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RF DEVICE INTEGRATED ON AN ENGINEERED SUBSTRATE

5 CROSS-REFERENCES TO RELATED APPLICATIONS
[B681]  This application claims the benefit of U.S. Provisional Patent Application No.
62/461,722, filed on February 21, 2017, and U.S. Non-Provisional Patent Application No.
15/891,205 filed February 7, 2018, the contents of which is incorporated by reference in ifs
entirety.
10

BACKGROUND OF THE INVENTION
16662} High frequency, high performance radio frequency (RF} integrated devices, such as
high frequency transistors or high-electron-mobility transistors (HEMTs), may be fabricated
using compound semiconductor. For example, to fabricate RF devices, epitasial layers, such
15 as gallium nitride {{GaN), may be formed by a heteroepitaxial {epi) growth process that
involves depositing GaN on a semiconductor carrier substrate having a different lattice
structure (ot lattice constant) than the deposited GaN, such as silicon, silicon carbide (S10),
sapphire, or other substrate. The lattice nusmatch between the GaN and the carrier substrate
may create defects, dislocations, and strains that may negatively impact device vields and
20 performance. In addition, the GaN layers and carrier substrate may have ditferent
coefficients of thermal expansion (CTEs). Thermal processing {(e.g., GaN epitaxial growth)
can crack or delaminate the GaN, or bow and, in some cases, break the carrier substrate. The
different CTEs may restrict substraie wafer size, limit scale, and prevent reduction of the

overall manufacturing cost of RF devices and solutions.

SUMMARY OF THE INVENTION
{6083} The present invention relales generally to RF devices including compound
semiconductors that may be fabricated on engineered substrates. More specifically, the
present invention relates to methods and systems for fabricating RF devices integrated with
30 coplanar waveguides on an RF substrate that includes an interlaver structure on a
polverystalline core. Merely by way of exarple, the invention has been applied to a method
and systern for providing an RF substrate that includes an embedded metal layer in the

interlayer structure, forming an epttaxial GaN layer on the RF substrate, and forming one or
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more vias through the epitaxial GaN laver to be in contact with the embedded metal layer.
The methods and techniques ¢an be applied to a varnety of semiconductor processing

operations.

[6664]  According to some embodiments of the present invention, a substrate for RF
devices may include a polverystalline ceramic core and an interlayer structure. The inferlayver
structure may include a first silicon oxide layer coupled to the polyervstalline ceramic core, a
polysilicon laver coupled to the first sihicon oxide layer, a second sitlicon oxide laver couplec
to the polysilicon layer, a barrier layer coupled to the second silicon oxide layer, a third
silicon oxide layer coupled to the barrier layer, and a substantially single crystalline silicon

layer coupled to the third silicon oxide layer.

[06065]  According to some other embodiments of the present invention, an RF device may
include a polycrystalline ceramic core and an interlayer structure. The mterlayer structure
may include a first silicon oxide faver coupled to the polycrystalline ceramic core, a
polysilicon laver coupled to the {irst silicon oxide layer, a second silicon oxide laver coupled
to the polysilicon layer, a first silicon nitride layer coupled to the second silicon oxide layer, a
metal laver coupled to the first silicon mitride laver, a second silicon nitride layer coupled to
the metal laver, a third silicon oxide layer coupled to the second silicon nitride laver, and a
substantially single crystalline silicon laver coupled to the third silicon oxide layer. The RF
device may further include an epitaxial gallium nitride (GaN) laver coupled to the
substantially single crystalline silicon laver, a two-dimensional electron gas (ZDEG) inducing
tayer coupled to the epitaxial GaN layer, and a field effect ransistors {FET). The FET may
include a drain couplad to a first region of the 2DEG inducing laver, a source coupled o a
second region of the 2DEG inducing layer, a gate diglectric laver coupled to a third region of
the 2DEG inducing layer, and a gate coupled {o the gate dielectric layer. The RF device may
further include a first via through the epitaxial GaN layer and the 2DEG inducing laver. The
first via couples the source to the metal layer of the interlayer structure, where the metal layer

is connected {o ground.

[#086] According {0 some further embodiments of the present invention, a method of
fabricating an RF device may include providing a polycrystalline ceramuic core, and forming
an interlayer structure coupled to the polyerystalline ceramic core. The interfayer structure
may include a firsi silicon oxide layer coupled to the polyerystalline ceramic core, a

polvsilicon layer coupled to the first siticon oxide laver, a second silicon oxide layer coupled
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to the polysilicon laver, a barrier laver coupled to the second silicon oxide layer, athird
silicon oxide layer coupled to the barrier layer, and a substantially single crystalline silicon
layer coupled to the third silicon oxide layer. The method may further include growing an
epitaxial GaN layer coupled to the substantially single crystaliine silicon layer, growing a
two-dimensional electron gas (ZDEG) inducing layer coupled to the epitaxial GaN layer, and
forning a field effect transistor (FET). The FET may include a drain coupled fo a first region
of the 2BDEG mnducing layer, a source coupled to a second region of the 2DEG inducing layer,
a gate dielectric layer coupled to a third region of the 2BEG inducing layer, and a gate

coupled 1o the gate dielectric layer,

[8667] Numerous benefils are achieved by way of the present invention over conventional
techniques. For example, embodiments of the present invention provide systems and
methods for fabricating RF devices integrated with coplanar waveguides on an RF subsirate
that can operate at high frequencies. Furthermore, embodiments of the present invention
provide RF device structures that can reduce the thermal resistance of the layers in the RF
ievices and reduce the inductance and/or impadance from terminals of the RF devices 1o

ground, which can enable the high frequency operations.

[6668] These and other embodiments of the invention along with many of its advantages
and features are described i more detail in conjunction with the text below and attached

figures.

BRIEF DESCRIPTION OF THE DRAWINGS
[6609]  FIG 1 1s a simplified schematic diagram illustrating an engineered substrate

structure according to an embodiment of the present invention.

{6018} FIG 21s a cross-sectional view of a radio frequency (RF) mtegrated circuit formed
on an engineered substrate according to an embodiment of the present invention.

[B011] FIG 3A is a cross-sectional view of an RF integrated circuit on an engineered
substrate according to another embodiment of the present invention.

[6612] FIG 3B is a cross-seciional diagram of an RF subsirate according to some

ermbodiments of the present invention.
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[6613] FIG 4 is a cross-sectional view of an RF integrated circuif formed on an engineered
substrate with backside vias and a backside metal layer according fo an embodiment of the

present invention.

[6614] FIG 5 1s a plan view of the RF integrated circuit shown in FIG. 4 according to some

embodiments of the present invention.

[3615] FIG. 61s a cross-sectional view of an RF integrated circuit formed on an engineered

substrate with a backside ground plane according to an embodiment of the present invention.

[8816] FIG. 71s a plan view of the RF integrated circuit shown in FIG. 6 according to some

embodiments of the present invention.

{6617} FIG. 38 is across-sectional view of an RF integrated circuit according to a further

ermbodiment of the present invention.

[6618] FIG. 915 asimplified flowchart illustrating a method of forming a RF integrated

circuit according to some embodiments of the present invention.

DETAILED DESCRIPTION OF THE INVENTION
10619} The present invention relates generally to compound semiconductor-based radio
frequency (RF} integrated circuits using an engineered substrate. More specifically, the
present inveniion relates to high performance, high density, low cost RF integrated circunts,
such as gallium mitride (GaN)} integrated circuils, using an engineered substrate and a
plurality of groups of epitaxial lavers, where the coefficient of thermal expansion (CTE) of
the engineered substrate substantially matches the CTE of the epitaxial lavers. The methods
and techniques can be applied (o a variety of semiconductor processing operations. His
noted that although GaN RF integrated circuits are used as examples in some embodiments
described below, other compound semiconductor-based RF integrated circuits may be made

using the methods and techniques disciosed here.

[6028] FIG. 1is a simplified schematic diagram illusirating an engineered substrate 100,
according to an embodiment of the present invention. Engineered substrate 100 illustrated m
FIG. 1 1s suitable for a variety of electronic and optical applications. Engineered substrate
100 includes a core 110 that can have a coefficient of thermal expansion (CTE) that is
substantially matched to the CTE of the epttaxial material that will be grown on engineered

substrate 100, An epitaxial material 130 1s Ulustrated as optional because 1t 13 not required as
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an element of engineered substrate 100, but will typically be grown on engineered subsirate

160.

18621} For applications mcluding the growth of galliom nitride {(GaN)-based materials
(epitaxial layers including GaN-based layers), core 110 can be a polycrystalline ceramic
material, for example, polyerystalline aluminum nitride (AIN), which may include binding
agents, such as yitrium oxide. Other maternials can be utihized as core 110, including
polycrvstalline gallium niinde (GaN), polverystalline aluminum gallium nitnide (AlGaN),
polycrvstalline silicon carbide (8i(C), polverystalline zinc oxide {(ZnQ), polycrystalline
gallium trioxide (Gaz(05), and the like. The thickness of core 110 can be on the order of 100

1o 1,500 um, for example, 750 pm.

10622}  Core 110 may be encapsulated 1o a first adhesion layer 112 that can be referred to as
a shell or an encapsulating shell. In an embodiment, first adhesion layer 112 comprises a
tetraethyl orthosilicate (TEOS) oxide laver on the order of 1,000 A in thickness. In other
embodiments, the thickness of first adhesion layer 112 varies, for example, from 100 A to
2,000 A, Although TEOS oxides can be utilized for adhesion layers in some embodinients,
other materials that provide for adhesion between later deposited layers and underlying lavers
or materials {e.g., ceramics, n particular, polyerystalline ceramics) can be utilized according
to other embodiments of the present invention. For exaraple, $102 or other silicon oxides
(81x0y) may adhere well to ceramic materials and may provide a suitable surface for
subsequent deposition, for example, of conductive materials. In some embodiments, first
adhesion laver 112 completely surrounds core 110 in some embodiments to form a fully
encapsulated core and can be formead using an LPCVD process or other suitable deposition
processes, which can be compatible with semiconductor processing, and in particular, with
polyerystalline or composite substrales and layers. In some embodiments, first adhesion
layver 112 may be formed on one side of core 110. First adhesion layer 112 provides a surface

on which subsequent layers adhere to form elements of the engineered substrate structure.

[6623] In addition to the use of LPCVE processes, spin on glass/dielectrics, furnace-based
processes, and the like, to form the encapsulating adhesion layer, other semiconductor
processes can be utilized according to embodiments of the present invention, imcluding 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 coal additional portions of the core. Thus, although LPCVD techniques
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are utilized in some embodiments to provide a fully encapsulated structure, other film

formation techniques can be uitlized, depending on the particular apphication.

[8624] A conductive laver 114 1s formed on first adhesion laver 112, Tn an embodiment,
conductive layer 114 is a shell of polysilicon (i.e., polycrystalline silicon) that is formed
surrounding first adhesion layer 112 since polysilicon can exhibit poor adhesion to ceramic
materials. In embodiments i which conductive layer 114 is polysilicon, the thickness of the
polysilicon layer can be on the order of 300-5,000 A, for example, 2,500 A. In some
embodiments, the polysilicon layer can be formed as a shell to completely surround first
adhesion laver 112 {e.g., a TEOS oxide laver), thereby forming a fully encapsulated adhesion
layer, and can be formed using an LPCVD process. In other embodiments, the conductive
muaterial can be formed on a portion of the adhesion layer, for example, an upper half of the
substrate structure. In some embodiments, the conductive material can be formed as a fully

encapsulating laver and can be subsequently removed on one side of the substrale structure.

[#825] In an embodiment, conductive layer 114 can be a polysilicon layer doped to provide
a highly conductive material. for example, conductive layer 114 mav be doped with boron to
provide a p-type polysilicon layer. In some embodiments, the doping with boron 1s at a level
of 1 x 10" em¥ 10 1 x 10°° e to provide for high conductivity. Other dopants at different
dopant concentrations {(e.g., phosphorus, arsenic, bismuth, or the like at dopant concentrations
ranging from 1 » 10 ecm™ 10 5 » 10! cm™) can be utilized 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 vanations, modifications, and alternatives.

[8026] The presence of conductive laver 114 1s useful during electrostatic chucking of the
engineered substrate to semiconductor processing tools, for example tools with electrostatic
chucks (ESCs or e-chucks). Conductive laver 114 enables rapid dechucking after processing
in the semiconductor processing tools. In embodiments of the present invention, the
conductive layer enables elecirical contact with the chuck or capacitive coupling 1o the e-
chuck during future processing including bonding. Thus, embodiments of the present
mvention provide substrate structures that can be processed i manners utilized with
conventional stlicon waters. One of ordinary skill in the art would recogrize many
variations, modifications, and altematives. Additionally, having a subsirate structure with
high thermal conductivity in combination with the ESD chucking may provide better

deposition conditions for the subsequent formation of engineered fayers and epitaxial layers,
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as well as for the subsequent device fabrication steps. For example, it may provide desirable
thermal profiles that can resull in lower stress, more wuform deposition thicknesses, and

hetter stoichiometry control through the subsequent layer formations.

0627} A second adhesion layer 116 (e.g., a TEOS oxide layer on the order of 1,000 A in
thickness} 1s formed on conductive layer 114. Second adhesion layer 116 completely
surrounds conductive layer 114 i some embodiments to form a {ully encapsulated structure
and can be formed usmg an LPCVD process, a CVD process, or any other suitable deposition

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

[6G28] A barrier layver 118, for example, a silicon nitride layer, is formed on second
adhesion laver 116, In an embodiment, barrier layer 118 15 a silicon nitride layer that 1s on
the order of 4,000 A to 5,000 A in thickness. Barrier layer 118 completely surrounds the
second adhesion layer in some embodiments to form a fully encapsulated structure and can be
formed using an LPCVD process. In addition to silicon nitride layers, amorphous materials
mcluding SiCN, SiON, AIN, SiC, and the hike can be utilized as the bamier layers. Tn some
implementations, barrier layer 118 includes a number of sub-layers that are built up to form
barrier laver 118. Thus, the term barnier laver is not intended to denote a single laver or a
single material, but is to encompass one or more materials lavered in a compostie manner,
One of ordinary skill in the art would recognize many vartations, modifications, and

alternatives.

[8629] In some embodiments, barrier layer 118, eg., a silicon nitride laver, prevents
diffusion and/or outgassing of elements present in the core, for example, vitrium {elemental),
yvitrum oxide (1.e., yitria), oxvgen, metallic impurities, other trace elements, and the like, into
the environment of the semiconductor processing chambers in which the engineered substrate
could be present, for example, during a high temperature {e.g., 1,000 °C) epitaxial growth
process. Utilizing the encapsulating layers described herein, ceramic matenals, including
polverystalling AIN, that are designed for non-~clean room environments, can be utilized in

semiconductor process flows and clean room environments.

[B636]  In some embodiments, ceramic materials utilized to form the core may be fired at
teraperatures in the range of 1,800 °C. Tt would be expected that this process would drive out
a significant amount of impurities present in the cerarnic materials. These impurities can
include vttrium, which resuits from the use of vtiria as sintering agent, calcium, and other

elements and compounds. Subsequently, during epitaxial growth processes, which may be
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conducted at much lower temperatures in the range of 800 °C to 1,100 °C, it would be
expected that the subsequent diffusion of these impurities would be msignificant. However,
contrary 1o conventional expectations, even during epitaxial growth processes at temaperatures
mwuch lfower than the firing temperature of the ceramic materials, significant diffusion of
elements through the lavers of the engineered substrate mayv be present. Thus, embodiments
of the present invention integrate the barrier layer mto the engineered substrate structure to

prevent this undesirable diffusion.

[6631] Thus, embodiments of the present invention integrate a stficon nitride laver to
prevent out-diffusion of the background elements from the polycrvstalline ceramic maierial
{e.g.. AN} into the engineered layers and epiiaxdal layers such as optional GaN layer 130,
The silicon nitride layer 11¥ encapsulating the underlving lavers and material provides the
desired barrier laver functionality. The integration of the silicon nitride laver 118 into the
engineered subsirate structure prevents the diffusion of caleium, yitriwm, and sluminum into
the engineered layers during the annealing process that occurred when the silicon nitride
layer was not present. Thus, the use of the silicon nitride layer 118 prevents these elements
from diffusing through the diffusion barrier and thereby prevents their refease into the
environment surrounding the engineered substrate. Simularly, any other impurities containing

within the bulk ceramic material would be contained by the barrier layer.

[6632] A bonding laver 120 {e g, asilicon oxide laver} may be deposited on a portion of
barrier layer 118, for example, on the top surface of barrier layer 118, and subsequently used
during the bonding of a substantially single crystal layer 122 (e.g., a single crystal silicon
layver such as exfoliated silicon {111} layer). Bonding laver 120 can be approximately 1.5 pym
in thickness in some embodiments. In some embodiments, the thickness of bonding laver
120 15 20 nm or more for bond-induced void mutigation. In some embodiments, the thickness

of bonding layer 120 is 1 the range of 0.75-1.5 um,

[6633] Bonding layer 120 can be formed by a deposition of a thick (e.g., 2-5 um thick}
oxide layer followed by a chemical mechanical polishing (CMP) process 1o thin the oxide to
approximately 1.5 uro or less in thickness. The thick mnitial oxide serves to sroooth surface
features present on the support structure that may remain after fabrication of the
polycrystalline core and confinue o be present as the encapsulating layers illustrated in FIG.

i are formed. The CMP process provides a substantially planar surface free of voids, which
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can then be used during a wafer transfer process o bond single crystal silicon layer 122 to

bonding fayer 120.

[8634] The substantially single crystal fayer 122 (e.g., exfohiated 1 {1113} 15 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 laver of 2 pm to
10 pm in thickness, which can be utilized as one of a plurality of layers utihzed 1o
optoelectronic, RF, and power devices. In an embodiment, substantially single crvstal laver
122 includes a single crystal silicon layer that 15 attached 1o the bonding laver using a layer

transfer process.

180635] A laver transfer process may be performed using a silicon wafer. The sihicon walfer
may be implanted with several elements to create a damage interface inside 81, which may
help to form single crystal layer 122 for attaching to bonding laver 120. For example,
applving pressure on the silicon wafer and bonding layer 120 that are attached together may

atomically bond the silicon wafer to bonding layer 120

[8836] Afier the bonding process, an exfoliation process may activate the damage interface
inside the silicon wafer and cause the implanted elemenis in single crvstal faver 122 to
expand, thus splitting the top portion of the silicon wafer from ceramic wafer 110 with
engineered lavers. Remaining single crystal layer 122 bonded to bonding layer 120 may be
relatively thin, such as less than around 5 microns, and therefore may not significantly
contribute to the CTE of engineered substrate 100. The CTE of engineered substrate 100 is

therefore primarily determined by the CTE of ceramic core 110.

{6837} Matenals other than silicon may be used to create g single crystal thin bonding
layer. These single crystal materials may include SiC, GaN, AlGaN, AIN, ZnQ, sapphire, and

other.

[6638] GaN epitaxial laver 130 {which may also be referred to as epitaxial layers) can be
formed by epitaxially growing a number of layers or sub-layers to form an epitaxial structure
on top of engineered substrate 110, As used herein, the term “layer” should be understood to
include a structure including multiple layers or sub-layers of the same or different materials.
In some embodiments, a buffer layver may be formed on bonding layer 120, and GaN epitaxial
layer 130 {epitaxial layers) may be formed on top of the bufter laver. The CTEs of ceranuc
wafer 110 and GaN epitaxial laver 130 may be substantially matched over a wide temperature

range {e.g.. from about 25°C 1o about 1200°C), such as within about 0.1%, 0.5%, 1%. 2%,
& Ny

9
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5%, or 10% of each other. This CTE maiching enables the formation of higher quality
epitaxial layers on larger ceramic wafers 110 without cracking or warping. For example,
GaN epitaxial laver 130 may be formed on 6-inch, 8-inch, 12-inch, or larger engineered
substrates 100. Using larger wafers may increase the device count per wafer and thus result

in fess expensive GaN devices.

{0838} The CTE maiching may also enable the formation of a significantly thicker GaN
epitaxial laver 130 (e g.. tens or hundreds of microns) on top of engineered substrate 110,

The combined epitaxial layers may reduce the overall dislocation density of the lattice
structures between GaN epitaxial layer 130 and single crystal layer 122, In addition, a larger
number of epitaxial layers can be used {o fabricate more complex circuity for a wider arvay of

Gald devices.

[66406]  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 incorporated by

reference in their entirety for all purposes.

10641} FIG. 2 is across-sectional schematic diagram of an RF integrated circuit 200
formed on an R substrate 215, according {o an embodiment of the present invention. The
RF integrated circuit 200 wncludes a polycrvstalline core 210 with a polyerysialline ceramie
material, such as polverystalline aluminum nitride (AIN). In some erobodiruents, the
polycrystatiing core 210 may be thinned to reduce thermal resistance of the polycrystalline
core. For example, the polverystalline core 210 may be thinned (o have a thickness of less
than about 100 pm, less than about 50 pm, less than about 25 um, or less. An mterlayer
structure 220 is formed on polverystalline core 210, The interlayer structure 220 may include
a first adhesion laver (e.g., first adhesion laver 112 of FIG. 1, such as a TEOS or silicon oxide
layer}, a conductive layer (e g.. conductive laver 114, such as a polvsilicon layer), a second
adhesion laver (e.g., second adhesion layer 116, such as a TEOS or silicon oxide layer}, and a
barrier layver (e.g., barrier laver 118, such as a silicon nitride laver). The interlayer structure
220 may also include a bonding layer (e.g., bonding laver 120, such as a silicon oxide layer),
and a substantially single crystal layver (e.g., single crvstal fayer 122, such as a single crystal
silicon layer). The combination of the polverystalline core 210 and the interlayer structure
220 may be referred herein as the RF substrate 213, As discussed with reference to FIG. 1,

one or more lavers {e.g., the first adhesion layer, the conductive laver, the second adhesion

10
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tayer, and the barrier laver) in the interlayer structure 220 may encapsulate the polycrystalline

core 210,

[8642] The RF integrated circuit 200 may include one or more epitaxial lavers 230, such as
one or more GaN layers, and a two-dimensional electron gas (2DEG) inducing layer 240
The one or more epttaxial GaN lavers 230 may form a high voltage blocking structure that
has a yniform electric field at the surface of such a structure, which allows the structure 10
block a voltage that 15 close 1o the theoretical hioit of the device. This limit may be defined
by the critical field of the semiconductor material and the separation distance between two
terminals that have a high voltage potential between them. The GaN blocking structure may
also keep RF energy mstde the structure. A 2DEG may be induced by a combination of
piezoelectric effect (siress}, bandgap differential, and polarization charge. The 2DEG
inducing laver 240 may include one or more of AlGaN, AN, or other material. In some
embodiment, the 2DEG mducing layer 240 may include two closely spaced heterojunction

mterfaces to confine electrons to a rectangular quantur well.

{0643} The RF integrated circuit 200 may also include one or more transistors formed on
2DEG inducing laver 240. The transistors may include a field-effect transistor (FET) that
mcludes a source 250, a gate 260, and a drain 270, The source 250 and the drain 270 may be
coupled to the 2DEG mnducing laver 240, The gate 260 may be a multiple field-plate gate
that is isolated from the 2DEG inducing layer 240 by a gate dielectric 280. The transistors

may be encapsulated by an interlayver dielectric 290.

[#844] The RF mtegrated circuit 200 may also include a coplanar waveguide (not shown in
FIG. 2) formed on the epitaxial layer 230, The RF integrated circuit 200 with the coplanar

wavegiide may be able to operate at high frequencies and may be relatively easv to fabricate.
As described above, the CTE matching between the subsirate and the epitaxial layers enables
extremely low defect density device layers, the ability to grow a broader range of thicknesses

on the cornphiant template materials, and improved thermal performance.

[6645]  In various embodiments, one or more lavers in the interlaver structure 220 may be
thinned to reduce the thermal resistance of the RF substrate 215, In some embodiments, at
teast one of the bonding laver or the adbesion laver between the barrier layer and the
conductive layver may be completely removed (i.e., with a thickness of zero). Table | shows
some exemplary thicknesses of various layers in an RF substrate 215 according to various

embodiments. The first column shows the thicknesses of various layers in an RF substrate
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215 with relatively thick silicon oxide layers. The second column shows the thicknesses of
vartous layers in an RF substrate 215 with relatively thin silicon oxide tayers. The third
columm shows the thicknesses of various layers 1n an RF substrate 215 with no silicon oxide
tayer (NG). Table 2 shows exemplary temperature differences (Delta T) across the RF
substrate 215 with the three tvpes of interlayer structures 220 shown in Table 1. As
thustrated in Tables 1 and 2, thinning the 8102 layer can significantly reduce the thermal

resistance of the R¥ substrate 215, and thus the temperature gradient within the RF substrate

215.
Table 1. Example thicknesses of various layers in the RF substrate
Thick Oxide | Thin Oxide NG (pny
{my {pmy
Single Crystal (5i) 0.4 0.2 6.2
Bonding (5103 1.5 0.25 8
Barrier (S1N) 0.4 0.4 (.4
Adhesion (8i02) 0.1 0.05 8
Conductive (81) 0.3 0.3 0.3
Adhesion (5102) 0.1 0.1 0.1
Core (AIN) 25 25 25
Table 2. Approximate Delta T (K) within the RF substrate
Single Finger (1W/mm} | 10 um Periodic Fingers (1W / om / finger)
Thick Oxide 23 153
Thin Oxide 15 63
4] ~i1 ~44

[6646] According to some other embodiments, in addition to completely removing the
silicon oxide layers (NGO, as shown in the third column in Table 1}, the conductive laver {e.g.,
S1) may also be completely removed. Such an RF substrate 215 may minimize absorption of
RF energy in the interlayer structure 220, while keeping the temperature profile similar to or

better than that exhibited by the RF subsirate 215 with only the silicon oxide lavers removed.

[08471  In devices such as HEMTs, field plates may be used o manipuiate electnc field
distribution o reduce the peak value of the electric field However, the field plates may add
parasific capacitance between the terminals. Thus, in large RF devices, air-bridges may be
used on the {op side metallization to reduce the parasitic capacitance between conductors,

such as gate, source, and drain electrodes. The air-bridges may extend from the elecirode pad
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areas to various components of the RF devices. The air-bridges may be formed of conductive

malerial applied by electro-deposition or electroplating techniques, such as gold (Au) plating,

10048} FIG. 3A 1s a cross-sectional view of an RF integrated circuit 300 including a
grounded coplanar waveguide formed on an RF substrate 315, according to an embodiment
of the present invention. Similar to the RF integrated circuit 200, the RF integrated circuit
300 may include a polvcrystalling core 310 with a polyerystalline ceramic material, such as
polycrystalline alunmunum nitride (AIN). In some embodiments, the polycrystalline core 310
may be thinned to reduce thermal resistance of the polycrystalline core 310, For example, the
polycrystatline core 310 may be thinned to have a thickness of less than abowt 100 pm, less
than about 50 um, less than about 25 um, or less. An mnterlayer structure 320 may be formed
on the polycrystalline core 310, The interlayver structure 320 and the polycrystalline core 310
may collectively form the RF substrate 315, The miterlaver structure 320 may mnclude a first
adhesion laver (e.g., a TEOS or silicon oxide laver), a conductive layer (e.g., a polysilicon
layery, a second adhesion layer {e.g., a TEOS or sihicon oxide layer), and a barrier layer (e g..
a sthicon nitride fayer). The interlayer structure 320 may also include a bonding layer(eg., a
silicon oxide layer), and a substantially single crystal layer {e.g., a single crystal silicon
faver). As discussed with reference to FIG. 1, one or more lavers (e.g., the first adhesion
tayer, the conductive layer, the second adhesion layer, and the barrier laver) in the mterlayer

structure 320 may encapsulate the polverystalline core 310

[6649] Similar to the RF integrated circuit 200, the RF imtegrated circuit 300 may include
one or more epttaxial fayers 330, such as one or more GaN layers, and a two-dimensional
electron gas (ZDEG) inducing laver 340 The RF integrated circmt 300 may also include one
or more transistors formed on the 2DEG mnducing layer 340, The transistors may include a
FET that includes a source 350, a gate 360, and a drain 370. The drain 370 may be connected
to the 2DEG inducing ayer 340. The gate 360 may be a multiple field-plate gate that 15
isolated from the 2DEG inducing layer 340 by a gate dielectric 380, The transistors may be
encapsulated by an interlayer dieleciric 390. The RF integrated circuit 300 may also include

a coplanar waveguide (not shown in FIG. 3A) formed on the epitaxial layer 330.

18650} In the RF mtegrated circuut 200 shown n FIG. 2, the FET may have a relatively
large inductance 1o ground. To reduce the inductance to ground, the interlaver structure 320
in the RF integrated circuit 300 may include one or more metal lavers embedded in the

barrier fayer of the mterlayer structure 320. One or more holes may be etched through the
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2DEG inducing laver 340 and the epitaxial lavers 330 down to the interlaver structure 320,
and may be filled with a conductive material, such as a metal, to form one or more large vias
352. The source 350 of the FET mav be coupled to the one or roore metal layers embedded
in the barrier layer through the one or more large vias 352 In some embodiments, a thick
metal laver (e.g., from about 0.1 1m to abowt 10 pwm thick) may be embedded in the barrier
tayer such that the resistance of the metal layer may be very small. In some embodiments, a
plurality of thinner metal layers may be embedded in the barrier laver to reduce the resistance
of the metal layers, where each of the plurality of metal layers may be separated by a barrier

sub-layer, such as a thin SiN layer.

10651} FIG. 3B 1s a simplified schematic cross-sectional diagram illustrating an RF
substrate 315, according to some embodiments of the present invention. The RF substrate
315 includes a core 310 and a interdayer 320 with embedded metal layer(s). The intertaver
320 may include a first adhesion laver 321 (e.g., 8102), a conductive layer 322 {e.g.,
polysilicon), a second adhesion layer 323 (e g., 8102}, a barrier layer, a bonding laver 328
(e.g., 5i02), and a substantially single crystalline layer 329 {e.g.. 5i). The barrier laver may
mclude a first dielectric layer 324 (e.g., silicon mitnde), a second dielectric laver 325 (e g.,
silicon nitride), a third dieleciric laver 327 {(e.g., silicon nitride)}, and a metal layer 326
sandwiched between the second dielectric layer 325 and the third dielectric layer 327. In
some embodiments, the combination of the second dielectric laver 325 and the metal layer

326 may be repeated N times.

1066521 As lustrated in FIG. 3A, because the source 350 of the FET 1s connected to the one
or more metal layers 326 embedded in the barrier laver of the interlaver structure 320 through
one or more short but arge vias 352, the mductance {rom the source to the ground may be
significantly reduced. Thus, the RF integrated circurt 300 with grounded coplanar waveguide
may be able to operate at a higher frequency than the RF integrated circuit 200 illustrated in
Fi(G. 2. As described above, the UTE maiching between the substrate and the epitaxial
layer(s) enables extremely low defect density device layers, the ability (o grow a broader
range of thicknesses on the compliant template materials, and improved thermal performance.
By epitaxially growing the GaN layer 330 over the interlayer 320 with embedded metal layer
326, it may be ensured that the thickness of the GaN layer 330 is uniform (e.g., the variation
of the thickness may be controlled to be within 3%, or within 1 nm), so that the ground plane
is parallel to the coplanar waveguide. This may be important for achieving low impedance of

the coplanar wavegude.
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[6653] FIG. 4 is a cross-sectional view of an RF integraied circuit 400 including a coplanar
waveguide formed on an RF substraie 415 with backside vias and metal, according to an
ernbodiment of the present invention. The RF integrated circuit 400 mayv be similar to RF
integrated circuit 300 illustrated in FIG. 3A, and may include a polverystalline core 410 with
a polycrvstalline ceramic material, such as polycrystalline aluminum nitride (AIN). In some
embodiments, the polverystalline core 410 may be thinned fo have a thickness of less than
about 100 pm, less than about 50 pum, less than about 25 wim, or less. An interlayer structure
420 similar to mierlayver structure 220 or 320 may be formed on the polyverystalline core 410,
As discussed with reference to FIG. 1, one or more layers (e.g., the first adhesion layer, the
conductive layer, the second adhesion layer, and the barrier layer) in the interlayer structure

420 may encapsulate the polycrystalline core 410,

[8654] The RF integrated circuit 400 may also include one or more epitaxial layers 430,
such as one or more GaN layers, and a two-dimensional electron gas (2DEG) inducing laver
440. The RF integrated circuit 400 may also include one or more transistors formed on the
2DEG mducing layer 440. The transistors may include a FET that includes a source 450, a
gate 460, and a drain 470. The dramn 470 may be connected to the 2DEG inducing laver 440,
The gate 460 may be a nultiple field-plate gate that is 1solated from the 2DEG inducing laver
440 by a gate diclecinc 480. The transistors may be encapsulated by an interlaver dielectric
490. One or more holes may be etched through the 2DEG inducing layer 440 and the
epitaxial layers 430 down to the interlayer structure 420, and may be filled with a conductive

material, such as a metal, to form the vias 452

[3655]  In the RF integrated circuit 400, the polycrystalline core 410 may also include a
plurality of indentations 412 on a surface {e.g., bottom surface) of the polycrystalline ceramic
core 410 opposite to the first adhesion layer. The thickness of the ceramic core 410 in
locations corresponding to the plurality of indentations 412 may be reduced to, for example,
fess than 10 pm, due to the indentations. In some embodiments, the indentations 412 may be
pre-formed in the polycrystalline core 410 during pressing. In some embodiments, the
imdentations 412 mayv be formed in the polverystalline core 410 through wet or dry etching.
A through hole 414 may be etched in the polycrystalline core 410 and/or the mteriayer
structure 420 in locations corresponding to the plurality of indentations 412, Because the
thickness of the polycrystalline core 410 in locations corresponding to the plurality of
indentations 412 is reduced due to the indentations 412, the through hole 414 may be

relatively easy to etch.
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[6656] The RF integrated circuit 400 may include a backside metal laver 416 formed on the
{bottom) surface of the polycrystalline core 410 opposite to the first adhesion laver and filling
the plurality of indentations 412 and the through holes 414 eiched in the polyerystalline core
410 and/or the interlayer siructure 420 at the locations corresponding to the phurality of
indentations 412. The metal-filled indentations 412 form backside vias 412. Thus, the
source 430 may be in contact with the backside metal layer 416 through the vias 452 and the
backside vias 412. The backside metal layer 416 and/or one or more metal layers embedded
in the barrier layer {optional) inside the interiayer 420 may be grounded. As such, the source
450 may have a very low inductance to the ground plane, and the RF integrated circut 400
may operate at an even higher frequency than the RF mtegrated circuit 300 illustrated 10 FIG.
3A. Furthermore, because of the backside metal laver 416, air-bridges mav not be needed in

the RF integrated circuit 400.

{08387} FIG. 515 a plan view of the RF integrated circuit 400 including the coplanar
waveguide formed on the RF substrate 415 with the backside vias 412 shown in FIG 4. FIG.

5 shows that the backside vias 412 may be formed undemeath the source region 450.

{6658} FIG. 6 a cross-sectional view of an RF integrated circuit 600 including a coplanar
waveguide formed on an RF substraie 615 with a backside ground plane, according to an
ernbodiment of the present invention. The RF integrated circuit 600 mayv be simtlar to the RF
integrated circuit 400 illustrated in FIG. 4, and may include a polycrystalline core 610 with a
polycrystaliine ceramic material, such as polycrystalline aluminum miride (AIN). In some
embodiments, the polverystalline core 610 may be thinned fo have a thickness of less than
about 100 pm, less than about 50 pm, less than about 25 um, or less. An interlayer structure
620 similar to the interlayer structure 220, 320, or 420 may be {formed on the polyorvstalline
core 610. As discussed with reference to FIG. 1, one or more layers (e.g., the first adhesion
layer. the conductive layer, the second adhesion laver, and the barrier laver) in the interlayer

structure 620 may encapsulate the polycrystalline core 610.

[8652¢] The RF integrated circuit 600 may also include one or more epitaxial layers 630,
such as one or more GaN layers, and a two-dimsensional electron gas (2DEG) inducing laver
640. The RF integrated circuit 600 may also include one or more transistors formed on the
2DEG mducing layer 640. The transistors may include a FET that includes a source 650, a
gate 660, and a drain 670. The dramn 670 may be connected to the 2DEG inducing layer 640,

The gate 660 may be a nultiple field-plate gate that is isolated from the 2DEG inducing laver

16
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640 by a gate dielectric 680. The {ransistors may be encapsulated by an interlaver dielectric
690. A plurality of holes may be etched through the 2DEG imducing laver 640 and the
epitaxial layers 630 down to the interlayer structure 620, and may be filled with a conductive

material, such as a metal, to form vias 652 connecied to the source 650.

[B668]  In the RF integrated circuit 600, the polycrystalline core 610 may include a plurality
of indentations 612 on a (bottom) surface of the polycrystalline core 610 opposite to the first
adhesion laver. The thickness of the ceramic core 610 m locations corresponding fo the
plurality of indentations 612 may be reduced to, for example, to less than 10 pm, due to the
mdentations 612, In some embodiments, the indentations 612 may be pre-formed m the
polyerystalline core 610 during pressing. In some embodiments, the indentations 612 may be
formed in the polverystalline core 610 through wet or dry etching. A through hole 614 may
be etched in the polycrvstalline core 610 and/or the interlayer structure 620 in locations
corresponding 1o the plurality of indentations 612, Because the thickuess of polycrystalline
core 610 in locations corresponding to the plurality of indentations 612 is reduced due to the
indentations 612, the through hole 614 may be relatively easy to etch. The plurality of
indentations 612 in the RF integrated circuit 600 may have a horizontal dimension rouch
larger than the horizontal dimension of the FET. For example, the plurality of indentations
612 in the RF integrated circuit 600 may have a stze larger than the width of the FET. As
such, the through hole 614 etched in the polycrvstalline core 610 and/or the interiayer
structure 620 in locations corresponding to the plurality of indentations 612 may be large,

such as larger than the area of the FET.

{3661} The RF integrated circuit 600 may include a backside metal layer 616 formed on the
{(bottom) surface of the polverystalline core 610 opposite to the first adhesion layer and filling
the plurality of indentations 612 and the through holes 614 etched 1n the polycrystalline core
610 and/or the interlaver structure 620 at the locations corresponding to the plurality of
indentations 612 to form backside vias 612, such that the source 650 may be in contact with
the backside metal layer 616 through the vias 652 and the backside vias 612, Because the
area of backside vias 612 may be larger than the area of the FET, the backside of the area
under the FET may be filled with the backside metal with no polverystalline core remaining.
The backside metal layer 616 may be grounded.  As such, the source 650 may have an even
lower inductance to a ground plane than the source 450 of the RF integrated circuit 400

thustrated in FIG. 4, and the RF integrated circuit 600 may operate at even higher frequencies
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than the RF integrated circuit 400. Furthermore, as in the RF integrated circuit 400, air-

bridges may not be needed n RF integrated circuit 600,

18662} FIG. 7 15 a plan view of the RF integrated circuit 600 including the coplanar
waveguide formed on the RF substrate 615 with the backside ground plane shown in FIG. 6.
FiG. 7 shows that the backside vias 612 may be formed underneath the whole area of the

FET.

[#863] FIG 81s a cross-sectional view of an RF integrated circuit 800 including a coplanar
waveguide formed on an R¥ substrate with a backside metal laver 816 afier the RF substrate
is removed, according to an embodiment of the present invention. Similar to the RF
mtegrated circuit 600 llusirated in FIG. 6, the backside metal layer 816 may be connecied to
the source 650 through one or mwore vias 652, and thus may serve as a ground plate. As
shown in FIG. 8, in some embodiments, the RF substrate may be completely removed from
the RF integraied circuit 800, which may further reduce the thermal resistance of the RF
integrated circuit 800 and may also be beneficial for packaging {e.g., improving backside
solder uniformity). The polycrystalline core 610 may be removed in the RF integrated circuit
800 with epitaxial layers of various thicknesses. In an RF integraied circuit 800 with a thick
epttaxial layer 630, the backside metal laver 816 and the epitaxial layer 630 may form a part
of a grounded coplanar wavegumde. In an RF integrated circunt 800 with a thick epitaxial
fayver 630 and with the polycrystalline core 610 removed, thermal resistance from the
subsirate and the interiayers can be eliminated and the backside metal layer 816 can provide a

very tow~-inductance path to ground.

{0064} FIG. 915 a simplified flowchart dlustrating a method 900 of forming a RF
integrated circuit according to some embodiments of the present invention. The method 900
may include providing a polycrystalline ceramic core (9023, and forming an interiayer
structure coupled to the polyverystalline ceramic core (904). The interdayer structure may
include a first silicon oxide layer coupled to the polyerystalline ceraric core, a polvsilicon
faver coupled to the first sificon oxide layer, a second silicon oxide laver coupled to the
polysilicon layer, a barrier layer coupled to the second silicon oxide layer, a third silicon
oxude layer coupled to the barner layer, and a substantially single crystalline siticon layer

coupled to the third silicon oxide layer.

[66658] The method 900 may further include growing an epitaxial GaN laver coupled to the

substantially single crystalline silicon layer {906}, and growing a two-dimensional eleciron
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gas (ZDEG) inducing layer coupled to the epitaxial GaN layer (908). The method 900 may
further include forming a drain coupled to a first region of the 2DEG wnducing layer (910},
forming a source coupled to a second region of the 2DEG inducing laver (912), formung a
gate dielectric layer coupled to a third region of the 2DEG inducing layer (914), and forming

a gate coupled to the gatle dielectric laver (916).

[#866] 1t should be appreciated that the specific steps illustrated in FIG. 18 provide a
particular method of fabricating an engineered substrate according to an embodiment of the
present invention. Other sequences of steps may also be performed according to alternative
embodiments. For example, alternative embodiments of the present invention may perform
the steps outlined above in a different order. Moreover, the individual steps illusirated in
Fi(G. 18 may mnclude multiple sub-steps that may be performed in various sequences as
appropriate to the individual step. Furthermore, additional steps may be added or removed
depending on the particolar applications. One of ordinary skill in the art would recognize

many variations, modifications, and altematives.

[6667] Although some embodiments have been discussed in terms of a layer, the term layer
should be understood such that a laver can include a number of sub-layers that are built up to
form the layer of interest. Thus, the term layer 1s not intended to denote a single fayer
consisting of a single material, but to encorapass one or more materials layered in a
composite manner to form the desired structure. One of ordinary skill in the art would

recognize many vartations, modifications, and alternatives.

[6068] 1t1s understood that the examples and embodiments described heretn are for
tHustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are 1o be included within the spirtt and purview of

this application and scope of the appended claims.



CLAIMS

1. A substrate for radio frequency (RF) devices comprising:
a polycrystalline ceramic core; and
an interlayer structure comprising:
a first silicon oxide layer coupled to the polycrystalline ceramic core;
a polysilicon layer coupled to the first silicon oxide layer;
a second silicon oxide layer coupled to the polysilicon layer;
a barrier layer coupled to the second silicon oxide layer;
a third silicon oxide layer coupled to the barrier layer; and
a substantially single crystalline silicon layer coupled to the third silicon

oxide layer.

2. The substrate of claim 1 wherein the polycrystalline ceramic core

comprises aluminum nitride.

3. The substrate of claim 1 wherein a thickness of the third silicon oxide

layer is less than about 250 nm.

4. The substrate of claim 1 wherein the polycrystalline ceramic core has a

thickness that is less than or equal to about 25 um.

5. The substrate of claim 1 further comprising:
an epitaxial gallium nitride (GaN) layer coupled to the substantially single
crystalline silicon layer; and

a coplanar waveguide formed on the epitaxial GaN layer.

6. The substrate of claim 5 further comprising:
a two-dimensional electron gas (2DEG) inducing layer coupled to the epitaxial
GaN layer; and
a field effect transistor (FET) comprising:
a drain coupled to a first region of the 2DEG inducing layer;
a source coupled to a second region of the 2DEG inducing layer;

a gate dielectric layer coupled to a third region of the 2DEG inducing
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layer; and

a gate coupled to the gate dielectric layer.

7. The substrate of claim 6 wherein the barrier layer comprises:
a first silicon nitride layer coupled to the second silicon oxide layer;
a metal layer coupled to the first silicon nitride layer; and

a second silicon nitride layer coupled to the metal layer.

8. The substrate of claim 7 further comprising a first via through the epitaxial
GaN layer and the 2DEG inducing layer, the first via coupling the source to the metal layer,

wherein the metal layer is connected to ground.

9. The substrate of claim 8 wherein the polycrystalline ceramic core
comprises an indentation on a surface of the polycrystalline ceramic core opposite to the first
silicon oxide layer, the substrate further comprising:

a second via through the polycrystalline ceramic core in a location corresponding
to the indentation; and

a backside metal layer coupled to the surface of the polycrystalline ceramic core
and filling the second via, wherein the second via connects the source of the FET to the backside

metal layer, and wherein the backside metal layer is connected to ground.

10. The substrate of claim 9 wherein a thickness of the polycrystalline ceramic

core in the location corresponding to the indentation is less than 10 pm.

1. The substrate of claim 9 wherein a width of the indentation is greater than

a width of the FET.

12. A radio frequency (RF) device comprising:

a polycrystalline ceramic core;

an interlayer structure comprising:
a first silicon oxide layer coupled to the polycrystalline ceramic core;
a polysilicon layer coupled to the first silicon oxide layer;

a second silicon oxide layer coupled to the polysilicon layer;

21



a first silicon nitride layer coupled to the second silicon oxide layer;

a metal layer coupled to the first silicon nitride layer;

a second silicon nitride layer coupled to the metal layer;

a third silicon oxide layer coupled to the second silicon nitride layer; and

a substantially single crystalline silicon layer coupled to the third silicon
oxide layer;

an epitaxial gallium nitride (GaN) layer coupled to the substantially single

crystalline silicon layer;

a two-dimensional electron gas (2DEG) inducing layer coupled to the epitaxial

GaN layer;
a field effect transistors (FET) comprising:
a drain coupled to a first region of the 2DEG inducing layer;
a source coupled to a second region of the 2DEG inducing layer;
a gate dielectric layer coupled to a third region of the 2DEG inducing
layer; and

a gate coupled to the gate dielectric layer; and
a first via through the epitaxial GaN layer and the 2DEG inducing layer, the first
via coupling the source to the metal layer of the interlayer structure, wherein the metal layer is

connected to ground.

13. The RF device of claim 12 further comprising a waveguide coupled to the

epitaxial GaN layer.

14. The RF device of claim 12 wherein the third silicon oxide layer has a

thickness that is equal to or less than about 250 nm.

15. The RF device of claim 12 wherein the polycrystalline ceramic core has a

thickness that is equal to or less than about 25 pum.

16. The RF device of claim 12 wherein the polycrystalline ceramic core
comprises an indentation on a surface of the polycrystalline ceramic core opposite to the first

silicon oxide layer, the RF device further comprising:
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a second via through the polycrystalline ceramic core in a location corresponding
to the indentation; and

a backside metal layer coupled to the surface of the polycrystalline ceramic core
and filling the second via, wherein the second via connects the source of the FET to the backside

metal layer, and wherein the backside metal layer is connected to ground.
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