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U.S. Utility patent application Ser. No. 10/413,913, filed

Apr. 15, 2003, by Michael D. Craven, Stacia Keller, Steven P.
DenBaars, Tal Margalith, James S. Speck, Shuji Nakamura,
and Umesh K. Mishra, entitled "DISLOCATION REDUC-

0 TION IN NON-POLAR GALLIUM NITRIDE THIN
FILMS," which application claims priority to U.S. Provi-
sional Patent Application Ser. No. 60/372,909, filed Apr. 15,
2002, by Michael D. Craven, Stacia Keller, Steven P. Den-
Baars, Tal Margalith, James S. Speck, Shuji Nakamura, and

s Umesh K. Mishra, entitled "NON-POLAR GALLIUM
NITRIDE BASED THIN FILMS AND HETEROSTRUC-
TURE MATERIALS,";

International Patent Application No. PCT/U503/39355,
filed Dec. 11, 2003, by Michael D. Craven and Steven P.

0 DenBaars, entitled "NONPOLAR (Al, B, In, Ga)N QUAN-

TUM WELLS," which application is a continuation-in-part
of the above Patent Application Nos. PCT/U503/2 1918,
PCT/U503/21916, Ser. Nos. 10/413,691, 10/413,690,
10/413,913;

5 U.S. Provisional Patent Application Ser. No. 60/576,685,
filed on Jun. 3, 2004, by Benjamin A. Haskell, Melvin B.
McLaurin, Steven P. DenBaars, James S. Speck, and Shuji
Nakamura, entitled "GROWTH OF PLANAR REDUCED
DISLOCATION DENSITY M-PLANE GALLIUM

0 NITRIDE BY HYDRIDE VAPOR PHASE EPITAX"; and
U.S. Provisional Patent Application Ser. No. 60/660,283,

filed on Mar. 10, 2005, by Troy J. Baker, BenjaminA. Haskell,
Paul T. Fini, Steven P. DenBaars, James S. Speck, and Shuji
Nakamura, entitled "TECHNIQUE FOR THE GROWTH OF

5 PLANAR SEMI-POLAR GALLIUM NITRIDE,";
all of which applications are incorporated by reference

herein.

I
FABRICATION OF NONPOLAR INDIUM

GALLIUM NITRIDE THIN FILMS,
HETEROSTRUCTURES AND DEVICES BY

METALORGANIC CHEMICAL VAPOR
DEPOSITION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is acontinuation under 35 U.S.C. §120 of 1

the following co-pending and commonly-assigned U.S.
patent application:

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 1

Nakamura and Umesh K. Mishra, entitled "FABRICATION
OF NONPOLAR INDIUM GALLIUM NITRIDE THIN
FILMS, HETEROSTRUCTURES AND DEVICES BY
METALORGANIC CHEMICAL VAPOR DEPOSITION,"
now U.S. Pat. No. 7,186,302, issued Mar. 6, 2007, which 2

application claims the benefit under 35 U.S.C. §119(e) of
U.S. Provisional Patent Application Ser. No. 60/569,749,
filed on May 10, 2004, by Arpan Chakraborty, Benjamin A.
Haskell, Stacia Keller, James S. Speck, Steven P. DenBaars,
Shuji Nakamura and Umesh K. Mishra, entitled "FABRICA- 2
TION OF NONPOLAR InGaN THIN FILMS, HETERO-
STRUCTURES AND DEVICES BY METALORGANIC
CHEMICAL VAPOR DEPOSITION,";

both of which applications are incorporated by reference
herein.	 3

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

International Patent Application No. PCT/U503/2 1918,
filed Jul. 15, 2003, by Benjamin A. Haskell, Michael D.
Craven, Paul T. Fini, Steven P. DenBaars, James S. Speck, and 3

Shuji Nakamura, entitled "GROWTH OF REDUCED DIS-
LOCATION DENSITY NON-POLAR GALLIUM
NITRIDE BY HYDRIDE VAPOR PHASE EPITAXY,"
which application claims priority to U.S. Provisional Patent
Application Ser. No. 60/433,843, filed Dec. 16, 2002, by 4

BenjaminA. Haskell, Michael D. Craven, Paul T. Fini, Steven
P. DenBaars, James S. Speck, and Shuji Nakamura, entitled
"GROWTH OF REDUCED DISLOCATION DENSITY
NON-POLAR GALLIUM NITRIDE BY HYDRIDE
VAPOR PHASE EPITAX"; 4

International Patent Application No. PCT/U503/2 1916,
filed Jul. 15, 2003, by Benjamin A. Haskell, Paul T. Fini,
Shigemasa Matsuda, Michael D. Craven, Steven P. DenBaars,
James S. Speck, and Shuji Nakamura, entitled "GROWTH
OF PLANAR, NON-POLAR A-PLANE GALLIUM 50

NITRIDE BY HYDRIDE VAPOR PHASE EPITAXY,"
which application claims priority to U.S. Provisional Patent
Application Ser. No. 60/433,844, filed Dec. 16, 2002, by
Benjamin A. Haskell, Paul T. Fini, Shigemasa Matsuda,
Michael D. Craven, Steven P. DenBaars, James S. Speck, and
Shuji Nakamura, entitled "TECHNIQUE FOR THE
GROWTH OF PLANAR, NON-POLAR A-PLANE GAL-
LIUM NITRIDE BY HYDRIDE VAPOR PHASE EPIT -

AXY";
U.S. Utility patent application Ser. No. 10/413,691, filed 60

Apr. 15, 2003, by Michael D. Craven and James S. Speck,
entitled "NON-POLAR A-PLANE GALLIUM NITRIDE
THIN FILMS GROWN BY METALORGANIC CHEMI-
CAL VAPOR DEPOSITION," which application claims pri-
ority to U.S. Provisional Patent Application Ser. No. 60/372,
909, filedApr. 15, 2002, by Michael D. Craven, Stacia Keller,
Steven P. DenBaars, Tal Margalith, James S. Speck, Shuji

STATEMENT REGARDING SPONSORED
RESEARCH AND DEVELOPMENT

The present invention was made under support from the
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and Display Center member companies, including Stanley

ss Electric Co., Ltd., Mitsubishi Chemical Corp., Rohm Co.,
Ltd., Cree, Inc., Matsushita Electric Works, Matsushita Elec-
tric Industrial Co., and Seoul Semiconductor Co., Ltd.

BACKGROUND OF THE INVENTION

1. Field of the Invention.
This invention is related to compound semiconductor

growth and device fabrication. More particularly the inven-
tion relates to the growth and fabrication of indium gallium

65 nitride (InGaN) containing electronic and optoelectronic
devices by metalorganic chemical vapor deposition
(MOCVD).
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2. Description of the Related Art.
(Note: This application references a number of different

publications as indicated throughout the specification by ref-
erence numbers enclosed in brackets, e.g., [Ref. x]. A list of
these different publications ordered according to these refer- 5

ence numbers can be found below in the section entitled
"References." Each of these publications is incorporated by
reference herein.)

The usefulness of gallium nitride (GaN) and its ternary and
quaternary compounds incorporating aluminum and indium 1

(A1GaN, InGaN, A1INGaN) has been well established for
fabrication of visible and ultraviolet optoelectronic devices
and high-power electronic devices. These devices are typi-
cally grown epitaxially by growth techniques including
molecular beam epitaxy (MBE), metalorganic chemical 1

vapor deposition (MOCVD), or hydride vapor phase epitaxy
(HyPE).

GaN and its alloys are most stable in the hexagonal würtz-
ite crystal structure, in which the structure is described by two
(or three) equivalent basal plane axes that are rotated 1200 2
with respect to each other (the a-axes), all of which are per-
pendicular to a unique c-axis. FIG. 1 is a schematic of a
generic hexagonal würtzite crystal structure 100 and planes
of interest 102, 104, 106, 108 with these axes 110, 112, 114,
116 identified therein, wherein the fill patterns are intended to 2

illustrate the planes of interest 102, 104 and 106, but do not
represent the materials of the structure 100. Group III and
nitrogen atoms occupy alternating c-planes along the crys-
tal's c-axis. The symmetry elements included in the wuirtzite
structure dictate that Ill-nitrides possess a bulk spontaneous 3

polarization along this c-axis. Furthermore, as the würtzite
crystal structure is non-centrosymmetric, würtzite nitrides
can and do additionally exhibit piezoelectric polarization,
also along the crystal's c-axis. Current nitride technology for
electronic and optoelectronic devices employs nitride films 35

grown along the polar c-direction. However, conventional
c-plane quantum well structures in Ill-nitride based optoelec-
tronic and electronic devices suffer from the undesirable
quantum-confined Stark effect (QCSE), due to the existence
of strong piezoelectric and spontaneous polarizations. The
strong built-in electric fields along the c-direction cause spa-
tial separation of electron and holes that in turn give rise to
restricted carrier recombination efficiency, reduced oscillator
strength, and red-shifted emission.

(Al,Ga,In)N quantum-well structures employing nonpolar 45

growth directions, e.g., the <1120> a-direction or <1100>
m-direction, provide an effective means of eliminating polar-
ization-induced electric field effects in würtzite nitride struc-
tures since the polar axis lies within the growth plane of the
film, and thus parallel to heterointerfaces of quantum wells. In
the last few years, growth of nonpolar (Al,Ga,In)N has
attracted great interest for its potential use in the fabrication of
nonpolar electronic and optoelectronic devices. Recently,
nonpolar m-plane A1GaN/GaN quantum wells grown on
lithium aluminate substrates via plasma-assisted MBE and
nonpolar a-plane A1GaN/GaN multi-quantum wells (MQWs)
grown by both MBE and MOCVD on r-plane sapphire sub-
strates showed the absence of polarization fields along the
growth direction. Thus, nonpolar Ill-nitride light emitting
diodes (LEDs) and laser diodes (LDs) have the potential to
perform significantly better compared to their polar counter-
part.

Unfortunately, nonpolar InGaN growth has proven chal-
lenging. Indeed, the literature contains only two reports of the
successful growth of nonpolar InGaN: Sun, et al. [Ref. 1], 65

grew m-plane InGaN/GaN quantum well structures contain-
ing up to 10% In by MBE, and Chitnis, et al. [Ref. 2], grew

SUMMARY OF THE INVENTION

To overcome the limitations in the prior art described
above, and to overcome other limitations that will become
apparent upon reading and understanding the present speci-
fication, the present invention describes a method for fabri-
cating high-quality indium (In) containing epitaxial layers
and hetero structures and devices, including planar nonpolar
InGaN films. The method uses MOCVD to realize nonpolar
InGaN/GaN violet and near-ultraviolet light emitting diodes
and laser diodes.

BRIEF DESCRIPTION OF THE DRAWINGS

DETAILED DESCRIPTION OF THE INVENTION

In the following description of the preferred embodiment,
reference is made to the accompanying drawings which form

4
a-plane InGaN/GaN quantum well structures by MOCVD.
Sun, et al's, paper [Ref. 1] focused primarily on structural and
photoluminescence characteristics of their material, and does
not suggest that their InGaN film quality is sufficient to fab-
ricate working devices. Chitnis, et al's paper [Ref. 1]
described a nonpolar GaN/InGaN light emitting diode struc-
ture. However, the limited data given in the paper suggested
their nonpolar InGaN material quality was extremely poor.
Indeed, their device displayed large shifts in emission inten-

0 sity with varying injection current, poor diode current-volt-
age characteristics, and extreme detrimental heating effects
that necessitated pulsing the current injection in order to test
the device. These poor characteristics most likely can be
explained by deficient material quality.

5 	 The lack of successful nonpolar InGaN growth can be
attributed to several factors. First, the large lattice mismatches
between InGaN and available substrates severely complicate
InGaN heteroepitaxy. Second, InGaN must generally be
grown at comparatively lower temperatures than GaN due to

o the propensity for In to desorb from the growth surface at
higher temperatures. Unfortunately, nonpolar nitrides are
typically grown above 900° C. and more often above 1050°
C., temperatures at which In readily desorbs from the surface.
Third, high-quality nonpolar nitrides are typically grown at

5 decreased pressures (<100 Torr) in order to stabilize the a- and
m-planes relative to inclined facets. However, it has been
previously widely reported that c-plane InGaN should be
grown at atmospheric pressure in order to enhance In incor-
poration and decrease carbon incorporation.

o	 The present invention overcomes these challenges and for
the first time yields high quality InGaN films and InGaN -

containing devices by MOCVD.

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

FIG. 1 illustrates a hexagonal wUrtzite crystal structure
50 with its axes identified.

FIG. 2 is a flowchart describing the process steps according
to the preferred embodiment of the present invention.

FIG. 3 is a schematic cross-section of the nonpolar light
emitting diode.

FIG. 4 is a graph of the current-voltage (I-V) characteristic
of the nonpolar LED.

FIG. S is a graph of the electroluminescence (EL) spectra
for different driving currents, wherein the inset shows the EL
linewidth as a function of the driving current.

60 	 FIG. 6 is a graph of the on-wafer output power and exter-
nal-quantum efficiency (EQE) of the LED as a function of the
drive current.
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a part hereof, and in which is shown by way of illustration a
specific embodiment in which the invention may be practiced.
It is to be understood that other embodiments may be utilized
and structural changes may be made without departing from
the scope of the present invention.

Overview

Growth of nonpolar nitride semiconductors offers a means
of eliminating polarization effects in würtzite-structure III:
nitride devices. Current (Ga,Al,In,B)N devices are grown in
the polar [0001 ] c-direction, which results in charge separa-
tion across hetero structures. The resulting polarization fields
are detrimental to the performance of current state of the art
devices, particularly for optoelectronic devices. Growth of
such devices along a nonpolar direction could significantly
improve device performance.

Until now, no means existed for growing high-quality
group-Ill nitrides or group-Ill-nitride-based hetero structures
containing InGaN along nonpolar directions. The present
invention now allows the fabrication of nonpolar InGaN films
as well as nonpolar InGaN-containing device structures. Pre-
vious problems related to gross surface roughening, low In
incorporation, and In desorption in InGaN hetero structures
have been overcome by this technique. This MOCVD-based
invention has been applied to the realization of the first non-
polar InGaN/GaN violet LEDs. This invention enables the
production of nonpolar GaN-based visible and near-ultravio-
let LEDs and LDs for the first time.

Technical Description

The present invention is an approach for fabrication of
high-quality In-containing epitaxial layers and heterostruc-
tures and devices containing the same. Superior planar non-
polar InGaN films have been grown by MOCVD, and func-
tional nonpolar InGaN-containing devices have been
fabricated by the same technique. Although this particular
demonstration involves the fabrication of a-plane oriented
InGaN-based quantum wells, research on m-plane nitride
growth has indicated that the techniques described herein are
broadly applicable to the growth of m-plane InGaN/GaN
devices as well.

Planar nonpolar a-plane GaN templates were grown by
MOCVD. The details of the template growth are disclosed in
co-pending and commonly-assigned patent application Ser.
Nos. 10/413,691 and PCT/U503/21916, which are set forth
above and incorporated by reference herein. These a-plane
GaN templates provide a nearly lattice-matched layer on
which the nonpolar InGaN films could be re-grown.

The MOCVD growths were carried out in a high-tempera-
ture vertical reactor with high-speed rotation. A rotation
speed of 300 rpm was employed. The precursors used for Ga,
In, Mg and Si sources were trimethylgalium (TMG), trimeth-
ylindium (TMI), bis-cyclopentadienyl magnesium (Cp 2Mg)
and disilane, respectively. High-purity ammonia was used as
the nitrogen source. The a-plane GaN template on r-plane
sapphire substrate is grown by a two-step process which
includes a low temperature (620-650° C.) GaN nucleation
layer step and a high temperature (1130-1180° C.) GaN
growth step. A V/Ill ratio between 650 and 670 is used. The
GaN growth rate, measured by in-situ thickness measurement
using reflectance spectroscopy, is in the range 4-6 AIs. A total
flow of 10 slpm is employed during the UID GaN growth.

The above growth procedure established the feasibility of
growing nonpolar InGaN. The present invention is directed to
the growth and fabrication of a nonpolar InGaN-based LED.

FIG. 2 is a flowchart describing the process steps according
to the preferred embodiment of the present invention, while

6
FIG. 3 is a schematic cross-section of the nonpolar light
emitting diode fabricated according to the preferred embodi-
ment of the present invention.

Block 200 represents providing a smooth, low-defect-den-
5 sity Ill-nitride substrate or template. For example, this Block

may represent the fabrication, on an r-plane sapphire sub-
strate 300, of a 10 um-thick reduced-dislocation-density lat-
eral epitaxial overgrown (LEO) a-plane GaN template 302 by
HVPE. The details of the HVPE-based LEO process are

10 disclosed in co-pending and commonly-assigned Patent
Application No. PCT/U503/2 1918, which is set forth above
and incorporated by reference herein.

Although the template 300 is GaN, it could also comprise
aluminum nitride (A1N) or aluminum gallium nitride (Al-

15 GaN). Moreover, although an a-plane oriented GaN template
300 is described, m-plane GaN templates could be fabricated
as well.

The mask for the LEO process comprises parallel 8 lun
wide 5i02 stripes separated by 2 im wide window openings

20 oriented parallel to the GaN <1100> direction. The ratio of
lateral growth rates of the Ga-face and N-face {0001} wings
was 6: 1, resulting in approximately 6.5 lun wide defect-free
overgrown areas between the windows and coalescence
fronts. Transmission electron microscopy (TEM) of compa-

25 rable samples has shown the threading dislocation and basal
plane stacking fault densities in the overgrown regions to be
below 5x106 CM-2 and 3x103 cm', respectively.

Block 202 represents there-growth, carried out in a vertical
MOCVD reactor, which begins with a 2.2 im Si doped n-GaN

30 base layer 304 with an electron concentration of2xl 018 CM-3.

This layer is deposited under typical a-plane GaN growth
conditions (e.g., substrate temperature 1050-1150° C., sys-
tem pressure 40-100 Torr, H 2 carrier gas, V/III.-100). The
result is a substrate that comprises a planar nonpolar a-plane

35 GaN template grown by MOCVD.
Alternatively, a smooth, low-defect-density Ill-nitride sub-

strate may be provided. Such substrates may include a low-
defect-density free-standing a-plane GaN wafer, a low-de-
fect-density free-standing m-plane GaN wafer, a low-defect-

40 density free-standing a-plane A1N wafer, a low-defect-
density free-standing m-plane A1N wafer, a low-defect-
density bulk a-plane GaN wafer, a low-defect-density bulk
m-plane GaN wafer, a low-defect-density bulk a-plane A1N
wafer, or a low-defect-density bulk m-plane A1N wafer.

45 It is also possible to grow alloy substrates, such as A1GaN,
by a variety of methods, particularly hydride vapor phase
epitaxy (HVPE). The substrate used for practicing this inven-
tion could be any nonpolar A1GaN or other Ill-nitride sub-
strate.

50 Block 204 represents the deposition of an InGaN/GaN
active region 306 for the device at a reduced temperature, at
atmospheric pressure, using N2 carrier gas. This Block
includes: (1) growing nonpolar InGaN layers on the substrate
or template at a reduced temperature (near or at approxi-

55 mately 900° C.) using an N2 carrier gas to enhance In incor-
poration and decrease In desorption, wherein the InGaN lay-
ers are grown near or at atmospheric pressure (near or at
approximately 760 Ton) to enhance InGaN film quality and
decrease carbon incorporation, (2) growing a thin low-tem-

60 perature GaN capping layer on the nonpolar InGaN layers to
prevent In desorption during the later growth of a p-type GaN
layer, and (3) growing one or more InGaN/GaN multiple
quantum wells (MQWs) near or at atmospheric pressure (near
or at approximately 600-850 Ton) on the GaN capping layer.

65 The use of N2 carrier gas is critical for higher In incorpo-
ration in the InGaN films. The comparatively low growth
temperature enhances In incorporation and decreases the In
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desorption rate from the growth surface. Additionally, the use
of atmospheric pressure enhances the InGaN film quality and
decreases the carbon incorporation in the film, reducing the
concentration of non-radiative point defects in the active
region.

Preferably, the active region 306 is comprised of a 5 period
MQW stack with 16 nm Si-doped GaN barriers and 4 nm
In0 17Ga0 83N quantum wells. A relatively high growth rate of
0.4 A/s is used in this step to ensure smooth InGaN/GaN
heterointerfaces and thus improve the optical performance of
the device.

Block 206 represents growing anundoped GaN barrier 308
near or at atmospheric pressure on the InGaN/GaN MQW
structure 306. Specifically, this Block represents the deposi-
tion of a 16 nm undoped (or unintentionally doped (UID))
GaN barrier 308 at low temperature to cap the InGaN MQW
structure 306 in order to prevent desorption of InGaN from
the active region 306 later in the growth.

Block 208 represents growing one or more n-type and
p-type (Al,Ga)N layers 310 at low pressure (near or at
approximately 20-150 Torr) on the undoped GaN barrier 308.
Specifically, this Block represents the deposition of a 0.3 im
Mg-doped p-type GaN layer 310 with a hole concentration of
6x10'7 CM-3 at a higher temperature (.-1 100° C.) and lower
pressure (.-70 Torr), wherein a total flow of 16 slpm is
employed for the p-type GaN growth.

Block 210 represents the deposition of a 40 nm heavily
doped p-GaN layer 312. This layer 312 acts as a cap for the
structure.

Finally, Block 212 represents the deposition of a Pd/Au
contact 314 and an Al/Au contact 316, as p-GaN and n-GaN
contacts respectively, for the device.

The end result of these process steps is a nonpolar InGaN
based heterostructure and device. Specifically, the end result
of these process steps is an InGaN LED or LD.

Experimental Results
As-grown samples were investigated by optical micros-

copy and photoluminescence (PL) measurement. 300x300
im2 diode mesas were defined by chlorine-based reactive ion
etching (RIE). Pd/Au (3/200 mu) and Al/Au (30/200 mu)
were used as p-GaN and n-GaN contacts respectively. The
electrical and luminescence characteristics of the diode were
measured by on-wafer probing of the devices. The I-V mea-
surements, which are shown in FIG. 4, were performed with
a Hewlett-Packard 4145B semiconductor parameter ana-
lyzer. Relative optical power measurements under direct cur-
rent (DC) conditions were obtained from the backside emis-
sion through the sapphire substrate onto a calibrated broad
area Si photodiode. The emission spectrum and the optical
power emission of the LEDs were measured as a function of
driving currents, as shown in FIGS. 5 and 6, respectively. All
measurements were carried out at room temperature.

The device structure described above constitutes the first
report of a functioning InGaN-based LED. The I-V curve
(FIG. 4) of the diode exhibited a forward voltage of 3.3 V with
a low series resistance of 7.8Q. Nonpolar a-plane GaN p-n
junction diodes grown under identical conditions on planar
a-plane GaN templates exhibited similar forward voltage but
had higher series resistances on the order of 30Q. The lower
series resistance in these LEDs can be attributed to the higher
conductivity in the defect free overgrown region of the LEO
GaN template.

The electroluminescence (EL) spectra of the devices were
studied as a function of the dc driving current. Emission
spectra were measured at drive currents ranging from 10 to
250 mA. The devices emitted in the violet spectral range at
413.5 nm for all drive currents with minimal linewidth broad-

8
ening (FIG. 5). The PL spectra on the as-grown sample
showed a strong quantum-well emission at 412 nm with a
narrow linewidth of 25 run. The absence of blue-shift in the
emission peak with increasing drive currents is in contrast to

5 the commonly observed phenomenon of blue shift in c-plane
LEDs working at this wavelength range and similar drive
current range. The linewidth increased almost linearly with
the driving current starting from a minimum of 23.5 nm at 20
mA to 27.5 nm at 250 mA. This minimal linewidth broaden-

10 ing with the increase in drive current suggests that the device
heating was low in this current regime.

The dependence of the output power on the dc drive current
was then measured. The output power increased sublinearly
as the drive current was increased from 10 mA. until it satu-

15 rated at a current level close to 200 mA. The saturation of the
output power can be attributed to heating effects, thereby
causing a reduction in the quantum efficiency. The output
power at 20 mA forward current was 240 iW, corresponding
to an external quantum efficiency (EQE) of 0.4%. DC power

20 as high as 1.5 mW was measured for a drive current of 200
mA. The EQE increased as the drive current was increased,
attaining a maximum of 0.42% at 30 mA, and then decreased
rapidly as the forward current was increased beyond 30 mA.
The low EQE for these LEDs can be attributed partially to the

25 poor reflectivity of the p-contact and partially to the "dark"
defective window regions of the LEO which do not emit light.
It should be noted that the device structure described above
constitutes a proof-of-concept, non-optimized device. It is
anticipated that significant improvement in EQE can be made

30 by optimization of all aspects of the template/base layers and
LED structure.

Key Features
The Technical Description of the nonpolar LED structure

described above includes several key features relevant to the
35 growth and fabrication of a broad range of nonpolar InGaN -

based hetero structures and devices. These key features
include:

1. Use of a smooth, low-defect-density GaN substrate or
template, such as, but not limited to, an HVPE LEO

40 	 a-plane or m-plane GaN template.
2. Growth of nonpolar InGaN at a reduced temperature

(below .-900° C.) using N2 carrier gas to enhance In
incorporation and decrease In desorption.

3. Growth of the InGaN layers at or near atmospheric
45 	 pressure (760 Torr) to enhance InGaN film quality and

decrease carbon incorporation.
4. Use of a thin low-temperature GaN capping layer to

prevent In desorption during the p-GaN deposition.
5. Growth of the InGaN/GaN MQW and the undoped GaN

50 barrier near or at atmospheric pressure (.-600-850 Torr),
whereas growth of the n-type and p-type GaN occurs at
low pressure (40-80 Torr).

Possible Modifications and Variations of the Embodiments
The preferred embodiment has described a process by

55 which planar, high quality InGaN films and hetero structures
may be grown along nonpolar directions. The specific
example described in the Technical Description section above
was for an a-plane GaN device (i.e. the growth direction was
the GaN <1120> direction). However, research has estab-

60 lished that growth procedures for a-plane nitrides are typi-
cally compatible with or easily adaptable to m-plane nitride
growth. Therefore, this process is applicable to films and
structures grown along either the wiirtzite <1 120> or <1100>
directions.

65 The base layer for the InGaN film described above was an
MOCVD-grown a-plane GaN template grown on r-plane
Al203 . Similarly, the device structure described in the Key
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Features section utilized a HVPE-grown LEO a-plane GaN
layer grown on r-plane Al203 . Alternative substrates can be
used in the practice of this invention without substantially
altering its essence. For example, the base layer for either
process could comprise an a-plane GaN film grown by MBE,
MOCVD, or HVPE on an a-plane SiC substrate. Other pos-
sible substrate choices include, but are not limited to, a-plane
6H-SiC, m-plane 6H-SiC, a-plane 4H-SiC, m-plane 4H-SiC,
other SiC polytypes and orientations that yield nonpolar GaN,
a-plane ZnO, m-plane ZnO, (100) LiA1O 2 , ( 100) MgAl 2O4 ,

free-standing a-plane GaN, free-standing A1GaN, free-stand-
ing A1N or miscut variants of any of these substrates. These
substrates do not necessarily require a GaN template layer be
grown on them prior to nonpolar InGaN device growth. A
GaN, A1N, A1GaN, A1InGaN, A1InN, etc., base layer, with or
without the incorporation of suitable in situ defect reduction
techniques, can be deposited at the beginning of the device
growth process. In general though, the film quality and device
performance will be enhanced through the use of a reduced
defect-density (i.e., fewer than I x10 9 dislocations/cm2 and
lxi o stacking faults/cm') nitride template/base layer. The
lateral epitaxial overgrowth process used in this invention
achieves defect densities below these levels.

The preferred embodiment describes an LED structure that
contains specifically InGaN and GaN layers. However, the
present invention is also compatible with the incorporation of
aluminum (Al) in any or all of the layers. Generally speaking,
any of the layers grown according to the present invention
may have compositions described by the formula (Al '

-IiGa)N where 0xi, 0yi, 0zi, and x+y+z=i.
Any or all layers may optionally contain additional dopants,
including, but not limited to, Zn, Mg, Fe, Si, 0, etc., and still
remain within the scope of this invention.

The capping layer and barrier layers in the device described
above are comprised of GaN. However, each of these layers
may optionally comprise any nonpolarAllnGaN composition
that provides suitable carrier confinement, or in the case of the
capping layer, suitable In desorption resistance.

The thicknesses of the GaN and InGaN layers in the device
structure described above may be substantially varied without
fundamentally deviating from the preferred embodiment of
the invention. Similarly, the layer compositions may be
altered to include aluminum and/or boron to alter the elec-
tronic band structure. Doping profiles may be altered as well
to tailor the electrical and optical properties of the structure.
Additional layers may be inserted in the structure or layers
may be removed, or the number of quantum wells in the
structure may be varied within the scope of this invention. For
example, reducing the thickness of the UID GaN capping
layer and including an Mg-doped p-type A1GaN electron
blocking layer could significantly enhance LED device per-
formance.

The precise growth conditions described in the Technical
Description section above may be expanded as well. Accept-
able growth conditions vary from reactor to reactor depend-
ing on the geometry of configuration of the reactor. The use of
alternative reactor designs is compatible with this invention
with the understanding that different temperature, pressure
ranges, precursor/reactant selection, V/Ill ratio, carrier gases,
and flow conditions may be used in the practice of this inven-
tion.

As noted above, the device described herein comprises an
LED. However, the present invention is applicable to the
general growth of nonpolar InGaN films and structures con-
taining InGaN and should not be considered limited to LED
structures. The present invention offers significant benefits in
the design and fabrication of a range of devices, including, but
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not limited, to nonpolar nitride-based LEDs having wave-
lengths between 360 and 600 nm and nonpolar nitride-based
laser diodes operating in a similar wavelength range. Nonpo-
lar strained single quantum well laser diodes could be fabri-

5 cated using this invention having lower transparent carrier
densities than are required for conventional c-plane InGaN -

based laser diodes. Nonpolar InGaN-based laser diodes fab-
ricated with this invention will also benefit from reduced hole
effective masses related to anisotropic strain-induced split-
ting of the heavy and light hole bands. The lower effective
hole mass, which cannot normally be achieved in c-plane
III:nitride devices, will result in reduced threshold current
densities for lasing compared to c-plane laser diodes. Lower

15 
hole effective mass results in higher hole mobility and thus
non-polar p-type GaN have better electrical conductivity.
Electronic devices will also benefit from this invention. The
advantage of higher mobility in non-polar p-GaN can be
employed in the fabrication of bipolar electronic devices like

20 heterostructure bi-polar transistors, etc. The higher p-type
conductivity in non-polar nitrides also results in lower series
resistances in p-n junction diodes and LEDs. Nonpolar
InGaN channel MODFETs, with reduced radio-frequency
(RF) dispersion can now be fabricated that will feature excel-

25 lent high-frequency performance because of the high satura-
tion electron velocity in InGaN.

Advantages and Improvements over Existing Practice, and
the Features Believed to be New

Many of the novel features of this invention have been
30 detailed in the Background and Technical Description sec-

tions of this disclosure. The key points identified in the Key
Features section constitute the most critical and novel ele-
ments in the growth of nonpolar InGaN. This invention
enables for the first time the fabrication of high-quality non-
polar InGaN-containing electronic and optoelectronic
devices by allowing the growth of smooth, pit-free InGaN
layers in hetero structures.

Chitnis, et al's recent disclosure [Ref. 2] of their InGaN/
GaN LED grown by MOCVD provides the closest compari-

40 son to this invention. The key improvements in this invention
as compared to Chitnis are:

1. Use of a high-quality, low-defect density substrate/tem-
plate/base layer. Their direct growth method involves
deposition of an a-plane GaN template layer on an
r-plane sapphire substrate. However, their process
includes no effective means of reducing the threading
dislocation or stacking fault densities below .-iO CM-2

and .-iO cm', respectively. These structural defects

50 
propagate into their InGaN layers, likely causing dete-
rioration in InGaN layer morphology, layer structural
quality, and device performance. This invention utilizes
defect reduction techniques in the template layer to
improve material quality and device performance.

2. Use of atmospheric pressure or near atmospheric pres-
sure growth conditions for the InGaN/GaN quantum
well and GaN capping layer growth. This atmospheric
pressure step enhances indium incorporation and
decreases carbon contamination in the quantum wells,

60 improving device performance compared to their
results.

3. Inclusion of a GaN capping layer grown at reduced
temperature, atmospheric pressure, and using nitrogen
as the carrier gas. Their device structure contains no low

65 temperature capping layer. Their quantum wells likely
degraded as they increased their growth temperature to
grow their p-A1GaN layer directly above their quantum
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12. B. A. Haskell, et al., "Defect reduction in (110)
a-plane gallium nitride via lateral epitaxial overgrowth by
hydride vapor phase epitaxy ," Appl. Phys. Left., 83, 644
(2003). This paper describes the HVPE LEO process used to
produce the templates for the devices described in this inven-
tion.

13. T. Mukai and S. Nakamura, "Ultraviolet InGaN and
GaN Single-Quantum-Well-Structure Light-Emitting Diodes
Grown on Epitaxially Laterally Overgrown GaN Substrates,"

0 Jpn. J. Appl. Phys., Part 1, 38, 5735 (1999). This paper
describes the fabrication of ultraviolet LEDs using InGaN/
GaN active regions on LEO substrates.

14. S. Nakamura and G. Fasol, The Blue Laser Diode,
(Springer, Heidelberg, 1997). This book provides an over-

5 view of c-plane GaN optoelectronics technology.
15. L. Coldren and S. Corzine, Diode Lasers and Photonic

Integrated Circuits, (Wiley Interscience, 1995). Pages 160-
178 and Appendix 11 provide theory relevant to the design of
strained quantum well lasers. This book focused on arsenide-

0 and phosphide-based optoelectronic devices, but the same
theory should hold true for nonpolar InGaN-based strained
single quantum well lasers designed using this invention.
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well region. The inclusion of the type of capping layer
described herein protects the quantum well region and
improved device quality.

Any one of these improvements would offer significant
benefit in the fabrication of InGaN-based electronic and opto- 5

electronic devices compared to the prior art. The combination
of these three key elements has resulted in far superior InGaN
layer quality and device performance and represent a signifi-
cant improvement of the state of the art in nonpolar 111-nitride
device growth.
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CONCLUSION

This concludes the description of the preferred embodi-
ment of the present invention. The foregoing description of
one ormore embodiments ofthe invention has been presented
for the purposes of illustration and description. It is not

30 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.

What is claimed is:
1. A method of fabricating nonpolar Indium-containing

Ill-nitride devices, comprising:
(a) providing a Ill-nitride substrate or template;
(b) growing one or more nonpolar Indium-containing III-

nitride layers on the substrate or template;
(c) growing a capping layer on the nonpolar Indium-con-

taining Ill-nitride layers; and
(d) growing one or more nonpolar Aluminum-containing

or Gallium-containing Ill-nitride layers on the capping
layer.

2. A nonpolar Indium-containing Ill-nitride based device,
comprising:

(a) a Ill-nitride substrate or template;

50 	 (b) one or more nonpolar Indium-containing Ill-nitride
layers on the substrate or template

(c) a capping layer on the nonpolar Indium-containing
Ill-nitride layers; and

(d) one or more nonpolar Aluminum-containing or Gal-
hum-containing Ill-nitride layers on the capping layer.

3. The method of claim 1, wherein the Ill-nitride substrate
or template has a dislocation density of less than 1x109 CM-2

and a stacking fault density of less than ix 10 cm'.
4. The device of claim 2, wherein the Ill-nitride substrate or

60 template has a dislocation density of less than lxi o cm 2 and
a stacking fault density of less than lxi o cm'.

5. At least one Indium containing Ill-nitride epitaxial layer,
heterostructure or device grown on a nonpolar nitride tem-
plate or substrate with a threading dislocation density of less

65 than lxi o CM-2 and a stacking fault of less than I x 10 4 cm'.
6. The Indium containing Ill-nitride epitaxial layer, hetero-

structure or device of claim 5, wherein the nonpolar nitride
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template or substrate has a threading dislocation density of
less than 5x10 6 cm- ' and a stacking fault of less than 3x10 3

cm'.
7. The Indium containing 111-nitride epitaxial layer, hetero-

structure or device of claim 5, wherein the Indium containing
Ill-nitride epitaxial layer, heterostructure or device is grown
using N2 carrier gas.

8. The Indium containing 111-nitride epitaxial layer, hetero-
structure or device of claim 5, wherein the Indium containing
Ill-nitride epitaxial layer, heterostructure or device is grown
near or at atmospheric pressure.

9. The Indium containing 111-nitride epitaxial layer, hetero-
structure or device of claim 5, wherein the nonpolar nitride
template or substrate is a GaN, A1N or A1GaN substrate.

14
10. The Indium containing 111-nitride epitaxial layer, het-

erostructure or device of claim 5, wherein the layer is an
InGaN layer.

11. The Indium containing 111-nitride epitaxial layer, het-
erostructure or device of claim 5, wherein the device is a light
emitting diode, laser diode or transistor.

12. The Indium containing 111-nitride epitaxial layer, het-
erostructure or device of claim 5, wherein the device is a light

10 emitting diode (LED) or laser diode (LD) with an emission
wavelength between 360 nm and 600 mu.

5
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