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Lateral composition modulation in short period superlattices: The role
of growth mode
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The role of the growth mode on lateral composition modulation is studied in short period
superlattices of AlAs/InAs and GaAs/InAs. Reflection high energy electron diffraction and scanning
tunneling microscopy are used to monitor the growth mode and the quality of the interfaces.
Cross-sectional transmission electron microscopy indicates that samples that grow via the
layer-by-layer growth mode do not exhibit lateral composition modulation and the superlattice
structure is well defined. Lateral composition modulation forms when roughening occurs during
growth. However, too much roughening, i.e., three-dimensional island nucleation destroys the
regularity of the composition modulation in both the lateral and vertical directions. These results are
in general agreement with theoretical predictions. 2@01 American Institute of Physics.
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The growth of short period superlattic€8PS$ by mo- Despite all of the recent work in this area, experimental
lecular beam epitaxy frequently results in heterostructureserification of existing models has yet to emerge. In this
that have spontaneously formed alloy composition variationgetter, we examine the microstructure of AlAs/InAs and
in the plane of the film. Such lateral composition modula-GaAs/InAs SPS structures deposited on(01R) substrates
tions are regular and robust for SPSs in which each layeand show that the mode of growth, be it layer-by-layer or
thickness is on the order of a monolay®4L) or two, and  three-dimensional3D) island formation, plays a significant
the layers have alternating compressive and tensile straimle in the appearance of lateral composition modulation.
with respect to the substrate. Some examples include The films were grown using molecular beam epitaxy
AlAs/InAs' and GaAs/InA% multilayers on Inf001) sub-  (MBE) on InR001) substrates. Following the deposition of a
strates, and GaP/InP on G&@61).® Typical composition lattice matched buffer layer, the SPS was grown by deposit-
modulation wavelengths are 100—-400-Aand the modula- ing 2 ML of InAs followed by 2 ML of AlAs or GaAs re-
tion amplitude varies in composition from 0.4 to G®. peated 100 times. Several samples were grown at different
These types of structures have proven useful for optoelegemperatures of 568T<520 °C. The structures were capped
tronic devices with improved propertiés. with 10 nm thick Iny s§Ga, ,As in order to prevent oxidation

It has been suggested that features at the growth frorgf the Al-containing films. Reflection high energy electron
initiate lateral composition modulatidnimplying that sur- diffraction (RHEED) was used to monitor the quality of the
face instabilities play a major role in this phenomefidn.  crystalline surface during growth. Cross-sectional transmis-
fact, several models predict that stress-driven morphologicadjon electron microscopyXTEM) was performed on the
undulations are coupled to compositional modulatibRer  samples in order to characterize the microstructure of the
example, Spenceet al. found that compositional stress in Sps. Samples were prepared using mechanical thinning, fol-
aIon films further destabilizes morphOIOgical instabilities lowed by Ar-ion m||||ng at 4.5 kV at ang|es of 3°-5°. The
that arise due to misfit Stress%g-.hese mOdels, hOWeVer, character of the SPS interfaces was Studiednbsitu scan-
consider the growth of single alloy layers and may not bening tunneling microscopySTM). The MBE growth of the
valid for multilayer structures. Shilkrot, Srolovitz, and samples to be characterized by STM proceeded as described
Tersoff applied a linear stability analysis to multilayer struc- ahove, except that only 30 periods of the SPS were deposited
tures. They found that roughening of the surface dependgng the cap layer was omitted. After growth, the samples

greatly on the stress contributions from the buried interfacesyere transferred in ultrahigh vacuum to an adjoining STM
Under certain conditions, this model predicts that thechamper.

multilayer structure exhibits lateral composition modulation |t yas found that the growth mode is a significant factor
as a result of variations in the thickness of the individualiy the final microstructure of compositionally modulated

layer thicknesses as opposed to alloy decomposition. samples. For the AlAs/inAs SPS sample deposited at
T=500°C, the growth proceeded via the layer-by-layer

dElectronic mail: joannamm@umich.edu growth mode. Figure (&) shows a plot of the intensity of the
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FIG. 1. Evolution of the RHEED specular spot as a function of time for an
AlAs/InAs SPS grown ata) T=500 °C and(b) 520 °C.

specular reflection of the RHEED beam as a function of
time. At the beginning of growth, RHEED oscillations aris-
ing from the initial buffer layer growth are apparent. Imme-
diately following, the individual SPS layers were deposited,
denoted by the arrows in Fig(d). Four oscillations per pe-
riod are observed, indicating that growth proceeds via the
layer-by-layer mode. The surface reconstruction @2s1)
during the InAs deposition, and a wegkx 1) reconstruction
during the AlAs deposition, and the final RHEED pattern
was streaky, indicative of a smooth surface. The sample
grown at higher temperaturd,=520 °C, did not grow via
the layer-by-layer growth mode, as noted by the absence of
growth oscillations in Fig. (b). Oscillations in the RHEED
spectral intensity in Fig. (b) arise due to changes in the
surface reconstruction fror2x 1) reconstruction during the
InAs growth and(3x1) during the AlAs growth. The final FIG: 2. Cross-sectional TEM images of an AlAs/InAs SPS struct(ae:
RHEED pattern was somewhat spotty, implying that Somé)”ght f(l)eld image in th.e[l.lO] prg]ectlorl_for the .sample grown at
degree of roughening is present on the surface. o0 ) 002 car el e i ) raecon for e semne
XTEM was performed in order to learn about the SPSsps grown af =510 °C.
microstructure for these films. Figurda? is a bright field
image of the (110 zone axis for the sample grown at ) )
T=500°C. No visible defects or lateral inhomogeneities ar¢©ughening during growth was more pronounced compared
observed in Fig. @ and the individual SPS layers are to that of the Al-containing samples. In that sample, the
clearly resolved at higher magnificatidnot shown. Fur- RHEED pattern showed that the surface reconstruction was
thermore, the SPS/cap interface is abrupt and planar. The$@x1) during InAs deposition an(8x1) during GaAs depo-
results are in contrast to the lateral composition modulatiorgition. However, the pattern became spotty, indicative of 3D
observed in the samples grownTat520 °C. Figure &) is a island formation, after only a few periods. Figuré&)?is a
dark field cross-sectional TEM image in th10] projection ~ XTEM dark field image of this sample. Lateral composition
for the (002) reflection of this sample that shows strong regu-modulation is present, as indicated by the variation in con-
lar and periodic lateral contrast a|ong tEI]E].O] direction. trast. But the nature of the periodicity is Considerably differ-
The periodicity of the phase-separated regior-is7 nm, as ent than in the Al-containing samples. In this case, the lateral
calculated from x-ray diffractionfXRD) reciprocal space contrast is not correlated from the top to the bottom of the
maps (not shown. Lateral contrast due to composition film and the lateral periodicity is erratic. This meandering of
modulation is also observed along the10] direction (not  the phase-separated regions is most likely related to the 3D
shown), however, the periodicity is large26 nm. These islands that are present on the surface.
results are in agreement with other reports of lateral compo- The nature of the SPS interfaces was studied uging
sition modulation in the AlAs/InAs structur€. For this  situ STM. Figures 8) and 3b) are STM images of AlAs/
sample, the SPS/cap interface is wavy, further indication ofnAs SPSs deposited at different temperatures that illustrate
roughening in this structure. differences in surface morphology. FiguréaBis from a
Too much roughening or 3D island formation destroyssample grown aff =500 °C. The presence of only a few
the regularity of the lateral periodicity. This is demonstratedterrace steps across the image, typical of the layer-by-layer
by the GaAs/InAs structure grown @=510 °C, which also  growth mode, confirms that the surface is smooth. In stark

exhibits lateral composition modulation. The degree ofcontrast to this surface is the one shown in Figp) 3which
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have a larger difference between the activation energies of
the migrating specie¥, are smoother than the GaAs/InAs
SPS structures.

Indium segregation may also be a significant factor in
determining the final microstructufé.lt is known that In
segregation is more pronounced in InAlAs alloys compared
to in InGaAs alloys'? Therefore, the individual SPS layers of
the AlAs/InAs structures are expected to be more intermixed.
This would lead to less lattice misfit between the layers and
a larger critical thickness for roughening in the AlAs/InAs
structures compared to in the GaAs/InAs structures.

These experimental observations are in qualitative agree-
ment with the predictions of Shilkragt al® In their model,
there is a significant portion of phase space in which the
multilayer stack remains planar despite the presence of stress
between the individual layers, in agreement with Figp)2
That model also predicts that for higher interlayer stress each
layer develops surface undulations that result in lateral com-
positional variations, also in agreement with this work.

In conclusion, we show that roughening is necessary to
induce lateral composition modulation. However, too much
roughening destroys the vertical regularity and the lateral
periodicity of the composition’s modulation. The differences
in the microstructure observed between the AlAs/InAs and
GaAs/InAs SPS structures can be attributed to differences
between the surface diffusivities of Al compared to those of
Ga and to increased In surface segregation in Al-containing
alloys. These observations are qualitatively consistent with
theoretical models.
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