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Growth mode and structural properties of GaSb layers grown on silicon substrate by molecular
beam epitaxy method are investigated by transmission electron microscopy. It is found that the
GaSb grows to three-dimensional islands and grains are tilted to reduce a lattice mismatch through
twin boundaries when they are directly grown on Si substrate. A low-temperature (LT) AISb buffer
plays a key role in transferring the growth mode from a three-dimensional island to a layer-by-layer
structure. When the LT AlSb layer is used as a buffer, 90° misfit dislocations, with the Burgers

vector b of 1/2a (110), are observed on the interface. © 2006 American Institute of Physics.

[DOI: 10.1063/1.2209714]

Epitaxial growth of III-V compound semiconductors on
silicon (Si) substrate has several advantages, including its
high quality, large area, and low cost compared with sub-
strates of compound semiconductors. In addition, this pro-
cess makes possible the large scale integration of compound
semiconductors for optical and electronic devices. Therefore,
a lot of effort has been concentrated on growing compound
semiconductors, mostly arsenides or nitrides, on Si
substrates.

In comparison with other III-V compound semiconduc-
tors, studies of III-Sb based compound semiconductors on Si
substrate have been insufficient. The III-Sb based compound
semiconductors have recently attracted a lot of attention due
to their high performance in devices.'”’ Specially, gallium
antimonide (GaSb) is considered a key substrate material
because its lattice parameter matches solid solutions of
various ternary and quaternary III-V compounds whose
band gaps cover a wide range from 0.17 eV of InSb to
1.58 eV of AlSb.® GaSb based structures have potential ap-
plications in laser diodes with low threshold voltage,g’10 pho-
todetectors with high quantum efﬁciency,lk13 high frequency
devices,'*" superlattice with tailored optical and transport
characteristics,'é and booster cells in tandem solar cell ar-
rangement for improved efficiency of photovoltaic cells."” In
addition, because of its band structural properties, GaSb has
been considered an ideal material for the study of the Auger
recombination.'®

However, the growth of III-Sb based compound semi-
conductors on silicon substrate presents several fundamental
problems. First, the large difference in lattice constants and
thermal expansion coefficients of the layers can produce mis-
fit dislocations and stress in the epitaxial films. Second, the
growth of polar compounds on nonpolar substrates can lead
to antiphase domains. The report by Akahane ef al. is one of
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the few studies on the heteroepitaxial growth of GaSb on Si
substrate. They introduced an AISb initiation layer for the
heteroepitaxy of GaSb.!

In this letter, we report the growth modes and the depen-
dence on a buffer of GaSb layers. We have observed that the
structural properties of GaSb layer can be dramatically
changed by inserting low-temperature (LT) AlISb buffer as
suggested by Akahane et al.* and Balakrishnan et al.'®?*
Specifically, this letter shows the crystallographic relation
between GaSb and Si substrate and the change of growth
modes by insertion of a specified buffer layer characterized
by transmission electron microscopy (TEM).

GaSb layers have been grown by molecular beam epi-
taxy (MBE). In this study, Riber 32-PMBE system with ef-
fusion cells for the III sources and the dual filament cell for
the antimony (Sb) source was used to synthesize compound
semiconductors. p-type Si (001) wafers were used as sub-
strate. The Si substrate was pretreated to remove an alien
substance on the surface and loaded into the chamber. The Si
substrate was heated for 30 min at 900 °C for deoxidation in
the chamber. Then the Sb was soaked on the Si substrate for
5 min.

200 nm

FIG. 1. Cross-sectional TEM micrograph taken from sample A (GaSb di-
rectly grown on Si substrate). (a) Island growth. (b) Coalescence of islands.

© 2006 American Institute of Physics
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Two GaSb layers with different structures were grown to
study the growth mode and buffer dependence of GaSb lay-
ers. In one sample (sample A), GaSb was directly grown on
Si substrate. The GaSb layer was grown to 250 nm in thick-
ness at the growth rate of 5 nm/min. The V/III flux ratio for
the GaSb was close to 8.5.

In the other sample (sample B), the LT AlSb buffer was
inserted between GaSb and Si substrate. The LT AlSb buffer
was deposited with a thickness of 8 monolayers (ML) at
1 ML/s. The V/III flux ratio for the AISb was kept at 8.

In this study, growth mode and structural properties were
studied with TEM micrographs and selected area electron
diffraction (SAED) patterns recorded with JEOL-2000EX
and JEOL-3010 TEMs. Specially, the orientation relation-
ships between layers were deeply treated using TEM.

Figure 1 shows the cross-sectional micrographs of the
GaSb directly grown on Si substrate. The growth stages in
Figs. 1(a) and 1(b) are the three-dimensional (3D) GaSb is-
lands and their coalescences, respectively. The height of the
island is about 250 nm in Figs. 1(a) and 1(b). A lot of planar
defects are shown in Fig. 1 (the rectangular boxes show pla-
nar defects).

Figure 2 shows an important high-resolution TEM
(HRTEM) micrograph and SAED patterns of the interface
between the GaSb and Si substrate. Two twin boundaries are
shown in the GaSb layer of Fig. 2(a), respectively, between
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FIG. 2. (a) Cross-sectional high-resolution TEM

(HRTEM) micrograph for sample A through [110] zone
axis. (b) Selected area electron diffraction (SAED) pat-
tern taken between region I and Si substrate. (c) SAED
pattern taken between region II and Si substrate. (d)
SAED pattern taken between region III and Si sub-
strate. The zone axis of all of the SAED patterns is

indexed as [110] of zinc-blende structure.

region I and region II and between region II and region III. A
few misfit dislocations were found on the interface between
the GaSb of region I and Si substrate (the arrows indicate the
misfit dislocations). A similar relationship to twin boundary
was observed between the GaSb of region II and Si substrate.
Figure 2(b) is a SAED pattern taken between the GaSb of
region I and Si substrate. The relative orientation between
the GaSb of region I and Si substrate in Fig. 2(a) is the
GaSb(110)11Si{110) and GaSb{002}11Si{002} [Fig. 2(b)]. The

SAED pattern in Fig. 2(c) shows that the 111 plane of GaSb
is parallel to the (111) plane of Si, which is similar to the
twin relationship. The (111) plane of GaSb in region IIT is
parallel to the (220) plane of Si substrate in Fig. 2(a), which
is well proved by the SAED pattern of Fig. 2(d). Analysis of
the SAED patterns shows that the GaSb of region II is in a
twin relation with the GaSb of region I and region III.
Figure 3 shows the HRTEM micrograph with the relative
orientation of GaSb(110)IISi{110) and GaSb{111}ISi{220}.
Figures 3(b) and 3(c) are the fast Fourier transformation
(FFT) and the inverse fast Fourier transformation (IFFT) re-
sults carried out for an extended structural study. The FFT
image of Fig. 3(b) is exactly alike the SAED pattern of Fig.

2(d). The zone axis is indexed as [110] and the GaSb (111)
plane is parallel to the Si (220) plane in both the FFT image

FIG. 3. (a) HRTEM micrograph with the relative orien-
tation of GaSb (110)1Si(110) and GaSb {111}1Si{220}.
[(b) and (c)] Fast Fourier transformation (FFT) and in-
verse fast Fourier transformation (IFFT) results carried
out for an extended structural study, respectively. The
FFT and the IFFT results well demonstrate the orienta-
tion relationship at the GaSb/Si interface. Specifically,
the IFFT image clearly shows the interplanar spacing
relationship between the GaSb and the Si substrate.
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FIG. 4. Cross-sectional TEM micrograph taken from sample B. The index
of zone axis of the SAED pattern is.[110]

and Fig. 3(b). In this case, the misfit & between the GaSb
layer and Si substrate is defined by

8= (2ds; 20— dgasb 11)/dGasp 111 =0.091.

This value is smaller than the misfit &’ of the system
with the relative orientation of GaSb(110)[ISi{(110) and
GaSb{002}11Si{002} (&' =~0.122). If extra half planes are
introduced into the structure for strain relaxation, the average
spacing S of misfit dislocations depends on the misfit ¢ and
is of the order of (2dg; 2,0)/ 6. Therefore the S is determined
in Fig. 3(c) as follows:

§=(2)(1.92)/0.091 =422 A =4.22 nm.

Because the interplanar spacings of (220) planes of the
Si substrate and that of (111) planes of the GaSb are about
1.92 and 3.52 A, the (220) plane of Si and the (111) plane of
the GaSb must accord with each other about every 12 planes
for GaSb and 22 planes for Si. Figure 3(c) demonstrates this
result. From the above results, the crystallographic orienta-
tion relation was changed through twin boundaries with
(111) plane as mirror plane to reduce the lattice misfit be-
tween GaSb and the Si substrate when the GaSb was directly
grown on Si substrate.

The LT AlSb buffer layer plays a critical role for improv-
ing the crystallinity of the GaSb layer in the growth process
of GaSb on Si substrate.

Figure 4 shows the cross-sectional TEM micrograph and
SAED pattern for the GaSb grown on the LT AISb buffer
layer deposited after antimony (Sb) soaking. The introduc-
tion of the AISb buffer layer clearly improved the quality of
the GaSb crystals. The GaSb layer has very flat surfaces and
interfaces. The dislocations are mostly generated near the
interface between the GaSb layer and Si substrate, and the
dislocation density decreases with the increase of the thick-
ness of the GaSb layer. The SAED pattern shows the
relative orientation of the GaSb{110)IISi{110) and
GaSb{002}11Si{002}.

Figure 5 shows the HRTEM micrographs taken from the
GaSb layer grown on the AlISb buffer layer. Just eight 90°

FIG. 5. Cross-sectional HR TEM micrograph for sample B through the

[110] zone axis. The arrows indicate 90° dislocations. The Burgers circuit is
clockwise according to the start-finish (SF)/right-hand (RH) convention.
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misfit dislocations appear in Fig. 5. The driving force for the
generation of 90° dislocations is the lattice mismatch be-
tween the GaSb layer and the Si substrate. 90° dislocations
are the most efficient misfit dislocations for strain relaxation
because the length of the Burgers vector edge component
projected into the interface b, is a/\r’E (the Burgers vector

boge of 90° dislocations is 1/2a [110]). The theoretical aver-
age spacing S of 90° misfit dislocations is 3.34 nm because
the misfit &’ is about 0.122. However, the 90° misfit dislo-
cations are actually arranged with an average distance of
3.46 nm along the [110] direction in Fig. 5, and eventually
there are less 90° dislocations than the theoretical value on
the interface between the GaSb layer and Si substrate.

In summary, GaSb has been grown to 3D islands and
coalesced into bigger islands when they are directly grown
on Si substrate. The growth directions have been tilted with
the specified orientation relation between GaSb and Si sub-
strate to reduce the lattice misfit. It was observed that tilting
of GaSb grains occurred through twin boundaries. The
LT AISb buffer layer plays a key role in the growth of high
quality GaSb layer. GaSb layers were epitaxially grown
when a LT AlISb buffer was introduced on the interface. Only
90° misfit dislocations, which are the most efficient disloca-
tion for the misfit relaxation, were observed on the interface
when the GaSb layer was grown on the LT AISb buffer.

The work was supported by the Korea Science and En-
gineering Foundation Research Project No. 10503000169-
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