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A device including a non-polarization material includes a
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U-shaped groove having a bottom portion (100) and silicon
sidewalls (111) at an angle to the bottom portion (100). A
second layer of a patterned dielectric on top of the silicon
(100) defines vertical sidewalls of the U-shaped groove. A
third layer of a buffer covers the first layer and the second
layer. A fourth layer of gallium nitride is deposited on the
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ing cubic gallium nitride (c-GaN) formed at merged growth
fronts of hexagonal gallium nitride (h-GaN) that extend
from the silicon sidewalls (111), wherein a deposition thick-
ness (h) of the gallium nitride above the first layer of silicon
(100) is such that the c-GaN completely covers the h-GaN
between the vertical sidewalls.
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MAXIMIZING CUBIC PHASE GROUP
HI-NITRIDE ON PATTERNED SILICON

REFERENCE TO EARLIER FILED
APPLICATION

This  application  claims the  benefit under
35 U.S.C. § 119(e) of U.S. Provisional Patent Application
No. 62/325,659, filed Apr. 21, 2016, which is incorporated
herein, in its entirety, by this reference.

BACKGROUND

Group III nitrides are composed of nitrogen (N) in com-
bination with one or more of the periodic table Group III
elements: aluminum (Al), gallium (Ga), and indium (In).
There is substantial interest in Group Ill-nitride materials
and devices due to applications in optoelectronics, portable
consumer devices such as handheld projectors, high resolu-
tion televisions, displays, and lighting. Specifically, Group
II-nitride laser diodes are demanded for many portable
consumer devices such as handheld projectors, high resolu-
tion televisions, displays, and lighting.

Major challenges, however, exist in manufacturing GaN-
based laser diodes such as (1) material defects (-10°/cm?),
(2) intrinsic polarization fields (-MV/cm), and (3) non-ideal
cavity mirror formation due to lack of cleavage planes. As
GaN epitaxy is grown on highly lattice-mismatched sub-
strates such as sapphire, silicon, or silicon carbide (SiC),
there is a twist and asymmetry between the substrate and the
GaN regrowth leading to a high incidence of material
defects. Accordingly, processing employs either dry etching
or polishing to form the mirrors due to the high incidence of
material defects.

Polarization is the inherent non-centrosymmetric charac-
teristic of GaN crystal. Along the common growth direction
of <0001>, wurtzite (e.g., hexagonal) phase GaN material is
inherently polar, which degrades the recombination charac-
teristics in lasers because of the lack of efficiency of recom-
bination across non-aligned electron and hole wavefunc-
tions. Nonpolar GaN freestanding substrates are available,
which may address the above issues, but high costs make
this option unworkable. A disadvantage with laser diodes
using non-polar surfaces is the difficulty in obtaining non-
polar GaN substrates (such as m-plane discussed below).
Cutting a non-polar GaN substrate requires consuming a
two-inch piece of polar GaN, with a value of about $10,000,
and the area of the cut GaN substrate is quite small.
Currently, the area is about 3 mm to 5 mm, and no larger
than about 10 mm. What is desired, therefore, is a mass-
producible, cost-effective approach that eliminates piezo-
electricity effects in GaN and other Group Ill-nitrides.

BRIEF DESCRIPTION OF THE DRAWINGS

A more particular description of the disclosure briefly
described above will be rendered by reference to the
appended drawings. Understanding that these drawings only
provide information concerning typical embodiments and
are not therefore to be considered limiting of its scope, the
disclosure will be described and explained with additional
specificity and detail through the use of the accompanying
drawings.

FIG. 1 is a set of graphs illustrating issues with polar
planes that are present in some existing materials, according
to embodiments of the present disclosure.
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FIG. 2 is a set of graphs illustrating a solution using
nonpolar planes within some existing materials, according to
embodiments of the present disclosure.

FIG. 3 is a perspective view of a Group Ill-nitride
material through which various planes may be cut onto
which to form the disclosed devices, according to embodi-
ments of the present disclosure.

FIGS. 4A, 4B, 4C, 4D, 4E, and 4F are processing step
diagrams illustrating a method for manufacturing a Group
III-nitride device, according to embodiments of the present
disclosure.

FIG. 5 is a cross-section view of a completed Group
III-nitride device, according to embodiments of the present
disclosure.

FIG. 6 is a diagram of a cross-section view of the gallium
nitride (GaN) portion of a GaN device, according to embodi-
ments of the present disclosure.

FIG. 7A is the diagram of FIG. 6 with identification of
various dimensions of the GaN device, according to embodi-
ments of the present disclosure.

FIG. 7B is a zoomed-in view of the dashed box identified
in FIG. 7A, illustrating corresponding dimensional param-
eters within three identified points of the GaN device,
according to embodiments of the present disclosure.

FIG. 8 is the diagram of FIG. 6 with additional illustration
of an angle between complete vertical and a plane of
transition between hexagonal GaN and cubic GaN within the
GaN device, according to embodiments of the present dis-
closure.

FIG. 9 is the diagram of the Group IlI-nitride devices of
FIG. 5, according to an additional embodiment of the
present disclosure.

FIG. 10A is a graph illustrating cathodoluminescence
(CL) of a range of photon energy within the GaN device
formed through optimization of the method of FIGS. 4A-4F,
according to an embodiment of the present disclosure.

FIG. 10B is a scanning electron microscope (SEM) image
of the GaN device corresponding to the graph of FIG. 10A,
according to an embodiment of the present disclosure.

FIG. 10C is a side view of electron backscatter diffraction
(EBSD) image of the GaN device illustrated in FIG. 10B,
according to an embodiment of the present disclosure.

FIG. 11A is a graph illustrating CL of a range of photon
energy within a GaN device formed through non-optimiza-
tion of the method of FIGS. 4A-4F, in which there has been
undergrowth of the cubic phase GaN, according to an
embodiment of the present disclosure.

FIG. 11B is a SEM image of the GaN device correspond-
ing to the graph of FIG. 11A, according to an embodiment
of the present disclosure.

FIG. 12A is a graph illustrating CL of a range of photon
energy within a GaN device formed through non-optimiza-
tion of the method of FIGS. 4A-4F, in which there has been
overgrowth back into hexagonal phase GaN, according to an
embodiment of the present disclosure.

FIG. 12B is a SEM image of the GaN device correspond-
ing to the graph of FIG. 12A, according to an embodiment
of the present disclosure.

DETAILED DESCRIPTION

By way of introduction, the present disclosure introduces
polarization free, low-defecivity Group-III nitride-based
devices and methods of making them, which provide a
low-cost alternative to use of the above-mentioned nonpolar
GaN freestanding substrates. While a gallium nitride (GaN)
material in the devices may be referenced, this is by way of
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example only and each discussion may equally apply to any
Group-III nitride or other material that includes both a
hexagonal and a cubic phase of the material.

Thanks to their direct bandgap across the entire visible
spectrum and ultra violet, gallium nitride (GaN) semicon-
ductors and its compounds (e.g., with aluminum and/or
indium) have transformed the visible light emitting diode
(LED) industry and are now being explored for radio
frequency (RF) power transistors and the like Almost with-
out exception, light emitting diodes (LEDs) and other kinds
of GaN devices (including RF power transistors) are grown
on three-fold or six-fold symmetry surfaces (e.g., Al,O;,
SiC, and Si (111) substrates) due to phase stability. The
resulting GaN is therefore the six-fold symmetric hexagonal
phase (wurtzite) GaN (h-GaN). The non-centrosymmetric
nature (e.g., gallium and nitrogen atoms are not interchange-
able in the lattice) of the hexagonal crystal arrangement
leads to residual spontaneous and piezoelectric polarization
fields. Both these polarization fields are along the <0001>
growth direction, which is also the carrier injection direction
in vertical transport devices, such as LEDs, lasers, and
detectors, and thus are detrimental to recombination dynam-
ics and device efficiency.

On the other hand, cubic phase (zincblende) GaN (c-GaN)
does not possess these polarization fields. Other advantages
of c-GaN in photonic devices include cleavage planes and a
higher optical gain. As such, there exists a need for a reliable
approach for fabricating c-GaN for applications ranging
from polarization-free photonics, normally off transistors,
room-temperature ferromagnetism, high-temperature spin-
tronics, and single photon emitters. Yet, c-GaN is one of the
least studied materials due to its phase instability and
tendency to revert to the more stable h-GaN.

The present disclosure provides a solution to the above-
noted problems by changing the material phase, from hex-
agonal to cubic, addressing the polarization effects, rather
than using the conventional crystal cut approach. The pres-
ent method uses selective area growth of GaN on buffered,
patterned silicon coated with a dielectric. In various embodi-
ments, the disclosed growth technique results in complete
surface coverage of c-GaN by way of deliberate deposition
of a pre-determined amount of GaN, e.g., a GaN deposited
to a preset thickness within a U-shaped groove etched into
silicon (or other appropriate substrate). Accordingly, the
disclosed structure is manufactured with a cubic phase GaN
(c-GaN) via silicon (100) nano-patterning. Furthermore,
four nano-patterning dimensions, including 1) opening
width of the U-shape, 2) etch depth of the silicon, 3)
dielectric sidewall slope, and 4) growth thickness (e.g.,
height), are correlated in a way so as to provide maximum
c-GaN coverage.

Benefits of the disclosed cubic phase growth in device
manufacturing include the ability to integrate Group III
nitride materials, such as GaN, with Si complementary
metal-oxide semiconductor (CMOS) materials, which are
prevalent and cost effective. Silicon devices are commonly
fabricated on Si (100) substrates. Si (100) is one such
substrate of interest due to possible integration of GaN
devices with Si electronics, although other materials can be
used, such as materials that are compatible with GaN growth
epitaxy, e.g., silicon nitride (SiN). Growth of GaN on Si
(100), however, leads to polycrystalline structures with very
rough surfaces consisting of many grains. The reason for this
is the fourfold symmetry and the possibility for GaN with its
six-fold symmetry to be grown with two preferred rotational
alignments on this surface. For such c-axis oriented material,
the lattice mismatch is anisotropic and yields ~15% for <11
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20>||Si<T00> and 0.7% for <10 T0>|Si<T00>. While these
mismatch values are lower than for Si (111), the material
quality is low due to twist boundaries. Overall, GaN on Si
(100) leads to twist boundaries and low quality material.

More specifically, because the crystallographic geometry
of h-crystal in the <0001> direction and c-crystal in the
<111> direction are equivalent, if two h-phase <0001>
growth fronts merge at an angle of 109.5° (e.g., the angle
between the two Ga—N bonds in the tetrahedral bonding),
cubic phase forms after the seam between the two growth
fronts. Anisotropic nano-patterning of Si (100) substrates
may be used to create U-shaped grooves with a crystallo-
graphic angle of 54.74° between the Si (100) and Si (111)
surfaces. Thus, GaN selective metalorganic chemical vapor
deposition (MOCVD)-growth on Si (111) silicon sidewalls
of'a U-groove leads to two h-GaN growth fronts meeting at
an angle of 54.74°x2~109.5°, which is the angle that facili-
tates the transition of the h-GaN into c-GaN after coales-
cence (or seam). This coalescence (or seam) forms when the
two h-GaN growth fronts meet.

Some practical applications of this technology involve
localized GaN devices. As the transistor technology is
within tens of nanometers, it is indeed feasible to use such
localized epitaxial high quality materials for GaN sub-
micron transistors. The disclosed GaN-based devices may
be integrated within GaN photonics using silicon electron-
ics, according to various embodiments. Moreover, such
GaN/Si technology offers excellent waveguides and enables
GaN-on-Si photonics as a natural cleavage plane occurring
for cubic phase GaN on Si (100). In this respect, the
implications of the localized GaN-on-Si epitaxy results are
diverse and very motivating for GaN—Si community, rang-
ing from visible LEDs, laser diodes, and existing transistors.

FIG. 1 is a set of graphs illustrating issues with polar
planes that are present in some existing materials such as
GaN, for example. As illustrated, when GaN is grown off of
a polar surface (c-plane) of a material, it is known as
hexagonal GaN or h-GaN. Hexagonal GaN is polar electri-
cal, so when an electrical field is applied, there is a physical
deformation within the material. This physical deformation
extends the distance between electrons (within the quantum
well layer) and holes (within the valence band), which
reduces recombination efficiency of the electrons and holes.

FIG. 2 is a set of graphs illustrating a solution using polar
planes within some existing materials, for example, GaN.
When the GaN is rotated 90 degrees, a cut surface along the
sidewalls exposes nonpolar cubic GaN (or c¢-GaN) and
resembles an m-plane. In this case, an electrical field does
not affect the alignment between the electrons and holes, as
illustrated. This overcomes the problem in FIG. 1 because
the electrons in the quantum well layer and the holes in the
valence band are now aligned, producing fast charge carriers
and a resultant efficient recombination of electrons and
holes. FIG. 2, therefore, illustrates the need for polarization
free materials (like c-GaN) in optical devices like LEDs,
lasers, detectors, and in transistors, and the like, which rely
on efficient recombination for acceptable speed.

FIG. 3 is a perspective view of a Group Ill-nitride
material through which various planes may be cut onto
which to form the disclosed devices, according to embodi-
ments of the present disclosure. One issue with laser diodes
using nonpolar surfaces, however, is the difficulty in obtain-
ing nonpolar GaN substrates (such as m-plane shown in FIG.
3.) Cutting a nonpolar GaN substrate requires consuming a
two-inch piece of polar GaN, with a value of about $10,000,
and the area of the cut GaN substrate is quite small.
Currently, the area is about 3 mm to 5 mm, and no larger
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than about 10 mm. It is desired, therefore, to develop a mass
producible, cost effective approach that eliminates piezo-
electricity effects in GaN. In this respect, the present method
is provided that changes the material phase, from hexagonal
to cubic, addressing the polarization effects in lieu of the
conventional crystal cut approach.

FIGS. 4A, 4B, 4C, 4D, 4E, and 4F are processing step
diagrams illustrating a method 400 for manufacturing of a
Group IlI-nitride device, according to embodiments of the
present disclosure. As illustrated in FIG. 4A, the method 400
may begin with a substrate such as silicon (100) (Si),
although other substrates are also suitable as would be
apparent to one of skill in the art. As illustrated in FIG. 4B,
the method 400 may continue with a dielectric layer (such as
silicon dioxide or other suitable dielectric) being deposited
on top of the silicon (100). As illustrated in FIG. 4C, the
method 400 may continue with the dielectric layer being
patterned into a desired shape, e.g., for location of U-shaped
grooves, forming a part of a disclosed device.

As illustrated in FIG. 4D, the method 400 may continue
with etching the silicon (100) exposed under the patterned
dielectric. The etching may occur preferentially in a way
such as to create silicon (111) sidewalls holding up the
patterned dielectric layer, yet still retaining a bottom portion
(100) of the silicon (100), thus defining a U-shaped groove.
Such etching may be performed with potassium hydroxide
(KOH), for example, which attacks the silicon sidewalls
(111), until leaving the angled faces within the U-shaped
grooves. As illustrated in FIG. 4E, the method 400 may
continue with deposition of a buffer such as aluminum
nitride (AIN) or aluminum silicide (AlSi) over the patterned
dielectric and the etched, U-shaped grooves. The buffer may,
therefore, bury the patterned dielectric and provide a surface
on which the Group IlI-nitride material may be grown.

As illustrated in FIG. 4F, the method 400 may continue
with deposition of the Group I[1l-nitride material, e.g., GaN
as provided by way of example herein, within the U-shaped
grooves. Note that, during deposition, h-GaN grows off the
angled silicon sidewalls (111) within the U-shaped grooves,
and combines at merged growth fronts in the middle of the
U-shaped grooves at about an angle of 109.5°. At the
location of intersection or merging of these growth fronts,
the h-GaN walls turn into cubic GaN (c-GaN), gradually
building more c-GaN area as the h-GaN reduces and
becomes buried. As will be explained, accounting for dimen-
sions, including Group Ill-nitride deposition thickness,
allows the present method 400 to control the amount of
c-GaN growth such that the c-GaN completely covers the
h-GaN on which the c-GaN is grown. This allows for
exposure of a non-polarized surface using inexpensive
CMOS processing steps. As will be seen, undergrowth or
overgrowth may occur when not knowing ahead of time the
proper thickness of the deposited gallium nitride at which
deposition should cease.

FIG. 5 is a cross-section view of a completed Group
III-nitride device 500, according to embodiments of the
present disclosure. The device 500 includes two U-shaped
grooves, where one of the U-shaped grooves is marked with
ideal dimensions, including a width or period (p) of the
opening, an etch depth (t,) of the silicon (100), and a
disposition or growth thickness (h) of the Group I-nitride
above the silicon (100) layer. Because these dimensions are
controllable, the width of the opening of the U-shaped
grooves and the etch depth may be known in advance.
Accordingly, the deposition thickness (h) of the Group-III
nitride (such as GaN) may be predetermined as being
proportional to a difference between the width (p) of the
opening of the U-shaped grooves and an etch depth (t,) of
the U-shaped grooves (see Equations 17 and 18, infra). With
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the deposition thickness (h) predetermined, the manufactur-
ing process may be controlled to deposit only a certain
amount of the Group IlI-nitride sufficient to reach about that
thickness, h.

FIG. 6 is a diagram of a cross-section view of the gallium
nitride (GaN) portion 600 of a GaN device, according to
embodiments of the present disclosure. Note the phase
transition between hexagonal gallium nitride (h-GaN) and
cubic gallium nitride (c-GaN) occurs when the middle of the
<0001> h-GaN growth fronts merge. After a transition area,
the c-GaN is grown, illustrated as an inverted dotted tri-
angle, gradually becoming bigger until completely covering
the h-GaN growth happening below the inverted triangle.
FIG. 8 is the diagram of FIG. 6 with additional illustration
of'an angle (35.3 degrees) between the complete vertical and
a plane of transition between hexagonal GaN and cubic GaN
within the GaN device, according to embodiments of the
present disclosure.

FIG. 7A is the diagram of FIG. 6 with identification of
various dimensions of the GaN device, according to embodi-
ments of the present disclosure. A box in heavy dashed lines
is drawn onto the diagram of FIG. 6, which includes points
identified as A, B, and C. FIG. 7B is a zoomed-in view of the
dashed box identified in FIG. 7A, illustrating corresponding
dimensional parameters within the three identified points (A,
B, C) of the GaN device, according to embodiments of the
present disclosure. The crystallographic angles (54.74°
between the (100) and (111) Si surfaces) are shown accord-
ingly.

Under the selective growth conditions, the GaN nucleates
on the silicon sidewalls (111) initially and these h-GaN
growth fronts meet at a 109.48° angle in the middle of the
U-shaped groove (e.g., at about 109.5°). After the middle of
the growth fronts meet (point A), GaN grown on top will
phase transition to cubic phase. Under these experimental
and crystallographic observations, the geometrical model-
ling is carried out as follows. In the following derivation, x,
and y, are various dimensions as shown in the FIGS. 7A, 7B,
and 8, h,, is the critical GaN deposition thickness (defined as
the GaN deposition height above Si(100) that maximizes
cubic phase GaN coverage on the U-groove surface), t,is the
etch depth, p is the opening width, and o is the oxide
sidewall angle.

From FIG. 7B, note that:

tan 35.3° = 22 W
X3
tan 54.7° = L4 @
2x;
X +x3 = g (3)
_ i )
y3=y2+ 35
Rearranging Equations (1), (2), and (3), results in:
y2 = x3tan 35.3° (5)
¥ = Iz ©)
'~ 2tan 547°
X3 = g — X1 (7)
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Substituting Equation (6) into Equation (7) results in:

PR S . ®
T2 T2 dtan 54T
Then using Equation (8) in Equation (5), results in:
» ©

¥2 =xstan 35.3° = Jran 35.3°

iy
2 2tan 54.7°

From FIGS. 7A and 8, the following parameters may be
determined:

X4 = p + 2h tane (10)

yi+ys=he+iz (1D

tan 35.3° = 2x_4 12

Y1

Rearranging Equation (12) using Equation (10), and rear-
ranging Equation (11) using Equation (4), results in the
following for y, and h:

X4 p + 2k tane
" 2tan 35.3° ~ 2tan 35.3°

a3

Y1

Iy 14
h=y1+y3—td=y1+yz—3 )

Substituting Equations (13) and (9) into Equation (14)
results in:

1s)

_ p+2hctane (p

4 Van 35.3°— 2
= Dtan 35.3° 5‘2tan54.7°)an )

Now, solving for h_, as per Equation (15), results in:

-1
) (5

p Id] (16)

Jian 3537+ Tan 353° 2

Iy
"~ 2tan 54.7°

hc=(1

Simplifying and plugging in values for the tangents,
results in a relationship between the critical thickness (h,)
and the patterning parameters, as follows:

[1.06p — 0.7514]

(1-570)

an

¢ =

When o is negligible (e.g., approximately zero), the
relationship of h, simplifies to:

h,=[1.06p-0.751,] 18)

FIG. 9 is the diagram of the Group Ill-nitride devices of
FIG. 5, according to an additional embodiment of the
present disclosure. In this embodiment, the angle, a, is
illustrated to represent an angle between a vertical plane
orthogonal to the silicon (100) layer and the actual vertical
sidewall of the patterned dielectric (which is often not
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completely vertical). The additional dimensional param-
eters, including the width (p) of the opening of the U-shaped
groove, the etch depth (t,) of the silicon (100) layer, and the
deposition thickness (h) of the Group-III nitride above the
silicon (100) layer may also be optimized as illustrated in
FIG. 9, such that h is as close as possible to h, in the above
Equation (17).

FIG. 10A is a graph illustrating cathodoluminescence
(CL) of a range of photon energy within the GaN device
formed through optimization of the method of FIGS. 4A-4F,
according to an embodiment of the present disclosure. Note
that the wavelength in nanometers (nm) at the top indicates
that the c-GaN material produces light at about 390 nm
(ultraviolet), whereas the h-GaN material produces light at
a slightly shorter wavelength, about 360 nm.

FIG. 10B is a scanning electron microscope (SEM) image
of the GaN device corresponding to the graph of FIG. 10A,
according to an embodiment of the present disclosure. Given
an opening width of p=315 nm, a dioxide sidewall angle of
a~4°, and an etch depth of t,~75 nm, Equation (17) yields
an ideal deposition thickness h_~300 nm, which is very close
to the case here where the actual deposition thickness was
h=~290 nm. This has the strongest cubic phase GaN signal
with no hexagonal phase GaN mixed in. Accordingly, as
illustrated in FIG. 10B, the c-GaN completely covers the
underlying h-GaN deposition.

FIG. 10C is a side view of electron backscatter diffraction
(EBSD) image of the GaN device illustrated in FIG. 10B,
according to an embodiment of the present disclosure. Note
that there is no h-GaN at the surface of the GaN device, only
c-GaN, as predicted in the optimized case.

FIG. 11A is a graph illustrating CL of a range of photon
energy within a GaN device formed through non-optimiza-
tion of the method of FIGS. 4A-4F, in which there has been
undergrowth of the cubic phase GaN, according to an
embodiment of the present disclosure. FIG. 11B is a SEM
image of the GaN device corresponding to the graph of FIG.
11B, according to an embodiment of the present disclosure.
Given an opening width of p=~720 nm, a dioxide sidewall
angle a~5°, an etch depth of t ~86 nm, the ideal deposition
thickness would be h ~215 nm. The actual deposition
height, however, was measured at 172 nm. Accordingly, the
CL signal is composed of almost entirely hexagonal phase
GaN, as only a small portion in the middle has been grown
as cubic phase GaN. The (1101) plane of the hexagonal
phase GaN can be seen forming a 7° angle to the silicon
substrate. Accordingly, in the example of FIGS. 11A-11B,
more deposition would be needed to maximize the cubic
phase of the GaN on the device surface.

FIG. 12A is a graph illustrating CL of a range of photon
energy within a GaN device formed through non-optimiza-
tion of the method of FIGS. 4A-4F, in which there has been
overgrowth back into hexagonal phase GaN, according to an
embodiment of the present disclosure. FIG. 12B is a SEM
image of the GaN device corresponding to the graph of FIG.
12B, according to an embodiment of the present disclosure.
Given an opening width of p=~240 nm, a dioxide sidewall
angle a=~0° and an etch depth of T ~60 nm, the ideal
deposition thickness would be h_~215 nm. The actual depo-
sition height of 240 nm is about 25 nm too much. Accord-
ingly, the CL signal indicates the presence of hexagonal
phase GaN mixed with cubic phase GaN. No clear crystal
planes are distinguishable due to the over-growth of depos-
ited GaN. Accordingly, in the example of FIGS. 12A-12B,
less deposition would be needed to maximize the cubic
phase of the GaN on the device surface.
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The above-disclosed subject matter is to be considered
illustrative, and not restrictive, and the appended claims are
intended to cover all such modifications, enhancements, and
other embodiments, which fall within the true spirit and
scope of the present disclosure. Thus, to the maximum
extent allowed by law, the scope of the present embodiments
are to be determined by the broadest permissible interpre-
tation of the following claims and their equivalents, and
shall not be restricted or limited by the foregoing detailed
description. While various embodiments have been
described, it will be apparent to those of ordinary skill in the
art that many more embodiments and implementations are
possible within the scope of the above detailed description.
Accordingly, the embodiments are not to be restricted except
in light of the attached claims and their equivalents, now
presented or presented in a subsequent application claiming
priority to this application.

What is claimed is:

1. A device including a non-polarization material com-
prising:

a first layer of silicon (100) defining a U-shaped groove
having a bottom portion (100) and silicon sidewalls
(111) at an angle to the bottom portion (100);

a second layer of a patterned dielectric on top of the
silicon (100) to define vertical sidewalls of the
U-shaped groove;

a third layer of a buffer covering the first layer and the
second layer; and

a fourth layer of gallium nitride deposited on the buffer
within the U-shaped groove, the fourth layer including
cubic gallium nitride (c-GaN) formed at merged growth
fronts of hexagonal gallium nitride (h-GaN) that extend
from the silicon sidewalls (111), wherein a deposition
thickness (h) of the gallium nitride above the first layer
of silicon (100) is such that the c-GaN completely
covers the h-GaN between the vertical sidewalls.

2. The device of claim 1, wherein the patterned dielectric
comprises one of silicon dioxide or silicon nitride and the
buffer comprises one of aluminum nitride and aluminum
silicide.

3. The device of claim 1, wherein the deposition thickness
(h) of the gallium nitride is set proportional to a difference
between a width (p) of an opening of the U-shaped groove
and an etch depth (t,) of the silicon (100).

4. The device of claim 3, wherein a sidewall angle () is
formed between the vertical sidewalls and a plane that is
orthogonal to the first layer, and wherein the deposition
thickness (h) of the cubic gallium nitride is
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[1.06p — 0.751,]

(- 571)

5. The device of claim 1, wherein an angle between the
merged growth fronts of the h-GaN that extend from the
silicon sidewalls (111) is about 109.5 degrees.

6. An integrated device including a group of layers
comprising:

a first layer of silicon (100) defining a U-shaped groove
having a bottom portion (100) and silicon sidewalls
(111) at an angle to the bottom portion (100);

a second layer of a patterned dielectric on top of the
silicon (100) to define vertical sidewalls of the
U-shaped groove;

a third layer of a buffer covering the first layer and the
second layer; and

a fourth layer of a material, having both hexagonal and
cubic phases, deposited on the buffer within the
U-shaped groove, the fourth layer including a cubic
phase of the material formed at merged growth fronts
of the material in hexagonal phase that extend from the
silicon sidewalls (111), wherein a deposition thickness
(h) of the material above the first layer of silicon (100)
is such that the cubic phase of the material completely
covers the hexagonal phase of the material between the
vertical sidewalls.

7. The device of claim 6, wherein the material is one of

gallium nitride, aluminum nitride, and indium nitride.

8. The device of claim 6, wherein the patterned dielectric
comprises silicon dioxide and the buffer comprises one of
aluminum nitride or aluminum silicide.

9. The device of claim 6, wherein the deposition thickness
(h) of the material is set proportional to a difference between
awidth (p) of an opening of the U-shaped groove and an etch
depth (t,) of the silicon (100).

10. The device of claim 9, wherein a sidewall angle (o) is
formed between the vertical sidewalls and a plane that is
orthogonal to the first layer, and wherein the deposition
thickness (h) of the material in cubic phase is

[1.06p — 0.751,]

(1-571)

11. The device of claim 6, wherein an angle between the
merged growth fronts of the material in hexagonal phase that
extend from the silicon sidewalls (111) is about 109.5
degrees.



