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Abstract

Using model GaSb–InAs heterostructures, we have systematically examined how cross-sectional scanning tunneling
microscopy ( XSTM) can be used for the study of III–V heterostructure interfaces. The interpretation of interfacial
structure in XSTM images is impeded by the fact that only every other III or V plane as grown on the (001) substrate
is seen in each image. We show how this structural artifact affects spectral analyses of interfacial roughness, preventing
an accurate analysis when interfaces are just a few layers wide. Additional complications arise due to the inequivalence
of the (110) and (11:0) cleavage surfaces and the dependence of interfacial bond orientation on growth order. By
taking advantage of the different bond orientations on the two cleavage surfaces, we demonstrate that the contrast
observed at the interfacial layers in this system is caused primarily by the geometry of the interfacial bonds, not
electronic structure differences. Finally, we illustrate how careful design of model heterostructures can be used to
circumvent many limitations of XSTM, and thereby allow one to obtain detailed atomic-scale information about all
the growth layers in the structure. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction mation. The contributions to interfacial disorder
can be separated into two categories: morphologi-
cal roughness, arising from islands kineticallyThe epitaxial growth of thin film heterostruc-
trapped during growth; and intermixing, observedtures inevitably involves the formation of interfaces
as compositional fluctuations near the interfacebetween layers of different materials. Moreover,
associated with segregation. Such interfacial disor-as the layer thickness decreases, the fraction of the
der can ultimately impact the electrical and opticaltotal structure consisting of interfacial layers
device characteristics by affecting transport andincreases. Although state-of-the-art epitaxial
scattering mechanisms of carriers across interfacesgrowth techniques such as molecular beam epitaxy
[1,2], as well as by causing local deviations in the(MBE) can deposit material with sub-monolayer
band offsets [3].precision, it is challenging nonetheless to create

During the last decade, cross-sectional scanningperfectly abrupt interfaces given all the kinetic and
tunneling microscopy ( XSTM) has emerged as athermodynamic factors that influence interface for-
powerful technique to characterize III–V semicon-
ductor heterostructure interfaces [4–10]. This tech-* Corresponding author. Fax: +1-202-7673321.

E-mail address: Lloyd.Whitman@nrl.navy.mil (L. Whitman) nique relies on a fortuitous property of the zinc-
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Fig. 1. Ball-and-stick model of an InAs–GaSb–InAs heterostructure with InSb interfacial bonds. The bulk-truncated (110) and (11:0)
cleavage surfaces are shown. Note that on relaxed surfaces the exposed III and V atoms move towards and away from the surface,
respectively.

blende III–V crystals: they easily cleave along {110} cleavage surface. As shown in Fig. 1, there
are two possible cleavage planes, exposing either{110} crystal faces, producing atomically-abrupt,

nearly defect-free surfaces that present a cross- (110) or (11:0) surfaces, that have the same simple
surface structure. For example, on the (11:0) facesectional view of structures grown on (001) sub-

strates. Like transmission electron microscopy the surface layer consists of ‘zigzag’ chains of
alternating III and V atoms running along the(TEM), XSTM can be done on samples from any

III–V(001) wafer, and can therefore be used to [110] direction. It is well established that these
III–V surfaces undergo a simple surface relaxation,examine the interfaces within samples grown for

actual device applications. Accordingly, both tech- with the III (V ) atoms relaxing towards (away)
from the surface, that shifts the electron densityniques can be used to directly correlate interfacial

morphology with the electrical and/or optical char- between the atoms leaving the III (V ) dangling
bond essentially empty (filled) [11]. Because STMacteristics of a device. Whereas TEM can examine

an interface from any crystallographic direction, ‘surface topography’ physically represents con-
tours of constant integrated charge density, thisand it is a powerful technique for revealing defects

in a material, atomic-resolution TEM images pre- relaxation provides the primary source of contrast
in XSTM images: under most imaging conditions,sent a view averaged through many lattice planes.

In contrast, although XSTM is limited to studies only the III (V ) dangling bonds are seen in empty
(filled) state constant-current images of III–V{110}of the {110} planes, the images show a true cross-

section as represented by a single plane of atoms. surfaces.
In XSTM images of heterostructures, theTherefore, XSTM should be an excellent method

for studying the atomic-scale structure of hetero- different III–V materials often appear to be at
different heights on the {110} surface (typicallystructure interfaces. However, a variety of factors

must be considered when interpreting interfacial varying by ≤0.1 nm). This contrast is generally
attributed to differences in electronic structure,structure from XSTM images, including limita-

tions imposed by both the imaging process itself such as band gaps, band edge alignments, and/or
surface density of states of the materials. Similarly,and the structure of the {110} cleavage planes.
point defects are often observed that look like
individual ‘atoms’ which are slightly raised or
depressed in the surface lattice; this contrast has2. Limitations of XSTM
also been attributed to electronic effects. However,
because the charge density that determines theIn order to discuss the inherent limitations of

XSTM, it is useful to review the properties of the STM topography is also a function of the positions
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of the surface atoms, local variations in electronic 1. Only every other III or V plane as grown on
the (001) substrate can be observed; dependingstructure cannot be simply distinguished from geo-

metric displacements. For example, variations in on the vagaries of the cleavage process, it may
not be the interfacial plane.topography have been observed that are caused

by geometric distortions in the surface plane asso- 2. Atomic-scale variations in the topography are
caused by a convolution of electronic and geo-ciated with strain relaxation [12,13]. The convolu-

tion between electronic versus geometric contrast metric effects (a generic limitation of STM
images).can make it challenging to perform an accurate

compositional analysis of an interface using 3. Interfacial bonds may be oriented either into
or out of the {110} surface plane depending onXSTM [14].

In addition to the limitations imposed by the the cleave direction.
4. The interfacial bond orientation depends on theimaging process, interfacial analysis by XSTM is

also hindered by the zinc-blende crystal structure heterostructure growth order.
If the actual interfaces are poorly defined due[15]. Most significantly, the III–V zigzag chains

observed in STM images of a {110} surface consti- to disorder spanning many growth layers, or only
a qualitative characterization of interfacial struc-tute every other III–V layer grown in the [001]

direction. The atoms in the alternate layers, below ture is desired, these limitations will be relatively
unimportant. However, when interfacial disorderand between each chain, are not seen. An important

consequence of this limitation is that, for imperfect only occurs within a few growth layers, an accu-
rate, quantitative interpretation of XSTM imagesinterfaces, it is impossible to image the actual

multilayer profile along the interface. Another will require these factors to be carefully considered.
Although some of these issues have been addressedcomplication arises from the inequivalence of the

two {110} cleavage surfaces, creating structural briefly in the past in discussions of specific hetero-
structures [15], here we systematically explore howdifferences that are most apparent at the interfaces.

Treating the materials in Fig. 1 as InAs (red-green) best to interpret interfacial structure from XSTM
images using model GaSb–InAs heterostructuresand GaSb (magenta-cyan), one can see that the

InSb (red-cyan) bonds are nominally oriented in designed specifically for this purpose.
the surface plane on one cleavage plane, but out of
the plane on the other (note that on a relaxed
surface they may not be strictly orthogonal ). This 3. Preparation and imaging of model

heterostructuresis important because XSTM images only reveal
one of the interfacial atoms for the out-of-plane
case – the other atom will always be between the Model GaSb–InAs heterostructures were grown

on GaSb(001) substrates in a solid-source MBErows. Moreover, the bond orientation also depends
on the growth order: compare the Sb-on-In bonds system equipped with cracked arsenic and anti-

mony sources. After desorbing the initial oxide, aon the left with the In-on-Sb bonds on the right.
These asymmetries occur in all III–V heterostruc- ~1 mm thick GaSb buffer layer was grown at

500°C, and then the temperature was lowered totures. Further complexity arises for heterostruc-
tures without a common anion, such as this one, ~420°C and the heterostructure was grown. The

growth temperatures were determined using recon-because two interfacial bond types are possible
(GaAs and InSb in this illustration). Similar com- struction phase diagrams for GaSb as correlated

with Sb flux and infrared transmission thermome-plications also occur in structures incorporating
alloy layers, such as Al(Ga)As/GaAs superlattices, try [16,17]. Both GaSb and InAs layers were

grown at 0.5 monolayer (ML) s−1 with a V:IIIwhere the atomic scale interfacial structure will be
heterogeneous. flux ratio of ~2:1 and no intentional doping.

Growth rates were calibrated by reflection high-The inherent limitations of XSTM for analysis
of interfaces at {110} surfaces can be summarized energy electron diffraction (RHEED) intensity

oscillations.as follows:
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In order to make the heterostructures as compo- of step structures that allow one to observe, to
some extent, all the layers in cross-section. Assitionally abrupt as possible with uniform inter-

facial bonds, each interface was carefully formed shown in Fig. 2, these include cleavage steps on
the {110} surface caused by an imperfect cleaveusing migration-enhanced epitaxy (MEE) [18,19].

For example, to make a GaSb-on-InAs interface (Fig. 2a and b), and growth-layer steps, present on
the (001) surface when an interface is formed andwith InSb bonds, 1 ML of In was first deposited

on an As-terminated InAs(001)-(2×4) surface, then exposed in cross-section on the {110} surface
(Fig. 2c and d).followed by a 2 s Sb2 exposure and then growth

of GaSb via co-deposition. For InSb bonds in an When a cleavage step on the {110} surface is a
single atomic layer high, like the one observed inInAs-on-GaSb interface, 1 ML of In was first

deposited on an Sb-terminated GaSb surface, fol- Fig. 2a, alternate growth layers are exposed on
either side of the step, as illustrated in Fig. 2b. Inlowed by 2 s of As2 and then InAs growth.

Similarly, GaAs interfacial bonds were made using this example the step diagonally crosses a GaSb-
on-InAs interface grown with GaAs interfacialanalogous MEE procedures with alternate Ga and

As2 exposures. Interfacial bonds prepared in this bonds. Notice that the rows of As or Sb atoms at
the (110) surface shift by half the row spacing onway have previously been shown to be highly

uniform as characterized by X-ray diffraction either side of the step, thereby revealing all the
group-V layers in the heterostructure. Also note( XRD), Raman spectroscopy, and TEM [18–20].

Samples ca. 4×6×0.35 mm3 were cut from the that the row on the right/down side of the step
that is between the interfacial Sb and As layers onsubstrate wafer and mounted on an STM sample

holder, narrow edge-up and with a known orienta- the left/up terrace has an As-like appearance.
Hence, this row must be the interfacial As layertion. After introducing the samples into the STM

vacuum chamber (<1×10−10 Torr), each was out- (with GaAs bonds), which we denote as the cross-
sectional view of growth layer ‘0;’ therefore, thegassed for 30 min at ~100°C. A sample was then

scribed in situ (~1 mm long, perpendicular to the rows above and below it must correspond to the
lattice planes two layers above (‘+2’) and belowwide edge), and cleaved to expose either a (110)

or (11:0) surface as determined by the initial (‘−2’) the interface. Similarly, the interfacial rows
exposed on the left/up terrace can then be assignedmounting orientation. Each sample was used only

once. Single-crystal tungsten tips were prepared by to the growth planes one layer above and below
the interface. Even though it is still not possibleelectrochemical etching, and cleaned in situ by

electron bombardment heating prior to use. All to observe all the rows in a structure sequentially,
cleavage steps at least enable one to definitivelyimages shown here were acquired with constant-

current (0.1–0.3 nA) and filled electronic states identify the actual interfacial layer and thereby
analyze the atomic-scale structure as a function of(2–3 V ). Because it is generally easier to obtain

high-resolution images of filled electronic states on the absolute distance from an interface.
Cleavage steps are not always present and easyIII–V {110} surfaces, almost all XSTM studies

focus on the structure of the group V layers. For to locate, but fortunately the second type of step,
a growth-layer step, can be used to similar effect.this reason, we confine our discussion to interfacial

structure as revealed by filled-state images only. When a heterostructure is grown on a (001) sub-
strate, steps will be present both from the never-
perfect orientation of the substrate surface and
from islands associated with the growth process4. The impact of imaging only every-other growth

layer [21]. When an interfacial layer is formed on top
of such a step, it can be observed clearly in XSTM
as an atomically-abrupt shift of the interface, as4.1. Identifying the interfacial layer using steps
seen in Fig. 2c. The key to using these ‘steps’ for
interfacial analysis comes from recognizing thatAlthough only every other (001) growth layer

is exposed on a {110} cleave, there are two types the underlying steps on the growth surface are
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Fig. 2. (a) Filled-states XSTM image of a GaSb–InAs heterostructure where there is a single atomic layer-high step on the (110)
cleavage surface. Note that the rows shift by half a unit cell when they cross the step. (b) A structural model illustrating how the
alternate growth layers are exposed on either side of the step. The relative position of the interface allows one to identify which is
the GaAs interfacial bond layer (denoted as ‘0’) and, by reference, the other layers surrounding the interface. (c) Filled-states image
of a (11:0) surface showing how a growth step at an InAs-on-GaSb interface appears in XSTM. (d) A structural model of the step,
demonstrating how single III–V layer-high growth steps can be used to identify the interfacial layer.

virtually always a single III–V layer high. As terize the roughness is to calculate the power
spectral density of each profile, |A

q
|2L, where A

q
illustrated in Fig. 2d, because the cross-sectional
view shows every-other layer, and in this case the is the roughness at wavevector q, and L is the

interface length. The spectral density is then fit toGaAs interfacial layer is above the GaSb, we can
deduce that the As-like side of the row on the a Lorentzian function:
right side of the ‘step’ must be the interfacial layer.
Like the cleavage steps, we find that these steps |A

q
|2L=

2LD2

1+q2L2
(1)

make it possible to determine the position of the
interfacial layer and thereby construct an accurate
picture of the atomic-scale structure. to provide a measure of the overall roughness, D,

and the correlation length, L [4–10]. However, it
is crucial to recall that, because XSTM only ‘sees’4.2. Spectral analysis of interfacial roughness
every other layer (not necessarily including the
interfacial layer), it is impossible to directly measureThe morphological roughness associated with

steps on the growth surface may be the most the true interfacial profile. To our knowledge, this
important limitation to spectral analysis of inter-important source of interfacial disorder and has

therefore been a prime focus of XSTM studies. facial roughness has never been discussed in the
literature.One can often use the natural contrast between

the heterostructure layers to trace two-dimensional When the interfacial roughness is on the order
of a few growth layers, the discrepancy betweenprofiles of the interfaces, which can then be digi-

tized and analyzed. Because the effects of inter- the XSTM profile and the true interfacial structure
can be substantial, as detailed in Fig. 3. To demon-facial disorder on transport are strongly dependent

on the length scale, a common method to charac- strate this discrepancy, we have simulated XSTM
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Fig. 3. (a) Plan-view STM image of a 5 ML AlSb film grown on InAs. Each layer observed is 1 ML thick (0.3 nm). (b) Profile of
the surface topography as indicated on the image. If this surface topography was preserved at an interface, and the resulting interfacial
profile observed by XSTM, the profiles shown in (c) and (d) would be measured (the original profile is included in each for
comparison). (c) How the profile would look if the cleave exposed the layers above and below the interface, that is, the ‘odd’ layers.
(d) How it would look if the ‘even’ layers were exposed. (e) Power spectral density analysis showing the averaged results for five
different profiles similar to those shown. The roughness, D, and the correlation length, L, from the fit to Eq. (1) are shown in the
inset for each data set.

interfacial profiles using the actual surface topogra- appears as a series of monolayer-high steps, giving
a cross-sectional view of the islands, which typi-phy of a 5 ML thick AlSb film grown on InAs

(characterized with plan-view STM ) [22]. A profile cally range from ~1 to 20 nm in diameter
(Fig. 3b). Neglecting any contributions to theof the topography along the [110] direction
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XSTM profile from compositional intermixing, faces because the true roughness is a three-dimen-
sional problem. For example, III–V semiconductorthis profile should be a reasonable representation

of the shape of the interface created by deposition epitaxy often results in anisotropic island shapes,
and previous work has demonstrated that thisof the next material layer. Depending on which

layer ends up on the (11:0) surface, however, the anisotropy can be observed in XSTM measurement
of roughness on the two different cleavage sur-interface as viewed by XSTM will have one of two

possible profiles. Following the notation defined faces [9].
above, the XSTM profile will either show the ‘odd’
growth layers, −1, +1, +3,… (Fig. 3c), or the
‘even’ ones, 0, +2,… (Fig. 3d). 5. Interpreting images of interfacial bonds

Comparing the alternate-layer profiles (Fig. 3b
and c) with the true profile (Fig. 3d), a variety of An accurate interpretation of interfacial struc-
artifacts are readily apparent. By observing only ture requires an understanding of how to identify
every other layer, XSTM misses many of the atomic-scale features near interfaces in XSTM
smaller features, so the lateral distance between images, so that the interface can be correctly
‘islands’ appears to increase. Furthermore, the delineated and the degree of intermixing deter-
feature heights appear larger on average because mined. Taking advantage of the methods described
all ‘steps’ appear to be two growth layers high. in Section 4.1 to identify the interfacial layers, we
These artifacts show up clearly in the spectral have examined how the appearance of these layers
analyses of the profiles, as shown in Fig. 3e. After depends on the cleavage plane and the heterostruc-
averaging the power spectra of five different (001) ture growth order.
surface profiles to improve statistics, the power Images of a GaSb–InAs heterostructure speci-
spectra for the three cases (odd, even and true fically incorporating both InSb and GaAs inter-
profiles) were fitted to the Lorentzian function. facial bonds that were grown in both orders –
The values for D and L are summarized in the InAs-on-GaSb and GaSb-on-InAs – are shown in
inset. Although the roughnesses only modestly Fig. 4. The Sb or As layer constituting the group-V
differ in this example, the correlation lengths for side of each interface (i.e. layer ‘0’) is indicated.
the simulated XSTM profiles are significantly When a distinct contrast is observed for these
larger than the true value. Hence, use of these layers, the Sb row in each InSb layer appears
profiles to model the effects of interface scattering higher (‘brighter’) than the adjacent rows in the
on electrical transport would be spurious. For GaSb, and the As row in each GaAs layer appears
instance, calculations have shown that the correla- lower (‘darker’) than the adjacent rows in the
tion length is perhaps a more important parameter InAs. In both cases the height difference is
than the magnitude of the interfacial roughness ~0.02 nm. The GaAs interfaces are generally more
for determining transport in resonant tunneling disordered than the InSb ones, which are relatively
diode structures [23]. more uniform and abrupt (a phenomenon unre-

It does not appear that XSTM profiles from lated to image contrast), consistent with previous
both even and odd layers can be combined in any characterizations of similar heterostructures [18–
way to reconstruct a true representation of the 20,24,25]. Interestingly, the row contrast is only
interfacial roughness power spectrum, because the observed at every other interface; for example, for
profiles will always be uncorrelated with respect the InSb interfacial bonds in Fig. 4a, the Sb rows
to the actual structural features. However, our at the InAs-on-GaSb interfaces appear brighter,
analysis indicates that when the roughness spans but those at the GaSb-on-InAs interface look
four or more growth layers (as appears to be the ‘normal.’
case for most studies to date), the XSTM profiles The relative image contrast is generally consis-
begin to provide a reasonable measure of the tent with a simple electronic interpretation based
interfacial structure. Even in these cases, one on the bulk properties of III–V bonds. A GaAs
should keep in mind that it is necessary to acquire bond is less ionic than an InAs bond, so one might

expect relatively less charge transfer from Ga toroughness data on both the (110) and (11:0) sur-
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Fig. 4. (a) Filled-states XSTM image, 46 nm across, showing two sets of GaSb–InAs–GaSb structures, one with InSb interfacial
bonds and the other with GaAs bonds. (b) Higher magnification view, 23 nm×15 nm, highlighting the topographic contrast observed
at the interfaces. The average profile is shown from within the region indicated. (c) Images of the heterostructure on both cleavage
faces, (110) (top), and (11:0) (bottom). The images, 19 nm×9 nm, have been compressed by 50% along the row direction to emphasize
the row-to-row contrast. Ball-and-stick models (side view) of the surface bond geometry of each interface illustrate how interfacial
bond length can account for the topography observed in XSTM. The interfacial bond length differences are exaggerated for clarity.

As, and therefore a lower topographic height in tions to the contrast might also come from shifts
in the band edge alignments that are known tofilled-state XSTM images of the associated As

row. Conversely, the InSb bond is more ionic than occur at the different interfaces. Similar asymmet-
ries have been observed at GaAs/AlAs versusGaSb, which could account for the raised appear-

ance of its Sb row. Additional electronic contribu- AlAs/GaAs interfaces that appear to be well
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accounted for by such electronic contrast mecha- a (110) surface, and vice versa. This reversal
confirms our proposal that the interfacial bondnisms [15]. However, if the interfacial contrasts in

our case were due primarily to electronic effects, contrast in these heterostructures is caused primar-
ily by the local geometric, not electronic, structure.we would expect all the Sb and As atoms within

the interfacial layers to be uniformly affected in Our experimental results are further supported
by first-principles calculations of the equilibriumthe XSTM images. That only half the interfacial

layers look different suggests an alternate contrast surface structure on cleaved GaSb–InAs hetero-
structures, which inherently take into account bothmechanism in this two-anion case: geometric struc-

ture differences, specifically, different bond lengths geometric and electronic effects, including relax-
ation at the {110} surface [28]. The calculationswithin the InSb and GaAs interfacial layers.

It is well known that InSb (GaAs) interfacial show that atomic-scale changes in the contours of
constant integrated charge density at the interfacesbonds increase (decrease) the average lattice con-

stant in an GaSb–InAs superlattice [26,27]. Within (essentially what is measured by STM) are associ-
ated almost completely with local differences inthe heterostructure, these bonds will be strained

along {110} directions because they must be the relative heights of the interfacial Sb or As
atoms, in quantitative agreement with our experi-matched to the surrounding lattice. On the cleav-

age surface, however, they will be free to relax ments. Moreover, the calculations reveal that geo-
metric distortions also dominate the contrast foroutward (inward). If the resulting III–V bond

length changes are confined to the interfacial point defects, such as an isolated Sb atom in an
As lattice site. In contrast, the calculations showlayers, the associated XSTM contrast would

depend on the orientation of those bonds at the that the apparent ‘height’ difference between the
GaSb and InAs layers, in general, is mostly associ-{110} surface (see Figs. 1 and 4c). When the bonds

are nominally out of the surface plane, the length ated with electronic structure. For systems where
all bonds, including interfacial bonds, are lattice-change would primarily affect the height of the

atoms on the surface. Using purely geometric matched (e.g. GaAs–AlAs), electronic contrast
mechanisms will clearly dominate, even at theconsiderations and the bulk III–V bond lengths,

one would expect the Sb row in an InSb layer to interfaces. However, when significant bond-length
variations are present, our results show that geo-be 0.015 nm higher than on GaSb, and the As row

in GaAs the same distance lower than on InAs. metric effects will contribute significantly to the
contrast between atomic-scale features.These differences are close to what we (easily)

observe experimentally. For in-plane interfacial
bonds, the length change would be reflected in the
lateral distance between the interfacial and adja- 6. Designing heterostructures for optimal interface
cent Sb or As rows on the {110} surface. A simple characterization
geometric analysis shows the inter-row spacing
(nominally 0.61 nm) should change by only 5 pm To this point, we have identified methods to
(<1%), a lateral shift that would be very difficult locate the interfacial layers and interpret the
to detect with STM. Therefore, because the bond atomic-scale contrast observed. In order to observe
orientation alternates between interfaces, as dis- both the ‘even’ and ‘odd’ numbered layers sur-
cussed in Section 2 and illustrated in Fig. 1, the rounding an interface, however, different areas of
interfacial bond length differences are only the surface where these layers were fortuitously
observed with XSTM at every other interface. exposed by the cleave must be located. This diffi-

A direct test of the contribution of bond length culty can be ameliorated by careful design of a
differences to interfacial bond contrast can be model heterostructure; specifically, each structure
made by comparing the contrast on the two {110} of interest should be grown in duplicate separated
cleavage surfaces, where the relative bond orienta- by an odd number of III–V layers. For layer-by-
tions are reversed. As shown in Fig. 4c, the Sb and layer growth conditions, cleavage will then expose
As interfacial rows that look different on a (11:0) the ‘even’ layers on one of the structures, and the

‘odd’ layers on the other, enabling the observationsurface look like normal GaSb and InAs rows on
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In previous work, we have studied the formation
of InSb bonds on InAs(001)-(2×4) surfaces using
plan-view STM [22,29,30]. We can now use what
we have learned about interpreting XSTM images
to build upon our previous understanding of anti-
monide–arsenide interfacial bond formation. It is
apparent that the roughness at the interfaces can
be substantially different depending on which of
the two is observed. For interface I, we observe a
very abrupt interfacial layer that can now be
clearly identified as the raised Sb in out-of-plane
InSb bonds ( layer ‘0’), with only occasional GaSb-
like Sb features. In contrast, the row at interface
II is relatively heterogeneous, with an approxi-
mately equal mixture of Sb and As-like features.
This row can be identified as the last As layer onto
which the InSb bond layer was then deposited
( layer ‘−1’).

The relative disorder in the last As layer is
consistent with our previous understanding of the
antimonide-on-arsenide interface. The initial
InAs(001)-b2(2×4) surface reconstruction has a
non-stoichiometric composition of 0.5 ML As on

Fig. 5. (a) Filled-states image (20 nm×15 nm) of the (110) sur- top of 0.75 ML In, as illustrated schematically in
face of a GaSb–InAs heterostructure with InSb interfacial

Fig. 5b. The procedure used for forming InSbbonds. The two interfacial bond layers, labeled ‘I’ and ‘II,’ were
bonds by MEE – depositing 1 ML of In, followedseparated by an odd number of growth layers so that the ‘even’

layers would be observable at one interface and the ‘odd’ layers by a 2 s exposure of Sb2 and then GaSb growth –
at the other. (b) The atomic-scale composition of the interfacial cannot result in an abrupt interface. Because of
layers are determined by the surface reconstructions during the 0.25 ML of In ‘missing’ from the InAs starting
growth, as indicated for InSb interfacial bonds formed by MEE

surface, only three-quarters of the MEE layer canon an InAs(001)-b2(2×4) surface. The resulting layers, includ-
form InSb bonds [30]; the remaining interfacialing a composite As+Sb layer (‘−1’), are illustrated on the right.
layer must be composed of GaSb. Although this
intermixing would be more directly apparent inof all the growth layers in a single XSTM image.

We have implemented this design scheme in a empty-state images, it does account for the GaSb-
like segments of layer ‘0.’ Similarly, the originalGaSb–InAs heterostructure with InSb interfacial

bonds, as shown in Fig. 5. In this structure, started 0.5 ML of As below the MEE layer must be
completed somehow. From the appearance of layeron an InAs(001)-(2×4) surface, the first GaSb

layer consists of the following: 1 ML of In termi- ‘−1,’ we conclude that the As is supplemented by
0.5 ML of Sb, and that the MEE procedure effec-nated with Sb (InSb bond layer ‘I’); 14 ML of

GaSb terminated with Sb; 1 ML of In (InSb bond tively traps this As and nominally inhibits group-V
exchange, as intended.layer) terminated with As; and 11 ML InAs termi-

nated with As. The second GaSb layer was then
grown the same way, beginning with InSb bond
layer ‘II’ and ending with a thicker InAs film (only 7. Conclusions
part of which is seen). Because of the V-rich
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