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GaAs thin films grown on Si �100� and �111� substrates by metal-organic chemical vapor deposition
were investigated by electron microscopy. It was found that the growth rate of the GaAs epitaxial
layers on Si �100� was faster than that on Si �111� due to a lower Si �111� surface energy. The
morphologies and internal crystal structure quality of GaAs films grown on Si �111� were better than
those grown on Si �100�. It was also found that postannealing at high temperature can improve the
morphology of the epitaxial layer surface and reduce lattice defects in the thin films. © 2009
American Institute of Physics. �doi:10.1063/1.3248372�

I. INTRODUCTION

The III–V compound semiconductor thin films epitaxi-
ally grown on Si substrates have been investigated exten-
sively due to their unique electronic and optoelectronic
properties.1,2 Recent studies have shown that III–V nano-
structures on Si, especially the GaAs/Si system, can be used
to build lasing devices with unique features,3,4 high effi-
ciency solar cells,1,5–7 and advanced electronic devices.8 It
has been well documented that the performance of these
nanostructural-based devices relies heavily on their mor-
phologies and the qualities of their crystal structures. As a
consequence, high quality thin films such as GaAs with a
low density of lattice defects or even defect free are critical
for constructing such functional devices. However, the large
lattice mismatch and thermal expansion coefficient differ-
ence between GaAs and Si make it difficult to attain high
quality GaAs thin films. For this reason, numerous ap-
proaches have been devoted to growing GaAs epitaxial lay-
ers on Si substrates in the past two decades, including the
two-step growth,9–11 the post-thermal annealing,12 strained-
layer superlattices,13–16 strained short-period
superlattices,17,18 and graded InGaAs single interlayers.19

Dislocation-free GaAs epitaxial layers have been success-
fully achieved by using a special growth technique of epitax-
ial lateral overgrowth combining molecular beam epitaxy or
metal-organic vapor phase epitaxy with liquid-phase
epitaxy.20,21 Nevertheless, it should be noted that all of the
techniques introduced above were dealing with GaAs thin
films grown on Si �100� or slightly tilted Si �100� substrates.
GaAs grown on Si �111� has been seldom studied. Since Si
�111� surface has a lower surface energy than Si �100�
surface,22 a better quality GaAs single-crystal epitaxial layer
may be expected.

In this paper, GaAs thin films were grown on Si �100�
and �111� substrates by metal-organic chemical vapor depo-
sition �MOCVD� and the quality of the GaAs thin films were
investigated using electron microscopy. Based on the experi-
mental results, the fundamental reason of the microstructures
of the obtained GaAs thin films is explored.

II. EXPERIMENTS

In this experiment, the two-temperature growth and an-
nealing methods were designed to improve the GaAs thin
films. The low temperature step with low V/III ratio �i.e., the
flow rate of total group V precursors over that of total group
III precursors� was essential to overcome the large lattice
mismatch between GaAs and Si��4%�.23 After the GaAs
layer is initialized through the low temperature growth �can
be considered as a nucleation step�, the high temperature
growth with high V/III ratio would improve the quality of the
film.9–11 Annealing process was also used in this study to
improve both the surface morphologies and the internal crys-
tal structure of the grown films.12

GaAs thin films were epitaxially grown on Si �100� and
�111� substrates by MOCVD using trimethylgallium and ar-
sine �AsH3� as group III and group V sources, respectively.
Si substrates were first cleaned in solvent to remove the or-
ganic contaminants and then etched in buffered HF solution
for 5 min to remove the native oxide. The substrate was
immediately transferred into the MOCVD reactor after etch-
ing and the first GaAs layer was grown at a low temperature
of 400 °C for 60 min with a V/III ratio of 15.4; then without
any interruptions GaAs was further grown at a high tempera-
ture of 700 °C for 10 min with a V/III ratio of 154.3. With-
out taking out from the reactor, the samples were addition-
ally annealed at 750 °C for 15 min under AsH3 atmosphere.
As a reference, another growth was carried out with the same
parameters but without additional annealing. For the simplic-
ity hereafter, we use AG0 and AG1 to represent the as-grown
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samples on Si �100� and Si �111�, respectively, and A0 and
A1 to represent the annealed samples on Si �100� and Si
�111�, respectively.

The structural quality and morphology of the GaAs films
were investigated by scanning electron microscopy �SEM�
using either a Hitachi S4500 or a Zeiss Ultraplus operated at
an accelerating voltage of 5 kV and cross-sectional transmis-
sion electron microscopy �XTEM� using a FEI Tecnai F20.
XTEM specimens were prepared by polishing the specimen
first using a tripod technique and final thinning using a Gatan
precision ion polishing system.24

III. RESULTS AND DISCUSSION

Figure 1 presents the typical SEM images of the GaAs
films on �111� and �100� Si substrates with magnified images
in the insets, showing their surface morphologies. As can be
seen, the GaAs films grown on Si �111� have generally flatter
surfaces than those grown on Si �100� substrates. After an-
nealing, the films form a continuous layer over the substrates
and became flatter and smoother especially for sample A1
�GaAs grown on Si �111��. It is of interest to note from Fig.
1�a� that the film grown on Si �111� shows a layer-by-layer
growth, while island growth can be clearly identified for
those grown on Si �100� �Fig. 1�c��. Since island growth is
generally faster than the layer-by-layer growth,25 the GaAs
films grown on Si �111� are expected to be thinner than those
on Si �100�.

In order to confirm the above results, XTEM was carried
out. Figure 2 shows the XTEM images taken from the as-
grown �AG0 and AG1� and annealed �A0 and A1� samples.
For the as-grown GaAs films �Figs. 2�a� and 2�c��, the thick-

nesses were measured to be up to 190 nm for AG0 and
65�10 nm for AG1, respectively. As expected, the GaAs
film grown on Si �100� is thicker and shows island growth.
However, for those on Si �111� substrate, the GaAs film is
rather smooth, suggesting significant layer-by-layer growth.
After the annealing process, the films became 85�5 nm
thick for A0 and 60�5 nm for A1 �Figs. 2�b� and 2�d�,
respectively�. Island structures found in AG0 have decreased
in quantity. However, the overall surface morphology of the
GaAs film grown on Si �111� was still found to be better than
that on Si �100� after annealing.

Taking all the above results from Figs. 1 and 2 into ac-
count, one can conclude that �1� GaAs film grown on Si
�111� substrate is generally thinner than that grown on Si
�100� substrate; and �2� the surface of the GaAs film grown
on Si �111� is generally smoother and covers the substrate
more evenly than that grown on Si �100�. It has been re-
ported that GaAs epitaxial layer prefers to grow on substrates
that have higher surface energy.26 Substrates with lower sur-
face energy are more stable due to the lower number of dan-
gling bonds, which makes it more difficult for adatoms to be
attached to. For this reason, it is reasonable to observe a
thicker GaAs layer grown on the Si �100� substrate. GaAs
islands were found on the Si �100� substrate when the two-
temperature growth method is used �Fig. 2�c��. It is well
understood that islands commonly form during the initial
stages of epitaxial growth of most semiconductors that have
a lattice mismatch of more than �2% with their substrates.25

Generally speaking, both the lattice strain and surface and
interfacial energies of the system play an important role in
determining whether a epitaxial film undergoes a layer-by-
layer growth �Frank–Van der Merwe�, a direct islanding
�Volmer–Weber�, or a layer-by-layer growth followed by is-

FIG. 1. SEM images of GaAs epitaxial layers grown at various substrates
with different techniques and growth temperatures. �a� Two-temperature
grown film on Si�111�, AG1, �b� two-temperature grown then postannealed
film on Si�111�, A1, �c� two-temperature grown film on Si�100�, AG0, and
�d� two-temperature grown then postannealed film on Si�100�, A0. Inserted
images are higher magnification illustrations of the corresponding images.

FIG. 2. XTEM image of GaAs epitaxial layer grown on various Si sub-
strates using different techniques. �a� Two-temperature grown film on
Si�111� AG1, �b� two-temperature grown then postannealed film on Si�111�,
A1, �c� two-temperature grown film on Si�100�, AG0, and �d� two-
temperature grown then postannealed film on Si�100�, A0.
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landing �Stranski–Krastanov �SK��.27 The tendency for SK
growth mode is usually attributed to variations in the surface
and interfacial energies of the system, including the surface
energies for the thin film and the substrate, as well as their
interfacial energy.25 In the case of GaAs grown on Si sub-
strate, the �4% lattice mismatch between GaAs and Si �100�
�Ref. 23� is well above the �2% limit.25 Nevertheless, our
observation suggests the layer-by-layer growth is the domi-
nant growth mode when GaAs thin film is grown on Si �111�.
To understand this, we note that, on one hand, the growth
mode of the GaAs epitaxial layer on Si depends upon the
energy criterion �s��i+�l, where �s and �l are the respec-
tive surface energies for the substrate and the thin film and �i

is the interfacial energy between the thin film and the sub-
strate. When the energy criterion �s��i+�l is satisfied, the
growth mode would tend to be layer by layer.28 The values of
�s, �i, and �l for the GaAs/Si system can be obtained from
Refs. 28 and 29 and are listed in Table I. From Table I, �s

��i+�l for both �100� and �111� surfaces, indicating that
island growth should dominate when the GaAs epilayer is
grown on both the Si �100� and the Si �111� surfaces. How-
ever, the SK growth mode requires initial layer-by-layer
growth, after which the island growth takes over when a
critical thickness is reached.27,30 Furthermore, the onset of
island growth can be prolonged if the growth is conducted at
a relatively low growth temperature.21 Taken all these facts
into account, we believe that the onset of the island growth is
complicated. Careful analysis of Table I shows that the ��100

��l+�i−�s�100���111��l+�i−�s�111, meaning that GaAs
grown on the Si �100� substrate would experience island
growth more than that on Si �111� substrate. Using this argu-
ment, our observation that the surface of GaAs grown on Si
�111� being much smoother than on Si �100� suggests the
island formation of the GaAs film on Si �111� has been pro-
longed which in turn suggests that the GaAs film grown on
Si �111� has a larger critical thickness. Therefore, we con-
clude that the critical thickness for a given material system
may vary with the orientation of the substrate surface. With
decreasing ��, the critical thickness of the epilayer may in-
crease. Ideal layer-by-layer growth mode could be achieved
when the value of �� ��l+�i−�s� is less than zero. However,
in actual growth, a number of factors such as strain in the
epilayer, growth temperature, and growth rate also play an
important role in determining the morphology of epitaxial
layers grown on a lattice mismatched substrate.

It is well understood that lattice defects can deteriorate
the device performance, so that it is necessary to evaluate the
nature of defects in the GaAs films grown on different Si
substrates. To do this, high resolution XTEM was performed.
As can be seen in Fig. 3�a�, the film grown on �111� Si shows

some twining and stacking faults parallel to the GaAs/Si in-
terface. Those lattice defects were possibly generated in the
initial growth stage at 400 °C with a lower V/III ratio of
15.4. The subsequent GaAs layers grown at 700 °C with a
higher V/III ratio of 154 is almost defect free. Although the
interface between GaAs grown at 400 °C and the one grown
at 700 °C is hard to identify, it is believed that the growth at
700 °C with V/III ratio of 154 is more favorable for growing
high quality GaAs epitaxial layer on Si. Since there are less
planar defects found parallel to the GaAs/Si interface for the
annealed sample �refer to Fig. 3�b��, annealing must have
provided sufficient thermal energy to remove these lattice
defects as these defects would not relieve any misfit strain.31

In this regard, annealing at 750 °C has not only reduced
surface roughness but also improved the quality of the grown
epitaxial layer.

On the other hand, the GaAs layer grown on Si �100�
shows island structures, with planar defects lying along the
�111� atomic planes. The planar defects may have originally
been generated at 400 °C growth and elongated further
along �111� planes after the temperature was raised to
700 °C. Similar to the case in GaAs/Si �111� system, less
planar defects are seen from the annealed sample �Fig. 3�d��,
suggesting that the annealing process has also improved the
crystal structures of GaAs films on Si �100�. The reduction in
lattice defects during the annealing is attributed to disloca-
tion movement under high thermal stress and temperature.12

IV. CONCLUSION

We have shown that GaAs thin films grown on Si �111�
have a better surface morphology and higher internal crys-
talline quality than those grown on Si �100� under the same

TABLE I. Energy balance of GaAs layer grown on Si �100� and Si �111�.
�The data were obtained from Refs. 28 and 29; the unit is mJ /m2.�

Crystal orientation
�s

�Si�
�l

�GaAs�
�i

�GaAs/Si� ��=�l+�i−�s

�100� 2512 2953 1000 1441
�111� 1467 1697 900 1130

FIG. 3. Cross-sectional HRTEM images of GaAs epitaxial layer grown on
various Si substrates using different techniques. �a� two-temperature grown
film on Si�111�, AG1, �b� two-temperature grown then postannealed film on
Si�111�, A1, �c� two-temperature grown film on Si�100�, AG0, and �d� two-
temperature grown then postannealed film on Si�100�, A0.
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growth condition. Islands are found in GaAs grown on Si
�100�, while layer-by-layer growth mode dominates GaAs
grown on Si �111� suggesting that Si �111� substrate is more
suitable for growing high quality GaAs epilayers. Free sur-
face energy of the substrates is the dominating factor causing
the difference in the growth rate, surface morphology, and
internal structural quality of the GaAs films. It was also
shown that post annealing technique can improve the surface
morphologies and reduce the stacking faults for both
GaAs/Si �100� and GaAs/Si �111� systems.
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