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Abstract: The growth of high-quality indium (In)-rich InyGa;_xN alloys is technologically important for
applications to attain highly efficient green light-emitting diodes and solar cells. However, phase separation and
composition modulation in In-rich InyGa; N alloys are inevitable phenomena that degrade the crystal quality
of In-rich InyGa,_xN layers. Composition modulations were observed in the In-rich InyGa,_xN layers with
various In compositions. The In composition modulation in the InyGa, _xN alloys formed in samples with In
compositions exceeding 47%. The misfit strain between the InGaN layer and the GaN buffer retarded the
composition modulation, which resulted in the formation of modulated regions 100 nm above the Ing s;Gag 33N/
GaN interface. The composition modulations were formed on the specific crystallographic planes of both the

{0001} and {0114} planes of InGaN.
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INTRODUCTION

[I-nitride-based alloy materials have attracted attention for
use in solar cell applications in addition to their optical
device applications. InyGa,_xN alloy materials are espe-
cially well used in GaN-based blue and white light-emitting
diodes. However, few studies have focused on the solar cell
applications of this alloy (Jani et al., 2007). To produce
feasible solar cells with solar conversion efficiencies >50%,
the materials used should have a band gap of about 2.4 €V.
The band gap of InN was recently discovered to be 0.7 eV
(Wu et al., 2002) as opposed to the previously believed
1.9 eV (Yodo et al., 2002). Considering the band gap energy
of GaN is 3.4 eV, the band gap of a InyGa,_xN material
system covers nearly the entire solar spectrum (0.7-3.4 €V),
thus enabling the design of multijunction solar cell struc-
tures with nearly the ideal band gap for maximum effi-
ciency. However, many challenges still need to be overcome.

A major challenge is the epitaxic growth of high-
quality single crystalline InyGa,_xN alloys with entire in-
dium (In) composition. In-rich InyGa,_xN layers are not
easily grown compared with gallium (Ga)-rich InyGa,_xN
layers because of the low dissociation temperature of InN.
In addition, composition modulation or phase separation,
such as multiphase InGaN (El-Masry et al., 1998), In metal
clusters or droplets (Zhu et al., 2007), and InN formation
(Doppalapudi et al., 1998), could occur because of the low
miscibility between InN and GaN (Ho & Stringfellow, 1996).
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The large differences in the lattice parameters of GaN and
InN, in the covalent radii of Ga and In, as well as in the
formation enthalpy of GaN and InN, produce the large
miscibility gap in the phase diagram of GaN and InN (Ho &
Stringfellow, 1996). In this study, we characterized the mi-
crostructure of InyGa,_yxN layers with various In composi-
tions under transmission electron microscopy, including the
modulation of their In compositions.

MATERIALS AND METHODS

The InyGa,_xN layers grown with various In compositions
were prepared on (0001) c-plane sapphire substrates using
plasma-assisted molecular beam epitaxy (PAMBE). After
substrate cleaning (Lee et al.,, 2010), the substrates were
introduced into a PAMBE system. Thermal cleaning of the
substrates was carried out at 850°C for 60 min in the
growth chamber, and then the substrates were exposed to
nitrogen plasma with a radiofrequency (RF) power of 250 W
at a flux rate of 0.8 sccm for 5 min, which converts the
sapphire surface into an AIN nucleation layer (Moustakas &
Molnar, 1993). Subsequently, a thin GaN buffer layer was
grown at 770°C. During the growth of GaN buffer layer, the
Ga beam equivalent pressure (BEP) was set to 1.1 X 1077
torr, and a nitrogen plasma was maintained at a flux rate of
0.8 sccm with an RF power of 250 W. InyGa,_xN layers
about 500-nm thick were grown on the GaN bulffer layer at
500°C, with the Ga flux corresponding to 1.1 X 1077 torr
BEP. In fluxes were changed to BEPs of 0.6, 1.6, 3.5, and
7.1 X 1077 torr to grow InyGa, _xN with various In contents.
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High-resolution X-ray diffraction (HRXRD) was used to
confirm the existence of the phase separation phenomenon
using 6-26 measurements. The microscopic structure was
characterized under transmission electron microscopy (TEM;
JEOL JEM 3010, operated at 300 kV) and aberration-
corrected scanning transmission electron microscopy (STEM;
JEM-ARM200F, operated at 200 kV) with a probe size of
0.5 nm. X-ray energy-dispersive spectroscopy (EDS) was uti-
lized to observe composition changes.

REsuLTs AND DiscussioN

The HRXRD in the 6-20 scans (not shown) was used to
determine the In composition of the InyGa,_yN layers and
to visualize the formation of the secondary phase, such as In
metal, InN, multiphase InGaN, and an ordered structure.
The In composition of InGaN was determined by the InGaN
(0002) peak position using Vegard’s Law. The determined In
compositions of the InyGa,; _xN layers were 11% (at an In
BEP of 0.6 X 10~ 7 torr), 33% (at a BEP of 1.6 X 107 torr),
47% (at a BEP of 3.5 X 10~ 7 torr), and 67% (at a BEP of
7.1 X 1077 torr). All of the samples had no phase separated
InN, In metal, and multiphase InGaN phase. However, the
InGaN layers with In compositions of 47 and 67% showed
additional satellite reflections around the InGaN (0002) peak
(not shown). Such satellite reflections indicate that the In-
GaN layer has a superlattice-like inner structure (Moram &
Vickers, 2009) caused by composition modulation, as shown
in the TEM micrographs in Figures 1c and 1d.

Figure 1 shows a bright-field TEM micrograph of the
InyGa,_xN layers with In compositions (a) 11%, (b) 33%,
(c) 47%, and (d) 67%. In Figure 1, the black arrow indicates
the interface between the InGaN layer and the GaN buffer
layer. Black and white fringes were observed in Figures 1c
and 1d. These fringes formed through the composition
modulation of In and Ga. The contrasts of the modulation
are very clear for the sample with the higher In composition
(Ing 6;Gag 33N) compared with that of the Ing 4,Gag 53N sam-
ple. In addition, the thickness of the modulated layer is
decreased as In composition increased. The reason for this
is not clear at current status.

The generated lattice misfit between InGaN and GaN
produces the strain within the InGaN layers, and contributes
to the formation of the InGaN region without the composi-
tion modulations (Singh et al., 1997). As shown in the TEM
micrograph (Fig. 1d), the modulations formed 100 nm above
the InGaN/GaN interface and were not formed in the very
initial growth region of InGaN, which implied that the mis-
fit strain was large enough to prevent the composition mod-
ulation during the initial growth of InGaN. Also, a width
from the InGaN/GaN interface to the modulation-starting
point is roughly increased as increasing the In concentration
as marked by the white vertical arrows in Figures 1c and 1d.
It is caused by the increased misfit strain with the increased
In composition, which retards the modulating phenomena.

Figure 2 shows a high-angle annular dark-field (HAADF)
STEM micrograph and EDS line scan spectra from the

Figure 1. Bright-field transmission electron microscopy micro-
graph of the InyGa,_xN layers with (a) 11%, (b) 33%, (c) 47%,
and (d) 67% indium content. Horizontal black arrows indicate the
positions of InGaN/GaN interface and white vertical arrows indi-
cate the average height without modulation above the InGaN/GaN
interface.

composition-modulated region of the Ing¢,Gag 33N sample
(Fig. 1d). From the EDS line scan spectra shown in Fig-
ure 2b, a simultaneous increase in In and decrease in Ga was
observed across the black and white regions. The black and
white contrasts in Figures 1 and 2 were clearly caused by
composition modulation. The darker regions in the bright-
field TEM micrograph (Fig. 1d) and the brighter regions in
the HAADF-STEM micrograph (Fig. 2a) correspond to re-
gions with high In content. The In concentration of the
highly In segregated regions is about 80% compared with
60% for the remaining regions.
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Figure 2. a: HAADF-STEM micrograph, and (b) EDS line spectra
of the composition modulated region in the Ing4,Gag 33N sample.
HAADF, high-angle annular dark-field; STEM, scanning transmis-
sion electron microscopy; EDS, energy-dispersive spectroscopy.
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Figure 3. High-resolution transmission electron microscopy mi-
crograph of the composition modulation within the Ings;Gag 33N
layer. a: Typical distribution of composition modulation on c-planes,
and the corresponding fast Fourier transform (FFT) image in (b).
The inset image in (b) is the magnified 0001 (encircled) spot.
c: Some areas have composition modulations on the {0114} planes,
and the corresponding FFT image is in (d). The inset image in (d)
is the magnified 0001 (encircled) spot.

Figure 3 shows the high-resolution TEM (HRTEM)
micrographs of the composition-modulated regions in the
Ing 6;Gag 33N sample (Figs. 3a, 3¢) and the digital diffraction
patterns obtained using fast Fourier transform (FFT). The
In atoms were segregated mainly on the ¢ planes and on the
planes inclined to the c-axis by about 65°. Figure 3a shows
the composition modulations formed on the ¢ planes, and
the corresponding FFT image is shown in Figure 3b. In
addition, Figure 3c shows the composition modulations
formed on the planes inclined to the c-axis, and Figure 3d
shows the corresponding FFT image. Each diffraction spot
from the InGaN layer should be surrounded by extra diffrac-

tion spots for composition modulation because of the
changes in lattice parameter and scattering coefficient. As
shown in Figures 3b and 3d, satellite spots formed along the
(0001) (Fig. 3b) and (0114) directions (Fig. 3d), which
implies that the composition modulations formed mainly
on the {0001} and {0114} planes. The {0001} planes are
dominant planes rather than {0114} planes. However, other
segregation planes except {0001} and {0114} planes were not
observed. The modulated planes were not strict in the
InGaN layer compared with other III-V compound semi-
conductors. For InGaP, InGaAsP (Henoc et al., 1982; Ueda
et al., 1984), and InAlAs (Jun et al., 1996), the composition
modulations formed along the (100) direction. The exact
mechanism of composition modulation and the planes where
the elements segregate are still unknown. As observed in
Figure 1d, the InGaN layer shows that the columnar struc-
ture and alignment of the composition-modulated sublay-
ers were changed across the column boundary. Given that
the columnar-grown InGaN layer is affected by the morphol-
ogy of the GaN buffer layer, the bumpy surface of the buffer
layer may have affected the crystallographic planes on which
the elements were segregated.

CONCLUSIONS

We studied the composition modulation phenomena in
InyGa,_xN layers grown by PAMBE with different In com-
positions. The InyGa, _xN layers with In compositions >47%
showed periodic composition modulations. Bright-field TEM
and HAADF-STEM micrographs clearly revealed black and
white contrasts caused by the different In compositions in
the modulated regions. The EDS line scan spectra showed a
simultaneous increase in In and decrease in Ga across the
composition-modulated sublayers. The misfit strain between
the InGaN layer and the GaN buffer layer retarded the com-
position modulation, which resulted in the appearance of
the modulated regions 100 nm above the In, ¢;Gag 33N/GaN
interface. Detailed HRTEM studies revealed that the compo-
sition modulations were formed on the specific crystallo-
graphic planes of both {0001} and {0114} planes.
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