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Fabrication of GaAs Quantum Dots by Modified Droplet Epitaxy
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We propose a modified droplet epitaxy method for fabricating self-organized GaAs/AlGaAs quantum dots (QDs) with a high
As flux irradiation and a low substrate temperature. By our novel method, GaAs QDs were successfully formed, retaining their
pyramidal shape, original base size and density of droplets, and preventing layer-by-layer growth. Quantum size effects of the
QDs were distinctly observed by photoluminescence measurements. It was confirmed that this new modified droplet epitaxy
method is promising for fabricating a high-quality GaAs/AlGaAs QD system.
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Recently, various fabrication methods for semiconductagrown by migration-enhanced epitaxy (MEB)at the same
quantum dot (QD) structures have been repottédBe- temperature, the samples were again heated t6&8nd a
cause of high structural crystallinity, high density and sim90-nm-thick Ab30Gay70As barrier layer and a 10-nm-thick
ple growth procedures, self-organized QDs grown by th&aAs cap layer were also grown by MEE. The surface and
Stranski-Krastanov (S-K) growth mobehave become ex- cross section of the buried sample were observed with a field-
tremely attractive in the case of a lattice-mismatched systeemission-type high-resolution scanning electron microscope
such as an InAs/GaAs system. On the other hand, in a lattig@tRSEM). For PL measurements of samples, ar haser
matched system, several methods using selective growth was used as an excitation source and the spectra were ob-
patterned substrate® and a lateral strain modulation with served by a GaAs photodetector through a spectrometer. The
stresse8 have been attempted. laser beam diameter was about 0.8 mm and its power was

We have proposed a novel self-assembled growth methdgmWw.
termed droplet epitaxy, for IlI-V compound semiconductor The reflection high-energy electron diffraction (RHEED)
epitaxial microcrystal$-” This method has some technicalpatterns were observed during each stage of the growth pro-
advantages for fabricating QDs with uniform size distribueess, as shown in Fig. 1(1). The surface reconstruction of the
tion in both lattice-matched and lattice-mismatched systemalGaAs barrier layer was As-adsorbe@ x 4) at 200C. Af-
However, for a GaAs/AlGaAs QD system, this method reter the supply of the Ga molecular beam, this streaky pattern
quires the sulfur-termination (S-termination) proée¥sor disappeared and halo patterns due to Ga droplets appeared (a).
an AlGaAs buffer layer grown at a low temperatdtregsult- During the As flux supply procedure, these patterns vanished
ing in poor crystallinity due to sulfur atoms remaining in theand changed to the following four different patterns depend-
QDs or excess As atoms incorporated in the low-temperatuirgg on the Ag flux supply condition. First, with the Asflux
growth (LT growth) layer. In particular, this LT growth layer of 4x 10~ Torr at the substrate temperature of 200(1x 3)
shows high resistivity and has short carrier lifeti®shus  streaks with nodes appeared (b). Second, with theflas of
deteriorating the properties of the QD laser. 4 x 10~°Torr at the substrate temperature of 200the co-

In this paper, in order to overcome these problems, we prexisting pattern of transmission spots and {113} facets from
pose a novel modified droplet epitaxy method using a higBaAs microcrystals appeared (c). Third, with the, Asix
As flux irradiation at a low substrate temperature, without thef 4 x 10~° Torr after decreasing the substrate temperature to
S-termination process or the LT growth buffer layer. By thid50°C, {111} facet patterns and weak twin spots of micro-
method, GaAs QDs were successfully formed, retaining theirystals were also observed (d). Last, with the low Agx
pyramidal shape, original base size and density of dropletsf, 4 x 10~’ Torr at the substrate temperature of 160the
and preventing layer-by-layer growth. Moreover, quanturpatterns became nodular streaks (e).
size effects of the QDs were distinctly observed by photo- Surface morphologies observed by HRSEM are shown in
luminescence (PL) measurements. Fig. 1(2). These images were obtained by tilting the substrate

The process was carried out with a Riber-32P moleculaB® from the cleaved plane. Numerous hemispherical-shaped
beam epitaxy (MBE) system. After the desorption of naGa droplets with a density of about53x 10*°cm~2 were
tive oxides on a GaAs (001) wafer, a Q/n-thick GaAs formed on the surface after the Ga deposition (a). The av-
buffer layer and a 1.5:m-thick Alg30Gay70ASs barrier layer erage diameter and size distribution of the Ga droplets are
were grown at 580C. Then, the substrate temperature wa&0 nm and 23%, respectively. The surface flattened by layer-
reduced to 200 with simultaneous decreasing of the Asby-layer growth was observed in the As flux supply condition
cell temperature below 10Q. Ga droplets were depositedof (b); a very similar phenomenon was observed in our pre-
by the Ga molecular beam without an As flux. The tovious work>") With high As flux, numerical crater-shaped
tal amount of supplied Ga was 3.7 monolayers (ML). NexiGaAs microcrystals are formed, and their diameter is larger
an As, molecular beam was irradiated on the surface urthan that of Ga droplets (c). Pyramidal-shaped QDs with a
der the four different conditions discussed below. After atypical base size of about 14 16 nm and a height of 6 nm,
Alg30Ga.70As barrier layer with about 10 nm thickness waswith a more desirable shape than the crater one, are formed
at even lower temperatures (d). Under the lower As flux at
*E-mail address: wkatsu@nrim.go.jp this lower temperature, crateriform roughnesses were barely
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Fig. 1. (1) and (2) are the RHEED patterns and surface morphologies of the samples at each stage of the growth process, respectively.
In (1), upper column: the electron beam along [110]; lower column: the electron beam ald@jg () is after the Ga deposition at
200°C. (b), (c), (d) and (e) are after subsequen; Amlecular-beam irradiation with»4 10-7 Torr at 200C, 4x 10> Torr at 200C,
4 x 10> Torr at 150C and 4x 107 Torr at 150C, respectively.

observed (e). These base sizes were enlarged by a factor of
~3 as compared to that of (c). According to these results, it is
obvious that both the supply of high As flux and the addition-
ally low-temperature process are of significant importance for
the growth of GaAs fine QD structures.

The growth mechanism is qualitatively explained by the
following. When the As molecular beam was irradiated after
the Ga droplets formation, the two-dimensional (2D) growth
of crystallites progressed due to the repeated processes of

As atom adsorption on the Ga-stabilized surface and su't:>_- 5 High it dary electron i fh |
. . 1g. <. Igh-resolution seconaary electron image o € sample Cross sec-
sequently, Ga atom migration from the droplets to the As- tion shown in Fig. 1(d) after stain etching. QDs are indicated by arrows.

stabilized surfacé. Under the first crystallization condition,
the 2D growth was almost dominant (Fig. 1(b)). This re-
sult is similar to the generally known faét'® that layer- was not sufficiently prevented (e). From these results, it is ev-
by-layer growth occurs in the process of the appearance aitnt that not only the As diffusion in the droplets but also the
annihilation of Ga droplets by As flux supply at the nor-Ga migration from the droplets are important for the shape
mal growth temperature of around 580 Three-dimensional derivation. It is possible to estimate the length of the Ga flow
(3D) growth progresses by As atoms incorporated into thes an increment of the radius of GaAs microcrystals compared
droplet directly from the vapor phase. The high As flux irto that of Ga droplets. The flow length decreased to about
radiation leads to promoted 3D growth. Simultaneously, thene-eighth with the increase of the As flux by two orders of
2D growth was restrained due to this increased consumptiomagnitude, and one-third by reducing the substrate tempera-
of Ga atoms in the droplets for 3D growth (c). Concernindgure from 200C to 150C.

the shape of microcrystals, it is reported that the crater shapeFigure 2 shows a high-resolution secondary electron im-
originated from the diffusion of As atoms in the droplgf$) age of a cross section of the buried QD structure shown in
Owing to the thermal activation process of the Ga migratiorkig. 1(d) after stain etching. The triangular-shaped dark parts
the 2D growth is suppressed more effectively at the lower sulindicated by arrows) correspond to GaAs QDs. Facets of
strate temperature. As a result, the pyramidal GaAs QDs wefElL1}, which are consistent with the RHEED patterns, were
successfully formed under the conditions of (d). The lengthsbserved. It is suitable to use the usual growth tempera-
of QDs along [1.0] are larger than those along [110]. Thisture of around 580C in order to obtain a high-quality buried
might be due to the anisotropy of the Ga diffusion. Undelayer. However, when the substrate temperature was heated
only the condition of this lower temperature, the 2D growthio 580 C without a capping layer, a 2D growth of naked mi-
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crocrystals newly progressed. This phenomenon is explain®dl peaks might originate from a rather large size distribution
by the following. When the size of the GaAs crystallites deef QDs. The relative PL intensities among the QDs, the GaAs
creases, the As dissociation pressure rises in comparison withlk and the AlGaAs buffer layer differed between the two
that of the bulk. Therefore, even under the;Alsix atmo- samples. The exact reason for this remains unclear. However,
sphere of normal MBE growth, As dissociation occurs. Ashe structure of (b) includes a 20-nm-thick AlGaAs capping
a result, the Ga atom migrations on the substrate surface leyer grown at 1580C, which is thicker than the 10 nm one of
come newly active, resulting in the 2D growth. To avoid thiga), because the QDs of (b) were bigger than one of (a). It ap-
problem in this procedure, first, only a 10-nm-thick AlIGaAgears that the difference in the relative PL intensities reflects
layer, which is more than typical QD height, was grown athat of the embedding process between these two samples.
150°C, and the embedding layer of the remainder was sub- We have previously reported that in the case of the Ga de-
sequently grown at 58C. It is expected that the 2D growth position on the As-adsorbeax{4 x 4) surface reconstruction,
occurs on the top part of the first thin capping layer and thealo RHEED patterns of droplets appeared after the Ga de-
buried microcrystals are not influenced during the heatingosition of 1.7 equivalent MLs corresponding to the surface
process. From Fig. 2, it was revealed that the shape and deoverage of As atoms for th&#4 x 4) reconstructiorf) This
sity of the finally buried QDs were almost the same as thogmding indicates that a wetting layer of 1.7 ML thickness ex-
before the growth of the overlayer. ists in these QDs structures. In order to confirm the existence
PL measurements were carried out at 20K. Figure 3(af these structures, cross-sectional transmission electron mi-
shows the spectrum of the same sample shown in Fig. 2. Figroscopy studies are necessary. The emission of the wetting
ure 3(b) is the PL spectrum of another QD structure with thiayer was not evident. This might be caused by the fact that
density of 18 x 10*°cm2, the typical base size of aboutthe peak is hidden in the tail of the AlGaAs one or because the
17 x 24nm and the height of 10nm. In these two case®L intensity is very weak. It is worth noting that the droplet
Ga droplets were deposited with a Ga flux equivalent to tfermation on the AlGa-stabilized surface enables the fabrica-
GaAs growth rate of 1.0 ML/s (a) and 0.2 ML/s (b). The to+ion of QD structures without a wetting layer.
tal amounts of supplied Ga are the same. Subsequently, thén conclusion, we have investigated the modified droplet
As, flux of 4 x 1075 Torr was irradiated at the substrate temepitaxy method for fabricating GaAs/AlGaAs QDs. By high
perature of 150C. In (a) and (b), the peaks at about 1.5Intensity As molecular-beam irradiation at a low substrate
and 1.96 eV originate in the GaAs bulk and AlGaAs barrietemperature, it was observed that the grown GaAs changed
respectively. Distinct peaks of GaAs QDs were observedrastically from two-dimensional layers to three-dimensional
around 1.76eV (a) and 1.61eV (b), and indicate the cle@yramidal microcrystals suitable for QDs. Quantum size ef-
blue shift of 0.15eV with the decreasing size of the QDdects of the QDs were distinctly observed by PL measure-
The diamagnetic shifts of these PL peaks indicate that thesents. In the future, it is believed that the quality of QD struc-
peaks were due to QD8 The full-widths at half maximum tures can be further improved by optimizing the growth con-
are 124meV (a) and 102 meV (b), respectively. These broditions for droplet deposition, microcrystallization and em-
bedding processes.
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