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support to different portions of the conductor with respect to each other. The
insulator may include one or more openings for electrical connections and/or
heat exchange with the electro-thermal conductor. The portions of the con-
ductor may be electrically isolated from each other in the final circuit. Ini-
tially, these portions may be formed from the same conductive sheet, such as
a metal foil having a thickness of at least about 50 micrometers. This thick-
ness ensures sufficient thermal transfer in addition to providing excellent
electrical conductance. In some embodiments, the conductor may include a
surface coating to protect its base material from oxidation, enhancing elec-
trical connections, and/or other purposes.
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CROSS-REFERENCE TO RELATED APPLICATIONS

{8081} This application claims the benefit under 35 U S.C. § 119(e} of US Provisional
Patent Application 62/277 093, entitled: “SYSTEMS AND METHODS FOR
COMBINED THERMAL AND ELECTRICAL ENERGY TRANSFER” filed on

10 11-JAN-2016 {Attorney Docket No. CLNEPOO6PUS) and of US Provisional Patent
Apphication 62/111,333, entitled: “INTERCONNECT FOR BATTERY PACKS” filed on
03-FEB-2015 {(Attorney Docket No. CLNKPOOSPZUS), both of which are incorporated

herein by reference 1o thewr entirety for all purposes.

15
BACKGROUND

[0062] Thus disclosure relates to interconnect circuits for electrically connecting devices,
such as light emitting diodes (LEDs). More specifically, the disclosure relates to
20 nterconnect circutis that provide combined thermal and electrical energy transfer within

these circuits and provide thermal management to the devices.

{06063} Durning operation of various electrical and electronic devices, these devices may
generate {or consume) thermal energy. For example, a portion of electrical energy
consumed by a device may be converted nto thermal energy during operation of the

25 device. This electrical-to-thermal energy conversion depends on the device efficiency.
While generation (or consumption) of thermal energy in closely packed circuits 1s often
not desirable, 1t 1s an mherent characteristic of many devices. Some examples of
conventional electronic circuits include, but are not hmited to, printed circuit boards

{(PCBs), flexible printed circuits (FPCs) and flexible flat cables (FFCs). Generally, these
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circuits are designed with a high packing density of devices, which may interfere with
thermal management. At the same time, many devices have limited operating
temperature ranges, outside of which their performance degrades, either temporarily or
permanently. Various heat transfer features, such as heat sinks, heat spreaders, coolers,
heat exchangers, heat pipes and fans, may be added to circuits to facilitate their thermal
management. However, many of these heat transfer features are difficult to integrate into
compact circuits. Furthermore, these heat transfer features add to the complexity, size,
and weight of the overall system. Finally, many of these heat transfer features remain
somewhat thermally isolated from devices by other components, such as sulators and

adhesives, which diminishes the effectives of the heat transfer features.

SUMMARY

{B084] Provided are mterconnect circuits for combined electrical and thermal energy
transter to devices connected to these circuits.  Also provided are methods of fabricating
such interconnect circuits. An mterconnect circuit may inchude an electro-thermal
conductor and at least one insulator providing support to different portions of the
conductor with respect to each other. The mnsulator may include one or more openings
for elecirical connections and/or heat exchange with the electro-thermal conductor. The
portions of the conductor may be electrically isolated from each other in the final circuit.
Initially, these portions may be formed tfrom the same conductive sheet, such as a metal
foil having a thickness of at least about 50 micrometers. This thickness ensures sufficient
thermal transfer in addition to providing excellent electrical conductance. Insome
embodiments, the conductor may include a surface coating to protect its base material

from oxidation, enhancing electrical connections, and/or other purposes.

{B005] When an insulator 1s disposed on the device-side of the electro-thermal conductor,
the electrical and thermal connections between the device and conductor may be formed

through one or more openings in the insulator. In other words, in an assembly including
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an mterconnect circuit and a device, an msulator may be disposed between the electro-
thermal conductor and the device and have one or more openings for the electro-thermal
conductor. This type of insulator may be referred to a device-side msulator. An insulator
disposed on the opposite side of the conductor may be referred to as a back-side insulator.
An interconnect circuit may include only a device-side insulator, only a back-side
msulator, or both device-side and back-side insulators. In some embodiments, a back-

side isulator may be disposed between and shared by two electro-thermal conductors.

{8006] A device-side insulator and/or a back-side insudator may include openings to
enhance heat transfer between the electro-thermal conductor and the environment. For
example, the electro-thermal conductor may be thermally coupled (through an insulator)
to an external component having a substantial thermal mass and/or a large heat
dissipation surface, such as a heat sink. In some embodiments, the heat sink may be a
housing of an assembly containing the interconnect circuit. The thermal coupling (e.g.,
between the device and the electro-thermal conductor and/or between the electro-thermal
conductor and the heat sink} may be provided by a thermally conductive adhesive, or by
some other means. In some embodiments, the electro-thermal conductor may be

thermally coupled to the heat sink directly without any intermediate insulators.

{6067} In some embodiments, an mterconnect circuit comprises an electro-thermal
conductor and a first insulator, which may be a device-side insulator. The electro-
thermal conductor may comprise a thermal conductor portion and one or more electrical
conductor portions, such as a first electrical conductor portion. The thermal conductor
portion may be specific to this circuit or shared by multiple interconnect circuits. For
example, multiple mterconnect circuits may be arranged into an array. It should be noted
that while some thermal conductivity of the electro-thermal conductor may be provided
by its electrical conductor portions, the majority of the thermal conductivity is provided
by the thermal conductor portion. In some embodiments, the thermal conductor portion

may also be operable as one of electrical leads, sinular to electrical conductor portions.



(4]

10

Ju—
(v

[\
(v

WO 2016/126890 PCT/US2016/016469

[8068] For purposes of this disclosure and unless otherwise states, the term “insulator”
refers to a structure having an electrical conductivity of less than 10 §/cm. The term
“conductor” refers to a structure having an electrical conductivity of at least about
10,000 S/cm. The term “thermal conductor” refers to a structure having a thermal
conductivity of at least about10 W/mK. Structures with a thermal conductivity of less
than 1 W/mK may be referred to as “thermal insulators.” It should be noted that a
thermal conductor may be also an electrical conductor but it does not have to be. For
example, a class of electrically insulating materials, such as diamond and aluminum
nitride, are good thermal conductors. The materials may be used, for example, as a

surface coating of the electro-thermal conductor.

{8009] Electrical conductors are typically thermally conductive. The term “electro-
thermal conductor” refers to a structure having an electrical conductivity of greater than
10,000 S/cm and a thermal conductivity of greater than 10 W/mK. The term “electrically
isolated” may refer to a lack of a physical connection between two electrical conductors,

either directly or through one or more other electrical conductors.

{0106} It should also be noted that the total thermal conductance of a body (e.g., of a
layer} 1s dependent on the size and shape of the body. For example, the lateral thermal
conductance of a layer is generally proportional to the thickness of that layer, whereas the
through-thickness thermal conductance of a layer 15 generally inversely proportional to 1ts
thickness. Furthermore, in some cases, a laver which is nominally a thermal msulator
may be made to still have a high through-thickness thermal conductance by minimuizing

its thickness.

{08011} Returning to the interconnect circuit example, the thermal conductor portion may
be electrically isolated from the first electrical conductor portion. For example, a gap
may extend between the thermal conductor portion and the first electrical conductor
portion.  The gap may define the boundary of the first electrical conductor portion. In
some embodiments, the footprint of the thermal conductor portion is substantially greater

than the footprint of the first electrical conductor portion.
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[{6612] The width of the gap between two portions may be between about

100 micrometers and 3 nliimeters or, more specifically, between about 250 micrometers
and 1 millimeter. The aspect ratio of the gap, as defined by the width of the gap divided
by the conductor thickness (which is effective the depth of the gap) may less than about
10 or, more specifically, less than about 5 or even less than about 2. The gap may be

empty or filled with an adhesive.

{8013} In some embodiments, the thermal conductor portion and the first electrical
conductor portion have an identical composition. Furthermore, the thermal conductor
portion and the first elecirical conductor portion may have an identical thickness. The
combination of the identical composition and thickness may be achieved by using the
same conductive sheet to form both the thermal conductor portion and the first electrical
conductor portion.  As such, all material properties of the thermal conductor portion and

the first electrical conductor portion may be the same.

{0014] In some embodiments, the first insulator 1s adhered to the electro-thermal
conductor and supports the thermal conductor portion and the first electrical conductor
portion relative to each other. Specifically, the first insulator may keep the thermal
conductor portion electrically 1solated from the first electrical conductor portion. More
specifically, the first insulator may be used to maintain the gap between the thermal

conductor portion and the first electrical conductor portion.

{601 5] The first insulator may include one or more openings for making electrical and/or
thermal connections to the electro-thermal conductor. For example, the first insulator
may include a first opening overlapping with at least the first electrical conductor portion.
This opening may be used for making an electrical and/or thermal connection to this
portion. In some embodiments, the same opening may overlap with multiple portions of
the electro-thermal conductor and may be used to make multiple independent connections
through the same openings. These connections may be electrically isolated from each

other.
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[8016] In some embodiments, the first msulator comprises a first opening and a second
opening. The first opening may overlap {e.g., be aligned) with the first electrical
conductor portion of the electro-thermal conductor and may be used to form an electrical
connection to this portion. The second opening may overlap {e.g., be aligned) with the
thermal conductor portion of the electro-thermal conductor and may be used to form at
least a thermal connection to this portion. It should be noted that all electrical
connections may be also operable as thermal connections. However, some thermal

connections may not necessarily be used for conducting electrical current.

{8017} In some embodiments, a surface portion of the first electrical conductor portion
aligned with the first opening of the first msulator is exposed. This surface portion may
be free from any electrically-insulating adhesives. Likewise, a surface portion of the
thermal conductor portion aligned with the second opening of the first insulator may be
exposed or covered with a thermally conductive adhesive. This portion may be used to
form a thermal connection and, in some embodiments, an elecirical connection to the

device.

{B018] In some embodiments, the first opening of the first insulator i1s not connected to
the second opening. This separation between the first opening and the second opening
may be used, for example, to prevent an electrical short between the thermal conductor
portion and the first electrical conductor portion. The minimum separation distance
between the openings may be at least about 0.2 millimeters or, more specifically, at least

about 0.5 millimeters.

{6019] In some embodiments, the first opening is aligned with the end of the first
electrical conductor portion. This feature may allow for this end to be deformed out of
plane {defined by the edges of the first opening facing the first electrical conductor
portion) and protrude into the first opening, for example, to form a direct electrical
connection to the device. In this example, the width of the first opening may be greater
than the width of the end of the first electrical conductor portion to allow the end of the

first electrical conductor portion to protrude into the first opening. Alternatively, the
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edges of the first insulator forming the first opening are used to support this end of the
first electrical conductor portion. In this example, the end of the first conductor portion

may remain flat and may not protrude into the opening.

[B8028] In some embodiments, the electro-thermal conductor further comprises a second
electrical conductor portion. The second electrical conductor portion may be electrically
isolated from the thermal conductor portion and from the first electrical conductor
portion. For example, a gap may extend between the second electrical conductor portion
and the thermal conductor portion. The thermal conductor portion may be disposed
between the second electrical conductor portion and the first electrical conductor portion.
The thermal conductor portion and the second electrical conductor portion may have an
identical composition. Furthermore, the thermal conductor portion and the second
electrical conductor portion may have an identical thickness. The first imsulator may
comprise a third opening overlapping with the second electrical conductor portion of the

electro-thermal conductor, such as with an end of the second electrical conductor portion.

{6021} In some embodiments, the first electrical conductor portion may serve as a first
electrical lead for the device connected to the interconnect circuit, while the second
electrical conductor portion may serve as a second electrical lead. The thermal conductor
portion may remain electrically floating (and not used for conducting any electrical
current}, may be grounded, or may serve as a third electrical lead (e.g., for voltage

monitoring or a separate phase).

{08022} Alternatively, the electro-thermal conductor may include only two portions, te,,
the thermal conductor portion and the first electrical conductor portion. In these
embodiments, the second electrical conductor portion is not present. The thermal
conductor portion is operable as a second electrical lead for the device. In other words,
the thermal conductor portion 1s responsible for electrical conduction and for most of the

thermal conduction to/from the device.
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[6023] In some embodiments, the interconnect circutt further comprises a second
msulator such that the electro-thermal conductor 1s disposed between and adhered to both
the first insulator and the second insufator. The second insulator may be a back-side

mnsulator.

[68024] The second msulator may comprise one or more openings overlapping with at
least the thermal conductor portion. The openings may be used for accessing the thermal
conductor portion when, for example, forming one or more connections between the
thermal conductor portion and other components {e.g., a device on the opposite side of
the thermal conductor portion, a heat sink / housing on the same side, and the like).
Furthermore, these openings may be used for heat exchange between the thermal

conductor portion and the environment, a heat sink, or another component.

{0025] In some embodiments, the second msulator comprises a bridging portion
extending between at least two openings in the second insulator. The bridging portion
may overlap with both the first electrical conductor portion and the thermal conductor
portion to provide support o these portions with respect to each other. In some
embodiments, the bridging portion may overlap with the entire gap between two portions
of the electro-thermal conductor. The width of the bridging portion may be greater than a

width of the first electrical conductor portion.

{8026} In some embodiments, neither opening of the second msulator overlaps with the
first electrical conductor portion. In other words, the first electrical conductor portion
may be fully covered by the second insulator. The second insulator may protect the first
electrical conductor portion from shorting to an external heat sink or housing. At the
same time, a portion {e.g., most}) of the thermal conductor portion may be exposed

through the openings in the second insulator.

{8027} In some embodiments, the first insulator 15 adhered to the electro-thermal
conductor using a first adhesive, while the second msulator 1s adhered to the electro-

thermal conductor using a second adhesive. The melt flow index of the first adhesive



(v

10

[o—y
(¥

WO 2016/126890 PCT/US2016/016469

may be less than a melt flow index of the second adhesive. For example, the melt flow
index of the first adhesive may be about 6 dg/min or less (as defined by ASTM D1238,
2.16 kg, 190 C), whereas the melt flow index of the second adhesive may be about 10
dg/min or more. As such, the second adhesive may fill gaps between portions of the
electro-thermal conductor. The first adhesive may remain substantially between the first
msulator and the electro-thermal conductor without going beyond the interface between
these two components. Alternatively, some of the first adhesive may go into the gap but
the volume of the first adhesive in the gap may be less than the volume of the second
adhestve. In some embodiments, the first adhesive and the second adhesive may be the
same material. In these embodiments, gap filling with the two adhesives may be
controlled by the order with which the two msulators are laminated to the electro-thermal
conductor. For example, the gap may be already filled with the first adhesive when the

second msulator 1s laminated later.

{0028] In some embodiments, the gap between the thermal conductor portion and the
first electrical conductor portion 18 empty or, in other words, free from any sohid or liquid
materials. The gap may contain air or any other gases captured from the processing

environment during fabrication of the interconnect circuit.

{06029] In some embodiments, the electro-thermal conductor comprises a base sublayer
and a surface sublayer having a different composition than the base sublayer. The first
msulator is laminated to the surface sublayer and may directly interface with the surface
sublaver. Specifically, the surface sublayer is disposed between the base sublayer and the
first insulator after the lamination. The base sublayer may comprise a metal selected
from the group consisting of aluminum, titanium, nickel, copper, steel, alloys comprising
these metals, and various combinations of these metals. The matenial composition of the
base sublayer may be selected to achieve desired elecirical conductance and the thermal
conductance of the overall electro-thermal conductor, while providing adequate

mechanical strength and support and having low cost.
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[{80630] The surface sublayer may comprise a metal selected from the group consisting of
tin, lead, zinc, nickel, silver, palladiom, platinum, gold, indium, tungsten, molybdenum,
chrome, and copper. The material of the surface sublayver may be selected to protect the
base sublayer from oxidation, improve surface conductivity when forming electrical
and/or thermal contact to the device, improve adhesion to the electro-thermal conductor,
and/or other purposes. For example, aluminum may be used for the base sublayer. While
aluminum has a good thermal conductivity and a good elecirical conductivity, it easily
forms a surface oxide when exposed to air. Unlike metallic aluminum, aluminum oxide
has a poor electrical conductivity and may not desirable at the interface between the
electro-thermal conductor and the device. Coating aluminum with one of tin, lead, zinc,
nickel, silver, palladium, platinum, gold, mdium, tungsten, molybdenum, chrome, or
copper before aluminum oxide 1s formed mitigates this problem and allows using
aluminum for the base sublayer without compromising the electrical conductivity
between the electro-thermal conductor and the device. Furthermore, it has been found
that aluminum is superior to copper from manufacturability, mechanical strength, cost,
and other factors. While aluminum has been used as a heat sink, the use of aluminum for

electrical conductors have been limuted due to surface oxades.

{6031} The surface sublaver may have a thickness of between about 0.01 micrometers
and 10 micrometers or, more specifically, between about 0.1 nucrometers and |
micrometer. For comparison, the thickness of the base sublayer may be between about
10 micrometers and 1000 micrometers or, more specifically, between about 100
micrometers and 500 micrometers. As such, the base sublaver may represent at least
about 90% or, more specifically, at least about 95% or even at least about 99% of the

electro-thermal conductor by volume.

[08032] While some of the surface sublayer may be laminated to the first insulator, a
portion of the surface sublayer may remain exposed. This portion may be used to form
electrical and/or thermal contacts between the electro-thermal conductor and the device

such as soldered contacts, for example. The surface sublayer may be also used to

10
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mmprove adhesion between the first insulator and the electro-thermal conductor. In some
embodiments, the surface sublayer may be coated with an anti-corrosion coating such as

organic solderability preservative (OSP).

[B033] In some embodiments, the electro-thermal conductor further comprises one or
more mtermediate sublayers disposed between the base sublayer and the surface sublayer.
The one or more intermediate sublayers have a different composition than the base
sublaver and the surface sublayer. For example, the intermediate sublayver may comprise
a metal selected from the group consisting of chromium, titanium, mickel, vanadium,
zing, and copper. In some embodiments, the one or more intermediate sublayers may help

prevent mtermetallic formation between the base sublaver and the surface sublayer.

{8034} In some embodiments, the electro-thermal conductor comprises an insulating
coating forming a surface of the electro-thermal conductor opposite of the first msulator.
At least a portion of this surface may remain exposed in the interconnect circuit and may
be used for heat removal from the mterconnect circuit. The insulating coating may be
disposed on the side opposite of the device-side. In these embodiments, the electro-
thermal conductor may be used for electrical conduction without being protected by
additional insulators. For example, the entire surface may be exposed in the mterconnect
circuit. Optionally, the insulating coating may comprise a material selected from the
group consisting of stlicon dioxide, silicon nitride, aluminum oxide, boron nitride,

aluminum nitride, diamond, and silicon carbide.

{8035} Provided also is an assembly comprising a device and an interconnect circuit
connected to the device. Various examples of the interconnect circuit are described
elsewhere. In some embodiments, the device is selected from the group consisting of
light emutting diodes (LEDs), diodes, transistors, resistors, capacitors, inductors and other
electronic devices. These types of devices are relatively small in size but tend to generate
a lot of heat and heat dissipation provided by the interconnect circuit described herein

may be particularly important for these types of devices.

11
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BRIEF DESCRIPTION OF THE DRAWINGS

{8036} FIG 1A 15 a schematic itlustration of an assembly including a device and a

conventional electrical conductor.

{8037} FIG. 1B 1s a schematic tllustration of another assembly including a device and an

electro-thermal conductor described herein, in accordance with some embodiments.

{0038] FIG 1C illustrates thermal profiles for the conductor of the assembly shown in

FIG. 1A and for the electro-thermal conductor of the assembly shown in FIG. 1B.

{8039} FIG. 1D is a schematic illustration of an assembly including a device and a
conventional electrical conductor adhered to an internal heat sink supported on an

external heat sink, in accordance with some embodiments.

{0#040] F1G. 1E 1s a schematic tllustration of another assembly including a device and an
electrical conductor, which is also operable as an internal heat sink and is supported on an

external heat sink, 1n accordance with some embodiments.

{8041} FIG. 2A 1s an exploded perspective view of an assembly including an interconnect
circuit having an electro-thermal conductor disposed between two insulators, in

accordance with some embodiments.

{0042] F1G. 2B s an exploded perspective view of an assembly including another
interconnect circutt having an electro-thermal conductor and one insulator disposed on

the device-side of the conductor, 1n accordance with some embodiments.

{8043} FIG. 2C 15 an exploded perspective view of an assembly including yet another
interconnect circuit having an electro-thermal conductor and one nsulator disposed on

the back-side of the conductor, in accordance with some embodiments.

12
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[8044] FIG. 2D 15 a schematic cross-sectional view of the assembly shown in FIG. 24, n

accordance with some embodiments.

[8045] FIG. 2F 15 a schematic cross-sectional view of the assembly shown m FIG. 2B, in

accordance with some embodiments.

[68046] FIG. 2F 1s a schematic cross-sectional view of the assembly shown in FIG. 2C, in

accordance with some embodiments.

{6047} FIG. 3A 1s an exploded perspective view of an assembly including an mterconnect
circutt having an electro-thermal conductor with one electrical conductor portion, in

accordance with some embodiments.

[0048] FIG 3B 15 an exploded perspective view of an assembly including an interconnect

circuit connected to a different type of device, in accordance with some embodiments.

[0049] FIG. 4A 15 a schematic cross-sectional view of an assernbly ncluding an
mterconnect circuit having an electro-thermal conductor disposed between two insulators
with an unfilled gap between portions of the electro-thermal conductor, in accordance

with some embodiments.

[8030] FIG. 4B 15 a schematic cross-sectional view of a different assembly including an
mterconnect circuit having an electro-thermal conductor disposed between two insulators
with a filled gap between portions of the electro-thermal conductor, in accordance with

some embodiments.

[8051] FIG 4C 15 a schematic cross-sectional view of an interconnect circuit prior to

forming any connections to a device, in accordance with some embodiments.

[8052] FIG. 4D 15 a schematic cross-sectional view of an interconnect circutt showing a
removable film protecting a mounting adhesive layer on the side of the circuit opposite of

the device, in accordance with some embodiments.

13
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[8653] FIG 4FE 1s a schematic cross-sectional view of an assembly including the

interconnect circuit and the device of FIG. 2A, in accordance with some embodiments.

[8054] FIG. S 1s a process flowchart corresponding to a method of forming an

mterconnect circuit, n accordance with some embodiments.

{6055} FIGS. 6A-7C illustrate different stages and examples during forming of an

mnterconnect circuit.

[0056] FIGS. 8A-88 are schematic representations of interconnect circuits having two
dimensional arrays formed by electro-thermal conductors, 1 accordance with some

embodiments.

[B0387] FIGS. 9A-9B are two exarples of electro-thermal conductors comprising stress
relieving openings disposed on thermal conductor and electrical conductor portions, in

accordance with some embodunents,

{0058] FIGS. 10A-10C are schematic cross-sectional views of different examples of an

electro-thermal conductor, in accordance with some embodiments.

[6059] FIGS. 11A-11C are schematic cross-sectional views of different examples of an

utterconnect circuit, mn accordance with some embodimenis.

{0060] These and other embodiments are described further below with reference to the

figures.

DETAILED DESCRIPTION
Introduction

{8061} As electrical and electronic devices become smaller and/or more powerful,
forming robust electrical connections and providing thermal management to these devices

becomes progressively more difficult and important. The scale-down of many types of

14
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devices have been limited by the electrical connection and thermal management issues.
For example, LEDs provide efficient ways of generating light and can be used for many
applications, such as displays, light bulbs, and the like. Yet, LEDs are small and generate
substantial amounts of concentrated heat. Excessive heating, if not controlled, may cause
various issues with LED performance and/or reliability, with connections to these LEDs,

and even with surrounding devices.

{8062} Many conventional circuits focus on signal transmission rather than robust
electrical connections and thermal management and, as a result, use very small (thin}
electrical feads. For example, conductive traces in printed circuit boards (PCUBs) are
primartly formed from plated or etched copper and typically have a thickness of less than
50 micrometers. Forming thicker conductive traces using plating and etching is often not
practical or even possible. While these conventional leads may be sufficient for signal
transmission, they fail as effective thermal conductors because of their small thickness as

will now be explained with reference to FIGS. 1A-1C.

[80863] Specifically, FIG. TA is a schematic tllustration of assembly 10 mcluding

device 150 and conventional thin conductor 15 {(e.g., bemng less than 50 micrometers
thick). F1G. 1B is a schematic illustration of assembly 20 including device 150 and
electro-thermal conductor 25 described herein. Electro-thermal conductor 25 1s much
thicker than conventional conductor 15. In some embodiments, the thickness of electro-
thermal conductor 25 is at least about 100 micrometers or, more specifically, at least
about 200 micrometers or even at least about 500 micrometers. While both conventional
conductor 15 and electro-thermal conductor 25 may have a sufficient electrical
conductivity to power device 150, the heat dissipation provided by these conductors is
quite different. Corresponding thermal profiles for conductor 15 and electro-thermal
conductor 25 as a function of the distance from the device mterface are schematically
presented in FIG. 1C. Specifically, line 35 represents conductor 15, while line 45
represent electro-thermal conductor 25, Because electro-thermal conductor 25 13 much

thicker than conductor 15, the temperature at the device interface 1s lower for electro-
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thermal conductor 25, This lower mterface temperature can be beneficial from operating
standpoints for many types of devices, such as LEDs. Not only do these devices have
better operating performance at lower temperatures, but lower interface temperatures may
also allow using new types of devices, operate at higher operating powers, and/or have
greater packing density, and other like characteristics. For example, the ability to
operate LEDs at a higher power can be used to reduce the number of LEDs for a given
light cutput. In addition, densely packed LEDs with good thermal management may be

used for backlighting or edge-lighting of displays and other like applications.

{8064} Even if conventional circuits use heat sinks and other like components for thermal
management, these components typically have poor thermal coupling to heat generating
{consuming} devices of these circutts. FIG. 1D 1s a schematic cross-sectional
representation of metal core PCB (MUPCB) assembly 10 showing electrical conductors
15a and 15b positioned over internal adhesive 16 that bonds these conductors to heat sink
17. As described above, electrical conductors 15a-15b do not provide sufficient thermal
management because of their small thickness. As a result, heat sink 17 1s added to
mitigate this issue. However, internal adhesive 16 disposed between heat sink 17 and
electrical conductor 15a-15b s typically a thermal insulator. The thickness of internal
adhesive 16 may be substantial because of surface imperfections of electrical conductors
15a-15b and/or heat sink 17. Overall, the thermal coupling between heat sink 17 and
device 150 is marginal and a lot worse than, for example, between electrical conductors
15a-15b and device 150, As a reference, this assembly 10 13 shown mounted on external

heat sink 19 (e g., a housing} using mounting adhesive layer 18

[8065] FIG. 1E 1s a schematic illustration of assembly 20 having electro-thermal
conductor 25 connected to device 150, There 1s a direct thermal coupling between
electro-thermal conductor 25 and device 150 with no interfering thermal msulator, such
as an adhesive and the like. As such, electro-thermal conductor 25 would be more

effective i thermal management of device than heat sink 17 of MCPCB assembly 10
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described above. Also, as a reference, this assembly 20 is shown mounted on external

heat sink 19 {e g., a housing} using mounting adhesive layer 28.

[8066] Another aspect of assembly 20 (in comparison to assembly 10} 1s its flexability.
Because of the more direct thermal coupling between electro-thermal conductor 25 and
device 150, electro-thermal conductor 25 may be thinner than internal heat sink 17 of
assembly 10 thereby helping flexibility. Furthermore, the reduced layer count of
assembly 20 {in comparison to assembly 10) provides fewer fatlure (e.g., delamination)

points.

{8067} Thermal modeling was used to analyze various examples of assemblies described
above and illustrated i FIGS. 1A-B and FIGS. 1D-1E. For simplicity, the heat 1s
assumed to flow out through only one surface of the circuit {e. g, the device-side surface
of the back-side surface). This assumption closely resembles many types of circuits {e.g.,

LED arravs} having thermally insulating structures on at least one side.

[B068] Referring to assemblies 10 and 20 1llustrated in FIGS. 1A and 1B, a first thermal
model assumes a basic configuration of a one-dimensional multi-LED array with spacing
of 50 millimeters between LEDs. Each LED has a power of 3W and efficiency of 25%.
This thermal model compares heat spreading performance of a 35-micrometer thick
copper structure {representative of a PCB) and a 250-micrometer thick aluminum
structure (one example of electro-thermal conductors described herein). This thermal
model aiso accounts for a thermal msulator (0.2 W/mK) positioned on the back-side
surface of these heat spreading structures. Different thicknesses of the thermal insulator

were explored.

{8069} Even though the thermal conductivity of aluminum is only 55-60% that of copper,
the 25C-micrometer thick aluminum structure showed superior heat spreading
performance across different thicknesses of the thermal insulator as shown in TABLE 1
below. Specifically, the temperature increase at the LED solder pad relative to the

ambient temperature was almost a factor of two lower for the 250-micrometer thick
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alumunum structure than for the 35-mucrometer thick copper structure across all
thicknesses of the thermal insulator. This superior performance is attributed to much
greater thickness of the 250-micrometer thick aluminum structure, which is a key factor

in heat spreading.

TABLE 1

Thickness of Temperature Increase of LED solder pad relative to
Thermal Insulator Ambient Temperature

(0.2 W/mK) 35-micrometer thick copper 250-micrometer thick aluminum
100 micrometers 13.2°C 5.9°C

300 micrometers 29.7°C 13.7°C

1000 micrometers 42°C 20.7°C

[B076] Another thermal model compares heat dissipation within two stacks roughly
corresponding to assembly examples iHlustrated i FIGS. 1D and 1E. The first stack
mcludes a one-dimenstonal array of SW LEDs spaced 10 millimeters apart, a 100-
micrometer thick aluminum structure, a layer of 125-micrometer thick mounting adhesive
(Le., LED/100um-Al/ 125 um-adhesive stack). The second stack mcludes the same LED
array, a 35-micrometer thick copper structure, a first layer of 125-micrometer thick
iternal adhesive, a 1000-micrometer thick aluminum structure, and a second layer of
125-micrometer thick mounting adhesive (i.e.,, LED/350m-Cuw/125pm-adhesive/1000um-
Al/125um-adhesive stack). The LED efficiency was also 25% in this thermal model. The
thermal conductivity of the mounting adhesive and of the internal adhestve 1s assumed to
be the same and equal to 0.7 W/mK. This level of thermal conductivity may be obtained
in an norganic particle-filled dielectric film or in a thermally conductive pressure-
sensitive adhesive (PSA) film, for example. The modeling results predict that the
temperature increase at the LED solder pad relative to the ambient temperature was 5.7°C
for the first stack and 11.4°C for the second stack. Even though the second stack has a
much larger heat spreader, 1.e, the 1000-micrometer thick aluminum structure, this heat

spreader 1s thermally 1solated from the LED and the 35-micrometer thick copper structure
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by the internal adhesive layer. As such, the efficiency of the heat spreader 15

substantially diminished.

[8071] Described herein are vartous examples of an electro-thermal conductor that
provide both electrical connections to one or more devices and, at the same time, thermal
management to these devices as, for example, shown i FIG. 1E. Both electrical
connections and thermal management are provided by the same metallic layer. Thus layer
may include multiple portions electrically 1solated from each other, but they may be all
positioned within the same plane when the interconnect circuit is flat. This 1s contrary to
conventional approaches of separating electrical connections and thermal management

functions as, for example, shown in FIG. 1D,

{8072} While the following description generally refers to and illustrates a single device
connected to the circuit, one having ordinary skill in the art would understand that the
same interconnect circuit may be used for connecting to multiple devices (e.g., connected
in series, parallel, or various combinations of these connections schemes). In some
embodiments, multiple interconnect circuits may be arranged into an array and sharing
portions {e.g., a thermal conductor portion) of these circuits. Furthermore, one having
ordinary skill in the art would understand that the interconnect circuit may be used for
connecting to various types of devices, such as LEDs, batteries, power resistors, power
diodes, power transistors, etc. In some embodiments, the interconnect circuit may be
particularly well-suited to thermal dissipation from devices which generate more than 1

W/em’ of heat.

Examples of Interconnect Circnits and Assemblies Using Such Interconnects

{0073] FIG. 2A 13 an exploded perspective view of assembly 140 including interconnect
circuit 100 and device 150, 1n accordance with some embodiments. Device 150 shown in
FIG. 2A 18 not necessartly a part of interconnect circuit 100, In some embodiments,

device 150 is a light emitting diode {LED}. This type of device may be relatively small
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1 size but tends to generate a lot of heat. Heat dissipation provided by interconnect

circuit 100 described herein 1s particularly important for this type of device.

[6074] In some embodiments, assembly 140 may include other components, such as
external heat sinks {e.g., a housing, plate, or post}, power sources, and the like as further
described below. Note that while the assemblies shown in FIG. 2A and other figures are
depicted with a circular shape or disc shape, these assemblies may take on any other

shape suitable for its application.

[B075] Interconnect circutt 100 may comprise electro-thermal conductor 120 and at least
one msulator (e.g., first insulator 110 or second msulator 130). In some embodiments,
interconnect circuit 100 comprises only first msulator 110 but not second insulator 130
as, for example, schematically shown in FIG. 2B and ZE. In this case, back-side 121b of
electro-thermal conductor 120 may remain exposed and, for example, available for heat
transfer. First insulator 110 may be laminated to device-side 121a of electro-thermal
conductor 120. Continuing with this example, the surface of back-side 121b may be
electrically insulating (e.g., due to an insulating coating} even though the bulk of electro-

thermal conductor 120 may be electrically conductive.

{8076} In some embodiments, interconnect circuit 100 may comprise second

msulator 130 but not first insulator 110 as, for example, schematically shown in FIG. 2C
and 2F. In this case, device-side 121a of electro-thermal conductor 120 may remain
exposed and, for example, available for heat transfer, forming electrical connections to
device 150 and other components, and the like 1t should be that device-side 121a may
have an electrically insulating surface despite the bulk of electro-thermal conductor 120
being electrically conductive. Second insulator 130 1s laminated to back-side 121b of

electro-thermal conductor 120 in these embodiments.

{8077} In some embodiments, interconnect circuit 100 may comprise both first insulator
110 and second insulator 130 as, for example, schematically shown in FIG. 2A and 2D.

Electro-thermal conductor 120 is disposed between these insulators such that first
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msulator 110 15 laminated to device-side 1212 of electro~-thermal conductor 120 and

second insulator 130 laminated to back-side 121b.

[6078] In some embodiments, interconnect circuit 100 mcludes multiple electro-thermal
conductors 120 as, for example, shown m FIGS. 8A-8B. Such interconnect circuit 100
may be used to mterconnect a two-dimensional array of LEDs, such as inan LED
television backlight, for example. Electro-thermal conductors 120 may be arranged mto
arrays, such as one dimensional arrays and two dimensional arrays. Dhfferent electro-
thermal conductors 120 may share some components. For example, electro-thermal
conductors 120a-120d shown FIGS. 8A-8B share thermal conductor portion 122, At the
same time, each of electro-thermal conductors 120a-120d 1s mdividually addressable
using separate electrical conductor portions 124a-124d, which are electrically 1solated
from thermal conductor portion 122. These electro-thermal conductors 120a-120d may be
connected to one or more drivers at the edge of the interconnect circuit 100, as might be
utilized m an LED backlight with local dimming, for example. To provide the most heat
exchange within thermal conductor portion 122, electrical conductor portions 124a-1244d
may be formed as narrow strips extending along center line 802 between adjacent rows of
electro-thermal conductors 120a-120d and extending straight from center line 802 to
electro-thermal conductors 120a-120d.  As such, thermal conductor portion 122 forms the
most perimeter of each of electro-thermal conductors 120a-120d to ensure the most heat
exchange with devices later connected to electro-thermal conductors 120a-120d. It
should be noted that gaps 128 used for electrical insulation of different portions of
electro-thermal conductors 120a-120d may be considered as thermal barriers and should

be avoided if possible on the thermal path.

{6079} In some embodiments, each of the length and width of interconnect circuit 100 18
at least about 500 millimeters or even at least about 1000 millumeters. Tt should be noted
that electroplating and/or etching techniques are generally not capable of processing such

large circuits uniformly.
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Flectro-Thermal Conductor Examples

{6080} Electro-thermal conductor 120 may comprise thermal conductor portion 122 and
at least one electrical conductor portion, such as first electrical conductor portion 124
and/or second electrical conductor portion 126, In some embodiments, multiple

5 electrical conductor portions are used, e.g., both first electrical conductor portion 124 and
second electrical conductor portion 126. Thermal conductor portion 122 may be
electrically biased, neutral, floating, grounded, or used as an electrical conductor in
addition to being a thermal conductor. It should be noted that one or more electrical
conductor portions may also provide some thermal conduction. However, the thermal

10 conduction provided by thermal conductor portion 122 may be greater than that provided

by electrical conductor portions.

{8081} In some embodiments, thermal conductor portion 122 and all electrical
conduction portions {e.g., at least electrical conductor portion 124} are formed from the
same material. For example, the same sheet of a metal {e.g., metal foil} may be processed
15 to form both thermal conductor portion 122 and all electrical conductor portions {e.g., at
least electrical conductor portion 124). As such, thermal conductor portion 122 and first
electrical conductor portion 124 may have an identical composition and an identical

thickness.

{#082] The thermal conductivity of the bulk material forming all portions of electro-

20 thermal conductor 120 may be at least about 10 W/mK or, more specifically, at least
about S0 W/mK. The bulk material may have an electrical conductivity of at least about
1074 S/cm or even at least about 10°S S/cm. It should be noted that one or both surfaces
of electro-thermal conductor 120 may be electrically insulating {e.g., due to a surface
coating} with the exception of contact pads to form electrical connections to device 150

25 The bulk material may be selected from the group consisting of aluminum, titanium,
nickel, copper, steel, alloys comprising these metals, and combinations of these materials.
Electro-thermal conductor 120 may have a thickness of at least about 50 micrometers or,

more specifically at least about 100 micrometers. In some embodiments, the thickness is
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between about 50 micrometers and 5,000 micrometers or, more specifically, between
about 100 micrometers and 500 micrometers, primarily to ensure adequate heat transfer.
The thickness may be chosen to primarily facilitate the flow of heat away trom device
150, with a thicker layer generally providing a better transfer of heat across a heat
spreader region, which includes thermal conductor portion 122, Without being restricted
to any particular theory, it 15 believed that most of the materials suitable for electro-
thermal conductor 120 and listed above would also provide sufficient electrical

conductivity for device 150 at the above-listed thickness ranges.

{8083} Forming different portions of electro-thermal conductor 120 may mvolve forming
gaps 128 in the sheet as, for example, shown in FIG. 2A. These gaps 128 define the
boundaries of each portion. As such, the thermal properties, electrical properties, and
other properties of thermal conductor portion 122 and all electrical conductor portions
may be the same. However, the footprint and shape of thermal conductor portion 122
and electrical conductor portions may be different. For example, thermal conductor
portion 122 may have a much larger overall footprint than first electrical conductor
portion 124, e g, at least two times greater, at least five times greater, or even at least ten
times greater. Furthermore, gaps 128 provide electrical isolation of different portions.
For example, thermal conductor portion 122 1s electrically isolated from first electrical
conductor portion 124, which may be surrounded by thermal conductor portion 122 as,
for exaraple, shown in FIG 2A. Gap 128 may be empty from any solid or ligmd
materials as, for example, shown 10 FIG. 4E or filled with one or more electrically
msulating materials (e.g., an adhesive) as, for example, shown in FIG. 4B and further

described below.

{06084] The width of gap 128 may be between about 100 micrometers and 1 nullimeter
or, more specifically, between about 200 micrometers and 500 micrometers. The aspect
ratio of gap 128, as defined by the width of the gap divided by the conductor thickness,
may less than about 10 or, more specifically, less than about 5 or even less than about 2.

A similar gap may be present between thermal conductor portion 122 and second
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electrical conductor portion 126, The sidewalls of gap 128 may be parallel to each other
throughout the thickness of electro-thermal conductor 120 as, for example, shown in FIG.
4A. In other examples, the sidewalls of gap 128 may be parallel to each other while not
being perpendicular to the top and bottom surfaces of electro-thermal conductor 120 (in

other words, the cross-section of the gap 128 may have the shape of a paralielogram).

[BO85] Tn some embodiments, electro-thermal conductor 120 comprises second electrical
conductor portion 126 in addition to first electrical conductor portion 124 as, for
example, shown in FIGS. 2A-2C. Second electrical conductor portion 126 may be
electrically 1solated from thermal conductor portion 122 and from first electrical
conductor portion 124, Second electrical conductor portion 126 may be surrounded by
thermal conductor portion 122 and separated from thermal conductor portion 122 by gap
128 as, for example, shown in FIG. 2ZA. Gap 128 between second electrical conductor
portion 126 and thermal conductor portion 122 may be similar to gap 128 between first
electrical conductor portion 124, In some embodiments, thermal conductor portion 122
may substantially surround all electrical conductor portions of the same interconnect
circutt 100, while still providing pathways for electrical conductor portions to conduct

electrical current to other devices, to a power source, and/or to ground.

{0086] In alternative embodiments, electro-thermal conductor 120 includes only two
components, 1.e., thermal conductor portion 122 and one electrical conductor portion

{(e.g., first electrical conductor portion 124) as, for example, shown in FIGS. 3A and 3B.

{8087} In some embodiments, e.g , when device 150 1s an LED or another light emitting
device, device-side 121a surface of electro-thermal conductor 120 and/or of first insulator
110 may have a high diffuse reflectance. This feature assists with the distribution of light
from the LED. For example, the total reflectance of device-side 121a surface of electro-
thermal conductor 120 and/or of first insulator 110 may be greater than around 50%, and
the diffuse reflectance of electro-thermal conductor 120 and/or of first insulator 110 may

be greater than around 25%.
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Insulator Examples

[B088] In some embodiments, first insulator 110 1s adhered to at least a portion of
electro-thermal conductor 120 or, more specifically, to a portion of device-side surface
121a. Inthese embodiments, first insulator 110 maintains registration between different
portions of electro-thermal conductor 120, such as between thermal conductor portion
122 and first electrical conductor portion 124, Specifically, first insulator 110 may keep
thermal conductor portion 122 electrically 1solated from first electrical conductor

portion 124 by, for example, maintaimng gap 128 between these two portions,

{06089} Fust msulator 110 may comprise one or more openings, such as first opening 112
and second opening 114, These openings may be used for forming electrical and/or
thermal connections between electro-thermal conductor 120 and device 150, In the same
or other examples, the openings may be used to dissipate heat from device 150 to electro-
thermal conductor 120, In some embodiments, one opening may be used to form
multiple independent electrical connections, which may be electrically 1solated from each

other (e.g., with an air gap}.

[B090] When first insulator 110 has multiple openings, first opening 112 may not be
connected to second opening 114 as, for example, shown in FIG. 2A. Thus separation
between first opening 112 and second opening 114 may be used to prevent electrical
shorts between electrical connections formed through different openings. For example, a
conductive material, such as a conductive adhesive or a solder, may be used for making
electrical connections through the openings such that the openings may be partially or
fully filled with the conductive material. The separation between the openings prevents
this material from flowing between the openings and causing an electrical short. In some
embodiments, the minimum separation distance between the openings is at least about 0.2

millimeters or, more specifically, at least about 0.5 mullimeters.
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[6021] In some embodiments, e g., when second electrical conductor portion 126 18
present, first msulator 110 may comprise third opening 116, This third opening 116 may
overiap with second electrical conductor portion 126, Third opening 116 may be aligned
with end 126" of second electrical conductor portion 126 as, for example, shown n FIG.
2D. Ina similar manner, second opening 114 may be aligned with end 124° of first

electrical conductor portion 124,

{8092} Some examples of matenials of first insulator 110 include, but not hmited to,
polyimide (P1}, polyethylene naphthalate (PEN}, polyethylene terephthalate (PET),
polvmethyi methacrylate (PMMA), ethyl vinyl acetate (EVA), polyethylene (PE),
polypropylene (PP}, polyvinyl fluoride (PVF), polyamide (PA), soldermask, or polyvinyl
butyral (PVB). The composition and thickness of first insulator 110 may be chosen to
maximize heat dissipation through first insulator 110, prevent dielectric breakdown to the
surrounding environment, act as a sufficient mechanical barrier to air and moisture, and
minimize distortion of the openings in first insulator 110 and features of electro-thermal

conductor 120 described elsewhere.

{B#093] The thickness of {first insulator 110 may be between 1 micrometer and

500 micrometers or, more specifically, between 10 micrometers and 125 micrometers. In
some embodiments, first insulator 110 mcludes an adhesive layer on its own device-side,
which 1s the side opposite to electro-thermal conductor 120 Adhesive layer 412 15

shown in FIG. 4A and may be used for adhering device 150 to interconnect circuit 100,

{8094} In some embodiments, interconnect circuit 100 further comprises second insulator
130 in addition to first insulator 110, In these embodiments, electro-thermal conductor
120 1s disposed between first insulator 110 and second insulator 130 as, for example,
shown in FIGS. 2A and 2D Electro-thermal conductor 120 may be adhered to both first

insulator 110 and second mnsulator 130.

{6095] The material composition of second insulator 130 may be the same or different as

the material composition of first insulator 110, The thickness of second msulator 130
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may be the same or different as the thickness of first insulator 110, For example, one of
the insulators may be used as a primary structural support and may be thicker or made
from a more mechanically strong material than the other insulator. Various examples of
first insulator 110 are described above. These examples generally apply to second

msulator 130 as well.

[8096] In some embodiments, second nsulator 130 15 a continuous sheet without any
openings. Alternatively, second insulator 130 may comprise one or more openings, such
as openings 132 and 136 shown in FIG. ZA. Openings 132 and 136 may overlap with
thermal conductor portion 122, Openings 132 and 136 may be used for the removal of
heat from thermal conductor portion 122 and/or accessing thermal conductor portion 122
when, for example, forming one or more connections between thermal conductor portion
122 and device 150. Specifically, device area opening 136 may be aligned with first
opening 112 of first insulator 110. During processing, the back surface (the surface
opposite of device 150} of thermal conductor portion 122 may be contacted to apply heat,
electrical current, and/or pressure to thermal conductor portion 122 while forming one or
more connections between thermal conductor portion 122 and device 150 through first
opening 112 of first insulator 110. Openings 132 and/or 136 may be used for the removal
of heat from thermal conductor portion 122, The size and location of these openings 132
and/or openings 136 depends on the function of thermal conductor portion 122 (e.g., if
thermal conductor portion 122 1s neutral, grounded, or used as a conductive trace for the
device 150), the thermal conductivity of the back surface of thermal conductor portion
122, and circutt components that may contact or be in proxamity of the back surface of

thermal conductor portion 122.

{6097} In some embodiments, netther one of one or more openings 132 and 136 of
second msulator 130 overlaps with first electrical conductor portion 124 of electro-
thermal conductor 120. In other words, first electrical conductor portion 124 may be
fully covered by second msulator 130, Second nsulator 130 may protect first electrical

conductor portion 124 from shorting at least on the back side of first electrical conductor
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portion 124, The device-side of first electrical conductor portion 124 may be partially
protected by first insulator 110, However, first insufator 110 may have at least second
opening 114 to form electrical connection to first electrical conductor portion 124

through first insulator 110

[6098] In some embodiments, second msulator 130 comprises bridging portion 134
extending between at least two openings 132, Bridging portion 134 may overlap with
both first electrical conductor portion 124 and thermal conductor portion 122 to ensure
support to both first electrical conductor portion 124 and thermal conductor portion 122
with respect to each other. In other words, bridging portion 134 may be adhered to both
first electrical conductor portion 124 and thermal conductor portion 122, A sinular
bridging portion may be used between second electrical conductor portion 126 and

thermal conductor portion 122, if second electrical conductor portion 126 is used.

Adhesive Examples

[B099] Tn some embodiments, first insulator 110 1s adhered to electro-thermal conductor
120 or, more specifically, to device-side 121a of electro-thermal conductor 120 using first
adhesive 410, If present, second insulator 130 may be adhered to electro-thermal
conductor 120 or, more specifically, to back-side 121b of electro-thermal conductor 120
using second adhesive 430 as, for example, shown in FIG. 4A. Furst adhesive 410 may
be the same as second adhesive 430, Alternatively, first adhesive 410 may be different
from second adhesive 430, For example, the melt flow index of first adhesive 410 may
be about 6 dg/min or less {as defined by ASTM D1238, 2.16 kg, 190 ), whereas the
melt flow index of second adhesive 430 may be about 10 dg/min or more. In this
example, second adhesive 430 will flow more readily than first adhesive 410 during
thermal lamination of interconnect circuit 100, Second adhesive 430 may fill gap 128
between conductor portions as, for example, shown in FIG. 4B, First adhesive 410 may

remain substantially between first insulator 110 and electro-thermal conductor 120
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without bleeding significantly into first contact portion 125 and second contact

portion 123, In some embodiments, a portion of first adhesive 410 1s also present over
gap 128 if gap 128 is covered with first insulator 110 as, for example, 1s shown in FIG,
44 Alternatively, both first adhesive 410 and second adhesive 430 may fill gaps 128, but
the volume of first adhesive 410 in gaps 128 may be less than volume of second adhesive
430. Furthermore, gaps 128 may remain substantially empty even though first adhesive

410 and/or second adhesive 430 overlap with gaps 128.

{B0108] Some examples of first adhesive 410 and second adhesive 430 include, but are
not mited to polyolefin adhesives, polyester adhesives, polyimide adhesives, acrylics,
epoxies, cross-linking adhesives, PSAs, and/or thermoplastic adhesives. Optionally, first
adhesive 410 and second adhesive 430 may be filled with thermally conductive,
electrically insulating particles (e.g. alumina) to facilitate heat transfer through the
adhestve material. The material composition of first adhesive 410 may depend on
whether any electrical connections are formed through first insulator 110. For a device-
side solder pad opening in first insulator 110, and assuming a typical small-area {e.g., 3
mm x 3mm) LED, the bleed out of first adhesive 410 from the edge may be less than
200 micrometers or, more specifically, less than 100 micrometers. By contrast, for a
back-side msulator opening, the bleed out of second adhesive 430 may be as high as 1

millimeter without causing difficulty.

{60101] Prior to attaching interconnect circuit 100 to device 150, the surface region of
first electrical conductor portion 124 of electro-thermal conductor 120 that 1s aligned with
first opening 112 of first insulator 110 is exposed as, for example, shown in FIG. 4C.

This surface may be referred to as first contact portion 125, Likewise, the surface region
of thermal conductor portion 122 of electro-thermal conductor 120 that 15 aligned with
second opening 114 of first insulator 110 may be exposed and may be referred to as a
second contact portion 123 These surfaces may be substantially free from any adhesives

{other than shght adhesive bleed-out near the edges of first opening 112 and second
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opemng 114 wn first msulator 110} and may be used to form connections between electro-

thermal conductor 120 and device 150,

[66102] In some embodiments, an additional adhesive layer 440 may be disposed on a
surface of second msulator 130 opposite of electro-thermal conductor 120, This
additional adhesive layer 440 may be used for adhering mnterconnect circuit 100 10 a3
supporting structure during mstallation of mterconnect circuit 100 {as, e.g., shown in
FIG. 1E and described above} and may be referred to as a mounting adhesive. In other
words, second msulator 130 may be disposed between two adhesive lavers 430 and 440,
In some embodiments, second insulator 130 and two adhesive layers 430 and 440 are
provided as a single component such as a thermal PSA tape, for example. As with first
adhestve 410 and second adhesive 430, additional adhesive layer 440 may be filled with
thermally conductive but electrically insulating particles to facilitate heat transfer to
adjacent layers. Alternatively, mounting adhesive 440 may be disposed directly on back-
side 121b of electro-thermal conductor 120 and second insulator 130 may be absent, as
for example, shown in FIG. 4D, Prior to installation of interconnect circuit 100,
mounting adhestve layer 440 may be covered with removable film 450 {e.g., releasable

liner} to protect mounting adhesive layer 445 and preserve its adhesive properties.

Examples of Sublayers of Electro-Thermal Conductors

{66103] In some embodiments, electro-thermal conductor 120 comprises base
sublayer 1002 and surface sublayer 1006 as, 1s shown in FIG. 10A, for example. Surface
sublaver 1000 may have a different composition than base sublayer 1002, First insulator
110 may be laninated over surface sublayer 1006 as is shown in FIGS. 11A and 11, for
example. More specifically, at least a portion of surface sublayer 1006 may directly
mterface first insulator 110 or an adhesive used for attaching first insulator 110 to electro-
thermal conductor 120. This approach is contrary to another example, which 15 common

with patterned plating of surface layers 1006 shown in FIG. 11B.
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[60104] In these examples, surface sublayer 1006 1s disposed between base
sublayer 1002 and first insulator 110, Surface sublayer 1006 may be specifically selected
to mmprove adhesion of first insulator 110 to electro-thermal conductor 120, and/or other

purposes as described below.

[60105] Base sublayver 1002 may comprise a metal selected from the group
consisting of aluminum, titamum, nickel, copper, steel, and alloys comprising these
metals. The material of base sublayer 1002 may be selected to achieve desired electrical
and thermal conductivities of overall electro-thermal conductor 120 while maintaining

minimal cost.

[B0106] Surface sublayer 1006 may comprise a metal selected from the group
consisting of tin, lead, zinc, nickel, silver, palladium, platinum, gold, indium, tungsten,
molybdenum, chrome, copper, alloys thereof, organic solderability preservative (OSP), or
other electrically conductive materials. The material of surface sublayer 1006 may be
selected to protect base sublaver 1002 from oxidation, improve surface conductivity
when forming electrical and/or thermal contact to device, improve adhesion to electro-
thermal conductor 120, and/or other purposes. Furthermore, in some embodiments the
addition of a coating of OSP on top of surface sublayer 1006 may help prevent surface

sublayer 1006 utself from oxidizing over time.

{66107] For example, aluminum may be used for base sublaver 1602, While
aluminum has a good thermal and electrical conductivity, it forms a surface oxide when
exposed to air. Aluminum oxide has poor electrical conductivity and may not be
desirable at the interface between electro-thermal conductor 120 and device 150, In
addition, in the absence of a suitable surface sublayer, achieving good, uniform adhesion
between the surface oxide of aluminum and many adhesive layers may be challenging.
Therefore, coating aluminum with one of tin, lead, zinc, nickel, silver, paliadium,
platinum, gold, indium, tungsten, molybdenum, chrome, or copper before aluminum

oxide 15 formed mutigates this problem and allows using aluminum as base sublayver 1002
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without compromising electrical conductivity or adhesion between electro-thermal

conductor 120 and the other layers of the interconnect circuit 100.

[66168] Surface sublayer 1006 may have a thickness of between about .01
micrometers and 10 micrometers or, more specifically, between about 0.1 micrometers
and 1 micrometer. For comparison, thickness of base sublayer 1002 may be between
about 10 micrometers and 1000 micrometers or, more specifically, between about 100
micrometers and 500 micrometers. As such, base sublayer 1002 may represent at least
about 90% or, more specifically, at least about 95% or even at least about 99% of electro-

thermal conductor 120 by volume.

[B3109] While some of surface sublayer 1006 may be laminated to first insulator
110, a portion of surface sublayer 1006 may remain exposed. This portion may be used
to form electrical and/or thermal contacts between electro-thermal conductor 120 and

device 150.

[006118] In some embodiments, electro-thermal conductor 120 further comprises
one or more intermediate sublayers 1004 disposed between base sublayer 1002 and
surface sublayer 1006, Intermediate sublayer 1004 has a different composition than base
sublayer 1002 and surface sublayer 1006, In some embodiments, the one or more
intermediate sublayers 1004 may help prevent mtermetallic formation between base
sublaver 1002 and surface sublayer 1006. For example, intermediate sublayer 1004 may
comprise a metal selected from group consisting of chromium, titanium, nickel,

vanadium, zinc, and copper.

{00111] In some embodiments, electro-thermal conductor 120 may comprise roiled
metal foil. In contrast to the vertical grain structure associated with electrodeposited foil
and/or plated metal, the horizontally-elongated grain structure of rolled metal foil may
help increase the resistance to crack propagation in electro-thermal conductor 120 under
cyclical loading conditions. This may help increase the fatigue life of interconnect circuit

100.
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[60112] In some embodiments, electro-thermal conductor 120 comprises
electrically insulating coating 1008 forming surface 1009 of electro-thermal conductor
120 opposite of device-side surface 1007 as, for example, shown 1in FIG. 10C. Atleasta
portion of this surface 1009 may remain exposed in interconnect circuit 100 and may be
used for heat removal from interconnect circuit 100, In some embodiments, eniire
surface 1009 remains exposed 1n interconnect circuit 100, Insulating coating 1008 may
be selected for relatively high thermal conductivity and relatively high electrical
resistivity and may comprise a material selected from group consisting of silicon dioxide,
silicon nitride, anodized alumina, aluminum oxide, boron niride, aluminum nitride,
diamond, and silicon carbide. Alternatively, insulating coating may comprise a composite
material such as a polymer matrix loaded with thermally conductive, electrically

msulating morganic particles.

{66113] In some embodiments, electro-thermal conductor 120 is solderable. When
electro-thermal conductor 120 includes aluminum, the aluminum may be positioned as
the base sublayer, while the surface sublayver may be made from a material having a
melting temperature that is above the melting temperature of the solder. Otherwise, if the
surface sublayer melts during circuit bonding, oxygen may penetrate through the surface
sublayer and oxidize aluminum within the base sublayer. This in turn may reduce the
conductivity at the interface of the two sublayers and potentially cause a loss of
mechanical adhesion. Hence for many solders which are applied at temperatures ranging
from 150-300C, a surface sublaver may be formed from zing, silver, palladium, platinum,

copper, nickel, chrome, tungsten, molybdenum, or gold.

Examples of Methods of Forming Interconnect cirenits

{00114] Conventional techniques of fabricating electrically-conductive traces, such as
electroplating or etching, are not easily scaled for fabrication of thicker conductive

structures, such as structures having thicknesses of at least about 100 micrometers.
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Specifically, etching of thick conductive layers frequently results i undercuts beneath
mask layers, which can lead to poorly-defined traces in final circuits. Furthermore,
mask-and-etch techniques are generally not weli-suited to the fabrication of large-area
interconnect circuits used to make vartous one-dimensional and two-dimensional
interconnected arrays because of excesstve chemical etch waste and inconsistencies in

etching parameters across large surfaces.

{60115] Another difficulty with conventional methods involve forming insulator
openings. For example, forming openings in a back-side msulator may be beneficial
from thermal management perspective, e.g., to dissipate the heat through the opening
rather than through the insulator. However, problems associated with forming such
"back-bared" circuits arise from a process step in which a pre-patterned back-side
insulator s laminated in registration to a masked {but un-etched) conductive layer.
Because the conductive layer is un-etched, there 1s no line of sight available between the
layers to ensure the proper alignment. In addition, it may be ditficult to prevent the
unintentional removal of the back-bared metal region during etching. These issues can
result in a low manufacturing yield and increased manufacturing costs for this type of

circuit.

{60116] To overcome these challenges, various examples of fabrication methods that do
not involve mask-and-etch techniques are described herein. Specifically, FIG. 5isa
process flowchart corresponding to method 500 of forming an interconnect circuit
described above. FIGS. 6A-7C show interconnect circutt 100 and its components at

various stages of this method.

[80117] Method 500 may commence with forming an electro-thermal conductor or,
more specifically, with forming one or more surface sublayers on one or both sides of the
conductor during optional operation 510, This operation may be performed prior to
lanunating the electro-thermal conductor to an mnsulator layer or to a temporary support
liner as further described below. Furthermore, this forming operation may be performed

prior to forming openings in the conductor. In some embodiments, the electro-thermal
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conductor may be formed 1n a different process and supplied to method 500 n a ready-to-
use form. Examples of the electro-thermal conductor formed during operation 510 (or

supplied as such) are shown in FIGS. 10A-10C and described above.

[B0118] Returming to FIG. 5, method 500 may proceed with forming one or more initial
opemngs in the electro-thermal conductor during operation 512, These openings may at
least partially define different portions of the electro-thermal conductor and may be
referred to as partially formed gaps. These openings may be formed using various
techniques including, but not limited to, punching, flat bed die cutting, match-metal die

cutting, male/female die cutting, rotary die cutting, steel rule die cutting, laser cutting,
water-jet cutting, machining, or combinations thereof. In some embodiments, rotary die
cutting may be used to form these sets of openings. Each set of openings may partially
define a region {e.g., a contact pad or trace for electrically coupling to a device) of the

electro-thermal conductor.

{00119] A challenge associated with traditional mask-and-etch-based flexible circunt
fabrication methods 1s the difficulty in patterning circuit traces at a smaller linewidth than
four to five times the thickness of the conductive foil. In some embodiments, the non-
chemical-etch-based patterning methods described above may be used to precisely define
the width of the gaps independent of the thickness of the electro-thermal conductor. As
such, very small precise gaps may be formed in the electro-thermal conductor such that
the maximum footprint of the electro-thermal conductor may be used for electrical and

thermal conductance.

{60120] The use of non-chemical-etch-based patterning to achieve precise control of
these opening (and later the width of the gaps) may result in better control over the
registration of different portions than traditional means of fabrication. The patterning may
be achieved by either through-cutting the electro-thermal conductor before it has been
attached to an msulating layer, or, in the case of laser processing or machining, by
ablating or milling away the electro-thermal conductor from an insulating laver after the

attachment has occurred.
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[60121] After completing operation 512, one or more connecting tabs 127 may extend
across the gaps as, for example, shown in FIG. 6A. Connecting tabs 127 may remain in
place at this processing stage to mechanically support and maintan registration of
different portions of the electro-thermal conductor relative to each other as. At this stage,
these different portions may not be supported by any other components, such as
insulators or temporary support liners. Referring to FIG. 6A illustrating an example of
electro-thermal conductor 120 prior to 1t being laminated to any support layers, three
connecting tabs 127 extend between thermal conductor portion 122 and first electrical
conductor portion 124 and three additional connecting tabs 127 extend between thermal
conductor portion 122 and second electrical conductor portion 126. The number and size
of these connecting tabs 127 1s determined based on the size, flexibility, support needed,
and other factors associated with the electro-thermal conductor. For example, connecting

tabs 127 may be evenly distributed around each portion to provide uniform support.

{60122] Method 500 may also involve forming openings in one or more insulators (e.g.,
forming openings in a first insulator) during operation 516. These openings may be
formed using various techniques including, but not limited to, punching, flat bed die
cutting, match-metal die cutting, male/female die cutting, rotary die cutting, steel rule die
cutting, laser cutting, water-jet cutting, machining, or combinations thereof.
Furthermore, the openings in the insulator and the openings 1n the electro-thermal
conductor may be used for registration of the nsulator relative to the electro-thermal

conductor during lamination.

{60123] In order to remove connecting tabs 127, different portions of the electro-thermal
conductor may need to first be supported and be able to maintan registration with respect
to each other. This may be achieved by attaching a support laver to the electro-thermal
conductor. The support layer may be etther a first insulator or a temporary support liner
as shown by decision block 514 10 FIG. 5. When the support layer i1s the first msulator,
method 500 may proceed with lamunating the electro-thermal conductor to the first

msulator during operation 520, FIG. 6B 1s a schematic illustration of electro-thermal
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conductor 120 lammnated to first insulator 110 with connecting tabs 127 still being a part
of electro-thermal conductor 120. However, after this lamination operation, first
electrical conductor portion 124, second electrical conductor portion 126, and thermal
conductor portion 122 are also supported with respect to each other by first insulator 110
and connecting tabs 127 are no longer needed and can be removed in a subsequent

operation.

[{80124] If the first layer used during operation 520 has any patterned features, then just
prior to lamination, these features may be aligned with the openings previously formed in
the electro-thermal conductor. In this example, the alignment of the patterned insulator
to a partially-patterned electro-thermal conductor may be performed using openings in
each of the layers as aligning features. Compared to conventional techniques for
producing a back-bared flexible circuit, the availability of patterned features on the same
side of both the electro-thermal conductor and insulating laver may help simplify process

the aligning of the layers, thereby improving yield and reducing cost.

[{80125] In some embodiments, while laminating electro-thermal conductor 120 1o one or
both of first insulator 110 and second nsulator 130, gap 128 {or at least partially formed
gap 128) between thermal conductor portion 122 and first electrical conductor portion
124 of electro-thermal conductor 120 may be filled with an adhesive. The adhesive filling
the gap may be the same as the adhesive used for laminating first insulator 110 to electro-
thermal conductor 120, Alternatively, the adhesive filling the gap may be different from
the adhesive used for laminating first insulator 110 to electro-thermal conductor 120, For
example, the adhesive filling the gap when second insulator 130 1s apphied may have a
much higher melt flow index than the adhesive used for laminating first insulator 110 to

electro-thermal conductor 120

[80126] Method 500 may proceed with forming final openings in the electro-thermal
conductor during operation 530. If the electro-thermal conductor has already been
laminated to the first insulator during this operation, these additional openings may be

formed through the first insulator as well as, for example, schematically shown in FIGS.
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6C and 6D. Specifically, FIG. 6C 15 a top schematic view of an assembly including first
insulator 110 and electro-thermal conductor 120 with additional openings 129 formed in
the place of former connecting tabs. As such, forming these additional openings 129
removes the connecting tabs but may also form openings 129 in first insulator 110 when,
a die cutting or another similar technique is used to form openings 129. FIG. 6D isa
cross-sectional schematic view of first insulator 110 showing openings 129 n first
msulator 110. 1t should be noted that because of the small size of openings 129 (roughly
defined by the size of the former connecting tabs), these openings do not interfere with
performance of first insulator 110 {e g., supporting different portions of electro-thermal

conductor 120, electrically isolating portions of electro-thermal conductor 120).

{80127] When the support layer is a temporary support liner {rather than one of the
insulator), method 500 may proceed with laminating the electro-thermal conductor to the
temporary support hiner during operation 522, FIG. 7A illustrates an assembly having
electro-thermal conductor 120 laminated to temporary support liner 700 with connecting
tabs 127 still being a part of electro-thermal conductor 120. Temporary support limer 700
may not have any openings or need any particular registration with respect to electro-
thermal conductor 120 (unlike the insulator layer). After this lamination operation, first
electrical conductor portion 124, second electrical conductor portion 126, and thermal
conductor portion 122 are also supported with respect to each other by temporary support

liner 700 and connecting tabs 127 are no longer needed.

{00128] Materials that may be suitable for the temporary support liner include, but are
not limited to, polyimide (PI}, polyethylene naphthalate (PEN), polyethylene
terephthalate (PET), polymethyl methacrylate (PMMA), ethyl vinyl acetate (EVA),
polyvinyl butyral (PVB), polyethylene (PE), polypropylene (PP), polyolefin, paper, or
conductive foil. Furthermore, the temporary support hiner may include a low-tack
adhesive coating such as a PSA on its surface to facilitate bonding to the conductive foil.
Alternatively, if the temporary support liner does not include an adhesive coating, an

adhesive material such as a thermoplastic sheet or wet-coatable PSA may be incorporated
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m between the electro-thermal conductor and temporary support liner just prior to
lamination. The temporary support hner and its coatings may maintain a low-tack
adhestve bond to electro-thermal conductor through some operations including forming
final openings {gaps) and laminating electro-thermal conductor to the insulator. This
feature ensures mechanical support to different portions of the electro-thermal conductor
while, at the same time, allowing the temporary support liner to be removed when this

support 1s later provided by the msulating layer.

{00129] As noted above, the temporary support liner layver may be used for registering
the patterned insulator to the patterned electro-thermal conductor when the insulator is
later laminated to the conductor. For example, in a roll-to-roll-based manufacturing
process, a roll of the partially-patterned electro-thermal conductor may be additionally
patterned with the temporary support liner laminated to it to provide mechanical support
to various portions of the electro-thermal conductor components formed during
patterning. This patterning process may be followed by the singulation of the rolls of the
laminate including the electro-thermal conductor and releasable laver into individual
parts including the patterned electro-thermal conductor and releasable layer. For example,
the individual parts may correspond to a single interconnect circuit or to 2-100
mterconnect circuits. Simtlarly, rolls of the insulating layer may also be patterned in-line
and then singulated into individual parts that optionally correspond to a single
mterconmnect circuit or to 2-100 interconnect circuits. The individual parts {one part being
the patterned electro-thermal conductor / releasable laver laminate and the other part
being patierned msulating layer) may then be aligned with each other. For example,
various flexible circuit lamination techniques, such as pin-based or optical registration,
may be used for this purpose.  In some embodiments, the releasable layer 1s not involved
n the registration. In these embodiments, the releasable layer sumply holds the electro-
thermal conductor in place during the second cut. The registration of the second cut may
be made to features put into the electro-thermal conductor during the first cut. After the
alignment, the parts are laminated together and the releasable layer 1s removed.

Comparmg this process to conventional processes in which the patterned electro-thermal
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conductor and the patierned imsulator are registered to each other as continuous rolls in-
line, the process described herein may help to simphify manufacturing, improve

throughput, and improve vield.

[B0138] Method 500 may proceed with forming final openings in the electro-thermal
conductor during operation 530, These final openings may include final gaps as
described above. These final opening may mvolve forming additional openings to
remove connecting tabs and these additional openings may be formed through the
temporary support liner as, for example, schematically shown in FIGS. 7B-7C.
Specifically, FIG. 7B 15 a top schematic view of an assembly including temporary
support liner 700 and electro-thermal conductor 120 with additional openings 129 formed
in place of the connecting tabs. As such, forming these additional openings 129 removes
these connecting tabs but also forms openings 129 in temporary support liner 700. In this
case, method 500 may proceed with laminating the first insulator to the electro-thermal
conductor during operation 520. The first insulator may be laminated to an exposed
surface of the electro-thermal conductor (i.e, a surface that is opposite the surface to
which the temporary release liner has been applied). At this stage, the first insulator
provides support to different portions of the electro-thermal conductor, and method 500
proceeds with removing the temporary support liner during operation 550. Because the
connecting tabs were removed prior to laminating the first insulator, the first msulator
does not have corresponding operungs. FIG. 7C 1s a top schematic view of an assembly
meluding first msulator 110 and electro-thermal conductor 120 with continuous openings

in eleciro-thermal conductor 120,

[80131] In some embodiments, a second insulator may be laminated to the electro-
thermal conductor during optional operation 560. The second insulator may be laminated
to an exposed surface of the electro-thermal conductor (1.e., a surface that is opposite the

surface to which the first mnsulator has been applied).
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CELAIMES
What is claimed is:
1. An mterconnect circuit comprising;
an electro-thermal conductor comprising a thermal conductor portion and a first
electrical conductor portion,
wherein the thermal conductor portion 15 electrically 1solated from the first
electrical conductor portion by a gap defining a boundary of the first electrical
conductor portion,
wherein the thermal conductor portion and the first electrical conductor
portion have an identical composition, and
wherein the thermal conductor portion and the first electrical conductor
portion have an identical thickness; and
a first insulator adhered to the electro-thermal conductor and to the first
electrical conductor portion,
wherein the first insulator supports the thermal conductor portion and the
first electrical conductor portion relative to each other and maintains the gap

between the electro-thermal conductor and the first electrical conductor portion.

2. The mterconnect circunt of claim 1,

wherein the first insulator is a device-side insulator and comprises a first
opening, and

wherein the first opening s aligned with the first electrical conductor portion of

the electro-thermal conducior,

3. The interconnect circuit of claim 2, wherein the first opening s aligned with an end of

the first electrical conductor portion.

4. The interconnect circuit of claim 2,

wherein the first msulator comprises a second opening, and
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wherein the second opening 15 aligned with the thermal conductor portion of the

electro-thermal conductor,

5. The mterconnect circuit of claim 4, wherein the first opening is not connected to the

second opening.

6. The interconnect circuit of claim 1,

wherein the electro-thermal conductor further comprises a second electrical
conductor portion,

wherein the second electrical conductor portion s electrically isolated from the
thermal conductor portion and from the first electrical conductor portion,

wherein the thermal conductor portion and the second electrical conductor
portion have an identical composition, and

wherein the thermal conductor portion and the second electrical conductor

portion have an identical thickness.

7. The mterconnect circuit of claim 1, further comprising a second insulator such that the
electro-thermal conductor 15 disposed between and adhered to both the first insulator and

the second insulator,

& The mnterconnect circust of claim 7, wherem the second msulator comprises one or

more openings overlapping with at least the thermal conductor portion.

9. The interconnect circut of claim 7,

wherein the first insulator 15 adhered to the electro-thermal conductor using a
first adhesive,

wherein the second insulator 15 adhered to the electro-thermal conductor using a

second adhesive, and
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wherein a melt flow index of the first adhesive 1s less than a melt flow mndex of

the second adhesive.

10. The interconnect circuit of claim 9, wherein the second adhesive at least partially fills

(v

the gap defined by the space between the thermal conductor portion and the first

electrical conductor portion and between the first insulator and the second insulator.

11. The interconnect circuit of claim 10, wherein the gap comprises more of the second
adhesive than the first adhesive by volume.

10

12. The interconnect circuit of claim 1, wherein the gap between the thermal conductor

portion and the first electrical conductor portion is empty.

13. The interconnect circuit of claim 1, wherein the gap between the thermal conductor

(¥

portion and the first electrical conductor portion s at least partially filled with an

adhesive.

14. The interconnect circuit of claim 1,
wherein the electro-thermal conductor comprises a base sublayer and a surface
20 sublayer having a different composition than the base sublayer, and

wherein the first insulator 1s laminated over the surface sublayer.

15, The mterconnect circuit of claim 14, wherein the base sublayer comprises a metal
selected from the group consisting of alumuinum, an aluminum alloy, nickel, copper, and

25 steel
16. The mterconnect circuit of claim 15, wherein the surface sublayer comprises a metal

selected from the group consisting of tin, lead, zing, nickel, silver, palladium, platinum,

gold, indium, tungsten, molybdenum, chrome, and copper.
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17. The mterconnect circuit of claim 16, wheremn the slectro-thermal conductor further
comprises an intermediate sublayer disposed between the base sublayer and the surface
sublayer and having a different composition than the base sublayer and the surface

sublaver.

18. The interconnect circuit of claim 24, wherein the intermediate sublayer comprises a
metal selected from the group consisting of chromium, titanium, nickel, vanadium, zinc,

and copper.

19. The interconnect circuit of claim14, wherein the surface sublayer has a thickness of

between about .01 micrometers and 10 micrometers.

20. The interconnect circuit of claim 14, wherein the surface sublayer s partially

exposed.

21. The mnterconnect circuit of claim 20, wherein the surface sublaver directly nterfaces

with the first insulator.

22. The interconnect circuit of claim 1, wherein the electro-thermal conductor comprises
an nsulating coating forming a surface of the electro-thermal conductor opposite of the

first msulator.
23. The mterconnect circutt of claim 22, wherein the insulating coating comprises a

material selected from the group consisting of silicon dioxide, silicon nitride, aluminum

oxide, boron nitride, aluminum nitride, diamond, and silicon carbide.
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24. The mterconnect circutt of clanm 1, further comprising a thermally-conductive
electrically-insulating adhesive layer for mounting the interconnect circuit such that the

electro-thermal conductor 13 disposed between the adhesive layer and the first insulator.

25. The interconnect circuit of claim 24, further comprising a removable film covering
the thermally-conductive electrically-insulating adhesive layer such that the adhesive

layer 1s disposed between the removable film and the electro-thermal conductor.

26. The interconnect circuit of claim 1, wherein the gap has a width of between about 100

micrometers and T millimeter.

27. The interconnect circuit of claim 26, wherein the gap has an aspect ratio of less than

about 10.

28. The interconnect circuit of claim 1, wherein the electro-thermal conductor has a

thickness of at least about 50 micrometers.

29. The interconnect circuit of claim 1, wherein the electro-thermal conductor has a

thickness of at least about 100 micrometers.

30. The interconnect circuit of claim 1, wherein sidewalls of the gap are parallel to each

other throughout a thickness of the electro-thermal conductor.
31. The mterconnect circwnt of clanm 1, further comprising additional electro-thermal
conductors sharing the thermal conductor portion with the electro-thermal conductor and

having separate electrical conductor portions.

32. The interconnect circwnt of clamm 31, wherein the additional electro-thermal

conductors and the electro-thermal conductor are arranged into a two-dimensional array
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such that the first electrical conductor portion extends along a center line defined by two
adjacent rows of the additional electro-thermal conductors and the electro-thermal

conductor.

33. An assembly comprising:
a device;
an interconnect circuit connected to the device,
wherein the interconnect circuit comprises an electro-thermal conductor
and a first insulator,
wherein the electro-thermal conductor comprises a thermal conductor
portion and a first electrical conductor portion,
wherein the thermal conductor portion is electrically isolated from the first
electrical conductor portion and at least thermally coupled to the device,
wherein the first electrical conductor portion 1s electrically coupled to the
device,
wherein the thermal conductor portion and the first electrical conductor
portion have an identical composition,
wherein the thermal conductor portion and the first electrical conductor
portion have an identical thickuess, and
wherein the first insulator 1s adhered to the electro-thermal conductor and
maintains registration of the thermal conductor portion and the first electrical

conductor portion relative to each other.

34. The assembly of claim 33, wherein the first insulator 1s disposed between the device
and the electro-thermal conductor, wherein the first insulator comprises a first opening
and a second opening, wherein the first electrical conductor portion is electrically
coupled to the device through the first opening, and wheremn the thermal conductor

portion is thermally coupled to the device through the second opening.
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35. The assembly of claim 34, further comprising a second msulator such that the electro-
thermal conductor is disposed between and adhered to both the first insulator and the

second msulator.

36. The assembly of claim 35, wherein the second mnsulator comprises one or more

openings (132, 136) overlapping with the thermal conductor portion.

37. The assembly of claim 33, wherein the electro-thermal conductor is disposed between

the device and the first insulator.

38 The assembly of claim 33, wherein the thermal conductor portion 1s electrically

coupled to the device.

39. The assembly of claim 33,

wherein the electro-thermal conductor further comprises a second electrical
conductor portion,

wherein the second electrical conductor portion 13 electrically 1solated from the
thermal conductor portion and from the first electrical conductor portion,

wherein the second electrical conductor portion 15 electrically coupled to the
device,

wherein the thermal conductor portion and the second electrical conductor
portion have an identical composition, and

wherein the thermal conductor portion and the second electrical conductor
portion have an identical thickness, and

wherein the first insulator comprises a third opening overlapping with the

second electrical conductor portion of the electro-thermal conductor.

40. The assembly of claim 33, wherein the device 15 selected from the group consisting of

a light emitting diode (LED).
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41, The assembly of claim 33, wheremn the thermal conductor portion 15 thermally

coupled to the device using a thermally conductive adhesive.

42. The assembly of claim 33, further comprising a housing enclosing at least the

interconnect circuit and thermally coupled to the electro-thermal conductor.
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