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Abstract: In this work, in situ synchrotron X-ray diffraction reciprocal space mapping (RSM)
measurements were carried out for the radio-frequency plasma-assisted molecular beam epitaxy
(RF-MBE) growth of GaInN on GaN and InN layers, which were also grown by RF-MBE on
commercialized GaN/c-sapphire templates. In situ XRD RSM measurements were performed using
an MBE apparatus directly coupled to an X-ray diffractometer at the beamline of the synchrotron
radiation facility SPring-8. It was observed in situ that both lattice relaxation and compositional
pulling occurred during the initial growth stage, reducing the strain of GaInN on GaN and InN.
Different initial growth behaviors of GaInN on GaN and InN were also observed from the results of
the evolution of GaInN integrated peak intensities.
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1. Introduction

Nitride-based red light-emitting diodes (LEDs) have been desired for the fabrication of
nitride-based monolithic µ-LED displays providing the three primary colors of light. [1] Nitride-based
red laser diodes (LDs) have also been desired to improve the poor temperature characteristics of
AlGaInP-based LDs in order to fabricate laser displays [2].

In current nitride-based light emitters involving LEDs and LDs, a GaN-based matrix structure with
GaInN quantum wells (QWs) has been used. With increasing the In content of GaInN in QWs in this
structure, however, the increase in the spatial separation between electrons and holes and the plastic
relaxation become serious problems that cannot be ignored. The former is owing to the enhancement
of the quantum-confined Stark effect (QCSE) [3] due to a higher piezoelectric polarization. The latter is
caused by the large lattice mismatch. On the other hand, a GaxIn1−xN-based matrix structure with
GayIn1−yN QWs (x < y) is expected to suppress the spatial separation between electrons and holes and
the plastic relaxation in QWs.

Molecular beam epitaxy (MBE) has a major advantage for the growth of GaInN, especially for that
with a high In content of over 20%, as it enables low-temperature growth compared with metal–organic
chemical vapor deposition (MOCVD) and halide vapor deposition (HVPE). The growth of GaInN by
MBE has been widely studied [4–11]. Owing to the elucidation of the optimum growth conditions [12]
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and the development of growth technology such as metal-modulated epitaxy (MME) [13,14] and droplet
elimination radical beam epitaxy (DERI) [15,16], the crystal quality of GaInN films has been improved.

However, serious problems still exist. For example, GaInN films must be grown on foreign
substrates such as GaN/sapphire templates because of the lack of GaInN bulk substrates. Hence, when
attempting to obtain high-quality GaInN templates grown on foreign substrates from the view point
of configuring a GaInN matrix, it is important to know how to control strain relaxation and how to
reduce the number of crystal defects generated by strain relaxation. GaInN films epitaxially grown
on foreign substrates by MBE have been evaluated using ex situ X-ray diffraction and transmission
electron microscopy (TEM) [12,17–22] in addition to in situ reflection high-energy electron diffraction
(RHEED) measurements [4,20]. A few papers are available on the MOCVD growth of GaInN studied
using in situ XRD [23,24] and X-ray reflectivity [25].

The strain state in a GaxIn1−xN-based matrix structure is induced in the growth of not only
GaxIn1−xN on a foreign substrate but also GayIn1−yN on GaxIn1−xN (under compressive strain) and
GaxIn1−xN on GayIn1−yN (under tensile strain) in QWs. Understanding of the growth mechanisms
including strain relaxation is essential owing to the large lattice mismatch in a GaInN system which
includes binary materials of GaN and InN.

In this study, in situ synchrotron XRD reciprocal space mapping (RSM) measurements were
carried out for the radio-frequency plasma-assisted MBE (RF-MBE) growth of GaInN on GaN and InN.

2. Experimental Procedure

In situ XRD RSM measurements were performed using the MBE apparatus directly coupled
to an X-ray diffractometer (Kohzu Precision Co., Ltd., Kawasaki, Japan) at beamline BL11XU of the
synchrotron radiation facility SPring-8 (Hyogo, Japan) [26–28]. GaInN films were grown on GaN and
InN. Commercialized HVPE-grown (0001)GaN templates with a thickness of 4.5 µm on c-sapphire
templates (MTI corporation, Richmond, CA, USA) were used as substrates. Before the growth of GaInN,
15-nm-thick GaN layers were first grown at 650 ◦C to avoid the influence of the surface oxidation layer
of the templates. In the case of GaInN growth on InN, a 15-nm-thick InN layer was additionally grown
at 450 ◦C on the MBE-grown GaN layers. Of note is that this InN layer was completely relaxed from
GaN. Then, GaInN films were grown both on GaN and InN layers at the same temperature of 450 ◦C,
which is low enough to be able to ignore the thermal decomposition of InN during the growth of
GaInN. The V/III ratio during the growth of GaInN was set to be less than 1 (a metal-rich condition).
The solid In content of GaInN expected from the flux ratio between Ga and nitrogen radicals (N*) [16]
was about 55%. It is additionally worth noting that only In was supplied to the surface before the
growth of GaInN. This amount of In was sufficient to cover the surface with a thickness of more
than 2 monolayers (MLs), ensuring a metal-rich growth condition even in the first growth layer [16].
The nominal growth rate of GaInN was approximately 0.08 ML/s, which was estimated from the flux
of N*.

The energy of the incident X-rays was 20 keV and the beam size was 0.1 mm × 0.1 mm.
The diffracted X-ray signals from the samples were collected by a two-dimensional X-ray detector
(PILATUS 100K) (DECTRIS Ltd., Baden, Switzerland). The two-dimensional (H [10–10] – L [0001]
coordinate in Miller indices) RSM around the 10–11 diffraction peak was measured by adjusting the
sample orientation and the detector position. An RSM image was taken every 7 s, that is, GaInN with a
thickness of less than 1 ML was grown in one scan.

3. Results and Discussion

Figure 1 shows the RSMs during the growth of GaInN on GaN and InN taken after growth times of
98 s, 301 s, and 602 s as examples. The peak position was determined using a two-dimensional Gaussian
fit. Figure 2 shows the evolution of the position of the 10–11 diffraction peak of the GaInN layer during
the growth on GaN and InN. When the growth started, GaInN diffraction patterns extending in the
L-coordinate direction appeared, as can be seen in Figure 1a,d. On GaN, the diffraction pattern was
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confirmed to have a clear peak after the growth for approximately 140 s. After the appearance of
the GaInN peak, the peak positions on both H and L were shifted in a direction away from the peak
position of GaN. After growth for 300–500 s, the diffraction position on H was shifted further away
from the GaN peak position, while that on L was conversely shifted toward the GaN peak position.
On InN, the diffraction pattern was confirmed to show a clear peak after growth for approximately
160 s. After the appearance of the GaInN peak, the peak positions on both H and L were shifted in
a direction away from the peak position of InN. After growth for 200–400 s, the diffraction position
on H was shifted further away from the InN peak position, while that on L was conversely shifted
toward the GaN peak position. These results indicate that both the In content and the relaxation ratio
of GaInN were continuously changing during growth.
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The In content and relaxation ratio were estimated from the peak position of GaInN shown in
Figure 2. Under biaxial stress, the relationship between the lattice constants along the c-axis and
a-axis [17] is represented by

c(GaInN) − c0(GaInN)

c0(GaInN)
= −2

c13

c33
·

a(GaInN) − a0(GaInN)

a0(GaInN)
(1)

Here, c and a are the measured lattice parameters obtained from RSMs, c0 and a0 are the calculated
lattice constants, and c13 and c33 are the elastic constants. The relaxation ratios of GaInN on GaN and
on InN are respectively defined as

RGaInN/GaN =
a(GaInN) − aGaN

a0(GaInN) − aGaN
(2)

RGaInN/InN =
a(InN) − a(GaInN)

a(InN) − a0(GaInN)
(3)

In both Equations (2) and (3), R = 0 and R = 1 indicate a fully strained state and a fully relaxed
state, respectively. The calculation of the lattice and elastic constants of GaN and InN utilized the
values shown in Table 1 [29–31], which are referred to as the values at the growth temperature of
450 ◦C. The calculated lattice and elastic constants of GaInN with different In contents are given by
Vegard’s law.

Table 1. Lattice and elastic constants of GaN and InN at a growth temperature of 450 ◦C used in the
calculations in this study.

Materials a [Å] c [Å] c13 [GPa] c33 [GPa]

GaN 3.191 [29] 5.188 [29] 97 [30] 381 [30]
InN 3.540 [31] 5.705 [31] 90 [31] 218 [31]

Figure 3 shows the evolution of the In content and the relaxation ratio of GaInN during the growth
on GaN and InN. From the evolution of the relaxation ratio (Figure 3c,d), GaInN was found to gradually
relax during this initial growth stage in both GaN and InN. Regarding the evolution of the In content
in Figure 3a,b, for the first 300–400 s of the growth of GaInN, the In content increased and decreased
on GaN and InN, respectively. After that, the content was almost constant at about 55%, which was
the value expected from the supplied ratio under our metal-rich growth condition. These results can
be explained by the fact that not only lattice relaxation but also compositional pulling [17,20,32,33]
took place at the initial growth stage as a means of reducing the strain of GaInN on GaN (under
compressive strain) and InN (under tensile strain). The well-known compositional pulling, observed
by ex situ XRD measurements using GaInN samples grown with different thicknesses on GaN [17,20],
was clearly observed throughout this in situ measurement. This result in the growth on GaN was
in good agreement with the previous research results [17,20]. The In incorporation into GaInN is
restricted to match the lattice of GaN. The observation of compositional pulling in the GaInN growth
on InN has been observed for the first time, as far as the authors know. In the case, the In incorporation
into GaInN is enhanced to match the lattice of InN.
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Figure 4 shows the evolution of the integrated intensity of the GaInN 10–11 peaks during the
growth on GaN and InN. A slow increase in the integrated intensity was observed in the initial growth
stage on GaN. In the initial growth stage on InN, an almost constant increase in the integrated intensity
was observed. Thus, different initial growth behaviors of GaInN on GaN and InN were observed. It can
be concluded from these results that the growth rates on GaN and InN are different in the initial growth
stage, since the slope of the change in the integrated intensity of the GaInN diffraction peak is related to
the growth rate. The different transitions of the growth rate in the initial growth stage may be related
to the different nucleation mechanisms, which are affected by factors such as surface stress, surface
reconstruction, and surface instability of InN (e.g., interdiffusion into InN). During GaInN growth on
InN under this condition, the integrated intensity of the InN 10-11 peak is almost constant. This means
that the bulk InN underlayer is stable during the growth of GaInN. Although the surface instability
of InN may affect to the nucleation of GaInN in the initial growth stage, the compositional gradient
due to compositional pulling, which is appeared at the first 300 s of the growth of GaInN shown in
Figure 3b, can be discussed independently. The detailed mechanism underlying the difference in the
initial growth rate on GaN and InN is still under discussion. In order to discuss these strain relaxation
processes quantitatively based on the conventional kinetic model [34], additional parameters regarding
the pulling effect and nucleation process would be needed to be taken into account.
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4. Conclusions

In this work, the initial growth stages in the RF-MBE growth of GaInN on GaN and InN were
observed using in situ synchrotron XRD RSM. It was observed in situ that both lattice relaxation
and compositional pulling occurred during the initial growth stage, reducing the strain of GaInN
on GaN and InN. Different initial growth behavior of GaInN on GaN and InN were also observed.
These phenomena should also occur in the cases of high-In-content GaInN on low-In-content GaInN
and low-In-content GaInN on high-In-content GaInN. The development of growth technology to
control lattice relaxation, compositional pulling, and gradual change in the growth rate in the initial
heteroepitaxial growth stage, as observed in this study, is necessary to fabricate high-quality GaInN
matrix structures comprising a GaInN template and GaInN/GaInN QWs.
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