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We have used cross-sectional scanning tunneling microscopy to perform atomic-scale
characterization of InAs0.35P0.65 /InP strained-layer multiple-quantum-well structures grown by
gas-source molecular-beam epitaxy. High-resolution ~110! cross-sectional images reveal nanoscale
clustering of As and P in the InAsx P12x alloy layers. Boundaries between As-rich and P-rich regions
in the alloy layers appear to be preferentially oriented along the @1̄12# and @11̄2# directions in the
~110! plane, suggesting that boundaries between As-rich and P-rich clusters tend to form within
$111% planes in the lattice. The nanoscale compositional variations within the InAsx P12x alloy layers
lead to an asymmetry in interface quality in the ~110! cross section, with the InAsx P12x -on-InP
interfaces being much smoother and more abrupt than the InP-on-InAsx P12x interfaces. Analysis of
~11̄0! cross-sectional images suggests that the clusters formed within the InAsx P12x alloy are
elongated along the @110# direction in the crystal. © 1998 American Institute of Physics.
@S0003-6951~98!02317-1#

strates. The epitaxial-layer structure of the samples used in
these studies and the cross-sectional STM geometry employed are illustrated schematically in Fig. 1. A 2500 Å InP
buffer layer was grown initially, followed by a coherently
strained heterostructure consisting of 50 Å InAs0.35P0.65 alternating with 100 Å InP for five periods. All epitaxially
grown layers were doped n type (n;1016 – 1017 cm23). The
substrate temperature during growth was 460 °C; further details concerning the growth chamber and procedures are described elsewhere.18,19 STM studies were performed on both
~110! and ~11̄0! cross-sectional surfaces exposed by in situ
cleaving in an ultra-high-vacuum STM chamber at a pressure

InAsx P12x /InP heterostructures have shown considerable promise for optoelectronic devices such as lasers1–4 and
photodetectors5 operating at 1.06–1.55 mm, and for highspeed electronic devices.6 In quantum-well laser structures,
compressive strain in the InAsx P12x layer leads to a smaller
valence-band effective mass and, consequently, a smaller
valence-band density of states that facilitates population
inversion.7 Furthermore, the large conduction-band offset in
this material system8 (DE c >0.75DE g ) leads to efficient
electron confinement and reduced leakage current in laser
diodes, thereby minimizing the threshold current in
InAsx P12x /InP lasers.1 Finally, compositions in the
InAsx P12x /InP system are easier to control than those in the
Inx Ga12x Asy P12y /InP system, which has also been explored
extensively for optoelectronic device applications at wavelengths of 0.98–1.55 mm.3,9
A significant issue in ternary and quaternary III–V alloys is the possible presence of ordering, clustering, and/or
compositional modulation phenomena, which have been observed to occur in a wide range of material systems10–12 and
which can exert a considerable influence on crystal quality,
interface quality, and other electronic as well as optical properties such as band gap,13 band-edge discontinuities, and carrier transport.14–17 Detailed characterization and understanding of these phenomena at the atomic scale are, therefore, of
great importance for optoelectronic and electronic devices
based on these materials.
In this letter, we describe cross-sectional scanning tunneling microscopy ~STM! studies of atomic-scale compositional structure in an InAs0.35P0.65 /InP strained-layer
multiple-quantum-well ~MQW! structure grown by gassource molecular-beam epitaxy ~MBE! on n 1 -InP ~001! sub-

FIG. 1. Schematic diagram of the sample structure and STM geometry used
in these studies. The epilayer consisted of a 2500 Å InP buffer layer grown
on a ~001! n 1 -InP substrate, followed by a five-period, 50 Å
InAs0.35P0.65/100 Å InP n-type multiple-quantum well. STM imaging was
performed on both ~110! and ~11̄0! cross-sectional planes.

a!

Present Address: Hewlett-Packard Company, 3500 Deer Creek Road, MS
26M-7, Palo Alto, CA 94304.
b!
Electronic mail: ety@ece.ucsd.edu
0003-6951/98/72(17)/2135/3/$15.00

2135

© 1998 American Institute of Physics

2136

Zuo et al.

Appl. Phys. Lett., Vol. 72, No. 17, 27 April 1998

FIG. 3. Topographic line profiles L1 and L2 extracted from the As-rich and
P-rich regions, respectively, of the InAsx P12x alloy indicated in Fig. 2.

FIG. 2. Three-dimensional rendering of a 205 Å3205 Å ~110! constantcurrent STM image of the InAs0.35P0.65 /InP multiple-quantum-well structure, obtained at a sample bias voltage of 22.4 V and a tunneling current of
0.1 nA. Major directions are indicated by arrows. Two triangular As-rich
regions, bounded by dotted lines, and two P-rich regions are indicated.

of ;(6 – 9)310211 Torr. Electrochemically etched W tips,
cleaned in situ by electron bombardment, were used for these
studies.
Figure 2 shows a three-dimensional rendering of a
205 Å3205 Å ~110! constant-current STM image of the
InAsx P12x /InP multiple-quantum-well structure, obtained at
a sample bias of 22.4 V and a tunneling current of 0.1 nA.
Because the valence-band edge of InAs is higher than that of
InP, we interpret the brighter features as being associated
with As atoms and the darker features with P within the
InAsx P12x layer. Variations in composition at the atomic
scale are clearly visible, allowing us to investigate in detail
the nature of clustering in the InAsx P12x layer. From Fig. 2,
it is apparent that there exist brighter As-rich clusters and
darker P-rich clusters within the InAsx P12x alloy layer, as
indicated by the labeled arrows. As a direct consequence of
nanoscale clustering of As and P within the InAsx P12x alloy
layers, there is a marked asymmetry in interface quality—the
InP-on-InAsx P12x interfaces are considerably rougher and
less abrupt than the InAsx P12x -on-InP interfaces. Clustering
of As and P in the InAsx P12x alloy layer can be further
substantiated by examination of topographic line scans extracted from different regions in Fig. 2. Figure 3 shows topographic line scans, each averaged across one atomic spacing along the @1̄10# direction, extracted from locations
indicated in Fig. 2. The line scans L1 and L2 correspond to
an As-rich region and a P-rich region, respectively, within
the InAsx P12x alloy layer. Within the first five to six bilayers
of the InAsx P12x alloy, the topographic profiles in the Asrich and P-rich regions differ substantially, reflecting a significant difference in composition. Near the top of the
InAsx P12x layer, i.e., above the As-rich cluster traversed by
L1, the topographic profiles are much more similar.
An additional feature observed in the InAsx P12x alloys
is that the intersections in the ~110! plane of the boundaries

between As-rich and P-rich regions appear to be preferentially oriented along the @1̄12# and @11̄2# directions. In Fig. 2,
the dotted lines delineate two As-rich regions, each starting
from the InAsx P12x -on-InP interface and extending in the
@001# growth direction for approximately 30–35 Å. These
regions appear to be approximately triangular, with bases
extending 40–60 Å in the @1̄10# direction and sides oriented
along the @1̄12# and @11̄2# directions. If the boundaries between As-rich and P-rich regions assume the form of simple
planes, then we may deduce from the intersections of these
boundaries with the ~110! plane that their indices (hkl)
should satisfy the equation
7 ~ h2k ! 12l50.

~1!

The simplest solutions to Eq. ~1! correspond to ~1̄11! and
~11̄1! planes in the crystal, suggesting that the boundaries
between As-rich regions and P-rich regions may form preferentially within these planes.
Further information about the nanoscale compositional
structure of the InAsx P12x alloy layers can be obtained by
analysis of cross-sectional images of the ~11̄0! plane. Figure
4~a! shows a three-dimensional rendering of a 400 Å
3400 Å ~11̄0! constant-current STM image of the
InAsx P12x /InP MQW structure, obtained at a sample bias of
22.4 V and a tunneling current of 0.1 nA. The InAsx P12x
alloy layers show considerably less compositional variation
along the @110# direction than was evident along the @11̄0#
direction in the ~110! cross-sectional image. It is also apparent that the As composition is graded along the @001# growth
direction within the two lower ~i.e., right most in the image!
InAsx P12x alloy layers: the topographic contrast in Fig. 4~a!
is generally greater near the InAsx P12x -on-InP interfaces
than that near the InP-on-InAsx P12x interfaces, indicating
that the As concentration is higher near the
InAsx P12x -on-InP interfaces and lower near the InP-onInAsx P12x interfaces. Figure 4~b! shows three line scans,
each averaged across one atomic spacing, extracted from the
locations indicated by arrows in Fig. 4~a!. Within the two
lower InAsx P12x alloy layers, the topographic contrast decreases along the @001# growth direction, and the transition at
the InP-on-InAsx P12x interface is much less abrupt than that
at the InAsx P12x -on-InP interface. Finally, the relatively uniform As composition observed along the @110# lateral direction in the ~11̄0! cross-sectional image combined with the
triangular As-rich and P-rich clusters observed in the ~110!
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between As-rich and P-rich regions in the InAsx P12x alloy
layers are likely to be $111% planes. Clustering in the
InAsx P12x alloy layers leads to a clear asymmetry in the
interface structure in the ~110! plane, with the
InAsx P12x -on-InP interfaces being much smoother than the
InP-on-InAsx P12x interfaces. ~11̄0! cross-sectional images
reveal a compositional gradient that is frequently, but not
universally, present within the InAsx P12x alloy layers, with
the As composition generally appearing to be higher near the
InAsx P12x -on-InP interfaces and lower near the InP-onInAsx P12x interfaces. Combining the information obtained
from both ~110! and ~11̄0! images suggests that the As-rich
and P-rich clusters in the InAsx P12x alloy layers tend to be
elongated along the @110# direction, with roughly triangular
~110! cross sections in the ~110! plane.
Part of this work was supported by DARPA ~Optoelectronics Technology Center! and NSF ~ECS 95-07986!. One
of the authors ~E.T.Y.! would like to acknowledge receipt of
a Sloan Research Fellowship.
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FIG. 4. ~a! Three-dimensional rendering of a 400 Å3400 Å ~11̄0! constantcurrent STM image of the InAs0.35P0.65 /InP multiple-quantum-well structure, obtained at a sample bias voltage of 22.4 V and a tunneling current of
0.1 nA. ~b! Topographic line profiles extracted from the locations indicated
in ~a!, each averaged across one atomic site.

cross-sectional image suggests that the As-rich and P-rich
clusters in the InAsx P12x alloy layers tend to be elongated
along the @110# direction, with roughly triangular cross sections in the ~110! plane.
In summary, we have performed atomically resolved
cross-sectional STM imaging of InAsx P12x /InP strainedlayer multiple-quantum-well structures grown by gas-source
MBE. These studies have revealed the presence of nanoscale
clustering of As and P within the InAsx P12x alloy layers.
Boundaries between As-rich and P-rich regions in the
InAsx P12x alloy layers are oriented preferentially along the
@1̄12# and @11̄2# directions in ~110! cross-sectional images,
forming As-rich regions with triangular cross sections in the
~110! planes. This observation suggests that the boundaries
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