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Droplet epitaxy is an important method to produce epitaxial semiconductor quantum dots (QDs).
Droplet epitaxy of III-V QDs comprises group III elemental droplet deposition and the droplet
crystallization through the introduction of group V elements. Here, we report that, in the droplet
epitaxy of InAs/GaAs(001) QDs using metal-organic chemical vapor deposition, significant
elemental diffusion from the substrate to In droplets occurs, resulting in the formation of In(Ga)As
crystals, before As flux is provided. The supply of As flux suppresses the further elemental
diffusion from the substrate and promotes surface migration, leading to large island formation with
a low island density. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4859915]

Epitaxial semiconductor quantum dots (QDs) have been
widely investigated because of their potential significant
electronic and optoelectronic applications.'™ The structural
parameters of QDs including their shape, size, number den-
sity, and composition are of crucial significance in determin-
ing the electrical and optical properties of the QDs.*
To precisely control these microstructure parameters, it is
critical to have a thorough understanding of the growth
mechanisms of the QDs.’

There are two major growth modes used to produce epi-
taxial QDs—the Stranski-Krastnow (S-K) growth mode® and
the droplet epitaxy approach.” The S-K growth mode has
been used to fabricate reliable semiconductor devices in ma-
terial systems with significant lattice mismatch.>® Here,
layer-by-layer growth is followed by island formation to
release the strain energy caused by the lattice mismatch
between the epilayer and the substrate. It has been reported
that the S-K growth of QDs is a very complicated process,
which includes atomic interdiffusion between the QDs and
the substrate'®'? and elemental redistribution within QDs."?
The elemental distribution within the QDs has been shown
to affect the QD morphology,'* and the compositional evolu-
tion in InGaAs/GaAs QDs'> and Ge/Si QDs'*'® grown using
the S-K mode have been reported.

The droplet epitaxy approach can be used in systems
with or without lattice mismatch,”*zo and involves two
steps: (i) deposition of droplets of an element and (ii) crystal-
lization of these droplets through the reaction of the droplets
with another element. For the droplet epitaxy of III-V semi-
conductor QDs, liquid droplets of group III elements are first
introduced on the substrate and then exposed to group V
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elements. The detailed mechanisms of droplet epitaxy
growth are much less explored than those of the S-K growth
mode. In this Letter, we present a detailed microscopy-
based-investigation of the composition and morphology of
In(Ga)As/GaAs QDs grown by droplet epitaxy in a metal-
organic chemical vapor deposition (MOCVD) system. Our
experimental results demonstrate that droplet epitaxy QD
growth is a complicated process and we suggest a modified
mechanism for droplet epitaxy growth.

The In droplet and InAs QD samples for this study were
grown on semi-insulating GaAs(001) substrates in a horizon-
tal flow MOCVD reactor (AIX200/4) at a pressure of 100
millibars. Trimethylindium, trimethylgallium, and AsHj;
were used as the precursors and ultra-high purity H, as the
carrier gas. A 200nm GaAs buffer layer was first deposited
at 650°C, followed by reducing the temperature to 500 °C
with AsH; flowing. When the temperature reached 500 °C, a
10s interruption was introduced, whereby AsH; was
removed from the reactor to eliminate the influence of AsHj
on subsequent deposition of In droplets. Afterwards, “two
monolayer” of In droplets (the In amount used to grow two
monolayer InAs in normal epitaxy under the same growth
conditions) were deposited. Sample QD onjy refers to the
sample immediately cooled to room temperature without
exposure to AsHj flux after In droplet deposition, while the
temperature in sample QDy, . gs was maintained for an addi-
tional 8 s after In deposition and without exposure to AsHj;
flux. Sample QDy,5s Was prepared by immediate exposure of
In droplets to the AsHs flow (3.0 x 10~*mol/min) for 8 s af-
ter In droplet deposition.

Plan-view and cross-sectional transmission electron mi-
croscopy (TEM) specimens were prepared using a Gatan pre-
cision ion polishing system with Ar" energy of 3keV. The

© 2014 AIP Publishing LLC
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surface morphology of the three samples was characterized
using a Zeiss Ultra+ scanning electron microscope (SEM)
operating at 5kV. Structural characterization using
high-resolution TEM and selected area electron diffraction
(SAED) was carried out in a JEM-3000F TEM operating at
300kV. Quantitative compositional analysis was conducted
using energy dispersive x-ray spectroscopy (EDXS) in a
JEM-2200 TEM operating at 200kV and the ESPRIT soft-
ware. The electron probe size for the EDXS was 1 nm. The
EDXS data were collected and averaged from 10 QDs for
each specimen. The error bar for each EDXS datum indicates
the highest and lowest experimental results.

Figure 1(a) shows a typical (110)gpsirae Cross-sectional
high-resolution TEM image of an In droplet in sample
QDin_onty- The image suggests that the island was epitaxially
grown on the substrate surface with the same atomic arrange-
ment as that of the GaAs substrate and with a slightly larger
lattice parameter. Misfit dislocations, indicated by white
arrowheads, with extra half atomic planes are present at the
island/substrate interface. The misfit dislocations are caused
by the lattice mismatch. Figure 1(b) shows a combined (110)
cross-sectional SAED pattern recorded from the island and
the substrate shown in Fig. 1(a). Two sets of reciprocal space
lattices are visible. The one with the strong diffraction spots
(marked with “1”) is from the substrate, while the one with
weak diffraction spots (marked with “2”) is from the island.
Figure 1(b) further confirms that the island has the same
two-dimensional lattice structure as the substrate but with a
larger lattice parameter when observed along the (110)
direction.

Figure 1(c) shows a typical [001] plan-view image of a
relaxed droplet island and the surrounding substrate area.
The two-dimensional Moiré fringes shown in Figure 1(c) are
caused by the lattice mismatch between the island and the
substrate. Fig. 1(d) presents a combined [001] plan-view

FIG. 1. A (110) cross-sectional high-resolution TEM image of sample
QDyy-onty- Misfit dislocations at the island/substrate interface are indicated
using white arrowheads; (b) a combined SAED pattern from the area shown
in (a); (c) a typical [001] bright-field plan-view image of a large island in
sample QDyy_only: and (d) a corresponding SAED pattern taken from the area
shown in (c). Diffraction spots from the substrate and islands in (b) and (d)
are indicated by “1” and *“2,” respectively.

Appl. Phys. Lett. 104, 022108 (2014)

SAED pattern recorded from the region shown in Fig. 1(c).
The combined messages obtained from Figs. 1(b) and 1(d)
provide a complete three-dimensional reciprocal structural
information demonstrating that the droplet possesses the
same lattice structure as the substrate, i.e., face centred cubic
lattice or the zinc-blende structure, but with a larger lattice
parameter than the substrate. However, pure In possesses a
tetragonal crystal structure at room temperature,”’ which is
certainly not consistent with the experimental SAED pat-
terns. This suggests that alloying of the In droplet to form
InAs or InGaAs island has occurred.

To confirm this hypothesis, EDXS microanalysis was
conducted to determine the chemical composition of the
droplets in all the three samples. Islands from samples
QDin-ontys QDings, and QDy,a¢ With base diameters in the
range of ~30-60nm and similar height-to-base diameter
ratios of ~1:2.5 were chosen for the EDXS microanalysis.
Figure 2(a) presents a typical image of an island from sample
QDip-onty for EDXS microanalysis. The black lines A, B, and
C indicates the EDXS line scan, from which In, Ga, and As
were detected. Because the height and aspect ratio of islands
in different samples are different, the horizontal axis in Figs.
2(b) and 2(c) is scaled appropriately such that positions A,
B, and C consistently represent positions at the substrate, the
island/substrate interface, and the top of islands, respec-
tively. Figure 2(b) presents the ratios of the atomic percen-
tages of As to that of In+ Ga at the substrate and different
positions on the island in each of the three samples. The
As/(In 4 Ga) ratio remains approximately constant at around
1:1 along the line scan for samples QDyy oniy and QD s,
indicating that the droplets in these two samples have fully
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FIG. 2. (a) A (110) cross-sectional TEM image of a relaxed InGaAs island.
The straight lines A, B, and C indicate the positions from which EDXS data
were obtained. Point B is immediately below the island/substrate interface.
Two groups of parallel lines XX’ and YY’ are drawn to be parallel to a group
of {111} planes and to have the distance of 24 {111} planes; (b) the
As/(In + Ga) ratio from EDXS data detected along the lines A, B, and C in
(a); and (c) the In/(In 4+ Ga) ratio from the EDXS data.
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crystallized through As diffusion from the substrate to the
droplets, since AsHsz flow was not introduced in these two
samples. Due to the introduction of AsHj; in the preparation
of sample QDy, a5, the As/(In+ Ga) ratio for this sample was
expected to be 1 and this was observed experimentally in
Fig. 2(b). Slight deviations of the As/(In+ Ga) ratio from
exact 1:1 in QDs were caused by the non-equilibrium state
of the three samples. Figure 2(c) shows the In/(In 4 Ga) ratio
along the line scan for the three samples. Sample QDyy oniy
has the highest In/(In + Ga) ratio, while sample QDy,,, g; has
the lowest value. The In/(In 4 Ga) ratio for sample QDy,; iS
close to that of sample QDy,_on1y- Note that EDXS measure-
ment from the substrate far away from the island/substrate
interface shows that the composition of substrate is exactly
GaAs, which confirms the accuracy of our EDXS data. The
error bars of EDXS data were measured within =3% of the
mean values, which are smaller than the composition varia-
tions among the three samples.

In droplet epitaxy of InAs/GaAs QDs, it was believed
that In would remain as a pure liquid droplet before the As
flux is introduced to the reaction chamber®? which will then
subsequently result in the crystallization of In to InAs>® such
that the stoichiometry of the resultant islands should be
LV =1:12* However, a zinc-blende structure was formed
in the droplets of samples QDyy_oniy and QD g prior to ad-
mittance of the As flux, and the ratios of As to In + Ga in the
droplets were confirmed to be ~1:1 by EDXS analysis in
Fig. 2(c). This demonstrates that Ga and As atoms have dif-
fused into the substrate to form crystalline In(Ga)As islands.

Although the presence of As in In droplets prior to the
admittance of the As flux has been mentioned previously, it
is not clear whether the group V element originates from the
substrate or from the contaminated reaction chamber.”> In
our experiment, a clean reaction chamber was used, and
AsH; was removed after the growth of the GaAs buffer
layer. In addition, H, was used to flush the chamber.
Therefore, the substrate is considered to be the main source
of As for samples QDy,_on1y and QDy, 4 g¢ due to the fact that
a local As environment could be formed directly at the sam-
ple surface caused by the out-diffusion of As from the sub-
strate and buffer layer since the temperature is still quite
high, even though prior deposition on the liner and suspecter
in the reaction chamber may potentially play a role. At the
growth temperature of 500 °C and without AsH; flow, some
Ga-As bonds in the areas around the droplets would tend to
break, resulting in As desorption,26 which then alloys with
the pure In droplets. Some excess Ga atoms, resulting from
the desorption of As, diffuse into the In droplets (as dis-
cussed below). However, most of the Ga remained either on
the substrate or diffused into the substrate to form Ga inter-
stitials.””*® This would change the stoichiometry of the
GaAs substrate in the vicinity of the islands, and this was
confirmed by the As/(In+ Ga) ratio between A and B of
slightly less than 1 (note that the ratio between A and B may
be overestimated due to the poor spatial resolution of EDXS
at a relatively thick substrate). These SAED and EDXS data
indicate that the QD growth by droplet epitaxy is much more
complicated than the ideal situation that is often plroposed.23

According to Vegard’s law,” the composition in the
relaxed islands can be evaluated via a comparison of the

Appl. Phys. Lett. 104, 022108 (2014)

lattice parameters between the relaxed islands and the sub-
strate. Lattice parameters were measured using the method
demonstrated in Figure 2(a). Two groups of parallel lines
XX" and YY’' with a distance of 24 {111} atomic planes
were drawn in the substrate and the island far away from the
island/substrate interface. The distances between the two
groups of the parallel lines were accurately measured.

Cohen et al.* reported substantial diffusion of Group III
elements (e.g., In or Ga) between the islands and the sub-
strate in III-V QDs grown by droplet epitaxy. However, little
has been reported about the details of the diffusion stage. To
probe this further, the island compositions of the three sam-
ples measured from EDXS and high-resolution TEM images
are listed in Table I. The islands in all three samples contain
more In than Ga. Although there is a slight discrepancy
between the results obtained from EDXS and those from
high-resolution TEM, the general trend on the relative
atomic percentages of In and Ga in the three samples is the
same, i.e., sample QDy,_on1y has the highest In content (lattice
mismatch = 5.8%) and sample QDy, , g, has the lowest (lat-
tice mismatch =4.6%). It is clear that substantial diffusion
of As and Ga from the substrate to the islands occurs during
the deposition of the In droplets. This diffusion likely
includes both bulk and surface diffusion. Bulk diffusion
occurs directly underneath the In droplets along the vertical
direction, while surface diffusion takes place in the areas
around the In droplets. A driving force for Ga diffusion into
the islands is the reduction of the overall elastic energy of
the system.’® Indeed, the incorporation of Ga atoms into
InAs QDs during the nucleation and growth process under
S-K mode has been reported before.'> In our case, the Ga
atoms liberated from the breaking of the Ga-As bonds in the
areas underneath/around the droplets at high temperature can
diffuse/migrate into the islands to form an alloy. This diffu-
sion/migration process is evidenced by the fact that sample
QDy, ;. gs was found to show a larger amount of Ga, suggest-
ing more diffusion of Ga from the substrate to the islands
due to the 8s growth interruption at high temperature with-
out the As flux.

Sample QDp,as was exposed to the As flux for 8s at
500 °C, while sample QDy, , g, remained at the same temper-
ature for 8 s after In deposition without admittance of the As
flux. The lower Ga content in the islands in sample QDp,as
(compared to sample QDy, , g,) indicates that the diffusion of
Ga from the substrate to the islands is suppressed by the sup-
ply of the As flux. This is because the presence of As ada-
toms on the surface introduced by the AsH; flow stabilizes
Ga-As bonds on the substrate surface, leading to the suppres-
sion of Ga diffusion to the islands after the deposition of In

TABLE I. Island compositions obtained from high-resolution TEM images
and EDXS.

Lattice-mismatch Composition deduced

between islands from lattice Composition
Samples and substrate (%) mismatch from EDXS
QDln-only 5.8 Ing goGap.20As Ing 75Gag 25As
QD+ gs 4.6 Ing 64Gag 36As Ing 60Gag 40As
QDrnas 5.7 Ing 79Gag 21 As Ing 72Gag 23As
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FIG. 3. SEM images of the surfaces of samples QDyy onty, QDpq 455 and
QDInAs~

droplets. Note that the Ga content in the islands in sample
QDrp_onty is also lower than that in sample QDy, 4 g5 because
there was not enough time for Ga diffusion to islands in sam-
ple QDInfonly'

Although the evolution of size and density of S-K InAs
QDs under As ambient has been widely studied,*'? little is
known about the effect of As flux on the surface morphology
evolution of InAs QDs grown by droplet epitaxy. Figure 3
shows plan-view SEM images of the three samples. There is
no morphological difference between sample QDyy,.qny and
sample QDy, , gs- A bimodal size distribution with ranges of
10-20nm and 30-40nm in diameter and with a density of
~1.7 x 10%/um? are measured for the QDs in samples
QDrp-onty and QDy, 4 gs. Islands with diameters larger than

{9 ]

(@)

GaAs substrate GaAs substrate

®
® I @
J L
n(Ga)As

GaAs substrate (C) GaAs substrate

;
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~20nm account for less than 20% of all islands in both
samples.

Interestingly, a remarkably different morphology is
observed in sample QDp,as with a low QD density of
~3 x 10*/um” and a larger size distribution of ~10-70 nm.
Islands with diameters larger than ~20nm account for over
45% of the total number of islands. The surface morphology
difference suggests that the surface migration of In, Ga and
As atoms is facilitated under an As-rich condition. For sam-
ples QDyy.ony and QDy, 4 g, In(Ga)As QDs were formed
mainly through the diffusion of As and Ga atoms from areas
in the vicinity of the In droplets. This means that the spatial
distribution of these QDs is mainly determined by the initial
location of In droplets, and the In atoms did not migrate
freely. For sample QDy,4,, the initial spatial distribution of
In droplets should be similar to that in samples QDyy,_on1y and
QDy, . g- However, the presence of AsHj; during the 8s
island crystallization significantly influenced the migration
of In atoms, which then changed the size and island density.
It has been reported that the hydrogen radicals stemming
from AsH; decomposition during the MOCVD growth are
very reactive and can attack the already formed InAs islands
by breaking the In-As bonds.*® This will lead to the
“decomposition” of some small islands formed during
the deposition of In droplets. The In atoms freed from the
“decomposed” islands can migrate on the surface and find
the most energetically favoured sites (e.g., the top of the
islands) to sit and bind with As. This results in the formation
of large In(Ga)As islands with a lower density.

Based on our experimental observations, a modified
growth mechanism for the droplet epitaxy of In(Ga)As/GaAs
is proposed, as summarised in Figure 4. In our case, In atoms
were first deposited on the GaAs substrate surface as shown
in Figure 4(a). However, the deposition of In droplets is im-
mediately accompanied by an alloying process that results
from As transport to the droplets as well as Ga diffusion
from the substrate to the droplets (see Figure 4(b)), leading
to the formation of In,Ga;_,As. Following the supply of
AsHj; flow, further diffusion/migration of Ga and As atoms
from the substrate is suppressed, while the surface migration
of In and Ga under the presence of atomic hydrogen is
enhanced, leading to the formation of large In(Ga)As islands
with a low island density (Figures 4(c) and 4(d)).

In conclusion, we have investigated the growth mecha-
nism of In(Ga)As QDs formed by droplet epitaxy. The unex-
pected mass transport of As and Ga from the GaAs substrate

@ @
! L ;

(d)

FIG. 4. Schematic illustration of the
modified droplet epitaxy growth process.
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into the In droplets was observed during the deposition stage
of the droplets. This subsequently led to the crystallization of
the droplets to form InGaAs QDs. The introduction of As
flux after the droplet deposition step suppressed further diffu-
sion of Ga and As from the substrate to the droplets.
However, the presence of H radicals (from the dissociation
of AsHj) resulted in Ostwald ripening of the dots. These
findings suggest that the mechanism for droplet epitaxy
using MOCVD is somewhat different to that of Molecular
Beam Epitaxy.g'4
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