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Crystal structure and optical properties of a high-
density InGaN nanoumbrella array as a white light
source without phosphors

Tetsuya Kouno1, Masaru Sakai2, Katsumi Kishino3, Akihiko Kikuchi3, Naoki Umehara4 and Kazuhiko Hara1,4

We demonstrated the fabrication of a peculiar GaN/InGaN-based high-density nanocrystal array on a nitrogen polarity GaN layer

using a simple self-assembly process for the first time. The nanocrystals consist of bending InGaN nanoplates and supporting

GaN nanocolumns. The nanocrystals are umbrella shaped with diameters of ∼200–700 nm; therefore, they are referred to as

InGaN nanoumbrellas. Transmission electron microscopy revealed the crystal structures of the nanoumbrellas and provided

information about their growth mechanism. The photoluminescence (PL) properties of the InGaN nanoumbrellas were also

characterized, and an extremely wide range of optical emission wavelengths (∼360–800 nm) was obtained from a small

excitation diameter of ∼10 μm. Multiple sharp peaks resembling lasing actions were also observed in the PL spectrum; the

resonant mode was likely caused by the whispering gallery mode. These results indicate that the high-density GaN/InGaN-based

nanoumbrella array can be used as a source of white light without phosphors.
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INTRODUCTION

The characteristics of nitride nanocrystals and their fabrication
techniques have been investigated because of their fascinating optical
properties of strong light emission compared with planar film crystals
owing to the high-quality crystallinity and strain relaxation.1–3

Traditionally, self-assembled one-dimensional nitride nanocrystals,
nanocolumns, nanorods and nanowires have been actively
studied.2–11 However, it is difficult to design optical cavities and
obtain stable characteristics for these structures because of the
nonuniformity of the nanocrystal configurations. Recently, selective-
area growth (SAG) techniques have been developed to overcome such
problems. By combining electron beam lithography and ordinary
crystal growth techniques (for example, metalorganic chemical vapor
deposition and molecular beam epitaxy (MBE)), SAG techniques have
successfully produced periodically arranged one-dimensional nano-
crystal arrays.1,12–18 The arrangements and structures of these nitride
nanocrystals are designed to act as tiny optical cavities of photonic
crystals, ring resonators, and so on. Owing to their high degree of
crystallinity and tiny optical cavities, such nitride nanocrystals are
expected to be applicable in high-performance light-emitting diodes
(LEDs) and laser diodes. The recently developed SAG techniques are
excellent methods to design the tiny optical cavities that are required
to precisely control the positions and configurations of nitride
nanocrystals. However, SAG is often a complex process that could
increase the cost of nanocrystal fabrication. Thus, in this study, we

fabricated nanocrystals with unique configurations using a simple self-
assembly process. The novel nanocrystals themselves act as optical
cavities. Although the optical properties of the nanocrystals are not
uniform, we suggest that this nonuniformity can be a significant
advantage, namely, it can realize emission in an extremely wide range
emission potentially leading to a low-cost white light source.
We previously realized GaN nanodisks via crystal growth without

SAG; these nanodisks acted as optical cavities for the whispering
gallery mode (WGM).19 However, the nanodisk density was too low
for use in optical devices, and the nanodisks exhibited sharp peaks at
only ∼ 370 nm wavelength owing to the optical gain of the GaN
crystal. We also realized unique InGaN nanoplates using nitrogen-
polarity (N-polarity) GaN templates as substrates along with a lateral
growth technique and a SAG technique involving radio frequency-
plasma-assisted MBE (RF-MBE).20 The nanoplates exhibited visible
emissions, and their configurations could potentially act as the WGM.
However, the fabrication of these nanoplates included a complicated
SAG process and the WGM was not actually demonstrated. Thus far,
similar structures have been demonstrated for ZnO nanocrystals.21–23

It was reported that these crystals also acted as optical cavities for the
WGM around a wavelength of 390 nm; we consider that these
nanocrystals are potential alternatives to optical devices based on the
WGM. However, ZnO-based mixed crystals exhibiting emission in the
entire visible range have not been demonstrated. In contrast, it is
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generally known that InGaN-based crystals can potentially cover the
whole visible range.
In this study, we simplified the growth procedure of previously

reported InGaN nanoplates as shown in Kouno and Kishino,20 and we
realized high-density arrays of InGaN-based nanocrystals that have
unique configurations like a nanoumbrella. The InGaN-based high-
density nanoumbrella array exhibited an extremely wide range of
visible emission and highly useful properties for white light sources. In
addition, the InGaN-based nanoumbrellas acted as WGM optical
nanocavities in their extremely wide range of visible emission. Thus
far, there have been no demonstrations of optical nanocavities
covering such a wide range of visible light to the best of our
knowledge. In our previous study19 and in other studies that
demonstrated III-nitride nanocrystals, the resonant peaks based on
optical nanocavities were obtained with a specific range of emission
wavelengths. We characterized the InGaN-based nanoumbrella crystal
structures using transmission electron microscopy (TEM) and revealed
their growth mechanism. By optical evaluation, we found that the
InGaN-based high-density nanoumbrella arrays can potentially be
used as white LEDs without phosphors. Generally, white LEDs are
realized by the combination of GaN-based LEDs with blue light and
the phosphors emitting yellow, red and green light. Although research
on improving the optical properties and crystal quality of phosphors
and lowering the cost of white LEDs with phosphors has been
reported,24 using phosphors increases the cost of white LEDs owing
to the need to include a rare-earth element, limiting the efficiency of
white LEDs in principle. The reported nanoumbrellas can potentially
overcome these issues.

EXPERIMENTAL PROCEDURES
The procedure used to fabricate the high-density arrays of InGaN nanoum-
brellas is shown in Figure 1. We employed N-polarity GaN grown on a (0001)
sapphire substrate by RF-MBE as a substrate. GaN-based crystals grown by
MBE techniques have been investigated.25,26 In our RF-MBE, Ga and In were
supplied from conventional effusion cells using elemental metal sources (7N).
The active nitrogen beam was supplied by an RF-plasma source (13.56 MHz)
with highly pure nitrogen gas (99.9999%). The substrate was heated from the
back side by a resistance-heating element with tantalum (Ta) wires. Then, a Ti
layer with ∼ 300 nm thickness was evaporated on the back side of the substrate
by electron beam deposition as a heat absorber. The growth temperature was
measured by an optical pyrometer. A Ti film with a thickness of 4 nm was also
evaporated on the substrate by electron beam deposition. The surface of the
substrate containing the Ti film was nitrided via irradiation with an active
nitrogen beam at a substrate temperature of ∼ 400 °C, where the RF input
power and nitrogen flow rate were 450 W and 3.5 sccm, respectively.
Subsequently, Ga and active nitrogen beams were supplied to the surface by
RF-MBE at a substrate temperature of 900 °C for 3 h, resulting in the growth of

GaN nanocolumns. In the growth, the Ga beam equivalent pressure was
5× 10− 4 Pa. Note that this value was immediately measured below the
substrate by a nude ion gauge. In addition, the RF input power and nitrogen
flow rate were 450 W and 1.0 sccm, respectively. Next, Ga, In and N plasma
were supplied to the surface by RF-MBE at a substrate temperature of 650 °C
for 9 min, causing bent InGaN nanoplates to grow on top of the GaN
nanocolumns. In the growth, the Ga and In beam equivalent pressures were
5× 10− 5 and 4×10− 4 Pa, and the RF input power and nitrogen flow rate were
450 W and 1.0 sccm, respectively.

RESULTS AND DISCUSSION

Figure 2 shows scanning electron microscopy images of the fabricated
nanocrystals. The nanocrystal exhibits umbrella-like shapes because of
the bending of the InGaN nanoplates on top of the GaN nanocol-
umns. Therefore, we refer to the nanocrystals as InGaN nanoum-
brellas. The density of InGaN nanoumbrellas in the array shown in
Figures 2a and b is ∼ 8× 108 nanoumbrellas per cm2. As shown in
Figures 2c and d, the hexagonal crystallites that form the bending
InGaN nanoplates are all aligned in the same direction, indicating that
the crystallites are templated by the underlying N-polarity GaN layer.
This suggests that the GaN nanocolumns of the nanoumbrellas began
to grow on pits in the nitride-Ti film.
Figure 3 shows typical TEM images and characterization results. As

shown in Figure 3a, the diameters and heights of the supporting GaN
nanocolumns were ∼ 50–300 nm and 750–1500 nm, respectively. As
shown in Figures 2c and 3a, the diameters and thicknesses of the
bending InGaN nanoplates were ∼ 200–700 nm and 20–50 nm,
respectively. A variety of nanoumbrella configurations were observed
in the array. Figure 3b shows a bright-field scanning TEM image of a
GaN nanocolumn supporting bending nanoplates. The azimuthal
incidence angle was [11–20]. Figure 3d shows the arrangements of Ga
and N atoms in the N-polarity and Ga-polarity GaN crystals. The
arrangements of Ga and N in the supporting GaN nanocolumn
(Figure 3b) agree well with those in the N-polarity GaN crystal. Thus,
the supporting GaN nanocolumns have N-polarity, and the crystallites

Figure 1 Schematic illustration of the nanoumbrella fabrication procedure.

Figure 2 Scanning electron microscopy (SEM) images of the nanoumbrellas:
(a, b) bird’s-eye view (tilt angle of 55°) images; (c) top-view image; and
(d) top-view image with highlighted contours.
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assume the crystalline direction of the underlying N-polarity GaN
layer, as mentioned above. We speculate that the rough surface of the
N-polarity GaN layer shown in Figure 3a and the Ti film mask
produced many points for the initiation of crystal growth. Namely,

Ti holes may be easily opened up on the Ti film owing to the rough
surface. The GaN growth started from the Ti holes, rather than the Ti
film. As a result, SAG was realized easily without patterning via
electron beam lithography. The growth mechanism has been discussed
in detail in previous studies.1,12,13 Note that these nanocrystals could
not be fabricated by crystal growth without the Ti film, namely the
growth directly on the N-polarity GaN layer did not realize such
nanocrystals. In addition, the TEM images suggested that the
supporting GaN nanocolumns of the nanoumbrellas did not include
dislocations such as those reported for Ga-polarity GaN
nanocolumns.1 This suggests that the N-polarity GaN nanocolumns
consisted of high-quality GaN crystals.
Figure 3c shows a magnified TEM image of the nanoplate

surrounded by the dashed yellow square in Figure 3a. The energy-
dispersive X-ray spectroscopy line-scan analyses of the spatial dis-
tributions of In, Ga and N along the directions of the red and white
arrows in Figure 3c are shown in Figures 3e and f, respectively. As
shown in Figure 3e, the In content in the middle and upper parts of
the nanoplate was higher than that in the lower part. As shown in
Figure 3f, the In content gradually decreased toward the edge of the
InGaN nanoplate. On the basis of the energy-dispersive X-ray
spectroscopy results, a schematic illustration of the In distribution in
a bending InGaN nanoplate is shown in Figure 4, and the bending
configuration and growth mechanism are discussed in terms of this
distribution. The a-axis lattice constants of GaN and InN are 0.319
and 0.355 nm, respectively, and the a-axis lattice constant of InGaN
increases with increasing In content. Subsequently, the upper part of

Figure 3 (a) Cross-sectional transmission electron microscopy (TEM) image
of InGaN nanoumbrellas (inset: schematic illustration of a nanoumbrella).
(b) Bright-field scanning TEM image of a GaN nanocolumn supporting a
nanoplate. (c) Magnified TEM image of the nanoplate surrounded by a
dashed yellow square in the TEM image shown in (a). (d) Schematic
illustration of the arrangements of Ga and N atoms in the N-polarity and Ga-
polarity GaN crystals. Energy-dispersive X-ray spectroscopy (EDX) line-scan
analyses of the elemental spatial distributions of In, Ga and N along the
directions of the (e) red and (f) white arrows in (c).

Figure 4 Schematic illustration of the In distribution in a bending InGaN
nanoplate and its growth mechanism.

Figure 5 Typical room temperature photoluminescence (RT-PL) spectrum
obtained from the high-density nanoumbrella array. The inset shows the
RT-PL image excited by the He–Cd laser.
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the nanoplate was subjected to compressive strain along the a-axis
from the lower part, resulting in the bend shown in Figure 4. The
bending nanoplates were clearly grown via lateral growth. The edge
side of the nanoplate, which had a low In content and a high Ga
content, is considered to be the growth surface. This indicates that
lateral growth of the GaN crystal mainly contributed to the formation
of the bending InGaN nanoplates; in other words, the growth of GaN
crystals at a low temperature of 650 °C leads to the formation of the
peculiar umbrella-like structures. Therefore, we speculate that the
bending InGaN nanoplates were realized by the following two-step
growth process: (1) lateral growth of GaN to form the nanoplate and
(2) growth of the InGaN crystal on the GaN nanoplate. In this process,
the In content of the bending InGaN nanoplate changes as the
nanoplate diameter changes. The relationship between the nanocrystal
size and the In content has been discussed elsewhere,15 and the
relationship in this case will discussed later in this report.
The photoluminescence (PL) properties of the high-density InGaN

nanoumbrella array were characterized at room temperature (RT).
Figure 5 shows a typical RT-PL spectrum obtained from the
nanoumbrella array; the inset image is the RT-PL image. For the PL
characterization, we used a He–Cd laser (continuous wave at a
wavelength of 325 nm) as the excitation source. The excitation laser
was focused onto a spot using an objective lens of a microscope. The
diameter and power density of the excitation spot was ∼ 10 μm and
10W cm− 2, respectively. Then, the RT-PL was collected by a bundled

fiber with the same objective lens, and the bundled fiber was
connected to a spectrometer with a charge-coupled device array
detector. The objective lens was provided just above the top surface

Figure 6 (a) Cathodeluminescence (CL) images of the same area of the top
surface of nanoumbrellas. The inset values (500, 600 and 700 nm) show
the wavelength of the emission intensity. (b) Relationship between the
diameter of the nanoplate and emission wavelength.
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Figure 7 Relationship between the diameter of the nanoplate and average In
count/Ga count ratio near center side of the nanoplate obtained by energy-
dispersive X-ray spectroscopy (EDX) line-scan analysis.

Figure 8 (a) Typical low-temperature (LT; 4 K) photoluminescence (PL)
spectrum obtained from the high-density nanoumbrella array. (b) PL peak
intensities at 377.28, 422.29 and 461.39 nm plotted as a function of the
excitation power density.
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of the sample. As shown in Figure 5, the wavelength range of the
emission spectrum obtained from the nanoumbrella array was
extremely wide (B 360–800 nm); thus, the spectrum covered the
entire visible-light region. As shown in the inset image of Figure 5,
many bright spots with various colors were observed. These spots
likely originated from the bending InGaN nanoplates of the nanoum-
brellas. Namely, the emission of different wavelengths of light by the
bending InGaN nanoplates in the array contributed to the extremely
wide wavelength range of the emission spectrum, similar to that of
white light. Importantly, the white light emission was obtained from
an extremely small area with a diameter of ∼ 10 μm. As mentioned
above, the various emissions were probably caused by the nonuniform
configurations of the bending nanoplates. To the best of our knowl-
edge, such a wide range of emission wavelengths obtained from a
small-diameter source has not previously been achieved by InGaN-
based nanocrystals fabricated via self-assembly and SAG techniques.
We investigated the factor causing the color variation (as shown in

Figure 5) by cathodeluminescence evaluation. Figure 6a shows
cathodeluminescence images of the top view of the high-density
nanoumbrella array for emission with different wavelengths. Note that
the three images shown in Figure 6a were obtained from the same
observation area. As shown in Figure 6a, the points producing strong
emission varied with the wavelength. Then, by comparing the
cathodeluminescence and scanning electron microscopy images of
the observation area, we could clarify the relationship between the
emission color and diameter of the nanoplate of the nanoumbrellas, as
shown in Figure 6b. We found a trend that the wavelength of the
emission redshifted with increasing diameter of the nanoplates of the
nanoumbrellas. We also performed additional energy-dispersive X-ray
spectroscopy line-scan analyses of the spatial distributions of In, Ga
and N for other nanoplates of the nanoumbrellas with diameters of
350 and 560 nm by the same technique as for in Figures 3c and f.
These results also showed almost the same trend; the In content
gradually decreased toward the edge of the InGaN nanoplate and the
decrease started at a distance of ∼ 100 nm from the edge, as shown in
Figure 3f. On the basis of the results, we estimated the average the In
count/Ga count ratio near the center of the nanoplates, as shown in
Figure 7. The In content increased with increasing the nanoplate
diameters. This result is consistent with the cathodeluminescence
results shown in Figure 6. Consequently, the factor causing the color
variation was probably the diameter of the nanoplate.
We also characterized the PL properties of the high-density

InGaN nanoumbrella array at a low temperature of 4 K using a

continuous-wave laser with a wavelength of 266 nm (frequency-
doubled 532 nm laser (Verdi-G18, Coherent, Santa Clara, CA, USA))
as the excitation source. The excitation laser was focused onto a
spot using an objective lens of a microscope, and the diameter of the
excitation area was ∼ 3.0 μm. Note that the PL evaluation system was
almost the same as previously described except for the excitation laser.
Figure 8a shows a typical low-temperature-PL (LT-PL) spectrum
obtained from the high-density InGaN nanoumbrella array; the inset
figure shows a magnified view of the spectrum at ∼ 420 nm. Multiple
sharp peaks were observed in the spectrum in the wavelength range of
∼ 360–500 nm. For example, the full width at half maximum of the
sharp peak at 422.99 nm was 0.3 nm. The intensities of these sharp
peaks increased nonlinearly with increasing excitation power, as
shown in Figure 8b; the threshold power densities wereo10W cm− 2.
Therefore, we concluded that the sharp peaks likely indicated lasing
actions. In nanocrystals and nanocrystal arrays, the optical cavities of
the photonic crystals, random lasing actions and the WGM have been
demonstrated. Generally, the photonic crystal effect cannot be
exhibited in an array because of its low periodicity. According to
previous reports, the peak wavelengths of the random lasers are not
temporally stable.27–29 The peaks in Figure 8a were not temporally
invariable, and the peaks were not considered to be based on a
random laser. In many previous reports, the WGM acted as the optical
resonant mode in hexagonal nano- and microcrystals.21–23 We also
demonstrated lasing action in a single hexagonal GaN nanodisk.19

Thus, it is reasonable to attribute the sharp peaks and lasing action to
the WGM in a bending nanoplate (Figure 8b).
We investigated the properties of the sharp peaks in the LT-PL

spectra in detail using an excitation spot with a diameter of ∼ 400 nm
and an excitation power density of 12W cm− 2. The extremely small
diameter of the excitation spot was adjusted by lenses and spatial
filters. Using the extremely small excitation spot, we can evaluate the
optical properties of only one or two nanoumbrellas in the array, and
we produced LT-PL mapping images of the high-density InGaN
nanoumbrella array with an area of 5× 5 μm2. In the experiment, the
LT-PL spectra were corrected while the excitation spot was moved by
moving the objective lens in 100 nm steps using the piezo stages.
Figure 9 shows the mapping images of the intensities at the
wavelengths of the sharp peaks (the wavelength is shown in each
figure) and the spectra showing the highest intensity at the
wavelengths, where observation areas were the same. As shown in
Figure 9, sharp peaks at the specific wavelengths were obtained from
the localized area, indicating that one or two nanoumbrellas

Figure 9 Mapping images of the intensities at the wavelengths of the sharp peaks (the wavelength is shown in each figure) and the spectra showing the
highest intensity at the wavelengths.
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contributed to the sharp peak. Thus, the sharp peaks were not caused
by random lasing action or the photonic crystal effect.
We also investigated the WGM property in a hexagon with a

diameter of 200–700 nm by a numerical analysis using the two-
dimensional finite difference time domain method for the transverse
electric mode; the electric fields polarized along the top surface of the
hexagon (GaN-based crystals dominantly exhibit transverse electric-
mode optical gain). In the calculation, white light impulse plane waves
are generated in a hexagon, and the light signal is collected and the
signal is Fourier transformed. The refractive index of GaN is well
known to be ∼ 2.4–2.5 in the visible region. However, we cannot use
reference refractive indices for the InGaN crystals with various In
contents. The refractive index of the hexagon was assumed to be 2.5;
we consider that this value is reasonable for investigating the trend of
the WGM property in a hexagon. In the calculation, we simply
examine the trend of the WGM properties, and the precise peak
positions and other details of the WGM are not discussed. Figures 10a
and b show the two-dimensional finite difference time domain
calculated light response spectra for the WGM in hexagons with
various diameters and the calculated electric field distributions of
standing waves at a resonant light of 496.1 nm wavelength in a
hexagon of 600 nm diameter, respectively. When the diameter is more
than ∼ 350 nm, resonant peaks are obtained in the light response
spectra as shown in Figure 10a, and the distributions of the standing

waves at the resonant peaks are similar to that of the WGM as shown
in Figure 10b. However, we cannot obtain such resonant peaks from a
hexagon with a diameter of less than ∼ 350 nm. In addition, the
resonant peaks markedly decrease in intensity above a wavelength of
600 nm for the hexagons with diameters of 400–700 nm. The
behaviors are probably caused by the wavelength being too long to
oscillate in the hexagon owing to its size. The calculated results
indicate that the InGaN-based nanoplates with a diameter of
∼ 400–700 nm potentially act as WGM resonators up to a wavelength
of ∼ 600 nm. The calculated results also indicate that GaN nanocol-
umns with a diameter of ∼ 50–300 nm of the nanoumbrellas cannot
act as WGM resonators. Furthermore, nonsharp peaks were experi-
mentally observed in the wavelength range of ∼ 550–750 nm, and the
experimental finding were well explained by the finite difference time
domain results in addition to the experimental results that the In
contents of the edge side of the bending InGaN nanoplates were low;
the resonant light of the WGM localizes at the edge side of the bending
InGaN nanoplates, as shown in Figure 10b. Note that further analysis
and other approaches are required to clarify the resonant system in
terms of the WGM in the nanosize hexagon, but the results indicate
that hexagons with such diameters act as WGM resonators.
As mentioned above, the InGaN-based nanoumbrella arrays having

a limited microsize area exhibited a wide range of emissions and good
color-rendering properties, indicating that white LEDs can be realized
without phosphors. In addition, it is remarkable that each isolated
nanoumbrella potentially exhibited lasing action based on the WGM,
indicating that each isolated nanoumbrella potentially acts as a laser
diode with high efficiency. Thus, we consider that the high-density
InGaN-based nanoumbrella array can be potentially used as a high-
efficiency novel white light source without phosphors.

CONCLUSION

We fabricated a high-density nanoumbrella array on a N-polarity GaN
template coated by a thin Ti layer via RF-MBE crystal growth. Crystal
structure characterization by TEM indicated that the nanoumbrellas
consisted of high-quality N-polarity GaN-based crystals, and the
growth mechanism of the nanoumbrellas was discussed. However,
clarifying the details of the growth mechanism of the peculiar
nanoumbrella structure will require further investigation. Optical
evaluation demonstrated that the high-density nanoumbrella array
exhibited an extremely wide range of emission wavelengths resembling
white light from a small excitation area of ∼ 10 μm2. In addition,
multiple lasing actions and resonant peaks are considered to have been
observed in the LT-PL spectrum. The optical cavities were likely
caused by a WGM in a single bending InGaN nanoplate. The optical
properties of the high-density InGaN-based nanoumbrella array
suggest its potential use in high-performance novel white LEDs and
laser diodes without phosphors.
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calculated electric field distribution of standing wave in a hexagon with a
diameter of 600 nm at a specific wavelength of 496.1 nm.
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