Self-assembled InSb and GaSb quantum dots on GaAs(001)
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Quantum dots of InSb and GaSb were grown on G883 by molecular-beam epitaxyn situ
scanning tunneling microscopy measurements taken after 1—-2 monolayers of InSb or GaSb growth
reveal the surface is a network of anisotropic ribbon-like platelets. These platelets are a precursor to
quantum dot growth. Transmission electron microscopy measurements indicate that the quantum
dots are coherently strained. Quantum dots of InSb and GaSb capped by GaAs exhibit strong
luminescence near 1.1 eV.

I. INTRODUCTION thermometry. First, a GaAs buffer layer, 0.5—10m thick,

Strain-induced islands form during heteroepitaxy in manyVas grown at 580°C with interrupts and a growth rate of 1.0

material systems. Under appropriate growth conditions, thesiL/S- Growth was monitored by reflection high-energy elec-
islands are coherent, isolated, and sufficiently small to exton diffraction (RHEED). During the GaAs buffer growth,

hibit electron confinement properties. These coherent islanotg‘e R_HEED pattern is.a §trea|(§2>< 4) reconstruction with
or “quantum dots”(QDS are said to be self-assembled be- no evidence of transmission spots. Before the growth of the

cause no lithographic patterning is required. Furthermore, {fiotS: @ 450 s growth interrupt under an,Atux was per-
may be possible to find a material system and growth congiformed, resulting in sharp diffraction spots along each streak,

tions to form ensembles of nearly identical QDs. If such aindicating the formation of large terraces. After the interrupt,

process can be invented, the electronic and optical properti¢8€ Substrate temperature was reduced, the valve for the ar-
of the QDs will exhibit little inhomogeneous broadening, senic source was closed to minimize As incorporation, and

making them ideal for use in applications such as solid-statd'e antimonide layer was grown by migration-enhanced epi-
lasers and resonant tunneling devices. taxy (MEE) with a cation deposition rate of 0.10 ML/s and a
In the last three years, several groups have produced inA% !l flux ratio of approximately 2:1. After deposition of the

guantum dots embedded in GaAs using molecular beam eﬁl-n'Ga)Sb monolayers, the sample was held at the_ growth
itaxy (MBE) or organometallic vapor phase epitaxy. In addi- temperature under an Sb flux for 140 s before coolmg._For
tion, self-assembled QDs have been produced in othégxample, to grow 2.0 ML of InSb, the shutter sequence is: 5
arsenide- and phosphide-based heterostructurmcently, S In, 205 Sb, 5s1n, 20 s Sb, 55 In, 20's Sb, 5 In, 140 s Sb.
we reported the growth of InSb, GaSb, and AISb QDs cmSeIected samples were capped with GaAs to protect the QDs

GaAs23 Hatami et al. also investigated GaSb QBsand  TOM oxidation. . . _
Watanabe et al. fabricated InSb QDs on Se-terminated Al samples were characterized by AFM using Park Sci-

GaAs® For all three Sb-based materials, we determinedific SiNc cantilevers or Si ultralever¥ under ambient
growth conditions which yielded Stranski-Krastanov groW.m,c.onditions. Selected samples were transferred under ultra-
with the first 1—3 monolayeréviL) forming a 2D wetting hlgh_vacuum_(UHV) conditions to an UHV STM chamber,
layer, followed by the strain-induced formation of QDs. We &"d imaged in constant-current mogmple bias of-2.0
found the onset of dot formation to occur after approximatelyY: current of 0.1 to 0.5 nA Samples were also examined by
1.5 ML InSb or 2.5 ML GaSb, although these values may bel EM after ion milling at 77 K. We characterized capped

a function of several variables including substrate temperal€t€rostructures by low-temperature PL, using the 488 nm

; -
ture, surface reconstruction, growth rate, and anion flux. Iin€ from an Ar” laser and a Ge detector cooled to 77 K.
this paper, we investigate the formation of InSb and GaSb
QDs on GaAs by transmission electron microsc¢pigM), I1l. RESULTS AND DISCUSSION
atomic force microscopyAFM), photoluminescencéPL), L
andin situ scanning tunneling microscog$TM). We show AFM ?”d STM . megsurement; .Of GaAs homoepitaxial
layers prior to antimonide deposition reveal large terraces

that the formation of platelets is a precursor to QD forma- .

tion. TEM measurements and strong luminescence indicat(eNO'B'“m) sgparated.)bB A height(ML) steps. The surface

that the QDs are coherently strained. morphology is very different after grovyth of 1.5—2_.0 ML of

InSb at 400 °C, as shown by the STM images in Fig. 1. After

2.0 ML, the surface includes a high density of QDsq

Il. EXPERIMENT X 108/cn?) with typical dot dimensions of height8 nm and
Samples were grown by solid-source MBE on semi-diameter=110 nm, as shown in Fig.(4). Ambient AFM

insulating (Sl) substrates, nominally oriented within 0.1° of measurement&sing SiN, tips) on the same sample yielded

(001). Growth temperatures were determined by measuring similar height, 8.20.5 nm, but a smaller diameter, &

the absorption edge of the substrate via infrared transmissiomm. It is not surprising that the measured diameters are dif-

2195 J. Vac. Sci. Technol. B 14(3), May/Jun 1996 2195



2196 Bennett et al.: Self-assembled InSb and GaSb quantum dots on GaAs(001) 2196

8.0 nm

0 nm

100 nm

1 2 nm Fic. 2. Plan-view transmission electron microscopy image of 2.0 ML InSb
. on GaAs$001), collected with the diffraction vector=g[220]. Several quan-
tum dots appear as bright features approximately 30 nm in diameter; two are
indicated by arrows.

Many potential applications require QDs which are coher-
ently strained and free of dislocations. Our STM and AFM
measurements may not be sensitive to dislocations. Plan-
view TEM measurements, however, can detect Mbireges

0 nm which result from the difference in lattice constant between
the substrate and an incoherent QD. Mditages have been
observed for dislocated InAs Q3¢ plan-view TEM image
of a 2 ML film of InSb grown at 430 °C is shown in Fig. 2.

_ _ i ) _ Several QDs, visible as bright features approximately 30 nm

Fic. 1. In situ scanning tunneling microscopy images of InSb on . . s .

GaAZ001): (a) 2.0 ML InSb, 3um by 3 xm, (b) 1.5 ML InSb, 80 nm by 80 N diameter, are present but Moifenges are/no_t, suggesting

nm. that the QDs are coherent. In contrast, Mdinages were
observed on an InSb QD sample which exhibited anoma-
ferent because the apparent QD size and shape is actuallylausly shaped QDs in AFM.

convolution of the QD and the geometry of either an STM or  For ex situ characterization, capped layers may be re-

AFM tip. Additional AFM measurements were performed onquired to prevent oxidation of QDs. In some cases, however,

a different area of the same sample with both Sédd Si  the deposition of the cap may alter or destroy the &f38.

tips (the Si tips have a larger aspect ratidhe results were: To minimize the effect of cap growth on GaSb QDs, we

SiN, tip, height=5.5+0.9 nm, diameter72+15 nm; Si tip, deposited 3 ML GaSb at 490 °C, followed by a 30 nm GaAs

height=5.1+0.6 nm, diametetr77=14 nm. In addition, cap using MEE at 410 °C. Plan-view and cross-sectional
these QDs were imaged by scanning electron microscopy-
(SEM) which found diameters of 6713 nm. In summary,
we observe substantial variations in dot size across th  Plan-View TEM XTEM
sample. In a fixed area on the sample, AFM with either type
of tip and SEM give comparable values for dot diameter.
QDs were also present after 1.5 ML InSb. Higher magni-
fication STM images of an area with no QDs reveal a net:
work of platelets(anisotropic ribbonlike ML-height islands
separated by vacancy arrays about 5 nm width, as shown
in Fig. 1(b). We have also observed similar platelets of GaSk
on GaAs byin situ STM.” The formation of a type of plate-

lets as a precursor to QD growth was recently suggested i

the theory of Priester and Lannoo, who showed that the ex
istence of platelets could explain the relatively narrow size [}
distribution of the QDs observed in the InAs/GaAs sysfem.

In their model, the first ML forms a continuous 2D film 100 nm

whereas the next 0.4 ML grows as a random spatial distribu

tion of Iarge’ Smgle-SIZGd ML-helght islands which, upon Fic. 3. Transmission electron microscopy images of 3.0 ML GaSb on

further growth, transform into uniformly sized QDs. We do Gaag001), capped with 30 nm GaAsia) plan-view with g=[220]; (b)
not observe these large 2D islands. cross-sectional with g[200], and two quantum dots indicated by arrows.

30 nm :
GaAs Cap '

.

3 ML GaSb
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Fic. 4. Photoluminescence of GaAs-capped GaSb layers measured at 1.6/G. 5. Photoluminescence of GaAs-capped 3.0 ML InSb layer measured at
with a power density of 2.8 W/cfn The peak intensities are normalized in 1.6 K with a power density of 2.8 W/cin

this plot; the integrated intensities for the two samples were approximately

equal.

the 2D wetting layer. Our observation of only a single peak
TEM images are shown in Fig. 3. Four QDs are present irsuggests that all the carriers are diffusing from the wetting
the plan-view TEM image, shown in Fig(a88. We observe layer into the QDs before recombining. Perhaps for the
no evidence of Moirdringes, suggesting that the QDs are Hatami et al. sample the diffusion lengths of electrons and
coherent. The cross-sectional imaldgeg. 3(b)] shows two holes are smaller than the typical distance between QDs. We
QDs. Both plan-view and cross-sectional images indicataote that our PL results for GaSb QDs are qualitatively simi-
QD dimensions are on the order of 10 nm. AFM measuredar to measurements of InAs QDs in GaXdn the case of
ments of an uncapped 3 ML GaSb sample with similarinAs/GaAs QDs, either one or two peaks can be observed
growth parameters yielded an average QD height of 3.3 nmdepending on the growth conditiofs*
and diameter of 28 nm. Differences between TEM and AFM We also observed strong PL from an InSb QD sample
measurements may result from three effects: changes irconsisting of 3.0 ML InSb capped by 20 nm GaAs. This cap
duced in the dot geometry by the GaAs cap, the fact thatvas grown by MEE at 310 °C because InSb is known to be
TEM is imaging strain fields associated with QDs, and tip-unstable under an As flux above 320 *TThe PL intensity
sample convolution in AFM. peaks at an energy of 1.11 eV with a full width at half-

The PL data for the capped 3 ML GaSh sample are plottedhaximum of 80 meV, as shown in Fig. 5.

in Fig. 4, along with a GaAs-capped 1.5 ML GaSb sample. The PL bands from both the GaS8i and InSB® QDs
Based upon AFM and STM of uncapped samples as well ashift to higher energy with increasing excitation power den-
RHEED patterns during growth, we do not expect QDs forsity. In contrast, the PL energy for (@aAs QDs is nearly
the 1.5 ML sample. The relatively narrow peak for the 1.5independent of excitation power densify’ These results
ML coverage probably results from the 2D wetting layer of suggest that the band alignment for GaSb and InSb QDs is
GaSb embedded in GaAs. Compared to the 1.5 ML samplaype II, with electrons in the GaAs and holes in the GaSb or
the luminescence for 3.0 ML GaSb is 140 meV lower inInSh. At high power densities, the Hartree potential shifts the
energy, a factor of two larger in peak width, and of equalrelative energies of the electron and hole states and causes a
integrated intensity. Peak broadening may reflect luminesshift of the PL to higher energy. The appropriate band struc-
cence from QDs of different sizes, but additional work istures for InSb/GaAs and GaSb/GaAs QDs are not known but
required to confirm this hypothesis. The fact that the PL in-are expected to be a strong function of both strain and con-
tensity was strong at 3.0 ML provides further evidence thafinement. This makes it difficult to derive a simple expres-
the critical thickness for dislocation formation in the QDs sion for the peak energy and indicates the need for a detailed
has not been reachétiWe also note that our PL data are calculation to predict energy levels of the QDs.
similar to that of Hatamiet al. for GaSh/GaAs structurés. In summary, we have grown self-assembled GaSb and
The major difference is that they observed two PL peaks fofnSb quantum dots on GaAs by MBI situ STM measure-
a sample with QDs, and attributed the higher energy peak tments reveal that the formation of platelets is a precursor to
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QD nucleation. The heterostructures with QDs are coherently 'PM. Thibado, B.R. Bennett, M.E. Twigg, B.V. Shanabrook, and L.J.

strained and exhibit strong luminescence near 1.1 eV. Whitman, J. Vac. Sci. Technol. 24, 1607 (1996.
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