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(57) ABSTRACT 

Aspects of the disclosure provide for mechanisms for pro-
ducing group Ill-nitride substrates. In accordance with some 
embodiments, a method for producing a group Ill-nitride 
substrate is provided. The method may include: forming, on 
a growth template, an epitaxial layer of a group Ill-nitride 
material comprising a surface with a first crystallographic 
orientation, wherein the first crystallographic orientation 
comprises a semipolar orientation or a nonpolar orientation; 
and separating the epitaxial layer of the group Ill-nitride 
material from the growth template to produce the group 
Ill-nitride substrate, wherein the growth template comprises 
a semiconductor layer of the group Ill-nitride material. The 
group Ill-nitride material may include gallium. 
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STACKING-FAULT-FREE SEMIPOLAR OR 
NONPOLAR GROUP Ill-NITRIDE 

SUBSTRATES 

TECHNICAL FIELD 

10001] The implementations of the disclosure relate gen-
erally to fabrication of semiconductor and, more specifically, 
to producing group Ill-nitride substrates, such as gallium 
nitride substrates. The group Ill-nitride substrates may be 
bulk substrates that are free of stacking faults and may 
contain group Ill-nitride materials of any semipolar or 
nonpolar orientation. 

BACKGROUND 

10002] Group Ill-V materials (e.g., A1N, GaN, and InN) 
are suitable materials for fabrication of a variety of semi-
conductor devices. For example, gallium nitride (GaN) and 
other Ill-nitride materials have relatively wide band gaps 
and can be used to make electro-optic devices (e.g., light-
emitting diodes (LEDs), laser diodes (LDs), etc.) that emit 
radiation in the green and blue regions of the visible spec-
trum. Group III nitride materials can also be used to fabri-
cate high-power electronics because they exhibit higher 
breakdown voltages when used for fabricating integrated 
transistors. 

SUMMARY 

10003] The following is a simplified summary of the 
disclosure in order to provide a basic understanding of some 
aspects of the disclosure. This summary is not an extensive 
overview of the disclosure. It is intended to neither identify 
key or critical elements of the disclosure, nor delineate any 
scope of the particular implementations of the disclosure or 
any scope of the claims. Its sole purpose is to present some 
concepts of the disclosure in a simplified form as a prelude 
to the more detailed description that is presented later. 
10004] In accordance with some embodiments of the pres-
ent disclosure, a method for producing a group Ill-nitride 
substrate is provided. The method may include: forming, on 
a growth template, an epitaxial layer of a group Ill-nitride 
material comprising a surface with a first crystallographic 
orientation, wherein the first crystallographic orientation 
comprises a semipolar orientation or a nonpolar orientation; 
and separating the epitaxial layer of the group Ill-nitride 
material from the growth template to produce the group 
Ill-nitride substrate, wherein the growth template comprises 
a semiconductor layer of the group Ill-nitride material. 
10005] In some embodiments, the epitaxial layer of the 
group Ill-nitride material is free of stacking faults. 
10006] In some embodiments, forming the epitaxial layer 
of the group Ill-nitride material may include growing the 
group Ill-nitride to a thickness greater than 100 microns. 
10007] In some embodiments, the group Ill-nitride mate-
rial comprises gallium. 
10008] In some embodiments, the semiconductor layer is 
free of stacking faults. 
10009] In some embodiments, forming, on the growth 
template, the epitaxial layer of the group Ill-nitride material 
on the first epitaxial layer may include growing the group 
Ill-nitride material utilizing at least one of a hydride vapor 
phase epitaxy (HVPE) process, a molecular beam epitaxy 
(MBE) process, or a metalorganic chemical vapor deposi-
tion (MOCVD) process. 
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10010] In some embodiments, the epitaxial layer of the 
group Ill-nitride material is separated from the growth 
template along a longitudinal direction of the growth tem-
plate. 

10011] In some embodiments, growing the epitaxial layer 
of the group Ill-nitride material may include growing the 
group Ill-nitride material on a process surface of the growth 
template. In some embodiments, separating the epitaxial 
layer of the group Ill-nitride material from the growth 
template comprises separating the surface of the epitaxial 
layer from the process surface of the growth template. 

10012] In some embodiments, the process surface of the 
growth template may include a facet with the first crystal-
lographic orientation. 

10013] In some embodiments, the method may further 
include growing the semiconductor layer of the group III-
nitride material on a foreign substrate, wherein a substrate 
surface of the foreign substrate is approximately parallel to 
a crystallographic plane of the foreign substrate with a 
second crystallographic orientation, and wherein the sub-
strate surface of the foreign substrate is approximately 
parallel to the process surface of the growth template. 

10014] In some embodiments, the foreign substrate may 
include sapphire. In some embodiments, the first crystallo-
graphic orientation may include (2021), and the second 
crystallographic orientation may include (2243). 

10015] In some embodiments, growing the semiconductor 
layer may further include removing stacking faults from at 
least one region of the semiconductor layer. 

10016] In some embodiments, growing the semiconductor 
layer may further include growing a first facet of the 
semiconductor layer at a first growth rate, wherein the first 
facet has a crystallographic orientation associated with 
stacking faults; and growing a second facet of the semicon-
ductor layer at a second growth rate, wherein the second 
growth rate is greater than the first growth rate. 

10017] In some embodiments, the method may further 
include doping the semiconductor layer with a dopant to 
control the first growth rate and/or the shape of semicon-
ductor crystals grown in the semiconductor layer. In some 
embodiments, the dopant may include antimony (Sb), ger-
manium (Ge), bismuth (Bi), etc. 

10018] In accordance with some embodiments of the pres-
ent disclosure, a substrate is provided. The substrate may 
include an epitaxial layer of a group Ill-nitride material. The 
epitaxial layer of the group Ill-nitride material may include 
a first surface approximately parallel to a nonpolar plane or 
a semipolar plane of the group Ill-nitride material. The 
substrate may further include a second surface approxi-
mately parallel to the first surface. The substrate may be free 
of stacking faults. In some embodiments, a thickness of the 
epitaxial layer of the group Ill-nitride material is greater 
than 100 microns. In some embodiments, a diameter of the 
group Ill-nitride substrate is greater than 2 inches. 

BRIEF DESCRIPTION OF THE DRAWINGS 

10019] The disclosure will be understood more fully from 
the detailed description given below and from the accom-
panying drawings of various embodiments of the disclosure. 
The drawings, however, should not be taken to limit the 
disclosure to the specific embodiments, but are for expla-
nation and understanding only. 
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10020] FIGS. 1A, 1B, and 1C depict structures associated 10037] FIG. 11 is a flow diagram illustrating a method for 
with a process for producing group Ill-nitride substrate in producing a semiconductor layer of group Ill-nitride mate-
accordance with some embodiments of the present disclo- rials according to some embodiments of the present disclo-
sure. 
10021] FIG. 2A depicts a diagram illustrating an example 
of a growth template in accordance with some implemen-
tations of the disclosure. 
10022] FIGS. 2B and 2C depict structures associated with 
a process for providing a patterned foreign substrate in 
accordance with some embodiments of the present disclo-
sure. 
10023] FIGS. 2D, 2E, 2F, and 2G depict structures asso-
ciated with a process for masking selected surfaces of a 
patterned sapphire substrate in accordance with some 
embodiments of the present disclosure. 
10024] FIG. 2H depicts structures associated formation of 
a semiconductor layer in accordance with some embodi-
ments of the present disclosure. 
10025] FIG. 21 is a scanning-electron micrograph showing 
gallium-polar semipolar GaN stripes formed on a portion of 
a patterned sapphire substrate in accordance with some 
embodiments of the present disclosure. 
10026] FIG. 3 is a scanning-electron micrograph showing 
a cross-section view of coalesced semipolar GaN formed on 
a patterned sapphire substrate in accordance with some 
embodiments of the present disclosure. 
10027] FIG. 4A is a transmission-electron micrograph 
showing stacking faults in a coalesced epitaxial layer of 
GaN on a patterned sapphire substrate in accordance with 
some embodiments of the present disclosure. 
10028] FIG. 4B depicts formation of semipolar group 
Ill-nitride crystals on growth surfaces of a patterned foreign 
substrate in accordance with some embodiments of the 
present disclosure. 
10029] FIG. S shows a cathodoluminescence image 
recorded from a coalesced epitaxial layer of semipolar GaN 
formed on a patterned sapphire substrate, according to some 
embodiments of the present disclosure. 
10030] FIGS. 6A, 6B, and 6C illustrate structures associ-
ated with growth of semipolar group III -nitride crystals from 
growth surfaces of a patterned sapphire substrate in accor-
dance with some embodiments of the present disclosure. 
10031] FIG. 6D depicts a structure of reshaped group 
Ill-nitride crystals in accordance with some embodiments of 
the present disclosure. 
10032] FIGS. 6E and 6F depict examples of a regrown 
layer of semipolar group Ill-nitride materials in accordance 
with some embodiments of the present disclosure. 
10033] FIGS. 7A, 7B, and 7C illustrate structures associ-
ated with producing a substrate of nonpolar group Ill-nitride 
materials in accordance with some embodiments of the 
present disclosure. 
10034] FIG. 8 is a scanning electron micrograph of gal-
lium-polar semipolar GaN regrown on a patterned sapphire 
substrate in accordance with some embodiments of the 
present disclosure. 
10035] FIG. 9 shows a cathodoluminescence image 
recorded from a coalesced epitaxial layer of semipolar GaN 
formed on a patterned sapphire substrate in accordance with 
some embodiments of the present disclosure. 
10036] FIG. 10 is a flow diagram illustrating a method for 
producing a group Ill-nitride substrate according to some 
embodiments of the present disclosure. 

sure. 

DETAILED DESCRIPTION 

10038] Aspects of the disclosure provide for mechanisms 
for fabricating group-Ill nitride substrates with nonpolar or 
semipolar orientations. Examples of the semipolar orienta-
tions may include orientations with Miller indices of (2021), 
(20i), (3031), (3031), (1011), (1122), etc. Examples of the 
nonpolar orientations may include orientations with Miller 
indices of (1120), (1010), etc. 
10039] Semipolar and nonpolar gallium nitride (GaN) 
have been demonstrated to be significantly beneficial for 
high efficiency light emitting diodes (LEDs) and laser diodes 
(LDs) due to the reduced internal polarization field and 
surface atomic configuration. For example, high output 
power green and blue LEDs and laser diodes (LDs) have 
been demonstrated on GaN with (2021), (2021), and other 
semipolar orientations. These high-brightness semipolar 
GaN devices may be produced on bulk GaN substrates. 
10040] Because it may be difficult to obtain high-quality 
substrates of GaN and other group Ill-nitride materials, a 
group Ill-nitride material may typically be heteroepitaxially 
grown on a foreign substrate of a different material. For 
example, GaN may be grown on a sapphire substrate. 
However, large lattice mismatches may exist between the 
foreign substrate and epitaxial layers of the group Ill-nitride 
material and may lead to formation of threading disloca-
tions. This may deteriorate the quality of the semiconductor 
devices formed using the group Ill-nitride material. 
10041] Prior solutions for providing group Ill-nitride sub-
strates typically involve growing bulk GaN crystal on a 
c-plane and cross-slicing the bulk GaN crystal to produce 
strips of the GaN crystal. The strips may be used as GaN 
wafers. The slicing direction is perpendicular to the c-plane. 
As a result, the sizes of the GaN bulk substrates produced 
using the prior solutions are limited to the thickness of the 
bulk GaN crystal. For example, a GaN bulk substrate 
produced using the prior solutions typically has a width of 
a few millimeters. As such, the GaN wafers produced using 
the prior solutions are difficult to scale-up and are not 
compatible with commercial LED applications that require 
wafers of large sizes (e.g., a diameter larger than 2 inches). 
Moreover, stacking faults may be present in the GaN wafers. 
The stacking faults may provide alternative recombination 
pathways for carriers and may adversely affect the perfor-
mance of semiconductor devices manufactured on the GaN 
wafers. 
10042] Aspects of the disclosure address the above defi-
ciencies and other deficiencies of the prior solutions by 
providing mechanisms for fabricating group-Ill nitride sub-
strates with nonpolar or semipolar orientations. A group-Ill 
nitride substrate (e.g., a GaN substrate) produced in accor-
dance with the present disclosure may be free of stacking 
faults and may have a large area suitable for fabrication of 
semiconductor devices. The group Ill-nitride substrate may 
have any suitable orientation, such as a semipolar orienta-
tion or a nonpolar orientation. 
10043] In some embodiments, the mechanisms according 
to the present disclosure may provide a growth template for 
fabrication of the group Ill-nitride substrate. The growth 
template may include a semiconductor layer of a group 
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Ill-nitride material. The semiconductor layer may be formed 
on a foreign substrate (e.g., a sapphire substrate) using any 
suitable epitaxial growth technique. In some embodiments, 
the semiconductor layer may be formed by growing the 
group Ill-nitride material in a particular semipolar or non-
polar orientation utilizing an orientation-controlled epitaxy 
process. 

10044] In one implementation, growing the semiconductor 
layer may involve doping the semipolar conductor layer 
with a suitable dopant to accelerate a growth rate of facets 
that may result in stacking faults and/or to control the shape 
of semiconductor crystals grown in the semiconductor layer. 
The dopant may include, for example, antimony (Sb), ger-
manium (Ge), bismuth (Bi), etc. The doped semiconductor 
layer may be free of or substantially free of stacking faults. 

10045] In another implementation, stacking faults may be 
present in one or more regions of the semiconductor layer 
(also referred to as the "stacking-fault regions") during the 
growth of the semiconductor layer. The stacking faults may 
be removed (e.g., eliminated and/or minimized) from the 
semiconductor layer. For example, one or more of the 
stacking-fault regions may be removed from the semicon-
ductor layer by selectively etching the semiconductor layer. 
One or more voids may be formed in the semiconductor 
layer due to the removal of the stacking-fault regions. The 
group Ill-nitride material may be regrown after the removal 
of the stacking-fault regions to fill the voids. The regrowth 
of the group Ill-nitride material may include, for example, 
growing facets of various orientations at various growth 
rates. For example, one or more facets of an orientation 
associated with the stacking-fault regions (e.g., a (0001) 
orientation) may be grown at a first growth rate while one or 
more facets associated with other orientations (e.g., (1011), 
(1011), etc.) may be grown at a second growth rate. The first 
growth rate may be faster than the second growth rate. 

10046] The mechanisms can grow a layer of semipolar or 
nonpolar group Ill-nitride materials on the growth template. 
For example, an epitaxial layer of the group Ill-nitride 
material can be formed on the growth template utilizing any 
suitable epitaxial growth techniques, such as a hydride vapor 
phase epitaxy (HVPE) process, a molecular beam epitaxy 
(MBE) process, a metalorganic chemical vapor deposition 
(MOCVD) process, etc. In some embodiments, the mecha-
nisms can separate the layer of the semipolar or nonpolar 
group Ill-nitride material from the growth template to pro-
duce the group Ill-nitride substrate. 

10047] Accordingly, aspects of the present disclosure pro-
vide for cost-effective and scalable mechanisms for produc-
ing bulk semipolar or nonpolar group Ill-nitride substrates 
(e.g., GaN substrates) that are free of stacking faults. The 
semipolar or nonpolar group Ill-nitride substrates may have 
any desirable semipolar orientation or nonpolar orientation. 
A diameter of a group Ill-nitride substrate according to some 
embodiments of the present disclosure may be greater than 
2 inches (e.g., 4 inches, 6 inches, etc.). 

10048] As referred to herein, a group III material may be 
any material that includes an element in the boron group, 
such as gallium (Ga), indium (In), thallium (Tl), aluminum 
(Al), and boron (B). A group Ill-nitride material may be any 
nitride material containing one or more group III materials, 
such as gallium nitride, aluminum nitride (A1N), aluminum 
gallium nitride (AlGaN), indium nitride (InN), indium gal-
lium nitride (InGaN), etc. 
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10049] As referred to herein, a semipolar plane may be a 
crystallographic plane oriented in a semipolar direction. The 
semipolar direction may be, for example, orientations with 
Miller indices of (2021), (2021), (3031), (30i), (1011), (11 
22), etc. A nonpolar plane may be a crystallographic plane 
oriented in a nonpolar direction. The nonpolar direction may 
be, for example, orientations with Miller indices of (1120), 
(1010), etc. 

10050] Examples of embodiments of the present disclo-
sure will be described in more detail with reference to the 
accompanying drawings. It should be understood that the 
following embodiments are given by way of illustration only 
to provide thorough understanding of the disclosure to those 
skilled in the art. Therefore, the present disclosure is not 
limited to the following embodiments and may be embodied 
in different ways. Further, it should be noted that the 
drawings are not to precise scale and some of the dimen-
sions, such as width, length, thickness, and the like, can be 
exaggerated for clarity of description in the drawings. Like 
components are denoted by like reference numerals through-
out the specification. 

10051] FIGS. lA-iC illustrate structures associated with a 
process for producing group Ill-nitride substrates in accor-
dance with some embodiments of the present disclosure. 

10052] Turning to FIG. 1A, a growth template 110 may be 
provided. Growth template 110 may include one or more 
layers and may include any suitable material for growing a 
group Ill-nitride material (e.g., gallium nitride). For 
example, growth template 110 may include a substrate 111 
and a semiconductor layer 120. The semiconductor layer 
120 and the substrate 111 may or may not include different 
materials. In some embodiments, the substrate 111 may be a 
foreign substrate containing a material that is not contained 
in the semiconductor layer 120. For example, the semicon-
ductor layer 120 may include an epitaxial layer of a group 
Ill-nitride material (e.g., gallium nitride). The foreign sub-
strate 111 may contain any other suitable crystalline material 
that can be used to grow the group Ill-nitride material, such 
as sapphire, silicon carbide (SiC), silicon (Si), quartz, gal-
lium arsenide (GaAs), aluminum nitride (A1N), etc. The 
substrate 111 may have any suitable size and/or shape for 
growth of group Ill-nitride materials. In some embodiments, 
the substrate 111 may be a large-area substrate (e.g., a 
substrate of a diameter that is equal to or larger than 450 
millimeters). 

10053] The semiconductor layer 120 may contain one or 
more group Ill-nitride materials having any suitable crys-
tallographic orientation, such as a nonpolar orientation or a 
semipolar orientation. Examples of the nonpolar orientation 
may include (2021), (1011), (1122), etc. Examples of the 
semipolar orientation may include (1120), (1010), etc. The 
semiconductor layer 120 may be free of and/or substantially 
free of stacking-faults. As referred to herein, a layer of a 
group Ill-nitride material may be regarded as being substan-
tially free of stacking faults when the density of stacking 
faults in the layer of the group Ill-nitride material is not 
greater than a threshold. 

10054] While one layer of the semiconductor layer 120 is 
depicted in FIG. 1A, this is merely illustrative. The semi-
conductor layer 120 may include any suitable number of 
layers of group III -nitride materials and/or any other suitable 
crystalline material. In some embodiments, one or more 
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other layers of crystalline materials (not shown) may be 
deposited between the substrate 111 and the semiconductor 
layer 120. 
10055] In some embodiments, the semiconductor layer 
120 may include one or more surfaces exposing a crystal-
lographic plane with a desired crystallographic orientation 
(e.g., a semipolar orientation or a nonpolar orientation). For 
example, a surface 125 of the semiconductor layer 120 may 
expose a semipolar plane or a nonpolar plane. The surface 
125 may be parallel to or approximately parallel to a 
crystallographic plane with a desired semipolar orientation 
or a nonpolar orientation. The surface 125 is also referred to 
herein as the "process surface" of the semiconductor layer 
120 and/or the growth template 110. 
10056] The substrate 111 may be and/or include a planar 
substrate, a patterned substrate, etc. In some embodiments, 
the substrate 111 may be and/or include a patterned substrate 
having an array of surface structures (e.g., ribs separated by 
trenches) patterned across a surface of the foreign substrate 
111. The surface structures may include a plurality of planar 
and/or approximately planar surfaces (also referred to herein 
as the "planar surfaces"). One or more of the planar surfaces 
may be covered by a masking material that may prevent 
crystal growth of one or more group Ill-nitride materials. 
One or more of the planar surfaces are not covered by the 
masking material and may initiate epitaxial growth of a 
group Ill-nitride material (also referred to as the "crystal-
growth surfaces"). In some embodiments, each of the crys-
tal-growth surfaces may be parallel to or approximately 
parallel (e.g., within 10 mrad) to a particular crystallo-
graphic plane (e.g., a c-plane) of the foreign substrate 111. 
The patterned substrate may be produced, for example, by 
performing one or more operations described in connection 
with FIGS. 2A-2G below. 
10057] In some embodiments, the semiconductor layer 
120 may be formed by growing one or more group Ill-nitride 
materials on the substrate 111 utilizing an orientation-con-
trolled epitaxy process. For example, group Ill-nitride crys-
tals may be grown with a selected crystallographic plane in 
a direction that is parallel to the crystal-growth surfaces of 
the substrate 111. The selected crystallographic plane may 
be, for example, a semipolar plane or a nonpolar plane (e.g., 
a (2021) plane for gallium-polar semipolar, a (2021) plane 
for nitrogen-polar semipolar). In some embodiments, the 
group Ill-nitride crystals may be grown from the crystal 
growth surfaces at distinct locations. The growth of the 
group Ill-nitride crystals may continue until the group 
Ill-nitride material coalesces above the patterned features on 
the substrate 111 and forms a continuous epitaxial layer. In 
some embodiments, one or more buffer layers may be 
formed on the substrate 111 prior to the growth of the 
epitaxial layer of the group Ill-nitride material. In some 
embodiments, the semiconductor layer 120 may be formed 
by performing one or more operations described in connec-
tion with FIGS. 2A-3 below. 
10058] In some embodiments, stacking faults may occur as 
the semiconductor layer 120 grows. For example, stacking 
faults may occur in a crystallographic orientation (e.g., the 
(000j) orientation). In some embodiments, the stacking 
faults may occur along an interface where the semiconductor 
layer 120 (e.g., a nitrogen-polar basal plane (0001) front) 
contacts the foreign substrate 111 (also referred to as the 
"heterogeneous interface"). In some embodiments, various 
quantities and/or densities of stacking faults may occur on 
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various facets of the semiconductor layer 120 (e.g., facets of 
different orientations). For example, group Ill-nitride mate-
rial crystals that form in a basal plane (e.g., a (000fl plane) 
may have more stacking faults than group Ill-nitride mate-
rial crystals that form in another plane (e.g., a (1011) plane). 
10059] In one implementation, the stacking faults may be 
minimized and/or eliminated, for example, by terminating 
the growth of the semiconductor layer 120 (also referred to 
as the "initial growth") after regions of stacking faults have 
formed and removing (e.g., selectively etching away) the 
regions of stacking faults. The removal of the regions of 
stacking faults may form one or more voids in the semicon-
ductor layer 120. Regrowth of the group Ill-nitride material 
may be carried out to fill the voids. The regrowth of the 
group Ill-nitride may involve controlling facets of various 
orientations to be grown at various grown rates. In some 
embodiments, one or more facets associated with the stack-
ing faults may be grown at a first rate while one or more 
facets associated no stacking faults or few stacking faults 
(e.g., a density of stacking faults less than a threshold) may 
be growth at a second growth rate. The first rate may be 
faster than the second growth rate. For example, the growth 
rate of the group Ill-nitride in one or more facets associated 
with the stacking faults (e.g., facets with one or more 
undesired orientations) may be accelerated. In some 
embodiments, the growth rate of the group Ill-nitride mate-
rial in the facets with the undesired orientation(s) may be 
accelerated by introducing one or more suitable impurity 
dopants during the growth of the group-Ill nitride material. 
The dopants may include, for example, antimony (Sb), 
germanium (Ge), bismuth (Bi), etc. As another example, the 
growth of the group Ill-nitride material in one or more 
orientations that are not associated with the stacking faults 
may be slowed. 
10060] According to the Wulff principal, the facets with 
the highest growth rate may terminate more quickly than the 
facets with lower growth rates, and the crystal shape may be 
dominated by the facets with the lower growth rates. Elimi-
nation of a growth facet of an undesired orientation can 
remove it as a source of stacking-fault formation. 
10061] In another implementation, the initial growth of the 
semiconductor layer 120 on the substrate 111 may involve 
growing facets of various orientations at various growth 
rates. For example, the growth rate of the group Ill-nitride 
in one or more facets associated with the stacking faults 
(e.g., facets with one or more undesired orientations) may be 
greater than that of the group Ill-nitride material in one or 
more facets that are not associated with the stacking faults. 
The growth rate of the group Ill-nitride in the facets asso-
ciated with the stacking faults may be accelerated by, for 
example, adding a suitable impurity dopant during the 
growth of the semiconductor layer 120. The impurity dopant 
may include Sb, Ge, or Bi in some embodiments. As such, 
the initial growth of the group Ill-nitride material does not 
introduce stacking faults in the semiconductor layer 120. In 
some embodiments, the stacking faults may be minimized 
and/or eliminated by performing one or more operations 
described in connection with FIGS. 6A-9 below. 
10062] Turning to FIG. 1B, an epitaxial layer 130 of the 
group Ill-nitride material may be formed on the growth 
template 110. The epitaxial layer 130 may be formed by 
growing the Ill-nitride material using any suitable epitaxial 
growth process, such as hydride vapor phase epitaxy 
(HyPE), molecular beam epitaxy (MBE), metalorganic 
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chemical vapor deposition (MOCVD), etc. For example, the 
epitaxial layer 130 may be formed by growing an epitaxial 
layer of the group Ill-nitride material (e.g., GaN) in a HVPE 
reactor with suitable growth conditions (e.g., a suitable 
growth temperature, a suitable growth pressure, a suitable 
growth rate, etc.). The growth temperature of the epitaxial 
layer 130 may be, for example, a temperature of around 900 
to 11000 C. The pressure for the growth of the epitaxial layer 
130 may be, for example, between 50 to 500 mbar. The 
growth rate of epitaxial layer 130 may be, for example, 
between 1 to 200 imIh. 
10063] The epitaxial layer 130 may be grown at a suitable 
growth rate for a certain time period to deposit an epitaxial 
layer of a desired thickness. The epitaxial layer 130 may 
have any suitable thickness, such as a thickness between 100 
microns and 1 centimeter. In some embodiments, the thick-
ness of the layer 130 may be greater than 100 microns. In 
some embodiments, the thickness of the layer 130 may be 
greater than 3000 microns. In some embodiments, the thick-
ness of layer 130 can be greater than the thickness of layer 
120. The size of the epitaxial layer 130 (e.g., a diameter of 
the epitaxial layer 130) may be the same as or substantially 
the same as the size of the foreign substrate 111 and/or the 
growth template 110 (e.g., a diameter of the foreign substrate 
111 and/or the growth template 110). In some embodiments, 
a diameter of layer 130 may be 2 inches, 4 inches, 6 inches, 
and/or any other suitable value. In some embodiments, the 
diameter of the epitaxial layer 130 may be equal to or greater 
than 2 inches. 
10064] As illustrated in FIG. 1C, the epitaxial layer 130 
may be separated from the growth template 110. In some 
embodiments, the epitaxial layer 130 may be separated from 
the growth template 110 along a longitudinal direction of the 
growth substrate 110. The longitudinal direction of the 
growth template 110 may be parallel to and/or approxi-
mately parallel to the process surface of the growth template 
110. 
10065] In some embodiments, the epitaxial layer 130 may 
be separated from the growth template 110 along an inter-
face 127 between the growth template 110 and the epitaxial 
layer 120. The interface may be defined by the surface 125 
of the growth template 110 and a surface 132 of the epitaxial 
layer 130. The surface 125 and the surface 132 may or may 
not contact with each other. In some embodiments, one or 
more portions of the surface 125 contact with one or more 
portions of the surface 132. The interface may be parallel to 
or approximately parallel to the longitudinal direction of the 
growth substrate 110. 
10066] The separation of the semiconductor layer 120 
from the growth template 110 may be achieved using any 
suitable technique or combination of techniques. For 
example, the epitaxial layer 130 may be separated from the 
growth template 100 using a wire saw (e.g., by slicing the 
interface or a portion of the epitaxial layer 130 along the 
longitudinal direction of the growth template 110). As 
another example, the layer 120 may be separated from the 
growth template 110 by laser lift-off and/or chemical lift-off. 
10067] In some embodiments, a semiconductor layer (not 
shown) including air voids may be formed between the 
growth template and the epitaxial layer 130 (also referred to 
as the "sacrificial layer"). In some embodiments, the sacri-
ficial layer may be regarded as being part of the growth 
template 110. The epitaxial layer 130 may be separated from 
the growth template 110 via the sacrificial layer. For 
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example, the epitaxial layer 130 can be separated from the 
growth template 110 by application of physical force to the 
sacrificial layer. As another example, the epitaxial layer 130 
can be separated from the sacrificial layer by chemical 
etching. In some embodiments, after separation of the epi-
taxial layer 130 from the growth template 110, the sacrificial 
layer can remain on the growth template 110. 
10068] Upon separation from the growth template 110, the 
epitaxial layer 130 may then be used as a free-standing 
group Ill-nitride substrate. The free-standing group III-
nitride may have a wurtzite structure and may have a 
nonpolar or semipolar orientation. Each of the surfaces 132 
and 134 of the epitaxial layer 130 and/or the group Ill-nitride 
substrate may be a continuous planar surface. The surfaces 
132 and/or 134 may be parallel to or approximately parallel 
to a desired crystallographic plane of the group Ill-nitride 
material, such as a semipolar plane or a nonpolar plane. In 
some embodiments, the surfaces 132 and/or 134 may expose 
a single semipolar plane or a single nonpolar plane of the 
group Ill-nitride material. 
10069] The epitaxial layer 130 may be free of or substan-
tially free of stacking faults. As referred to herein, an 
epitaxial layer of a group Ill-nitride material may be 
regarded as being substantially free of stacking faults when 
the density of stacking faults in the epitaxial layer of the 
group Ill-nitride material is not greater than a threshold. A 
device manufacturing process can be performed on the 
free-standing group Ill-nitride substrate to form LEDs and/
or any other desired semiconductor device. 
10070] FIG. 2A depicts a diagram illustrating an example 
200 of a growth template in accordance with some imple-
mentations of the disclosure. The growth template 200 of 
FIG. 2 may be the same as the growth template 110 of FIG. 
1 in some embodiments. 
10071] As illustrated in FIG. 2A, the growth template 200 
may include an epitaxial layer 120 of Ill-nitride material 
formed over a foreign substrate 111. The semiconductor 
layer 120 of FIGS. lA-iC may be and/or include the 
epitaxial layer 120 in some embodiments. The substrate 111 
of FIGS. lA-iC may be and/or include the foreign substrate 
111 in some embodiments. The foreign substrate 111 may 
include any crystalline material that is suitable for growth of 
the Ill-nitride material thereon. For example, the foreign 
substrate 111 may include sapphire, silicon, silicon carbide, 
gallium-arsenide, etc. 
10072] In some embodiments, the foreign substrate 111 
can be a patterned substrate having an array of surface 
structures 205 (e.g., ribs separated by trenches) patterned 
across a surface of the substrate 111. The surface structures 
205 and substrate 111 may comprise a plurality of planar 
and/or approximately planar surfaces (also referred to herein 
as the "planar surfaces"). One or more of the planar surfaces 
may be covered by a masking material 140 that may prevent 
crystal growth from regions of the substrate. One or more of 
the planar surfaces may be slightly curved, in some embodi-
ments and need not be straight as depicted. The planar 
surfaces may be oriented in one or more directions. Multiple 
planar surfaces may be oriented in different directions in 
some embodiments. For example, surface normal vectors 
may point in different directions, which may be crystallo-
graphic orientations in some implementations of the present 
disclosure. 
10073] According to some embodiments, one or more of 
the planar surfaces of the foreign substrate iii (e.g., surfaces 
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115) are not covered by the masking material 140 and may 
serve as crystal-growth surfaces. The crystal-growth sur-
faces 115 may initiate epitaxial growth of a group Ill-nitride 
material, whereas the masking material 140 may inhibit 
growth of the Ill-nitride material. The crystal-growth sur-
faces 115 may be parallel and/or approximately parallel 
(e.g., within 10 mrad) to a c-plane facet (e.g., a (0001) facet) 
of the substrate 111 according to some embodiments, having 
a normal direction [0001] depicted by the arrow 135 in FIG. 
2A. The crystal-growth surfaces 115 may be perpendicular 
to (900) or inclined at an angle €3 between 00 and 90° with 
respect to a surface of the foreign substrate 111 (e.g., a 
substrate surface 108 as depicted in FIG. 2B). 

10074] Group Ill-nitride semiconductor may be grown 
from the crystal-growth surfaces 115. The growth of the 
group Ill-nitride semiconductor may initiate at distinct loca-
tions and may continue until the group Ill-nitride semicon-
ductor coalesces above the patterned features on the foreign 
substrate 111 and form a continuous epitaxial layer. The 
group Ill-nitride semiconductor may extend partially or 
entirely across the foreign substrate 111 and may form a 
planar surface 125 as illustrated in FIGS. 1A-2A. 

10075] An etching process may be selected (e.g., tailoring 
etching conditions) to achieve a desired inclination angle €3 
of the crystal-growth surfaces 115 with respect to the 
substrate surface of the sapphire substrate 111. In some 
embodiments, the inclination angle B is made to be approxi-
mately the same as the angle of the sapphire's c-plane facet, 
which determines an orientation of the subsequently-grown 
Ill-nitride material. In this manner, any crystallographic 
plane of the Ill-nitride material may be made approximately 
parallel to or inclined at a desired angle with respect to a 
finished process surface of the substrate on which integrated 
circuit devices may be formed. The surface 125 in FIG. 2A 
is depicted as being parallel to a process surface 108 of the 
sapphire substrate 111 into which patterns are formed. 

10076] FIGS. 2B-2C depict structures associated with a 
method for forming a patterned foreign substrate, according 
to some embodiments of the present disclosure. The pat-
terned foreign substrate may be, for example, a pattered 
sapphire substrate. An initially unetched substrate 111 (e.g., 
an unetched sapphire substrate) may be cut with a particular 
crystallographic orientation based on a desired crystallo-
graphic orientation of a group Ill-nitride layer to be formed 
on the substrate 111. The desired crystallographic orienta-
tion of the group Ill-nitride layer may be any semipolar 
orientation or nonpolar orientation. For example, to facilitate 
growth of a group Ill-nitride layer with a (2021) semipolar 
orientation, an initially unetched sapphire substrate 111 may 
be cut so that its (2243) plane is approximately parallel to a 
top surface 108 of the sapphire substrate 111. A resist 210 
may be deposited and patterned on the surface of the 
sapphire substrate 111. The resist may be patterned as a 
periodic grating, according to some embodiments, so that 
bars of resist 210 may extend along the surface of the 
substrate (into the page as depicted in FIG. 2B). The resist 
pattern may be aligned to a crystallographic orientation of 
the sapphire substrate, so that the bars of resist 210 run in a 
direction that is approximately normal (e.g., within 10 mrad) 
to the (1100) plane of the sapphire substrate 111. In one 
implementation, the resist 210 may be a soft resist (e.g., a 
polymeric resist). In another implementation, the resist 210 
may be a hard resist (e.g., patterned inorganic material). In 
some cases, the resist may be patterned to have sloping side 
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walls 215, as depicted in the FIG. 2B. The resist 210 may be 
patterned via photolithography, interferometric lithography, 
and/or nay other suitable patterning process. 

10077] As illustrated in FIG. 2B, a dry etching process 
(e.g., a reactive ion etching (RIE) process) may be used to 
etch the sapphire substrate 111. The etching process may be 
anisotropic or semi-anisotropic. According to some embodi-
ments, the etching process may be semi-selective, in that it 
etches some of the resist 210, while primarily etching the 
substrate 111. In a semi-selective etch, as the etching of the 
sapphire substrate 111 proceeds, the resist 210 may etch 
back in addition to trenches being etched into the substrate. 
In some embodiments, a chlorine-based etchant may be used 
for etching the sapphire. Examples of etch gases for sapphire 
may include BC13, Cl3, and Ar or combination thereof. An
etch pressure may be between 10 mTorr and 100 mTorr. In 
some implementations, a small amount of an etchant for the 
resist (e.g., °2  for a polymeric resist) may be included as an
etchant gas to etch back some of the resist 210. 

10078] Other etchants or etching processes may be used in 
other embodiments depending on the material used for the 
resist and/or on the substrate material. In some implemen-
tations, an etchant for the sapphire substrate may partially 
etch a resist 210. For example, when silicon (Si) is used as 
the substrate, a strong base solution (such as KOH, NOH, 
etc.) may be used to anisotropically wet-etch the Si and 
expose (111) facets from which GaN may be grown. The 
(111) facets may be exposed in grooves that are produced by 
the wet etching. The (111) facets may be oriented at any 
angle between 0° and 90° with respect to a planar surface of 
the Si substrate. 

10079] The result of partially etching back the resist while 
the trenches are being etched may create sloped sidewalls 
212 inclined at an angle B along the trenches in the sapphire 
substrate 111, as depicted in FIG. 2B. Instead of the side-
walls being orientated 90° with respect to the unetched 
surface of the sapphire substrate 111, the sidewalls may be 
oriented between 0° and 90°, or between approximately 
these values, according to some embodiments. In some 
cases, the sidewalls may be oriented between 60° and 80°, 
or between approximately these values. In some cases, the 
sidewalls may be oriented between 65° and 75°, or between 
approximately these values. The slope of the etched sapphire 
sidewalls 212 may be controlled by adjusting the etch rate of 
the resist 210 (e.g., adjusting a concentration of etchant for 
the resist) and/or adjusting the slope of the sidewalls 215 of 
the resist 210 (e.g., adjusting exposure and development 
conditions for patterning the resist) and/or adjusting etch 
parameters for the sapphire etch. 

10080] According to some embodiments, a spacing or 
pitch P of the trenches etched into the sapphire may be 
between 0.25 micrometers (tim) and 10 tim, or between 
approximately these values. In some embodiments, the 
spacing between trenches may not be periodic. According to 
some embodiments, an etch depth D of the trenches may be 
between 50 nanometers (nm) and 2 tim, or between approxi-
mately these values. The width of the trenches may be 
approximately equal to, or equal to, one-half the pitch P, in 
some embodiments. In other embodiments, the width of the 
trenches may be greater than, or less than, one-half the pitch 
P. After etching the trenches, any remaining resist may be 
removed from the substrate 111 using a dry etch, a solvent, 
or a substrate cleaning process that dissolves the resist 210. 
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10081] As illustrated in FIG. 2D, a high-temperature con-
formal coating 220 may be formed over the surface of the 
substrate 111 in some embodiments. The high-temperature 
conformal coating 220 may comprise an oxide (e.g., a 
silicon oxide) and/or a nitride (e.g., a silicon nitride). In 
some embodiments, the high-temperature conformal coating 
220 and may be formed by a high-temperature conformal 
deposition process. The temperature during deposition may 
be between 300° C. and 10000 C., or between approximately 
those temperatures. For example, an oxide may be deposited 
by a chemical vapor deposition (CVD) process, such as 
plasma-enhanced chemical vapor deposition (PECVD). In 
some implementations, the high-temperature conformal 
coating 220 may be deposited by an atomic layer deposition 
(ALD) process. The thickness of the conformal coating 220 
may be between 10 nm and 50 nm, or between approxi-
mately these values, according to some embodiments. The 
conformal coating 220 may cover one or more patterned 
surfaces of the substrate 111. In some embodiments, the 
conformal coating 220 may cover all of the patterned 
surfaces of the substrate 111 as depicted in FIG. 2C. A 
conformal coating may have a uniform thickness, irrespec-
tive of the substrate surface's orientation, unlike a coating 
produced by c-beam evaporation, for example. 

10082] In some embodiments, a shadow evaporation may 
be performed to form a resist 230 over one or more portions 
of the high-temperature conformal coating 220. For 
example, as illustrated in FIGS. 2E-2F, the substrate 111 
may be inclined at an angle with respect to a target in an 
electron-beam evaporation system. During the evaporation, 
evaporants 228 may be incident on exposed surfaces of the 
high-temperature conformal coating 220. One or more of the 
surfaces of the high-temperature conformal coating 220 
(e.g., "shadowed surfaces" 225) may be hidden or screened 
from the incident evaporants 228 by an overlying surface. 
These shadowed surfaces 225 may not be coated by the 
evaporants 228. The evaporants may comprise metal (e.g., 
any one or combination of Cr, Ni, Al, Ti, Au, Ag) or any 
other material that may be used as evaporants. 

10083] In some embodiments, photolithography may be 
used to form a resist over selected surfaces of the conformal 
coating 220. Photolithography may involve several process-
ing steps (e.g., resist deposition, exposure, and developing), 
and may involve an alignment of a photomask to the 
substrate features. 

10084] In some embodiments, a shadow evaporation may 
be used to form a hard resist 230 over selected surfaces of 
the coating 220 in one step without the need for alignment 
of a mask to the substrate, resulting in a structure as depicted 
in FIG. 2F. The shadowed surfaces 225, screened from the 
evaporant, may have an exposed oxide layer 220 covering 
the c-plane surfaces of the patterned sapphire substrate, but 
not include an overlayer of metal or other protective resist 
230. A selective anisotropic dry etch may then be performed 
to remove the coating 220 from the shadowed surfaces 225 
and expose the underlying sapphire. The dry etch may 
comprise a fluorine-based etchant for etching coating 220, 
according to some embodiments. The etching may expose 
the underlying crystal-growth surfaces 115 of the patterned 
sapphire substrate, as depicted in FIG. 2G. In some embodi-
ments, a wet etch (e.g., a buffered oxide etch) may be used 
to remove an oxide coating 220 from the surface 225. In 
some implementations, a wet or dry etch may not be 
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selective, and may be a timed etch. An etch that removes the 
coating 220 may, in some cases, partially etch the sapphire 
after removing the coating. 
10085] According to some embodiments, the resist 230 
may be removed with a dry or wet etch process and/or a 
substrate-cleaning process. For example, a hard coating of 
metal (e.g., Cr) may be removed with a suitable metal 
etchant. In some implementations, the substrate may be 
cleaned in preparation for epitaxial growth of Ill-nitride 
material. For example, the substrate may be cleaned in 
acetone, methanol, and a piranha solution before loading 
into a metal-organic chemical vapor deposition reactor for 
subsequent crystal growth. 
10086] In some embodiments, a buffer layer may be 
formed at the exposed crystal-growth surfaces 115 of the 
patterned substrate 111 to facilitate growth of semipolar 
Ill-nitride materials of integrated-circuit-grade quality and 
of a desired polarity. The buffer layer may be formed 
utilizing one or more buffer layer processes to provide 
suitable growth of semipolar GaN of a desired polarity from 
the patterned substrate 111, such as a low-temperature (LT) 
aluminum nitride (A1N) process, a high-temperature A1N 
process, a low-temperature GaN buffer layer process, a low 
temperature AlGaN buffer layer process, etc. 
10087] For example, gallium-polar semipolar GaN may be 
grown from the patterned substrate 111 utilizing a first 
buffer-layer process. In the first buffer-layer process, the 
substrate 111 may be subjected to a cleaning process fol-
lowed by a low-temperature GaN buffer layer growth pro-
cess, which may be carried out in the same growth reactor. 
The cleaning process may comprise heating the substrate to 
between 1000° C. and 1200° C., or between approximately 
these values, in a hydrogen (H2) ambient or any other 
suitable ambient. In some embodiments, the buffer layer 
may be formed under GaN epitaxial growth conditions at 
temperatures between 400° C. and 650° C., or between 
approximately these values. 
10088] According to some embodiments, the low-tem-
perature GaN buffer layer may be formed at a temperature 
of approximately 500° C. In some cases, the chamber 
pressure may be maintained between 50 mbar and 400 mbar, 
or between approximately these values. A flow rate of NH3
may be between 1 slm and 4 slm, or between approximately 
these values, and a flow rate of trimethylgallium (TMGa) 
may be between 5 sccm and 50 sccm, or between approxi-
mately these values. The buffer layer may be grown to a 
desired thickness. For example, a thickness of the buffer 
layer may be between 10 nm and 50 nm, or between 
approximately these values, in some embodiments. 
10089] In some embodiments, a low-temperature GaN 
buffer layer heated to above 900° C. may diffuse more 
readily than a low-temperature A1N layer. In some embodi-
ments, a low-temperature GaN buffer layer may migrate and 
redistribute from other oxide-covered surfaces of the sub-
strate 111 to the exposed c-plane crystal-growth surfaces 
115. This redistribution can promote selective growth of 
GaN at the crystal-growth surfaces. In some implementa-
tions, a low-temperature A1N buffer layer may be used prior 
to forming gallium-polar semipolar GaN. For example, the 
first buffer layer process above may be used with trimeth-
ylaluminum (TMA1) substituted for TMGa. 
10090] After growth of a low-temperature buffer layer 
according to the first buffer layer process, the temperature of 
the substrate may be ramped up for high-temperature growth 
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of gallium-polar semipolar GaN from the crystal-growth 
surfaces. According to some embodiments, the low-tem-
perature GaN buffer layer may be annealed for a period of 
time at a temperature between 8500 C. and 1150° C., or 
between approximately these values, prior to introducing 
reactants for GaN growth. The annealing period may be 
between 1 minute and 10 minutes, or between approxi-
mately these values. High-temperature growth of gallium-
polar semipolar GaN, for example, may occur at tempera-
tures between 900° C. and 1150° C., or between 
approximately these values according to some implementa-
tions. 

10091] As another example, a second buffer layer process 
may be used to form nitrogen-polar semipolar GaN from the 
crystal growth surfaces 115. In the second buffer layer 
process, the substrate 111 may be thermally cleaned as 
described for the first buffer layer process. A nitridation 
process may then be performed to nitridate exposed crystal-
growth surfaces 115. According to some embodiments, the 
nitridation process may comprise heating the substrate 111 
to a temperature between 850° C. and 1110° C., or between 
approximately these values, in an ambient comprising a 
mixture of nitrogen (N2) and ammonia (NH3) gases. The N2
flow rate may be between 2 slm and 8 slm, or between 
approximately these values. The NH3 flow rate may be 
between 1 slm and 6 slm, or between approximately these 
values. The duration of nitridation may be between 0.5 
minute and 5 minutes, or between approximately these 
values. Because of the nitridation, growth from the c-plane 
sapphire at the crystal-growth surfaces 115 would be least 
favorable compared to other surfaces of the patterned sap-
phire substrate 111. Therefore, the masking layer 140 (e.g., 
conformal oxide coating 220) may be formed to prevent 
unwanted crystal growth at the other sapphire surfaces. 

10092] Following nitridation, the substrate 111 may be 
subjected to a low-temperature GaN buffer layer process 
during which the substrate is heated to between 400° C. and 
650° C., or between approximately these values in some 
implementations. In some cases, the substrate 111 may be 
heated to approximately 500° C., and the chamber pressure 
may be maintained between 100 mbar and 300 mbar, or 
between approximately these values. Aflow rate of NH3 may 
be between 0.5 slm and 5 slm, or between approximately 
these values. The flow rate of trimethylgallium (TMGa) may 
be between 5 sccm and 50 sccm, or between approximately 
these values. The LT GaN buffer layer may be grown to a 
thickness between 20 nm and 100 nm, or between approxi-
mately these values. In some embodiments, the buffer layer 
may be grown to a thickness greater than 50 nm and less than 
100 nm. Improved growth conditions for nitrogen-polar 
semipolar GaN are found when the LT GaN buffer layer is 
formed under the following conditions: the chamber pres-
sure is approximately 200 mbar, the NH3 flow rate is 
approximately 1 slm, the Ga flow rate is approximately 40 
sccm, and the buffer layer is grown to a thickness of 
approximately 80 nm. 

10093] After growth of a low-temperature GaN buffer 
layer according to the second buffer layer process, the 
temperature of the substrate may be ramped up for high-
temperature growth of nitrogen-polar semipolar GaN from 
the crystal-growth surfaces. In some implementations, the 
low-temperature GaN buffer layer may be annealed prior to 
high-temperature growth of nitrogen-polar semipolar GaN 
material. The inventors have found improved results for 
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subsequent growth of the nitrogen-polar semipolar GaN 
when the anneal time for the low-temperature GaN buffer 
layer is reduced compared to that used for growing gallium-
polar semipolar GaN by up to a factor of three. During the 
anneal, the H2 flow rate may be between 2 slm and 8 slm, or 
between approximately these values. The NH3 flow rate may 
be between 0.5 slm and 6 slm, or between approximately 
these values. The duration of annealing may be between 0.5 
minute and 3 minutes, or between approximately these 
values. The anneal temperature may be between 850° C. and 
1150° C., or between approximately these values. 

10094] A difficulty of growing nitrogen-polar semipolar 
GaN from a low-temperature GaN buffer, as compared to 
growing gallium-polar semipolar GaN, is attributed to dif-
ferent transformations that occur during annealing of the 
buffer layers based on the polarities of the buffers, and the 
selectivity processes that occur on patterned sapphire sub-
strates. For example, a Ga-polar GaN low-temperature GaN 
buffer layer may undergo a ripening recrystallization phase 
during annealing (which can be indicated by a nose-like 
peak in in-situ reflectance traces). During the recrystalliza-
tion phase, decomposition and redeposition of the GaN may 
occur, which can favor the growth of Wurtzite phase nuclei 
on the substrate. 

10095] In contrast, and as can be seen by reflectance 
measurements, an N-polar GaN buffer layer may not 
undergo such a transformation, so that high-temperature 
GaN growth may proceed without a roughening-recovery 
phase with instant oscillations. For N-polar GaN, inspection 
of a buffer layer and initial growth stages by scanning-
electron microscopy (SEM) and atomic-force microscopy 
(AFM) show an enhanced decomposition of the buffer layer. 
A rate-limiting process of GaN decomposition may be 
attributed to the formation of GaN at the substrate surface. 
The difference in decomposition rate between gallium and 
nitrogen polarities may be attributed to the bond confgu-
rations in the crystal structure, where in each bilayer the 
metal ion has only one back bond to nitrogen atoms (case of 
nitrogen-polarity) instead of three bonds (gallium-polarity). 
For a Ga-polar GaN buffer layer, an enabling factor for 
uniform crystal growth is redistribution of the low-tempera-
ture-GaN buffer layer onto the c-sapphire crystal-growth 
surfaces during annealing. Since redistribution does not 
occur readily with a nitridized sapphire surface and N-polar 
low-temperature-GaN buffer layer, sparse nucleation can 
result, and has been observed by the inventors. To improve 
subsequent crystal-growth uniformity for the N-polar case, 
the buffer layer thickness may be increased and the buffer 
layer anneal time may be reduced. 

10096] According to some embodiments, a buffer layer 
may be formed from a material different than a subse-
quently-grown material. For example, a buffer layer may be 
formed from any suitable Ill-nitride alloy (e.g., AN, InN, 
AlGaN, InGaN, InAlGaN), whereas a subsequently-grown 
epitaxial layer may comprise GaN or other Ill-nitride mate-
rial. In some implementations, a buffer layer may be formed 
from GaN, and a subsequently-grown semipolar epitaxial 
layer may comprise any other suitable Ill-nitride alloy. The 
formation of other semipolar materials may require the 
addition or substitution of other reactants, such as trimeth-
ylaluminum (TMA1) or triethylaluminum (TEAl) as sources 
of aluminum and trimethylindium (TMIn) or triethylindium 
(TEIn) as sources of indium. Reactants used for forming 
GaN epilayers may include triethylgallium (TEGa) or trim-
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ethylgallium (TMGa). The flow rates for these gases may be 
between 5 sccm and 300 sccm during growth or regrowth of 
a semipolar Ill-nitride epilayer. 

10097] After formation of a buffer layer, epitaxial growth 
of a semipolar Ill-nitride material may be carried out. As 
growth of semipolar Ill-nitride material (e.g., gallium-polar 
semipolar GaN) proceeds from the crystal-growth surfaces 
115, islands of Ill-nitride crystals 250 may form across the 
surface of the patterned sapphire substrate 111, as depicted 
in FIG. 2H. Because of the inclination of the crystal growth 
surfaces 115 with respect to the patterned substrate 111, the 
Ill-nitride crystals 250 may grow with a selected crystallo-
graphic plane in a direction that is parallel to the original 
planar surface of the patterned substrate 111. Examples of 
the selected crystallographic plane may include (2021) (e.g., 
for gallium-polar semipolar GaN), (2021) for nitrogen-polar 
semipolar GaN). Crystallographic orientations for nitrogen-
polar semipolar GaN crystals 250 are depicted by the axes 
202 in FIG. 2H. 

10098] The epitaxial growth process for a group Ill-nitride 
material, after formation of the buffer layer, may comprise 
metal-organic chemical-vapor deposition (MOCVD), 
according to some embodiments. In some embodiments 
molecular-beam epitaxy (MBE) or hydride vapor phase 
epitaxy (HVPE) processes may be used. To form relatively 
thin layers, atomic layer deposition may be used. In an 
exemplary MOCVD process, the growth conditions may 
comprise a growth temperature between 980° C. and 1070° 
C., or between approximately those temperatures, and a 
chamber pressure between 50 mbar and 300 mbar, or 
between approximately those pressures. The flow rate of 
NH3 gas may be between 0.5 slm and 4 slm, or between 
approximately those flow rates. The flow rate of trimethyl-
gallium or triethylgallium may be between 10 sccm and 50 
sccm, or between approximately those flow rates. 

10099] FIG. 21 is a scanning electron micrograph showing, 
in plan view, examples of gallium-polar semipolar GaN 
crystals 250 grown from a masked and patterned sapphire 
substrate, according to some embodiments. The patterned 
sapphire substrate comprises crystal-growth surfaces 115 
spaced approximately 6 im apart, and the etch depth D of 
trenches in the sapphire substrate is approximately 1 tm. 
The crystal-growth surfaces are oriented at approximately 
0=75° with respect to the process surface of the substrate. 
Other surfaces on the patterned sapphire substrate were 
masked with a PECVD oxide, as described above in con-
nection with FIGS. 2D-2G. A low-temperature GaN buffer 
layer approximately 20 nm thick was formed, without nitri-
dation, on the crystal growth surfaces 115 of the substrate. 
In other embodiments, a low-temperature A1N buffer may be 
used. The growth conditions for the GaN buffer layer were: 
pressure of approximately 200 mbar, temperature of 
approximately 500° C., an NH3 flow of approximately 1 
slm, and a TMGa flow rate of approximately 40 sccm. For 
a low-temperature A1N buffer layer, a TMA1 flow rate of 
approximately 25 sccm may be used. Subsequently, gallium-
polar semipolar GaN was grown under the following epi-
taxial growth conditions: a growth temperature of approxi-
mately 1030° C., a growth pressure of approximately 100 
mbar, a flow rate of TMGa of approximately 40 sccm 
TMGa, and a flow rate of NH3 at about approximately 1 slm. 
The micrograph in FIG. 21 shows that bars of GaN crystal 
250 may be grown from the crystal-growth surfaces 115 
with high spatial uniformity. 
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10100] Epitaxial growth may be continued so that the 
Ill-nitride crystals 250 coalesce to form a continuous epi-
taxial semiconductor layer 120 over the patterned substrate 
111 (e.g., as illustrated in FIG. 2A). 
10101] FIG. 3 is a scanning electron microscope (SEM) 
image of a growth template 300 for fabrication of group 
Ill-nitride materials according to some embodiments of the 
present disclosure. As illustrated, growth template 300 may 
include a semiconductor layer 120 of group Ill-nitride 
materials formed on a substrate 111. The semiconductor 
layer may include an epitaxial layer of semipolar group 
Ill-nitride materials (e.g., semipolar GaN). The semiconduc-
tor layer 120 may contain coalesced group Ill-nitride mate-
rials (e.g., coalesced semipolar GaN). The semiconductor 
layer 120 may have a suitable thickness. For example, a 
thickness of the epitaxial layer 120 may be approximately 8 
microns. A thickness of the coalesced epitaxial layer may be 
between 100 nm and 20 microns, in some embodiments. In 
some embodiments, thicker layers of group Ill-nitride mate-
rials may be grown. 
10102] As illustrated in FIG. 3, an upper surface of the 
epitaxial layer 120 may have ridges 310 in some implemen-
tations. The ridges 310 may run parallel to the crystal growth 
surfaces 115. The formation of the ridges 310 may result 
from intersections of crystallographic growth planes of the 
group Ill-nitride materials (e.g., the (1010) and (1011) 
planes for growth of gallium-polar semipolar GaN). The 
formation of the ridges 310 may depend on a specific 
semipolar or nonpolar crystallographic orientation of the 
group Ill-nitride materials. For example, the ridges 310 may 
represent intersections of the (1010) and (1011) planes for 
growth of gallium-polar semipolar GaN (e.g., (2021) GaN). 
10103] In some embodiments, the growth template 300 
may be planarized to form a process surface 125. The growth 
template 300 may be planarized using any suitable pla-
narization techniques, such as chemical-mechanical polish-
ing, grinding and polishing, etc. In some embodiments, the 
process surface 125 may be parallel to or approximately 
parallel to a semipolar crystallographic plane of the semi-
conductor layer 120 (a (2021) plane of the GaN semicon-
ductor). In some embodiments, the process surface 125 may 
be inclined at an angle with respect to the semipolar crys-
tallographic plane of the semiconductor layer 120. 
10104] Stacking faults may occur in one or more regions 
of the epitaxial layer 120 when the epitaxial layer 120 is 
formed on the substrate 111. For example, as illustrated in 
FIG. 4A, regions 410 of the epitaxial layer may contain 
stacking faults (also referred to as the "stacking-fault 
regions"). In some embodiments, the stacking faults may 
occur as the GaN crystal grows in the [000fl direction along 
a heterogeneous interface. Stacking-fault regions 410 may 
form as the islands of Ill-nitride crystals 250 grow from the 
crystal growth surfaces 115 on the substrate 111 over 
masked regions of the substrate 111 in the [0001] direction. 
The stacking-fault regions 410 may be separated by uniform 
regions 420 where the crystal forms in other directions and 
is free of or substantially free of stacking faults. In some 
embodiments, certain defects may be present in the uniform 
regions 420 at considerably lower density (e.g., having a 
density lower than a threshold). 
10105] The stacking faults may also be observed using 
cathodoluminescence (CL) measurements of an area of the 
epitaxial layer. In a CL measurement, energetic electrons 
impinge on the epitaxial layer and cause the layer to lumi-
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nescence. Regions that contain defects may not luminesce 
and appear dark when viewed microscopically. FIG. S shows 
a cathodoluminescence (CL) image of a gallium-polar semi-
polar GaN epitaxial layer formed on a patterned sapphire 
substrate. As shown, the stacking fault regions 410 appear as 
dark bands running across the surface of the substrate. The 
spacing of the dark bands is approximately equal to the 
spacing of the crystal growth surfaces 115 on the patterned 
surface. 

10106] The stacking faults may adversely affect semicon-
ductor devices fabricated on the epitaxial layer 120. One or 
more of the stacking-fault regions 410 may be minimized 
and/or eliminated using one or more processing techniques 
in accordance with the present disclosure. For example, the 
growth of the epitaxial layer 120 may be terminated after the 
stacking-fault regions have formed. The stacking-fault 
regions 410 may be removed (e.g., selectively etched away). 
The removal of the stacking-fault regions 410 may form one 
or more voids in the epitaxial layer 120. A subsequent 
selective-growth process may then be used to regrow the 
group Ill-nitride material to fill the voids. The selective-
growth process may involve accelerating growth rates of one 
or more undesirable facets (e.g., the (0001) facets in the 
example of FIG. 4A and FIG. 4B) over the growth rate of 
other crystal growth facets (e.g., the (1010) and (1011) 
facets in this example). According to the Wulff principal, the 
crystal facets with the highest growth rate will terminate 
more quickly than facets with lower growth rates, and the 
crystal shape will be dominated by the facets with the lower 
growth rates. Elimination of the (0001) growth facets can 
remove it as a source of stacking-fault formation. 

10107] FIGS. 6A-6E show structures associated with a 
process for removing stacking-fault regions in epitaxial 
layers of Ill-nitride material formed over a foreign substrate. 
Although the example shown continues with a same semi-
polar orientation of GaN described above, the embodiments 
are not limited to only the depicted semipolar orientation. 
The processing steps may be applied to other orientations of 
group Ill-nitride materials (e.g., GaN) including nonpolar 
orientations. The other orientations may include, for 
example, (1122), (1120), (1011), (1010), and (3031) orien-
tations. In some embodiments, facet orientations within 60 
degrees of a nonpolar facet orientation, or approximately 
within this value, may be desirable for semiconductor device 
applications such as LEDs, lasers, and transistors 

10108] As illustrated in FIG. 6A, as the Ill-nitride crystals 
250 grow as described in connection with FIGS. 2A-S, 
stacking-fault regions 410 may form in the [0001] direction 
along the (0001) facet. As the crystals 250 increase in size, 
well-defined facets may form on upper surfaces of the 
crystals. The facets may have various orientations. For 
example, as illustrated in FIG. 6B, the (1010) and (1011) 
facets may form on the upper surfaces. The stacking-fault 
regions 410 may increase in size as the group Ill-nitride 
crystals 250 expand across the substrate 111. Facets of 
various orientations may have different quantities and/or 
densities of stacking faults. For example, the semiconductor 
that forms in the [0001] direction may have significantly less 
or negligible stacking faults compared to the semiconductor 
that forms in the [0001] direction. In one implementation, 
the epitaxial growth of the group Ill-nitride material may 
continue until the group Ill-nitride crystals 250 coalesce, as 
depicted in FIG. 6C. In another implementation, the group 
Ill-nitride crystals 250 do not have to coalesce. 
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10109] After the formation of stacking-fault regions 410, 
the growth of the group Ill-nitride materials may be termi-
nated. The substrate 111 and/or crystals 250 may be selec-
tively etched to remove the stacking faults and/or to reshape 
the group Ill-nitride crystals 250. For example, the selective 
etch may be and/or include a wet, anisotropic etch that may 
etch certain facets of a formed crystal 250 and stops on other 
facets of the crystal 250. For example, a wet potassium 
hydroxide (KOH) etch may be employed. The KOH con-
centration may be between 5% and 50% KOH in water by 
weight, or between approximately these values. The KOH 
solution may be heated to a suitable temperature (e.g., a 
temperature between 20° C. and 80° C., or between approxi-
mately these values). In some implementations, the KOH 
concentration may be between 20% and 50% KOH, or 
between approximately these values, in water by weight and 
the etching temperature may be between 30° C. and 80° C., 
or between approximately these values. The etching time 
may be between 1 minute and 60 minutes, depending on the 
size of the crystals 250, the etchant concentration, and the 
etching temperature. In some implementations where the 
same or different crystal orientations may be desired, other 
etchants may be used such as, but not limited to, sodium 
hydroxide (NaOH), sulfuric acid (H2PO4), phosphoric acid 
(H3PO4). 

10110] In some embodiments, the selective etch may stop 
on one or more facets of the crystal 250, so that the etch may 
self-terminate and the etch-back may not have to be pre-
cisely timed. For example, the KOH etch may rapidly etch 
the (0001) facets of the crystals 250 and effectively stop on 
the (1010), (1011), and (1011) facets. In some implemen-
tations, the etch rates for the (1010), (1011), and (1011) 
facets may be slower (e.g., at least ten times slower) than the 
etch rate for the (0001) facet. A resulting reshaped crystal 
structure (for gallium-semipolar GaN) is depicted in FIG. 
6D. The remaining top-side facets may comprise the (1OAI) 
facet and the (1011) facet, according to some embodiments. 
The removal of the stacking-fault regions 410 and/or reshap-
ing of the crystals 250 may form one or more voids 610 
between the reshaped crystals 650. After the etch back and 
removal of the stacking-fault regions 410, the substrate may 
be cleaned in deionized water and a selective-growth pro-
cess may be employed to regrow the group Ill-nitride 
material (e.g., GaN) on the reshaped crystals 650. The 
selective-growth may include growing GaN in which the 
growth rate of a selected facet is made faster than one or 
more other growth facets. Since the stacking faults are 
generated in the (000j) basal-planes of GaN during initial 
growth of this facet, it is desirable to reduce or eliminate 
(000j) basal-plane growth facet during regrowth in order to 
get rid of the stacking faults. 

10111] According to the theory of kinetic Wulff-plot, dur-
ing the convex growth of a crystal, the facets with fast 
growth rates will disappear and the crystal shape will be 
dominated by the facets with slow growth rates. To eliminate 
and/or minimize facets that are associated with stacking 
faults (e.g., the (000fl facets) during the regrowth, the facets 
associated with the stacking faults and the facets associated 
with no or negligible stacking faults may be grown at 
various grown rates. For example, a first facet associated 
with a first density of stacking faults may be grown at a first 
growth rate while a second facet associated with a second 
density of stacking faults may be grown at a second growth 
rate. The first density of stacking faults may be greater than 
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the second density of stacking faults. The first growth rate 
may be faster than the second growth rate. In some embodi-
ments, the first facet may include the (0001) facet. The 
second facet may include, for example, the (1011) facet. 
10112] In some embodiments, the various growth rates 
may be achieved by accelerating the growth rate(s) of the 
facets associated with the stacking faults and/or reducing the 
growth rate(s) of the facets that are associated with no or 
negligible stacking faults. For example, the growth rate of 
the (0001) facet may be increased relative to the growth rate 
of at least the (1011) facet, so that the shape of the crystal 
250 may be dominated by the (1011) facet and/or other 
facets grown at a relatively slow rate. The growth rate of the 
N-polar (0001) growth facet may be enhanced, for example, 
by adding in some impurity species during regrowth. 
Examples of the impurity species may include antimony 
(Sb), germanium (Ge), bismuth (Bi), etc. The resulting 
regrown crystals can then eliminate growth from a (0001) 
facet and form with stable growth facets (1011), (1010), and 
(1011), as illustrated in FIG. 6E. Regrowth or continued 
growth portions 670 of the crystals may include the impurity 
dopant. An example SEM image, regrown, gallium-polar 
semipolar GaN on a PSS is shown in FIG. 8. According to 
some embodiments, the regrowth may continue until the 
voids 610 are covered and/or the reshaped crystals 650 grow 
until they coalesce. 
10113] In some embodiments, the regrowth of the group 
Ill-nitride material (e.g., GaN) may include growing the 
group Ill-nitride material using a metal-organic chemical 
vapor deposition (MOCVD) process. The MOCVD process 
may be carried out under certain growth conditions. For 
example, the regrowth temperature may be between 950° C. 
and 1070° C., or between approximately these values. The 
pressure may be between 50 mbar and 400 mbar, or between 
approximately these values. The TMGa or TEGa flow rate 
may be between 10 imol/min and 200 imol/min, or between 
approximately these values. The NH3 flow rate may be 
between 0.5 slm and 5 slm, or between approximately these 
values. The impurity doping level may be between lx iO' 
cm 3 and 5x10'9 cm 3, or between approximately these 
values. For lower and higher doping levels, stacking faults 
were observed to form. According to some embodiments, 
the doping range may be between lxl0'8 cm 3 and lxl0'9
cm 3, or between approximately these values. 
10114] In some embodiments, the impurity doping may be 
discontinued after the reshaped crystals 650 coalesce during 
the regrowth. A layer of a desired Ill-nitride material may 
then be grown. A thickness of the layer may be, for example, 
between 2 microns and 20 microns. The resulting epitaxial 
layer 680 may have ridges 310 as shown in FIG. 6F, but may 
have a greatly reduced density of stacking faults compared 
to the case shown in FIG. 3. For example, the density of 
stacking faults for the sample shown in FIG. 3 may be as 
high as lx 106 cm 2, and the density of stacking faults for 
epitaxial layers of Ill-nitride material produced according to 
the present embodiments may be no more than 102 cm2. 
According to some embodiments, the substrate may be 
subsequently planarized (e.g., using chemical-mechanical 
polishing) to remove the ridges 310 and produce a planar 
process surface parallel to the (2021) gallium-polar semi-
polar facet, for example. 
10115] FIGS. 7A, 7B, and 7C show structures associated 
with forming nonpolar group Ill-nitride materials. To grow 
a group Ill-nitride material (e.g., GaN) with a nonpolar 
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orientation, a sapphire substrate 111 may be selected with its 
c-plane oriented perpendicular to the substrate surface. The 
sapphire substrate 111 may be patterned with vertical side-
walls that are approximately parallel to the sapphire sub-
strate's c-plane. As depicted in FIG. 7A, crystals 720 of 
nonpolar GaN may be formed using growth techniques as 
described above from the crystal growth surfaces 715. As the 
crystals 720 grow, stacking-fault regions 410 may form in 
the [000fl direction as the crystal expands over the masked 
areas. 
10116] A subsequent etch may be performed to remove the 
stacking-fault regions 410 and to reshape the crystals, as 
depicted in FIG. 7B. The resulting growth facets may 
comprise the (10fl), (1010), and (1011) facets. A subse-
quent regrowth with an impurity dopant as described above 
may be carried out to form stacking-fault free crystals 730, 
as indicated in FIG. 7C. Growth of the stacking-fault free 
crystals 730 may continue until they coalesce over the 
substrate 111. The dopant may be terminated and a thick 
layer of stacking-fault-free, nonpolar GaN may be formed 
over the substrate 111. 
10117] Although two different crystal orientations are 
shown in FIG. 6E and FIG. 7C, a semiconductor crystal may 
be formed in any orientation from polar to nonpolar and a 
final crystal facet need not be parallel to a process surface of 
the finished substrate. Any selected crystal facet may be 
either parallel to or oriented at a desired angle with respect 
to the process surface. The orientation of the epitaxial 
crystals is primarily determined by the cut of the sapphire 
substrate. In one implementation, the etched sidewalls 112 
of the sapphire substrate may be parallel to or approximately 
parallel to the c-plane facet of the sapphire substrate. In 
another implementation, the etched sidewalls 112 may be 
inclined at a certain angle (e.g., as much as 5 degrees) with 
respect to the c-plane facet of the sapphire substrate. 
10118] When nitrogen-polar orientations of a group III-
nitride material, such as GaN, are formed, stacking faults 
may or may not form at the (0001) growth facet. In a 
nitrogen-polar orientation, the (000j) growth facet may 
form away from a masked region and not along its surface. 
Instead, the (0001) growth facet may form along a masked 
surface and generate stacking faults. Accordingly, an impu-
rity dopant may be used to increase the growth rate of the 
(0001) growth facet. In some cases, Sb, Ge, Bi, etc. may be 
added as a dopant within the ranges specified above to 
eliminate the (0001) growth face. 
10119] FIG. 8 is a SEM micrograph showing regrown, 
stacking-fault free crystals of gallium-polar semipolar GaN 
on a patterned sapphire substrate 111. The resulting growth 
facets after etch-back and regrowth with a Sb, Ge or Bi 
dopant are the (1011), (1010), and (1011) facets. Other 
orientations of the sapphire substrate may result in other 
resulting growth facets. For this example, the periodicity of 
patterns on the sapphire substrate 111 is approximately 6 
microns. Other periodicities may be used in other embodi-
ments. According to some implementations, the periodicity 
may be nanoscale, e.g., between 20 nm and 500 nm. With 
smaller periodicity, the portion of the epitaxial layer sub-
jected to etch-back and regrowth with an impurity may be 
appreciably less than when the periodicity is on the order of 
5 microns. A thinner portion of the GaN layer subjected to 
etch-back and regrowth may result in a lower defect density 
at the surface of a coalesced epitaxial layer that is microns 
thick. 
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10120] The crystalline quality of a 7-micron thick epitaxial 
layer of (2021) GaN (shown in FIG. 6F) was characterized 
by cathodoluminescence (CL). A plan-view monochromatic 
CL image at emission wavelength of 365 nm is shown in 
FIG. 9. This image in comparison with the CL image of FIG. 
S shows that the periodic pattern of stacking faults (dark 
bands running across the GaN layer) is not present. The short 
discrete dark lines shown in FIG. 9 (marked by white 
arrows) may be associated with clusters of threading dislo-
cations created at the interface between GaN and the sap-
phire substrate. 
10121] Although the methods and embodiments described 
above include steps of initial crystal growth, etch-back to 
remove stacking faults due the lateral growth of N-polar 
(000fl GaN facet over a heterogeneous surface and to 
reshape the initial crystals, and further growth of the 
reshaped crystals with an impurity dopant, the etch-back 
process may be omitted in some embodiments. In some 
embodiments, the initial growth of crystals (e.g., crystals 
250 in FIG. 6A) on a patterned sapphire substrate with a 
suitable buffer layer may be carried out with an impurity 
dopant such as Sb, Ge, Bi, etc. Initial growth with the 
impurity dopant may eliminate the (0001) growth facet 
quickly and prevent the stacking fault regions 410 from 
forming during the initial stages of crystal growth. Instead, 
the initial crystals may form with the (1011), (1010), and (10 
jj) facets as depicted in FIG. 6D. Growth with the impurity 
dopant may continue until the crystals coalesce, as depicted 
in FIG. 6E for example. An initial portion of the epitaxial 
layer that includes the initial growth crystals may be doped 
with the impurity dopant. After the growth crystals coalesce, 
the dopant may be discontinued for subsequent Ill-nitride 
growth that is substantially free of stacking faults. 
10122] FIG. 10 is a flow diagram illustrating an example 
1000 of a method for producing a group Ill-nitride substrate 
according to some embodiments of the disclosure. 
10123] As illustrated, method 1000 may begin at block 
1010 where a growth template may be provided for growing 
one or more group Ill-nitride materials. The growth template 
may include one or more layers of a group Ill-nitride 
material and/or any other suitable material. For example, the 
growth template may include an epitaxial layer of the group 
Ill-nitride material (e.g., GaN) formed on a foreign substrate 
(e.g., a sapphire substrate). In some embodiments, the 
growth template may be and/or include a growth template 
110 as described in connection with FIGS. 1A-9 above. 
10124] In some embodiments, the growth template may be 
provided by performing one or more operations depicted in 
blocks 1012-1014. 
10125] At block 1012, a patterned foreign substrate may 
be provided. The patterned substrate may be formed using 
an initially unetched substrate. The orientation of the foreign 
substrate may be selected based on a desired crystallo-
graphic orientation of a semiconductor layer to be formed on 
the foreign substrate and/or an epitaxial relation between the 
semiconductor layer and the foreign substrate. For example, 
the foreign substrate may be cut so that a c-plane of the 
foreign substrate (e.g., a (0001) plane) is oriented with 
respect to a substrate surface (e.g., a top surface) of the 
foreign substrate to align with the (0001) plane of the 
semiconductor layer (e.g., the (0001) GaN plane) when a 
crystallographic plane of the semiconductor layer with the 
desired crystallographic orientation (e.g., the (2021) GaN 
plane) is parallel to the substrate surface. In a more particu-
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lar example, a (2243) crystallographic plane of a sapphire 
substrate may be parallel to or approximately parallel to the 
substrate surface of the foreign substrate to facilitate growth 
of epitaxial layers of a group Ill-nitride material with a 
surface exposing a (2021) plane. 
10126] The patterned foreign substrate may include a 
plurality of surface structures (e.g., trenches and stripes) 
patterned across the substrate surface of the foreign sub-
strate. The patterned foreign substrate may include one or 
more crystal-growth surfaces. The crystal-growth surfaces 
may be approximately parallel to a c-plane facet of the 
foreign substrate. In some embodiments, the foreign sub-
strate may be provided by performing one or more opera-
tions described in connection with FIGS. 2A-2G above. 
10127] At block 1014, a semiconductor layer may be 
grown on the patterned substrate. The semiconductor layer 
may comprise one or more group Ill-nitride materials. The 
semiconductor layer may include one or more layers. For 
example, the semiconductor layer may include one or more 
buffer layers (e.g., an A1N buffer layer, a GaN buffer layer, 
a AlGaN buffer layer, etc.). As another example, the semi-
conductor layer may include an epitaxial layer of a group 
Ill-nitride material with a desired crystallographic orienta-
tion. In a more particular example, the semiconductor layer 
may include an epitaxial layer of semipolar or nonpolar 
GaN. A process surface of the semiconductor layer may be 
parallel to or approximately parallel to a semipolar plane or 
a nonpolar plane of the group Ill-nitride material (e.g., 
GaN). The process surface may be, for example, a surface of 
the semiconductor layer that does not contact with the 
foreign substrate. The semiconductor layer may be free of or 
substantially free of stacking faults. 
10128] In one implementation, growing the semiconductor 
layer may include growing facets of various orientations at 
various growth rates. For example, one or more facets of an
undesired orientation (e.g., an orientation associated with 
stacking faults) may be grown at a growth rate that is greater 
than that of one or more other facets. In some embodiments, 
the various growth rates may be achieved by doping the 
semiconductor layer with a suitable dopant (e.g., Sb, Ge, Bi, 
etc.). In another implementation, growing the semiconductor 
layer may include growing an initial layer of the group 
Ill-nitride material that includes stacking faults and remov-
ing the stacking faults from the initial layer of the first layer 
of the group Ill-nitride material. Regrowth of the group 
Ill-nitride material may be carried out after the removal of 
the stacking faults. In some embodiments, the semiconduc-
tor layer may be formed by performing one or more opera-
tions as described in connection with FIG. 11 below. 
10129] At block 1020, an epitaxial layer of the group 
Ill-nitride material may be formed on the growth template. 
The epitaxial layer may be formed on the process surface of 
the semiconductor layer (also referred to as the process 
surface of the growth template). Growing the epitaxial layer 
of the group Ill-nitride material may include growing the 
group Ill-nitride material in a suitable growth direction, such 
as a semipolar orientation or a nonpolar orientation. In some 
embodiments, the growth of the epitaxial layer may include 
growing the group Ill-nitride material using an HVPE 
process, an MBE process, an MOVCD process, and/or any 
other suitable epitaxial growth process. 
10130] At block 1030, the epitaxial layer of the group 
Ill-nitride material may be separated from the growth tem-
plate to form a substrate of the group Ill-nitride material. 
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Upon separation from the growth template, the epitaxial 
layer of the group Ill-nitride material may be used as a 
free-standing substrate for fabrication of semiconductor 
devices (e.g., LEDs, LDs, etc.). The epitaxial layer of the 
group Ill-nitride material may be separated from the growth 
template in any suitable manner. For example, the epitaxial 
layer of the group Ill-nitride material may be separated from 
the growth template along a longitudinal direction of the 
growth template. As another example, the epitaxial layer of 
the group Ill-nitride material may be separated from the 
growth template along an interface between the epitaxial 
layer and the growth template. The interface may be defined 
by a surface of the growth template and a surface of the 
epitaxial layer. The surface of the growth template may or 
may not contact with the surface of the epitaxial layer. In one 
implementation, the epitaxial layer of the group Ill-nitride 
material may be separated from the growth template by 
slicing the growth template and/or the epitaxial layer (e.g., 
along the longitudinal direction of the growth template). In 
another implementation, the epitaxial layer of the group 
Ill-nitride material may be separated from the growth tem-
plate by laser lift-off, chemical lift-off, etc. 

10131] FIG. 11 is a flow diagram illustrating an example 
1100 of a method for producing a semiconductor layer of 
group Ill-nitride materials according to some embodiments 
of the disclosure. 

10132] At block 1110, one or more buffer layers may be 
formed on a foreign substrate. The foreign substrate may be 
and/or include a patterned substrate provided at block 1012. 
The buffer layers may be formed from any suitable group 
Ill-nitride materials and/or any other suitable material, such 
as A1N, InN, AlGaN, InGaN, InAlGaN, etc. In some 
embodiments, the buffer layer(s) may be formed at the 
exposed crystal-growth surfaces of the foreign substrate. 
The buffer layer(s) may include one or more low-tempera-
ture buffer layers described in connection with FIG. 2G and 
may be formed under one or more growth conditions 
described in connection with FIG. 2G. For example, an A1N 
buffer layer and/or a GaN buffer layer may be formed on the 
foreign substrate. 

10133] At block 1120, an epitaxial layer of a group III-
nitride material may be formed. One or more regions of the 
epitaxial layer may include stacking faults. The epitaxial 
layer may be formed using any suitable epitaxial growth 
process, such as an MOVCD process, a HVPE process, an 
MBE process, etc. 

10134] The group Ill-nitride material (e.g., GaN) may be 
grown from the crystal-growth surfaces of the substrate. 
During the growth of the group Ill-nitride material, III-
nitride crystals (e.g., islands of Ill-nitride crystals 250 of 
FIG. 2H) may form across the surface of the patterned 
substrate. In some embodiments, the Ill-nitride crystals may 
grow with a crystallographic plane approximately parallel to 
the original planar surface of the foreign substrate. The 
crystallographic plane may be a semipolar plane or a non-
polar plane. In some embodiments, the growth of the group 
Ill-nitride material may be carried out so that the Ill-nitride 
crystals may coalesce. The Ill-nitride crystals may form a 
continuous epitaxial layer across one or more regions of the 
substrate and/or the entire substrate. 

10135] The group Ill-nitride material may be grown for a 
suitable period of time to achieve a desired thickness of the 
epitaxial layer. For example, the epitaxial layer of the group 

May 23, 2019 

Ill-nitride material may be grown to a thickness so that a 
density of defects of the epitaxial layer is not greater than a 
predetermined threshold. 

10136] In some embodiments, at block 1130, the epitaxial 
layer may be planarized. For example, a process surface of 
the epitaxial layer (e.g., an upper surface of the epitaxial 
layer) may be planarized to remove ridges formed due to 
intersections of crystallographic planes (e.g., the (1010) and 
(1011) planes for semi-gallium-polar GaN). The planariza-
tion may remove one or more portions of the epitaxial layer. 
The epitaxial layer may be planarized, for example, by 
chemical-mechanical polishing the process surface of the 
epitaxial layer. In some embodiments, regrowth of the 
Ill-nitride material may be carried out on the planarized 
surface to form a regrowth layer. 

10137] At block 1140, one or more stacking-fault regions 
of the epitaxial layer may be removed. For example, the 
epitaxial layer may be selectively etched to remove one or 
more regions of the epitaxial layer that contain stacking 
faults and/or to reshape the group Ill-nitride crystals grown 
on the growth template. In some embodiments, various 
facets of the Ill-nitride crystals may or may not be etched at 
the same etch rate. For example, facets with various crys-
tallographic orientations may be etched at various etch rates. 
More particularly, for example, one or more facets associ-
ated with the stacking-fault regions (also referred to as the 
"first facet(s)") may be etched at a first etch rate while one 
or more facets that are not associated with the stacking-fault 
regions (e.g., also referred to as the "second facet(s)") may 
be etched at a second etch rate. The first etch rate may be 
faster than the second etch rate. The first facet(s) associated 
with the stacking fault regions may be facet(s) with a first 
crystallographic orientation that associated with formation 
of the stacking faults (e.g., a (000fl direction). The second 
facet(s) that are not associated with the stacking-fault 
regions may be facet(s) with one or more other crystallo-
graphic orientations is different from the first crystallo-
graphic orientation (e.g., a second crystallographic orienta-
tion of (1010), a third crystallographic orientation of (10fl), 
a fourth crystallographic orientation of (1011), etc.). 

10138] At block 1150, the group Ill-nitride material may 
be regrown. The regrowth of the group Ill-nitride material 
may fill one or more voids in the semiconductor layer 
formed by the removal of the stacking-faults regions. The 
regrowth of the group Ill-nitride material may include 
growing facets with various crystallographic orientations at 
various growth rates. For example, a first facet with the first 
crystallographic orientation may be grown at a first growth 
rate. A second facet with a second crystallographic orienta-
tion may be grown at a second growth rate. The first 
crystallographic orientation and/or the first facet may be 
associated with a first quantity and/or density of stacking 
faults (e.g., a quantity and/or density of stacking faults 
greater than a threshold). The second crystallographic ori-
entation and/or the second facet may be associated with a 
second quantity and/or density of stacking faults (e.g., a 
quantity and/or density of stacking faults is not greater than 
a threshold). In some embodiments in which the first quan-
tity and/or density of stacking faults is greater than the 
second quantity and/or density of stacking faults, the first 
growth rate may be faster than the second growth rate. In one 
implementation, the first growth rate may be greater than the 
second growth rate. 
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10139] In some embodiments, the various growth rates 
may be controlled by accelerating the growth rate of one or 
more facets associated with the stacking faults. For example, 
the first growth rate of the first facet may be accelerated by 
adding one or more suitable dopants (e.g., Sb, Ge, Bi, etc.) 
during the regrowth of the group Ill-nitride material. 

10140] For simplicity of explanation, the methods of this 
disclosure are depicted and described as a series of acts. 
However, acts in accordance with this disclosure can occur 
in various orders and/or concurrently, and with other acts not 
presented and described herein. Furthermore, not all illus-
trated acts may be required to implement the methods in 
accordance with the disclosed subject matter. In addition, 
those skilled in the art will understand and appreciate that 
the methods could alternatively be represented as a series of 
interrelated states via a state diagram or events. Additionally, 
it should be appreciated that the methods disclosed in this 
specification are capable of being stored on an article of 
manufacture to facilitate transporting and transferring such 
methods to computing devices. The term "article of manu-
facture," as used herein, is intended to encompass a com-
puter program accessible from any computer-readable 
device or memory page media. 

10141] The terms "approximately," "about," and "substan-
tially" may be used to mean within ±20% of a target 
dimension in some embodiments, within ±10% of a target 
dimension in some embodiments, within ±5% of a target 
dimension in some embodiments, and yet within ±2% in 
some embodiments. The terms "approximately" and "about" 
may include the target dimension. 

10142] In the foregoing description, numerous details are 
set forth. It will be apparent, however, that the disclosure 
may be practiced without these specific details. In some 
instances, well-known structures and devices are shown in 
block diagram form, rather than in detail, in order to avoid 
obscuring the disclosure. 

10143] The terms "first," "second," "third," "fourth," etc. 
as used herein are meant as labels to distinguish among 
different elements and may not necessarily have an ordinal 
meaning according to their numerical designation. 

10144] The words "example" or "exemplary" are used 
herein to mean serving as an example, instance, or illustra-
tion. Any aspect or design described herein as "example" or 
"exemplary" is not necessarily to be construed as preferred 
or advantageous over other aspects or designs. Rather, use of 
the words "example" or "exemplary" is intended to present 
concepts in a concrete fashion. As used in this application, 
the term "or" is intended to mean an inclusive "or" rather 
than an exclusive "or". That is, unless specified otherwise, or 
clear from context, "X includes A or B" is intended to mean 
any of the natural inclusive permutations. That is, if X 
includes A; X includes B; or X includes both A and B, then 
"X includes A or B" is satisfied under any of the foregoing 
instances. In addition, the articles "a" and "an" as used in 
this application and the appended claims should generally be 
construed to mean "one or more" unless specified otherwise 
or clear from context to be directed to a singular form. 
Reference throughout this specification to "an implementa-
tion" or "one implementation" means that a particular fea-
ture, structure, or characteristic described in connection with 
the implementation is included in at least one implementa-
tion. Thus, the appearances of the phrase "an implementa-
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tion" or "one implementation" in various places throughout 
this specification are not necessarily all referring to the same 
implementation. 
10145] As used herein, when an element or layer is 
referred to as being "on" another element or layer, the 
element or layer may be directly on the other element or 
layer, or intervening elements or layers may be present. In 
contrast, when an element or layer is referred to as being 
"directly on" another element or layer, there are no inter-
vening elements or layers present. 
10146] Whereas many alterations and modifications of the 
disclosure will no doubt become apparent to a person of 
ordinary skill in the art after having read the foregoing 
description, it is to be understood that any particular embodi-
ment shown and described by way of illustration is in no 
way intended to be considered limiting. Therefore, refer-
ences to details of various embodiments are not intended to 
limit the scope of the claims, which in themselves recite only 
those features regarded as the disclosure. 

1. A method for producing a group Ill-nitride substrate, 
comprising: 

forming, on a growth template, an epitaxial layer of a 
group Ill-nitride material comprising a surface with a 
first crystallographic orientation, wherein the first crys-
tallographic orientation comprises a semipolar orienta-
tion or a nonpolar orientation; and 

separating the epitaxial layer of the group Ill-nitride 
material from the growth template to produce the group 
Ill-nitride substrate, wherein the growth template com-
prises a semiconductor layer of the group Ill-nitride 
material. 

2. The method of claim 1, wherein the epitaxial layer of 
the group Ill-nitride material is free of stacking faults. 

3. The method of claim 1, wherein forming the epitaxial 
layer of the group Ill-nitride material comprises growing the 
group Ill-nitride to a thickness greater than 100 microns. 

4. The method of claim 1, wherein the group Ill-nitride 
material comprises gallium. 

5. The method of claim 1, wherein the semiconductor 
layer is free of stacking faults. 

6. The method of claim 1, wherein forming, on the growth 
template, the epitaxial layer of the group Ill-nitride material 
comprises growing the group Ill-nitride material utilizing at 
least one of a hydride vapor phase epitaxy (HVPE) process, 
a molecular beam epitaxy (MBE) process, or a metalorganic 
chemical vapor deposition (MOCVD) process. 

7. The method of claim 1, wherein the epitaxial layer of 
the group Ill-nitride material is separated from the growth 
template along a longitudinal direction of the growth tem-
plate. 

8. The method of claim 1, wherein growing the epitaxial 
layer of the group Ill-nitride material comprises growing the 
group Ill-nitride material on a process surface of the growth 
template, and wherein separating the epitaxial layer of the 
group Ill-nitride material from the growth template com-
prises separating the surface of the epitaxial layer from the 
process surface of the growth template. 

9. The method of claim 8, wherein the process surface of 
the growth template comprises a facet with the first crystal-
lographic orientation. 

10. The method of claim 8, further comprising growing 
the semiconductor layer of the group Ill-nitride material on 
a foreign substrate, wherein a substrate surface of the foreign 
substrate is approximately parallel to a crystallographic 
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plane of the foreign substrate with a second crystallographic 
orientation, and wherein the substrate surface of the foreign 
substrate is approximately parallel to the process surface of 
the growth template. 

11. The method of claim 10, wherein the foreign substrate 
comprises sapphire or silicon. 

12. The method of claim 11, wherein the first crystallo-
graphic orientation comprises (2021), and wherein the sec-
ond crystallographic orientation comprises (2243). 

13. The method of claim 10, wherein growing the semi-
conductor layer further comprises removing stacking faults 
from at least one region of the semiconductor layer. 

14. The method of claim 10, further comprising: 
growing a first facet of the semiconductor layer at a first 

growth rate, wherein the first facet has a crystallo-
graphic orientation associated with stacking faults; and 

growing a second facet of the semiconductor layer at a 
second growth rate, wherein the second growth rate is 
greater than the first growth rate. 

15. The method of claim 14, further comprising doping 
the semiconductor layer with a dopant to control the first 
growth rate. 
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16. A substrate comprising: 

an epitaxial layer of a group 111-nitride material, compris-
ing: 

a first surface approximately parallel to a nonpolar 
plane or a semipolar plane of the group Ill-nitride 
material, and 

a second surface approximately parallel to the first 
surface, wherein the substrate is free of stacking 
faults. 

17. The substrate of claim 16, wherein the group III-
nitride material comprises gallium. 

18. The substrate of claim 16, wherein a thickness of the 
epitaxial layer of the group 111-nitride material is greater 
than 100 microns. 

19. The substrate of claim 16, wherein a diameter of the 
substrate is greater than 2 inches. 

20. The substrate of claim 16, wherein the semipolar plane 
comprises a (2021) plane. 

* * * * * 
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