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Abstract. InxGa1–xN ternary alloys are very promising for a variety of applications. However, high-quality growth of
InxGa1–xN alloys, particularly in the intermediate In composition range, is very difficult. This study reports on a systematic
analysis of the Raman spectra from the InxGa1–xN alloys grown by radio-frequency molecular beam epitaxy (RF-MBE)
for the whole In compositional range, particularly in the intermediate range of In composition. The B1 (high) mode, which
is inherently Raman inactive is observed for the InxGa1–xN alloys grown by RF-MBE. The behaviour of Raman inactive
B1 (high) mode is studied for the evaluation of InxGa1–xN quality, which is found to vary with the In composition and the
temperature of growth. The crystallinity of the InxGa1–xN alloys can be assessed using B1 (high) mode’s relative signal
intensity and full-width at half-maximum, which are well agreed with the reflection high energy electron diffraction and
X-ray diffraction analyses. The optimum growth temperature for the InxGa1–xN alloys grown by RF-MBE in the intermediate range of In composition is also discussed.
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Introduction

The potential of III-nitrides has been accelerated following
the re-evaluation of InN bandgap, which has sparked a
global research focus on III-nitride alloys, giving rise to the
possibility of a wide range of new applications [1–5]. The
tunable direct bandgap property of III-nitride alloys makes
them efficient emitters of light with characteristics of highefficiency, high-reliability and high-speed. Indium gallium
nitride (InxGa1–xN) conveniently spans from the near-infrared at *1.9 lm (0.64 eV for InN), through the fullcolour visible spectrum region, and into the ultraviolet
at *0.36 lm (3.4 eV for GaN) [6,7]. Therefore, InxGa1–xN
alloys are very suitable and potential materials to fabricate
various optoelectronic devices that include full-colour light
emitting devices. The bandgap of InxGa1–xN alloys offers an
almost ideal fit to the solar spectrum, exhibit a high-resistance to solar radiation, and a good coefficient of absorption
is especially important for long-life high-efficiency solar
cells [8,9]. The important wavelength of fibre optics at
1.55 lm can also be emitted by InxGa1–xN with a small
fraction of GaN or quantum dot InN [10,11]. Moreover, Inrich two-dimensional (2D) electron channel is predicted to
achieve the ultimate transport parameters of III-nitride highelectron mobility transistors [12–14]. A current gain cut-off

frequency of more than 1 THz is expected using an
InxGa1–xN channel layer with more than 50% In composition [15,16]. However, the progress in the development of
In-rich or intermediate In composition InxGa1–xN-related
devices is still very slow. Much effort is being made to
develop solar cells, but the efficiency of photovoltaic conversion remains within a few percent [17–20].
Metalorganic vapour-phase epitaxy (MOVPE) and
molecular-beam epitaxy growth of InxGa1–xN alloys over
the entire In composition has been reported [21–25]. Single
crystalline InxGa1–xN alloys have been successfully grown
in the entire composition without phase separation and
metallic In inclusion. However, device quality InxGa1–xN
film is still to be obtained, particularly in the intermediate In
composition range [25–27]. The main reason behind this is
the degradation of film quality when In content is increased,
especially in the intermediate range of composition [28,29].
Although the full-width at half-maximum (FWHM) in the
X-ray diffraction (XRD) analysis is narrow, the crystalline
quality is not good enough and the structure inside the
alloys is not well understood. It is necessary to understand
the local lattice distortion corresponding to the atomic
arrangement inside the alloys in order to obtain device
quality film. Evaluation of structural crystallinity by XRD
method is not adequate, and a complementary method for
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Figure 1. Raman spectra from the RF-MBE-grown InxGa1–xN layers with different In compositions
(a) In = 0.6–1.0 and (b) In = 0–0.5.
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Figure 2. Raman shifts for different InxGa1–xN layers In compositions grown by RF-MBE.

evaluating microscopic internal crystal state is of utmost
importance. Due to the broad difference of the lattice constant between InN and GaN in InxGa1–xN alloys, Raman
scattering spectroscopy is a very useful method in the
evaluation of lattice distortion. However, systematic

analysis of the Raman spectra of the InxGa1–xN layers
grown for the entire In composition, especially in the
intermediate In composition range, is scarce. Raman scattering spectroscopy is therefore adopted as a complementary microscopic evaluation method in this research,
particularly in the intermediate In composition range of
InxGa1–xN alloys. Raman scattering spectroscopy can detect
the phonons susceptible to crystal defects and distortions.
Since in InxGa1–xN and InxAl1–xN alloys B1 (high) mode
which is essentially Raman inactive is observed [25,30], we
hope to be able to determine the distortion peculiar to alloys
by using B1 (high) mode.

2.

Experimental

The InxGa1–xN alloys were grown on a-Al2O3 (0001) substrate using plasma-assisted radio-frequency molecular
beam epitaxy (RF-MBE) for the whole In composition. The
growth temperature was varied from 550 to 900°C with an
In of flux 3.00 9 10-8–5.00 9 10-7 Torr, Ga flux of
8 9 10-8–2.50 9 10-7 Torr and RF power was
280–400 W. The InN molar fractions were controlled
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Figure 3. XRD patterns of In0.5Ga0.5N alloys grown by RFMBE at (a) 650 and (b) 700°C.

varying both the In/(In ? Ga) beam flux ratio and the
temperature of growth. Two types of substrates templates
were prepared as the underlying or base layer. The first one
is the creation of an AlN domain on the surface of a aAl2O3 (0001) substrate by RF-MBE method using a twostep nitridation process [31]. In the two-step nitridation,
high-temperature nitridation was performed for 10 min at
800°C and then low-temperature nitridation was performed
for 120 min at 300°C with 400 W RF power and 2.0 SCCM
N2 flow. The second one is the formation of Ga-polar GaN
template layer (thickness *2.2 lm) grown on the a-Al2O3
(0001) using the MOVPE method. Priority is given to grow
single-crystalline InxGa1–xN alloys for the entire In compositions without phase separation and In metal inclusion.
Therefore, the underlying layer structure is not same in the
entire compositional range of InxGa1–xN. The intermediate
In compositional (i.e., 50–60%) InxGa1–xN layers are grown
on the GaN template on a-Al2O3 (0001) and the InxGa1–xN
layers for the other compositions are grown on the nitrided
sapphire. The surface monitoring of the growing crystals
was performed in-situ using reflection high energy electron
diffraction (RHEED). The XRD method was used to calculate the InN molar fractions and tilt/twist values. In order
to evaluate the microscopic crystalline quality, a systematic
analysis of the Raman spectra from the InxGa1–xN alloys
grown by RF-MBE for the entire In composition is carried
out. Raman observations were performed at room

Figure 4. XRC (0002) patterns of In0.5Ga0.5N alloys grown by
RF-MBE at (a) 650 and (b) 700°C.

temperature in the c-plane back-scattering geometry with a
wavelength of 532 nm for excitation.

3.

Results and discussion

Figure 1 displays the Raman spectra of InxGa1–xN alloys
with different In compositions grown by RF-MBE,
(a) In = 0.6–1.0 and (b) In = 0–0.5. Sharp Raman peaks of
modes A1 (low) and E2 (high) are observed for both the
layers InN and GaN, as shown at the top of figure 1a and at
the bottom of figure 1b. In contrast, broad Raman peaks are
observed for the InxGa1–xN alloys. Compared with all
possible phonon modes for InxGa1–xN alloys, the broad
Raman peaks of the InxGa1–xN alloys were carefully analysed and decomposed, assigning the decomposed peaks to
three Raman modes of E2 (high), A1 (low) and the prohibited B1 (high) modes well matched with the theoretical
[32] and experimental [33,34] results. Usually, B1 mode is
Raman forbidden in the pristine InN and GaN compounds.
However, compared with InN and GaN, InxGa1–xN alloys
show an inferior structural quality. Hence, the Raman
selection rule in InxGa1–xN alloys may not be applied due to
the lattice disruption caused by the random atomic
arrangement. A disorder-activated phonon mode can thus be
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Figure 5. Raman spectra of In0.5Ga0.5N alloys grown by RFMBE at (a) 650 and (b) 700°C.

appeared in the Raman spectra. Different colours display all
the three modes; green for E2 (high) mode, blue for A1
(low) mode and red for B1 (high) mode, as shown in figure 1. The B1 (high) mode that is originally Raman inactive
appears and has a great influence on the In composition and
temperature of growth. Experimental Raman inactive B1
700°C

(high) mode observations are also recorded for InxGa1–xN
alloys [25,34] and InxAl1–xN alloys [30].
The peak frequency of each Raman vibration mode for
the InxGa1–xN alloys In composition dependence is shown
in figure 2. The theoretical values of the Raman shift are
also shown in figure 2 for each mode calculated by Grille
and Schnittler [32]. All the three modes, E2 (high), A1 (low)
and Raman inactive B1 (high) modes, of InxGa1–xN alloys
grown by RF-MBE show one mode behaviour. The Raman
shift experimental values for each mode of the InxGa1–xN
alloys are well matched with the theoretical values calculated by Grille and Schnittler [32]. It is therefore clear that
the B1 (high) mode that is originally Raman inactive
appears in the InxGa1–xN alloys grown in RF-MBE, not in
the InN- and GaN-grown films, as shown in figure 1.
We have already explained that high-quality InxGa1–xN
film, particularly in the intermediate range of In composition, is very difficult. The main reason behind this is the
degradation of film quality when In content is increased,
particularly in the intermediate range of composition.
Therefore, a deeper understanding and microscopic evaluation of the InxGa1–xN alloys, especially in the intermediate
range of In composition, is very important. This section
focuses on the InxGa1–xN alloys grown by RF-MBE in the
range of intermediate In compositions. It is shown in the
previous section that the B1 (high) mode is a unique mode
to the mixed InxGa1–xN crystals. Therefore, the evaluation
of structural crystallinity and optimization of the growth
condition for the InxGa1–xN alloys in the intermediate In
compositions region have been studied using B1 (high)
mode. The XRD patterns, X-ray crystallography (XRC)
(0002) patterns and Raman spectra of the In0.5Ga0.5N alloys
grown on the GaN template on sapphire at (a) 650 and
(b) 700°C are shown in figures 3, 4 and 5, respectively.
From the XRD pattern in figure 3, it can be seen that the
single-crystalline In0.5Ga0.5N alloy is grown both at 650 and
650°C

700°C

at the end
of growth

at the beginning
of growth

650°C
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Figure 6. RHEED patterns of the In0.5Ga0.5N mixed crystals observed at the beginning and at the end of growth at
650 and 700°C.
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Figure 7. Growth temperature dependence (a) relative signal intensity ratio of B1 (high) with A1 (low) and (b) FWHM of B1
(high) mode of InxGa1–xN near 50% In composition.
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Figure 8. Growth temperature dependence of (a) XRD and (b) XRC (0002) FWHM of InxGa1–xN near 50% In
composition.

700°C. However, the In0.5Ga0.5N alloys grown at 700°C
have smaller XRC (0002) FWHM than the In0.5Ga0.5N
alloys grown at 650°C, as shown in figure 4. It is also
visible from figure 5 that the B1 (high) mode intensity is
lower and that the FWHM is narrower in the In0.5Ga0.5N
alloys grown at 700°C. These results suggest that the
In0.5Ga0.5N alloys grown at 650°C have strong local lattice
distortion inside the crystal compared to the In0.5Ga0.5N
alloys grown at 700°C. Therefore, it can be concluded that
both the intensity and FWHM of the B1 (high) mode can be
lower and narrower in the high crystalline quality InxGa1–xN
alloys.
In order to further examine and clarify the growth
behaviour of the InxGa1–xN alloys grown by RF-MBE in the
intermediate range of In compositions, the surfaces of the
In0.5Ga0.5N growing crystals on the GaN template on sapphire at 650 and 700°C are monitored by in-situ RHEED
analysis. Figure 6 shows the RHEED patterns of the
In0.5Ga0.5N alloys at the beginning and at the end of the
growth at 650 and 700°C. In the early stage of the growth,

the RHEED pattern of the In0.5Ga0.5N alloys grown at
 direction and
650°C shows a spotty pattern in the [1010]
 direction, as
spotty-streaky mixed pattern in the [1120]
shown in figure 6. After the growth, the RHEED pattern of
the In0.5Ga0.5N alloys grown at 650°C shows spotty pattern
 and the [1120]
 directions and the patterns
in both the [1010]
are comparatively dark, as shown in figure 6. These results
indicate that the surface of the In0.5Ga0.5N alloy grown at
650°C is rough from the initial stage of the growth and
crystal quality is poor.
On the other hand, the RHEED pattern of In0.5Ga0.5N
alloys grown at 700°C shows a bright pattern from the
beginning of the growth to the end of growth, and in
the early stage of growth, streaky patterns are observed
 and the [1120]
 directions, as shown
in both the [1010]
in figure 6. The streaky RHEED pattern can be con direction,
firmed even after the growth in the [1120]
 direction it shows spotty pattern,
although in the [1010]
as shown in figure 6. The above RHEED studies also
show that the In0.5Ga0.5N alloys grown at 700°C have

278

Page 6 of 7

better crystallinity than the In0.5Ga0.5N alloys grown at
650°C.
The above studies show that the crystallinity of the
InxGa1–xN alloys can be determined by the behaviour of the
Raman inactive B1 (high) mode. Therefore, the optimization of the crystalline quality and growth temperature of the
RF-MBE-grown InxGa1–xN alloys is further studied using
the relative signal intensity ratio of B1 (high) with A1 (low)
and the FWHM of B1 (high) mode. Figure 7 shows the
growth temperature dependence relative signal intensity
ratio of B1 (high) with A1 (low) and the FWHM of B1 (high)
mode of the InxGa1–xN near 50% In composition. The
growth temperature dependence of XRD and XRC (0002)
FWHM near 50% In composition is also shown in figure 8.
As shown in figure 7, the relative signal intensity and the
FWHM of the B1 (high) mode grow strong and wide when
the In0.5Ga0.5N is grown at 720°C. In addition, the relative
signal intensity is stronger and the FWHM is slightly wider
at 650°C when compared with the In0.5Ga0.5N film grown
at 700°C. The XRD and XRC (0002) FWHM of the
In0.5Ga0.5N film grown at 720°C are largest, similar with the
trend of the B1 (high) mode, as shown in figure 8. Although
the XRD FWHM of the In0.5Ga0.5N film grown at 650 and
700°C does not show any sharp difference, the XRC (0002)
FWHM of the In0.5Ga0.5N film grown at 650°C is very wide
and shows a sharp difference with the In0.5Ga0.5N film
grown at 700°C, almost same with the In0.5Ga0.5N film
grown at 720°C. From the above analysis, it can be concluded that the local lattice distortion in the In0.5Ga0.5N
alloys grown at 650 and 720°C is considered to be
very strong and the optimum growth temperature of the
InxGa1–xN alloys in the intermediate In composition of 50%
is around 700°C. Similar studies of the growth temperature
dependence B1 (high) mode and X-ray analysis are carried
out for the InxGa1–xN alloys with an In composition 40%.
It is found that the optimum growth temperature of the
InxGa1–xN alloys in the In composition of 40% is around
670°C.

4.

Conclusion

In this study, we have carried out a systematic analysis of
the Raman spectra from the InxGa1–xN alloys grown by
RF-MBE for the entire In compositional range, especially
in the intermediate In composition range. The presence of
the Raman inactive B1 (high) mode is observed for the
InxGa1–xN alloys grown by RF-MBE. The behaviour of
Raman inactive B1 (high) mode is investigated to determine
the crystalline quality of the InxGa1–xN alloys, especially in
the intermediate In composition range, grown by RF-MBE.
It is found that the behaviour of the Raman inactive B1
(high) mode varied considerably with the In composition
and the InxGa1–xN alloys growth temperature. The crystallinity of the InxGa1–xN alloys can be determined by the
relative intensity and FWHM of the B1 (high) mode, which
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are well agreed with the RHEED and XRD analysis.
Optimum growth temperature of the InxGa1–xN alloys
grown by RF-MBE in the intermediate In composition
region is discussed.
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