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Abstract: Integrating indium phosphide (InP) material on a gallium arsenide (GaAs) substrate to
form an InP/GaAs virtual substrate has been an attractive research subject over the past decade.
However, the epitaxial growth of InP on GaAs is challenging due to a large mismatch in the lattice
constant and thermal expansion coefficient. This paper describes the successful hetero-epitaxy of
InP on a GaAs substrate by metalorganic chemical vapor deposition. The hetero-epitaxy in this
study utilized a hybrid growth method involving a thin indium gallium arsenide (InGaAs) linearly
graded buffer, two-step InP growth, and a post-annealing process. Transmission electron microscopic
observations showed that a traditional two-step InP/GaAs virtual substrate was smooth but had a
high threading dislocation density (TDD) of 1.5 x 10° cm~2 near the InP surface. The high TDD value
can be reduced to 2.3 x 10% cm~2 by growing the two-step InP on a thin InGaAs linearly graded buffer.
The TDD of an InP/GaAs virtual substrate can be further improved to the value of 1.5 x 107 cm ™2
by removing the low-temperature InP nucleation layer and carrying out a post-annealing process.
A possible reason for the improvement in TDD may relate to a dislocation interaction such as the
annihilation of mobile threading dislocations. Room-temperature photoluminescence spectra of
InP/GaAs virtual substrates with different TDD values were compared in this study. The optical and
micro-structural characterization results suggest that the proposed growth method may be feasible
for making good-quality and relatively low-cost InP/GaAs virtual substrates for the integration of
optoelectronic devices on them.

Keywords: indium phosphide; metalorganic chemical vapor deposition; virtual substrate; InGaAs
graded buffer; threading dislocation density

1. Introduction

Indium phosphide (InP)-based materials have been extensively studied over the past
decade owing to their superior properties for high-speed transistors, optical fiber com-
munication lasers, and the potential application of optoelectronic integrated circuits [1,2].
However, InP commercial substrates have the disadvantages of high costs, poor mechan-
ical properties, small sizes (typically less than four inches), and less mature processes
compared with gallium arsenide (GaAs) substrates. The hetero-epitaxy of InP on GaAs
or on silicon (5Si), to form either an InP/GaAs or an InP/Si virtual substrate, is therefore
attractive because the virtual substrate provides not only large-area and low-cost but also
excellent properties such as high mechanical strength and good thermal conductivity. Many
efforts have been made to synthesize high-quality InP/GaAs or InP/Si virtual substrates;
however, the progress on the InP/Si growth seems to be very limited due to inherently
different polarity and large mismatch in both the lattice constant and thermal expansion
coefficient between InP and Si. Li et al. [3] proposed the method of position-controlled
InP nanowires inside a patterned Si (001) substrate and showed a dislocation density of
~2 x 108 em~2 for a 2.3-um-thick InP coalesced film. However, the defect density is still
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too high for device application. Dislocations are well known to act as non-radiative re-
combination centers, which strongly deteriorate the performance of InP-based devices by
reducing minority carrier lifetime. Recently, Shi et al. [4] demonstrated a reduced disloca-
tion density of 4.5 x 107 cm~2 by growing InP on V-groove patterned (001) Si substrates
with the insertion of both a compositionally graded indium gallium arsenide (InGaAs)
buffer and Ing 73Gag 27As/InP strained-layer superlattices. Although the defect density
of 4.5 x 107 cm~? is significantly improved, the involved fabrication process seems to be
complicated and expensive. In contrast, the progress on the InP/GaAs heteroepitaxy seems
to be promising because the epitaxial challenges, including polarity, lattice mismatch, and
thermal expansion coefficient difference are expected to be smaller for InP on GaAs than
those for InP on Si.

Several techniques, including two-step growth [5-7], strained-layer superlattice [8],
post-annealing [9,10], epitaxial lateral overgrowth (ELO) [11], and AlGalnAs graded
buffers [12,13], have been investigated to reduce the defect density of an InP/GaAs virtual
substrate. The two-step method, which was developed early to grow GaAs on Si, was sim-
ple and useful. In the two-step growth of InP on GaAs, an amorphous-like low-temperature
(LT) InP nucleation layer was initially grown, followed by the growth of a high-temperature
(HT) InP layer. However, an InP/GaAs virtual substrate grown using only the conventional
two-step method may still not be qualified for device application. In the ELO method, a
growth window is defined to limit InP growth only on the opening areas until coalesc-
ing with the neighboring windows. Nevertheless, voids often remain in a coalesced InP
region, and many efforts need to be paid to achieve a facet-free InP surface. The graded
buffer scheme seems to be a good approach to achieve an InP/GaAs virtual substrate with
low dislocation density. An ideal graded buffer should enable the elongation of existing
misfit dislocations by gliding over the substrate/film interface, thereby relaxing the lattice
mismatch without forming more dislocations. This means that a well-designed graded
buffer structure requires very thick films. Quitoriano et al. [14] proposed a hybrid graded
buffer scheme using InGaAs and InGaP to improve the crystallinity of an InP/GaAs virtual
substrate, and they demonstrated an excellent dislocation density of only 1.2 x 10° cm~2.
However, the thickness of the total hybrid buffers was up to 8 pm, which may increase
the overall process cost. To reduce the overall buffer thickness and to keep an acceptable
dislocation density for InP on GaAs, another cost-effective buffer scheme is necessary to
develop. The objective of this paper is to grow a good quality InP/GaAs virtual substrate,
and our proposed method was a hybrid method including InGaAs graded buffer, two-step
growth, and post-annealing process. We investigated the variation of dislocation density in
an InP/GaAs virtual substrate and further compared room temperature photoluminescence
(RT PL) spectra for InP/GaAs virtual substrates with different crystallinity.

2. Materials and Methods
2.1. The Epitaxial Growth of an InP/GaAs Virtual Substrate

The growth of an InP/GaAs virtual substrate was carried out in a commercial low-
pressure metalorganic chemical vapor deposition (MOCVD, AIX2800G4) [15]. Four inch
Si-doped n-type (100) GaAs wafers with an orientation of 2° off toward <011> were
used as substrates. Group-III precursors were trimethylgallium and trimethylindium.
Pure phosphine (PH3) and arsine (AsHj3) were the P and As sources. The carrier gas was
purified hydrogen. As mentioned above, the two-step growth was simple and useful, but
using only the method results in an InP/GaAs virtual substrate with a crystalline quality
not qualified for device application. Therefore, a thin InGaAs linearly graded buffer layer
combined with the two-step method was employed in this study to grow a good quality
InP/GaAs virtual substrate. Figure 1 shows the schematic structures of InP/GaAs virtual
substrates. Figure 1a is a traditional two-step InP/GaAs virtual substrate, and the structure
was grown in a manner similar to the two-step method reported in other literature. A GaAs
substrate was thermally cleaned in AsH3/Hj; ambient at 600 °C for 5 min. After growing a
0.5-um-thick GaAs regrowth layer, the substrate was then cooled down to 450 °C for the
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deposition of a 20-nm-thick LT-InP nucleation layer. The V/III ratio and growth rate of
LT-InP were 77.4 and 0.6 um/hr. The substrate was heated again to 650 °C for the growth
of a 2-pum-thick HT-InP epilayer. The V/III ratio and growth rate of HT-InP were 61.1 and
1.2 pm/hr. Figure 1b shows an InP/GaAs virtual substrate grown using both two-step
and InGaAs linearly graded buffer methods. Ideally, one can design an InGaAs graded
buffer with an indium content changed linearly from zero to 53% (lattice matched to InP).
However, an InGaAs graded buffer is proven to show phase separation, as the indium
content is larger than 30% or more [14]. To avoid the phase separation, the InGaAs graded
buffer layer in this study was changed linearly from zero to 30%, and the total thickness of
the buffer was only 1.8 um. The V/III ratios of LT- and HT-InP were the same as those in
Figure 1a, and the thicknesses of LT- and HI-InP in Figure 1b were 20 nm and 1.6 um. The
structure in Figure 1c is the same as that in Figure 1b, except for the LT-InP nucleation layer.
Figure 1d is the structure with additional three cycles of post-annealing. In a cycle of the
post-annealing, the substrate was heated up to 735 °C in PH3/H, ambient for 10 min and
was then cooled down to 400 °C for two min. The flow rate of PH3 during annealing was
2.9 x 1072 mol/min.

(a) (b)
HT-InP
HT-InP LT-InP nucleation
¥ x=03
InxGai-xAs linearly graded buffer
LT-InP nucleation 4 X0
GaAs buffer GaAs buffer
GaAs (100) GaAs (100)
(©) (d) .
HT-InP HT-InP post-annealing
(x3)
¥ x=03 ¥ x=03
InxGai-<As linearly graded buffer | | InxGai~xAs linearly graded buffer
& X0 & X0
GaAs buffer GaAs buffer
GaAs (100) GaAs (100)

Figure 1. Schematic structure of an InP/GaAs virtual substrate prepared using (a) a two-step method;
(b) an InGaAs linearly graded buffer combined with the two-step method; (c) the direct growth of
HT-InP on the InGaAs linearly graded buffer; (d) the method “c” with additional three cycles of
post-annealing.

2.2. Materials Characterization

A Bruker Innova atomic force microscope (AFM, Bruker, Santa Barbara, CA, USA) in
tapping mode was employed to examine surface morphology and root-mean-square (RMS)
roughness. A Bruker D8 Discover X-ray diffractometer (XRD, Bruker, Karlsruhe, Germany)
was used to investigate the crystallinity of an InP/GaAs virtual substrate. The XRD analysis
was performed with an X-ray source of Cu K« radiation (A = 1.5406 A). The XRD beam
size on the sample was about 2 mm x 20 mm, and the optical setup of the XRD instrument
in this study was the same for all the samples. The transmission electron microscopy
(TEM, JEOL, Tokyo, Japan) technique can be used to evaluate the dislocation density of an
InP/GaAs virtual substrate. The TEM is a microscopy technique where a beam of electrons
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is transmitted through an ultrathin foil of a material, and interacts with the material. Unlike
a perfect lattice, dislocations have different local atomic structures and produce a strain field,
and therefore will cause the electron beam to scatter in different ways. As a consequence,
contrast is generated in a TEM image. In this study, a JEOL JEM-2800F TEM instrument
was utilized to examine both plan-view and cross-sectional images for evaluating threading
dislocation density (TDD) in an InP/GaAs virtual substrate. The operation voltage of the
TEM instrument was 200 kV, and the image was taken in scanning TEM bright-field mode.
The TDD value is evaluated by counting the number of dislocation lines that thread a unit
area in a TEM image. The TEM specimen preparation was carried out using an in-situ
lift-out focused ion beam (FIB) technology. The operation voltage of the FIB instrument
(Helios NanoLab 660, Hillsboro, OR, USA) was 30 kV, and gallium ions were used. In order
to minimize the surface damage during FIB milling, the milling process was carried out
using an initial accelerating voltage of 30 kV and a final voltage of 5 kV. The polishing was
performed perpendicular to the foil thickness. The thinned sample was finally transferred
to a molybdenum grid. The RT PL spectrum was measured using a Nanometrics RPM 2000
PL system with a 532 nm excitation laser to evaluate the optical property of an InP/GaAs
virtual substrate.

3. Results and Discussion

Before discussing the properties of an InP/GaAs virtual substrate grown using both an
InGaAs linearly graded buffer structure and the two-step method, it is necessary to investi-
gate the micro-structure of a traditional two-step InP/GaAs virtual substrate. Figure 2a
shows an w-20 XRD scan of the structure in Figure 1a. One can see a dominant single-
crystalline InP peak at the angle of ~31.65° and some very weak defect-related peaks which
may originate from the LT-InP nucleation layer. The traditional two-step InP/GaAs virtual
substrate was mirror-like, and the 3 x 3 um? RMS value was about 3.5 nm. These weak
diffraction peaks in Figure 2a can be eliminated (data not shown here) via the method of
recrystallization annealing on the LT-InP nucleation layer. Specifically, before the growth of
the 2-um-thick HT-InP epilayer, raising the substrate temperature from the LT-InP deposi-
tion temperature of 450 °C to 700 °C or higher for recrystallization annealing can obtain a
pure single-crystalline InP peak at the angle of ~31.65° without any defect-related peaks.
Figure 2b,c show cross-sectional and plan-view TEM images of the structure in Figure 1a.
The cross-sectional TEM result reveals that the TDD near the InP top surface was about
1.0 x 10? em~2, which is very close to the result of 1.5 x 10° cm~2 evaluating from the
plan-view observation. These results reflect that using only the two-step method results
in a smooth but high-TDD InP/GaAs virtual substrate. The origin of the high TDD value
mainly relates to the large lattice mismatch of ~4% between InP and the underlying GaAs.

To reduce the dislocation density, one might intuitively think of growing InP on an
InGaAs buffer with an indium composition as close as possible to 53%. However, an
InGaAs buffer with an indium composition larger than 30% results in a phase separation
phenomenon [14]. To avoid the phase separation, a 1.8-um-thick InGaAs buffer with an
indium composition linearly graded from zero to 30% was grown on GaAs, followed by
the growth of two-step InP (Figure 1b). Figure 3a reveals a cross-sectional TEM microstruc-
ture of the InP/GaAs virtual substrate in Figure 1b. As expected, lattice strain relaxed
through the formation of large numbers of misfit dislocations at the InGaAs/GaAs inter-
face. The existing misfit dislocations elongated by gliding over many interfaces to relax
the film. As the growth proceeded, an extremely low dislocation density was observed
near the surface of the linearly graded InGaAs buffer. The observed stepwise distribution
of dislocations in the linearly graded InGaAs buffer has been explained using a simple
balance force model [16,17]. In addition, the interface between the LT-InP nucleation layer
and the InGaAs buffer in Figure 3a was sharp. The TDD near the top surface of HT-InP was
about 2.3 x 10® cm~2, which is much better than that in Figure 2b, indicating that reducing
the lattice mismatch from InP/GaAs to InP/InGaAs significantly improves the crystallinity
of HT-InP.
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Figure 2. The characterization results of an InP/GaAs virtual substrate grown using a two-step
method, including (a) an w-20 XRD scan; (b) a cross-sectional TEM image; (c) a plan-view TEM image.
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Figure 3. Cross-sectional TEM images of the virtual substrate plotted in (a) Figure 1b; (b) Figure 1c;

(c) Figure 1d.
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However, the TDD value of 2.3 x 108 cm ™2 seems to still be high, and the reason for
the high TDD is believed to relate to lattice mismatch and the defect-containing LT-InP
nucleation layer. Therefore, another HT-InP sample was grown directly on the InGaAs
linearly graded buffer without the deposition of an LT-InP nucleation layer (Figure 1c).
The microstructure of the HT-InP sample is shown in Figure 3b. Again, one can see the
nearly defect-free region near the top surface of the InGaAs buffer and the elongation of
the misfit dislocations in the InGaAs bottom region by gliding over interfaces. However,
the interface between HT-InP and the InGaAs buffer was relatively rough. Many misfit
dislocations were also formed at the HT-InP/InGaAs interface. Only a few threading
dislocations propagated into the top surface, and the TDD near the HT-InP top surface was
6.9 x 107 em~2. To further reduce the TDD, a three-cycle post-annealing process was per-
formed. Figure 3c shows the cross-sectional TEM image of the InP/GaAs virtual substrate
in Figure 1. One can see a significant reduction of the dislocation density in the entire films
and that the TDD near the HT-InP top surface was only 1.5 x 107 cm~2. The mechanism of
the dislocation density reduction may relate to the annihilation or fusion of dislocations. In
an annealing cycle, an InP/GaAs virtual substrate was heated up to 735 °C and was then
cooled down to 400 °C. Because of the large difference in thermal expansion coefficient
between InP and (In)GaAs, an InP film suffering intentionally large temperature varia-
tion changes its strain state periodically between compressive- and tensile-stress states.
The thermal stresses may promote the motion of dislocations in the entire film. For adjacent
dislocations with opposite Burgers vectors, they are likely to annihilate when encounter-
ing. Accordingly, the HT-InP sample in Figure 1d shows much better crystallinity than
others. Our successful reduction in TDD from the initial 1.0 x 10° cm~? for a pure two-step
InP/GaAs virtual substrate to the value of only 1.5 x 107 cm~2 indicates that our pro-
posed hybrid method is useful and comparable to other published work. Kimura et al. [8]
showed a TDD value of 3.0 x 107 cm~2 for a 2-um-thick InP/GaAs virtual substrate with
a strained-layer superlattice. Morales et al. [10] reported a TDD value of ~10% cm 2 for a
2-um-thick InP/GaAs virtual substrate after thermal annealing. Takano et al. [18] showed
that the TDD near the InP surface was of the order of 107 cm 2 for a 3-pum-thick InP/GaAs
virtual substrate.

We further compared the optical properties of the InP/GaAs virtual substrates in
Figure 1. The RT PL spectra of the HT-InP samples were measured with the same optical
path. As shown in Figure 4, the HT-InP sample grown using only the two-step method
showed the worst PL intensity. In contrast, the HT-InP sample grown using the InGaAs
buffer and the post-annealing methods exhibited the strongest PL emission. The intensity
variation of the RT PL spectra is in good agreement with the result observed from the TEM
analysis. The tendency that the PL intensity increases inversely with the dislocation density
was also reported in InP/GaAs [8] and InP/Si material systems [4]. The PL intensity
improvement in this study may mainly come from dislocation density reduction because
dislocations act as non-radiative recombination centers. The authors believe that the
TDD value of 1.5 x 10”7 cm~2 for the InP/GaAs virtual substrate grown by combing the
InGaAs linearly graded buffer and the post-annealing methods is good enough for the
device application because Kimura et al. [8] reported a successful CW operation of an
InGaAsP/InP double heterostructure laser diode grown on an InP/GaAs virtual substrate
with a dislocation density of 3.0 x 107 cm~2. Although each method used in this study is not
new, the authors skillfully combined these common methods to easily obtain high-quality
InP/GaAs virtual substrates. We are now conducting experiments on the integration of
optoelectronic devices on the InP/GaAs virtual substrates. We hope that the integration is
beneficial to reducing device manufacturing costs in the future.



Coatings 2022, 12,723

7 of 8

References

3.0
—— two-step
—— two-step + InGaAs
o 254 InGaAs
E InGaAs + annealing
=]
£ 2.0
8
=
2 154
2
=
T 1.0
'_
14
0.5 1
0.0

T N T T
850 900 950 1000 1050

Wavelength (nm)

I I
700 750 800

Figure 4. The comparison of RT PL spectra of InP/GaAs virtual substrates grown using different
approaches. The approaches used include the two-step method, an InGaAs buffer combined with the
two-step, the direct growth of HT-InP on the InGaAs buffer, and the direct growth on the buffer with
additional post-annealing.

4. Conclusions

This paper has presented the epitaxial growth and characterization results of an
InP/GaAs virtual substrate prepared using MOCVD. To overcome the lattice mismatch
between InP and GaAs, the authors used a hybrid method including InGaAs graded
buffer, two-step growth, and post-annealing. The traditional two-step InP/GaAs virtual
substrate was smooth but had a high surface TDD of 1.5 x 10° cm~2. In contrast, the
two-step InP grown on the InGaAs graded buffer showed a reduced TDD of 2.3 x 108 cm~2.
By further removing the LT-InP nucleation layer and carrying out a post-annealing process,
an InP/GaAs virtual substrate was grown with an improved TDD of 1.5 x 107 cm 2.
With the successful reduction in TDD, the presented InP/GaAs virtual substrate showed
improved PL intensity. The results of this study indicate that our hybrid method is simple
and useful. This research may provide a useful reference for researchers attempting to
integrate InP-related devices on GaAs substrates with reduced manufacturing costs.
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