+0.4 A higher than the layer below, correspond-
ing to the stacking of two planes in the [111] rhom-
bohedral direction. The existence of double-layer steps is
not surprising because Sb (as well as Bi) form puckered
double layers. ' The double layers arise because each
atom forms pyramidal bonds with its three nearest neigh-
bors and the next-nearest neighbors are in the adjacent
layer. ' These crystallites had no preferred azimuthal
orientation. The left portion of Fig. 4 shows a stack of
four such double layers (-16 A high) with well-defined
linear edges. The right portion shows a hexagonal region
that is two double layers lower than the surrounding ter-
race. These structures are clearly difFerent from those ob-
served at low coverage in terms of their stacking (double
layers rather than triple layers} and their symmetry.
Again, this indicates that the substrate-mediated struc-
tures are stabilized up to a critical thickness after which
it is energetically favorable for the Sb structures to ex-
pose (111)planes, even at the expense of a grain boundary

FIG. 4. STM image obtained after 10-ML Sb deposition on
GaAs(110) followed by annealing to 475 K. The left portion
shows an island consisting of four Sb bilayers. Each bilayer is
-4 A high. The Sb rhombohedral ( 111) direction is normal to
the surface. The hexagonal pit at the right is two bilayers or

0—8 A deep.

or transition layer for the two differently oriented rhom-
bohedral structures. (As noted above, we cannot exclude
the possibility that the low coverage structure is cubic
rather than pseudocubic, but the existence of a change in
growth is clear nonetheless. )

Figure 5(a} shows a STM image for 20 ML of Sb depos-
ited at 300 K. In this case, the overlayer is highly irregu-
lar with many layers easily discerned. Also evident are
irregular clusters near the edges of the platelets. More-
over, the basal planes of the crystallites are randomly
oriented azimuthally as well as out of the GaAs surface.
Comparison to the equivalent results for 10-ML deposi-
tion indicates crystallites are much more easily formed
for the thicker films. This is consistent with a previous
refiection high-energy electron-diffraction (RHEED)
study' where the substrate pattern gradually disappeared
with coverage until 20+3 ML, at which point a
difFraction pattern appeared. Annealing the 20-ML film
to 500 K produced larger grains, as shown in Fig. 5(b).
Many of the crystallites produced by annealing had basal
planes that were parallel to the substrate surface, as in
Fig. 4. There were also regions in which the ( 111) direc-
tion was not normal to the surface, and, in this case,
there was extensive faceting. The lower portion of Fig.
5(b) shows such regions where there are -20 steps in a
staircase. These steps are nearly straight and parallel and
the terraces are very narrow. Annealing to -600 K
enhanced grain growth, producing a surface where all of
the crystallites were parallel to the surface, as in Fig. 5(c).
The crystallite edges were generally straight and inter-
sected at 60' to produce triangular corners. Associated
with these steps were screw dislocations with the Burgers
vector normal to the surface. The height between sucees-

O

sive layers was 3.9+0.4 A, corresponding to two layers
perpendicular to the ( 111) rhombohedral direction.
Heating above -625 K led to Sb desorption. In this
case, the images sho~ed crystallites surrounded by large
regions of the 1 X 1 epilayer on GaAs(110).
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where region A is a 1X1 Sb layer and regions 8 and C
are -6.4 and —12.8 A higher [see the sketch of Fig.
l(f)]. Figure 6(b) shows representative I-V measurements
taken on each layer. From the I-V measurements, the
1X1 Sb layer has a band gap of 1.2+0. 1 eV, in agree-
ment with previous studies. ' The 6.4-A layer has a
band gap of 0.6+0.2 eV, and the 12.8-A layer has a band

gap of 0. 15+0.1 eV. The band gap is the region of zero
conductivity in the I-V spectra. Each band gap is an
average of up to 30 measurements long with the statisti-
cal error. Linear extrapolation using the latter two
values would predict that the Sb film would become semi-
metallic when it is —15 A thick. This is in reasonable
agreement with calculations using bulk parameters, i.e.,
0.2 eV for the overlap of the valence band and the con-
duction band and the effective masses of electrons and
holes. '

D. Bi/GaAs(110):
Substrate-mediated and intrinsic structures

FIG. 5. (A) 800X800-A STM image of 20 ML of Sb deposit-
ed at 300 K. The triangular structures expose i 1 11} surfaces

'0 2
that are randomly oriented. (b) 1000X 1000-A curvature-
enhanced image obtained after annealing (a) to 500 K. The top
portion shows Sb crystallites with basal planes parallel to the

0
substrate. Each layer is -4 A thick, and ten layers can be- seen
in this image. The bottom portion shows a stack of layers in
which the (111) direction is not normal to the surface. (c)
STM image showing 20 ML of Sb after annealing to 600 K. The
(111) direction of the overlayer is normal to the surface. In
general, the surface is very flat, but triangular-shaped structures
can be observed that are related to pairs of clockwise and coun-
terclockwise screw dislocations. In addition, triangular-shaped
pits can also be observed (not shown here). Each layer is

0
3.9+0.4 A thick, corresponding to two Sb layers.

Figure 7(a) shows a 450X450 A image obtained after
2 ML of Bi had been deposited at 300 K (sample bias 1.47
V). These growth conditions produce an epitaxial 1X1
layer on which 2D islands form. As for Sb/GaAs(110),

C. Sb/GaAs(110): Semiconductor-semimetal transition

Sandomirskii' predicted that semiconductor-
semimetal transitions would be observed for thin films
where the transition would be induced by a quantum size
effect that rejects the thickness of the film. In the semi-
conducting state, the energy gap Eg was predicted to de-

pend quadr atically on the film thickness, namely

Es =6 [(t) /t 1], where b, is t—he overlap between the
conduction and valence bands and t is the thickness at
which the gap vanishes. This relationship assumes that
the thin film is infinite in the lateral direction. Bismuth
has been the semimetal generally used to study this
effect' because of the small overlap between the conduc-
tion and valence bands and the small effective masses of
the electrons and holes. However, it has been difficult to
produce atomically smooth surfaces and films with pre-
cisely known thicknesses. Annealed Sb films on
GaAs(110) have the advantage of growing in a distinct
layered structure that is atomically Hat.

Figure 6(a) shows a STM image for Sb/GaAs(110)

. (b)

C
Q
L

O

200

100 '

t'C)
12.8 A Sb

(~)
S.4A Sb

0.

1 2 V+ (A) 1 ML Sb

-100
'f.5 0.0

Sample Voltage (V)

-1.5

FIG. 6. (a) 400X400-A' STM image for -3 ML of Sb an-
nealed to 425 K. The image shows two successive -6-high-A-
trilayers (B and C) on the 1X1 layer (A). (b) Representative
I-V curves labeled A, B, and C correspond to measurements
taken at the 1X1 Sb layer ( A), the 6.4-A trilayer (B), and the
12.8-A trilayer (C) showing a reduction in the band gap as the
Sb layer thickens. Sb undergoes a semiconductor-semimetal

0
transition at -15 A.



10 228 J. C. PATRIN, Y. Z. LI, M. CHANDER, AND J. H. WEAVER

.joe"X ( [q jo.
"

g 5 8&
—I.I, .iw

0 2FIG. 7. (a) 450 X450-A curvature-enhanced image showing
2-ML Bi deposition at 300 K (sample bias of 1.47 V). The lower
level rejects the 1X 1 epitaxial layer with periodic misfit dislo-
cations (arrows) spaced about 25 A in the [110]direction. The

0
islands on the epilayer are -7 A high and nearly isotropic. (b)

0 2 ~750X 750-A image obtained with a sample bias of —0. 1 V that
reveals the two differently oriented periodic superstructures on
the island surface. The superstructure is oriented +55% or
—55% from the substrate [110]direction. This image has not
been drift-corrected. (c) Drift-corrected atomic resolution im-

0

age of -7-A-high Bi island. The lattice spacing is 3.4 and 4.5
0

A in the a and b directions. Notice that the rows shift by one
half the lattice spacing as they pass through the superstructure
(SS).

the 1X1 layer induces the nearly complete unrelaxation
of the substrate surface. ' The dark lines in the epitaxial
layer are associated with misfit dislocations that run ap-
proximately parallel to the [001] direction, as identified

by the arrows in Fig 7(a). M. cLean et al. showed that
these misfit dislocations are spaced about 25 A apart in
the [110]direction and they attributed them to strain re-
lief. The islands on the epilayer generally do not exceed
-300 A in diameter and they are 7.0+0.5 A in height. '

The island surfaces are uniform, indicating that the misfit
dislocations do not propagate through them.

Figure 7(b) shows a STM image of the same 2-ML
Bi/GaAs(110) film obtained with a sample bias of —0. 1

V (not corrected for drift). In this case, the epilayer is
poorly resolved because it has a gap of 0.6 eV. Under
these conditions, however, the periodic superstructures
SS on the Bi islands are readily apparent. These super-
structures are spaced every -21 A and they are oriented
+55 or —55 from the substrate [110]direction. (The
crystal orientation for this image is different than for the
others. ) The superstructure orientation is close to the an-

gle between the [112]and [110]directions of the surface
unit cell (+54.7'). These oriented superstructures may

produce the additional diffraction spots along the diago-
nals of the integer order beams reported in recent LEED
studies for Bi on GaAs(110).

Figure 7(c) shows a drift-corrected atomic resolution
image for an individual Bi island to illustrate the atom
positions through the superstructure (SS). The Bi surface
lattice has rectangular symmetry that corresponds to a
qseudocubic (110) plane with lattice constants of a =3.3
A and b=4. 8 A so that b=&2a. The -7-A island
height would then correspond to the stacking of three
layers in the pseudocubic (110) direction (the rhom-
bohedral [101]direction), as for Sb multilayers. The su-
perstructure can be modeled again as a Moire effect, but
in this case the (001) direction of the Bi pseudocubic
(110) lattice is rotated + 10' or —10' from the [110]sub-
strate direction. The angle of rotation was determined by
the difFerence between the Bi pseudocubic (110) direc-
tion and the substrate [001) direction from the STM im-
ages. In addition, the atoms shift by one half the lattice
spacing in the ( 110) direction, as illustrated by the lines
parallel to the a direction as they cross through the
center region of Fig. 7(c). This effect was also observed
for Sb on GaAs(110).9 It can be associated with the
Moire effect, but it also exhibits a voltage dependence, as
discussed below.

Figure 8(a) shows a large-scale STM image obtained
after 6 ML of Bi had been deposited at 300 K. Surpris-
ingly, the 2D islands on the 1 X 1 epilayer have largely
disappeared (this figure shows only one) and they have
been replaced by large elongated crystallites. This image
was chosen because it shows that the elongated crystal-
lites are oriented approximately +10' or —10' with
respect to the [110] substrate direction. They grow in
layers, and cross sections from the STM images reveal
that each layer is -4 A in height, corresponding to two
layers perpendicular to the (110) pseudocubic plane
[rhombohedral (101)]. The deposition of 4 ML of Bi pro-
duced similar results. Hence, the 2D islands coalesce
spontaneously to form large crystallites, even at 300 K,
for depositions between 2 and 4 ML, sweeping large areas
of the 1 X I epilayer free of 2D islands. We speculate that
the 2D islands are metastable and atoms are readily de-
tached at 300 K. The elongated multilayer crystallites
are much more energetically favored so that the 2D is-
lands yield to the elongated crystallites. From the STM
images, the 2D islands are nearly isotropic in shape,
whereas the crystallites are very anisotropic. Although
both structures expose pseudocubic (110) surfaces, the 2D
islands are three layers high, while the elongated crystal-
lite heights are in multiples of two layers. Evidently, the
shape of the growth structure is extremely dependent on
the thickness.

Figure 8(b) demonstrates that the surfaces of the
elongated Bi crystallites contain the same 21-A periodic
superstructure as the 2D islands. The image of Fig. 8(b)
was chosen because it shows a line of defects defining a
grain boundary that is parallel to one of the superstruc-
ture orientations. Within each grain, the superstructures
are oriented +55' or —55 from the [110] substrate
direction. The corrugation of the periodic superstructure
was 0.2 —0.3 A for a sample bias of 1.0 V.
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Figure 8(c) is an atomic resolution image of a typical
region containing the superstructure where the super-
structure is oriented —55' from the [110]direction. The
atoms are spaced 3.25 and 4.66 A apart in the a and b
directions, respectively, in close agreement to atomic dis-
tances for the pseudocubic (110) plane [rhombohedral
(101}plane], namely 3.29 and 4.746 A. Inspection of
Fig. 8(c) reveals that the spacing is constant and the rows
are continuous through the superstructures, in contrast
to Fig. 7(c) where the rows appear to shift as they pass
through the superstructure. This is somewhat mislead-
ing, however, because the phase shift is dependent on the
imaging conditions. This is demonstrated in Fig. 8(d)
where the bottom half of the image was acquired at 30
mV and the top half was acquired at 90 mV. Thus, an
electronic effect plays a role in dictating the apparent
atomic positions.

Figure 8(e) shows a Moire pattern generated using the
substrate lattice (again simplified with one atom per unit

cell) and the (110) pseudocubic plane of Bi in which the
Bi (001) direction is rotated 10' clockwise from the
[110]substrate direction. The Moire pattern reproduces
the superstructure orientation of —55' with respect to
[110]and spacing of -21 A. Figure 8(e} also shows that
the Bi rows appear to be aligned with the substrate when
the Bi rows are directly over the substrate rows, as ob-
served experimentally in Figs. 7(c) and 8(d).

Figure 9 is a representative large-scale image obtained
after 50 ML of Bi was deposited on GaAs(110) at 300 K.
This surface is dominated by large crystallites that are
oriented parallel to the [110] direction. Cross sections
reveal that the height difference between successive layers
is -4 A, corresponding to the stacking of two layers in
the rhombohedral (111) direction and surface termina-
tion with (111}planes. LEED studies in this coverage re-
gime showed hexagonal symmetry with a lattice constant
comparable to the bulk value. ' ' The fact that Bi forms
crystallites for all coverages at 300 K, whereas Sb crystal-

J st) II ) (t 1 ol'

0
FIG. 8. (a) 1400X 1400-A image for 6-ML Bi deposition at 300 K. The image shows elongated Bi crystallites aligned +1Q or—10' from the substrate [110]direction. Within the crystallites, there are 21-A periodic superstructures oriented +55 or —55 from

the [110]direction as in Fig. 7(b). Each step within the crystallite corresponds to a Bi bilayer (-4 A). The isolated Bi island at the0
lower left corner of the figure is -7 A high. It also contains a periodic superstructure. (b) Higher-resolution image showing the two
superstructure orientations separated by a line of defects. The superstructures are oriented either +55 or —55' from the [110]sub-
strate direction. (c) Atomic resolution image of a Bi crystallite after 6 ML of Bi was deposited at 300 K. The atomic spacing is 3.250

~ ~ 0
A along the a direction and 4.66 A along the b direction. The arrows dram attention to the periodic superstructure. (d) Atomic reso-
lution image showing the bias dependence for rows as they pass through the superstructure. The rows in the upper portion of the im-
age appear to run straight through the superstructure (bias 90 mV), whereas those at the bottom appear to shift by one half the lattice
spacing (bias 30 mV), as indicated by the white line. (e) Moire pattern generated by rotating the (001) direction of the pseudocubic
(110) Bi pseudocubic lattice by —10 relative to the [110]substrate direction. The superstructure appears as periodically spaced lines
running —55 from the [110]substrate direction.
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FIG. 9. STM image obtained after 50 ML of Bi deposition at
300 K. The Bi crystallites have atomically flat surfaces and
elongate preferentially along the substrate [110] direction.
Each layer is -4 A thick, corresponding to stacking of two lay-
ers in the ( 111}rhombohedral direction.

lite formation required annealing, is probably due to the
lower melting temperature of Bi (545 K versus 904 K for
Sb).

In the above, we have described the structure of Bi as
pseudocubic (rhombohedral). It should be noted that
there are actually two Bi(110}pseudocubic planes with
dimensions of 4.75 and 4.54 A in the (110) directions
and 6.57 A in the (001) direction. ' ' The interlayer
bond length of 3,47 A and intralayer bond length of 3.1 A
make up the unit cell length in the (001) direction. In
our studies, we could not differentiate between the inter-
layer and intralayer distances and have assumed that we

measured the average of the two. One possible reason
that we could not observe a difference is that Bi (as well

as Sb) forms a simple cubic phase at low coverage.
Total-energy calculations reveal small energy differences
between the rhombohedral and simple cubic structures.
For example, there is only a 0.060-eV/atom difference be-

tween the energy minima in the rhombohedral and simple
cubic structures of arsenic. Such simple cubic structures
for Sb and Bi have been observed at high pressure.
%hile the existence of a simple cubic structure stabilized

by the substrate cannot be ruled out, the conclusions of
this paper are independent of such a slight change in the
substrate-mediated overlayer.

nealed overlayers contained orientationally ordered
grains with periodic domain walls and superstructures.
The superstructures were modeled as a Moire effect in
which the pseudocubic (110) surface is rotated from the
substrate high-symmetry direction. Interestingly, the Sb
overlayer grew in multilayers with a height of 6.4+0.5 A,
corresponding to the stacking of three layers perpendicu-
lar to the pseudocubic (110)surface with the ( 111}direc-
tion inclined from the surface normal. For an Sb cover-
age of 8 ML, the annealed overlayers exhibited structures
that were differently oriented than those mediated at 1ow
coverage by the substrate with (111)normal to the sur-
face, thus introducing a grain boundary. Antimony was
found to undergo a semiconducting-semimeta11ic transi-
tion at a thickness of -15 A.

For Bi overlayers on GaAs(110), the first Bi layer
gro~s epitaxia11y with misfit dislocations. Small triple-
layer thick 2D islands grow on the epitaxial monolayer,
but these islands are replaced by large crystallites prefer-
entially oriented with respect to the substrate and derived
from double-layer structure. Both the 2D islands and the
crystallites exhibit one of two differently oriented super-
structures. The superstructures were also modeled as a
Moire effect. For thicker films, the Bi crystallites were
elongated along the substrate [110]direction.

It is instructive to compare the results for Sb and Bi for
nominal coverages &6 ML. For an annealing tempera-
ture of 525 K and a coverage of 4 ML, Sb formed grains
with superstructures and periodi. cally spaced striped
domain walls. In this thickness regime, however, Bi
formed crystallites containing large grains without
striped domain walls, even at 300 K. The larger grain
size and the formation of crystallites for Bi at 300 K can
be explained by the lower melting temperature of Bi. The
formation of domain walls in the Sb overlayer probably
rejects the accommodation of strain. In contrast, the lat-
tice constant of Bi is —

5%%uo larger than Sb. The
GaAs(110) substrate may expand the Sb lattice by -5%
and strain relief is achieved by the formation of periodic
dislocations (striped domain walls). In addition, the Sb
(Bi) lattice is rotated by +7 (+ 10 ) or —7' (

—10') from
the substrate symmetry directions. For Sb and Bi on
GaAs(110}, the angle of rotation then increases for de-

creasing misfit. This trend is opposite to that predicted
by Novaco and McTague for orientational epitaxy
where the overlayer rotates away from substrate high-

symmetry directions, as for rare-gas mono1ayers adsorbed
on graphite where the overlayer rotation decreased as the
misfit decreased. Moreover, these semimetals adsorb in

multilayers rather than monolayers as for the rare gases.
Indeed, they may constitute a new class of materials ex-

hibiting orientational epitaxy.

IV. CONCLUSION

In this paper, we have examined the temperature- and
coverage-dependent structures of Sb and Bi grown on
GaAs(110). For low coverage, Bi overlayers and an-

nealed Sb overlayers formed a rich variety of substrate-
mediated structures. For a -4-ML Sb coverage, the an-
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