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Cross-sectional scanning tunneling microscopy~STM! has been used to characterize compositional
structures in InAs0.87Sb0.13/InAs0.73P0.27 and InAs0.83Sb0.17/InAs0.60P0.40 strained-layer superlattice
structures grown by metal-organic chemical vapor deposition. High-resolution STM images of the
~110! cross section reveal compositional features within both the InAsxSb12x and InAsyP12y alloy
layers oriented along the@1̄12# and@11̄2# directions—the same as those in which features would be
observed for CuPt–B type ordered alloys. Typically one variant dominates in a given area, although
occasionally the coexistence of both variants is observed. Furthermore, such features in the alloy
layers appear to be correlated across heterojunction interfaces in a manner that provides support for
III–V alloy ordering models which suggest that compositional order can arise from strain-induced
order near the surface of an epitaxially growing crystal. Finally, atomically resolved~11̄0! images
obtained from the InAs0.87Sb0.13/InAs0.73P0.27 sample reveal compositional features in the@112# and
@1̄1̄2# directions, i.e., those in which features would be observed for CuPt–A type ordering.
© 1999 American Vacuum Society.@S0734-211X~99!08404-8#
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I. INTRODUCTION

Mid- to long-wavelength infrared emitters and detecto
are of great importance for applications such as chem
sensing, fiber communication, molecular spectroscopy,
infrared detection. InAsxSb12x-based alloys and superlattice
have shown great promise for mid- to long-wavelength
frared devices operating at wavelengths from 3 to 12mm.1,2

These materials are of particular interest because in na
band gap materials, the threshold energy for Auger p
cesses, which frequently suppress the radiat
recombination,3 is reduced and the wavelength at whi
emitters operate at room temperature is therefore typic
limited to ;2.1–2.3mm.4 For InAsxSb12x-based materials
grown on GaSb or InAs substrates, the compressive stra
the InAsxSb12x layer will facilitate population inversion in
laser structures5 and will suppress Auger processes by d
creasing the hole effective mass and increasing the Au
process threshold energy.3 In addition, InAsxSb12x /
InAsyP12y heterostructures have been of considerable re
interest for such applications, because the enhanced vale
band offset improves the heavy-light hole splitting within t
compressively strained InAsxSb12x layer, further suppress
ing Auger processes.6 Crystal quality is also expected to b
improved due to strain compensation.

For a variety of ternary and quaternary III–V alloys, fe
tures in compositional structure such as ordering, cluster
phase separation, and spontaneous compositional modul
have been observed to occur.7–10 Such features may signifi
cantly influence material properties such as band ga11

interface quality, carrier mobility, or luminescenc

a!Electronic mail: ety@ece.ucsd.edu
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spectra.12–15 Indeed, partial CuPt–B type ordering has be
observed to occur, and to lead to a reduction in band g
within InAsxSb12x alloys for Sb compositions as low asx
'0.07– 0.14.2,10 In InAsxSb12x alloys, ordering-induced
band gap narrowing can extend the useful photorespons
8–12 mm, corresponding to band gaps as small as;100
meV, much smaller than expected for random alloys.16 The
existence of a similar compositional structure, and its prec
nature, within InAsxSb12x /InAsyP12y superlattices, and es
pecially within the InAsxSb12x layer, may significantly in-
fluence material and device properties. A detailed und
standing of the atomic-scale compositional structure wit
such heterostructures is therefore essential for optimiza
of material properties and device performance.

In this article, we describe ultrahigh-vacuum cros
sectional scanning tunneling microscopy~STM! studies of
pseudomorphic InAsxSb12x /InAsyP12y strained-layer super
lattices~SLS! grown on InAs~001! substrates. Details con
cerning the experiments and sample structures will be
cussed in Sec. II. High-resolution STM images obtain
from both cross-sections of InAsxSb12x/InAsyP12y SLS
samples revealing features in compositional structure with
orientation similar to that observed in both CuPt–B type a
CuPt–A type ordering will be presented in Sec. III. Furthe
more, compositional features with similar local strain re
tive to that in the surrounding material are observed to
correlated across the heterojunction interfaces, sugges
that strain plays a very important role in the determination
compositional structure in these materials. Section IV c
cludes the article.
178117 „4…/1781/5/$15.00 ©1999 American Vacuum Society
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II. EXPERIMENT

The InAsxSb12x /InAsyP12y multiple-quantum-well
~MQW! samples used in these studies were grown by me
organic chemical vapor deposition~MOCVD!. The growth
temperature was 500 °C and the growth rate was 2.5
additional details concerning the growth apparatus and
cedures are described elsewhere.6,17 Figure 1 shows a sche
matic illustration of the sample structure and STM geome
For each sample, a 500 Å InAs buffer layer was grown i
tially on n-type InAs ~001! substrates, followed by a ten
period InAsxSb12x /InAsyP12y MQW structure, and finally
another InAsyP12y layer. Here we present results obtain
from two samples—a 65 Å InAs0.87Sb0.13/90 Å InAs0.73P0.27

MQW structure sample, and a 110 Å InAs0.83Sb0.17/112 Å
InAs0.6P0.4 MQW structure sample. STM studies were pe
formed on both~110! and ~11̄0! cross-sectional surfaces e
posed byin situ cleaving in an ultrahigh-vacuum~UHV!
STM chamber at a pressure of;7310211 Torr. Electro-
chemically etched W tips and commercially available P
tips cleanedin situ by electron bombardment were used f
these studies.

III. RESULTS AND DISCUSSION

Figure 2~a! shows a three-dimensional rendering of a 2
Å3210 Å filled-state~110! constant-current STM image o
the 65 Å InAs0.87Sb0.13/90 Å InAs0.73P0.27 multiple quantum
well structure, obtained at a sample bias of21.6 V and a
tunneling current of 0.1 nA. The InAsxSb12x layer appears
brighter~higher topographically!, while the InAsyP12y layer
appears darker~lower topographically!, with a typical topo-
graphic contrast of;2–2.5 Å between the two layers. Th
topographic contrast observed between the InAsxSb12x and
InAsyP12y layers can arise from two sources. First, t
valence-band edge of InAs0.87Sb0.13 is higher than that of

FIG. 1. Schematic diagram of the sample structure and STM geometry
in these studies. Samples consist of a 500 Å InAs buffer layer grown o
n-type InAs ~001! substrate, followed by a ten-period InAsxSb12x /
InAsyP12y multiple-quantum-well structure capped by a final InAsyP12y

layer.
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InAs0.73P0.27, leading to a larger tip-sample separation, i.
greater topographic height, in the InAsxSb12x layer in a
filled-state constant current STM image. Second, the co
pressive and tensile strain in the InAsxSb12x and InAsyP12y

layers, respectively, will lead to actual topographic variati
on the cleaved surface. The compressively strain
InAsxSb12x layer will protrude slightly, while the InAsyP12y

layer, which is under tensile strain, will be slightly de
pressed. The morphological variations will also cause
InAsxSb12x layer to appear higher and the InAsyP12y layer

ed
n

FIG. 2. ~a! Three-dimensional rendering of a 210 Å3210 Å ~110! constant-
current STM image of the InAs0.87Sb0.13/InAs0.73P0.27 multiple-quantum-
well structure, obtained at a sample bias voltage of21.6 V and a tunneling
current of 0.1 nA.@1̄12# compositional features correlated across heteroju
tion interfaces are marked by arrows.~b! Three-dimensional rendering of a
230 Å3230 Å constant-current~110! STM image of the InAs0.83Sb0.17/
InAs0.60P0.40 multiple-quantum-well structure, obtained at a sample b
voltage of 21.8 V and a tunneling current of 0.1 nA.@1̄12# and @11̄2#
compositional features correlated across heterojunction interfaces
marked by arrows.
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to appear lower topographically. A simple calculation bas
on elasticity theory18,19 indicates that the amplitude of thes
undulations should not exceed a few tenths of an angstr
the contrast between the InAs0.87Sb0.13 and the InAs0.73P0.27

layers therefore appears to be primarily electronically
duced.

In addition to the overall contrast between differe
layers, detailed variations in contrast corresponding to lo
variations in electronic and, by extension, compositio
structure are clearly visible. Specifically, composition
features aligned along thê112& directions in both the
InAsxSb12x and InAsyP12y layers are clearly seen. In Fig
2~a!, compositional features along the@1̄12# direction in the
~110! plane~perpendicular to the@11̄1# direction in the crys-
tal!, are clearly visible in both the InAs0.73P0.27 and
InAs0.87Sb0.13 alloy layers. These@1̄12# features are assoc
ated with compositional variations along the@11̄1# direction
in the crystal. In CuPt–B type ordering, the type most co
monly observed in III–V zincblende semiconductors, t
composition is periodic with a period of 2a/A3 ~wherea is
the cubic lattice constant! along the@1̄11# and @11̄1# direc-
tions in the crystal. The features seen in Fig. 2~a! are there-
fore reminiscent of those associated with the~11̄1! variant of
CuPt–B type ordering. However, the compositional struct
observed does not correspond to actual CuPt–B type or
ing, for which the periodicity in the@11̄1# direction would be
only ;7 Å. The observation of compositional variation
along only the@11̄1# direction is most likely a local charac
teristic of the area imaged by STM, as previous studies
InAsxSb12x alloys have shown that CuPt–B type orderi
can occur in these materials with local variations presen
the relative intensities of the~1̄11! and ~11̄1! variants.10

Closer examination of the STM image reveals that co
positional structure in the alloy layers appears to be co
lated across heterojunction interfaces. Specifically, dark
gions in the InAsyP12y layer in Fig. 2~a! appear to extend
across the heterojunction interfaces in the@1̄12# direction and
marge with dark regions in the InAsxSb12x alloy. In the
InAsxSb12x alloy, increasing the Sb concentration will cau
the valence-band edge to move higher in energy and
degree of compressive strain to increase, while in
InAsyP12y alloy, increasing the P concentration will cau
the valence-band edge to move lower and the degree of
sile strain to increase. The areas of dark contrast in
InAsyP12y layer, therefore, correspond unambiguously to
gions of P-rich composition, with greater tensile strain th
the surrounding alloy, while those in the InAsxSb12x layer
correspond to As-rich regions, with less compressive st
relative to the surrounding material. The alignment of P-r
regions in the InAsyP12y layer with As-rich regions in the
InAsxSb12x layer observed in the image therefore cor
sponds to an alignment within~11̄1! planes across hetero
junction interfaces of regions with a smaller average latt
constant than the surrounding material.

Figure 2~b! shows a three-dimensional rendering of a 2
Å3230 Å filled-state~110! constant-current STM image o
the 110 Å InAs0.83Sb0.17/112 Å InAs0.60P0.40 multiple-
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quantum-well structure, obtained at a sample bias of21.8 V
and a tunneling current of 0.1 nA. In this image, compo
tional features aligned along the@1̄12# and @11̄2# directions
are visible in both the InAs0.83Sb0.17 and InAs0.60P0.40 layers.
Unlike the region shown in Fig. 2~a!, where compositional
variation is observed predominantly along the@11̄1# direc-
tion, features corresponding to compositional variation
both the@1̄11# and@11̄1# directions are observed to coexist
this image. On the basis of previous transmission elect
diffraction studies of InAsxSb12x alloy ordering in which the
relative intensities of CuPt–B type ordering variants we
found to vary with location in the sample,10 we believe that
observations of compositional features along both the@1̄11#
and@11̄1# directions or of compositional features along on
one of these directions in different images reflect local va
tions within a given sample, rather than systematic diff
ences between samples.

Figure 2~b! also reveals the presence of correlations
compositional features across the heterojunction interfa
similar to those seen in Fig. 2~a!. As with the previous
sample, increasing the Sb concentration in the InAsxSb12x

alloy will cause the valence-band edge to move higher
energy and the degree of compressive strain to incre
while increasing the P concentration in the InAsyP12y alloy
will cause the valence-band edge to move lower and
degree of tensile strain to increase. Darker features in b
the InAsxSb12x and InAsyP12y layers are therefore assoc
ated with an average lattice constant smaller than that in
surrounding material, while brighter features are associa
with a larger average lattice constant. The observation
both samples studied, of correlation across heterojunction
terfaces of regions with similar strain relative to the su
rounding material suggests that local strain is a signific
factor in the determination of compositional structure
these materials. Theoretical models of ordering in III–V
loys have suggested that alloy ordering arises from str
induced order in surface reconstructions present du
growth that is subsequently incorporated into the structure
the epitaxially grown alloy.20–22 Our observations describe
above are consistent with such models of ordering dur
epitaxial growth, and further suggests that, to some deg
such ordering can propagate across heterojunction interfa

We have also obtained STM images of the~11̄0!
cross-sectional surface for the 65 Å InAs0.87Sb0.13/90 Å
InAs0.73P0.27 multiple-quantum-well sample. These imag
provide additional information about compositional structu
within the group V sublattice. Figure 3~a! shows a three-
dimensional rendering of an atomically resolved~11̄0! filled-
state STM image obtained at a sample bias of21.65 V and
a tunneling current of 0.1 nA. From this image we see t
features oriented along the@112# and @1̄1̄2# directions are
present within the InAsxSb12x layer. Such features corre
spond to compositional variation along the@111̄# and @111#
directions, respectively, the same as those in which com
sitional variations occur for CuPt–A type ordering, which
observed much less frequently than CuPt–B ty
ordering.22,23
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The resolution attained in this image is sufficient for mo
detailed investigations of compositional structure on the
posed~11̄0! surface, which reveal nanoscale regions with
the alloy in which strong CuPt–A type ordering appears
occur. In the magnified view of the InAsxSb12x layer shown
in Fig. 3~a!, a compositional feature aligned in the@1̄1̄2#
direction is indicated. The bright and dark atoms in the i
age correspond to Sb and As, respectively. Simple coun
yields a composition of approximately InAs0.77Sb0.23 in this
region of the alloy. In the magnified view, three arrows
dicate the intersections of three adjacent~111! planes in the
crystal with the exposed~11̄0! cross-sectional surface. Figur
3~b! shows the compositional structure that would cor
spond to ideal CuPt–A type ordering, with the planes cor
sponding to those indicated in Fig. 3~a! marked by arrows. In
the uppermost plane indicated in Fig. 3~a!, six of the seven
group V atoms in the top layer are Sb, with one being un

FIG. 3. ~a! Three-dimensional rendering of a constant-current~11̄0! STM of
an InAs0.87Sb0.13 layer within the InAs0.87Sb0.13/InAs0.73P0.27 superlattice,
obtained at a sample bias voltage of21.65 V and a tunneling current of 0.1
nA. Compositional features aligned in the@112# and @1̄1̄2# directions are
delineated by dotted lines. The magnified view at right contains an area
a high degree of CuPt–A type ordering.~b! Schematic illustration of the
~111! variant of perfect CuPt–A type ordering in InAsxSb12x .
J. Vac. Sci. Technol. B, Vol. 17, No. 4, Jul/Aug 1999
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termined. In the bottom plane indicated in Fig. 3~a!, five of
the seven group V atoms in the top layer are Sb. In
middle plane, only the rightmost@110# row of atoms in the
top layer clearly contains Sb; the remainder appear to be
atoms. For perfect CuPt–A type ordering, the top and bott
planes would contain only Sb, and the middle plane only
While the group V composition in the second-layer atom
rows cannot be determined unambiguously from this ima
the compositional structure observed in the top-layer ro
strongly suggests that the area described above posses
high degree of the~111! variant of CuPt–A type ordering
Because the average Sb composition in the alloy is o
;13%, it is not unexpected that only small regions of high
ordered material would be observed.

IV. CONCLUSION

Cross-sectional STM has been used to investigate com
sitional structure in InAs0.87Sb0.13/InAs0.73P0.27 and
InAs0.83Sb0.17/InAs0.60P0.40 strained-layer superlattice
samples. Filled-state~110! cross-sectional images of bot
samples reveal compositional features within bo
InAsxSb12x and InAsyP12y layer with orientations that are
the same as those present for CuPt–B type ordering; reg
in which compositional variations in both the@1̄11# and
@11̄1# directions coexist as well as areas in which one ori
tation dominates are observed. Furthermore, clear evide
is found that certain compositional features are correla
across heterojunction interfaces within the superlattices.
tailed analysis reveals that these compositional features
associated with local strain, suggesting that strain play
very important role in the determination of composition
structure within these materials. These observations l
support to theories of ordering in epitaxially grown mater
in which surface reconstructions present during growth
duce near-surface compositional order, which is then inc
porated into the epitaxially grown alloy. Finally, atomical
resolved~11̄0! cross-sectional images of an InAs0.87Sb0.13/
InAs0.73P0.27 multiple-quantum-well sample reveal nanosca
regions in the InAsxSb12x layer within which the composi-
tional structures appears to possess a high degree of CuP
type ordering.
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