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(57) Abstract: Surface acoustic wave, SAW, filter packages (103) employing an enhanced thermally conductive cavity frame (128)
for heat dissipation, and related fabrication methods are disclosed. The SAW filter package also includes a cavity frame comprising a
perimeter structure and a cavity (120) inside the perimeter structure coupled to a substrate of a piezoelectric material (104) that contains
interdigital transducers, IDTs (108(1), 108(2)). A cap substrate (126) is disposed on the perimeter structure of the cavity frame to
enclose an air cavity (120) inside the perimeter structure between a substrate and the cap substrate. [n exemplary aspects, to effectively
dissipate heat generated inthe SAW filter package to maintain the desired performance of the SAW filter, the cavity frame is comprised
of a material that has an enhanced thermal conductivity larger than 5 W/Km, like diamond, silicon nitride, aluminum oxide, sapphire.
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The heat generated in the SAW filter package can more effectively be dissipated, particularly at edges and comers of the cavity frame
where hot spots can particularly occur. Edges of the cap substrate (126) and frame (128) may be aligned for manufacturing details
like aligning of cap and base substrate. Flip-chip connections on top of cap substrate with connections at outer aligned side-walls of
cap substrate and frame.
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SURFACE ACOUSTIC WAVE (SAW) FILTER PACKAGES EMPLOYING AN
ENHANCED THERMALLY CONDUCTIVE CAVITY FRAME FOR HEAT
DISSIPATION, AND RELATED FABRICATION METHODS

PRIORITY APPLICATION

{6001} The present application claims priority to U.S. Patent Application Serial No.
17/409,282, filed August 23, 2021 and entitled “SURFACE ACOUSTIC WAVE (SAW)
FILTER PACKAGES EMPLOYING AN ENHANCED THERMALLY CONDUCTIVE
CAVITY FRAME FOR HEAT DISSIPATION, AND RELATED FABRICATION

METHODS,” which is incorporated herein by reference in s entirety.

BACKGROUND

L Ficld of the Disclosure

{6602] The ficld of the disclosure relates {o surface acoustic wave (SAW) filters, and

more particularly to SAW {ilter packages.

il Background

{8003} Maobile wireless device manufacturers pack ever-increasing capabilities into
hand-held sized packages. Increasing capability moeans that more electronic coraponents
must fit into the package. This trend drives a size reduction of electronic components
used for radio-frequency (RF) signal processing. A challenge to mmaturizing electronic
components i3 finding a way to provide the same function 1o a physically smaller
electronic device. Another challenge to mimiaturizing electronic components 15 created
by a physically smaller device dissipating the same or simular amount of power, leading
to the same or similar heat generation. Heat generated within a physically smaller device
lcads fo higher operating temperatures in a smaller package, which increases the potential
to affect device performance and its life span. Thus, there 15 3 desire to find ways for
more effectively dissipating heat when reducing the device size.

{6004] One device that has been employed in RF signal processing cuwenits provided
iry smaller electronic devices for signal filtering is a surface acoustic wave (SAW) filter.
The SAW filter removes or reduces the energy i oue or more bands of frequencies from
an input analog signal. A SAW filter filters frequencies by transforming electromagnetic

wave propagation into mechanical wave propagation on the surface of a substrate
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material. SAW filters can be implemented in die-sized SAW packages (BSSPs} for use
in a mobile device, as an example. SAW DSSP technology has been significant in the
reduction of mobile device sizes. However, there is continued demand for further size
reduction of SAW DSSP as well as cffectively dissipating heat when reducing such

devices.

SUMMARY OF THE DISCLOSURE

{BO0S] Aspects disclosed heremn tnclude surface acoustic wave (SAW) filter packages
employing an enhanced thermally conductive cavity frame for heat dissipation. Related
fabrication methods are also disclosed. The SAW filter package includes a functional
substrate (“substrate”) that comprises a piezoclectric material and has a first surface with
a first and second interdigital transducer (IDT) disposed therein to provide a3 SAW filter
cireuit. The SAW filter package also includes a cavity frame comprising a frame
perimeter structure and a cavity inside the frame penimeter structure coupled to the
substrate. A cap subsirate is disposed on the frame perimeter structure of the cavity frame
to enclose an air cavity inside the frame perimeter structure between the substrate and the
cap substrate. In exemplary aspects, to effectively dissipate heat generated in the SAW
filter package to maintain the desired performance of the SAW filter, the cavity frame 18
comprised of a material that has an enhanced thermally conductivity. For example, the
cavity frame may be comprised of a diamond material to provide a diamond cavity frame.
As another example, the cavity frame way be comprised of a waterial that has a thermal
conductivity of at least five (5) Watts (W) per meter (m}-Kelvin (W/m-K). In this manner,
heat generated i the SAW filter package can more effectively be dissipated, particularly
at edges and comers of the cavity frame where hot spots can particularly occur,

{6006] Also, mn other exeraplary aspects, the side walls of the cavity frame are aligned
or co-planar to the side walls of the cap substrate in a vertical direction, as opposed to the
side walls of the cavity frame extonding further outward from the side walls of the cap
substrate forming a shoulder area or staggered frame edge. In this manner, the area of the
SAW filter is reduced in the horizontal direction to reduce the area of the SAW filter
package, which may be desived if the SAW filter package is eruployed n devices with
reduced available area for circuit packages. Aligning the side walls of the cavity frame

and cap subsirate can also reduce metal interconnect path lengths between metal
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interconnects (e.g., solder bumps) on the cap substrate and metal interconnects on the
substrate. In certain other exemplary aspects, to achieve co-planarity between the cap
substrate and cavity frame side walls, the cavity {frame is patterned and formed on the cap
substrate as opposed to the substrate. This allows the cavity frame patterned on the cap
subsirate to be diced in a vertical direction in a dicing step such that their respective side
walls are co-planar in the vertical direction. This can avoid or reduce misalignment
between the cap substrate and cavity frame that may otherwise occur if the cavity frame
is formed on the substrate, wherein the cap substrate must then be aligned and coupled to
the cavity frame that has a greater width to provide an alignment tolerance to the cap
substrate. Further, forming the cavity frame on the cap substrate may also be
advantageous if the thermal budget for deposition of the cavity frame material exceeds
the thermal budget of the substrate. This can avoid diffusion of the metal interconnects
in the metallization layers of the substrate that could adversely affect performance of the
SAW filter package. The cap substrate may be formed from a material that does not
include metallization structures and thus can tolerate the increased thermal budget for the
cavity frame material deposition.

{8007} In this regard, in one exemplary aspect, a SAW filter package is disclosed.
The SAW filter package mcludes a substrate including a piezoclectric material and having
a first surface. The SAW filter package also includes a cap substrate. The SAW filter
package also includes a diamond cavity frame disposed between the substrate and the cap
substrate that forms a cavity between the cap subsirate and the first surface of the
substrate, The SAW filter package also includes a first IDT on the first surface of the
substrate inside the cavity. The SAW filter package also includes a second IDT on the
first surface of the substrate mside the cavity.

{6008] In another exemplary aspect, a SAW filter package 1s disclosed. The SAW
filter package includes a substrate inchuding a piezoelectric material and having a first
surface. The SAW filter package also inchudes a cap substrate, The SAW filter package
also includes a cavity frame having a thermal conductivity of at least five (5) Watts (W)
per meter (m-Kelvin (W/m-K)}. The cavity frame is disposed between the substrate and
the cap substrate that forms a cavity between the cap substrate and the first surface of the

substrate. The SAW filter package also includes a first IDT on the first surface of the
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substrate inside the cavity. The SAW filter package also inchudes a second IDT on the
first surface of the subsirate inside the cavity.

{B0O9] In another exemplary aspect, a method of fabricating a SAW filter package is
disclosed. The method includes providing a cap substrate comprising a first surface. The
method also includes coupling a first surface of a cavity frame to the cap subsirate. The
cavity frame has a thermal conductivity of at least 5 W/m-K. The method also includes
providing a subsirate including a piezoelectric material, a first surface, a first IDT on the
first surface of the substrate, and a second 07T on the first surface of the substrate. The
method also mcludes coupling a second surface of the cavity frame to the first surface of
the substrate thereby forming a cavity between the cap substrate and the first surface of

the substrate and enclosing the first IDT and the second IDT.

BRIEF DESCRIPTION OF THE FIGURES

{6010} Figure 1A is a cross-sectional side view of an exemplary circuit package that
includes a surface acoustic wave (SAW) filter package employing an enhanced thermally
conductive cavity frame for heat dissipation and a co-planar cap subsirate and cavity
frame for die size reduction and shorter metal interconnect paths;

{6011} Figure 1B 1s a perspective side view of the SAW filter package i the circust
package in Figure 1A emploving an enhanced thermally conductive cavity frame for heat
dissipation and a co-planar cap substrate and cavity frame for die size reduction and
shorter metal interconnect paths;

16012} Figure 2A 15 a cross-sectional side view of the SAW filter package in Figures
1A and 1B employing an enhanced thermally conductive cavity frame for heat dissipation
and a co-planar cap substrate and cavity frame for die size reduction and shorter metal
interconnect paths;

{8013} Figure 2B s a perspective side view of the SAW filter package in Figure 2A
iHustrating the frame perimeter structure of the cavity frame;

{6014] Figure 2C 1s a close-up, cross-sectional side view of a section of the SAW
filter package in Figure 2A iHlustrating the co-planarity of the cap substrate and cavity
frame;

[B015] Figure 3 is a cross-sectional side view of a SAW filter package that does not

wnclude an enhanced thermally conductive cavity frame for heat dissipation and a co-
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planar cap subsirate and cavity frame for die size reduction and shorter metal interconnect
paths;

{B016] Figure 4 i3 a flowchart illustrating an exemplary process of {abricating a SAW
filter package cmploying an enhanced themmally conductive cavity frame for heat
dissipation with a co-planar cap substrate and cavity frame, inchuding, but not livaited to,
the SAW filter package in Figures 1A-2C;

{8017} Figures SA-5C are a flowchart illustrating another exemplary process for
fabricating an enhanced thermally conductive cavity frame co-planar with a cap substrate
for a SAW filter package for heat dissipation, mcluding, but not limited o, the cavity
frame and cap substrate in the SAW filter package in Figures 1A-2C;

{6018} Figures 6A-61 iHlustrate exemplary fabrication stages during fabrication of an
enhanced thermally conductive cavity frame co-planar with a cap substrate for a SAW
filter package for heat dissipation, including, but not limited to, the cavity frame and cap
substrate i the SAW filier package 1o Figures 1A-2C, according to the exemplary
fabrication process in Figures SA-5C;

{8019} Figure 7 1 a flowchart illustrating an exemplary process for fabricating a
substrate for a SAW filter package, inchuding, but not limited to, the substrate in the SAW
filter package in Figures 1A-2C;

{6020} Figures RA and 8B illustrate exemplary fabrication stages during fabrication
of a substrate for a SAW filter package, including, but not limiied to, the substrate in the
SAW filter package 1n Figures 1A-2C, according to the exemplary fabrication process in
Figure 7;

{6021} Figure 9 15 a flowchart tlustrating an exernplary process for assembling an
enhanced thermally conductive cavity frame co-planar with a cap substrate, coupled to a
substrate to create a SAW filter package, mchuding, but not hmited fo, the SAW filter
package in Figures 1A-20C;

{6022} Figures 10A and 10B illustrate exemplary fabrication stages during assembly
of an enhanced thermally conductive cavity frame co-planar with a cap substrate, coupled
to a substrate to create a SAW filter package, including, but not limited to, the SAW filter

package 1o Figures 1A-2C, according to the exemplary fabrication process wn Figure 9;
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{6023] Figure 11 is a cross-sectional side view of an exemplary circuit package that
includes a SAW filier employing an enhanced thermally conductive cavity frame for heat
dissipation;

16024} Figure 12A is a perspective side view of the SAW filter package in the circuit
package i Figure 11 emploving an enhanced thermally conductive cavity frame for heat
dissipation;

[86025] Figure 12B 18 a cross-sectional side view of the SAW filter package i Figure
11 employing an enhanced thermally conductive cavity frame for heat dissipation;
{6026] Figure 13 1s a block diagram of an exemplary processor-based system that can
include components that can inchude a SAW filter package employing an enbanced
thermally conductive cavity frame for heat dissipation and/or a co-planar cap substrate
and cavity frame for die size reduction and shorter metal interconnect paths, including,
but not limited, to the SAW filter packages in Figures 1A-2C and 11-12B, and according
to the exemplary fabrication processes o Figures 4-108; and

{6027} Figure 14 is a block diagram of an exemplary wireless communications device
that includes radio~-frequency (RF) compounents that can include a SAW filter package
employing an enhanced thermally conductive cavity frame for heat dissipation and/or a
co-planar cap substrate and cavity frame for die size reduction and shorfer metal
mterconnect paths, including, but not limited to, the SAW filter packages in Figures 1A-

2C and 11-128, and according to the exemplary fabrication processes m Figures 4-10B.

DETAILED DESCRIPTION

{6028] With reference now to the drawing figures, several exemplary aspects of the
present disclosure are described. The word “exemplary” is used herein to mean “serving
as an example, mstance, or Hlustration.” Any aspect described herein as “exemplary” 1s
not necessarily to be construed as preferred or advantageous over other aspects.

16029} Aspects disclosed herein include surface acoustic wave (SAW) filter packages
employing an enhanced thermally conductive cavity frame for heat dissipation. Related
fabrication methods are also disclosed. The SAW filter package includes a functional
substrate (“substrate”) that comprises a piezoelectric material and has a first surface with
a first and second interdigital transducer (IDT) disposed therein to provide a3 SAW filter

cireuit,. The SAW filter package also includes a cavity frame comprising a frame
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perimeter structure and a cavity inside the frame perimeter structure coupled to the
substrate. A cap subsirate 1s disposed on the frame perimeter structure of the cavity frame
to enclose an air cavity inside the frame perimeter structure between the substrate and the
cap substrate. In exemplary aspects, to effectively dissipate heat generated in the SAW
filter package to waintain the desired performance of the SAW filter, the cavity frame s
comprised of a material that has an enhanced thermally conductivity. For example, the
cavity frame may be comprised of a diamond material to provide a diamond cavity frame.
As another example, the cavity frame may be comprised of 2 material that has a thermal
conductivity of at least five (5) Watts (W) per meter (m)-Kelvin {W/m-K). In this manner,
heat generated in the SAW filter package can more effectively be dissipated, particularly
at edges and comers of the cavity frame where hot spots can particularly occur,

{8036} Also, in other exemplary aspects, the side walls of the cavity frame are aligned
or co-planar {o the side walls of the cap substrate in a vertical direction, as opposed {o the
side walls of the cavity frame extending further outward from the side walls of the cap
substrate forming a shoulder area or staggered frame edge. In this manner, the area of the
SAW filter 18 reduced o the honizontal direction o reduce the area of the SAW filter
package, which may be desired if the SAW filter package is employed in devices with
reduced available area for circuit packages. Aligning the side walls of the cavity frame
and cap substrate can also reduce metal interconnect path lengths between metal
mterconnects {e.g., solder bumps) on the cap substrate and metal interconnects on the
substrate. In certain other exemplary aspects, to achieve co-planarity between the cap
substrate and cavity frame side walls, the cavity frame is patterned and formed on the cap
substrate as opposed to the substrate. This allows the cavity frame patierned on the cap
substrate to be diced in a vertical direction in a dicing step such that their respective side
walls are co-planar in the vertical direction. This can aveid or reduce misaligniment
between the cap substrate and cavity frame that may otherwise occur if the cavity frame
is formed on the substrate, wherein the cap substrate must then be aligned and coupled to
the cavity frame that has a greater width to provide an alignment tolerance to the cap
substrate. Further, forming the cavity frame on the cap substratc may also be
advantageous if the thermal budget for deposition of the cavity frame material exceeds
the thermal budget of the substrate. This can avoid diffusion of the metal interconnects

in the metallization layers of the substrate that could adversely affect performance of the
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SAW filter package. The cap substrate may be formed from a material that does not
include metallization structures and thus can tolerate the increased thermal budget for the
cavity frame material deposition.

{6031} In this regard, Figure 1A is a cross-sectional side view of an exemplary circuit
package 100 that inchudes a SAW filier package 102 that provides 3 SAW filter circuit
103, The SAW filter package in Figure 1 A is shown along a cross-section line A-Af” in
Figare 1B. The SAW filter package 102 is each configured to block certain frequency
ranges of an input radio-frequency (RF) signal. For example, the circuit package 100
may be imncluded in another integrated circuit (IC) package that includes RF
transmission/reception circuity and antennas where the SAW filter package 102 is
emploved to filter transmmitied and/or recetved RY signals. The SAW filter package 102
includes a substrate 104 that is made from a piezoelectric material 106 in this example.
A first interdigital transducer (IDT) 108(1) s disposed on a first surface 110 of the
substrate 104 as an mnput circuit. A second IDT 108(2) is also disposed on the first surface
110 of the substrate 104 adjacent fo the first IDT 108(1} as an output circuit. The first
IDT 108(1) 1s configured to receive a RF signal throngh a first metal interconnect 112(1)
coupled to a first metal conductor 114(1). The first metal conductor 114(1} is coupled
through the metal imferconnect 122(2) (e.g., solder bumps, solder balls) on the cap
subsirate 126, to metal interconnects 124 {e.g., metal lines, metal traces, vertical
interconnect accesses (vias)) i metalbization layers 116(1), 116(2) in a package substrate
iR to a sigoal sowrce. The first DT 108(1) is configured to convert the received
electrical RF signal into an acoustic wave that is emitted in a cavity 120 formed between
the substrate 104 and the cap substrate 126, In this example, the cavity 120 18 an air
cavity. The second IDT 108(2} is configured to receive a filtered acoustic wave of the
emitted acoustic wave emtited by the first IDT 108(1) and convert filiered acoustic wave
into a filtered RF signal. The filtered RF signal is coupled to 3 second metal interconnect
112{2} coupled to a second metal conductor 114(2). The second metal conductor 114(2)
is coupled through a metal interconnect 122(2) {e.g., solder bumps, solder balls) on the
cap substrate 126, to the metal interconnects 124 in the metallization layers 116(1), 116(2)
in the package substrate 118 to another circuit to receive the filtered RF signal.

{6032} To form the cavity 120 in the SAW filter package 102 wn Figure 14, the cap

substrate 126 1s disposed on g cavity frame 128 that 1s disposed on the substrate 104, The
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cavity frame 128 provides a stand-off between the cap substrate 126 and the substrate
104, The cap substrate 126 1s a substrate of matenial that 15 used to form the cavity 120.
‘The cap subsirate 126 is disposed on the frame perimeter structure of the cavity frame
128 to enclose the cavity 120 inside the frame perimeter structure between the substrate
104 and the cap substrate 126, Heat is generated inside the cavity 120 as a result of the
operation of the SAW filter circuit 103. Excessive heat that is not effectively dissipated
can increase the temperature of the SAW filter circuit 103 and negatively affect iis
filtering performance. The SAW filter circuit 103 will shift its blocking frequencies
upwards at lower temperatures and downwards at higher teraperatures 1o g linear fashion.
Thus, it 18 important to effectively dissipate heat generated in the SAW filter package 102
to maintain the desired performance of the SAW filter circuit 103, In thus regard, as
discussed i more detail below, in this example, the cavity frame 128 is comprised of a
material that has an enhanced thormal conductivity, as opposed to for example, a polymer
matenal that 1s not a good thermal conductor. For example, the cavity frame 128 may be
comprised of a diamond material to provide a diamond cavity frame. As another example,
the cavity frame 128 may be comprised of a material that has a thermsal conductivity of at
least five (5} Watts {W) per meter {m}-Kelvin {W/m-K}. A diamond cavity frame may
have a thermal conductivity between and inchuding 600 — 2,000 W/m-K. In this manner,
heat generated m the SAW filter package 102 can more effectively be dissipated,
particularly at edges and comers of the cavity frame 128 where hot spots can particulardy
occur.

{6033] Also, as discussed in more detail below, in this cxample, the SAW filter
package 102 eraploys the cap substrate 126 that has side walls 130 that are co-planar with
side walls 132 of the cavity frame 128 in a vertical direction in the Z-axis direction. This
is also shown in the perspective side view of the SAW filter package 102 i Figure 1B.
This is opposed to the side walls 130 of the cap substrate 126 being staggered in the
horizontal direction in the Y-axis direction with the side walls 132 of the cavity frame
128, This can facilitate die size reduction of the SAW filter package 102 in the X-axis
direction and also shorter metal interconnect paths of the metal conductors 114(1), 114(2).
Aligning the respective side walls 132, 130 of the cavity frame 128 and the cap substrate
126 can also reduce metal conductor 114(1), 114(2) path lengths between respective metal

mterconmnects 112(1), 112(2) on the substrate 104 and the respective metal mterconnects
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122¢1}, 122(2) on the cap substrate 126 and metal interconnects 112{(1), 112(2} on the
substrate 104, In certain other exemplary aspects, to achieve co-planarity between the
side walls 130 of the cap substrate 126 and side walls 132 of the cavity frame 12§, the
cavity frame 128 can be patterned and formed on the cap substrate 126 first in a
fabrication process of the SAW filier package 102, as shown i Figure 1B, This is
opposed to the cavity frame 128 being first formed on the substrate 104. This allows the
cavity frame 128 patterned on the cap subsirate 126 {o be diced 1n a vertical divection (Z-
axis direction} in a dicing step such that the respective side walls 130, 132 of the cap
substrate 126 and cavity frame 128 are co-planar in the vertical direction. This can avoid
or reduce misalignment between the cap substrate 126 and cavity frame 128 that may
otherwise occur if the cavity frame 128 is first formed on the subsirate 104, The latter
scenaric may require the cavity frame 128 to have a greater width in the horizontal
direction {X-axis direction) to support providing an alignment tolerance between the
cavity frame 128 and the cap substrate 126, Further, forming the cavity frame 128 in the
horizontal direction {X-axis direction} on the cap substrate 126 may also be advantageous
if the thermal budget for depostiion of the matenial of the cavity frame 128 exceeds the
thermal budget of the substrate 104, For example, the heat generated by deposition of the
cavity frame 128 may be diffused by the metal interconnects 124 in the metallization
layers 116(1), 116{2) of the substrate 104 and could adversely affect performance of the
circuit package 100. The cap substrate 126 may be formed froms a matenal that does not
include metallization structures and thus can tolerate the increased thermal budget of the
material deposition of the cavity frame 128.

{6034] To provide more exemplary details of the SAW filter package 102 in Figures
1A and 1B employing an eshanced thermally conductive cavity frame 128 for heat
dissipation and a co-planar cap subsirate 126 and cavity frame 128 for die size reduction
and shorter metal conductor 114{1), 114(2} paths lengths, Figures 2A and 2B are
provided. Figure 2A is cross-sectional side view of the SAW filter package 102 in Figures
1A and 1B. Figure 2B 1s a perspective side view of the SAW filter package in Figure ZA
ithustrating the frame perimeter structure of the cavity frame 128,

{8035} In this regard, as illustrated 1n Figure 2A, the first and second 1DTs 108(1},
1082} are disposed on the first surface 110 of the substrate 104, The cavity frame 128 is

disposed between the cap substrate 126 and the first surface 110 of the substrate 104, As
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shown iy Figure 2B, the cavity frame 128 inchudes a frame perimeter structure 200 that
has an mternal cavity 202 mmside the frame penimeter structure 200, The internal cavity
202 will create the cavity 120 of the SAW filter package 102 as a result of the cavity
frame 128 being disposed between the substate 104 and the cap substate 126, As
discussed above, the cavity frame 128 can have a thermal conductivity of at least five (5)
W/m-K to be more effective in dissipating heat generated in the SAW filter package 102.
This 1s opposed to providing the cavity frame 128 of a polymer material that may have a
thermal conductivity between 0.1 ~ 0.5 W/m-K. For example, the cavity frame 128 may
be a diamond cavity frame made from a diamond reaterial that has a thermal conductivity
between and including 600 - 2,000 W/m-K. Providing the cavity frame 128 as a diamond
cavity frame may also allow the matenial of the cap subsirate 126 to be provided of a less
expensive material, such as Silicon, because as discussed below, the cavity frame 128 i3
formed on the cap substrate 126 in an exemplary fabrication process, Diamond material
can be disposed (e.g., through a depostiion or sputtering process) and bonded to Silicon.
{6036] With continuing reference to Figure 2A, the frame perimeter structure 200
mcludes a first perimeter surface 204(1) that is disposed on or adjacent to the first surface
110 of the substrate 104, Other examples of materials that can be used to form the cavity
frame 128 and that have an enhanced thermal conductivity inchude aluminum oxide,
silicon nitride, and/or sapphire, as non-himiting examples. The frame perimeter structure
200 also has a second perimeter surface 204(2) that is on the opposite side of the first
perimeter surface 204(1) i a vertical axis dwection (Z-axis direction). The second
perimeter surface 204(2) of the frame perimeter structure 200 is disposed on or adjacent
to a second surface 205 of the cap substrate 126, Metal interconnects 208(1), 208(2) are
disposed on or adjacent to a first surface 210 of the cap substrate 126 to support the
coupling of the metal interconnects 122(1), 122(2) to the metal conductors 114(1), 114(2).
The first perimeter surface 204(1) of the frame perimeter structure 200 of the cavity frame
128 may be disposed on a pad 213 that is disposed on the first surface 110 of the substrate
104, to faciitate bonding of the material of the cavity frame 128 to the substrate 104, For
example, the pad 213 may be an Aluminum pad that supports the bonding of a diamond
cavity frame 128 to the substrate 104, The metal interconnects 112{(1}, 112(2) may also

be an Aluminum material to promote such bonding.
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{6037 in the example of the SAW filter package 102 shown in Figure 2B, the frame
perimeter structure 200 of the cavity frame 128 comprises a rectangular-shaped frame
perimeter structure that mcludes four side structures 206(1)-206(4) disposed at right
angles to each other. The four side structures 206(1}-204(4} of the frame perimeter
structure 200 define an outer perimeter with a cavity 207 formed inside the frame
perimeter structure 200. The second perimeter surface 204(2) of the frame perimeter
structure 200 is formed by the bottom surfaces of the side structures 206(1)-206(4)
Figare 2B. The second perimeter surface 204(2) of the frame perimeter structure 200 is
formed by the top surfaces of the side structures 206(13-206(4). To also assist in the
performance of the SAW filter circuit provided by the SAW filter package 102, the cavity
frame 128 may be provided that has a coefficient of thermal expansion (CTE) less than
or equal to ten (10) parts per million {ppm} per degree Celsius {C) (ppm/deg C). In this
manner, the cavity frame 128 is less susceptive to expansion and confraction in response
to teraperature changes that may occur due to heat generaled during operation of the SAW
filter circuit 103, For example, a cavity frame 128 made from a diamond material may
have a CTE less than or equal to one {1} ppm/deg C. Further, to reduce or minimyze the
electrical interference between the cavity frame 128 and the substrate 104 and the IDTs
108(1), 108(2) of the SAW filter package 102, the cavity frame 128 may be provided of
a material that has an electrical resistivity greater than or equal to 1 x 10" Ohms
centimeter (cm) (Ohms cm). For example, a cavity frame 128 made from a diamond
material may have an electrical resistivity between and including 1 x 10" and 1 x 1018
Ohms cm.

{6038] Figure 2C 15 a close-up, cross-sectional side view of a section of the SAW
filter package 102 in Figure 2A illustrating the co-planarity of the side walls 130, 132 of
the respective cap substrate 126 and cavity frame 128. As shown therein, in this example,
the side walls 130 of the cap substrate 126 and the side walls 132 of the cavity frame 128
are co-planar or substantially co-planar with cach other along plane P, In other words,
the side walls 130 of the cap substrate 126 and the respective side walls 132 extend out
in the horizontal direction (X-axis direction} to the same point or approximately the same
point. The side walls 130 of the cap substrate 126 and the side walls 132 of the cavity
frame 128 extend along respective longitudinal axes L1, 12 that are parallel to each other

to the same or substantially the same point in the horizontal direction or Y-axis of plane
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Py inthe Y-X axes. Although Figure 2C only shows a left side of the SAW filter package
102 i Figures 2A and 2B, the same features are also provided on the other sides of the
SAW filter package 102. Providing planar or substantially co-planar side walls 130 of
the cap substrate 126 and side walls 132 of the cavity frame 128 allows the metal
conductor 114(1} to extend along the outside of the side walls 130 of the cap substrate
126 and the side walls 132 of the cavity frame 128 in the vertical or Z-axis direction
without creating a jog or shoulder area that would be present if the side walls 130 of the
cap substrate 126 and the side walls 132 of the cavity frame 12K were staggered in their
extension in the horizontal direction. This can reduce the length of the metal conductors
11401}, 1142} to decrease resistivity of the couplings between the HDTs 108(1}, 108(2)
and the respective metal conductors 114(1), 114(2) for improved performance, This 15
opposed to, for example, the SAW filter package 302 shown in the cross-sectional
diagram in Figare 3.

{6039 As shown n Figure 3, side walls 330 of a cap substrate 326 are staggered with
side walls 332 of a cavity frame 328. Common clements between the SAW filter package
302w Figure 3 and the SAW filter package 102 in Figures 1-2C are shown with common
clement numbers. The side walls 330 of the cap substrate 326 extend in a horizontal
direction {X-axis direction) fo plane Pz in the Y-X axes. The side walls 332 of the cavity
frame 328 extend in a horizontal direction {X-axis direction} to plane P3 in the Y-X axes
that extends further away from the cavity 320 than the side walls 330. This creates a
shoulder area 334 between the side walls 330, 332 that extends the path length of wetal
conductors 314(1}, 314(2). The staggered cap substrate 326 and cavity frame 328 can
also have the effect of extending the width of the SAW filter package 302 1o the horizontal
direction (X-axis direction} over the SAW filter package 102 in Figures 1A-2C. As
discussed above and in more detail below, the staggering of the cap subsirate 326 {o the
cavity frame 328 in this example can be a result of forming the cavity frame 328 on the
substrate 104 first before the cap substrate 326 is disposed on the cavity frame 328.
Dsposing the cap substrate 326 on the substrate 104 may require the width of the cavity
frame 32& to need to be cxpanded to provide a sufficient landing tolerance for the cap
substrate 326.

{6040} Figure 4 is a flowchart iltustrating an exemplary process 400 of fabricating a

SAW filter package employing an enhanced thermally conductive cavity frame for heat
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dissipation with a co-planar cap substrate and cavity frame, including, but not limited to,
the SAW filter package 102 in Figures 1A-2C. The process 400 in Figure 4 1s discussed
with reference to the exemplary SAW filter package 102 in Figures 1A-2C. In this regard,
a fabrication step in the fabrication process 400 of fabricating the SAW filter package 102
n Figures 1A-2C can include providing a cap subsirate 126 comprising a first surface 205
{block 402 in Figure 4). A next step of the fabrication process 400 can inchude coupling
a first perimeter surface 204(1) of a cavity frame 128 comprising a cavity 207 to the cap
structure 126 (block 404 in Figure 4). The cavity frame 128 may have a thermal
conductivity of at least five (§) W/m-K to provide enhanced thermal conductivity io
dissipate heat generated in the SAW filter package 102. The cavity frame 128 may be
made from a highly thermally conductive material such as diamond, aluminum oxide,
silicon nitride, and/or sapphire as non-limiting examples. A sext step of the fabrication
process 400 can include providing a substrate 104 comprising a piezoelectric material
106, a first surface 110, a first [DT 108(1) on the first surface 110 of the substrate 104,
and a second IDT 108(2) on the first surface 110 of the substrate 104 {(block 406 in Figure
4}. A next step of the fabrication process 400 can include coupling a second penimeter
surface 204(2) of the cavity frame 128 to the first surface 110 of the substrate 104 thereby
forming a cavity 120 between the cap substrate 126 and the first surface 110 of the
substrate 104 and enclosing the first IDT 10&(1) and the second IDT 108{2} (block 408
in Figure 4).

{6041} Other fabrication methods can be employed to fabricate a SAW filter package
cmploying an enhanced thermally conductive cavity frame for heat dissipation with a co-
planar cap substrate and cavity frame, including, but not hmited to, the SAW filter
package 102 m Figures 1A-2C. For example, Figures 5A-5C are a flowchart ilfustrating
an exemplary fabrication process 500 for fabricating an enhanced thermally conductive
cavity frame co-planar with a cap substrate to be used in a SAW filter package, inchuding,
but not limited to, the cavity frame 128 and cap substrate 126 in the SAW filter package
102 0 Figures 1A-2C. For exaruple, as discussed above with regard to the SAW filter
package 102 in Figures 1A-2C, it may be desired to form the cavity frame 128 on the cap
substrate 126 before coupling these package components on the substrate 104 as a
convenient method to achieve co-planarity between the side walls 130, 132 of the cap

substrate 126 and cavity frame 128, This can avoid or reduce nusalignment between the



WO 2023/028392 PCT/US2022/073354
15

cap substrate 126 and cavity frame 128 that may otherwise occur if the cavity frame 128
is formed on the substrate 104, wheren the cap substrate 126 must then be aligoed and
coupled to the cavity frame 128 that has a staggered width to provide an alignment
tolerance to the cap substrate 126, Further, forming the cavity frame 128 on the cap
substrate 126 may also be advantageous if the thermal budget for deposition of the cavity
frame 128 material cxceeds the thermal budget of the substrate 104, This can avoid
diffusion of the welal intercounects in the metallization layers 116(1}-116(2) of the
substrate 104 that could adversely affect performance of the SAW filter package 102,
The cap substrate 126 may be formed from a material that does not include metallization
structures and thus can tolerate the increased thermal budget for the cavity frame 128
material deposition. Figures 6A-61 illustrate exeraplary fabrication stages 600A-6001
during fabrication of an enhanced thermally conductive cavity frame co-planar with a cap
substrate for a SAW filter package for heat dissipation, including, but not limited to, the
cavity frame 128 and cap substrate 126 in the SAW filter package 102 10 Figures 1A-2C,
according to the exemplary fabrication process 500 in Figures 5A-5C. The fabrication
process S00 and exemplary fabrication stages 600A-6001 i Figures 6A-61 will be
discussed with reference to the SAW filter package 102 example in Figures 1A-2C.

{06042] In this regard, a step in the fabrcation process 500 of the cavity frame 128
disposed on the cap substrate 126 is to provide the cap substrate 126 {(block 502 in Figure
SA). This 1s illustrated in the exemplary fabrication stage 600A in Figure 6A. For
example, the cap substrate 126 way a Silicon waterial. As shown in the fabrication stage
6008 m Figure 6B8. next step in the fabrication process 500 can then include depositing
an etch matenal laver 602 comprising an ctch material 604 on a first surface 606 of the
cap substrate 126 (block 504 in Figure 5A). For example, the etch material 604 may be
Silicon Dioxide. The etch matenial layer 602 s disposed on the cap substrate 126 as a
material that can be patterned with openings for a cavity frame material to be disposed in
the openings to form the cavity frame 128 on the cap substrate 126. This is shown in the
fabrication stage 600C in Figure 6C. As shown therein, a next step 1o the fabrication
process 500 18 to pattern the ctch material layer 602 to form perimeter openings 608(1),
608(2} in the etch material 604 (block 506 1 Figure 5A). The fabrication stage 600C in

Figure 6C illustrates two (2) perimeter openings 608(1)}, 608(2), however it should be
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note that the fabrication stage 600C in Figure 6C s shown as a cross-section and that
perimeter openings 608 are formed in the etch maternial layer 602 in a closed pattern,
{8043} As shown in fabrication stage 600D in Figure 6D, a next step in the fabrication
process 500 can be to dispose a cavity frame material 610 that will be used to form the
cavity frame 128 n the perivaeter openiugs 608(1), 608(2) (block 508 in Figure SB). As
shown in fabrication stage 600F in Figure 6F, a noxt step in the fabrication process 500
can be to grind down and/or polish a top surface 612 of the cavity frame matenal 610 to
form the second perimeter surface 204(2) of the cavity frame 128 {(block 510 in Figure
3B). Then, as shown in fabrication stage 600F 1o Figure 6F, a next step in the fabrication
process 500 can be to remove {e.g., etch away) the etch material 604 remaining in the eich
material layer 602 to leave the cavity frame 128 formed on the cap substrate 126 (block
512 mn Figure 58}, Note that the fabrication process 500 may involve forming several
adiacent cavity frames 128 on the cap substrate 126 that can later be diced as discussed
below to form individual packages.

{6044] As shown in fabrication stage 600G in Figure 6G, a next step in the fabrication
process 300 can be to backgrind the cap substrate 126 to form the first surface 210 of the
cap substrate 126 (block 514 in Figure 5D). As shown in fabrication stage 600H in Figure
6H, a cavity frame 128 with its side structures 206(1)-206(4) formed from the cavily
frame matenial 610 is formed on the cap substrate 126 (block 516 in Figure 5C). As
shown in fabrication stage 6001 in Figure 61, this process may form a plorality of cavity
frames 128 formed on the cap substrate 126, The side structures 206(1}-206(4) can be
diced through the cap substrate 126 in the vertical direction (Z-axis direction) to form co-
planar side walls 130, 132 between the cap substrate 126 and the cavity frame 128 as
previously discussed (block 518 in Figure 61). For example, a laser may be employed to
dice through the cap substrate 126 in the vertical divrection (Z-axis direction) to form co-
planar side walls 130, 132 between the cap substrate 126 and the cavity frame 128,
{6045} Figure 7 1s a flowchart illustrating an exemplary process 700 for fabricating a
substrate for a SAW {ilter package, inchuding, but not limited to, the substrate 104 in the
SAW filter package 102 in Figures 1A-2C. Figures 8A and 8B illustrate exemplary
fabrication stages 800A, 800B during fabrication of the substrate for the SAW filter
package, including, but not limited to, the substrate 104 in the SAW filter package 102 in

Figures 1A-2C, according fo the exemplary fabrication process 700 m Figure 7. The
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fabrication process 700 and exemplary fabrication stages 800A, 800B in Figures 8A and
8B will be discussed with reference to the SAW filter package 102 example in Figures
1A2C.

{6046} In this regard, as ilhustrated in the exemplary fabrication stage 800A in Figure
8A, a substrate 104 is provided (block 702 m Figure 7). For example, the substrate 104
may be a Lithium Niobate (LiNbO3) substrate. Asillustrated in the exemplary fabrication
stage 800B in Figure 8B, a metal layver 802 of a metal material 804 is disposed on the first
surface 110 of the substrate 104 to form the IDTs 10R(1), 108(2) and thewr metal
mterconmects 112(1}, 112(2) {(block 704 in Figure 7). For example, the metal material
8§04 may be Aluminurn as an example. Then, as provided n the exeraplary process 900
in Figure 9 and as shown in the exemplary fabrication stages 1000A, 10008 in Figures
10A and 108, the SAW filter package 102 can be assembled by taking the combination
cavity frame 128 formed on the cap subsirate 126 according to the exemplary fabrication
process 500 and exemplary fabrication stages 600A-6001 in Figures 5A-61 and coupling
same to the substrate 104 {abricated according to the exeroplary fabrication process 700
and exemplary fabrication stages S8U0A, 800B in Figures 8A and 8B. This then forms the
cavity 120 between the substate 104 and cap substrate 126 by the cavity frame 128
disposed therebetween.

{6047} Tn this regard, as iHustrated in the exemplary fabrication stage 1000A m Figure
104, the cavity frame 128 formed on the cap substrate 126 is coupled to the substrate 104
such that the cavity 120 is formed with the IDTs 108(1), 108(2) disposed nside the cavity
126 (block 902 i Figore 9). The metal interconnects 112(1), 112(1) may be provided as
an Aluminum material for example, to facilitate bonding of the cavity frame 128 as a
diamond cavity frame as an example. The bonding of the cavity frame 128 formed on the
cap subsirate 126, to the substrate 104 may be performed at lower temperatures, including
at room temperature, without exceeding the thermal budget of the substrate 104, and thus
impacting the substrate 104, because the higher temperatures that may be needed to form
the cavity frame 128 are done on the cap substrate 126 and not on the substrate 104 in this
example. Thereafter, as shown in exemplary fabrication stage 1000B in Figure 108, the
metal conductors 114(1), 114(2) can be formed on the metal interconnects 112(1), 112(2}
and adjacent o the side walls 130, 132 and ou the first surface 210 of the cap subsirate

126 to form interconnects between the IDTs 108(1), 108(2) and the metal interconnects
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122(1}, 122(2} {e.g., solder bumps, solder balls) coupled to the metal conductors 114{1},
11402} (block 904 1n Figure 9). The metal conductors 114(1), 114(2) may be formed by
a Titanium deposition on a Copper seed layer, for example, and patierned as Copper
Nickel traces. The metal interconnects 122{1), 122(2) can be formed on patterned
interconnects as solder bumps or balls {e.g., SnAugCu solder balls).

{6048] Note that a SAW filter package can also be provided like the SAW filter
package 102 1o Figures 1-2C and 5A-10B that includes a cavity frame of an eshanced
thermally conductive material to facilitate heat dissipation, but the cavity frame can be
formed on the substrate instead of the cap substrate, In this manner, the cavity frame and
cap substate may include a staggered configuration where their respective side walls do
not extend to the same point out from the air cavity to be co-planar. Such an example of
a SAW filter package 102 s illustrated in Figures 11-12B.

16049} In this regard, Figure 11 a cross-sectional side view of an exemplary circuit
package 1100 that includes a SAW filter package 1102 that provides a SAW filter circwt
1103, The SAW filter package 1102 is configured {o block certain frequency ranges of
aun input RF signal. For example, the civcuit package 1100 may be juctuded 1o another IC
package that includes RYF transmission/reception circuity and antennas where the SAW
filter package 1102 1s employed to filter transmitted and/or received RF signals. The
SAW filter package 1102 includes a substrate 1104 that 1s made from a piezoeleciric
material 1106 in this example. A first IDT 1108(1) 1s disposed on a first surface 1110 of
the substrate 1104 as an joput circuit. A second IDT 110R(2) 19 also disposed on the first
surface 1110 of the substrate 1104 adjacent to the first IDT 1108(1} as an output circuit.
The first IDT 1108(1) s configured to receive a RF signal through a first metal
mterconnect 1112(1) coupled to a first metal conductor 1114{1). The first metal
conductor 1114(1) 1s coupled through a metal interconmect 1122(2) (e.g., solder bumps,
solder balls} on a cap substrate 1126, to metal interconnects 1124 {e.g., metal lines, metal
traces, vias) in metallization layers 1116(1), 1116(2) in a package substrate 1118 to a
signal source. The first IDT HO8(1) 15 configured to convert the received electrical RF
signal into an acoustic wave that is emitted in a cavity 1120, which may be an air cavity.
The second 1DT 1108(2) 1s configured to recerve a filtered acoustic wave of the emitted
acoustic wave emitted by the first IDT 1108(1} and convert filtered acoustic wave mto a

filtered RF signal. The fillered RF signal is coupled to a second metal interconnect
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1112(2} coupled to a second metal conductor 1114(2). The second metal conductor
1114(2) 1s coupled through the metal imterconnect 1122(2) (e.g., solder bumps, solder
balls) on the cap substrate 1126, to metal interconnects 1124 in metallization layers
1116(13, 1116(2) in the package substrate 1118 to another circuit to receive the filtered
RF signal.

{6050] To form the cavity 1120 in the SAW filter package 1102 in Figure 11, the cap
substrate 1126 18 disposed on a cavity frame 1128 that is disposed on the substrate 1104,
The cavity frame 1128 provides a stand-off between the cap subsirate 1126 and the
substrate 1104, The cap substrate 1126 is a substrate of matenial that is used fo form the
cavity 1120. The cap substrate 1126 is disposed on a frame perimeter structure of the
cavity frame 1128 to enclose the cavity 1120 inside the frame perimeter structure between
the substrate 1104 and the cap substrate 1126, Heat is generated inside the cavity 1120
as a result of the operation of the SAW filter circuit 1103, Excessive heat that is not
effectively dissipated can increase the temperature of the SAW filter circwt 1103 and
negatively affect its filtering performance. The SAW filter circuit 1103 will shift s
blocking frequencies upwards at lower temperatures and downwards at higher
temperatures in a linear fashion. Thus, it is unportant to effectively dissipate heat
generated in the SAW filter package 102 to maintain the desired performance of the SAW
filter circwit 1103, In this regard, as discussed in more detail below, in this example, the
cavity frame 1128 is comprised of a matenial that has an enhanced thermally conductivity,
as opposed to for example, a polymer matenial that is not a good thermal conductor. For
example, the cavity frame 1128 may be comprised of a diamond material to provide a
diamond cavity frame. As another example, the cavity frame 1128 may be comprised of
a material that has a thermal conductivity of at least five (5} W/n-K. A diamond cavity
frame may have a thermal conductivity between and inchuding 600 — 2,000 W/m-K. In
this manner, heat generated in the SAW filter package 1102 can more effectively be
dissipated, particularly at edges and comers of the cavity frame 1128 where hot spots can
particularly occur,

{6051} Figure 12A illustrates another cross-sectional side view of the SAW filter
package 1102 1o Figure 11, As illustrated 1o Figure 12A, the first and second IDTs
T108(13, 1108(2) of the SAW filter package 1102 are disposed on the first surface 1110
of the substrate 1104, The cavity frame 1128 1s disposed between the cap substrate 1126
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and the first surface 1110 of the substrate 1104, As shown in Figure 12B, the cavity frame
1128 includes a frame perimeter structure 1200 that has an internal cavity 1202 inside the
frame perimeter structure 1200, The internal cavity 1202 will create the cavity 1120 of
the SAW filter package 1102 as a result of the cavity frame 1128 being disposed between
the substate 1014 and the cap substate 1126, As discussed above, the cavity frame 1128
can have a thermal conductivity of at least five (5) W/m-K to be more effective in
dissipating heat generated in the SAW filter package 1102, This 18 opposed to providing
the cavity frame 1128 of a polymer material that may have a thermal conductivity between
0.1 - 0.5 W/m-K. For example, the cavity frame 1128 may be a diamond cavity frame
made from a diamond material that has a thermal conductivity between and including 600
~ 2,000 W/m-K. Providing the cavity frame 1128 as a diamond cavity frame may also
allow the material of the cap substrate 1126 o be provided of a less expensive matenal,
such as Silicon, because as discussed below, the cavity frame 1128 is formed on the cap
substrate 1126 10 an exernplary fabrication process. Diamond matenal can be disposed
{e.g., through a deposition or sputtering process) and bonded to Silicon,

[B8052] With continuing reference to Figure 124, the frame perimeter structure 1200
includes a first perimeter surface 1204(1) that is disposed on or adjacent to the first surface
1110 of the substrate 1104, Other exarnples of matenals that can be used to form the
cavity frame 1128 and that have an enhanced thermal conductivity include aluminum
oxide, sihcon mitride, and/or sapphire, as nou-himiting examples. The frame penimeter
structure 1200 also has a second pertmeter surface 1204(2) that is on the opposite side of
the first perimeter surface 1204(1} in a vertical axis direction (Z-axis direction). The
second perimeter surface 1204(2) of the frame perimeter structure 1200 1s disposed on or
adjacent to a second surface 1205 of the cap substrate 1126, Metal interconnects 12081},
1208(2) are disposed on or adjacent to a first surface 1210 of the cap substrate 1126 to
support the coupling of the metal interconnects 1122(1}, 1122(2) to the metal conductors
1114013, 111402}, The first perimeter surface 1204(1) of the frame perimeter structure
1200 of the cavity frame 1128 may be disposed on a pad 1213 that is disposed on the fivst
surface 1110 of the substrate 1104, to facilitate bonding of the material of the cavity frame
1128 to the substrate 1104, For example, the pad 1213 may be an Aluminum pad that
supports the bonding of a diamond cavity frame 1128 {o the substrate 1104,
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{6053} in the example of the SAW filter package 1102 shown in Figure 128, the
frame perimeter structure 1200 of the cavity frame 1128 comprises a rectangular-shaped
frame perimeter structure that includes four side structures 1206(1)-1206{(4) disposed at
right angles to each other. The four side structures 1206(1)-1204(4) of the frame
perimeter stracture 1200 define an outer perimeter with a cavity 1207 formed inside the
frame perimeter structure 1200. The first perimeter surface 1204(1) of the frame
perimeter structure 1200 18 formed by the bottom surfaces of the side stractures 1206(1)-
1206{4} in Figure 12B. The second perimeter surface 1204(2) of the frame pertimeter
structure 1200 1s formed by the top surfaces of the side structures 1206(1)-206(4). To
also assist in the performance of the SAW filter circuit provided by the SAW filter
package 1102, the cavity frame 1128 may be provided that has a CTE less than or egual
to ten {10} ppr/deg C. In this manner, the cavity frame 1128 i3 lgss susceptive to
expansion and contraction in response to temperature changes that may occur due to heat
generated during operation of the SAW filter circuit 1103, For example, a cavity frame
1128 made from a diamond material may have a CTE less than or equal to one (1}
ppm/deg C. Further, to reduce or mnimize the electrical interference between the cavity
frame 1128 and the substrate 1104 and the [DTs 1108(1), 1108(2) in the SAW filter
package 102, the cavity frame 1128 may be provided of a material that has an electrical
resistivity greater than or equal to 1 x 10'° Ohms cm. For example, a cavity frame 1128
made from a diamond matenial may have an electrical resistivity between and mncluding
1 x 10" and 1 x 10" Ohros cm.

{6054] With reference back to Figure 12A, side walls 1130 of the cap substrate 1126
are staggered with side walls 1132 of the cavity frame 1128, The side walls 1130 of the
cap substrate 1126 extend in a horizontal direction (X-axis direction} to plane Py in the
Y-X axes, The side walls 1132 of the cavity frame 1128 exiend n a horizontal direction
{X-axis direction} to plane Ps in the Y-X axes that extends further away from the cavity
1120 than the side walls 1130, This creates a shoulder area 1234 between the side walls
1130, 1132 that extends the path length of the metal conductors 1114¢1), 1114(2).
However, the staggered cap substrate 1126 and cavity frame 1128 can also have the effect
of extending the width of the SAW filter package 1102 in the horizontal direction (X-axis
direction) over the SAW filter package 102 in Figures 1A-2C. This is so that there 18 ap

aligniment folerance between the cavity frame 1128 and the cap substrate 1126,
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{B6055] A SAW filter package emploving an enhanced thermally conductive cavity
frame for heat dissipation and/or a co-planar cap substrate and cavity frame for die size
reduction and shorter metal interconnect paths, mchuding, but not limited to, the
cxemplary SAW filter packages in Figures [-2B and 11-12B and according to the
exemplary fabrication processes wn Figures 4-10B, may be provided in or mitegrated into
any processor-based device. Examples, without limitation, include a set top box, an
entertainment unit, a navigation device, a communications device, a fixed location data
unit, a mobile location data unit, 3 global positioning system {GPR) device, a mobile
phone, a cellular phone, a smart phone, 3 session nitiation protocol {SIP) phone, a tablet,
a phablet, a server, a computer, a portable computer, a mobile computing device, a
wearable computing device (e.g., a smart watch, a health or fitness tracker, eyewear, etc.),
a desktop computer, a personal digital assistant (PDA), a monitor, a computer monitor, a
television, a tuner, a radio, a satellite radio, a music player, a digital music player, a
portable music player, a digital video player, a video player, a digital video disc (BDVD)
player, a portable digital video player, an automobile, a vehicle component, avionics
systems, a drone, and a muldticopter,

{B8056] In this regard, Figure 13 illustrates an example of a processor-based system
1300. The compounents of the processor-based system 1300 are ICs 1302, Some or all of
the ICs 1302 in the processor-based system 1300 can be provided in a SAW filter package
1304 employing an enhanced thermally conductive cavity frame for heat dissipation
and/or a co-planar cap substrate and cavity frame for die size reduction and shorter metal
interconmect paths, including, but not limited to, the exemplary SAW filter packages in
Figures 1-28 and 11-12B and according to the exemplary fabrication processes in Figures
4-10B, and according to any aspects disclosed herein. In this example, the processor-
based system 1300 may be formed as a SAW filter package 1304 and as a system-on-a-
chip {So(’} 1306. The processor-based system 1300 includes a CPU 1308 that includes
one or more processors 1310, which may alse be referred to as CPU cores or processor
cores. The CPU 1308 may have cache mewory 1312 coupled to the CPU 1308 for rapid
access to temporarily stored data. The CPU 1308 is coupled to a system bus 1314 and
can ntercouple master and slave devices included in the processor-based system 1300,
As is well known, the CPU 1308 communicates with these other devices by exchanging

address, conirol, and data information over the system bus 1314, For example, the CPU
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1308 can communicate bus fransaction requests to a memory controller 1316 as an
example of a slave device. Although not illustrated 1n Figure 13, multiple system buses
1314 could be provided, wherein each system bus 1314 constitutes a different fabric.
{BO587] Other master and slave devices can be connected to the system bus 1314, As
tustrated in Figure 13, these devices can include a memory system 1320 that includes
the memory controller 1316 and a memory array(s) 131¥, one or more input devices 1322,
one or more output devices 1324, one or more network interface devices 1326, and one
or more display controllers 1328, as examples. Each of the memory system 1320, the one
or more wnput devices 1322, the one or more output devices 1324, the one or more network
mterface devices 1326, and the one or more display controllers 1328 can be provided in
the same or different circuit packages. The input device(s) 1322 can include any type of
input device, inchuding, but not limited to, input keys, switches, voice processors, etc.
The output device(s) 1324 can include any type of output device, inchuding, but not
limited to, audio, video, other visual indicators, etc. The network interface device(s} 1326
can be any device configured to allow exchange of data to and from a network 1330, The
network 1330 can be any type of network, including, but not himited to, a wired or wireless
network, a private or public network, a local area network (LAN), a wireless local area
network (WLAN), a wide area network (WAN), a BLUETOOTH™ network, and the
Internet. The network interface device(s) 1326 can be configured to support any type of
communications protocol desired.

{BOSE] The CPU 1308 may also be configured to access the display controller(s) 1328
over the systerm bus 1314 to control information sent to one or more displays 1332, The
display controller(s) 1328 sends information to the displav(s) 1332 to be displayed via
one or more video processors 1334, which process the information to be displayed into a
format suitable for the display(s) 1332. The display controller(s) 1328 and video
processor{s) 1334 can be included as SAW filter package 1304 and the same or different
cireuit packages, and in the same or different circuif packages containing the CPU 1308
as an exaraple. The display(s) 1332 can wclude any type of display, mcluding, but not
fimited to, a cathode ray tube (CRT), a liquid crystal display (LCD}, a plasma display, a
light enmitting diode (LED) display, etc.

{059 Figure 14 iHustrates an exemplary wireless communications device 1400 that

includes radio frequency (RF) components formed from one or more 1Cs 1402, wherein
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any of the ICs 1402 can include a SAW filter package(s) 1403 employing an enhanced
thermally conductive cavity frame for heat dissipation and/or a co-planar cap substrate
and cavity frame for die size reduction and shorter metal interconnect paths, including but
not limited to, the exemplary SAW filter packages in Figures 1-2B and 11-12B and
according to the exeraplary fabrication processes in Figures 4-108, and according to any
aspects disclosed herein, The wireless communications device 1400 may include or be
provided in any of the above-referenced devices, as examples. As shown in Figure 14,
the wireless commmunications device 1400 includes 3 transceiver 1404 and a data
processor 1406, The data processor 1406 may mnclude a memory to store data and
program codes. The transceiver 1404 includes a transmitter 1408 and a receiver 1410 that
support bi-directional communications. In general, the wireless communications device
1460 may include any number of transmitters 1408 and/or receivers 1410 for any number
of communication systems and frequency bands. All or a portion of the transceiver 1404
may be iraplemented on one or more analog ICs, RFICs, mixed-sigoal ICs, etc.

{6060} The transmitter 1408 or the receiver 1410 may be implemented with a super-
heterodyne architecture or a direct-conversion architecture. In the super-heterodyne
architecture, a signal 1s frequency-converted between RF and baseband in multiple stages,
.., from RF to an intermediate frequency (IF) in one stage, and then from IF to baseband
in another stage for the receiver 1410. In the direct-conversion architecture, a signal is
frequency-converted between RF and baseband in one stage. The super-heterodyne and
direct-~conversion architectures way use different circut blocks and/or have different
requirements. In the wireless communications device 1400 in Figure 14, the transnutter
1408 and the receiver 1410 are muplemented with the direct-conversion architecture.
{6061} in the transmit path, the data processor 1406 processes data to be transmitted
and provides I and Q analog cutput signals to the transmutter 1408, In the exemplary
wireless communications device 1400, the data processor 1406 includes digital-to-analog
converters (DACs) 1412(1), 1412(2) for converting digital signals generated by the data
processor 1406 mio the [ and (@ analog output signals, e.g., { and Q output currents, for
further processing.

[B062] Withn the transmitter 1408, lowpass filiers 1414(1), 1414(2) filter the | and
G analog output signals, respectively, to remove undesired signals caused by the prior

digital-to-analog conversion. Amplifiers (AMPs) 1416(1), 1416(2) amplify the signals
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from the lowpass filters 1414(1), 1414(2), respectively, and provide | and Q baseband
signals. An upconverter 1418 upconverts the [ and Q baseband signals with 1 and Q
transmit {1X) local oscillator (LO) signals through mixers 1426(1), 1420(2) from a TX
LO signal generator 1422 to provide an upconverted signal 1424, A filter 1426 filters the
upconverted signal 1424 to remove undesired signals caused by the frequency
upconversion as well as noise in a receive frequency band, A power amplifier (PA) 1428
amplifies the upconverted signal 1424 from the filier 1426 to obtain the desired output
power level and provides a transmit RF signal. The transmit RF signal is routed through
a duplexer or switch 1430 and transmiited via an antenna 1432,

{6063} in the receive path, the antenna 1432 receives signals transmitted by base
stations and provides a received RF signal, which s routed through the duplexer or switch
1430 and provided to a low noise amplifier (LNA} 1434, The duplexer or switch 1430 is
designed to operate with a specific receive (RX-to-TX duplexer frequency separation,
such that RX sigoals are 1solated from TX signals. The received RF sigoal is araplified
by the LNA 1434 and filtered by a filter 1436 to obtain a desired RF input signal.
Downconversion nuxers 1438(1), 1438(2) nux the ouiput of the filter 1436 with T and Q@
RX LO signals (l.e., LO 1 and L.O_Q) from an RX 1.0 signal generator 1440 o generate
{and Q@ bascband signals. The I and Q baseband sigoals are ampliied by AMPs 1442(1),
1442¢2) and further filtered by lowpass filters 1444(1), 1444(2) to obtain { and ¢ analog
input signals, which are provided to the data processor 1406, In this example, the data
processor 1406 includes avalog-to-digital converters (ADCs) 1446(1), 1446(2) for
converting the analog input signals mnto digital signals to be further processed by the data
processor 1406,

{3064] in the wireless communications device 1400 of Figure 14, the TX LO signal
generator 1422 generates the 1 and Q TX LO signals used for frequency upconversion,
while the RX LO signal generator 1440 generates the I and Q RX LO signals used for
frequency downconversion. Each LO signal i1s a periodic signal with a particular
fundamental frequency. A TX phase-locked loop (PLL) circuit 1448 receives timing
information from the data processor 1406 and generates a control signal used to adjust
the frequency and/or phase of the TX LO signals from the TX LO signal generator 1422.

Similarly, an RX PLL circuit 1450 receives timing information from the data processor
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1406 and generates a control signal used to adjust the frequency and/or phase of the RX
LO signals from the RX LO signal generator 1440,

{B065] Those of skill in the art will further appreciate that the various illustrative
logical blocks, modules, circuits, and algorithms described in connection with the aspects
disclosed herein may be implemented as electromie hardware, 1nstructions stored
memory or in another computer readable medium and executed by a processor or other
processing device, or combinations of both. Memory disclosed herein may be any type
and size of memory and may be configured to store any type of information desired. To
clearly illustrate this interchangeability, various illustrative components, blocks, modules,
circuits, and steps have been described above generally in terms of their functionality.
How such functionality 1s tmplemenied depends upon the particular application, design
choices, and/or design constraints imposed on the overall system. Skilled artisans may
implement the described functionality in varying ways for each particular application, but
such implementation decisions should not be wnterpreted as causing a departure frow the
scope of the present disclosure,

[0066] The various lustrative logical blocks, modules, and circuits described o
connection with the aspects disclosed herein may be implemented or performed with a
processor, a Digital Signal Processor (DSP), an Application Specific Integrated Circut
{AKICY, a Field Programmable Gate Array (FPGA) or other programmable logic device,
discrete gate or transistor logic, discrete hardware components, or any combination
thercol designed to perform the functions described herein. A processor may be a
microprocessor, but in the alternative, the processor may be any conventional processor,
coniroller, microcontrolier, or state machine, A processor may also be implemented as a
combination of computing devices {(e.g., a combination of a DSP and a microprocessor, a
plurality of microprocessors, ong or MOre MICroProcessors in conjunction with a DSP
core, or any other such configuration).

160671 The aspects disclosed herein may be embodied in hardware and in instructions
that are stored in hardware, and may reside, for example, in Random Access Memory
{RAM), flash memory, Read Only Memory {(ROM), Electrically Programmable ROM
{EPROM), Electrically Brasable Programmable ROM (EEPROM), registers, a hard disk,
a removable disk, a CD-ROM, or any other form of computer readable medium known

in the art. An exemplary storage medium 18 coupled fo the processor such that the
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processor can read information from, and write information to, the storage medium. In
the alternative, the storage medium may be integral to the processor. The processor and
the storage medium may reside in an ASIC. The ASIC may reside in a remote station, o
the alternative, the processor and the storage medium may reside as discrete components
i a remote station, base station, or server.
{6068} It 15 also noted that the operational steps described in any of the exemplary
aspects herem are described to provide examples and discussion. The operations
described may be performed in sumercus different sequences other than the illustrated
sequences, Furthermore, operations described in a single operational step may actually
be performed in a number of different steps. Additionally, one or more operational steps
discussed n the exemplary aspects may be combined. It 15 o be understood that the
operational steps illustrated in the flowchart diagrams may be subject ¢ numerous
different modifications as will be readily apparent to one of skill in the art. Those of skill
in the art will also understand that information and signals may be represented using any
of a varety of different technologies and techniques. For example, data, instructions,
compmands, information, signals, bits, symbols, and chips that may be referenced
throughout the above description may be represented by voltages, currents,
clectromagnetic waves, magnetic ficlds or particles, optical fields or particles, or any
combination thereof.
{6069] The previcus descrption of the disclosure 1s provided to enable any person
skilled in the art to make or use the disclosure. Various modifications to the disclosure
will be readily apparent to those skilled in the art, and the generic principles defined herein
may be applied to other variations, Thus, the disclosure 1s not intended fo be himited to
the examples and designs described herein, but is to be accorded the widest scope
consistent with the principles and novel features disclosed herein.
{8076} Implementation examples are described in the following numbered clauses:
I A surface acoustic wave {SAW) filter package, comprising:

a substrate comprising a piezoelectric material and having a first surface;

a cap substrate; and

a diamond cavity frame disposed between the substrate and the cap subsirate that

forms a cavity between the cap substrate and the first surface of the

substrate;
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2.

a first interdigital transducer (1D7T) on the first surface of the substrate inside the
cavity; and

a second DT on the first surface of the substrate inside the cavity.

The SAW filter package of clause 1, wheren the cap substrate comprises at least

ong cap substrate side wall that is co-planar in a vertical direction with at least one frame

side wall of the diamond cavity frame.

98]

5

The SAW filter package of any of clauses 1 and 2, wherein:

the cap substrate comprises a first cap substrate side wall that extends along a first
longitudinal axis and a second cap substrate side wall that extends along a
second longitudinal axis paraliel to the first longitudinal axis;

the diamond cavity frame comprises a first frame side wall that extends along the
first longitudinal axis and a second frame side wall that extends along the
second longitudinal axis; and

the first cap substrate side wall 1s co-planar to the first frame side wall in a vertical
direction, and the second cap substrate side wall is co-planar to the second

frame side wall in the vertical direction.

The SAW filter package of any of clauses 1-3, wheren:

the cap subsirate comprises a rectangular-shaped cap substrate frame perimeter
structure;

the diamond cavity frame comprises a rectangular-shaped diamond frame
perimeter structure; and

the rectangular-shaped cap substrate frame penimeter strocture 15 co-planar to the

rectangular-shaped diamond frame perimeter structure.

The SAW filier package of any of clauses 1-4, wherein the diarsond cavity frame

has a thermal conductivity between and including 600 and 2,000 Watts (W) per meter
{m)-Kelvin {W/m-K).
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6.

The SAW filter package of any of clauses 1-5, wherein the diamond cavity frame

has a coefficient of thermal expansion (CTE) equal o one (1) part per mullion (ppm) per

degree Celsius {(C) (ppm/deg C} or less.

7.

has an electrical resistivity between and including 1 x 10" and 1 x 1€

The SAW filter package of any of clauses 1-6, wherein the diamond cavity frame

¥& Ohms centimeter

{ct) (Ohms cm),

1.

The SAW filter package of clause 2, further comprising

a first metal interconnect coupled to a first surface of the cap substrate opposite a
second surface of the cap substirate;

a second metal interconnect coupled to the first surface of the cap substrate;

a first metal conductor disposed on a first cap substrate side wall among the at
least one cap substrate side wall and a furst frame side wall aroong the at
least one frame side wall and coupling the first metal interconnect {o the
first IDT; and

a second metal conductor disposed on a second cap substrate side wall among the
at least one cap substrate side wall and a second frame swde wall among
the at least one frame side wall and coupling the second metal interconnect

to the second IDT.

The SAW filter package any of clauses 1-8, further comprising:
an Aluminurs pad disposed on the first surface of the substrate; and
wherein:
the diamond cavity frame is coupled to the Aluminum pad to couple the

diamond cavity frame to the substrate.

The SAW {ilter package of any of clanses 1-9, wherewn the cap subsirate comprises

a Silicon material.
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12.

30

The SAW filter package of any of clauses 1-10, wherein:

the diamond cavity frame comprises a diamond frame perimeter structure
comprising a first perimeter surface coupled to the first surface of the
substrate and a second perimeter surface; and

the cap substrate comprises a second surface coupled to the second perimeter
surface of the diamond frame perimeter structure and enclosing the cavity
mnside the diamond frame pertmeter structure between the substrate and

the cap substrate.

The SAW filter package of any of clauses 1-11 integrated into a device selected

from the group consisting of! a set top box; an entertainment unit; a navigation device; a

comuunications device; a fixed location data umi; a mobile location data unit; a global

positioning system {GPS} device; a mobile phone; a cellular phone; a smart phone; a

session 1ntiiation protocol (SIP) phone; a tablet; a phablet; a server; a coroputer; a portable

computer; a mobile computing device; a wearable computing device; a desktop computer;

a personal digital assistant (PDA); a monitor; a computer momntior; a television; a tuner; a

radio; a satellite radio; a music player; a digital mwsic plaver; a portable music plaver; a

digital video player; a video player; a digital video disc (DVD) player; a portable digital

video player; an automobile: a vehicle component; avionics systems; a drone; and a

multicopter,

13.

A surface acoustic wave (SAW) filter package, comprising:

a substrate comprising a picroclectric material and having a first surface;

a cap substrate;

a cavity framne having a thermal conductivity of at least five (5) Waits (W) per
meter {m)-Kelvin (W/m-K), the cavity frame disposed between the
substrate and the cap substrate that forms a cavity between the cap
substrate and the first surface of the suybsirate;

a first interdigital transducer ({1} on the first surface of the substrate inside the
cavity; and

a second IDT on the first surface of the substrate inside the cavity.
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14, The SAW filter package of clause 13, wherein the cap substrate comprises at least
one cap substrate side wall that 1s co-planar in a vertical direction with af least one frame
side wall of the cavity frame.
15. The SAW filter package of any of clauses 13-14, wherein:
the cap substrate comprises a first cap substrate side wall that extends along a first
longitudinal axis and a second cap substrate side wall that extends along a
second longitudinal axis parallel to the first longitudinal axis;
the cavity frarae coraprises a first frame side wall that extends along the first
longitudinal axis and a second frame side wall that extends along the
second longitudinal axis; and
the first cap substrate side wall is co-planar to the first frame side wall in a vertical
direction, and the second cap substrate side wall is co-planar to the second

frame side wall in the vertical direction.

16.  The SAW filter package of any of clauses 13-15, wherein:
the cap substrate comprises a rectangular-shaped cap substrate frame perimeter
structure;
the cavity {frame comprises a rectangular-shaped frame perimeter structure; and
the rectangular-shaped cap substrate frame penimeter strocture 15 co-planar to the

rectangular-shaped frame perimeter structure.

17.  The SAW filter package of any of clauses 13-15, wherein the cavily frarne has a
coefficient of thermal expansion (UTE} less than or equal to ten (10) parts per nullion

{ppm) per degree Celstus (C) (ppm/deg C).

18, The SAW filter package of any of clauses 13-17, wherein the cavity frame has an

electrical resistivity greater than or equal to 1 x 10'° Ohms centimeter (em) (Ohms om).

19. The SAW filter package of any of clanses 13-18, wherein the cavity frame
comprises a8 material comprised from the group consisting of aluminum oxide, silicon

nitride, and sapphire,
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20.  The SAW filter package of clause 14, further comprising:

a first metal interconnect coupled to a first surface of the cap substrate opposite a
second surface of the cap substrate;

a second metal interconnect coupled to the first surface of the cap substrate;

a first metal conductor disposed on a first cap substrate side wall among the at
least one cap substrate side wall and a first frame side wall among the at
least one frame side wall and coupling the first wetal intercotmect to the
first IDT; and

a second metal conductor disposed on a second cap substrate side wall among the
at least one cap substrate side wall and a second frame side wall among
the at least one frame side wall and coupling the second metal interconnect

to the second DT,

21, The SAW filier package of any of clauses 13-15, further comprising:
an Aluminum pad disposed on the first surface of the substrate; and
wherein:
the cavity frame is coupled to the Aluminum pad to couple the cavity

frame to the substrate.

22. The SAW filter package of any of clauses 13-21, wherein the cap substrate

comprises a Silicon material,

23, The SAW filter package of any of clanses 13-22 integrated into a device selected
from the group consisting of’ a set top box; an entertainment unit; a navigation device; a
communications device; a fixed location data unit; a mobile location data unit; a global
posttioning system {(GPS) device; a mobile phone; a celiunlar phone; a smart phone; a
session inttiation protocol (SIP) phone; a tablet; a phablet; a server; a computer; a portable
compuier; a mobile computing device; a wearable computing device; a deskiop computer;
a personal digital assistant (PDA); a monitor; a computer monitor; a television; a tuner; a
radio; a satellite radio; a music player; a digital music player; a portable music plaver; a

digital video player; a video player; a digital video disc (BVD) player; a portable digital
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video player; an automobile; a vehicle component; avionics systems; a drone; and a

multicopter,

24. A method of fabricating a surface acoustic wave {(SAW) filter package,
comprising:
providing a cap substrate comprising a first surface;
coupling a first surface of a cavity frame to the cap substrate, the cavity frame
having a thermal conductivity of at least five (5) Watts (W) per meter {m)-
Kelvin (W/m-K);
providing a substrate comprising a piezoelectric material, a first surface, a first
mterdigital transducer (IDT) on the first surface of the substrate, and a
second 17 on the first surface of the substrate; and
coupling a second surface of the cavity frame to the first surface of the substrate
thereby forming a cavity between the cap substrate and the first surface of

the substrate and enclosing the first DT and the second IDT.

25.  'The method of clause 24, comprising coupling the first surface of the cavity frame
to the first surface of the cap substrate before coupling the second surface of the cavity

frame to the first swrface of the substrate.

26, The method of any of clauses 24 and 25, further comprising forming the cavity
frame, comprising:
disposing an ctch material layer coraprising an etch material on the first surface
of the cap substrate;
patierning the etch material layer to form a perimeter operung in the etch matenial;
disposing a cavity frame matenial of the cavity frame on the etch material and i
the perimeter opening in the etch material; and

removing the etch material layer.

27.  The method of clause 26, further comprising grnding the cavity frame material to

form the second surface of the cavity frame.
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28.  The method of any of clauses 26 and 27, further comprising dicing the cavity
frarme coupled to the cap substrate in a vertical direction to form one or more cap substrate
side walls of the cap substrate co-planar {0 one or more frame side walls of the cavity

frame.

29, The method of any of clauses 26-28, further comprising forming a first metal
miterconnect on the first surface of the substrate; and
wherein:
coupling the second surface of the cavity frame to the fivst surface of the
substrate comprises coupling the second surface of the cavity
frame to the first metal interconnect on the first surface of the

substrate.

30.  The method of clause 29, further comprising:
forming a sccond metal méerconnect on a second surface of the cap substrate
opposite the first surface of the cap substrate; and
disposing a metal conductor on a cap substrate side wall of the cap substrate and
a frame side wall of the cavity frame coupling the first metal interconnect

to the second metal interconnect.

2

31, The method of any of clauses 24-30, wherein the cavity frame comprises a

diamond cavity frame.

32. The method any of clauses 24-31, wherein the cavity frame has a coefficient of
thermal expansion {CTE) less than or equal to ten (10) parts per milhion (ppim) per degree

Celstus (C) {(ppm/deg C).

33, The method of any of clauses 24-32, wherein the cavity frame has an clectrical

resistivity greater than or equal to 1 x 10!° Ohms centimeter (cm) (Ohms cm).
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What is claimed is:

2.

A surface acoustic wave {SAW) filter package, comprising:

a substrate comprising a piezoelectric material and having a first surface;

a cap substrate; and

a diamnond cavity frame disposed between the substrate and the cap substrate that
forms a cavity between the cap substrate and the first surface of the
substrate;

a first ivterdigital transducer ({07 on the first surface of the substrate inside the
cavity; and

a second IDT on the first surface of the substrate inside the cavity.

The SAW filter package of claim 1, wherein the cap subsirate comprises at least

ong cap substrate side wall that is co-planar in a vertical direction with at least one frame

side wall of the diamond cavity frame.

3.

The SAW filter package of claim 1, wheretn:

the cap substrate comprises a first cap substrate side wall that extends along a first
longitudinal axis and a second cap substrate side wall that extends along a
second longitudinal axis parallel to the first longitudinal axis;

the diamond cavity frame comprises a first frame side wall that extends along the
first longitudinal axis and a second frame side wall that extends along the
second longitudinal axis; and

the first cap substrate side wall 1s co-planar to the first frame side wall in a vertical
direction, and the second cap substrate side wall is co-planar to the second

frame side wall in the vertical direction.

The SAW filter package of claim 1, wherein:

the cap substrate comprises a rectangular-shaped cap substrate frame penmeter
structure;

the diamond cavity frame comprises a rectangular-shaped diamond frame

perimeter structure; and
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the rectangular-shaped cap substrate frame perimeter structure is co-planar to the

rectangular-shaped diamond frame peritocter structure,

5. The SAW filter package of claim 1, wherein the diamond cavity frame has a
thermal conductivity between and inclading 600 and 2,000 Watls (W) per meter (m)-

Kebvin (W/m-K}.

6. The SAW filter package of claim 1, wherein the diamond cavity frame has a
coefficient of thermal expansion (CTE) equal to one (1} part per mullion (pprn) per degree

Celsius {C) {(ppm/deg C} or less.

7. The SAW filter package of claim 1, wherem the diamond cavity frame has an
electrical resistivity between and including 1 x 106'* and 1 x 10'® Ohms centimeter (cm)

{Ohms cm).

&. The SAW filter package of claim 2, firther comprising:

a first metal interconnect coupled to 3 first surface of the cap substrate opposite a
second surface of the cap substrate;

a second metal interconnect coupled to the first surface of the cap substrate;

a first metal conductor disposed on a first cap substrate side wall among the at
least one cap substrate side wall and a fivst fraroe side wall among the at
icast one frame side wall and coupling the first metal interconnect to the
first IDT; and

a second metal conductor disposed on a second cap subsirate side wall among the
at least one cap substrate side wall and a second frame side wall among
the at least one frame side wall and coupling the second metal interconnect

to the second IDT.

9. The SAW filter package of claim 1, further comprising:
an Aluminom pad disposed on the first surface of the substrate; and

wherein:
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the diamond cavity frame is coupled to the Ahmmimum pad to couple the

diamond cavity frame to the substrate.

10, The SAW filter package of claim 1, wherein the cap substrate compriscs a Silicon

material,

1. The SAW filter package of claiva 1, wherein:
the diamond cavity frame comprises a diamond frame perimeter structure
comprising a first perimeter surface coupled to the first surface of the
substrate and a second perimeter surface; and
the cap substrate comprises a second surface coupled to the second perimeter
surface of the diamond frame perimeter structure and enclosing the cavity
inside the diamond frame perimeter structure between the substrate and

the cap subsirate,

12. The SAW flier package of claim 1 integrated mto a device selected from the
group consisting off a set top box; an enterfainment unit; a navigation device; a
communications device; a fixed location data unit; a mobile location data vmi; a global
positioning system {GPS) device; a mobile phone; a cellular phone; a smart phone; a
session initiation protocol (SIP) phone; a tablet; a phablet; a server; a compuier; a portable
computer; a mobile computing device; a wearable computing device; a desktop computer;
a personal digital agsistant (PDA); a monitor; a computer monitor; a television; a funer; a
radio; a satellite radio; a music player; a digatal music player; a portable music player; a
digital video player; a video plaver; a digital video disc (DVD) player; a3 portable digital
video player; an automobile; a vehicle component; avionics systems; a droneg; and a

multicopter.

13, A surface acoustic wave (SAW) filter package, comprising:
a subsirate comprising a piczoelectric material and having a first surface;
a cap substrate;
a cavity frame having a thermal conductivity of at least five {5) Watts {W) per

meter {m)-Kelvin (W/m-K), the cavity frame disposed between the
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substrate and the cap substrate that forms a cavity betwegen the cap
substrate and the frst surface of the subsirate;

a first interdigital transducer (IDT) on the first surface of the substrate inside the
cavity; and

a second IDT on the first surface of the substrate inside the cavity.

14.  The SAW filter package of claim 13, wherein the cap subsirate comprises at least
one cap substrate side wall that is co-planar in 3 vertical direction with at least one frame

side wall of the cavity frame.

1S. The SAW filter package of claim 13, wherein:

the cap substrate comprises a first cap substrate side wall that extends along a first
iongitudinal axis and a second cap substrate side wall that extends along a
second longitudinal axis parallel to the first longitudinal axis;

the cavity frame comprises a first frame side wall that extends along the first
longitudinal axis and a second frame side wall that extends along the
second longitudinal axis; and

the first cap substrate side wall 1s co-planar to the first frame side wall in a vertical
direction, and the second cap subsirate side wall is co-planar to the second

frame side wall in the vertical direction,

16.  The SAW filter package of claim 13, wherein:
the cap substrate comprises a rectangular-shaped cap substrate frame perimcter
structure;
the cavity frame comprises a rectangular-shaped frame perimeter structure; and
the rectangular-shaped cap substrate frame perimeter structure is co-planar {o the

rectangular-shaped frame pertmeter structure.

17.  The SAW filter package of claim 13, wherein the cavity frame has a cocfficient
of thermal expansion (CTE) less than or equal to ten (10) parts per miblion (ppm) per

degree Celsius (C) (ppim/deg C).
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18.  The SAW filter package of claim 13, wherein the cavity frame has an electrical

resistivity greater than or equal to 1 x 10'° Oluns centirneter (cm) (Ohms cm).

19, The SAW filter package of claim 13, whercin the cavity frame comprises a
matertal comprised from the group consisting of alurminum oxide, silicon nitnde, and

sapphire.

20.  The SAW filter package of claim 14, further comprising:

a first metal interconnect coupled to a first surface of the cap substrate opposiie a
second surface of the cap substrate;

a second metal interconnect coupled fo the first surface of the cap substrate;

a first metal conductor disposed on a first cap substrate side wall among the at
icast one cap substrate side wall and a first frame side wall among the at
least one frame side wall and coupling the first metal interconnect to the
first IDT; and

a second metal conductor disposed on a second cap substrate side wall among the
at least one cap substrate side wall and a second frame side wall among
the at least one frame side wall and coupling the second metal inferconnect

to the second DT,

21, The SAW filter package of claimn 13, further comprising:
an Aluminum pad disposed on the first surface of the substrate; and
wherein:
the cavity frame is coupled to the Aluminum pad to couple the cavity

frame to the substrate.

22.  The SAW filter package of claim 13, wherein the cap substrate comprises a Silicon
material,
23, The SAW filter package of claim 13 mtegraled into a device selected from the

group consisting off a set top box; an enterfainment unif; a navigation device; a

communications device; a fixed location data unit; a mobile location data vmi; a global
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positioning system {GPS) device; a mobile phone; a cellular phone; a smart phone; a
session itiation protocol (SIP) phone; a tablet; a phablet; a server; a computer; a portable
computer; 3 mobile computing device; 3 wearable computing device; a desktop computer;
a personal digital agsistant (PDA); a monitor; a computer monitor; a telovision; a tuner; a
radio; a satellite radio; a music player; a digital music player; a portable music player; a
digital video player; a video player; a digital video disc (DVD) player; a portable digital

video player; an automobile; a vehicle component; avionics systems; a drone; and a

multicopter.
24. A method of fabricating a surface acoustic wave (SAW) filter package,
cornprising:

providing a cap substrate comprising a first surface;

coupling a first surface of a cavity frame to the cap substrate, the cavity frame
having a thermal conductivity of at least five (5) Watts (W) per meter (m)-
Kelvin {(W/m-K);

providing a substrate comprising a piezoelectric matenial, a first surface, a first
interdigital transducer {(IDT) on the first surface of the subsirate, and a
second IDT on the fivst surface of the substrate; and

coupling a second surface of the cavity frame to the first surface of the substrate
thereby forming a cavity between the cap substrate and the first surface of

the substrate and enclosing the first IDT and the second [DT.

25.  The method of claim 24, comprising coupling the fivst surface of the cavity frame
to the first surface of the cap substrate before coupling the second surface of the cavity

frame to the first surface of the substrate.

26. The method of claim 24, further comprising forming the cavity frame, comprising:
disposing an etch material layer comprising an etch material on the first surface

of the cap substrate;
patierning the etch material layer to form a penimeter opening in the eich matenal;
disposing a cavity frame matenial of the cavity frame on the etch material and i

the perimeter opening in the etch material; and
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removing the etch material layer.

27.  The method of claim 26, further comprising grinding the cavity frame material to

form the second surface of the cavity frame.

28.  The method of claim 26, further comprising dicing the cavity frame coupled to
the cap substrate in a vertical direction to form one or more cap substrate side walls of the

cap substrate co-planar to one or more frame side walls of the cavity frame.

29.  The method of claim 26, further comprising forming a first metal interconnect on
the first surface of the substrate; and
wherein:
coupling the second surface of the cavity frame to the first surface of the
substrate comprises coupling the second surface of the cavity
frame to the first metal interconnect on the first surface of the

substrate,

30, The method of claim 29, further coraprising:
forming a second metal interconnect on a second surface of the cap substrate
opposite the first surface of the cap substrate; and
disposing a metal conductor on a cap substrate side wall of the cap substrate and
a frame side wall of the cavity frame coupling the first metal interconnect

to the second metal interconnect,

31 The method of claim 24, wherein the cavity frame comprises a diamond cavity
frame.
32, The method of claim 24, wheren the cavity frame has a coefficient of thermal

expansion {CTE) less than or equal to ten (10) parts per million {(ppm) per degree Celsius

{C) (ppm/deg C).
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33, The method of claim 24, wherein the cavity frame has an electrical reststivity

greater than or equal to 1 x 10'Y Ohms centimeter {cm) (Ohms om).
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