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(57) Abstract: A method for making a multilayered device on an engineered substrate having a substrate coefficient of thermal ex-
pansion includes growing a buffer layer on the engineered substrate, and growing a first epitaxial layer on the butfer layer. The first
epitaxial layer is characterized by an epitaxial coefticient of thermal expansion substantially equal to the substrate coefticient of thermal
expansion.
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GALLIUM NITRIDE EPITAXIAL STRUCTURES FOR POWER
BEVICES

CROSS-REFERENCES TO RELATED APPLICATIONS
[866%] This application claims the benefit of U.S. Provisional Patent Application No.
62/447 857, filed on January 18, 2017, UK. Provisional Patent Application No. 62/591,016,
filed on November 27, 2017, and U.5. Non-Provisional Pateni Application No.: 15/864,977
filed on January 8, 20138, the contents of which are hereby wncorporated by reference in their

entirety.

BACKGROUND OF THE INVENTION
[8662] Galliom nitride based power devices are typically epitaxially grown on sapphire
substrates. The growth of gallium nitride based power devices on a sapphire substrateis a
heteroepitaxial growth process since the substrate and the epitaxial layers are composad of
different materials. Due to the heteroepitaxial growth process, the epitaxially grown material
can exhibit a vartety of adverse effects, including reduced uniformity and reductions in
metrics associated with the electronic/optical properties of the epitaxial layers. Accordingly,
there is a need in the art for improved methods and svstems related to epitaxial growth

processes and substrate structures.

SUMMARY OF THE INVENTION
[B683]  According 1o some embodiments of the present invention, a method for making a
multilayered device on an engineered substrate having a substrate coefficient of thermal
expansion includes growing a buffer laver on the engineered substrate, and growing a first

epitaxial layer on the buffer layer. The first epitaxial layer is characterized by an epitaxial
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coefficient of thermal expansion substantially equal 1o the subsirate coefficient of thermal

expansion.

10604} According to some other embodiments of the present invention, a method for
making a nuldtilayered device on an engineered substrate having a substrate coetficient of
thermal expansion includes growing a buffer laver on the engineered substrate, and growing
one or more epitaxial lavers on the buffer laver. At least one of the one or more epitaxial
layers is characterized by an epitaxial coefficient of thermal expansion substantially equal to
the subsirate coefficient of thermal expansion. In some embodiments, the one or more
epttaxial layers may include a superlattice of altemating undoped GaN layer and doped GaN
laver. The doped GaN layer may include carbon-doped GaN (C~GaN) or iron-doped GaN
(Fe-GaN}. The method may further include growing an undoped GaN layer coupled to the
superiatiice, and growing a first epitaxial laver coupled to the undoped GaN layer. The first
epitaxial laver may include aluminum gallium nitride (AlGaN) or mdium aluminurm nitride
(InAIN). An interface between the undooped GaN laver and the first epitaxial laver may
form a conducting channel of a high-electron-mobility transistor (HEMT). The engineered
substrate may include a polycrystalline ceramic core, a barrier layer encapsulating the
polveryvstalline ceranmic core, a bonding laver coupled to the barrier layer, and a substantially
single crystalline silicon layer coupled to the bonding layer. The buffer laver may include at

feast one of AIN, AlGaN, or AIN/AIGaN.

[B605]  According to some other embodiments of the present invention, a method for
making a multidayvered device on an engineered substrate having a substrate coefficient of
thermal expansion includes growing a buffer laver on the engineered substrate, and growing a
first epitaxial layer coupled to the buffer laver. The first epitaxial layer is characterized by an
epitaxial coefficient of thermal expansion substantially equal to the substrale coefficient of
thermal expansion. The method further includes growing an alununum galliuro natride
(AlGaN) back barrier faver coupled to the first epitaxial layer, growing an undoped gallium
nitride (GaN} layer coupled io the AlGaN back barrier layer, and growing a barrier layer

coupled to the undoped GaN layer.

2
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{6666} According to some further embodiments, an epitaxial semiconductor structure
mcludes an engimeered substrate having a substrate coefficient of thermal expansion, a buffer
layer formed on the engineered substrate, and a first epitaxial layer formed on the buffer
faver. The first epitaxial layer is characterized by an epitaxial coefficient of thermal

expansion substantially equal to the substrate coefficient of thermal expansion.

BRIEF DESCRIPTION OF THE DRAWINGS
16667} FIG. 1 is asimphified schematic cross-sectional diagram illustrating a power device
formed on an engineered substrate structure according to an embodiment of the present

mvention.

[66068]  FIG. 218 a simplified schematic cross-sectional diagram illustrating a power device
formed on an engineered substrate siructure according to another embodiment of the present

mvention.

[B009] FIG 3 1s g simplified schematic cross-sectional diagram dlustrating a power device
formed on an engineered substrate structure with a back-side contact according to an

embodiment of the present invention.

[8618] FIG. 4153 a simplified schematic cross-sectional diagram illustrating a power device
formed on an engineered substrate structure with a front-side contact according to an

embodiment of the present invention.

[6611] FIG 51 a simplified schematic cross-sectional diagram illustrating a power device
formed on an engineered substraie structure according to an embodiment of the present

mvention.

[B812] FIG 615 a simplified schematic cross-sectional diagram dlustrating a power device
formed on an engineered substrate structure according to another embodiment of the present

invention.

[8613] FIG. 713 a simplified schematic cross-sectional diagram illustrating a power device
formed on an engineered substrate structure according to a further embodiment of the present

mnvention.
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[6614] FIG 8 is a simphified schematic cross-sectional diagram illustrating a power device
formed on an engineered substrate struchure according 1o some other embodiments of the

present invention,

[6615]  FIG 9A illustrates an exemplary conduction band diagram of a HEMT without an

AlGaN back barrier layer according to some embodiments.

{6016} FIG 9B iHustrates an exemplary conduction band diagram of a HEMT with an

AlGaN back barrier layer according to some other ernbodiruents.

{0617}  FIG. 1015 a simplified schematic cross-sectional diagram illustrating a substrate
structure suitable for use in the fabrication of power devices according to an embodiment of

the present invention.

[6618] FIG. 1113 a simplified schematic cross-sectional diagram illusirating an engineered
substrate structure according to an embodiment of the present invention,

[6619]  FIG 12 1s a simplified schematic diagram illustrating an engineered subsirate
structure according to some embodiments of the present invention.

[6626] FIG. 1315 asimplified schematic diagram iliustrating an engineered substrate

structure according to some other embodiments of the present invention.

(6021} FIG 1415 a simplified schematic diagram illustrating an engineered substrate

structure according to some further embodiments of the present invention.

6622} FIG 15 1s a simplified flowchart tllustrating a method of fabricating an engineerad
substrate according {0 some embodiments of the present invention.

[8623] FIG. 1615 a simplified flowchart itlustrating a method for making a multilayered

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

[6624] FIG 17 is a simplified flowchart ithustrating a method for making a multilavered
device on an engineered substrate according to some other embodiments of the present

mvention.
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{6628} FIG. 18 is a simplified flowchart illustraiing a method for making a multilayered
device on an engineered substrate according to some further embodiments of the present

mnvention.

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS
{0026} The present invention relates generally to power devices formed on engineered
substrates. More specifically, the present invention relates to methods and svstems suitable
for fabricating power devices using epitaxial growth processes. Merely by way of example,
the invention has been applied to a method and system for fabricating power devices on a
substrate by epitaxial growth, wherein the substrate is characterized by a coefficient of
thermal expansion ({UTE) that is substantially matched to epitaxial fayers that form the power
devices. The methods and techniques can be applied to a variety of semiconductor

processing operations.

(8027} FIG 1 1s a simplified schematic cross-sectional diagram dlustrating a power device
formed on an engineered substrate structure 102 according to an embodiment of the present
imvention. The engineered substrate structure 102 may inchude a ceramic substrate 110 with a
thin silicon (51) laver 120 formed thereon. The silicon layer 120 may provide a surface for
subsequent epitaxial growth. The ceramic substrate 110 may have a CTE that 15 substantially

matched to the CTE of one or more subsequent epitaxial layers.

[0028] A buffer layer 130 may be epitaxially formed on the Si layver 120. The buffer laver
130 may include one or more layers. Tn some embodiments, the boffer layer 130 may be
relatively thin, for example less than 0.5 micron in thickness. The buffer layer 130 may
include, for example, AIN about 0.2 um in thickness, Alo25Gao7sN about 0,125 pmin
thickness, combinations thereof, or the like. A relatively thin aluminum-containing buffer
layer (e.g., 0.2 pm AIN/0.125 pro Alo2sGac7sN)Y can support more than 8 microns of GaN

epitaxy on a large diameter substrate, which cannot be fabricated using silicon substrates.

10029 A GaN epitaxial layer 140 may be formed on the buffer layer 130, In some
embodiments, the (GaN epitaxial fayer 140 may have a thickness that is greater than 8 pm for

high voltage resistance. For example, a breakdown voltage greater than 500 V or 600 V may
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be achieved in the power devices subsequently formed on the GaN epitaxial laver 140. As
tHustrated m FIG. 1, the GaN epitaxial layver 140 may include a doped GalN epitaxial layer
142 and an undoped GaN epitaxial laver 144 beneath (e g., immediately beneath} the
conducting channel 150. The doped GaN epitaxial layer 142 may have a thickness of 5 um
or greater. The doped GaN epitaxial laver 142 may nclude C- or Fe~-doped GaN in some
embodiments to provide for high resistance. As discussed more fully herein, low
conductivity lavers can be formed such as C-(GaN or Fe-GaN layers, which may have
background doping levels (free carriers densiiy) on the order of 1x10% cm™ as the carbon or

iron compensates for the background impuniies or provides desp centers,

16636] Although GaN layers are discussed herein, the present invention is not himited to
GaN and other 11-V materials can be utilized, including AlGaN, InGaN, InAlGaN,
combinations thereof, and the like. One of ordinary skill in the art would recognize many

varialions, modifications, and alternatives.

[B831]  An AlGaN or InAIN layer 160 may be formed on the GaN epitaxial layer 140 as the

barrier layer. The AlGaN/GaN interface may result in a two-dimensional electron gas
2DEG) due to polarization induced charge at the hetero-interface. The two-dimensional
electron gas forms a conduction chanmel 130 of g high-electron-mobility transistor (HEMT)

power device,

[6632]  In some embodiments, an optional undoped or p-type GaN cap layer 170 may be
formed on the AlGaN or InAIN layer 160 as appropriate to fabricate enhancement-mode

devices,

[6833] Because the ceramic substrate 110 may have a C'TE that 1s substantially matched to
the CTE of the GaN eputaxial layer, a relatively thin buffer layer 130 (e.g.. less than 0.5 pm)

can support a relative thick GaN epitaxial tayer 140 {e.g., more than 5 ym).

[6634] FIG 2138 a simplified schematic cross-sectional diagram illustrating a power device
formed on an engineered substrale siructure 202 according 1o an embodiment of the present
mvention. The engineered substrate structure 202 may include a ceramic substrate 110 with a

thin silicon germanium {(Si1Ge) layer 220 formed thereon. The silicon germanium layer 220
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may provide a lattice-matched surface for subsequent epitaxial growth. The ceramic
substrate 110 may have a CTE that is substantially matched to the CTE of subsequent
epitaxial layvers. The Si1Ge layer 220 may be epitaxially grown on a Si layer (not shown}, or
may be transferred from a donor substrate (e g., by bonding the donor substrate with a Si1Ge

taver formed thereon with the ceramic substrate}.

[0035] A bufter layver 130 may be epitaxially formed on the SiGe layer 220, The buffer
layer 130 may include one or more lavers. In some embodiments, the buffer laver 130 may
be relatively thin, for example less than 0.5 micron in thickness. The buffer laver 130 may
mclude, for example, AIN about 0.2 pwmiin thickness, Ale2sGao7sN about 0125 pm in
thickness, combinations thereof, or the like. A relatively thin aluninum-containing buffer
fayer 130 {e.g., 0.2 um AIN/G. 125 um Alo25Gao 73N} can support more than 8 microns of
(GaN epitaxy on a large diameter substrate, which cannot be fabricated using silicon

substrates.

(0036} A GaN epitaxial laver 140 may be forroed on the butter layer 130, In some
ernbodiments, the GaN epttaxial layer 140 may have a thickness that is greater than 8 um for
hgh voltage resistance. For exarnple, a breakdown voltage greater than 500 V or 600 V may
¢ achieved in the power devices subsequently formed on the GaN epitaxial layer. As
tHustrated in FIG. 2, the GaN epitaxial laver can include, for example, 5 pm of doped
epttaxial layer 142 and an undoped GaN laver 144 beneath (e g., immediately beneath) the
conducting channel 150, The doped epitaxial layer 142 may include C- or Fe-doped GaN in
some embodiments. Although GaN layers are discussed herein, the present invention is not
fimited to GaN and other HI-V matenals can be utilized, inchuding AlGaN, InGaN, InAlGaN,
combinations thereof, and the like. One of ordmary skill 1n the art would recognize many

variations, modifications, and alternatives.

[6637] An AlGaN or InAIN layer 160 may be formed on the GaN epitaxial layer 140 as the
barrier layer. The AlGaN/GaN interface may result in a two-dimensional electron gas
(ZDEG) due to polanization mduced charge at the heiero-interface. The two-dimensional
electron gas forms a conduction chanmel 150 of a high-electron-mobility tfransistor (HEMT)

power device,
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[6638] In some embodiments, an optional undoped or p-tvpe GaN cap fayer 170 may be
formed on the AlGaN or InAIN layer 160 as appropriale to fabricate enhancement-mode

devices.

[6639]  FIG 3 13 a simplified schematic cross-sectional diagram illustrating a power device
formed on an engineered substrate siructure 102 according to an embodiment of the present
mvention. The engineered substrate structure 102 may include a ceramic substrate 110 with a
thin St layer 120 formed thereon. The St layer 120 may provide a surface for subsequent
epttaxial growth. The ceramic substrate 110 may have a CTE that 1s substantially matched to

the CTE of subsequent epitaxial layers.

[8648] The power device may further include a buffer layer 130 epitaxially formed on the
Silaver 120, a GaN epitaxial layer 140 formed on the buffer layer 130, and an AlGaN or
InAIN barrier layer 160 formed on GaN epitaxial layer 140, substantially simmlar to the power
device tHustrated in FIG. 1. The GaN epitaxial layver 140 may inclade a 5 um of doped
epitaxial laver 142 and an undoped GaN laver 144 beneath (e.g., immediately beneath) the
conducting channe! 150. The GaN epitaxial laver 140 may also include one or more

conducting epitaxial lavers below the doped epitaxial layer {e.g., as illnstrated in FIG. 4).

18641} The power device may further include an electrical contact 310 to the St layer 120
or the GaN epitaxial laver 140 formed through the ceramic substrate 110, During operation
of the power device, some parasitic charges may accumulate in the 81 laver 120 and/or the
buffer layer 130, resulting in a parasitic capacitance. The electrical contact 310 may facilitate

the removal of parasitic charges, thereby enabling faster swiiching of the power device.

[#842] FIG 415 a simplified schematic cross-sectional diagram tlustrating a power device
formed on an engineered substrate structure 102 according to an embodiment of the present
mvention. The engineered substrate structure 102 may inchade a ceramic substrate 110 with a
thin silicon (51) laver 120 formed thereon. The silicon layer 120 may provide a surface for
subsequent epitaxial growth. The ceramic substrate 110 may have a CTE that 15 substantially

matched to the CTE of subsequent epitaxial layers.
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18043} A GaN epitaxial laver 140 may be formed on the buffer layer 130, In some
embodiments, the GaN epitaxial layer 140 may have a thickness that 1s greater than § pm for
high voltage resistance. For example, a breakdown voltage greater than 500 V or 600 V may
be achieved in the power devices subsequently formed on the GaN epitaxial layer 140, As
iustrated in FIG. 4, the GaN epitaxial layer 140 can nclude, for example, a conducting GaN
epitaxial layer 420, a doped GaN epitaxial laver 142, and an undoped GaN layer 144 beneath
(e.g., immediately beneath) the conducting channel 150. The doped epitaxial layer 142 may
mclude C~ or Fe~doped GaN in some embodiments.  Although GaN layers are discussed
herein, the present invention is not limited to GaN and other {H-V materials can be utilized,
including AlGalN, InGaN, InAlGaN, combinations thereof, and the like. One of ordinary skill

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

[8644] An AlGaN or InAIN layer 160 may be formed on the GaN epitaxial layer 140 as the
barrier layer. The AlGaN/GaN interface may result in a two-dimensional electron gas
(ZDEG) due to polarization induced charge ai the hetero-interface. The two-dimensional
glectron gas forms a conduction channel 130 of a high-electron~-mobilily transistor (HEMT)

power device,

[B048] In some embodiments, an optional undoped or p-type GaN cap laver 170 may be
formed on the AlGaN or InAIN layer 160 as appropriate to fabricate enhancement-mode

devices.

[8646] The power device may further include an elecirical contact 410 to the St layer 120
or the GaN epitaxial laver 140 formed through the front side of the power device. Although
FiG. 4 shows the elecirical contact extends through the GaN epitaxial layer 140 to the buffer
faver 130, the electrical contact can extend to the Si laver 120 in some embodiments. The
electrical contact may be insulated on 1ts side wall so that it is not electrically connected {o
the AlGaN or InAlN layer 160 and the GaN epitaxial laver 140. The electrical contact 410
may facilitate the removal of parasitic charges, thereby enabling faster switching of the power

device.

16647] FIG Sis a simplified schematic cross-sectional diagram illustrating a power device

formed on an engineered substrate structure 102 according to another embodiment of the

9
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present invention. The engineered substrate 102 may include a ceramic substrate 110 with a
thin silicon (51) laver 120 formed thereon. The silicon layer 120, which may be a single
crystal layer, mayv provide a surface for subsequent epitaxial growth. The ceramic substrate
110 may have a CTE that is substantially matched to the CTE of one or more of the

subsequent epitaxial layers.

[6048] Asillustrated in FIG. 5, a partial monolaver of SiN 510 may be inserted to promote
dislocation reduction with 3D growth. The use of an engineered substrate 102 may enable
reductions in the compressive stress in the epitaxial layers due to the use of the
polyerystalline ceramic core substrate 110, As illustrated 1n FIG. 5, the partial monolayer of
SiN 510 may provide SiN islands that are utilized i a lateral overgrowth process to reduce
dislocation density and improve crystal quality. Additional description is provided in U S,
Patenit No. 9,012,253, issued on April 21, 2015, the disclosure of which is hereby

mncorporated by reference in its entirety for all purposes.

{0049} The partial monolayver of SiN 510 may cover portions of the buffer laver 130 and
provide tensile stress for the GaM epitaxial growth. Regrowth of GaN on the partial
monolayer of SIN 510 may result in nucleation between the SiN islands and lateral
overgrowth over the SN islands, resulting in termination of dislocations and improved
cryvstal quality. Although SiN slands are discussed herein, other partial lavers can be utilized
including arrays of SilN stripes and the like. Additionally, the SiN does not need to be formed
as a monolayver, but can have a predetermined thickness greater than a monolayer. In
addition to SiN, other materials can be utilized o the lateral overgrowth process, including

Si0», and the like.

[6656] In some embodiments, multiple partial monolavers are utilized. In these
ernbodiments, a first partial monolayer 1s formed, a first lateral overgrowth is performed, a
second partial monolayer is formed, a second lateral overgrowth is performed, and the
monolayer/regrowth structure can repeated a predetermined number of times 1o provide
myultiple interlavers. The thickness of the iateral overgrowth laver can vary, for example,
from 0.5 ym to 2.5 pm in some embodiments. As the lateral overgrowth lavers become

successively more planar and characterized by a reduced number of defects and/or

10



(W4

10

15

WO 2018/136278 PCT/US2018/013206

dislocations, the partial monolayer 510 may provide an improved surface for subsequent
lateral overgrowth layers, which may increase or decrease in thickness as appropriate to the

particular application.

[6651]  In some embodiments, the conductive epitaxial laver 520 formed on the partial
monolayer of SiN 510 can be undoped GaN (u-GaN) characierized by low doping densities
on the order of 1x10% o™, in designs that provide high resistance layers as elements of the

total epitaxial structure,

[6652] FIG 615 a simplified schematic cross-sectional diagram ilfustrating a power device
formed on an engineered substrate structure 102 according to another embodiment of the
present invention. The engineered substrate 102 may include a ceramic substrate 110 with a
thin silicon (S1) layver 120 formed thereon. The silicon layer 120, which may be a single
crvstal layer, provides a surface for subsequent epitaxial growth. The ceramic substrate 110
may have a CTE that s substantially matched to the CTE of one or more of the subsequent

epitaxial lavers.

{0053}  As illustrated i FIG. 6, an AlkGai1<N epitaxial layer 640 with a predeternined
aluminum mole fraction (x) extends from the buffer laver 130 to the undoped GaN layer 144
beneath the channel 150, The gluminum mole fraction can be low, for example, less than
10%, to provide the desived carrier confinement. In other embodiments, the aluninum mole
fraction may range from 10% to 30%. The AlxGaixN epitaxial layer 640 may be doped with
iron or carbon to further increase the resistivity of this epitaxial layer, which mav serve as an
msulating or blocking tayer. The bandgap difference between AlGaN and GaN may provide

an additional barrier to breakdown.

[6654] FIG. 7 1s a simplified schematic cross-sectional diagram ilfustrating a power device
formed on an engineered substrate structure 102 according to another embodiment of the
present invention. The engineered substrate 102 may inclade a ceramic substrate 110 with a
thin silicon (S1) layver 120 formed thereon. The silicon layer 120, which may be a single
crystal layer, mayv provide a surface for subsequent epitaxial growth. The ceramic substrate
110 may have a CTE that is substantially matched to the CTE of one or more of the

subsequent epitaxial layers.

i



10

25

30

WO 2018/136278 PCT/US2018/013206

{6658} In FIG. 7, an epitaxial structure 740 is formed by growing altemating layers of C-
GaN {or Fe-GaN) and undoped GaN (u-GaN) layers to provide high resistance with improved
crvstal guality. Since u-GaM is typically grown at higher temperatures compared to C-GaN
or Fe-GaN, the presence of the u-GaN in the superlatice can result in higher crysial quality
since higher growth temperatures are typically associated with higher quality crvstals. Thus,
this structure maintains the insulating properties of the epitaxial layver that provide hugh
breakdown performance while improving the crystal quality. In some embodiments, the u-
(GaN has a background doping level on the order of 1x10' ¢cm™ as a result of incorporation of
dopants present in the growth chamber, even m the absence of intentional doping. These
layers with low conductivity can be combined with the C-GaN or Fe~GaN layers in the
superiatiice, with the C-GaN or Fe-GaN lavers have background doping levels (free carriers
density) on the order of 13102 ¢m™ as the carbon or tron compensates for the background

wmpurtties. Thus, the superlatiice may provide a high resistance and high quality crystal.

[6656] FIG. 8A is a simplified schematic cross-sectional diagram illustrating a power
ievice formed on an engineered substrate structure 102 according to another embodiment of
the present invention. The engineered subsirate 102 may mclude a ceramic subsirate 110
with a thin silicon (81) layer 120 formed thereon. The stlicon laver 120, which may be a
single cryvstal layer, may provide a surface for subsequent epitaxial growth. The ceramic
substrate 102 may have a CTE that is substantially matched to the CTE of one or more of the
subsequent epitaxial layers. A buffer layer 130 may be epitaxially formed on the Si layer
120, An unintentionally doped GaN (UID-GaN) epitaxial layer 840 {or altemnating lavers of
C-GaM (or Fe-GalN} and undoped GaN (uGaN} layers) may be formed on the buffer layer

139, as discussed above with reference to FIGS. 1 and 7.

[8657] Stll referring to FIG. 8A, an undoped low compostiion AlGaN layer 810 may be
formed on the UID-GaN layer 840 {or altemnating lavers of C-GaN (or Fe-GaN) and uGa)
faversy. The undoped low composition AlGaN laver 810 may be referred to as a back barrier
faver. Anundoped GaN layer 144 may be formed on the undoped low composition AlGaN
fayer 810. An AlGaN {or InGaN) laver 160 may be formed on the undoped GaN layer 810.
The AlGaN {or InGaN} layer 160 may be referred to as a barrier layer. The AlGaN/GaN

interface may result in a two-dimensional electron gas {2DEG) due to polanzation induced
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charge at the hetero-interface. The two-dimensional electron gas forms a conducting channel
150 of a high-electron-mobility transistor (HEMT) power device. The addition of the Jow
compaosition AlGaN layer 840 (i.e, the back barrier layer) may increase the retention of
electrons in the conducting channel 150 and prevent them from penetrating into the UID-GaN
taver 840 {or altemating lavers of C-GaN {or Fe-GalN) and uGa) layvers) as a leakage current,

as discussed below.

[0058] FIG 9A illustrates an exemplary conduction band (CB) diagram of a HEMT
without a back barrier laver according {o some embodiments. The AlGaN barrier layer 160
may have an aluminum mole fraction ranging from about 10% to about 100%, and a
thickness d; ranging from about 1 nm to about 100 nm. The GaN laver 144 (i.¢, the channel)
may have a thickness d2 ranging from about 10 nm to about 100 nm. The UID-GaN layer
840 may have a thickness ds that is greater than about 8 um for high voltage resistance as
discussed above. As iHustrated in FIG. 9A, the conduction band of the AlGaN barrier layer
160 may form a first barrier height Epi with respect to the Fermt level (Er), which may range
from about 1 eV 1o aboul 4 ¢V. The conduction band of the UHD-GaN layer 840 may forma
second barrier height Erz with respect to the Fermu level (Er), which mayv be substantially
tower than the first barrier height Hs). In some embodiments, ER» can range from 0.2 eV to
1.5 eV. Thus, electrons in the channel (2DEG) 150 may easily penetrate into the UID-GaN

laver 840, therebv resulting in leakage current.

[6659]  FIG. 9B illustrates an exemplary conduction band (CB) diagram of a HEMT with a
tow composition AlGaN back barrier laver 810 according to another embodiment. Elements
ihustrated with respect to FIG. 9A are not repeated here for purposes of clarity. The low
composition AlGaN back barrier laver 810 may have an aluminum mole fraction ranging
from about 1% to about 50%, for example, about 3% to about 13%, and a thickness ds
ranging from about 0.1 um to about 1 um, for example, from about 0.2 pm to about 0.3 um.
In some embodiments, the AlGaN back barrier layer 810 may be undoped. As Hustrated, the
low composition AlGaN back barrier laver 810 mav form a thard barrier height Ess with
respect to the Fermi level (Er) that is relatively high as compared to the second barrier height
Erz formed by the UID-GaN laver 840 without the low composition AlGaN back barrier

taver 810, as ithustrated 1n FIG. 9A. In some embodiments, EBs can range from 1 1o 3 eV,
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Thus, the addition of the low composition AlGaN back barrier layer 810 may prevent
electrons in the channel (2DEG) from penetrating into the UID-GaN layer, thereby reducing

the leakage current through the substrate.

[6666]  FIG. 10 1s a simplified schematic cross-sectional diagram illustrating a substrate
structure 102 suitable for use in the fabrication of power devices according to an embodiment
of the present invention. Referning to FIG. 10, an engineered substrate 102, which can
mclude elements illustrated in FIG. 11, including a polycrystalline ceramic core 110, may be
provided. A single crystal layer 120 {e.g., single crystal silicon} is joined 1o the
polverystalline ceramic core 110, for example, using a layer transfer process, to provide a
single crvstal growth surface. A buffer laver 130 may be grown on the single crvstal laver
120 and a [H-V epitaxial layer 1040 (e.g., GaN) is grown on the buffer layer 130. The CTE
of the 1H-V epitaxial layer 1040 may be substantially maichad to the CTE of the core of the
polycrvstalline ceramic core 110, The HI-V epitaxial layer 1040 can be single crystal, with

high quality resulting, in part, from the CTE matching.

(6661} FIG 11 1s a simplified schematic diagram illustrating an engineered substrate
structure according to some embodiments of the present invention. As iHustrated in FIG. 11,
the engineered substrate structure may be suitable for g variety of electronic and optical
applications. The engineered subsirate structure includes a core 1110 {e.g., AIN Substrate)
that can have a coefficient of thermal expansion (CTE) that 1s substantially matched to the
CTE of the epitaxial material that will be grown on the engineered substrate structure, for

example, on the exfoliated silicon (11 1) layer 1125,

{0062} For applications meluding the growth of galhium vitride (GaN)-based maternals
{epitaxial layers including GaN-based lavers), the core 1110 can be a polycrystalline ceramic
material, for example, polycrystalline aluminum nitride {AIN), which can include a binding
material such as vitnum oxide. Other materials can be uiilized in the core, including
polycrystalline gallium nitride {(GaN), polycrystalline aluninum gallium nutride (AlGaN),
polycryvstalline silicon carbide (51C), polycrystalline zinc oxide (Zn0), polycrystalling

galliom trioxide (Gax(0:), and the like.
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[6663] The thickness of the core 1110 can be on the order of 100 to 1,500 pm, for example,
750 um. The core 1110 is encapsulated in an adhesion layer 1112 that can be referred to as a
shell or an encapsulating shell. In an embodiment, the adhesion layver 1112 comprises a
tetraethyl orthosilicate (TEOS) oxide laver on the order of 1,000 A in thickness. In other
embodiments, the thickness of the adhesion layer 1112 varies, for exarnple, from 100 A 1o
2,000 A, Although TEOS oxides are utilized for adhesion layers 1112 in some embodiments,
other materials that provide for adhesion between later deposited lavers and underlying lavers
or materials (e.g., ceramics, in particular, polverystalline ceramics) can be wiilized according
1o an embodiment of the present invention. For example, $10:z or other silicon oxides (S1x0y)
adhere well to ceramic materials and provide a suttable surface for subsequent deposition, for
example, of conductive materials. The adhesion layer 1112 completely surrounds the core
1110 10 some embodiments to form a fully encapsulated core 1110 and can be formed using
an LPCVID process or other suitable deposition processes, which can be compatible with
semiconductor processing and in particular with polvcrystaliine or composite substrates and
layers. The adhesion laver 1112 provides a surface on which subsequent layers adhere to

form elements of the engineered substrate structure.

16664] In addition to the use of LPCVD processes, spin on glass/dielectrics, furnace-based
processes, and the like to form the encapsulating adhesion 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 coals a
portion of the core 1110 can be utilized, the core 1110 can be flipped over, and the deposition
process could be repeated to coat additional portions of the core 1110, Thus, although
LPCVD techmiques are utilized in some embodiments (o provide a fully encapsulated
structure, other film formation techruques can be utilized depending on the particular

application.

[6665] Refernng to FIG 11, a conductive laver 1114 is formed surrounding the adhesion
faver 1112, In an embodiment, the conductive faver 1114 is a shell of polysilicon (i.e.,
polycrvstalline silicon) that 15 formed surrounding the adhesion layer 1112 since polysilicon
can exhibit poor adhesion to ceramic materials. In embodiments in which the conductive

layer 1114 is polysilicon, the thickness of the polysilicon layer can be on the order of 500-
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5,000 A, for example, 2,500 A, In some embodiments, the polysilicon laver can be formed as
a shell to completely surround the adhesion fayer 1112 {e.g., a TEOS oxide layer), thereby
forming a fully encapsulated adhesion layer 1112, 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 layer 1112, for example, a lower half of the substrate structure,
In some embodiments, conductive material can be formed as a fully encapsulating laver and

subsequently removed on one side of the substrate structure,

[6666] In an embodiment, the conductive layer 1114 can be a polysilicon layer doped to
provide a highly conductive material, for example, doped with boron to provide a p-type
polysilicon layer. In some embodirents, the doping with boron is at a level of 1x10% cm™ 1o
13107 et to provide for high conductivity. Other dopants at different dopant
concentrations {e.g., phosphorus, arsenic, bismuth, or the like ai dopant concentrations
ranging from 1x10% cm? 10 5101 cm) can be utilized to provide either n-type or p-type
semiconductor materials suitable for use in the conductive laver 1114. One of ordinary skl

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

[6667] The presence of the conductive faver 1114 is useful during elecirostatic chucking of
the engineered substrate to semiconductor processing tools, for example tools with
electrostatic chucks (ESC or e~chuck). The conductive layer enables rapid dechucking after
processing in the semiconductor processing tools. In embodiments of the present invention,
the conductive laver 1114 enables electrical contact with the chuck or capacitive coupling (o
the e-chuck during future processing including bonding. Thus, embodiments of the present
invention provide substrate 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 altematives. Additionally, having a substrate structure with
high thermal conductivity in combination with the electrostatic chucking may afford better
deposition conditions for the subsequent formation of engineered layers and epitaxial fayers,
as well as for the subsequent device fabrication steps. For example, it may provide desirable
thermal profiles that can result in lower stress, more uniforra deposition thicknesses, and

better stoichiometiy conirol through the subsequent layer formations.
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[0068] A second adhesion layer 1116 (e.g., a TEOS oxide layer on the order of 1,000 A in
thickness} is formed surrounding the conductive layer 1114, The second adhesion layer 1116
completely swrrounds the conductive layer 1114 in some embodiments to form a fully
encapsilated structure and can be formed using an LPCVD process, a UV D process, or any

other suitable depostiion process, including the deposition of a spin-on dielectric.

[6869] A barrier layer 1118, for example, a silicon nitride layer, is formed surrounding the
second adhesion layver 1116, In an embodiment, the barrier layer 1118 1s a silicon nitride
layer that is on the order of 2,000 A to 5,000 A in thickness. The barrier layer 1118
completely surrounds the second adhesion laver 1116 in some embodiments to form a fully
encapsulated structure and can be formed using an LPCVD process. In addition to silicon
nitride {avers, amorphous materials including SiCN_ SiON, AN, SiC, and the like can be
wiilized as barrier layers 1118, In some implementations, the barrier layer 1118 consisis of a
mumber of sub-lavers that are built up to form the barrier laver 1118, Thus, the term barrier
layer is not intended to denote a single layer or a single material, but to encompass one or
more materials layered in a composite manmer. One of ordinary skill in the art would

recognize many vartations, modifications, and altematives.

[8678] In some embodiments, the barrier layer 1118, e.g., a sthicon nitride layer, prevents
diffusion and/or outgassing of elements present in the core, for example, vitriur (elemental),
vittrium oxide (i.e., viiria), oxygen, metallic impurities, other trace elements, and the like into
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. Utilizing the encapsulating lavers described herein, ceramic materials, including
polverystalline AIN that are designed for non-clean room environments, can be utilized in

semiconductor process flows and clean room environments.

18671} Typically, ceramic materials utilized to form the core are fired at temperatures in the
range of 1,800 °C. It would be expected that this process would drive out a significant
amownt of tmpurities present in the ceramic materials. These impurities can inchude vitrium,
which results {rom the use of viiria as sintering agent, calcium, and other elements and

compounds. Subsequently, during epitaxial growth processes, which are conducted at rouch
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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 msignificant. However, contrary 1o
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 mvention integrate the barner laver 1118 mto the

engineered substrate structure to prevent this undesirable diffusion.

[6672] Referring once again to FI{G. 11, a bonding layer 1120 (&.g., a silicon oxide layer) is
deposited on a portion of the barner laver 1118, for example, the top surface of the barrier
layver 1118, and subsequently used during the bonding of a substantially single crvstal layver
1125 (e.g, a single crystal silicon laver such as the exfoliated silicon (111) layer illustrated in
F1G. 11). The bonding laver 1120 can be approximately 1.5 gm in thickness in some
embodiments. Tn some embodiments, the thickness of the bonding laver 1120 1 20 nm or
more for bond-induced void nutigation. In some embodiments, the thickness of the bonding

fayer 1120 is in the range of 0.75-1.5 pm.

{08731  The substantially single crvstal layer 1125 (e.g., exfoliated Si (111)) 15 suitable for
use as a growth layer duning an epitaxial growth process for the formation of epitaxial
materials. In some embodiments, the epitaxial material can include a GaN layer 2 um to 10
pm i thickness, which can be utilized as one of a plurality of layers utilized in
optoelectronic, RF, and power devices. In an embodiment, the substantially single crystal
fayver 1125 includes a single crystal silicon layer that is attached to the bonding laver 1120

using a layer {ransfer process.

[#074] Additional description related to the engineered substrale struciure is provided in
U.S. Patent Application No. 15/621.335, filed on June 13, 2017, and U.S. Patent Application
No. 15/621,235, filed on June 13, 2017, the disclosures of which are hereby incorporated by

reference in their entirety for all purposes.

[8675] FIG. 1215 a simplified schematic cross-sectional diagram illusirating an engineered
substrate 1200 according to an embodiment of the present mvention. The engineered

substrate 900 illustrated in FIG. 12 is suitable for a variety of electronic and optical
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applications. The engineered subsirate 1200 includes a core 1210 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 1200, Epitaxial material 1230 is illustrated as
optional because it is not required as an element of the engineered substrate 1200, but will

typically be grown on the engineered subsirate 1200

{68761 For applications including the growth of gallnmm nitride (GaN)-based matenals
(epitaxial layers including GaN-based layers), the core 1210 can be a polycrystalline ceramic
material such as polycrystalline aluminum nitride {AIN}, which can include a binding
material such as vitrium oxide. Other materials can be uiilized in the core 1210, including
polveryvstatline gallium nitride (GaN), polycrvstalline aluninum gallium natride (AlGaN),
polycrystalline silicon carbide (5iC), polycrystalline zinc oxide (ZnO), polycrystalline

galliom trioxide (Gax(0s), and the like.

{88771  The thickness of the core 1210 ¢an be on the order of 100 um 1o 1,500 um, for
exarnple, 725 um. The core 1210 1s encapsulated in an adhesion layer 1212 that can be
referred 1o as a shell or an encapsulating shell. In an embodiment, the adhesion layer 1212
comprises a tetraethyl orthosilicate (TEOS) oxide laver on the order of 1,000 A in thickness.
In other embodiments, the thickness of the adhesion laver 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 underlving lavers or
materials (¢.g., ceramics, 1n parlicular, polycrystalline ceramics) can be utilized according to
an embodiment of the present invention. For example, 810 or other silicon oxides (51:0y)
adhere well to ceranmic materials and provide a suitable swrface for subsequent deposition, for
example, of conductive materials. In some embodiments, the adhesion layer 1212 completely
surrounds the core 1210 to form a fully encapsulated core. The adhesion layer 1212 can be
formed using a low pressure chemical-vapor deposition (LPCVD) process. The adhesion
faver 1212 provides a surface on which subsequent layers adhere to form elements of the

engineered substrate 1200 structure.

[6078] In addition to the use of LPCVE processes, furnace-based processes, and the hke to

form the encapsulating first adhesion layer 1212, other sermiconductor processes can be
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utilized according to embodiments of the present invention, including CVD processes or
simmalar deposition processes. As an example, a deposition process that coats a portion of the
core can be utilized, the core 1210 can be flipped over, and the deposition process could be
repeated to coat additional portions of the core. Thus, although LPCVD techniques are
wiilized i some embodiments to provide a {ully encapsulated structure, other film formation

techniques can be utilized depending on the particular application.

[B879] A conductive layver 1214 13 formed surrounding the adhesion layer 1212, In an
embodiment, the conductive layer 1214 1s a shell of polvsilicon (i.e, polverystalline silicon}
that is formed surrounding the first adhesion laver 1212 since polysilicon can exhibit poor
adhesion to ceramic materials. In embodiments in which the conductive layer 1214 15
polysilicon, the thickness of the polysilicon layer can be on the order of 500-5,000 A, for
axample, 2,500 A. In some embodiments, the polvsilicon layer can be formed as a shell to
completely surround the first adhesion layver 1212 {e.g.. a TEOS oxide layer}, thereby
forming a fully encapsulated first adhesion layer 1212, 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 example, a lower half of the subsirate structure. In
some embodiments, conductive material can be formed as a fully encapsulating layer and

subsequently removed on one side of the substrate structure,

[6686]  In an embodiment, the conduchive laver 1214 can be a polvsilicon layer doped fo
provide a highly conductive material, for example, doped with boron to provide a P-type
polysilicon laver. In some embodiments, the doping with boron is at alevel of 1 x 10 e
to 1 x 10?° ¢t 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" ¢m™ to 5 x 10 ¢cov?) can be utilized (o provide either N-type or P-type
semiconductor materials suitable for use in the conductive layer 1214, One of ordinary skill

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

[0081] The presence of the conductive layer 1214 15 useful during electrostatic chucking of
the engineered substrate 1200 to semiconductor processing tools, for example tools with

electrostatic discharge chucks (ESC). The conductive layer 1214 enables rapid dechucking
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after processing in the semiconductor processing iools. Thus, embodiments of the present
mvention provide substrate structures that can be processed in manners vithized with
conventional silicon wafers. One of ordinary skill in the art would recognize many

variations, modifications, and alternatives.

[0082] A second adhesion layer 1216 {e.g., a TEQS oxide layer on the order of 1,000 A in
thickness) is formed surrounding the conductive layer 1214, In some embodiments, the
second adhesion laver 1216 completely surrounds the conductive layer 1214 to form a fully
encapsulaied structure. The second adhesion layer 1216 can be formed using an LPCVD
process, a CVD process, or any other suitable depostiion process, including the deposition of

a spin-on dielectric,

10083} A barrier layer 1218, for example, a stlicon nitride layer, is formed surrounding the
second adhesion layer 1216, In an embodiment, the barrier fayer 1218 is a silicon nitride
layer that is on the order of 4,000 A o 5,000 A in thickness. The barrier layer 1218
completely surrounds the second adhesion layer 1216 in some embodiments to form a fully
encapsulated structure and can be formed using an LPCVD process. In addition to silicon
nitride layers, amorphous materials including SiCN, SiON, AIN, 8iC, and the like can be
utilized as barrier layers. In some implementations, the barner layer consists of a number of
sub-~layers that are built up to form the barrier layver. Thus, the terra barrier laver 15 not
intended to denote a single layer or a single material, but to enconmpass one or more materials
favered in a composite manner. One of ordinary skill in the art would recognize many

variations, modifications, and alternatives.

[0084] In some embodiments, the barrier laver 1218, e.g., a silicon nitride layer, prevents
diffusion and/or outgassing of elements present in the core 1210 into the environment of the
semiconductor processing chambers in which the engineered substrate 1200 could be present,
for example, during a high temperature (e.g., 1,000 °C) epitaxial growth process. Elements
present in the core 1210 can include, for example, viirium oxide (1.e., viiria), oxygen, metallic
impurities, other trace elements, and the like. The elements diffused from the core 1210 can
cause unintentional doping in engineered layers 1220/1222. The elements outgassed from the

core 1210 can travel through the chamber and adsorb elsewhere on the wafer causing
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impurities in engineered layers 1220/1222 and epitaxial material 1230, Utilizing the
encapsulating layers described herein, ceramic matenials, including polycarystalling AIN that
are designed for non-~clean room environments, can be utilized in semiconductor process

flows and clean room environmenis.

[6685] A bonding layer 1220 (g.g., a silicon oxide layer) is deposited on a portion of the
barrier layer 1218, for example, the top surface of the barrier layer, and subsequently used
during the bonding of a single crystal layer 1222, The bonding layer 1220 can be
approximately 1.5 um in thickness in some embodiments. The single crvstal laver 1222 can
mclude, for example, Si, $iC, sapphire, GaN, AlN, S5iGe, Ge, Diamond, Gax0s, AlGaN,
InGaN, InN, and/or Zn0O. In some embodiments, the single crystal laver 1222 can have a
thickness from 0-0.5 pm. The single crystal layer 1222 is suitable for use as a growth layer
during an epitaxial growth process for the formation of epitaxial material 1230, The
crystatline layers of the epitaxial material 1230 are an extension of the underlving
semiconductor lattice associated with the single crystal layer 1222, The unique CTE
matching properties of the engineered substrate 1200 enable growth of thicker epitaxial
material 1230 than existing technologies. In some embodiments, the epitaxial material 1230
imcludes a gallium mitnde layver, 2 pm to 10 ur in thickness, which can be utilized as one of a
plurality of layers utilized in optoelectronic devices, power devices, and the like. In other
embodiments, the epitaxial material 1130 is greater than 10 pm in thickness and can be an
epitaxial structure including a plurality of epitaxial layers. In an embodiment, the bonding
layer 1220 includes a single crystal silicon layer that is attached to a silicon oxide barrier

layer 1218 using a layer transfer process.

[6686] FIG. 13 is a simplified schematic diagram illustrating an engineered subsirate
stracture according to an embodiment of the present invention. The engingered substraie
1300 dlustrated in FIG. 13 1s suttable for a variety of electromic and optical applications. The
engineered substrate includes a core 1310 that can have a coefficient of thermal expansion
(CTE) that is substantially maiched o the CTE of the epitaxial material 1230 that will be
grown on the engineered substrate 1300. The epitaxial material 1230 is dlustrated as optional
because it is not required as an element of the engineered substrate structure, but will

tvpically be grown on the engineered substrate structure.
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180687} For applications inchuding the growth of gatlium nitride (GaN}-based matertals
{epttaxial layers including GaN-based layers), the core 1310 can be a polyerysialline ceramic
muaterial, for example, polycrystalline aluminum nitride (AIN}. The thickness of the core
1010 can be on the order of 100 to 1,500 um, for example, 725 pm. The core 1310 1s
encapsilated in a first adhesion layer 1312 that can be referred {0 as a shell or an
encapsulating shell. In this iroplementation, the first adhesion layver 1312 completely
encapsulates the core, but this is not required by the present invention, as discussed in

additional detail with respect to FIG. 14.

[6688] In an embodiment, the first adhesion laver 1312 comprises a tetraethy! orthosilicate
{TEQS) laver on the order of 1,000 A in thickness. In other embodiments, the thickness of
the first adhesion layer 1312 varies, for example, from 100 A to 2,000 A. Although TEOS is
witlized for adhesion lavers in some embodiments, other materials that provide for adhesion
between later deposited layers and underlying lavers or materials can be utilized according {o
an embodiment of the present invention. For example, 8102, SiON, and the like adhere well
to ceramic materials and provide a suitable surface for subsequent deposition, for example, of
conductive materials. The first adhesion layer 1312 completely surrounds the core 1310 in
some embodiments to form a fully encapsulated core and can be formed using an LPCVD
process. The adhesion laver 1312 provides a surface on which subsequent layers adhere to

form elements of the engineered substrate structure.

[6089] In addition to the use of LPCVE processes, furnace-based processes, and the hke to
form the encapsulating adhesion layer 1312, other sermiconductor processes can be utilized
according to embodiments of the present invention. As an example, a deposition process, for
example, CVD, PECVD, or the like, that coats a portion of the core 1310 can be utilized, the
core 1310 can be fhipped over, and the deposition process could be repeated to coat additional
portions of the core.

[6696] A conductive laver 1314 1s formed on at least a portion of the first adhesion layer
1312, In an embodiment, the conductive laver 1314 includes polysilicon (1.2, polycrvstaliine
silicon) that 1s formed by a deposition process on a lower portion {e.g., the lower hal{ or

backside) of the core/adhesion layer structure. In embodiments in which the conductive layer
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1314 1s 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.

[6691] In an embodiment, the conduchive laver 1314 can be a polvsilicon layer doped fo
provide a highly conductive matenial, for example, the conductive layer 1314 can be doped
with boron to provide a p-type polysilicon laver. Tn some embodiments, the doping with
boron is at a level ranging from about 1 <10 cm™ 1o 1x10°° cm™ to provide for high
conductivity. The presence of the conductive layer 1314 i3 usefud during electrostatic
chucking of the engineered substrate to semiconductor processing tools, for example tools
with electrostatic chucks (ESC). The conductive layer 1314 enables rapid dechucking after
processing. Thus, embodiments of the present invention provide substrate structures that can
be processed in manners utilized with conventional silicon waters. One of ordinary skill in

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

{0092} A second adhesion layver 1316 (e.g., a second TEOS layer} 1s formed swrrounding
the conductive laver 1314 (e.g., a polysilicon laver). The second adhesion laver 1316 15 on
the order of 1,000 A in thickness. The second adhesion layer 1316 can completely surround
the conductive layer 1314 as well as the first adhesion layer 1312 in some embodiments to
form a fully encapsulated structure and can be formed using an LPCVD process. In other
embodiments, the second adhesion layer 1316 only partially surrounds the conductive layer
1314, for exaraple, terminating at the posttion illustrated by plane 1317, which may be
aligned with the top surface of the conductive layer 1314. In this example. the top surface of
the conductive layer 1314 will be in contact with a portion of barrier faver 1318, One of

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

[8693] A barrier laver 1318 {e.g., asilicon nitride layer) is formed surrounding the second
adhesion layer 1316, The barrier layer 1318 is on the order of 4,000 A t0 5.000 Ain
thickness in some embodiments. In some embodiments, the barrier layer 1318 completely
surrounds the second adhesion layer 1316 to form a fully encapsulated structure and can be

formed using an LPCVD process.
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[6694] In some embodiments, the use of a silicon nitride barrier fayer prevents diffusion
and/or outgassing of elements present in the core 1310, for example, ytirum oxide (1.¢.,
viiria), oxvgen, metallic impurities, other trace elements and the like into 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. Utilizing
the encapsulating layers described herein, cerammc materials, including polycrystallineg AIN
that are designed for non-clean room environments can be utilized in semiconductor process

flows and ¢lean room environmenis.

[8695] FIG. 14 13 a simplified schematic diagram Hustrating an engineered subsirate
structure according to another embodiment of the present invention. In the embodiment
thustrated in FIG. 14, a first adhesion layer 1412 1s formed on at least a portion of the core
1410, but does not encapswlate the core 1410, In this implementation, the first adhesion layer
1412 1¢ formed on alower surface of the core 1410 (the backside of the core 1410) in order to
enhance the adhesion of a subsequently formed conductive layer 1414 as described more
fully below. Although adhesion laver 1412 s only illusirated on the lower surface of the core
1410 in FIG. 14, 1t will be appreciated that deposition of adhesion laver material on other
portions of the core 1410 will not adversely impact the performance of the engineered
substrates structure and such material can be present in various embodiments. One of

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

{0896} The conductive layer 1414 does not encapsulate the first adhesion laver 1412 and
the core 1410, but 1s substantially aligned with the first adhesion layer 1412, Although the
conductive laver 1414 1s tllusirated as extending along the bottom or backsideand up a
portion of the sides of the first adhesion layer 1412, extension along the vertical side is not
required by the present invention. Thus, embodiments can utilize deposition on one side of
the subsirate structure, masking of one side of the substrate structure, or the like. The
conductive layer 1414 can be formed on a portion of one side, for example, the
bottonv/backside, of the first adhesion layer 1412, The conductive 1414 layer provides for
glectrical conduction on one side of the enginegered subsirate strocture, which can be
advantageous in RF and high power applications. The conductive layer 1414 can include

doped polysilicon as discussed in relation to the conductive laver 1314 in FIG. 13
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{6697} A portion of the core 1410, portions of the first adhesion layer 1412, and the
conductive laver 1414 are covered with a second adhesion layer 1416 in order to eshance the
adhesion of the barrier layer 1418 to the underlying materials. The barrier layer 1418 forms

an encapsiulating structure o prevent diffusion from underlying layers as discussed above.

[6698] In addition to semiconductor-based conductive layers, in other embodiments, the

conductive layer 1414 is a metallic layer, for example, 500 A of titanium, or the like.

{0099} Referring once again to FIG. 14, depending on the implementation, one or more
layers may be removed. For example, lavers 1412 and 1414 can be removed, only leaving a
single adhesion shell 1416 and the barrier laver 1418, In another embodiment, only layer
1414 can be removed. In this embodiment, layer 1412 may also balance the stress and the
wafer bow induced by layer 1220, depostted on top of layer 1418, The construction of a
substrate structure with insulating layers on the top side of Core 1410 {e.g., with only
msulating layer between core 1410 and laver 1220) will provide benefits for power/RF

applications, where a highly insulating substrate 15 desirable.

[B1008]  In another embodiment, the barrier layer 1418 may directly encapsulate core 1410,
followed by the conductive laver 1414 and subsequent adhesion layer 1416, In this
ermbodiment, layer 1220 may be directly deposited onto the adhesion layer 1416 from the top
side. Invet another erabodirent, the adhesion layer 1416 may be deposited on the core
1410, foliowed by a barrier layer 1418, and then followed by a conductive layer 1414, and

another adhesion layer 1412

[6161]  FIG 15 1s a simplified flowchart illustrating a method 1500 of fabricating an
engineered substrate according to an embodiment of the present invention. The method 1500
can be utilized to manufacture a substrate that is CTE matched to one or more of the epitaxial
layers grown on the substrate. The method 1500 includes forming a support structure by
providing a polycrystaliine ceramic core (1510), encapsulating the polycryvstaliine ceramic
core n a first adhesion laver forming a shell (1512} (e.g., atetraethy! orthosilicate {TEOS)
oxide shell), and encapsulating the first adhesion laver in a conductive shell (1514} (e g.. a
polysilicon shell). The first adhesion layer can be formed as a single layer of TEGS oxide.

The conductive shell can be formed as a single layer of polysilicon.
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[6162] The method 1500 also includes encapsulating the conductive shell in a second
adhesion laver (1516} {e.g., a second TEOS oxide shell) and encapsulating the second
adhesion laver in a harrier laver shell {1518} The second adhesion layer can be formed as a
single layer of TEQOS oxide. The barrier layer sheli can be formed as a single layer of silicon

nitride.

[#183]  Once the support structure 1s formed by processes 1510-1518, the method 1500
further includes joining a bonding laver (e.g., a silicon oxide layer) to the support structure
{1520} and joining a substantially single crvstal laver, for example, a single crystal silicon
layer, to the silicon oxide layer (1522). Other substantially single crystal lavers can be used
according to embodiments of the present invention, including S$1C, sapphure, GaN, AIN, 51Ge,
Ge, Diamond, Gax0s, ZnQ, and the like. The joining of the bonding laver can include
deposition of a bonding material followed by planarization processes as described herein. In
an embodiment as described below, joining the substantially single crystal layer {e.g., a single
crvstal 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 sificon wafer.

[6164] Referring to FIG. 12, the bonding layer 1220 can be formed by a deposition of a
thick {e.g., 4 um thick) oxide layer followed by a chemical mechanical polishing (CMP)
process to thin the oxide to approximately 1.5 yro in thickness. The thick initial 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. 12 are formed. The oxide layer also serves as a dielectric layer for the
devices. The CMP process provides a substantially planar surface free of voids, particles, or
other features, which can then be used during a wafer transfer process to bond the single
crystal layer 1222 (e.g., a single crystal silicon laver} (o the bonding layer 1220, It will be
appreciated that the bonding layer does not have to be characterized by an atomically flat
surface, but should provide a substantially planar surface that will support bonding of the

single cryvstal layer (e.g., a single crystal silicon layer) with the desired reliability.

[#18S5] A layer transfer process is used to join the single crvstal layer 1222 {e.g., a single

crvstal silicon layer) to the bonding layer 1220, In some ernbodiments, a silicon wafer
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including the substantially single cryvstal layer 1222 (e g., asingle crystal silicon layer} is
implanted to form a cleavage plane. In this embodiment, after wafer bonding, the silicon
substrate can be removed along with the portion of the single crystal silicon layer below the
cleavage plane, resulting in an exfoliated single crystal silicon layer. The thickness of the
single crystal layer 1222 can be varnied to meet the specifications of various applications.
Moreover, the crystal orientation of the single crystal layer 1222 can be varned to meet the
specifications of the application. Additionally, the doping levels and profile in the single
crystal layer can be varied to meet the specifications of the particular application. In some
embodiments, the depth of the implant may be adjusted (o be greater than the desived final
thickness of single crystal layer 1222 The additional thickness allows for the removal of the
thin portion of the transferred substantially single crysial layer that is damaged, leaving
behind the undamaged portion of the destred final thickness. In some ersbodiments, the
surface roughness can be modified for high quality epitaxial growth. One of ordinary skill m

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

[6166] In some embodiments, the single crvstal laver 1222 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 1222 roay be said to be
“compliant” when the single crystal layer 1222 is relatively thin such that its physical
properties are less consirained and able to mimic those of the materials surrounding #t with
tess propensity to generate crystalline defects. The compliance of the single crystal layer
1222 may be inversely related to the thickness of the single crystal layer 1222, A higher
compliance can result in lower defect densities in the epitaxial layers grown on the template
and enable thicker epitaxial laver growth. In some embodiments, the thickness of the single
crystal layer 1222 may be increased by epitaxial growth of silicon on the exfoliated silicon

faver.

[6167]  In some embodiments, adjusting the final thickness of the single crystal laver 1222
may be achieved through thermal oxidation of a top portion of an exfohiated silicon layer,
followed by an oxide layer strip with hydrogen fluoride (HF) acid. For example, an
exfoliated silicon layer having an initial thickness of 0.5 pm may be thermally oxidized fo

create a silicon dioxide layer that i1s about 420 nm thick. After removal of the grown thermal
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oxide, the remaining silicon thickness in the fransferred laver may be about 53 nm. During
thermal oxidation, implanted hydrogen may mugrate toward the surface. Thus, the
subsequent oxide layer strip may remove some damage. Also, thermal oxidation is typically
performed at a temperature of 1000 °C or higher. The elevated temperature can may also

repair lattice damage.

[#188] The silicon oxide layer formed on the top portion of the single ¢rystal layer during
thermal oxidation can be stripped using HF acid etching  The etching selectivity between
silicon oxide and stlicon {(5102:81) by HF acid may be adjusted by adjusting the temperature
and concentration of the HF solution and the stoichiometry and density of the silicon oxide,
Etch selectivity refers to the etch rate of one material relative to another. The selectivity of
the HF solution can range from about 10:1 to about 100:1 for (8102:81). A high etch
selectivity may reduce the surface roughness by a similar factor from the imtial surface
roughness. However, the surface roughness of the resultant single crystal layer 1222 may
still be larger than desired. For example, a bulk Si (111) surface may have a root~-mean-
square (RMS) surface roughness of less than 0.1 nm as determined by a 2 um = 2 um atomic
force microscope { AFM) scan before additional processing. In some embodiments, the
desired surface roughness for epitaxial growth of gallium nitride materials on 81 (111) may
be, for example, less than 1 nm, less than 0.5 nm, or less than 0.2 nm, on a2 30 um X 30 pm

AFM scan area.

[0109]  If the surface roughness of the single crystal layer 1222 after thermal oxidation and
oxide laver strip exceeds the desired surface roughness, additional surface smoothing may be
performed. There are several methods of smoothing a silicon surface. These methods may
imclude hvdrogen annealing, laser trimming, 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.

{6116} [t should be appreciated that the specific steps illustrated in FIG. 15 provide a
particular method of fabricating an engineered substrate according to an embodiment of the

present invention. Other sequences of steps may also he performed according to alternative
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embodiments. For example, alternative embodiments of the present invention may perform
the steps outlined above in a different order. Moreover, the individual sleps illusirated in
Fi(G. 15 may include multiple sub-steps that may be performed in various sequences as
appropriate to the individual step. Furthermore, additional sieps may be added or removed
depending on the particolar applications. One of ordinary skill in the art would recognize

many variations, modifications, and alternatives.

(3111} FIG 1615 a simplified flowchart illustrating a method 1600 for making a
mudtilavered device on an engingered substrate according to some embodiments of the
present invention. The engineered substrate has a substrate coefficient of thermal expansion.
Referring to FIGS. 1 and 2, the engineered substrate 102 may include a ceramic substrate
110, with a thin silicon (81} faver 120 or a thin silicon germanium {SiGe) laver 220 formed

thereon.

{8112} Referring to FIGS. 1, 2, and 16, the method 1600 may include growing a buffer
fayver 130 on the engineered substrate 102 (1602), and growing a first epitaxial laver 142
coupled to the butfer laver 130 (1604}, The first epitaxial laver 142 may be characterized by
an epitaxial coefficient of thermal expansion that is substantially equal to the substrate
coefficient of thermal expansion. Tn some embodiments, the first epitaxial layer 142 may
imclude doped gallium nitride (GaN). Referring to FIG. 6, in some other erabodiments, the

first epitaxial layer 142 may include aluminum gallium nitride (AlGaN).

[#113] The method 1600 may further include growing a second epitaxial layer 144
comprising undoped GaN coupled to the first epitasial layer 142, and growing a third
epitaxial laver 160 coupled to the second epitaxial laver 144, Aninterface between the
second epitaxial layer 144 and the third epitaxial layer 160 may form a conducting channel
150 of a high-electron-mobility transistor (HEMT). In some embodiments, the third epitaxial
laver 160 may include aluminum gallium nitride (AlGaN) or indium aluminurm niiride

(InAlN},

[6114] Referring to FIG. 3, in some embodiments, the method 1600 may further include
forming an electrical contact 310 elecirically coupled to the substantially single crystalline

taver 120 through the engineered substrate 102, Referring to FIG. 4, 1n some other
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embodiments, the method 1600 may further include growing a conducting epitaxial layer 420
disposed between the buffer layer 130 and the first epitaxial layver 142, and forming an
electrical contact 410 electrically coupled to the conducting epitaxial layer 420 through the
first epitaxial layer 142. Referring to FIG S, in some embodiments, the method 1600 may
further mclude forming a partial monolayer of silicon nitride (S13Ny4) 510 disposed between

the buffer laver 130 and the conducting epitaxial layer 420.

[6118] {t should be appreciated that the specific steps lustrated in FIG. 16 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 o alternative
ernbodiments. For example, alternative embodiments of the present invention may perform
the steps outlined above in a different order. Moreover, the individual steps Hlustrated in
F1G. 16 may include multiple sub-steps that may be performed in various sequences as
appropriate to the individual step. Furthermore, additional sieps may be added or removed
depending on the particular applications. One of ordinary skill in the art would recognize

many variations, modifications, and alternatives.

6116} FIG 17 is a simplified flowchart illustraiing a method 1700 for making a
muditlavered device on an engineered subsirate according to some other ermnbodiments of the
present invention. The engineered substrate has a substrate coefficient of thermal expansion.
Referring to FIG. 7, the engineered substrate 102 may include a ceramic substrate 110 with a

thin sithicon (St) layer 120 formed thereon.

161171 Referring to FIGS. 7 and 17, the method 1700 may include forming a butter layer
130 on the engineered substrate 102 (1702), and growing one or more epitaxial lavers 740 on
the buffer layver 130 {1704} At least one of the one or more epitaxial layers 740 is
characterized by an epitaxial coefficient of thermal expansion substantially equal 1o the
substrate coefficient of thermal expansion. In soroe embodiments, the one or more epitaxial
tayvers 740 may include a superlattice of alternating lavers of undoped GaN and doped GaN.
The doped GaN may include carbon-doped GaN ({-GalN) or iron-doped GaN (Fe-GalN}. The
bufter layer 130 may nclude at least one of AIN, AlGaN, or AIN/AIGaN.
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[6118] The method 1700 may further include growing an undoped GaN layer 144 coupled
to the one or more epitaxial layers 740, and growing a first epitaxial laver 160 comprising
aluminum gallium nitride {AlGaN) or indium aluminum nitride (InAIN) coupled to the
undoped GaN layer 144, An interface between the undooped GaN layer 144 and the first
epitaxial laver 160 may form a conducting channel 150 of a high-electron-mobility transistor
(HEMT).

{0119} It should be appreciated that the specific steps dlustrated in FIG. 17 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 mdividual steps Hlustrated in
FiG. 17 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 alternatives.

(6128} FIG 18 is a simplified flowchart illustrating a method 1800 for making a
muditlavered device on an engineered subsirate according to some further embodiments of the
present invention. The engineered substrate has a substrate coefficient of thermal expansion.
Referring to FIG. 8, the engineered substrate 102 may include a ceramic substrate 110 with a

thin silicon (S1) layer 120 formed thereon.

[#12%] Referring to FIGS. 8 and 18, the method 1800 may include forming a buffer layer
130 on the engineered substrate 102 (1802), and growing a first epitaxial laver 840 coupled to
the buffer laver 130 (1804}, The first epitaxial laver 840 may be characterized by an epitaxial
coefficient of thermal expansion that is substantially equal {0 the substrate coefficient of
thermal expansion. In some embodiments, the first epitaxial layer 840 may mclude
unintentionally doped GaN (uGaN). In some other embodiments, the first epitaxial layer 840
may include alternating favers of undoped GaN and doped GaN. In some embodiments, the

doped GaN may include carbon-doped GaN (C-GaN) or iron-doped GaN (Fe-GaN).
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16122} The method 1800 may further include growing an aluminum gallium nitride
{AlGaN) back barrier Javer 810 coupled to the first epitaxial Jayer 840 (1806), growing an
wndoped gallium nitride (GalN} layer 144 coupled to the AlGaN back barrier laver 810
(1808), and growing a barrier laver 160 coupled to the undoped GaN layer 144 (1810). In
some embodiments, the AlGaN back barrier layer 810 has an aluminom mole fraction
ranging from about 3% to about 15%. The barner laver 160 may include AlGaN or InGaN

according to some embodiments,

[6123] It should be appreciated that the specific steps illusirated in F1{z. 18 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 mdividual steps llustrated in
FIG. 18 may include multiple sub-sieps thal 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 aliernatives.

[8124] Although some embodiments have been discussed m terms of a layer, the term layer
should be understood such that a layer can include a number of sub-lavers that are built up to
form the layer of inferest. Thus, the term layer is not intended 1o denote a single layer
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.

[6128] 1tis also understood that the examples and embodiments described herem are for
tHustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are 1o be included within the spirit and purview of

this application and scope of the appended claims.
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WHATIS CLAIMED IS:

1. A method for making a multilayered device on an engineered subsirate
having a substrate coelficient of thermal expansion, the method comprising:

growing a bufler laver on the engineered substrate; and

growing a first epitaxial layer on the buffer layer, wherein the first epitaxial
taver is characterized by an epitaxial coefficient of thermal expansion substantially equal to

the substrate coefficient of thermal expansion

-~

2. The method of claim 1 wherein the first epitaxial laver comprises

doped gallium nitride {GaN).

3. The method of claim 1 wherein the first epitaxial layer comprises

aluminum gallium nitride (AlGaN}.

4, The method of claim 2 further comprising;

growing a second epitaxial laver comprising undoped GaN coupled to the first
epitaxial layer; and

growing a third epitaxial layer coupled to the second epitaxial layer,

wherein an interface between the second epitaxial layer and the third eptiaxial

layer forms a conducting channel of a high-~electron-mobility transistor (HEMT).

5. The method of claim 4 wherein the third epitavial laver comprises

aluminum galliom nitride (AlGaN) or indium aluminum nitride (InAIN).

6. The method of claim 1 wherein the engineered substrate comprises:
a polycrystalline ceramic core;

a barrier layer encapsulating the polycrystalline ceramic core;

a bonding layer coupled to the barrier layer; and

a substantially single crystalline laver coupled to the bonding laver.

7. The method of claim 6 wherein the substanfially single crystalline

layer comprises silicon (Si).

a. The method of claim 6 wherein the substantially single crystalline

layer comprises silicon germanium {SiGe),



b2

[N

s

b2

(4l

b

b2

b2

WO 2018/136278 PCT/US2018/013206

9. The method of claim 6 further comprising forming an electrical contact
electrically coupled to the substaniially single crvstalline layer through the engineered

substrate.

10, The method of claim 6 further comprising:

growing a conducting epitaxial layer disposed between the buffer layer and the
first epitaxial layer; and

forming an elecirical contact electrically coupled to the conducting epitaxial

layer through the first epitaxial layer.

It The method of claim 10 further comprising forming a partial
monolayer of silicon nitride disposed between the buffer laver and the conducting epitaxial

layer.

12. A method for making a multilayered device on an engineered substrate
having a substrate coefficient of thermal expansion, the method comprising:

growing a buffer layer on the engineered substrate;

growing a first epitaxial layer coupled to the buffer layer, wherein the first
epitaxial laver is characterized by an epitaxial coefficient of thermal expansion substantially
equal to the substrate coefficient of thermal expansion;

growing an aluminum gallium nitride {AlGaN} back barrier layer coupled to
the first epitaxial layer;

growing an undoped gathium nitride (GaN) laver coupled to the AlGaN back
barrier layer; and

growing a barrier layer coupled to the undoped GaN layer.

13 The method of claim 12 wherein the first epitaxial layer comprises

unintentionally doped GaN.

14 The method of daim 12 wherein the first epitaxial layer comprises

alternating favers of undoped GaN and doped GalN.

15. The method of claim 14 wherein the doped GaN comprises carbon-

doped GaN ({-GaN) or iron-doped GaN {Fe-GaNj}.
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16, The method of claim 12 wherein the AlGaN back barrier layer has an

aluminum mole fraction ranging from about 3% to about 15%.

i7. The method of claim 12 wherein the engineered substrate comprises a

single-crystal film bonded {o a structure including a polverystalline ceramic core.

I8, An epitaxial semiconductor structure comprising:

an engineered substrate having a substrate coefficient of thermal expansion;

a buffer layer formed on the engineered subsirate; and

a first epitaxial layver formed on the buffer laver, wherein the first epitaxial
laver 1s charactenized by an epitaxial coefficient of thermal expansion substantially equal to

the substrate coefficient of thermal expansion

19, The epitaxial semiconductor structure of claim 18 wherein the first

epitaxial layer comprises doped gallium nitride (GaN).

20, The epitaxial senuconductor structure of claim 18 wherein the first

epitaxial laver comprises aluminum gallium nitnide (AlGaN).

21, The epitaxial senuconductor structure of claim 18 further comprising:

a second epitaxial laver comprising undoped GaN coupled to the first epitaxial
taver; and

a third epitaxial layer coupled to the second epitaxial layer;

wherein an interface between the second epitaxial layer and the third epitaxial

layer forms a conducting channel of a high-electron-mobility transisior (HEMT).

22.  The epitaxial semiconductor structure of claim 21 wherein the third
epttaxial layer comprises alumimum galliom nitride (AlGaN} or indium alominoum nitride

(InAIN}.

23, The epitaxial semiconductor structure of claim |8 wherein the
engineered substrate comprises:

a polyerystalline ceramic core;

a barrier laver encapsulating the polverystalline ceramic core;

a bonding layer coupled to the barrier fayer; and

a substantially single crvstalline layer coupied to the bonding layer.
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1500 \
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Providing a polycrystalline ceramic core

'

Encapsulate the polycrystalline ceramic core
in a first adhesion shell

'

Encapsulate the first adhesion shellin a
conductive shell

'

Encapsulate the conductive shell in a second
adhesion sheli

'

Encapsulate the second adhesion shellin a
barrier shell

:

Join a bonding layer to the support structure

i

Join a substantially single crystal layer to the
bonding layer
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1600 \\V

Growing a buffer layer on an engineered / 1602
substrate

'

growing a first epitexaal layer on the buffer
tayer, wherein the first epitaxial layer is
characterized by a coefficient of thermal f 1604
expansion substantially equal to the coefficient
of thermal expansion of the engineered
substrate
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1700 \

Growing a buffer layer on an engineered / 1702
substraie

'

growing one or more epitaxial layers on the
buffer layer, wherein at least one of the one or 1704
more epitaxial layers is characterized by a /
coefficient of thermal expansion substantially
egqual to the cosfficient of thermal expansion
of the engineered subsirate
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1800 \
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Growing a buffer layer on an engineered
substrate

'

Growing a first epitaxial layer coupled to the
buffer layer

'

Growing an AlGaN back barrier layer coupled
to the first epitaxial layer

i

Growing an undoped GaN layer coupled to the
AlGaN back barrier layer

i

Growing a barrier layer coupled to the
undoped GaN layer
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