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(57) ABSTRACT 

Light emitting devices and methods of fabricating light 
emitting devices that emit at wavelengths less than 360 nm 
with wall plug efficiencies of at least than 4% are provided. 
Wall plug efficiencies may be at least 5% or at least 6%. 
Light emitting devices and methods of fabricating light 
emitting devices that emit at wavelengths less than 345 nm 
with wall plug efficiencies of at least than 2% are also 
provided. Light emitting devices and methods of fabricating 
light emitting devices that emit at wavelengths less than 330 
nm with wall plug efficiencies of at least than 0.4% are 
provided. Light emitting devices and methods of fabricating 
light emitting devices having a peak output wavelength of 
not greater than 360 nm and an output power of at least 5 
mW, having a peak output wavelength of 345 nm or less and 
an output power of at least 3 mW and/or a peak output 
wavelength of 330 nm or less and an output power of at least 
0.3 mW at a current density of less than about 0.35 LA/um 
are also provided. The semiconductor light emitting devices 
may have a direct current lifetime of at least 100 hours, at 
least 500 hours or at least 1000 hours. 
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DEEPULTRAVIOLET LIGHT EMITTING 
DEVICES AND METHODS OF FABRICATING 
DEEPULTRAVIOLET LIGHT EMITTING 

DEVICES 

FIELD OF THE INVENTION 

0001. This invention relates to semiconductor light emit 
ting devices and methods of fabricating light emitting 
devices. 

BACKGROUND OF THE INVENTION 

0002 Semiconductor light emitting devices, such as 
Light Emitting Diodes (LEDs) or laser diodes, are widely 
used for many applications. AS is well known to those 
having skill in the art, a semiconductor light emitting device 
includes a semiconductor light emitting element having one 
or more semiconductor layers that are configured to emit 
coherent and/or incoherent light upon energization thereof. 
In particular, a light emitting diode or laser diode, generally 
includes an active region on a microelectronic Substrate. The 
microelectronic Substrate may be, for example, gallium 
arsenide, gallium phosphide, alloys thereof, silicon carbide 
and/or sapphire. Continued developments in LEDs have 
resulted in highly efficient and mechanically robust light 
Sources that can cover the visible spectrum and beyond. 
These attributes, coupled with the potentially long service 
life of solid state devices, may enable a variety of new 
display applications, and may place LEDs in a position to 
compete with the well entrenched incandescent and fluores 
cent lamps. Recently, applications for LEDs emitting in the 
deep UV (DUV) region of the spectrum (less than roughly 
375 nm) have been identified. These applications include 
chemical and biological agent detection systems, non-line 
of-site communication systems, water and air purification 
systems and/or tanning applications. 
0003. Much development interest and commercial activ 
ity recently has focused on LEDs that are fabricated in or on 
silicon carbide, because these LEDs can emit radiation in the 
blue/green portions of the visible spectrum. See, for 
example, U.S. Pat. No. 5,416,342 to Edmond et al., entitled 
BLUE LIGHTEMITTING DIODE WITH HIGH EXTER 
NAL QUANTUM EFFICIENCY, assigned to the assignee 
of the present application, the disclosure of which is hereby 
incorporated herein by reference in its entirety as if set forth 
fully herein. There also has been much interest in LEDs that 
include gallium nitride-based diode regions on silicon car 
bide Substrates, because these devices also may emit light 
with high efficiency. See, for example, U.S. Pat. No. 6,177. 
688 to Linthicum et al., entitled PENDEOEPITAXIAL 
GALLIUM NITRIDE SEMICONDUCTOR LAYERS ON 
SILICON CARBIDE SUBSTRATES, the disclosure of 
which is hereby incorporated herein by reference in its 
entirety as if set forth fully herein. 
0004 Ultraviolet light emitting devices have also been 
described, for example, in U.S. Pat. No. 6,734,033 to 
Emerson et al. entitled ULTRAVIOLET LIGHT EMITTING 
DIODE: U.S. Pat. No. 6,664,560 to Emerson et al. entitled 
ULTRAVIOLET LIGHT EMITTING DIODE: U.S. Pat. No. 
5,661,074 to Tischler entitled HIGH BRIGHTNESSELEC 
TROLUMINESCENT DEVICE EMITTING IN THE 
GREEN TOULTRAVIOLET SPECTRUMAND METHOD 
OF MAKING THE SAME: U.S. Pat. No. 5,874,747 to 
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Redwing et al. entitled HIGH BRIGHTNESS ELEC 
TROLUMINESCENT DEVICE EMITTING IN THE 
GREEN TOULTRAVIOLET SPECTRUMAND METHOD 
OF MAKING THE SAME; and U.S. Pat. No. 5,585,648 to 
Tischler entitled HIGH BRIGHTNESS ELECTROLUMI 
NESCENT DEVICE, EMITTING IN THE GREEN TO 
ULTRAVIOLET SPECTRUM, AND METHOD OF MAK 
ING THE SAME, the disclosures of which are incorporated 
herein as if set forth fully herein. 
0005. Others have produced relatively high efficiency 
LEDs in the DUV region of the spectrum. For example, 
Nichia Corporation has announced the development of light 
emitting diodes having outputs of 365 nm and 375 nm. See 
Nichia product specifications, NSHU550A, NSHU590A, 
NSHU550B and NSHU590B. However, to date high effi 
ciency DUV LEDs with emission wavelengths less than 
approximately 360 nm have not been achieved due to 
several fundamental technical challenges including the fol 
lowing: output power too low for a given drive current, 
wallplug efficiency too low, and device lifetime too low. 

SUMMARY OF THE INVENTION 

0006. Some embodiments of the present invention pro 
vide light emitting devices and methods of fabricating light 
emitting devices that emit at wavelengths less than 360 nm 
with wall plug efficiencies of at least than 4%. In other 
embodiments, the wall plug efficiencies are at least 5%. In 
further embodiments, the wall plug efficiencies are at least 
6%. Additionally, the semiconductor light emitting devices 
may have a direct current lifetime of at least 100 hours, at 
least 500 hours or at least 1000 hours. 

0007. In further embodiments, the light emitting devices 
emit at wavelengths less than 345 nm with wall plug 
efficiencies of at least 2%. In other embodiments, the wall 
plug efficiencies of devices emitting in this wavelength 
range are at least 3%. In further embodiments, the wall plug 
efficiencies are at least 4%. Additionally, the semiconductor 
light emitting devices may have a direct current lifetime of 
at least 100 hours, at least 500 hours or at least 1000 hours. 
0008. In still further embodiments, the light emitting 
devices emit at wavelengths less than 330 nm with wall plug 
efficiencies of at least 0.4%. Additionally, the semiconductor 
light emitting devices may have a direct current lifetime of 
at least 100 hours, at least 500 hours or at least 1000 hours. 
0009. In particular embodiments of the present invention, 
the light emitting devices have a peak output wavelength of 
345 nm or less and a wall plug efficiency of at least 4% at 
a current density of less than 0.35 LA/um and/or a wall plug 
efficiency of at least 6% at a current density of less than 0.08 
LA/um. 
0010 Further embodiments of the present invention pro 
vide light emitting devices and methods of fabricating light 
emitting devices having a peak output wavelength of not 
greater than 360 nm and provides a radiant output of at least 
about 0.047 uW/um normalized to chip size. In some 
embodiments, the peak output wavelength is 345 nm or less. 
In Such embodiments, the light emitting device may have a 
wall plug efficiency of at least 3% or even a wall plug 
efficiency of at least 6%. In some embodiments, the peak 
output wavelength is 320 nm or less. 
0011. Some embodiments of the present invention pro 
vide light emitting devices and methods of fabricating light 
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emitting devices that include a low defect density base 
structure comprising an n-type SiC Substrate and a GaN 
layer doped with n-type dopants. A quantum well active 
region is provided on the low defect density base structure 
that emits light at a wavelength of less than 360 nm. The 
quantum well active region comprises a GaN. AlGaN or 
AlInGaN layer and a doped AlGaN barrier layer. An A1GaN 
layer is provided on the quantum well active region and a 
GaN based contact layer is provided on the AlGaN layer. 
The doped GaN layer may be a doped GaN layer having a 
defect density of less than about 4x10 cm'. The GaN layer 
doped with n-type dopants may comprise GaN doped with 
silicon. The A1GAN layer on the quantum well active region 
may comprise an A1GaN layer doped with a p-type dopant 
on the quantum well active region and the GaN based 
contact layer on the AlGaN layer may comprise a GaN based 
contact layer doped with a p-type dopant. The p-type dopant 
may comprise Mg. The barrier layer may be doped with Si. 

0012. In further embodiments, the quantum well active 
region comprises ten quantum well layers and eleven barrier 
layers with the quantum well layers being disposed between 
adjacent barrier layers. In other embodiments, the quantum 
well active region comprises five quantum well layers and 
six barrier layers with the quantum well layers being dis 
posed between adjacent barrier layers. The light emitting 
device may have an overall thickness of less than about 2.5 
um. In further embodiments, the device may have an overall 
thickness of less than 2.0 um or even 1.0 um. 
0013 Some embodiments of the present invention pro 
vide light emitting devices and methods of fabricating light 
emitting devices that include a quantum well active region 
on the doped GaN layer. The quantum well active region is 
configured to emitat a peak output wavelength of not greater 
than 360 nm and comprises a barrier layer comprising 
AlInGN, where 0<ws 1,0sXs 1 and 0<w+Xs 1 and 
where w and X provide a barrier energy greater than a 
bandgap energy of GaN or within about 1 eV of the bandgap 
energy of GaN and a well layer comprising AlIn Gai-N 
on the barrier layer, where 0sy<1, 0s Z-1 and 0sy+z-1. 

0014 Further embodiments of the present invention 
include a buffer structure with a defect density of not greater 
than 4x10 cm. In some embodiments, this buffer structure 
comprises a GaN layer doped with an n-type dopant and a 
quantum well active region is provided on the GaN layer 
doped with an n-type dopant. 

0.015 Additional embodiments of the present invention 
include a semiconductor Substrate and the quantum well 
active region is provided on the semiconductor Substrate. 
The semiconductor Substrate may be conducting or insulat 
ing. In some embodiments, the semiconductor Substrate 
comprises SiC or GaN. In other embodiments, the semicon 
ductor Substrate comprises Sapphire. 

0016) In further embodiments, a first layer of AlGaN 
doped with a p-type dopant may be provided on the quantum 
well active region where 0<ps 0.8 and a second layer of 
AlGaN doped with a p-type dopant is provided on the 
first layer, where 0s qsp. 
0017. In particular embodiments of the present invention, 
the barrier layer is doped with the n-type dopant. The n-type 
dopant may be Si. The p-type dopant may be Mg. The barrier 
layer may have a thickness of from about 10 A to about 100 
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A and the well layer may have a thickness of from about 10 
A to about 30 A. The first layer may have a thickness of 
about 50 A and the second layer may have a thickness of 
about 300 A. 

0018. In further embodiments of the present invention, 
the barrier layer comprises AlIn GaN. where 
0.2<ws0.8, OsX-0.2 and 0.2<w-Xs 1 and has a thickness 
of from about 10 A to about 50A, the well layer comprises 
AlIn GaN on the barrier layer, where 0sy<0.4. 
0s Z-0.1 and 0sy+Z-0.4 and has a thickness of from about 
10 A to about 30 A, the first layer comprises AlGaN 
doped with a p-type dopant on the quantum well active 
region where 0.3<ps 0.8 and has a thickness of from about 
50 A to about 250A, the second layer comprises AlGaN 
doped with a p-type dopant on the first layer, where 0sq-p 
and the second layer has a thickness of from about 200 A to 
about 600 A, the quantum well active region comprises from 
about 3 to about 12 quantum wells of the well layer and 
corresponding barrier layers and a peak output wavelength 
of the light emitting device is not greater than 360 nm. 

0019. In additional embodiments of the present inven 
tion, the barrier layer comprises AlIn GaN where 
0.3<ws0.8, OsX-0.2 and 0.3<w-Xs 1 and has a thickness 
of from about 10 A to about 50A, the well layer comprises 
AlIn GaN on the barrier layer, where 0sy<0.4. 
0s Zs O. 1 and 0sy+Z-0.5 and has a thickness of from about 
10 A to about 30 A, the first layer comprises AlGa-N 
doped with a p-type dopant on the quantum well active 
region where 0.3<ps 0.8 and has a thickness of from about 
50 A to about 250A, the second layer comprises AlGaN 
doped with a p-type dopant on the first layer, where 0sq-p 
and the second layer has a thickness of from about 200 A to 
about 600 A, the quantum well active region comprises from 
about 3 to about 12 quantum wells of the well layer and 
corresponding barrier layers and a peak output wavelength 
of the light emitting device is not greater than 330 nm. 

0020. In still further embodiments of the present inven 
tion, the well layer comprises AlIn GaN where w-0. 
x=0 and has a thickness of 15 A, the barrier layer comprises 
AlIn GaN doped with silicon on the barrier layer, 
where y=0.3, z=0 and has a thickness of 35A, the first layer 
comprises AlGaN doped with Mg on the quantum well 
active region where p=0.5 and has a thickness of 85 A, the 
second layer comprises AlGaN doped with Mg on the 
first layer, where q=0 and the second layer has a thickness 
of 300 A, the quantum well active region comprises ten 
quantum wells of the well layer and corresponding barrier 
layers and a peak output wavelength of the light emitting 
device is approximately 340 nm. 

0021. In still further embodiments of the present inven 
tion, the well layer comprises AlIn GaN where w-0.3. 
x=0 and has a thickness of 15 A, the barrier layer comprises 
AlIn GaN doped with silicon on the barrier layer, 
where y=0.5, z=0 and has a thickness of 20 A, the first layer 
comprises AlGaN doped with Mg on the quantum well 
active region where p=0.5 and has a thickness of 230 A, the 
second layer comprises AlGaN doped with Mg on the 
first layer, where q=0 and the second layer has a thickness 
of 300 A, the quantum well active region comprises ten 
quantum wells of the well layer and corresponding barrier 
layers and a peak output wavelength of the light emitting 
device is approximately 325 nm. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0022 FIG. 1 is a cross-sectional view illustrating deep 
ultraviolet semiconductor light emitting devices according 
to Some embodiments of the present invention. 
0023 FIG. 2 is a detailed view of an active region of 
deep ultraviolet semiconductor light emitting devices 
according to Some embodiments of the present invention. 
0024 FIG. 3 is a graph of device performance of an LED 
according to embodiments of the present invention emitting 
at a peak wavelength of 335 nm. 
0.025 FIG. 4 is a graph of burn-in characteristics of 
multiple 340 nm LEDs according to embodiments of the 
present invention. 

DETAILED DESCRIPTION 

0026. The present invention now will be described more 
fully hereinafter with reference to the accompanying draw 
ings, in which embodiments of the invention are shown. 
However, this invention should not be construed as limited 
to the embodiments set forth herein. Rather, these embodi 
ments are provided so that this disclosure will be thorough 
and complete, and will fully convey the scope of the 
invention to those skilled in the art. In the drawings, the 
thickness of layers and regions are exaggerated for clarity. 
Like numbers refer to like elements throughout. As used 
herein the term “and/or” includes any and all combinations 
of one or more of the associated listed items. 

0027. The terminology used herein is for the purpose of 
describing particular embodiments only and is not intended 
to be limiting of the invention. As used herein, the singular 
forms “a”, “an and “the are intended to include the plural 
forms as well, unless the context clearly indicates otherwise. 
It will be further understood that the terms “comprises' 
and/or "comprising,” when used in this specification, specify 
the presence of Stated features, integers, steps, operations, 
elements, and/or components, but do not preclude the pres 
ence or addition of one or more other features, integers, 
steps, operations, elements, components, and/or groups 
thereof. 

0028. It will be understood that when an element such as 
a layer, region or Substrate is referred to as being “on” or 
extending “onto' another element, it can be directly on or 
extend directly onto the other element or intervening ele 
ments may also be present. In contrast, when an element is 
referred to as being “directly on' or extending “directly 
onto' another element, there are no intervening elements 
present. It will also be understood that when an element is 
referred to as being “connected' or “coupled to another 
element, it can be directly connected or coupled to the other 
element or intervening elements may be present. In contrast, 
when an element is referred to as being “directly connected 
or “directly coupled to another element, there are no 
intervening elements present. Like numbers refer to like 
elements throughout the specification. 

0029. It will be understood that, although the terms first, 
second, etc. may be used herein to describe various ele 
ments, components, regions, layers and/or sections, these 
elements, components, regions, layers and/or sections 
should not be limited by these terms. These terms are only 
used to distinguish one element, component, region, layer or 
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section from another region, layer or section. Thus, a first 
element, component, region, layer or section discussed 
below could be termed a second element, component, 
region, layer or section without departing from the teachings 
of the present invention. 
0030) Furthermore, relative terms, such as “lower” or 
“bottom' and “upper' or “top.” may be used herein to 
describe one element's relationship to another elements as 
illustrated in the Figures. It will be understood that relative 
terms are intended to encompass different orientations of the 
device in addition to the orientation depicted in the Figures. 
For example, if the device in the Figures is turned over, 
elements described as being on the “lower side of other 
elements would then be oriented on “upper sides of the 
other elements. The exemplary term “lower, can therefore, 
encompasses both an orientation of “lower and “upper.” 
depending of the particular orientation of the figure. Simi 
larly, if the device in one of the figures is turned over, 
elements described as “below' or “beneath other elements 
would then be oriented “above' the other elements. The 
exemplary terms “below' or “beneath’ can, therefore, 
encompass both an orientation of above and below. 
0031 Embodiments of the present invention are 
described herein with reference to cross-section illustrations 
that are schematic illustrations of idealized embodiments of 
the present invention. As such, variations from the shapes of 
the illustrations as a result, for example, of manufacturing 
techniques and/or tolerances, are to be expected. Thus, 
embodiments of the present invention should not be con 
Strued as limited to the particular shapes of regions illus 
trated herein but are to include deviations in shapes that 
result, for example, from manufacturing. For example, an 
etched region illustrated or described as a rectangle will, 
typically, have rounded or curved features. Thus, the regions 
illustrated in the figures are schematic in nature and their 
shapes are not intended to illustrate the precise shape of a 
region of a device and are not intended to limit the scope of 
the present invention. 
0032 Unless otherwise defined, all terms (including tech 
nical and scientific terms) used herein have the same mean 
ing as commonly understood by one of ordinary skill in the 
art to which this invention belongs. It will be further 
understood that terms, such as those defined in commonly 
used dictionaries, should be interpreted as having a meaning 
that is consistent with their meaning in the context of the 
relevant art and will not be interpreted in an idealized or 
overly formal sense unless expressly so defined herein. 
0033. It will also be appreciated by those of skill in the art 
that references to a structure or feature that is disposed 
“adjacent another feature may have portions that overlap or 
underlie the adjacent feature. 
0034. Although various embodiments of LEDs disclosed 
herein include a substrate, it will be understood by those 
skilled in the art that the epitaxial growth substrate on which 
the epitaxial layers comprising an LED are grown may be 
removed, and the freestanding epitaxial layers may be 
mounted on a substitute carrier substrate or submount which 
may have different thermal, electrical, structural and/or 
optical characteristics than the original Substrate. The inven 
tion described herein is not limited to structures having 
crystalline epitaxial growth substrates and may be utilized in 
connection with structures in which the epitaxial layers have 
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been removed from their original growth Substrates and 
bonded to substitute carrier substrates. 

0035) Some embodiments of the present invention may 
provide for deep ultraviolet light emitting devices having an 
active region formed on a low defect density base structure 
as described herein. As used herein, unless specified other 
wise, deep ultraviolet refers to a peak output wavelength of 
not greater than 360 nm. Further embodiments of the present 
invention provide for deep ultraviolet light emitting devices 
having improved wall plug efficiency. Wall plug efficiency 
refers to the ratio of output power to input power. Addition 
ally, some embodiments of the present invention provide 
deep ultraviolet light emitting devices having improved 
direct current lifetimes. Direct current lifetime refers to the 
time it takes for the output power of the device to degrade 
50% in continuous wave operation or the equivalent of 
continuous wave operation. For example, if pulsed operation 
is utilized, the direct current lifetime is the total time that the 
device is active and does not include the time when the 
device is inactive. Still other embodiments of the present 
invention provide deep ultraviolet light emitting devices that 
Support a high current density. 

0036) Embodiments of the present invention may be 
particularly well suited for use in nitride-based light emitting 
devices such as Group III-nitride based devices. As used 
herein, the term “Group III nitride' refers to those semicon 
ducting compounds formed between nitrogen and the ele 
ments in Group III of the periodic table, usually aluminum 
(Al), gallium (Ga), and/or indium (In). The term also refers 
to ternary and quaternary compounds Such as AlGaN and 
AlInGaN. As is well understood by those in this art, the 
Group III elements can combine with nitrogen to form 
binary (e.g., GaN), ternary (e.g., AlGaN. AlInN), and qua 
ternary (e.g., AlInGaN) compounds. These compounds all 
have empirical formulas in which one mole of nitrogen is 
combined with a total of one mole of the Group III elements. 
Accordingly, formulas such as AlGaN where 0sXs 1 
may be used to describe them. Furthermore, references to a 
GaN based material refers to a material that includes GaN 
and may include binary, ternary, quaternary or other mate 
rials that include GaN. 

0037 Light emitting devices according to some embodi 
ments of the present invention may include a light emitting 
diode, laser diode and/or other semiconductor device which 
includes one or more semiconductor layers, which may 
include silicon, silicon carbide, gallium nitride and/or other 
semiconductor materials, a Substrate which may include 
Sapphire, silicon, silicon carbide gallium nitride and/or other 
microelectronic Substrates, and one or more contact layers 
which may include metal and/or other conductive layers. In 
Some embodiments, deep ultraviolet light emitting devices, 
Such as LEDs, having a peak output wavelength of not 
greater than 360 nm are provided. In some embodiments, 
deep ultraviolet light emitting devices, such as LEDs, having 
a peak output wavelength of not greater than 345 nm are 
provided. In further embodiments of the present invention, 
deep ultraviolet light emitting devices, such as LEDs, having 
a peak output wavelength of not greater than 330 nm are 
provided. 

0038. In particular embodiments of the present invention, 
light emitting devices are provided that have a peak output 
wavelength of not greater than 360 nm and a wall plug 
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efficiency of greater than 4% and in Some embodiments, 
greater than 5% and in others greater than 6% where in all 
cases the current density is less than 0.35 LA/um. Some 
embodiments of the present invention provide light emitting 
devices that have a peak output wavelength of 345 nm or 
less and a wall plug efficiency of greater than 2% or greater 
than 3% or greater than 4% where in all cases the current 
density is less than 0.35 LA/um2. In other embodiments, the 
wallplug efficiency is greater than 6% when the current 
density is less than 0.08 LA/um. Some embodiments of the 
present invention provide light emitting devices that have a 
peak output wavelength of 330 nm or less and a wall plug 
efficiency of at least 0.4% when the current density is less 
than 0.35 LA/um. 
0039. In particular embodiments of the present invention, 
light emitting devices are provided that have a peak output 
wavelength of not greater than 360 nm and an output power 
of at least 5 mW at a current density of less than roughly 0.35 
LA/um. Some embodiments of the present invention pro 
vide light emitting devices that have a peak output wave 
length of 345 nm or less and an output power of at least 3 
mW at a current density of less than about 0.35 LA/um. In 
other embodiments of the present invention provide light 
emitting devices that have a peak output wavelength of 330 
nm or less and an output power of at least 0.3 mW at a 
current density of less than about 0.35 LA/um. 
0040. As used herein, current density refers the current 
per unit area. Such unit area may correspond to an area of 
the light emitting device and the per unit area measurement 
refers to the average current density in the area of the light 
emitting device. Thus, for example, particular regions of the 
device may have a higher than average current density while 
other regions of the device have a lower than average current 
density. 

0041 Unless otherwise specified, characterizations of the 
performance of light emitting devices that may apply to 
arrays of chips or single chips are provided herein with 
reference to a single chip as opposed to an array of chips. 
Thus, for example, the output power of 3 mW is the output 
power of a single chip, not an array of chips. 

0042 Some embodiments of the present invention incor 
porate an active region on a low defect density base struc 
ture. As used herein, a base structure refers to a structure on 
which the active region is formed. A low defect density base 
structure refers to a base structure having a layer on which 
the active region is formed that has a defect density of less 
than about 4x10". As used herein, the term defect 
density refers to a number of threading dislocations per unit 
area. Such unit area may correspond to an area of the light 
emitting device and the per unit area measurement refers to 
the average number of defects in the area of the light 
emitting device. Thus, for example, particular regions of the 
device may have a higher than average number of defects 
while other regions of the device have a lower than average 
number of defects. Measurement of dislocation density may 
be made using conventional defect measurement techniques, 
Such as those used in measuring threading dislocation 
defects in Group III nitride materials. Such techniques may 
include, for example, etching and optical imaging and/or 
atomic force microscopy. Following etching or polishing, 
small diameter, shallow pits are formed at the site of 
threading dislocations and are readily observed by atomic 
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force microscopy. The threading dislocation density is 
sampled and the average value used to characterize the 
threading dislocation defect density. 

0043. In particular embodiments of the present invention, 
light emitting devices are provided that have a peak output 
wavelength of not greater than 360 nm and a direct current 
lifetime of greater than 100 hours, in some embodiments 
greater than 500 hours and in some embodiments, greater 
than 1000 hours. Some embodiments of the present inven 
tion provide light emitting devices that have a peak output 
wavelength of 345 nm or less and a direct current lifetime of 
greater than 100 hours, in Some embodiments greater than 
500 hours and in some embodiments, greater than 1000 
hours. Some embodiments of the present invention provide 
light emitting devices that have a peak output wavelength of 
330 nm or less and a direct current lifetime of greater than 
100 hours, in some embodiments greater than 500 hours and 
in some embodiments, greater than 1000 hours. 
0044 FIG. 1 illustrates a light emitting device, such as a 
light emitting diode, according to some embodiments of the 
present invention. As seen in FIG. 1, an n-type SiC substrate 
10 has an optional buffer layer 12 disposed on a first surface 
of the substrate 10. The SiC substrate may be a substrate 
such as available from Cree, Inc., Durham, N.C. Techniques 
for fabricating SiC substrates are known to those of skill in 
the art and, therefore, need not be described further herein. 
For example, methods for producing SiC substrates are 
described, for example, in U.S. Pat. Nos. Re. 34,861; 
4.946,547; 6,706,114, the contents of which are incorporated 
herein by reference in their entirety. In particular embodi 
ments of the present invention, the SiC substrate may be 6 
H or 4H polytypes of SiC. While exemplary embodiments 
of the present invention are described with reference to a 
conductive SiC substrate, other substrates may be used, such 
as a conductive GaN Substrate. Also, insulating Substrates, 
Such as Sapphire and/or insulating or semi-insulating SiC or 
GaN, could also be utilized with a lateral device structure. 

0045. The buffer layer 12 may be an AlGaN or other 
suitable buffer layer capable of providing for growth of a 
low defect density Group III nitride layer on the buffer layer 
12. In some embodiments, the buffer layer 12 may, option 
ally, include gallium nitride dots (not shown) on the Surface 
of the silicon carbide substrate, with the dots in turn being 
covered with A1GaN caps. Thus, the buffer layer 12 can also 
be described as being on the dots and their caps. Such a 
structure and method of fabricating such structures are 
described in U.S. Pat. Nos. 6,734,033 and 6,664,560, the 
disclosures of which are incorporated herein as if set forth in 
their entirety. Exemplary buffer structures and compositions 
are also set forth in U.S. Pat. Nos. 5,393,993 and 5,523,589, 
the disclosures of which are incorporated herein as if set 
forth in their entirety. 
0046) As is further illustrated in FIG. 1, the buffer layer 
12 may include optional mask regions 14 that may, for 
example, be a SiN layer and a Group III nitride layer 16, 
such as a GaN layer doped with Si, formed on the buffer 
layer and the mask regions 14. The SiN may be stoichio 
metric or non-stoichiometric. The inclusion of the SIN layer 
14 may provide for epitaxial lateral overgrowth of the Group 
III nitride layer 16 to thereby reduce the defect density of the 
Group III nitride layer 16. Other techniques for growing a 
Group III nitride layer, such as a GaN layer, may also be 
utilized, such as cantilevered or pendeo-epitaxial growth. 
Techniques for cantilevered growth, pendeo-epitaxial 
growth and/or epitaxial lateral overgrowth are known to 
those of skill in the art and need not be described further 
herein. However, examples of such growth are described, for 
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example, in U.S. Pat. Nos. 6,582,986, 6,686.261, 6,621,148, 
6,608,327, 6,602,764, 6,602,763, 6,586,778, 6,582,986, 
6,570,192, 6,545,300, 6,521,514, 6,489,221, 6,486,042, 
6,462,355, 6,380,108, 6,376,339, 6,261,929, 6,255,198, 
6,177,688 and 6,051,849, the disclosures of which are 
incorporated herein by reference as if set forth fully herein. 
Similarly, other techniques for epitaxial growth of Group III 
nitrides which may be suitable for use in some embodiments 
of the present invention have been described in, for example, 
U.S. Pat. Nos. 5,210,051; 5,393,993: 5,523,589; and 5,592, 
501, the contents of which are also incorporated herein by 
reference in their entirety. 
0047 As briefly discussed above, a Group III nitride 
layer 16 is provided on the buffer layer 12. In particular 
embodiments of the present invention, the Group III nitride 
layer is doped with n-type dopants, such as Si. In further 
embodiments of the present invention, the Group III nitride 
layer is GaN doped with Si. The Group III nitride layer 16 
may be a low defect density layer as discussed above and 
having a defect density of 4x10 cm’ or less. In some 
embodiments of the present invention, the Group III nitride 
layer 16 has a thickness of from about 0.8 um to about 2.0 
um. In particular embodiments of the present, the Substrate 
10, buffer layer 12 and/or Group III nitride layer 16 are 
absorbing in the wavelength range of the output of the light 
emitting device. 
0048. A quantum well active region 20 is provided on the 
Group III nitride layer 16. The quantum well active region 
20 may include one or more quantum well structures where 
the barrier layers of the quantum well structures have a 
barrier energy of greater than the bandgap of GaN or near the 
bandgap energy of GaN, such as within about 1 eV of the 
bandgap energy of GaN. In particular embodiments of the 
present invention, the quantum well active region 20 
includes from 3 to 12 quantum wells. The thickness and 
composition of the well layers may be selected so as to 
provide a desired output wavelength. Furthermore, changes 
in composition of the well layer may be offset by changes in 
the thickness of the well layer. For example, to provide an 
output wavelength of 340 nm, GaN well layer having a 
thickness of about 15 A may be utilized, whereas to provide 
an output wavelength of 320 nm, an AlGaN well layer may 
be utilized. Thus, to select the characteristics of the quantum 
well and barrier layers, the thickness and composition of the 
barrier and well layers may be selected so as to provide 
optimized performance. This may include balancing Sufi 
cient composition to provide carrier confinement for the 
emission wavelength while maintaining performance. This 
may also include optimizing thickness to provide Sufficient 
carrier confinement while minimizing stress (strain) in the 
film, which in turn minimizes cracking in the epitaxial 
layers. Particular structures of the quantum well active 
region 20 are described in further detail below. 
0049 FIG. 2 is a more detailed view of a quantum well 
active region 20 according to some embodiments of the 
present invention. While FIG. 2 is illustrated as having five 
quantum well structures, other numbers of quantum well 
structures as described herein may be provided. As seen in 
FIG. 2, the quantum well structures include a barrier layer 
22 and a well layer 24 with multiple repetitions of each. The 
well layers 24 are each disposed between two opposing 
barrier layers 22. Thus, for n well layers 24, n+1 barrier 
layers 22 may be provided. Furthermore, a barrier layer 22 
may be provided as one or more layers as described, for 
example, in United States Patent Publication No. 2003/ 
OOO6418 entitled GROUP III NITRIDE BASED LIGHT 
EMITTING DIODESTRUCTURES WITH A QUANTUM 
WELL AND SUPERLATTICE, GROUP III NITRIDE 
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BASED QUANTUMWELL STRUCTURES AND GROUP 
III NITRIDE BASED SUPERLATTICE STRUCTURES, 
the disclosure of which is incorporated herein as if set forth 
in its entirety. The barrier layers 22 and the well layers 24 
may be fabricated using conventional Group III nitride 
growth techniques such as those discussed above. In par 
ticular embodiments of the present invention, the barrier 
layer 22 has a thickness of from about 10 A to about 100 A 
and the well layer 24 has a thickness of from about 10 A to 
about 30 A. 

0050 Returning to FIG. 1, an AlGaN layer 30 doped 
with p-type dopants is provided on the quantum well active 
region 20. In particular embodiments of the present inven 
tion, the AlGaN layer 30 may be doped with Mg. In further 
embodiments of the present invention, the AlGaN layer 30 
may have an aluminum percentage of from about 40% to 
about 60%. Furthermore, the AlGaN layer 30 may have a 
thickness of from about 50 A to about 250 A. 

0051 A contact layer 32 may also be provided on the 
AlGaN layer 30. The contact layer 32 may be a GaN based 
layer and may have a lower percentage of Al than the AlGaN 
layer 30. The contact layer 32 may be doped with a p-type 
dopant, such as Mg, and may have a thickness of from about 
200 A to about 600 A. The AlGaN layer 30 and the contact 
layer 32 may be fabricated using conventional Group III 
nitride growth techniques such as those discussed above. 
0.052 As is further illustrated in FIG. 1, an ohmic contact 
40 may be provided on the contact layer 32 and an ohmic 
contact 42 may be provided on a second Surface of the 
Substrate 10 opposite the first surface. The contact 40 may be 
a platinum contact. Other materials may be used for the 
ohmic contact 40. For example, the ohmic contact may 
comprise rhodium, Zinc oxide, palladium, palladium oxide, 
titanium, nickel/gold, nickel oxide/gold, nickel oxide/plati 
num and/or titanium/gold. In some embodiments, the ohmic 
contact has an average thickness less than 50 A. In some 
embodiments, the ohmic contact has an average thickness 
less than 25 A, and in further embodiments, the ohmic 
contact has an average thickness less than 15 A. In still 
further embodiments, the ohmic contact has an average 
thickness of about 10 A. In further embodiments, the ohmic 
contact has an average thickness of 5 A or less, 3 A or less 
or even about 1 A. 

0053. The ohmic contact 40 may be formed by electron 
beam (e-beam) evaporation or any other Suitable techniques 
for controllably forming atomically thin metallic films. For 
example, it may be possible to form the ohmic contacts by 
electroplating provided adequate process control is main 
tained. In electron beam evaporation, a metal source target 
is heated in a vacuum chamber to the point of vaporization 
by a high intensity electron beam which melts a region of the 
target. An epitaxial wafer placed within the chamber is 
controllably coated with vaporized metal. E-beam evapora 
tion and other film deposition methods are described in 
Chapter 6 of INTRODUCTION TO MICROELECTRONIC 
FABRICATION by R. Jaeger (2nd Ed. 2002). 
0054 The deposition rate of the process may be con 
trolled by changing the current and energy of the electron 
beam. In some embodiments, the deposition rate is main 
tained at a low rate, e.g. in the range of 0.1-0.5 A per second 
in order to maintain adequate control of film thickness. In 
addition, the film deposition may be controlled during 
deposition by monitoring the transmission properties of a 
witness slide on which the ohmic metal film is simulta 
neously deposited. The witness slide may be Sapphire, 
quartz, or any other optically transmissive material on which 
a metal film may be deposited. The transmission sensitivity 
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to the metal thickness is dependent upon the wavelength of 
the light used in the monitoring process. Namely, the trans 
mission sensitivity is enhanced at shorter wavelengths. 
Accordingly, in some embodiments, the transmission prop 
erties of a sapphire witness slide are measured during or 
after film deposition by means of a monitoring system 
employing a UV source capable of emitting light at wave 
lengths of 350 nm or less, such as a UV spectrophotometer. 
0055. The contact 42 may be any suitable material for 
forming an ohmic contact to the n-type SiC substrate 10. For 
example, in embodiments where the substrate is SiC, the 
ohmic contact 42 may be nickel or other suitable material. 
Furthermore, because the substrate 10 may be absorbing at 
the output wavelength of the device, the contact 42 need not 
be transparent or reflecting. Thus, any Suitable technique for 
forming an ohmic contact to the Substrate 10 may be 
utilized. Such techniques are known to those of skill in the 
art and, therefore, need not be described further herein. 
0056 Particular embodiments of the present invention 
will now we described with reference to particular compo 
sitions and dimensions of the various layers of the light 
emitting devices illustrated in FIGS. 1 and 2. 
0057. In some embodiments of the present invention that 
provide light emitting devices having a peak output wave 
length of not greater than 360 nm, the barrier layer 22 
comprises AlIn GaN. where 0.2<ws 0.8, OSX-0.2 
and 0.2<w+xs 1 and has a thickness of about 10 A to 60 A. 
The well layer 24 comprises AlIn GaN on the barrier 
layer, where 0sy<0.4, Osz-0.1 and 0sy+Z<0.5 and has a 
thickness of from about 10 A to about 30 A. The AlGaN 
layer 30 comprises AlGaN doped with a p-type dopant 
on the quantum well active region where 0.3<ps 0.8 and has 
a thickness of from about 50 A to about 250 A and the 
contact layer 32 comprises AlGaN doped with a p-type 
dopant on the AlGaN layer 30, where 0sq<p and the contact 
layer 32 has a thickness of from about 200 A to about 600 
A. The quantum well active region 20 comprises from about 
3 to about 12 quantum wells of the well layer 24 and 
corresponding barrier layers 22. 

0058. In some embodiments of the present invention that 
provide light emitting devices having a peak output wave 
length of not greater than 345 nm, the barrier layer 22 
comprises AlIn GaN. where 0.2<ws 0.8, OSX-0.2 
and 0.2<w+xs 1 and has a thickness of from about 10 A to 
about 60 A and the well layer 24 comprises AlIn Gay-N 
on the barrier layer, where y=0 and Z=0 and has a thickness 
of from about 10 A to about 30 A. The AlGaN layer 30 
comprises AlGaN doped with a p-type dopant on the 
quantum well active region where 0.3<ps 0.8 and has a 
thickness of from about 50 A to about 250A and the contact 
layer 32 comprises AlGaN doped with a p-type dopant 
on the A1GaN layer 30, where 0sq-p and the contact layer 
32 has a thickness of from about 200A to about 600 A. The 
quantum well active region 20 comprises from about 3 to 
about 12 quantum wells of the well layer 24 and correspond 
ing barrier layers 22. 
0059. In some embodiments of the present invention that 
provide light emitting devices having a peak output wave 
length of not greater than 330 nm, the barrier layer 22 
comprises All InGaN, where 0.3<ws 0.8, 0sx<0.2 
and 0.3<w+xs 1 and has a thickness of from about 10 A to 
about 50 A and the well layer 24 comprises AlIn GaN 
on the barrier layer, where 0<y<0.4, Osz-0.1 and 0sy+ 
Z<0.5 and has a thickness of from about 10 A to about 30 A. 
The AIGaN layer 30 comprises AlGaN doped with a p-type dopant on the quantum well active region where 
0.3<ps 0.8 and has a thickness of from about 50A to about 



US 2006/0267.043 A1 

250 A and the contact layer 32 comprises AlGai-Ndoped 
with a p-type dopant on the A1GaN layer 30, where 0sq-p 
and the contact layer 32 has a thickness of from about 200 
A to about 600 A. The quantum well active region 20 
comprises from about 3 to about 12 quantum wells of the 
well layer 24 and corresponding barrier layers 22. 
0060. In some embodiments of the present invention that 
provide light emitting devices having an output wavelength 
of about 340 nm, the well layer 24 comprises AlIn Ga 
wN where w-0, X=0 and has a thickness of 15 A and the 
barrier layer 22 comprises AlIn GaN doped with sili 
con, where y=0.3, z=0 and has a thickness of 35 A. The 
AlGaN layer 30 comprises AlGaN doped with Mg on the 
quantum well active region where p=0.5 and has a thickness 
of 50 A and the contact layer 32 comprises AlGaN doped 
with Mg on the A1GaN layer 30, where q=0 and the contact 
layer 32 has a thickness of 300 A. The quantum well active 
region 20 comprises ten quantum wells of the well layer and 
corresponding barrier layers. 
0061. In some embodiments of the present invention that 
provide light emitting devices having an output wavelength 
of about 325 nm, the well layer 24 comprises AlIn Ga 
wN where w-0.3, X=0 and has a thickness of 15 A and the 
barrier layer 22 comprises AlIn GaN doped with sili 
con, where y=0.5, z=0 and has a thickness of 20 A. The 
AlGaN layer 30 comprises AlGaN doped with Mg on the 
quantum well active region where p=0.5 and has a thickness 
of 230 A and the contact layer 32 comprises AlGa-N 
doped with Mg on the AlGaN layer 30, where q=0 and the 
contact layer 32 has a thickness of 300 A. The quantum well 
active region 20 comprises ten quantum wells of the well 
layer and corresponding barrier layers. 
0062. In particular embodiments of the present invention 
where the output wavelength of the light emitting device is 
less than 330 nm, the GaN layer doped with an n-type dopant 
has a defect density of less than about 4x10 cm. 
0063. In particular embodiments of the present invention, 
the overall thickness of the light emitting device is about 2.5 
um or less. In further embodiments of the present invention, 
the overall thickness of the light emitting device is from 
about 1 um to about 2.5 Lum. 
0064. While embodiments of the present invention are 
illustrated in FIGS. 1 and 2 with reference to particular light 
emitting device structures, other structures may be provided 
according to Some embodiments of the present invention. 
For example, in Some embodiments of the present invention, 
a sapphire substrate, rather than a SiC substrate may be 
utilized. In Such embodiments, a contact layer may be 
provided between the Sapphire Substrate and the quantum 
well active region. Thus, embodiments of the present inven 
tion may be provided on conducting or insulating Substrates 
and as vertical or lateral devices. Likewise, while particular 
materials or structures are illustrated in FIGS. 1 and 2, these 
exemplary materials are not intended to limit the scope of 
the present invention other than as described herein. For 
example, while five quantum well structures are illustrated 
in FIG. 2, other numbers of quantum well structures may be 
utilized. Accordingly, embodiments of the present invention 
should not be construed as limited to the particular illustra 
tions of FIGS. 1 and 2. 

0065. The following non-limiting examples are provided 
to illustrate various aspects of embodiments of the present 
invention. 

0.066 FIG. 3 illustrates the device performance of an 
LED emitting at a peak wavelength of 335 nm. In this 
example, the device has a chip size of 290 umx290 um, a 
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device mesa size of 250 umx250 um, and a device p-elec 
trode size of 240 Limx240 Lum. Accordingly, at a drive current 
of 20 mA, the device is supporting a current density of 0.347 
LA/um. The device has an output power of 2.6 mW at a 
forward voltage of 3.7V. The corresponding wall plug effi 
ciency for this example at 20 mA drive current is 3.5%. As 
the drive current is reduced, the wall plug efficiency 
increases with wall plug efficiency rising above 5% for drive 
currents less than 5 mA. 

0067 FIG. 4 illustrates burn-in characteristics for mul 
tiple 340 nm devices. In this example, the device has a chip 
size of 290 umx290 um, a device mesa size of 250 umx250 
um, and a device p-electrode size of 240 Lumx240 Lum. 
Accordingly, at a drive current of 20 mA, the device is 
supporting a current density of 0.347 LA/um. The devices 
were run in constant current mode at 20 mA and output 
power was measured periodically. At 1000 hours, degrada 
tion of 10-20% is observed. 

0068. In the drawings and specification, there have been 
disclosed embodiments of the invention and, although spe 
cific terms are employed, they are used in a generic and 
descriptive sense only and not for purposes of limitation, the 
scope of the invention being set forth in the following 
claims. Moreover, the claims shall not be limited to the 
examples and embodiments discussed herein. For example, 
having described semiconductor light emitting devices hav 
ing a peak wavelength of not greater than 360 nm and a wall 
plug efficiency of at least 4%, any other semiconductor 
devices having these features are contemplated by the cor 
responding claims. 

What is claimed is: 
1. A semiconductor light emitting device having a peak 

output wavelength of not greater than 360 nm and a wall 
plug efficiency of at least 4%. 

2. The semiconductor light emitting device of claim 1, 
wherein the wall plug efficiency is at least 5%. 

3. The semiconductor light emitting device of claim 1, 
wherein the wall plug efficiency is at least 6%. 

4. The semiconductor light emitting device of claim 1, 
wherein the light emitting device has a direct current life 
time of at least 100 hours. 

5. The semiconductor light emitting device of claim 1, 
wherein the light emitting device has a direct current life 
time of at least 500 hours. 

6. The semiconductor light emitting device of claim 1, 
wherein the light emitting device has a direct current life 
time of at least 1000 hours. 

7. The semiconductor light emitting device of claim 1, 
wherein the light emitting device comprises an active region 
on a low defect density base structure. 

8. The semiconductor light emitting device of claim 7. 
wherein the low defect density base structure has a threading 
defect density less than 4x18 cm'. 

9. The semiconductor light emitting device of claim 1, 
wherein the wall plug efficiency is provided at a current 
density of less than about 0.35 LA/um. 

10. A semiconductor light emitting device having a peak 
output wavelength of less than 345 nm and a wall plug 
efficiency of at least 2%. 

11. The semiconductor light emitting device of claim 10, 
wherein the wall plug efficiency is at least 3%. 

12. The semiconductor light emitting device of claim 10, 
wherein the wall plug efficiency is at least 4%. 
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13. The semiconductor light emitting device of claim 10, 
wherein the wall plug efficiency is provided at a current 
density of less than about 0.35 LA/um. 

14. The semiconductor light emitting device of claim 10, 
wherein the wall plug efficiency is at least 6% at a current 
density of less than about 0.08 LA/um. 

15. The semiconductor light emitting device of claim 10, 
wherein the light emitting device has a direct current life 
time of at least 100 hours. 

16. The semiconductor light emitting device of claim 10, 
wherein the light emitting device has a direct current life 
time of at least 500 hours. 

17. The semiconductor light emitting device of claim 10, 
wherein the light emitting device has a direct current life 
time of at least 1000 hours. 

18. The semiconductor light emitting device of claim 10, 
wherein the light emitting device comprises an active region 
on a low defect density base structure. 

19. The semiconductor light emitting device of claim 18, 
wherein the low defect density base structure has a threading 
defect density less than 4x10" . 

20. A semiconductor light emitting device having a peak 
output wavelength of less than 330 nm and a wall plug 
efficiency of at least 0.4%. 

21. The semiconductor light emitting device of claim 20, 
wherein the wall plug efficiency is provided at a current 
density of less than about 0.35 LA/um. 

22. The semiconductor light emitting device of claim 20, 
wherein the light emitting device has a direct current life 
time of at least 100 hours. 

23. The semiconductor light emitting device of claim 20, 
wherein the light emitting device has a direct current life 
time of at least 500 hours. 

24. The semiconductor light emitting device of claim 20, 
wherein the light emitting device has a direct current life 
time of at least 1000 hours. 

25. The semiconductor light emitting device of claim 20, 
wherein the light emitting device comprises an active region 
on a low defect density base structure. 

26. The semiconductor light emitting device of claim 25, 
wherein the low defect density base structure has a threading 
defect density less than 4x10 cm. 

27. A light emitting device having a peak output wave 
length of not greater than 360 nm and a direct current 
lifetime of at least 100 hours. 

28. The semiconductor light emitting device of claim 27, 
wherein the light emitting device has a direct current life 
time of at least 500 hours. 

29. The semiconductor light emitting device of claim 27, 
wherein the light emitting device has a direct current life 
time of at least 1000 hours. 

30. The semiconductor light emitting device of claim 27, 
wherein the light emitting device comprises an active region 
on a low defect density base structure. 

31. The semiconductor light emitting device of claim 30, 
wherein the low defect density base structure has a threading 
defect density less than 4x10 cm’. 

32. The semiconductor light emitting device of claim 27, 
wherein the peak output wavelength is 345 nm or less. 

33. The semiconductor light emitting device of claim 32, 
wherein the light emitting device has a direct current life 
time of at least 500 hours. 
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34. The semiconductor light emitting device of claim 32, 
wherein the light emitting device has a direct current life 
time of at least 1000 hours. 

35. The semiconductor light emitting device of claim 32, 
wherein the light emitting device comprises an active region 
on a low defect density base structure. 

36. The semiconductor light emitting device of claim 35, 
wherein the low defect density base structure has a threading 
defect density less than 4x10 cm°. 

37. The semiconductor light emitting device of claim 27, 
wherein the peak output wavelength is 330 nm or less. 

38. The semiconductor light emitting device of claim 37, 
wherein the light emitting device has a direct current life 
time of at least 500 hours. 

39. The semiconductor light emitting device of claim 37, 
wherein the light emitting device has a direct current life 
time of at least 1000 hours. 

40. The semiconductor light emitting device of claim 37, 
wherein the light emitting device comprises an active region 
on a low defect density base structure. 

41. The semiconductor light emitting device of claim 40, 
wherein the low defect density base structure has a threading 
defect density less than 4x10 cm°. 

42. A semiconductor light emitting device having a peak 
output wavelength of not greater than 360 nm and an output 
power of at least 5 mW at a current density of less than about 
0.35 A/um. 

43. A semiconductor light emitting device having a peak 
output wavelength of 345 nm or less and an output power of 
at least 3 mW at a current density of less than about 0.35 
LA/um. 

44. A semiconductor light emitting device having a peak 
output wavelength of 330 nm or less and an output power of 
at least 0.3 mW at a current density of less than about 0.35 
A/um. 

45. A light emitting device, comprising: 
a low defect density base structure comprising: 

an n-type SiC Substrate; and 
a GaN layer doped with n-type dopants: 

a quantum well active region on the low defect density 
base structure that emits light at a peak output wave 
length of not greater than 360 nm, the quantum well 
active region comprising: 
a well layer comprising GaN or AlGaN; and 
a doped AlGaN barrier layer; 

an A1GaN layer on the quantum well active region; and 
a GaN based contact layer on the AlGaN layer. 
46. The light emitting device of claim 45, wherein the 

GaN layer doped with n-type dopants comprises a doped 
GaN layer having a defect density of less than about 4x10 
cm. 

47. The light emitting device of claim 45, wherein the 
GaN layer doped with n-type dopants comprises GaN doped 
with silicon. 

48. The light emitting device of claim 45, wherein the 
AlGaN layer on the quantum well active region comprises 
an A1GaN layer doped with a p-type dopant on the quantum 
well active region and the GaN based contact layer on the 
AlGaN layer comprises a GaN based contact layer doped 
with a p-type dopant. 
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49. The light emitting device of claim 48, wherein the 
p-type dopant comprises Mg. 

50. The light emitting device of claim 45, wherein the 
barrier layer is doped with Si. 

51. The light emitting device of claim 45, wherein the 
quantum well active region comprises ten quantum well 
layers and eleven barrier layers with the quantum well layers 
being disposed between adjacent barrier layers. 

52. The light emitting device of claim 45, wherein the 
light emitting device has an overall thickness of less than 
about 2.5 Lum. 

53. A light emitting device, comprising: 
a quantum well active region configured to emit at a peak 

output wavelength of not greater than 360 nm and 
comprising: 

a barrier layer comprising Al InGaN, where 
0<ws 1,0sXC1 and 0<w-Xs 1 and where w and X 
provide a barrier energy greater than a bandgap 
energy of GaN or within about 1 eV of the bandgap 
energy of GaN; and 

a well layer comprising AlIn GaN on the barrier 
layer, where 0sy<1,0s Z-1 and 0sy+z-1. 

54. The light emitting device of claim 53, further com 
prising: 

a first layer of AlGaN doped with a p-type dopant on 
the quantum well active region where 0<ps 0.8; and 

a second layer of AlGaN doped with a p-type dopant 
on the first layer, where 0sq-p. 

55. The light emitting device of claim 53, further com 
prising a GaN layer doped with an n-type dopant and having 
a threading dislocation density of not greater than 4x10 
cm, the quantum well active region being disposed on the 
GaN layer doped with an n-type dopant. 

56. The light emitting device of claim 53, further com 
prising a semiconductor Substrate and wherein the quantum 
well active region is disposed on the semiconductor Sub 
Strate. 

57. The light emitting device of claim 56, wherein the 
semiconductor Substrate comprises a conducting Substrate. 

58. The light emitting device of claim 56, wherein the 
semiconductor Substrate comprises a SiC Substrate. 

59. The light emitting device of claim 56, wherein the 
semiconductor Substrate comprises an insulating Substrate. 

60. The light emitting device of claim 56, wherein the 
semiconductor Substrate comprises a Sapphire Substrate. 

61. The light emitting device of claim 56, wherein the 
semiconductor Substrate comprises a GaN Substrate. 

62. The light emitting device of claim 53, wherein the 
barrier layer is doped with an n-type dopant. 

63. The light emitting device of claim 54, wherein the 
barrier layer has a thickness of from about 10 A to about 100 
A and the well layer has a thickness of from about 10 A to 
about 30 A. 

64. The light emitting device of claim 63, wherein the first 
layer has a thickness of about 50 A and the second layer has 
a thickness of about 300 A. 

65. The light emitting device of claim 54, wherein the 
barrier layer comprises All InGaN, where 0.2<ws 0.8. 
OsX-0.2 and 0.2<w-Xs 1 and has a thickness of from about 
10 A to about 60 A; 
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the well layer comprises AlIn GaN on the barrier 
layer, where 0sy<0.4, Os Z-0.1 and 0sy+z-0.5 and 
has a thickness of from about 10 A to about 30 A; 

the first layer comprises AlGaN doped with a p-type 
dopant on the quantum well active region where 
0.3<ps 0.8 and has a thickness of from about 50 A to 
about 250 A; 

the second layer comprises AlGaN doped with a 
p-type dopant on the first layer, where 0s q-p and the 
second layer has a thickness of from about 200 A to 
about 600 A; and 

wherein the quantum well active region comprises from 
about 3 to about 12 quantum wells of the well layer and 
corresponding barrier layers. 

66. The light emitting device of claim 54, wherein the 
barrier layer comprises All InGaN, where 0.2<ws 0.8. 
Osx<0.2 and 0.2<w-Xs 1 and has a thickness of from about 
10 A to about 60 A; 

the well layer comprises AlIn GaN on the barrier 
layer, where y-0 and Z=0 and has a thickness of from 
about 10 A to about 30 A; 

the first layer comprises AlGaN doped with a p-type 
dopant on the quantum well active region where 
0.3<ps 0.8 and has a thickness of from about 50 A to 
about 250 A; 

the second layer comprises AlGaN doped with a 
p-type dopant on the first layer, where 0s q-p and the 
second layer has a thickness of from about 200 A to 
about 600 A; 

wherein the quantum well active region comprises from 
about 3 to about 12 quantum wells of the well layer and 
corresponding barrier layers; and 

wherein a peak output wavelength of the light emitting 
device is not greater than 345 nm. 

67. The light emitting device of claim 54, wherein the 
barrier layer comprises All InGaN, where 0.3<ws 0.8. 
Osx<0.2 and 0.3<w-Xs 1 and has a thickness of from about 
10 A to about 50 A; 

the well layer comprises AlIn GaN on the barrier 
layer, where 0sy<0.4, Os Z-0.1 and 0sy+z-0.5 and 
has a thickness of from about 10 A to about 30 A; 

the first layer comprises AlGaN doped with a p-type 
dopant on the quantum well active region where 
0.3<ps 0.8 and has a thickness of from about 50 A to 
about 250 A; 

the second layer comprises AlGaN doped with a 
p-type dopant on the first layer, where 0s q-p and the 
second layer has a thickness of from about 200 A to 
about 600 A; 

wherein the quantum well active region comprises from 
about 3 to about 12 quantum wells of the well layer and 
corresponding barrier layers; and 

wherein a peak output wavelength of the light emitting 
device is not greater than 330 nm. 

68. The light emitting device of claim 54, wherein the 
well layer comprises All InGaN, where w-0, X=0 and 
has a thickness of 15 A: 
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the barrier layer comprises AlIn GaN doped with 
silicon on the barrier layer, where y=0.3, z=0 and has 
a thickness of 35 A. 

the first layer comprises AlGai-Ndoped with Mg on the 
quantum well active region where p=0.5 and has a 
thickness of 50 A; 

the second layer comprises AlGaN doped with Mg on 
the first layer, where q=0 and the second layer has a 
thickness of 300 A; 

wherein the quantum well active region comprises ten 
quantum wells of the well layer and corresponding 
barrier layers; and 

wherein a peak output wavelength of the light emitting 
device is about 340 nm. 

69. The light emitting device of claim 54, wherein the 
well layer comprises AlIn GaN where w-0.3, X=0 and 
has a thickness of 15 A: 

the barrier layer comprises AlIn GaN doped with 
silicon on the barrier layer, where y=0.5, z=0 and has 
a thickness of 20 A; 

the first layer comprises AlGai-Ndoped with Mg on the 
quantum well active region where p=0.5 and has a 
thickness of 230 A; 

the second layer comprises AlGaN doped with Mg on 
the first layer, where q=0 and the second layer has a 
thickness of 300 A; 

wherein the quantum well active region comprises ten 
quantum wells of the well layer and corresponding 
barrier layers; and 

wherein a peak output wavelength of the light emitting 
device is about 325 nm. 

70. A method of fabricating light emitting device, com 
prising: 

forming a quantum well active region configured to emit 
at a peak output wavelength of not greater than 360 nm. 
and comprising: 
a barrier layer comprising Al InGaN, where 
0<ws 1,0sXC1 and 0<w-Xs 1 and where w and X 
provide a barrier energy greater than a bandgap 
energy of GaN or within about 1 eV of the bandgap 
energy of GaN; and 

a well layer comprising AlIn GaN on the barrier 
layer, where 0sy<1, 0s Z-1 and 0sy+Z<1. 

71. The method of claim 70, further comprising: 
forming a first layer of AlGaN doped with a p-type 

dopant on the quantum well active region where 
0<ps 0.8; and 

forming a second layer of AlGai-Ndoped with a p-type 
dopant on the first layer, where 0sq-p. 

72. The method of claim 70, further comprising forming 
a GaN layer doped with an n-type dopant and having a 
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threading dislocation density of not greater than 4x10 cm 
and wherein forming a quantum well active region com 
prises forming a quantum well active region on the GaN 
layer doped with an n-type dopant. 

73. The method of claim 70, whereinforming a quantum 
well active region comprises forming a quantum well active 
region on a semiconductor Substrate. 

74. The method of claim 73, wherein the semiconductor 
Substrate comprises a conducting Substrate. 

75. The method of claim 73, wherein the semiconductor 
substrate comprises a SiC substrate. 

76. The method of claim 73, wherein the semiconductor 
Substrate comprises an insulating Substrate. 

77. The method of claim 73, wherein the semiconductor 
Substrate comprises a Sapphire Substrate. 

78. The method of claim 73, wherein the semiconductor 
substrate comprises a GaN substrate. 

79. A method of fabricating a light emitting device, 
comprising: 

forming a low defect density base structure comprising: 
an n-type SiC Substrate; and 
a GaN layer doped with n-type dopants: 

forming a quantum well active region on the low defect 
density base structure that emits light at a peak output 
wavelength of not greater than 360 nm, the quantum 
well active region comprising: 
a well layer comprising GaN or AlGaN; and 
a doped AlGaN barrier layer; 

forming an A1GaN layer on the quantum well active 
region; and 

forming a GaN based contact layer on the A1GaN layer. 
80. A method of fabricating a semiconductor light emit 

ting device comprising forming a light emitting device 
having a peak output wavelength of not greater than 360 nm 
and a wall plug efficiency of at least 4%. 

81. A method of fabricating a semiconductor light emit 
ting device comprising forming a light emitting device 
having a peak output wavelength of 345 nm or less and a 
wall plug efficiency of at least 2%. 

82. A method of fabricating a semiconductor light emit 
ting device comprising forming a light emitting device 
having a peak output wavelength of 330 nm or less and a 
wall plug efficiency of at least 0.4%. 

83. A method of fabricating a semiconductor light emit 
ting device comprising forming a light emitting device 
having a peak output wavelength of not greater than 360 nm 
and a direct current lifetime of at least 100 hours. 

84. A method of fabricating a semiconductor light emit 
ting device comprising forming a light emitting device 
having a peak output wavelength of not greater than 360 nm 
and an output power of at least 3 mW at a current density of 
about 0.35 LA/uM. 


