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Abstract. The crystallographic and microstructural characteristics of liquid
phase epitaxy lattice-matched In Ga(1 X)As Sb,.,/ GaSb (100) heterostructures
is presented. Using both transmission electron microscopy and high
resolution X-ray diffraction, a variety of diffusional based phase
transformations in the epitaxial films are observed, including: spinodal
decomposition, compositional modulations of the order of 30 nm, and weak
long range ordering. These results are interpreted in terms of the possible
influence of substrate surface structure on the phase stability of epitaxial
layers.

INTRODUCTION

The application of III-V compound semiconductor materials in device structures is
important for high-speed microelectronics and optoelectronics. These materials have
allowed the device engineer to tailor material parameters such as the bandgap and
carrier mobility to the need of the device by altering their composition. When using the
ternary or quaternary materials, the device designer usually presumes that the
compound is completely disordered, without any correlation between the atoms on the
sublattices. However, the thermodynamics of the compound often produce material
that has some degree of macroscopic or microscopic ordering. Control of such
ordering can be used as an additional procedure to tune the optoelectronic properties to
specific values for particular devices. Lack of control could result in devices with, for

example, emission wavelengths significantly different from the designed values.
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Composition modulation is a subset of phase separation (1) and it is often referred to
as the spontaneous formation of a phase-separated, self-organized periodic structure.
Composition modulation in epitaxial growth has been observed to occur either parallel
(2-4) (vertical modulation), perpendicular (5,6) (lateral modulation), or both parallel
and perpendicular (4,7) to the growth direction. Recently, there has been a great
impetus to apply low dimensional structures to novel electronic and photonic devices
(8). For example, lasers with quantum wire (QWR) active regions are predicted to
have lower threshold currents, wider modulation bandwidths, and better temperature
stability (8) than conventional two-dimensional quantum well devices. Deposition of
short period superlattices (SPS) of some devices by molecular beam epitaxy (9,10) has
been shown to result in lateral composition modulation, which has been exploited to
obtain high densities of nanometer-sized QWR, without the processing limitations of
other fabrication methods. Application of this technique to the InAlAs system (8), can
lead to novel polarization-sensitive devices. In a laser structure, cladding layers
consisting of AlAs/InAs SPS can produce QWR behavior in active layers of InGaAs
due to composition-modulation induced strain fields (11).

Compound semiconductor materials have been widely applied to various electronic
and optoelectronic devices. Since the microstructure of such materials is an important
factor that influences the optoelectronic properies, it is quite important to examine the
epilayers microscopically. This paper presents the evolution of weak ordering,
composition modulation, microstructure and phase stability of the GalnAsSb system,
grown by liquid phase epitaxy (LPE). A variety of experimental techniques are used
including: high resolution X-ray diffraction (HRXRD), reciprocal space mapping
(RSM), and transmission electron microscopy (TEM). It is expected that similar
observations will also be present using other growth techniques such as metalorganic
vapor phase epitaxy (MOVPE) or molecular beam epitaxy (MBE).

EXPERIMENTAL DETAILS

The growth parameter space used in this study involved independently examining
the effects of epilayer chemistry and the role of substrate misorientation. A series of
three different liquid compositions were grown by liquid phase epitaxy. The choice of
InGaAsSb composition was dictated by the requirement of achieving a ~0.55 eV
bandgap material lattice-matched to GaSb, while remaining in a single-phase region
(i.e., outside the spinodal boundary, Figure 1). Hence, three compositions were studied
which followed the iso-lattice parameter line associated with lattice matched
heterostructures ,Figure 1, and were outside the equilibrium 600°C spinodal boundary
(12). The samples were Gagg,Ing,3As,,4Sby g, (sample A), Ga,qIng,;As,;2Sbygs
(sample B), and Gay o,In;sAS, ,,Sb, o, (sample C) grown on GaSb (001) substrates. In
order to study the influence of substrate misorientation on phase stability, two
additional samples with the same composition as A (close to the equilibrium spinodal
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bundary) were also studied: sample D ( 2° misoriented toward <110>) and sample E (
2° misoriented toward <1115>).

A conventional horizontal source-seed graphite sliding-boat in a Pd-ditfused
hydrogen atmosphere was used for the LPE process and the epilayers were grown on
commercial Te-doped GaSb wafers. After preparation of the melts and substrate
cleaning by a HF acid etch, the solution was remelted at 560 °C for 1 hour followed by
a slow ramp to the liquidus temperature of 532 °C. The growth temperature for all
these films was 530 °C. Details of the growth has been presented previously (14).

Plane-view (PV) and cross-sectional (CS) transmission electron microscopy
examinations were carried out in a Philips CM12 operated at 120 kV. PV samples
were prepared by first mechanically thinning them from substrate side to less than 100
um. Next, samples were further thinned to electron transparency by ion milling using a
3-5kV,0.3 -0.6 mA, Ar'-ion beam incident at 25°, and lowered to 10° when close
to finish. CS samples were prepared in the following steps. First, a diamond saw is
used to cut two 2 x 4 mm cross-sectional pieces, in <011> directions, from each epi-
layer sample. M-bond adhesive is used to attach the two pieces together, face to face
(epi-layers). Next using M-bond adhesive glue, the two-pieces were glued onto a
hollow copper grid (sometimes we glued one more piece of GaSb substrate to form a
three-pieces sample disc for the reason of better supporting in the next polishing step).
The subsequent thinning step is the same as plane-view sample preparation described
above. HRXRD experiments were delivered by using BEDE D1 high resolution x-ray
diffractometer. RSM was used to study the quality and microstructure of the sample by
distinguishing between peak broadening resulting from lattice tilts and variations in
lattice parameter.
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FIGURE 1. Phase diagram shows the relative positions of samples A, B and C. The solid curve is
the calculated spinodal isotherm for Ga,In; ,As,Sb,, at temperature 600°C. Dashed line represents

compositions for lattice-matched to GaSb (12).
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EXPERIMENTAL RESULTS

Table 1 and Figures 2 and 3 summarize the structural changes observed by electron
diffraction, associated with the varying compostions of the samples used. What is
most significant in these observations is the presence of a {110} type ordering instead
of the CuPt type ordering that is often reported. As discussed in our previous study
(15), there have been some reports in the literature suggesting the possibility of such
transformations but possible mechanisms as described in this paper have not been
proposed. The electron diffraction patterns of samples D and E showed more evidence
of diffuse streaking compared to those of non-misorientated samples. The diffuse
scattering observed in the electron diffraction patterns of sample D and E might
indicate the formation of short range ordering (16).

Figure 4(a) is a plane-view dark-field image, with (220) reflection, of sample C. It
shows the weak modulation contrast close to the [010] direction. The periodicity of
the modulation is about 2.6 nm. The weak modulation contrast is a common feature
of plane-view samples B, C and D in the dark-field imaging study, and the results are
summarized in Table 2.

Figure 4(b) is a bright-field image of cross-sectional sample E*, which has the same
composttion as sample A with a substrate 2° misorientated toward (111;). It shows
the significant effects of substrate misorientation on the phase stability and
microstructure of the epi-layer. A fine mottled contrast with a quasi-period of 10-20
nm 1s distinctly observed along [110] direction, which was not observed on the non-
musoriented samples.

TABLE 1. Summary of Electron Diffraction Results of Plane View Samples

Sample Variants of diffuse scattering | Ordering type reflections
AP T k (11
[1 lO]& [1 ! 0] We;ﬂ(ecti?))ntsype
B [i10]&[1 To] None
[110]& 170
crv Weak (110) reflections
[001]&[010]
D"V (same composition as A; [1 10] & [1 TO]
2°->(110) on (100) [00 1]&[0101 Weak (110) reflections
EPY (same composition as A; [I 10]& [1 TO]
2°—>(1113) on (100) [001]& [010] Weak (110) reflections
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FIGURE 2. (a) Transmission electron microscopy (TEM) diffraction pattern of Gao g7Ino 13As012Sbo ss,
sample B, showing very weak diffuse scattering in [110] and [1 10] directions.b) TEM diffraction

pattern of Gao 9:IngosAso07Sbes;, sample C, showing strong diffuse cattering in  [110] and [l 1 0]
directions and in [100} and [010] directions with weak reflection at (110) type positions.
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FIGURE 3. Schematic diagrams of the TEM diffraction patterns of (a) Gays,Ingi1sAS014Sboss,
sample A, and GaogrIng 5As01,Sbggs, sample B, showing weak diffuse scattering in [110] and

[1 10] directions. (b) GagelngosAs07Sboss, sample C, and Gaos:Ing18As014Sbgss 2° misorientated

toward (110), sample D, showing strong diffuse scattering in [110] and [1 1O] directions and in
[100] and {010] directions and the evolution of weak (110) type reflection.
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FIGURE 4. (a) Plane-view dark-field image. with (220) reflection, of sample C showing the weak
modulation contrast near along the [010] direction. The periodicity of the modulation is about 2.6 nm.
(b) Bright-field image of cross-sectional sample E®, same composition as sample A, substrate 2°
misorientated toward (11 1) showing the significant effects of substrate misorientation on the stability
and microstructure of the epi-layer. A fine mottled contrast with a quasi-period of 10-20 nm is
distinctly observed along the [110] direction.

High resolution x-ray diffraction reciprocal space maps of (004) reflection and triple
axis 6/20 curves for two distinct lattice matched undoped epitaxial film compositions,
sample C and A were collected as shown in figures 5 and 6. It is noted that these x-ray
results corroborate for both epitaxial films and support the electron diffraction results
which showed a significant diffuse intensity scattering. The broad returns in the RSMs
along the TH/2TH axis indicates that a significant distribution of lattice sizes exist in
the epilayer. The lack of broadening in the AXIS2 direction indicates the distribution
of lattice tilts is small.

TABLE 2. Summary of Dark-Field Imaging Results

Sample Reflection plane Direction of Modulation | Periodicity (nm)
B"Y (220) ~[110] 3.7
cv (220) ~[010] 2.6
D™ (220) ~[110] 3.4
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FIGURE 5. HRXRD reciprocal space map of sample C showing significant spread-out lattice
parameter TH/2TH) which is consistent with the weak and diffuse scattering observed in the

electron diffraction pattern.
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FIGURE 6. HRXRD reciprocal space map of sample A, showing separate peaks of GaSb
substrate and epilayer and the indication of lattice parameter variations in the epilayer.
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DISCUSSION

The change in crystallography of compositional modulation (Table 2) and
microstructures (Fig. 4(b)), with surface tilt implies that surface structure has a
significant effect on the phase stability of the epitaxial layers. The study of Henoc et
al. (13) on In,,Ga, AsP,, layers, grown on (001) InP substrates by use of LPE,
indicates the presence of two types of contrast modulations in TEM: fine-scale speckle
microstructure and coarser scale contrast modulations with wavelengths of 10 and 125
nm, respectively. Figure 4(b), showed the same type of fine scale mottled structure
with wavelength, 10-20 nm, is also similar to their results. However there was no
coarse-contrast modulation as found in our study. Ahrenkiel et al. (17) found that there
was the “self-organized formation of compositionally modulated ZnSeTe
superlattices” with a periodicity of 1.8 — 3.2 nm when grown on a >2° tilted substrate
along <111> directions. The substrate misorientation condition they used is similar to
our sample E, 2° toward (111;), and the results are consistent to those observed in
Figure 4(b). The relationship between this type of composition modulation and
substrate misorientation is not well established yet. However, it is believed that it is
closely related to the atomic steps associated with the tilted vicinal surface.

Diffuse scattering can arise from short range order in the specimen due to either
microdomains of ordered nuclei or local regions of increased order analogous to
spinodal decomposition (16). These regions produce diffuse intensity maximum at
positions that will eventually correspond to a superlattice spot when the short range
order has developed to long range order (18). Combined with our electron diffraction
results and fine mottled structure found in TEM bright field image, figure 4 (b), the
evolution of long range order may be preceded by different stages of phase stability
ranging from spinodal decomposition to short range ordering. Also the tendency of the
phase instability appears to increase when epilayer composition approaches the
equilibrium spinodal curve.

The high resolution x-ray diffraction results confirm that the diffuse scattering
intensity observed in the electron diffraction studies are real effects that are occurring
over a much larger volume of material than originally indicated when sampled by the
electron diffraction. The distribution of lattice sizes observed in the HRXRD curves is
an indication of changes in the local composition (while the overall composition is
lattice-matched to GaSb). This indicates that this composition is not randomly
distributed. These compositional changes may be manifested in spinodal
decomposition, lateral compositional modulations, short range order, and long range
order covering different length scales in these structures. The implications of these
changes in local composition indicates that anisotropy in properties would be expected
and this has been seen in previous studies of ternary III-V compound semiconductors.
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CONCLUSIONS

In this study we have shown the phase stability, microstructure and the
crystallographic results for LPE grown InGa,,As Sb, /GaSb epitaxial layers. Our

conclusion in this study include:

I. Diffuse scattering was found in <100> and <110> directions. Different
crystallographic variants in compositional modulation have been observed along with
the development of weak (110) ordering.

2. Composition modulation with periodicity of 2.5 — 4.0 nm was found in [110] and
[010] directions in the lattice-matched epilayers.

3. Substrate misorientation has significant effect on the growth condition of the
vicinal growth surface. Composition modulation due to spinodal decomposition was
found in epilayer grown on 2° misoriented toward (111;) substrate.

4. HRXRD results are consistent with the TEM studies. The spreading of lattice
parameter is consistent with the diffuse scattering intensity seen in electron diffraction
patterns.
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