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dots on GaAs
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Thin layers of InSb, GaSh, and AlSb were grown on GaAs substrates by molecular beam epitaxy.
Atomic force microscopy was used to examine surface morphology as a function of growth
temperature and monolayer coverage. For each material, conditions were found which resulted in
Stranski—Krastanov growth with the strain-induced formation of nanometer-scale dots. Relatively
uniform distributions of dots form in a temperature window near the congruent sublimation
temperature for both InSb and GaSb. In the case of InSb, deposition of 2 monolayers at 430 °C
produced a surface with>x@L.0°/cn? dots with heights of 585 A and diameters of 60650 A.
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The self-assembly of quantum structures promises tehe sample was held at the growth temperature under an Sb
provide a mechanism for producing arrays of quantum wireslux for 140 s before cooling. All samples were characterized
or quantum dots. Furthermore, with a clever choice of mateby atomic force microscopgAFM) using silicon nitride can-
rials that exhibit thermodynamic and kinetic properties thattilevers under ambient conditions.
drive the self-assembly process, it may be possible to form We begin by considering the growth of InSb on GaAs.
ensembles of nearly identical quantum systems. If such &Sb has the smallest band gdp18 eV at 300 Kand larg-
process can be invented, the electronic and optical propertiesst lattice constar(6.479 A of the binary 11I-V compound
will exhibit little inhomogeneous broadening and should besemiconductors. Its lattice constant is 15% larger than that of
ideal for use in applications. Although this research is in itsGaAs. During cool-down before the antimonide growth, the
embryonic stage, several groups have employed StranskiRHEED pattern transforms to&4x 4). After 1.5—-2.0 ML
Krastanov (SK) growth as a vehicle for producing InAs of InSb, chevrons and/or transmission spots appear, indicat-
quantum dots embedded in GaA$.In this letter, we report  ing three-dimensional growth.
the formation of nanometer-scale dots of InSbh, GaSbh, and AFM scans of our standard GaAs buffer layer reveal 3 A
AISb on GaAs substrates. These structures have potentigdonolayer steps with a spacing of a few thousand angstroms.
applications in basic studies of quantum confinement as welAfter 1.0 ML of InSb at 400 °C, the surface remains rela-
as electronic and optical devices. In addition, the study ofively flat (rms roughness=1 A). After 1.5 ML, however,
these systems augments the number of different lattice missbout 5<10 “/cn? isolated dots are present, as shown in Fig.
match and surface energy combinations available in the(a). Typical dot heights and diameters are 40 and 500 A,
search for an improved understanding of the growth prorespectively. The dots are more numerous after 2.0 ML:
cesses involved. density =3x10%cn?, height=53+6 A, and diameter

We grew samples by solid-source molecular beam epi=500+80 A [Fig. 1(b)], where the+ values are the standard
taxy (MBE) on semi-insulatingSI) or n*GaAs substrates, deviation based upon at least 15 dots. Dots are larger and less
oriented within 0.1° of(001. First, a GaAs buffer layer, uniform after 3.5 ML of InSb: density=6x10°/cm 2, height
approximately lum thick, was grown at 580 °C. For growth =117+34 A, and diameter=700+110 A [Fig. 1(c)]. After
on S substrates, the GaAs buffer layer was not intentionallyy 0 ML (not shown, the density has dropped to
doped. For growth om™ substrates, the buffer layer was 3x108/cn? and the dimensions are heigh208+32 A, and
doped with Si at 18%cm®. Growth was monitored by reflec- giameter=1700=300 A, with somewhat oval rather than
tion high-energy electron diffractiotRHEED). During the  circular shapes. The evolution of island size is similar to the
GaAs buffer growth, the RHEED pattern is a streaky42  |nAs/GaAs systeml. We speculate that misfit dislocations
reconstruction with no evidence of transmission spots. Benaye formed in some of the islands at 3.5 ML, resulting in
fore the growth of the dots, a 450 s growth interrupt under amjgger dots and a larger spread in the size distribuffon.
As, flux was performed and resulted in sharp diffraction after 4.0 ML, coalescence has occurred. The growth tem-
spots along each streak, indicating the formation of largeyerature was 400 °C for all three samples in Fig. 1.
islands. Then, the substrate temperature was reduced, the A second set of InSb samples was grown with constant
valve for the arsenic source was closed to minimize As i”‘thickness(Z.O ML) and variable temperature. AFM images
corporation, and the antimonide layer was grown Dbysor growth temperatures of 350, 430, and 460 °C are shown
migration-enhanced epitaxy with a cation qleposition ra’_[e ofp Fig. 2. Islands are present at 350 and 460 °C, but their
0.10 monolayergML)/s and a V:IIl flux ratio of approxi-  gjzes and shapes are very irregular. In contrast, the 430 °C
mately 2:1. After deposition of thén,Ga,A)Sb monolayers,  sample contains a relatively uniform distribution of dots. The
density and size distribution are comparable to the 2.0 ML,
dElectronic mail: bennett@bloch.nrl.navy.mil 400 °C sample[Fig. 1(b)]: density=3x10%cn?, height
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FIG. 3. AFM image(1 um by 1 um) of 3.0 ML GaSb grown on GaAs at
460 °C.

ditions were nominally the same as in Figb}, but perhaps
subtle changes in temperature, flux, or GaAs surface mor-
phology could account for the differences.

The InSb dot heights and diameters after 2.0 ML at 400—
430 °C are about a factor of 2 larger than reported values for
InAs on GaAs, and the uniformities are comparabfe The
optimal growth temperature for InSb/GaAs dots is 400—
430 °C, compared to about 500 °C for InAs/GaAs. The con-
gruent sublimation temperature3 ) are 400 and 500 °C
for InSb and InAs, respectively.(We note, however, varia-
tion in the reported values df.,) Hence, the optimal growth
temperatures for nanometer-scale dots are figain both
systems. Growth at higher temperatures may not be possible
due to desorption. At lower temperatures, atoms deposited on
the surface may not have sufficient mobility to reach and
incorporate into the dots. If dot formation is limited by
growth kinetics, then growth rate and postgrowth annealing
) time could be important factors. To test this, an additional 2.0
=585 A, and diameter=600+50 A. We note, however, L InSb sample was grown at 400 °C, but with a 1.0 ML/s
that dot distributions are not always reproducible. For eXgrowth rate and immediate cooldown after growth. The AFM
ample,_ in one case a 2.0 ML, 400 °C InSb growth resulted irlmages(not shown reveal highly irregular islands.
dots with an unusual double-peaked shape. The growth con-  Nycleation sites also play an important role in the distri-

bution and uniformity of dots. Work in the InAs/GaAs sys-

(a) tem revealed preferential nucleation of dots at step etiges.

We grew 2 ML of InSb under conditions which normally
100A produce a uniform distribution of dots: 400 °C, 0.10 ML/s,
' 140 s postgrowth annedbs in Fig. 1b)]. Instead of the
normal GaAs buffer layer, however, the InSb was grown on:
1 um GaAs/1um AISb/0.3um GaAs/GaA§01). The InSb
formed a very nonuniform distribution of dots with most dots
forming on step edges and surface defects. The nonideal
starting surface probably resulted from misfit dislocations
induced by the large lattice mismatch between the underlying
GaAs and AlISb.

We now address the growth of GaSb and AlSb, materials
with lattice constants near 6.1 A, on GaAs. The surface
energy? of GaSh is smaller than GaAs and the lattice con-
stant is 7.8% larger. Hence, one might expect growth by the
SK mode under certain conditions. We have indeed achieved
SK growth and nanometer-scale dots of GaSb on GaAs. For
growth temperatures of 460—500 °C, the 2D to 3D transition
occurs between 2 and 3 ML. In Fig. 3, we show arh by
1 um AFM image for 3.0 ML GaSb grown at 460 °C. The
density of dots is about #¥cn?, with heights of 3229 A
and diameters of 28040 A. The dot dimensions are smaller
than InSb and similar to InAs dots on GaA®.9%
mismatch.! A 3 ML growth at 500 °C produced a similar
FIG. 2. AFM images(1 um by 1 um) of 2.0 ML InSb grown on GaAstay  distribution of dots with an average height and diameter of
350 °C, (b) 430 °C, and(c) 460 °C. 52 and 350 A, respectively. No dots were present after 3 ML

200A
100

FIG. 1. AFM images1 um by 1 um) of InSb grown on GaAs at 400 °C:
(@ 1.5 ML InSb, (b) 2.0 ML InSb, and(c) 3.5 ML InSb.
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at 550 °C. The reported value f for GaSb is 480 °G! |f ~ disperse nanoparticles may be grown on a surface if growth
lattice mismatch were the dominant factor determining dokinetics and island nucleation are property C_ONFOH%HO .
diameter, one would expect an increase in mismatch to resufur knowledge, however, no theory exists which can predict
in a decrease of dot diameter, as observed fothe onset of 3D growth and dot size for InAs/GaAs or other
InXGai_xAs/GaAs.B Our results with InSb dots larger than SK growth systems. Studies of antimonide dots, combined
GaSb dots suggest that other factors such as surface enery¢th the existing data based on(Ga,ADAs dots, should
T, elastic coefficients, and growth temperature are imporlead to a better understanding of the role of strain, surface
tant. energy, and growth conditions. A recent theory predicts the

Compared to GaSh, AISb has a comparable lattice misformation of platelets as a precursor to dot growthwe
match with GaAs, 8.2%, and a largeg, 520 °C1! No dots  have observed platelet formation after 1-2 ML InSb or GaSb
are formed after 3 ML of AlSb on GaAs at 500 °C, condi- O GaAs byin situ scanning tunneling microscopy.
tions which produced GaSb dots. Nanometer scale dots are In summary, InSb, GaSb, and AlSb can grow on GaAs
present after 4 ML AISb at 520 °C: densit$x10 ®/cn?, by the Stranski—Krastanov mode. After deposition of a pla-
height=87+23 A, and diameter=560+130 A. The dots are nar wetting layer, lattice mismatch leads to the formation of
not as uniform as achieved for InAs, InSb, and GaSh. Wéslands. Under the appropriate MBE growth conditions, is-
note that AISb is highly reactive in air. The resulting oxide lands of InSb and GaSb are isolated and relatively uniform
may alter the apparent size and shape of the dots. As digvith nanometer-scale dimensions. Experiments are in
cussed later, Raman measurements indicate that an inner cgreogress to confirm quantum properties of these dots.
of unoxidized material is present in the dédts. This work was supported by the Office of Naval Re-

Because of the change in anion, the growth ofsearch. The authors thank D. Gammon and M. E. Twigg for
(In,Ga,A)Sb dots on GaAs is more complicated than thetechnical discussions.
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