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Abstract. GaAs films with low-temperature GaAs (LT-GaAs) layers were grown by molecular
beam epitaxy (MBE) method on vicinal (001) Si substrates oriented 6° off towards [110]. The
grown structures were different with the thickness of LT-GaAs layers and its arrangement in
the film. The processes of epitaxial layers nucleation and growth were controlled by reflection
high energy electron diffraction (RHEED) method. Investigations of crystalline properties of
the grown structures were carried out by the methods of X-ray diffraction (XRD) and
transmission electron microscopy (TEM). The crystalline perfection of the GaAs films with
LT-GaAs layers and the GaAs films without ones was comparable. It was found that in the LT-
GaAs/Si layers the arsenic clusters are formed, as it occurs in the LT-GaAs/GaAs system
without dislocation. It is shown that large clusters are formed mainly on the dislocations.
However, the clusters have practically no effect on the density and the propagation path of
threading dislocations. With increasing thickness of LT-GaAs layer the dislocations are partly
bent along the LT-GaAs/GaAs interface due to the presence of stresses.

1. Introduction

The silicon and the A"'BY compounds are major modern semiconductor materials. Integration of
silicon-based electronics and the element base using A"'BY compounds on the Si substrates will enable
to create the monolithic microwave and optoelectronic devices with silicon control circuits. In
addition, the Si substrates are lighter, stronger and less expensive than GaAs and Ge substrates, which
are usually used for growing structures based on A"'BY compounds.

Practically, the whole spectrum of structures for microwave and optoelectronics based on A"'BY
compounds and their solid solutions can be obtained by the MBE method. The advantages of the MBE
technology consist in the thing that it allows one to grow ultrathin layers with a controllable thickness,
form perfect heterointerfaces, study in situ processes proceeding on a growing surface. Therefore, the
MBE method is prospective regarding the creation of the technology for obtaining perfect A"'BY/Si
heterostructures.

The complexity of device-quality A"'BY layers growth on Si is conditioned by a big difference of
constant lattice (4.1 % for the GaAs/Si system) and linear thermal extension coefficient (to 50%) of Si
with A"BY materials. The differences in the indicated parameters lead to occurrence of threading
dislocations in A"'BY epitaxial films. To reduce the density of threading dislocations cyclic annealing
at various stages of growth and dislocation filters are used [1]. It was established in direct experiments
that (for GaAs/Si and GaP/Si [2]) threading dislocations density, directly at the growth temperature,
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can be decreased to 10* - 10° cm™. Nevertheless, after cooling to room temperature, it increases to
10°%- 10" cm™. Thus, for any A'"BY heterosystems on the Si substrate, critical is not the lattice
mismatch (e.g. in the GaP/Si, it is tenths of percent), but a big difference in linear thermal extension
coefficients of matched materials. Therefore, other ways of reducing the dislocation density are a
decreasing the A"'BY layer nucleation and growth temperature and a growing of the intermediate LT-
GaAs layers in GaAs/Si(001) films. In this respect, the MBE method that allows one to grow GaAs at
temperature 150-200°C is the most fitting epitaxial technology.

Properties of LT-GaAs layers on GaAs substrates are investigated well enough [3,4], but the
literature is very little data on the effect of LT-GaAs layers on the quality of GaAs/Si(001) films,
containing a large number of threading dislocations.

The aim of the present work was experimental studying the impact of LT-GaAs layers on
crystalline properties of the epitaxial GaAs films grown on vicinal (001) Si substrates oriented 6° off
towards [110].

2. Experimental methods

The GaAs films with (001) orientation were grown on vicinal (001) Si substrates oriented 6° off
towards [110] using the retrofit MBE system "Shtat". To obtain the fluxes of Ga and Si the crucible
molecular sources were used, and valve sources with the cracking zone were used to obtain the fluxes
of As, and P, molecules [5]. The surface structure control during growth was realized by the RHEED
method.

To achieve this aim it was necessary to solve the following problems. Firstly, we should understand
the impact of LT-GaAs layers both formed at the interface of film-substrate and at a distance from it
on crystalline perfection of the GaAs/Si films. Second, we should determine the effect of the
temperature of growth and annealing of GaAs/Si films containing LT-GaAs layers on its properties.
And, thirdly, we should see if arsenic clusters are formed in LT-GaAs layers during annealing, as it
occurs in the dislocation-free layers LT-GaAs, grown on GaAs substrates [6,7]. In this regard, GaAs
films with LT-GaAs layers both at the film-substrate interface, and at the distance of 800nm from it
were grown. The thickness of the LT-GaAs layer at the interface was 170 nm, and the thickness of
remote LT-GaAs layer was 700 nm. To understand if the impact is kept from layer to layer the films
comprising system of alternating 200nmLT-GaAs/200nmGaAs layers were grown. The profiles of the
films are shown in figure 1.

It is known that, during nucleation of GaAs on Si with MBE, applying less than 1 GaAs monolayer
leads to the formation of islands with the density to 10" cm™. Islands coalescence is accompanied by
the appearance of threading dislocations in the film with the density to 10%cm™ [8].To avoid the islands
formation and, this way, decrease the threading dislocations density, in the work the nucleation of
GaAs layers was realized by atomic-layer epitaxy (ALE) [9,10] through a GaP sublayer at substrate
temperature about 250°C. Further the GaAs films thickness of 1 um, 1.7 um and 2 pm were grown
(figure 1 &, b, c). The growth temperature of GaAs and LT-GaAs layers was 350°C and 170°C,
respectively. At a 370nm thickness of the films the 30nm AlAs layers were grown for smoothing of
the surface. At a 570nm thickness of the films the cyclic annealing was carried out. The substrate
temperature was changing from 200°C to 560°Cduring cycling. In total, 4 cycles for these structures
were made. Delta-layer of In (3-In) was grown in the second structure in 700 nm LT-GaAs layer
(figure 1 (b)) to verify the possibility to form ordered arrays of As clusters in the GaAs/Si(001) films,
containing a large number of dislocations.

The first sample after the growing of LT-GaAs layer was being annealed at temperature 550°C for
10 min. The second and third samples after growth were cut into four parts and being annealed at
temperatures of 500, 550 and 600°C for 10 min. The grown films were investigated by XRD and
TEM.
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3. Results and discussion

Cross-sectional TEM images of the annealed films are presented in figure 2. Thel70nm LT-GaAs
layer located at the film-substrate interface is shown in figure 2 (a), the 700nm LT-GaAs layer located
at a distance of 800 nm from the interface is shown in figure 2 (b), and the system of alternating
200nmLT-GaAs/200nmGaAs layers located at a distance of 1000 nm from the interface is shown in
figure 2 (c). It is seen that in all samples the LT-GaAs layers have a darker contrast. This contrast is
due to the presence of As clusters [6,7]. After analyzing a number of TEM images, it can be said that
large clusters are formed mainly on dislocations (figure 3). This is due to the fact that the As atoms
during annealing get into the dislocations and move through it as channel. The higher the annealing
temperature, the larger the clusters sizes, and less its concentration.
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Figure 2 (a, b, ¢). Cross-sectional TEM images of grown GaAs/Si(001) films
with LT-GaAs layers after annealing.
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Figure 3. Cross-sectional TEM images of annealed films with As clusters.

The ordered arrays of As clusters is known from the works [11,12] can be formed in the LT-
GaAs/GaAs films by 6-layers of In and P. We decided to test if such arrays of As clusters are formed
in the GaAs/Si films having threading dislocations. If so, how this array of clusters will effect on the
evolution of the threading dislocations system? For this purpose, in the second structure the 5-In was
grown in the 700nm LT-GaAs layer. figure 2 (b) shows that the layer of As clusters did formed, but it
almost not had affected the dislocation density and direction. The higher the annealing temperature,
the more clusters reach to 8-In, and it becomes clearer on the TEM image. As a result, the dislocations
affect the position and size of As clusters, and clusters do not affect the evolution of the threading
dislocations system.

Low-temperature GaAs is known from the literature [13,14] has a lattice constant larger than the
lattice constant of high temperature GaAs. This is due to the adsorption of excess As at low
temperatures. There are stresses at the interface of LT-GaAs / GaAs due to the difference in lattice
parameters. To reduce the accumulated stress the presence of misfit dislocations lying in the interface
is required. The most profitable way to the formation of such misfit dislocations is bending the
existing threading dislocations, the so-called process without activation. On the TEM images can be
seen that in the annealed samples with a 700 nm LT-GaAs layer the dislocations are partly bent along
the interface of LT-GaAs/GaAs (figure 2 (b)) and in the samples without annealing the dislocations
are changing its direction of propagation at the interface (figure 4 (a)). However in the samples with
170 nm and 200 nm LT-GaAs layers such the features are observed much less often (figure 2 (¢) and
4 (b)). Therefore, with increasing the LT-GaAs layer thickness the stresses at the interface of LT-
GaAs/GaAs are increasing and the dislocations are bent more effectively. In addition worth noting that
position of LT-GaAs layer in the GaAs/Si(001) film did not play a significant role in changing the
density of threading dislocations.

According to XRD analysis of samples can be said that crystalline quality of films is not
significantly affected by LT-GaAs layer. On the rocking curves the full width at half maximum
(FWHM) of the films peak with LT-GaAs layers are comparable to the FWHM of the films peak
without ones. With increasing annealing temperature and film thickness the FWHM value decreases as
usual. Also a crystal lattice rotation of the film with respect to the substrate was analyzed [15]. The
rotation magnitude is determined by a grid of misfit dislocations in the interface. In the GaAs films
with LT-GaAs layers the crystal lattice rotations round the direction <011> the order of several
hundred arcsecs (300-700) were detected. These values are comparable to the crystal lattice rotations
for films without LT-GaAs layers. Figure 5 shows the (115) reciprocal space map for as-grown
GaAs/Si film with alternating LT-GaAs/GaAs layers. The film is in a laterally stretched state due to
the difference of the linear thermal expansion coefficients. The (115) GaAs peak has been shifted to
the right from a fully relaxation line because the crystal lattice of the film is stretched and has rotation
relative to the substrate. The broadening of the (115) GaAs peak indicates the orientation distortion
caused mainly misfit dislocations.
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Figure 4 (a, b). Cross-sectional TEM images of Figure 5. XRD reciprocal space map of the

as-grown GaAs/Si(001) films with LT-GaAs (115) reflections for the GaAs/Si structure.
layers.

4. Conclusions

GaAs films with low-temperature GaAs (LT-GaAs) layers were grown by MBE method on vicinal
(001) Si substrates oriented 6° off towards [110]. The grown structures were different with the
thickness of LT-GaAs layers and its arrangement in the film. Investigations of crystalline properties of
the grown structures were carried out by the methods of XRD and TEM.

The crystalline perfection of the GaAs films with LT-GaAs layers and the GaAs films without ones
was comparable. In the GaAs/Si structures with LT-GaAs layers the crystal lattice rotation round the
direction <011> was detected. It was found that in the LT-GaAs/Si layers the arsenic clusters are
formed, as it occurs in the LT-GaAs/GaAs system without dislocation. It is shown that large clusters
are formed mainly on the dislocations. It means the dislocations are a kind "channels™ for atoms of As.
Using 6-In we managed to obtain an ordered array of As clusters. The clusters array proved to have no
effect on the density and the propagation path of threading dislocations. Thus, the dislocations affect
the position and size of As clusters, and the clusters do not affect the evolution of the threading
dislocations system. With increasing LT-GaAs layer thickness the stresses at the interface of LT-
GaAs/GaAs are increasing and the dislocations are more bent.
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