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Molecular-beam epitaxy at 200 °C is used to grow an InAs/GaAs superlattice containing 30 InAs
delta-layers with a nominal thickness of 1 monolayer, separated by GaAs layers of thickness
30nm. It is found that the excess arsenic concentration in such a superlattice<is0elem3.
Annealing the samples at 500 and 600 °C for 15 min leads to precipitation of the excess

arsenic mainly into the InAs delta-layers. As a result, a superlattice of two-dimensional sheets of
nanoscale arsenic clusters, which coincides with the superlattice of the InAs delta-layers in

the GaAs matrix, is obtained. @998 American Institute of PhysidsS1063-782@08)00310-X

Gallium arsenide, grown by molecular-beam epitaxymethod was also used to estimate the excess arsenic concen-
(MBE) at low temperature§ ~200°C (LT-GaAs, has at- tration in the samplebFor a more accurate measurement of
tracted significant attention because of its large electrical rethe excess arsenic we used measurements of optical absorp-
sistance, high breakdown voltage, and record-short lifetiméion in the near-IR due to Ag antistructural defect¥:*! The
of nonequilibrium charge carriets® The primary peculiarity microstructure of the samples before and after annealing was
of LT-GaAs is an excess of arsenic Agp to 1.5 at. % investigated by transmission electron microsc¢pgM) of
which is captured in the growing layer during low- cross sections. To prepare the samples, we used the usual
temperature epitaxy. During annealing at a sufficiently highprocedure of mechanical grinding and polishing with subse-
temperatureT=500 °C the excess arsenic forms clustersquent etching by Af ions*? The studies were performed in
built into the GaAs matrix. In ordinar T-GaAs the clusters the diffraction regime and in the high-resolution regime with
are randomly distributed over the entire volume of the epithe help of Philips EM 420 and JEM 4000 electron micro-
taxial film. It has been shown, however, that the spatial disscopes.
tribution of the arsenic clusters can be controlled with the  Figure 1 shows a dark-field electron-microscope image
help of indium delta-dopin§® In this case, heterogeneous of a cross section of a structure in which periodic contrast is
creation of excess arsenic clusters on the InAs delta-layemsbserved in the form of thin dark lines. The positions of the
leads to the formation of two-dimensional sheets of clustersdark contrast lines coincide with the expected positions of

Our aim was to construct a multiperiod superlattice ofthe InAs delta-layers in the superlattice. The period of the
two-dimensional sheets of arsenic clusters separated by superlattice turned out to be equal Tg,=28=1 nm. This
GaAs matrix not containing any clusters. To create the twovalue is in good agreement with the data of earlier studies
dimensional sheets of clusters we used indium delta-dopingitilizing the method of high-resolution x-ray diffraction

An InAs/GaAs superlattice was grown by molecular- (Tg =28+ 2 nm).:3
beam epitaxy at 200 °C in a two-chambered “KatuUMBE XSMA showed that the average indium concentration in
setup on a substrate of semi-insulating gallium arsenide ahe structure is 1:£0.1 mol.%. Allowing for the fact that the
diameter 50 mm and orientatiqt00). The superlattice con- superlattice periodl's;=28 nm, the thickness of the InAs
sisted of 30 periods. The nominal thickness of the InAslayers should be 0.3nm, i.e; 1 ML. However, electron-
delta-layers was one monolay@iL). The thickness of the microscope studies in the high-resolution regime showed
GaAs layers was 30 nm. The structure was divided into thre€Fig. 2) that the thickness of the indium-containing layers is
parts. One of those parts was not subjected to any proces4-ML. The difference between the nominal layer thickness
ing. The other two were annealed at 500 and 600 °C, respeand the observe@using TEM layer thickness is probably
tively, for 15min on the MBE setup with excess arsenicdue to small-scale relief in the growth surfdée.
pressure. According to the XSMA estimate, the excess arsenic

The average indium concentration in the structure wasoncentration in the InAs/GaAs superlattice grown at 200 °C
measured by x-ray structural micro-analy§SMA). This  turned out to be on the order of 0.6 at. %. Figure 3 shows
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FIG. 2. High-resolution electron-microscope image of an InAs delta-layer in
a GaAs matrix grown at low temperature. The nominal indium content in the
layer is one monolayer. The sample was not annealed.

should lead to the result that during Ostwald ripening, upon
increasing the duration or temperature of the anneal, the clus-
ters located between the two-dimensional sheets will tend to
dissolve®1>16
FIG. 1. Dark-field electron-microscope image of a cross section of an InAs/ '_:'gure 5 shows an electron-microscope image of a cross
GaAs superlattice grown at low temperatui290) reflection. The dark con- ~ Section of a structure annealed at 600 °C. It can be seen that
trast corresponds to delta-layers of InAs. The sample was not annealed. the mean size of the clusters has increased onm, but in
the electron-microscope images of the clusters one observes
the characteristic moirpattern, which reflects the difference
optical absorption spectra in the wavelength range 0.etween their atomic structure and the structure of the GaAs

—1.2um, measured at 300K, for an INAs/GaAs supe”aﬁiCematrix.l?'18 The cluster concentration after annealing at
before and after annealing. It can be seen that the absorptiGP0 °C is significantly lower than after annealing at 500 °C,
coefficient in the unannealed sample aith wavelength is @nd is equal to~2x10"cm™2 in each two-dimensional
equal to 1.X10*cm™%, which corresponds according to
Martin’s calibratiort* to a concentration of antistructural ar-
senic defects of 0:9107°cm™2 and an excess arsenic con-
centration of 0.8 at.%. This latter value is in satisfactory
agreement with data on the relaxation of the lattice parameter
of the structure upon annealifgfrom which it follows that

the arsenic excess is equal to 0.7 at. %.

During annealing the concentration of antistructural de-
fects decreases substantialfyig. 3) and the excess arsenic
forms clusters. Figure 4 shows an electron-microscope image
of a cross section of the sample after annealing at 500 °C. It
can be seen that most of the clusters are accumulated intc
two-dimensional sheets, whose positions coincide with the
positions of the InAs delta-layers. The actual thickness of the o L 3 T
two-dimensional layers of clusters is 5—-6 nm. Note that a 900 1000 1100
considerable fraction of the clusters are located between the
two-dimensional sheets and form a disordered system. It is Wavelength, nm
important that the mean sizdiametey of the clusters in the FIG. 3. Optical absorption spectra of an InAs/GaAs superlattice grown at

two-dimensional sheets<(3 nm) is larger than _the mean size |ow temperature, before annealirig) and after annealing at 50@) and
of the clusters between sheets Z.5nm. This difference 600 °C(3) for 15 min.
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FIG. 4. Light-field electron-microscope image of a cross section of an INAs/F|G, 5. Light-field electron-microscope image of a cross section of an InAs/
GaAs superlattice grown at low temperature and annealed at 500 °C. ThgaAs superlattice grown at low temperature and annealed at 600 °C. The
positions of the two-dimensional sheets of clusters correspond to the posjositions of the two-dimensional sheets of clusters correspond to the posi-
tions of the InAs delta-layers. tions of the InAs delta-layers.

sheet. In this case the As clusters located between the twohe anneal should lead to further growth of the thickness of
dimensional sheets have mostly dissolved as a result of Oshe sheets of clusters. As a result, when the thickness of the
twald ripening, and the two-dimensional sheets contain morsheets of clusters reaches one period of the superlattice
than 90% of the clusters. The remaining uncoalesced largg28 nm), the ordered system of two-dimensional sheets of
scale clusters have reached the size of the clusters in thdusters should transition to a disordered system of clusters,
two-dimensional sheets. This is a consequence of the diffedescribed by the Lifshitz—Slezov thed¥/Such a transition
ence in the kinetics of Ostwald ripeningoalescendein  was observed for arsenic clusters in GaAs in Ref. 15.
two-dimensional and three-dimensional systéaccord- In summary, we have used low-temperature molecular-
ing to the Lifshitz—Slezov theot§ and the results of experi- beam epitaxy to grow an InAs/GaAs superlattice containing
mental studie$® such large-scale clusters between the two-30 periods of thickness 28 nm each. The superlattice con-
dimensional sheets cannot be eliminated by furthetained 0.8 at. % excess arsenic. Annealing of such a super-
increasing the temperature or the anneal times. lattice led to the formation of a periodic structure of two-

As was shown in Ref. 15, the actual thickness of thedimensional sheets of nanoscale arsenic clusters. As a result
two-dimensional sheets of arsenic clusters is close to doublef annealing at 500 °C for 15 min, the thickness of the two-
the mean diameter of the clusters. The increase in the thicldimensional sheets of clusters was reduced to a thickness
ness of the sheets during Ostwald ripeningalescendeis  corresponding to much less than one period of the superlat-
due to nonequilibrium growth of the clusters in different di- tice; however, a fraction of the clusters are now located be-
rections, depending on the local environment of each clustetyween the two-dimensional sheets. Such clusters for the most
and to diffusion smearing of the InAs delta-layers, which ispart dissolve when the annealing temperature is raised to
significantly enhanced due to the large concentration of in600 °C. As a result, more than 90% of the clusters are now
trinsic point defect$? After the anneal at 600 °C the thick- concentrated in the two-dimensional sheets. In this case,
ness of the two-dimensional sheets of clusters reachedowever, the thickness of the two-dimensional sheets of
~12 nm. Further increases in the temperature or duration aflusters is increased te 12 nm.
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