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Abstract

The shape changes in GaAs nanocrystals deposited on Si substrate have been studied
as a function of the coverage by transmission electron microscopic observations in order to
see the growth mechanism from the viewpoint of the surface energy and the lattice strain
energy between the nanocrystal and the substrate. When GaAs was deposited on the Si(100)
surface, the shape of the GaAs nanocrystals changes from stepped mound, hut cluster to
dome structure with increasing the coverage. The shape changes are responsible for
decreasing the total free energy caused by the lattice strain energy with the substrate and

surface energy depending on the crystal size.
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1. Introduction

Heteroepitaxial growth of GaAs crystal on Si substrate is greatly required for
developing important devices such as high-efficiency solar cells [1] and optoelectronic
integrated circuits [2]. It is known that GaAs nanocrystals three-dimensionally grow on a flat
Si surface because of elastic lattice strain caused by the lattice mismatch of 4% between
GaAs and Si [3]. The elastic strain strongly affects growth mode and crystal shape of
nanocrystals during the lattice-mismatched heteroepitaxial growth. It is very important for the
realization of optoelectronic devices to make size and crystal shape of nanocrystals uniform.
In these days, researches on the crystal size and shape have been carried out in epitaxially
grown nanocrystals of InAs on GaAs [4-8], Ge on Si [8-11], and so on. However, systematic
researches on the crystal size and shape of GaAs nanocrystals grown on Si are relatively
limited. In this study, the shape changes in GaAs nanocrystals deposited on Si substrate have
been studied as a function of the coverage by transmission electron microscopic (TEM)
observations in order to see the growth mechanism from the view point of the free energy

change in nanocrystals.

2. Experimental details

Exactly Si(100)-oriented substrates were used for GaAs deposition to avoid step-flow
growth by dense step edges on vicinal surface. The Si substrates were annealed at 1100K for
5 minutes to remove native oxide from the surface in the vacuum chamber at the base
pressure below 2.0x10 Pa. Further detailed annealing procedures have been described in our
previous paper [12]. Surface reconstruction of (2x1) and (1x2) domains on Si(100) surface
were observed by in situ reflection high-energy electron diffraction. GaAs nanocrystals were
deposited on the Si surface by molecular beam epitaxy at the pressure of approximately
9x10° Pa. The growth temperature, growth rate and effective V/III pressure ratio were 673K,
about 0.8 monolayer (ML)/min and 30, respectively. The coverage of GaAs was set to be 0.4,
4 and 17 ML to investigate changes in the crystal shape. After the deposition, TEM
specimens for cross-sectional observation were prepared by sequential gluing of the Si

substrates to Si blocks, mechanical polishing, dimpling, followed by argon ion milling to
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electron transparency. The morphology and structure of GaAs grown on the Si substrate were
observed by bright-field image (BFI) and high-resolution image (HRI). The microscope used
was Hitachi HF-2000, operating at an accelerating voltage of 200 kV.

3. Results and discussion

Figures 1(a) and (b) depict a cross-sectional BFI and HRI of GaAs grown up to 0.4 ML
on the Si substrate, respectively. The incident beam direction is <011>. In the BFI (Fig. 1(a)),
GaAs nanocrystals which have a triangular cross section are observed on the Si substrate. The
width in the <011> directions on the basal plane of the nanocrystals is ranging from 20 to 30
nm, and the height of the nanocrystals is approximately 2 to 3 nm. The {011} lattice spacing
in the GaAs nanocrystal measured by the lattice image in Fig. 1(b) is estimated to be 0.38
nm, which is approximately 2.5% smaller than that in bulk GaAs (i.e., 0.40, nm), and is
almost similar to that in the Si substrate. The multi terraces of (100) planes are observed on
the surface of the GaAs nanocrystal as indicated by white arrows in Fig. 1(b). The structure
consisting of the multi terraces and single steps what is called "stepped mound™ [13] appears
on the substrate.

Figures 2(a) and (b) show a cross-sectional BFI and HRI of GaAs grown up to 4 ML on
the Si substrate, respectively. The incident beam direction is <011> again. As shown in Fig.
2(a), the width in the <011> directions on the basal plane of the nanocrystals is ranging from
20 to 30 nm, and is equivalent to that at the coverage of 0.4 ML. The facet planes in all of the
GaAs nanocrystals and the Si (100) surface make an angle of 55 degrees, which is equivalent
to an angle of 54.4 degrees between {100} and {111} plane. On the other hand, the other
important point to be noted here is the fact that all of the nanocrystals have a fixed height of
approximately 14 nm. Fig. 2(b) shows a typical example of HRIs in GaAs nanocrystals. The
facet structure consisting of facet planes of {111} type what is called “hut cluster” [14] is
observed at this coverage, and is stabilized by the lowest {111} surface energy of GaAs
which has the zinc-blende structure. Lattice mismatches on the interface and dense stacking
faults are recognized in the nanocrystal [15]. The {011} lattice spacing in the GaAs
nanocrystal measured by the lattice image was estimated to be 0.403 nm, which is almost

equivalent to that in bulk GaAs.



Figures 3(a) and (b) present a cross-sectional BFI and HRI of GaAs grown up to 17 ML
on the Si substrate, respectively. The incident beam direction is <011> again. As shown in Fig.
3(a), the width in the <011> directions on the basal plane of the nanocrystals significantly
increases to 100-200 nm, and the height of the nanocrystals becomes 50-100 nm. The number
density of the nanocrystals decreases because of a significant coalescence of the nanocrystals
during the growth. Fig. 3(b) shows a typical example of HRIs in GaAs nanocrystals. Two
kinds of facet planes observed in the nanocrystal and the Si(100) surface make angles of 55
and 26 degrees, which are equivalent to an angle of 54.4 degrees between {100} and {111}
plane and an angle of 25.2 degrees between {100} and {311} plane, respectively. It was
revealed that the nanocrystal has the "dome" structure consisting of {111} and {311} facet
planes.

From these results, it was evident that when GaAs was deposited on the Si(100) surface,
the shape of the GaAs nanocrystals changes from stepped mound, hut cluster to dome
structure with increasing the coverage.

A mechanism of the shape changes in GaAs nanocrystals will be discussed from the
viewpoint of the interfacial strain between the nanocrystal and the substrate and surface
energy as follows. In the GaAs crystal grown on the Si substrate in which the lattice
mismatch is approximately 4%, it is difficult due to the large interfacial lattice strain that the
continuous GaAs thin film grows coherently on the Si substrate. An upper limit of the
interfacial area appears in order to prevent the increase of the lattice strain energy caused by
compressive strain accumulated in the coherently-grown GaAs nanocrystal, and consequently,
the mound-type nanocrystalline nuclei consisting of the basal plane with the interfacial width
ranging from 20 to 30 nm in the <011> directions are formed at the low coverage. The
initially-formed mounds grow under a nearly constant interfacial area with increasing
coverage. The angle between the facet planes on the mounds and the substrate surface
gradually increases to form the subsequent {111} facet planes which have the lowest surface
energy under As-rich environment [16]. When the GaAs nanocrystal has the structure
consisting of the facet planes of {111} type and the basal plane limited by the interfacial area
mentioned above, the nanocrystal becomes a hut cluster in which the height is fixed to be
approximately 14 nm. The hut clusters coalesce into larger nanocrystals with increasing

coverage. The {111} facet planes around the top of the nanocrystal change to the {311} facet
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planes to lower the total surface energy of the nanocrystals, and then the dome structure is
formed. It is suggested that the shape of the GaAs nanocrystals deposited on the Si(100)
substrate changes to decrease the total free energy which is responsible for the lattice strain

energy with the substrate and surface energy depending on the crystal size.

4. Conclusion

The shape changes in GaAs nanocrystals deposited on Si substrate have been studied as
a function of the coverage by TEM. When GaAs was deposited on the Si(100) surface, the
shape of the GaAs nanocrystals changes from stepped mound, hut cluster to dome structure
with increasing the coverage. The shape changes are responsible for decreasing the total free
energy caused by the lattice strain energy with the substrate and surface energy depending on

the crystal size.
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Figure caption

Fig.1. (a) A cross-sectional BFI and (b) HRI of GaAs grown up to 0.4 ML on the Si substrate.
The width on the basal plane of the nanocrystals is ranging from 20 to 30 nm. The structure
consisting of multi terraces and single atomic height steps what is called “stepped mound”

appears on the surface.

Fig.2. (a) A cross-sectional BFI and (b) HRI of GaAs grown up to 4 ML on the Si substrate.
The width on the basal plane of the nanocrystals is ranging from 20 to 30 nm. The facet
structure consisting of {111} type facets what is called “hut cluster” is observed on the Si

surface.

Fig.3. (a) A cross-sectional BFI and (b) HRI of GaAs grown up to 17 ML on the Si substrate.
The width on the basal plane of the nanocrystals is ranging from 100 to 200 nm. The GaAs

nanocrystals have “dome” structure consisting of {111} and {311} facet planes.
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Fig.2 H. Usui et al.



Fig.3 H. Usui et al.



