
Fabrication of Phosphor Free Red and White
Nitride-based LEDs FIELD OF INVENTION The present
invention relates broadly to a multiple quantum well
structure for a light emitting diode and to a method
for fabricating a multiple quantum well structure for
a light emitting diode. BACKGROUND Light emitting
diodes (LEDs) can serve as a source of lighting and
are typically used in applications such as outdoor
full colour displays, traffic lights, data storage,
solid state lighting and communications. Typically, a
Ill-nitride based LED emits light with a wavelength
corresponding to the bandgap of active Indium Gallium
Nitride/Gallium Nitride (InGaN/GaN) multiple quantum
well (MQW) layers. Light is generated when a bias is
applied across a p-n junction of the GaN layers. In
the LED, holes and electrons injected by the p-type
and n-GaN layers combine at the active layers to emit
light from the LED surface. Epitaxial growth of
InGaN/GaN MQWs is practically challenging e.g. when
high In content is incorporated for long wavelength
applications such as for green or yellow LEDs.
Furthermore, light output efficiency is typically
lowered for light emission with increasing wavelengths
with higher In incorporation. Lowering of the growth
temperature can result in an increase in incorporation
of In but the lower temperature typically causes a
reduction in the photoluminescence (PL) intensity as
the crystalline quality is degraded. InGaN quantum
dots have been explored for enhancing quantum
efficiency in LEDs [see e.g. CHOI et al.,
WO-2004/054006 A1]. Emission colour from LEDs can been
tuned from blue to orange by controlling the dimension
of quantum dots [see e.g. Grandjean et al. US
6,445,009 B1]. DenBaars et. al in US2006/0255347 A 1
describe doping GaN with one or more rare earth
transitional elements to obtain a tunable LED with a
variety of color shades . These transitional elements
include Cr, Ti and Co and itis proposed that white
light can be generated using a combination of these
elements. However, it is practically difficult to
control the depth of implantation into a thin active 



layer of an MQW structure. Chua et al. in
US2004/0023427 A 1 describe white light emission using
InGaN quantum dots incorporated in a well layer in MQW
structures for LEDs. However, outdiffusion of the
quantum dots into the well, or into a barrier layer
when high temperature in-situ annealing is carried out
for activation of a p-dopant Magnesium (Mg) was
experienced. This typically causes the MQWs layer to
be less well-defined. Thus, the confinement effect due
to the quantum dots can be compromised. Furthermore,
in US2004/0023427 A1, the colours of emission from the
LED cannot be precisely controlled causing the degree
of whiteness of the LED to vary. Currently, visible
red-orange and yellow light sources are typically
achieved based on Aluminum Indium Gallium Phosphate
(AIInGaP) material, while bright green, blue and
violet LEDs are typically fabricated from GaN based
material systems. However, in current technologies,
GaN based LEDs are not known to have red emission,
which is typically needed to provide a red component
to generate white light emission. Typically, to
produce white light from LEDs, a combination of
separate LEDs each emitting individual colours of red,
green and blue light is used. Alternatively,
individual blue and yellow LEDs are combined to
produce white light. One disadvantage is that multiple
LEDs of different materials are used to generate the
white light and this increases complexity of the
fabrication technique and the overall fabrication
cost. The resulting device typically uses complicated
control electronics since different diode types use
different applied voltages. Furthermore, different
degradation rates of the materials used, e.g., AIInGaP
(for red emission) and InGaN (for green and blue
emission), typically affect reliability or quality of
the white light obtained. The above
reliability/quality problem also arises for an
alternative fabrication method using yellow phosphor
coated blue LEDs for white light generation because of
degradation of phosphor. In addition, the use of
phosphor typically increases the production cost and
lowers external quantum efficiency due to absorption
in the phosphor.Hence, there exists a need for a
multiple quantum well structure (MQW) for a 



light emitting diode and a method for fabricating a
MQW structure for a light emitting diode to address at
least one of the above problems. SUMMARY In accordance
with a first aspect of the present invention, there is
provided a multiple quantum well (MQW) structure for a
light emitting diode, the MQW structure comprising, a
plurality of quantum well structures, each quantum
well structure comprising: a barrier layer; and a well
layer having quantum dot nanostructures embedded
therein formed on the barrier layer, the barrier and
the well layer comprising a first metal-nitride based
material wherein at least one of the quantum well
structures further comprises a capping layer formed on
the well layer, the capping layer comprising a second
metal-nitride based material having a different metal
element compared to the first metal-nitride based
material. Each quantum well structure may further
comprise a wetting layer formed between the barrier
layer and the well layer for enhancing formation of
the quantum dot nanostructures. The at least one of
the quantum well structures may further comprise a
second capping layer formed on the capping layer, said
second capping layer comprising a third metal-nitride
based material having a different metal component
compared to the second metal-nitride based material.
The MQW structure may further comprise a p-type
contact structure formed on an outermost one of the
plurality of quantum well structures, the p-type
contact structure may comprise an electron blocking
layer and a p-type metal-nitride layer formed on the
electron blocking layer. The p-type metal-nitride
layer may comprise an Indium (In) material.The p-type
metal-nitride layer may be formed using a temperature
of between about 75O0C to 8000C. The MQW structure may
further comprise an n-type contact layer for making
electrical contact to an n layer underneath the
plurality of quantum well structures. 



The MQW structure may be capable of emitting
red/yellow light. The MQW structure may be capable of
emitting red light. The capping layer may comprise
aluminium nitride (AIN) material. A thickness of the
capping layer may be maintained at a maximum of about
3nm. The quantum dot nanostructures may comprise
Indium-Gallium-Nitride (InGaN) quantum dots. In
accordance with a second aspect of the present
invention, there is provided a light emitting diode
structure, the light emitting diode structure
comprising a red/yellow light emitting multiple
quantum well (MQW) structure, each quantum well
structure of the red/yellow light emitting MQW
comprising: a barrier layer; and a well layer having
quantum dot nanostructures embedded therein formed on
the barrier layer, the barrier and the well layer
comprising a first metal-nitride based material;
wherein at least one of the quantum well structures of
the red/yellow light emitting MQW further comprises a
capping layer formed on the well layer, the capping
layer comprising a second metal-nitride based material
having a different metal element compared to the first
metal-nitride based material; and a blue light
emitting MQW structure formed integrally with the
red/yellow light emitting MQW for emitting white light
from the light emitting diode structure. The blue
light emitting MQW structure may be formed on an
outermost one of the plurality of quantum well
structures of the red/yellow light emitting MQW
structure.An innermost one of the plurality of quantum
well structures of the red/yellow light emitting MQW
structure may be formed on the blue light emitting MQW
structure. The light emitting diode structure may
further comprise an n-type contact layer for making
electrical contact to a n+ layer underneath the
red/yellow light emitting and blue light emitting MQW
structures and respective p-type contact 



structures formed on the red/yellow light emitting MQW
structure and the blue light emitting MQW structure,
the p-type contact structures may each comprise an
electron blocking layer and a p-type metal-nitride
layer formed on the electron blocking layer. The light
emitting diode structure may further comprise an
n-type contact layer for making electrical contact to
a t layer underneath the blue light emitting MQW
structure and a p-type contact structure formed on the
blue light emitting MQW structure, for activating the
blue light emitting MQW structure; and wherein the
red/yellow light emitting MQW structure may be capable
of emitting red/yellow light based on absorption .of
blue light emission from the blue light emitting MQW
structure. The capping layer may comprise aluminium
nitride (AIN) material. A thickness of the capping
layer may be maintained at a maximum of about 3nm. The
quantum dot nanostructures may comprise
Indium-Gallium-Nitride (InGaN) quantum dots. In
accordance with a third aspect of the present
invention, there is provided a light emitting diode
structure, the light emitting diode structure
comprising a red/yellow light emitting multiple
quantum well (MQW) structure, each quantum well
structure of the red/yellow light emitting MQW
comprising: a barrier layer; and a well layer having
quantum dot nanostructures embedded therein formed on
the barrierlayer, the barrier and the well layer
comprising a first metal-nitride based material;
wherein at least one of the quantum well structures of
the red/yellow light emitting MQW further comprises a
capping layer formed on the well layer, the capping
layer comprising a second metal-nitride based material
having a different metal element compared to the first
metal-nitride based material; a blue light emitting
MQW structure; and a green light emitting MQW
structure; wherein the blue light emitting MQW
structure and the green light emitting MQW structure
are formed integrally 



with the red/yellow light emitting MQW for emitting
white light from the light emitting diode structure.
The red/yellow light emitting MQW structure may be
formed on the blue light emitting MQW structure and
the green light emitting MQW structure. The light
emitting diode structure may further comprise an
n-type contact layer for making electrical contact to
a rf layer underneath the red/yellow light emitting,
blue light emitting and green light emitting MQW
structures; and respective p-type contact structures
formed on the blue light emitting MQW structure and
the green light emitting MQW structure, for activating
the blue light emitting MQW structure and the green
light emitting MQW structure respectively; wherein the
ptype contact structures may each comprise an electron
blocking layer and a p-type metal-nitride layer formed
on the electron blocking layer and further wherein the
red/yellow light emitting structure may be capable of
emitting red/yellow light based on absorption of blue
light emission from the blue light emitting MQW
structure, green light emission from the green light
emitting MQW structure or both. The capping layer may
comprise aluminium nitride (AIN) material. A thickness
of the capping layer may be maintained at a maximum of
about 3nm. The quantum dot nanostructures may comprise
Indium-Gallium-Nitride (InGaN) quantum dots.In
accordance with a fourth aspect of the present
invention, there is provided a method of fabricating a
multiple quantum well (MQW) structure for a light
emitting diode, the method comprising forming a
plurality of quantum well structures, each quantum
well structure comprising: a barrier layer; and a well
layer having quantum dot nanostructures embedded
therein formed on the barrier layer, the barrier and
the well layer comprising a first metal-nitride based
material; and forming at least one of the quantum well
structures to further comprise a capping layer on the
well layer, the capping layer comprising a second
metal-nitride based material having a different 



metal element compared to the first metal-nitride
based material. In accordance with a fifth aspect of
the present invention, there is provided a method of
fabricating a light emitting diode structure, the
method comprising forming a red/yellow light emitting
multiple quantum well (MQW) structure, each quantum
well structure of the red/yellow light emitting MQW
comprising a barrier layer; and a well layer having
quantum dot nanostructures embedded therein formed on
the barrier layer, the barrier and the well layer
comprising a first metal-nitride based material;
forming at least one of the quantum well structures of
the red/yellow light emitting MQW to further comprise
a capping layer on the well layer, the capping layer
comprising a second metal-nitride based material
having a different metal element compared to the first
metal-nitride based material; and forming a blue light
emitting MQW structure integrally with the red/yellow
light emitting MQW for emitting white light from the
light emitting diode structure. In accordance with a
sixth aspect of the present invention, there is
provided a method of fabricating a light emitting
diode structure, the method comprising forming a
red/yellow light emitting multiple quantum well (MQW)
structure, each quantum well structure of the
red/yellow light emitting MQW comprising a barrier
layer; and a well layer having quantum dot
nanostructures embedded therein formed on the barrier
layer, the barrier and the well layer comprising a
first metal-nitride based material; forming at least
one of the quantum well structures of the red/yellow
light emitting MQW to further comprise a capping layer
on the well layer, the capping layer comprising a
second metal-nitride based material having a different
metal element compared to the first metal-nitride
based material; forming a blue light emitting MQW
structure integrally with the red/yellow light
emitting MQW; andforming a green light emitting MQW
structure integrally with the red/yellow light
emitting MQW and the blue light emitting MQW structure
for emitting white light from the light emitting diode
structure. BRIEF DESCRIPTION OF THE DRAWINGS 



Embodiments of the invention will be better understood
and readily apparent to one of ordinary skill in the
art from the following written description, by way of
example only, and in conjunction with the drawings, in
which: Figure 1 is a schematic diagram illustrating a
monochromatic LED structure. Figure 2 is a schematic
diagram illustrating forming electrical contacts on
the monochromatic LED structure. Figures 3(a) to (c)
are intensity vs wavelength graphs showing
electroluminescence spectrums for yellow, orange and
red LEDs respectively. Figure 4 is a schematic diagram
illustrating a tunable white LED structure. Figure 5
is a schematic diagram illustrating forming electrical
contacts on the tunable white LED structure. Figure 6
is an intensity vs wavelength graph showing an
electroluminescence spectrum of a "cold" white LED.
Figure 7 is a schematic diagram illustrating forming
electrical contacts on another tunable white LED
structure. Figure 8 is a schematic diagram
illustrating a yet another tunable white LED
structure. Figure 9 is a schematic diagram
illustrating forming electrical contacts on the
tunable LED structure.Figure 10 is a current (I) vs
voltage (V) graph showing I-V measurements taken from
a yellow LED structure and a white LED structure.
Figure 11 is a Scanning Electron Microscopy (SEM)
image showing surface morphology of a white LED
structure. Figure 12 is a Scanning Electron Microscopy
(SEM) image showing surface morphology of a sample
white LED structure having a structure as
schematically shown in Figure 7. Figure 13 is a
magnified Scanning Electron Microscopy (SEM) image of
the SEM image of the white LED structure having a
structure as schematically shown in Figure 7 . Figure
14 is an intensity vs wavelength graph showing an
electroluminescence spectrum 



of the white LED structure having a structure as
schematically shown in Figure 7. Figure 15 is a
current (I) vs voltage (V) graph showing I-V
measurements taken from the white LED structure having
a structure as schematically shown in Figure 7. Figure
16 is a flowchart illustrating a method for
fabricating a MQW structure for a light emitting
diode. Figure 17 is a flowchart illustrating a method
of fabricating a light emitting diode structure.
Figure 18 is a flowchart illustrating another method
of fabricating a light emitting diode structure.
DETAILED DESCRIPTION In the example embodiments
described, growth of LEDs is performed using a
metalorganic chemical vapour deposition (MOCVD)
system. Trimethylgallium (TMGa),Trimethyllndium
(TMIn), Trimethylaluminium (TMA), Magnesium (Cp2Mg)
and silane (SiH4) are used as the precursors in the
example embodiments. Hydrogen and nitrogen are used as
the carrier gas for effective incorporation of the
elements on the LED surfaces. In an example
embodiment, a multiple quantum well (MQW) structure is
grown at a defined temperature with the incorporation
of InGaN quantum dots on a InGaN well layer. The
formed quantum well is then capped with a thin
aluminium nitride (AIN) layer. The example embodiment
is described in detail below. The AIN layer can serve
as a cap layer for preventing InGaN quantum dots
outdiffusion. The lattice constant of lnxGa1-xN or InN
quantum dots is about 3.5446 angstrom (A) while the
lattice constant for the AIN layer is about 3.1 114
(A). This results in a larger lattice mismatch for
AIN/ InN system (about 13%) as compared to a GaN/ InN
system (about 10.6%). The larger lattice mismatch can
further hamper the out-diffusion of the quantum dots
when a high temperature is applied during subsequent
layer growth and annealing processes. It is noted by
the inventors that the use of the AIN layer as an
interlayer after growing a GaN barrier and before
growing the InGaN quantum dots and 



a InGaN well layer is not encouraged because the AIN
layer may generate a larger compressive stress on the
subsequent InGaN well growth. This may lower the
Indium incorporation and blueshift of its emission
wavelength. Figure 1 is a schematic diagram
illustrating a monochromatic LED structure 100 of the
example embodiment. A sapphire substrate 102 is
provided in a processing chamber. A low temperature
buffer layer 106 is grown on the substrate 102 in a
temperature range of about 5200C to 55O0C to a
thickness of about 25 nm for facilitating nucleation
of GaN on the sapphire substrate 102. A if layer 108
of GaN with a doping concentration of 1018cm 3 is
grown on the layer 106 at a temperature of about 900
0C to 1050 0C. After growing the layer 108, a GaN
barrier layer 110 is grown to a thickness of about
5-15 nm with a Si doping concentration of about
2c1017cm 3 to 1x1 018cm"3. It will be appreciated by a
person skilled in the art that although the barrier
layer 110 can be grown without Si doping, Si doping
may be preferred because the quality of the barrier
layer 110 typically improves with Si doping.After
growing the barrier layer 110, the temperature is
lowered to about 700- 7500C and a thin wetting layer
112 of InxGa1- N with a composition of x -0.1 0-0.20
and of a thickness of about 1 nm is grown over the
barrier layer 110. The wetting layer 112 can enhance
the incorporation of Indium Nitride rich quantum dots
during an In burst process. After forming the thin
wetting layer 112, an indium-precursor TMIn is flowed
over the substrate 102 at a flow rate of less than
about 20mmol/min between about 6 to 30 seconds to form
nanostructures or "quantum dots" e.g. 114 of lnwGa1-wN
where 0.2<w<1.0. The In atoms from the Indium
precursor, TMIn, can segregate at nitrogen dangling
bonds of the wetting layer 112 of InGaN to serve as a
seed layer for the growth of InGaN quantum dots e.g.
114, as determined by the precursor flow rate. The
amount of TMIn flow acting as antisurfactants and the
duration of the TMIn flow are monitored for
controlling sizes of the Indium rich InGaN quantum
dots e.g. 114. The flow rate of the TMIn is maintained
at less than about 20mmol/min, preferably at about 20
seem (4.5mmol/ min) to about 80 seem (18.0mmol/ min),
to form the In-rich InGaN quantum 



dots e.g. 114. After growing the quantum dots e.g.
114, an InGaN quantum well layer 116 is grown over the
nanostructures e.g. 114 to form an embedded InGaN
quantum dots/well layer 116 with a thickness of about
3 to 5 nm. The growth temperature of the lnwGa1-wN
well layer 116 is maintained at about 7000C to 7500C
to provide an Indium composition of 0.2<w<0.5. The
amount of Indium incorporation is dependent on the
desired emission colour. To obtain a monochromatic
emission, during growth of the MQWs, temperature
fluctuation is kept to a minimum e.g. during the
growth of the quantum dots e.g. 114 and the well layer
116. After growing the well layer 116, the well layer
116 is capped with a AIN layer 118. The thickness of
the AIN layer 118 is maintained to be relatively thin
as compared to the well layer 116 (preferably thinner
than about 3 nm). In the example embodiment, a time
interval of more than about 30s is maintained after
the growth of the InGaN well layer 116 before growing
the AIN layer 118. The temperature for growing the AIN
layer 118 and the GaN barrier layer 110 may be set to
about 0 to 300C higher than the temperature for
growing the InGaN well layer 116 for better crystal
quality. After growing the AIN layer 118, a GaN cap
layer 120 is grown using conditions substantially the
same as the conditions for growing the GaN layer
108.The barrier layer 110 to the GaN cap layer 120
form a red/yellow light emitting quantum well
structure 122. In the example embodiment, the steps
for forming the barrier layer 110 to the GaN cap layer
120 are repeated (see e.g. quantum well structure 124)
to form a red/yellow light emitting multiple quantum
well (MQW) structure 126. It will be appreciated by a
person skilled in the art that although only two
quantum well structures 122, 124 are illustrated in
Figure 1 for clarity, the number of quantum well
structures can range between e.g. three to five. As
will be appreciated by a person skilled in the art,
forming more quantum well structures e.g. 122, 124 can
improve light intensity and broaden the wavelength
region of the LED structure 100. In the example
embodiment, the AIN layer 118, having a different
lattice constant from InGaN, can provide encapsulation
to prevent diffusion of the In rich InGaN quantum 



dots e.g. 114 into the well layer 116 or into a GaN
barrier layer 132 of the next quantum well structure
124, e.g. when subsequent layers, such as the GaN
barrier layer 132, are grown at higher temperatures.
For growing the GaN cap layer 128 of the quantum well
structure 124, the flow rate of the TMGa is set such
that it is the same as the flow rate used for growing
a subsequent p-AIGaN layer so that, practically, there
is continuity in the flow of TMGa. After growing the
GaN cap layer 128, a GaN layer 130 is grown to a
thickness of about 15 to 30 nm at a temperature of
about 740 0C to 7800C with a Si doping concentration
of about 2x1 017 to 1x1 018CiTf3. An electron blocking
layer 133 comprising p-AlyGa1-y N (where 0.1<y<0.3) is
grown to a thickness of about 20 to 50 nm. A TMA flow
for the growth of the p-AlyGa1-y N is maintained at
about 40 to 100 mmol/min with a growth temperature of
about 7500C to 8000C. The Cp2Mg source is maintained
at about 0.15 to 0.5 mmol/min during the growth. The
p-AIGaN layer 133 can serve to block electrons from
traversing into a p-lnGaN region 134, hence enabling
effective recombination at the MQW structure 126. As
will be appreciated by a person skilled in the art,
p-GaN is typically grown at a temperature lower than
9000C, in a range of about 7600C to 825 0C, to prevent
outdiffusion of quantum dots. However, this gives rise
to a low p-type conductivity and poor crystal quality.
In the example embodiment, the p-GaN is incorporated
with Indium toform p-lnGaN to improve conductivity.
After growing the p-AIGaN layer 133, the p-type InGaN
layer 134 is grown to a thickness of about 150-500 nm.
Magnesium is used as the p-dopant and growth is
carried out at a temperature range of about 760-800°C,
in contrast to the higher temperatures used for
growing conventional p-GaN layers. The growth
conditions take into consideration a likelihood of
degradation of the In-rich InGaN nanostructures. The
TMIn flow rate is set in the range of about 80-150
seem and the chamber pressure is kept at or below
about 200 Torr. In Mg-doped GaN grown by MOCVD in a
hydrogen ambient, Mg acceptors are passivated by H
acceptors yielding electrically inert Mg-H complexes.
In the example embodiment, it will be appreciated by 



a person skilled in the art that, apart from forming
the p-lnGaN layer 134 at a lower temperature than
9000C, the AIN layer 118 can assist in further
preventing out-diffusion of the InGaN quantum dots
e.g. 114. In one implementation, in-situ annealing is
carried out for a period of about 10 to 20 mins in a
nitrogen ambient to activate the Mg in the p-type
lnmGa1-mN with m in the range of about 0.05 to 0.10.
The annealing temperature is kept at about 200C to
500C above the growth temperature for the p-type
lnmGa1-mN layer 134. In this example embodiment, the
GaN layer 130 to the p-lnGaN layer 134 form a p-lnGaN
contact structure 136. Figure 2 is a schematic diagram
illustrating forming electrical contacts on the
monochromatic LED structure 100 of the example
embodiment. The layers on top of GaN layer 108 are
etched using Inductive Coupled Plasma Etching (ICP). A
pcontact 202 is formed on the p-lnGaN layer 134 and a
n-contact 204 is formed on the GaN layer 108. Using
the p-contact 202 and the n-contact 204, a p-n
junction is formed for providing an injection current
for activating the LED structure 100 to emit a
monochromatic light. In the above described example
embodiment, the respective InGaN wetting layers e.g.
112 of the quantum well structures 122, 124 may
enhance formation of Indium-rich quantum dots e.g. 114
and the respective AIN layers e.g. 118 of the quantum
well structures 122, 124 may act as caps to prevent
the InGaN quantum dots e.g. 114 from diffusion.
Furthermore, the respective InGaN wetting layers e.g.
112 mayprovide better size control for forming the
In-rich quantum dots to provide monochromatic light.
The above example embodiment may provide a
monochromatic LED that can operate in the longer
wavelength range e.g. for yellow, orange and/or red
light emission. Figures 3(a) to (c) are intensity vs
wavelength graphs showing electroluminescence
spectrums for yellow, orange and red LEDs
respectively, each obtained using the above described
example embodiment. The TMIn flow during the 



growth of the In-rich InGaN quantum dots e.g. 114
(Figure 1) and the growth temperature of the InGaN
quantum well layer 116 (Figure 1) are varied to alter
the colour of the light emission. The graphs are based
on measurements obtained using an injection current of
about 2OmA. From Figures 3(a) to (c), it is observed
that the intensity of the respective yellow, orange
and red LEDs are relatively the same. It is also
observed that the central frequencies of the
respective yellow, orange and red LEDs are displaced
from one another by about 20 nm. Figure 4 is a
schematic diagram illustrating a tunable white LED
structure 400 of another example embodiment. A
sapphire substrate 402 is provided in a processing
chamber. A low temperature buffer layer 406 is grown
on the substrate 402 in a temperature range of about
5200C to 55O0C to a thickness of about 25 nm for
facilitating nucleation of GaN on the sapphire
substrate 402. A layer 408 of GaN with a doping
concentration of 1018cm3 is grown on the layer 406 at
a temperature of about 900 0C to 1050 0C. After
growing the layer 408, a blue light emitting quantum
well structure 410 is formed. For forming the blue
light emitting quantum well structure 410, a GaN
barrier layer 412 is grown to a thickness of about
5.0-15.0 nm with a Si doping concentration of about
2x1 017cm 3 to 1x1018cm 3 at about 7600C to 8500C.
After growing the GaN barrier layer 412, an lnwGa1-wN
well layer 414 with a thickness of about 2.0 to 4.0 nm
is grown on the barrier layer 412 at a temperature of
about 7600C to 7900C to provide an Indium composition
of 0.1<w<0.16. After growing the InGaN well layer 414,
a GaN cap layer 416 is grown on the InGaN well layer
414. For clarity, only one quantum well structure 4 10
is illustrated in Figure 4 . It will be appreciated by
a person skilled in the art that thesteps for growing
the quantum well structure 4 10 can be repeated e.g.
for three to five times to form a MQW structure. After
forming the blue light emitting quantum well structure
410, a GaN layer 418 is grown to a thickness of about
15 to 30 nm at a temperature of about 7400C to 7800C
with a Si doping concentration of about 2x1 017 to
1x1018cm 3. An electron blocking layer 



420 comprising p-AlyGa1-y N (where 0.1<y<0.3) is grown
to a thickness of about 20 to 50 nm at about 8000C to
10200C. A TMA flow for the growth of the p-AlyGa1-y N
is maintained at about 40 to 100 mmol/min with a
growth temperature of about 7500C to 8000C. The Cp2Mg
source is maintained at about 0.15 to 0.5 mmol/min
during the growth. After growing the p-AIGaN layer
420, a p-GaN layer 422 is grown using Mg as the
p-dopant at about 9000C to 1000°C. In the example
embodiment, the layers 418, 420 and 422 form a p-GaN
contact structure 424. After forming the p-GaN contact
structure 424, a GaN cap layer 426 is grown on the
p-GaN contact structure 424 at a temperature range of
about 8000C to about 10200C for a thickness of about
10 to 50 nm. The GaN cap layer 426 is grown to
"smoothen" the surface of the p-GaN layer 422. After
growing the GaN cap layer 426, a red/yellow light
emitting quantum well structure 428 is grown. The
processing steps for growing the red/yellow light
emitting quantum well structure 428 are substantially
the same as the processing steps described for growing
the red/yellow light emitting quantum well structure
122 with reference to Figure 1. In this example
embodiment, the TMIn flow during the In-rich InGaN
quantum dots growth and the growth temperature of the
InGaN well layer may be varied by about 100C to 300C
to enable the quantum well structure 428 to emit
redbased colours of different wavelengths such as
yellow or orange light. In this example embodiment,
for clarity, only one quantum well structure is
illustrated in Figure 4. It will be appreciated by a
person skilled in the art that the processing steps
for growing the quantum well structure 428 can be
repeated e.g. for three to five times to form a MQW
structure (compare MQW structure 126 of Figure 1).
After growing the quantum well structure 428, a
p-lnGaN contact structure 430 is formed. The
processing steps for forming the p-lnGaN contact
structure 430 aresubstantially the same as the
processing steps described for forming the p-lnGaN
contact structure 136 with reference to Figure 1.
Figure 5 is a schematic diagram illustrating forming
electrical contacts on the tunable white LED structure
400 of the above example embodiment. The layers on 



top of n-GaN layer 408 are etched using Inductive
Coupled Plasma Etching (ICP). The layers on top of
p-GaN layer 422 are then etched using ICP. A n-contact
502 is formed on the n-GaN layer 408, a p-contact 504
is formed on the p-GaN layer 422 and a p-contact 506
is formed on the p-lnGaN layer of the p-lnGaN contact
structure 430. The blue light emitting quantum well
structure 410 is activated using a p-n junction
between the contacts 502 and 504 while the yellow/red
light emitting quantum well structure 428 is activated
using a p-n junction between the contacts 502 and 506.
In the above described example embodiment, a fraction
of the blue light from the blue light emitting quantum
well structure 410 travelling through to the top layer
may be absorbed by the yellow/red light emitting
quantum well structure 428 and reemitted as yellow
light. That is, the yellow light component from the
yellow/red light emitting quantum well structure 428
arises from both direct carrier recombination (due to
the p-n junction between the contacts 502 and 506) and
absorption of some of the blue light component.
Furthermore, since the yellow/red light emitting
quantum well structure 428 and the blue light emitting
quantum well structure 410 can be provided with
varying injection currents separately, the LED
structure 400 can provide a tunable white light. In
another example embodiment, the order of growing a
red/yellow light emitting quantum well structure and a
blue light emitting quantum well structure can be
reversed. Thus, in this example embodiment, the
red/yellow light emitting quantum well structure is
grown first on a sapphire substrate followed by a
p-lnGaN contact structure, the blue light emitting
quantum well structure and a p-GaN contact structure.
A p-n junction can be formed using the p-lnGaN contact
structure to activate the red/yellow light emitting
quantum well structure and another p-n junction can be
formed using the p-GaN contact structure to activate
the blue light emitting quantum well structure.In the
above described example embodiment, since the
yellow/red light emitting quantum well structure is
grown before the blue light emitting quantum well 



structure, the yellow light emitted from the
yellow/red light emitting quantum well structure is
based only on the p-n junction formed using the
p-lnGaN contact structure (ie. without absorption of
blue light). Furthermore, since the yellow/red light
emitting quantum well structure and the blue light
emitting quantum well structure can be provided with
varying injection currents separately, the LED
structure can provide a tunable white light. Figure 6
is an intensity vs wavelength graph showing an
electroluminescence spectrum of a "cold" tunable white
LED. This tunable white LED is formed using processing
conditions that are substantially the same as the
tunable white LED structure 400 (Figure 4) but having
a yellow emitting quantum well structure grown first
followed by a blue emitting quantum well structure.
Figure 7 is a schematic diagram illustrating a tunable
white LED structure 700 of yet another example
embodiment. The LED structure 700 comprises a GaN
layer 701, a blue/green light emitting quantum well
structure 702 grown on the GaN layer 701 , a p-GaN
contact structure 704 grown on the quantum well
structure 702, a GaN cap layer 706 grown on the p-GaN
contact structure 704 and a red/yellow light emitting
quantum well structure 708 grown on the GaN cap layer
706. The processing steps for forming the LED
structure 700 are substantially the same as the
processing steps for forming the LED structure 400
with reference to Figure 4 but with the exception that
a p-lnGaN contact structure is not formed on the
red/yellow light emitting quantum well structure 708.
In this example embodiment, for clarity, one quantum
well structure each for blue/green light emitting
quantum well structure 702 and the red/yellow light
emitting quantum well structure 708 is illustrated in
Figure 7. It will be appreciated by a person skilled
in the art that the processing steps for growing the
quantum well structures 702 and 708 can be repeated,
e.g. for three to five times, during formation of the
respective quantum well structures 702 and 708 to form
a MQW structure each for emitting 



blue/green light and red/yellow light respectively
(e.g. compare MQW structure 126 of Figure 1).In the
example embodiment, the layers on top of the GaN layer
701 are etched using Inductive Coupled Plasma Etching
(ICP). The layers on top of the p-GaN contact
structure 704 are then etched using ICP. A n-contact
710 is formed on the GaN layer 701 and a p-contact 712
is formed on the p-GaN contact structure 704. The
blue/green light emitting quantum well structure 702
is activated using a p-n junction between the contacts
710 and 712 while the red/yellow light emitting
quantum well structure 708 is activated based on
absorption of the blue light emitted from the
biue/green light emitting quantum well structure 702.
Thus, in this example embodiment, there is no separate
p-n junction for activating the red/yellow light
emitting quantum well structure 708. In the above
described example embodiment, since the blue/green
light emitting quantum well structure 702 can be
provided with varying injection currents, the LED
structure 700 can provide a tunable white light. It
will be appreciated by a person skilled in the art
that the red/yellow light emitting quantum well
structure 708 may be indirectly "tunable" based on the
amount of blue light available for absorption. In the
above described example embodiment, white light is
formed by a mixing of the electroluminescence
blue/green light with the photoluminescence yellow/red
light. One advantage provided by this example
embodiment is that high temperature growth and
annealing of the p-GaN contact structure 704, which
typically cause InN or In-rich nanostructures/quantum
dots out-diffusion, is no longer a concern since the
p-GaN contact structure 704 is grown before growing
the red/yellow light emitting quantum well structure
708. This example embodiment can provide a GaN/lnGaN
crystal based structure and may provide better color
rendering compared to current technologies. In this
example embodiment, the GaN cap layer 706 can also
prevent Mg out-diffusion from the p-GaN contact
structure 704. Figure 8 is a schematic diagram
illustrating a tunable white LED structure 800 



in yet another example embodiment. A sapphire
substrate 802 is provided in a processing chamber. A
low temperature buffer layer 806 is grown on the
substrate 802 in a temperature range of about 5200C to
55O0C to a thickness of about 25 nm for facilitating
nucleation of GaN on the sapphire substrate 802. A
layer 808 of GaN with adoping concentration of 1018cm
3 is grown on the layer 806 at a temperature of about
900 0C to 1050 0C. After growing the layer 808, a
green light emitting quantum well structure 8 10 is
formed. For forming the green light emitting quantum
well structure 810, a GaN barrier layer 812 is grown
to a thickness of about 5.0-15.0 nm with a Si doping
concentration of about 2c1017cnrf3 to 1x1018cm 3 at
about 7500C to 8500C. After growing the GaN barrier
layer 812, an lnwGa1-w N well layer 814 having a
thickness of about 2.0 to 4.0 nm is grown on the
barrier layer 812 at a temperature of about 7300C to
7700C to provide an Indium composition of 0.19<w<0.26.
After growing the InGaN well layer 814, a GaN cap
layer 816 is grown on the InGaN well layer 814. In
this example embodiment, for clarity, only one green
light emitting quantum well structure is illustrated
in Figure 8. It will be appreciated by a person
skilled in the art that the processing steps for
growing the quantum well structure 810 can be repeated
e.g. for three to five times to form a MQW structure.
After forming the green light emitting quantum well
structure 810, a p-GaN contact structure 818 is grown
on the green light emitting quantum well structure
810. The processing steps for growing the p-GaN
contact structure 8 18 are substantially the same as
the processing steps for growing the p-GaN contact
structure 424 with reference to Figure 4. After
forming the p-GaN contact structure 818, a GaN cap
layer 820 is grown over the p-GaN contact structure
818. After growing the GaN cap layer 820, a blue light
emitting quantum well structure 822 is formed on the
GaN cap layer 820. The processing steps for forming
the blue light emitting quantum well structure 822 are
substantially the same as the processing steps for
forming the blue light emitting 



quantum well structure 410 with reference to Figure 4.
In this example embodiment, for clarity, only one blue
light emitting quantum well structure is illustrated
in Figure 8. It will be appreciated by a person
skilled in the art that the processing steps for
growing the quantum well structure 822 can be repeated
e.g. for three to five times to form a MQW
structure.Alternatively, it will be appreciated that
the blue light emitting quantum well structure 822 can
be grown first followed by the green light emitting
quantum well structure 810. In this example
embodiment, after forming the blue light emitting
quantum well structure 822; another p-GaN contact
structure 824 is grown on the blue light emitting
quantum well structure 822. The processing steps for
growing the p-GaN contact structure 824 are
substantially the same as the processing steps for
growing the p-GaN contact structure 424 with reference
to Figure 4. After forming the p-GaN contact structure
824, a GaN cap layer 826 is grown over the p-GaN
contact structure 824. After growing the GaN cap layer
826, a red light emitting quantum well structure 828
is formed on the GaN cap layer 826. The processing
steps for forming the red light emitting quantum well
structure 828 are substantially the same as the
processing steps for forming the red light emitting
quantum well structure 122 with reference to Figure 1.
In this example embodiment, for clarity, only one red
light emitting quantum well structure is illustrated
in Figure 8. It will be appreciated by a person
skilled in the art that the processing steps for
growing the quantum well structure 828 can be repeated
e.g. for three to five times to form a MQW structure
(compare MQW structure 126 of Figure 1). Figure 9 is a
schematic diagram illustrating forming electrical
contacts on the LED structure 800 of the above example
embodiment. The layers on top of GaN layer 808 are
etched using Inductive Coupled Plasma Etching (ICP).
Following the etching of the layer 808, the layers on
top of the p-GaN contact structure 818 and p- GaN
contact structure 824 are then etched sequentially
using ICP. A n-contact 902 



is formed on the GaN layer 808, a p-contact 904 is
formed on the p-GaN contact structure 8 18 and a
p-contact 906 is formed on the p-GaN contact structure
824. The green light emitting quantum well structure
810 is activated using a p-n junction between the
contacts 902 and 904 while the blue light emitting
quantum well structure 822 is activated using a p-n
junction between the contacts 902 and 906. The red
light emitting quantum well structure 828 is activated
based on absorption of the blue/green light emitted
from the green and blue light emitting quantum
wellstructures 810, 822 respectively. Thus, in this
example embodiment, there is no separate p-n junction
for activating the red light emitting quantum well
structure 828. In the above described example
embodiment, since the green and blue light emitting
quantum well structures 810, 822 can be provided with
varying injection currents, the LED structure 800 can
provide a tunable white light. It will be appreciated
that the red light emitting quantum well structure 828
may be indirectly "tunable" based on the amount of
blue/green light available for absorption. The above
described example embodiments can provide
monochromatic yellow, orange and/or red LEDs which
make use of Indium rich InGaN quantum dots to enhance
Indium incorporation so as to achieve emission in the
longer wavelength region. Figure 10 is a current (I)
vs voltage (V) graph showing I-V measurements taken
from a yellow LED structure (refer to Figure 3(a)) and
a white LED structure (refer to Figure 4). Plot 1002
is based on measurements taken from the yellow LED
structure and Plot 1004 is based on measurements taken
from the white LED structure. It can be observed from
plots 1002, 1004 that the respective LED structures
exhibit stable conventional diode characteristics.
Figure 11 is a Scanning Electron Microscopy (SEM)
image 1102 showing surface morphology of the white LED
structure 400 with reference to Figure 4. As shown in
the image 1102, the p-lnGaN layer of the p-lnGaN
contact structure 430 (Figure 4) has a porous-like
surface and this enhances the light extraction from
the quantum well structures e.g. 410, 428 (Figure 4)
by providing scattering effects. 



Figure 12 is a Scanning Electron Microscopy (SEM)
image 1202 showing surface morphology of a sample
white LED structure based on the white LED structure
700 with reference to Figure 7. The image 1202 shows
the p-contact as a Ni/Au contact pad 1204 and the
n-contact as a Ti/AI contact pad 1206. Figure 13 is a
magnified Scanning Electron Microscopy (SEM) image
1302 of the image 1202 of Figure 12. As shown in the
image 1302, the p-contact is in the form ofNi/Au metal
stripes e.g. 1304 and the surface 1306 of the
red/yellow quantum well structure is visible between
the stripes e.g. 1304. Figure 14 is an intensity vs
wavelength graph 1402 showing an electroluminescence
spectrum of the sample white LED structure of Figures
12 and 13. The graph 1402 shows an emission peak 1404
at about 456 nm. The emission peak 1404 of an emission
1408 is generated by the blue/green light emitting
quantum well structure. The graph 1402 also shows a
broad-base and low intensity emission 1406. The
emission 1406 is generated by the red/yellow light
emitting quantum well structure. It will be
appreciated by a person skilled in the art that since
the red/yellow light emitting quantum well structure
is activated based on absorption of the blue light
emitted from the blue/green light emitting quantum
well structure, the red/yellow light emission 1406 has
a lower intensity than the blue light emission 1408.
Figure 15 is a current (I) vs voltage (V) graph 1502
showing I-V measurements taken from the sample white
LED structure of Figures 12 and 13. It can be observed
from the graph 1502 that the white LED structure
exhibits a good l-V characteristic with a turn-on
voltage of about 3V and a current of about 60 mA at
about 5V. Figure 16 is a flowchart illustrating a
method for fabricating a MQW structure for a light
emitting diode. At step 1602, a plurality of quantum
well structures is formed. Each quantum well structure
comprises a barrier layer and a well layer having
quantum dot nanostructures embedded therein formed on
the barrier layer, the barrier and the well layer
comprising a first metal-nitride based material. At
step 1604, at least one of the quantum well structures
is formed to further comprise a 



capping layer on the well layer, the capping layer
comprising a second metal-nitride based material
having a different metal component compared to the
first metalnitride based material. Figure 17 is a
flowchart illustrating a method of fabricating a light
emitting diode structure. At step 1702, a red/yellow
light emitting multiple quantum well (MQW) structure
is formed. Each quantum well structure of the
red/yellow light emitting MQW comprises a barrier
layer; and a well layer having quantum dot
nanostructures embedded therein formed on the barrier
layer, the barrier and the well layercomprising a
first metal-nitride based material. At step 1704, at
least one of the quantum well structures of the
red/yellow light emitting MQW is formed to further
comprise a capping layer on the well layer, the
capping layer comprising a second metal-nitride based
material having a different metal component compared
to the first metal-nitride based material. At step
1706, a blue light emitting MQW structure is formed
integrally with the red/yellow light emitting MQW for
emitting white light from the light emitting diode
structure. Figure 18 is a flowchart illustrating
another method of fabricating a light emitting diode
structure. At step 1802, a red/yellow light emitting
multiple quantum well (MQW) structure is formed. Each
quantum well structure of the red/yellow light
emitting MQW comprises a barrier layer; and a well
layer having quantum dot nanostructures embedded
therein formed on the barrier layer, the barrier and
the well layer comprising a first metal-nitride based
material. At step 1804, at least one of the quantum
well structures of the red/yellow light emitting MQW
is formed to further comprise a capping layer on the
well layer, the capping layer comprising a second
metal-nitride based material having a different metal
component compared to the first metal-nitride based
material. At step 1806, a blue light emitting MQW
structure is formed integrally with the red/yellow
light emitting MQW. At step 1808, a green light
emitting MQW structure is formed integrally with the
red/yellow light emitting MQW and the blue light
emitting MQW structure for emitting white light from 



the light emitting diode structure. In the above
described embodiments, In-rich InGaN quantum dots or
nanostructures embedded in well layers are used to
generate red, amber and/or yellow light. Each active
quantum well layer is encapsulated by a thin AIN layer
to prevent outdiffusion to a GaN barrier e.g. during
high in-situ annealing. To generate white light, a
combination of different colour MQWs may be built in a
single LED structure. Hence, there may not be a need
to use complex circuitry to operate the devices of the
described example embodiments. Further, since phosphor
is not used, fabrication techniques may be simplified
and the example embodiments can resolve the issues of
degradation of phosphor and the different degradation
behaviour of different material-based LEDs as in
typical RGB LEDs. The described example embodiments
can also eliminate the use of an external coating of
phosphor on the LED chip. In addition, incorporation
of In-richInGaN quantum dots in the described example
embodiments may further enhance recombination
efficiency and may offer better stability e.g. during
high temperature operations. Furthermore, with the
described example embodiments capable of providing
each primary colour of blue, green and red emission
from individual quantum well structures, through
controlling dot sizes and In composition, it is
possible to obtain different qualities of white e.g.
"cool" white, "apple" white or "warm" white. As
discussed in the Background section, it is practically
difficult to produce GaN LEDs mainly due to a
difficulty in obtaining a high Indium incorporation in
an InGaN layer. This typically arises due to the solid
immiscibility of Indium and its decomposition at high
temperatures. In the above described example
embodiments, a thin InGaN wetting layer is used to
enhance incorporation of the Indium during a TMI burst
step. This may enhance formation of Indium rich InGaN
quantum dots which has been found to push the emission
wavelength into the red wavelength region. To obtain a
monochromatic emission colour e.g. in the longer
wavelength region, the temperature during growth of
the In-rich quantum dots and InGaN well is kept
stable. Fluctuations in temperature may 



lead to slight changes of wavelength when a voltage
bias is applied. Further, with regard to temperature,
the Indium rich InGaN quantum dots formed typically
diffuse into e.g. a well layer and also a barrier
layer when a p-GaN layer is grown at a temperature of
approximately 9000C. In the described example
embodiments, during the growth of the P-InGaN layer,
the temperature is reduced to about 7500C to 8000C. It
will be appreciated that in-situ annealing at about
8000C to 8500C can still shift the emission wavelength
due to diffusion of Indium in the quantum dots.
Therefore, in the described example embodiments, the
use of the AIN layer can prevent out diffusion of
Indium from the quantum dots during growth of the
p-lnGaN layer, growth of other layers in high
temperatures and/or during in-situ annealing at about
8000C to 8500C. In addition, the described example
embodiments can obtain primary colours of emission
from GaN LEDs and this can enable better colour
rendering of white light for solid state lighting.
Using the above described example embodiments, InGaN
red emitting quantum dots LEDs can be used for a
number of applications such as for illumination and
display purposes including illumination of signboards
and displays; keypad light guides, digitalcamera flash
lights, PC monitor backlighting; colour rendering;
solid state lighting and for automobile taillights and
traffic lights etc. It will be appreciated by a person
skilled in the art that although conventional organic
LEDs (OLED) may offer flexible displays with colours
of yellow, orange and red, the OLEDs are typically
poorer in terms of the lumens and luminescence
efficiency than inorganic LEDs such as those of the
example embodiments. It will be appreciated by a
person skilled in the art that numerous variations
and/or modifications may be made to the present
invention as shown in the specific embodiments without
departing from the spirit or scope of the invention as
broadly described. The present embodiments are,
therefore, to be considered in all respects to be
illustrative and not restrictive.CLAIMS 1. A multiple
quantum well (MQW) structure for a light emitting
diode, the MQW structure comprising, 



a plurality of quantum well structures, each quantum
well structure comprising: a barrier layer; and a well
layer having quantum dot nanostructures embedded
therein formed on the barrier layer, the barrier and
the well layer comprising a first metalnitride based
material; wherein at least one of the quantum well
structures further comprises a capping layer formed on
the well layer, the capping layer comprising a second
metal-nitride based material having a different metal
element compared to the first metal-nitride based
material. 2. The MQW structure as claimed in claim 1,
wherein each quantum well structure further comprises
a wetting layer formed between the barrier layer and
the well layer for enhancing formation of the quantum
dot nanostructures. 3. The MQW structure as claimed in
claims 1 or 2, wherein said at least one of the
quantum well structures further comprises a second
capping layer formed on the capping layer, said second
capping layer comprising a third metal-nitride based
material having a different metal component compared
to the second metal-nitride based material. 4 . The
MQW structure as claimed in any one of claims 1 to 3,
the MQW structure further comprising a p-type contact
structure formed on an outermost one of the plurality
of quantum well structures, the p-type contact
structure comprising an electron blocking layer and a
p-type metal-nitride layer formed on the electron
blocking layer. 5. The MQW structure as claimed in any
one of claims 1 to 4, wherein the ptype metal-nitride
layer comprises an Indium (In) material.6. The MQW
structure as claimed in claim 5, wherein the p-type
metal-nitride layer is formed using a temperature of
between about 75O0C to 80O0C. 7. The MQW structure as
claimed in any one of claims 1 to 6, the MQW 



structure further comprising an n-type contact layer
for making electrical contact to a r layer underneath
the plurality of quantum well structures. 8. The MQW
structure as claimed in any one of claims 1 to 7, the
MQW structure is capable of emitting red/yellow light.
9. The MQW structure as claimed in any one of claims 1
to 8, the MQW structure is capable of emitting red
light. 10. The MQW structure as claimed in any one of
claims 1 to 9, wherein the capping layer comprises
aluminium nitride (AIN) material. 11. The MQW
structure as claimed in any one of claims 1 to 10,
wherein a thickness of the capping layer is maintained
at a maximum of about 3nm. 12. The MQW structure as
claimed in any one of claims 1 to 11, wherein the
quantum dot nanostructures comprise
Indium-Gallium-Nitride (InGaN) quantum dots. 13. A
light emitting diode structure, the light emitting
diode structure comprising a red/yellow light emitting
multiple quantum well (MQW) structure, each quantum
well structure of the red/yellow light emitting MQW
comprising: a barrier layer; and a well layer having
quantum dot nanostructures embedded therein formed on
the barrier layer, the barrier and the well layer
comprising a first metalnitride based material;
wherein at least one of the quantum well structures of
the red/yellow light emitting MQW further comprises a
capping layer formed on the well layer, the capping
layer comprising a second metal-nitride based material
having a different metal element compared to the first
metal-nitride based material; anda blue light emitting
MQW structure formed integrally with the red/yellow
light emitting MQW for emitting white light from the
light emitting diode structure. 14. The light emitting
diode structure as claimed in claim 13, wherein the
blue light emitting MQW structure is formed on an
outermost one of the plurality of quantum well
structures of the red/yellow light emitting MQW
structure. 



15. The light emitting diode structure as claimed in
claim 13, wherein an innermost one of the plurality of
quantum well structures of the red/yellow light
emitting MQW structure is formed on the blue light
emitting MQW structure. 16. The light emitting diode
structure as claimed in any one of claims 13 to 15,
further comprising an n-type contact layer for making
electrical contact to a n+ layer underneath the
red/yellow light emitting and blue light emitting MQW
structures and respective p-type contact structures
formed on the red/yellow light emitting MQW structure
and the blue light emitting MQW structure, the p-type
contact structures each comprising an electron
blocking layer and a p-type metal-nitride layer formed
on the electron blocking layer. 17.! The light
emitting diode structure as claimed in claim 15,
further comprising an n-type contact layer for making
electrical contact to a n+ layer underneath the blue
light emitting MQW structure and a p-type contact
structure formed on the blue light emitting MQW
structure, for activating the blue light emitting MQW
structure; and wherein the red/yellow light emitting
MQW structure is capable of emitting red/yellow light
based on absorption of blue light emission from the
blue light emitting MQW structure. 18. The light
emitting diode structure as claimed in any one of
claims 13 to 17, wherein the capping layer comprises
aluminium nitride (AIN) material. 19. The light
emitting diode structure as claimed in any one of
claims 13 to 18, wherein a thickness of the capping
layer is maintained at a maximum of about 3nm.20. The
light emitting diode structure as claimed in any one
of claims 13 to 19, wherein the quantum dot
nanostructures comprise Indium-Gallium-Nitride (InGaN)
quantum dots. 21. A light emitting diode structure,
the light emitting diode structure comprising a
red/yellow light emitting multiple quantum well (MQW)
structure, each quantum well structure of the
red/yellow light emitting MQW comprising: 



a barrier layer; and a well layer having quantum dot
nanostructures embedded therein formed on the barrier
layer, the barrier and the well layer comprising a
first metalnitride based material; wherein at least
one of the quantum well structures of the red/yellow
light emitting MQW further comprises a capping layer
formed on the well layer, the capping layer comprising
a second metal-nitride based material having a
different metal element compared to the first
metal-nitride based material; a blue light emitting
MQW structure; and a green light emitting MQW
structure; wherein the blue light emitting MQW
structure and the green light emitting MQW structure
are formed integrally with the red/yellow light
emitting MQW for emitting white light from the light
emitting diode structure. 22. The light emitting diode
structure as claimed in claim 21, wherein the
red/yellow light emitting MQW structure is formed on
the blue light emitting MQW structure and the green
light emitting MQW structure. 23. The light emitting
diode structure as claimed in claims 2 1 or 22,
further comprising an n-type contact layer for making
electrical contact to a n+ layer underneath the
red/yellow light emitting, blue light emitting and
green light emitting MQW structures; and respective
p-type contact structures formed on the blue light
emitting MQW structure and the green light emitting
MQW structure, for activating the blue light emitting
MQW structure and the green light emitting MQW
structure respectively;wherein the p-type contact
structures each comprise an electron blocking layer
and a p-type metal-nitride layer formed on the
electron blocking layer and further wherein the
red/yellow light emitting structure is capable of
emitting red/yellow light based on absorption of blue
light emission from the blue light 



emitting MQW structure, green light emission from the
green light emitting MQW structure or both. 24. The
light emitting diode structure as claimed in any one
of claims 2 1 to 23, wherein the capping layer
comprises aluminium nitride (AIN) material. 25. The
light emitting diode structure as claimed in any one
of claims 2 1 to 24, wherein a thickness of the
capping layer is maintained at a maximum of about 3nm.
26. The light emitting diode structure as claimed in
any one of claims 2 1 to 25, wherein the quantum dot
nanostructures comprise Indium-Gallium-Nitride (InGaN)
quantum dots. 27. A method of fabricating a multiple
quantum well (MQW) structure for a light emitting
diode, the method comprising, forming a plurality of
quantum well structures, each quantum well structure
comprising: a barrier layer; and a well layer having
quantum dot nanostructures embedded therein formed on
the barrier layer, the barrier and the well layer
comprising a first metalnitride based material; and
forming at least one of the quantum well structures to
further comprise a capping layer on the well layer,
the capping layer comprising a second metal-nitride
based material having a different metal element
compared to the first metal-nitride based material.
28. A method of fabricating a light emitting diode
structure, the method comprising forming a red/yellow
light emitting multiple quantum well (MQW) structure,
each quantum well structure of the red/yellow light
emitting MQW comprising:a barrier layer; and a well
layer having quantum dot nanostructures embedded
therein formed on the barrier layer, the barrier and
the well layer comprising a first metalnitride 



based material; forming at least one of the quantum
well structures of the red/yellow light emitting MQW
to further comprise a capping layer on the well layer,
the capping layer comprising a second metal-nitride
based material having a different metal element
compared to the first metal-nitride based material;
and forming a blue light emitting MQW structure
integrally with the red/yellow light emitting MQW for
emitting white light from the light emitting diode
structure. 29. A method of fabricating a light
emitting diode structure, the method comprising
forming a red/yellow light emitting multiple quantum
well (MQW) structure, each quantum well structure of
the red/yellow light emitting MQW comprising: a
barrier layer; and a well layer having quantum dot
nanostructures embedded therein formed o the barrier
layer, the barrier and the well layer comprising a
first metalnitride based material; forming at least
one of the quantum well structures of the red/yellow
light emitting MQW to further comprise a capping layer
on the well layer, the capping layer comprising a
second metal-nitride based material having a different
metal element compared to the first metal-nitride
based material; forming a blue light emitting MQW
structure integrally with the red/yellow light
emitting MQW; and forming a green light emitting MQW
structure integrally with the red/yellow light
emitting MQW and the blue light emitting MQW structure
for emitting white light from the light emitting diode
structure. 


