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BROADBAND LIGHT EMITTING DIODES 
AND METHOD FOR PRODUCING SAME 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the bene?t of priority under 35 
U.S.C. §119(e) of US. Provisional Patent Application No. 
61/420,859, ?led Dec. 8, 2010, the entire disclosure ofWhich 
is hereby incorporated herein by reference. 

STATEMENT OF GOVERNMENT INTEREST 

This invention Was made With government support under 
US. National Science FoundationiECCS AWard #0701421, 
and US. National Science Foundation4CBET AWard 
#0828426. The government has certain rights in the inven 
tion. 

FIELD OF THE INVENTION 

The present invention relates generally to semiconductor 
light-emitting devices (LEDs) including gallium-nitride 
(GaN) -based quantum Wells, and more particularly to a GaN 
based semiconductor LED providing broadband (multi-spec 
tra) emission producing “White” light suitable for home illu 
mination, and a method for producing same. 

DISCUSSION OF RELATED ART 

A quantum Well is a potential boundary that con?nes par 
ticles to a planar, substantially tWo dimension region. As used 
herein, the term “quantum Well” refers to a thin-layer struc 
ture comprising alternate layers consisting of a ?rst semicon 
ductor layer With a thickness smaller than the de Broglie 
Wavelength of about 200 A to 300 A With respect to electrons 
or holes and at least a second semiconductor layer With a 
bandgap greater than that of the ?rst semiconductor layer. A 
“substrate” is an underlying template or substratum, such as a 
GaN substrate, a GaN/ sapphire template, a Si substrate, a SiC 
substrate or a ZnO substrate. 
The electrons and holes in the quantum Well layer cannot 

move freely in the direction of thickness and are substantially 
con?ned tWo-dimensionally in a plane perpendicular to the 
thickness direction. The tWo-dimensional con?nement 
increases bound energy of Coulombic electron, and hole 
attraction so that excitons occur under heat energy at room 

temperature. 
A quantum Well can be formed as part of a semiconductor 

by having a material, such as indium gallium nitride (InGaN), 
sandWiched betWeen tWo layers of a larger bandgap material 
such as gallium nitride (GaN). FIG. 1 is a diagrammatic 
representation of an exemplary prior art gallium-nitride 
based quantum Well 8 that includes an active layer 2 of InGaN 
sandWiched betWeen higher bandgap barrier layers 4 of GaN. 
For example, the InGaN active layer 2 may have a thickness 
of approximately 20 A to 50 A, and each barrier layer 4 may 
have a thickness of approximately 50 A to 250 A. 
A quantum Well effect can be achieved in a device by 

alternating tWo kinds of very thin semiconductor layers With 
different bandgap characteristics. As Well knoWn in the art, 
such structures can be groWn by molecular beam epitaxy 
(MBE) and metalorganic chemical vapor deposition 
(MOCVD). These procedures can provide a layer having a 
thickness as small as a molecular monolayer. 

The GaN-based quantum Well semiconductor suffers from 
large charge separation in the quantum Well. Due to the polar 
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2 
ization ?elds in an InGaN quantum Well, the electron and hole 
Wavefunctions are con?ned in opposite directions leading to 
reduction of the electron-hole Wavefunction overlap (1781 h), 
as shoWn in FIG. 2. The detrimental effect from such charge 
separation becomes more severe, as the emission Wavelength 
of the InGaN quantum Wells is extended into green, yelloW 
and red spectral regimes. This means that “White” light, com 
prised of multi-spectra emission across a broad band of Wave 
lengths, that is a suitable alternative to the “Warm” light 
provided by incandescent lighting in home and general-pur 
pose illumination, is di?icult to obtain. In addition the ability 
to generate White light emission by using a light-emitting 
diode Will result in signi?cantly more energy-ef?cient light 
emitters. 

Existing approaches for multiple-spectra broadband LED 
emission are not Well-suited for solid state lighting applica 
tions. For example, one approach involves use of phosphor 
based LEDs. HoWever, such pho sphor-based LEDs have rela 
tively high packaging costs and an overall reduced ef?ciency 
due to Stokes shift, Which means makes them generally 
poorly suited for Widespread use in lighting applications. 
More speci?cally, the use of phosphor-based technology to 
doWn-convert blue-photons from blue-emitting LEDs is lim 
ited by the Stokes shift energy loss, Which results in chal 
lenges in achieving high Wall-plug ef?ciency LEDs that pro 
duce White light. By Way of further example, an alternative 
approach involves use of carrier distribution of vertical mul 
tiple-stacked InGaN QWs. HoWever, this approach leads to 
non-uniform carrier distribution, and therefore the light inten 
sity and color spectra Will be strongly in?uenced by current 
injection level. The use of vertically-stacked, dissimilar 
InGaN QWs Will result in ratio of the light intensity of emis 
sion Wavelengths from each QWs to be changing With current 
density, Which in turn results in changing color temperature as 
the current density is varied. Yet another approach involves a 
“tWo-facet” quantum Well, in Which the use of the trapezoidal 
regroWth method enables the groWth of GaN With facets of 
0-degree and 60-degree orientations. The availability of the 
tWo facets enable the groWth of InGaN QWs With tWo differ 
ent polarizations/orientations, resulting in tWo-color LEDs. 
HoWever, this approach is inherently limited to provide tWo 
peak spectra, Which is insuf?cient relative to the visible light 
spectrum to provide “White” light. 
What is needed is a nitride-based White light LED capable 

of generating supercontinuum and broadband emission that 
covers the Whole visible light region (7»~450-nm, 540 nm, 5 80 
nm, and 630 nm), and provides Warm White light suitable for 
home illumination. 

SUMMARY 

Generally, the present invention provides a III Nitride 
based semiconductor LED including a polarization ?eldman 
agement template having a three-dimensional patterned sur 
face on Which the quantum Well layer is formed. Thus, the 
quantum Well layer has topographical variations correspond 
ing to those of the polarization ?eld management template. 
These variations in spatial orientation of portions of the quan 
tum Well layer cause the polarization ?eld of the quantum 
Well layer to vary across the surface of the LED, Which leads 
to energy transition shifting. The LED thus provides broad 
band emission (multi-spectra, across all or most of the visible 
light Wavelength spectrum), and thus emits Warm “White” 
light that is particularly Well-suited for home-illumination 
applications. 

In one embodiment, a III-Nitride based semiconductor 
device is provided that includes a polarization ?eld manage 
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ment template of a ?rst GaN-based material having a ?rst 
conduction type. The polarization ?eld management template 
comprises a patterned surface de?ning a plurality of concave 
cavities. The device further includes a quantum Well layer 
formed on and substantially conforming to the patterned sur 
face of the polarization ?eld management template. The 
quantum Well layer comprises a quantum Well active layer 
sandWiched betWeen ?rst and second barrier layers. The 
quantum Well active layer includes an inner layer of a ?rst 
nitride-based material having a ?rst bandgap characteristic; 
and a pair of outer layers of a second nitride-based material 
different from the ?rst nitride-based material. The second 
nitride-based material has a second bandgap characteristic 
greater than the ?rst bandgap characteristic. The pair of outer 
layers sandWiches the inner layer. The device further includes 
a conduction layer of a second GaN-based material having a 
second conduction type opposite to the ?rst conduction type. 
The conduction layer covers at least substantially all of the 
quantum Well layer. 
A light emitting III-Nitride based semiconductor device 

comprising further includes a ?rst contact of a ?rst metal of 
the ?rst conduction type in contact With the substrate, and a 
second contact of a second metal of the second conduction 
type in contact With the conduction layer. 

In certain embodiments, the concave cavities are arranged 
in closely-packed relationship and/or in a substantially-uni 
form hexagonal array. In certain embodiments, the concave 
cavities are homogeneous and/ or hemispherical in shape, 
e.g., having a maximum diameter measuring less than 1 
micron. 

Also provided is a method for manufacturing a III-Nitride 
based light-emitting semiconductor device. The method 
includes providing a substantially planar substrate of a ?rst 
GaN-based material having a ?rst conduction type; providing 
a template layer of crystals on the substantially planar sub 
strate; groWing a shaped layer of the ?rst GaN-based material 
on the substrate and around the crystals; removing the crystals 
to reveal a polarization ?eld management template compris 
ing a patterned surface de?ning a plurality of concave cavi 
ties; groWing a quantum Well layer on and substantially con 
forming to the patterned surface of the polarization ?eld 
management template; groWing a conduction layer of a sec 
ond GaN-based material having a second conduction type 
opposite to said ?rst conduction type on the quantum Well 
layer, the conduction layer covering at least substantially all 
of the quantum Well layer; depositing a ?rst metal of said ?rst 
conduction type on said substrate to form a ?rst contact; and 
depositing a second metal of said second conduction type on 
said conduction layer to form a second contact. 

Provided also is a method for producing broadband light 
emission using a III-Nitride based light-emitting semicon 
ductor device. The method involves providing the III -Nitride 
based light-emitting semiconductor device; and exciting the 
quantum Well layer to produce optical emission from the 
shaped quantum Well layer. 

BRIEF SUMMARY OF DRAWINGS 

The present invention Will noW be described by Way of 
example With reference to the folloWing draWings in Which: 

FIG. 1 is a diagrammatic representation of an exemplary 
prior art semiconductor LED’s gallium-nitride-based quan 
tum Well that includes an InGaN layer sandWiched betWeen 
higher bandgap layers of GaN; 

FIG. 2 is a graph shoWing electron-hole Wave function 
overlap and peak emission Wavelength vs. indium content for 
exemplary prior art InGaN quantum Wells; 
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4 
FIG. 3 is a diagrammatic representation of a GaN-based 

semiconductor LED having a polarization ?eld management 
template and providing broadband supercontinuum spectrum 
White light in accordance With an exemplary embodiment of 
the present invention; 

FIG. 4a is a diagrammatic representation of an exemplary 
n-GaN substrate; 

FIG. 4b is a diagrammatic representation of the n-GaN 
substrate of FIG. 4a, shoWn supporting a monolayer of 
spheres; 

FIG. 40 is a diagrammatic representation of the n-GaN 
substrate of FIG. 4b shoWn after groWth of a shaped n-GaN 
layer around the spheres; 

FIG. 4d is a diagrammatic representation of a polarization 
?eld management template formed by removing the spheres 
from the n-GaN substrate of FIG. 40; 

FIG. 4e is a diagrammatic representation of the polariza 
tion ?eld management template of FIG. 4d supporting a mul 
tiple quantum Well layer; 

FIG. 4f is a diagrammatic representation of the structure of 
FIG. 4e after groWth of a p-GaN conductive layer on the 
multiple quantum Well layer; and 

FIG. 4g is a diagrammatic representation of a GaN-based 
semiconductor LED having a polarization ?eld management 
template and providing broadband supercontinuum spectrum 
White light in accordance With an exemplary embodiment of 
the present invention; 

FIG. 5 is a How diagram illustrating an exemplary method 
for forming a GaN-based semiconductor LED having a polar 
ization ?eld management template and providing broadband 
supercontinuum spectrum White light in accordance With an 
exemplary embodiment of the present invention; 

FIG. 6 is a scanning electron microscopy image shoWing 
the polarization ?eld management template before removal of 
the spheres, corresponding to the structure of FIG. 4(b); 

FIGS. 7 and 8 are scanning electron microscopy images 
shoWing the polarization ?eld management template after 
removal of the spheres, corresponding to the structure of FIG. 
4d, shoWn at O-degree and 45-degree orientations, respec 
tively; 

FIG. 9 is a graph of shoWing photoluminescence intensity 
as a function of Wavelength for an exemplary GaN-based 
semiconductor LED including 4-period QW groWth and With 
a polarization ?eld management template in accordance With 
the present invention; and 

FIG. 10 is a graph of shoWing photoluminescence intensity 
as a function of Wavelength for an exemplary GaN-based 
semiconductor LED including 4-period QW groWth and 
Without a polarization ?eld management template in accor 
dance With the present invention. 

DETAILED DESCRIPTION 

The present invention provides a III-Nitride (e.g., GaN 
based) semiconductor LED that provides broadband (multi 
spectra, e.g., in the red, yelloW, green and blue spectra, across 
all or most of the visible light region, 7»~450-nm, 540 nm, 580 
nm, and 630 nm) White light emission. Further, the present 
invention provides a method for forming the III-Nitride semi 
conductor LED. More speci?cally, the LED includes a novel 
polarization ?eld management template, Which is formed by 
a novel process generally involving depositing a monolayer 
of crystals on a conductive substrate, groWing conductive 
material on the substrate and around the crystals, and then 
removing the crystals to provide the polarization ?eld man 
agement template. The polarization ?eld management tem 
plate thus has a three-dimensional patterned surface includ 
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ing an array of cavities, preferably hemispherical cavities. 
Forming a multiple quantum Well (MQW) layer on the pat 
terned surface causes the polarization ?elds of the MQWs to 
vary across the surface of the LED, and such variation leads to 
energy transition shifting, and thus “White” light emission 
across a broad Wavelength spectrum. 

Referring noW to FIG. 3, an exemplary III-Nitride semi 
conductor LED 1 0 including a polarization ?eld management 
template is shoWn diagrammatically. As is typical of conven 
tional III-Nitride semiconductor LEDs, the exemplary semi 
conductor LED 10 includes a c-plane substrate 12 that is 
substantially planar. In this example, the substrate 12 is 
formed of a GaN material, as is knoWn in the art, and thus 
functions as an n-type layer, and includes at least one n-con 
tact (electrode) 14 in electrical communication thereWith. By 
Way of example, the c-plane substrate 12 may be formed as a 
2.5 pm layer of n-type doped GaN. For example, the substrate 
12 may be formed by a conventional MOCVD process. Alter 
natively, the substrate may be formed in the range of about 3 
to about 5 microns in thickness, and of other materials such as 
AlIN or AlGaInN. 
As is typical of conventional III-Nitride semiconductor 

LEDs, the exemplary semiconductor LED 10 further includes 
a p-contact (electrode) 16, though it should be noted that the 
p-contact of the exemplary LED 10 is not purely conventional 
but rather is consistent With the present invention in that is 
specially formed and/or shaped (on at least one side) in cor 
respondence With the polarization ?eld management template 
as discussed in greater detail beloW; on an opposite side, the 
layer may be substantially planar, or non-planar. By Way of 
example, the p-contact 16 may be formed as a conductive 
shaped layer 15 of p-type material, such as p-type doped GaN 
(pGaN) and a substantially planar layer 17 of p-metal formed 
thereon. For example, the conductive shaped layer 15 may be 
formed by a conventional MOCVD process, and the planar 
layer 17 can be deposited by electron-beam metal evapora 
tion. The layers may be formed in the range of 200-300 nm 
thickness and alternatively, of other materials such as InGaN, 
AlInN, or AlGaInN. 

In accordance With the present invention, the exemplary 
III-Nitride semiconductor LED 10 further includes a shaped 
layer 18 of n-type material, such as n-type doped GaN. The 
shaped layer 18 includes multiple cavities 20, each of Which 
is hemispherical or partially-hemispherical, or substantially 
hemispherical (collectively “hemispherical”) in shape. Thus, 
each cavity 20 has a valley portion 2011, located generally 
horizontally With reference to FIG. 3 or 4d, or in the 0-degree 
orientation, and a peak portion 20b, located generally verti 
cally With reference to FIG. 3 or 4d, or in the 90-degree 
orientation. It Will be appreciated that FIG. 3 shoWs the cavi 
ties in a tWo-dimensional representation for illustrative clar 
ity, though in fact the cavities are three-dimensional in nature. 

The combination of the shaped layer 18 and the substrate 
12 form What is referred to herein as a polarization ?eld 
management template 24, Which has a three-dimensional pat 
terned surface. Preferably, the surface includes cavities that 
are closely-packed and substantially homogeneous. Most 
preferably, the cavities are hemispherical. 

Formed on the polarization ?eld management template 24 
is a semiconductor multiple quantum Well (MQW) layer 30. 
The MQW layer may be formed in a generally conventional 
manner, using conventional techniques, materials and struc 
tures, except that the MQW is formed on the polarization ?eld 
management template 24 in accordance With the present 
invention, and thus has a unique topography used to advan 
tage in accordance With the present invention. In this 
example, the MQW layer 30 includes multiple quantum Well 
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6 
stages, such as a MQW formed by 4-period groWth. Each 
quantum Well stage includes a quantum Well con?ning the 
electrons and holes, and the quantum Well is surrounded by 
adjacent barrier layers (such as a GaN layer) in a sandWich 
con?guration. By Way of example, each barrier layer may be 
formed of GaN, and each quantum Well stage may be formed 
of one layer of InGaN (acting as an active layer) betWeen tWo 
layers of GaN (acting as a barrier layer relative to the active 
layer). As Will be appreciated by those skilled in the art, the 
barrier layer has a high bandgap characteristic relative to the 
electron and hole layers. 

Accordingly, an exemplary four-period MQW 30 may 
include multiple layers as folloWs: GaN barrier/InGaN/GaN/ 
InGaN/GaN/InGaN/GaN/InGaN/GaN barrier. Alternatively, 
the MQW 30 may be considered to include multiple layers as 
folloWs: GaN barrier/GAN/InGaN/GaN/InGaN/GaN/In 
GaN/GaN/InGaN/GaN/GaN barrier. In these examples, each 
GaN (or GaN barrier)/InGaN/GaN (or GaN barrier) combi 
nation is a “stage,” and thus there are 4 stages, resulting from 
4-period groWth. For example, GaN barrier layers of 10 nm 
and four InGaN/GaN stages each having a Well thickness of 
3.5 nm is suitable for this purpose. By Way of alternative 
example, AlGaInN may be used as an alternative to InGaN, 
layers in the range of 3-10 nm may be used, and about 2 to 
about 6 stages may be used. Any suitable quantum Well layer 
30 may be used. 

Thus, it Will be appreciated that the MQW layer 30 sub 
stantially conforms to the patterned surface of the polariza 
tion ?eld management template 24. Thus, portions of the 
MQW layer 30 are oriented at 0-degrees (see 2011), portions 
are oriented at approximately +90 degrees (see 20b), and 
portions are oriented at approximately —90 degrees (see 200), 
as shoWn With reference to FIGS. 3 and 4d. Further, portions 
of the MQW layer 30 are oriented along the continuous curve 
of the cavities 20 from approximately —90 degrees to approxi 
mately +90 degrees, as shoWn With reference to FIG. 3. Fur 
ther, portions of the MQW layer 30 are oriented along the 
continuous curve (from —90 to +90 degrees) of the cavities in 
three-dimensions, e.g., not only in the plane of the cross 
section shoWn in FIG. 3, but also out of the plane of the 
cross-section shoWn in FIG. 3. This variation in the physical 
orientation in space of the portions of the MQW layer 30 
causes corresponding variation in respective polarization 
?elds formed by those portions. Collectively, these portions 
provide an overall variation in the polarization ?eld for the 
semiconductor LED as a Whole that leads to an energy tran 
sition shift, Which in turn leads to emission of light across a 
broad range of Wavelengths, spanning the red, blue, yelloW 
and green spectra. This broadband emission in multiple spec 
tra combines to provides a “White” light emission perceived 
as a “Warm” light that is a suitable alternative to incandescent 
light sources of a type often used for home, commercial, 
industrial and other general illumination purposes. 
The exemplary semiconductor LED further includes a 

p-contact layer 16. The p-contact layer 16 may include a 
conductive shaped p-layer 15 covering the MQW layer and 
forming a substantially planar top surface for use as a mesa, 
and an additional substantially-planar layer 17. Optionally, 
these layers 15, 17 may be formed in a single process step or 
in multiple process steps, as discussed beloW in greater detail. 
In accordance With the present invention, the p-contact 16 is 
formed on, and thus is shaped to conform to, the MQW layer 
30, Which generally conforms to the patterned surface of the 
polarization ?eld management template 24. 
An exemplary method for forming an exemplary GaN 

based semiconductor LED including a polarization ?eld man 
agement template and providing broadband light emission is 
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described below With reference to FIGS. 4a-4g and FIG. 5. 
Referring noW to FIGS. 4a and 5, the method begins With 
provision of a c-plane substrate 12 of material of a ?rst con 
duction type, as shoWn at step 52. In this example, the ?rst 
conduction type is n-type, but in alternative embodiments, the 
?rst conduction type could be p-type. As discussed above, the 
substrate 12 is conventional in nature and may be formed 
using any conventional technique. By Way of example, a 2.5 
pm layer of n-type doped GaN is suitable for this purpose. In 
accordance With the present invention, the method next 
involves depositing a very thin layer of crystals 30 on the 
substrate 12, as shoWn at step 54. Preferably, the crystals are 
homogeneous and are arranged in a closely-packed mono 
layer. The crystals 30 may be formed or provided in any 
suitable manner, and may be spherical or substantially spheri 
cal (collectively, “spherical”), or non-spherical. By Way of 
example, a monolayer of substantially-uniform 1 micron 
diameter SiO2 microspheres may be deposited for this pur 
pose. Alternatively, the spheres may have a diameter in the 
range of 0.5 to 1 micron. By Way of further example, altema 
tive structures may be used, such as TiO2 instead of SiO2 
microspheres. Any suitable material may be used for this 
purpose provided that the material is amorphous, and thus 
prevents the groWth of GaN having a single-crystal structure. 
By Way of further example, l-micron SiO2 microspheres 

may be deposited by a rapid convection deposition involving 
providing a colloidal suspension SiO2 microspheres, provid 
ing a deposition blade above the substrate, depositing the 
colloidal suspension on the substrate, and sWeeping the depo 
sition blade over the substrate to distribute the SiO2 over the 
substrate. The sWeeping speed may be varied to ensure proper 
deposition of a monolayer. For example, for a deposition 
blade angle of 25 degree (and for l-micron diameter SiO2 
sphere, the blade may be sWept across the substrate at a speed 
of 45 um/ s. By Way of alternative example, for a monolayer 
deposition of 0.5 pm SiO2 microspheres and 1.0 pm SiO2 
microspheres, the optimal deposition speed using a hydro 
philic blade at an inclination angle of 80 degrees may be 65 
um/s and 60 um/ s, respectively. Suitable SiO2 microspheres 
can be prepared for example, by hydrolysis of tetraethoxysi 
lane, or by a sol gel process, or by spray drying a colloidal 
silica gel. Suitable siZe spheres can be in the range from 0.05 
microns up to 4 microns in diameter, preferably 0.1 micron to 
2 microns. Suitable SiO2 microspheres are commercially 
available from a variety of sources, such as Bangs Laborato 
ries, Inc., 9025 Technology Drive, Fishers, Ind. 46038-2886 
and are available in quantities With a standard siZe deviation 
of less than 1%. The SiO2 microspheres can be deposited in a 
suspension media such as DI-Water. The SiO2 suspension 
may be optimiZed for 13% volume fraction in DI-Water. 

This technique is advantageous in that it exploits the ten 
dency of monosiZed sub-micrometer spheres to spontane 
ously arrange into a closely-packed tWo-dimensional array. 
Further, strong capillary forces at the solid/air/Water interface 
induce crystallization of microspheres into a tWo-dimen 
sional array. 

FIG. 4b is a diagrammatic representation of an exemplary 
n-GaN substrate 12 shoWn supporting a monolayer of spheres 
30. Exemplary spheres 30 can be seen in the scanning elec 
tron microscopy image of FIG. 6. 

Next, the method involves groWing a shaped layer 18 on the 
substrate 12, as shoWn at step 56 in FIG. 5, and as shoWn in 
FIG. 40. More speci?cally, this step involves adding similar 
conduction-type material to the substrate 12 in the interstices 
betWeen the crystals, e. g., betWeen the loWer hemispheres of 
the spheres. In this manner, the spheres 30 act as a three 
dimensional template for forming the shaped layer 18. By 
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Way of example, the shaped layer 18 may be formed by 
groWing n-type material on the n-type substrate to a thickness 
up to a radius of the spheres. For example, a shaped layer of 
nGaN having a maximum thickness of approximately 0.24 
pm is suitable for this purpose. By Way of example, such a 
layer may be groWn using a metalorganic chemical vapor 
deposition (MOCVD) technique and triethylgallium, Which 
is a loW groWth-rate source material, at a temperature of about 
730 degrees C. Alternatively, other groWth methods, such as 
molecular beam epitaxy (MBE), may be used to groW the 
shaped layer 18. FIG. 6 is a scanning electron microscopy 
image shoWing an exemplary resulting n-type shaped layer 18 
and the spheres 30. 

Next, as shoWn at step 58 of FIG. 5, the exemplary method 
involves removing the crystals 30 to reveal the shaped layer 
18 and substrate 12, Which collectively form the polariZation 
?eld management template 24, as shoWn in FIG. 4d. The 
crystals may be removed in any suitable manner. In the 
example involving use of SiO2 spheres, the spheres may be 
removed by etching With a hydro?uoric (HF) acid solution. 
FIGS. 7 and 8 are scanning electron microscopy images 
shoWing the polariZation ?eld management template 24 at 
0-degree and 45-degree orientations, respectively, for illus 
trative clarity. The exemplary polariZation ?eld management 
template 24 has a three-dimensional patterned surface 24 
de?ning a plurality of closely-packed hemispherical cavities 
20, as shoWn in FIGS. 4d, 7 and 8. 
The method then involves groWing an MQW layer 30 on 

the polariZation ?eld management template 24, as shoWn in 
step 60 of FIG. 5, Which corresponds to FIG. 4e. In this 
example, the MQW layer 30 Was formed by a MOCVD 
regrowth process. More speci?cally, in this example a four 
period InGaN/GaN MQW layer 30 Was formed by depositing 
layers of InGaN and GaN alloys using the MOCVD process. 
By Way of example, an InGaN/GaN MQW layer having a 3 .5 
nm Well thickness and a 10 nm barrier layer is suitable for this 
purpose. By Way of alternative examples, an AlGaInN alloy 
may be used in forming the layers, 2 to 6 stages may be used, 
and alternatively the MBE process may be used to form the 
layers. 
As shoWn at step 62 in FIG. 5, the method then involves 

groWing a conduction layer 15 on the MQW layer 30. Pref 
erably, this involves groWing a conductive shaped layer 15 
having one side conforming to and covering all or substan 
tially all of the patterned surface of the MQW layer 30, and an 
opposite side that is substantially planar, and thus forms a 
mesa 15a, as shoWn in FIG. 4f For example, this conductive 
shaped layer 15 may be formed using a p-GaN material, using 
the MOCVD process, and may have a thickness in the range 
of approximately 250 to 500 nm. 

In this exemplary embodiment, the method further 
includes depositing n-type metal on the n-type substrate 12 to 
form an n-type contact 14, and depositing p-type metal on the 
conductive shaped layer 15 to form a p-type contact 17. For 
example, n-GaN and p-GaN may be used as layer 12 and layer 
15, respectively. 

In use, optical emission may be generated by exciting the 
active region of the semiconductor LED 10 by optically 
pumping or electrically injecting current into the device to 
produce optical emission from the MQW layer 30. The pat 
terned three-dimensional MQW layer 30, provided in con 
formance With the patterned surface of the polariZation ?eld 
management template 24, causes portions of the MQW layer 
to be disposed in a variety of spatial orientations that cause 
variations in those portions’ respective polariZation ?elds. 
The collective effect on the polariZation ?eld results in sig 
ni?cant red-shift in the emission Wavelength. For example, 
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the polarization ?eld in a device including an lnGaN QW With 
1 5% Indium content enables a Wavelength shift from approxi 
mately 410 nm to approximately 470 nm, due to the associ 
ated quantum con?ned Stark effect. 

Accordingly, the continuous variation of the spatial orien 
tation of the MQW layer 30 along the polarization ?eld man 
agement template 20 results in continuous variation of the 
internal electric ?eld Within the MQW layer 3 0, Which in turn 
results in tuning of the LED’s overall emission Wavelength 
from relatively long Wavelengths (in the red range) doWn to 
relatively short Wavelengths (in the blue range). The com 
bined emission spans the blue, green, yelloW and red spectral 
regimes, and thus provides an overall broadband “White” light 
emission. The change in the emission Wavelength from the 
QW With different orientations is a result of the change in the 
electric ?eld inside the QW at different orientations. This 
broadband emission in multiple spectrums combines to pro 
vide a “White” light emission perceived as a “Warm” light that 
is a suitable alternative to incandescent light sources of a type 
often used for home, commercial, industrial and other general 
illumination purposes. 

FIG. 10 is a graph of shoWing photoluminescence (PL) 
intensity as a function of Wavelength for a generally-conven 
tional GaN-based semiconductor LED that includes a 4-pe 
riod QW. A HeiCd laser (~325 nm) Was used as the excita 
tion source from the top side of the samples, at room 
temperature, and PL intensity Was collected from a top sur 
face of the samples. As Will be noted from FIG. 10, the PL 
intensity has a single peak around the 500 nm Wavelength, 
Wavelength, and the peak is relatively narroW spanning a 
Wavelength range of approximately 50-80 nm. 

In sharp contrast, FIG. 9 is a graph of showing PL intensity 
as a function of Wavelength for an exemplary GaN-based 
semiconductor LED including a polarization ?eld manage 
ment template 24 in accordance With the present invention. In 
particular, the GaN-based semiconductor LED in this 
example involved lnGaN/GaN QWs groWn on a polarization 
?eld management template groWn using MOCVD to a thick 
ness of about 0.24 microns around 1 micron SiO2 spheres on 
a traditional 2.5 micron n-GaN c-plane substrate. This exem 
plary semiconductor LED includes a similar 4-period QW for 
comparative purposes. HoWever, as Will be noted from FIG. 9, 
the PL intensity has tWo peaks, around 425 nm and 600 nm, 
and spans a much broader Wavelength band. Accordingly, it 
Will be appreciated that the semiconductor LED including a 
polarization ?eld management template in accordance With 
the present invention provides a broadband, multi-spectra 
emission as compared to a comparable conventional semi 
conductor LED, and thus provides a Warmer “White” light. 
A semiconductor LED 10 in accordance With the present 

invention may be embodied in various types of optoelectronic 
devices including light-emitting diodes, and may ?nd appli 
cation in solid state lighting, and display applications. 

While the present invention has been particularly shoWn 
and described With reference to the preferred mode as illus 
trated in the draWing, it Will be understood by one skilled in 
the art that various changes in detail may be effected therein 
Without departing from the spirit and scope of the invention as 
de?ned by the claims. 
What is claimed is: 
1. A Ill-Nitride based semiconductor device comprising: 
a polarization ?eld management template of a ?rst GaN 

based material having a ?rst conduction type, said polar 
ization ?eld management template comprising a pat 
terned surface de?ning a plurality of concave cavities; 

a quantum Well layer formed on and substantially conform 
ing to said patterned surface of said polarization ?eld 
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10 
management template, said quantum Well layer com 
prising a plurality of quantum Well stages, each quantum 
Well stage comprising: 
an inner layer of a ?rst nitride-based material having a 

?rst bandgap characteristic; and 
a pair of outer layers of a second nitride-based material 

different from said ?rst nitride-based material, said 
pair of outer layers sandWiching said inner layer, said 
second nitride-based material having a second band 
gap characteristic greater than said ?rst bandgap char 
acteristic; and 

a conduction layer of a second GaN-based material having 
a second conduction type opposite to said ?rst conduc 
tion type, said conduction layer covering at least sub 
stantially all of said quantum Well layer. 

2. The Ill-Nitride based semiconductor device of claim 1, 
Wherein said plurality of concave cavities are arranged in 
clo sely-packed relationship. 

3. The Ill-Nitride based semiconductor device of claim 1, 
Wherein said plurality of concave cavities are arranged in a 
substantially-uniform hexagonal array. 

4. The Ill-Nitride based semiconductor device of claim 1, 
Wherein each of said plurality of concave cavities is hemi 
spherical in shape. 

5. The Ill-Nitride based semiconductor device of claim 4, 
Wherein each of said plurality of concave has a maximum 
diameter measuring less than 1 micron. 

6. The Ill-Nitride based semiconductor device of claim 1, 
Wherein said substrate comprises nGaN material, and said 
conduction layer comprise pGaN material. 

7. The Ill-Nitride based semiconductor device of claim 1, 
Wherein said conduction layer has a ?rst side contoured to 
conform to said quantum Well layer, and a second side oppo 
site said ?rst side that is substantially planar. 

8. The lll-Nitride based semiconductor device of claim 1, 
Wherein said polarization ?eld management template is 
formed by groWing GaN-based material on a substantially 
planar substrate and around a template layer provided on the 
substantially planar substrate. 

9. The Ill-Nitride based semiconductor device of claim 8, 
Wherein GaN-based material is groWn using a metalorganic 
chemical vapor deposition process. 

10. The Ill-Nitride based semiconductor device of claim 8, 
Wherein said template layer comprises a layer of substan 
tially-homogeneous crystals provided on the substantially 
planar substrate. 

11. The Ill-Nitride based semiconductor device of claim 
10, Wherein said substantially-homogeneous crystals are sub 
stantially spherical in shape. 

12. The Ill-Nitride based semiconductor device of claim 
11, Wherein said layer of substantially-homogeneous crystals 
comprises a monolayer of SiO2 spheres. 

13. The Ill-Nitride based semiconductor device of claim 
12, Wherein said GaN-based material is groWn on a substan 
tially planar substrate to a maximum depth less than a radius 
of said spheres. 

14. The Ill-Nitride based semiconductor device of claim 1, 
Wherein said quantum Well layer comprises a quantum Well 
active layer of a lnGaN sandWiched betWeen ?rst and second 
layers of GaN. 

15. The Ill-Nitride based semiconductor device of claim 1, 
Wherein each of said inner layers has a thickness in the range 
of 15 A to about 60 A, and Wherein each of said outer layers 
has a thickness in the range of 50 A to about 200 A. 

16. The Ill-Nitride based semiconductor device of claim 1, 
Wherein said quantum Well layer comprises a four-period 
lnGaN/GaN quantum Well. 
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17. A light emitting Ill-Nitride based semiconductor 
device comprising: 

a polarization ?eld management template of a ?rst GaN 
based material having a ?rst conduction type, said polar 
ization ?eld management template comprising a pat 
terned surface de?ning a plurality of concave cavities; 

a quantum Well layer formed on and substantially conform 
ing to said patterned surface of said polarization ?eld 
management template, said quantum Well layer com 
prising a plurality of quantum Well stages, each quantum 
Well stage comprising: 
an inner layer of a ?rst nitride-based material having a 

?rst bandgap characteristic; and 
a pair of outer layers of a second nitride-based material 

different from said ?rst nitride-based material, said 
pair of outer layers sandWiching said inner layer, said 
second nitride-based material having a second band 
gap characteristic greater than said ?rst bandgap char 
acteristic; 

a conduction layer of a second GaN-based material having 
a second conduction type opposite to said ?rst conduc 
tion type, said conduction layer covering at least sub 
stantially all of said quantum Well layer; 

a ?rst contact of a ?rst metal of said ?rst conduction type in 
contact With said substrate; and 

a second contact of a second metal of said second conduc 
tion type in contact With said conduction layer. 

18. The Ill-Nitride based semiconductor device of claim 1, 
Wherein said ?rst contact comprises n-type metal and said 
second contact comprises p-type metal. 

19. A method for manufacturing a Ill-Nitride based light 
emitting semiconductor device, the method comprising: 

providing a substantially planar substrate of a ?rst GaN 
based material having a ?rst conduction type; 

providing a template layer of crystals on the substantially 
planar substrate; 

groWing a shaped layer of the ?rst GaN-based material on 
the substrate and around the crystals; 

removing the crystals to reveal a polarization ?eld man 
agement template comprising a patterned surface de?n 
ing a plurality of concave cavities; 

groWing a quantum Well layer on and substantially con 
forming to the patterned surface of the polarization ?eld 
management template; 

groWing a conduction layer of a second GaN-based mate 
rial having a second conduction type opposite to said 
?rst conduction type on the quantum Well layer, the 
conduction layer covering at least substantially all of the 
quantum Well layer; 

depositing a ?rst metal of said ?rst conduction type on said 
substrate to form a ?rst contact; and 

depositing a second metal of said second conduction type 
on said conduction layer to form a second contact. 

20. The method of claim 19, Wherein providing the tem 
plate layer comprises depositing a layer of closely-packed 
spheres onto the substrate. 

21. The method of claim 19, Wherein providing the tem 
plate layer comprises depositing a monolayer of SiO2 spheres 
onto the substrate. 
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22. The method of claim 21, Wherein depositing a mono 

layer of SiO2 spheres onto the substrate comprises: 
providing a colloidal suspension of SiO2 spheres; 
providing a deposition blade above the substrate; 
depositing the colloidal suspension on the substrate; and 
sWeeping the deposition blade over the substrate to distrib 

ute the SiO2 spheres over the substrate. 
23. The method of claim 19, Wherein groWing a shaped 

layer of the ?rst GaN-based material on the substrate and 
around the crystals comprises groWing GaN-based material 
using metalorganic chemical vapor deposition. 

24. The method of claim 23, Wherein groWing GaN-based 
material using metalorganic chemical vapor deposition com 
prises use of triethylgallium as a source material. 

25. The method of claim 19, Wherein removing the crystals 
to reveal a polarization ?eld management template compris 
ing a patterned surface de?ning a plurality of concave cavities 
comprises etching the template layer With acid. 

26. The method of claim 19, Wherein removing the crystals 
to reveal a polarization ?eld management template compris 
ing a patterned surface de?ning a plurality of concave cavities 
comprises etching the template layer With hydro?uoric acid. 

27. The method of claim 19, Wherein groWing a quantum 
Well layer on and substantially conforming to the patterned 
surface of the polarization ?eld management template com 
prises groWing quantum Well layers in an MOCVD process. 

28. The method of claim 19, Wherein groWing a conduction 
layer of a second GaN-based material having a second con 
duction type opposite to said ?rst conduction type on the 
quantum Well layer comprises groWing the conduction layer 
in an MOCVD process. 

29. A method for producing broadband light emission, the 
method comprising: 

providing a Ill-Nitride based light-emitting semiconductor 
device by: 
providing a substantially planar substrate of a ?rst GaN 

based material having a ?rst conduction type; 
providing a template layer of crystals on the substan 

tially planar substrate; 
groWing a shaped layer of the ?rst GaN-based material 
on the substrate and around the crystals; 

removing the crystals to reveal a polarization ?eld man 
agement template comprising a patterned surface 
de?ning a plurality of concave cavities; 

groWing a quantum Well layer on and substantially con 
forming to the patterned surface of the polarization 
?eld management template; 

groWing a conduction layer of a second GaN-based 
material having a second conduction type opposite to 
said ?rst conduction type on the quantum Well layer, 
the conduction layer covering at least substantially all 
of the quantum Well layer; and 

depositing a ?rst metal of said ?rst conduction type on 
said substrate to form a ?rst contact; and 

depositing a second metal of said second conduction 
type on said conduction layer to form a second con 
tact; and 

exciting the quantum Well layer to produce optical emis 
sion from the shaped quantum Well layer. 

* * * * * 


