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Selective growth of GaAs epitaxial layers on a Si substrate by method
of vapor-phase epitaxy from the organometallic compounds
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Using the method of selective epitaxy the two types of GaAs-structures were grown on Si substrate — with
deposition of SiO,-mask directly on the substrate surface (type 1) and with deposition of SiO,-mask on the surface
of a planar buffer layer of GaAs (type 2). The effect of the structure design on the surface morphology using atomic
force microscopy and profilometry, as well as the defects of formed epitaxial layers using scanning and transmission
electron microscopy, has been studied. It was demonstrated that the density of the growing-in dislocations was
2.9-10% and 2.1-108cm™~2 for the structures of 1 and 2 type, respectively. The RMS surface roughness in the
center of the window was 4.87 and 3.26nm for structures of type 1 and 2, respectively.
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1. Introduction

Currently, there is a high interest in semiconductor het-
erostructures created by selective epitaxy, the key difference
of which is that growth occurs in pre-prepared areas of
the wafer, while the remaining part is protected by a
passivating mask [1]. Selective epitaxy allows for broader
possibilities in controlling the properties of the fabricated
heterostructures compared to classical planar epitaxy, in
which epitaxial layers have the same properties for the
wafer entire surface. A significant part of the research
on selective epitaxy technology is related to growth on
GaAs or InP [2-5] substrates. For example, in jcite6, the
mechanisms of selective growth of GaAs nanogrids obtained
by vapor-phase epitaxy from organometallic compounds
were investigated. Studies of [3,7,8] have shown the ability
to control the properties of the active region formed during
selective epitaxy in order to adjust the wavelength of a
selected single vertically emitting source. The studies [9,10]
cover the results describing the growth features of bulk
layers of solid solutions and quantum wells by selective
epitaxy in wide windows, demonstrating altered growth
mechanisms due to a change in the local misorientation of
the epitaxial layer surface.

It should be noted that selective epitaxy technology is
an important tool in the engineering of photonic integrated
circuits (PIC) [4,11]. If selective epitaxy on A'™BY sub-
strates expands the options for controlling the properties of
heterostructures, then using this technology with the growth
of AMBY light-emitting heterostructures on silicon is a must.
This is due to the fact that with monolithic integration, the
light-emitting heterostructure should be formed only in the

1*

selected local part of PIC, while the rest of PIC should be
preserved for the formation of waveguides, dividers, filters
and other elements that control optical radiation. In this
regard, it is necessary to study the growth features of A!BY
structures by selective epitaxy on Si substrates. Currently,
there are several approaches used to create light-emitting
structures on silicon. One of them is based on the use
of constructions involving GaAs buffer structures. These
structural elements serve as a transition region between the
silicon substrate and the light-emitting structure and provide
a lower density of defects in the active region. Another
important parameter of selective epitaxy technology is the
size of the window where the growth occurs. Within
the study, the structures with ultra-wide windows have
been selected, which will reduce the requirements for the
accuracy of matching between the PIC elements in the
future. The article highlights the studies of the general
patterns of selective growth of GaAs epitaxial layers (serving
as buffers) on a silicon substrate and also outlines the effect
of their structure on the main characteristics of surface
roughness, defect density, and thickness uniformity.

2. Sample preparation

The structures were grown by vapor-phase epitaxy from
organometallic compounds in a vertical reactor type unit
»lurboDisc* (this name is a trademark and can also be
used as a technical term). Trimethylgallium was used as a
reagent for elements of group III, and arsine was used as a
reagent for elements of group V. Hydrogen was used as a
carrier vapor.
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Figure 1.
sample 2 (b).

Schematic representation of sample 1 (a) and

Two types of samples, differing in their structure, were
studied in order to determine the structure effect on the
characteristics of the selectively grown layer.  General
view of the samples is given in Figure 1. For sample 1,
selective epitaxy was performed in windows formed in
SiO; mask deposited directly on Si substrate (Figure 1,a).
Sample 2 included a planar GaAs buffer layer grown on a
Si substrate where windows were formed for subsequent
selective epitaxy (Figure 1, ). Thus, for sample 2, selective
growth was carried out in windows formed in the mask
SiO,, deposited on the surface of a planar GaAs buffer
layer. In fabrication of samples of both types, a Si(001)
substrate with a misorientation 4° in direction [110] was
used. SiO; film 0.2um thick, applied by reactive ion
plasma sputtering, was used as a mask. After applying the
layer of SiO,, alternating windows W = 88 um wide and
L = 2870 um long with a period of 400 um were formed
in it using lithography and wet etching. A buffer etchant
was used. This width of the window was selected because
modern PIC technologies allow dealing with multiple tasks
at a time, when several projects are deployed on one wafer.
This is due to the large area of available Si substrates and
silicon-on-insulator wafers and the desire to reduce costs.
In this case, the ability to use wide windows significantly
simplifies the design process and allows the use of standard
libraries of PIC elements. Another aspect — is a decrease
of the effect of window/mask interface on the formed
AM"BV regions. After forming the windows to obtain a
sample of type 1, selective growth of GaAs layer was
carried out (see Figure 1,a). During the growth process
the temperature rose from 400 to 650 °C. For sample 2, at
the first stage, a 1.85 um thick planar GaAs buffer layer
was grown on Si substrate. During the growth process of
the planar buffer layer, the growth temperature was also
increased from 400 to 650°C, ie. this buffer was grown
similarly to the selectively grown layer in the sample 1. At
the second stage, selective growth of GaAs was carried out
in the formed windows in SiO; layer on the planar GaAs
buffer layer at a temperature of 650 °C (Figure 1, b) in order
to provide total thickness of the planar buffer layer with the
selectively grown part in the window’s center, close to the
thickness in the window’s center of sample 1. All growth
was carried out at a reduced reactor pressure of 100 mbar.

The molar flux of trimethylgallium for the selective part
of both samples was 3.1 - 107> mol/min, and that of arsine
was 1.1-1072> mol/min. The growth rate of GaAs during
planar growth on a Si substrate, corresponding to this
molar flux of trimelgallium, was 20 nm/min. The hydrogen
flow through the reactor was 10/min. The samples were
then examined using scanning electron microscopy (SEM),
atomic force microscopy (AFM), transmission electron
microscopy (TEM), and profilometry. SEM-study was made
using the microscope JEOL JSM 7001F. AFM studies were
performed on microscope NTEGRA (NT-MDT Spectrum
Instruments) in intermittent-contact mode using ETALON
HA_FM probes. TEM-study was made using the micro-
scope JEM Jeol 2100F. The thickness profile changes were
studied using profilometer Ambios XP-1.

3. Results and discussion

In order to generally analyze the growth characteristics
at the window/mask interface and the nature of the surface
in the window, SEM studies of the samples were carried
out (Figure 2). From Figure 2,4, b it is evident that the
lateral faces of the studied samples have different shapes.
For a sample of type 2 (Figure 2,b), the lateral face
corresponds to the plane (111), which is typical for selective
epitaxy during growth on GaAs substrate (001). For the
sample of type 1 (Figure 2,a) the shape of the lateral
face is significantly different. Thus, the lower edge of
the layer’s lateral surface corresponds to the plane (111),
the central one — to the plane (110), and the upper
one — to the plane (111). The designation of the faces
in Figure 2,a corresponds to the conditionally chosen
coordinate system, when the structure is observed along
the direction [110], and the growth surface corresponds
to the plane (001). The determination of the Ga and
As polarity of 111 faces, as well as comparison of its
effect on the formation of the habit, were not specifically
carried out in the study. Based on our findings, (111)A
and (111)B faces are featuring a comparable formation
rate. For the structures growth the substrate Si(001) with
a misorientation of 4° in direction [110] was used. It is
assumed that the orientation of the polar faces remains
the same for all strip structures on the substrate. From
Figure 2,c d it is evident that SEM images of the sample
surfaces, obtained at the same magnification in the center
of the window, also have noticeable differences. For
sample 1 (Figure 2,c¢) the surface relief is more distinct
than for sample 2 (Figure 2,d). It should be stressed
that for sample 1, polycrystalline formation is observed
on the surface of the mask, while the mask of sample 2
remains clean. This behavior is due to the fact that in
sample 1, the growth of part of GaAs layer is carried
out at low temperatures, which results in deposition of
part of the material on the mask and further this material
becomes the center of crystallization during subsequent
growth. In Figure 2,e, a SEM image of the surface for
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Figure 2. SEM-image of cleavage at the window/mask interface (sample 1 (a,f) and sample 2 (b)), surface in the window’s center

(sample 1 (c¢) and sample 2 (d)) and surface at the window/mask interface of sample 1 (e).

corresponds to 1 um, and for the image ¢ — 10 um.

sample 1 at the window/mask interface is presented. The
image shows that scattered polycrystals of various sizes are
observed on the mask surface, ie. the entire surface is
not covered with a continuous layer of polycrystals. The
density of polycrystals on the surface rises towards the
central part of the mask between the stripes (this image is
not shown in this paper). In sample 2, growth occurs under
temperature conditions when the mask remains clean, ie.,
all the substance that gets on the mask is desorbed and,
due to the concentration gradient in the gas phase, diffuses
towards the window. This behavior is typical for selective

Semiconductors, 2026, Vol. 60, No. 1

The scale mark on the images a—d, f

growth in standard conditions by metal-organic vapor-phase
epitaxy on A'BY [12] substrates.

To assess the changes in the thickness of GaAs layer
in the window during selective epitaxy, the samples were
examined on a profilometer. For each structure, 3 thickness
profiles were prescribed for the window width (W) in
different parts of it. Figure 3 illustrates the profiles showing
the change in GaAs layer thickness for the window width
(W) for samples 1 and 2. In the above thicknesses of the
selectively grown GaAs layer, the thickness of the mask
0.2 mm was taken into account, since the mask SiO, was not
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Figure 3. Profiles of variation of the selectively grown GaAs over
window width (W): 1 — sample 1, 2 — sample 2.

removed during measurements. For sample 1 the thickness
of the selectively grown layer GaAs in the window’s center
was 2410—2510nm, and at the edge of the window it
was 3000—3100 nm. At the same time, the difference in

thickness between the edge and the center of the window
was 590nm. It is also seen that at the window’s edge
there is an area with a width of ~ 2microns, in which
there is a sharp increase in the thickness of the GaAs
layer. This is also clearly visible in SEM-image (Figure 2, f).
For sample 2, GaAs layer thickness in the center of the
window was 780—800 nm, and at the edge of the window
895—925nm, which gives a thickness variation between
the edge and the center of the window of 115—125nm.
It can be seen that the thickness of GaAs layer over the
entire width of the window for sample 2, in contrast to
sample 1, varies smoothly as it moves from the center
of the window to its edge (Figure 3). Today, there are
several approaches to the formation of PIC elements. One
of them is based on the structure growth in deep windows
formed in silicon-on-insulator structures, and the growth
of polycrystals on the mask is acceptable, while chemical-
mechanical polishing procedure is used to remove them.
However, in this case, it is necessary to use additional
technological operations to protect and remove the relevant
materials, therefore, reducing the density or absence of
polycrystals on the surface of the mask is an important
goal in the development of selective growth technology.
Selective epitaxy is also needed to control the thickness of
the active region in order to allow the growth of a number

Figure 4. AFM images of the sample surface (scanning area 10x 10 um?) in the window center (@ — sample 1, ¢ — sample 2) and at

the window edge (b — sample 1, d — sample 2).

Semiconductors, 2026, Vol. 60, No. 1
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Figure 5. Light-field TEM-images of cross-sections in the planar geometry of a selectively grown GaAs layer in the central part of the
window, obtained near the axis of zone [001]: @ — sample 1, b — sample 2.

of optimized layers for radiators, amplifiers, modulators
and photodetectors, which is impossible using standard
epitaxy. This ability to control the layers thickness in one
process is realized due to the window/mask geometry ratio,
which makes it possible to obtain different wavelengths or
absorption spectra in one technological process. At the same
time, the absence of polycrystals on the mask allows for
higher reproducibility and more accurate prediction of the
parameters of selectively grown layers.

In order to quantify the root-mean-square roughness
(RMSR) of the surface of a selectively grown GaAs layer,
AFM studies of the surface morphology were performed.
Figure 4 illustrates the AFM-images on the surface of
10x10um in the center and at the window edge for
samples 1 and 2. According to AFM-images the following
values of RMSR wer obtained: for sample 1 its RMSR in
the window’s center was 4.87 nm and at the window’s edge
8.3 nm, and for sample 2 RMSR in the window’s center was
3.26 nm and at the edge — 3.92 nm. This behavior of RMSR
may be explained by both the surface curvature and the
thickness of the selectively grown layer. The thickness of the
selectively grown layer and the thickness difference between
the center and the edge of the window are noticeably greater
for sample 1 than for sample 2 (see Figure 3). This can be
indirectly confirmed by the fact that for a structure like 2
the RMSR of the pre-grown planar GaAs buffer layer on a
Si substrate was ~ 2.5 nm.

To assess the defects of selectively grown GaAs layers
of both types of samples, TEM was used to study the
density of the growing-in dislocations (GID). Figure 5 shows
light-field TEM images of the cross-sections in the planar
geometry of selectively grown GaAs layers in the window’s
center, obtained near the axis of zone [001] for the near-
surface region. GID dislocations were counted using 5 ima-
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ges with an area of 2x2um?: for sample 1 GID was
in the range of 2.0-3.4-10%cm~2 and the averaged
value was ~ 2.9 - 108 cm~2; for sample 2 the GID stayed
within 1.4-2.5-108cm™2 and the averaged value was
~2.1-108cm~2. It can be seen from the data that GID
values for 2 sample are less than for sample 1.

It should be noted that the results obtained have good
reproducibility for both types of samples.

4. Conclusion

In this study, two types of GaAs samples were grown
using the selective epitaxy method on a Si substrate:
using SiO,-mask directly on the surface of Si substrate
(type 1 structure) and using SiO;-mask on the surface of
a planar GaAs buffer layer (type 2 structure). Based on
the conducted research, the following differences in the
main structural characteristics of the developed structures
can be identified. Local changes of GID as observed
by TEM method reached 2.0 -10% and 1.4-10%cm™—2 for
the samples 1 and 2 respectively. The evaluation of the
average value showed a difference of 1.5 times between
the samples 1 and 2, which amounted to 2.9-10% and
2.1-10% cm?, respectively. Since the simplest GaAs-based
buffers were used in the structures, the obtained GID
values can be further reduced by using dislocation filters.
Another important characteristic of the layers is the root-
mean-square roughness of the surface, as it can affect the
optical properties of quantum-dimensional active regions,
leading to a broadening of the optical gain spectrum due to
spatial thickness heterogeneity. The demonstrated values of
RMSR in the center of the window were 4.87 and 3.26 nm
for samples of type 1 and 2, respectively. The selective
epitaxy is distinguished by a non-uniform growth rate over
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the window area, which is also evident in our experiments.
As a result, there is a heterogeneity in the thickness of
the grown layers in the window, which leads to a stronger
thickness difference over the window area with increasing
layer thickness. So, for sample 1, with a thickness of the
selectively grown layer in the window’s center of 2410 nm,
the difference in the thickness of GaAs layer between the
central and extreme regions reaches 590nm. A decrease
in the thickness of the selectively grown GaAs layer for a
type 2 sample to 800 nm resulted in lower difference in the
thickness of GaAs layer between the center and the edge of
the window to 110 nm. However, the influence of this effect
can be mitigated by improving the design of the window
and mask [13]. The modeling carried out in [13] showed
that a decline in the non-uniformity of the growth rate in
the window is possible by reducing the mask-to-window
width ratio. In this case, the choice should be made within
a tradeoff solution that takes into account the technologically
acceptable minimum width of the mask and the density of
the formed windows.

The conducted studies have shown the possibility of using
various designs for the selective growth of bulk epitaxial
layers on a silicon substrate (Figure 1). This allows the
technology to be adapted to the specific requirements of
the PIC fabrication process. For example, in the case of
limitations caused by the growth of the polycrystalline phase
on the mask surface, it is possible to implement a structure
based on type 2 samples, when the buffer layer is formed
before the growth of the emitting part and the fabrication of
PIC other active and passive elements. However, if the tech-
nological process allows the presence of a polycrystalline
phase, or it may be removed, then it is advisable to use
the approach realized for a type 1 sample, since it allows
reducing the number of technological operations.
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