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NON-POLAR AND SEMI-POLAR GaN SUBSTRATES, DEVICES,
AND METHODS FOR MAKING THEM

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent Application Serial

No. 60/993,867, filed September 14, 2007, titled "Large-area, Non-polar and Semi-polar GaN

Substrates, Devices, and Articles, .and Methods for Making Them," the content of which is

incorporated by reference herein in its entirety.

FEDERALLY SPONSORED RESEARCH

[0002] This invention was made with government support under grant number W91 INF-

06-C-0154 by the U.S. Army. The United States Government may have certain rights in the

invention.

BACKGROUND OF THE INVENTION

[0003] 1. Field of the Invention

[0004] This invention relates to large-area, non-polar and semi-polar gallium nitride (Al,

Ga, In)N substrates useful for producing optoelectronic devices (such as light emitting diodes

(LEDs), laser diodes (LDs) and photodetectors) and electronic devices (such as diodes and

field effect transistors (FETs)) composed of EQ-V nitride compounds, and to methods for

producing such articles.

[0005] 2. Description of the Related Art

[0006] Group HI-V nitride compounds such as aluminum nitride (AlN), gallium nitride

(GaN), indium nitride (InN), and alloys such as AlGaN, InGaN, and AlGaInN, are direct

bandgap semiconductors with bandgap energy ranging from about 0.6 eV for InN to about

6.2 eV for AlN. These materials may be used to produce light emitting devices such as LEDs

and LDs of short wavelength in the green, blue and ultraviolet (UV) spectra, as well as high-

frequency, high power RF devices, and device power electronics, such as diodes and field

effect transistors (FETs).

[0007] GaN-based semiconductor materials and devices have historically been developed

through crystal growth in the [0001] direction (c-plane). The lack of mirror-like (or two-fold)

symmetry of the hexagonal crystal structure gives rise to spontaneous polarization in the



[0001] direction. Additionally, strain in lattice mismatched hetero-epitaxially grown device

layers result in piezoelectric polarization. These polarization effects result in large built-in

electric fields, hampering the performance of nitride-based devices. In optical devices, the

built in polarization field results in charge separation within quantum wells and decreases the

recombination efficiency of electron-hole pairs and red-shifts the emission wavelengths. For

microelectronic devices, the spontaneous and piezoelectric polarization allows for the

accumulation of a very high density of sheet charge ( d) in the conducting channel of GaN-

based HEMTs; however the surface of the device requires the appropriate passivation and is

sensitive to the stress induced by passivation and thermal effects. As a result, researchers

have investigated methods to eliminate the built-in fields of devices grown in the [0001]

direction.

[0008] Recently, attention has been paid to the development of nitride epitaxial layers

and heterostructures with non-polar and semi-polar crystal orientations. GaN-based quantum

structures grown along non-polar directions, such as the [HOO] (resulting in w-plane

surfaces) and [1120] (resulting in -plane surfaces) have been shown to be free of the

aforementioned polarization effects. Additionally, certain orientations of the GaN crystal

structure, in particular the [HOl] and [1122] have been identified as orientations with low

spontaneous polarization relative to the [000 1] direction, and have been labeled as semi-polar

orientations. Using heteroepitaxially grown non-polar and semi-polar thin films and devices

fabricated thereon, higher internal quantum efficiencies and lower EL peak sensitivity for

LEDs have been demonstrated. Initial results in this emerging technological area show great

promise for non-polar and semi-polar substrates in impacting a number of commercial

applications, such as laser diodes, visible and UV LEDs, and high power electronic devices.

One of the current limitations in developing non-polar and semi-polar GaN-based devices is

the availability of high-quality, large area substrates, which is due to limitations in crystal

growth technology.

[0009] In order to achieve large area, low defect density non-polar substrates, different

growth techniques, substrate materials, and layer orientations have been investigated. The

majority of these approaches involve the heteroepitaxial growth of non-polar GaN on non-

native (non-GaN or other nitride) substrates. The published research studies are consistent

that, in addition to the well known problems for heteroepitaxially grown nitrides in the [0001]

direction on sapphire and SiC, such as high dislocation density and strain induced effects, the



material grown in [ 1 120] direction on both (H02)-plane (7--plane) sapphire and ( 1120)-plane

( -plane) SiC, the non-polar GaN material includes a high density of stacking fault (SF)

defects and in-plane anisotropy of all the materials properties. Lower mismatch substrates

such as spinel (MgAl2O4) and lithium aluminum oxide (LiAlO2) have been suggested with

the hope of enabling lower defect density, yet similar structural and impurity related

problems have been observed. The well known approach for epitaxial lateral overgrowth

(ELOG), employing a selective-growth stripe pattern, has also been used and has been found

to improve the morphology and to reduce significantly the defect density, but still the optical

properties have been defect dominated. Practically speaking, the ELOG approach has a

number of implementation difficulties, including film cracking, anisotropic growth modes in

different crystalline directions, stress and crystalline tilt across wing regions and uniformity

of coalescence across large areas. Bearing these challenges in mind, an approach to

fabricating GaN crystals with selected non-polar crystal orientations of large size and low

defect density is desired.

[0010] We have investigated and developed the hydride vapor phase epitaxy (HVPE)

growth technique for fabricating non-polar GaN substrates. In one example, HVPE layers

grown on sapphire in the [0001] direction were grown to ~ 1 cm and sliced into non-polar,

freestanding bulk GaN substrates. The materials properties of these substrates were

extensively characterized using a variety of techniques, and were compared to non-polar and

semi-polar GaN layers and substrates grown on non-native substrates. This approach has

several advantages over the direct growth of non-polar GaN material. First, the resulting GaN

crystal enables one to select the desired non-polar or semi-polar orientation, enabling on-

demand crystal orientation for the substrate. Second, preliminary characterization results

show the material uniformity and the defect density are significantly improved over

heteroepitaxially grown material. The success of this approach depends on the ability to

grow thick HVPE layers in the [0001] direction and this capability has been demonstrated for

fabrication of [0001] substrates for optoelectronic and microelectronic applications.

Increasing the size of non-polar and semi-polar substrates using this technique requires

extended growth in the [0001] direction, i.e. 2 inches or more for 2 inch diameter non-polar

substrates. According to the present teachings as described below, an alternative method to

providing large area, low defect density non-polar and semi-polar substrates is to use a native



(i.e. GaN) seed crystal for further growth of bulk GaN material and to then expand the size of

the seed crystal laterally to obtain larger substrates.

SUMMARY

[0011] To address the foregoing problems, in whole or in part, and/or other problems that

may have been observed by persons skilled in the art, the present disclosure provides

methods, processes, systems, apparatus, instruments, and/or devices, as described by way of

example in implementations set forth below.

[0012] According to one implementation, a method is provided for making a non-polar

GaN substrate. A non-polar GaN seed crystal is provided. The non-polar GaN seed crystal

includes a top surface lying in a first non-polar plane, and one or more side walls adjoining

the top surface; wherein the GaN seed crystal has a vertical dimension bounded by the top

surface and the bottom surface, and a lateral dimension bounded by the one or more side

walls and orthogonal to the vertical dimension. A vertical re-growth region is grown from

the top surface and a lateral re-growth region is grown from the one or more side walls to

form a re-grown GaN crystal, by growing GaN on the GaN seed crystal utilizing a vapor

phase growth process. The re-grown GaN crystal has a vertical dimension greater than the

vertical dimension of the GaN seed crystal and a lateral dimension greater than the lateral

dimension of the GaN seed crystal. The re-grown GaN crystal is sliced along a second non-

polar plane to form a non-polar GaN substrate The non-polar GaN substrate has a lateral

dimension along the second non-polar plane, and the lateral dimension of the non-polar GaN

substrate is greater than the lateral dimension of the GaN seed crystal.

[0013] According to another implementation, a method is provided for making a re-

grown GaN crystal is provided. A GaN seed crystal is provided. The GaN seed crystal

includes a top surface and a plurality of crystalline edges of equivalent crystallographic

direction adjoining the top surface, wherein the GaN seed crystal has a vertical dimension

bounded by the top surface, and a lateral dimension bounded by an opposing pair of the

crystalline edges and orthogonal to the vertical dimension. A lateral re-growth region is

grown a from each of the crystalline edges to form a re-grown GaN crystal, by growing GaN

on the GaN seed crystal utilizing a vapor phase growth process. The re-grown GaN crystal

has a lateral dimension inclusive of the lateral re-growth regions grown from the opposing



pair of crystalline edges, and the lateral dimension of the re-grown GaN crystal is greater than

the lateral dimension of the GaN seed crystal.

[0014] According to another implementation, a method is provided for making a re-

grown GaN crystal is provided. A non-polar GaN seed crystal is provided. The non-polar

GaN seed crystal includes a top surface lying in a non-polar plane, and one or more side walls

adjoining the top surface, wherein the GaN seed crystal has a vertical dimension bounded by

the top surface, and a lateral dimension bounded by the one or more side walls and

orthogonal to the vertical dimension. A vertical re-growth region is grown from the top

surface and a lateral re-growth region is grown from the one or more side walls to form a re-

grown GaN crystal, by growing GaN on the GaN seed crystal utilizing a vapor phase growth

process. The growth rate in the lateral re-growth region is greater than the growth rate in the

vertical re-growth region.

[0015] According to another implementation, a method is provided for making a re-

grown GaN crystal is provided. A GaN seed crystal is provided. The GaN seed crystal

includes a top surface and a plurality of crystalline edges of equivalent crystallographic

direction adjoining the top surface, wherein the GaN seed crystal has a vertical dimension

bounded by the top surface and the bottom surface, and a lateral dimension bounded by an

opposing pair of the crystalline edges and orthogonal to the vertical dimension. A vertical re-

growth region is grown from the top surface and a lateral re-growth region is grown from

each of the crystalline edges to form a re-grown GaN crystal, by growing GaN on the GaN

seed crystal utilizing a vapor phase growth process. The growth rate in the lateral re-growth

regions is greater than the growth rate in the vertical re-growth region.

[0016] Other devices, apparatus, systems, methods, features and advantages of the

invention will be or will become apparent to one with skill in the art upon examination of the

following figures and detailed description. It is intended that all such additional systems,

methods, features and advantages be included within this description, be within the scope of

the invention, and be protected by the accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The invention can be better understood by referring to the following figures. The

components in the figures are not necessarily to scale, emphasis instead being placed upon



illustrating the principles of the invention. In the figures, like reference numerals designate

corresponding parts throughout the different views.

[0018] Figure IA is a schematic representation of the GaN hexagonal crystal structure

showing the directions in the crystal and the (0001) polar crystal planes and the (HOO) and

( 1 120) non-polar crystal planes with their designations.

[0019] Figure IB is a schematic representation of the (UOl) and ( 1122) semi-polar

crystal planes in the GaN hexagonal crystal structure illustrated in Figure IA.

[0020] Figure 2 is a schematic perspective view of an example of an as-grown GaN

boule, and further illustrating the slicing of the GaN boule into non-polar GaN substrates that

may be utilized as seed crystals according to the teachings of the present disclosure.

[0021] Figure 3 is a schematic perspective view of an example of a non-polar GaN

substrate according to the teachings of the present disclosure.

[0022] Figure 4 is a schematic, cross-sectional elevation view of an example of a GaN

crystal after vapor phase re-growth on a non-polar GaN seed according to implementations

taught in the present disclosure, and further showing crystallographic directions and their

relation to the regrowth.

[0023] Figure 5 is a scanning electron microscope image of a re-grown GaN crystal

resulting from the lateral expansion of an m-plane seed crystal following HVPE re-growth

according to implementations taught in the present disclosure.

[0024] Figure 6 is a schematic cross-sectional elevation view of an example of a GaN

crystal after vapor phase re-growth on a non-polar GaN seed, and further showing the

subsequent separation of a GaN substrate from the underlying seed, thereby producing a

large-area, non-polar GaN substrate according to implementations taught in the present

disclosure.

[0025] Figure 7 is a schematic cross-sectional elevation view of an example of a GaN

crystal after vapor phase re-growth on a non-polar GaN seed, and further showing the

subsequent separation of a GaN substrate from the underlying seed, thereby producing a

large-area, non-polar GaN substrate according to other implementations taught in the present

disclosure.

[0026] Figure 8 is a schematic top plan view of an example of a GaN seed crystal cleaved

to attain edges of desired crystallographic orientation, and further illustrating crystal re-

growth from these edges according to other implementations taught in the present disclosure.



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0027] For purposes of the present disclosure, it will be understood that when a layer (or

film, region, substrate, component, device, or the like) is referred to as being "on" or "over"

another layer, that layer may be directly or actually on (or over) the other layer or,

alternatively, intervening layers (e.g., buffer layers, transition layers, interlayers, sacrificial

layers, etch-stop layers, masks, electrodes, interconnects, contacts, or the like) may also be

present. A layer that is "directly on" another layer means that no intervening layer is present,

unless otherwise indicated. It will also be understood that when a layer is referred to as being

"on" (or "over") another layer, that layer may cover the entire surface of the other layer or

only a portion of the other layer. It will be further understood that terms such as "formed on"

or "disposed on" are not intended to introduce any limitations relating to particular methods

of material transport, deposition, fabrication, surface treatment, or physical, chemical, or

ionic bonding or interaction.

[0028] Unless otherwise indicated, terms such as "gallium nitride" and "GaN" are

intended to describe binary, ternary, and quaternary Group III nitride-based compounds such

as, for example, gallium nitride, indium nitride, aluminum nitride, aluminum gallium nitride,

indium gallium nitride, indium aluminum nitride, and aluminum indium gallium nitride, and

alloys, mixtures, or combinations of the foregoing, with or without added dopants, impurities

or trace components, as well as all possible crystalline structures and morphologies, and any

derivatives or modified compositions of the foregoing. Unless otherwise indicated, no

limitation is placed on the stoichiometries of these compounds. Thus, the term "GaN"

encompasses Group III nitrides and nitride alloys; that is, AIxGayIn2N (x+y+z=l, 0<x<l,

O≤y≤ l , 0<z<l), or (Al, Ga, In)N.

[0029] For purposes of the present disclosure, it will be understood that when a crystal or

substrate orientation is referred to as having a "non-polar" orientation, except where

explicitly stated otherwise this will also include the semi-polar orientations.

[0030] Referring to the drawings in general, it will be understood that the illustrations are

for the purpose of describing examples of embodiments or implementations of the invention

and are not intended to limit the invention thereto.

[0031] In certain implementations of the invention, a method is provided for making a

nitride-based compound semiconductor substrate using a GaN seed crystal (i.e., (Al, Ga, In)N

as defined herein) and a vapor phase growth process whereby, upon re-growth on the seed



crystal, the size of the GaN seed crystal is increased in the lateral and vertical directions

resulting in larger sizes of non-polar and semi-polar substrates useful for optoelectronic and

microelectronic devices. As described below for certain implementations, the GaN seed

crystal may be a non-polar seed crystal, and/or may have crystalline edges of equivalent

crystallographic orientation.

[0032] According to one aspect of the invention, non-polar seed crystals are provided. In

a vapor phase growth process such as, for example, HVPE, thick GaN boules are grown on

AlN nucleation layers on sapphire substrates. Following fabrication of the boules, they are

prepared for slicing along the c-axis to create fl-plane substrates and/or /w-plane substrates.

The GaN crystalline directions in the boule may be identified via X-ray diffraction or other

suitable technique prior to slicing on a fixed-abrasive multi-wire saw or other suitable slicing

means. The boules are sliced parallel to a preferred direction in order to produce either a- or

m-plane substrates. Following the slicing of the non-polar substrates, the substrates were

processed to prepare an epi-ready growth surface. After lapping for flatness and to establish

the final wafer thickness the substrates were polished by a suitable technique such as by, for

example, using a mechanical polish followed by a chemical-mechanical polish (CMP) step.

As non-limiting examples, the dimensions of the final substrates may range from 3 to 7 mm

in the [0001] direction, 10 to 20 mm in the [UOO] or [ 1 120] direction (the orientation

depending on whether the substrates are o-plane or n?-plane), and 300 to 500 µm thick in the

[1120] or [1J.00] directions (the orientation again depending on whether the substrates are a-

plane or m-plane). In another example, the area of the top surface of the substrate may be

approximately 25 mm~ or greater.

[0033] In one aspect of the present invention, the non-polar GaN substrates mentioned

above may be used as planar seeds for re-growth of GaN crystals via a vapor phase process.

In one example, the vapor phase growth method utilized was the FIVPE process, which

enables high growth rates, high purity crystal growth, and control of the electrical properties.

Other vapor phase growth processes may also be suitable and thus are encompassed by the

present teachings. The non-polar planar seed crystals can be prepared for re-growth using the

aforementioned process and by cleaning the samples using a standard solvent cleaning

process. By means of the FIVPE process, re-growth on the non-polar seed generates a layer

on top of the seed, and under optimized conditions, expands the size of the seed through

lateral growth on the sidewalls of the seed. Under optimized growth conditions, the lateral



growth rate of the vapor phase growth can be higher than that of the vertical growth direction.

As one non-limiting example, the lateral growth rate may be approximately 400 µm/hr or

greater while the vertical growth rate is approximately 250 µm/hr or greater. In another

example, the ratio of lateral growth rate to vertical growth rate may be about 1.6:1 or greater.

In another example, the amount of lateral re-growth from one side of the starting seed crystal

may be approximately 800 µm or greater, while the amount of vertical re-growth from the top

surface of the starting seed crystal may be approximately 500 µm or greater. When the GaN

crystal is processed into a substrate following growth using standard slicing, lapping, and

polishing processes, the size of the substrate resulting from the vapor phase re-growth is

larger than the starting seed. This substrate can also be used as a seed for further growth and

can be used to further increase the size of the non-polar substrate.

[0034] According to the present invention, a high quality re-growth layer can be obtained

due to the high quality of the- seed prepared using the HVPE growth method and by

optimizing the vapor phase growth conditions. This results from the low dislocation density

in the seed, the low degree of crystal tilt as measured by X-ray diffraction, and the high

quality of the surface of the seed. Optimizing the growth conditions, such as the growth

initiation, the impurity concentrations in the regrown layer, and the growth rate, will maintain

and replicate the high quality and excellent uniformity of the seed in the re-growth layer. As

a result of the re-growth process, the dislocation density in the regrown crystal may be

approximately the same as or even lower than the dislocation density in the seed crystal.

[0035] One aspect of the present invention concerns using a non-polar GaN seed crystal

and a vapor phase growth process whereby, upon re-growth on the seed crystal, the size of

the GaN crystal is increased in the lateral and vertical directions. For example, for an m-

plane seed crystal the lateral growth can occur in the < 1120> direction or in the <0001>

direction and the vertical growth occurs in the <H00> direction, in accord with the structure

of the GaN hexagonal crystal. In comparison to other approaches, the approach of the

present invention differs in several regards and yields novel and unexpected results.

[0036] One issue present with the growth on non-polar seed crystals is the reduced in-

plane crystal symmetry. For example, /w-plane seed crystals prepared according to one aspect

of the present invention have {0001} and { 1 120} edges. This may result in asymmetric seed

expansion due to anisotropy in the crystal growth rates in different directions. For /w-plane

seed crystals, one can prepare the seed crystal with edges along the { 1 122} family of planes,



providing edges of equivalent crystallogτaphic direction. Under optimized growth

conditions, vapor phase re-growth on seeds prepared with edges of equivalent

crystallographic direction may result in symmetric seed expansion. Therefore, one aspect of

the current invention concerns the preparation of non-polar seed crystals with edges of

equivalent crystallographic direction and the optimized growth thereupon, enabling uniform

seed expansion and the size of the GaN seed crystal is increased in the lateral and vertical

directions.

[0037] Within the GaN-related field of research there are several examples where GaN-

based crystalline layers are prepared and lateral and vertical growth is observed in the growth

of the GaN layers. One widely applied method where lateral growth is observed in the

growth of GaN-based crystalline layers is epitaxial lateral overgrowth (ELOG), with other

related methods also known as lateral epitaxial overgrowth (LEO), pendeo-epitaxy,

cantilever-epitaxy or selective area growth (SAG). In ELOG and similar methods,

lithographic pattering and etching is required to generate either a surface patterned with a

growth mask, or a patterned structure of GaN lines or columns. Heteroepitaxial growth of the

GaN layer is initiated either on the surface patterned with a growth mask where windows are

created in the mask, typically in an array of stripes or discrete circular or hexagonal openings,

or on the lines or columns of the patterned structure. Growth of the GaN layer occurs in the

windows of the growth mask or from the tops or sidewalls of the patterned structure and

continues laterally to form a coalesced layer. Typically the layer is prepared using a vapor

phase growth technique such as metalorganic chemical vapor deposition (MOCVD) or

HVPE. This type of lateral growth is used over very small dimensions, with a typical pitch or

period ranging from 3 to 10 µm, and is not used to increase the size of the substrate, but

rather to control the dislocation density of the overgrown layer. Additionally, steps are

required to form the patterned mask or structure prior to the growth of the ELOG layer. By

contrast, the present invention has the unique and unexpected result of generating lateral

growth from the edge of the non-polar GaN seed without the need of a growth mask or

patterning, and can result in lateral growth on the order of 1,000 microns, as opposed to a few

10's of microns for the ELOG process.

[0038] Examples of other GaN crystal growth techniques where expansion of the GaN

crystals can be observed are liquid phase growth techniques, such as high pressure solution

growth, low pressure solution growth, and ammonothermal-type processes. The liquid phase



and vapor phase growth processes are fundamentally different, possessing different transport

and growth mechanisms and growth conditions. Liquid phase growth techniques involve

solutions that are used to dissolve the growth feedstock and provide transport of the growth

species for re-crystallization and growth on seed crystals. In high-pressure solution growth

using a gallium melt as the solvent, nitrogen is dissolved at high pressures (~1 GPa) and

temperatures (-1500 0C) to form crystals that are either thin hexagonal platelets or elongated

hexagonal needles. In low-pressure solution growth, a solvent containing gallium and

additional components that increase the solubility of nitrogen in the solution is used to

dissolve nitrogen and transport it to seed crystals where GaN re-crystallizes and grows.

These techniques are typically conducted at low to moderate pressures (~50 arm ) and

temperatures (-750 0C). In the ammonothermal growth process, supercritical ammonia is

used as the solvent to dissolve and transport polycrystalline GaN to seed crystals where

growth occurs through re-crystallization. In all of these processes, a solvent is used to

dissolve and transport a growth species (either nitrogen or GaN) for growth. The driving

force for growth from solution is a thermal gradient within the growth system and growth

occurs through precipitation and re-crystallization due to a change in solubility resulting from

the change in temperature. Additionally, the liquid phase is present in all of these processes

and the liquid-solid interface plays an important role in the growth process.

[0039] In comparison to liquid-phase growth techniques, in vapor phase growth carried

out in accordance with the present teachings, the source species are introduced as gaseous

precursors and are transported in the vapor phase to the growth surface where the crystal

growth occurs at a gas-solid interface. The driving force for crystal growth is not a thermal

gradient and change of solubility, but rather the change in free energy when the precursors

react to form the crystalline solid on the seed crystal. As a result, the present invention,

which utilizes the vapor phase for crystal growth, differs in several fundamental aspects from

growth from the liquid phase, and expansion of the seed crystal, which may occur as a result

of both techniques, is controlled by different mechanisms and processes in the two

approaches, resulting in a novel method for the vapor phase process, when compared to the

liquid phase processes.

|0040] The vapor phase growth process has been used to demonstrate regrowth by two

different methods in "Nonpolar GaN Quasi-Wafers Sliced from Bulk GaN Crystals Grown by

High-Pressure Solution and HVPE Methods," (Nitrides with Nonpolar Surfaces, Ed. Tanya



Paskova, Wiley-VCH, Weinheim, Germany, 2008). In the first instance, vapor phase growth

has been demonstrated on c-plane high-pressure-grown platelets. Growth occurs on the c-

plane of the seed crystal, which is then sliced to generate non-polar substrates. A limitation

of this process is the growth is reported as non-uniform in terms of material quality and

electron concentration. Additionally, while some seed expansion is observed, prismatic

facets are observed on the re-growth, resulting in an inclined sidewall to the crystal and

smaller lateral dimensions for substrates sliced from the crystal. In the second instance,

vapor phase growth on c-plane oriented high-pressure-grown needles has been demonstrated,

where growth occurs on the sidewalls of the needle in non-polar directions and the crystal is

sliced to generate c-plane substrates. A limitation of this process is that the growth is

reported as non-uniform in terms of material quality, where the initial seed crystal may

include defects such as a void, or may differ significantly in electron concentration.

Compared to the present invention, neither of these demonstrations starts with a non-polar

seed crystal. Where non-polar re-growth is observed, it is on a needle-type seed-crystal as

opposed to a planar, non-polar seed crystal. Finally, compared to the present invention, the

demonstrations result in non-uniform material quality and electron concentration, whereas the

present invention enables high quality and uniformity.

[0041] Figures IA and IB are provided for reference purposes in conjunction with the

teachings of the present disclosure. Figure IA is a schematic representation of the GaN

hexagonal crystal structure showing the directions in the crystal and the (0001) polar crystal

planes and the (1100) and ( 1 120) non-polar crystal planes with their designations. Figure IB

is a schematic representation of the (HOl) and ( 1122) semi-polar crystal planes in the GaN

hexagonal crystal structure.

EXAMPLE 1

[0042] The following example is provided to illustrate an embodiment of the invention.

Using the HVPE growth process, non-polar seed crystals were generated through the growth

of thick GaN boules grown on AlN nucleation layers on sapphire substrates. These boules

were grown to a thickness of ~ 1 cm. The sapphire substrates may be subsequently removed

by any suitable technique. Figure 2 is a schematic representation of an as-grown GaN boule

200 without the underlying sapphire and AlN nucleation layer. The growth of the GaN

crystal along the c-axis ([0001] direction) to a thickness of, for example, about 1 cm, is



indicated by an arrow 202. Following fabrication of the boules 200, they were prepared for

slicing along the c-axis to create a- and m-plane substrates 204. The GaN crystalline

directions in each boule 200 were identified via X-ray diffraction prior to slicing on a fixed-

abrasive multi-wire saw. The sample boule 200 was mounted on an adjustable fixture in an

X-ray diffractometer and the orientation of the boule crystal was measured using rocking

curve (ω-scan) measurements. The X-ray measurement resulted in the identification of the

orientation of the a- or m-plane in the crystal to within ±0.25° in both the polar and non-polar

directions of the given plane. A representative o-plane or m-plane along which the boule 200

is to be sliced is designated 206 in Figure 2. Following the X-ray measurements, the fixture

was removed from the X-ray diffractometer and transferred and mounted in a fixed abrasive

multi-wire saw 208. The boules 200 were then sliced parallel to the plane 206 as measured in

order to produce either a- or m-plane substrates 204. After slicing, X-ray diffraction was

used to measure the crystalline properties of the substrate 204. From the ω-scan angle offset

in the rocking curve measurements, the accuracy of the non-polar substrate orientation is

measured to be < ± 0.25° in both the polar (i.e. the [0001] direction) and the non-polar

direction (i.e., the [UOO] direction for -plane substrates and the [ 1 120] direction for m-plane

substrates). X-ray characterization of the non-polar substrates 204 also showed that there is

substantially no lattice tilting in the crystal along the in-plane polar and non-polar axes of the

substrate 204, indicating a high degree of crystalline orientation and alignment within the

substrate 204.

[0043] Following the slicing of the non-polar substrates 204, the substrates 204 were

processed to prepare an epi-ready growth surface. The epi-ready growth surface lies in the

77?-plane or <7-plane and, when the substrate 204 is subsequently loaded into a vertical vapor-

phase growth chamber for use as a seed crystal as described below, corresponds to the top

surface of the substrate 204. Where needed, a 30µm diamond lap was used to planarize the

substrates 204 and to produce flat substrates 204 with a thickness variation across each

substrate 204 of ± 5 µm. After lapping for flatness and to establish the final wafer thickness

(in the present example, approximately 475 µm), the substrates 204 were polished using a 4-

µm diamond mechanical polish, followed by a chemical-mechanical polish (CMP) step.

Optimal polishing conditions were developed for both a- and m-plane substrate surfaces, and

the CMP process times for obtaining smooth surfaces were different for the different

substrates 204, owing to different removal rates for the same CMP process conditions.



Atomic force microscope (AFM) measurements were made on the CMP-prepared a- and m-

plane surfaces. RMS Roughness values of ~0.2 run were achieved, which are comparable to

those obtained on Ga-face (0001) c-plane substrates. In the AFM images, no polishing

scratches were evident on the surfaces of the substrates 204 following the CMP process. The

dimensions of the final substrates 204 were approximately 5 mm in the [0001] direction, 10

mm in the [I K)O] or [ 1120] directions (the orientation depending on whether the substrates

are ø-plane or rø-plane), and approximately 450 µm thick in the [1120] or [HOO] directions

(the orientation again depending on whether the substrates are -plane or m-plane).

[0044] Figure 3 is representative of a sample non-polar GaN substrate 304 that may be

provided, such as by slicing a GaN boule as just described. In Figure 3, the representative

sample non-polar substrate 304 has an w-plane orientation, but alternatively could have an a-

plane orientation as described above. The non-polar substrate 304 includes opposing side

edges or sidewalls 312 running along the [0001] direction. As mentioned, the length (or

depth) of these edges 312 is about 5 mm in the present example. In the case where the non-

polar substrate 304 is an -plane substrate, the non-polar substrate 304 has a thickness 314 in

the [UOO] direction, which thickness 314 as indicated in the present example may be about

450 or 475µm depending on the amount of planarization, lapping, polishing; etc. performed.

The non-polar substrate 304 thus has a top surface 316 lying in the m-plane. When this non-

polar substrate 304 is loaded in a vertical HVPE reactor, the thickness 314 may be

characterized as the vertical dimension of the non-polar substrate 304, and homoepitaxial

GaN growth occurs along the m-axis as indicated by an arrow 320. The non-polar substrate

304 also has a lateral dimension 322 between and inclusive of the side edges 312. The lateral

dimension 322 is generally orthogonal to the length of the side edges 312 and to the thickness

314. In the case where the non-polar substrate 304 is m-plane oriented, the lateral dimension

322 runs along the [ 1 120] direction. As indicated above in the present example, the length of

the lateral dimension is 10 mm.

[0045] Alternatively, in the case where the non-polar substrate 304 is -plane oriented

(not specifically shown), the thickness 314 of the non-polar substrate 304 runs in the [ 1120]

direction. The top surface 316 of the non-polar substrate 304 lies in the a-plane. The lateral

dimension 322 runs along the [HOO] direction.

[0046] Further characterization of the non-polar GaN substrates (204 or 304) was

investigated using several different techniques. X-ray rocking curve measurements for both



the a- and m-plane substrates showed rocking curves full widths at half maximum (FWHM)

of around 90 arcsec, which is considerably improved over heteroepitaxially grown a- and m-

plane templates. Direct measurements of the dislocation density of the non-polar substrates

were measured. Monochromatic cathodoluminescence (CL) images of both a- and w-plane

substrates sliced from bulk GaN crystals allows an approximate estimation of the density of

dislocations intersecting the sample surface. The dislocations intersecting the sample surface

act as non-radiative recombination centers for electron-hole pairs generated during electron

irradiation, allowing identification of these defects as dark regions in CL images. A

dislocation density in the low range of 105 cm 2 was determined in the measured samples.

These dislocation density measurements correlate well with transmission electron microscopy

(TEM) observations performed on the <7-plane GaN samples. Importantly, basal plane and/or

prismatic stacking faults were not observed under any TEM observation conditions. These

defects are usually prevalent in heteroepitaxially grown non-polar GaN films.

[0047] The non-polar o-plane (1120) and w-plane (1J.00) substrates were then prepared

as seed crystals for epitaxial growth in a vertical HVPE growth system. The sample non-

polar substrates were cleaned using a standard solvent clean in preparation for the growth.

The sample non-polar substrates were mounted on a seed mount and loaded into the growth

system in the orientation shown in Figure 4 and described below. In any given growth run,

either o-plane or rø-plane substrates or both ø-plane and m-plane substrates may be processed.

The growth system was purged with process gases to obtain a high purity process

environment and then the sample non-polar substrates were transferred into the heated

deposition zone in the growth system. The sample non-polar substrates were heated to a

temperature of 1O85°C under flowing nitrogen and ammonia (NH ) . Growth of GaN was

initiated by introducing hydrogen chloride (HCl) into the growth system where it reacted in a

vessel containing liquid gallium to form gallium chloride (GaCl). The GaCl was transported

to the growth zone in the growth system in a flow of nitrogen. The initial growth rate was

approximately l Oµm/hr, and was held for 20 minutes. The growth rate was then increased

continuously to approximately 250 µm/hr. The growth pressure was 300 Torr. The total

growth thickness in the vertical direction was approximately 400 µm on the surface of each of

the non-polar substrates. Growth was terminated by stopping the flow of HCl. The resulting

re-grown non-polar substrates were transferred out of the heated growth zone and were

removed from the growth system.



[0048] The surfaces of the resulting re-grown non-polar substrates were analyzed

following the above-described re-growth. The surfaces of the seed crystals prior to growth

were smooth and featureless; post growth, the re-grown non-polar substrates have rougher,

more textured surfaces, though both pre-growth and post-growth surfaces remained nearly

mirror-like and reflective to the eye. Using Nomarski Interference Contrast optical

microscopy, the surface features were investigated and crystalline faceting and texturing was

observed. The ø-plane crystals had a more faceted surface than the m-plane crystals. No

cracking was observed in the re-grown non-polar substrates. Excellent material uniformity

was observed in the HVPE re-growth on the non-polar GaN seeds.

[0049] AFM characterization was performed on the re-growth surface of the m-plane

samples. The surface showed a generally smooth, step flow-type surface with a number of

different observable growth features. Surface pits were seen across the samples. Pits such as

these have been observed in regrowth on c-plane substrates. The pits could be associated

with defects or dislocations intersecting the growth surface. The RMS roughness of the 5µm

x 5µm AFM scan is 4.9 nm. The density of the pits was approximately IxIO 6 cm 2 in some

areas; in other areas the surfaces were generally smooth with no pits.

[0050] X-ray rocking curve measurements were taken in two orientations following re-

growth to observe the differences in crystal quality with respect to the different crystal

directions in the samples, highlighting the in-plane anisotropy of the structural characteristics

of the material. The X-ray source was configured in line source configuration that produced

an incident beam with a spot size on the sample of approximately lmm (wide) 12mm (tall).

Measurements of this type have previously highlighted structural differences in HVPE-grown

heteroepitaxial and bulk material. The first measurement (0° orientation) was taken with the

incident beam parallel to the [ 1120] direction of the m-plane sample; the next measurement

(90° orientation) was taken with the incident beam normal to the [1120] direction. For the

OT-plane sample, the 0° measurement shows a rocking curve full width at half maximum

(FWHM) of 73 arcsec, while the 90° measurement has a FWHM of 202 arcsec. The 0°

measurement consists of one main peak with several shoulder peaks of lower intensity, while

the 90 shows one main peak with a more pronounced domain structure. The small FWHM

values are indicative of high crystal quality, while the multiple diffraction peaks could be

indicative of a domain-type structure in the material. Similar rocking curve measurements

were observed on the ø-plane sample.



[0051] Figure 4 is a schematic view of the cross-section of an w-plane non-polar

substrate 400 following re-growth from a non-polar starting seed crystal 404. The starting

seed crystal 404 corresponds to the representative non-polar substrate 304 illustrated in

Figure 3, or one of the non-polar substrates 204 illustrated in Figure 2, after having been

reoriented and mounted in a vertical HVPE chamber as described above. Accordingly, for

the m-plane sample illustrated in Figure 4, the starting seed crystal 404 has a thickness 412

corresponding to a vertical dimension and a length or width 422 corresponding to a lateral

dimension. The starting seed crystal 404 also includes a top surface 416 generally oriented

along the rø-plane, and one or more side edges 412 generally running along the [HOO]

direction. Here, the term "one or more side edges" infers that the shape of the starting seed

crystal 404 may be more or less rectilinear as shown for example in Figures 2 and 3 such that

four distinct side edges 412 are defined, or alternatively the starting seed crystal may be

shaped differently so as to have more or less side edges 412, or further that the starting seed

crystal 404 may be more or less rounded so as to have a single continuous side edge 412

defining the perimeter of the top surface 416. As a result of the vapor-phase re-growth

process described above, growth of the GaN crystal in the [UOO] and [1120] directions is

observed, which in the present example corresponds to the vertical and lateral directions,

respectively. Consequently, the resulting re-grown non-polar substrate 400 includes a

vertical re-growth region 432 characterized by growth from the top surface 416 and hence an

increased vertical dimension of the GaN crystal, and a lateral re-growth region 442

characterized by growth from the side edge(s) 412 and hence an increased lateral dimension

of the GaN crystal. Growth in the [0001] and [0001] directions (i.e., out from and into the

drawing sheet) is not specifically shown.

[0052] The highest growth rate is observed in the [ 1120] (lateral) direction and faceting is

observed in the < 1K)O> (vertical) growth directions. Growth expansion was also observed in

the [0001] direction (out of the drawing sheet), and was comparable in growth rate to the

growth in the [1120] direction. Lower growth rates relative to the [0001] direction were

observed in the [0001] direction (into the drawing sheet). Scanning electron microscopy

(SEM) was used to characterize the seeds 404 and the regrowth 432 and 442. Using this

technique, regrowth 442 from the sidewall 412 of the seed 404 was observed and the growth

rate was characterized. Figure 5 is a SEM micrograph of a cleaved surface from the m-plane

re-growth looking in the [0001] direction. The contrast difference between the seed and the



regrowth regions shows the area of the crystal formed during regrowth. The dashed line in

Figure 5 defines the interface between these two regions. The measurement of the seed

expansion in this section via SEM also shows a higher lateral growth rate than the vertical

growth rate. The nominal vertical growth rate for this sample is approximately 250µm/hr,

whereas the lateral growth rate is measured to be greater than approximately 400 µm/hr. As

shown in Figure 5, lateral re-growth from one side of the seed crystal in this example was

measured to be 836 µm. This demonstrates successful seed expansion and increasing the

lateral size of non-polar substrates starting with non-polar seeds.

EXAMPLE 2

[0053] The following example is provided to illustrate another embodiment of the

invention. The GaN boules and non-polar seed crystals formed pursuant to this example may

be formed as described above in conjunction with Figures 2 and 3, and thus can be expected

to exhibit the same or similar excellent properties and characteristics mentioned below for

this example. Accordingly, the FfVPE growth process may again be utilized used to generate

non-polar seed crystals through the growth of thick GaN boules grown on AlN nucleation

layers on sapphire substrates. GaN boules may be grown to a thickness of, for example, ~ 1

cm. Following fabrication of the boules, they are prepared for slicing along the c-axis to

create /w-plane substrates. The GaN crystalline directions in the boule are identified via X-

ray diffraction prior to slicing on a fixed-abrasive multi-wire saw. For the alignment

measurement, the boule is mounted on an adjustable fixture in an X-ray diffractometer and

the orientation of the boule crystal is measured using rocking curve (ω-scan) measurements.

Alternatively, the alignment of the boule is measured using the X-ray back-reflection Laue

method. The X-ray measurement results in the identification of the orientation of the m-plane

in the crystal to within ± 0.25° in both the polar and non-polar direction of the given plane.

Following the X-ray measurements, the fixture is removed from the X-ray diffractometer and

transferred and mounted in a fixed abrasive multi-wire saw. The boules are then sliced

parallel to the plane as measured and oriented in the diffractometer in order to produce m-

plane substrates. After slicing, X-ray diffraction is used to verify the quality and orientation

of the substrate. X-ray rocking curve measurements for both the a- and m-plane substrates

show rocking curves full widths at half maximum (FWHM) of around 90 arcsec. From the

ω-scan angle offset in the rocking curve measurements, the accuracy of the non-polar



substrate orientation is measured to be < ± 0.25° in both the polar (i.e. the [0001] direction)

and the non-polar direction (i.e., the [1100] direction for -plane substrates and the [ 1120]

direction for m-plane substrates). X-ray characterization of the non-polar substrates also

show that there is substantially no lattice tilting in the crystal along the in-plane polar and

non-polar axes of the substrate, indicating a high degree of crystalline orientation and

alignment within the substrate. The multi-wire saw produces a flat substrate with a thickness

variation across the substrate of ± 5µm.

[0054] Following the slicing of the non-polar substrates, the substrates are then processed

to prepare an epi-ready growth surface. After lapping for flatness and to establish the final

wafer thickness (approximately 475 µm), the substrates are polished using sequential 4-µm

and 1-µm diamond mechanical polish steps, followed by a chemical-mechanical polish

(CMP) step. RMS Roughness values of ~0.2 nm are achieved, as measured by AFM. In the

AFM images, no polishing scratches are evident on the surfaces of the substrates following

the CMP process. Monochromatic cathodoluminescence (CL) images of the w-plane

substrates show the dislocation density is in the low range of 105 cm 2 . Basal plane and/or

prismatic stacking faults are not observed under any TEM observation conditions. The final

substrate size is approximately 5 mm in the [0001] direction and 10 mm in the [ 1 120]

direction, and approximately 450 µm thick in the [UOO] direction.

[0055] The non-polar w-plane (Ij .00) substrates are then prepared as seed crystals for

epitaxial growth in a vertical HVPE system. The samples are cleaned using a standard

solvent clean in preparation for the growth. The samples are mounted on a seed mount and

loaded into the growth system. The system is purged with process gases to obtain a high

purity process environment and then the samples are transferred into the heated deposition

zone in the growth system. The sample is heated to a temperature of 10850C under flowing

nitrogen and ammonia. Growth of GaN is initiated by introducing HCl into the system where

it reacts with liquid gallium to form GaCl, and then is transported to the growth zone in the

system in a flow of nitrogen. The initial growth rate is approximately 1Oµm/hr, and is held

for 20 minutes. The growth rate is then increased continuously to 250µm/hr. The growth

pressure is 300 Torr. The total growth thickness is approximately 5 mm in the vertical [1100]

direction on the surface of the substrates. Growth is terminated by stopping the flow of HCl.

The sample is transferred out of the heated growth zone and is removed from the system.



The lateral dimensions of the re-grown crystal are approximately 10 mm in the [0001]

direction and 20 mm in the [ 1 120] direction.

[0056] Figure 6 is a schematic representation of a re-grown GaN crystal 600 produced as

just described, and also of the separation of one or more GaN substrates 662 from the re-

grown crystal 600 as described below. Similar to Figure 4, the re-grown crystal 600 includes

a starting seed crystal 604, a vertical re-growth region 632 and one or more lateral re-growth

regions 642. Following the crystal re-growth, the re-grown crystal 600 is prepared for slicing

parallel to the c-axis to create one or more m-plane substrates 662. The GaN crystalline

directions in the re-grown crystal 600 are identified via X-ray diffraction prior to slicing on a

fixed-abrasive multi-wire saw. The X-ray measurement resulted in the identification of the

orientation of the a- or m-plane in the re-grown crystal; from this measurement the

orientation of the surface plane of the substrate (the off-cut angle) was selected and

determined with an accuracy of ±0.25° from a selected angle and toward a direction relative

to the direction normal to the a- or /w-plane in the crystal. For example, in one instance the

orientation of the surface plane of the m-plane substrate 662 was selected to be oriented to 0°

±0.25° from the w-plane in both the polar and non-polar directions of the given plane. In

another example, the orientation of the surface plane of the rø-plane substrate 662 is selected

to be oriented to 1° ±0.25° from the m-plane toward the [0001] direction and 0° ±0.25° from

the m-plane toward the [ 1 120] direction. In general, the off-cut angle of the surface plane of

the non-polar substrates is selected over a range of ±5° with an accuracy of ±0.25°, where

these angles are measured relative to the direction normal to the non-polar plane that is

nominally parallel to the top surface of the starting seed crystal, and the direction of the off-

cut angle is determined relative to two crystalline directions in the plane of the non-polar

plane that is nominally parallel to the top surface of the starting seed crystal. For simplicity,

these two crystalline directions are normally taken to be the two lowest order crystalline

directions in the plane of interest. The re-grown crystal 600 is then sliced parallel to the

plane as measured in order to produce the m-plane substrates 662. Each of the resulting

sliced m-plane substrates 662 is then polished to achieve a smooth and damage-free surface

suitable for subsequent epitaxial growth, the fabrication of electronic or optoelectronic

devices, etc. As seen in Figure 6, in accordance with the fabrication process taught in the

present example, the resulting m-plane substrates 662 retain the increased lateral dimension

in the [ 1 120] direction from the re-growth, relative to the original lateral dimension of the



starting seed crystal 604. Hence, the area of the top surface of each resulting m-plane

substrate 662 maybe greater than the area of the top surface of the starting seed crystal 604.

[0057] The foregoing example may also be applied by analogy to the process of re-

growth on fl-plane seed crystals in accordance with the present teaching to produce sliced a-

plane substrates.

[0058] Figure 7 illustrates an alternative approach to the present example. Similar to

Figures 4 and 6, Figure 7 illustrates a re-grown GaN crystal 700 exhibiting vertical and lateral

re-growth regions 732 and 742 generated from a starting seed crystal 704. For simplicity, the

cross-section of the seed crystal 704 is depicted only on one of the faces or sides of the re-

grown GaN crystal 700. In this alternative example, following crystal re-growth, the

resulting re-grown crystal 700 is prepared for slicing parallel to the [HOO] direction and at

approximately 58.4° relative to the [ 1 120] direction to create one or more ( 1122) substrates

762. The GaN crystalline directions in the re-grown crystal 700 are identified via X-ray

diffraction prior to slicing on a fixed-abrasive multi-wire saw. The re-grown crystal 700 is

then sliced parallel to the plane as measured in order to produce the ( 1122) substrates 762.

Each of the resulting sliced (1122) substrates 762 is then polished to achieve a smooth and

damage-free surface suitable for epitaxial growth. It will be noted in this example that the

sliced substrates 762 may include crystal material from the seed crystal 704 as well as the re-

grown crystal 732 and/or 742.

[0059] The foregoing alternative example relating to Figure 7 may be applied by analogy

to the process of re-growth on c-plane seed crystals. For example, an -plane seed crystal

may be sliced parallel to the [ 1 120] direction at an angle that results in the creation of one or

more (1101) substrates or (1103) substrates.

[0060] Continuing with Figure 7, the starting seed crystal 704 has a cross-sectional area

defined by its lateral and vertical dimensions. In any of the implementations described in

conjunction with Figure 7, it can be seen that the area of a planar surface (e.g., top surface) of

the substrate sliced from the re-grown crystal may be greater than the cross-section area of

the seed crystal 704.

EXAMPLE 3

[0061] The following example is provided to illustrate another embodiment of the

invention. As in the case of the implementations of Example 2, the GaN boules and non-



polar seed crystals formed pursuant to the present example may be formed as described above

in conjunction with Figures 2 and 3, and thus can be expected to exhibit the same or similar

excellent properties and characteristics mentioned above. Accordingly, the HVPE growth

process may again be utilized to generate non-polar seed crystals through the growth of thick

GaN boules using the process previously described. For example, the size of the m-plane

substrates resulting from slicing the GaN boule, and following preparatory steps as described

above, may be approximately 5 mm in the [0001] direction and 10 mm in the [ 1120]

direction, and approximately 450 µm thick in the [IK)O] direction. These substrates may

then be utilized as seed crystals for the re-growth process. Figure 8 schematically depicts a

top surface 816 of one such seed crystal 804. For simplicity, the thickness and corresponding

three-dimensional bulk of the seed crystal 804 are omitted from Figure 8. In this example,

prior to re-growth, the seed crystal 804 is cleaved along crystalline planes to generate a seed

crystal 804 that is bounded exclusively by { 1 122} edges 872. Alternatively, the { 1 122}

edges 872 are produced by cutting or grinding the seed crystal 804 followed by polishing or

etching the edges 872 to remove damage from the mechanical processing. To obtain the

proper alignment of the edges 872 to the desired crystal plane, the GaN crystalline directions

in the seed crystal 804 are identified via X-ray diffraction prior to cleaving, cutting, or

grinding.

[0062] The non-polar m-plane ( I K)O) seed crystals 804 with the {1 122} edges 872 are

then prepared for epitaxial growth in a vertical HVPE system. The sample seed crystals 804

are cleaned using a standard solvent clean in preparation for the growth. The sample seed

crystals 804 are mounted on a seed mount and loaded into the growth system. The system is

purged with process gases to obtain a high purity process environment and then the samples

are transferred into the heated deposition zone in the growth system. In order to maintain the

{ 1 122} facets of the seed crystal 804, the growth conditions are modified to stabilize the

growth on the { 1 122} facets. The seed crystal 804 is heated to a temperature of 10750C

under flowing nitrogen and ammonia. Growth of GaN is initiated by introducing HCl into

the system where it reacts with liquid gallium to form GaCl, and then is transported to the

growth zone in the system in a flow of nitrogen. The initial growth rate is approximately

l Oµm/hr, and is held for 20 minutes. The growth rate is then increased continuously to

250µm/hr. The growth pressure was 300 Torr. Under these growth conditions, lateral re-

growth is promoted on the { 1 122} sidewalls 872 of the seed crystal 804 as schematically



depicted in Figure 8 by lateral growth regions 876, thereby forming a re-grown GaN crystal

800.

[0063] Following crystal re-growth, the re-grown GaN crystal 800 is prepared for slicing

along the c-axis to create one or more w-plane substrates. The GaN crystalline directions in

the re-grown crystal 800 are identified via X-ray diffraction prior to slicing on a fixed-

abrasive multi-wire saw. The re-grown crystal 800 is then sliced parallel to the plane as

measured and oriented in the diffractometer in order to produce w-plane substrates. For

example, slicing may occur parallel to the top surface 816. Each of the substrates may then

be polished to achieve a smooth and damage-free surface suitable for epitaxial growth.

[0064] The example just described may be applied by analogy to seed crystals of other

crystallographic orientations. As examples, the seed crystal may be of (1120) orientation

with {1101} crystalline edges, the seed crystal may be of (0001) orientation with {U00}

crystalline edges, or the seed crystal may be of (0001) orientation with {1120} crystalline

edges.

[0065] In the examples presented, impurities may or may not be intentionally introduced

in the gas phase during the crystal growth. In some implementations, during the vapor phase

re-growth, no impurity is introduced and all the gas sources are purified in order to achieve

high-purity GaN crystals. In some examples, the impurity concentration in the GaN is than

about 10 17 cm 3 . In other examples, the impurity concentration is less than about 10 16 cm 3 .

In other examples, the impurity concentration is less than about 10 15 cm 3 .

[0066] Alternatively, in other implementations, during the bulk growth, n-type impurities,

such as silicon (introduced, for example, as silane) or oxygen, are introduced to produce n-

type GaN crystals. The introduction of impurities may occur at any stage of the GaN growth.

It will be understood that the growth conditions may be slightly different when n-type doping

is introduced. In some examples, the electron concentration in the vapor phase re-growth

GaN layer is greater than about 10 17 cm 3 . In other examples, the electron concentration is

greater than about 10 18 cm 3 . In some examples, the resistivity of the n-type vapor phase re-

growth GaN layer is less than about 0.1 ohm-cm.

[0067] In other implementations, the bulk GaN crystal may be p-type doped by

introducing p-type impurities such as magnesium (Mg). Mg may be introduced as a metal-

organic compound. Mg may also be introduced as Mg vapor by heating Mg metal in a quartz

enclosure and carrying the Mg to the deposition zone by carrier gas. It will be understood



that the growth conditions may be slightly different when p-type doping is introduced. In

some examples, the hole concentration in the vapor phase re-growth GaN layer is greater than

about 10 17 cm 3. In other examples, the hole concentration is greater than about 10 18 cm 3 . In

other examples, the hole concentration is greater than about 10 cm . In some examples, the

resistivity of the p-type vapor phase re-growth GaN layer is less than about 0.1 ohm-cm.

[0068] In other implementations, the bulk GaN crystal can also be made into a semi-

insulating (SI) material by introducing a deep-level acceptor. Transition metals, such as iron,

cobalt, nickel, manganese, and zinc, are deep-level acceptors. The transition metal may be

introduced to the deposition zone either via a metal-organic or metal-chloride compound

formed by reacting, for example, iron metal with hydrochloric acid. When iron is used as a

deep-level acceptor, gaseous ferrocene may be introduced into the HVPE reactor. It will be

understood that the growth conditions may be slightly different when transitional metal

doping is introduced. The concentration of the transition metal in the vapor phase re-growth

GaN layer may range from about 10 16 to about 1020 cm 3 . In other examples, the

concentration of the transition metal ranges from about 10 17 to about 10 19 . In other examples,

the concentration of the transition metal is around 10 18 cm 3. The resistivity of the SI vapor

phase re-growth GaN layer at room temperature may be greater than about 106 ohm-cm.

[0069] The substrates formed using the present invention are very useful for producing

optoelectronic devices such as light emitting diodes (LEDs), laser diodes (LDs) and

photodetectors, and electronic devices such as diodes and field effect transistors (FETs).

Accordingly, implementations of the present invention include articles comprising the

substrates with additional GaN layers and/or GaN-based (opto-) electronic devices fabricated

thereon. Depending on whether the substrates are non-polar or semi-polar, the resulting

articles or device are spontaneous-polarization-free or otherwise exhibit low spontaneous

polarization.

[0070] Examples of the present invention utilize several specific growth sequences. It

should be understood that these specific growth processes are meant for illustrative purposes

and are not limiting. It should also be noted that growth conditions cited in the examples are

specific to the HVPE growth reactor employed in the examples. When employing a different

reactor design or reactor geometry, it may be desirable to utilize a different condition to

achieve similar results. However, the general trends are still similar.



[0071] It will be understood that various aspects or details of the invention may be

changed without departing from the scope of the invention. Furthermore, the foregoing

description is for the purpose of illustration only, and not for the purpose of limitation—the

invention being defined by the claims.



CLAIMS

What is claimed is:

1. A method for making a non-polar GaN substrate, the method comprising:

providing a non-polar GaN seed crystal including a top surface lying in a first non-

polar plane, and one or more side walls adjoining the top surface, wherein the GaN seed

crystal has a vertical dimension bounded by the top surface and the bottom surface, and a

lateral dimension bounded by the one or more side walls and orthogonal to the vertical

dimension;

growing a vertical re-growth region from the top surface and a lateral re-growth

region from the one or more side walls to form a re-grown GaN crystal, by growing GaN on

the GaN seed crystal utilizing a vapor phase growth process, wherein the re-grown GaN

crystal has a vertical dimension greater than the vertical dimension of the GaN seed crystal

and a lateral dimension greater than the lateral dimension of the GaN seed crystal; and

slicing the re-grown GaN crystal along a second non-polar plane to form a non-polar

GaN substrate, wherein the non-polar GaN substrate has a lateral dimension along the second

non-polar plane, and the lateral dimension of the non-polar GaN substrate is greater than the

lateral dimension of the GaN seed crystal.

2. The method of claim 1, wherein the first non-polar plane and the second non-polar

plane have a (HOO) orientation.

3. The method of claim 1, wherein the first non-polar plane and the second non-polar

plane have a ( 1 120) orientation.

4. The method of claim 1, wherein the first non-polar plane has a (11.00) orientation and

the second non-polar plane has a ( 1122) orientation.

5. The method of claim 1, wherein the first non-polar plane has a ( 1120) orientation and

the second non-polar plane has a (HOl) orientation or a ( 11.03) orientation.

6. The method of claim 1, wherein the vertical re-growth region has a vertical dimension

of 500 µm or greater.



7. The method of claim 1, wherein the lateral re-growth region has a lateral dimension of

800 µm or greater.

8. The method of claim 1, wherein the top surface has an area of 25 mm or greater.

9. The method of claim 1, wherein the top surface is bounded by two or more edges and

the smallest edge is 3 mm or greater.

10. The method of claim 1, wherein the non-polar substrate has a top surface lying in the

second non-polar plane, and the top surface of the non-polar substrate has an area greater than

the area of the top surface of the GaN seed crystal.

11. The method of claim 1, wherein the seed crystal has a cross-sectional area defined by

the vertical dimension of the seed crystal and the lateral dimension of the seed crystal, the

non-polar substrate includes a top surface lying along the direction of slicing, and the top

surface of the non-polar substrate has an area greater than the cross-sectional area of the seed

crystal.

12. The method of claim 1, wherein the off-cut angle of the substrates sliced from the re-

grown GaN crystal is selected from a range of ±5°, where the angle is measured relative to

the direction normal to the non-polar plane that is nominally parallel to the top surface of the

starting seed crystal, and the direction of the off-cut angle is determined relative to the two

lowest order crystalline directions in the plane of the non-polar plane that is nominally

parallel to the top surface of the starting seed crystal, and the angle is determined with an

accuracy of ±0.25°.

13. The method of claim 1, wherein the dislocation density of the GaN crystal in the re-

growth regions is approximately the same or lower than that of the GaN seed crystal.

14. The method of claim 1, further comprising lapping and polishing the non-polar GaN

substrate whereby the non-polar GaN substrate is suitable for epitaxial growth thereon.



15. The method of claim 1, further comprising growing an additional GaN layer or a

GaN-based device on the non-polar GaN substrate, wherein the additional GaN layer or the

GaN-based device is spontaneous-polarization-free or exhibits low spontaneous polarization.

16. The method of claim 1, wherein the growth rate in the lateral re-growth region is 400

µm or greater.

17. The method of claim 1, wherein the growth rate in the lateral re-growth region is

greater than the growth rate in the vertical re-growth region.

18. The method of claim 1, wherein the ratio of the growth rate in the lateral re-growth

region to the growth rate in the vertical re-growth region is 1.6:1 or greater.

19. The method of claim 1, wherein providing the GaN seed crystal comprises slicing a

GaN crystal boule along its c-axis and parallel to the first non-polar plane.

20. A method for making a re-grown GaN crystal, the method comprising:

providing a GaN seed crystal including a top surface and a plurality of crystalline

edges of equivalent crystallographic direction adjoining the top surface, wherein the GaN

seed crystal has a vertical dimension bounded by the top surface, and a lateral dimension

bounded by an opposing pair of the crystalline edges and orthogonal to the vertical

dimension; and

growing a lateral re-growth region from each of the crystalline edges to form a re-

grown GaN crystal, by growing GaN on the GaN seed crystal utilizing a vapor phase growth

process, wherein the re-grown GaN crystal has a lateral dimension inclusive of the lateral re-

growth regions grown from the opposing pair of crystalline edges, and the lateral dimension

of the re-grown GaN crystal is greater than the lateral dimension of the GaN seed crystal.

21. The method of claim 20, wherein the seed crystal is of (HOO) orientation with ( 1 122)

crystalline edges.



22. The method of claim 20, wherein the seed crystal is of ( 1120) orientation with (HOl)

crystalline edges.

23. The method of claim 20, wherein the seed crystal is of (0001) orientation with (HOO)

crystalline edges.

24. The method of claim 20, wherein the seed crystal is of (0001) orientation with ( 1120)

crystalline edges.

25. The method of claim 20, further comprising slicing along a direction parallel to the

top surface to form a non-polar GaN substrate, wherein the non-polar GaN substrate has a

lateral dimension inclusive of the lateral re-growth regions grown from the opposing pair of

crystalline edges, and the lateral dimension of the non-polar GaN substrate is greater than the

lateral dimension of the GaN seed crystal.

26. The method of claim 20, further comprising lapping and polishing the non-polar GaN

substrate whereby the non-polar GaN substrate is suitable for epitaxial growth thereon.

27. The method of claim 20, wherein the growth rate in each lateral re-growth region is

approximately equal to the growth rate in the other lateral re-growth regions.

28. The method of claim 20, further comprising, while growing the lateral re-growth

regions, growing a vertical re-growth region from the top surface, wherein the growth rate in

the lateral re-growth regions is greater than the growth rate in the vertical re-growth region.

29. A method for making a re-grown GaN crystal, the method comprising:

providing a non-polar GaN seed crystal including a top surface lying in a non-polar

plane, and one or more side walls adjoining the top surface, wherein the GaN seed crystal has

a vertical dimension bounded by the top surface, and a lateral dimension bounded by the one

or more side walls and orthogonal to the vertical dimension; and

growing a vertical re-growth region from the top surface and a lateral re-growth

region from the one or more side walls to form a re-grown GaN crystal, by growing GaN on



the GaN seed crystal utilizing a vapor phase growth process, wherein the growth rate in the

lateral re-growth region is greater than the growth rate in the vertical re-growth region.

30. The method of claim 29, further comprising slicing the re-grown GaN crystal to form

a non-polar GaN substrate.

31. A method for making a re-grown GaN crystal, the method comprising:

providing a GaN seed crystal including a top surface and a plurality of crystalline

edges of equivalent crystallographic direction adjoining the top surface, wherein the GaN

seed crystal has a vertical dimension bounded by the top surface and the bottom surface, and

a lateral dimension bounded by an opposing pair of the crystalline edges and orthogonal to

the vertical dimension; and

growing a vertical re-growth region from the top surface and a lateral re-growth

region from each of the crystalline edges to form a re-grown GaN crystal, by growing GaN

on the GaN seed crystal utilizing a vapor phase growth process, wherein the growth rate in

the lateral re-growth regions is greater than the growth rate in the vertical re-growth region.

32. The method of claim 31, wherein the growth rate in each lateral re-growth region is

approximately equal to the growth rate in the other lateral re-growth regions.

33. The method of claim 31, further comprising slicing the re-grown GaN crystal to form

a non-polar GaN substrate
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