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VERTICAL GALLIUM NITRIDE SCHOTTKY DIODE

CROSS-REFERENCES TO RELATED APPLICATIONS
{86661} This application claims the benefit of U.S. Provisional Patent Application No.
62/478.483, filed on March 29, 2017 and US Patent Application No. 15/936,303, filed on

March 26, 2018, the contents of which are incorporated by reference in their entirety.

BACKGROUND OF THE INVENTION
[6062]  Gallium nitride based power devices mav be epttaxially grown on silicon subsirates.
The growth of gallium nitride based power devices on a silicon subsirate is a heteroepitaxial
growth process since the substrate and the epitaxial layers are composed of different
materials. Due to the heteroepitaxial growth process, the epitaxially grown material may
exhibit a variety of adverse effects, including reduced wiforoty and reductions in metrics
associated with the electronic/optical properties of the epitaxial layers. Accordingly, there is
aneed in the art for improved methods and systems related to epitaxial growth processes and

substraie siructures.

SUMMARY OF THE INVENTION
[86063] According to some embodiments of the present invention, a vertical Schottky diode
inclades an ohmic contact, a {irst epitaxial N-type gallium nitride laver physically contacting
the chmic contact and having a first doping concentration, and a second epitaxial N-type
gallium nitride layer physically contacting the first epitaxial N-type gallium nitride laver and
having a second doping concentration that is lower than the first doping concentration. The
vertical Schottky diode further includes a first edge termunation region and a second edge
termination region coupled to the second epitaxial N-type gallium nitride laver and separated
from each other by a portion of the second epitaxial N-type gallium nitride layer, and a
Schottky contact coupled to the portion of the second epttaxial N-type gallium nitride layer,
and to the first edge termination region and the second edge termination region.
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10064} According to some other embodiments of the present invention, a method of
forming a vertical Schottky diode includes providing an engineered substrate. The
engineered substrate may mnchude a polyerystaliine ceramnc core, a barrier laver encapsulating
the polverystalline ceramic core, a bonding layer coupled 1o the barrier layer, and a
substantially single crystalline silicon laver coupled to the bounding laver. The method may
further include forming a first epitaxial N-type gallium nitride layer coupled to the
substantially single crystailine silicon layer and having a first doping concentration, and
formang a second epitaxial N-type galhum nitride layer coupled to the first epitaxial N-type
gallium nitride layer and having a second doping concentration that is lower than the first
doping concentration. The method may {urther include forming a first edge termination
region and a second edge termination region coupled to the second epitaxial N-type gallium
nitride layer and separated trom each other by a portion of the second epitaxial N-type
gallivm nitride layer, and forming a Schottky contact coupled to the portion of the second
epttaxial N-type galliom nitride layer and 1o the first edge ternunation region and the second
edge termination region. The method may further include removing the engineered substrate
to expose a back surface of the first epitaxial N-type gallium nitride layer, and forming an

ohmic contact coupled to the back surface of the first epitaxial N-type gallium nitride layer.

[B083]  According to some further embodiments of the present invention, a vertical
Schottky diode mcludes a metal tab, an ohmic contact coupled to the metal tab, a fust
epitaxial N-type gallium nitride layer electricallv contacting the ohmic contact and having a
first doping concentration, and a second epitaxial N-type gallivm nitride laver physically
contacting the first epitaxial N-type gallivrn mitride layer and having a second doping
concentration that is lower than the first doping concentration. The vertical Schottky diode
further includes a Schottky contact coupled to a portion of the second epitaxial N-type
galliom nitride layer. The Schottky contact has a step~wise structure such that a cross-section
of the Schottky contact is narrower n a region proximal to the second epitaxial N-type
gallium nitride layer and wider in a second region distal to the second epitaxial N-type

gallivm nitride layer.
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BRIEF DESCRIPTION OF THE DRAWINGS
[6086]  FIG 1 1s a simplified schematic cross-sectional diagram illustrating an engineered
substrate structure according to some embodiments of the present invention.
[60887]  FIG. 2 shows a simplified flowchart iHlustrating a method of forming a Schottky

barrier diode (SBD) according fo some embodiments of the present invention.

[0068] FIGS. 3A-3H show schematic cross-sectional diagrams iHustrating the intermediate
steps of the method shown in FIG. 2 according to some embodiments of the present

nvention.

[866%] FIG. 4 illustrates schematically a perspeciive view of a Schottky diode according to

some ermbodiments of the present invention.

10016} FIG. 5 itlustrates schematically a cross-sectional view of a vertical Schottky diode

according to some embodiments of the present invention.

{8311} FIG. 6 illustrates schematically a cross-sectional view of a vertical junction barrier

Schottky (JBS) diode according to some ersbodiments of the present invention.

{0012} FIG 7 illustrates schematically a cross-sectional view of a vertical Schotiky diode

according to some other embodiments of the present invention.

{6013} FIG. 8 shows a plot of the doping concentrations of a Schottky diode according to
some embodiments of the present invention.
[8614] FIG. 9 shows a plot of the doping concentrations of a Schottky diode according to

some other embodiments of the present invention.

10015} FIG. 10 shows a simplified flowchart tlustrating a method of forming a vertical

Schottky disde according to some embodiments of the present invention.

8316} FIG. 11 iHustrates schematically a cross-sectional view of a vertical Schottky diode

according to some ernbodirnents of the present invention.

{00617} FIG. 1215 a simplified schematic diagram iHlustrating an engineered substrate

structure according to some embodiments of the present invention.

(93]
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16618] FIG. 13 1s asimplified schematic diagram ilustrating an engineered subsirate

structure according to some other embodiments of the present invention.

[0019] FIG. 14 1s a simplified schematic diagram iHusirating an engineered substrate

structure according to some further embodiments of the present invention.

S [eB28]  FIG. 1515 asimplified flowchart iltustrating a method of fabricating an engineered

substrate according to some embodiments of the present invention.

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS

[8621] The present invention relates generally to vertical Schottky diodes. More

10 specifically, the present invention relates to methods and systems suitable for fabricating
vertical Schottky diodes using epitaxial growth processes. Merely by way of example, the
invention has been applied to a method and system for fabnicating vertical Schottky diodes on
a substrate by epitaxial growth, wherein the substrate is characterized by a coefficient of
thermal expansion (CTE) that is substantially matched to epitaxial layers that form the

15 wertical Schottky diodes. The methods and techniques may be applied to a variety of

semiconductor processing operations.

160221 FIG 11s a simplified schematic diagram llustrating an engineered substrate
structure according 1o some embodiments of the present invention. As iHustrated in FIG. 1,
the engineered substrate structure may be suitable for a variety of electronic and optical

20 apphcations. The engineered substrate structure includes a core 110 {e.g., AIN) that may
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 siticon (111} layer 123.

[8023] For applications including the growth of galliom nitride (GaN}-based materials

25 {epitaxial layers including GaN-based layers), the core 110 may be a polycrystaliine ceramic
material, for example, polycrystalline alunminum nitride (AIN), which may include a binding
material such as ytirium oxide. Other materials may be utilized in the core, including
polycrystalline gallium nitnide (GalN), polverystalline aluminum gallium nitride (AlGaN),
polvervstalline silicon carbide (81C), polyervstalline zinc oxide (ZnQ), polycrystalline

30 gallium trioxide {(Gax(33), and the like.
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16024] The thickness of the core 110 may be on the order of 100 to 1,500 pm, for example,
750 um. The core 110 is encapsulated in an adhesion layer 112 that may be referredto as a
shell or an encapsulating shell. In an embodiment, the adhesion layer 112 comprises a
tetraethyl orthosilicate (TEOS) oxide layer on the order of 1,000 A in thickness. In other

embodiments, the thickness of the adhesion layer 112 varies, for example, from 100 A to

i

2,000 A. Although TEOS oxides are utilized for adhesion layers 112 in some embodiments,
other materials that provide for adhesion between later deposited layers and underiying layers
or materials (e.g., ceramics, in particular, polverystalline ceramics) may be utilized according
to an embodiment of the present invention. For example, Si0» or other silicon oxides (S8ixOy)
10 adhere well to ceramic materials and provide a suitable surface for subsequent deposition, for
example, of conductive maierials. The adhesion laver 112 completely surrounds the core 110
in some embodiments to form a fully encapsulated core 110 and may be formed using an
LPCVD process or other suitable deposition processes, which may be compatible with
semiconducior processing and in particular with polyeryvstaliine or composite substrates and
15 layers. The adhesion layer 112 provides a surface on which subsequent layers adhere to form

elements of the engineered substrate structure.

[0025] 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 may be utilized according to embodiments of the present mvention, including CVD
20 processes or similar deposition processes. As an example, a deposition process that coats a
portion of the core 110 may be utilized, the core 110 may be flipped over, and the deposition
process could be repeated to coat additional portions of the core 110. Thus, although LPCVD
techriques are utilized in some embodiments to provide a fully encapsulated structure, other

film formation techniques may be utilized depending on the particular application.

jSu]
)]

[8026] A conductive layer 114 is formed surrounding the adhesion layer 112, Inan
embodiment, the conductive fayer 114 is a shell of polysilicon (i.e., polycrystalline silicon)
that 1s formed swrrounding the adhesion layer 112 since polysilicon may exhibit poor
adhesion to ceramic materials. In embodiments in which the conductive fayer 114 is
polvsilicon, the thickness of the polvsilicon layer may be on the order of 300-5,000 A, for
30 example, 2,500 A In some embodiments, the polysilicon layer may be formed as a shell to
completely surround the adhesion laver 112 (e.g., a TEOS oxide layer), thereby forming a

g
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fully encapsulated adhesion layer 112, and may be formed using an LPCVD process. In
other embodiments, as discussed below, the conductive material may be formed on a portion
of the adhesion layer 112, for example, a lower half of the substrate structure. In some

embodiments, conductive material may be formed as a fully encapsulating laver and

i

subsequently removed on one side of the substrate structure.

(6627} In an embodiment, the conductive layer 114 may be a polysilicon layer doped to
provide a highly conductive material, for example, doped with boron to provide a p-tvpe
polysilicon layer. In some embodiments, the doping with boron is at a level of 1 x 10% em™®
to 1 x 107 cm™ to provide for high conductivity. Other dopants at different dopant

10 concentrations {e.g.

&0

phosphorus, arsenic, bismuth, or the like at dopant concentrations
ranging from 1 x 10'% cm™ 10 5 x 10" cm™®) may be utilized 1o provide either n-type or p-
tvpe senmiconductor materials suttable for use in the conductive layer 114, One of ordinary

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

[6628] The presence of the conductive laver 114 is useful during elecirostatic chucking of
15 the engineered substrate to semmconductor 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 114 enables electrical contact with the chuck or capacitive coupling to
the e-chuck during future processing inclading bonding. Thus, embodiments of the present
20 invention provide substrate structures that may 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 lavers,

jSu]
)]

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

better stoichiometry control through the subsequent layer formations.

[0629] A second adhesion layer 116 (e.g., a TEOS oxide laver on the order of 1,000 A in
thickness} is formed swrrounding the conductive layer 114, The second adhesion layer 116

30 completely surrounds the conductive layer 114 in some embodiments to form a fully



10

20

30

WO 2018/183374 PCT/US2018/024629

encapsulated structure and may be formed using an LPCVD process, a CVD process, or any

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

[6036] A barrier layer 118, for example, a silicon nitride layer, is formed surrounding 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 to 5,000 A in thickness. The barrier laver 118 completely
surrounds the second adhesion laver 116 in some embodiments to form a fully encapsulated
structure and may be formed using an EPCVD process. In addition o silicon nitride lavers,
arporphous roaterials including SiCN, SiON, AIN, SiC, and the like may be uiilized as barrier
layers 118, In some implementations, the barrier laver 118 consists of a number of sub-layers
that are built up to form the barner layer 118. 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
conposite manner. One of ordinary skill in the art would recognize roany vanations,

modifications, and alternatives.

[6631] In some embodiments, the barrier layer 118, e g, a silicon nitride laver, prevenis
diffusion and/or outgassing of elements present in the core, for example, yttrium (elemental),
yvitrium oxide (i.e.. vitria), 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 temperatire (2.g., 1,000 °C} epitaxial growth
process. Utilizing the encapsulating lavers described herein, ceramic materials, including
polyerystalline AIN that are designed for non-clean room environments, may be utilized in

semiconductor process flows and clean room environments.

[6632] Typically, ceramic materials utilized to form the core are fired at temperatures in the
range of 1,800 °C. I would be expecied that this process would drive out a significant
arpount of impurtties present in the cerarnic materials. These impurtties may include vitrium,
which results from the use of yitria as sintering agent, calcium, and other elements and
compounds. Subsequently, during epitaxial growth processes, which are conducted at much
lower temperatures in the range of 800 °C 1o 1,100 °C, 1t would be expected that the
subsequent diffusion of these impurities would be insignificant. However, contrary 1o
conventional expectations, the inventors have determined that even during epitaxial growth
processes at temperatures rouch less than the firing temperature of the ceramic materials,

significant diffusion of elements through the layers of the engineered substrate was present.
7
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Thus, embodiments of the present invention integrate the barrier layver 118 into the

engineered subsirate structure 1o prevent this undesirable diffusion.

[6033] A bonding laver 120 (e.g., a silicon oxide layer) is deposited on a portion of the
barrier layer 118, for example, the top surface of the barrier layer 118, and subsequently used
during the bonding of a substantially single crystal layer 125 (e.g., a single crystal silicon
layer such as the exfoliated silicon (111) layer illustrated in FIG. 1). The bonding layer 120
may be approximately 1.5 um in thickness in some embodiments. In some embodiments, the
thickness of the bonding layer 120 1s 20 nm or more for bond-induced void mitigation. In

sore embodiments, the thickness of the bonding layer 120 15 1n the range of 0.75-1.5 pm.

[6634] The substantially single crystal layer 125 {e.g., exfohated Si (111)) is swtable {or
use as a growth layer during an epitaxial growth process for the formation of epitaxial
materials. In some embodiments, the epitaxial material may include a GaN laver 2 umto 10
wm in thickness, which may be utilized as one of a plurality of layers utilized in
optoelectronic, RF, and power devices. In an embodiment, the substantially single crysial
layer 125 includes a single crystal silicon layer that 1s attached to the bonding laver 120 using

a layer transfer process.

16035} Additional description related to the engineered substrate structure 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 meorporated by

reference in their entirety for all purposes.

[6036] FIG. 2 shows a simplified flowchart illustrating a method 200 of forming a Schottky
barrier diode {(SBD) according to some embodiments of the present invention. FIGS. 3A-3H
show schematic cross-sectional diagrams illusirating the intermediate steps of the method 200

according to some embodiments of the present invention.

[0037] Referring to FIGS. 2 and 3 A, the method 200 includes, at 202, providing an
engineered substrate (ES) 302. According to some embodiments, the engineered substrate
302 may include a polycrystalline ceramic core, a barrier layer encapsulating the
polyerystalline ceramic core, a bonding laver coupled to the barrier layer, and a substantially

single crystalline silicon layver coupled to the bonding layer.
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10038} In some embodiments, the polycrystalline ceramuc core of the engineered substrate
may include polycrystalline aluminum gallium nitride (AlGaN}, polycrystalline gallium
nitride (GaN), polverystalline aluminum nitride {AIN), polverystalline silicon carbide (SiC),
or a combination thereof. In some embodiments, the barrier layer may include SiOy, SiMNs,
Six0yNz, SiCN, SiON, AIN, 8iC, or a combination thereof. In some embodiments, the
bonding layer may include an oxide layer, such as a silicon oxide layer. In one embodiment,
the single crystal silicon laver includes a silicon (111} laver that may be suttable for use as a
growth layer during epitaxial growth process for the formation of epitaxial materials as

discussed below.

[#63%]  In some embodiments, as discussed above with reference to FIG. 1, the engineered
substrate 302 may further include a first adhesion laver coupled to the polycrystalline ceramic
core, a conductive laver coupled to the first adbesion layer, and a second adhesion layer
coupled to the conductive layer, where the first adhesion layer, the conductive layer and the
second adhesion layer are disposed between the polyerystalline ceramic core and the barrier
layer. In some embodiments, the first adhesion laver may comprise a first tetraethyl
orthosilicate (YEOS) oxide layver, and the second adhesion layer may comprise a second
TEOS oxide layer. The conductive layer mav comprise a polysilicon layer. In some
embodiments, the engineered substrate 302 may further inchude a nucleation layer coupled to
the substantially single crystalline silicon layer for facilitating the formation of the epitaxial

device lavers.

(6046} Referring to FIGS. 2, and 3A-3B, the method 200 further includes, at 204, forming
a first epitaxial N-type gallium nitride (GaN} layer 312 (may be referred to as an “N* GaN”
layer) coupled to the substantially single crystalline silicon layer. The first epitaxial N-type
GaN layer 312 has a back surface and a front surface. The back surface is coupled to the
engineered substrate 302. The method 200 further includes, at 206, forming a second
epitaxial N-type GaN layer 314 (may be referred to as an “N- GaN™ layer) coupled to the

front surface of the first epitaxial N-tvpe GaN laver 312.

[0041] The first N-type GaN layer 312 may facilitate the formation of an ohmic contact and
may have a relatively high N-type doping concentration, for example in the order of about
1x10 ¢, The second N-tvpe GaN layer 314 may serve as a drift region and may have a

relatively low doping concentration, for example in the order of about 1310 cm™. In some
9
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ernbodiments, the second N-type GaN layer 314 may have a thickness that is greater than
about 20 um. By using a CTE-matched engineered substrate 302, epitaxial growth of a
relatively thick drift region with low dislocation density may be possible. A thicker dnift
region may afford the Schottky diode lower leakage current and a much higher breakdown

S voltage, as well as many other advantages.

[0042] According to some embodiments, the method 200 may further include, before
forming the first epitaxial N-type GaN layer 312 and the second epitaxial N-type GaN layer
314, forming a buffer layer 316 coupled to the substantially single crystal layer. The first
epitaxial N-tvpe GaN laver 312 and the second epitaxial N-tvpe GaN layer 314 are then

10 subsequently formed on the buffer layer 316, In some embodiments, the buffer laver 316
may include a superlattice that includes a plurality of layvers. For example, the buffer laver
316 may include an aluminum nitride laver coupled to the single crystal silicon layer, an
aluminum gallium nitride layer coupled to the aluminum nitride laver, and a gallium nitride
layer coupled to the aluminum gallium nitride laver. In another embodiment, the buffer layer

15 316 may include a single laver of aluminum gallium niiride. The entire epitaxial layer 310
including the buffer laver 316, the first epitaxial N-type GaN layer 312, and the second
epttaxial N-tvpe GaN layer 314 may be referred to as the GaN epitaxial layer 310, as

iHlustrated in FIG. 3B.

[6343F  According to some embodiments, the first epitaxial N-type GaN layer 312, the

20 second epitaxial N-type GaN layer 314, and the buffer layer 316 may be formed by thin film
deposition techniques such as chemical vapor deposition CVD (including metal-organic CVD
(MOCVYD), low-pressure CVD (LPCVD), plasma-enhanced CVD (PECVYD), atomic-laver
CVD (ALCVD)), hydride vapor phase epitaxy (HVPE), atomic layer deposition (ALD).

molecular beam epitaxy (MBE}, or a combination thereof.

25 {0044} Referring to FIGS. 2 and 3C, the method 200 {further includes, at 208, forming one
or mare Schottky contacts 320 coupled to the second epitaxial N-type GaN laver 314, The
Schottky contacts 320 may be formed by a suitable metallization process. In some
embodiments, the Schottky contacts 320 may comprise a nickel-platinum (Ny/Pt) alloy, a
nickel-gold (Ni/Au) alloy, or the like. Referring to FIG. 3D, after the Schottky contacts 320

30 are formed, the method 200 may further include forming a plurality of device isolation

10



10

20

30

WO 2018/183374 PCT/US2018/024629

regions 330. The device isolation regions 330 mav be formed by etching away portions of

the GaN epitaxial laver 310 in the regions between adjacent devices.

[0045] Referning to FIGS. 2 and 3E, the method 200 further includes, at 210, forming a
metal plating mesh 340 over the one or more Schottky contacts. In some embodiments, the
metal plating mesh 340 may comprise copper (Cu) or other suitable metal. In some
embodiments, the metal plating mesh 340 may have a thickness ranging from about 50 pm to

about 100 um

[6046] Referring to FIGS. 2 and 3F, the method 200 further includes, at 212, removing the
engineered substrate 302 to expose the back surface of the first epiaxial N-tvpe GaN layver
312. The engineered substrate 302 may be removed, for example, by mechanical polishing,
dry etch, wet etch, or a liftoff process using an etching chemical such as hydrofluoric acid
{HF) or sulfuric acid {H2S0s). Because the epitarual gallium nitride ayer 310 is formed on
substantially CTE-matched engineered substrate 302, the GaN epitaxial layer 310 may not

curl under stress after the engineered substrate 302 is removed.

[0047]  After the engineered substrate 302 is removed, the device structure may be flipped,
and an optional carrier substrate 304 may be temporarily bonded to the metal plating mesh
340 using an epoxy, as hustrated tn FIG. 3F. Referring to FIGS. 2 and 3G, the method 200
may include removing the buffer layer 316 to access the first epitacaal N-type GaN laver 312,
Referring to FIGS. 2 and 3H, the method 200 further includes, at 214, forming one or more

ohmic contacts 350 on the back surface of the first epitaxial N-type GaN laver 312.

[8048] According to an embodiment, the camer substrate 304 may be removed and the
device structure may be diced to produce one or more chip-scale package (CSP) Schottky
diodes. FIG. 4 illusirates schematicallv a perspective view of a Schottky diode 400 that may
be made using the method 200 described above, according to an embodiment of the present
mvention. The Schotiky diode 400 may include a bond pad 352 eleciricaily coupled to the
ohmic contact 350 as a cathode electrode. In some embodiments, the Schottky diode 400
may have a GaN dnift region 314 {i.e, the second N-type GaN layer) with a thickness that is
greater than about 20 um. The abulity to deposit a relatively thick drift region 314 with low
dislocation density may afford the Schottky diode 400 low leakage current and a much higher
breakdown voliage, as well as many other advantages.

11
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16049]  In some other embodiments, the step of forming the plurality of device isolation
regions 330 may be omitted. After removing the engineered substrate 302, ochmic contacts
356 are formed on the back swrface of the frst epriadal N-tvpe GaN layer 312, Then the

device structure may be diced from the back side to produce one or more Schottky diodes.

[B050] it should be appreciated that the specific steps Ulustrated in FIG. 2 provide a
particular method of 200 according to an embodiment of the present invention. Other
sequences of steps may also be performed according to altemative embodiments. For
example, alternative embodiments of the present invention may perform the steps outlined
above n a different order. Moreover, the individual steps illustrated in FIG. 2 may include
muttiple sub-steps that may be performed in various sequences as appropriate to the
mndividual step. Furthermore, additional steps may be added or removed depending on the
particular apphications. Oue of ordinary skill in the art would recogmze many variations,

modifications, and alternatives.

[6653] According to some embodimenis of the present invention, a vertical Schottky diode
may mcorporate field control structures at the periphery regions 1o reduce the magnitude of
electric field concentration. Junction ternunation extensions (JTEs) may extend laterally
from a junction to spread a field over a larger area, and thus may increase breakdown

voltages and decrease current leakage.

{8382 FIG. 5 ilustrates schematically a cross-sectional view of a vertical Schottky diode
500 according to some emboduments of the present invention. The vertical Schottky diode
500 may include an ohmic contact 506. For example, the ohmic contact 506 may comprise
titanium {T1), aluminum (Al}, nickel (N1}, gold (Au), silver (Ag), or a combination thereof.
The vertical Schotiky diode 500 may further include a first epitaxial N-type gallium nitride
layer 508 (n" GaN layer) that physically contacts the ohimic contact 306, The first epitaxial
N-type gallium nitride layer 508 may be heavily doped to facilitate the formation of the
ohmic contact 306, For example, the first epitaxial N-type gallium nitride laver 508 may
have a first doping concentration on the order of 1210’ em™. The vertical Schottky diode
500 may further include a second epitaxial N-type gallium nitride layer {n” GaN layer) 510
coupled to the first epitaxial N-type gallium nitride laver S08. The second epitaxial N-type
gallium nitride laver 510 may be an unintentionally doped GaN layer and may serve as a drift

region. The second epitaxial N-type galliuro nitride layer 510 may have a second doping
12
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concentration ranging from about 2x10"° cm™ to about 110 cm™. In some embodiments,
the second epitaxial N-type gallium nitride layer 510 may include an interfacial layer at the
interface to the first epitaxial N-type galhium nitride layer 508. The interfacial layer may

mclude aluminum gallium nitride, indium gallivm nitride, and the like.

[B053] Although some embodiments have been discussed in terms of a layer, the term layer
should be understood such that a laver may include a number of sub-layers that are built up to
form the layver of interest. Thus, the term layer is not intended to denote a single layer
consisting of a single material, but to encorapass one or more materials layered in a
composite manner 1o form the desired structure. One of ordinary skill in the art would

recognize many variations, modifications, and alternatives.

[0054] In some embodiments, the first epitaxial N-tyvpe gallium nitride layer 508 and the
second epitaxial N-type gallium nitride laver 510 may be formed on an engineered substrate
as described above and shown in FIG. 1. Because the engineered substrate includes a core
110 {e.g., AIN} that may have a coefficient of thermal expansion (CTE) that is substantially
maiched to the CTE of the first epitaxial N-type gallium nitride laver 508 and the second
epttaxial N-type gallium nitride layer 510, it voay be possible to grow a relatively thick
second epitaxial N-type gallium nitride layer and still maintain good crystalline quality. In
some embodiments, the second epitaxial N-type gallium nitride layer 510 may have a
thickness ranging from about 10 pm to about 25 um. The ability to deposit a relatively thick
drift region by epitaxial growth on an engineered substrate may afford the Schottky diode 500
fow leakage current and a higher breakdown voltage, as well as many other advantages. The
engineered substrate may be subsequently removed 10 expose a back surface of the first
epitaxial N-tvpe gallium nitride layer 508 and facilitate the formation of the ochmic contact

506.

[8655] On the other hand, the second epitaxial N-type galliom nitride layer 510 may still be
relatively thin to have a lower thermal resistance than those in GaN-based devices formed on
a bulk single~crystalline GaN substrate, since bulk single-crystalline GaN substrates are
usually relatively thick and cannot be removed. A lower thermal resistance may be
advantageous for thermal management as heat 18 generated when current fows vertically

through the vertical Schottky diode 500

13
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16056]  In some embodiments, the vertical Schottky diode 500 may further include a first
edge termination region 512 and a second edge termination region 514 coupled to the second
epitaxial N-type gallium nitride layer 510. The first edge termination region 512 and the
second edge ternunation region 514 may be separated from each other by a portion 510-1 of
the second epitaxial N-type gallium mitride layer 510, The vertical Schottky diode 500 may
further include a Schottky contact 516 coupled to the portion $10-1 of the second epitaxial N-
tvpe galliom nitride layer 510. The Schotiky contact 516 may comprise, for example, TaN,
WN, or other roetals and metal alloys. The Schottky contact 516 may overlap with the first

edge termination region 512 and the second edge ternunation region 514,

[8657]  According to some embodiments, the first edge termination region 512 and the
second edge termination region 514 may be formed by doping a first portion and a second
portion of the second epitaxial N-type galliaro nitride layer 510 by magoesium (Mg) ton
implantation. Thus, the first edge termination region 312 and the second edge termunation
region 514 may be P-type doped regions. The first edge termination region 512 and the
second edge termination region 514 may extend laterally from the Schotiky junction to the
edge of the die, so that they may spread a field over a larger area.  As such, the breakdown

voltage of the vertical Schottky diode 500 may be increased.

[0058] The vertical Schottky diode 500 may further include a pad metal 518 coupled to the
Schottky contact 516, and a bond wire 320 electrically connected to the pad metal 518, The
pad metal 518 may comprise, for example, palladium (Pd), gold {Au), silver (Ag). or other
metals, or a combination thereof, or metal alloys. The vertical Schottky diode 500 may
further include a metal tab 502 for supporting the die via a die attach solder 504, The metal
tab 502 may comprise, for example, copper (Cu). aluminurn (A, gold (Aw), platinum (Pt), or
other metals and metal alloys. The vertical Schottky dicde 500 may also be encapsulated by

a molding compound 522.

[0059] FIG. 6 illustrates schematically a cross-sectional view of a vertical junction barrier
Schottky (JBS) diode 600 according to some embodiments of the present invention. The
vertical J1BS diode 600 may be sinlar fo the vertical Schottky diode 500 illustrated in FIG. 5,
except that it may also include a plurality of grid regions 610 in the portion 510-1 of the
second epitaxial N-type gallium nitride layer 510, The plurality of grid regions 610 are

coupled to the Schottky contact 516, In some embodiments, the plurality of grid regions 610
14
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may be formed by selective-area doping the portion 510-1 of the second epitaxial N-type

gallium nitride layer 510 by magnesium (Mg) ion implantation.

[0068] FIG 7 illustrates schematically a cross-sectional view of a vertical Schottky diode
700 according to some other embodiments of the present invention. The vertical Schottky
5 diode 700 mav be sumilar to the vertical Schottky diode 500 illustrated m FIG. 5, except that

the portion 510-1 of the second epitaxial N-type gallium nitride layer 510 between the first
edge termination region 512 and the second edge termination region 514 forms a mesa that
protrudes from the rest of the second epitaxial N-type galliumnitride layer 510, The first

edge termination region 512 and the second edge ternunation region 514 may conformto a

10 side wall of the mesa. The vertical Schottky diode 700 may further include a fill matertal 710

for packaging the device. The fill material 710 may cover the first edge iermination region
512, the second edge termination region 514, the Schottky contact 516, and the pad metal

518.

(8661} According to some embodimenis, each of the first edge termination region 512 and
15 the second edge termination region 514 of the vertical Schottky diodes, as illustrated in FIGS.
5-7, may comprise a single zone having a uniform doping concentration. FIG. 8 shows a
gray-scale plot of the doping concentrations of a Schottky diode according to some
embodiments of the present invention. For example, the doping concentration of the first
edge termination region 512 and the second edge termination region 514 may be in arange

20 between about 2x105 ¢m™ and about 5x10% cm™.

[0062] According to some other embodiments, each of the first edge ternunation region
512 and the second edge termination region 514 of the vertical Schotiky diodes, as illustrated
m FIGS. 5-7, may comprise two lateral zones with different doping concentrations. FIG. 9

shows a gray-scale plot of the doping concentrations of a Schottky diode according to some

Su]
]

other embodiments of the present invention. Each of the first edge termination region 512
and the second edge termination region 514 may include a first lateral zone 512-1/514-1, and
a second lateral zone 512-2/514-2. The second lateral zone 512-2/514-2 may have a doping
concentration that is higher than that of the first lateral zone 512-1/514-1, thus providing a
graded JTE. For example, the first lateral zone 512-1/514-1 may have a doping concentration
30 ranging from about 2x10% ¢ (o about 5}10% e, The second lateral zone 512-2/514-2

may have a doping conceniration ranging from about 5<10' ¢ o about 5x10V e
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10063} The FI1G. 10 shows a simplified flowchart illustrating a method 1000 of forming a
vertical Schottky diode according to some embodiments of the present invention. The
method 1000 may include providing an engineered substrate (1002). The engineered
substrate may include a polycrvstalline ceramic core, a barrier laver encapsulating the
polycrvstalline ceramic core, a bonding laver coupled to the barrier layer, and a substantially
single crystalline silicon fayer coupled to the bounding laver. The method 1000 may further
mclude forming a first epitaxial N-type gallium nitride laver coupled to the substantially
single crystaliine silicon layer (1004). The first epitaxial N-type gallium nitride layer may
have a first doping concentration. The method 1000 may further include forming a second
epitaxial N-type gallivim nitride layer coupled to the first epitaxial N-type gallium nitride
fayer (1006). The second epitaxial N-type gallium nitride layer may have a second doping

concentration that is lower than the first doping concentration.

[0064] The method 1000 may further include forming a first edge termination region and a
second edge termination region (1008). The {irst edge termination region and the second
edge termination region are coupled to the second eptaxial N-type gallium rutride layer and
separated fror each other by a portion of the second epitaxial N-tvpe gallium nitride Javer.
The method 1000 may further include forming a Schottky contact coupled to the portion of
the second epitaxial N-type galliom nitride layer and to the first edge termination region and
the second edge termination region (1010). The method 1000 may further include removing
the engineered substrate to expose a back surface of the first epitaxial N-type gallium nitride
layer (1012), and forming an ohmic contact coupled to the back surface of the first epitaxial

M-ty pe gallium nitnde layer (1014),

16065] 1t should be appreciated that the specific steps illustrated in FIG. 10 provide a
particular method of forming a vertical Schottky diode 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 illustrated in
FiG. 10 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.
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16066]  In some other embodiments, field plates may be used for controlling the electric
field at the periphery regions of a vertical Schottky diode. FIG. 11 illustrates schematically a
cross-sectional view of a vertical Schottky diode 1100 according to some embodiments of the

present invention. The vertical Schottky diode 1100 may include a metal tab 1102, an ohinic

i

contact 1104 coupled to the metal tab 1102, and a firsi epitaxial N-iype gallium nitride layer
1106 coupled to the ohmic contact 1104, The first epitaxial N-type gallivum nitride layer 1106
may be heavy doped for facilitating the formation of the ohmic contact 1104, For example,
the first epitaxial N-type gallium nitride layer 1106 may bhave a first doping concentration on
the order of 1108 ¢cnv®. The vertical Schottky diode 1100 may further include a second
10 epitaxial N-type gallium nitnde laver 1108 coupled to the first epitaxial N-type gallium
nifride laver 1106, The second epitaxial N-type galliom nitride layer 1108 may be an
unintentionally doped GaN layer and may serve as drift region. In some embodiments, the
second epitaxial N-type gallium nitride layer 1108 may have a thickness ranging from about
10 um to about 25 wm. The second epitaxial N-tvpe gallium nitride layer 1108 may have a
15 second doping concentration ranging from about 2x10% cm™ to about 1 %10 cni®. In some
embodiments, the second epitaxial N-type gallium nitride layer 1108 may include an
interfacial layer at the interface to the first epitaxial N-tvpe gallium nuride laver 1106, The

interfacial layer may include aluminum gallium nitride, indium gallium nitride, and the like.

10067} The vertical Schottky diode 13100 may further include a Schottky contact 1110

20 coupled to a portion of the second epitaxial N-tvpe galliom nitride layer 1108, In some
embodiments, the Schottky contact 1110 may have a step-wise structure such that the
Schottky contact 1110 has a narrower cross section proximal to the second epitaxial N-type
gallium nitride laver 1108 and a wider cross section distal to the second epiiaxial N-type
gallium nitnide laver 1108, The vertical Schottky diode 1100 may further include a

25 passivation layer 1114 covering the rernaining portion of the second epitaxial N-type gallium
nitride laver 1108, a pad metal 1112 coupled to the Schottky contact 1110, and an

encapsulation layer 1116

[B068] According to some embodiments of the present invention, the vertical Schoitky
drodes itustrated in FIGS. 5-7 and 11 may be fabricated by epitaxial growth on an engineered
30 substrate, which is subsequently removed. FIG. 12 1s a simplified schematic cross-sectional

diagram illustrating an engineered substrate 1200 according to some embodiments of the
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present invention. The engineered substrate 1200 llustrated n FIG. 12 is suitable for a
variety of electronic and optical applications. The engineered substrate 1200 includes a core
1210 that may 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 1s tllustrated as optional because it is not required as an element of

the engineered substrate 1200, but will typically be grown on the engineered substrate 1200.

60669} For applications including the growth of galiium nitride (GaN}-based materials
{epitaxial layers including GaN-based layers), the core 1210 may be a polverystalline ceranuc
material such as polycrystalline aluminum niinide (AN}, which may include a binding
material such as ytirium oxide. Other materials may be utilized in the core 1216, including
polycryvstalline gaflium nitride (GaN), polverystalline alurmmanum gallium nitride {AlGaN),
polycrystalline silicon carbide (SiC), polycrystalline zinc oxide (Zn0), polycrystalline

gallium trioxide (Gax0s), and the like.

{6678} The thickness of the core 1210 may be on the order of 100 um to 1,500 um, for
example, 725 um. The core 1210 is encapsulated in an adhesion layer 1212 that mayv be
referred to as a shell or an encapsulating shell. In an ermvbodiment, the adheston layer 1212
comprises a tetraethy! orthosilicate (TEOS) oxide layer on the order of 1,000 A in thickness.
In other embodiments, the thickness of the adhesion layer varies, for example, from 100 A to
2,000 A. Although TEOS oxides are utilized for adhesion layers in some embodiments, other
materials that provide for adhesion between later deposited lavers and underlying lavers or
materials {e.g., ceramics, in particular, polycrystalline ceramics) may be utilized according to
an ersbodiment of the present invention. For example, S10: or other silicon oxides {810y}
adhere well to ceramic materials and provide a suitable surtace for subsequent deposition, for
example, of conductive materials. In some embodiments, the adhesion laver 1212 completely
surrounds the core 1210 to form a fully encapsulated core. The adhesion layer 1212 may be
formed using a low pressure chemical-vapor deposition (LPCVD) process. The adhesion
layer 1212 provides a surface on which subsequent layvers adhere 1o form elements of the

engineered substrate 1200 structure.

(6071} In addition to the use of LPCVD processes, furnace-based processes, and the like to
form the encapsulating first adhesion layer 1212, other semiconducior processes may be

uttlized according to embodiments of the present invention, including CVD processes or
18
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similar deposition processes. As an example, a deposition process that coats a portion of the
core may be utilized, the core 1210 may 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 to provide a fully encapsulated structure, other film formation

techniques may be utilized depending on the particular application.

[0072] A conductive layer 1214 is formed surrounding the adhesion layer 1212, Inan
embodiment, the conductive laver 1214 is a shell of polysilicon (i.e., polyerystalline silicon)
that s formed surrounding the first adhesion layer 1212 since polysilicon may extubit poor
adhesion to ceramic materials. In embodiments in which the conductive layer 1214 1s
polysilicon, the thickness of the polysilicon layer may be on the order of 500-5,000 A, for
exaruple, 2,500 A In some embodiments, the polysilicon layer may be formed as a shell 1o
completely surround the first adhesion laver 1212 {e.g., a TEOS oade laver), thereby
forming a fully encapsulated first adhesion layer 1212, and may be formed using an LPCVD
process. In other embodiments, as discussed below, the conductive material may be formed
on a portion of the adhesion layer, for example, a lower half of the substrate structure. In
some ermbodiments, conductive material may be formed as a fully encapsulating layer and

subsequently removed on one side of the substrate structure.

[0073] In an embodiment, the conductive layer 1214 may be a polysilicon layer doped to
provide a highly conductive material, for example, doped with boron {0 provide a P-tvpe
polysilicon fayer. In some embodiments. the doping with boron is at a fevel of 1 x 10 ey
to 1 x 10%° cm™ to provide for high conductivity. Other dopants at different dopant
concentrations {e.g., phosphorus, arsenic, bismuth, or the like at dopant concentrations
ranging from | x 10" em™ to 5 x 10" ¢ov?®) may be wiilized to 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.

[60874] The presence of the conductive fayer 1214 is useful during electrostatic chucking of
the engmeered subsirate 1200 to semuconductor processing tools, for example tools with
electrostatic discharge chucks (ESC). The conductive faver 1214 enables rapid dechucking
after processing in the semiconductor processing tools. Thus, embodiments of the present

mvention provide substrate structures that may be processed in manners utilized with
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conventional silicon wafers. One of ordmary skill in the art would recognize many

variations, modifications, and alternatives.

[8075] A second adhesion layer 1216 {e.g., a TEOQS oxide layer on the order of 1,000 A in
thickness) is formed surrounding the conductive layer 1214, In some embodiments, the
second adhesion layer 1216 completely surrounds the conductive layer 1214 to form a fully
encapsulated structure. The second adhesion layer 1216 may be formed using an LPCVD
process, a CVD process, or any other suitable deposition process, including the deposition of

a spin-on dielectric.

10076} A barrier layer 1218, for example, a silicon nitride layer, is formed surrounding the
second adhesion layer 1216, In an embodiment, the barrier layer 1218 is a silicon nifride
tayer that is on the order of 4,000 A to 5,000 A in thickness. The barrier layer 1218
completely surrounds the second adhesion layer 1216 in some embodiments to form a {ully
encapsulated struciure and may be formed using an LPCVD process. In addition to silicon
nitride layers, amorphous materials including SiCN, SiON, AiN, SiC, and the like may be
utitlized as barrier layers. In some implementations, the barrter layer consisis of a nomber of
sub-lavers that are built up to form the barrier laver. Thus, the term barrier layer is not
intended to denote a single layer or a single material, but to encompass one or more materials
lavered in a composite manner. One of ordinary skill in the art would recognize many

varations, modifications, and alternatives.

{6877}  In some emnbodiroerds, the barrier layer 1218, e.g., a silicon nitride layer, prevents
diffusion and/or outgassing of elemenis present in the core 1210 into the environment of the
semiconductor processing chambers in which the engineerad substrate 1200 could be present,
for example, during a high temperature (e.g., 1,000 *C) epitaxial growih process. Elements
present it the core 1210 may mclude, for example, yitriwm oxide (1.e., yitria), oxygen,
metallic impurities, other trace elements, and the like. The elements diffused from the core
1210 may cause unintentional doping i engineered layers 1220/1222. The elements
outgassed from the core 1210 may travel through the chamber and adsorb elsewhere on the
wafer causing impurities in engineered lavers 1220/1222 and epitaxial material 1230.
Utilizing the encapsulating layers described herein, ceramic materials, including
polycrystalline AIN that are designed for non-clean room environments, may be utilized in

sermconductor process flows and clean room environments.
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10078} A bonding layer 1220 (e.g., a silicon oxide layer) is depostted on a portion of the
barrier laver 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 may be
approximately 1.5 poin thickness in some embodiments. The single crvstal layer 1222 may
include, for example, Si, SiC, sapphire, GaMN, AIN, SiGe, Ge, Diamond, Gax0s, AlGaN,
InGaN, InN, and/or Zn(. In some embodiments, the single crystal layer 1222 may have a
thickness from 0-0.5 um. The single crystal layer 1222 is suitable for use as a growth layer
during an epttaxial growth process for the formation of epitaxial material 1230, The
crystalline layers of the epitaxial material 1230 are an extension of the underlying
semiconductor lattice associated with the single crystal laver 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
includes a gallium nitride layver, 2 pm to 10 um in thickness, which may be utilized as one of
a phurality of layers utilized in optoelectronic devices, power devices, and the like. Inan
ernbodiment, the bondmg layer 1220 includes a single crystal silicon layer that is attached to

a silicon oxide barrier laver 1218 using a layer transfer process.

{6079} FIG. 13 is a simplified schematic diagram iHusirating an engineered substrate
structure 1300 according to an embodiment of the present invention. The engineered
substrate 1300 illustrated in FIG. 13 1s suitable for a variety of electronic and optical
applications. The engineered substrate 1300 includes a core 1310 that may have a coefficient
of thermal expansion {CTE) that is substantially matched to the CTE of the epitaxial maierial
1230 that will be grown on the engineered substrate 1300, The epitaxial material 1230 is
iHustrated as optional because it is not required as an elerent of the engineered substrate

structure, but will typically be grown on the engineered substrate structure.

008G For applications including the growth of gallium nitride (GaN)-based materials
{epitaxial layers including GaN-based lavers), the core 1310 may be a polycrystalline ceramic
material, for example, polycrystalline aluminum nitride (AIN). The thickness of the core
1310 may be on the order of 100 to 1,500 um, for example, 725 um. The core 1310 1
encapsulated in a first adhesion layer 1312 that may be referred to as a shell or an

encapsulating shell. In this implementation, the first adhesion layer 1312 completely

21



10

Su]
]

30

WO 2018/183374 PCT/US2018/024629

encapsulates the core, but this 1s not required by the present invention, as discussed in

additional detail with respect to FIG. 14,

[0081] In an embodiment, the first adhesion layer 1312 comprises a {etraethyl orthosilicate
(TEOS) layer 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
utilized for adhesion layers in some embodiments, other materials that provide for adhesion
between later deposited layers and underlying fayers or materials may be vtilized according
to an embodiment of the present invention. For example, 810z, 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 may be formed using
an LPCVI process. The adhesion layer 1312 provides a surface on which subsequent layers

adhere to form elements of the engineered substrate structure.

[6682] In addition to the use of LPCVD processes, furnace-basad processes, and the like to
form the encapsulating adhesion layer 1312, other semiconductor processes may be uiilized
according to embodiments of the present invention. As an example, a deposttion process, for
example, CVD, PECVD, or the like, that coats a portion of the core 1310 may be utilized, the
core 1310 may be flipped over, and the deposition process could be repeated to coat

additional portions of the core.

[0083] A conductive layer 1314 is formed on at least a portion of the first adhesion layer
1312 In an embodiment, the conductive laver 1314 includes polysilicon (i.e., polycrystalline
silicon} that is formed by a deposition process on a lower portion {&.g., the lower half or
backside) of the core/adhesion layver struchure. In embodiments in which the conductive layer
1314 15 polysilicon, the thickness of the polysilicon laver may be on the order of a few
thousand angstroms, for example, 3,000 A. In some embodiments, the polysilicon layer may
be formed using an LPCVD process.

[6084] In an embodiment, the conductive laver 1314 may be a polysilicon layer doped (o
provide a highly conductive material, for example. the conductive laver 1314 mav be doped
with boron to provide a p-type polysilicon laver. In some embodiments, the doping with

boron is at a level ranging from about 110" ¢m™ to 1210 em™ (o provide for high
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conductivity. The presence of the conductive laver 1314 15 useful during electrostatic
chucking of the engineered substrate {0 semiconductor processing tools, for example tools
with electrostatic chucks (ESC). The conductive laver 1314 enables rapid dechucking after

processing. Thus, embodiments of the present invention provide subsirate structures that may

i

be processed in manners utilized with conventional silicon wafers. One of ordinary skill in

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

{6085} A second adhesion layer 1316 (e.g., a second TEOS layer) is formed swrrounding
the conductive laver 1314 (e g, a polysilicon layer). The second adhesion layer 1316 is on
the order of 1,000 A in thickness. The second adhesion layer 1316 may completely surround
10 the conductive laver 1314 as well as the first adhesion layer 1312 in some embodiments to
form a fully encapsulated structure and may be formed using an LPCVD process. In other
embodiments, the second adhesion layer 1316 only partially surrounds the conductive layer
1314, for example, terminating at the position illustrated by plane 1317, which may be
aligned with the top surface of the conductive layer 1314, In this example, the top surface of
15 the conductive laver 1314 will be in contact with a portion of barrier laver 1318, One of

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

[0086] A barrier layer 1318 {(e.g., a silicon 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 A in

thickness in some embodiments. In some embodiments, the barrier layer 13138 completely
20 swrrounds the second adhesion laver 1316 to form a fully encapsulated structire and may be

formed using an LPCVD process.

[0087] Insome embodiments, the use of a silicon nitride basrier layer prevents diffusion
and/or outgassing of elements present in the core 1310, for example, vtirtum oxide (i.¢.,
yitria), oxvgen, metallic iropurities, other trace elements and the like into the environment of
25 the semiconductor processing chambers in which the engineered substrate could be prasent,
for example, during a high temperature {(e.g., 1,000 °C) epitaxial growth process. Utilizing
the encapsulating layers described herein, ceramic materials, including polycrystalline AIN
that are designed for non-clean room environmenis may be ufilized in semiconductor process

flows and clean room environments.
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16088] FIG. 14 15 a simplified schematic diagram ilustrating 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 encapsulate the core 1410, In this iroplementation, the first adhesion laver

i

1412 1s formed on a lower 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 adbesion layver 1412 is only illustrated on the lower surface of the core
1410 1n FIG. 14, 1t will be appreciated that deposition of adhesion layer material on other
portions of the core 1410 will not adversely impact the performance of the engineered

10 substrates structure and such material may be present in various embodiments. One of

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

{0089} The conductive layer 1414 does not encapsulate the first adhesion layer 1412 and
the core 1410, but is substantially aligned with the first adhesion layer 1412, Although the
conductive laver 1414 is illustrated as extending along the bottom or backside and up a

15 portion of the sides of the first adhesion layer 1412, extension along the vertical side is not
required by the present invention. Thus, ermbodiments may utilize deposition on one side of
the substrate structure, masking of one side of the subsirate structure, or the like. The
conductive layer 1414 may be formed on a portion of one side, for example, the
bottorm/backside, of the first adhesion layer 1412, The conductive 1414 layer provides for

20 electrical conduction on one side of the engineered substrate structure, which may be
advantageous in RF and high power applications. The conductive layer 1414 may include

doped polysilicon as discussed in relation to the conductive laver 1314 in FIG. 13,

1609G] A portion of the core 1410, portions of the first adhesion layer 1412, and the

conductive layer 1414 are covered with a second adhesion layer 1416 in order to enhance the

jSu]
)]

adhesion of the barrier layer 1418 to the underlying materials. The barrier layer 1418 forms

an encapsulating structure to prevent diffusion from underlying lavers as discussed above.

{6031} In addition fo semuconductor-based conductive layers, in other embodiments, the

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

[0092] Referring once again to FIG. 14, depending on the implementation, one or more

30 layers may be removed. For example, layers 1412 and 1414 may be removed, only leaving a
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single adhesion shell 1416 and the barrier laver 1418, In another embodiment, only layer
1414 may be removed. In this embodiment, laver 1412 may also balance the stress and the
wafer bow induced by layer 1220, deposited on top of laver 1418, The construction of a

substrate structure with insulating layers on the top side of Core 1410 (e.g., with onlv

i

insulating layer between core 1410 and layer 1220} will provide benefits for power/RF

applications, where a highly insulating substrate is desirable.

(6023} In another embodiment, the barrier layer 1418 may directly encapsulate core 1410,
followed by the conductive layer 1414 and subsequent adhesion layer 1416. In this
embodiment, layer 1220 may be directly deposited omio the adhesion layer 1416 from the top
10 side. Inyet another embodiment, the adhesion layer 1416 may be deposited on the core
1410, followed by a barrier layer 1418, and then followed by a conductive layer 1414, and

another adhesion layer 1412

[0094] FIG. 15 is a simplified flowchart illustrating a method 1500 of formung a vertical
Schottky diode according to an embodiment of the present invention. The method 1500 may
15 be utilized to manufacture a substrate that is CTE matched 1o one or more of the epitaxial
lavers grown on the substrate. The method 1500 includes fornung a support structure by
providing a polycrystalline ceramic core {1510}, encapsulating the polverystalline ceramic
core in a first adhesion layer forming a shell (1512) {e.g., a tetracthy!l orthosilicate (TEQS)
oxide shell}, and encapsulating the first adhesion layer in a conductive shell (1514){e.g., a
20 polysilicon shell}. The first adhesion layer may be formed as a single layer of TEOS oxide.

The conductive shell may be formed as a single layer of polysilicon.

[0095] 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 barrier Jayer shell (1518). The second adhesion layer roay be formed as a
25 single layer of TEOS oxide. The barrier layer shell may be formed as a single layer of silicon
nitride.
[B896]  Once the support structure 1s formed by processes 1510-1518, the method 1500
further includes joining a bonding layer (e.g., a silicon oxide laver) to the support structure
{1520} and joining a substantially single crvstal layer, for example, a single crystal silicon

30 layer, to the silicon oxide layer (1522). Other substantially single crvstal layers may be used

2
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according to embodiments of the present mvention, including SiC, sapphire, GaN, AIN, 51Ge,
Ge, Diamond, Gax0;, ZnO, and the like. The joining of the bonding layer may include
deposition of a bonding material followed by planarization processes as described herein. In
an embodiment as described below, joming the substantially single crvstal layer {e.g.. a single
crystal silicon layer) to the bonding layer utilizes a layer transfer process in which the laver is

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

16097} Referring to FIG. 12, the bonding layer 1220 may be formed by a deposition of a
thick {e.g., 4 pm thick) oxide layer followed by a chemical mechanical polishing (CMP)
process to thin the oxide to approximately 1.5 um in thickness. The thick initial oxide serves
to fill voids and surface features present on the suppoit structure that may be present after
fabrication of the polycrystalline core and continue o 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 may then be used during a wafer transfer process to bond the single
crystal laver 1222 (e.g., asingle cryvstal silicon laver) to the bonding layer 1220, It will be
appreciated that the bonding layer does not have to be characterized by an atorvically flat
surface, but should provide a substantially planar surface that will support bonding of the

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

[B098] A layer transfer process is used 1o join the single crystal layer 1222 {e.g., a single
crystal silicon layer) to the bonding layer 1220, In some embodiments, a silicon wafer
including the substantially single crvstal laver 1222 (e.g., a single crystal silicon layer} is
tmplanted to form a cleavage plane. In this embodiment, after wafer bonding, the silicon
substrate may be removed along with the portion of the single crystal stlicon laver below the
cleavage plane, resulting in an exfoliated single crystal silicon layer. The thickness of the
single crystal laver 1222 may be varied to meet the specifications of various applications.
Moreover, the crystal orientation of the single crystal layver 1222 may be varied to meet the
specifications of the application. Additionally, the doping levels and profile in the single
crystal layer may be vaned 1o meet the specifications of the particular application. In some
embodiments, the depth of the implant may be adjusted to be greater than the desired final
thickness of single crystal layer 1222, The additional thickness allows for the removal of the
thin portion of the transferred substantially single crystal layer that is damaged, leaving
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behind the undamaged portion of the desired final thickness. In some embodiments, the
surface roughness may be modified for high quality epitaxial growth. One of ordinary skill in

the art would recognize many vanations, modifications, and altemaiives.

[6399] In some embodiments, the single crystal layer 1222 may be thick enough to provide
5 ahigh quality lattice template for the subsequent growth of one or more epitaxial layers but

thin enough to be highly compliant. The single crystal layer 1222 may be said to be
“compliant” when the single crystal layer 1222 is relatively thin such that its physical
properties are less constrained and able to manuc those of the materials surrounding it with
less propensity to generate crystalling defects. The compliance of the single crystal layer

10 1222 may be inversely related 1o the thickness of the single crystal fayver 1222, A higher
compliance may result in lower defect densities in the epitaxial lavers grown on the template
and enable thicker epitaxial layer growth. In some embodiments, the thickness of the single
crystal layer 1222 may be increased by epitaxial growth of silicon on the exfoliated silicon

layer.

15 [81806] Insome embodiments, adjusting the final thickness of the single crvstal layer 1222
may be achieved through thermal oxidation of a top portion of an exfoliated sihicon layer,
followed by an oxide layer strip with hydrogen flucride (HF) acid. For exanple, an
exfoliated silicon fayer having an initial thickness of 0.5 pm may be thermally oxidized to
create a silicon dioxide laver that is about 420 nm thick.  After remuoval of the grown thermal

20 oxide, the remaining silicon thickness in the transferred layer may be about 53 nm. During
thermal oxidation, implanted hydrogen may migrate toward the surface. Thus, the
subsequent oxide layer strip may remove some damage. Also, therrmoal oxidation is typically
performed at a temperature of 1000 °C or higher. The elevated temperature moay also repair

lattice damage.

25 |8161}  The silicon oxide layer formed on the top portion of the single crystal layer during
thermal oxidation may be stripped using HF acid etching. The etching selectivity between
siticon oxide and sthicon {(8102:81) 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

30 the HF solution may range from about 10:1 to about 100:1 for (5102:81). A high etch

selectivity may reduce the surface roughness by a simular factor from the mitial surface
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roughness. However, the surface roughness of the resultant single crystal layver 152 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 x 2 pm atomic force

microscope (AFM) scan before additional processing. In some embodiments, the desired

i

surface roughness for epitaxial growth of gallium nitride materials on Si (111) may be, for
example, less than 1 nm, less than 0.5 nm, or less than 0.2 nm, on a 30 um x 30 um AFM

S¢an area.

16102} 1 the surface roughness of the single crystal layer 1222 after thermal oxidation and
oxide layer strip exceeds the desired surface roughness, additional surface smoothing may be
10 performed. There are several methods of smoothing a silicon surface. These methods may
nclude hydrogen 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.

15 [8183] Iishould be appreciated that the specific steps illustrated in FIG. 15 provide a
particular method of forming a vertical Schottky diode 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 tHhustrated

20 FIG. 15 may include multiple sub-steps that mav be performed in various sequences as
appropriate to the individual step. Furthermore, additional steps may be added or removed
depending on the particudar applications. One of ordinary skill in the art would recognize

many variations, modifications, and alternatives.

10164} Although some embodiments have been discussed in terms of a layer, the term layer
25  should be understood such that a layer may include a number of sub-layers that are built up to
form the layer of interest. Thus, the term layer is not intended to 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

ecognize many variations, modifications, and alternatives.
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16105] 1t 1s also understood that the examples and embodiments described herein are for
illustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are 1o be inchuded within the spint and purview of

this application and scope of the appended claims.
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CLAIMS

1. A method of forming a vertical Schottky diode, the method comprising:
providing an engineered substrate, the engineered substrate comprising:
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 silicon layer coupled to the bonding layer;
forming a first epitaxial N-type gallium nitride layer coupled to the substantially
single crystalline silicon layer and having a first doping concentration;
forming a second epitaxial N-type gallium nitride layer coupled to the first
epitaxial N-type gallium nitride layer and having a second doping concentration that is lower
than the first doping concentration;
forming a first edge termination region and a second edge termination region
coupled to the second epitaxial N-type gallium nitride layer and separated from each other by a
portion of the second epitaxial N-type gallium nitride layer;
forming a Schottky contact coupled to the portion of the second epitaxial N-type
gallium nitride layer and to the first edge termination region and the second edge termination
region;
removing the engineered substrate to expose a back surface of the first epitaxial
N-type gallium nitride layer; and
forming an ohmic contact coupled to the back surface of the first epitaxial N-type

gallium nitride layer.

2. The method of claim 1 further comprising forming a metal tab attached to

the ohmic contact via a solder.

3. The method of claim 1 wherein the second epitaxial N-type gallium nitride

layer has a thickness ranging from about 10 pm to about 25 pum.
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4. The method of claim 1 wherein forming the first edge termination region
and the second edge termination region comprises ion implanting magnesium (Mg) into a first

portion and a second portion of the second epitaxial N-type gallium nitride layer.

5. The method of claim 1 further comprising:

forming a plurality of junction barrier Schottky (JBS) grid regions in the portion
of the second epitaxial N-type gallium nitride layer between the first edge termination region and
the second edge termination region, wherein the plurality of JBS grid regions is coupled to the

Schottky contact.

6. The method of claim 5 wherein forming the plurality of JBS grid regions
comprises selective-area doping the portion of the second epitaxial N-type gallium nitride layer

by magnesium (Mg) ion implantation.
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