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A Light Emitting Diode Structure And A Method Of Forming A Light Emitting
Diode Structure

FIELD OF INVENTION

The present invention relates broadly o a light emitting diode structure and a
method of forming a light emitting diode structure.,

BACKGROUND

A combination of red, green and blue light emitting dicdes (LEDs) can produce
white fight. However, it has been noted that current white LEDs rarely use the above
principle. “White" LEDs in production currently are typically modified blue LEDs ie.
Gatlium Nitride (GaN)-based with Indium Gallium Nitride (InGaN)-active-layer LEDs that
emit biue light having waveiengths- between about 450 nm and 470nm. Typically, the
inGaN-GaN structurs is covered with a ysllowish phosphor coating comprising cerium-
doped ytirium aluminum gamet (Ce3+YAG) crystals which have been powdered and
bound in a fype of viscous adhesive. Such a LED chip emits blue light, part of which is
efficiently converted fo a broad-spectrum centered at about 580 nm (yeliow light
emission) by the Ce3+YAG material. Since yeliow light stimulates the red and green
receptors of the eye, the resulting mix of biue and yeliow light gives the appearance of
white light, the resulting shade typically referred to as “lunar white”. The pale yellow
emission of the Ce3+:YAG material can be tuned by subsiituting the cerium with other
rare earth elements such as terbium and gadolinium, and can be further adjusted by
substituting some, or all, of the aluminum in the YAG with gallium.

Due to the spectral characteristics of such LEDs, one problem that can arise is
that the red and green colours of objects illuminated in the blue yeliow light are not as
vivid as in broad-spectrum light. Further, manufacturing variations and varying thickness
in the phosphor coating typically cause LEDs fo produce fight with different colour
temperatures, e.g. ranging from yelow to cold blue. As such, disadvantageously, the
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resuling LEDs are regquired to be soriad by their actusl characteristics during
manufaciure.

As an slternative fo the above, white LEDs can be made by ceafing near
ultraviolet emitting LEDs with a mixture of high efficiency europium-based red and biue
amitting phosphors with green emitling copper and aluminum doped zinc suifide. This
method is analogous fc how typical fluorescent lamps work, Howaver, one problem is
that the uliraviolet light typically causes photo-degradation to the epoxy resin of the
LEDs and othar materials usad in LED packaging. The photo-degradation typically leads
to shorter lifetimas. Further, this mathod is typically iess energy efficient than the blue

- LED with YAG:Ce phosphor coating type discussed above, since the Stokes shift of this
method is farger, and thus, more snergy is required to be convartad fo heat, even if light
is produced under this method with better spectral charactaristics and colour rendering.

In addiiion o the above, existing commercial white LEDs are typically expensiva
and typically utilize blue LEDs coated with a layer of phosphor which results in higher

production costs. Furthermore, phosphor coating typically lowers the colow rendering
index of the LEDs.

Thersfore, there exists a need for a light emitting diode structure and a method
of forming a light emitling diode structure that seek to address at isast one of the
above problams.

SUMMARY

In accordance with a first aspect of the present invention, there is provided a light emitting diode
structure, the structure comprising, an active region comprising an electron capture regior layer; a
superlattice comprising: a first barrier layer; a first quantum well iayer comprising a first metal-nitride
hased material formed on the first barrier layer: a second barrier layer formed on the first quantum well
layer; and a second quantum well layer comprising the first metal-nitride based material formed on the
second barrier layer; and wherein a difference between conduction band energy of the first quantum well

layer and conduction band energy of the second quantum well layer is matched to a single or muitiple
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optical phonon energy for reducing electron kinetic energy in the superlattice prior to an electron entering

the electron capture region layer.

The superiattice may be repeatediy formad n times in the structure wheraby
2<n<1l,

A diffsrence betwesn conduction band ensrgy of the first barriar layer and ths
conduction band eneargy of the first guantum well laysr may be maichad to a single

or muliiple optical phonon energy for reducing electron kinetic energy in the
supariatiice.

The second quantum well layer may be arranged o have a mois fraction of
the metal slament more than that of the first quanturh well layer o facilitate the
match of the conduction band energy differencsa.

The active region may comprise a third barrier layer; the electron capture region layer comprising
the first
metal-nitride based material formad on the third barrier layer; a third guanium well
layer comprising the first metai-nitride based material formed on ihe electron capturs
region layar, the third gquanium well layer having guantum dot nanosiruciures
embadded fherein; and wherein matetial compesition and thickness of the eleciron

capiure region iayer is configurad fo facilitaie slectron capture.

The active region may be repeatedly formed m times in

the structure whereby 1< m< 5,

The siructurs may further comprise a p-type contact structure formed on an
outermost one of the quantum well tayers, the p-type contact structure comprising a
p-type metal-nitride {aysr.

The p-type contact structure may comprise a multiple-stage doping profile,

The p-type contact structure may be doped with magnesium (Ma).
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Each barrier layer may comprise a second metai-nitride based material

having a different mstal element comparad o the first metalnitride based material.

The first metal-nitride based material may comprise Indium-Gallium-Nifride
(inGaN).

Tha mole fraction of Indium in the first quantum well layer may bz in 2 rangs
of about G.05 to about 0.35.

The mole fraction of Indium in the second guantum wall layer may be in a
range of about 8.0810 fo about 0.38.

The mole fraction of Indium in the eleciron capture region layer may be in a range of about 0.15

to about 0.45.

The mole fraction of Indium in the third quantum well layer may be in a range of about 0.20 to

about 0.50.

The structure may be capable of emitling amber light.

- The structure may further comprise one or mors biue/green light emitiing

mufiipie guantum well fayers whereby the structurs is capable of emitfing white light.
The optical phonon enargy may be a longitudinal optical phonon energy.

In accordance with a second aspect of the present invention, there is provided a method of
forming a light emitting diode structure, the method comprising the steps of: forming an active region
comprising an electron capture region layer; forming a superlattice, by forming a first barmer layer;
forming a first quantum well layer on the first barrier layer, the first quantum well layer comprising a first
metal-nitride based material; forming a second barrier layer on the first quantum well layer; forming a

second quantum well layer on the second barrier layer, the second quantum well layer comprising the first
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metal-nitride based material; and wherein a difference between conduction band energy of the first
quantum well layer and conduction band energy of the second quantum well layer is matched to a single
or multiple optical phonon energy for reducing electron kinetic energy in the superlattice prior to an

electron entry into the electron capture region layer.

The method may further comprise forming the superiatiice repeatediy for n
times whareby 2<n<10.

A difference betwaen conduction band energy of the first barrier layer and the
conduction band energy of the first guantum well layer may bs maichad 10 a single

or multiple oplical phonon energy for reducing electron kinetic esnergy in the
sUperlatiica.

The method may further comprise forming the second guanfum wall layer o
have a moie fraction of the metal element more than that of the first quantum well
layer fo facilitate the maich of the conduction band ensrgy difference.

The method may further comprise forming the active region, by forming a third barrier layer;
forming the electron capture region layer
comprising the first matal-nifride based material on the third barrier layer; forming 2
third guanium well layer comprising the first metal-nitride based material on the
eleciron capiure region layer, the third guantum well layer having quantum dot
nanostructures embedded therein; and wherein material composition and thicknass

of the eleciron capture region layer is configured for faciiitating electron capiure.

The method may further comprise forming the active region repeatedly for m times whereby
1<m<5.

The method may further comprise farming a p-type contact structure on an
outermost ong of the guantum weli layers, the p-type contact structure comprising a
p-type metal-nitride layer,

The p-type contact structure may comprise a multiple-stage doping profiiz.
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The structure may be capabie of emitting amber !igﬁt. '

The method may further comprise forming one or more bluefgreen light
emitting muliiple quantum well layers whereby the sfructure is capablie of emiifing
white light.

The optical phonon energy may be a longitudinal optical phonon energy.

BRIEF DESCRIFTION OF THE DRAWINGS

Embodiments of the invention will be batter understood and readily apparent
to one of ordinary skill in the art from the foliowing written descripiion, by way of
axampie only, and in conjunction with the drawings, in which:

Figure 1{a) is a schematic diagram illustrating a light emitting dicde (LED)
structure in an example embodiment.

Figure 1{b) is a schematic diagram illustrating the LED structure in more
detail.

Figure 2(a) shows a secondary ion mass specirometry (SIMS) depth profile of a
LED sample of an example embodiment comprising a p-GaN epilayer with muliiple-
stage doping of about 7x10% cm™ at a first stage, about 2x10™® ecm™ at a second stage
and about 7x10"® cm™ at a third stage.

Figure 2(b) shows a SIMS depth profile of a conveniional LED with a uniformly

type doped GaN epilayer having a constant doping of concentration of about 2x10* cnv
3

Figure 3 is a schematic diagram iliustrating @ LED structure in an exampie
embodiment.
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Figﬂre 4 shows an electroluminescence spectra under varying injection currents
of an amber-orange LED sample formed according to the example embodiment.

Figure 5 is a schematic di.agram iliustrating an InGaN/GaN muitipie quanium .
wells (MQWSs) layer of Figure 3 in more datail.

Figure 8 is a schematic diagram illustrating a p-GaN layer of Figure 3 in more
detail.

Figure 7 shows an electroluminescence spectrum for a white LED sample formed
according to the exampie embodiment.

Figure 8 is a flowchart illustrating a method of forming a light emitting diode
structure in an example embodimant.

Figure © is a schematic energy diagram Hlusirating band-gap engineering in an
example embodiment.

DETAILED DESCRIPTION

Exampie embodiments described below can provide a structure and a method for
forming a high power white LED comprising band-gap engineered InGaN/GaN guantum
dots (QDs)/guantum wells (QWs) and a p-GaN layer with a mulii-stage doping profile.

Figure 1(a) is a schemalic diagram illustrating a light emitling diode (LED)
structure in an example embodiment. Figure (b} is a schemaitic diagram illustrating
the light emitting diode (LED) structure in more detail.

in the example embodiment, a light emitling diode structure 100 is formed
using a GaN template 102. The GaN template 102 comprises a sapphire substrate
130, a low-temperature GaN buffer 132 fortmed on the subsiraie 130, a undoped u-GaN
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fayer 134 formed on the buffer 132 and a n-doped n-GaN layer 136 formed on the u-
GaN layer 134,

The LED structure 100 comprises layer 104 having one or more InGa. -
NGaN/n,GapN/GaN superlatices; layer 106 having a singie or multiple stacks of
QDs/QWs structures; and a p-GaN epilayer 108 with a multi-stage Magnesium (Mg)
doping profile.

In the example embodiment, a GaN spacer layer 110 is formed on the GaN
template 102. The In.Ga. NiGaN/in,Ga,N/GaN superiaitices structure layer 104 is
added after the growth of the GaN spacer layer 110, The superiattices structure layer
104 comprises a first quantum well layer In.Ga;..N and a second guantum well layer
inyGawsN. In the example embodiment, the superlattices structure layer 104 can be
repeated n fimes where 2<n<10. The purpose of the superlatfices structure layer 104 is
o slow down fast moving electrons through thermalisation and increase dwell fime of
electrons in the active region layer, e.g. the layer 108, by band-gap engineering.

The In,Ga N/GaN/nGa.,N/GaN superiattices structure layer 104 is designed
such that conduction band energy difference (i.e. conduction band offsef), or the first
quantized energy level of the superiatiice comprising GaN 112 and in.Ga..N 114, and
GaN 116 and In,GasuN 118, is maiched to a single or muitipie opiical phonon energy,
preferably longitudinal optical phonon energy. |

Figure 9 is a schematic energy diagram iliusirating band-gap engineering in the
example embodiment, Numeral 802 shows the conduction band epergy of GaN 112
(Figure 1), numeral 804 shows the conduction band energy of In.Ga.w..N 114 (Figure 1),
nutneral 908 shows the conduction band energy of GaN 1186 (Figure 1) and numeral 808
shows the 'conduction band energy of InyGa. N 118 (Figure 1). In the example
embadiment, by maiching a difference betwsen the conduction band energy 204 of
In.Gas..N 114 (Figure 1) and the conduction band energy 908 of in,Ga..N 118 (Figure
1}, ie. the difference indicated at numeral 812, o a2 single or muitiple optical phonon
energy, electron kinetic energy is reduced through emission of for exa;mpie longitudinal
optical phonons with a phonon energy of about 0.082eV.
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Preferably, a difference between the conduction band energy 802 of GaN 112
(Figure 1) and the conduction band energy 904 of in,Ga..N 114 (Figure 1), ie. see
numeral 910, is aiso matched to a single or muliiple opfical phenon energy such that
electron kinetic energy is reduced through emission of for example longitudinal optical
phonons,

Returning to Figure 1(a) and {b), the GaN 118 is kept thin, ie. about 3 fo 20 nm,
_to faciiitate electron tunnelling, and promoted due to the band-gap engineering described
above. Therefore, the above design is effective in reducing the electron kinstic energy
through emission of e.g. longitudinal optical phonons. Thus, when electrons pass
through the superlatfices struciure layer 104, they begin fo move at a slowar speed
before théy enter into the active region e.g. the layer 108, thus, providing & higher
probability of recombination. in this way, recombination efficiency or carrier injection
efficiency and internai guantum efiiciency of the LED structure 100 is increased.

After formation of the superiatiices structure jayer 104, a GaN cap layer 118 is
formed.

in the example embodiment, the single or mulii-stack iInGaN QDs/QWs structure
layer 106 emitting in a longer wavelength {than e.g. bius/green), e.g. yellow, amber and
red, is formed on the GaN cap layer 119. in the exampie embodiment, the InGaN
QDs/QWs sfructure tayer 108 can be repeated m times where 1<m<5. To form the
InGaN QDs/QWs structure laver 108, a u-GaN barrier layer 120 is formed. After growth
of the u-GaN barrier layer 120, a In,Ga,.,N layer 122 with a low indium mole fraction is
grown. In,Ga.,N QDs/QWs 124 are grown on the in,Ga..N layer 122. The In,Ga. N
layar 122 serves as an eleciron capture region before electrons transit to the In,GayN
QDs/QWs 124 for radiative recombination to give yeliow, amber or red emission. In the
example embodiment, the In,Ga,,N layer 122 also functions as a wetting layer fo
enhance the incorporation of Indium nitride guantum dots during an In burst process.
The InGa..N QDs/QWs 124 is a In.Gay.N guantum well layer 125 having guantum dot
nanostructures or quantum dots 127 embedded therein. By enginearing the indium
compesition and thickness of this in,Ga.,N layer 122, carrier capture efficiency is
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increasad. That is, enargy potential can be lowered and the electrons can be further
slowed down in the In,Ga.,N layer 122 before entering in,Ga. N QDs/QWs 124, The
In.GauN fayer 122 is preferably maintained at a thickness range from about 3 to 20nm,
and preferably a thickness of about 7nm for optimum carrier capture efficiency. It has
been recognised by the inventors that if the tnw{‘;‘ari layer 122 is too thick (e.g. more
than 20 nm), the material quality and formation of the guantum dot nanostruciures may
be adversely affected.

After forming the InGaN QDs/QWs structure iayer 108, a AIN layer 126 and a
GaN cap layer 128 are formed.

in the example embodiment, the p-contact fayer or p-GaN epilayer 108 having a
multiple-stage Mg doping profile is formed on the GaN cap layer 128. A
Biscyclopentadieniimagnesium (Cp,Mg) precursor is used as the p-dopant for the p GaN
epilayer 108. The doping concentration is varied in steps from the bottom of the epilayer
108 1o the top by changing the Cp,Mg flow rate or a Trimethyigallium (TMGa) flow rate.

Secondary ion mass specitrometry (SIMS) depth profiling is carried out on one
sample of the example embodiment comprising an epilayer with 2 multiple stage Mg
doping profile fo determine composition distribution of the different elements, namely
Gallium {Ga), Magnesium (Mg}, Nitfrogen (N) and Indium (in) with depth, based on their
atomic weight. As a comparison, the Mg dopant in a conventional uniformly-doped p-
GaN layer used in a conventional LED is alse measured using SIMS.

Figure 2(a) shows a SIMS depih profile of the LED sample of the example
embodiment comprising a p-GaN epilayer with muliiple-stage doping of about 7x1 0" em
* at a first stage, about 2x10" em™ at a second stage and about 7x10™ em™ at a third
stage. Figure 2(b) shows a SIMS depth profile of the conventional LED with a uniformiy
type doped GaN epilayer having a constant doping of concentration of about 2x10™ e
®_ As shown in Figure 2(a), there is a step like profile {(see numerals 202, 204) in the Mg
distribution of the sample of the example embodiment. The Mg composition is estimaied
to be about 7 x10%7 cm™ at the interface with the GaN cap layer (compare cap layer 128
in Figure 1(a)) after the growth of the stacked QDs/QWSs. The p-doping is then increased
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in steps to about 2 x10™ em™® and subsequently to about 7 x 10" cm™ at the top of the
epilayer (compare epilayer 108 in Figure 1(a)), which is intended to contact a
transparent Ni/Au electrode. On the contrary, Mg conceniration is shown fo be
substantially constant (see numeral 208) across the whole p-contact layer in the
conventional uniformly-doped p-GaN as shown in Figure 2(b).

The inventors have recognised that in a conventional highly doped p-contact
layer with a constant concentration, while desired for forming an shmic contact, a highiy
doped p-contact layer is likely to cause diffusion of the dopant into the active regions of a
LED structure. Further, a highly doped p-contact layer is likely fo cause hole mobiiity to
be lowered.

On the other hand, a p-GaN epilayer with multiple-stage doping of the sample of
the example embodiment can address the above problems. The concentration of the
dopant of the epilayer at the metal contact interface is controlled to be higher relative to
other areas of the epilayer while the concentration of the dopant of the epilayer nearer to
the aclive regions (compare layer 106 of Figure 1{a)} is confrolled to bs lower.
Therefore, a good ohmic contact can be formed with the metal contact while diffusion of
the dopant into the active regions can be lowered. Furthermore, as the doping nearer o
the active regions is lower, hole mobility is likely fo be high. This can encourage holes 1o
travel deeper info the active regions and thus, result in a higher electron-hole
recombination volume.

Furthermore, thickness of the mulli-step p-type doping contact layer or epiiayer of
the sample of the example embodiment can be grown thicker than the conventional one-
step p-contact layer to faciliiate surface patierning such that light extraction is
advantageously enhanced.

In an example embodimant, growth of a white light emitting dicde (LED) is
performed using a metalorganic chemical vapour deposition system.

Trimethylgaliium (TMGa), Trimethylindium (TMin), Trimethylaluminium (TMA),
Biscyciopentadieniimagnesium (Cp.Mg) and silane (SiH,) are used as the precursors.
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Hydrogen and nitrogen are used as the carrier gas for effective incorporation of the
relevant selements on the LED surfaces.

Figure 3 is a schematic diagram fllustrating z light emitting diode (LED) structure
300 in an example embodiment.

In the example embodiment, a sapphire substrate 302 is provided. A low
femperature GaN buffer 304 is grown in the range of about 520°C fo about 550°C for a
thickness of about 25 nm to facllitate nucleation of GaN on the sapphire substrate 302.
Subsequently, a high temperature undoped GaN layer 306 is grown io a thickness of
about 2 um at about 1020°C to about 1030°C on the GaN buffer 304. A highly silicon-
doped GaN jayar 308 with a thickness of about 2-2.5 um and having a concentration in
the range of about 1 x10™ to about 9x10"™ cm™ is then formed on the undoped GaN
layer 308. A spacer layer 310 of n-GaN {ie. Si with concentration of less than about 5 x
10"em™), or of undoped GaN, is grown on the GaN layer 308. N-type doping is achieved
using SiH.. The spacer layer 310 is grown at a temperature of betwean about 800°C o
about 900°C with a thickness in the range of about 50 to about 200 nm, In the example
embaodiment, the sapphire subsirate 302 and the various layers 304, 308 and 308 are
collectively termed as a GaN template 312.

After formation of the GaN templaie 312 and the spacer layer 310, growth of &
inGayN/GaN/n,Ga,N superlatiices carrier thermalisation layer 314 is described.

A n-GaN barrier 316 (with Si doping of n of about 2 x10" to about 1x10*® cm™®)
having a thickness between about 3 {o about 20 nm is grown at & temperaiure of about
750°C 1o about 900°C. The thickness of the barrier 3186 is preferably balow about 5nm o
enable carrier tunnelliing. The temperature is then lowered fo a temperature of about
760°C to about 800°C to grow a In.Ga, N layer 318 (where 0.05< a<0.35) with a
thickness of about 2 to about 10 nm. A GaN barrier 320 of between about 3 to about 20
nm thick is then added_ at a temperature of about 750°C to about 800°C, A In,GaN
layer 322 (having 0.0810< b<(.38, where b>a) having a thickness of about 2 to about 10
nm is formed in the temperature range of about 730°C 1o about 790°C on the GaN
barrier 320. The relationship b>a is chosen such that the conduction band energy
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difference (i.e. conduction band offset) of the superiattices carrier thermaiisation layer
314 is matched to a single or multiple longitudinal opfical phonon energy, as described
above with reference to Figure 8. The TMin flow rate for growth of the In,Ga N layer
322 is higher than that used for the In.Ga..N layer 318. In the example embodiment,
thase four layers 316, 318, 320, 322, GaN/in.Ga..N/GaN/in,Gas.,N, are repeated for a
period n (where 2< n < 10). Only one set is shown in Figure 3 for illustration. Compare
with superlattices structure layer 104 of Figure 1(b).

After forming the last In,Ga.,N layer 322 (over the period n), an undopsd GaN
cap layer 324 is then grown on top of the superiattice layer 314 at a temperaturs of
about 750°C to about 900°C. The GaN cap layer 324 has a thickness of between about
3 to about 20, The thickness of the barrier 324 is preferably bejow about 5nm to enable
carrier tunnalling.

After formation of the superlatiices layer 314 and the GaN cap layer 324, growth
of InGaN QDs/QWs with a In,Ga..wN camier capiure layer to gensrate emission in the
longer wavelength range is described,

A u-GaN barrier 326 is grown on the GaN cap layer 324 ai a temperatura of
about 750°C fo about 900°C to a thickness of between about 3 to about 20 nm. The
temperature is then lowered to a femperature range of about 750°C-810°C for the growth
of an In,Ga, N layer 328 (where 0.15s w< 0.45) for a thickness of about 3 to about 20
nm. After the growth of the In,Ga..N layer 328, TMGa flow is set to zero for TMin
freatment to grow InGaN QDs e.g. 330 for a time duration from about 8s to about 30s.
The TMIn flow is set in the range of about 5.0 to about 100 pmol/ min and tha growth
temperature is in the range of about 700-760°C. The growth conditions can determine
the size and composition of Indium in the inGaN QDs e.g. 330.

After the growth of the InGaN QDs e.g. 330, a InGa.x N QW fayer 332 (where
0.20s xs 0.50) is grown at the same temperature above. The amount of indium
incorporation determines the colour of emission. in the example embodiment, the u-GaN
barrier 326, the In,Ga.. N layer 328, the inGaN QDs e.g. 330 and the in,CGa.x N QW
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layer 332 are repeated for a period m (where 1< m< 5). Only one set is shown in Figure
3 for illustration. Compare with layer 106 of Figure 1(b).

The individual guantum wells of layer 332 are capped with a AN layer 334 which
prevenis diffusion of the In rich InGaN QDs 2.g. 330 io the quantum wells of layer 332,
or, into the GaN barrier layer 326. The AIN layer 334 is kept thin comparad fo the well
layer 332 (preferably below about 3 nm). It is noted that after the growth of the InGaN
well layer 332, sufficient time of e.g. about 30 seconds is provided for indium and
Gallium adatoms migraiion before the growth of the AIN layer 334. The growth
temperature of the AIN layer 334 is set at about 10 to about 1000°C higher than the
growth of the inGaN well layer 332 to obtain bafier crystal quality.

At this stage, the structure 300 up to AIN layer 334 can be used as an amber-
orange LED, provided that top contact structures are formed.

Figurs 4 shows an electroluminescence specira under varying injection currenis
of an amber-orange LED sampie formed according to the example embodiment. |t can
be obsarved that the intensity or light power ocutput increases substantially linsarly with
an increase in injection current. Further, it can be observed that the peak wavelengths
(see e.g. 402, 404) remain substantially constant Which implies that the colour emitted
remains substantially cdnstant with increasing injection current.

Returning to Figure 3, growth of a green or biue InGaN/GaN multiple quantum
wells (MQWs) layer 336 for color tuning, &.g. to obtain a white LED, can be performed. A
green or bide or a stack of both green and biue color MQWs can be grown on the AIN
layer 334,

Figure 5 is a schematic diagram iliustrating the iInGaN/GaN MQWs layer 336 of
Figure -3 in more detail. To form blue emitting MQWSs, a GaN fayer 502 of about 7 to
about 20 nm thick is first grown at a temperature of about 750°C to about 800°C. The
temperature is then lowered to betwesn about 760°C to about 800°C for growth of a
tnyGIawN well 504 (where (.15< y<0.25) and having a thickness of about 2 io about 5
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nm. The guantum wells 502-504 are repeated for @ period of m (where 1< m< 5}, Only
one set is shown in Figure 5 for illustration.

To form green emitling MOWSs, a GaN layer 508 of aboui 7 to about 20 nm thick
is first grown at a temperature of about 750°C fo about 900°C. A In,Ga N well 508
(where 0.30<y<0.40) is then grown at a temperaiure range of between about 740°C to
about 780°C and having a thickness of about 2 to about 5 nm. The guantum wells 506-
508 are repeated jor a period of m (where 1< m< 5). Only one set is shown in Figure 5
for Hflustration.

After growth of a desired set of MQWs e.g. 502-508, g thin GaN cap layer 335 is
grown fo a thickness of about 15 to about 30 nm at about 780°C to aboui 900°C.
Compare tayer 128 of Figure 1(b}. Preferably, an electron blocking layer 337 of p-Al.Ga..
N {(where 0.1<2<0.3) is then grown 1o a thickness of about 20 to about 50 nm. The TMA
flow rate for the growth of the p-Al.Ga,..N layer 337 is kept at between about 40 to about
100 umol/ min with a growth temperature of about 780°C to about 800°C. The Cp.Mg
source is kept at 2 rats of about 0.3 to aboui 1.8 pmol/ min during growth. This layer 337
serves to block electrons from directly traversing io a subsequent p-GaN region (see
numeral 338 of Figure 3) hence enabling effective recombination at the MQWs e.g. 502-
508,

Returning o Figure 3, a p-GaN layer 338 with a muliipie-stage doping profile is
formed o contact with an electrode (not shown). in the example embodiment, the dopant
used is Mg.

Figure 8 is a schematic diagram illustrating the p-GaN layer 338 of Figure 3 in
more detail. To form layer 338, the temperature is maintained at about 780°C to about
950°C. Three or more growth steps for the p-GaN 338 can be adopted. For example, in
the example embodiment, in the 1st step layer 802 of p-GaN (about 50 to about 100 nm
thick), a lower Mg doping, in the range of about 10" to about 10"cm™ is used. For the
2nd step layer 804 of p-GaN (about 50 to about 100 nm thick), a Mg doping of about
10" to about 5x10"cm™ is used. For the 3* layer 608, ie. close to the Ni/Au contact of
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an electrode (not shown), the doping concentrafion is increased to between abaout
5%10"® to about 10" en®, by increasing the Cp.Mg flow.

A sample white LED is fabricated using the example embodiment. t;c is found that
strong white emission is obtained with indium contact piaced on the p-GaN epilayer and
n+-GaN layer. Figure 7 shows an electroluminescence spectrum for the white LED.
Using an injection cutrent of about 60mA, i can be observed that there are the three
emission peaks at about 437.4 nm (blue light) at numeral 702, about 500.8 nm (green
light) at numeral 704 and about 566.6 nm (yeliow light) at numeral 706 based on fitting.
Different shades of white emission can be obtained with a combination of stacked
QDs/QWs (compare 106 of Figure 1(a)) and blue and/or green emission QWs.

Another sample LED is fabricated and packaged based on the above exampie
embodiment, using the three components of interest, ie. In,Ga,..N/GaN/In,Ga;,N/GaN
superiattices; a single or mulliple stacks of QDs/QWs sfructures; and p-GaN epilayer
with multi-siage doping profile. i is found that the sample LED can display a cool white
color emission with a luminous efficiency LE=15.9ImA &t about 30mA.

Yet another sample LED is fabricated and packaged based on the above
example embodiment, using the three components of interest, iz, In.Ga,.N/GaN/in.Ga,.
pN/GaN superlattices; a2 single or multiple stacks of QDs/QWs structures; and p-GaN
epilayer with multi-stage doping profile. it is found that the sample LED can display a
warm white color emission with a iuminous efficiency LE=43.5im/\V at about 30mA.

Figure 8 is a flowchart 800 iliustrating a methed of forming a light emitiing
diode structure in an example embodiment. Al step 802, a first barrer layer of a
superlattice is formed. Al siep BO4, a first quanium well layer Is formed on the first
barrier layer, the firsi quantum well layer comprising a first matal-niiride based
material, At step 808, a second barrier layer is formed on the first quantum well
layer. At stap 808, a second guanium well layer is formed on the second barrier
layer, the second quantum well layer comprising the first metal-nitride based
material. At step 81C, a difference between conduction band energy of the first
quantum well layer and conduction band energy of the second quantum well layer is
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matched to a single or mulfiple optical phonon energy for raducing eleciron kinetic
energy in the superlattice.

The above described example embodiments can increase carrier injection
efficiency. The above describad example embodiments can increase carrier capture
efficiency. The above described example embodiments can increase electron-hole
recombination volume and thus increase internal guantum efficiency. The above
described example embodiments can increase power output of InGaN quantum dots-
based LEDs.

in the example embodiments, the material used inciude GaN and InGaN,
However, it wili be appreciated that the material are not limited to the above and can
inciude any different metal-nitride based material.

it will be appreciated by a person skilled in the ar 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, fo be considered in all respects to
be illustrative and not restrictive.
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CLAIMS

LA hght em:ttmg diode structure, the structure comprising,
an active region oompns:ng an alactron capture reglon %ayer. ‘
a superlattsoe comprising:
a first barrieriayer;
a first quantum well layer ccmpnsmg a fi fst rnetal—nltrlda based
material formed on the first barrier ilayer; _ ‘
a second barrier tayer formed on the first quantum well !ayer and-
a second quantum wall layer comprising the first metal—mtnde based
material formed on the second bamer iayer; and, :

' wherem a dfﬁerenoe between conductlon band energy of the first quanfum

well fayer and conduchon band energy of the second quantum wel iayer is matched
toa sxngle or multiple optical phonon energy for reducmg electron Kinetic energy in ..
the superlattlce prior fo an eiectmn entanng tha alectron ca;ature regmn iayer

2 The structure as claimed in. c!alm 1, wherein ﬁw superiamoe s

rvepeatedly formed n times i :n the structure whereby 2cn<10

3. The structure as clalmed in c.ialms 1 or 2 wheresn a dxfference .

‘_between conduction band energy of the first barrier layer.and the conduction band -
- energy of the first quantum well layer is matched to a smg!e or mulfiple ophcal

phunon energy for mducmg elecfron kmsﬁc energy in the' supaﬁatﬁoe
4, . The struﬁure as ctaamed in any one. of daims 1 m 3 wheretn the'

more than that of the first quanmm well layar to facumate the match of the ccnduc:non

‘band energy dszerenoe

8. The structure as claimed in gy one of claims 1 16’4, the active region
oomprising - ' ' '
" a third barrser 1ayer°

" Amended Sheet
IPEA/AU
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. the electron capture region layer comprising the first metal-nitride based
material formed on the third barrier layer; '

a third quantum well layer oomprismg the first metai-mtnde based material '
formed on the e[ectron capture regmn layer, the third quantum welf layer having |
quantum dot nanostructures embedded therein; and .

wherein material composrtrrrn and thickness of the electron capturé"ragion :

layer is configured to facilitate electron capture.

.8 - Tha structure as c!armed in claim §, wharem the acixve region is

repeatediy fommed m fimes in the structure whereby 1< m<5,

7. , The structure as clarmad in any one. of cialms i to 8, further
comprising a p—type contact structure formad on an outermost one of the quaniurn
well’ jayers, the p-type contact structure :;ompr;smg & p-typs metal-nitride [ayer.

8. The structure as, cialmed in clairn 7, wherein the p~iype contact
structure comprrsas a multrple»stage dopmg proﬁie -

- 8, The structure as claimed in c:iaim 8, wherem the p—type contact :
stmcture is doped with magnesrum {Mg) '

1 0 " The s’a-uc;ture as c[armed in any ong of claims 1 to 9, wherem each

' bamer layer- mmpnses a second metaiunitnde based material having a different

metal etement compared to the first metal-mtnde based matarial.

‘ *i't The structure as cla:med 4n cia:m 5 wherem the first meta!—mtﬂde
based material cc:mprises lndiumnea!iium-Nltnde (inGaN)

12 Thé_ struotz_ire as ciaimed in '_ciairr_r ‘_Ef.’wherein the. mole fraction of

" Indium in the first qua‘nm'm welllayer is in & range of about 0.05 o about 0.35,

: 13 The situcture as claimed in claim 11, wheram the mole fraction ef
indlum in the second quantum well Iayer sina range ‘of aboirt 0 0810 to about 0.38.

Amended Sheet
IPEA/AU
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14." The structure as claimed in claim 11, wherein the mole fraction of

. inc_ﬂﬁri‘s in the electron E:abtuée région.!ayer is in a range of about 0.15 to about 0.45.

15, The structure. as’ cla:mad in claim. 11, wherem the mole fracﬂon of
Indlurn in the thxrd quantum well layer isin arange of about 0.20 to about 0. 60

16. The struc’ture as clalmad iin.any one of claims 3 to 15, wherem the

'_ structure is capable of em:ttmg amber. Iight

17.  The structure as claimed. in any one of claims 3to 16,.the structure
furﬁ*ner comprising one or mare. b!uefgreen iught emitting muitlpie quantum wel
layers whereby the structure is capabfa_ of smlttzng white llght.

18. The siructure as ciaamed In any of the precedmg claims, wherem ths |
ophcai phonon energy |s a {ongitudmal optical phcmon energy ‘

19. A method of form:ng a hgh’c emlttmg dlode struciure, the method
c:omprtsmg the steps of S .
‘ forming an active region compnsing ‘an electron capture region layer;
fc:rrmng asuperiathce by i
forming a first barrier layer .
_ fon'nmg a first quantum well !ayer on the first barrier layer' the first
quantum well fayer ccmpnsmg a first metai-nitride based matenai
fcrmmg a second barrier iayer on the first quantum well iayer
fcrmmg a second quantum well layer on the secend barrier iayer, the‘

- second quantum waill anar compnsmg the first metai-mtnde based matenal and

30

~ wherein a difference. between conduction band enargy of the first quantum
wefl fayer and conduction band energy of the second quantum well {ayer is matched
o a smgle or. muiﬁpie opticat phonon gnergy for reducmg alectron kinetic energy in
the supenamce prior to an- ‘electron entry mto the etectron capture reglon layer.

" Amended Sheet
IPEAJAU
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20. The method as claimed in claim 19, further comprising forfning the

superlattice repeatediy for n times whereby 2<n<10.

21, The method as ciaimed in claims 19 or 20, wherein a difference
between conduction band energy of the first barrier layer and 2}18 conduction band
enargy of the first quantum well layer is ‘matched to a “single or multipie opttcai
phonon energy for reductng elactron kinetic energy in the SUpariathce

: 22. The ma’thod a5 ciaimed in any one of claims 18 to 21, further
compnsmg fom’tmg the second quantum well layer to have a moie fraction of the

" metal sfement more than that of the first quantum weil tayer to facahtata the match of

the conduction band energy difference.

23 The method as claimed in any one of claims 19 to 22, furiher B
comprising formmg the active region, by
formmg a third barrier layer; : ‘
fonmng the” eiectron capture reglon layar compnsmg the fi rst metal-nitnde

based mateﬂal on the thlrd bagrier. iayer

forming a third quantum -well layer comprising the first matahnitnde based

.mater;al on the electron capture region iayer the third quantum weﬂ !ayer havmg:.

quantum ciot nanostructuras embedded therein; and
wherein matenal composition and thlckness of the eiectmrr capture reglon

y-f"
PN

24. The method as céazmed i claim 23 further compnsmg fcﬁmng the

~ active reglon repeatediy form times whereby 1< m< 5,

25. " .The methbd as claime‘d in any‘ one of claims 18 to 24, further ‘
compnsmg fermmg a p—type contact structure on an outermost ong of the quantum -

weIE iayers the p«type contact structure compnsmg a p-iype meta!—mtncie iayer

25 '?he method as ctazmed in claim 25, wherem the p~type contact

'_structure compnses a muiﬂpie«stage doping proﬂe

Amended Sheet
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27. The method as ciaxmed in any ona of claims ‘!9 o 26 wherein the

'structure is capable of emitting amber ltghi

5 28, The method as ciaimed in any one of claims 18 to 27, further
' comprssmg forming one or more bluaigreen light emitting mumple quantum wall
iayers whereby the structure is capable of en’uttmg white hght

o _ 28, The m&thod as c‘!‘aimed' in any one of ciaims 19 to 28, wherein the
10 optical phonon energy is a longitudinal opticai‘phonon anargy. '
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