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OPTIMIZATION OF LASER BAR 
ORIENTATION FOR NONPOLAR AND 

SEMIPOLAR (GA,AL,IN,B)N DIODE LASERS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

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

U.S. Provisional Application Ser. No. 60/889,516, filed on 
Feb. 12, 2007, by Robert M. Farrell, Mathew C. Schmidt, 
Kwang Choong Kim, Hisashi Masui, Daniel F. Feezell, 
Daniel A. Cohen, James S. Speck, Steven P. DenBaars, and 
Shuji Nakamura, entitled "OPTIMIZATION OF LASER 
BAR ORIENTATION FOR NONPOLAR (Ga,A1,In,B)N 
DIODE LASERS," 

which application is incorporated by reference herein. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to lasers, and in particular to 

optimization of laser bar orientation for nonpolar or semipo-
lar (Ga,A1,In,B)N diode lasers. 

2. Description of the Related Art 
(Note: This application references a number of different 

publications as indicated throughout the specification by one 
or more reference numbers within parentheses, 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 incorpo-
rated by reference herein.) 

The usefulness of gallium nitride (GaN) and alloys of 
(Ga,A1,In,B)N (i.e., "Group-III nitride," also referred to as 
"III-nitride" or just "nitride") has been well established for 
fabrication of visible and ultraviolet optoelectronic devices 
and high power electronic devices. Current state-of-the-art 
nitride thin films, heterostructures, and devices are grown 
along the [0001] axis of the wnrtzite nitride crystal structure, 
which is shown in FIG. IA. The total polarization of such 
films includes both spontaneous and piezoelectric polariza-
tion contributions, both of which originate from the single 
polar [0001] axis of the wnrtzite nitride crystal structure. 
When nitride heterostructures are grown pseudomorphically, 
polarization discontinuities are formed at surfaces and inter-
faces within the crystal. These discontinuities lead to the 
accumulation or depletion of carriers at surfaces and inter-
faces, which in turn produce electric fields. Since the align-
ment of these polarization-induced electric fields coincides 
with the typical [0001] growth direction of nitride thin films 
and hetero structures, these fields have the effect of "tilting" 
the energy bands of nitride devices. 

In c-plane wnrtzite nitride quantum wells, the "tilted" 
energy bands (conduction band Ec and valence band Ev) 
spatially separate the electron wavefunction and hole wave-
function, as illustrated in FIG. 1B. This spatial charge sepa-
ration reduces the oscillator strength of radiative transitions 
and red-shifts the emission wavelength. These effects are 
manifestations of the quantum confined Stark effect (QCSE) 
and have been thoroughly analyzed for nitride quantum wells 
(Refs. 1-4). Additionally, the large polarization-induced elec-
tric fields can be partially screened by dopants and injected 
carriers (Refs. 5-6), making the emission characteristics dif-
ficult to engineer accurately. 

Furthermore, it has been theoretically predicted that 
pseudomorphic biaxial strain has little effect on reducing the 

effective hole mass in c-plane wnrtzite nitride quantum wells 
(Ref. 7). This is in stark contrast to typical III-V zinc-blende 
InP-based and GaAs-based quantum wells, where anisotropic 
strain-induced splitting of the heavy hole and light hole bands 

5 leads to a significant reduction in the effective hole mass. A 
reduction in the effective hole mass leads to a substantial 
increase in the quasi-Fermi level separation for any given 
carrier density in typical III-V zinc-blende InP-based and 
GaAs-based quantum wells. As a direct consequence of this 

io increase in quasi-Fermi level separation, much smaller carrier 
densities are needed to generate optical gain (Ref. 8). How-
ever, in the case of the wnrtzite nitride crystal structure, the 
hexagonal symmetry and small spin-orbit coupling of the 
nitrogen atoms in biaxially strained c-plane nitride quantum 

15 wells produces negligible splitting of the heavy hole and light 
hole bands (Ref. 7). Thus, the effective hole mass remains 
much larger than the effective electron mass in biaxially 
strained c-plane nitride quantum wells, and very high current 
densities are needed to generate optical gain in c-plane nitride 

20 diode lasers. 
One approach to eliminating polarization effects and 

decreasing the effective hole mass in nitride devices is to grow 
the devices on nonpolar planes of the crystal. These include 
the {11-20} planes, known collectively as a-planes, and the 

25 {10-10} planes, known collectively as m-planes. Such planes 
contain equal numbers of gallium and nitrogen atoms per 
plane and are charge-neutral. Subsequent nonpolar layers are 
equivalent to one another so the bulk crystal will not be 
polarized along the growth direction. Moreover, unlike 

30 strained c-plane InGa i _ V quantum wells, it has been theo-
retically predicted that strained nonpolar InGa, _xN quantum 
wells should exhibit anisotropic splitting of the heavy hole 
and light hole bands, which should lead to a reduction in the 
effective hole mass for such structures (Ref. 9). Self-consis- 

35 tent calculations of many-body optical gain for compres-
sively strained InGa, _xN quantum wells suggest that the peak 
gain is very sensitive to effective hole mass and net quantum 
well polarization and that peak gain should increase dramati-
cally as the angle between a general growth orientation and 

40 the c-axis increases, reaching a maximum for growth orien-
tations perpendicular to the c-axis (i.e., on nonpolar planes) 
(Refs. 10-11). 

Commercial c-plane nitride LEDs do not exhibit any 
degree of polarization anisotropy in their electrolumines- 

45 cence. Nonpolar m-plane nitride LEDs, on the other hand, 
have demonstrated strong polarization anisotropy in their 
electroluminescence along the [11-20] axis (Refs. 12-14). 
This polarization can be attributed to anisotropic strain-in-
duced splitting of the heavy hole and light hole bands in 

50 compressively strained m-plane InGa i _xN quantum wells, 
which leads to significant disparities in the [11-20] and 
[0001] polarized optical matrix elements. Likewise, it can be 
expected that the optical emission from m-plane nitride diode 
lasers should show similar polarization anisotropy. 

55 
SUMMARY OF THE INVENTION 

To overcome the limitations in the prior art described 
above, and to overcome other limitations that will become 

6o apparent upon reading and understanding the present speci-
fication, the present invention discloses a nonpolar or semi-
polar Group-III nitride diode laser, wherein optical gain is 
controlled by orienting an axis of light propagation in relation 
to the optical polarization direction or crystallographic ori- 

65 entation of the diode laser. 
Specifically, the axis of light propagation is substantially 

perpendicular to the mirror facets of the diode laser, and the 
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optical polarization direction is determined by the crystallo-
graphic orientation of the diode laser. 

In this regard, the axis of light propagation is oriented 
substantially perpendicular to the optical polarization direc-
tion to maximize optical gain. Specifically, the axis of light 5 

propagation is oriented substantially along a c-axis of the 
nonpolar or semipolar Group-III nitride diode laser to maxi-
mize optical gain. 

In other words, the optical gain is substantially maximized 
when a dot product of a first vector lying along a c-axis of the io 
nonpolar or semipolar Group-III nitride diode laser and a 
second vector lying along the axis of light propagation is 
equal to 1. In addition, the optical gain is substantially mini-
mized when a dot product of a first vector lying along a c-axis 
of the nonpolar or semipolar Group-III nitride diode laser and 15 

a second vector lying along the axis of light propagation is 
equal to 0. 

When the nonpolar Group-III nitride diode laser is an 
m-plane Group-III nitride diode laser, and the axis of light 
propagation is oriented at an angle between a c-axis and an 20 

a-axis of the m-plane Group-III nitride diode laser, the optical 
gain decreases monotonically when rotating the axis of light 
propagation from the c-axis to the a-axis, with the optical gain 
approaching a maximum when the axis of light propagation is 
oriented along the c-axis. 25 

When the nonpolar Group-III nitride diode laser is an 
a-plane Group-III nitride diode laser, and the axis of light 
propagation is oriented at an angle between a c-axis and an 
m-axis of the nonpolar Group-III nitride diode laser, the opti-
cal gain decreases monotonically when rotating the axis of 30 

light propagation from the c-axis to the m-axis, with the 
optical gain approaching a maximum when the axis of light 
propagation is oriented along the c-axis. 

When the Group-III nitride diode laser is a semipolar 
Group-III nitride diode laser, the optical gain approaches a 35 

maximum when the axis of light propagation is oriented 
along a c-axis of the semipolar Group-III nitride diode laser 
and the optical gain approaches a minimum when the axis of 
light propagation is oriented along an m-axis or an a-axis of 
the semipolar Group-III nitride diode laser. 	 40 

These and other aspects of the present invention are 
described in more detail below. 

BRIEF DESCRIPTION OF THE DRAWINGS 
45 

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

FIG. 1 illustrates the band bending in compressively 
strained InGa i _PN quantum wells due to polarization-in-
duced electric fields; 50 

FIGS. 2A, 2B, 2C, 2D and 2E illustrate the coordinate 
system used for defining laser bar orientation with respect to 
the planes of the semiconductor crystal; 

FIG. 3 is a flowchart that illustrates one embodiment of a 
process for fabricating an optoelectronic device; and 

	
55 

FIG. 4 illustrates light-current (L-I) characteristics for two 
separate nonpolar nitride diode lasers. 

DETAILED DESCRIPTION OF THE INVENTION 
60 

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 65 

and structural changes may be made without departing from 
the scope of the present invention. 

4 
Overview 
The present invention is related to semiconductor materi-

als, methods, and devices, and more particularly, to the 
growth and fabrication of a nonpolar or semipolar Group-III 
nitride diode laser, wherein the optical gain for the nonpolar 
or semipolar Group-III nitride diode laser is controlled by 
orienting the axis of light propagation in relation to the optical 
polarization direction resulting from the crystallographic ori-
entation of the semiconductor materials used in the nonpolar 
or semipolar Group-III nitride diode lasers. 

These nonpolar or semipolar Group-III nitride diode lasers 
may be grown directly on free-standing nonpolar or semipo-
lar (Ga,Al,In,B) substrates or on nonpolar or semipolar (Ga, 
A1,In,B)N template layers pre-deposited on a foreign sub-
strate. Vapor phase epitaxy techniques, such as metalorganic 
chemical vapor deposition (MOCVD) and hydride vapor 
phase epitaxy (HVPE), can be used to grow the nonpolar or 
semipolar (Ga,A1,In,B)N diode laser structures. However, the 
invention is equally applicable to nonpolar or semipolar (Ga, 
A1,In,B)N diode laser growth by molecular beam epitaxy 
(MBE) or any other suitable growth technique. 

Growth of nonpolar or semipolar nitride thin films and 
heterostructures offers a means of eliminating or reducing 
polarization effects and reducing the effective hole mass in 
wnrtzite nitride device structures. The term "nitrides" refers 
to any alloy composition of the (Ga,A1,In,B)N semiconduc-
tors having the formula Ga.Al InYB,N where 0-w 1, 
0-x-1, 0-y-1, 0-z-1, and w+x+y+z=1. Current com-
mercially-available nitride diode lasers are grown along the 
polar [0001] c-direction. The associated polarization-induced 
electric fields and the inherently large effective hole mass are 
detrimental to the performance of state-of-the-art nitride 
diode lasers. Growth of these devices on nonpolarplanes (i.e., 
m-plane or a-plane) could significantly improve device per-
formance by eliminating polarization-induced electric fields 
and reducing the effective hole mass. Both of these effects 
should help to decrease the current densities necessary to 
generate optical gain in nitride diode lasers. 

The present invention provides that nonpolar or semipolar 
nitride laser bars need to be properly oriented with regards to 
the planes of the semiconductor crystal to generate maximum 
gain and realize the aforementioned benefits of nonpolar or 
semipolar nitride diode lasers. For in-plane diode lasers, the 
term "longitudinal axis" refers to the axis that is perpendicu-
lar to the mirror facets. 

For m-plane nitride diode lasers, the optical gain should be 
maximum for laser bars oriented along the c-axis and mini-
mum for laser bars oriented along the a-axis, due to the 
inherent optical polarization of compressively strained 
m-plane In.Ga i _xN quantum wells. Furthermore, for laser 
bars oriented at angles in between the c-axis and a-axis, the 
optical gain should decrease monotonically when rotating the 
longitudinal axis of the laser bars from the c-axis to the a-axis, 
with optimal laser bar orientations lying on or close to the 
c-axis. 

Likewise, for a-plane nitride diode lasers, the optical gain 
should be maximum for laser bars oriented along the c-axis 
and minimum for laser bars oriented along the m-axis due to 
the inherent optical polarization of compressively strained 
a-plane InGa, _xN quantum wells. Furthermore, for laser bars 
oriented at angles in between the c-axis and m-axis, the opti-
cal gain should decrease monotonically when rotating the 
longitudinal axis of the laser bars from the c-axis to the 
m-axis, with optimal laser bar orientations lying on or close to 
the c-axis. 

This in-plane orientation-dependent gain is a new phenom-
enon currently unique to nonpolar or semipolar nitride diode 
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lasers. Typical InP-based and GaAs-based diode lasers and 
c-plane GaN-based diode lasers exhibit gain characteristics 
that are isotropic with regards to laser bar orientation. Thus, 
this invention represents a new constraint in the design of 
diode lasers for the specific application to nonpolar or semi-
polar nitride diode lasers. 

Moreover, these nonpolar or semipolar Group-III nitride 
diode lasers have improved manufacturability and perfor-
mance, and can be used as optical sources for various com-
mercial, industrial, or scientific applications. Indeed, these 
nonpolar or semipolar nitride diode lasers can be expected to 
find utility in the same applications as c-plane nitride diode 
lasers, including solid-state projection displays, high resolu-
tion printers, high density optical data storage systems, next 
generation DVD players, high efficiency solid-state lighting, 
optical sensing applications, and medical applications. 

Technical Description 
FIGS. 2A, 2B, 2C, 2D and 2E illustrate the coordinate 

system that will be used herein for defining diode laser bar 
orientation with respect to the optical polarization direction 
and the planes of its semiconductor crystal. 

The diode laser bars shown comprise nonpolar Group-III 
nitride diode lasers having an axis of light propagation along 
its longitudinal axis that is substantially perpendicular to the 
mirror facets of the diode laser bars, wherein the optical 
polarization direction of the diode laser bars is determined by 
the crystallographic orientation of the diode laser bars. Opti-
cal gain in these diode laser bars is controlled by orienting the 
axis of light propagation, i.e., its longitudinal axis, in relation 
to the optical polarization direction or crystallographic ori-
entation of the diode laser bars, wherein the axis of light 
propagation is oriented substantially perpendicular to the 
optical polarization direction to maximize optical gain. 

FIG. 2A illustrates the crystallographic orientations in the 
coordinate system, including the [10-11] m-axis, [11-20] 
a-axis, and [0001] c-axis, wherein the m-axis is normal to the 
surface of the figure and thus is depicted only as a point. 
FIGS. 2B, 2C and 2D are diode laser bars oriented within this 
coordinate system. 

FIG. 2B shows a diode laser bar 10 fabricated on a free-
standing nonpolar GaN substrate, wherein the m-axis of the 
substrate is normal to the surface ofthe figure. The diode laser 
bar 10 is oriented along the a-axis 12. Also shown are the 
p-electrode 14, and facets 16 and 18. 

FIG. 2C shows a diode laser bar 20 fabricated on a free-
standing GaN substrate, wherein the m-axis ofthe substrate is 
normal to the surface of the figure. The diode laser bar 20 is 
oriented along an arbitrary axis 22 between the a-axis and the 
c-axis. Also shown are the p-electrode 24, and facets 26 and 
28. 

FIG. 2D shows a diode laser bar 30 fabricated on a free-
standing nonpolar GaN substrate, wherein the m-axis of the 
substrate is normal to the surface ofthe figure. The diode laser 
bar 30 is oriented along the c-axis 32. Also shown are the 
p-electrode 34, and facets 36 and 38. 

FIG. 2E further illustrates the crystallographic orientations 
of FIG. 2A, including the [10-11] m-axis, [11-20] a-axis, and 
[0001] c-axis. Also shown are unit vector b —  pointing along 
the longitudinal axis of the diode laser bar with arbitrary 
orientation and unit vector c —  pointing along longitudinal 
axis of the diode laser bar with a c-axis orientation. 

To generate maximum optical gain, the axis of laser light 
propagation (i.e., the longitudinal axis of the diode laser bar) 
needs to be oriented substantially perpendicular to the optical 
polarization direction of the electroluminescence. Thus, for 
m-plane nitride diode lasers, the optical gain should be maxi-
mum for diode laser bars oriented along the c-axis and mini- 

6 
mum for diode laser bars oriented along the a-axis due to the 
inherent optical polarization of compressively strained 
m-plane In.Ga l _xN quantum wells. Furthermore, for diode 
laser bars oriented at angles in between the c-axis and a-axis, 

5 the optical gain should decrease monotonically when rotating 
the longitudinal axis of the laser bars from the c-axis to the 
a-axis, with optimal diode laser bar orientations lying on or 
close to the c-axis. 

In mathematical terms (see FIG. 2E), the optical gain will 
io be maximum when the dot product of: 

b c 

is equal to one and minimum when it is equal to zero, where 
15  c—  is a unit vector pointing along the longitudinal axis of a 

diode laser bar with a c-axis orientation, and b —  is a unit 
vector pointing along the longitudinal axis of a diode laser bar 
with arbitrary orientation. 

Likewise, for a-plane nitride diode lasers, the optical gain 
20  should be maximum for diode laser bars oriented along the 

c-axis and minimum for diode laser bars oriented along the 
m-axis due to the inherent optical polarization of compres-
sively strained a-plane InGa i _xN quantum wells. Further-
more, for diode laser bars oriented at angles in between the 

25  c-axis andm-axis, the optical gain should decrease monotoni-
cally when rotating the longitudinal axis of the diode laser 
bars from the c-axis to the m-axis, with optimal diode laser 
bar orientations lying on or close to the c-axis. 

For semipolar Group-III nitride diode lasers, the optical 
30 gain approaches a maximum when the axis of light propaga-

tion is oriented along a c-axis of the semipolar Group-III 
nitride diode laser and the optical gain approaches a mini-
mum when the axis of light propagation is oriented along an 
m-axis or an a-axis of the semipolar Group-III nitride diode 

g5 laser. 
Experimental Results 
In addition to theoretically predicting the effects of laser 

bar orientation on nonpolar nitride diode lasers, the inventors 
have also experimentally demonstrated these effects in 

40 m-plane nitride diode lasers grown by metal organic chemical 
vapor deposition (MOCVD) on free-standing m-plane GaN 
substrates manufactured by Mitsubishi Chemical Co., Ltd. 
These substrates were grown by hydride vapor phase epitaxy 
(HVPE) in the c-direction and then sliced to expose the 

45 m-plane surface. The m-plane surface was prepared by 
chemical and mechanical surface treatment techniques. The 
substrates have threading dislocation densities of less than 
5x106  cm 2, carrier concentrations of approximately 1x10 17  
cm 3 , and RMS surface roughness of less than 1 nm, as 

50 measured by the manufacturer. 
FIG. 3 is a flowchart that illustrates one embodiment of a 

process for fabricating an optoelectronic device. The growth 
conditions were very similar to those typically used for 
c-plane nitride diode lasers. All MOCVD growth was per- 

55 formed at atmospheric pressure (AP), at typical V/III ratios 
(>3000), and at typical temperature ranges (875° C. to 1185° 
C.). A Si-doped GaN layer is first grown on top of a free-
standing m-plane GaN substrate without a low temperature 
(LT) nucleation layer (40), followed by a 25 nm InGaN com- 

60 pliance layer (42) and a 250 period 2/2 nm A1GaN/GaN 
Si-doped cladding layer (44). Next, a 75 nm Si-doped GaN 
separate confined heterostructure (SCH) is grown (46), fol-
lowed by a 5 period InGaN/GaN undoped MQW active 
region (48). The active region is capped with a 10 nm Mg- 

65 doped A1GaN electron blocking layer (50), followed by a 75 
nm Mg-doped GaN SCH (52). This is followed by a 125 
period 2/2 nm A1GaN/GaN Mg-doped cladding layer (54). 
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Finally, a 150 nm p-type GaN layer (56) with a 20 nm p++ 
contact layer (58) are grown. The broad area lasers are then 
processed using Pd/Au and Ti/Al/Au as the p-type GaN and 
n-type GaN contacts (60), respectively. The laser facets are 
produced by reactive ion beam (RIE) etching (62). 

Testing was performed under pulsed conditions on laser 
bars without any heat sinking. The data presented here was 
collected using a 200 µs period and 100 ns pulse width (cor-
responding to a 0.05% duty cycle), although lasing was 
observed for duty cycles up to 10%. FIG. 4 shows output 
power per facet (light) vs. current (L-I) curves for two broad 
area diode lasers with p-electrode stripe widths of 15 µm and 
cavity lengths of 600 µm. Both laser bars were grown and 
processed on the same free-standing m-plane GaN substrate, 
but they were oriented in different directions with regards to 
the planes of the semiconductor crystal. The longitudinal axis 
of one laser bar was aligned with the c-axis, while the longi-
tudinal axis of the other laser bar was aligned with the a-axis. 
Clearly defined threshold characteristics were observed in the 
L-I curve of the laser bar oriented along the c-axis, while no 
lasing was observed for the laser bar oriented along the a-axis. 
For the laser bar oriented along the c-axis, the threshold 
current density (7th) was approximately 10.3 kA/cm 2  and the 
peak output power was approximately 80 mW. The charac-
teristics of these two L-I curves are representative of a number 
of laser bars tested in both orientations. All laser bars tested 
that were oriented along the c-axis lased, while all laser bars 
tested that were oriented along that a-axis did not lase within 
the limitations of the power supply. 

The preferred way to practice this invention is to orient the 
longitudinal axis of the m-plane nitride laser bars along the 
c-axis for maximum optical gain. However, the scope of this 
invention also includes laser bars oriented at angles in 
between the c-axis and a-axis, with optimal laser bar orien-
tations lying on or close to the c-axis. 

Possible Modifications and Variations 
Variations in nonpolar nitride quantum well and hetero-

structure design are possible without departing from the 
scope of the present invention. Moreover, the specific thick-
ness and composition of the layers, in addition to the 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 III-nitride diode 
lasers described herein utilize InGa i _xN-based quantum 
wells for light emission in the near UV region of the spectrum. 
However, the scope ofthe invention also includes diode lasers 
withAlGa 1 _xN-based,Alln1 _IN-based, andAlln̂ ,Ga 1 N-
based quantum wells, which could be designed for light emis-
sion in other regions of the spectrum. Furthermore, potential 
diode laser designs may not even include quantum wells in 
their epitaxial structures. For example, such devices might 
employ a relatively thick double heterostructure as their 
active region. 

Variations in MOCVD growth conditions such as growth 
temperature, growth pressure, V/III 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 nonpolar thin films and heterostructures described 
above. 

Additional impurities or dopants can also be incorporated 
into the nonpolar nitride diode lasers described in this inven-
tion. For example, Fe, Mg, and Si are frequently added to 
various layers in nitride heterostructures to alter the conduc- 

8 
tion properties of those and adjacent layers. The use of such 
dopants and others not listed here are within the scope of the 
invention. 

The preferred way to practice this invention is to orient the 
5  longitudinal axis of the m-plane nitride laser bars along the 

c-axis for maximum optical gain. However, the scope of this 
invention also includes laser bars oriented at any angle in 
between the c-axis and a-axis, with optimal laser bar orien-
tations lying on or close to the c-axis. As noted above, in 

10  conjunction with FIGS. 2A-2E, any orientation of laser bars 
where the dot product of: 

b-c 

15  is not equal to zero is acceptable for the practice of this 
invention. 

The scope of this invention also covers more than just the 
two nonpolar nitride orientations (a-plane and m-plane) 
described herein. This idea is also pertinent to all semipolar 

20  planes that show in-plane orientation-dependent gain and 
require proper alignment of laser bars with respect to the 
planes of the semiconductor crystal. The term "semipolar 
plane" can be used to refer to any plane that cannot be clas-
sified as c-plane, a-plane, or m-plane. In crystallographic 

25  terms, a semipolar plane would be any plane that has at least 
two nonzero h, i, or k Miller indices and a nonzero 1 Miller 
index. 

For more information on these nonpolar and semipolar 
30 crystallographic orientations, refer to U.S. Patent Publication 

No. 2007/0093073, U.S. patent application Ser. No. 11/444, 
946, filed on Jun. 1, 2006, published on Apr. 26, 2007, by 
Robert M. Farrell et al., entitled TECHNIQUE FOR THE 
GROWTH AND FABRICATION OF SEMIPOLAR (Ga,Al, 

35  In,B)N THIN FILMS, HETEROSTRUCTURES, AND 
DEVICES, attorneys' docket number 30794.140-US-Ul 
(2005-668-2), which is incorporated by reference herein. 

This invention also covers the selection ofparticular crystal 
terminations and polarities. The use ofbraces, { }, throughout 

40 this specification denotes a family of symmetry-equivalent 
planes. Thus, the {10-12} family includes the (10-12), 
(-1012), (1-102), (-1102), (01-12), and (0-112) 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 

45  family of planes also includes the corresponding nitrogen 
terminated planes of the same indices. In other words, the 
{10-12} family also includes the (10-1-2), (-101-2), (1-20-
2), (-110-2), (01-1-2), and (0-11-2) planes. For each of these 
growth orientations, the crystal's c-axis will point towards the 

50 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 growth pro-
cess. In some applications, it would be desirable to grow on 
nitrogen terminated semipolar planes, while in other cases 

55 growth on group-III terminated planes would be preferred. 
Both terminations are acceptable for the practice of this 
invention. 

Moreover, substrates other than free-standing nonpolar 
GaN could be used for nitride diode laser growth. The scope 

60 of this invention includes the growth and fabrication of nitride 
diode lasers on all possible crystallographic orientations of all 
possible substrates that show in-plane orientation-dependent 
gain and require proper alignment of laser bars with respect to 
the planes of the semiconductor crystal. These substrates 

65 include, but are not limited to, silicon carbide, gallium nitride, 
silicon, zinc oxide, boron nitride, lithium aluminate, lithium 
niobate, germanium, aluminum nitride, lithium gallate, par- 
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tially substituted spinels, and quaternary tetragonal oxides 	cal gain should decrease monotonically when rotating the 
sharing the y-LiAlO 2  structure. 	 longitudinal axis of the laser bars from the c-axis to the 

Furthermore, variations in nonpolar nitride nucleation (or 	m-axis, with optimal laser bar orientations lying on or close to 
buffer) layers and nucleation layer growth methods are 	the c-axis. 
acceptable for the practice of this invention. The growth tem-  5 	This in-plane orientation-dependent gain is a new phenom- 
perature, growth pressure, orientation, and composition of the 	enon unique to nonpolar nitride diode lasers. In contrast, 
nucleation layers need not match the growth temperature, 	typical InP-based and GaAs-based diode lasers and c-plane 
growth pressure, orientation, and composition of the subse- 	GaN-based diode lasers exhibit gain characteristics that are 
quent nonpolar thin films and heterostructures. The scope of 

	
isotropic with regards to laser bar orientation. Thus, this 

this invention includes the growth and fabrication of nonpolar 10 invention represents a new constraint in the design of diode 
diode lasers on all possible substrates using all possible 

	
lasers for the specific application to nonpolar nitride diode 

nucleation layers and nucleation layer growth methods. 	lasers. 
The nonpolar nitride diode lasers described above were 

grown on free-standing nonpolar GaN templates. However, 	 REFERENCES 
the scope of this invention also covers nonpolar nitride diode 15 

lasers grown on epitaxial laterally overgrown (ELO) tem- 	The following references are incorporated by reference 
plates. The ELO technique is a method of reducing the density 

	herein: 
of threading dislocations (TD) in subsequent epitaxial layers. 	1. T. Takeuchi, S. Sota, M. Katsuragawa, M. Komori, IT 
Reducing the TD density leads to improvements in device 

	Takeuchi, IT Amano, and I. Akasaki, Jpn. J. Appl. Phys., 
performance. For c-plane nitride diode lasers, these improve-  20 	36, L382 (1997). 
ments include increased output powers, increased internal 

	
2. P. Lefebvre, A. Morel, M. Gallart, T. Taliercio, J. Allegre, B. 

quantum efficiencies, longer device lifetimes, and reduced 
	

Gil, IT Mathieu, B. Damilano, N. Grandjean, and J. Mas- 
threshold current densities [15]. These advantages will be 	sies, Appl. Phys. Lett., 78, 1252 (2001). 
pertinent to all nonpolar nitride diode lasers grown on ELO 

	
3. N. Grandjean, B. Damilano, S. Dalmasso, M. Leroux, M. 

templates. 	 25 	Laugt, and J. Massies, J. Appl. Phys., 86, 3714 (1999). 
The technical description presented above discussed non- 	4. J. S. Im, IT Kollmer, J. Off, A. Sohmer, F. Scholz, and A. 

polar nitride diode lasers grown on free-standing nonpolar 
	Hangleiter, Phys. Rev. B, 57, R9435 (1998). 

GaN substrates. Free-standing nonpolar nitride substrates 
	5. A. Di Carlo, F. Della Sala, P. Lugli, V. Fiorentini, and F. 

may be creating by removing a foreign substrate from a thick 
	

Bemardini, Appl. Phys. Lett., 76, 3950 (2000). 
nonpolar nitride layer, by sawing a bulk nitride ingot or boule 30 6. F. Della Sala, A. Di Carlo, P. Lugli, F. Bernardini, V. 
into individual nonpolar nitride wafers, or by any other pos- 	Fiorentini, R. Scholz, and J. M. Jancu, Appl. Phys. Lett., 
sible crystal growth or wafer manufacturing technique. The 

	74, 2002 (1999). 
scope of this invention includes the growth and fabrication of 

	
7. M. Suzuki and T. Uenoyama, Jpn. J. Appl. Phys., 35, 1420 

nonpolar nitride diode lasers on all possible free-standing 
	(1996). 

nonpolar nitride wafers created by all possible crystal growth 35 8. E. Yablonovitch and E. O. Kane, J. Lightwave Tech., 4, 504 
methods and wafer manufacturing techniques. 	 (1986). 

Advantages and Improvements 
	 9. S. IT Park, J. Appl. Phys., 91, 9904 (2002). 

The existing practice is to grow nonpolar nitride diode 
	10. S. IT Park, Jpn. J. Appl. Phys, 42, L170 (2003). 

lasers along the polar [0001] c-direction. The associated 
	

11. S. IT Park, J. Appl. Phys., 93, 9665 (2003). 
polarization-induced electric fields and inherently large 40 12. N. F. Gardner, J. C. Kim, J. J. Wierer, Y. C. Shen, and M. 
effective hole mass are detrimental to the performance of 

	
R. Krames, Appl. Phys. Lett., 86, 111101 (2005). 

state-of-the-art c-plane nitride diode lasers. The advantage of 
	

13. IT Masui, A. Chakraborty, B. A. Haskell, U. K. Mishra, J. 
the present invention is that the growth of nitride diode lasers 

	S. Speck, S. Nakamura, S. P. Denbaars, Jpn. J. Appl. Phys, 
along a nonpolar direction could significantly improve device 

	44, L1329 (2005). 
performance by eliminating polarization effects and reducing 45 14. T. Koyama, T. Onuma, IT Masui, A. Chakraborty, B. A. 
the effective hole mass. Both of these effects should help to 

	Haskell, S. Keller, U. K. Mishra, J. S. Speck, S. Nakamura, 
decrease the current densities necessary to generate optical 

	
S. P. Denbaars, T. Sota, S. F. Chichibu, Appl. Phys. Lett., 

gain in nitride diode lasers. 	 89, 091906 (2006). 
This invention claims that the benefits of nonpolar nitride 

	15. S. Nakamura, M. Senoh, S. Nagahama, N. Iwasa, T. 
diode lasers will not be realized without proper alignment of 50 	Yamada, T. Matsushita, IT Kiyoku, Y. Sugimoto, T. 
the longitudinal axis of the laser bars with regards to the 

	Kozaki, IT Umemoto, M. Sano, and K. Chocho, Appl. 
planes of the semiconductor crystal. For m-plane nitride 

	Phys. Lett., 72, 211 (1998). 
diode lasers, the optical gain should be maximum for laser 

	
16. S. Nakamura and G. Fasol, The Blue Laser Diode, 

bars oriented along the c-axis and minimum for laser bars 
	

(Springer, Heidelberg, 1997). This book provides an over- 
oriented along the a-axis due to the inherent optical polariza-  55 	view of c-plane (Ga,A1,In,B)N optoelectronics technology. 
tion of compressively strained m-plane InGa l N quantum 

	
17. L. Coldren and S. Corzine, Diode Lasers and Photonic 

wells. Furthermore, for laser bars oriented at angles in 
	

Integrated Circuits, (Wiley Interscience, NewYork, 1995). 
between the c-axis and a-axis, the optical gain should 

	
Chapters 4 and Appendices 8-11 discuss the theory rel- 

decrease monotonically when rotating the longitudinal axis 	evant to the design of strained quantum well lasers. 
of the laser bars from the c-axis to the a-axis, with optimal 60 

laser bar orientations lying on or close to the c-axis. 	 CONCLUSION 
Likewise, for a-plane nitride diode lasers, the optical gain 

should be maximum for laser bars oriented along the c-axis 
	

This concludes the description of the preferred embodi- 
and minimum for laser bars oriented along the m-axis due to 	ment of the present invention. The foregoing description of 
the inherent optical polarization of compressively strained 65 one or more embodiments of the invention has been presented 
a-plane InxGal  _xN quantum wells. Furthermore, for laser bars 

	
for the purposes of illustration and description. It is not 

oriented at angles in between the c-axis and m-axis, the opti- 	intended to be exhaustive or to limit the invention to the 
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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. 

What is claimed is: 	 5 

1. A nonpolar or semipolar Group-III nitride diode laser, 
wherein optical gain is controlled by orienting an axis of light 
propagation in relation to an optical polarization direction 
and the optical polarization direction is determined by a crys-
tallographic orientation of the nonpolar or semipolar Group- io 
III nitride diode laser. 

2. The diode laser of claim 1, wherein the axis of light 
propagation is oriented substantially perpendicular to the 
optical polarization direction to maximize optical gain. 

3. The diode laser of claim 1, wherein the axis of light 15 

propagation is oriented substantially along a c-axis of the 
nonpolar or semipolar Group-III nitride diode laser to maxi-
mize optical gain. 

4. The diode laser of claim 1, wherein the optical gain is 
substantially maximized when a dot product of a first vector 20 

lying along a c-axis of the nonpolar or semipolar Group-III 
nitride diode laser and a second vector lying along the axis of 
light propagation is equal to 1. 

5. The diode laser of claim 1, wherein the optical gain is 
substantially minimized when a dot product of a first vector 25 

lying along a c-axis of the nonpolar or semipolar Group-III 
nitride diode laser and a second vector lying along the axis of 
light propagation is equal to 0. 

6. A method of controlling optical gain in a nonpolar or 
senripolar Group Ill-nitride diode laser by orienting an axis of 30 

light propagation in relation to an optical polarization direc-
tion and the optical polarization direction is determined by a 
crystallographic orientation of the nonpolar or semipolar 
Group-III nitride diode laser. 

7. The method of claim 6, wherein the axis of light propa- 35 

gation is oriented substantially perpendicular to the optical 
polarization direction to maximize optical gain. 

8. The method of claim 6, wherein the axis of light propa-
gation is oriented substantially along a c-axis of the nonpolar 
or semipolar Group-III nitride diode laser to maximize opti- 40 

cal gain. 
9. The method of claim 6, wherein the optical gain is 

substantially maximized when a dot product of a first vector 
lying along a c-axis of the nonpolar or semipolar Group-III 
nitride diode laser and a second vector lying along the axis of 45 

light propagation is equal to 1. 
10. The method of claim 6, wherein the optical gain is 

substantially minimized when a dot product of a first vector 
lying along a c-axis of the nonpolar or semipolar Group-III 
nitride diode laser and a second vector lying along the axis of 50 

light propagation is equal to 0. 
11. A method of controlling optical gain in a nonpolar or 

semipolar Group-III nitride diode laser by orienting an axis of 
light propagation in relation to a crystallographic orientation 
of the nonpolar or semipolar Group-III nitride diode laser. 55 

12. The method of claim 11, wherein the axis of light 
propagation is substantially perpendicular to mirror facets of 
the nonpolar or semipolar Group-III nitride diode laser. 

13. The method of claim 11, wherein the crystallographic 
orientation determines an optical polarization direction of the 60 

nonpolar or semipolar Group-III nitride diode laser. 
14. The method of claim 11, wherein the optical gain 

approaches a maximum when the axis of light propagation is 
oriented along a c-axis of the nonpolar or semipolar Group-III 
nitride diode laser.  

12 
15. The method of claim 11, wherein the diode laser is an 

m-plane Group-III nitride diode laser, and the axis of light 
propagation is oriented at an angle between a c-axis and an 
a-axis of the m-plane Group-III nitride diode laser, the optical 
gain decreases monotonically when rotating the axis of light 
propagation from the c-axis to the a-axis, withthe optical gain 
approaching a maximum when the axis of light propagation is 
oriented along the c-axis. 

16. The method of claim 11, wherein the diode laser is an 
a-plane Group-III nitride diode laser, and the axis of light 
propagation is oriented at an angle between a c-axis and an 
m-axis of the a-plane Group-III nitride diode laser, the optical 
gain decreases monotonically when rotating the axis of light 
propagation from the c-axis to the m-axis, with the optical 
gain approaching a maximum when the axis of light propa-
gation is oriented along the c-axis. 

17. The method of claim 11, wherein the diode laser is a 
semipolar Group-III nitride diode laser, and the optical gain 
approaches a maximum when the axis of light propagation is 
oriented along a c-axis of the semipolar Group-III nitride 
diode laser and the optical gain approaches a minimum when 
the axis of light propagation is oriented along an m-axis or an 
a-axis of the semipolar Group-III nitride diode laser. 

18. A nonpolar or semipolar Group-III nitride diode laser, 
wherein optical gain is controlled by orienting an axis of light 
propagation in relation to a crystallographic orientation of the 
nonpolar or semipolar Group-III nitride diode laser. 

19. The diode laser of claim 18, wherein the axis of light 
propagation is substantially perpendicular to mirror facets of 
the nonpolar or semipolar Group-III nitride diode laser. 

20. The diode laser of claim 18, wherein the crystallo-
graphic orientation determines an optical polarization direc-
tion of the nonpolar or semipolar Group-III nitride diode 
laser. 

21. The diode laser of claim 18, wherein the optical gain 
approaches a maximum when the axis of light propagation is 
oriented along a c-axis of the nonpolar or semipolar Group-III 
nitride diode laser. 

22. The diode laser of claim 18, wherein the diode laser is 
an m-plane Group-III nitride diode laser, and the axis of light 
propagation is oriented at an angle between a c-axis and an 
a-axis of the m-plane Group-III nitride diode laser, the optical 
gain decreases monotonically when rotating the axis of light 
propagation from the c-axis to the a-axis, withthe optical gain 
approaching a maximum when the axis of light propagation is 
oriented along the c-axis. 

23. The diode laser of claim 18, wherein the diode laser is 
an a-plane Group-III nitride diode laser, and the axis of light 
propagation is oriented at an angle between a c-axis and an 
m-axis of the a-plane Group-III nitride diode laser, the optical 
gain decreases monotonically when rotating the axis of light 
propagation from the c-axis to the m-axis, with the optical 
gain approaching a maximum when the axis of light propa-
gation is oriented along the c-axis. 

24. The diode laser of claim 18, wherein the diode laser is 
a semipolar Group-III nitride diode laser, and the optical gain 
approaches a maximum when the axis of light propagation is 
oriented along a c-axis of the semipolar Group-III nitride 
diode laser and the optical gain approaches a minimum when 
the axis of light propagation is oriented along an m-axis or an 
a-axis of the semipolar Group-III nitride diode laser. 
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