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METALORGANIC CHEMICAL VAPOR
DEPOSITION (MOCVD) GROWTH OF HIGH
PERFORMANCE NON-POLAR ITI-NITRIDE

OPTICAL DEVICES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit under 35 U.S.C. Section
119(e) of the following co-pending and commonly-assigned
U.S. patent application:

U.S. Provisional Application Ser. No. 60/869,535, filed on
Dec. 11, 2006, by Mathew C. Schmidt, Kwang Choong Kim,
Hitoshi Sato, Steven P. DenBaars, James S. Speck, and Shuji
Nakamura, entitled “MOCVD GROWTH OF HIGH PER-
FORMANCE M-PLANE GAN OPTICAL DEVICES;,”;

which application is incorporated by reference herein.

This application is related to the following co-pending and
commonly-assigned applications:

U.S. Utility application Ser. No. 10/581,940, filed on Jun.
7, 2006, by Tetsuo Fujii, Yan Gao, Evelyn. L. Hu, and Shuji
Nakamura, entitled “HIGHLY EFFICIENT GALLIUM
NITRIDE BASED LIGHT EMITTING DIODES VIA SUR-
FACE ROUGHENING,” which application claims the ben-
efitunder35 U.S.C. Section 365(c) of PCT Application Serial
No. US2003/03921, filed on Dec. 9, 2003, by Tetsuo Fujii,
Yan Gao, Evelyn L. Hu, and Shuji Nakamura, entitled
“HIGHLY EFFICIENT GALLIUM NITRIDE BASED
LIGHT EMITTING DIODES VIA SURFACE ROUGHEN-
ING,”;

U.S. Utility application Ser. No. 11/054,271, filed on Feb.
9, 2005, by Rajat Sharma, P. Morgan Pattison, John F. Kaed-
ing, and Shuji Nakamura, entitled “SEMICONDUCTOR
LIGHT EMITTING DEVICE,”;

U.S. Utility application Ser. No. 11/175,761, filed on Jul. 6,
2005, by Akihiko Murai, Lee McCarthy, Umesh K. Mishra
and Steven P. DenBaars, entitled “METHOD FOR WAFER
BONDING (Al In,Ga)N and Zn(S,Se) FOR OPTOELEC-
TRONICS APPLICATIONS,” which application claims the
benefit under 35 U.S.C. Section 119(e) of U.S. Provisional
Application Ser. No. 60/585,673, filed Jul. 6, 2004, by Aki-
hiko Murai, Lee McCarthy, Umesh K. Mishra and Steven P.
DenBaars, entitled “METHOD FOR WAFER BONDING
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U.S. Utility application Ser. No. 11/697,457, filed Apr. 6,
2007, by, Benjamin A. Haskell, Melvin B. McLaurin, Steven
P. DenBaars, James S. Speck, and Shuji Nakamura, entitled
“GROWTH OF PLANAR REDUCED DISLOCATION
DENSITY M-PLANE GALLIUM NITRIDE BY HYDRIDE
VAPOR PHASE EPITAXY,” which application is a continu-
ation of U.S. Utility application Ser. No. 11/140,893, filed
May 31, 2005, by, Benjamin A. Haskell, Melvin B. McLau-
rin, Steven P. DenBaars, James S. Speck, and Shuji Naka-
mura, entitled “GROWTH OF PLANAR REDUCED DIS-
LOCATION DENSITY M-PLANE GALLIUM NITRIDE
BY HYDRIDE VAPOR PHASE EPITAXY,” now U.S. Pat.
No. 7,208,393, issued Apr. 24, 2007, which application
claims the benefit under 35 U.S.C. Section 119(e) of U.S.
Provisional Application Ser. No. 60/576,685, filed Jun. 3,
2004, by Benjamin A. Haskell, Melvin B. McLaurin, Steven
P. DenBaars, James S. Speck, and Shuji Nakamura, entitled
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S. Speck and Steven P. DenBaars, entitled “HORIZONTAL
EMITTING, VERITCAL EMITTING, BEAM SHAPED,
DISTRIBUTED FEEDBACK (DFB) LASERS BY
GROWTH OVER A PATTERNED SUBSTRATE,”,

U.S. Utility application Ser. No. 11/923,414, filed Oct. 24,
2007, by Claude C. A. Weisbuch, Aurelien J. F. David, James
S. Speck and Steven P. DenBaars, entitled “SINGLE OR
MULTI-COLOR HIGH EFFICIENCY LIGHT EMITTING
DIODE (LED) BY GROWTH OVER A PATTERNED SUB-
STRATE,” which application is a continuation of U.S. Pat.
No. 7,291,864, issued Nov. 6, 2007, to Claude C. A. Weis-
buch, Aurelien J. F. David, James S. Speck and Steven P.
DenBaars, entitled “SINGLE OR MULTI-COLOR HIGH
EFFICIENCY LIGHT EMITTING DIODE (LED) BY
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914, filed Mar. 10, 2006, by Troy J. Baker, Benjamin A.
Haskell, Paul T. Fini, Steven P. DenBaars, James S. Speck,
and Shuji Nakamura, entitled “TECHNIQUE FOR THE
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sional Patent Application Ser. No. 60/866,015, filed on Nov.
15, 2006, by Aurelien J. F. David, Claude C. A. Weisbuch,
Steven P. DenBaars and Stacia Keller, entitled “HIGH
LIGHT EXTRACTION EFFICIENCY LED WITH EMIT-
TERS WITHIN STRUCTURED MATERIALS,”;

U.S. Utility patent application Ser. No. 11/940,876, filed
on Nov. 15, 2007, by Evelyn L. Hu, Shuji Nakamura, Yong
Seok Choi, Rajat Sharma and Chiou-Fu Wang, entitled “ION
BEAM TREATMENT FOR THE STRUCTURAL INTEG-
RITY OF AIR-GAP HI-NITRIDE DEVICES PRODUCED
BY PHOTOELECTROCHEMICAL (PEC) ETCHING,”
which application claims the benefit under 35 U.S.C. Section
119(e) of U.S. Provisional Patent Application Ser. No.
60/866,027, filed on Nov. 15, 2006, by Evelyn L. Hu, Shuji
Nakamura, Yong Seok Choi, Rajat Sharma and Chiou-Fu
Wang, entitled “ION BEAM TREATMENT FOR THE
STRUCTURAL INTEGRITY OF AIR-GAP III-NITRIDE
DEVICES PRODUCED BY PHOTOELECTROCHEMI-
CAL (PEC) ETCHING;,”;

U.S. Utility patent application Ser. No. 11/940,885, filed
on Nov. 15, 2007, by Natalie N. Fellows, Steven P. DenBaars
and Shuji Nakamura, entitled “TEXTURED PHOSPHOR
CONVERSION LAYER LIGHT EMITTING DIODE,”
which application claims the benefit under 35 U.S.C. Section
119(e) of U.S. Provisional Patent Application Ser. No.
60/866,024, filed on Nov. 15, 2006, by Natalie N. Fellows,
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Steven P. DenBaars and Shuji Nakamura, entitled “TEX-
TURED PHOSPHOR CONVERSION LAYER LIGHT
EMITTING DIODE,”;

U.S. Utility patent application Ser. No. 11/940,872, filed
on Nov. 15, 2007, by Steven P. DenBaars, Shuji Nakamura
and Hisashi Masui, entitled “HIGH LIGHT EXTRACTION
EFFICIENCY SPHERE LED,” which application claims the
benefit under 35 U.S.C. Section 119(e) of U.S. Provisional
Patent Application Ser. No. 60/866,025, filed on Nov. 15,
2006, by Steven P. DenBaars, Shuji Nakamura and Hisashi
Masui, entitled “HIGH LIGHT EXTRACTION EFFI-
CIENCY SPHERE LED,”;

U.S. Utility patent application Ser. No. 11/940,883, filed
on Nov. 15, 2007, by Shuji Nakamura and Steven P. Den-
Baars, entitled “STANDING TRANSPARENT MIRROR-
LESS LIGHT EMITTING DIODE,” which application
claims the benefit under 35 U.S.C. Section 119(e) of U.S.
Provisional Patent Application Ser. No. 60/866,017, filed on
Now. 15, 2006, by Shuji Nakamura and Steven P. DenBaars,
entitled “STANDING TRANSPARENT MIRROR-LESS
(STML) LIGHT EMITTING DIODE,”;

U.S. Utility patent application Ser. No. 11/940,898, filed
on Nov. 15, 2007, by Steven P. DenBaars, Shuji Nakamura
and James S. Speck, entitled “TRANSPARENT MIRROR-
LESS LIGHT EMITTING DIODE,” which application
claims the benefit under 35 U.S.C. Section 119(e) of U.S.
Provisional Patent Application Ser. No. 60/866,023, filed on
Now. 15, 2006, by Steven P. DenBaars, Shuji Nakamura and
James S. Speck, entitled “TRANSPARENT MIRROR-LESS
(TML) LIGHT EMITTING DIODE,”;

U.S. Utility patent application Ser. No. 11/954,163, filed
on Dec. 11, 2007, by Steven P. DenBaars and Shuji Naka-
mura, entitled “LEAD FRAME FOR TRANSPARENT MIR-
RORLESS LIGHT EMITTING DIODE,” which claims the
benefit under 35 U.S.C. 119(e) of U.S. Provisional Patent
Application Ser. No. 60/869,454, filed on Dec. 11, 2006, by
Steven P. DenBaars and Shuji Nakamura, entitled “LEAD
FRAME FOR TM-LED,”;

U.S. Utility patent application Ser. No. 11/954,154, filed
on Dec. 11, 2007, by Shuji Nakamura, Steven P. DenBaars,
and Hirokuni Asamizu, entitled, “TRANSPARENT LIGHT
EMITTING DIODES,” which claims the benefit under 35
U.S.C. 119(e) of U.S. Provisional Patent Application Ser. No.
60/869,447, filed on Dec. 11, 2006, by Shuji Nakamura,
Steven P. DenBaars, and Hirokuni Asamizu, entitled,
“TRANSPARENT LEDS,”;

U.S. Utility patent application Ser. No. 12/001,227, filed
on Dec. 11, 2007, by Steven P. DenBaars, Mathew C.
Schmidt, Kwang Choong Kim, James S. Speck, and Shuji
Nakamura, entitled, “NON-POLAR AND SEMI-POLAR
EMITTING DEVICES,” which claims the benefit under 35
U.S.C. 119(e) of U.S. Provisional Patent Application Ser. No.
60/869,540, filed on Dec. 11, 2006, by Steven P. DenBaars,
Mathew C. Schmidt, Kwang Choong Kim, James S. Speck,
and Shuji Nakamura, entitled, “NON-POLAR (M-PLANE)
AND SEMI-POLAR EMITTING DEVICES,”; and

U.S. Utility patent application Ser. No. 11/954,172, filed
on Dec. 11, 2007, by Kwang Choong Kim, Mathew C.
Schmidt, Feng Wu, Asako Hirai, Melvin B. McLaurin, Steven
P. DenBaars, Shuji Nakamura, and James S. Speck, entitled,
“CRYSTAL GROWTH OF M-PLANE AND SEMIPOLAR
PLANES OF (AL,IN,GA,B)N ON VARIOUS SUB-
STRATES,” which claims the benefit under 35 U.S.C. 119(e)
of U.S. Provisional Patent Application Ser. No. 60/869,701,
filed on Dec. 12, 2006, by Kwang Choong Kim, Mathew C.
Schmidt, Feng Wu, Asako Hirai, Melvin B. McLaurin, Steven
P. DenBaars, Shuji Nakamura, and James S. Speck, entitled,
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“CRYSTAL GROWTH OF M-PLANE AND SEMIPOLAR
PLANES OF (AL,IN,GAB)N ON VARIOUS SUB-
STRATES,”;
all of which applications are incorporated by reference
herein.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention is related to the growth of semiconductor
devices on non-polar Ill-nitride films, more specifically,
LEDs (light emitting diodes), LDs (laser diodes), VCSELs
(vertical cavity surface emitting lasers), RCLEDs (resonant
cavity LEDs), and MCLEDs (micro-cavity LEDs).

2. Description of the Related Art

(Note: This application references a number of different
publications as indicated throughout the specification as indi-
cated by the citation within brackets, i.e., [REF x], wherein x
is anumber. A list of these different publications identified by
the number x can be found below in the section entitled
“References.” Each of these publications is incorporated by
reference herein.)

Conventional III-nitride optical devices, such as gallium
nitride (GaN) LEDs, are grown in the c-direction of the wurtz-
ite unit cell. A net polarization occurs from contributions of
spontaneous and piezoelectric polarizations in the direction
of film growth. The resulting built-in electric field causes the
band structure to be slanted, most notably in the quantum
wells. This has a huge impact on the behavior of c-plane GaN
optical devices. The slanted quantum wells consequently
diminish the spatial overlap of the hole and electron wave-
functions, in turn decreasing radiative recombination effi-
ciency. In addition, the emission wavelength decreases (blue
shift) with increasing drive current as explained by the Quan-
tum Confined Stark Effect (QCSE) [REF 1].

M-plane and a-plane GaN are defined as non-polar GaN
because there is no net polarization field normal to those
respective planes. Therefore, the band structure is not slanted
like c-plane, which means quantum well structures on these
planes have flat bands. Radiative efficiencies are theoretically
higher, and no wavelength shift occurs. There have been
recent reports of non-polar LEDs [REF 2, 3]. However, the
output powers and efficiencies are well below that of c-plane
LEDs. The main reason for this poor performance is com-
monly attributed to high dislocation densities.

Current non-polar GaN optical devices have not achieved
the performance standards necessary for bringing them to
market. The highest power m-plane LED reported is 1.79 mW
at 20 mA [REF 3], and there has been no report of an electri-
cally pumped LD grown on m-plane GaN. Optical devices
grown on m-plane GaN have the benefit of emitting polarized
light [REF 4]. This lends them well to the application of
backlighting for displays, especially LCDs (liquid crystal
displays), since a light polarizer would not be required.

Thus, there is a need in the art for improved methods of
fabricating of high performance non-polar III-nitride optical
devices. The present invention satisfies this need.

SUMMARY OF THE INVENTION

The present invention describes the materials and growth
conditions necessary for achieving high performance non-
polar Ill-nitride optoelectronic devices, and more specifi-
cally, non-polar GaN LEDs and LDs. The present invention
includes several key concepts that, when utilized together,
produce exceptional device performance.
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The device is grown on a low defect density substrate. This
substrate can be a bulk m-plane GaN substrate grown by
hydride vapor phase epitaxy (HVPE) or an m-plane sidewall
lateral epitaxial overgrowth (SLEO) template grown by
MOCVD or HVPE. It is important to eliminate defects and
stacking faults from the active region to decrease the number
of non-radiative recombination centers and improve carrier
transport properties.

The quantum wells in the multiple quantum well (MQW)
structure of the active region are grown at temperatures rang-
ing from approximately 845° C. to 890° C. to be approxi-
mately 8 to 12 nanometers (nm) thick, which is much larger
thanintypical c-plane LEDs (~2.5 nm). The quantum barriers
in the MQW structure are grown at temperatures ranging
from approximately 915° C. to 940° C. to be approximately
10 to 18 nanometers thick.

The p-type GaN is grown at a relatively low temperature,
namely the quantum barrier growth temperature.

Transparent conducting oxide electrodes are deposited on
the device used to enhance light extraction. Such oxides
include, but are not limited to, indium-tin-oxide (ITO) and
zinc oxide (Zn0O), as well as other oxides and materials that
are transparent at the wavelength(s) of interest.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the drawings in which like reference
numbers represent corresponding parts throughout:

FIG. 1 is a schematic of the as-grown m-plane GaN LED
utilizing the thick GaN buffer layer, thick quantum well layer,
and three step p-GaN growth.

FIG. 2 is a schematic of the processed m-plane LED using
an annealed ITO p-contact.

FIG. 3 is a schematic of the processed m-plane LED using
710 as a p-contact.

FIG. 4 is a graph of output power and external quantum
efficiency (EQE) of the world record m-plane LED.

FIG. 5 is a graph of output power vs. quantum well thick-
ness showing that thick wells (8-12 nm) are optimum for
m-plane LEDs.

FIG. 6 is a flowchart illustrating the process steps per-
formed according to the preferred embodiment of the present
invention.

DETAILED DESCRIPTION OF THE INVENTION

In the following description of the preferred embodiment,
reference is made to the accompanying drawings which form
a part hereof, and in which is shown by way of illustration a
specific embodiment in which the invention may be practiced.
It is to be understood that other embodiments may be utilized
and structural changes may be made without departing from
the scope of the present invention.

Overview

The present invention describes how to grow state of the art
m-plane GaN optical devices. The techniques depicted herein
have been used to achieve improved m-plane GaN LED per-
formance. These m-plane GaN LEDs have comparable out-
put powers to the best quality c-plane GaN LEDs currently in
existence. Such results represent a major breakthrough in
optoelectronic devices.

Technical Description

The high performance m-plane GaN LEDs of the present
invention are grown on ultra-low defect density substrates or
templates. These substrates or templates can be, but are not
limited to, bulk m-plane GaN substrates or m-plane SLEO
templates. The SLEO template can be grown on a number of
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substrates including, but not limited to, m-SiC, LiA,O,, and
spinel. Furthermore, growth on a properly miscut substrate
can improve surface morphology stability. The current results
are achieved on bulk GaN substrates, and the following
description is specific to this case.

FIG.11s aschematic ofthe as-grown m-plane GaN LED 10
according to the preferred embodiment of the present inven-
tion. The m-plane GaN LED 10 includes a low defect sub-
strate or template 12, an n-type GaN (n-GaN) layer 14 of
approximately 10 microns thickness that is a buffer layer, an
active region 16 including a multiple quantum well (MQW)
structure with thick quantum wells that is used for high output
power performance, an AlGaN electron blocking layer 18 of
approximately 10 microns thickness, and a 3-stage or 3-part
p-type GaN (p-GaN) layer 20 of approximately 160 nm thick-
ness, wherein a bottom part 22 is grown at approximately
890° C. with high Mg doping and a thickness of approxi-
mately 40 nm, a center part 24 is grown at approximately 955°
C. with light Mg doping and a thickness of approximately 90
nm, and a top part 26 is grown at approximately 955° C. with
high Mg doping and a thickness of approximately 30 nm.

This LED device 10 is “regrown” in an MOCVD reactor on
small pieces of bulk GaN with the m-axis normal to the
growth direction. It is necessary to grow a very thick initial
GaN layer 14, otherwise referred to as a thick GaN buffer
layer, to achieve coalescence and a device quality surface
with the particular bulk GaN substrates used. Approximately
8 to 15 microns of growth is usually necessary to achieve this
objective. Film coalescence could also be achieved by using
appropriate surface treatments. This initial GaN layer 14 is
doped with Si to achieve an n-doped device layer 14. How-
ever, this layer 14 can also be unintentionally doped (UID) for
an arbitrary thickness before switching to n-doped growth.

The active region 16 is grown after the n-doped GaN layer
14. The MQW structure in the active region 16 is comprised
ofa 6x stack of 80 A wells and 180 A barriers, although more
or less wells and barriers can also be used. The quantum wells
are made of InGaN, which can have a wide range of In
fraction depending on what emission wavelength is desired.
The quantum barriers are made of GaN, but can also be grown
as InGaN layers with a lesser In fraction than the quantum
wells.

The quantum wells are approximately 8 to 12 nm thick for
best device performance, while the quantum barriers are
approximately 10 to 18 nm thick. Other thicknesses for the
quantum wells, as well as other thicknesses for the quantum
barriers, can be used without departing from the scope of the
present invention. For example, and not by way of limitation,
the quantum barriers can be thinner, such as an approximately
10 nm quantum barrier thickness, which may optimize the
performance of the device.

The active region 106 is grown at temperatures typically
ranging from, but not limited to, 845° C. to 890° C. TEG,
NH;, and N, flows are kept at the same values for both the
quantum well and barrier growths. TMI is only flowed during
the quantum well growth, unless an active region 16 utilizing
InGaN quantum barriers is used. In the latter case, the InGaN
composition of the quantum barriers can be controlled by
lowering the TMI flow while keeping the reactor temperature
the same, or keeping the TMI flow constant while increasing
the temperature. Typically, the former is used to avoid tem-
perature ramp times. In addition, such an InGaN/InGaN
MQW structure is often only utilized in laser diodes.

The emission wavelength of the device 10 is controlled by
the In fraction of the quantum well layers. The In fraction is
best controlled by varying the temperature of the reactor.
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Generally, growing at a lower temperature at a given TMI
flow will result in a higher In fraction than growing at a higher
temperature.

Usually, an m-plane LED is grown at a constant tempera-
ture for both the quantum well and barrier layers. However, a
“two temperature” active region 16 can also be utilized. In
such an active region 16, the quantum barriers are grown at a
higher temperature than the quantum wells.

For example, the quantum wells are grown at temperatures
ranging from approximately 845° C. to 890° C. to be approxi-
mately 8 to 12 nanometers thick. A thin GaN cap of 2 to 5 nm
is grown right after a quantum well is grown. This cap is
grown at the quantum well growth temperature, and is essen-
tially the first part of the quantum barrier. Once this cap is
grown, the reactor is ramped up to a temperature in the range
ofapproximately 915° to 940° C., at which time the rest of the
quantum barrier is grown, to be approximately 10 to 18
nanometers thick. The temperature is ramped backed down to
the quantum well growth temperature and the process is
repeated until the desired number of quantum wells and quan-
tum barriers have been grown.

The AlGaN blocking layer 18 is grown after the last quan-
tum barrier of the MQW structure 16. The Al composition of
this layer 18 can be approximately between 12 to 20%. The
AlGaN blocking layer 18 is grown at the quantum barrier
growth temperature or at least at a temperature similar to the
active region 16 growth temperature.

Alow temperature Mg doped p-type GaN layer 20 is grown
after the AlGaN blocking layer 18. Details of this layer 20 are
described in U.S. Utility patent application Ser. No. 11/840,
057 and U.S. Provisional Patent Application Ser. No. 60/822,
600, which are cross-referenced above and incorporated by
reference herein. Typically, such a layer 20 is grown at a
relatively low temperature, namely the quantum barrier
growth temperature, e.g., approximately less than 150° C.
more than the quantum well growth temperature, and is of a
160 nm thickness, as noted above, but can be grown at other
temperatures and other thicknesses as desired for the device
design. Further, the layer 20 can be grown using other tech-
niques without departing from the scope of the present inven-
tion.

FIG. 2 is a schematic of the LED 10 that includes a p-con-
tact 28 and n-contact 30. In this embodiment, both the p-con-
tact 28 and n-contact 30 may comprise an ITO layer. The
thickness of the ITO layer is 250 nm and is deposited via
e-beam. The approximate thickness of the ITO layer range
can be from 150 nm to 300 nm. ITO deposition can also be
performed using other techniques, such as sputtering or
chemical vapor deposition (CVD). The ITO layer is annealed
at 600° C. in N,/O, for approximately 5 minutes to make the
ITO layer transparent. A subsequent anneal at 600° C. in N,
for 10 minutes is performed to improve the sheet conductance
of'the ITO layer.

The resulting ITO layer are mostly transparent to the emit-
ted light. Therefore, more light escapes from the top of the
device 10 than in an LED processed with conventional meth-
ods. Of course, the method of packaging determines what
light is going to be extracted. The presence of this ITO layer,
along with ZnO discussed below, simply decreases the
amount of absorption that occurs inside of the device 10.

FIG. 3 is also a schematic of the LED that includes the
p-contact 32 and n-contact 34. In this embodiment, however,
both the p-contact 32 and n-contact 34 may comprise a ZnO
layer. The ZnO layer can be deposited via MOCVD, sputter-
ing, e-beam, or any other CVD technique. Moreover, the ZnO
layer can be undoped or doped with, but not limited to, Al or
Ga.
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As with the I'TO layer, the ZnO layer is very transparent to
the emitted light. Therefore, more light escapes from the top
of'the device 10 than in an LED processed with conventional
methods.

Experimental Results

FIG. 4 is a graph of output power and external quantum
efficiency (EQE) of the m-plane LED according to preferred
embodiment of the present invention. As indicated, the power
at 20 mA is 25.4 mW, the emission wavelength is at 403 nm,
and the external quantum efficiency is 41.4% at 20 mA. The
nature of the EQE curve is different than that observed in
c-plane GaN LEDs. Note that the EQE continues to rise at 20
mA.

FIG. 5 is a graph of output power vs. quantum well thick-
ness showing that thick wells (8-12 nm) are optimum for
m-plane LEDs. This figure shows the output power depen-
dence on quantum well thickness. A peak output power lies
somewhere between 8 and 16 nm well widths. A typical
c-plane LED, on the other hand, usually has a peak output
power at about 2.5 nm well widths.

Process Steps

FIG. 6 is a flowchart illustrating the process steps per-
formed according to the preferred embodiment of the present
invention.

Block 36 represents an n-type GaN layer being grown on a
non-polar II-nitride substrate or template.

Block 38 represents an active region including a quantum
well structure being grown on the n-GaN layer.

Block 40 represents an AlGaN electron blocking layer
being grown on the active region.

Block 42 represents a p-type GaN layer being grown on top
of the AlGaN electron blocking layer.

Block 44 represents electrodes being deposited on the
device.

Possible Modifications and Variations

Possible modifications and variations of the present inven-
tion include a polarized red-green-blue (RGB) light source
can be realized by taking on a three (3) color active region.
Such an active region has at least 3 distinct band edges that
will emit in red, green and blue. The distinct band edges can
be created by manipulating gas flows and temperature to
control the (Al,In,Ga)N composition in the quantum wells.

In addition, the active region can be any composition of
(Ga,AlIn,B)N. For example, an A1GaN/GaN or an AlGaN/
AlGaN active region can be grown to produce a device that
emits in the ultraviolet (UV) spectrum.

Finally, the previously described method can also be
applied to a-plane and any semi-polar plane of GaN.

ADVANTAGES AND IMPROVEMENTS

The method described herein illustrates how to achieve
high output optical devices on m-plane GaN. Very high output
powers and high efficiencies have been obtained by using the
MOCVD growth method and ITO electrodes previously
described. The device growth on ultra low defect density
substrates decreases the number of non-radiative recombina-
tion centers, which improves the output power efficiency of
the device. Output power is further increased by using quan-
tum wells that are thicker than typical c-plane GaN quantum
wells. Furthermore, light extraction is enhanced by using a
transparent oxide electrode (ITO). The end result is an
m-plane GaN LED with world record performance.

The epitaxial innovations herein can also be applied to the
growth of laser diodes on m-plane GaN substrates or tem-
plates. Transparent conducting oxides can be used in the
fabrication of m-plane GaN laser diodes. In addition, the
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method described herein can also be applied to a-plane and
any of the semi-polar planes of GaN. In these cases, the low
defect substrate or template must be of the respective plane
orientation.
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CONCLUSION

The method described herein enables the realization of
high power optical devices on m-plane GaN. LEDs on
m-plane GaN fashioned with these techniques have compa-
rable output powers at 20 mA as current c-plane LEDs. This
method makes m-plane optical devices market relevant for
the first time. M-plane LEDs of this high output power can be
used as polarized light sources in liquid crystal displays
(LCD) and other such applications where light polarization is
required. It is conceivable that with further device optimiza-
tion m-plane LEDs will eventually outperform c-plane LEDs
in output power and efficiency. The same can be said for laser
diodes on m-plane GaN.

Further, the method of the present invention can also be of
benefit to other electronic, optoelectronic, or optical devices,
such as solar cells, Vertical Cavity Surface Emitting Lasers
(VCSELs), Resonant Cavity Light Emitting Diodes
(RCLEDs), Micro Cavity Light Emitting Diodes (MCLEDs),
High Electron Mobility Transistors (HEMTs), transistors,
diodes, and other electronic devices that are resident on simi-
lar substrates or require similar semiconductor materials or
processing steps.

Although described with respect to lateral devices herein,
the present invention allows for the manufacture of bulk sub-
strates, which will also allow for the manufacture of vertical
devices on a number of substrate materials, e.g., the n-contact
of the finished device can be on the bottom of a conducting
substrate of a device manufactured in accordance with the
present invention. The present invention is not limited to
vertical devices, rather, the vertical devices are presented
merely for illustration and not meant to limit the present
invention.

Although the present invention describes m-plane GaN,
other wurtzite crystalline structures, as well as other Group 111
nitride materials, can be used within the scope of the present
invention. Further, other planes within the wurtzite structure,
as well as semi-polar and non-polar structures of Group II1
nitrides and other materials, can also be used within the scope
of the present invention. Although described with respect to
LEDs, the m-plane growth techniques of the present inven-
tion are also applicable to other devices, such as laser diodes
and other devices.

This concludes the description of the preferred embodi-
ment of the present invention. The foregoing description of
one or more embodiments ofthe invention has been presented
for the purposes of illustration and description. It is not
intended to be exhaustive or to limit the invention to the



US 7,842,527 B2

13

precise form disclosed. Many modifications and variations
are possible in light of the above teaching.

What is claimed is:

1. A method for fabricating a non-polar I1I-nitride Light
Emitting Diode (LED), comprising:

(a) growing an n-type Ill-nitride layer on a non-polar III-

nitride substrate or template;

(b) growing an active region including a quantum well
structure on the n-type IlI-nitride layer, wherein a non-
polar quantum well in the quantum well structure is
grown at a quantum well growth temperature; and

(c) growing a non-polar p-type Ill-nitride layer on the
active region at a temperature less than 150° C. more
than the quantum well growth temperature.

2. The method of claim 1, wherein the non-polar I1I-nitride
substrate or template is a bulk non-polar III-nitride grown by
an ammonothermal method.

3. The method of claim 1, wherein the non-polar I1I-nitride
substrate or template is a non-polar sidewall lateral epitaxial
overgrowth (SLEO) template grown by metalorganic chemi-
cal vapor deposition (MOCVD) or hydride vapor phase epi-
taxy (HVPE).

4. The method of claim 1, wherein the non-polar quantum
well in the quantum well structure is grown to be approxi-
mately 8 to 12 nanometers thick.

5. The method of claim 1, wherein quantum well structure
is grown at temperatures ranging from approximately 845° C.
to 890° C.

6. The method of claim 1, wherein quantum barriers in the
quantum well structure are grown to be approximately 10 to
18 nanometers thick.

7. The method of claim 1, wherein quantum barriers in the
quantum well structure are grown at temperatures ranging
from approximately 915° C. to 940° C.

8. The method of claim 1, wherein the p-type III-nitride
layer is grown at a quantum barrier growth temperature.

9. The method of claim 1, further comprising depositing
transparent oxide electrodes on the device.

10. The method of claim 9, wherein the electrodes are
comprised of indium-tin-oxide (ITO) or zinc oxide (ZnO).

11. An optoelectronic device fabricated using the method
of claim 1.

12. A non-polar [1I-nitride Light Emitting Diode (LED)
device, comprising:

(a) an n-type II-nitride layer grown on a non-polar III-

nitride substrate or template;

(b) an active region including a non-polar quantum well
structure grown on the n-type IlI-nitride layer;

(c) a non-polar p-type [1I-nitride layer grown on the active
region; and
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(d) the LED having an external quantum efficiency (EQE)
of at least 35%, and an output power of at least 25 mW at
a drive current of 20 mA.

13. The device of claim 12, wherein the non-polar III-
nitride substrate or template is a bulk non-polar III-nitride
grown by an ammonothermal method.

14. The device of claim 12, wherein the non-polar III-
nitride substrate or template is a non-polar sidewall lateral
epitaxial overgrowth (SLEO) template grown by metalor-
ganic chemical vapor deposition (MOCVD) or hydride vapor
phase epitaxy (HVPE).

15. The device of claim 12, wherein a quantum well in the
quantum well structure is grown to be approximately 8 to 12
nanometers thick.

16. The device of claim 12, wherein quantum well structure
is grown at temperatures ranging from approximately 845° C.
to 890° C.

17. The device of claim 12, wherein quantum barriers in the
quantum well structure are grown to be approximately 10 to
18 nanometers thick.

18. The device of claim 12, wherein quantum barriers in the
quantum well structure are grown at temperatures ranging
from approximately 915° C. to 940° C.

19. The device of claim 12, wherein the p-type [I-nitride
layer is grown at a quantum barrier growth temperature.

20. The device of claim 12, further comprising transparent
oxide electrodes deposited on the device.

21. The device of claim 20, wherein the electrodes are
comprised of indium-tin-oxide (ITO) or zinc oxide (ZnO).

22. The method of claim 1, wherein the p-type Ill-nitride
layer is a layer grown at a temperature at which quantum well
barriers in the active region are grown.

23. The method of claim 1, wherein

the LED has an external quantum efficiency (EQE) of at

least 35%.

24. The method of claim 23, wherein the output power is at
least 25 mW at a drive current of 20 mA.

25. The method of claim 1, wherein the non-polar III-
nitride substrate or template is a bulk non-polar III-nitride
grown by hydride vapor phase epitaxy (HVPE).

26. The device of claim 1, wherein the non-polar I1I-nitride
substrate or template is a bulk non-polar IIl-nitride grown by
hydride vapor phase epitaxy (HVPE).

27. The method of claim 1, wherein the n-type Ill-nitride
layer is grown on an m-plane of the non-polar II-nitride
substrate or template and the active region is grown on an
m-plane of the n-type [1l-nitride layer.

28. The device of claim 12, wherein the n-type Ill-nitride
layer is grown on an m-plane of the non-polar II-nitride
substrate or template and the active region is grown on an
m-plane of the n-type [1l-nitride layer.
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