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(57) Abstract: Integrated power modules according to the present technology may include a printed circuit board characterized by a
first surface and a second surface. The integrated power modules may include one or more surface-mounted components coupled with
the first surface of the printed circuit board. The integrated power modules may include a heat-transfer substrate. The integrated power
modules may include one or more gallium nitride transistors coupled between and soldered to each of the second surface of the printed
circuit board and the heat-transfer substrate. The integrated power modules may include one or more spacers coupled between and
soldered to each of the printed circuit board and the heat-transfer substrate.
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INTEGRATED GaN POWER MOBULKE

CROSS-REFERENCE TO RELATED APPLICATION
13601} This application claims the benefit of U.S. Non-Provisional Application No.
17/387,093, entitled “INTEGRATED GAN POWER MODULE,” filed on July 28, 2021, The
conients of which is heremn incorporated by reference.
TECHNICAL FIELD
[B802] The present technology relates {o power modules. More specifically, the present

technology relates to power modules incorporating gallium nitride components.

BACKGROUND
[8603] Power modules arg useful for improving efficiency and power density while
reducing cost. As more devices with mcreased power demands are developed, improved

power modules are needed.

SUMMARY
[6004] Integrated power modules according to some embodiments of the prosent
technology may mclude a printed civenit board characterized by a first surface and a second
surface. The integrated power modules may include one or more surface-mournted
components coupled with the furst surface of the pruded circuit board. The integrated power
modules may include a heat-transfor substrate. The infegrated power modules may include
one or more gallivm nitride transistors coupled between and soldered to each of the second
surface of the printed circuit board and the heat-transfor substrate. The integrated power
modules may nclude one or more spacers coupied between and soldered to cach of the

printed circutt board and the heat-transter subsirate.

{0603 In some embodiments, the heat-transfer substrate may be an insulated metal
substrate. The msulated metal substrate may include a copper base and one or more
insufation layers. The one or more surface-mounted components may include at least ong of
a gate drver, a capacitor, a diode, a switch, or a thermistor. The one or more spacers may

mclude solder-plated copper spacers. At least ong spacer may be coupled with a via formed
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through the printed circut board, and configured fo transfer heat from the one or more
surface-mounted components o the heat-transfer substrate. The module may include
molding extending hetween the printed circuit board and the heat-transfer substrate, and
further extending about the one or more gallivm nitride transistors and the one or more
spacers. The modules may include potting extending across the first surface of the printed
circuit board and extending about the one or more surface-mounted components. The heat-
transfer substrate may be a direci-bonded copper board. The direci-bonded copper board may
melude a first copper laver coupled with the one or more galliom nitride transisiors, a second
copper layer, and a ceramic layver. The first copper layver may be characterized by an arcuate
profile along the ntegrated power module. At least a portion of the second copper laver may

be removed exposing the ceramic layer,

18606  Some embodiments of the present technology may encompass inntegrated power
modules. The modules may include a printed circuit board characterized by a first surface
and a second surface. The modules may inchude one or more surface-mounted components
coupled with the first surface of the printed circuit board. The modules may include a first
heat-transfor substrate. The modules may include a second heat-transfer substrate. The
modules may melude a first gallium nitride transistor coupled between and soldered to each
of the second surface of the prnted circuit board and the first heat-transfer substrate. The
modules may nchude a second gallium sitride fransistor coupled between and soldered to

cach of the second surface of the printed circuit board and the second heat-transter substrate.

[8087]  In some embodiments, the modules may mchude at least four heat~transfer substrates
incladimg the first heat-transfor substrate and the second heat-transfer substrate. The modules
may include at least four gallivum nitrnide transistors including the fivst galinam nitnde
transistor and the second galiium nitride transistor. The first heat-transfer substrate and the
second heat-transfer substrate each may be an insulated metal substrate including a copper
base and one or more insulation layvers. The modules may mclude molding extending along
the sscond surface of the printed circuit board, and extending between the first heat-transfer
substrate and the sccond beat-transter substrate. The first beat-transfor substrate and the
second heat-transfer substrate cach may be a direct-bonded copper mcluding a ceramic layer
between copper layers. The modules may include a transformer core coupled with the first
surface of the printed circuit board. The fransformer core may separate the surface-mounted
components 1nto a first subset of surface-mounted components and a second subset of

surface-mounted components. The first heat-transfer substrate may be coupled with the

[N
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printed circuit board in association with the first subset of surface-mounted components. The
second heat-transfer substrate may be coupled with the printed circuit board in association
with the sccond subset of surface~mounted components. The moedules may mclude one or
more first spacers coupled between and soldered to cach of the printed circuit board and the

first heat-transfor substrate. The modules may include one or more second spacers coupled

h

between and soldered to each of the printed circuit board and the second heat-transfer

substrate,

[8608] Some embodiments of the present technology may encompass integrated power
modules. The modules may include a printed circuit board characierized by a first surface
10 and a second surface. The modules may mclude one or more surface-mounted components
coupled with the first surface of the printed circuit board. The modules may include a heat-
transfer substrate including an insulated metal substrate including a copper base and one or
more msulation lavers. The modules may include one or more galiium nitnde transistors

coupled between and soldered to each of the second surface of the printed circuit board and

[
¥4

the heat-transfer substrate. The modules may include one or more spacers coupled botween
and soldered to cach of the printed curcutt board and the beat-transfer substrate. The one or

more spacers may include solder-plated copper spacers.

160091 Such technology may provide numerous benefits over convertional technology. For
example, power modules according to some embodiments of the present technology may be
20 characterized by increased power density due to mmproved matenial configurations.
Addutionally, the power modules according to some crubodiments of the present technology
may mprove heat transter from the awdaliary circuits, which may mnprove performance over
conventional technologies. These and other embodiments, along with many of their
advantages and features, are described in more detail in conjunction with the below

25 description and attached figurcs.

BRIEF DESCRIPTION OF THE DRAWINGS
[B818] A further understanding of the nature and advantages of the disclosed embodiments

may be realized by reference to the remaining portions of the specification and the drawings.

30 [6B11}] FIG. I shows a schematic cross-sectional view of an integrated power module

according to some embodiments of the present technology.

(98]



WO 2023/009232 PCT/US2022/033472

[8612] FIG. 2 shows a schematic cross-sectional view of an mntegrated power module

according to some embodiments of the present technology.

[B813] FIG. 3 shows a schematic cross-sectional view of an integrated power module

according to some embodiments of the present technology.

(4]

[8614] FIG. 4 shows a schematic cross-sectional view of an mntegrated power module

according to some embodiments of the present technology.

[B815]  FIG. 5 shows a schematic cross~-sectional view of an integrated power module

according to some embodiments of the present technology.

[8616] Several of the figures are included as schematics. It 1s to be understood that the

10 figures are for illustrative purposes, and are not to be considered of scale or proportion unless
specifically stated to be of scale or proportion. Additionally, as schematics, the figures are
provided to aid comprehension and may not include all agpects or information compared to

realistic representations, and may include exaggerated matenal for iflustrative purposes.

160171 In the figures, similar components and/or features may have the same numerical
15 reterence label Further, vanious components of the same tvpe may be distinguished by
following the reference fabel by a letter that distinguishes among the sinilar components
and/or featwres. I only the first numerical reference label s used mn the specification, the
description is applicable to any one of the similar components and/or features having the

same first namerical reforence label irrespective of the letter saffin.

26
DETAILED DESCRIPTION
[8618] Integrated power modules provide packaged semiconductor devices delivering
higher power density than many standalone configurations. As power demands are
wngcreasing tor a host of devices and machines, improved power modules are being developed.
25 Forsystems requiring increased power levels, integration of the semiconductor devices may
deternune the overall power density of the power module. As increased demand and faster
switching speeds are sought, materials characterized by a wider bandgap are being used. For
example, power modules are aticmpting to incorporate switches or diodes including silicon
carbide or galliim nitride. However, these faster switching materials may produce increased

30 heat that can inhibit performance if vot properdy dissipated from the system.
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{6019} Many conventional power modules attempting to incorporate silicon carbide or
gallivm mitride have been limited in operational ability dae to lower heat dissipation, which is
oficn a result of the module configuration. A potential solution may be to improve a
conduction path from the senuconductor devices to an associated heat sink, such as a cold
plate, which may be performed by reducing component spacing and layver separation.
However, due to component mismatches, these reductions may have been frustrated or
prevented. For example, producing a planar power module including a planar beat-rejection
surface may improve conductive contact with a cold plate or other heat sink. Simularly,
mereasing couphing between the circwitry, semiconductor switches, and baseplate, which may

then be coupled with a heat sink, may vuprove heat dissipation during operation.

[88208] Producing these closer couplings may be frustrated in conventional designs due to
mismatches betweon components. For example, a circuit board on which the circuitry is
disposed may be characterized by a different cocfficient of thermal expansion compared to
the baseplate. Were the semiconductor switches dirgctly coupled with each of the circuit
board and the baseplate, at least one of the components may warp during soldering
operations. For example, the baseplate may warp during soldermg operations, which can
cause a number ot issues. The circuif board may be fiberglass and copper, while the
baseplate, such as direct bonded copper, may nchude ceranvics characterized by different
thermal properties that will cause the baseplate to warp. Dunng cooling subsequent 1o the
soldering, connections may fracture, which may limit performance, if not lead 1o yield loss.
Additionally, a warped or non-planar baseplate may frustrate coupling with the heat sink,
requiring increased coupling material, such as thermal paste, which may increase the thermal
resistance between the components and limit performance due to lower heat dissipation.
Consequently, many conventional designs are himited to separating the cirenit board from the
switches and including an additional gate drive board and board-to-board connectors, or
producing a structure that will necessarly include a warped basepiate when the switches are
soldered to each of the circuit board and the baseplate. Alternatively, some conventional
technologies may nclude a gap pad between the semiconductor devices and the baseplate,
which may greatly reduce thermal dissipation to the heat sink, limiting operational

capabilitics of the module.

19621} The present technology overcomes these issues by wtilizing additional baseplate
materials or designs, which may accommodate thermal expansion differences between the

materials, and may allow closer coupling. By providing a direct coupling solution with the
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semiconductor device, gate drivers and other components may be positioned in closer
proximity to the switches, which may be or include galbum mitnde. With this closer
commection, the decoupling loop for the capacitor and the gate drive loop may be greatly
reduced, improving switching speeds. Consequently, dv/dt and di/di related losses may be
mintmized in the present technology, which may allow devices according to some
embodiments of the present technology to be operated over wider current and voltage ranges.
Iraproved heat rejection may also be afforded, which may allow the galliom nitride switches

to operate faster and more efficiently, further improving device performance.

(60221 Although the remaining portions of the description will reference power modules
incladimg gallium nitride switches, 1t will be readily understood by the skilled artisan that the
technology 1s not so limited. The present materials and technigues may be employed with
any number of power module topologies and components, including other semiconductor
materials such as silicon carbide, or other materials. Moreover, the present technology may
be applicable to power modides used in any number of technologigs that may inchude,
without mitation, power conversion equipment including motor drives, power supphies, AC-
DC power converters, high-voltage to low-voltage converters, or uninterruptable power
supplies. The devices may be implementable in power grid applications, green technology
such as including solar panels, home appliances, or any other system or device that may

henefit from aspects of the present technology.

[8623] FIG. 1 shows a schematic cross-sectional view of an integrated power module 100
according to some embodiments of the present technology. The figure may illustrate
components and configurations that may be mcorporated in any number of power modules
according to some embodiments of the present technology. The figure illustrates top-side
cooled devices in a configuration that may maintaio a substantially consistent gap between
the circuit board and the baseplate. Although some embodiments of the present technology
may utilize direct-bonded copper as a baseplate or heat-transfer substrate as will be deseribed
further below, in some embodiments as tHustrated, the baseplate or heat-transfer substrate
may be or include an insulated moctal substraie as the heat-transfer substrate 105, FIG. |
ilustrates a power module that has been coupled with a cooling plate 103 or heat sink, which
may be a gas or hguid-flowed heat sink. It is to be undersiood that the heat sink is tHustrated
for understanding of coupling according to some cmbodiments of the present technology, and

may not be jnchuded o integrated power modules according to some embodiments of the
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present technology, ncluding integrated power module 100, such as where the heat sink may

be incorporated with the system or device in which the power modude 18 installed.

[8824] The msulated metal substrate, or IMS board, may include a metal substrate 106 as
well as one or more layers tustrated as layer 108. Laver 108 may represent one or more
lavers of msulation material and/or copper foil, as would be understood as being mncluded in
an IMS board. In some embodiments, a single msulation layer and a single copper foil layer
may be mcluded, althoogh in other embodiments additional layers may be included. For
example, by including multiple lavers, one or more layers may be utilized as a grounding
laver or an clectroroagnetic compatibility shiclding, as well as current and/or thenmal
distribution lavers. Accordingly, it is to be understood that laver 108 may imchide one or
more layers of cach of msulation and/or foil in embodiments of the present technology.
Additionally, metal substrate 106 may be or include any number of metals, such as
alurmninum, copper, or other metals, although 1 some embodiments the metal may be copper.
Although aluminum is utihized 10 some IMS boards, aluminum may be characterized by a
coefficient of thermal cxpansion that may linit or otherwise tropact coupling between the
lavers in configurations as tHustrated. By utilizing copper as the metal substrate 106 in some
embodiments, a planar substrate and more complete coupling during solderning processes may
be maintained. Accordingly, such as in comparison o a direct-bonded copper substrate,
althougzh the integrated metal substrate may increase local thermal resistance at the insulation
laver or layers, the sabstrate may afford a substantially planar profile at the base surface to be

coupled with a cold plate or other device.

[B825]  This may maintain an overall increased heat dissipation potential compared fo a
direct-bonded carbon, which may be warped if soldering is incladed as described above, and
which may be characterized by a greater overall resistance between the power module and a
cold plate. By substantially planar 1s meant to encorapass machine tolerances that may
prevent perfect planarity, as well as natural surface roughness, but which may maintain a
surface profile that may maintain a consistent surface that may provide contact with a cold
plate or other componeut at greater than or about 0% of the base of the integrated metal
substrate, and may mamtain contact at greater than or about 93%, greater than or about 97%,
greater than or about 99%, or more. Similarly, where a thermal grease or paste may be
disposed between the integrated metal substrate and the cold plate, a thickness of the thermal
paste may be consistent m thickness to +/- 1%, +/- 0.5%, +/~ .1% o1 less across greater than

or about 90% of the area of contact, and may be maintained across greater than or about 95%
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of the arca of contact, greater than or about 7% of the area of contact, greater than or about

99% of the arca of contact, or more.

[8026] Integrated power module 106 may melude a circuit board 110, which mav be any

type of printed circuit board, such as an FR4 board in non-limiting embodiments of the

(3]

present techuology. 1t is to be understood that the cironit board 110 may be any board that
may be or include one or more fiberglass and/or copper lavers, as well as any other civout
board materials. Any substrate that may operate to mamtain auxiliary Circuiis of components
may be cncompassed in embodiments of the present technology, and may be used as circuit
board 110, Circutt board 110 may be characterized by a first surface 112, and a sccond

10 surface 114, which may be opposite first surface 112 as illustrated. Mounted along, or
coupled with, first surface 112 may be one or more components of a power module, such as
surface-mounted components. Hlustrated component 115 and component 117 may be or

melude any number of components in any configuration.

[8627] It isto be understood that the present techuology may be uiilized for power modules

15 characterized by any number of topologies, and any number of components may be mcluded.
For example, the components may be or include capacitors, gate drivers, diodes, switches,
thermistors, conneciors, such as including for a transformer, or sensors, which may be
included to produce any topology such as may mclude switches, brnde rectifiers, power
converters, neutral-point-clamped configurations, inverters, or other topologies that may

20 inchide any nmumber of components to produce circuits of various stractures. Accordingly,
the figure and followng figures are not intended to lunit any aspect of the present
technology. As iHustrated, component 115 and component 117 may be soldered to the circuit

board 110, although any other coupling may be encompassed by the present technology.

[6028] In some embodiments, mtegrated power module 100 optionally may include a dam

]
(4]

120 or other structare that may be coupled with the circuit board 110 aboot a periphery of an
active region of the first surface 112 of the circuit board 110, The dam may be plastic,
rubber, or some polymeric material, which mayv be ghied or otherwise adhered to the first
surface 112 ofthe circunt board 110 as illustrated. Within dam 120 optionally may be
mcladed a potting 122 extending across the first surface 112 of the circuit board 110, and

30 which may further extend about the one or more swrface mounied components, as iliustrated.
Potting 122 may be any number of matenials, such as anv rubber matenal, epoxy, silicone gel,

or any other encapsulation material that may be ased i semiconductor or elecironic
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technologies. Additionally, potting 122 may be charactenzed by an increased thermal
conductivity, which may afford improved heat dissipation from components, such as

capaciiors.

[9828]  Coupled with the second surface 114 of circuit board 110 may be one or more

(3]

components, which may also be coupled with the insulated metal substrate. As illustrated, in
some embodiments circuit board 110 may be separated from the heat-transfer substrate by the
one or more components, although i some embodiments the circuit board may include
certain components embedded, and may extend to contact the heat-transfer substrate. The
components disposed between the circuit board 110 and the heat-transfer substrate 105 may
10 nclude one or more galiim nitnde components 125, such as switches or transistors, used in
power modules. Although the remaining description will identify the components as
incloding gallivm nitride, it is to be understood that o some embodiments additional
semiconductor materials may be used, such as silicon-contaming matenials, mcluding silicon

or silicon carbide. Additionally, although two gallium nitride components 123 are illustrated,

[
¥4

it 1s to be understood that integrated power modules according 1o some embodiments of the
present technology may nchude any number of gallium nttnide components 125, including
greater than or about 2, greater than or about 4, greater than or about 6, greater than or about
%, greater than or about 10, or more, depending on the topology, device size, and component

contigurations, for example.

20 [8038f The gallium mitnde components 125 may be coupled between the circuit board 110
and the heat-transfer substrate 105 as previously noted, and may be m contact with each
component, such as being direcily soldered to each of the second surface 114 of the circuit
board 110 and the heat-transfer substrate 105 as iHastrated. Additionally, to mnprove
coupling and maintain location during the soldening process, in some ¢mbodiments an

25 underfill 126 may be mncluded along either surface of the gallium nitade components 125,
such as between the solder contacts along the second surface 14 of the cireuit board 1106, as
thhustrated. Underfill 126 may be any number of matenials used m solder underfilling, and
may nclude an epoxy or other polvmeric matenal along with any number of fillers, flow

agents, or other materials,

30 (00311 To some embodiments, mtegrated power modules according to the present
technology may include one or more spacers 139, which may be posttioned at one or more

positions between the circust board 110 and the heat-transfer sabstrate 105, Simuilar to
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gallium nutride components 125, spacers 130 may be coupled between the circuit board 110
and the heat-transfer substrate 105, and may be soldered to cach of the circuit board 110 and
the heat-transfer substrate 105, Spacers 130 may include a metal material, such as copper, or

some other material, which may provide one or more benefits to the power module, and the

h

metal matenal may be plated with solder or other conductive coupling matenals. For
example, spacers 130 may be incorporated o maintain a specific gap distance between circuit
board 110 and heat-transfor substrate 105 during reflow operations where solder on each side
of the gallium nitride components 125 and/or spacers 130 may be melted to engage with the

corresponding surfaces of the circuit board and the heat-transfer sobstrate.

10 [8032] Spacers 130 may be positioned about a periphery of the boards, as well as within an
mternal arca, and may be used to facilitate heat transfer from the circuit board n some
embodiments. For example, in some embodiments one or more vias 132 may be formed at
locations proximate one or more spacers, which may more readily draw heat from surface-

mounted components to the spacers and underlving heat-transfer substrate. Viag 132 may

[
¥4

extend at least partially through the circuit board 110, and may extend fully through the
circuit board 110 in some embodiments. The vias may couple with wire tracing or other heat
sinks within the circwt board, as well as coupling proximate or with one or more surface-
mounted components in embodiments of the present technology. Spacers 130 may simifarly
afford current sharing between the circuit board and the heat-transtor substrate based on

20 coupling with layers of the components. Additionally, the spacers may be incorporated to
provide clectromagnetic compatibility shielding connection locations about the power
module. The spacers may couple with foil layers of the heat-transfer substrate, as well as
with the base metal layer, in some embodiments. Regardless, the spacers may provide access

to the heat-transter substrate, which may then provide lateral and vertical distribution and

[Nl
W

dissipation of heat.

(86331  In some embodiments a molding 140 may be imcorporated between and extend
along and/or contact cach of the circuit board 110 and the heat-transfer substrate 105
Molding 140 may be any number of encapsulating materials used in semiconductor
packaging, for example, and may include any of the materials noted previously for potting as
30 well as other epoxy resins, hardeners, fillers, catalysts, or other agents that may be
incorporated in molding or overmolding. Molding 140 may cxtend about the gallium nitride
components 123, as well as the spacers 130, in some embodiments, and may provide

additional rigidity to the powsr module and components.

14
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[6034] Additionally, the molding 140 may provide environmental protection, which may
facilitate lower creepage and clearance requirements, and which may allow closer coupling of
components, for example. This may increase the module density, while providing a stable

package that can further distnibute heat for improved heat transfer. Although shown at a

h

similar lateral dumension as cach of the circuit board 110 and the heat-transfor substrate 105,
in sorae embodiments the components may not be sinularly sized. For example, in some
embodiments the circuit board 110 may be characterized by longer lateral dimeunsions than
the heat-transfer substrate. In some embodiments, the molding may then extend about the
heat-transfer substrate and increase the lateral dimensions in order to provide conformity of
10 dumensions about the power module. During dicing, the molding and/or the circuit board

may be timmed to provide vertical sidewalls for cach matenal, for example.

19635]  Integrated power modules according to embodiments of the present technology may
also include one or more modifications to the structure lustrated n FIG. 1, and which may

provide additional flexibility to the module for a varniety of environments and configuration

[
¥4

capahilities. t is to be understood that any of the designg ilustrated may show additional
features of power module 100, or may include any feature or aspect of power module 100

described above.

[8636]  Tuming to FIG. 2 is shown a schematic cross-sectional view of an integrated power
module 200 according to some embodiments of the present technology, and which may

20 inchide more than one heat-transfer substrate. Integrated power module 200 may include any
feature, aspect, component, or material from integrated power module 100, and may iHustrate
additional features of integrated power module 100 in some embodiments. For example,
integrated power module 200 may include any nuomber of components as previously
described, and which may be incladed in power module 200, Integrated power module 200

25 mav include multiple heattransfer substrates, such as a first heat-transfer substrate 2052 and
a second heat-transfer substrate 205b, which may include any aspect of heat-transfer
substrates discussed previously, and which may be an insulated metal substrate as previously
described. The module may moclude a circutt board 210, which may inchude one or more
surface-mounted components 215 on a first surface of the circuit board, and which may be

30 any of the materials and components previcusly described.

(86377  The power module may include one or more galiium nitnide components as

previously desenbed, and may inchuide a number of heat-transfer substrates that i less than or

1i



h

10

20

[Nl
W

30

WO 2023/009232 PCT/US2022/033472

cqual to the number of galliom nitride components. For example, cach gallium nitnde
component may mchide a corresponding heat-transfer sabstrate, or multiple galiium nitnide
components may share a heat-transfer substrate. Although anv number of transistors or
switches may be mncluded in embodiments according to the present technology, in some
embodiments the power modale may include at least a first galliom nitride component 225a
and a second galliwm mitride component 225b. Each of the components may be coupled
between and soldered to the second surface of the circutt board 210, Additionally, the
components may be soldered o a corresponding heat-transter substrate. For example, as
hhustrated, first gallium nitride component 225a may be coupled with first heat-transfer
substrate 205a, and sccond gallium nitride component 225b may be coupled with secound
heat-transfer substrate 205b. As shown, the power module may also include a third heat-
transter substrate coupled with a third gallivm nitride component, and a fourth heat-transfer
substrate coupled with a fourth galliom mitride component. Consequently, any number of
transistors and heat-transfor substraics may be incorporated n power modules according to

embodiments of the present technology.

[8038] In some embodiments potiing optionally may be included as previoushy discussed,
and a molding 240 may be meladed to support the power module and provide rigadity to the
individual heat-transfeor substrates and transistors. Molding 240 may extend along the second
surface of the circuit board 210, and may extend about and between the heat-transter
substrates and gallium mitnde components. As explained previously, bonding the gallium
nitride components to the circuit board and heat-transfer substrates may cause an amount of
deformation of one of the substrates. By linuting the size of the substrate to be similar to the
size of the component, stress produced due to mismatch may be accommaodated.
Additionally, subsequent the reflow operation and/or the molding formation, a plananization
operation may be performed along a base of the power module to cusure a substantially
planar surface across and along cach of the heat-transfer substrates for coupling with a cold
plate, for example. Although heat transfer mav be reduced relative to a larger heat-transfer
substrate as ilhustrated elsewhere 1 this disclosure, in some embodiments the individual heat-
transfer substrates or the planarnization operations may allow more flexibility of heat-transfer

substrates, which may afford reduced packagimg sizing as will be described further below.

18639 FIG, 3 shows a schematic cross-sectional view of an mtegrated power module 300
according to some embodiments of the present technology, and which may mmclude a ditect-

bonded copper substrate as the heat-transfer substrate. Integrated power module 300 may
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mchude any feature, aspect, component, or material from infegrated power module 100, and
may iostrate additional features of ntegrated power module 160 in some smbodiments. For
example, miegrated power module 300 may melude a beat-transter substrate 305
characterized by a reduced thickness, such as a direct-bonded copper substrate, for example.
The power module may include any nomber of other components as discussed previously for
any other power module. For example, the module may include circuit board 310, which
may nclude one or more surface~rnounted components 315 on a first surface of the cironit
board, and which may be any of the maierials and components previously described. The
mtegrated power module 300 may include any mumber of galliom nitride components 325 as
well as spacers 330, which may be or include any of the components or configurations as
discussed above. The module also optionally may melude potting and/or molding as

discussed above.

186481 As discussed previously, the soldering process for coupling the galhium nitride
components with the circuit board and the heat-transfor substrate will cause the direct-bonded
copper substrate to warp due to differgnces in the coefficient of thermal expansion of the
substrate relative to the circuit board. Solder plated on each of the components may be used
to accommodate the flexang that will occur n order to protect the coupling from fracturing
dusing cooling. For example, the thickness of solder, or the size of solder bumps, may be
adjusted across the subsirate where an mncreased amount of solder may be utilized proximate
cdge regions or other locations where more deflection may occur. When a direct-bonded
copper substrate 1s used, the substrate may include a first layer of copper and a second layer
of copper on opposite surfaces of a ceramic base, where the first laver of copper may be

coupled with the componends.

19641} The cooling process after soldering may cause the heat-transfer substeate to warp in
any number of ways, and an arcuate profile may be produced. As explained previously,
conventional technologies would be limited to increasing a thermal coupling laver, such as
thermal paste, which may reduce heat transfer between the heat-transfer substrate and the
cold plate, for example. The present technology may mclude modifications to the substrate
as well as the soldering process. For example, during the reflow process where the solder
mayv be heated, as well as dunng subsequent cooling, pressure may be apphied across the
power module, either upwards on the heat-transfer substrate, and/or downwards on the circuit

hoard, which may reduce an amount of deflection during cooling. Again, the amount of

[
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solder may be adjusted to accommodate stress caused by the process. Accordingly, the

amount of deflection may be reduced or minimized.

(88421  Additionally, in some embodiments a subsequent planarization operation may be

performed along the backside of the heat-transfer substrate. For example, as dhustrated in

(3]

FI1G. 3, a portion of the second copper layer may be removed, as well as a portion of the
ceramic laver that may be exposed during the removal and depending on the extent of
deflection, such as by grinding or other removal operations. This removal may produce a
substantially planar profile across a backside of the heat-transfer substrate. Conscquently,
duning a subsequent coupling with a cold plate, for example, similar contact or thermal paste
10 thicknesses may be afforded as previously desceribed. Despite the potential loss of copper on
edge regions as llustrated, the improved thermal conductivity of the direct-bonded substrate
may tnprove overall performance. Additionally, a subsequent operation may be performed
to ensure copper along the base of the surface. For example, copper foil may be applied

across the backside of the heat-transfer substrate subsequent the removal operation, for

[
¥4

examyple, or copper may be applied or sputicred across the backside to improve a beat transfer
profile. Hence, in some enmbodimenis of the present technology, direct-bonded copper
substrates may be employed as the heat-transfer substrate by accommodating the deformation

that may occur during bonding.

(86431 Addiionally, direct-bonded copper substrates may be used in similar configurations
20 as discussed previously with regard to FIG. 2, where individual heat-transfer substrates are
coupled with each of the galhium nitnide swiiches. FIG. 4 shows a schematic cross-sectional
view of an integrated power module 400 according to some embodiments of the present
technology, and which may illustrate tncorporation of direct-bonded copper substrates as
individual heat-transfor substrates. Integrated power module 400 may include any feature,
25 aspect, component, or matenal from integrated power module 106, and raay illustrate
additional features of infegrated power module 100 in some embodiments. Additionally,
mntegrated power module 400 may include any of the features or aspects of mtegrated power

module 200 discussed above, and which may include a similar design.

[8844] For example, integrated power modide 400 may include any namber of components
30 as previously described, and which may be mcluded m power module 400, Integrated power
module 400 may mclude multiple heat-transfor substrates, such as a first heat-transfer

substrate 4053 and a second heat-transfer substrate 405b, which may inchude any aspect of
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heat-transfer substrates discussed previously, and which may be dircct-bonded copper
substrates as previously described. The module may melude a circuit board 418, which may
neclude one or more surface-mounted coraponents 415 on a first surface of the circutt board,

and which mayv be any of the materials and components previously descrnibe

[8643]  The power module may include one or more gallium nitride components as
previously described, and may include a number of heat-transfer subsirates that 1s less than or
cgual to the number of gallium nitride components. For exanple, cach gallium nitnide
component may inchide a corresponding heat-transfer substrate.  Although any number of
transistors or switches may be included in embodiments according to the present technology,
in some embodiments the power module may include at least a first gallium nitnde
component 4254 and a sscond gallium mitride component 425b. Each of the components may
be coupled between and soldered to the second surface of the circuit board 410,

Additionally, the components may be soldered 1o a corresponding heat-transfer substrate. For
example, as ttusirated, first galiiom nitnide component 4253 may be coupled with first heat-
transfer substrate 4033, and second gallum nitride component 425b may be coupled with
sccond heat-transter subsirate 405b. Again, it 1s to be understood that any number of
transistors and heat-transfer substrates may be incorporated 1 power modules according to
embodiments of the present technology. In some embodiments, potting opticnally may be
included as previously discussed, and a molding 440 may be included to support the power
module and provide nigidity to the individual heat-transfer substrates and transistors.

Molding 240 may extend along the second sarface of the cireuit board 210, and may extend

about and between the heat-transfor substrates and gallium nitnde components.

[8846]  As explamed above, direct-bonded copper substrates may be more likely to warp
during cooling subsequent to a soldering process. By utilizing heat-transfer substrates that
are sized similarly to, or shightly larger than, the switches, deformation may be linited or
prevented during cooling. Additionally, as discussed previously, a subseguent planarization
may be performed along the backside of the power module. However, with reduced sizing
for the heat-transfer substrates, planarization meay be limited, and may substantially maintain
the copper on the backside of the direct-bonded copper substrate, which may improve heat

transfer from the devices.

186477 FIG. 3 shows a schematic cross-sectional view of an mfegrated power module 500

according to some embodiments of the present technology, and which may show a power

[
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converter having mcorporated transformer coils. Integrated power module 300 may include
any feature, aspect, component, or material from any of the mtegrated power modales as
discussed above, and may dlustraic additional features of any infegrated power module

previously described, m some embodiments. For example, mtegrated power module 5300 may

h

be a power converter including multiple power modules on a single cirawnt board. For
example the power converter may include an AC-10-DC converter including cach module and
the associated transformers, a high-voltage-to~-low-voltage converter including cach module

and the associated transformers, or any other structure.

[0048]  Asillustrated, the structure may include any number of components as previously
10 described, and which may be included in power module 500, Intcgrated power module 500
may include multiple heat-transfer substrates, such as a first heat-transfer substrate 505a and
a second heat-transfor substraie 505b, which may include any aspect of heat-transfer
substrates discussed previously, and which may be any of the substrates as previously

described. The module may include a circuit board 510, which may mehude one or more

[
¥4

surface-mounted components 515 on a first surface of the circuit board, and which may be
any of the materials and components previousty described. Addutionally, the components
mounted across the circut board may be separated nto a first subset of components and a
second subset of components, which may be on cither side of a transformer coil 520, which
may separate the two modules of the converter. 1t is to be understood that the transformer is
20 ilustrated schematically to facilitate understanding of the device, and may be considerably

larger than shown relative to other components of the converter or modules.

[304%]  The transtormer coil 520 may be coupled with the first surface of the circuit board,
and a second transformer cotl may be coupled with the second surface of the circuit board
between the two modules formed. Such a design may eliminate the need for transformer

25 councctors, where the transformer may be characterized by embedded coils 1n the circuit
board. This configuration may also provide a lower profile converter. Additionally, poiting
mcluded on the top side, when used, may be included about the transformer coi as well,

which may support and protect the components of the entire module.

[8850] The heat-transfer substrates may be separated to support the incorporated modules,
30 where heat-transfer substrate 503a may support a first module of the converter, and heat-
transfer substrate 505b may support a second module of the converter. For example, the

heat-transfer substrate 505a may be coupled with a first subset of gallium nitride componenis
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525a and optional spacers 530a, and which may be coupled with a first region of the cireuit
board 510, and assoctated with components on the circuit board for a first module. Similarly,
the heat-transfer substrate 505b may be coupled with a second subsct of galiiom nitnide
components 523b and optional spacers 530b, and which may be coupled with a second region
of the circwt board 510, and associated with components on the circuit board for a second
module. The components and couplings may include any aspects of similarly-named
components as described previously. By utihizing components and configurations according
to embodiments of the present technology, improved power modules may be produced, which
may overcome limitations m conventional configurations, and mmprove efficiency and heat

transfer within the device.

[8851]  In the preceding descnption, for the purposes of explanation, numerous details have
been set forth in order to provide an understanding of various embodiments of the present
technology. It will be apparent to one skilled in the art, however, that certain embodiments

may be practiced without some of these details, or with additional details.

{3052} Having disclosed several embodiments, it will be recognized by those of skill n the
art that various modifications, alternative constructions, and equivalents may be used without
departing from the spirit of the embodiments. Additionally, a sumber of well-known
processes and elements have not been described 1n order to avoid uonecessanily obscuring the
present tochnology. Accordingly, the above description should not be taken as limiting the

scope of the technology.

[B853] Where a range of values 1s provided, it 18 understood that each intervening value, to
the smallest fraction of the umit of the lower limit, unless the context clearly dictates
otherwise, between the upper and lower limits of that range 15 also specifically disclosed.
Any narrower range between any stated values or unstated miervening values in a stated
range and any other stated or intervening valae in that stated range 1s encompassed. The
apper and lower himits of those smaller ranges may independently be included or excluded
the range, and each range where cither, neither, or both limits are included 1o the smaller
ranges 18 also encompassed within the technology, subject to any specifically excluded limit
in the stated range. Where the stated range includes one or both of the hmits, ranges
excluding cither or both of those 1ncluded himits are also included. Where multiple values are
provided m a bist, any range encompassing or based on any of those values 1s similarly

specifically disclosed.

[
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SRS

[6034] Asused herein and in the appended claims, the singular forms ™37, “an”, and “the”
mclude phural references unless the context clearly dictates otherwise, Thus, for example,
reference to “a matenial” includes a plurality of such matertals, and reference to “the spacer”

inclades reference to one or more spacers and equivalents thereof known to those skilled m

h

the art, and so forth.

G, s

[B633]  Also, the words “comprise(s)”, “comprising’, “contain{s}”, “contaiming”,
“melade(s)”, and “including”, when used in this specification and 1n the following claimg, are
intended to specify the presence of stated features, integers, componenis, or operations, but
thev do not preclude the presence or addition of one or more other features, Udegers,

10 components, operations, acts, or groups.

18
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WHAT IS CLAIMED IS:

I. An integrated power module comprising:

a printed circuit board characterized by a first surface and a second surface;

one or more surface-mounted components coupied with the first surface of the
printed circuit board;

a heat-transfer substrate;

one or more gallium nitride transistors coupled between and soldered to cach
of the second surface of the prinied circuit board and the heat-transfer substrate; and

one or more spacers coupled between and soldered to cach of the prninted

circuit board and the heat-transfer substrate.

2. The mtegrated power module of claim 1, wherein the heat-transfer

substraie 1s an insulated metal substraie.

-

3. The integrated power module of claim 2, wherein the msulated metal

substrate comprises a copper base and one or more msulation layers.

4. The integrated power module of claim 1, wherein the one or more
surface~-mounted components comprise at least one of a gate driver, a capacitor, a diode, a

switch, or a thermustor,

5 The miegrated power module of claim 1, wheremn the one or more

spacers comprise solder-plated copper spacers.

o. The mtegrated power module of claim 3, wherein at least one spacer is
coupled with a via formed through the printed circwnt board, and configured to transfer heat

from the one or more surface-nmounted components to the heat-transfer substrate.

7. The integrated power module of claim 1, fusther comprising:
molding extending between the printed circnit board and the heat-transfer
substrate, and further extending about the one or more gallium nitnde transistors and the one

OF MOTC SPacers.

& The integrated power module of clamm 1, further comprising:
potting extending across the first surface of the printed circuit board and

extending about the one or more surface-mounted components.
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g The wntegrated power module of ¢claim 1, wherern the heat-transfer

substrate 1s a direct-bonded copper board.

10, 'The ntegrated power module of clatm 9, wherein the direct-bonded
copper board comprises a first copper layer coupled with the one or more gathum mitnide
transistors, a second copper layer, and a coramic layer, and wherein the first copper layer is

characterized by an arcuate profile along the integrated power module.

It The mtegrated power module of claim 10, wherein at least a portion of

the second copper layer is removed exposing the ceranuc layer.

12, Anindegrated power module comprising:

a printed circuit board characterized by a first surface and a second surface;

one or more sarface-mounted components coupled with the first surface of the
printed circuit board;

a first heat-transfor substirate;

a second heat-transfer substrate;

a first gallivm nitade travsistor coupled between and soldered to cach of the
second surface of the printed circuit board and the first heat-transfor substrate; and

a second gallinm nitnde transistor coupled between and soldered to each of the

sscond surface of the printed circuit board and the second heat-transfer substrate.

13, The integrated power module of claim 12, further comprising:

at least four heat-transfer substrates inclhuding the first heat-transfer substrate
and the sccond heat-transfer substrate; and

at least four gatlium nitride transistors including the first gallium nitnde

transistor and the second gallivm nitnide transistor.

14, The integrated power module of claim 12, wherein the first heat-
transfer substrate and the second heat-transfer substrate cach are an msulated metal substrate

comprising a copper base and one or more insulation layers.

i5. The integrated power module of claim 12, further comprising:
molding extending along the second surface of the printed circuit board, and

extending between the first heat-transfer substrate and the second heat-transfer substrate.
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16, The wtegrated power module of clamm 12, wherein the first heat-
transfer substrate and the second heat-transfer substrate cach are a direct-bonded copper

including a ceramic layer between copper lavers.

17, 'The mtegrated power module of claim 12, further comprising:
a transformer corg coupled with the first surface of the printed circuit board,
wheren the transformer core separates the surface-mounted components into a first subset of

surface-mounted components and a second subset of surface-mounted components.

i8. The integrated power module of claim 17, wherein the first heat-
transfer substrate 1s coupled with the printed circuit board in association with the first subset
of surface-mounted components, and wherein the second heat-transfer substrate 1s coupled
with the printed circuit board in association with the second subset of surface-mounted

components.

i9. The integrated power module of claim 17, further comprising:

one or more first spacers coupled between and soldered to each of the printed
circuit board and the first heat-transfer substrate; and

one or more second spacers coupled between and soldered to cach of the

printed circutt board and the sccond heat-transfer substrate.

20, Aniotegrated power module comprising:

a printed circuit board characterized by a first surface and a second sarface;

one or more surface-mounted components coupled with the first surface of the
printed circutt board;

a heat-transter substrate comprising an insulated metal substrate mcluding a
copper base and one or more insulation fayers;

one or more gallium nitnde transistors coupled between and soldered to cach

of the second sarface of the prnted circuit board and the heat-transfer substrate; and

one or more spacers coupled between and soldered to cach of the printed
circuit board and the heat-transfer substrate, wherein the one or more spacers comprise

solder-plated copper spacers.
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