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Abstract

Self-assembled InGaN quantum dots (QDs) have been grown using metalorganic vapor-phase epitaxy (MOVPE), without using anti-

surfactant. Using 120 s annealing, InGaN QDs have been successfully formed with a circular base diameter of 40 nm and an average

height of 4 nm, with QDs density of 4� 109 cm�2. The InGaN QDs have peak photoluminescence (PL) wavelengths of 519 and 509 nm

for samples without and with a GaN upper barrier, respectively. The full-width half-maximum (FWHM) of the PL spectra ranges from

56.6 up to 69.6 nm. These results demonstrates that high In-content InGaN QDs can be grown by MOVPE, and can potentially be

utilized as the active media for light-emitting diodes (LEDs) and semiconductor laser diodes for green emission.

r 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The current commercial approach for achieving white-
light solid-state sources is by using blue or ultraviolet
InGaN quantum wells (QW) light-emitting diodes (LEDs)
to excite the yellow-green and red phosphors, thus resulting
in broadband visible white emission in the blue–green–
yellow–red regions [1]. However, this approach suffers
reduced quantum efficiency due to the limited external
quantum efficiency of the wavelength conversion in phos-
phors materials, and intrinsic quantum mechanical energy
loss of the wavelength conversion process via Stokes shift.

The most energy-efficient approach for generating white-
light sources is to generate the blue, green, and red light
sources via independent LEDs. The use of monolithically
integrated nitride-based blue–green–red LEDs will result in
energy-efficient and low-cost approach for the white-light
LEDs. This monolithic technique requires high-efficiency
e front matter r 2008 Elsevier B.V. All rights reserved.
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nitride-based LEDs emitting in green and red regions, for
implementation with blue InGaN QW LEDs for high-
efficiency solid-state lighting applications. While InGaN
QW LEDs emitting in the blue region has been realized
with acceptable performances, high-efficiency green LEDs
utilizing the same QW materials have proven to be more
challenging. Group III-nitride LEDs emitting in the green
region (l�520–540 nm) can be achieved by increasing the
In-content in the InxGa1�xN QW to �24% (with thickness
of �25 Å), but the high strain in the QW leads to strain
relaxation via misfit defect formation resulting in increased
dislocation density, and phase separation with In mole
fraction inhomogeneity in the InGaN QW [1].
In this work, we investigate the metalorganic vapor-

phase epitaxy (MOVPE) epitaxy of self-assembled InGaN
quantum dots (QDs), emitting in the 510–520 nm region
(green emission). The ability to grow high-quality InGaN-
active region with high In-content (In 4�25–40%) with
minimum strain-induced misfit defect formation is crucial
for achieving high-efficiency nitride-based LEDs emitting
in the green (l�510 nm) region or beyond (l�650 nm). The
advantage of the QDs implementation into the laser-active
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regions also include low-transparency carrier and current
density, reduced temperature sensitivity, and reduced
threshold current density of the diode lasers.

2. Self-assembled InGaN quantum dots

In contrast to the studies done on InGaAs-based QDs on
GaAs [2–5], only very few preliminary works have been
conducted on the epitaxy of InGaN QDs on GaN. Several
approaches have been investigated for growing self-
assembled InGaN QDs, including Stranski–Krastanow
growth mode [6–13], growth using Si-based anti-surfactant
[14], droplet epitaxy [15], and post-growth anneal approach
[16]. All the prior works on the self-assembled InGaN QDs
by MOVPE had been conducted with low In-content for
blue emission (l�420–465 nm) [2–10], and blue-green
region (l�475–495 nm) [11]. Previously, molecular beam
epitaxy (MBE)-grown InGaN QDs had been demonstrated
with emission in the blue-green region (477–529 nm) [17].

In the growth of InGaN QDs, a very thin strained layer
with thickness of 6–8 monolayers (MLs) of InGaN
material is epitaxially deposited on the GaN barrier layer
resulting in the surface strain energy built up. The growth
rate of the thin strained layer is kept high, thus allowing a
2D thin strained layer deposition with thickness of 6–8
MLs as shown schematically in Fig. 1(a). By implementing
an in-situ thermal annealing of the 2D thin strained layers
under N2 gas (without groups V and III gas sources), this
allows atomic re-arrangements on the thin strained layer
surface resulting in the lowest surface strain energy atomic
configurations as shown in Fig. 1(b). Once the self-
assembled InGaN QDs were formed, the epitaxy of the
GaN upper barrier can be conducted as shown in Fig. 1(c).
It is very important to distinguish the atomic arrangement
for InGaN QDs, and the strain relaxation for the high In-
content InGaN QWs. For the case of QWs, the strain
relaxation releases the surface strain energy via the creation
of misfit defect dislocation. In contrast to the case of QWs,
the atomic reordering during N2 annealing allows the
release of strain energy of the layer by increasing the
surface area via the re-arrangement of the atoms into
defect-free 3D QDs nanostructures and wetting layer, prior
to the growth of subsequent layers (i.e. GaN upper
barrier). In this paper, we focus on the studies of the
epitaxial growth conditions and optical properties of
InGaN Layer with
In-Content ~ 35 %
(6-8 ML thickness)

InGaN QDs For
(In-Situ Anneali

GaN GaN
MOCVD

QD-
Growth

Fig. 1. Schematic representation of self-assembled InGaN QDs growth by M

process, and (c) growth of upper GaN barriers.
MOVPE-grown self-assembled InGaN QDs, emitting in
the 520 nm region (green emission) without using anti-
surfactant.

3. Experimental procedure

All the InGaN QDs samples used in this study were
grown using a vertical-type VEECO P-75 MOVPE reactor.
The gallium, indium and nitrogen precursors used were
trimethylgallium (TMGa), trimethylindium (TMIn) and
ammonia (NH3), respectively. In our studies, the growths
of InGaN QDs were conducted on the undoped-GaN
(u-GaN) template grown on c-plane sapphire substrates.
The growth of 3 mm u-GaN template on the c-plane

sapphire was performed at a temperature of 1080 1C,
employing a low-temperature 30-nm-thick u-GaN nuclea-
tion layer at 535 1C. During the growth of the u-GaN
template layer, the H2 carrier gas flow was 3000 sccm, the
molar flow rate of TMGa was 10 mmol/min and NH3 was
used as group V source with a flow rate of 2500 sccm,
corresponding to a V/III ratio of 1815.
In our QDs experiments, both the InGaN QDs

and barrier regions were grown at low temperature
(Tg ¼ 660 1C) on the u-GaN template. The low-tempera-
ture growth is designed for allowing higher In-content
incorporation as well as allowing the growth of highly-
strained materials with less relaxation. Prior to the growth
of both QDs and barriers at a temperature of 660 1C, a thin
0.3 mm high-temperature u-GaN (1080 1C) was grown on
the u-GaN/sapphire template. For the growth of the
12-nm-thick u-GaN lower barrier, we employed triethyl-
gallium (TEGa) as the Ga-precursor with TEGa molar
flow rate and V/III ratio of 0.68 mmol/min and 18,900,
respectively. The 2D InGaN layer with different thick-
nesses ranging from 6 up to 12 MLs was then grown on the
u-GaN lower barrier. The carrier gas was switched to N2

and the flow rate was 2500 sccm. The NH3 flow rate was
increased to 5000 sccm, corresponding to a V/III molar
ratio of 7500 for the 2D InGaN growth. The growth of the
2D InGaN layer is followed by annealing of 120 s under N2

at 660 1C without Groups III and V species. The time
evolutions of the growth temperature and reflectivity
profiles for the QDs and barriers growths are shown
in Fig. 2. In Fig. 2, the temperature and reflectivity
profiles are shown for (1) the growth of the 2D InGaN
mation
ng)

Growth of GaN
Barrier surrounding
the InGaN QDs

GaN
MOCVD

OVPE, with (a) InGaN 2D layer growth, (b) QD formation annealing
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Fig. 2. The growth temperature and reflectivity profiles for the InGaN

QDs growth. Stage (1) shows the stage of the 2D InGaN layer growth, (2)

shows the growth of InGaN QDs with N2 annealing, and (3) shows the

growth of a 12 nm undoped GaN upper barrier layer.

Fig. 3. AFM micrograph of (a) 10 MLs and (b) 12 MLs of InGaN

epilayer after 120 s in-situ annealing in N2, with GaN lower barrier grown

using TEGa precursor.
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layer, (2) 120 s N2 thermal annealing stage for the growth
of InGaN QDs, and (3) growth of 12 nm u-GaN upper
barrier using TEGa precursor.

The flow rates of TMGa and TMIn for the growth of 2D
InGaN layer were 2.46 and 2.40 mmol/min, respectively.
The In-content in the 2D InGaN epilayer is estimated as
35% from X-ray diffraction measurement and growth
calibration. During the N2 thermal annealing stage (with-
out Groups III and V source) for the formation of the 3D
InGaN QDs, there would be material loss due to the
indium evaporation. Thus, the In-content for the InGaN
QDs is expected to be lower due to the indium evaporation.
From our studies, we found that the InGaN QDs
formation was very sensitive to the surface morphology
of the u-GaN lower barrier. To investigate the effect of the
template surface on the formation of InGaN QDs, we
investigate two different u-GaN lower barrier layer as
follows: (1) grown using TEGa as the Ga-precursor, and
(2) grown using TMGa as the Ga-precursors, prior to the
growth of 2D InGaN layer. The surface morphologies of
these samples were characterized by an atomic force
microscopy (AFM) system (Digital Instruments Nano-
scope Dimension 3000) with a sharpened Si3N4 tip at room
temperature. Photoluminescence (PL) was also used to
study the optical properties of the InGaN QDs, using the
He–Cd laser with wavelength at 325 nm as the excitation
source at room temperature.

4. Results and discussions

The initial QDs growths were conducted on the GaN
barrier layers grown using TEGa precursor, as shown in
Fig. 3(a) and (b). Fig. 3(a) and (b) show the 1� 1 mm2

AFM images of the 10 and 12 MLs thick InGaN epilayer
after undergoing the in-situ annealing. As shown in the
surface morphology of these figures, large dimension
(100–200 nm dimensions) incoherent 3D nanostructures
with the random size and shape distribution were formed
after the annealing process. This process is very different
from the annealing process resulting in the formation of
self-assembled coherent QDs with narrow size distribution
and regular shapes. It is important to note that the QD
growth is a strain-driven process, and the formation of
large incoherent 3D nanostructures could be attributed to
either (1) a thickness of 2D InGaN epilayer much higher
than the critical layer thickness, or/and (2) rough GaN
template.
To study the effect of the 2D InGaN thickness on the 3D

nanostructures formation, the thickness of the 2D InGaN
epilayer was reduced to 7 and 8 MLs on the GaN barrier
layer grown using TEGa precursor, and the AFM images
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are shown in Fig. 4(a) and (b) respectively. The AFM
images of the InGaN layer with the reduced thickness also
show that the layer did not form the coherent QDs, rather
the annealing process resulted in the nano-holes with
diameters of 50–75 nm and depth dimensions in the range
of 1.5–2.5 nm. The observed nano-holes patterns in InGaN
occur due to the thickness of the 2D InGaN epilayer
exceeding the critical thickness. Part of the strain in InGaN
epilayer was reduced elastically by the formation of nano-
holes, similar to those observed in the case of InGaAs [18].
Fig. 4. AFM micrograph of (a) 7 MLs and (b) 8 MLs of InGaN epilayer

after 120 s in-situ annealing in N2, with GaN lower barrier grown using

TEGa precursor.
Note that both the samples exhibited two types of distinctly
different incoherent nanostructures. For the 10 and 12
MLs thick InGaN epilayer, large incoherent 3D nanos-
tructures were formed after annealing. For the 7 and 8
MLs thick InGaN epilayer, nano-holes were formed after
annealing.
Experiments were then conducted to investigate the

surface morphology of the template before the growth of
the 2D InGaN epilayer. AFM analysis was done on
the GaN barrier layer prior to the growth of 2D InGaN,
Fig. 5. AFM micrograph comparison of GaN lower barrier grown using

(a) TMGa and (b) TEGa as Ga-precursor. The RMS roughness of the

GaN barriers are 0.30 and 0.61 nm, respectively.
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grown using TMGa and TEGa precursor as shown in
Fig. 5(a) and (b), respectively. The surface of the GaN
barrier grown using TMGa precursor (V/III ratio ¼ 14,600)
indicates smooth atomic-step morphology with RMS
roughness of about 0.30 nm. The AFM of the GaN barrier
grown using TEGa precursor indicated a RMS roughness
of 0.61 nm, which was twice the roughness of that grown
with TMGa precursor, which was also observed by Song
and co-workers [19].

A series of growth experiments were then conducted
using GaN barrier grown using TMGa precursor. Experi-
ment was then conducted by growing 6 MLs of 2D InGaN
epilayer, followed by 120 s annealing under N2 environ-
ment. Fig. 6 shows the AFM image of the coherent self-
assembled InGaN QDs formation. The N2 annealing of the
InGaN thin film results in the QD formation with circular
base diameter of �40 nm and height of �4 nm, as shown in
the inset of Fig. 6. The InGaN QDs density is estimated as
4� 109 cm�2. The desired QDs density for high-perfor-
mance emitter devices typically requires �2–4� 1010 cm�2.
The low-InGaN QDs density (4� 109 cm�2) from our
experiments can be presumably attributed to the larger
QDs dimensions, as well as material loss during N2

annealing thus reducing its density.
We have also conducted AFM imaging on the 2D

InGaN layer with and without N2 annealing stage, and we
found that the InGaN QDs were formed only after
undergoing the N2 thermal annealing. From our experi-
mental studies, we found that the formation of InGaN
QDs was very sensitive to the surface morphology of the
lower GaN barrier. The low RMS roughness of the surface
template prior to the QD growth is important for allowing
the 3D formation of the coherent InGaN QDs. From our
Fig. 6. AFM image of MOVPE-grown self-assembled InGaN QDs, employing

with circular base diameter of �40 nm and height of �4 nm. The InGaN QD
studies with TMGa-based GaN barrier, we also found that
the use of InGaN epilayer exceeding 10 MLs also resulted
in incoherent 3D nanostructures after the annealing
process. This indicates that the growth of the coherent
InGaN QDs without the use of anti-surfactant is very
sensitive to (1) composition and thickness of 2D InGaN
epilayer, (2) critical thickness limitation of 2D InGaN
epilayer (for 2D In0.35Ga0.65N the critical thickness limit is
approximately 7–8 MLs [20]), and (3) surface morphology
and material quality of the u-GaN barrier material prior to
the QD growth.
PL measurements were conducted on the samples

consisting of active regions of a single layer of InGaN
QDs. For comparison purpose, the PL measurements were
conducted on the samples with and without GaN upper
barrier cap layer. The He–Cd laser (l ¼ 325 nm) was used
as the excitation source from the backside of the samples at
room temperature. The PL was collected from the top
surface of the samples. Fig. 7 shows the PL spectra of the
MOVPE-grown InGaN QDs PL samples with and without
the GaN upper barrier layer. The PL peak luminescence
wavelengths (lpeak) for the QD samples with and without
GaN upper barrier cap layer are measured as 509 and
519 nm, emitting in the green regions. The relatively broad
full-width-half-maximum (FWHM) of the PL spectra for
both the samples range from 56.6 up to 69.6 nm. For
comparison purpose, the peak and integrated PL intensities
of the single layer InGaN QDs are 22.7% and 40.4% of
that of a four-period multiple 3 nm In0.25Ga0.75N QW
quantum well (l�538 nm). The broadened PL spectrum is
attributed to the inhomogeneous size distribution of the
InGaN QDs, as well as varying indium composition in
each dot. Hence, the transition levels of these dots are
annealing time of 120 s. The inset shows a representative of the InGaN QD

density is measured as 4� 109 cm�2.
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different from one another, thereby broadening the PL
spectrum. Future work include the optimization of the QD
density and its size distribution by optimizing the growth
conditions for LEDs device implementation.

5. Summary

In conclusion, the MOVPE epitaxy of self-assembled
InGaN QDs emitting at �520 nm on GaN were reported.
From the AFM studies, the density and dimensions of the
InGaN QDs were measured as �4� 109 cm�2, and circular
base diameter of �40 nm and height of �4 nm, respectively.
Our works also indicated that the MOVPE growth of
coherent InGaN QDs depends critically on the (1) critical
thickness limitation of the InGaN layer, and (2) surface
morphology of the GaN barrier prior to the QD growth.
PL measurements of InGaN QDs indicated lpeak of
�520 nm, with inhomogeneously broadened FWHM of
56.6–69.6 nm. These results demonstrated InGaN QDs
with high In-content can be grown by MOVPE, and the use
of QDs can be potentially implemented as the active
medium in the high efficiency green LEDs, as well as
delivering low threshold green semiconductor lasers.
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