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ABSTRACT

A method for growth and fabrication of semipolar (Ga, Al, In,
B)N thin films, heterostructures, and devices, comprising
identifying desired material properties for a particular device
application, selecting a semipolar growth orientation based
on the desired material properties, selecting a suitable substrate for growth of the selected semipolar growth orientation,
growing a planar semipolar (Ga, Al, In, B)N template or
nucleation layer on the substrate, and growing the semipolar
(Ga, Al, In, B)N thin films, heterostructures or devices on the
planar semipolar (Ga, Al, In, B)N template or nucleation
layer. The method results in a large area of the semipolar (Ga,
Al, In, B)N thin films, heterostructures, and devices being
parallel to the substrate surface.
26 Claims, 20 Drawing Sheets
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TECHNIQUE FOR THE GROWTH AND
FABRICATION OF SEMIPOLAR
(GA,AL,IN,B)N THIN FILMS,
HETEROSTRUCTURES, AND DEVICES

BACKGROUND OF THE INVENTION

CROSS-REFERENCE TO RELATED
APPLICATIONS
This application is a continuation of co-pending and commonly-assigned U.S. Utility patent application Ser. No.
11/444,946, filed on Jun. 1, 2005, by Robert M. Farrell, Troy
J. Baker, Arpan Chakraborty, BenjaminA. Haskell, P. Morgan
Pattison, Rajat Sharma, Umesh K. Mishra, Steven P. DenBaars, James S. Speck, and Shuji Nakamura, and entitled
"TECHNIQUE FOR THE GROWTH AND FABRICATION
OF SEMIPOLAR (GA,AL,IN,B)N THIN FILMS, HETEROSTRUCTURES, AND DEVICES," which application
claims the benefit under 35 U.S.0 § 119(e) of co-pending and
commonly-assigned U.S. Provisional Application Ser. No.
60/686,244, filed on Jun. 1, 2005, by Robert M. Farrell, Troy
J. Baker, Arpan Chakraborty, BenjaminA. Haskell, P. Morgan
Pattison, Rajat Sharma, Umesh K. Mishra, Steven P. DenBaars, James S. Speck, and Shuji Nakamura, and entitled
"TECHNIQUE FOR THE GROWTH AND FABRICATION
OF SEMIPOLAR (Ga,Al,In,B)N THIN FILMS, HETEROSTRUCTURES, AND DEVICES," which applications are
incorporated by reference herein.
This application is also related to the following co-pending
and commonly-assigned applications:
U.S. Utility patent application Ser. No. 10/413,690, filed
on Apr. 15, 2003, by Michael D. Craven, Stacia Keller, Steven
P. DenBaars, Tal Margalith, James S. Speck, Shuji Nakamura,
and Umesh K. Mishra, entitled "NON-POLAR (A1,B,In,
Ga)N QUANTUM WELL AND HETEROSTRUCTURE
MATERIALS AND DEVICES," which application claims
the benefit under 35 U.S.C. Section 119(e) of U.S. Provisional Patent Application Ser. No. 60/372,909, entitled
"NON-POLAR GALLIUM NITRIDE BASED THIN
FILMS AND HETEROSTRUCTURE MATERIALS," filed
onApr. 15, 2002, by Michael D. Craven, Stacia Keller, Steven
P. DenBaars, Tal Margalith, James S. Speck, Shuji Nakamura,
and Umesh K. Mishra;
U.S. Utility patent application Ser. No. 11/123,805, filed
on May 6, 2005, byArpan Chakraborty, BenjaminA. Haskell,
Stacia Keller, James S. Speck, Steven P. DenBaars, Shuji
Nakamura, and Umesh K. Mishra, entitled "FABRICATION
OF NONPOLAR INDIUM GALLIUM NITRIDE THIN
FILMS, HETEROSTRUCTURES AND DEVICES BY
METALORGANIC CHEMICAL VAPOR DEPOSITION,"
which application claims the benefit under 35 U.S.C. Section
119(e) of U.S. Provisional Patent Application Ser. No.
60/569,749, filed on May 10, 2004, by Arpan Chakraborty,
BenjaminA. Haskell, Stacia Keller, James S. Speck, Steven P.
DenBaars, Shuji Nakamura and Umesh K. Mishra, entitled
"FABRICATION OF NONPOLAR InGaN THIN FILMS,
HETEROSTRUCTURES AND DEVICES BY METALORGANIC CHEMICAL VAPOR DEPOSITION,"; and
U.S. Provisional Patent Application Ser. No. 60/660,283,
entitled "TECHNIQUE FOR THE GROWTH OF PLANAR
SEMI-POLAR GALLIUM NITRIDE," filed on Mar. 10,
2005, by Troy J. Baker, Benjamin A. Haskell, Paul T. Fini,
Steven P. DenBaars, James S. Speck, and Shuji Nakamura;
which applications are incorporated by reference herein

1. Field of the Invention
The present invention is related to semiconductor materi5 als, methods, and devices, and more particularly, to the
growth and fabrication of semipolar (Ga,A1,In,B)N thin
films, heterostructures, and devices.
2. Description of the Related Art
(Note: This application references a number of different
io publications as indicated throughout the specification by one
or more reference numbers within brackets, e.g., [Ref. x]. A
list of these different publications ordered according to these
reference numbers can be found below in the section entitled
"References." Each of these publications is incorporated by
15 reference herein.)
The usefulness of gallium nitride (GaN) and alloys of
(Ga,A1,In,B)N has been well established for fabrication of
visible and ultraviolet optoelectronic devices and high-power
electronic devices. As shown in FIG. 1, current state-of-the2o art nitride thin films, heterostructures, and devices are grown
along the [0001] axis 102 of the wurtzite nitride crystal structure 100. The total polarization of such films consists of
spontaneous and piezoelectric polarization contributions,
both of which originate from the single polar [0001] axis 102
25 of the wurtzite nitride crystal structure 100. When nitride
heterostructures are grown pseudomorphically, polarization
discontinuities are formed at surfaces and interfaces within
the crystal. These discontinuities lead to the accumulation or
depletion of carriers at surfaces and interfaces, which in turn
30 produce electric fields. Since the alignment of these built-in
electric fields coincides with the typical [0001] growth direction of nitride thin films and heterostructures, these fields
have the effect of"tilting" the energy bands of nitride devices.
In c-plane wilrtzite (Ga,Al,In,B)N quantum wells, the
35 "tilted" energy bands 104 and 106 spatially separate the hole
wavefunction 108 and the electron wavefunction 110, as
illustrated in FIG. 1. This spatial charge separation reduces
the oscillator strength of radiative transitions and red-shifts
the emission wavelength. These effects are manifestations of
40 the quantum confined Stark effect (QCSE) and have been
thoroughly analyzed for nitride quantum wells [Refs. 1-4].
Additionally, the large polarization-induced fields can be partially screened by dopants and injected carriers [Refs. 5, 6], so
the emission characteristics can be difficult to engineer accu45 rately.
Furthermore, it has been shown that pseudomorphic
biaxial strain has little effect on reducing effective hole
masses in c-plane wnrtzite (Ga,A1,In,B)N quantum wells
[Ref. 7]. This is in stark contrast to the case for typical III-V
50 zinc-blende InP- and GaAs-based quantum wells, where
anisotropic strain-induced splitting of the heavy hole and
light hole bands leads to a significant reduction in the effective hole masses. A reduction in effective hole masses leads to
a substantial increase in the quasi-Fermi level separation for
55 any given carrier density in typical III-V zinc-blende InP- and
GaAs-based quantum wells. As a direct consequence of this
increase in quasi-Fermi level separation, much smaller carrier
densities are needed to generate optical gain [Ref. 8]. However, in the case of the wnrtzite nitride crystal structure, the
6o hexagonal symmetry and small spin-orbit coupling of the
nitrogen atoms in biaxially strained c-plane nitride quantum
wells produces negligible splitting of the heavy hole and light
hole bands [Ref. 7]. Thus, the effective mass of holes remains
much larger than the effective mass of electrons in biaxially
65 strained c-plane nitride quantum wells, and very high carrier
densities are needed to generate optical gain. One approach to
eliminating polarization effects and decreasing effective hole
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masses in (Ga,A1,In,B)N devices is to grow the devices on
nation of net polarization and effective hole mass can be
nonpolar planes of the crystal. These include the {1120}
chosen to suit a particular device application.
planes, known collectively as a-planes, and the {1T00}
As an illustration of the effects of altering the crystal
planes, known collectively as m-planes. Such planes contain
growth orientation, the piezoelectric polarization can be calequal numbers of gallium and nitrogen atoms per plane and 5 culated and plotted as a function of the angle between a
are charge-neutral. Subsequent non-polar layers are equivageneral growth direction and the c-axis for compressively
lent to one another so the bulk crystal will not be polarized
strained InGa,-xN quantum wells [Refs. 9, 18-20]. FIG. 2
along the growth direction. Moreover, it has been shown that
shows the relationship between the conventional coordinate
strained nonpolar InGaN quantum wells have significantly
system (x, y, z) for c-plane crystal growth and a new coordismaller hole masses than strained c-plane InGaN quantum 10 nate system (x', y', z') for a general crystal growth orientation.
wells [Ref. 9]. Nevertheless, despite advances made by
The conventional coordinate system (x, y, z) can be transresearchers at the University of California and elsewhere
formed into the new coordinate system (x', y', z') by using a
[Refs. 10-15], growth and fabrication of non-polar (Ga,A1,In,
rotation matrix,
B)N devices remains challenging and has not yet been widely
adopted in the nitride industry.
15
Another approach to reducing polarization effects and

cosOcoso cosOsino —sing

(1)

effective hole masses in (Ga,A1,In,B)N devices is to grow the
U = —sino
cosO
0
devices on semipolar planes of the crystal. The term "semisingcoso sinllsino cosO
polar plane" can be used to refer to any plane that cannot be
classified as c-plane, a-plane, or m-plane. In crystallographic 20
where and 0 represent the azimuthal and polar angles of
terms, a semipolar plane would be any plane that has at least
the new coordinate system relative to the [0001] axis, respectwo nonzero h, i, or k Miller indices and a nonzero 1 Miller
tively. As shown in FIG. 2, the z-axis corresponds to the
index.
[0001] axis 102 and the z'-axis 200 corresponds to the new
Growth of semipolar (Ga,A1,In,B)N thin films and heterostructures has been demonstrated on the sidewalls of pat- 25 general crystal growth axis. For calculating physical parameters, dependence on the azimuthal angle (~) 202 can be
terned c-plane oriented stripes [Ref. 16]. Nishizuka et al. have
neglected because the piezoelectric effect in wurtzite materigrown { 1122} InGaN quantum wells by this technique. Howals shows monoaxial isotropic behavior along the [0001] axis
ever, this method of producing semipolar nitride thin films
[Ref. 21]. Thus, a family of equivalent semipolar planes can
and heterostructures is drastically different than that of the
current disclosure; it is an artifact of epitaxial lateral over- 30 be uniquely represented by a single polar angle (0) 204,
referred to hereafter as simply the crystal angle 204. The
growth (ELO). The semipolar facet is not parallel to the
crystal angles 204 for polar, non-polar, and a few selected
substrate surface and the available surface area is too small to
semipolar planes are shown in Table 1 below.
be processed into a semipolar device.
The present invention describes a method for the growth
TABLE 1
and fabrication of semipolar (Ga,A1,In,B)N thin films, het- 35
erostructures, and devices on suitable substrates or planar

List of polar, non-polar, and selected semipolar planes

(Ga,A1,In,B)N templates in which a large area of the semipowith corresponding crystal angles.
lar film is parallel to the substrate surface. In contrast to the
Plane
crystal Angle (0)
micrometer-scale inclined-facet growth previously demonstrated for semipolar nitrides, this method should enable 40
{0001}
0°
large-scale fabrication of semipolar (Ga,A1,In,B)N devices
{1014}
25.1°
{1013}
32.0°
by standard lithographic methods.
{1012}
43.2°
Compared with zinc-blende InP- and GaAs-based quan{2023}
51.4°
tum well heterostructures and devices, wnrtzite c-plane (Ga,
{1122}
58.4°
A1,In,B)N quantum well heterostructures and devices require 45
{1011}
62.0°
{2021}
75.0°
higher carrier densities to generate optical gain. This can be
{1T00}
90°
attributed to the presence of large polarization-induced elec{1120}
90°
tric fields and inherently large effective hole masses [Refs. 17,
18]. Therefore, reduction of built-in electric fields and effective hole masses is essential for the realization of high-per- 50
As expected, the {0001 } planes correspond to 0=0°, the {1
formance (Ga,A1,In,B)N devices.
T00} and {1 10} planes correspond to 0=90°, and the semiThe design of typical InP- and GaAs-based heterostructure
polar planes correspond to 0°<0<90°.
devices usually involves varying thin film parameters such as
The piezoelectric polarization of a crystal is determined by
composition, thickness, and strain. By varying these paramthe strain state of the crystal. For heteroepitaxial growth of
eters, it is possible to change the electronic and optical prop- 55 non-lattice matched crystal layers, the strain state of the indierties of individual epitaxial layers, such as bandgap, dielecvidual layers is determined by the biaxial stress in the growth
tric constant, and effective hole mass. Although not typically
plane.
employed in InP- and GaAs-based device design, altering the
For a general crystal growth orientation along the z'-axis
crystal growth orientation can also affect the electronic and
200, the biaxially stress components a ,x, and ay,y, in the
optical properties of individual epitaxial layers. In particular, 60 growth plane can be transformed into the conventional x, y, z)
altering the crystal growth orientation can reduce polarization
coordinate system through the transformation matrix U. This
effects and effective hole masses in nitride thin films and
allows the determination of the strain state and piezoelectric
heterostructures. To accommodate this novel design parampolarization in (x, y, z) coordinates. Thus, the piezoelectric
eter, we have invented a method for the growth and fabricapolarization in (x, y, z) coordinates varies as function of the
tion of semipolar (Ga,Al,In,B)N thin films, heterostructures, 65 crystal angle (0) 204 through the transformation matrix U.
and devices. By properly selecting the correct substrate or
For a general crystal growth orientation, the piezoelectric
semipolar template for crystal growth, the optimum combipolarization can be obtained by taking the scalar product
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between the polarization vector P in (x, y, z) coordinates and
the unit vector z' along the general crystal growth direction:
PP '=P-2'=P. sin O+P, cos 0

(2)

where Px and P. represent the components of the piezoelectric polarization in (x, y, z) coordinates and are in general
dependent on the crystal angle (0) 204, as described above.
FIG. 3 illustrates the piezoelectric polarization 300 as a
function of the angle between the growth direction and the
c-axis for compressively strained InGai _xN quantum wells
with unstrained GaN barriers [Refs. 9, 18-20]. As expected,
the polarization 300 is maximum for c-plane growth (0-0°)
and zero for a-plane or m-plane growth (0=90°). In between
these two limits, the polarization changes sign once and is
equal to zero at some angle 00 302. The exact value of 00 302
is dependent on the values of several physical parameters
such as the piezoelectric tensors and elastic constants, many
of which are largely unknown at present [Refs. 21-25].
Much like piezoelectric polarization effects, effective hole
masses for compressively strained InGai _xN quantum wells
can also be substantially reduced by altering the crystal
growth orientation. Theoretical results [Ref. 9] show that the
effective hole masses for compressively strained InGai _xN
quantum wells should decrease monotonically as the crystal
angle is increased due to anisotropic strain-induced splitting
of the heavy hole and light hole bands. Thus, growing compressively strained InGai _xN quantum wells on semipolar
orientations should significantly reduce effective hole
masses, especially on orientations with large crystal angles.
SUMMARY OF THE INVENTION
The present invention describes a method for the growth
and fabrication of semipolar (Ga,A1,In,B)N thin films, heterostructures, and devices. These structures may be grown
either directly on suitable substrates or on semipolar (Ga,Al,
In,B)N template layers pre-deposited on the substrate. Vapor
phase epitaxy techniques, such as metalorganic chemical
vapor deposition (MOCVD) and hydride vapor phase epitaxy
(HVPE), are used to grow the semipolar (Ga,A1,In,B)N structures. However, the invention is equally applicable to semipolar (Ga,A1,In,B)N thin film, heterostructure, and device
growth by molecular beam epitaxy (MBE) or any other suitable growth technique.
Growth of semipolar nitride thin films and hetero structures
offers a means of reducing polarization effects and effective
hole masses in wnrtzite nitride device structures. The term
nitrides refers to any alloy composition of the (Ga,A1,In,B)N
semiconductors having the formula Ga.Al Ii B,N where
0<_w<_1, 0<_x<_1, 0_ry<_1, 0<_z<_1, and w+x+y+z=1. Current
commercially-available nitride devices are grown along the
polar [0001] c-direction. The resulting polarization-induced
electric fields and large effective hole masses are detrimental
to the performance of state-of-the-art nitride optoelectronic
devices.
Growth of these devices along a semipolar direction could
significantly improve device performance by reducing builtin electric fields and effective hole masses. Reducing built-in
electric fields decreases spatial charge separation in nitride
quantum wells. Likewise, reducing effective hole masses
decreases the carrier densities required to generate optical
gain in nitride laser diodes.
BRIEF DESCRIPTION OF THE DRAWINGS
Referring now to the drawings in which like reference
numbers represent corresponding parts throughout:

FIG. 1 is an illustration of band bending in compressively
strained InGai _xN quantum wells due to polarization-induced electric fields.
FIG. 2 illustrates the relationship between the conventional
5 coordinate system (x, y, z) for c-plane crystal growth and the
transformed coordinate system (x', y', z') for a general crystal
growth orientation. The azimuthal and polar angles are indicated by and 0, respectively.
FIG. 3 is a graph that illustrates piezoelectric polarization
10
as a function of the angle between the growth direction and
the c-axis for compressively strained InGai _xN quantum
wells with unstrained GaN barriers.
FIG. 4 is a flowchart outlining the salient steps for the
15 growth and fabrication of semipolar (Ga,A1,In,B)N thin
films, heterostructures, and devices. This flowchart illustrates
how a number of different growth methods and sequences can
be used within the scope of the present invention.
FIG. 5 is a schematic cross-section of a blue (-439 nm
20 peak) LED grown on a { 1 OT 1 } semipolar GaN template.
FIG. 6 is a graph of the current-voltage (I-V) characteristic
of a blue (-439 nm peak) LED grown on a { 1011 } semipolar
GaN template.
FIG. 7 is a graph of the electroluminescence (EL) spectra at
25 different drive currents for a blue (-439 nm peak) LED grown
on a { 10T 1 } semipolar GaN template.
FIG. 8 is a graph of the on-wafer output power and external
quantum efficiency (EQE) as function of drive current for a
blue (-439 nm peak) LED grown on a {1011 } semipolar GaN
30
template.
FIG. 9 is a schematic cross-section of a green (-525 nm
peak) LED grown on a {1013} semipolar GaN template.
FIG. 10 is a graph of the current-voltage (I-V) character35 istic of a green (-525 nm peak) LED grown on a {1013}
semipolar GaN template.
FIG. 11 is a graph of the electroluminescence (EL) spectra
at different drive currents for a green (-525 nm peak) LED
grown on a {IOT3} semipolar GaN template.
40
FIG. 12 is a graph of the on-wafer output power and external quantum efficiency (EQE) as a function of drive current
for a green (-525 nm peak) LED grown on a {1013} semipolar GaN template.
FIG. 13 is a schematic cross-section of a blue (-440 nm
45 peak) LED grown on a {10T3} semipolar GaN template.
FIG. 14 is a graph of the on-wafer output power and external quantum efficiency (EQE) as a function of drive current
for a blue (-440 nm peak) LED grown on a { 1013 } semipolar
GaN template.
50
FIG. 15 is a schematic of a semipolar nitride laser diode
designed for emission in the green region of the spectrum
(-525 nm peak). Of the demonstrated semipolar orientations,
the {IOT1} semipolar orientation should provide the optimum combination of net polarization and effective hole mass
in the active region for a semipolar nitride laser.
FIG. 16 is a graph of the current-voltage (I-V) characteristic of a green (-525 nm peak) commercial LED grown on a
c-plane GaN template.
60
FIG. 17 is a graph of the electroluminescence (EL) spectra
at different drive currents for a green (-525 nm peak) commercial LED grown on a c-plane GaN template.
FIG. 18 is a graph comparing peak electroluminescence
(EL) wavelength at different drive currents for a green (-525
65 nm peak) LED grown on a {1013} semipolar GaN template
and a green (-525 nm peak) commercial LED grown on a
c-plane GaN template.
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FIG. 19 is a graph of the packaged output power and
external quantum efficiency (EQE) as function of drive current for a green (-525 nm peak) commercial LED grown on a
c-plane GaN template.
FIG. 20 illustrates a process chart in accordance with the
present invention.

MOCVD. However, this focus should not be construed as a
limitation on the applicability of the invention to other growth
techniques. Finally, after the semipolar (Ga,A1,In,B)N structure has been grown, the crystal is removed from the thin film
growth reactor and processed into semipolar devices in step
420.

5

Technical Description

DETAILED DESCRIPTION OF THE INVENTION
In the following description of the preferred embodiment,
reference is made to the accompanying drawings that 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.

10

15

Overview
The present invention comprises a method for the growth
and fabrication of semipolar (Ga,A1,In,B)N thin films, heterostructures, and devices. The flowchart 400 in FIG. 4 summarizes the salient steps for the growth of semipolar (Ga,Al,
In,B)N thin films and heterostructures.
Steps 402 and 404 outline a top-down device design procedure used for selecting a semipolar growth orientation.
First, the desired material properties (piezoelectric polarization, effective hole mass, etc.) for a particular device application need to be identified as shown in step 402. Based on
these desired properties, the semipolar orientation with the
optimum combination of material properties should be
selected for growth of the semipolar (Ga,Al,In,B)N thin films
and heterostructures in step 404. This top-down device design
procedure is of course an idealization; it presumes that the
crystal quality for all semipolar orientations is equal. Adjustments in the device design procedure should be made to
conform with actual practice.
After choosing the optimum semipolar growth orientation,
the appropriate substrate needs to be selected in step 406. This
substrate would ideally be a free-standing semipolar nitride
wafer having a composition lattice matched to the structure to
be grown. More often, though, the substrate will be a foreign
material, such as MgAl2O4 (spinel) or Al2O3 (sapphire). The
foreign substrate may optionally be coated with a nitride
template layer by any suitable growth technique, including,
but not limited to, HYPE, MOCVD, MBE, liquid phase epitaxy (LPE), chemical beam epitaxy (CBE), plasma-enhanced
chemical vapor deposition (PECVD), sublimation, or sputtering. The composition of the template layer need not exactly
match that of the structure to be deposited. The thickness of
the template layer may range from a few nanometers (this
would be termed a nucleation or buffer layer) to tens or
hundreds of micrometers. While not required, the use of
templates will generally improve uniformity and yield of
semipolar nitride devices. For illustrative purposes, without
limiting the scope of the invention, the remainder of this
disclosure will describe the use of HVPE-grown semipolar
GaN templates for the practice of the invention.
After the substrate or template has been selected, it is
loaded into a reactor for growth of the desired semipolar
(Ga,Al,In,B)N thin films and heterostructures in step 408.
Suitable growth methods used in steps 410-418 for the practice of this invention include, but are not limited to, HYPE,
MOCVD, MBE, LPE, CBE, PECVD, sublimation, sputtering, or any other vapor deposition method. For illustrative
purposes, the remainder of this disclosure will describe the
growth of semipolar thin films and heterostructures by
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The present invention, which describes the growth and
fabrication of semipolar (Ga,A1,In,B)N thin films, heterostructures, and devices, involves the following elements:
1. Identification of the desired material properties for a
particular device application.
2. Selection of the semipolar orientation with the optimum
combination of material properties.
3. Selection of a suitable substrate or template for the
growth of the desired semipolar orientation.
4. Growth of the semipolar thin films, heterostructures, and
devices by a suitable growth technique.
As discussed above, the practice of the invention is
enhanced by the use of thick planar semipolar GaN templates
grown by HYPE. To date, we have successfully grown several
different planar semipolar GaN template orientations by
HYPE. The details of the template growth have been disclosed separately; for reference please see U.S. Provisional
Patent Application Ser. No. 60/660,283, entitled "TECHNIQUE FOR THE GROWTH OF PLANAR SEMI-POLAR
GALLIUM NITRIDE," filed on Mar. 10, 2005, by Troy J.
Baker, BenjaminA. Haskell, Paul T. Fini, Steven P. DenBaars,
James S. Speck, and Shuji Nakamura, which application is
incorporated by reference herein. In summary, we have
experimentally demonstrated four examples of planar semipolar nitride templates:
1. {10T1} GaN on {100} spinel miscut in specific directions
2. {IOT3} GaN on {110} spinel
3. {1122} GaN on {1-100} sapphire
4. {10T3} GaN on {1-100} sapphire
The crystal quality of these semipolar planes shows little
dependence on growth temperature and pressure. The { 10 0 T 1 }
and {10T3} orientations have been grown at pressures
between 10 Torr and 1000 Torr and at temperatures between
900° C. and 1200° C. with little effect on overall crystal
quality. This wide range of pressure and temperature shows
that these semipolar planes are very stable when grown on the
specified substrates. The epitaxial relationships between the
particular semipolar planes and specified substrates hold true
regardless of the type of growth system used to fabricate the
films. However, the optimal reactor conditions for growing
these planes will vary according to individual reactor designs
and growth methods.
Using these planar HVPE-grown semipolar GaN layers as
templates for the growth of semipolar (Ga,Al,In,B)N thin
films and heterostructures by MOCVD, we have grown and
fabricated semipolar (Ga,A1,In,B)N LEDs on several different semipolar orientations. In particular, we have successfully
demonstrated semipolar LEDs on { 1 OT 1 } GaN templates on
{ 100} spinel, on { 10T3 } GaN templates on { 1-100} sapphire,
and on {1013} GaN templates on {110} spinel.
As shown in FIG. 5, the first exemplary semipolar LED
structure was re-grown by MOCVD on a 10 µm-thick HVPEgrown {1011 } GaN template 502 on a {100} spinel substrate
504. The re-growth, carried out in a vertical MOCVD reactor,
began with a 2.0 µm Si-dopedn-type GaN base layer 506. The
active region 508 consisted of a 5 period multiple quantum
well (MQW) stack with 16 nm Si-doped GaN barriers and 4
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nm InGaN quantum wells. A 16 nm undoped GaN barrier 510
In addition to the blue (-439 nm peak) LEDs grown on { 10
Ti } GaN templates on { 100} spinel, FIG. 9 illustrates a green
was deposited at low temperature to cap the InGaN MQW
(-525 nm peak) LED 900 grown on a {IOT3} GaN template
structure in order to prevent desorption of InGaN from the
902 on {1 T00} sapphire substrate 904. This semipolar LED
active region later in the growth. A 300 nm Mg-doped p-type
GaN layer 512 was then deposited. The structure was capped 5 structure 900 was re-grown by MOCVD on a 10 µm-thick
HVPE-grown {10T3} GaN template 902 on {1T00} sapphire
with a 40 nm heavily Mg-doped pttype GaN contact layer
904. The re-growth, carried out in a conventional horizontal514.
flow MOCVD reactor, began with a 500 nm Si-doped n-type
Following the growth, 300x300 µm2 diode mesas were
GaN base layer 906. The active region 908 consisted of a 5
defined by chlorine-based reactive ion etching (RIE). Pd/Au
io period multiple quantum well (MQW) stack with 8 nm
(20/200 nm) andAl/Au (20/200 nm) were used as p-type GaN
undoped GaN barriers and 4 nm InGaN quantum wells. A 20
and n-type GaN contacts 516 and 518, respectively. A schenm Mg-doped p-typeAlGaN barrier 910 was deposited at low
matic cross-section of the semipolar LED structure, and the
temperature to cap the InGaN MQW structure in order to
{1011} plane 520, are shown in FIG. 5. The electrical and
prevent desorption of InGaN from the active region 908 later
luminescence characteristics of the diode were measured by 15 in the growth. The structure was capped with 200 nm of
on-wafer probing of the devices. The current-voltage (I-V)
Mg-doped p-type GaN 912.
characteristic 600 of a typical LED is shown in FIG. 6. RelaFollowing the growth, 300x300 µm2 diode mesas were
tive optical power measurements under direct current (dc)
defined by chlorine-based RIE. Pd/Au (5/6 nm) and Ti/Al/Ni/
conditions were obtained from the backside emission through
An (20/100/20/300 nm) were used as p-type GaN and n-type
the spinel substrate onto a calibrated broad area Si photo- 20 GaN contacts, 914 and 916, respectively. A schematic crossdiode. The electroluminescence (EL) spectra and the optical
section of the semipolar LED structure, and the { 1013 } plane
power emission of the LEDs were measured as a function of
918, are shown in FIG. 9. The electrical and luminescence
drive current as shown in FIGS. 7 and 8, respectively. All
characteristics of the diode were measured by on-wafer probmeasurements were carried out at room temperature.
ing of the devices. The I-V characteristic 1000 of a typical
As shown in FIG. 6, the I-V characteristic 600 of the diode 25 LED is shown in FIG. 10. Relative optical power measureexhibited a low turn-on voltage of 3.1 V with a series resisments under direct current (dc) conditions were obtained
tance of 6.9Q. EL spectra were also measured at drive curfrom backside emission through the sapphire substrate onto a
rents ranging from 30 to 200 mA. As shown in FIG. 7, the
calibrated broad area Si photodiode. The EL spectra and the
devices show emission spectra 700-710 in the blue spectral
optical power emission of the LEDs were measured as a
range at 439 nm for all drive currents with no observable peak 30 function of driving current as shown in FIGS. 11 and 12,
shift. The emission spectra 700-710 correspond to the drive
respectively. All measurements were carried out at room temcurrents 30 mA-200 mA respectively. The absence of a blueperature.
shift in the emission peak with increasing drive current is in
As shown in FIG. 10, the I-V characteristic 1000 of the
contrast to the commonly observed phenomenon of a blue
diode exhibited a low tarn-on voltage of 3.2 V with a series
shift in c-plane LEDs operating in this wavelength range and 35 resistance of 14.3Q. EL spectra were also measured at drive
similar drive current range.
currents ranging from 30 to 200 mA. As shown in FIG. 11, the
Finally, the on-wafer output power and external quantum
EL spectra 1100 show that the device 900 emitted in the green
efficiency were measured as a function of the dc drive current.
spectral range, shifting slightly from 528 nm at 20 mA to 522
As shown in FIG. 8, the output power 800 increased approxinm at 200 mA. The absence of a significant blue-shift in the
mately linearly as the drive current was increased from 10 mA 40 emission peak with increasing drive currents is in contrast to
to 300 mA. The output power at 20 mA forward current was
the commonly observed phenomenon of a considerable blue11 µW, corresponding to an external quantum efficiency
shift in c-plane LEDs working at this wavelength range and
(EQE) 802 of 0.02%. DC power as high as 630 µW was
similar drive current range.
measured for a drive current of 300 mA. The EQE increased
The on-wafer output power and external quantum effias the drive current was increased, attaining a maximum of 45 ciency were also measured as a function of the dc drive
0.081% at 200 mA, and then decreased slightly as the forward
current. As shown in FIG. 12, the output power 1200
current was increased beyond 200 mA. The absence of a
increased approximately linearly as the drive current was
significant decrease in the EQE with increasing drive current
increased from 10 mA to 250 mA. The output power 1200 at
is in contrast to the commonly observed phenomenon of a
20 mA forward current was 19.3 µW, corresponding to an
significant decrease in the EQE in c-plane LEDs operating in 50 external quantum efficiency (EQE) 1202 of 0.041%. DC
this wavelength range and similar drive current range.
power as high as 264 µW was measured for a drive current of
Although not presented here, photoluminescence (PL)
250 mA. The EQE 1202 increased as the drive current was
spectra were also compared for the blue (-439 nm peak)
increased, attaining a maximum of 0.052% at 120 mA, and
semipolar LEDs grown on {1011} GaN templates on {100}
then decreased slightly as the forward current was increased
spinel with co-loaded c-plane LEDs grown on {0001 } GaN 55 beyond 120 mA. The absence of significant decrease in the
templates on {0001 } sapphire. Co-loaded implies that the
EQE 1202 with increasing drive currents is in contrast to the
c-plane template was loaded into the MOCVD reactor at the
commonly observed phenomenon of a significant decrease in
same time as the semipolar template and that the two temthe EQE 1202 in c-plane LEDs working at this wavelength
plates were resting on the same susceptor during the growth.
range and similar drive current range.
The PL spectra for the semipolar LEDs were very similar to 60
Finally, FIG. 13 illustrates a blue (-440 nm peak) semipothe PL spectra for the co-loaded c-plane LEDs, suggesting
lar LED 1300 on a {10T3} GaN template 1302 on {110}
that the indium incorporation efficiency of semipolar InGal _
spinel substrate 1304. The re-growth, carried out in a vertical
xN thin films and c-plane InGal _ N thin films is comparable.
MOCVD reactor, began with a 2.0 µm Si-doped n-type GaN
This agrees with previous studies of lateral epitaxial overbase layer 1306. The active region 1308 consisted of a 5
growth along semipolar facets which indicate that there is 65 period multiple quantum well (MQW) stack with 16 net
strong impurity incorporation along semipolar planes [Refs.
Si-doped GaN barriers and 4 net InGaN quantum wells. A 16
26, 27].
net undoped GaN barrier 1310 was deposited at low tempera-
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ture to cap the InGaN MQW structure in order to prevent
desorption of InGaN from the active region 1308 later in the
growth. A 300 nm Mg-doped p-type GaN layer 1312 was then
deposited. The structure was capped with a 40 nm heavily
doped p'-GaN contact layer 1314.
Following the growth, 300x300 µm2 diode mesas were
defined by chlorine-based RIE. Pd/Au (20/200 nm) and
Al/Au (20/200 nm) were used as p-type GaN and n-type GaN
contacts 1316 and 1318, respectively. A schematic crosssection and the {10T3} plane 1320 of the semipolar LED
structure 1300 is shown in FIG. 13. The electrical and luminescence characteristics of the diode were measured by onwafer probing of the devices. Relative optical power measurements under direct current (dc) conditions were obtained
from the backside emission through the spinel substrate onto
a calibrated broad area Si photodiode. Although not presented
here, the I-V characteristic and EL spectra as a function of
drive current were similar to the blue (-439 nm peak) semipolar LEDs grown on a {10T1} GaN template on {100}
spinel. The optical power emission of the LEDs was measured as a function of drive current as shown in FIG. 14. All
measurements were carried out at room temperature.
As shown in FIG. 14, the output power 1400 increased
approximately linearly as the drive current was increased
from 10 mA to 90 mA, and then increased sublinearly up to
250 mA. The output power 1400 at 20 mA forward current
was 190 µW, corresponding to an external quantum efficiency
(EQE) 1402 of 0.34%. DC power as high as 1.53 mW was
measured for a drive current of 250 mA. The EQE 1402
increased as the drive current was increased, attaining a maximum of 0.41% at 50 mA, and then decreased significantly as
the forward current was increased beyond 50 mA. This significant decrease in the EQE 1402 with increasing drive current is in contrast to the lack of a decrease in the EQE 1402
with increasing drive current for the blue (-439 nm peak)
semipolar LEDs on a {1011} GaN template on {100} spinel
and the green (-525 nm) semipolar LEDs on a {1013} GaN
template on {1100} sapphire. Nevertheless, compared to the
other two semipolar LEDs, this semipolar LED demonstrated
significantly higher values of peak output power 1400 and
peak EQE 1402, clearly demonstrating the potential for competition with c-plane nitride technology.
The device structures described above constitute the first
report of functioning semipolar InGaN-based LEDs. In summary, the present invention demonstrates semipolar LEDs
operating in two different spectral ranges, on two different
semipolar orientations, and on three different substrates.
These include blue (-439 nm peak) semipolar LEDs on a { 10
i1}
} GaN template on {100} spinel, green (-525 nm) semipolar LEDs on a {1013} GaN template on {1100} sapphire,
and blue (-440 nm peak) semipolar LEDs on a {1013} GaN
template on {100} spinel. The presentation of these three
examples is for illustrative purposes only and should not be
interpreted as a limitation on the applicability of the invention
to other growth orientations or device structures.
Possible Modifications and Variations
The devices described in the Technical Description comprise light emitting diodes. However, the scope of this invention includes the growth and fabrication of any semipolar
(Ga,A1,In,B)N device. Thus, the device structures should not
be considered limited to LEDs. Other potential semipolar
devices that could be grown and fabricated by the methods of
this invention include edge-emitting laser diodes (EELs), vertical cavity surface emitting laser diodes (VCSELs), resonant
cavity LEDs (RCLEDs), microcavity LEDs (MCLEDs), high
electron mobility transistors (HEMTs), heterojunction bipolar transistors (HBTs), heterojunction field effect transistors
(HFETs); and visible, UV, and near-UV photodetectors.

12
These examples and other possibilities still incur all of the
benefits of semipolar (Ga,A1,In,B)N devices. This list of possible devices is for illustrative purposes only and should not
be construed as a limit on the applications of the invention.
5 Rather, this invention claims any nitride-based device that is
grown along semipolar directions or on semipolar planes.
In particular, this invention should offer significant benefits
in the design and fabrication of (Ga,A1,In,B)N laser diodes.
Such benefits should be especially substantial in long-wave10
length laser diodes that have particularly large piezoelectric
fields, such as the conceptual device 1500 shown in FIG. 15.
In addition, theoretical calculations indicate that the effective
hole masses for compressively strained InGai _xN quantum
15 wells should decrease monotonically as the crystal angle is
increased due to anisotropic strain-induced splitting of the
heavy hole and light hole bands [Ref. 9]. Self-consistent
calculations of many-body optical gain for compressively
strained InGai _xN quantum wells suggest that the peak gain
20 is most sensitive on effective hole mass and that it increases
monotonically with increasing crystal angle [Refs. 17, 18].
Thus, the high carrier densities required to generate optical
gain in typical nitride-based laser diodes can be reduced by
growing the laser structures on semipolar orientations, espe25 cially those with crystal angles closest to 0=90°.
This is reflected in the design of the laser diode 1500 shown
in FIG. 15; of the semipolar orientations that we have demonstrated experimentally, the { 1011 } orientation 1501 has the
largest crystal angle (02.0°) and should offer the most
30 substantial improvements in optical gain.
{100} Spinel substrate 1502 is used to grow a {1011}
semipolar GaN template 1504, and a regrowth of n-GaN layer
1506 is then performed as described above. A n-A1GaN/GaN
Cladding Layer 1508 is then grown, and topped by a n-GaN
35 waveguiding layer 1510. A MQW active layer 1512 is then
grown, with a p-GaN waveguiding layer 1514 grown on the
MQW active layer 1512. Another cladding layer 1516 is then
grown, and a p-GaN contact layer is then grown. Ni/Au contact 1520 and Ti/Al/Ni/Au contacts 1522 are then deposited.
40
The performance of electronic devices should also benefit
from this invention. Lower effective hole masses in strained
semipolar (Ga,Al,In,B)N layers should result in higher hole
mobilities, which should increase the electrical conductivity
of semipolar p-type (Ga,A1,In,B)N layers. The higher mobil45 ity in strained semipolar p-type (Ga,A1,In,B)N layers should
result in improved performance of bipolar electronic devices
such as HBTs. The higher p-type conductivity in semipolar
nitrides should also result in lower series resistances in p-n
junction diodes and LEDs. Furthermore, by altering the crys50 tal growth orientation, the magnitude and direction of the
piezoelectric polarization can be tailored to a specific device
application. Thus, devices that utilize piezoelectric polarization to generate desirable device characteristics (such as
HEMTs) should also benefit from the versatility of this inven55 tion.
Variations in semipolar (Ga,Al,In,B)N quantum well and
heterostructure design are possible without departing from
the scope of the present invention. Moreover, the specific
thickness and composition of the layers, in addition to the
6o number of quantum wells grown, are variables inherent to
particular device designs and may be used in alternative
embodiments of the present invention. For instance, the
devices in the preferred embodiment of the invention utilize
InGaN-based quantum wells for light emission in the blue
65 and green regions of the spectrum. However, the scope of the
invention also includes devices with A1GaN-, A1InN-, and
A1InGaN-based quantum wells, which could be designed for
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light emission in other regions of the spectrum. Furthermore,
potential devices such as semipolar HEMTs, HBTs, and
HFETs may not even include quantum wells in their respective device structures.
Variations in MOCVD growth conditions such as growth
temperature, growth pressure, VIII ratio, precursor flows, and
source materials are also possible without departing from the
scope of the present invention. Control of interface quality is
an important aspect of the process and is directly related to the
flow switching capabilities of particular reactor designs. Continued optimization of the growth conditions should result in
more accurate compositional and thickness control of the
semipolar thin films and heterostructures described above.
Additional impurities or dopants can also be incorporated
into the semipolar nitride films, heterostructures, or devices
described in this invention. For example, Fe, Mg, and Si are
frequently added to various layers in nitride heterostructures
to alter the conduction properties of tho se and adjacent layers.
The use of such dopants and others not listed here are within
the scope of the invention.
The preferred embodiment involves first growing a semipolar template by HVPE and then growing semipolar (Ga,Al,
In,B)N thin films and heterostructures by MOCVD. However, different growth methods and sequences could be used
in alternative embodiments of the present invention. Other
potential growth methods include HVPE, MOCVD, MBE,
LPE, CBE, PECVD, sublimation, and sputtering. The flow
chart in FIG. 4 provides a generalized embodiment that shows
how a number of different growth methods and sequences
could be used for the practice of this invention.
The scope of this invention covers more than just the four
semipolar GaN template orientations cited in the preferred
embodiment. This idea is pertinent to all (Ga,A1,In,B)N compositions on all semipolar orientations. For instance, it is
feasible to grow { 10-11 } A1N, InN, A1GaN, InGaN, A1InN, or
A1GaInN on a miscut (100) spinel substrate. Likewise, it is
also feasible to grow {2021 } templates if the proper substrate
is found. These examples and other possibilities still incur all
of the benefits of planar semipolar films.
This invention also covers the selection of particular crystal
terminations and polarities. The use of curly brackets, { },
throughout this document denotes a family of symmetryequivalent planes. Thus, the {1012} family includes the (10
12), (1012), (1102), (1102), (0112), and (0112) planes. All of
these planes will be terminated by group III atoms, meaning
that the crystal's c-axis points away from the substrate. This
family of planes also includes the corresponding nitrogen
terminated planes of the same indices. In other words, the { 10
12} family also includes the (1012), 012), (1i0), (T10),
(0112 , and (011) planes. For each of these growth orientations, the crystal's c-axis will point towards the substrate. All
planes within a single crystallographic family are equivalent
for the purposes of this invention, though the choice of polarity can affect the behavior of the lateral growth process. In
some applications it would be desirable to grow on nitrogen
terminated semipolar planes, while in other cases growth on
group-III terminated planes would be preferred. The termination of the semipolar plane is largely driven by substrate
selection and pretreatment. Both terminations are acceptable
for the practice of this invention.
Moreover, substrates other than sapphire and spinel could
be used for semipolar template growth. The scope of this
invention includes the growth and fabrication of semipolar
(Ga,Al,In,B)N thin films, heterostructures, and devices on all
possible crystallographic orientations of all possible substrates. These substrates include, but are not limited to, silicon
carbide, gallium nitride, silicon, zinc oxide, boron nitride,

lithium aluminate, lithium niobate, germanium, aluminum
nitride, lithium gallate, partially substituted spinels, and quaternary tetragonal oxides sharing the y-LiA1O2 structure.
Furthermore, variations in semipolar (Ga,A1,In,B)N nucleation (or buffer) layers and nucleation layer growth methods
are acceptable for the practice of this invention. The growth
temperature, growth pressure, orientation, and composition
of the nucleation layers need not match the growth temperature, growth pressure, orientation, and composition of the
subsequent semipolar thin films and heterostructures. The
scope of this invention includes the growth and fabrication of
semipolar (Ga,A1,In,B)N thin films, heterostructures, and
devices on all possible substrates using all possible nucleation
layers and nucleation layer growth methods.
The semipolar (Ga,A1,In,B)N devices described above
were grown on planar semipolar GaN templates. However,
the scope of this invention also covers semipolar (Ga,A1,In,
B)N devices grown on semipolar epitaxial laterally overgrown (ELO) templates. The ELO technique is a method of
reducing the density of threading dislocations (TD) in subsequent epitaxial layers. Reducing the TD density leads to
improvements in device performance. For LEDs, these
improvements include increased internal quantum efficiencies and decreased reverse-bias leakage currents. For laser
diodes, these improvements include increased output powers,
increased internal quantum efficiencies, longer device lifetimes, and reduced threshold current densities [Ref. 28].
These advantages will be pertinent to all semipolar planar thin
films, heterostructures, and devices grown on semipolar ELO
templates.
The preferred embodiment and the alternative embodiments presented above have discussed semipolar (Ga,A1,In,
B)N thin films, heterostructures, and devices grown on a
foreign substrate. Ideally, though, the substrate would be a
free-standing semipolar nitride wafer having a composition
lattice matched to the structure to be grown. Free-standing
semipolar nitride wafers may be creating by removing a foreign substrate from a thick semipolar nitride layer, by sawing
a bulk nitride ingot or boule into individual semipolar nitride
wafers, or by any other possible crystal growth or wafer
manufacturing technique. The scope of this invention
includes the growth and fabrication of semipolar (Ga,A1,In,
B)N thin films, heterostructures, and devices on all possible
free-standing semipolar nitride wafers created by all possible
crystal growth methods and wafer manufacturing techniques.
The foregoing description of one or more embodiments of
the 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 precise form disclosed. Many modifications and variations are possible in light of the above
teaching. It is intended that the scope of the invention be
limited not by this detailed description, but rather by the
claims appended hereto.
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Advantages and Improvements
The existing practice is to grow (Ga,Al,In,B)N thin films
and heterostructures along the polar [0001] c-direction. The
resulting polarization-induced electric fields and inherently
large effective hole masses are detrimental to the performance
of state-of-the-art nitride optoelectronic devices. The advantage of the present invention is that the growth of (Ga,A1,In,
B)N thin films and heterostructures along a semipolar direction could significantly improve device performance by
reducing polarization effects and effective hole masses. Prior
to this invention, no means existed to grow large area semipolar nitride thin films, heterostructures, or devices.

US 8,686,466 B2
15
As an illustration of the potential improvements over existing practice, the device performance of our green (-525 nm
peak) semipolar LED grown on a {10-13} GaN template on
{1-100} sapphire presented above is compared with the
device performance of a typical commercial green spectral
range (-525 nm peak) InGaN LED grown on a c-plane GaN
template. The data presented below were collected from a
standard commercial device encapsulated in a hemispherical
epoxy dome. The total area of the active region was 300x300
µm2, which was the same as the area of the active region of our
green semipolar LEDs.
The electrical and luminescence characteristics of the commercial LED were measured by biasing the packaged device.
The I-V characteristic of the LED is shown in FIG. 16. Relative optical power measurements under direct current (dc)
conditions were obtained from the top of the hemispherical
epoxy dome onto a calibrated broad area Si photodiode. The
EL spectra and the optical power emission of the LED were
also measured as a function of drive current. This data is
shown in FIGS. 17 and 19, respectively. All measurements
were carried out at room temperature.
As shown in FIG. 16, the I-V characteristic 1600 of the
commercial LED exhibited a turn-on voltage of 3.5 V with a
series resistance of 28.9Q. These values are larger than the
values of 3.1 V and 14.3Q for the forward voltage and series
resistance, respectively, of our green semipolar LED. The
difference in the turn-on voltages of the two LEDs can most
likely be attributed to a decrease in the polarization-induced
electric fields in the semipolar LED compared to the commercial LED. A decrease in the built-in electric fields should
allow current flow in a semipolar diode for smaller separations of the n- and p-type quasi-Fermi levels, resulting in a
lower tarn-on voltage.
As shown in FIG. 17, the EL spectra 1700 of the commercial LED were also measured at drive currents ranging from
20 to 100 mA. The shift in peak EL as function of drive
current is compared for the green commercial LED and our
green semipolar LED. As shown in FIG. 18, the commercial
device wavelength graph 1800 shifted from 523 nm at 20 mA
to 511 nm at 100 mA, spanning a total of 12 nm over 80 mA.
Compared to the commercial device, the green semipolar
LED wavelength graph 1802 shifted from 528 nm at 20 mA to
522 nm at 250 mA, spanning a total of 6 nm over 230 mA. The
decrease in the blue-shift of the emission peak with increasing drive current for the semipolar LED can be attributed to a
decrease in the polarization-induced electric fields in the
active region of the semipolar LED compared to the commercial LED.
Relative optical output power and external quantum efficiency were also measured for the commercial LED as a
function of the dc drive current. The optical power measurements were obtained from the top of the hemispherical epoxy
dome onto a calibrated broad area Si photodiode. Such power
measurements were intended to provide a measure of the
relative output power as function of the drive current, not a
measure of the total output power emitted from the commercial LED. As depicted in FIG. 19, the output power 1900
increased sublinearly as the drive current was increased from
10 mA to 130 mA, showing an anomalous jump at 90 mA
probably due to heating effects. At 110 mA, the output power
saturated, dropping in magnitude at higher current levels until
the device died at 140 mA due to heating effects.
Unlike the semipolar LED, the EQE 1902 for the commercial LED peaked at a very low drive current of 10 mA and then
diminished significantly at higher drive currents. As shown in
FIG. 19, the EQE 1902 of the commercial LED decreased by
65.7% between 10 mA and 130 mA. Comparatively, as shown
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in FIG. 12, the EQE of the semipolar LED peaked at a relatively high drive current of 120 mA, and then decreased by
only about 8% as the drive current was increased beyond 120
mA. The absence of a significant decrease in the EQE with
5 increasing drive currents for our semipolar LEDs is in contrast to the commonly observed phenomenon of a significant
decrease in the EQE of commercial c-plane LEDs working at
this wavelength range and similar drive current range. The
mechanism behind such a considerable difference in the
10
EQE-I characteristics of our semipolar LEDs and commercial
LEDs is unknown at present, although it can speculated that it
may be related to the reduction in the polarization-induced
electric fields of semipolar LEDs compared to commercial
15 c-plane LEDs.
Finally, commercial c-plane nitride LEDs do not exhibit
any degree of polarization anisotropy in their electroluminescence. Non-polar m-plane nitride LEDs, on the other hand,
have demonstrated strong polarization anisotropy along the
20 [0001] axis [Ref. 15]. This polarization can be attributed to
anisotropic strain-induced splitting of the heavy hole and
light hole bands in compressively strained m-plane In.Ga, _xN
quantum wells. Likewise, for general crystal growth orientations, anisotropic strain-induced splitting of the heavy hole
25 and light hole bands should lead to significant disparities in
the x'-polarized and y'-polarized optical matrix elements
[Ref. 9]. Thus, the optical emission of semipolar nitride optoelectronic devices should also show significant polarization
anisotropy.
30
The above discussion involves a comparison of semipolar
(Ga,A1,In,B)N thin films, heterostructures, and devices with
commercially available c-plane (Ga,Al,In,B)N thin films,
heterostructures, and devices. An analogous comparison can
also be made with nonpolar (Ga,Al,In,B)N thin films, hetero35 structures, and devices. Like semipolar thin films and heterostructures, nonpolar thin films and heterostructures can be
used to improve device performance by decreasing polarization effects and effective hole masses. However, high quality
nonpolar templates, thin films, and heterostructures are quite
4o difficult to grow, so nonpolar devices are not currently in
production. One advantage of semipolar thin films and heterostructures over nonpolar thin films and heterostructures is
the ease of crystal growth.
The present invention discloses semipolar thin films and
45 heterostructures that have a larger parameter space in which
they will grow than nonpolar thin films and heterostructures.
For instance, nonpolar thin films and heterostructures will not
grow at atmospheric pressure, while semipolar thin films and
heterostructures have been experimentally demonstrated to
50 grow from 62.5 Torr to 760 Torr, with potentially an even
wider range than that. Thus, unlike nonpolar thin films and
heterostructures, semipolar (Ga,Al,In,B)N thin films and heterostructures have shown relatively little correlation between
growth pressure and crystal quality.
55
Another advantage of semipolar planes over non-polar
planes is improvement in indium incorporation efficiency.
Low indium incorporation efficiency in non-polar a-plane
InnGal _xN thin films was a serious issue for the growth of
optoelectronic devices on a-plane GaN templates [Ref. 12].
6o As discussed above, our data suggests that the indium incorporation efficiency in semipolar InGal _xN thin films is comparable to the indium incorporation efficiency in c-plane
InnGal _xN thin films. This high indium incorporation efficiency should help extend the emission range for semipolar
65 InGal _xN LEDs to longer wavelengths, as already demonstrated by our green (-525 nm) LEDs grown on a {10-13}
GaN template on {1-100} sapphire.
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Nishizuka et al.'s recent disclosure of their { 11-22} InGaN
11.A. Chakraborty, B. A. Haskell, S. Keller, J. S. Speck, S.
quantum wells grown on the sidewalls of patterned c-plane
P. DenBaars, S, Nakamura, and U. K. Mishra, Jpn. J. Appl.
oriented stripes [Ref. 16] provides the closest comparison to
Phys., 44, L173 (2005).
our present work. However, this method of producing semi12. A. Chakraborty, S. Keller, C. Meier, B. A. Haskell, S.
polar thin films and heterostructures is drastically different 5 Keller, P. Waltereit, S. P. DenBaars, S, Nakamura, J. S. Speck
than that of the current disclosure; it is an artifact of epitaxial
JS, and U.K. Mishra, Appl. Phys. Lett., 86, 031901 (2005).
lateral overgrowth (ELO). The semipolar facet is not parallel
13. Y. J. Sun, O. Brandt, S. Cronenberg, S. Dhar, IT T.
to the substrate surface and the available surface area is too
Grahn, K. IT Ploog, P. Waltereit, and J. S. Speck, Phys. Rev.
small to be processed into a semipolar device.
B, 67, 041306 (2003).
10
The advantage of the present invention is that it involves
14. A. Chitnis, C. Chen, V. Adivarahan, M. Shatalov, E.
the growth and fabrication of semipolar (Ga,Al,In,B)N thin
Kuokstis, V. Mandavilli, J.Yang, and M. A. Khan, Appl. Phys.
films, heterostructures, and devices on appropriate substrates
Lett., 84, 3663 (2004).
or templates in which a large area of the semipolar film is
15. N. F. Gardner, J. C. Kim, J. J. Wierer, Y. C. Shen, and M.
parallel to the substrate surface. In contrast to the micrometer- 15 R. Krames, Appl. Phys. Lett., 86, 111101 (2005).
scale inclined-facet growth previously demonstrated for
16. K. Nishizuka, M. Funato, Y. Kawakami, S. Fujita, Y.
semipolar nitrides, this method should enable large-scale fabNarukawa, and T. Mukai, Appl. Phys. Lett., 85, 3122 (2004).
rication of semipolar (Ga,A1,In,B)N devices by standard
17. S. IT Park, Jpn. J. Appl. Phys, 42, L170 (2003).
lithographic methods.
18.S. IT Park, Jpn. J. Appl. Phys., 42, 5052 (2003).
The new feature of this invention is the establishment that 20
19. S. IT Park and S. L. Chuang, Phys. Rev. B, 59, 4725
planar semipolar (Ga,Al,In,B)N thin films, heterostructures,
(1999).
and devices can be grown and fabricated. This has been
20. T. Takeuchi, IT Amano, and I. Akasaki, Jpn. J. Appl.
experimentally confirmed by the authors for (Ga,Al,In,B)N
Phys., 39, 413 (2000).
devices grown on three distinct semipolar orientations. The
21. T. Takeuchi, C. Wetzel, S. Yamaguchi, IT Sakai, IT
previously discussed advantages will be pertinent to all planar 25 Amano, I. Akasaki, Y. Kaneko, S, Nakagawa, Y. Yamaoka,
senripolar nitride thin films, heterostructures, and devices.
and N. Yamada, Appl. Phys. Lett., 73, 1691 (1998).
22. F. Bemardini, V. Fiorentini, D. Vanderbilt, Phys. Rev.
Process Chart
B, 56, R10024 (1997).
23. Polian, M. Grimsditch, I. Grzegory, J. Appl. Phys., 79,
FIG. 20 illustrates a process chart in accordance with the 30 3343 (1996).
present invention.
24. K. Kim, W. R. L. Lambrecht, and B. Segall, Phys Rev.
Box 2000 illustrates selecting a semipolar growth orientaB, 53, 16310 (1996).
tion.
25.1. Vurgaftman and J. R. Meyer, J. Appl. Phys., 94, 3675
Box 2002 illustrates selecting a substrate compatible with
(2003).
35
growth of the selected semipolar growth orientation.
26. F. Bertram, T. Riemann, J. Christen, A. Kaschner, A.
Box 2004 illustrates growing a planar senripolar (Ga,Al,
Hoffmann, C. Thomsen, K. Hiramatsu, T. Shibata, and N.
In,B)N template layer on a surface of the substrate.
Sawaki, Appl. Phys. Lett., 74, 359 (1999).
Box 2006 illustrates growing the semipolar (Ga,A1,In,B)N
27. IT Sone, S, Nambu, Y. Kawaguchi, M. Yamaguchi, IT
film on the semipolar (Ga,A1,In,B)N template layer.
40 Miyake, K. Hiramatsu, Y. Iyechika, T. Maeda, and N. Sawaki,
Jpn. J. Appl. Phys., 38, L356 (1999).
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What is claimed is:
the light emitting device structure includes one or more
1. A light emitting device, comprising:
semipolar III-nitride active layers grown on or above
a semipolar III-nitride film including a light emitting
a surface of a nitride substrate, and
device structure, wherein:
the semipolar III-nitride active layers have one or more
the light emitting device structure includes one or more 5
material properties such that the device has an output
semipolar III-nitride active layers grown on or above
power of at least 1.5 milliwatts at 250 milliamps drive
a surface of a substrate, and
current and at a current density of no more than 278
one or more material properties of the semipolar III-nitride
Amps per centimeter square.
active layers are such that the device has an output power
15. The method of claim 14, wherein the semipolar IIIof at least 1.5 milliwatts at 250 milliamps drive current io nitride active layers are grown on or above the nitride suband at a current density of no more than 278 Amps per
strate comprising a free-standing gallium nitride (GaN) subcentimeter square.
strate.
2. The device of claim 1, wherein the semipolar III-nitrade
16. The method of claim 14, wherein the nitride substrate is
active layers are grown on or above a semipolar surface of the 15 grown on a foreign material.
substrate comprising a free-standing gallium nitride (GaN)
17. The method of claim 14, wherein the semipolar IIIsubstrate.
nitride active layers form a heterostructure and the device is a
3. The device of claim 1, wherein the substrate is grown on
light emitting diode.
a foreign material.
18. The method of claim 14, wherein the semipolar III4. The device of claim 1, wherein the semipolar III-nitride 20 nitride active layers emit light with a reduced blue-shift in a
active layers form a heterostructure and the device is a light
blue emission peak with increasing drive current density
emitting diode.
between at least 33 Amps per centimeter square and at least
5. The device of claim 1, wherein the semipolar III-nitride
222 Amps per centimeter square as compared to polar IIIemit light with reduced blue-shift in -a blue emission peak
nitride active layers operating in similar wavelength and drive
with increasing drive current density between at least 33 25 current density ranges.
Amps per centimeter square and at least 222 Amps per cen19. The method of claim 14, wherein the semipolar IIItimeter square, as compared to polar III-nitride active layers
nitride active layers emit light with a reduced decrease in the
operating in similar wavelength and drive current density
external quantum efficiency (EQE) with increasing drive curranges.
rent density, as compared to polar III-nitride active layers
6. The device of claim 1, wherein the semipolar III-nitride 30 operating in similar wavelength and drive current density
active layers emit light with a reduced decrease in the external
ranges.
quantum efficiency (EQE) with increasing drive current den20. The method of claim 14, wherein the semipolar IIIsity, as compared to polar III-nitride active layers operating in
nitride active layers have reduced polarization effects and
similar wavelength and drive current density ranges.
35 effective hole masses, as compared to polar III-nitride active
7. The device of claim 1, wherein the semipolar III-nitride
layers operating in similar wavelength and drive current denactive layers have reduced polarization effects and effective
sity ranges.
hole masses, as compared to polar III-nitride active layers
21. The method of claim 14, wherein the light emitting
operating in similar wavelength and drive current density
device structure comprises a blue light emitting semipolar
ranges.
40 Light Emitting Diode (LED).
8. The device of claim 1, wherein the device structure
22. A device fabricated using the method of claim 14.
comprises a blue light emitting semipolar Light Emitting
23. The method of claim 14, wherein:
Diode (LED).
a top surface of the semipolar III-nitride active layers is
9. The device of claim 1, wherein a top surface of the
planar, semipolar, and substantially parallel to a semisemipolar III-nitride active layers is planar, semipolar, and 45
polar surface of the nitride substrate comprising a nitride
substantially parallel to a main surface of the substrate.
template layer, and
10. The device of claim 1, wherein:
the top surface has a surface area of at least 300 micromethe light emitting device structure has a peak External
ters by 300 micrometers.
Quantum Efficiency (EQE) at a current density of no
24. The method of claim 14, wherein the semipolar IIImore than 55 Amps per centimeter square; and
50
nitride active layers are grown on or above a semipolar sura drop in the EQE is no more than 15% at a current
face of a gallium nitride (GaN) template having a thickness of
density of at least 111 Amps per centimeter square, as
at least 10 micrometers.
compared to the peak EQE.
25. The method of claim 14, wherein a semipolar orienta11. The device of claim 1, wherein the semipolar III-nitride
tion and the one or more material properties of the semipolar
active layers are grown on or above a semipolar surface of a 55
III-nitride active layers are such that the light emitting device
gallium nitride (GaN) template having a thickness of at least
structure has a peak External Quantum Efficiency (EQE) at a
10 micrometers.
current density of no more than 222 Amps per centimeter
12. The device of claim 1, wherein the light emitting device
square and a drop in the EQE of no more than 51% at a current
structure has an emission peak at a blue wavelength at a
current density in a range between at least 33 Amps per 60 density of at least 278 Amps per centimeter square, as compared to the peak EQE.
centimeter square and at least 222 Amps per centimeter
26. A light emitting device, comprising:
square.
a semipolar III-nitride film including a light emitting
13. The device of claim 1, wherein the substrate is a nitride
substrate.
device structure, wherein:
14. A method for fabricating a device, comprising:
65
the light emitting device structure includes one or more
growing a semipolar III-nitride film including a light emitseimpolar III-nitride active lavers grown on or above
ting device structure, wherein:
a surface of a substrate,
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one or more material properties of the semipolar III-nitride
active layers are such that the device has an output power
of at least 1.5 milliwatts at 250 milliamps drive current,
and
a semipolar orientation and the one or more material prop- 5
erties of the semipolar III-nitride active layers are such
that the light emitting device structure has a peak External Quantum Efficiency (EQE) at a current density of no
more than 222 Amps per centimeter square and a drop in
the EQE of no more than 51% at a current density of at io
least 278 Amps per centimeter square, as compared to
the peak EQE.
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