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ELECTRONIC POWER DEVICES INTEGRATED WITH AN
ENGINEERED SUBSTRATE

5
CROSS-REFERENCES TO RELATED APPLICATIONS
[6661] This application claims priority to U.8. Provisional Patent Application No.
62/378,382, filed on August 23, 2016, the disclosure of which is hereby incorporated by
reference in 1is entirety for all purposes.
10

BACKGROUND OF THE INVENTION

[6662]  Gallium nitnde based power devices are typically epitaxially grown on sapphire

substrates. The growth of gallivm mitride based power devices on a sapphire subsirate is 3

heteroepitaxial growth process since the substrate and the epitaxial layers are composed of
15 different materials. Due to the heteroepitaxial growth process, the epitaxially grown material

can exhibit a variety of adverse effects, including reduced uniformitly and reductions in

metrics associated with the electronic/optical properties of the epitaxial layvers. Accordingly,

there is a need in the art for improved methods and systems related to epitaxial growth

processes and substrate structures.

SUMMARY OF THE INVENTION
[6663] The present invention refates generally to power devices formed on engineered
substrate structures. More specifically, the present inveniion relates to methods and systems
suitable for fabricating power devices using epitaxial growth processes. As described herein,
25 some embodiments of the present invention have been applied to methods and systems for
fabricating power devices and senuconductor diodes on a substrate structure by epitaxial
growth, wherein the substrate structure is characterized by a coefficient of thermal expansion
(CTE) that is substantially matched o epitaxial lavers that form the power devices. The

methods and techniques can be applied to a variety of semiconductor processing operations.

30 {0604} According to an embodiment of the present invention, a power devige 1s provided.

The power device includes a substrate comprising a polverystaliine ceramic core, a first
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adhesion laver coupled to the polycrystalline ceramic core, a barrier layer coupled to the first
adhesion laver, a bonding layer coupled to the barrier laver, and a substantially single crystal
laver coupled to the bonding layer. The power device also includes a buffer layer coupled to
the substantially single crystal layer and a channel region coupled to the buffer laver. The
channel region inchudes a first end, a second end, and a central portion disposed between the
first end and the second end. The channel region also includes a channel region barrier layer
coupled to the buffer laver. The power device further includes a source contact disposed at
the first end of the channel region, a drain contact disposed at the second end of the channel

region, and a gate contact coupled to the channel region.

[8665] According to another embodiment of the present invention, a method of forming a
power device is provided. The method includes forming a substrate by providing a
polycrystalline ceramic core, encapsulating the polycrystaliine ceramic core with a first
adhesion shell, encapsulating the {irst adhesion shell with a barrier layer, forming a bonding
layer on the barrier layer, and joirung a substantially single crystal fayer to the bonding laver.
The method also includes forming a buffer layer on the substantially single crystal layer and
forming a channel region on the buffer laver by forming an epitaxial channel region barrier
laver on the buffer laver. The channel region has a first end and a second end, and a central
portion between the first end and the second end. The method also includes fornming a source
contact at the first end of the channel region, forming a drain contact at the second end of the

channel region, and forming a gate contact on the channel region.

[6686] According to a particular embodiment of the present invention, a semiconductor
diode is provided. The semiconductor dicde includes a substrate including a polycrystalline
ceramic core, a first adhesion layer coupled to the polycrystalline ceramic core, a barrier layer
coupled to the first adhesion laver, a bonding layer coupled to the barrier layer, and a
substantially single crvstal layer coupled to the bonding layer. The semiconductor diode also
includes a buffer layver coupled to the substantiallv single crystal layer, a semi-insulating layer
coupled to the buffer layer, and a first N-type galliom nitride layer coupled to the semi-
msulating layer. The first N-tvpe gallium nitride layer has a first doping concentration. The
semiconductor diode further mcludes a second N-type gallium mtride layer coupled to the
first N-type gallium rnutride layer. The second N-type gallium nitride ayer has a second
doping concentration less than the fivst doping concentration. Moreover, the semiconductor

diode ncludes a P-tvpe gallium nitride layer coupled to the second N-type gallium nitride
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layer, an anode contact coupled to the P-type gallium mitride layer, and a cathode contact

coupled to a portion of the first N-type gallium nitride layer.

18067} According to another particular embodiment of the present invention, a method of
forming a semiconductor diode is provided. The method includes forming a substrate by
providing a polyerystalline ceramic core, encapsulating the polycrystalline ceramic core with
a first adhesion shell, encapsulating the first adhesion shell with a barnier taver, forming a
bonding layer on the barrier layer, and joining a substantially single crystal laver to the
bonding layer. The method also includes forming a buffer layer on the substantially single
crvstal layer, forming a senu-tnsulating laver on the buffer laver, and forming a first epitaxial
N-type gallium nitride layer on the semi-insulating layer. The first epitaxial N-type gallium
nitride laver has a first doping concentration. The method further includes forming a second
epitaxial N-type gallnim nitride layer on the first epitaxial N-type gallivm nitride layer. The
second epitaxial N-type gallium nitride laver has a second doping concentration less than the
first doping concentration. Additionally, the method includes fornung an epitaxial P-tvpe
gallium nitride layer on the second epitaxial N-type gallium nitride layer, removing a portion
of the second epitaxial N-type gallium nitride layer and a portion of the epitaxial P-type
gatlivm nuiride layer to expose a portion of the first epitaxial N-type gallivm nitride layer,
forming an anode contact on a remaining portion of the epitaxial P-tvpe gallium nitride layer,
and forming a cathode contact on the exposed portion of the first epitaxial N-type gallium

niiride laver.

[6B08]  According to a specific embodiment of the present invention, a wethod of forming a
semiconductor diode is provided. The method mcludes forming a substrate by providing a
polycrystalline ceramic core, encapsulating the polyvcrystaliine ceramic core with a first
adhesion shell, encapsulating the fivst adhesion shell with a barrier layver, forming a bonding
layer on the barrier layer, and joining a substantially single crvstal layer to the bonding laver.
The method also includes forming a first epitaxial N-type gallium nitride layer on the
substantially single crystal laver and forming a second epitaxial N-type gallium nitride fayer
on the first epitasial N-type gallium nitride layer. The first epttaxial N-type galliom nitride
layer has a first doping concentration and the second epitaxial N-tyvpe galliurn nitride layer
has a second doping concentration less than the first doping concentration. The method
further includes forming an epitaxial P-type gallium nitride layer on the second epitaxial N-
type gallium nitride layer, removing a portion of the substrate to expose a surface of the first

epitaxial N-type galltum nitride layer, forming an anode contact on the epitaxial P-type
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gallium nitride layer, and forming a cathode contact on the exposed surface of the first

epttaxial N-tvpe galliom nitride layer.

[866%] According to another specific embodiment of the present invention, a power device
is provided. The power device includes a substrate comprising a polverystalline ceranuc
core, a first adhesion layer coupled to the polverystalline ceramic core, a barrier layer coupled
to the first adhesion layer, a bonding layer coupled to the barrier layer, and a substantially
single crvstal layer coupled to the bonding laver. The power device also includes a buffer
layer coupled to the substantially single crystal laver and a channel region coupled to the
buffer layer. The channel region comprises a first end, a second end, and a ceniral portion
disposed between the first end and the second end. The channel region includes a channel
region barrier layer coupled to the buffer layer and a source contact disposed at the first end
of the channel region. The device further includes a drain contact disposed at the second end
of the channel region and a gate contact coupled to the channel region. As an example, the
buftter laver can include at least one of a HI-V semiconductor material, sihicon germanium,

aluminum gallium nitride, indium gallium nitride, or indivm aluminum gallium nitride.

(0010} Numerous benefits are achieved by way of the present invention over conventional
techniques. For example, embodiments of the present invention provide power devices and
semiconductor diodes formed on engineered substrates that have a coefficient of thermal
expansion (CTE} that is substantially matched to the CTE of the epitaxial layers of the
devices. Matching the thermal expansion properties of the growth substrate to the epitaxial
taver reduces the siress in the epitaxial layers and/or the engineered substrate. Stress is
responsible for several types of defecis. For example, siress may increase disiocation density
in the epitaxial laver, which impairs electrical and optical properties of the epitaxial layer.
Stress may also lead to residual strain i the epitaxial layer or the substrate, which may lead
to additional processing concern in later steps, such as stress cracking, dislocation ghde, ship.
bow and warp. Thermal expansion induced bow and warp of the substrate may make
handling of the material problematic in automated equipment, and limmt the ability to perform
additional lithographic steps necessary for device fabrication, substrate cracking, and
materials creep. In addition, the device performance lifetime is reduced m stressed materials.
Stress relaxation and stress-induced crack propagation, dislocation glide, and other lattice
movement resulting from thermal mismaich may lead to early failures in a range of modes,

from reduced device performance to fracture or peeling of devices and device lavers.



(W4

10

20

WO 2018/039316 PCT/US2017/048172

[8661%] These and other embodiments of the invention along with many of its advantages
and features are described in more detail in conjunction with the text below and attached

figures.

BRIEF DESCRIPTION OF THE DRAWINGS
6812} FIG 115 asimplified schematic cross-sectional diagram Hlustrating an enginegered

substrate structure according to an embodiment of the present invention.

{0013} FIG. 2A 15 a SIMS profile tHustrating species concentration as a function of depth

for an engineered structure according to an embodiment of the present invention.

{6014} FIG. 2B 15 a SIMS profile illustrating species concentration as a function of depth

for an engimeered structure after anneal according to an embodiment of the present invention,

[0615]  FIG. 2C 1s a SIMS profile illustrating species concentration as a function of depth
for an engineered structure with a silicon nitride layer after anneal according to an

embodiment of the present invention.

[60616] FIG. 3 1s asimplified schematic cross-sectional diagram thustrating an engineered

substrate structure according to another embodiment of the present mvention.

{0017} FIG 4 1s asimplified schematic cross-sectional diagram tHustrating an engineered

substrate structure according to yet another embodiment of the present invention.

[6618] FIG. 5 is asimplified flowchart illustrating a method of fabricating an engineered
substrate according 1o an embodiment of the present invention.

[6612] FIG. 615 asimplified flowchart illustrating a method of fabricating an engineered
substrate according to another embodiment of the present invention.

[66206] FIG. 7 1s a simplified schematic cross-sectional diagram illustrating an

epitaxial/engineered subsirate structure for RF and power applications according to an

embodiment of the present invention.

[6021] FIG 8A is a simplified schematic diagram illustrating a HI-V epitaxial layer on an

engineered substrate structure according to an embodiment of the present invention.

Wh
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[6622] FIG 3B is a simplified schematic plan view illustrating via configurations for a
semiconductior device formed on an engineered substrate according o another embodiment of

the present invention.

10023} FIG. 915 asimphified schematic cross-sectional diagram illustrating a lateral power
device formed on an engineered substrate according to an embodiment of the present

mvention.

[6024] FIG 101s a simplified Jowchart lustrating a method of fabricating a lateral power

device on an engineered substrate according to an erobodirment of the present invention.

[66258] FIG 11A 1s a simplified schematic cross-sectional diagram tHustrating a lateral
power device formed on an engineered substrate according to another embodiment of the

present invention.

10026} FIG. 11B 15 a simplified schematic cross-sectional diagram illustrating a lateral
power device formed on an engineered substrate according to another embodiment of the

present invention.

1006271 FIG 11C 1s a simplified schematic cross sectional diagram illustrating an exploded
view of the P-type gallium nitride structure according to an embodiment of the present

nvention.

[6628] FIG. 12 is a simplified flowchart illustrating a method of fabricating a lateral power

device on an engineered substrate according to another embodiment of the present invention.

[6622] FIG 13 1s a simplified schematic cross-sectional diagram illustrating a vertical
semiconductor diode formed on an engineered substrate according to an embodiment of the

present invention,

[6636] FIG. 14 1s a simplified flowchart illustrating a method of fabricating a vertical
semiconductor diode on an engineered subsirate according fo another embodiment of the

present invention,

[6831] FIG 1515 a simplified schematic cross-sectional diagram illustrating a vertical

semiconductor diode formed on an engineered substrate according to another embodiment of

the present invention.
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[6632] FIG 16 is a simplified flowchart tllustrating a method of fabricating a vertical
semiconductor diode on an engineered subsirate according o another embodiment of the

present invention.

16633] FIG. 17 15 a simplified schematic cross-sectional diagram illustrating a
semiconductor device formed on an engineered substrate according to an embodiment of the

present invention,

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS
[6634] The present invention relates generally to power devices formed on engineerad
substrate structures. More specifically, the present mvention relates to mwethods and systerns
suitable for fabricating power devices using epitaxial growth processes. Merely by way of
example, the mvention has been applied to a method and system for fabricating power
devices on a substrate structure by epitaxial growth, wherein the substrate structure is
characterized by a coefficient of thermal expansion (CTE) that is substantially matched to
epitaxial lavers that form the power devices. The methods and techniques can be applied to a

vartety of semiconductor processing operations.

180635} FIG. 1 15 asimplified schematic cross-sectional diagram iHustrating an engineered
substrate structure according to an embodiment of the present invention. The engineered
substrate 100 llustrated 10 FIG. | 1s suitable for a variety of electronic and optical
applications. The engineered substrate 100 includes a core 110 that can have a coefficient of
thermal expansion {(CTE) that is substantially matched to the CTE of the epitaxial material
that will be grown on the engineered substrate 100, Epttaxial material 130 is iHlustrated as
optional because it 1s not required as an element of the engineered substrate 100, but will

tvpically be grown on the engineered substrate 100.

18036} For applications including the growth of gallivm nitride (GaN)-based materials
{epitaxial layers including GaN-based layers), the core 110 can be a polverystalline ceramic
material, for example, polycrysialline alunminum nitride (AIN), which can include a binding
material such as yttrinm oxide. Other materials can be utilized in the core 110, inchuding
polycrystalline gallium nitride {(GaMN), polverystalline aluminom gallium nitride (AlGaN),
polycrvstalline silicon carbide (51C), polyverystalline zine oxide (ZnO), polycrystalline

gallium trioxide (Ga,;03), and the like.

-
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[6637] The thickness of the core can be on the order of 100 to 1,500 um, for example, 725
um. The core 110 15 encapsulated in an adhesion layer 112 that can be referred (0 as a shell
or an encapsulating shell. fn an ernbodiment, the adhesion layer 112 corprises a tetraethyl
orthosilicate (TEOS) oxide layer on the order of 1,000 A in thickness. In other embodiments,
the thickness of the adhesion laver varies, for example, from 100 A t0 2,000 A. Although
TEOS oxides are utilized for adhesion layers in some embodiments, other materials that
provide for adhesion between later deposited layers and underlying layvers or materials (2.g..
ceramics, in particular, polycrystalline ceramics) can be utilized according to an embodiment
of the present invention. For example, 510, or other silicon oxides (51,0} adhere well to
cerarmic materials and provide a suitable surface for subsequent deposition, for exarple, of
conductive materials. In some embodiments, the adhesion layer 112 completely surrounds
the core 110 to form a fully encapsulated core. The adhesion layer 112 can be formed using
an LPCVD process. The adhesion layer provides a surface on which subsequent layers

adhere to form elements of the engineered subsirate 100 structure.

[0038] In addition to the use of LPCVD processes, furnace-based processes, and the like to
form the encapsulating first adheston layer, other semiconductor processes can be utilized
according to embodiments of the present invention, including CVD processes or similar
deposition processes. As an example, a deposition process that coats a portion of the core can
be utilized, the core can be flipped over, and the deposition process could be repeated to coat
additional portions of the core. Thus, although LPCVD technigues are utilized in some
embodiments to provide a fully encapsulated structure, other film formation fechnigues can

be utilized depending on the particular application.

[6639] A conductive laver 114 15 formed surrounding the adhesion laver 112, Inan
embodiment, the conductive layer 114 15 a shell of polysilicon (i.e., polycrystalline silicon)
that 1s formed surrounding the first adhesion layer 112 since polysilicon can exhibit poor
adhesion to ceramic materials. [n embodiments in which the conductive laver 114 is
polysilicon, the thickness of the polysilicon layer can be on the order of 500-5,000 A, for
gxample, 2,500 A In some emnbodiments, the polysilicon layer can be formed as a shell to
completely surround the first adhesion layer 112 {e.g.. a TEOS oxide layer), thereby forming
a fully encapsulated first adhesion layer, and can be formed using an LPCVD process. In
other embodiments, as discussed below, the conductive material can be formed on a portion

of the adhesion laver, for exarople, a lower half of the substrate structure. In some
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embodiments, conductive material can be formed as a fully encapsulating layer and

subsequently removed on one side of the substrate structure,

[8648] In an embodiment, the conductive laver 114 can be a polysilicon layer doped to
provide a highlv conductive material, for example, doped with boron to provide a P-type
polysilicon layer. In some embodiments, the doping with boron is at a level of 1 x 10" em™
to 1 x 10°" om™ to provide for high conductivity. Other dopants at different dopant
concentrations (e.g., phosphorus, arsenic, bismuth, or the like at dopant concentrations
ranging from 1 x 10" em™ to 5 x 10" cm™) can be utilized to provide either N-type or P-type
semiconductor materials suitable for use in the conductive laver 114, One of ordinary skill in

the art would recognize many variations, modifications, and alternatives.

[6641] The presence of the conductive layver 114 15 useful dunng electrostatic chucking of
the engineerad substrate 100 to semiconductor processing tools, for example tools with
electrostatic discharge (ESD) chucks. The conductive layer 114 enables rapid dechucking
after processing in the semuconducior processing tools. Thus, embodiments of the present
mvention provide substrate structures that can be processed in manners utilized with
conventional stlicon wafers. One of ordinary skill in the art would recognize many

vanations, modifications, and alternatives.

[0642] A second adhesion layer 116 (e.g., a TEOS oxide layer on the order of 1,000 A in
thickness) is formed surrounding the conductive layver 114, Tn some embodiments, the
second adhesion layer 116 completely surrounds the conductive laver 114 to form a fully
encapsulated structure. The second adhesion laver 116 can be formed using an LPCVD
process, a CVD process, or any other suitable deposition process, including the deposition of

a spin-on dieleciric,

[6643] A barrier layer 118, for example, a silicon nitride layer, 1s formed surrounding the
second adhesion laver 116, In an ernbodiment, the barrier laver is a silicon nitride layer 118
that is on the order of 4,000 A to 5,000 A in thickness. The barrier laver 118 conpletely
surrounds the second adhesion layer 116 in some embodiments to form a fully encapsulated
structure and can be formed using an LPCVD process. In addition to silicon nitride layers,
amorphous maierials inclading SiCN, SiON, AN, S$iC, and the like can be utilized as barnier
layers. In some implementations, the barrier layer consists of a number of sub-layers that are
built up to form the barrier layer. Thus, the term bharrier laver is not intended to denote a

single faver or a single material, but to encompass one or more malerials layered in a
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composite manner. One of ordinary skill in the art would recognize many variations,

modifications, and alternatives.

[6644] In some embodiments, the barrier layer, e.g., a silicon nitride layer, prevenis
diffusion and/or outgassing of elements present in the core 110 into the environment of the
semiconductor processing chambers in which the engineered substrate 100 could be present,
for example, during a high temperature {e.g., 1,000 °C) epitaxial growth process. Elements
present in the core 110 can include, for example, yitrium oxide (i.e., vitria), oxvgen, metallic
impurities, other trace elements, and the like. The elements diffused from the core 110 can
cause unintentional doping in engineered lavers 120/122. The elements ouigassed from the
core 110 can travel through the chamber and adsorb elsewhere on the wafer causing
iropurities in engineered layers 120/122 and epitaxial material 130, Utihizing the
encapsulating lavers described herein, ceramic materials, including polycrystalline AIN that
are designed for non-clean room environments, can be utilized in semiconductor process

flows and clean room envirorrents.

{0045} FIG. 2A is a secondary 10n mass spectroscopy {SIMS) profile illustrating species
concentration as a function of depth for an engineered structure according o an embodiment
of the present invention. The x-axis represents the depth 202 from the surface of the
engineered lavers 120/122 to the core 110. Line 208 represents the interface between the
engineered layers 120/122 and the core 110. A first y-axis represents the species
concentration of atoms per cubic centimeter 204, A second y-axis represents the signal
tniensity of the ions in counts per second 206, The engineered structure in FIG. 2A did not
include barrier layer 118, Referring to FIG. 24, several species present in the ceramic core
110 {e.g., vtirium, calcium, and aluminum) drop to negligible concentrations in the
engineered layers 120/122. The congcentrations of calcium 210, yitrium 220, and alumanum

230 drop by three, four, and six orders of magnitude, respectively.

[0046] FIG. 2B is a SIMS profile illustrating species concentration as a function of depth
for an engineered structure without a barrier layer after anneal according to an embodiment of
the present invention. As discussed above, during semiconducior processing operations, the
engineered subsirate structures provided by embodiments of the present invention can be
exposed to high temperatures (~1,100 °C} for several hours, for example, during epitaxial
growth of GaN-based lavers. For the profile illustrated in FIG. 2B, the engineered substrate

stracture was annealed at 1,100 °C {or a period of four hours. As shown by FIG. 2B, calcium

10
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210, yttriam 220, and aluminum 230, onginally present im low concentrations in the
engineered lavers 120/122, have diffused into the engineered layers 120/122, reaching

concentrations sirnilar to other elements.

16647] Accordingly, embodiments of the present invention integrate g barrier laver (e.g., a
silicon nitride layer) to prevent out-diffusion of the background elements from the
polycrystalline ceramic material (e.g., AIN) inlo the engineered lavers 120/122 and epitaxial
material 130 such as the optional GaN layer. The silicon nitride laver encapsulating the

underlying layers and material provides the desired barrier layer 118 functionality.

[6648] FIG 2C is a SIMS profile illustrating species concentration as a function of depth
for an engimeered structure with a barrier layer 118, represented by dashed-hine 240, after
anneal according to an embodiment of the present mvention. The integration of the diffusion
barrier layer 118 {e.¢., a silicon nitride layer}) into the engineered substrate structure prevents
the diffusion of calcium, vttrium, and aluminum into the engineered layers during the
annealing process that occurred when the diffusion barrier laver was not present. As
tHustrated in FIG. 2C, calcium 210, vtirium 220, and aluminum 230 present in the ceramic
core remain at low concentrations in the engineered layers post-anneal. Thus, the use of the
barrier layer 118 (e.g., a silicon nitride layer) prevents these elements from diffusing through
the diffusion barrier and thereby prevents their release into the environment surrounding the
engineered substrate. Similarly, any other impurities contained within the bulk ceramic

material would be contained by the barrier layer.

[0049]  Typically, ceramic materials utilized to form the core 110 are fired at temperatures
in the range of 1,800 °C. It would be expected that this process would drive out a significant
amount of impurities present in the ceramic materials. These impurities can include vitrium,
which resulis from the use of yitria as sinfering agent, calcium, and other elements and
compounds. Subseqguently, during epitaxial growth processes, which are conducted at much
lower temperatures in the range of 800 °C to 1,100 °C, it would be expected that the
subsequent diffusion of these impurities would be insignificant. However, contrary to
conventional expectations, the inventors have determined that even during epitaxial growth
processes at temperatures much less than the firing temperature of the ceramic materials,
significant diffusion of elements through the layers of the engineered substrate was present.
Thus, embodiments of the present invention integrate the barrier layer 118 into the

engineered substrate 100 to prevent this undesirable diffusion.

I
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{8050} Referring once agan to FIG. 1, a bonding layer 120 (e.g., a silicon oxide layer) is
deposited on a portion of the barrier layer 118, for example, the top surface of the barrier
laver, and subsequently used during the bonding of a single crystal layer 122. The bonding
taver 120 can be approximately 1.5 pm in thickness in some embodiments. The single crystal
faver 122 can include, for example, Si, SiC, sapphire, GaN, AIN, 85iGe, Ge, Diamond, Ga,0;,
AlGaN, InGaN, InN, and/or Zn0. In some embodiments, the single crystal laver can have a
thickness from 0-0.5 um. The single crystal layer 122 is suitable for use as a growth laver
during an epitaxial growth process for the formation of epitaxial material 130. The
crystalline layvers of the epitaxial material 130 are an extension of the undexrying
sennconductor lattice assoctated with the single crystal laver 122, The unique CTE matching
properties of the engineered substrate 100 enable growth of thicker epitaxial material 130
than existing technologies. In some embodiments, the epitaxial matertal 130 includes a
gallium rutride layer, 2 pm to 10 pwm in thickness, which can be utilized as one of a plurality
of lavers utilized in optoelectronic devices, power devices, and the like. In an embodiment,
the bonding laver 120 includes a single crystal stlicon layer that is attached to a silicon oxide

barrier layer 118 using a layer transfer process.

8651} FIG. 3 is a simplified schematic cross-sectional diagram iHlustrating an engineered
substrate structure according to an ernbodiment of the present invention. The engineered
substrate 300 illustrated in FIG. 3 is switable for a variety of electronic and optical
applications. The engineered substrate 300 inchudes a core 110 that can have a coefficient of
thermal expansion (CTE) that is substantially matched to the CTE of the epitaxial material
that will be grown on the engineered subsirate 300. Epitaxial material 130 is illustrated as
optional because it 1s not required as an element of the engineered substirate structure, but will

tvpically be grown on the engineered substrate structure.

10052} For applications mcluding the growth of gallium nitride (GaN)-based materials
(epitaxial layers including GaN-based layers), the core 110 can be a polycrystalline ceramic
material, for example, polverystalline aluminum nitride (AIN}. The thickness of the core can
be on the order of 100 pm to 1,500 um, for exarople, 725 pm. The core 110 1s encapsulated
in an adhesion layer 112 that can be referred to as a shell or an encapsulating shell. In this
implementation, the adhesion layer 112 completely encapsulates the core, but this is not

required by the present invention, as discussed in additional detail with respect to FIG. 4.
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[6653] In an embodiment, the adhesion layer 112 comprises a teirasthyl orthosilicate
(TEOS) oxide layer on the order of 1,000 A in thickness. In other embodiments, the
thickness of the adhesion layer varies, for example, from 100 A to 2,000 A, Although TEQS
oxides are utilized for adhesion layers in some embodiments, other materials that provide for
adhesion between later deposited layers and underlying lavers or materials can be utilized
according to an embodiment of the present mvention. For example, 510», Si0ON, and the like
adhere well to ceramic materials and provide a suitable swrface for subsequent deposition of,
for example, conductive materials. The adhesion fayver 112 completely surrounds the cors
110 in some embodiments to form a fully encapsulated core and can be formed using an
LPCVYD process. The adhesion layer 112 provides a surface on which subsequent lavers

adhere to form elements of the engineered substrate structure,

[8634] In addition to the use of LPCVE processes, furnace-based processes, and the hike to
form the encapsulating adhesion layer 112, other semiconductor processes can be utilized
according to emboduments of the present invention. As an exaruple, a deposition process, for
example, CVD, PECVD, or the like, that coats a portion of the core 110 can be utilized, the
core 110 can be flipped over, and the deposition process could be repeated to coat additional

portions of the core 110,

[0055] A conductive layer 314 1s formed on at least a portion of the adhesion layver 112, In
an embodiment, the conductive layer 314 includes polysilicon (i.e., polverystalline silicon)
that is formed by a deposition process on a lower portion (e.g., the lower half or backside} of
the structure formed by the core 110 and the adhesion layer 112, In embodiments in which
the conductive layer 314 is polysilicon, the thickness of the polysilicon laver can be on the
order of a few thousand angstroms, for example, 3.000 A. In some embodiments, the

polysilicon layer can be formed using an LPCVD process.

[8656] In an embodiment, the conductive laver 314 can be a polysilicon layer doped to
provide a highlv conductive material, for example, the conductive layer 314 can be doped
with boron to provide a P-type polysilicon layer. In some embodiments, the doping with
boron is at a level ranging from about I x 10" em™ to 1 x 10% cm™ to provide for high
conductivity. The presence of the conductive layer 314 1s useful during electrostatic
chucking of the engineered substrate to semiconductor processing tools, for example tools
with electrostatic discharge (ESD} chucks. The conductive layer 314 enables rapid

dechucking after processing. Thus, emnbodiments of the present invention provide substrate
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structures that can be processed in manners utilized with conventional silicon wafers. One of

ordinary skill in the art would recognize many variations, modifications, and alternatives.

[8657] A second adhesion layer 316 (e.g., a second TEQS oxide layer) is formed
surrounding the conductive laver 314 (e g, a polvsilicon laver). The second adhesion layer
316 is on the order of 1,000 A in thickness. The second adhesion layer 316 completely
surrounds the conductive laver 114 in some embodiments to form a fully encapsulated

structure and can be formed using an LPCVD process.

[00S8] A barrier layer 118 {e.g., a silicon nitride layer) 1s formed surrounding the second
adhesion layer 316. The barrier layer 118 is on the order of 4,000 A to 5,000 A in thickness
m some embodimnents. The barrier layer 118 completely swrounds the second adhesion layer
112 in sore embodiments to form a fully encapsulated structure and can be formed using an

LPCVD process.

[00659]  In some embodiments, the use of a barrier layer 118 that includes silicon nitride
prevents diffusion and/or outgassing of elements present in the core 110 nto the environment
of the semiconductor processing chambers in which the engineered substrate could be
present, for example, during a high temperature (e.g.. 1.000 °C) epitaxial growth process.
Elements present in the core include, for example, vitrium oxide (i.e., yttria), oxygen,
metallic impurities, other trace elements and the like. Utilizing the encapsulating layers
described herein, ceramic materials, including polverystallime AIN, that are designed for non-
clean room environments can be utilized in semiconductor process flows and clean room

environments,

[0868] In some embodiments, the engineered substrate 100 can be compliant with
Semiconductor Equipment and Materials International {SEMI) standard specifications.
Because the engineered substrate 100 can be compliant with SEMI specifications, the
engineered subsirate 100 can be used with existing semiconductor fabrication tools. For
example, wafer diameter for the engineered substrate can be 4-inch, 6-inch, or §-inch. In
some embodiments, an 8-inch engineered subsirate wafer can be 725-750 pm in thickness. In
contrast, current silicon substrates used to manufacture gallium nitride epitaxial layers are not
compliant with SEMI specifications because the silicon subsirates are 1050-1500 pm in
thickness. As a result of the non-~corapliance, silicon substrates cannot be used in equipment

that complies with SEMI specifications.
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{6661} FIG 4 is a simphified schematic cross-sectional diagram illusirating an engineered
substrate struchure 400 according to another embodiment of the present invention. In the
ernbodiment illustrated in FIG. 4, the adhesion laver 412 1s formed on at least a portion of the
core 110 but does not encapsulate the core 110. In this implementation, the adhesion layer
412 is formed on a lower surface of the core {the backside of the core} in order to enhance the
adhesion of a subsequently formed conductive layer 414 as described more fully below.
Although adhesion layer 412 is only illustrated on the lower surface of the core in FIG. 4, 1t
will be appreciated that deposition of adhesion laver material on other portions of the core
will not adversely affect the performance of the engineered subsirates structure and such
material can be present in various embodiments. One of ordinary skill in the art would

recognize many vartations, modifications, and alternatives.

[#662] The conductive layer 414, rather than being formed as a shell as illustrated in FIG.
3, does not encapsulate the adhesion layer 412 and core 110, but is substantially aligned with
the adhesion layer 412, Although the conductive layer 414 15 tllustrated as extending along
the bottom or backside and up a portion of the sides of the adhesion layer 412, this is not
required by the present invention. Thus, embodiments can utilize deposition on one side of
the substrate structure, masking of one side of the substrate structure, or the like. The
conductive laver 414 can be formed on a portion of one side, for example, the
bottonvbackside, of the adhesion layer 412. The conductive layer 414 provides for electrical
conduction on one side of the engineered substrate structure 400, which can be advantageous
in RF and high power applications. The conductive laver 414 can include doped polysilicon
as discussed in relation to conductive laver 114 in FIG. 1. In addition to semiconductor-
based conductive lavers, in other embodiments, the conductive layer 414 is a metallic layer,

for example, 500 A of titanium, or the like.

[6663] Portions of the core 110, portions of the adhesion layer 412, and the conductive
layer 414 are covered with a second adhesion layer 416 in order to enhance the adhesion of
the barrier layer 418 to the underlying materials. The barrier layer 418 forms an
encapsulating structure to prevent diffusion from underlying lavers as discussed above in

refation to FIGS. ZA, 2B, and 2C.

[0064] Referring once again to FIG. 4, depending on the implementation, one or more
layers may be removed. For example, layers 412 and 414 can be removed, leaving only
single adhesion shell 416 and barrier layer 418, In another embodiment, only laver 414 can
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be removed, leaving single adhesion layver 412 underneath the barrier laver 416. In this
embodiment, adhesion laver 412 may also balance the siress and the wafer bow induced by
bonding layver 120, deposited on top of barrier layer 418, The construction of a substrate
structure with insulating layers on the top side of core 110 (e.g., with only msulating layer
between core 110 and bonding layer 120) will provide benefits for power/RF applications,

where a highly insulating substrate is desirable,

[0065]  In another embodiment, barrier layer 418 may directly encapsulate core 110,
followed by conductive layer 414 and subsequent adhesion laver 416, In this embodiment,
bonding layer 120 may be directly deposited onto adheston layer 416 from the top side. In
yet another embodiment, adbesion layer 416 may be deposited on core 110, followed by a

barrier layer 418, and then followed by conductive layer 414, and another adhesion layer 412,

[6666]  Although some embodiments have been discussed in terms of a layer, the term layer
should be understood such that a layer can include a mumber of sub-lavers that are built up to
form the layer of interest. Thus, the term layer is not intended 1o denote a single layver
consisting of a single material, but to encompass one or more materials layered in a
composite manner to form the desired structure. One of ordinary skill in the art would

recognize many variations, modifications, and alternatives.

18067} FIG. S is asimplified flowchart iBustrating a method of fabricating an engineered
substrate according to an ernbodirvent of the present invention. The roethod can be utilized to
manufacture a substrate that 1s CTE matched to one or more of the epitaxial layers grown on
the substrate. The method 500 includes forming a support structure by providing a
polycrvstalline ceramic core (510), encapsulating the polycrystalline ceramic core 1o a first
adhesion laver forming a shell (512) {e.g., a tetracthyl orthosilicate (TEQS) oxide shell), and
encapsulating the first adhesion layer in a conductive shell (514) {e.g., a polysilicon shell).
The first adhesion layer can be formed as a single layer of TEOS oxide. The conductive shell

can be formed as a single layer of polysilicon.

[6668] The method also includes encapsulating the conductive shell in a second adhesion
faver (516) {e.g., a second TEOS oxide shell} and encapsulating the second adhesion layer in
a barrier layer shell (518). The second adhesion laver can be formed as a single layer of

TEOS oxide. The barrier layer shell can be formed as a single laver of silicon nitride.

{6069} Once the support structure 1s forroed by processes S10-518, the method further
imcludes joining a bonding layer (e.g., a stlicon oxide layer) to the support structure (520) and

pe=did
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joining a substantially single crvstal layer, for example, a single crystal silicon layer, to the
silicon oxide layer (522). Other substantially single crystal layers can be used according to
ernbodiments of the present invention, including S1C, sapphire, GaN, AIN, SiGe, Ge,
Diamond, Ga,(05, Zn0, and the like. The joming of the bonding laver can include deposition
S of a bonding material followed by planarization processes as described herein. In an
embodiment as described below, joining the substantially single crvstal layer {e.g., a single
crystal silicon layer) to the bonding layer utilizes a layer transfer process in which the layer is

a single crystal silicon layer that is transferred from a silicon wafer.

[86678] Referring to FIG. 1, the bonding layer 120 can be forimed by a deposition of a thick

10 {eg., 4 um thick) oxide layer followed by a chemical mechanical polishing (CMP) process (o
thin the oxide to approxumately 1.5 pm in thickness. The thick nitial oxide serves to fill
voids and surface features present on the support structure that may be present after
fabrication of the polycrystalline core and continue {0 be present as the encapsulating layers
tHustrated in FIG. 1 are formed. The CMP process provides a substantially planar surface

15 free of voids. particles, or other features, which can then be used during a wafer transfer
process to bond the single crystal layer 122 (e.g., a single crystal silicon layer) to the bonding
layer 120, Tt will be appreciated that the bonding layer does not have to be characterized by
an atonucally flat surface, but should provide a substantially planar surface that will support
bonding of the single crystal layer (e.g., a single cryvstal silicon layer) with the desired

20 rehability.

[667%] A layer transfer process is used to join the single crystal layer 122 (e.g., a single
crystal silicon layer) to the bonding layer 120, In some embodiments, a silicon wafer
including the substantially single crystal layer 122 (e.g., a single crystal stlicon layer) is
implanted to form a cleavage plane. In this embodiment, after wafer bonding, the silicon
25 substrate can be removed along with the portion of the single crystal silicon laver below the
cleavage plane, resulting in an exfoliated single crystal silicon layer. The thickness of the
single crystal layer 122 can be varied to meet the specifications of various applications.
Moreover, the crystal orientation of the single cryvstal laver 122 can be varied to meet the
specifications of the application. Additionally, the doping levels and profile in the single
30 crystal layer can be varied to meet the specifications of the particular application. In some
embodiments, the depth of the implant may be adjusted to be greater than the desived final
thickness of single crystal layer 122, The additional thickness allows for the removal of the

thin portion of the transferred substantially single crystal layer that is damaged, leaving
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behind the undamaged portion of the desired final thickness. In some embodiments, the
surface roughness can be modified for high quality epitaxial growth. One of ordinary skill in

the art would recognize many variations, modifications, and altematives.

[6672]  In some embodiments, the single crystal laver 122 can be thick enough to provide a
high quality lattice template for the subsequent growth of one or more epitaxial lavers but
thin enough to be highly compliant. The single crystal layer 122 may be said to be
“corophant” when the single crvstal laver 122 1s relatively thin such that its physical
properties are less constrainad and able to mimic those of the materials swrrounding it with
less propensity to generate crvstaliine defects. The compliance of the single crystal layer 122
may be mversely related (o the thickness of the single crvstal layer 122, A higher compliance
can result i lower defect densities 1o the epitaxial lavers grown on the ternplate and enable
thicker epitaxial layer growth. In some embodiments, the thickness of the single crystal layer

122 may be mncreased by epitasyal growth of silicon on the exfoliated silicon layer.

{38731 Insome ernbodiments, adjusting the final thickness of the single crystal layer 122
mav be achieved through thermal oxidation of a top portion of an exfoliated silicon layer,
followed by an oxide laver strip with hydrogen fluoride (HF) acid. For example, an
exfoliated silicon layer having an initial thickness of 0.5 pm may be thermally oxidized to
create a silicon dioxide layer that is about 420 nma thick. After removal of the grown thermal
oxide, the remaining silicon thickness in the transferred layer may be about 53 nm. During
thermal oxidation, implanted hydrogen may migrate toward the surface. Thus, the
subsequent oxide layer sirip may remove some damage. Also, thermal oxidation is typically
performed at a termperature of 1000 °C or ligher. The elevated temperature can may also

repair lattice damage.

{6674} The silicon oxide layer formed on the top portion of the single crystal laver during
thermal oxidation can be siripped using HF acid etching. The etching selectivity between
silicon oxide and silicon (810,:81) by HF acid may be adjusted by adjusting the temperature
and conceniration of the HF solution and the stoichiometry and densiiy of the silicon oxide.
Etch selectivity refers to the etch rate of one maternial relative to another. The selectivity of
the HF solution can range from about 10:1 1o about 100:1 for (8:02:81). A high etch
selectivity may reduce the surface roughness by a similar factor from the initial surface
roughness. However, the surface roughness of the resultant single crystal layer 122 may still

be larger than desired. For example, a butk 51 {(111) surface may have a root-mean-square
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{RMS) surface roughness of less than 0.1 nm as determined by 2 2 um x 2 yum atomic force
microscope (AFM) scan before additional processing, In some embodiments, the desired
surface roughness for epitaxial growth of galliuro ratride roaterials on 81 (111} may be, for
example, less than 1 nm, less than 0.5 nm, or less than 0.2 nm, on a 30 pm x 30 ym AFM

scan arca.

[0075)  If the surface roughness of the single crvstal laver 122 after thermal oxidation and
oxide laver strip exceeds the desired surface roughness, additional surface smoothing mav be
performed. There are several methods of smoothing a silicon surface. These methods may
mclude hvdrogen annealing, laser trimmuing, plasma smoothing, and touch polish (e.g., CMP}.
These methods may involve preferential attack of high aspect ratio surface peaks. Hence,
high aspect ratio features on the surface may be removed more quickly than low aspect ratio

features, thus resulting in a smoother surface.

{60676} 1t should be appreciated that the specific steps llustrated in FIG. 5 provide a
particular method of fabricating an engineered substrate according to an embodiment of the
present invention. Other sequences of steps may also be performed according to alternative
embodiments. For example, alternative embodiments of the present invention may perform
the steps outlined above in a different order. Moreover, the individual steps illustrated in
FIG. 5 may include multiple sub-steps that may be performed in various sequences as
appropriate to the individual step. Furthermore, additional steps may be added or removed
depending on the particolar applications. One of ordinary skill in the art would recognize

many variations, modifications, and alternatives.

{66771 FIG. 615 asimplified flowchart illustrating a method of fabricating an engineered
substrate according to another embodiment of the present invention. The method includes
forming a support structure by providing a polycrystalline ceramic core (610), forming an
adhesion laver coupled to at least a portion of the polycrystalling ceramic core (612). The
first adhesion layer can include a tetracthyl orthosilicate (TEOS) oxide laver. The first
adhesion layer can be formed as a single layer of TEOS oxide. The method also includes
forming a conductive layer coupled to the first adheston layer (614}, The conductive layer
can be a polysilicon laver. The conductive layer can be formed as a single laver of

polysilicon.

[6678] The method also includes forming a second adhesion laver coupled to at least a

portion of the first adhesion fayer (616} and forming a barrier shell (618). The second
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adhesion laver can be formed as a single layer of TEOS oxide. The barrier shell can be

formed as a single laver of silicon nitride or a series of sub-layers forming the barrier shell.

(8672} Once the support siructure 1s formed by processes 610-618, the method further

includes joining a bonding laver (e.g., a silicon oxide layer) to the support structure (620} and

joining a single crystal silicon layer or a substantially single crvstal layer to the silicon oxide

taver (622). The joming of the bonding laver can include deposition of a bonding matenal
followed by planarization processes as described herein. In an embodiment as described
below, joining the single crystal layer {e.g., a single crystal silicon layer) to the bonding layer
utilizes a layer transfer process in which the single crysial silicon layer is transferred from a

silicon wafer.

16086} 1t should be appreciated that the specific steps illustrated in FIG. 6 provide a
particular method of fabricating an engineered substrate according o another embodiment of
the present invention. Other sequences of steps may also be performed according to
alternative embodiments. For example, alternative embodiments of the present invention
may perform the steps outlined above in a different order. Moreover, the individual steps
tHustrated in FIG. 6 may include multiple sub-steps that may be performed in various
sequences as appropriate to the individual step. Furthermore, additional steps may be added
or removed depending on the particular applications. Oune of ordinary skilf in the art would

recognize many variations, modifications, and alternatives.

[0081] FIG. 7 1s a simplitied schematic cross-sectional diagram illustrating an
epitaxial/engineered substrate structure 700 for RF and power applications according to an
embodiment of the present invention. In some LED applications, the engineered substrate
structure provides a growth substrate that enables the growth of high quality GaN layers and
the engineered substrate structure is subsequently removed. However, for RF and power
device applications, the engineered substrate structure forms portions of the finished device
and as a result, the electrical, thermal, and other properties of the engineered subsirate
structure or elements of the engineered substrate structure are important to the particular

application.

[0082] Referring to FIG. 1, the single crystal taver 122 can be an exfoliated single crystal
silicon layer split from a silicon donor wafer using an implant and exfoliation technique.
Typical implants are hydrogen and boron. For power and RF device applications, the

electrical properties of the layers and materials in the engineered substrate structure are of

20



10

15

25

30

WO 2018/039316 PCT/US2017/048172

importance. For example, some device architectures utilize highly insulating silicon layers
with resistance greater than 103 Ohm-cm to reduce or elimanate leakage through the substrate
and interface lavers. Other applications utilized designs that include a conductive silicon
layer of a predetermuined thickness {e.g., 1 um) in order to connect the source of the device {o
other elements. Thus, in these applications, control of the dimensions and properties of the
single crvstal sthicon laver is desirable. Tn design in which implant and exfoliation techniques
are used during layer transfer, residual implant atoms, for example, hydrogen or boron, are
present in the silicon laver, thereby altering the electrical properties. Additionally, it can be
difficult to control the thickness, conductivity, and other properties of thin silicon layers,
using, for example, adjustments in the iroplant dose, which can affect conductivity, and

implant depth, which can affect layer thickness.

[B683] According to embodiments of the present invention, silicon epitaxy on an
engineered subsirate structure s utilized to achieve desired properties for the single crystal

silicon layer as approprnate to particular device designs.

[0084] Referring to FIG. 7, the epitaxial/engineered substrate structure 700 includes an
engineered substrate structure 710 and an epitaxial single crystal layver 720 formed thereon.
In some embodiments, the epitaxial single crystal layver 720 can be a single crystal silicon
laver. The engineered substrate structure 710 can be similar to the engineered substrate
structures illustrated in FIGS. 1, 3, and 4. Typically, the single crystal layer 122 (for
example, a single crystal silicon laver) is on the order of 0.5 um after laver transfer. Surface
conditioning processes ¢an be ulilized to reduce the thickness of the single crystal laver 122
to about 0.3 um in some processes. In order to increase the thickness of the single crvstal
layer 122 to about 1 pum for use in making reliable chmic contacts, for example, an epitaxial
process 15 used to grow epitaxial single cryvstal layer 720 on the single crystal laver 122
formed by the layer transfer process. A vanely of epitaxial growth processes can be used 1o
grow epiiaxial single crystal layver 720, including CVD, LPCVD, ALD, MBE, or the like.
The epitaxial single crystal laver 720 can include, for example, Si, SiC, sapphire, GalN, AIN,
S1Ge, Ge, Diamond, Ga,O;, and/or ZnG. The thickness of the epitaxial single crystal layer

720 can range from about 0.1 um to about 20 um, for example between 0.1 pm and 10 ym.

(6688} FIG. 8A is a simplified schematic cross-sectional diagram illustrating a Hi-V
epitaxial layer on an engineered subsirate structure according to an embodiment of the

present invention. The structure illusirated in FIG. 8A can be referred to as a double epitaxial
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structure 800 as described below. As tlustrated in FIG. 8A, an engineered substrate structure
810 including an eprtaxial single crystal layer 720 has a HI-V epitaxial layer 820 formed
thereon. In an embodiment, the IE-V epitaxial layer comprises galliuro mitride (GaN). In
order to provide for electrical conductivity between portions of the HH-V epitaxial layer,

S which can include muldtiple sub-layers, a set of vias 824 are formed passing, in this example,
from a top surface of the HI-V epitaxial layer 820, imto the epitaxial single crystal layer 720,
FiG. 8A shows the vias 824 extending through the epitaxial layer 820 to the epitaxial single
crvstal layer 720. As an example, these vias could be used to connect an electrode of a diode
or a transistor to the underlyving laver by providing an ohmic contact through the vias 824,

10 thereby relaxing charge build up in the device. In some embodiments, one or more vias 824
may be insulated on its side wall so that it is not electrically connected to the HI-V epitaxial
fayver 820. The electnical contact may facilitate the removal of parasitic charges, thereby

enabling faster switching of the power device,

[0086] In some erbodiments, the via 826 can extend to the single crystal layer 122, In

15 order to address the difficulty of fabricating via 826 to contact the single crystal layer 122,
additional conducting epitaxial lavers 822 can be grown on the single crystal layer 122 and
single crystal layer 720 o increase the size of a target conducting layer for the via 826, that
is, the thickness of the laver in which the via termimates. Epitaxial single crystal fayer 720
and HI-V epitaxial layers 820 can be formed thicker than on conventional substrates because

20 of the unique CTE and diffusion properties of the engineered substrate siructure 810.
Therefore, existing substrate technologies cannot support the growth of enough defect free
epitaxial layers 1o include conducting epitaxial lavers 822 in a device. In some embodiments,
the conducting epitaxial layvers 822 can be AIN, AlGaN, GaN or a sufficiently doped
semiconductor material, In particular embodiments, the thickness of the conducting epitaxial

25 layers 822 can be 0.1-10 pm. In other embodiments, the thickness of the conducting epitaxial
favers 822 can vary depending on the semiconductor device requirements. In some
embodiments, the engineered substrate structure and the single crystal layer 122 can be
removed exposing the epitaxial single crystal laver 720 and or the conducting epitaxial layers
822. A contact can be formed on the exposed epitaxial layers after subsirate removal. One of

30 ordinary skill in the art would recognize many variations, modifications, and alternatives.

16087} In some embodiments, the HI-V epitaxial layer can be grown on the single crystal
layver 122. In order fo terminate the vias in the single crystal layver 122, an ohmic contact

using the vias can be made in a 0.3 pm single crystal layer across an entire wafer. Utilizing
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embodiments of the present invention, it is possible to provide single crystal layers multiple
microns in thickness. Multiple micron thickness is difficult to achieve using timplant and
exfoliation processes since large implant depth requires high iroplant energy. In tumn, the
thick epitaxial single crystal layers enable applications such as the ilustrated vias that enable

a wide variety of device designs.

[6088] In addition to increasing the thickness of the "laver” by epiiaxially growing the
epitaxial single crystal layer 720 on the single cryvstal layer 122, other adjustments can be
made o the original properties of the single crystal laver 122, including modifications of the
conductivity, crystallinity, and the like. For example, if a silicon layer on the order of 10 ym
13 desired before additional epitaxial growth of TH-V layers or other materials, such a thick

laver can be grown according to embodiments of the present invention.

[6689]  The implant process can impact the properties of the single crystal laver 122, for
example, residual boron / hvdrogen atoms can cause defects that influence the elecirical
properties of a silicon crvstal laver. In some embodiments of the present invention, a portion
of the single crvstal laver 122 can be removed prior to epitaxial growth of the epitaxial single
crystal layer 720. For example, a single crystal silicon layer can be thinned to form a layer
0.1 pm in thickness or less, removing most or all of the residual boron / hvdrogen atoms.
Subsequent growth of a single crystal silicon layer 15 then used to provide a single crystal
material with electrical and/or other properties substantially independent of the corresponding

properties of the layer formed using laver transfer processes.

[66906] In addition to increasing the thickness of the single crvstal stlicon material coupled
to the engineered substrate structure, the electrical properties, including the conductivity of
the epitavial single crystal layer 720, can be different from that of the single crystal layer 122.
Doping of the epitaxial single crystal layer 720 during growth can produce P-type silicon by
doping with boron and N-type silicon by doping with phosphorus. Undoped silicon can be
grown to provide high resistivity silicon used in devices that have insulating regions.

Insulating layvers can be of use in RF devices, in particular.

{6691} The lattice constant of the epitaxial single crystal fayver 720 can be adjusted during
growth to vary from the lattice constant of the single crystal layer 122 to produce strained
epitaxial matenial. In addition to silicon, other elements can be grown epitaxially to provide
layers, including strained layers, that include silicon germanium, or the like. Additionally,

the crystal orientaiion of the crystal planes, for example growth of {111} silicon on (100}

[
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silicon, can be ufilized to introduce strain. For instance, buffer layers can be grown on the
single crystal layer 122, on the epitaxial single crystal laver 720, or between layers, to
enhance subsequent epitaxial growth. These buffer layers could include I~V semmconductor
material layers such as alunuinum gallium nitride, mdium gallium nitride, and indium
aluminom gallium nitride, silicon germanium strained lavers, and the like. The stramn of the
-V semiconductior material layers can be adjusted for desired material properties.
Additionally. the buffer layers and other epitaxial lavers can be gradad in mole fraction,
dopants, polarity, or the like. One of ordinary skill in the art would recognize many

varnations, modifications, and alternatives.

[6692] Insome embodiments, strain present in the single crysial layer 122 or the eptiaxial
single crystal layer 720 may be relaxed during growth of subsequent epitaxial layers,

including HI-V epitaxial layers.

{6093} FIG 8B is a simplified schematic plan view diagram illustrating four double
epitaxial structures according to an embodiment of the present mvention. The double
epitaxial structures illustrated i FIG 8B each include a set of vias 824, A first double
epitaxial structure 830 shows a tight via configuration. A second double epitaxial structure
840 shows a dispersed via configuration. The dispersed via configuration uses vias 324 in
active regions of the device more likely to experience charge build up. A third double
epitaxial structure 850 shows a pattern via configuration. The pattern via configuration can
space vias 824 equal distances across the double epitaxial structure 850, A fourth double
epitaxial structure 860 lustrates lateral vias 828. Lateral vias 828 can be fabricated 1o travel
substantially parallel to the epitaxial layers of the double epitaxial structure 860 and contact
the single crystal layer 122 at, for example, an edge 862. One of ordinary skill in the art

would recognize many vartations, modifications, and alternatives.

[6624] The engineered substrates as described above may afford epitaxial growth of
gallium niiride device layers thereon that are substantially lattice matched to the engineered
substrates and are characterized by a coefficient of thermal expansion (CTE) that is
substantially matched o that of the engineered substrates. Thus, engineered substrates may
provide superior thermal stability and shape control. The engineered substrates may also
enable wafer diameter scaling with reuse capability. Relatively thick (e .g., greater than 20
um) high quality epitaxial gallivum nitride lavers may be formed on the engineered substrates

that are crack free and characterized by low defect density and low post-epitaxial bow and
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stress. Multiple applications, such as power devices, radio frequency (RF) devices,
monolithic microwave inlegrated circuits (MMICs), displays, Hghi-emitling diodes (LEDs),
and the like, may be iroplemented on a single platform. Such engineered substrates may also
be suitable for various device architectures, such as lateral devices, vertical devices, chip

scale package (CSP) devices, and the like.

[6095]  Gallnum nitnde (GaN) and similar wide bandgap semiconductor materials offer
physical properties superior to those of silicon, which allow for power senuconductor devices
based on these materials to withstand high voliages and temperatures. These properties also
permit higher frequency response, greater current density and faster switching. However,
before wide bandgap devices can gain coramercial acceptance, their rehiability must be
proven and the demand for hugher reliability 1s growing. The continuous drive for greater
power density at the device and package levels creates consequences in terms of higher
temperatures and lemperature gradients across the package. Using engineered substrates for
forming CTE-matched epitaxial device layers may alleviate many thermal-related failure

mechanisms common for wide bandgap devices, as described below.

[0096] Compound semiconductor devices, such as gallium nitride (GaN) based high
electron mobility transistors (HEMTSs). may be subjected to high electnic fields and high
currents (e.g., large signal RF), while being driven into deep saturation. Contact degradation,
inverse piezoelectric effects, hot electron effects, and self-heating are among some of the
common problems. For example, Schottky and ohmic contacts may show mcrease in contact
resistance and exhubit passivation cracking for temperatures greater than about 300 °C. Inter-
diffusion withan the gate metal stack and gallium out-diffusion into the metal layers may
occur. Hot electron effect may occur when electrons accelerated in a large electric field gains
very high kinetic energy. Hot electron effect may lead to trap formation in aluminom gallium
nitride {AlGaN) layers, at AlGaN/GaN interfaces, at passivation layer / GaN cap laver

interface, and in buffer layers.

[6697] Trap formation may in turn cause current collapse and gate lag, and thereby result in
reversible degradations of transconductance and saturated drain current. Slow current
transients are observed even if the drain voltage or gate voltage is changed abruptly. The
slow transient response of the drain current when the drain-source voltage is pulsed is called
the drain lag, or gate lag in the case of the gate-source voltage. When the voltage within the

pulse is higher than the quiescent bias point, the buffer traps capture free charges. This
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phenomenon is very fast compared to the pulse length. When the voliage within the pulse is
lower than the quigscent bias point, the traps release their charges. This process can be very
slow, possibly even m a few seconds. As the free carriers are captured and released, they do
not contribute to the output current instantaneously. This phenomenon is at the origin of

cufrent transients.

{0098} The combined effect of drain lag and gate lag leads to current collapse (reduction in
the two-dimensional electron gas [2-DEG] density). The gate lag due to buffer traps becomes
more pronounced when the deep-acceptor density i the buffer layer is higher. Inverse
piezoeleciric effect mav occur when high reverse bias on the gate leads to crystaliographic
defect generation. Bevond a certain critical voltage, irreversible damage to a device may
oceur, which can provide a leakage path through the defects. Self-heating rmay occur under
high power stress and may result in thermal stress-strain. Compound semiconductor devices
may also suffer from electric field driven degradations, such as gate metallization and
degradations of at contacts, surfaces, and mterfaces. Gate degradations may lead to mcreases

in leakage current and dielectric breakdown.

[0099] High Temperature Reverse Bias (HTRB) test is one of the most common reliability
tests for power devices. An HTRB test evaluates long-term stability under high drain-source
bias. HTRB tests are intended to accelerate failure mechanisms that are thermally activated
through the use of biased operating conditions. During an HTRB test, the device samples are
stressed at or slightly less than the maximum rated reverse breakdown voltage at an ambient
temperature close to their maximum rated junction temperature over an extended period {e.g.,
1,000 hours). This test’s high teraperature accelerates faillure mechanisms according to the
Arrhenius equation, which states the temperature dependence of reaction rates.

Delamunation, popping, device blow-up, and other mechanical issues may occur during

HTRB tests.

[6166] Failure mechanisms similar to ime-dependent dielectric breakdown (TDDB), a
common failure mechanism in MOSFETS, are also observed in gate dielectrics of wide
bandgap semiconductor devices, such as GaN power devices. TDDB happens when the gate
dielectric breaks down because of long-time application of relatively low electric field {as
opposite to immediate breakdown, which is caused by strong electric field). In addition,
failures during temperature cycling (TMCL) may be related io package stress, bond pad

metlathization, mold compound, motsture sensitivity, and other package-level issues.
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[6163] As discussed above, the engineered substrates may have CTES maiched to that of
the epitaxial GaN device layers grown thereon. The epitaxial GaN device layers may also be
lattice matched to the engineered substrates. Therefore, the epitaxial GaN device layers may
have lower defact densities and higher qualities. Relatively thick drift regions may be formed
by epitaxial growth. Also, large diameter wafers may be made from the engineered
substrates, thereby lower manufacturing costs. The engineered substrales may improve
device reliability. For example, having CTEs matched to that of the epitaxial GaN devices
may help mitigate thermal stress, which 1s a critical factor in device reliability. Device
failures related to thermal stress may include thermally-activated drain-source breakdown,
punch through effect, breakdown along the channel, breakdown through the buffer layer.
Self-heating may also be reduced. In addition, high quality epitaxial GaN layers with low
defect density may help improve device reliability, as some defects may be activated with
voltage stress and may coniribute to lateral and vertical leakage. High qualily epitaxial GaN
layers may also address issues such as localized non-stoichiometric regions that can affect

field distributions and dislocation densities.

[0102] Traditional silicon-based MOSFET technology is nearly hitting the physical limit of
performance and swiiching speeds. Lateral GaN-based high electron mobtlity transistors
(HEMTs) offer an opportunity to go beyond silicon-based MOSFET realm in medium to low-
power systems, such as solar inverters, compact power supply (PFC), switch-mode power
supply (SMPS), motor drives, RF power amplifiers, solid state lighting (SSL), smart grid, and
automotive motor drive systems. Lateral GaN-based HEMTs may afford high efficiency,
high-frequency operation, and low switching and conduction loss, among many other

advantages.

[6163] FIG. 915 a simplified schematic cross-sectional diagram illustrating a power device
900 formed on an engineered subsirate 910 according 1o an embodiment of the present
invention. The power device 900 may function as a depletion-mode (normally ON) HEMT.
The power device 900 includes the engineered substrate 910. In some embodiments, as
described above with references to FIGS. 1, 3, and 4, the engineered substrate 910 may
include a polycrystalline ceramic core, a first adhesion layer coupled to the polycrystalline
ceramic corg, a harrier {aver coupled to the first adhesion layer, a bonding layer coupled 1o
the barrier layer, and a substantially single crystal laver coupled 1o the bonding layer.
According to an embodiment, the engineered substrate 910 may further include a

substantially single crvstal laver 912 coupled to the bonding laver. For example, the
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substantially single crystal layer 912 may comprise substantially single layer crystalline
silicon. In some embodiments, the engineered substrate 910 may further include a nucleation
laver 914 coupled to the substantially single crystal layver 912 for facilitating the formation of
the epitaxial device layers including substantially single crystal GaN-based materials. In
some embodiments the nucleation layver 914 may be doped at levels equal to, less than, or
greater than the surrounding layers. In other embodiments, the composttion of the nucleation

layer may be designed and implemented with a predeternuned composition.

[6164] In another embodiment, the polvcrystalline ceramic core of the subsirate 910
comprises aluminum nitride. In some embodiments, as discussed above with reference to
FIG. 1, the substrate 910 may further includes a conductive layer coupled to the first adhesion
laver, and a second adhesion layer coupled to the conductive layer, wherein the conductive
faver and the second adhesion layer are disposed between the first adhesion layer and the
barrier layer. In some embodirsents, the {irst adhestion fayer may comprnise a first tetraethyl
orthosilicate (TEOS) oxide layer, and the second adhesion layer may comprise a second
TEOS oxide layer. The barrier layer may comprise a silicon nitride fayer. The conductive

layer may comprise a polysilicon fayer.

[81065] According to an embodiment, the power device 900 further includes a buffer laver
920 {e.g., a gallium nitride (GalN) bufter laver) coupled to the nucleation laver 914 and the
substantially single crystal laver 912. The buffer layer 920 may be formed by epitaxial
growth on etther the nucleation layer 914 or the substantially single crystal layer 912,
According to an embodiment, the buffer layer 920 may have a thickness greater than about 20
microns. In some ernbodiments, the buffer layer 920 can be replaced with an alunminum
gallivm nitride (i.e., AlGa,. N} buffer laver or be a combination of GaN and AlGaN layers.
It should be noted that in some ersbodiments, layers discussed as GaN layers can be replaced
with Al.Ga N lavers. As an example, the buffer laver 920 can be replaced with AlGa,. N
having a first set of mole fractions and the barrier laver 932 can be Al Ga; N having a
second set of mole fractions. One of ordinary skill in the art would recognize many

variations, modifications, and aliernatives.

[0106] A thicker buffer laver may afford the power device 900 a lower leakage current and
a higher breakdown voltage. In some embodiments, the buffer layer 920 may include a
phurality of layers. For example, the buffer layer 920 may comprise an aluminuom nitride

layer, an alominum gallium niiride, and a gallium nitride layer. In some embodiments, the
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buffer layer 920 may include a superlattice of as many as 150 layers, each laver having a
thickness of about 2-3 nm. A superlattice is an artificial lattice fabricated by a periodic
epitaxial growth. A periodic superlattice is realized by growing alternate layers of two
semiconductors on fop of each other, each semiconductor being grown io the same thickness
S and mole fraction each time. According to some embodiments of the present invention, the

advantage of using a superlatiice instead of other buffer laver designs 1s that the superlatiice
can reduce the sheet resistance by growing, for example, AlGaN/GaN superlattice layers over
the channel region and can reduce the potential barrier height at the hetero-interface. In other
embodiments, the superlaitice does not reduce the potential barrier height at the hetero-

10 interface. One of ordinarv skill in the art would recognize many vanations, modifications,

and alternatives.

[0167]  According to an embodiment, the power device 900 further includes a channel
region 930 coupled to the buffer layer 920. The channel region 930 has a fivst end 924, a
second end 926, and a central portion 928 disposed between the first end and the second end.
15 The central portion of the channel region 930 may include a channel region barrier layer. In
some embodiments, the channel region barrier fayer can be barrier laver 932 {e.g., an
aluminum gallium nitride (AlGa; N} barrier layer) coupled to the buffer laver 920, and a
cap layer 934 (e.g., a gallium nitride cap layer) coupled to the barrier layer 932, The cap
fayer helps decrease the reverse leakage through the Schotthy contact and reduce the peak
20 electric field. It also protects the barrier layer 932 during processing and prevents nitrogen
degassing. Additionally, cap laver 934 also has a positive impact on device performance

such as increased gain, increased power added efficiency, and improved DC stability.

[61068] The power device 900 further includes a source contact 940 disposed at the first end
of the channel region 930, a drain contact 950 disposed at the second end of the channel

25 region 930, and a gate contact 960 coupled to the cap layer 934 and disposed in the central
portion of the channel region 930. In some embodiments, a via 902 can connect the source
contact 940 to the single crystal layer 12 in order to remove parasitic charges in the power
device. In contrast with GaN on silicon, which can utihized backside contacts through a
conductive silicon substrate, embodiments of the present invention utilizing an insulating

30 engineered substrate can uiilize vias such as via 902 to provide for elecirical connectivity to
the single crysial layer 912, According (o emnbodiments of the present invention, the barrier
layver 932 and the cap layer 934 are forroed by epitaxial growth. As illustrated n FIG. 9, in

operation, a thin laver of two-dimensional electron gas (ZDEG) 936 may be formed in the
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buffer layer 920 at the interface between the buffer laver 920 and the barrier layer 932, The
electrons in this thin layer of two-dimensional electron gas 936 can move quickly without
cotliding with any tmpurities because the buffer layer 920 1s undoped. This oay give a

channel 93% very low resistivity, in other words, very high electron mobility.

[#10%9]  In some embodiments, the power device 200 may further include a passivation laver
970 covering the cap layer 934, The passivation layer 970 may comprise silicon nitnide or
other msulating materials. The power device 900 may also include a first field plate metal
980 electrically connecting to the source cortact 940 forming a source electrode and a second

metal 990 disposed on the drain contact 950 forming a drain electrode.

10116} FIG. 1015 a ssmphified flowchart tllustrating a method 1000 of fabricating a lateral
power device on an engineered substrate according to an embodiment of the present
invention. According to an embodiment, the method 1000 includes, at 1010, forming a
substrate by: providing a polvcerystalline ceramic core, encapsulating the polycrystalline
ceramic core with a {irst adhesion shell, encapsulating the first adhesion shell with a barrier
layer, forming a bonding laver on the barrier layer, and joining a substantially single crystal

layer to the bonding layer.

[0111] The method 1000 further includes, at 1012, forming an epitaxial buffer layer, (e.g.,
a gallium nitride (GaN) buffer layer) on the substrate; and at 1014, forming a channel region
on the buffer layer by: forming an epitaxial barner layer (e.g., an aluminum galliur natride
(Al Ga; . Ny barrier layer) on the buffer layer and forming an epitaxial cap layer, (e.g., a
gallium nitride cap laver) on the barrier layer. The channel region has a firstend and a

second end, and a central portion between the first end and the second end.

[6112] The method 1000 further includes, at 1016, forming a source contact at the first end
of the channel region; at 1018, forming a drain contact at the second end of the channel
region; and at 1020 forming a gate contact on the cap layer in the central portion of the

channel region.

[6113] It should be appreciated that the specific steps illustrated in FIG. 10 provide a
particular method of fabricating an engineered substrate according to another embodiment of
the present invention. {ther sequences of steps may also be performad according io
alternative embodiments. For exarople, alternative embodiments of the present invention
may perform the steps outlined above in a different order. Moreover, the individual steps
iHustrated in FIG. 10 may include muiltiple sub-steps that may be performed in various
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sequences as appropriate to the individual step. Furthermore, additional steps may be added
or removed depending on the particular apphcations. One of ordinary skill i the art would

recognize many variations, modifications, and alternatives.

[6114] FIG 11A s asimplified schematic cross-sectional diagram iHlustrating a lateral
power device 1100 formed on an engineered substrate according to another embodiment of
the present mvention. The power device 1100 may use a recess 1136 i the channel region
1130 to function as an enhancement-mode (normally OFF) HEMT. The power device 1100
includes an engineered substrate 1110, In some embodiments, as described above with
references to FIGS. 1, 3, and 4, the engineered substrate 1110 may include a polyerystaliine
ceramic core, a first adhesion layer coupled to the polycrystalline ceramic core, a barrier laver
coupled to the first adhesion layer, a bonding layer coupled to the barrier layer, and a
substantially single crystal laver coupled to the bonding layer. In some embodiments, the
engineered subsirate 1110 may forther include a substantially single crystal layer 1112
coupled to the bonding laver. For example, the substantially single crvstal laver 1112 moay
comprise substantially single crystalline silicon. In some embodiments, the engineered
substrate 1110 may further include a nucleation laver (not shown} coupled to the substantially

single crystal layer 1112 for facilitating the formation of the epitaxial device layers.

[0115]  In one embodiment, the polycrystalline ceramic core of the substrate 1110
comprises aluminum nitride. In some embodiments, as discussed above with reference to
FIG. 1, the substrate 1110 may further includes a conductive fayer coupled to the first
adhesion layer, and a second adhesion layer coupled to the conductive layer, wherein the
conductive layer and the second adhesion layer are disposed between the first adhesion layer
and the barrier layer. In some embodiments, the first adhesion layer may comprise a first
tetracthyl orthosilicate {TEQOS) oxide layer, and the second adhesion layer mayv comprise 3
second TEOS oxide layer. The barrier laver may comprise a silicon nitride laver. The

conductive layer may comprise a polysilicon layer.

[6116] According to an embodiment, the power device 1100 further includes a buffer layer
1120 (e.g., a gallium mitride (GaN} buffer layer) coupled to the substantially single crystal
tayer 1112, The buffer layer 1120 may be formed by epitaxial growth on the substantially
single crystal fayer 1112, According to an embodiment, the buffer layer 1120 may havea
thickness greater than abowt 20 microns. A thicker buffer laver may afford the power device

1100 a lower leakage current and a higher breakdown voltage. Tn some embodiments, the
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buffer layer 1120 may inchade a plurality of lavers. For example, the buffer laver 1120 may
be a superlaitice that comprises an alurmnum minide layver, an aluminum gallium nitride, and
a gatlium nitride laver. Tt will be appreciate that one or nucleation layers may be utilized in

the process for growth of the buffer layer 1120.

(W4

101171 According to an embodiment, the power device 1100 further includes a channel
region 1130 coupled to the buffer layer 1120. The channel region 1130 has a first end 1124,
a second end 1126, and a central portion 1128 disposed between the first end 1124 and the
second end 1126. The central portion of the channel region 1130 may include an epitaxial
channel region barrier laver. In some embodiments, the epitaxial channel region barrier layer
10 can be a barrier laver 1132 (e.g., an aluminum gallium minde (AlGa; (N) barrier layer)
coupled to the buffer layer 1120. According to embodiuments of the present invention, the
barrier fayer 1132 is formed by epitaxial growth. The barrier layer 1132 includes a recess
1136 1n the central portion of the channel region 1130, The recess may be formed by
removing a portion of the barrter layer 1132 using etchung or other suitable techniques. The
15 power device 1100 further includes an insulating laver 1134 disposed in the recess and

coupled to the barrier layer 1132,

[0118] The power device 1100 further includes a source contact 1140 disposed at the first
end of the channel region 1130, a drain contact 1150 disposed at the second end of the
channel region 1130, and a gate contact 1160 coupled to insulating layer 1134 and disposed
20 in the central portion of the channel region 1130, In some embodiments, via 1102 can be
used to connect the source contact 1140 to the single crvstal layer 1112 in order to remove
parasitic charges in the power device 1100, As illustrated in FIG. 11, a thin laver of two-
dimensional electron gas (2DEG) 1138 may be formed in the buffer layer 1120 at the
mterface between the buffer layer 1120 and the barrier layer 1132, The electrons in this thin
25 layer of 2ZDEG 1138 can move quickly without colliding with any impurities because the
buffer laver 1120 is undoped. This may give the channel region 1130 very low resistivity, in
other words, very high electron mobility. In depletion mode, (normally OFF), the recess

1136 and insulating laver 1134 block a portion of the 2DEG when the gate voltage is zero.

(0119} In some embodiments, the buffer layer 1120 can be implemented as an alununum
30 gallium nitride (AlGaN) buffer layer. The AlGaN buffer layer can include multiple layers. A
power device that uses an Al,Ga,..N buffer laver can introduce a channel region 1130 by

fabricating the AliGap N buffer layver with a first predetermined mole fraction (X) extending



WO 2018/039316 PCT/US2017/048172

from the engineered substrate and a second predeiermined mole fraction (X) near the source,
gate, and drain contacts. The first predetermined mole fraction (X} can be low, for example,
less than 10% to provide the desired carrier confinement. In other embodiments, the
aluminum mole fraction (x} ranges from 10% to 30%. The Al;Ga N epitaxial laver may be
S5 doped with iron or carbon to further increase the resistivity of the epitaxial laver, which
serves as an imsulating or blocking layer. Additional description related to materials used for
the epitaxial buffer layer and fabrication of the epitaxial buffer layer i1s provided in U.S.
Provisional Patent Application No. 62/447 857, the disclosure of which is hereby

incorporated by reference in its entirety for all purposes.

10 [8126] FIG 11B s asimplified schematic cross sectional diagram ilhustrating a lateral
power device 1190 with an epitaxial gate structure formed on an engineered substrate
according to an embodiment of the present tnvention. The power device 1190 can function as
an enhancement-mode (normally OFF) HEMT by using an epitaxial gate structure such as a
P-type galliuro rutride-based structure 1162 to deplete the charge in the channel region under

15 zero bias. The power device 1190 includes an engineered substrate 1110, In some
embodiments, the engineered substrate 1110 may include elements as described above with
references to FIGS. 1, 3, and 4. According to an embodiment, the engineered substrate 1110

may further include a substantially single crystal laver 1112 coupled to the bonding laver.

10121}  In some embodiments, the power device 1190 further includes a buffer layer 1120
20 coupled to the substantially single crystal layer 1112, In some embodiments the buffer laver
can be another single crystal epitaxial tayer, for example, other HI-V materials such as
AlGaN, InGaN, InAlGaN, combinations thereof, and the like. The power device 1190 can
include a channel region 1130 coupled to the buffer layer 1120. The central portion of the
channel region can inchude a barrier laver 1132 coupled to the buffer laver 1120, According

25 to embodiments of the present invention, the barrier layer 1132 1s formed by epitaxial growth.
P ) Yy ep 8

[6122] The power device 1190 further includes a source contact 1140 disposed at a first
end of the channel region 1130, a drain contact 1150 disposed at a second end of the channel
region, and a gate contact 1164, In some embodiments the gate contact 1164 canbe a
partially, or semi-ohmic contact, for example, titanium rutride. The partially ohmic gate

30 contact 1164 can be coupled to a P-type GaN structure 1162, The partially ohmic gate
contact 1164 functions to block teakage current that would flow if there were a fully ohmic

contact. The P-type gallium nitride stracture 1162 can be formed by selectively etching a P-
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tvpe gallium nitride epitaxial laver. In some embodiments, the P-type gallium nitride
structure 1162 can be formed using multiple epitaxial lavers. When using multiple epitaxial
lavers, one or more layers can include materials with compositions that differ from the

composition of the barrier layer 1132 or from each other, for example, AlGaN or the like.

[#123] The properties associated with the P-type gallium nitride structure 1162, such as
strain and piezoeleciric properties, can be adjusted to reduce or vt the leakage current.
Each layer of the P-type gallium nitride structure can have a dufferent dopant concentration.
In some embodiments, the P-type gallium nitride structure 1162 depletes a portion of the
channel region 1130 when the gate voliage is zero. The depleted region allows the power

device 1190 to {unction as an enhancement-mode (normally OFF) HEMT.

16124] FIG 11C 15 a simphified schematic cross sectional diagram tllustrating an exploded
view of the P-type gallium nitride structure 1162, In some embodiments, a first fayer 1170
can have a first dopant concentration and/or material composition. The second layer 1172
can have a second dopant concentration and/or material composition. The third laver 1174
carnt have a third dopant concentration and/or material composition. The unique CTE
matching properties of the engineered substrate 1110 provide a substrate capable of
supporting the growth of thicker and more complex epitaxial layers than existing substrate
technologies. In some embodiments, the epitaxial gate structure can include at least one P-
type gallium nitride epitaxial layer. The leakage current for power device 1190 can be
controlled by the layer specific dopant concentrations and/or material compositions.
Although FIG. 11C illustrates three epitaxial layers, one of ordinary skill in the art would

recognize many variations, modifications, and alternatives.

[6128] FIG. 12 is a simplified flowchart illustrating a method 1200 of fabricating a lateral
power device on an engineered subsirale according to an embodiment of the present
mvention. According to an embodiment, the method 1200 includes, at 1210, forming a
substrate by: providing a polverystalline ceramic core, encapsulating the polverystailine
ceramic core with a first adhesion shell, encapsulating the first adhesion shell with a barrier
fayer, forming a bonding laver on the barrier layer, and joining a substantially single crysial

layer to the bonding laver.

[8126] The method 1200 further includes, at 1212, forming an epitaxial buffer laver (eg., a
gallium nitride (GaN) buffer layer) on the substrate; and at 1214, forming a channel region on

the buffer laver by forming an epitaxial barrier laver (e.g., an aluminum gallrom nitride



10

25

30

WO 2018/039316 PCT/US2017/048172

{ Al,Ga.N) barrier layer) on the buffer layer. The channel region has a first end and a
second end, and a central portion between the first end and the second end. According to an
erobodiment, the method 1200 further includes, at 1216, formuing a recess in the barrier layer
in the central portion of the channel region; and at 1218, forming an insulating layer in the
recess. The msulating layer is coupled to the barrier laver. The method 1200 further
mcludes, at 1220, forming a source conlact at the first end of the channel region; at 1222,
forming a drain contact at the second end of the channel region; and at 1224, forming a gate

contact on the insulating layer in the central portion of the channel region.

[6127] It should be appreciated that the specific steps illustrated in FIG. 12 provide a
particular method of fabricating an engineered subsirate according to another embodiment of
the present invention. Other sequences of steps may also be performed according to
alternative embodiments. For example, alternative embodiments of the present invention
may perform the steps outlined above in a different order. Moreover, the individual steps
tHustrated in FIG. 12 may 1nclude multiple sub-steps that may be performed in various
sequences as appropriate to the individual step. Furthermore, additional steps may be added
or removed depending on the particular applications. One of ordinary skill in the art would

recognize many variations, modifications, and alternatives.

[0128] High-power modules of vertical devices (p-n diodes and HEMTs) may have many
applications. For example, they may be used to drive the main motor in a hybrid vehicle
power system and industrial motors. Such devices present particular challenges becaunse of
the need for high voltage and high current at the same time. Currently, these systems
tvpically use SiC-based devices. There is now growing interest in using GaN-based devices
due to their switching performance, which affords smaller footprint. The engineered
substrates as described above may provide the potential of manufacturing GaN-based devices

on a mass scale in a CMQOS-compatible St fab.

[0129]  FIG. 1315 a simplified schematic cross-sectional diagram illustrating a vertical
semiconductor diode 1300 formed on an engineered substrate according to an embodiment of
the present invention. The semiconductor dipde 1300 includes an engineered substrate 1310
In some embodiments, as described above with references to FIGS. 1, 3, and 4, the
engineered substrate 1310 may include a polvcrystalline ceramic core, a first adhesion layver
coupled io the polverysialline ceramic core, a barrier layer coupled to the first adhesion layer,

a bonding layer coupled {0 the barrier layer, and a substantially single crysial layer coupled to

(a2
A



WO 2018/039316 PCT/US2017/048172

the bonding laver. According to an embodiment, the engineered substrate 1310 may further
mclude a substantially single crvstal layer 1312 coupled to the bonding layer. For example,
the substantially single crystal layer 1312 may comprise substantially single crystalline
sificon. In some embodiments, the engineered substrate 1310 may further include a

S nucleation laver (not shown) coupled to the substantially single crvstal layer 1312 for

facilitating the formation of the epitaxial device lavers.

{0130} In one embodiment, the polverystatline ceramic core of the substrate 1310
comprises alunminum nitride.  In some embodiments, as discussed above with reference to
FiG. 1, the substrate 1310 may further includes a conductive layer coupled to the first

10 adhesion layer, and a second adhesion layer coupled to the conductive layer, wherein the
conductive layver and the second adhesion layer are disposed between the first adhesion layer
and the barrier layer. In some embodiments, the first adhesion layver may comprise a first
tetraethyl orthosilicate (TEOS) oxide layer, and the second adhesion layer may comprise a
second TEOS oxide laver. The barrier layer may comprise a silicon nutride layer. The

15 conductive laver may comprise a polvsilicon layer.

(0131} According to an embodiment, the semiconductor diode 1300 further includes a
buffer layer 1320 coupled to the substantially single crystal layer 1312, In some
erobodimnents, the buffer layer 1320 may be a superlattice that includes a plurality layers. For
example, the buffer laver 1320 may include an aluminum nitride layer coupled to the single
20 crystal silicon layer, an aluminum gallium nitride layer coupled to the alumimum nitnde layer,
and a galliom nitride layer coupled to the aluminum gallivr nitride taver. The
semiconductor diode 1300 further includes a semi~-insulating layer 1330 coupled to the buffer

layer 1320. In one embodiment, the semi-insulating layer 1330 comprises gallium nitride.

[6132] According to some embodiments, the semiconductor diode 1300 further includes a
25 first N-type gallium nitride laver 1342 coupled to the semi-insulating layer 1330, a second N-

tvpe gallium nitride layer 1344 coupled to the first N-type gallium nitride layer 1342, and a

P-type gallium nitride layer 1346 coupled to the second N-type gallium nitride layer 1344

The first N-type gallium nitride laver 1342 may serve as the N-region of the P-N diode and

may have a relatively high N-type doping concentration. The second N-type gallium nitride
30 layer 1344 may serve as a drift region and may have arelatively low doping concentration

compared to that of the first N-type gallium nitride layer 1342. The P-type gallium nitride
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layer 1346 may serve as the P-region of the P-N diode and may have a relatively high P-type

doping concentration.

[8133] In one embodiment, a portion of the second N-type gallium ntinde layer 1344 and a

portion of the P-type galliuro mutride fayer 1346 are removed to expose a portion of the first

(W4

N-type galliom nitride layer 1342, so that a cathode contact 1370 may be formed thereon. In
sorse embodiments, the cathode contact 1370 may comprise a titaniom-aluminum (TV/Al)
alloy or other suitable metallic materials. The portion of the second N-type gallium nitride
layer 1344 and the portion of the P-type gallium nitride fayer 1346 may be removed by
etching or other suitable techniques. An anode contact 1360 is formed on the remaining
10 portion of the P-type galliuro mutride fayer 1346, In some embodiments, the anode 1360 may
cornprise a nickel-platinum (Ni/Pt) allov, a nickel-gold (Ni/Au} alloy, or the like. The
semiconductor diode 1300 may further include a first field plate 1382 coupled to the anode
contact 1360, and a second field plate 1384 coupled to the cathode contact 1370, In some
embodiments, the semiconductor diode 1300 may further include a passivation layer 1390
15 covering the exposed surfaces of the P-type gallium nitride layer 1346 and the first N-type
gallium nitride layer 1342, and the second N-type gallium nitride fayer 1344. The passivation

layer 1390 mav corprise sthicon nitride or other insulating materials.

10134}  In some embodiments, the second N-type galliur rutride layer 1344 mav have a
thickness that 15 greater than about 20 um. The uruque CTE matching properties of the

20 engineered substrate 1310 provide the ability to deposit a relatively thick drift region with
low dislocation density may afford the seniconductor diode 1300 low leakage current and a

mruch higher breakdown voltage, as well as many other advantages.

[#135] FIG. 14 is a simplified flowchart illustrating a method 1400 of fabricating a vertical
semiconductor diode on an engineered subsirate according to an embodiment of the present
25 mvention. The method 1400 includes, at 1410, forming a subsirate by: providing a
polycrystalline ceramic core, encapsulating the polverystaliine ceramic core with a first
adhesion shell, encapsulating the first adhesion shell with a barrier layer, form a bonding

layer on the barrier layer, and joining a substantially single crvstal layer to the bonding laver.

[6136] The method 1400 further includes, at 1412, forming a buffer laver on the single
30 crystal silicon layer; and at 1414, forming a semi-insulating layer on the buffer laver. The
method 1400 further includes, at 1416, forming a first epitaxial N-type gallium niinde laver

on the semi-insulating laver; at 1413, forming a second epitaxial N-type gallium mitride layer
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on the first epitaxial N-type gallium nitride layer; and at 1420 forming an epitaxial P-type
callium niiritde layer on the second epitaxial N-iype gallium nitride laver. According to some
ernbodiments, the first N-type gallium nitride layver has a first doping concentration. The
second epitaxial N-type gallium nitride layer has a second doping concentration less than the

S first doping concentration.

{6137}  According {0 some embodiments, the method 1400 further includes, at 1422,
removing a portion of the second epitaxial N-type gallium nutride layer and a portion of the
epitaxial P-type galiium nitride layer to expose a portion of the first epitaxial N-type gallium
nitride layer. The method 1400 further includes, at 1424, forming an anode contact on a

10 remaining portion of the epitaxial P-type gallium mitride layer; and at 1426, forming a

cathode contact on the exposed portion of the first epitaxial N-type gallium nitride layer.

16138] It should be appreciated that the specific steps illustrated in FIG. 14 provide a
particular method of fabricating an engineered substrate according to another embodiment of
the present invention. Other sequences of steps may also be performed according (o

15 alternative embodiments. For exarople, alternative embodiments of the present invention
may perform the steps outlined above in a different order. Moreover, the individual steps
illustrated in FIG. 14 may include multiple sub-steps that may be performed in various
sequences as appropriate to the individual step. Furthermore, additional steps may be added
or removed depending on the particular applications. One of ordinary skill in the art would

20 recognize many vartations, modifications, and alternatives.

[#13%9] FIG. 15 is a simplified schematic cross-sectional diagram illustrating a vertical
semiconductor diode 1500 formed on an engineered substrate according to another
embodiment of the present invention. The vertical senuiconductor diode can include a first N-
tvpe gallium nitride layer 1542 coupled to a cathode contact 1570, which can include a Ti/Al

25 maierigl, a second N-type gallium pitride layer 1544 coupled to the first N-type gallium
nitride laver 1542, and a P-type gallium nitride laver 1546 coupled to the second N-type
gallium nitride layer 1544, The first N-type gallium nitride layer may serve as the N-region
of the P-N diode and may have a relatively high N-tvpe doping conceniration. The second N-
type gallium nitride layer 1544 may serve as a drift region and may have a relatively low

30 doping concentration compared to that of the first N-type gallivim nitride laver 1542, The P-
tvpe gallium nitride layer 1546 may serve as the P-region of the P-N diode and may have a

relatively high P-type doping concentration. In some embodiments, the first N-type gallium
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nitride layer 1542, the P-type gallium nitride laver 1546, and the second N-tyvpe gallium
nitride layer 1544 can be grown using epitaxial layers. The epitaxial layvers can be grown on
an engineered substrate as described above with reference to FIGS. 1, 3, and 4. The epitaxial

fayers can be at least 10 um in thickness and 6 inches in diameter.

[#148] The vertical semiconductor diode 1500 is similar to the semiconducior diode 1300,
except that the substrate 1310, the buffer layer 1320, and the semi-insulating layer 1330 are
removed after the P-N diode has been forroed, creating a “true” vertical device structure with
anode 1560 and cathode 1584 on oppostte sides of the wafer. In alternative embodiments,
portions of the substrate 1310, the buifer laver 1320, and the semi-insulating layer 1330 {0
form a contact window. The contact window may be used o create the vertical device

structure with anode 1560 and cathode 1584 on opposite sides of the wafer.

[6141] In some embodiments, the thermal resistance of the vertical semiconductor diode
1500 can be lowered by removing the engineered substrate 1310, the buffer layer 1320, and
the semi~-insulating layer 1330 from the structure illustrated in FIG. 13, Insome
embodiments, the vertical serniconductor diode 1500 may be transferred to copper, which can
serve as a cathode electrical contact. Plated copper can also serve as a heatsink for the
vertical semiconductor diode 1500, The copper can be 30 pm in thickness and the
combination of the first N-tvpe gallium nitride laver 1342, the second N-type gallium nitride
layer 1544, and the P-type gallium nitride layer 1546 can be less than or equal to 150 um in
thickness. In this embodiment, the thermal resistance of the vertical semiconductor diode can
be less than or equal to 0.2 K*mm”/W. In this embodiment, the thermal resistance can be 4
tirnes lower than a diode formoed using epitaxial gallium nitride layers on a gallium nutride

substrate.

[6142] In other embodiments, a deposited diamond layer can be formed to provide
electrical connectivity to the first N-type gallinum nitride layver 1542, to improve the thermal
resistance, and/or provide a cathode electrical contact 1584, Chenucal vapor deposition can
be used to form the deposited diamond laver. The deposited diamond layer can be doped to
form an N-type diamond layer. The deposited diamond layer can be a heatsink for a power
device. In some embodiments, the deposited diamond layer can be 20 pm - 50 yrmo
thickness. It should be appreciated that combinations of materials can be used to form the

cathode elecirical contact, including copper and a deposited diamond layer.
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[6143] In some configurations, epitaxial layers adjacent to the substrate have a higher
mcidence of defects compared {o epitaxial lavers grown further from the interface with the
substrate. The defects can include, for example, impurities, crystal musmatch, and
dislocations. The defects in these initial layers can account for a high percentage of the
device resistance. The unique CTE matching properties of the engineered substrate 1310
tlustrated in FIG. 13 permit the first N-type galliom nutride layer 1542 adjacent to the
engineered substrate 1310 to be thicker than epitaxial layers grown on a conventional
substrate. In some embodiments, in addition to removing the engineered substrate 1310,
lavers of the first N-type gallium nitride layer 1542 adjacent to the engineered substrate 1310
can also be removed. 1o some embodiments, the cathode electrical contact 1584 can be
formed directly on high quality gallium nitride epitaxial lavers after the substrate and initial,

higher defect, epitaxial layers have been removed.

[6144] Although removing the engineered substrate adds additional processing steps, it
may ease roetaliization as the power-handhing contacts are made on two different sides of the
wafer, improving current spreading and heat extraction, and reducing electrical resistance. In
some embodiments, to provide for a low electrical resistance the first N-type gallium nitride
laver 1542 can have a dopant concentration at a level of 3 x 10® em™ t0 S x 10® em™ In
some embodiments, the electrical resistance can be less than or equal to 0.1 Ohn*ron?’.

Also, for the vertical semiconductor diode 1300 iustrated in FIG. 13, the anode contact 1360
may not be too close to the sidewall adjacent the cathode contact 1370, because otherwise
there might be a breakdown between the anode contact 1360 and the cathode contact 1370,

The vertical semiconductor diode 1500 elinunates this concem.

[61458] FIG. 16 1s a simplified flowchart illustrating a method 1600 of fabricating a vertical
semiconductor diode on an engineered substrate according to an embodiment of the present
invention. The method 1600 includes, at 1610, forming a substrate by providing a
polycrystalline ceramic core, encapsulating the polyerystaliine ceramic core with a first
adhesion shell, encapsulating the first adhesion shell with a barrier laver, form a bonding
tayer on the barrier layer, and joining a substantially single crystal layer to the bonding layer.
[6146] The method 1600 further includes, at 1612, forming a buffer layer on the single
crystal silicon layer; and at 1614, forming a semi-insulating layer on the buffer layer. The
method 1600 further includes, at 1616, forming a first epitaxial N-tvpe gallium nitride layer

on the semm~insulating layer; at 1618, forming a second epitaxial N-type gallium niinde layer
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on the first epitaxial N-type gallium nitride layer; and at 1620 forming an epitaxial P-type
callium niiritde layer on the second epitaxial N-iype gallium nitride laver. According to some
ernbodiments, the first N-type gallium nitride layver has a first doping concentration. The
second epitaxial N-type gallium nitride layer has a second doping concentration less than the

first doping concentration.

{6147} According {0 some embodiments, the method 1600 further includes, at 1622,
removing the substrate, the buffer layer, and the semi-insulating layer {o expose the bottom
surface of the first N-type gallium nitride laver. In some embodiments, initial layers of the
first N-type gallium nitride layer can be removed. Several techniques can be used to remove
the engineered substrate, buffer layer, and the semi-insulaiing layer. For example, a chemical
such as hyvdrotluoric acid (HF) can be infused into the lateral sides of the wafer retaining the
vertical semiconductor diode to etch out one or more of the buffer layer and the semi-
nsulating layer while the ceramic core and vertical semiconductor diode epitaxial stack
remain infact. Etching one or more of the bufter layer and the senu~insulating laver separates
the vertical semiconductor diode epitaxial stack from the remainder of engineered substrate
while preserving the ceramic core for reuse. This chemical ift off process also reduces
overall stress on the vertical semiconductor diode epitaxial stack by eliminating polishing
processes. If a gallium rutride substrate 1s used, the substrate cannot be selectivelv removed.
Additionally, gallium nitride substrates include defects such as face flipping, residual stress,
fragility, and miscut planes that affect the quality of the epitaxial layvers grown thereon. In
some embodiments using a gallium nitride substrate, 75% of the resistance can be attributed
to defects in the substrate. Embodiments of the present invention which remove the substrate
to expose epitaxial fayers for contact formation can thereby reduce the electrical and thermal

resistance.

10148} In some embodiments, a sacrificial laver may be used for the chenucal Iift off
process. The sacrificial layer may use a metal such as titanium (11} that is highly susceptible
to dissolving when exposed to HF. In some embodimenis, the sacrificial laver may comprise
one of titanium {T1), vanadium (V), chromium (Cr), tantalum (Ta), tungsten (W), themum
{Re}, silicon oxide, silicon nitride, silicon oxymitride, or a combination thereof. In addition to
the sacrificial laver, a protective layer can be used. Protective layers may prevent diffusion
of materials from sacrificial layer 200, such as Ti, into GaN epitaxial layers during epitaxial
GaN growth. Additional description related to removing the substrate, the bufter laver, and

the semi-insulating layer is provided in U.S. Patent Application No. 15/288,506, the
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disclosure of which is hereby incorporated by reference in its entirety for all purposes. The
substrate removal process described in relation to the vertical semiconduactor diode can be
used for any of the devices described herein. One of ordinary skill in the art would recognize

many variations, modifications, and alternatives.

[0149] The method further includes, at 1624, forming an anode contact on the epitaxial P-
type gallivan nitride layer; and at 1626, forming a cathode contact on the bottom surface of

the first epitaxial N-tvpe gallium nitride laver.

{0150} it should be appreciated that the specific steps dlustrated in FIG. 16 provide a
particular method of fabricating an engineered subsirate according to another embodiment of
the present invention. Other sequences of steps may also be performed according to
alternative embodiments. For example, alternative embodiments of the present invention
may perform the steps owtlined above in a different order. Moreover, the individual steps
tHustrated in FIG. 16 may include multiple sub-steps that may be performed in various
sequences as appropriate to the individual step. Furthermore, additional steps may be added
or removed depending on the particular applications. One of ordinary skill in the art would

recognize many variations, modifications, and altematives.

10151} Power devices may operate in harsh thermal conditions. For example, thev may
undergo thermal eycles up to several hundreds of degrees Celsius. Sorse local hot points
could reach as high as 250 °C. Thermal cvching and built-in stress may result in reliability
fatlures, such as delamination, breakdown of dielectrics, and the like. Thus, forming GaN
device lavers on engineered substrates characterized by a CTE that is substantially matched
to that of the power devices may eliminate or alleviate such reliability faitures, because the

(GaMN device layers may expand and shrink at the same rate as the engineerad substrates do.

(6182} FIG. 17 is a simplified schematic cross-sectional diagram illustrating a
semiconductor device 1700 formed on an engineered substrate 1710 according to an
embodiment of the present invention. The semiconductor device 1700 includes a substrate
1710. In some embodiments, as described above with references to FIGS. 1, 3, and 4, the
engineered subsirate 1710 may include a polycrystalline ceramic core, a first adhesion layer
coupled to the polycrystalling ceramic core, a barrier layer coupled to the first adhesion layer,
a bonding laver coupled to the barrier layer, and a substantially single crvstal laver coupled to

the bonding laver. According to an embodiment, the engineered substrate 1710 may further
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include a substantially single crystal layer coupled to the bonding layer. For example, the

substantially single cryvstal layer may comprise substantially single crystalline silicon.

[8153] In one embodiment, the polycrystalline ceramic core of the subsirate 1710
comprises aluminum nitride. In some embodiments, as discussed above with reference to
FiG. 1, the substrate 1710 may further includes a conductive layer coupled to the first
adhesion laver, and a second adhesion layer coupled (o the conductive layer, wherein the
conductive layer and the second adhesion layer are disposed between the first adhesion layer
and the barrier layer. In some embodiments, the first adhesion layer may comprise a first
tetrasthyl orthosilicate {TEOS) oxide layer, and the second adhesion laver may comprise a
second TEOS oxide laver. The barrier laver ray comprise a silicon nitride laver. The

conductive layer may comprise a polysilicon laver.

[3184] The semiconductor device 1700 includes a device structure 1720 formed on the
engineered substrate 1710. According to some embodiments, the device structure 1720 may
include a plurality of epitaxial gallium vitride based lavers grown on the substantially single
crystal layer of the substrate 1710, wherein the coefficient of thermal expansion of the
plurality of epitaxial gallium nitride layers is substantially equal to a coefficient of thermal

expansion of the substrate 1710,

[0185] 1t 1s also understood that the examples and embodiments described herein are for
iHlustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included within the spirit and purview of

this apphication and scope of the appended claims.



CLAIMS

1. A power device comprising:

a substrate comprising:

a polycrystalline ceramic core;

a first adhesion layer coupled to the polycrystalline ceramic core;

a barrier layer coupled to the first adhesion layer;

a bonding layer coupled to the barrier layer; and

a substantially single crystal layer coupled to the bonding layer;

a buffer layer coupled to the substantially single crystal layer;

a channel region coupled to the buffer layer, wherein the channel region
comprises a first end, a second end, and a central portion disposed between the first end and the

second end, the channel region comprising a channel region barrier layer coupled to the buffer

layer;
a source contact disposed at the first end of the channel region;
a drain contact disposed at the second end of the channel region; and
a gate contact coupled to the channel region.

2. The power device of claim 1 further comprising:

a cap layer coupled to the channel region barrier layer; and
the gate contact coupled to the cap layer and disposed in the central

portion of the channel region.

3. The power device of claim 1 further comprising:

an insulating layer coupled to the channel region barrier layer, wherein the
gate contact is coupled to the insulating layer; and

a recess in the central portion of the channel region, wherein the insulating

layer and the gate contact are disposed in the recess.

4. The power device of claim 1 further comprising an epitaxial gate structure coupled to

the channel region barrier layer, wherein the gate contact is coupled to the epitaxial gate structure
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and disposed in the central portion of the channel region.

5. The power device of claim 4 wherein the epitaxial gate structure includes a P-type

gallium nitride epitaxial layer.

6. The power device of claim 4 wherein the epitaxial gate structure includes a plurality of
epitaxial layers, wherein each layer of the plurality of epitaxial layers is associated with a layer

specific dopant concentration.
7. The power device of claim 1 wherein the buffer layer and the channel region barrier
layer are characterized by a coefficient of thermal expansion (CTE) that is substantially equal to

a CTE of the substrate.

8. The power device of claim 1 further comprising a conducting epitaxial layer coupled to

the substantially single crystal layer.
9. The power device of claim 8 further comprising a via, connected between the source
contact and at least one of the conducting epitaxial layer and the substantially single crystal

layer.

10. The power device of claim 8 further comprising a backside contact coupled to the

conducting epitaxial layer, wherein the substrate is removed from the power device.

11. The power device of claim 1 wherein the buffer layer is formed by epitaxial growth.

12. The power device of claim 11 wherein the buffer layer has a thickness greater than

about 20 microns.

13. The power device of claim 1 wherein the substrate further comprises a nucleation layer

coupled to the substantially single crystal layer.
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