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Abstract

The high-quality InN epifilms and InN microdisks have been grown with InGaN buf-
fer layers at low temperatures by plasma-assisted molecular beam epitaxy. The samples
were analyzed using X-ray diffraction, scanning electron microscopy, high-resolution
transmission electron microscopy, and photoluminescence. The characteristics of the InN
epifilms and InN microdisks were studied, and the role of InGaN buffer was evaluated.

Keywords: InN microdisk, InGaN buffer, Molecular beam epitaxy

1. Introduction

[I-Nitride semiconductor compounds have been extensively studied for applications in opto-
electronic devices, such as solar cells and light emitting diodes (LEDs) [1-5]. The wide direct
band-gap gallium nitride (GaN) and aluminum nitride (AIN) compounds, with energy gaps
covering the ultraviolet spectrum, are the dominant materials for solid-state lighting devices
and have been well studied to date. The molecular beam epitaxy (MBE) technique can be used
to grow a thin epifilm in an ultrahigh vacuum (~107" torr) and low temperature condition [6].
Under such conditions, materials in the effusion cells of the MBE system are heated and they
move toward the substrate to form epitaxial high purity films. The low-temperature condition
is crucial to grow the compounds with a low volatilized temperature (such as In atom, 650°C).
Because of the improvement of InN films grown by MBE, the direct band-gap of the indium
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nitride (InN) compound was demonstrated with the value of 0.64 eV rather than 1.9 eV [7, 8].
This important finding indicated that one can tune the band-gap energy to achieve the full-
color spectrum (red, green, and blue) devices by changing the III-group alloy ratio without
any phosphor. Besides, InN is a high potential material in optoelectronic applications due to its
outstanding material properties, such as the smallest effective mass, the highest peak and satu-
ration electron drift velocity, and the largest mobility among the nitride semiconductors [9, 10].

On the other hand, the development of the full-color spectrum micron LED is very important
for the high-resolution display. The general method to fabricate micron LED is etching process
to reach micro scale. However, it is not easy to downsize to 1-10 um by etching process. In
order to fabricate micron LED, a suitable micron growth base is the top priority. In recent years,
the growth and characteristics of InN nanowire on Si (1 0 0) by the vapor-liquid-solid mecha-
nism and on Si (1 1 1) by plasma-assisted molecular beam epitaxy (PA-MBE) were reported
[11-13]. The wire diameter was less than 100 nm. In our previous work, we have grown the
high-quality self-assembled c-plane GaN (000 17) hexagonal microdisks with a diameter of 4
um on y-LiAlO, (LAO) substrates. The diameter of microdisk can be adjusted to optimize the
quantum effect for nanodevice applications [5]. Besides, we developed a back process to fabri-
cate an electrical contact for the GaN hexagonal microdisk on a transparent p-type GaN tem-
plate [14]. Consequently, the InN microdisk provides an opportunity to fabricate the InGalN/
GaN microdisk quantum well for the application of full-color micron LED without the sap-
phire substrate, which is mostly used for the bulk GaN-based quantum wells in commercial
LEDs but has a large lattice mismatch with InN [1, 2]. In this chapter, we will show the growth
of InN (000 17) hexagonal thin wurtzite microdisks on the y-LAO substrate by PA-MBE.

2. High-quality InN epifilms

2.1. InGaN buffer layer

When engineering the band structure of IlI-nitrides, it is difficult to grow high-quality InN
thin film due to the low decomposition temperature of InN (<600°C) and the large lattice mis-
match between InN and common substrates (e.g., sapphire or silicon) [15]. Therefore, deter-
mining an appropriate substrate for the growth of high-quality InN film is one of the main
issues in the fabrication of full-color optoelectronic devices. The lattice mismatch between
InN (a = 0.3537 and ¢ = 0.5704 nm) and sapphire (a = 0.4785 and ¢ = 1.2991 nm) on the c-plane
is about 26.1%.

The initial methods prior to InN growth, including substrate nitridation and buffer layer
deposition, have very important effects on the growth of high-quality InN films with a flat
surface on a sapphire substrate. Xiao et al. grew InN films with 20 min nitridation and a low-
temperature InN (LT-InN) buffer layer. By X-ray diffraction (XRD) and room temperature
photoluminescence (PL) analyses, it was found that these InN films grown with LT-InN buffer
layer have better quality than those without LT-InN buffer layer [16].

Meanwhile, Saito et al. reported the growth of InN films on sapphire with 1 hour nitrida-
tion and low-temperature intermediate InN buffer layers, and they found that the growth
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of thicker InN with a uniform surface was very difficult without intermediate layers and the
electron mobility was improved by improvement of surface flatness [17]. Besides, Lu et al.
studied the effect of an AIN buffer layer on the epitaxial growth of InN on the sapphire
substrate by MBE and found that by using the AIN buffer layer, the structural and electri-
cal properties of InN could be greatly improved. It was also found that a thicker AIN buffer
layer was preferred when growing the InN epilayer, which could lead to better electrical
properties and surface morphology [18]. From these studies, we can find that it is help-
ful to improve the quality of InN thin films by introducing an appropriate buffer layer.
In general, a thick GaN film (>4 um) can be grown on sapphire substrate (0 0 0 1) to form
a GaN template. In this chapter, we will show firstly the high-quality epitaxial growth of
InN epifilms on GaN template with an appropriate InGaN buffer layer by PA-MBE system.
We designed a series of samples to study the effect of InGaN buffer layer with growth-
temperature dependence.

2.2. Growth of InN epifilms

Four samples were grown on 2 inch c-plane (0 0 0 1) Si-doped GaN/sapphire template sub-
strates that consisted of 3.5 um intrinsic GaN, 65 nm Si-doped AlGaN and 2 um Si-doped
GaN were grown by metal-organic chemical vapor deposition (MOCVD). The InN thin film
was grown on the InGaN buffer layer by the PA-MBE system (Veeco Applied-GEN 930) with
standard effusion cells for In- and Ga-evaporation and an rf-plasma cell with 450 W for the
N,-plasma source. Before mounting on a holder, the template substrates were cleaned with
acetone (5 min), isopropanol (5 min), and de-ionized water (5 min) in an ultrasonic bath, and
then dried with nitrogen gas immediately. After the chemical cleaning, the substrates were
out-gassed at 750°C for 10 min in the MBE chamber before epitaxial growth. The temperature
was defined by a thermal couple equipped at the backside of the substrates. Thereafter, the
substrate temperature was decreased down to growth temperatures. The epitaxial growth of
GaN was performed on the GaN template at 700°C with a flux ratio N/Ga = 42.9 represented
by beam equivalent pressure (BEP) of evaporative III-group sources from standard effusion
cell against that of N, source from rf-plasma cell [19] and the duration time of the epitaxial
growth for all samples was 10 min. Thereafter, the substrate temperature was ramped to
growth temperatures with a flux ratio In/Ga = 2.0, and the duration time of the InGaN buffer
layer for all samples was 10 min. Four samples were grown under varied temperatures of
InGaN buffer layers: 500, 540, 570, and 600°C. Finally, the substrate temperature was ramped
down to growth temperature at 410°C with a flux ratio N/In = 40.0 and the duration time of
the InN for all samples was 10 min to grow the InN epifilms.

2.3. Analysis of InN epifilms

The in situ reflection high-energy electron diffraction (RHEED) was used to monitor the
growth of InN epifilms with 15 kV and 14 mA. The structural properties and crystalline pre-
ferred orientations were characterized by an X-ray diffractometer (Bede D1) and a field emis-
sion transmission electron microscope (FE-TEM; Phillips Tecnai F-20) with an electron voltage
of 200 kV. The cross-sectional TEM specimens were prepared by a focus ion beam (FIB; Seiko
SII-3050). The FIB was performed with accelerated voltage of 30 kV to cut the samples roughly
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and then refined the sample further by accelerated voltage of 5 kV. The surface morphology
was evaluated by the field emission scanning electron microscope (FE-SEM; Seiko SII-3050)
and the atomic force microscope (AFM; Dimension 3100). AFM images were taken with tap-
ping mode by silicon probe and the scanning data were characterized by software NanoScope
(R) III (Digital Instruments, version 5.12r2). The photoluminescence (PL) measurement was
carried out by Ti:sapphire laser (Traix-320) with a light source from 808-nm laser and 208 mW
power from room temperature (300 K) to 14 K to investigate the optical emission properties
of the InN epifilms.

The crystal structure of all samples was characterized by XRD measurements. Figure 1
shows the XRD results of all samples and indicates that c-plane InN epifilms were epitaxi-
ally grown on GaN templates. From the peaks of X-ray diffraction pattern at 20 = 32.84°,
33.13° 33.15° and 33.76°, we estimated the content of indium of In Ga,_ N on the basis of
Vegard’s law to be about 52, 43, 42, and 23%, respectively [20]. The peaks at 20 = 31.22°,
32.97°, 34.57°, and 34.82° were corresponding to the X-ray diffraction patterns from c-plane
InN(0002),In(101), GaN (000 2), and Si-doped AlGaN (0 0 0 2), respectively. These peak
positions for the X-ray diffraction patterns were obtained by software Quick Graph (version
2.0) with the Asymmetric Double Sigmoidal linear curve fitting. We can observe that the
peak of In Ga, N shifts from left to right with the increasing growth-temperature of the
InGaN buffer layer. This shows that the content of indium decreases with the increasing
growth temperature, and the diffraction of Indium was observed corresponds to In droplet
on the surface of sample 3. In order to eliminate the influence of In drops in further mea-
surements, the acid treatment (H,PO,:HNO,:CH,COOH:H,O = 50:2:10:9) was employed for
sample 3 to remove the In drops on the surface. As compared to other samples, the inter-
ference fringes of InN grown on sample 1 exhibit prominent oscillations. Qualitatively, it
shows that sample 1 is a very high-quality and layer-by-layer epitaxial growth InN epifilm.
Figure 2(a and b) shows the rocking curve and full-width at half maximum (FWHM) values
of the plane of InN (0 0 0 2) and In Ga, N (0 0 0 2), respectively. The FWHM values of the
plane of InN (00 0 2) grown on samples 1, 2, 3, and 4 are 435.7, 651.5, 682.6, and 777.1 arc-sec,

Intensity (arb. unit)

10%

b0 31 32 3 34 35 36 37
2Theta-Omega (deg.)

Figure 1. The X-ray 2 Theta-Omega scans of growing samples.



Growth and Characteristics of High-quality InN by Plasma-Assisted Molecular Beam Epitaxy 307
http://dx.doi.org/10.5772/65812

B InN

o0
=
(=]

P —— sample
6000 | B ) sample 2|7
= R S —— sample 3|1
= 400t ™
4500z "] # —— sample 4/
= 510 540 570 600

" Growth temperature ("C)

| * . InN(0002) |

Intensity (c.p.s.)

0 : : \ R . -

1200 — - " T T /]
—— sample 1

sample 2|1

900 —— sample 3|-

—— sample 4|

\ InGaN(0002) |

-1500 -1000 -500 0 500 1000 1500
Omega Rel (arc-sec)

Intensity (c.p.s.)

Figure 2. (a) Rocking curve of the plane of InN (0 0 0 2). (b) Rocking curve of the plane of In Ga, N (0 0 0 2). The inset is
the FWHM value vs. the growth temperature.

respectively. The FWHM values of the plane of In Ga, N (0 0 0 2) grown on sample 1, 2, 3,
and 4 are 359.6, 541.6, 513.7, and 523.8 arc-sec, respectively. It reveals that the intensity value
of the plane of InN (0 0 0 2) grown on sample increases and the FWHM value of the plane of
InN (0 0 0 2) grown on sample decreases with the decreasing growth temperature of InGaN
grown on sample. Therefore, the maximum intensity and minimum FWHM value of the
plane of InN (0 0 0 2) grown on sample 1 from Figure 2(a) is obtained, which shows that it
is helpful to grow high-crystal quality InN epifilms by decreasing the growth temperature
of the InGaN bulffer layer and the growth parameter of sample 1 is suitable to grow a high-
quality InN epifilm.

Figure 3(a—d) shows the surface morphology of c-plane (0 0 0 2) InN grown on samples 1, 2,
3, and 4, respectively, obtained by SEM (SII-3050). By comparing the RHEED patterns of InN
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grown on samples 1, 2, 3, and 4 along with [1 170 0] InN, we found that the RHEED pattern of
sample 1 is streaky but others are spotty patterns, indicating that the growth mode of InN on
sample 1 was established by the two-dimensional (2D) Frank-van der Merwe epitaxial growth
mode. As compared to the XRD results of InN grown on sample 1 with prominent oscilla-
tions, sample 1 is a high-quality and layer-by-layer epitaxial 2D-growth sample. From SEM
analysis, we observed the flatness of c-plane InN epifilm was getting smoother from sample 4
to sample 1 except for sample 3 because of the In drops left on the surface. The surface mor-
phology of samples 1, 2, 3, and 4 were also analyzed by AFM with the root-mean-square
(RMS) roughness, as shown in Figure 4. The RMS values of samples 1, 2, 3, and 4 are 0.636,
1.537, 9.821, and 1.910 nm, respectively. It shows that the surface of sample 1 is the flattest
surface morphology in the samples, and supports the conclusion of XRD, RHEED, and SEM
analyses. It also indicates that it is helpful to grow flat InN epifilms by decreasing the growth

Figure 3. SEM images of c-plane InN thin films grown on (a) sample 1, (b) sample 2, (c) sample 3 and (d) sample 4. The
scale bar is 1 pm.
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temperature of InGaN buffer layer and the growth parameter of sample 1 offers a better con-
dition to grow flat InN epifilms. Sample 1 was then studied in more detail.

Figure 5 shows that PL spectra of sample 1 for different temperatures. The PL measurements
were carried out by Ti:sapphire laser (Traix-320) with a light source from 808-nm laser and
208 mW power from 300 to 14 K. When the temperature was changed from 300 to 14 K, the
position of major peak shifted from 0.698 to 0.703 eV, in good agreement with the recent data
(~0.7 eV) [7, 8]. The intensity of major peak also increased. The major peaks measured at dif-
ferent temperatures were confirmed by a multipeak Gaussian-function curve fitting with the
software Origin (Pro. 8.0). The result of the multipeak Gaussian-function curve fitting showed
that the major peak was composed by three peaks and all the peak centers shifted to higher
energy when the temperature was changed from 300 to 14 K. Among three fitting peaks, only
one peak can be described by Varshni’s equation [21]:

aT?

E (T)=E,(0 “T+p

(a) RMS:0.636nm | [(b) RMS:1.537 nm

(C) RMS :9:82Lam

.

Figure 4. AFM images of surface of growing samples by 5 x 5 um? scan: (a) sample 1, (b) sample 2, (c) sample 3, and (d)
sample 4. The scale bar is 100 nm
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Figure 5. The PL spectra taken at different temperatures. The inset is PL peak energy as a function of temperature.
The uncertainty of PL peak position is the result of the multipeak Gaussian-function curve fitting. The red curve is the
theoretical fitting to Varshni’s equation.

In the inset of Figure 5, the theoretical fitting to Varshni’s equation is obtained with E (0) =
0.681 eV, a=0.18 meV/K and 3 = 416 K. As compared to E (0) = 0.69 eV, a = 0.41 meV/K and
=454 K from Wu et al. [8], we find that the values of Eg(O) and 3 are consistent with the
results of Wu et al., within the variation of (3. The value of 3, Debye temperature at 0 K, is in
the range from 370 to 650 K for hexagonal InN, estimated by Davydov et al. [22]. However,
the different values of a, the Varshni thermal coefficient, might be due to the different InN
thicknesses of the sample used in this study. The other two peaks were nearly independent of
temperature, and attributed to the defect levels.

The cross-sectional TEM specimen of sample 1 was prepared by a dual-beam focus ion beam
(Seiko SII-3050), with the cleavage plane along the [11” 0 0] direction on the c-plane InN (0 0
0 1) and carbon was used as a preservation layer to avoid the damage from the Ga-ion beam
during the preparation. The microstructure of sample 1 was analyzed by the field emission
transmission electron microscope (FE-TEM; Phillips Tecnai F-20) with an electron voltage of
200 kV. From the TEM bright field image with [1 12~ 0] zone axis in Figure 6(a), we deduced
the selective area diffraction (SAD) pattern for sample 1, as shown in Figure 6(b). It shows
three distinguishing rectangular diffraction spots in the SAD pattern, indicating that sample
1 was formed by the high-quality GaN, InGaN buffer layer and InN crystals. All of the spots
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are very clear and with no distortion. It shows that there are few stacking-faults in sample 1.
The d-spacing of {0 0 0 1} and {[1 17 00]} planes of GaN were measured to be (d,,, = 0.5109
nm and d11700=0.2753 nm). The d-spacing of {0 0 0 1} and {[1 1" 0 0]} planes of InGaN were
measured to be (d,,,, = 0.5371 nm and d1 1 00=0.2821 nm). The d-spacing of {0 0 0 1} and
{{11700]} planes of InN were measured to be (d,,, =0.5634 nm and d1 1~ 0 0=0.3043 nm). This
indicates that the In content of In Ga, N in Sample 1 is, about 50% determined from these
d,,,, data, which is consistent with the XRD analysis. The scanning transmission electron
microscope (STEM) measurement will show the high contract images among GaN, InGaN,
and InN layers. We show the STEM result for sample 1 in Figure 6(c). It clearly exhibits, with
a high-resolution STEM image, that the InN epifilm was well formed on the InGaN buffer

layer and the InGaN buffer layer was well established on GaN template. The thicknesses of

(@)  [0001]

Figure 6. TEM analysis of sample 1: (a) the bright field image of TEM, the scale bar is 20 nm, (b) the selective area
diffraction patterns, the scale bar is 5 (1/nm), (c) the STEM image, the scale bar is 50 nm. (d)—(f) the high-resolution TEM
images of InN, InN-InGaN interface, and InGaN-GaN interface, respectively, the scale bar is 5 nm, (g) the enlarged SAD
pattern of the square in (b).
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InN and InGaN buffer layer were evaluated from the STEM image to be about 50 and 30 nm,
respectively. The high-quality crystalline microstructures of InN, InGaN and GaN layers were
also confirmed by the high-resolution TEM images. Figure 6(d—f) showed that InGaN buffer
layer was well-stacked on GaN and high-quality InN epifilm was well-stacked on the InGaN
buffer layer with some minor structural defects (e.g., dislocations or stacking faults) occurred
in InN and InGaN layers.

2.4. Characteristics of InN epifilms

From the crystal structural analyses by XRD and TEM, we found that the crystal quality
was significantly improved by decreasing the growth temperature of InGaN buffer layer.
From the SEM images and AFM analyses, we also found that the surface of InN epifilm
became smoother by decreasing the growth temperature of the InGaN buffer layer. From the
PL measurements, we showed that the energy of 0.681 eV emitted from the InN epifilm of
sample 1 (the growth temperature of InGaN buffer layer is 500°C) by the fitting to Varshni’s
equation. Finally, it is suggestive that one can grow high-quality and flat InN epifilms by
decreasing the growth temperature of the InGaN buffer layer. Therefore, the influence of
InGaN buffer layer is very effective to grow high-quality InN epifilms and InN microstruc-
tures as well. We therefore grow InN hexagonal microdisks on the LAO substrate with the
InGaN bulffer layer.

3. InN hexagonal microdisks

3.1. Growth of InN microdisks

The two-orientation growth of GaN nanopillars on the LAO substrate has been reported in
our previous papers [23, 24]. In this paper, we applied the two-orientation growth to grow
the 2D M-plane InN epifilm and 3D c-plane InN hexagonal microdisks on the LAO substrate
with the InGaN bulffer layer at low-growth temperature (470°C). The sample was grown on
a high-quality 1 x 1 cm? LAO (1 0 0) substrate with the InGaN buffer layer by a low-tempera-
ture PA-MBE system (Veeco Applied-GEN 930). The LAO substrate was cut from the crystal
ingot, which was fabricated by the traditional Czochralski pulling technique. Then, we grew
InN hexagonal microdisks with an InGaN buffer layer on the y-LiAlO, substrate by plasma-
assisted molecular beam epitaxy. The details of growth parameters can be obtained from the
previous paper [25].

3.2. Analysis of InN microdisks

The crystal structure of the microdisk sample is characterized by the high-resolution X-ray
diffraction (XRD; Bede D1) measurement and is shown in Figure 7. From the peak of X-ray
diffraction pattern at 20 = 31.69°, we estimated the content of indium of In Ga, N on the
basis of Vegard’s law to be about 20% [20]. The peaks at 20 =29.07°, 31.31°, 32.29°, and 34.69°
represent the X-ray diffraction patterns from M-plane InN (11700), c-plane InN (0002"),
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M-plane GaN (11700) and LAO (1 0 0), respectively. By the asymmetric double sigmoidal
linear curve fitting with the software Quick Graph (version 2.0), these XRD peak positions
were obtained that agreed with those data of the standard wurtzite structure bulk InN (JCPDS
file No. 50-1239). The d-spacing between {00027} planes of InN was evaluated tobe d,, =
0.28216 nm from the Bragg’s law (2dsin0 = nA) with Cu K _wavelength A = 0.1540562 nm. The
lattice constant of wurtzite InN microdisk is smaller than that of bulk InN by 1.09%, as com-
pared with the value on JCPDS file, d,,,, = 0.28528 nm.

The surface morphology of the sample was evaluated by the field emission scanning electron
microscope (FE-SEM, SII-3050). Figure 7(a) showed the top-view SEM image of the sample.
The morphology of the sample exhibited that 3D c-plane InN hexagonal microdisks and 2D
M-plane InN epifilm were grown on the LAO substrate. Figure 7(b) showed the tilt-view SEM
image of the InN microdisk shown in the center of Figure 7(a), and the diameter of the InN
microdisk was 0.60 um. The micrographic image of the sample showed that the 3D c-plane
InN hexagonal microdisks and nanopillars were grown atop an anionic hexagonal basal plane
of LAO, while the 2D M-plane InN epifilm were developed along with the lateral orientation
[11270]InN//[001]LAO.

The microstructure of the sample was analyzed by a field emission transmission electron
microscope (FE-TEM; Phillips Tecnai F-20) at an electron voltage of 200 kV. The cross-sectional
TEM specimen was prepared by a dual-beam focus ion beam (FIB; Seiko SII-3050), on the
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Figure 7. The X-ray 2 Theta-Omega scan of the sample. In the inset of (a) the top-view SEM image of the sample, the scale
bar is 1 pm. (b) Enlarged SEM image with a tilted angle of InN hexagonal thin disk, the scale bar is 0.5 pm.
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cleavage plane along [11700] direction of the c-plane InN hexagonal thin disk. Figure 8(a)
showed the bright field image with [11270]InN//[001]LAO zone axis. The thicknesses of M-
plane InN, M-plane InGaN and M-plane GaN were measured to be about 265, 51, and 137
nm, respectively. The height for the c-plane InN hexagonal thin disk from neck to top was
about 188 nm. The high-resolution TEM images with [11270]InN//[001]LAO zone axis were
performed in the areas HR01 and HRO2 of the sample, as shown in Figure 8(a). From high-
resolution TEM analyses, we found the staking faults at the boundary between M-plane and
c-plane GaN, which released the strains between the misfit M-plane and c-plane wurtzite
structures of GaN and InGaN. The c-plane wurtzite structure was followed up to the neck
area and formed a uniform c-plane InGaN pyramid-shaped structure. The wave-shaped
InN was produced by the staking faults between the misfit c-plane wurtzite structures of
InGaN and InN. In Figure 8(b), the wave-shaped InN became uniform in the area HR01 and
followed further to form the InN hexagonal thin disk structure. In Figure 8(c), the high-
quality crystalline structure of the InN thin disk is shown in the area HR02. Figure 8(d-i)
shows the selective area diffraction (SAD) patterns taken along the growth direction from
the bottom to the top (labeled from DP01 to DP06), which covered c-plane GaN, M-plane
GaN, c-plane InN, and M-plane InN. Figure 8(d) simply shows one clear single rectangular
diffraction pattern (white) at the location of DP03, indicating that the hexagonal thin disk
was uniquely formed by the c-plane wurtzite InN crystal. The d-spacing between {00017}
planes and {11700} planes of InN hexagonal thin disk were measured to be dc = 0.5687
nm and dM = 0.3025 nm, respectively. Compared with the values given in JCPDS file No.
50-1239 which are 0.5703 and 0.30647 nm, respectively, the difference between wurtzite InN
thin disk and bulk InN for dc and dM are 0.28 and 1.24%, respectively, revealing that the
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Figure 8. TEM analyses of the InN hexagonal thin disk: (a) the bright field image with [1 127 0]InN//[0 0 1]LAO zone axis.
The high-resolution TEM images taken at the points shown in (a) are presented in (b) and (c), the scale bar is 2 nm. The
selective area diffraction patterns taken at the points shown in (a) are presented in [(d) — (i)], the scale bar is 2 (1/nm). The
ball-stick model for InN epilayer: (j) the chemical bonds of (000 17) surface, (k) the hexagonal thin disk.
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lattice constant of InN thin disk is smaller than that of bulk InN. The result is consistent
with the XRD analysis. In Figure 8(e), the SAD patterns showed the overlapping diagram
of two rectangles and two hexagons at the neck area of the disk (location of DP02), indicat-
ing that a c-plane InN (white rectangle) was formed in addition to the c-plane GaN (red
rectangle), M-plane InN (blue hexagon), and M-plane GaN (yellow hexagon) at the neck
area. We checked the M-plane InN (blue hexagon) and M-plane GaN (yellow hexagon) by
the SAD patterns, as shown in Figure 8(g-i). These two hexagons are identical to those
shown in Figure 8(h), indicating that the M-plane wurtzite InN and M-plane wurtzite GaN
were grown in the same crystalline direction. From the analyses of SAD patterns, we found
that the c-plane wurtzite nanocrystal was embedded between M-plane wurtzite nanocrystal
areas at the beginning of nucleation when GaN was grown on the LAO substrate. We dem-
onstrated a ball-stick model for the self-assembled InN hexagonal thin disk to establish the
growth mechanism of the InN hexagonal thin disk. The ball-stick model for the standard
wurtzite InN (JCPDS file No. 50-1239) with a = b = 0.3537 nm, ¢ = 0.5703 nm, and u=a"/c= 3/8
was used to simulate the c-plane InN thin disk in Figure 8(j), where blue balls and red balls
represented In atoms and N atoms, respectively. In our previous paper, we showed that the
GaN (00017) microdisk with a tilted angle of 6 = tan™(dM/dc) = 28° was established with
the capture of N atoms by the $™-dangling bonds of the most-outside Ga atoms for each
dc-spacing during the GaN lateral overgrowth [5]. In the case of InN thin disk, when the
growth temperature was lowered to 470°C, the c-plane InN (000 1") hexagonal thin disk
was built up with the capture of N atoms by the B"-dangling bonds of the most-outside
In atoms and then the lateral overgrowth occurred; by capture of In atoms by f™-dangling
bonds of N atoms, to form the thin disk. The lateral overgrowth along the (1 170 0) direction
was extended to six dM-spacings for each dc-spacing, resulting in the angle of 73 off the
c-axis. Based on the ball-stick model, the edge was then tilted off the c-axis [0 0 0 17] direc-
tion by the angle of ¢ = tan™'(6dM/dc) = 72.76° as shown in Figure 8(k). We also calculated
the angle from the measured SAD data at the InN hexagonal thin disk in Figure 8(d), and
obtained that the d-spacing between {0 0 0 17} planes was dc = 0.5687 nm and the d-spacing
between {1170 0} planes was dM = 0.3025 nm, resulting in ¢ = tan™(6dM/dc) = 72.60°, which
was in good agreement with the model predicted.

3.3. Characteristics of InN microdisks

We have grown InN hexagonal thin microdisks on the LAO substrate with the InGaN buffer
layer by PA-MBE. From the SEM images and TEM analyses, we found that c-plane wurtzite
was established at the nucleation of GaN on the LAO substrate and c-plane InN hexagonal
thin disks were built up at low temperature (470°C) after insetting the InGaN buffer layer. The
c-plane InN (0 0 0 17) hexagonal thin disk was produced with the capture of N atoms by the
p~-dangling bonds of the most-outside In atoms, and then laterally over-grown along [1 170 0]
direction by six dM-spacings for each dc-spacing. The oblique angle of InN hexagonal thin
disk was formed by the lateral overgrowth of the wurtzite structure. Based on the standard
wurtzite InN, the angle of ¢ = tan™(6dM/dc) = 72.76° was evaluated. The oblique angle of InN
hexagonal thin disk can be examined directly from the SAD pattern and high-resolution TEM
analyses to be 72.60° and about 73°, respectively.
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4. Conclusion

In this paper, we have reported the growth and characteristics of 2D c-plane InN (0 0 0 1)
epifilms and 3D c-plane InN (0 0 0 17) hexagonal thin microdisks with InGaN buffer layers
at low temperatures by PA-MBE. By decreasing the growth temperature of the InGaN buffer
layer, we can grow high-quality and flat InN epifilms. Besides, InGaN buffer layer can also
provide the growth base to form InN hexagonal thin microdisks. By introducing InGaN buf-
fer layers, the high-quality InN epifilms and microstructures can be grown under suitable
growth conditions. Consequently, the InN hexagonal thin microdisk provides an opportu-
nity to fabricate the InGaN/GaN microdisk quantum well for the application of full-color
micron LED.
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