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Phase separation of thick (>1 µm) InxGa1%xN (x > 0.3) grown on AlN/Si(111):
Simultaneous emergence of metallic In–Ga and GaN-rich InGaN
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0.3–2-µm-thick InxGa1%xN (x > 0.3) ﬁlms are grown at 650 °C on AlN/Si(111) substrates by metal organic vapor phase epitaxy. When the thickness
of an epitaxial InGaN ﬁlm exceeds >1 µm, peaks of GaN-rich InGaN(0002) and metallic In(101) appear in the X-ray diffraction proﬁles. The InN
composition >0.03 in the GaN-rich InGaN ﬁlm is in agreement with the solubility of InN in GaN at 650 °C. The metallic In contains a small amount
(>0.03 at. %) of Ga. These results clearly show that the epitaxial InGaN ﬁlm is phase-separated into GaN-rich and InN-rich InGaN. The latter is
changed into metallic In–Ga owing to its thermal instability at 650 °C. © 2014 The Japan Society of Applied Physics

irect-band-gap InGaN alloys have proven to be
important materials because of their unique property
of wide spectral tunability, which can be adjusted
continuously from the ultraviolet region to the infrared region.
This tunability offers many possibilities in a variety of device
applications, including high-brightness visible-light-emitting
diodes, lasers, and full-spectrum multijunction solar cells.
Very thin InGaN layers in the form of single or multiple
quantum wells have been widely used as active layers in LED,
LD, and photovoltaic devices.1–3) Thick (bulk) InGaN layers
are also promising for homojunction InGaN solar cells.3)
In almost all the cases, InGaN alloys have been prepared by
metal organic vapor phase epitaxy (MOVPE) or molecular
beam epitaxy (MBE), where growth proceeds under conditions far from the thermal equilibrium. Ho and Stringfellow4)
have theoretically shown that the large difference in interatomic spacing between GaN and InN gives rise to a solidphase miscibility gap. Despite the prediction, single-phase
InGaN ﬁlms with a wide range of InN compositions have been
grown by MBE and MOVPE. However, it should be pointed
out that ﬁlms grown by MBE or MOVPE under nonequilibrium conditions are essentially unstable because they are kept
in a “frozen” state and, therefore, show a tendency towards
clustering and/or decomposition so that the system reaches
an energetically stable state. The rate of decomposition can be
determined on the basis of the solid-state diffusion mobility of
atoms. The stability of InGaN at room temperature is very
high because the diffusion mobility of atoms is negligibly low
at room temperature. As the ﬁlm temperature increases, on the
other hand, the rates of decomposition should be increased
and phase separation should occur.
There have been so many reports on the decomposition
and/or phase separation of InGaN during and after growth.
Many groups5–8) have reported thermal damage, phase separation, or metallic In formation in InGaN/GaN quantum wells.
Such phenomena have been found to occur mainly when a
p-type GaN layer is grown at a temperature higher than that
for the InGaN-well layer. Phase separation in bulk InGaN
has also been extensively studied.9–15) According to the phase
diagram of InGaN proposed by Ho and Stringfellow,4)
spinodal decomposition should result in the simultaneous
formation of InN-rich InGaN and GaN-rich InGaN, as
discussed by Doppalapudi et al.12) However, Doppalapudi
et al.12) did not ﬁnd such simultaneous formation of the two
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phases. They found only InN-rich InxGa1¹xN (x ³ 0.97) in
an as-grown In0.35Ga0.65N ﬁlm, while only GaN-rich InGaN
(2ª ³ 34.5°) was observed after the annealing of the ﬁlm at
675 °C. Pantha et al.13) have studied the details of the phase
separation of In0.65Ga0.35N ﬁlms grown at 610 °C by MOVPE.
They have shown that there is a maximum thickness of
In0.65Ga0.35N that can be grown without phase separation,
which is markedly dependent on growth rate. However, the
formation of InN-rich InGaN and/or GaN-rich InGaN has not
been reported. Thus, phase separation of InGaN has not yet
been completely understood, despite the many studies.
In this paper, we report on the simultaneous formation of
metallic In–Ga and GaN-rich InGaN during the MOVPE
growth of InxGa1¹xN (x ³ 0.3) at 650 °C. It is found that
the simultaneous emergence of metallic In–Ga and GaN-rich
InGaN is accompanied by the consumption of epitaxial
InxGa1¹xN (x ³ 0.3). Considering the thermal instability of
InN-rich InGaN, it is reasonable to conclude that metallic
In–Ga is formed through InN-rich InGaN. These ﬁndings
clearly show that InxGa1¹xN (x ³ 0.3) is phase-separated into
InN-rich InGaN and GaN-rich InGaN, as predicted by Ho
and Stringfellow.4) The annealing of the sample in NH3 ﬂow
at 650 °C is found to markedly enhance the decomposition
reaction. This suggests the contribution of hydrogen, which is
generated through the decomposition of NH3, to the decomposition reaction. The decomposition reaction is almost
suppressed by reducing the growth temperature to 570 °C.
It should be pointed out that the use of the AlN/Si(111) substrate enables us to clearly observe such phase separation.
The use of a GaN-free substrate and/or buffer is indispensable for detecting GaN-rich InGaN as a product of phase
separation by X-ray diffraction (XRD), since the InN content
in the GaN-rich InGaN is very small (³0.03).
The growth of InxGa1¹xN alloys (x ³ 0.3) was conducted
using an MOVPE system. Si(111) wafers with a layer of
separately MOVPE-grown AlN (100 nm thick) were used as
the starting substrates. During the growth process, the substrates were ﬁrst annealed at 950 °C in NH3, after which the
temperature was ramped down to the growth temperature
(550–700 °C). Triethylgallium (TEG), trimethylindium (TMI),
and ammonia (NH3) were used as Ga, In, and N sources,
respectively. The growth pressure was ﬁxed at 150 Torr. The
growth rate of InGaN was about 0.7 µm/h, and ﬁlms of
0.5–2 µm thicknesses were prepared. The structures of the
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Fig. 1. XRD 2ª/½ proﬁles for epitaxial InxGa1¹xN (x = 0.32–0.36) grown
at 650 °C with a different thickness (different growth time). (a) Thickness:
0.7 µm (growth time: 60 min), (b) thickness: 1.1 µm (growth time: 90 min),
(c) thickness: 1.8 µm (growth time: 140 min).

ﬁlms were characterized by XRD and ﬁeld-emission scanning electron microscopy (FESEM) measurements. The InN
or GaN compositions of the grown ﬁlms were determined
from the XRD 2ª/½ patterns on the basis of Vegard’s law,
assuming that the ﬁlms are fully relaxed. Energy dispersion
spectra (EDS) in the FESEM system were also used to
measure the compositions of metal droplets formed on the
sample surface.
First, the effects of InGaN ﬁlm thickness on XRD proﬁles
are discussed. Figure 1 shows the XRD 2ª/½ patterns for
the epitaxial InxGa1¹xN (x = 0.32–0.36) grown at 650 °C
with a different thickness (different growth time). The result
for a 0.7-µm-thick sample (growth time: 60 min) is shown in
Fig. 1(a). One can see that a single peak corresponding to a
single-phase InxGa1¹xN (x = 0.34) is observed together with
the Si(111) and AlN(0002) peaks. When the ﬁlm thickness
was increased to 1.1 µm (growth time: 90 min) under the
same growth conditions as the case for Fig. 1(a), two new
peaks appeared, as shown in Fig. 1(b), indicating the occurrence of phase separation. These new peaks at 2ª ³ 32.9° and
2ª ³ 34.5° are very close to those for metallic In(101) and
GaN(0002), respectively. Note that the InN content in the
epitaxial InxGa1¹xN was decreased from 0.34 to 0.32 when
the growth time was increased from 60 to 90 min. Figure 1(c)
shows the result for a sample of 1.8 µm thickness, which was
grown with a high TMI molar ratio in the vapor to obtain a
high-InN-content sample. The two peaks at 2ª ³ 32.9° and
2ª ³ 34.5° became much stronger than those for the epitaxial
InxGa1¹xN. Note that the positions of the two peaks at 2ª ³
32.9° and 2ª ³ 34.5° were unchanged despite the higher InN
content in the epitaxial InxGa1¹xN. In this case, a new peak
very close to InN(0002) appeared at 2ª ³ 31.5° additionally.
Although the peaks at 2ª ³ 31.5° and 2ª ³ 34.5° are very
close to the InN(0002) and GaN(0002) peaks, respectively,
they are not due to pure InN and GaN. Therefore, they are
denoted as InN-rich In1¹yGayN(0002) and GaN-rich InzGa1¹zN(0002). By the precise measurement of the lattice

Fig. 2. Time chart of the preparation for three different samples A, B, and
C (a), and XRD 2ª/½ proﬁles for the three samples (b). See text for details of
sample preparation.

constant by XRD, y and z were determined to be 0.02–0.03
and 0.02–0.05, respectively.
As described above, the epitaxial InxGa1¹xN (x = 0.3–0.4)
was found to show phase separation when the thickness
exceeded approximately 1 µm. The following experiments
were conducted to further investigate the process of phase
separation. Three different samples were prepared through
the process shown in Fig. 2(a). After the annealing of AlN/Si
wafers at 950 °C in NH3, an InxGa1¹xN (x = 0.34) layer was
deposited for 60 min (1st InGaN growth) on three wafers.
After cooling the wafers to RT, one of them (Sample A) was
taken out of the MOVPE system to measure the XRD 2ª/½
proﬁles. After evacuating the growth chamber and heating
the remaining two wafers, the second InxGa1¹xN growth was
performed for 30 min at 650 °C. Again, one of the two wafers
(Sample B) was taken out of the MOVPE system after the
cooling. Finally, the remaining wafer was annealed at 650 °C
in NH3 for 30 min (Sample C). XRD 2ª/½ proﬁles for these
three samples are compared in Fig. 2(b). From the results,
one can see that, as the process proceeds from the 1st growth
to the ﬁnal annealing in NH3, the diffraction intensity for the
epitaxial InxGa1¹xN peak markedly decreases and the InN
composition x is also reduced. In conjunction with these
changes, the GaN-rich InzGa1¹zN(0002) and the peak at
2ª ³ 32.9° became strong coincidently. It is pointed out that
the diffraction intensity of the epitaxial InxGa1¹xN is lower in
Sample B than in Sample A, despite the additional 30 min
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Fig. 3. FESEM images of surfaces and cross sections for Samples A (a), B (b), and C (c), shown in Fig. 2.

growth. The reduction in diffraction intensity was more
marked after the annealing in NH3 (Sample C). The results
shown in Fig. 2(b) clearly reveal that the epitaxial InxGa1¹xN
is consumed to form the GaN-rich InzGa1¹zN and metallic In.
As seen in Figs. 1 and 2(b), the InN-rich In1¹yGayN(0002)
peak appeared occasionally, but not always. This seems to
show that the InN-rich In1¹yGayN is unstable. Therefore, it is
speculated that the InN-rich In1¹yGayN changes swiftly into
metallic In1¹yGay . This is supported by the ﬁnding that InN
is very unstable and easily decomposed at 650 °C.16) This
speculation indicates that metallic In should contain a small
amount of Ga. As discussed later, it was found that In
droplets formed on the ﬁlm surface contain a small amount
of Ga (³3 at. %). Therefore, the peak at 2ª ³ 32.9° is due
to metallic In1¹yGay (y ³ 0.03). From the phase diagram of
InGaN predicted by Ho and Stringfellow,4) the spinodal
decomposition should result in the simultaneous formation
of InN-rich InGaN and GaN-rich InGaN, as discussed by
Doppalapudi et al.12) The compositions in InN-rich InGaN
and GaN-rich InGaN should be determined by the solubility
of GaN in InN and that of InN in GaN. They were reported
to be 0.03 and 0.04 at 650 °C, respectively.4) These values
are in good agreement with those obtained in this study
(y = 0.02–0.03 and z = 0.02–0.05).
Figure 3 shows the FESEM images of surfaces and cross
sections of Samples A–C. In the case of Sample A, a dense
InGaN layer is grown. The corrugated surface feature of the
sample is very similar to that for In-polar InN.17) As shown
in Fig. 3(b), many droplets were formed on the surface, and
porous regions were formed in the interior of the ﬁlm after
the 90 min growth (60 min for the ﬁrst growth and 30 min for
the second growth). Such metal droplet formation is very
similar to the case of the low-pressure-grown InGaN reported
by Ho et al.15) Note that the formation of porous regions is
initiated in the middle part of the ﬁlm, and the dense InGaN
layer still remains near the AlN interlayer. This is slightly
different from the case for the thermal decomposition of
InN,16) where the formation of porous regions starts near the
substrate interface. Since the part nearer to the substrate
interface should undergo a longer annealing at 650 °C during
growth, it is expected that such a part shows the severest
decomposition. As shown in Fig. 3(b), however, the formation of the porous regions is initiated in the middle part of the
ﬁlm. This ﬁnding seems to show that a different situation

occurs near the interface of the ﬁlm. For example, stress
induced by the substrate might suppress the phase separation
of the part near the substrate.18) This seems to correlate to
the presence of a critical thickness of phase separation.13,19)
Compared with Sample A, the ﬁlm thickness of Sample B
increased owing to the prolonged growth time. However, the
XRD intensity of epitaxial InGaN is lower than that of
Sample A. This is due to the formation of the porous regions.
The 30 min annealing in NH3 ﬂow after the 90 min growth
caused marked changes in the ﬁlm (Sample C). The porous
region expanded to the whole part of the ﬁlm, and the size of
the droplets on the surface increased. The shape of voids in
the porous region observed in Fig. 3(c) is very similar to
those observed in the thermally deteriorated InN at 650 °C.16)
As in the case for InN, nitrogen-terminated planes seem to be
selectively attacked. Noted also that, despite the absence of
the supply of TMI and TEG in the NH3 annealing process,
the size of metal droplets increased. Therefore, it is reasonable to conclude that materials for forming the droplets are
supplied from the interior of the ﬁlm. From the correspondence between the XRD proﬁles and the changes in the crosssectional FESEM view, one can see that the porous parts in
the ﬁlms correspond to the GaN-rich InzGa1¹zN. The EDS
measurement showed that the metal droplets are composed of
about 97 at. % In and 3 at. % Ga. The droplets were removed
by dipping samples in a conc. HCl solution. After the HCl
etching, the XRD peak at 2ª ³ 32.9° disappeared, indicating
that metallic In was scarcely included in the interior of the
ﬁlms. It was also found that the metal droplets were very soft
and their shape easily changed mechanically even at room
temperature. This ﬁnding also indicates that the droplets are
not of pure In but an alloy of In and Ga. It is reasonable to
consider that metallic In was produced in the interior of the
ﬁlms as a result of phase separation, because porous regions
resulting from phase separation are formed at the inner part of
the ﬁlms. The mechanism by which metallic In is pushed out
onto the ﬁlm surface to form droplets is unclear at present. To
determine where and how the phase separation of epitaxial
InxGa1¹xN initiates is a very interesting issue. It is expected
that the decomposition of InGaN initiates at local In-rich
InGaN clusters that exist around threading dislocations, as
pointed out by Li et al.8)
Thus, the decomposition of epitaxial InxGa1¹xN into
metallic In–Ga and GaN-rich InzGa1¹zN has been clearly

035502-3

© 2014 The Japan Society of Applied Physics

Appl. Phys. Express 7, 035502 (2014)

A. Yamamoto et al.

(a)

(b)

(c)

(d)

Fig. 4. XRD 2ª/½ patterns for the epitaxial InxGa1¹xN grown at a different
temperature with a constant TMI/(TMI+TEG) molar ratio. Growth time is
90 min for all samples.

shown. From the viewpoint of the application of InGaN, such
phase separation needs to be suppressed. The most convenient way to suppress the phase separation may be to
reduce growth temperature. Figure 4 shows the XRD 2ª/½
patterns for the epitaxial InxGa1¹xN grown at a different
temperature. One can see that the decomposition reaction is
clearly observed near 650 °C. At 700 °C, the peak of In(101)
is scarcely observed. This is due to the evaporation of In
during growth. Similar XRD proﬁles have been reported
for In0.35Ga0.65N ﬁlms annealed at approximately 700 °C by
Doppalapudi et al.12) With decreasing growth temperature,
phase separation was reduced, and almost suppressed at
570 °C. At 600 °C, the formation of the GaN-rich InzGa1¹zN
does not seem to be completed because peaks at 2ª ³ 34° are
observed. This is due to the lower diffusion mobility of atoms
in InGaN at 600 °C. A longer annealing time will be needed
to observe the peak at 2ª ³ 34.5° at approximately 600 °C.
Thus, the growth temperature, where two phases of metallic
In–Ga and GaN-rich InzGa1¹zN are clearly observed, is
limited to a relatively narrow range (<100 °C). From the
comparison between Figs. 4(c) and 4(d), it is speculated that
the phase separation is enhanced by the presence of metallic
In–Ga. This is because the phase separation is severer at
650 °C than at 700 °C despite the expected lower diffusion
mobility of atoms at 650 °C. As discussed above, the annealing in NH3 ﬂow results in marked phase separation. This
result seems to correlate with the existence of metallic In,
because, as reported previously, the N-face of InN annealed
in NH3 shows severe degradation.16,20,21) Hydrogen produced
by the decomposition of NH3 is considered to be responsible
for the deterioration and In droplet formation.
By using AlN/Si(111) substrates, as described above, we
have clearly observed the phase separation of epitaxial
InxGa1¹xN into metallic In–Ga and GaN-rich InzGa1¹zN. It
should be pointed out that the selection of the substrate and/
or interlayer for InGaN growth is also a critical issue in the
observation of such phase separation. If a GaN template or a
GaN buffer is used, as in many cases,11–14) the peak for GaN-

rich InzGa1¹zN(0002) is difﬁcult to separate from the peak for
the GaN(0002) template or buffer because the InN content in
InzGa1¹zN is very small (³0.03). For example, we would not
notice the phase separation if the ﬁlms are grown on GaN
templates at approximately 700 °C, as expected from the
result shown in Fig. 4(c). The InN content in epitaxial InGaN
is also an important factor in the observation of phase separation. When InGaN with a higher InN content is selected so
that it has a diffraction peak at 2ª ³ 33°, it is difﬁcult to
distinguish its peak from that of metallic In.
In summary, we have clearly observed the simultaneous
formation of metallic In–Ga and GaN-rich InGaN during the
MOVPE growth of InxGa1¹xN (x ³ 0.3) at 650 °C, as a result
of phase separation. The simultaneous emergence of both the
metallic In–Ga and GaN-rich InGaN is accompanied by the
consumption of the epitaxial InxGa1¹xN (x ³ 0.3). Metallic
In–Ga is formed through the InN-rich InGaN owing to the
thermal instability of InN-rich InGaN. These ﬁndings clearly
show that InxGa1¹xN (x ³ 0.3) is phase-separated into InNrich InGaN and GaN-rich InGaN. The annealing of the sample
in NH3 ﬂow at 650 °C is found to markedly enhance the
decomposition reaction. The decomposition reaction is found
to be suppressed by reducing the growth temperature to
570 °C. Such a clear observation of phase separation of InGaN
was made possible by the use of AlN/Si(111) substrates.
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