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POLYCRYSTALLINE CERAMIC SUBSTRATE AND METHOD OF
MANUFACTURE

CROSS-REFERENCES TO RELATED APPLICATIONS
5 [60661] Ths application claims priority to U.S. Provisional Patent Application No.
62/354,623, filed on June 24, 2016, entitled “POLYCRYSTALLINE CERAMIC
SUBSTRATE AND METHOD OF MANUFACTURE,” the disclosure of which is hereby

incorporaied by reference in its entirety for all purposes.

{00621  The following U.S. Patent Application is being filed concurrently with this
10 application, and the disclosure of this application is hereby incorporated by reference in its

entirety for all purposes:

10663} Application No. 15/621,235, filed on June 13, 2017, entitled
“POLYCRYSTALLINE CERAMIC SUBSTRATE AND METHOD OF MANUFACTURE”
{Attorney Docket No. O98825-1049531 (003210U8)).

)
BACKGROUND OF THE INVENTION
[6684] Light-emitting diode (LED) structures are typically epitaxially grown on sapphire
substrates. Many products curvently use LED devices, including lighting, computer montiors,

and other display devices.

20 {0005} The growth of gallium nitride based LED structures on a sapphire substrate is a
heteroepitaxial growth process since the subsirate and the epitaxial layers are composed of
different materials. Due to the heteroepitaxial growth process, the epitaxially grown material
can exhibit a variety of adverse effects, including reduced uniformuty and reductions m
metrics associated with the electronic/optical properties of the epitaxial layers. Accordingly,

25 thereis aneed m the art for improved methods and systems related to epitaxial growth

processes and substrate structures.

SUMMARY OF THE INVENTION
[6666] The present invention relates generally o engineered substrate structures. More

30 specifically, the present invention relates to methods and systems sutiable for use in epitaxial



h

10

20

30

WO 2017/222873 PCT/US2017/037213

growth processes. Merely by way of example, the invention has been applied to a method
and system for providing a substrate structure suitable for epitaxial growth that is
characterized by a coefficient of thermal expansion {CUTE) that is substantially matched to
epitaxial layers grown thereon. The methods and technigues can be applied to a vanety of

semiconductor processing operations.

[6667]  According to an embodiment, a method of fabricating a ceramic substrate structure
includes providing a ceramic substrate, encapsulaiing the ceramic substrate in a barrier layer,
and forming a bonding layer coupled to the barrier layer. The method further includes
removing a portion of the bonding laver to expose at least a portion of the barrier layer and
define fill regions, and depositing a second bonding layer on the at least a portion of the
exposed barrier laver and the fill regions. In other embodiments, the barner layer is not

exposed during the removal process.

16608]  According to another embodiment, a method of fabricating a ceranuc substraie
structure includes providing a ceramic substrate, forming a bonding layer coupled to a front
surface of the ceramic substrate, performing a chemical-mechanical polishing (CMP) process
to remove a portion of the bonding laver and to expose at least a portion of the front surface
of the ceramic substrate, and encapsulating the ceramic substrate in a barrier layer. In some
embodiments, the barrier laver can include silicon nitride. The front surface of the ceramic
substrate can be characterized by an RMS roughness in the range of 50-600 nm and the
harrier layer can be characterized by an RMS roughness in the range of 0.5-2 nin. The front
surface of the ceramic substrate can be characterized by a plurality of voids and the bonding

tayer can fill the plurality of voids.

[668%9] Numerous benefits are achieved by way of the present invention over conventional
technigues. For example, embodiments of the present invention provide substirate structure
suitable for epitaxial growth that is characterized by a coefficient of thermal expansion (CTE)
that is substantially matched to epitaxial layers grown thereon. Matching the thermal
expansion properties of the growth substraie to the epitaxial layer reduces the stress in the
epitaxial layers and/or the engineered substrate. Stress is responsible for several types of
defects. For example, stress may increase dislocation density in the epitaxial layer, which
impairs electrical and optical properties of the epitaxial fayer. Stress may also lead (o
residual strain in the epitaxial layer or the substrate, which may lead to additional processing
concem in later steps, such as stress cracking, dislocation glide, slip, bow and warp. Thermal

expansion induced bow and warp of the substrate may make handling of the material
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problematic in automated equipment, and linat the ability to perform additional hithographic
steps necessary for device fabrication, substrate cracking, and materials creep. In addition,
the device performance lifetime is reduced in stressed materials. Stress relaxation and stress-
mduced 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. The devices are

mamufactured in the epitaxial layers.

{6018} These and other embodiments of the mvention along with many of its advantages
and features are described in more detail in comjunction with the text below and attached

figures.

BRIEF DESCRIPTION OF THE DRAWINGS
[6611] FIG 1Ais asimplified schematic diagram illustrating an engineered substrate

structure according to an embodiment of the present mvention.

{6612} FIG. 1B is a simplified flowchait illustrating a method of fabricating an engineered

substrate according to an embodiment of the present invention.

{8813} FIG. 1C is a simplified schematic diagram illustrating an engineered substrate

structure including an epitaxial laver according to an embodiment of the present invention.

(6614} FIG 2 is a simplified schematic diagram illustrating an engineered substrate
structure after deposition of a bonding laver according to an embodiment of the present

mvention.

[6615] FIG. 3A1s a simplified schematic diagram illustrating an engineered substrate
structure after thinning of the bonding layer according to an embodiment of the present

mnvention.

[6616] FIG. 3B is a simplified schematic diagram illustrating an engineered substrate
structure after polishing to an etch stop layver according to an embodiment of the present

mvention.

6617} FIG. 3C is a simplified schematic diagram illustrating an engineerad substrate
structure after redeposition of a bonding layver according to an embodiment of the present

mvention.
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[6018] FIG 4 1s a simplified schematic diagram illustrating an engineered substrate
structure after formation of one or more engineerad layers according to an embodiment of the

present invention.

{6612} FIG. 5 is a simplified schematic diagram iliustrating an engineered substrate

structure including an extoliated layer according to an embodiment of the present invention.

16626] FIG 6A 1s a simplified schematic diagram illustrating a polverystalline ceramic

core and a planarization material according to an embodiment of the present invention.

[6621] FIG 6B is a simplified schematic diagram illustrating a polycrystalline ceramic core
and a planarization matenial afier a CMP process according to an embodiment of the present

mvention.

[6622] FIG 6C is a simplified schematic diagram illustrating a planarized polyvcrystalline
ceramic core encapsulated in a barrier shell according to an embodiment of the present

mvention.

[8623] FIG 6D is a simplified schematic diagram illustrating a planarized polycrystaliine
ceramic core encapsulated n a barrier shell with an exfoliated single crystal 81 laver

according to an embodiment of the present invention.

[6624] FIG. 6F is a simplified schematic diagram illustrating a planarized polycrystalline
ceramic core encapsulated m a bamier shell topped with a deposited oxide and an exfoliated

single crystal 81 layer according to an embodiment of the present invention.

[6628] FIG. 6F 15 a simplified schematic diagram illustrating formation of engineered
layers on an encapsulated and planarized polycrystalline ceramic core according to an

ermbodiment of the present invention.

[8626] FIG 6G is a simplified schematic diagram illustrating an ex{oliated 51 layer on top
of the engineered layers on an encapsulated and planarized polycrystalline ceramic core

according to an embodiment of the present invention.

[6627] FIG. 6H s asimpiified schematic diagram tHustrating formation of a bonding layer
on engineered lavers on an encapsulated and planarized polverystalline ceramic core

according to an embodiment of the present invention.
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[6028] FIG. 6] is a simplified schematic diagram illustrating formation of a bonding layer
on engineered lavers on an encapsulated and planarized polverystailine ceramic core with an

exfoliated Si laver on top according to an embodiment of the present invention.

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS
[6629] Embodiments of the present mvention relate to engineered subsirate structures.
More specifically, the present invention relates to methods and systems suitable for use in
epitaxial growth processes. Merely by way of example, the invention has been appliedto a
method and system for providing a substrate structure suitable for epitaxial growth that is
characterized by a coefficient of thermal expansion {CTF) that 1s substantially maiched to
epitaxial layers grown thereon. The methods and technigues can be applied to a vanety of

semiconductor processing operations.

16636] FIG. 1Ais asimplified schematic diagram illustrating an engineered substrate
structure according o an embodiment of the present invention. As illustrated in FIG. 1A, the
engineered substrate structure ilfustrated in FIG. 1A is suitable for a variety of electronic and
optical applications. The engineered subsirate structure includes a core 110 {e.g., AIN
Substrate} that can have a coefficient of thermal expansion (CTE) that is substantially
maiched to the CTE of the epitaxial material that will be grown on the engineered substirate
stracture, for example, on an exfoliated silicon (111} laver. As discussed more {ully herein,
the epitaxial material can include other elemental seniconductor material including silicon
layers with different crystal orientations other than {111} silicon and/or compound
semiconductor materials including gallium mitride (GalN)-based materials. These variations
include crystalline growth faces, and the like. One of ordinary skill in the art would

recognize many variations, modifications, and altemnatives.

10631} For applications including the growth of gallium nitride (GaN}-based materials
{epitaxial layers including GaN-based layers), the core 110 can be a polverystalline ceramic
material, for exaraple, polycrystalline aluminom nitride {AIN}, which can include a binding
material such as vitrium oxide. Other materials can be utilized in the core, mcluding
polycrystalline gallium nitride {GaN), polverystalline aluninum gallium nitride (AlGaN),
polycryvstalline silicon carbide (8iC), polycrystalline zinc oxide (ZnQ), polyarystalline

galliom trioxide (Gay(33), and the like.
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[3832] The thickness of the core can be on the order of 100 to 1,500 um, for example, 725
unt. The core is encapsulated in an adhesion layer 112 (labeled as TEOS) that can be referred
to as a shell or an encapsulating shell. FIG. 1A, which only illustrates a central portion of the
engineered subsirate structure and does not illustrate the edges, illusirates this encapsulation
by showing the presence of the adhesion laver 112 above and below core 110 and it will be
understood that the adhesion laver 112 will also be present on the edges of the core 110,
which are not shown for purposes of clarity. Similarly for the conductive layer 114, second
adhesion laver 116, and barrier laver 118, discussed more fullv below, the presence of these
encapsulating layers is dlustrated above and below the core, but it will be understood that
these lavers will be present on the edges as well. One of ordinary skill in the art would

recognize many vartations, modifications, and alternatives.

16633]  In an embodiment, the adhesion layer 112 comprises a tetraethyl orthosilicate
(TEQOS) 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 TEOS
oxides are utilized for adhesion layers in some embodiments, other materials that provide for
adhesion between later deposited layers and underlving lavers or matenals (e.g., ceramics, in
particular, polycrystalline ceramics} can be utilized according to an embodiment of the
present invention. For example, Si0» or other sihicon oxides {(8§1.0,) adhere well {o ceramic
materials and provide a suitable surface for subsequent deposition, for example, of
conductive materials. The adhesion layer 112 completely surrounds the core 110 in some
embodiments to form a fully encapsulated core and can be formed using an LPCVD process
or other suttable deposition processes, which can be compatible with semiconductor
processing and m particular with polycrystalline or composite substrates and layers. The
adhesion laver provides a surface on which subsequent layers adhere 1o form elements of the

engineered subsirate structure.

[8634] In addition (o the use of LPCVD processes, spin on glass/dielectrics, fumace-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 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 techniques
are utilized in some embodiments o provide a fully encapsulated structure, other film

formation technigues can be utilized depending on the particular application.
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{0035} A conductive layer 114 is formed surrounding the adhesion layer 112. Inan
embodiment, the conductive layer is a shell of polysilicon (i.e.. polycrystalline silicon) that is
formed surrounding the adhesion laver since polysilicon can exhibit poor adhesion to ceramic
malerials. In embodimenis in which the conductive layer is polysilicon, the thickness of the
polysilicon layer can be on the order of 500-5,000 A, for example, 2.500 A, In some
embodiments, the polysilicon laver can be formed as a shell to completely surround the
adhesion laver {e.g., a TEOS oxide layer), thereby forming a fully encapsulated 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 layer, 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.

[6636]  In an embodiment, the conductive layer 114 can be a polysilicon layer doped to
provide a highly conductive material, for example, doped with boron {o provide a p-type
polysilicon layer. In some embodiments, the doping with boron is at a level of 1x10" cm™ to
1210” ¢m™ to provide for high conductivity. Other dopants at different dopant
concentrations {e.g , phosphorus, arsenic, bismuth, or the like at dopant concentrations
ranging from 1310 cm™ 10 5x10" em™) can be wtilized to provide either n-type or p-type
semiconductor materials suitable for use in the conductive layer. One of ordinary skill in the

art would recognize many variations, modifications, and alternatives.

[6637] The presence of the conductive layer 114 is useful during electrostatic 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 layer enables electrical contact with the chuck or capacitive coupling to the
electrostatic chuck (ESC or e-chuck) during future processing including bonding. Thus,
ernbodiments of the present invention provide substrate structures that can be processed m
manners utilized with conventional silicon waters. One of ordinary skill in the art would
recognize many variations, modifications, and alternatives. Additionally, having a substrate
structure with high thermal conductivity 1n combination with the ESD chucking may afford
better deposition conditions for the subsequent formation of engineered layers and epitaxial

layers, as well as for the subsequent device fabrication steps. For example, it may provide
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desirable thermal profiles that can result in lower stress, more uniform deposition thicknesses,

and better stoichiometry control through the subsequent layer formations.

[00638] 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 layer 114, The second adhesion layer 116
completely surrounds the conductive layer in some embodiments to form a fully encapsulated
structure and can be formed using an LPCVD process, a CV D process, or any other suitable

deposition process, including the deposition of a spin-on dislectnic.

[663%] A barrier laver 118, for example, a silicon nitride layer, 15 formed swrrounding the
second adhesion layer 116, In an embodiment, the barrier layer 118 is a silicon nitride layer
that is on the order of 2,000 A 1o 5,000 A in thickness. The barrier layer completely
surrounds the second adhesion layer 116 in some embodiments (o form a fully encapsulated
stracture and can be formed using an LPCVD process. In addition {o silicon nitride lavers,
amorphous materials including $iCN, SiON, AIN, 8iC, and the like can be utilized as barrier
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 barrier layer is not intended to denote a
single laver or a single material, but to encompass one or more materials layered in a
composite manner. One of ordinary skill in the art would recognize many variations,

modifications, and altematives.

{6648} In some embodiments, the barrier fayer 118, e.g., a silicon nitride layer, prevents
diffusion and/or outgassing of elements present in the core 110, for example, viinium
(elemental), vitrium oxide (i.e., ytiria), oxvgen, metallic impurities, other trace elements, and
the like into the environment of the semiconducior procassing 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 polycrystalline AIN that are designed for non-clean room environments,

can be utilized in semiconductor process flows and clean room environments.

18041} 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
amount of impurities present in the ceramic materials. These impurities can include yttrium,
which results from the use of viiria as sintering agent, calcium, and other elements and
compounds. Subsequently, during epitaxial growth processes, which are conducted at much

tower temperatures in the range of 800 °C 10 1,100 °C, 1t would be expected that the
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subsequent diffusion of these impurnities 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 can occur.
Thus, embodiments of the present invention integrate the barrier layer into the engineered

substrate structure to prevent this undesirable diffusion.

[6642] Referning once again to FIG. 1A, a bonding layer 120 {e.g., a silicon oxide layer) is
deposited on a portion of the barnier fayer 118, for example, the top surface of the barrier
layer, and subsequently used during the bonding of a substantially single crvstal layer 125
{e.g.. a single crystal silicon layer such as an exfoliated silicon (111) laver). The bonding
tayer 120 can be approximately 1.5 pm in thickness in some embodiments. In some
ernbodiments, the thickness of the bonding laver 1s 20 nm or more for bond-induced void

mitigation. In some embodiments, the thickness of the bonding layer is in the range of 0.75-

15 um

10043} The substantially single crystal layer 125 (e.g., exfohated S1 (111)) is suitable for
use as a growth laver during an epitaxial growth process for the formation of epitaxial
materials. In some embodiments, the epitaxial material can include a GaN layer 2 ym to 10
wim in thickness, which can be utilized as one of a plurality of lavers utilized in
optoelectronic, RF, and power devices. In an embaodiment, the substantially single crystal
tayer includes a single crystal silicon laver that is attached {o the bonding layer using a layer

transfer process.

[8644] FIG. 1B is a simplified flowchart illustrating a method of fabricating an engineered
substrate according to an erabodiment of the present invention. The method can be utilized to
manufacture a substrate that 1s CTE matched fo one or more of the epitaxial layers grown on
the substrate. The method 150 includes forming a support stracture by providing a
polycrvstalline cerarnic core (160}, which can be an aluminum nitride {AIN) substrate that
has been cleaned and inspected. Other polycrvstalline ceramic cores can be utilized as

discussed above,

[6645] The method also includes encapsulating the polverystalline ceramic core in a first
adhesion laver forming a shell (162) {e.g., a tetrasthy! orthosilicate (TEGS) oxide shell
approximately 80 run in thickness), and encapsulating the first adhesion layer in a conductive

shell {164} (e.g., a polystlicon shell approximately 300 nm in thickness). The first adhesion
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layer can be formed as a single laver of TEOS oxide. The conductive shell can be formed as

a single fayer of polysilicon.

[6646] The method also includes encapsulating the conductive shell in a second adhesion
tayer (166) (e.g., a second TEQGS oxide shell approximately 80 nm in thickness} and
encapsulating the second adhesion laver in a barrier layer shell (168). The second adhesion
layer can be formed as a single layer of TEOS oxide. The barrier layer shell can be formed as
a single laver of silicon nitride, for example, approximately 400 nm in thickness. Additional
description related to the engineered subsirate siructure is provided in U.S. Provisional Patent
Application No. 62/350084, filed on June 14, 2016 {(Attorney Docket No. 098825-1011030-
001 100US), the disclosure of which is hereby incorporated by reference in its entirety for all
purposes. As described herein, embodiments of the present invention can ufilize a vanety of
materials for the adhesion layers and the diffusion bamiers, including a variety of dielectrics
such as 81,0y, SNy, S1.0,N;, diamond like carbon (BLC}, combinations thereof, and the
like. Other materials, such as Ti, TiWw, Ta, and TiN encapsuiated in dielectrics, may also be
used. One of ordinary skill in the art would recognize many variations, modifications, and

alternatives.

[6647] Once the support structure including the core, the adhesion layers, the conductive
layer, and the diffusion barrier, is formed by processes 160-168, the method further includes
depositing a bonding layer {e.g., a PECVD silicon oxide layer) on the support structure (170)
and joning a substantially single cryvstal layer, for example, a single crystal silicon laver, to
the bonding laver (172). Other substantially single crystal layvers can be used according to
embodiments of the present invention, including SiC, sapphire, GaN, AIN, 5iGe, Ge,
Diamond, Gaz0s, Zn0, and the like. The deposition 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., asingle
crvstal sthicon laver) to the bonding laver utilizes a layer transfer process in which the laver is

a single crvstal silicon layer that is {ransferred from a silicon wafer,

16648 Referring to FIG. 1A the bonding laver 120 can be formed by a deposition (2.g.,
PECVD) of athick {e.g., 4 um thick) oxide layer followed by a chemical mechanical
polishing (CMP) process to thin the oxide to approximately 1.5 um in thickness (as discussed
further below in conjunction with FIG. 3A). The thick initial oxide serves to fill voids and
surface features present on the support structure that may be present after fabrication of the

polverystalline core and continue to be present as the encapsulating layers illustrated in FIG.

10



10

15

20

30

WO 2017/222873 PCT/US2017/037213

1A are forroed. 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 substantially single crystal fayer represented by the exfoliated single crystal silicon {111}
laver illustrated in FIG. 1A to the bonding layer. It will be appreciated that the bonding laver
does not have to be characterized by an atonucally flat surface, but should provide a
substantially planar surface that will support bonding of the substantially single crystal layer

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

[6049] An example of a laver transfer process that can be used {o join a substantially single
crvstal layer to the bonding layer 1s the bonding of a hydrogen implanted donor wafer (e.g., a
silicon wafer including a substantially single crystal layer {e.g., a single crystal silicon layer)
that 1s implanted to form a cleave plane) to the bonding layer. The bonded pair is then
annealed at an annealing teroperature {e.g., 200 °C) for an annealing perniod (e.g., 4 hours) to
cluster the implant species {e.g., hydrogen} into blisters. After annealing, the donor wafer
fractures along the cleave plane and exfoliates a layer of substantially single crystal material
onto the bonding layer. As illustrated in FIG. 1A, the layer of 51 {111} is exfoliated onto the
PECVD bonding laver. One of ordinary skill 1o the art would recognize many variations,

modifications, and altematives.

160506} The method illustrated in FIG. 1B may also include smoothing the substantially
single crystal layer (174}, Referring to FIG. 1A substantially single crystal layer 125 can be
a single cryvstalline siticon (e.g., a St (111) layer) that is transferred onto the bonding laver
120. The thickness of the substantially single crystal laver 125 can be varied to meet the
specifications of various applications. Muoreover, the crystal orientation of the substantially
single crvstal layer 125 can be varied to meet the specifications of the application.
Additionally. the doping levels and profile in the substantially single crystal layer 125 can be
varied io meet the specifications of the particelar application. The smoothing illustrated in
relation to reference number 174 can also imclude thinning of the substantially single crystal

layer as a component of the smoothing process.

[6651]  In some embodiments, the thickness and the surface roughness of the substantially
single cryvstal layer 125 can be further modified for high quality epitanaal growth, Different
device applications may have slightly different specifications regarding the thickness and
surface smoothness of the substantially single crystal layer 125, The cleave process
delaminates the substantially single crystal layer 123 from a bulk single crystal silicon wafer

at the peak of an implanted ion profile. After cleaving, the substantially single crystal layer

11
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125 can be adjusted or modified m several aspects before it 1s utilized as a growth surface for

epitaxial growth of other materials, such as gallium mitride.

[6652] First, the transferred substantially single crvstal layer 125 may contain a small
amount of residual hydrogen concentration and may have some crystal damage from the
iraplant. Therefore, it may be beneficial to remove a thin portion of the transterred
substantially single crvstal laver 125 where the crystal lattice is damaged. In some
embodiments, the depth of the implant may be adjusted to be greater than the desired final
thickness of substantially single crystal laver 125, The additional thickness allows for the
removal of the thin portion of the transferred substantially single cryvstal layer that 1s

damaged, leaving behind the undamaged portion of the desired final thickness.

[6653] Second, it may be desirable to adjust the total thickness of the subsiantially single
cryvstal layer 125, Tn general, it may be destrable {0 have the substantially single crystal layver
125 thick enough to provide a hugh quality lattice teroplate for the subsequent growth of one
or more epitaxial layers but thin enough to be highly compliant. The substantially single
crystal layer 125 may be said to be “compliant” when the substantially single crystal layer
125 15 relatively thin such that its physical properties {e.g., CTE) closely nunuc those of the
materials swrrounding it. The compliance of the substantially single crystal layer 125 may be
inversely related to the thickness of the substantially single crysial layer 125, 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
substantially single crvstal laver 125 may be increased by epitaxial growth of silicon on the

exfoliated silicon layer.

{0834}  Third, it may be beneficial to tmprove the smoothness of the substantially single
crystal layer 125, The smoothness of the layer may be related to the total hydrogen dose, the
presence of any co-implanied species, and the annealing conditions used to form the
hydrogen-based cleave plane. The initial roughness resulting from the laver transfer {t.e., the

cleave step) may be mutigated by thermal oxidation and oxide strip, as discussed below.,

[00655]  In sorne embodiments, the removal of the damaged laver and adjusting the final
thickness of the substantially single crystal layer 125 may be achieved through thermal
oxidation of a top portion of the exfoliated silicon laver, followed by an oxide layer strip with
hydrogen fluonde (HF) acid. For example, an exfoliated silicon layer having an nitial

thickness of 0.5 lm may be thermally oxidized to create a silicon dioxide layer that is about

12
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420 non thick, After removal of the grown thermal oxide, the remaiming 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 laver strip may remove some

damage. Also, thermal oxidation is typically performed at a temperature of 1000°C or

h

higher. The elevated temperature can may also repair lattice damage.

[6686] The silicon oxide layer formed on the top portion of the substantially single crystal
faver during thermal oxidation can be stripped using HF acid etching. The etching selectivity
between silicon oxide and silicon (8510 51) by HF acid mayv be adjusted by adjusting the
teroperature and concentration of the HF solution and the stoichiometry and density of the

10 silicon oxide. Eich 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 104:1 for (81032:81). 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 substantially single crvstal layer
125 may still be larger than desired. For example, a bulk Si (111} surface may have a root-

15  mean-square (RMS) surface roughness of less than 0.1 nm as determined by a 2 um x 2 ym
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, Jess than 0.5 nm, or less than 0.2 nm, on 3 30 im x 30

wm AFM scan area.

20 [0087]  If the surface roughness of the substantially single crystal layer 125 after thermal
oxidation and oxide layer sinip exceeds the desired surface roughness, additional surface
smoothing may be performed. There are several methods of smoothing a silicon surface.
These methods may include hydrogen annealing, laser trinuning, plasma smoothing, and
touch polish {e.g., chemical mechanical polishing or CMP}). These methods may involve

25 preferential attack of high aspect ratio surface peaks. Hence, high aspect ratio features on the
surface mayv be removed more quickly than low aspect ratio features, thus resulting in a

smoother surface.

[6658]  FIG. 1C is a simplified schematic diagram illustrating an engineered substrate

structure inchuding an epitaxial layer according to an embodiment of the present invention.
30 Asillustrated n FIG. 1C, planarized layer 705, which can be a planarized version of

substantially single crystal laver 125 is utilized in a growth process for the formation of

epitaxial layer 710. Planarized laver 705 can be fabricated using one or more of the
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planarization techniques discussed herein. In some embodiments, the epitaxial layer 710
includes a GaN-based layer 2 um to 10 um in thickness, or thicker, which can be utilized as

one of a plurality of layers utilized in optoelectronic devices.

{6659} It should be appreciated that the specific steps illustrated in FIG. 1B provide a
particular method of fabricating an engineered substrate according o an embodiment of the
present invention. Gther 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 1n a different order. Moreover, the individual steps illustrated in
FiG. 1B may include roultiple 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 aliernatives.

10060}  FIG. 2 15 a simplified schematic diagram dlustrating an engineered substrate
structure after deposition of a bonding laver according to an embodiment of the present
invention. As illusirated in FIG. 2, the top swrface 121 of bonding layer 120 (e.g., PECVD
oxide) is naturally rough, with the surface profile determined, 1o some extent, by the surface
roughness of the underlying layers and materials. As discussed in relation to FIG. 1B, the
initial thickness of the bonding laver can be on the order of several microns {e.g.. 4 um} in
order for the bonding layer to fill in the porosity present i the polverystalline ceramic core
110. The bonding layer can be formed in a single step process or a multi-step process, for
example a repeated cycle of deposition/removal. As an example, deposition of bonding laver
material could be followed by polishing of the bonding layer 1o reduce the thickness and
increase the planarity. Thus cycle of deposition/polishing could then be repeated several
tirnes to provide a bonding layver with a surface roughness that is less than the surface
roughness characterizing the onginal polycrystaliine ceramic core surface. Moreover,
different materials can be ulilized for the different cycles, providing a lavered structure with
multiple materials. One of ordinary skall in the art would recognize manv varnations,

modifications, and alternatives.

[6661] FIG. 3A1s asimplified schematic diagram tilusirating an engineered substrate
structure after thinning of the bonding layer according to an embodiment of the present
mvention. The mventors have determined that heat transfer, and capacitive effects, which

impact switching speeds, and the like, are improved for device applications or can be
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custonized to the device application by thinning the bonding layer (e g., the PECVD oxide

layer) from the initial value of several microns to values in the range of 100 A to 1.5 ym.

[6662] Asiilusirated in FIG. 3A. a CMP process can be used to reduce the thickness of the
bonding fayer 120. However, if the initial thickness of the bonding layer is on the order of
several mucrons {e.g., 4 umj}, which is appropriate in order for the bonding layer to fill in the
porosity present int the polycrystaliine ceramic core, a CMP process may not be able to
smooth out all the imperfections present in the bonding layer. Moreover, the UMP pad
compliance, shurry management, and control of the down foree in various zones on the
equipment present challenges to achieving flatness across the substrate, thereby providing a
smooth and flat bonding layer. For example, roll off at the substrate edge can result in film
thickness at the edges that is either less than (i1.e., thinner) or greater than (i.e., thicker) than

the moean layer thickness.

10663}  Although FIG. 3A illustrates a flat top surface 310, for realistic process flows, the
variation in thickness of the bonding layer 120 will be in the range of 4,000 A, resulting in
thickness variations that are a considerable percentage of the layer thickness ag the laver

thickness decreases to 1.5 um and below.

[6064] FIG. 3B is a simplified schematic diagram illustrating an engineered substrate
structure after polishing to an etch stop laver according 1o an embodiment of the present
mvention. Asillustrated in FIG. 3B, the CMP process 1s terminated as the barrier layer 118
{e.g., silicon nitride) 1s exposed. The barrier laver material can provide a natural CMP stop
layer since the hardness of the barrier layer material can be mwuch greater than the bonding

faver, which is soft in comparison.

[6665] Referning to FIG. 3B, the bonding laver 120 (e g., the PECVD oxide) is thinned by a
CMP process that uses the barmier laver 118 {e.g., the LPCVD Nitride) as a CMP stop layer.
The difference mn removal rate 1s triggered on the CMP tool and, in combination with
thickness feedback systems, the CMP process will stop on the bamier {(e.g., mitride) laver. It
should be noted that m FIG. 3B, the quantity of pores present in the polycrystalline core is
exaggerated for purposes of illustration. In practice, the relative surface area of the exposed
barrier layer (i.e., coplanar nitride areas) is much greater than the surface area of the bonding

taver represented by the PECVD oxide.

{8866}  Asillustrated in FIG. 3B, the top surface 320 of the substrate structure includes

areas of the bonding layer material 120 (e.g., PECVD oxide} and areas of the barrier laver
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material 118 (e.g., LPCVD mitride}. This top surface 320, which is electrically insulating,
may provide a suitable bonding surface for bonding of a donor wafer as discussed above. In
this example, a single crystal silicon layer could be bonded to the patchwork of oxide and
nitride areas. The valleys or voids present between adjacent peaks i the polvorysialline
ceramic core can be referred to as fill regions 303 since they are filled with the bonding layer
material. One of ordinary skill in the art would recognize many varnations, modifications,

and altemnatives,

[68671  In some embodiments, rather than using the barrier layer 118 as a CMP stop, an
additional CMP stop layer is deposited before deposition of the bonding laver. Refernng to
FiG. 2, the additional CMP stop layer would be formed between the barrier laver 118 (e g.. a
nitride layer) and the PECVD bonding layer 120, Accordingly, the CMP process would then
ternunate at the additional CMP stop layer, thereby protecting the barrier layer from removal
or excessive thinning that may tmpair 1S barrier properties. The ability of the barrier layer to
prevent diffusion of impurities depends on the thickness of the barrier laver and the rate of
diffusion. If the barner layer is too thin, the barrier layer may not provide adequate barrier

functions.

[6668] FIG. 3C is a simplified schematic diagram illustrating an engineerad substrate
structure after redeposition of a bonding layer 320 according 1o an embodiment of the present
mvention. As an alternative {o the bonding surface ihustrated i FIG. 3B, athin layerof a
honding material can be deposited after the CMP process. Referring to FIG. 3B, after the
CMP process 1s used to remove the bonding layer material, stopping at the barrier laver 118,
a thin layver (e.g.. 200 A) of very uniform bonding material {e.g., PECVD oxide) can be
redeposited on the polished structure. The bonding layer 320 can be referred to as a
redeposited laver. Because using a stop laver {either the barrier layer or an additional CMP
stop laver) affords better control over the surface flatness compared to thinning without a stop
laver, the surface of the bonding layer after the CMP process as illostrated in FIG. 3B may be
relatively flat. Since the bonding layver 320 is conformal to the flatiened surface of the
bonding layer and the surface uniformity of the bonding layer 320 is a percentage of the total
thickness of the bonding layer 320, the swrface of the thin bonding layver 320 may be quite
uniform. Thus, the bonding laver 320 provides a continuous bonding surface that has a
superior surface flatness as compared to that achievable from applyving CMP to a thick
bonding layer without using a stop layer. Although PECVD oxide is tHlustrated as the

bonding material in FIG. 3C, this is not requnred by the present invention and other materials,

16



h

10

15

20

30

WO 2017/222873 PCT/US2017/037213

for example, silicon nitride, can be redeposited. Accordingly, embodiments of the present
invention provide a thin and controllable bonding layer with properties that are independent
of the bonding material wilized to increase the planarity of the polycrystalline ceramic core.
One of ordinary skill 1n the art would recognize many vartations, modifications, and

alternatives.

[6669]  In some embodiments, the CMP stop layer can be the polycrvstalline ceramic core
110 {e.g., the AIN material in the core). In these embodiments, the barrier layer as well as the
underlying adhesion layers and the conductive layer would be removed to expose the lop

surface of the core material.

[66708] Utilizing processes as described herein, the increase in planarity from the
polverystalline ceramic core 1o the redeposited laver 320 can be substaniial. For example, in
an embodirsent, the growth surface of the ceramic subsirate can be characterized by an RMS
roughness i the range of 50-600 nm RMS for a 50 pm x 50 pm area AFM scan, which is
achievable with conventional waler polishing technigues. Utilizing the processes described
herein, the redeposited layer can be characterized by an RMS roughness in the range of 0.5-2
nm RMS for a 30 pm » 30 um area AFM scan, which provides an improvement in surface
roughness of 2-3 orders of magnitude. The planarity of the pre-CMP layer can be as high as
30% of the total thickness of the layver. For a4 ywm layer, this might be 1.2 um. The planarity
of the surface afier CMP on the stop layer 1s typical <2% or ~10x improvement in the

planarity.

16671] FIG. 41s a simplified schematic diagram Hustrating an engineered substrate
structure after formation of one or more engineered layers according to an embodiment of the
present nvention. Starting with the engineered substrate structure after thinning of the
bonding laver as illustrated in F1G. 3A or 3B, one or more engineered layers, which may
include one or more dielactric layers, are formed or deposited on the thinned engineered
substrate structure. As illustrated in FIG. 4, an engineered layer 410 that provides good
adhesion to the barrier laver 118 and the bonding layer 120 material (e.g., PECVD oxide) can
be deposited such that it covers the exposed barrier layer portions and the fill regions.

[9072] The engineered layver{(s} can be formed using a variety of materials. As examples,
dielectric materials may include Silicon Nitride, OxyNitndes, silicon oxynitrides, spin on
glass/dieletrics, DLC, combinations thereof, and the like. The thickness of the engineered

layer(s) can range from very thin layers on the order of 100 A to 200 A to thick layers on the
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order of several nucrons {e.g.. 2 pm) depending ou the particular device specifications,
including heat transfer, capacitance, and breakdown voltage characteristics. In some
implementations, rather than diglectrics, conducting lavers, including refractory metals are
deposited as engineered layers. In other implementations, multi-layer structures that can

5 include both one or more dielectric lavers and one or more conducting layers are fabricated to

provide desired thermal, mechanical, and electrical properties.

{3673} The engineerad laver 410 tllusirated in FIG. 4 enables processing capabilities that

are expanded in comparison with the use of a bonding layer 320 that is formed using the

same material as the bonding layer 120, Thus, the embodiment illustrated in FIG. 4 provides
10 alternative bonding capabilities that are expanded in comparison with the embodiment

iHusirated in FIG. 3C.

[8674] FIG 5 is a simplified schematic diagram Hustrating an engineered substrate
structure including an extoliated layer 510 according to an embodiment of the present
nvention. The structure ilfustrated in FIG. 5 uilizes the one or more engineered layers

15 illustrated in FIG. 4 to provide a bond interface between the engineered layer(s) and the
substantially single crystal laver 10, which can be an extoliated single crystal silicon (111)

laver.

16678} The thickness of the exfoliated layer 510 can be varied to meet the specifications of
vartous applications. Moreover, the crystal orientation of the exfoliated layer can be varied to

20 meet the specifications of the application. As an example, the crystal ortentation can be
controlled to provide for strain in the ensuing epitaxial lavers grown after fabrication of the
structure illustrated in FIG. 5. Additionally, the doping levels and profile in the exfoliated
tayer can be varied to meet the specifications of the particular application. [t should be noted
that the exfohated layer can be integrated with other engineered substrates structures as

25 described herein, including the engineered substrate structures illustrated in FIGS. 1A, 3A,

3B, 3C, and 4.

[8676] As an alternative to the process Hows and structures discussed above, some
ernbodirvents of the present invention increase the planarity of the polverystalline ceramic
core before deposition of conductive and barrier lavers. Thus, some embodiments provide
30 surface treatment processes for the polycrystalline ceramic core before formation of the
engineered siacks described herein in order to increase the planarity of the polycrystalline

ceramic core surface before formation of conductive, harrier, and other layers,
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{0677} FIG. 6A 15 a simplified schematic diagram illustrating a polycrystalline ceramic
core and a planarization material according o an embodiment of the present invention. The
polverystalline ceramic core 110 1s illustrated as an AIN subsirate. An adhesion promotion
layer 610 is formed on one or more sides of the polyverysialline ceramic core and a
planarization material 620 (e.g., PECVD oxade fill laver} is depostted on the adhesion
promotion layer 610. The adhesion promotion layer can be TEOS oxide as discussed herein,
for example, 100 A to 1,000 A of TEOS oxide, or other suitable materials. The planarization
material 620 can be oxides, nitride, spin-on-glass (SOG), or other suitable materials. In some
embodiments for which the planarization material adheres well to the polverystaliine ceramic
core, the adhesion promotion layer is removed. The thickness of the planarization material is
selected to provide for filling of the voids and surface features present in the polyverysialline
ceramic core and can be on the order of several microns in thickness. Oune of ordimary skill in

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

[6678] FIG. 6B is a simplified schematic diagram illustrating a polycrystalline ceramic core
and a planarization material after a CMP process according to an embodiment of the present
mvention. After deposition of the planarization material 620, a CMP process is used in
which the polycrystalline ceramic core 110 (AIN substrate) is the CMP stop, thereby
polishing away the overburden of the planarization material. As illusirated in FIG. 6B, the
presence of the polverystaliine ceramic core matenal as the CMP stop results in a negligible
amount (e.g., only 50 A - 100 A of the planarization material outside the voids. This
reduction in the amount of oxide or other thermally insulating material increases the thermal
conductivity of the finished subsirate structure and the eventual devices fabricate thereon.
Since the polverystalline ceranmic core has a high thermal conductivity, reducing the thickness
of the oxide or other thermally insulating layers can have a significant impact on overall
thermal performance. In some embodiments, a thin dielectric layer (e.g., oxide or nitride) 15

deposited after the completion of the CMP process.

[6679]  FIG 6C is a simplified schematic diagram illustrating a planarized polycrvstalline
ceramic core encapsulated in a barrier shell according to an embodiment of the present
invention. A barrier laver 630 (e.g., silicon nitride) is deposited, and as illustrated m FIG.
6C, the barrier laver 630 encapsulates the polycerystalling ceramic core 110 and can be made
from one or more materials including Si;Ny, oxynitride. diamond like carbon (DLC), other

suitable materials, combinations thereof, and the like. In an embodiment, an LPCVD process
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1s utthized or a suitable furmnace process to completely encapsulate the polverystalline ceramic

COre.

100688} Barrier layer 630, for example, a silicon nitride layer, is formed swirounding the
polverystalline ceramic core. In an embodiment, the barrier layer is a silicon nitride laver
that is on the order of 2,000 A to 5,000 A in thickness. The barrier laver completely
surrounds the polycrystalline ceramic core in some embodiments to form a fully encapsulated
structure. In addition to silicon nitride layers, amorphous materials including SiCN, SiON,
AIN, 8iC, and the hke can be utilized as barrier layers. In some implementations, the barmer
layer 630 consists of a number of sub-lavers that are built up to form the barner layer. Thus,
the term barrier layer is not intended to denote a single layer or a single matenal, but to
encompass one or more materials lavered in a composite manner. One of ordinary skill in the

art would recognize many vanations, modifications, and alternatives.

[6681] In some embodiments, the barrier layer 630, e.g., a silicon nitnide layer, prevents
diffusion and/or outgassing of elements present in the polycrystalline ceramic core, for
example, viinum (elemental), yitrium oxide (i.e., yitria}, 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 herain,
ceramic matenals, including polycryvstalline AIN that are designed for non-clean room

environments, can be utilized 1n serniconductor process flows and clean room environments.

[6682] FIG. 6D 1s a simplified schematic diagram tilusirating a planarized polvcrystalline
ceramic core encapsulated in a barrier shell with an exfoliated single crystal silicon layer
according to an embodiment of the present invention. An extoliated layer 640, for example, a
single crvstal silicon laver, 1s formed on the barrier layver 630, for exarmple a silicon nitride
layer. The thicknass of the exfoliated layer 640 can be varied to meet the specifications of
various applications. Moreover, the crysial orientation of the exfoliated layer 640 can be
varted to meet the specifications of the application. Additionally, the doping levels and
profile in the exfoliated laver can be varied to meet the specifications of the particular
application. The exfoliated single crvstal silicon layer (e.g, extoliated S1 (111)) is suitable
for use as a growth layer during an epitaxial growth process for the formation of epitaxial
materials. In some embodiments, the epitaxial material can include a GaN layer 2 pm to 10
un in thickness, which can be utilized as one of a plurality of lavers utilized in

optoelectronic, RF, and power devices. Although a single crystal silicon laver is illustrated in
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FIG. 6D, other substantially single crystal layers can be utilized according to embodiments of

the present invention.

[6683] FIG. 6F is a simplified schematic diagram illustrating a planarized polycrysialline
ceramic core encapsulated in a bairier shell topped with a deposited oxide and an exfoliated
single cryvstal silicon layer according to an embodiment of the present invention. In thus
embodiment, an oxide laver 642 {e.g., asilicon oxide layer) is deposited on the barrier layer
630, The oxide layer 642 may serve as a bond interface between the barrier laver 630 and the
exfoliated laver 640, which can be a single crystal silicon layer. According to some
embodiments, the oxide layer may have a thickness of a few hundred angstroms. Although a
single crystal silicon laver is illustrated in FIG. 6E, other substantially single crystal layers

can be utilized according to embodiments of the present imvention.

18084} FIG. 6F is a simplified schematic diagram ilhustrating formation of engineered
layers on an encapsulated and planarized polycrystalline ceramic core according to an
embodiment of the present invention. FIG. 6F illustrates the deposition of conductive layers
650 for chucking, including metallic layers {e.g., W, Ti, or the like), polvsilicon layers,
combinations thereof, or the like. [n addition to conductive lavers, thermal management
layers 652 {(e.g, DLC, S10ON, sificon nitride, or the like) can be deposited to provide for high

thermal conductivity across the substrate.

16685} Although only the barrier laver 630 is illustrated as encapsulating the polverystailine
ceramic core in FIG, 6F, this is not required by the present mvention. Other layers can be
formed as shells, including the conductive layer(s) and the thermal management layer(s). In
some implementations, the conductive layer 650 is formed on the botiom or back side 651 of
the substrate structure as appropriate for chucking and the thermal management layers are
formed on the top or front side of the substrate structure to conduct heat generated in devices
laterally. Thus, whether or not layers are formed as encapsulating shells, the position of the
tayers with respect to the polycrystalling ceramic core can be varied according 1o
embodiments of the present invention. Addittonally, adhesion promotion layers and other
suitable layers can be inserted as appropriate to the particular application.

[0686] FIG. 6( is a simplified schematic diagram illustrating an exfoliated Si layer 654 on
top of the engineered layers on an encapsulated and planarized polycrystalline ceramic core
according to an embodiment of the present invention. The thickness of the exfoliated laver

654 can be varied to meet the specifications of various applications. Moreover, the crystal
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orientation of the exfoliated laver can be varied to meet the specifications of the application.
Additionally, the doping levels and profile in the exfoliated layer can be varied to meet the
spectfications of the particular application. As an example, an exfoliated single crystal
silicon laver {e.g., exfoliated 51 {111}) is suitable for use as a growth layer during an epitaxial
growth process for the formation of epitaxial materials. In some embodiments, the epitaxial
material {(not shown) can include a GaN layer 2 um to 10 pm in thickness, which can be
wiilized as one of a plurality of lavers utilized in optoelectronic, RF, and power devices.
Although a single crystal silicon layer 1s illustrated in FIG. 66, other substantially single

crystal layers can be utilized according to embodiments of the present invention.

[6687] FIG. 6H 1s a simplified schematic diagram illustrating formation of a bonding laver
660 on engmeered layers on an encapsulated and planarized polycryvstalline ceramic core
according to an embodiment of the present invention. fn order to provide a suitable bonding
surface in the event that the engineered layers {e.g., conductive layers 650 and thermal
management layers 632) iltustrated in FIG. 6F are not suitable for bonding, alayer of silicon
oxide {e.g., 10 nm - 20 nm of PECVD oxide), other dielecirics, or other suttable bonding
material can be deposited as a bonding layer 660 to promote bonding. Alternatively the oxide

may be on the donor wafer.

{6688} It should be noted that the layers illustrated in FIG. 6H can be modified in several
ways, including the order of deposition (e.g., conductive/thermal/bonding or
thermal/conductive/bonding), the barrier shell can be formed after deposition of one or more
of the conductive and thermal layers, and the like. In some embodiments, one or more layers
are removed from the substrate structure. Moreover, each of the layers can include sub-
layers. Although the conductive and therroal lavers are only tllusirated on one side of the
substrate, they can be formed on other sides as well depending on the particular application.
One of ordinary skill in the art would recognize many variations, modifications, and

alfernatives,

[668%] FIG 61 15 a stmplified schemalic diagram Hustrating formation of a bonding layer
660 on engineered layers on an encapsulated and planarized polycryvstalline ceramic core with
an exfoliated laver 670 {e.g., 81) on top according to an embodiment of the present invention.
The thickness of the exfohated layer can be varied to meet the specifications of various
apphications. Moreover, the crystal orientation of the exfoliated laver 670 can be varied to
meet the specifications of the application. Additionally, the doping levels and profile in the

exfoliated layer can be varied to meet the spectfications of the particular application. An
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exfoliated single crvstal silicon laver (e.g., exfoliated 81 (111}) is suitable for use as a growth
layer during an epitaxial growth process for the formation of epitaxial materials. In some
embodiments, the epitaxial material (not shown) can include a GaN laver 2 umto 10 um in
thickness, which can be utilized as one of a plurality of lavers utilized m optoelectronic, RF,
5 and power devices. Although a single crystal silicon layer is illustrated in FIG. 61, other
substantially single crvstal lavers can be utilized according to embodiments of the present

mvention.

{6096} Ttis also understood that the examples and embodiments described herem are for
tHustrative purposes only and that various modifications or changes in hight thereof will be
10 suggested to persons skilled in the art and are to be included within the spirit and purview of

this application and scope of the appended claims.
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Claims

1. An engineered substrate structure comprising:

a ceramic substrate having a front surface characterized by a plurality of naturally
occurring voids, the ceramic substrate comprising a polycrystalline material;

a barrier layer encapsulating the ceramic substrate;

a first bonding layer comprising a bonding layer material and coupled to the
barrier layer on the front surface of the ceramic substrate, the first bonding layer defining a
plurality of fill regions filled with the bonding layer material in spaces of the plurality of
naturally occurring voids;

a second bonding layer coupled to the first bonding layer; and

a substantially single crystalline silicon layer joined to the second bonding layer.

2. The engineered substrate structure of claim 1 wherein the ceramic substrate

comprises polycrystalline aluminum nitride.

3. The engineered substrate structure of claim 1 wherein the barrier layer

comprises silicon nitride.

4. The engineered substrate structure of claim 1 wherein the front surface of the
ceramic substrate is characterized by a root mean square (RMS) roughness in a range of 50-600

nm, and the second bonding layer is characterized by an RMS roughness in a range of 0.5-5 nm.

5. The engineered substrate structure of claim 1 wherein the bonding layer
material of the first bonding layer comprises silicon oxide, and the second bonding layer

comprises silicon oxide.

6. The engineered substrate structure of claim 5 wherein the second bonding layer

has a thickness of between 100 nm and 1,000 nm.

7. The engineered substrate structure of claim 1 wherein the second bonding layer

comprises a different material than the bonding layer material of the first bonding layer.

24



8. The engineered substrate structure of claim 7 wherein the bonding layer
material of the first bonding layer comprises silicon oxide, and the second bonding layer

comprises diamond-like carbon (DLC).

9. The engineered substrate structure of claim 1 wherein the first bonding layer
exposes at least a portion of the barrier layer between adjacent fill regions of the plurality of fill

regions.

10. The engineered substrate structure of claim 9 further comprising a second
barrier layer encapsulating the first bonding layer and the exposed portion of the barrier layer,

wherein the second bonding layer is formed on the second barrier layer.

11. The engineered substrate structure of claim 1 further comprising an epitaxial

silicon layer coupled to the substantially single crystalline silicon layer.

12. An engineered substrate structure comprising:

a ceramic substrate having a front surface characterized by a plurality of naturally
occurring peaks, the ceramic substrate comprising a polycrystalline material;

a bonding layer comprising a bonding layer material and coupled to the front
surface of the ceramic substrate, the bonding layer defining fill regions filled with the bonding
layer material between adjacent peaks of the plurality of naturally occurring peaks on the front
surface of the ceramic substrate;

a barrier layer encapsulating the ceramic substrate and the bonding layer; and

a substantially single crystal layer coupled to the barrier layer.

13. The engineered substrate structure of claim 12 further comprising an adhesion
promotion layer disposed between the front surface of the ceramic substrate and the bonding

layer.

14. The engineered substrate structure of claim 12 wherein the ceramic substrate

comprises polycrystalline aluminum nitride.

15. The engineered substrate structure of claim 12 further comprising an

electrically conductive layer coupled to at least a portion of the barrier layer.
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16. The engineered substrate structure of claim 12 further comprising a thermally

conductive layer coupled to at least a portion of the barrier layer.

17. The engineered substrate structure of claim 12 further comprising a second
bonding layer coupled to at least a portion of the barrier layer, and the substantially single crystal

layer is coupled to the barrier layer through the second bonding layer.

18. The engineered substrate structure of claim 12 further comprising:

an electrically conductive layer coupled to at least a portion of the barrier layer;

a thermally conductive layer coupled to at least a portion of the electrically
conductive layer; and

a second bonding layer coupled to at least a portion of the thermally conductive

layer.

19. The engineered substrate structure of claim 12, wherein the substantially

single crystal layer comprises silicon.
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