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A CIRCUIT BOARD COMPRISING AN INSULATING DIAMOND MATERIAL

Field of the Invention

The present invention relates to a circuit board
comprising an insulating diamond material, and relates
particularly, though not exclusively, to a circuit board

for an implantable medical device.

Background of the Invention

Medical devices that include electronic components are

frequently implanted into the human body. Such medical
devices include cochlear implants, pacemakers, retinal

prostheses and other devices. It is important that the
electronic components of such medical devices are

protected from fluid exposure.

It has recently been proposed to form portions of such
implantable devices from a diamond material as diamond is
a biocompatible and strong material that is impermeable to
fluid ingress. The present invention provides further

improvement.

Summary of the Invention

The present invention provides in a first aspect a circuit
board comprising:

an electrically insulating diamond material having a
surface;

at least one recess extending into only a portion of a

thickness of the electrically insulating diamond material
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from the surface of the electrically insulating
diamond material; and
an electrically conductive material located at

least partially within the recess.

Throughout this specification the term “diamond material”
is used for films or bulk materials of crystalline diamond
material, poly-crystalline diamond material, nano-
crystalline diamond material and also for diamond-like
materials including diamond glassy carbon and diamond-like

carbon materials.

It will be appreciated that the circuit board is formed
such that the electrically conductive material within the
at least one recess does not extend through to a surface
of the electrically insulating diamond material opposite
the surface on which the recess is provided. The
electrically conductive material extends only partially
into the thickness of the electrically insulating diamond
material, for example up to 10%, 20%, 30%, 40%, 50%, 60%,
70%, 80% or 90% of the thickness of the electrically

insulating diamond material.

Further, it will be appreciated that the conductive
material may be contained such that conductive material of
adjacent recesses do not contact at a region of the
electrically insulating diamond material that lies beyond
the adjacent recesses. For example, the conductive
material may be contained entirely within the at least one

recess.

Conventional electrically conductive wire portions that

may be formed on the surface of insulating diamond
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material are often relatively fragile. However, the
conductive material of the circuit board in accordance
with embodiments of the present invention may be at least
partially embedded in the insulating diamond material.
This reduces fragility of the electrically conductive
material and also reduces space requirements, which is of
particular advantage when the circuit board forms a
portion of an implantable medical device that should be as

small as possible.

In one embodiment the at least one recess extends along a
length of the surface of the electrically insulating
diamond material. The recess, or at least one of the
recesses, and the electrically conductive material may be
elongated. Alternatively, the recess, or at least one of
the recesses and the electrically conductive material may
have any other suitable shape, such as a substantially
square or rounded cross-sectional shape in a plane
parallel to the surface of the electrically insulating

diamond material.

The at least one recess may be partially or entirely
filled with the electrically conductive material. The
electrically conductive material may have a surface at a
level that substantially coincides with a level of the

surface of the electrically insulating diamond material.

In one example the electrically conductive material is
formed from a brazing alloy such as an active brazing
alloy. The electrically conductive material may also be
formed from another suitable material, such as a carbon-

paste.
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In an alternative embodiment the electrically conductive
material comprises a conductive diamond material, such as
a nitrogen or boron incorporated diamond material that may
be poly-crystalline (for example nano-crystalline or

microcrystalline) or mono-crystalline.

The circuit board may be composed of a diamond material.

The at least one recess may be provided in the form of a

groove or channel.

The conductive material in the at least one recess may
have a thickness in a direction that is parallel to a

plane of the surface of electrically insulating diamond
material, the thickness being less than 100um, less than

50um or less than 10um.

The at least one recess may be one of a plurality of
recesses in which the electrically conductive material is
positioned. At least some of the recesses with the
electrically conductive material may be Jjoined. Further,
at least some of the recesses with the electrically
conductive material may be electrically insulated from one

another.

The electrically conductive material may comprise surface
mounting pads or bonding pads for mounting or bonding an

electronic component to the circuit board.

The present invention provides in a second aspect an
implantable medical device comprising the circuit board of

the first aspect of the present invention.
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The implantable medical device typically comprises a
housing and the circuit board may form a portion of the
housing. Further, the implantable medical device may
comprise an electronic component that is positioned within
an interior of the implantable medical device and is
electrically coupled to the circuit board. The implantable

medical device may be a retinal prosthesis.

The present invention provides in a third aspect a method
of forming a circuit board, the method comprising:
providing a substrate that comprises an
electrically insulating diamond material; and
forming an electrically conductive material, the
electrically conductive material being formed so as to
be located at least partially within a recess of the
electrically insulating diamond material;
wherein the recess extends into only a portion of a
thickness of the electrically insulating diamond
material from a surface of the electrically insulating

diamond material.

It will be appreciated that the circuit board is formed
such that the electrically conductive material within the
at least one recess does not extend through to a surface
0of the electrically insulating diamond material opposite
the surface on which the recess 1s provided. The
electrically conductive material extends only partially
into the thickness of the electrically insulating diamond
material, for example up to 10%, 20%, 30%, 40%, 50%, 60%,
70%, 80% or 90% of the thickness of the electrically

insulating diamond material.

Further, it will be appreciated that the circuit board may
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be formed such that the conductive material is contained
such that conductive material of adjacent recesses do not
contact at a region of the electrically insulating diamond
material that lies beyond the adjacent recesses. For
example, the conductive material may be contained entirely

within the at least one recess.

The step of providing the substrate may comprise milling
the at least one recess into the electrically insulating
material. Milling may comprise use of a focused ion beam

or a laser beam.

The at least one recess may be a groove or channel.

The step of forming the electrically conductive material
may comprise applying a brazing alloy into at least a
portion of the at least one recess and exposing the
brazing alloy to heat treatment to form the electrically

conductive material in the at least one recess.

The electrically conductive material may initially be
formed such that a portion of the electrically conductive
material projects beyond the surface of the substrate. The
method may comprise the additional step of removing a
portion of the electrically conductive material such that
the electrically conductive material then has a surface
level that approximates that of the surface of the

substrate.

The method may also comprise growing a conductive diamond
material within the at least one recess using chemical
vapour deposition. The electrically conductive diamond

material may be nitrogen or boron incorporated. The
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electrically conductive diamond material may be formed
within the at least one recess and on at least a portion
of the surface of the substrate. The method may comprise
subsequently removing a portion of the electrically
conductive diamond material such that a surface of the
electrically conductive diamond material then has a level
that approximates that of the electrically insulating

diamond material.

Brief Description of Drawings

Figure 1 is a perspective view of a portion of a circuit

board according to an embodiment of the present invention;

Figure 2 is a plan view of a circuit board according to an

embodiment of the present invention;

Figure 3 is a plan view of a circuit board according to an

embodiment of the present invention;
Figure 4 is a cross-sectional view of a medical device in
accordance with an embodiment of the present invention;

and

Figure 5 is a flow chart of a method of forming a circuit

board according to an embodiment of the present invention.

Detailed Description of Drawings

Embodiments of the present invention relate to a circuit
board having a substrate comprising an electrically
insulating diamond material and an electrically conductive

material. The electrically conductive material extends
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into a portion of a thickness of the insulating diamond

material.

In one embodiment the circuit board comprises a plurality
of electrically conductive portions formed within recesses
(such as groves, channels, or rounded or substantially
square recesses) of an electrically insulating diamond
substrate and arranged as electrical connections, such as
bonding pads or interconnecting “wires” that are partially
or entirely embedded within the insulating diamond

material.

The electrically conductive portions do not penetrate
through the electrically insulating diamond substrate,
although it will be appreciated that the circuit board may
be arranged such that it can be connected to an external
data and/or power system, for example via a through hole
interconnection or similar. In any event, in this example,
the electrically conductive portions do not themselves
penetrate through the electrically insulating diamond

substrate.

Certain embodiments of the present invention may be
particularly useful for medical applications such as
devices implantable in biological tissue. However, a
person skilled in the art will appreciate that embodiments
of the present invention are suitable for a variety of

different applications.

Forming the electrically conductive material may comprise
applying a suitable brazing alloy, such as an active
brazing alloy, or a carbon paste to recesses formed in the

electrically insulating diamond material. Suitable heat
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ftreatment is used to complete formation of the materials.
Alternatively, the electrically conductive materials may
for example be provided in the form of conductive diamond
materials. The formation of the electrically conductive
materials will be described further below with reference

to Figure 5.

Specific embodiments of the present invention will now be
described in more detail. Referring to Figure 1, there is
shown a circuit board 100 comprising a substrate 102 of
insulating diamond material, and a conductive portion 104
comprising an electrically conductive material. The
conductive portion 104 is arranged in a correspondingly
shaped recess 106 of the substrate 102. A surface 108 of
the conductive portion 104 is flush with a surface 110 of
the substrate 102. The conductive portion 104 comprises
material capable of forming a relatively strong bond with

the diamond material substrate 102.

A particularly strong bond between the substrate 102 and
the conductive portion 104 can be formed if the conductive
portion 104 also comprises diamond material, for example
nitrogen or boron incorporated nano-crystalline diamond
material. Thus the circuit board 100 may be made
completely of diamond material, resulting in a
bioccompatible and robust circuit board that is impermeable

to fluid ingress.

Referring now to Figure 2, there is shown a circuit board
200 in accordance with a further embodiment of the present
invention. The circuit board 200 comprises an insulating
diamond substrate 202 and a plurality of conductive

portions 204. The conductive portions 204 are elongate and
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provide interconnections between electronic components

{(not shown). Such interconnections may be as thin as bHpm
(in a direction parallel to a plane of the surface of the

substrate 202), but may alternatively also have another
suitable thickness, such as less than 100um, less than

50pum or less than 10pm.

Electrically conductive pads 206 for the mounting of
components are disposed at each end of, and in contact
with, the elongate conductive portions 204. The
electrically conductive pads 206 may have a width, or a

diameter if substantially circular in shape, in the order

of 200um. Electronic components (not shown) may be placed
in contact with the electrically conductive pads 206. In
this embodiment, both the conductive pads 206 and the
elongate conductive portions 204 extend into a thickness
of the insulating diamond substrate 202, in a manner
similar to that of the circuit board 100, and have a
surface that is substantially flush with that of the
substrate 202.

Figure 3 illustrates another example circuit board 300 in
accordance with an embodiment of the present invention.
The circuit board 300 comprises an insulating diamond
substrate 302 and a plurality of conductive portions 304,
306 and 308 of various shapes and sizes. Each of the
conductive portions 304, 306 and 308 extend into a portion
of the thickness of the substrate 302, and has a surface
that is flush with a surface of the insulating diamond
substrate 302. A person skilled in the art will appreciate
that many alternative arrangements of the conductive

portions 304, 306, 308 of the circuit board 300 are
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In the embodiment shown in Figure 3, the electrically
conductive portions 304 form a matrix of bonding pads. The
electrically conductive portions 304 may be connected
with, for example, a microprocessor (not shown). The
electrically conductive portions 308 are arranged for
surface mounting of further circuit components and the
electrically conductive portions 306 are arranged for

coupling to external data and power sources (not shown).

Referring now to Figure 4, a medical device 400 in
accordance with an embodiment the present invention will
now be described. The medical device 400 comprises in this
embodiment a circuit board 402, which is similar to the
circuit board 300 described above with reference to Figure
3. The medical device 400 is in this embodiment a retinal
prosthesis arranged for implanting into the retina of a
patient and for stimulating an inner cell layer of the
retina. The implantable medical device 400 comprises an
electrode array 404 that has a plurality of electrically
conducting elements 406 and electrically insulating
material 408 surrounding portions of the electrically
conducting elements 406. In this embodiment, the
electrically conducting elements 406 of the electrode
array 404 form an array that can be positioned in contact
with the retina of an eye and thus capable of stimulating

retinal cells.

The electrically conducting elements 406 and the
electrically insulating material 408 are composed of
diamond material having different electrical properties.

In this particular embodiment, the electrically conducting
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elements 406 are composed of nitrogen incorporated ultra
nano-crystalline diamond material having sp2 and sp3 carbon
bonds and the electrically insulating material 408 is
composed of polycrystalline diamond material having

primarily sp3 carbon bonds.

The electrode array 404 forms a lid of a housing of the
implantable medical device 400, and a stimulating face of
the electrode array 404 is exposed. The housing encases a
microprocessor chip 410 that is arranged to control
stimulating signals conducted via electrical bonds 412
through the conducting elements 406 of the electrode array
404 to stimulate retinal cells. Conductive pads 414 of the
microprocessor 410 are electrically coupled to conductive
portions of the control circuit 402 by microfabrication
methods such as flip chip bonding. Further, external
components (not shown) such as power supplies can be
electrically coupled to the microprocessor 410 via the

circuit board 402.

A person skilled in the art will appreciate that the
circuit board in accordance with embodiments of the
present invention may be used for a variety of implantable
medical devices other then retinal implants. Further, the
circuit board in accordance with embodiments of the
present invention may be used for devices other then

implantable devices.
Referring now to Figure 5, a method 500 of forming a
circuit board according to an embodiment of the present

invention will now be described.

The method 500 comprises an initial step 502 of providing
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a substrate of a diamond material. In step 504, grooves
are milled into the substrate using a laser or a focused
ion beam. For example, a diode pumped solid state laser
with a wavelength of 532nm may be used. Laser or focused
ion beam milling typically results in the excavated
material remaining in and around the milled area of
interest, which is removed in step 506 using acid boil

etching or a hydrogen plasma treatment.

Once the excavated material has been removed, an active
brazing alloy paste is applied in step 508 into the
grooves and also around the grooves to optimise filling of
the grooves. In step 510, the substrate with the active
brazing alloy paste is heated to a suitable temperate
(such as a temperature of approximately 900°C) so that the
active brazing alloy melts and completely fills the
grooves. The heating step 510 will typically be performed
under vacuum. The active brazing alloy is then allowed to
cool in step 512 and, in step 514, the scolidified brazing
alloy is then polished until it has a surface that has a

level that approximates that of the substrate.

The active brazing alloy may, for example, comprise
silvexr, gold, titanium, vanadium or chromium. As mentioned
above, the conductive materials may alternatively be
provided in other suitable forms. For example a carbon
paste or a suitable soldering paste may be used in a

manner similar to the active brazing material.

In an alternative embodiment the conductive material is
provided in the form of a diamond material in which a
suitable other material has been incorporated. In this

particular embodiment, the electrically conductive
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material is composed of nitrogen incorporated ultra nano-
crystalline diamond material having sp2 and sp3 carbon
bonds. The electrically conductive diamond material is
formed on the insulating diamond substrate. Using a gas
mixture of Argon (Ar, 70-94%), methane (CHy, 1-5 %) and
Nitrogen (N, 5-20 %), a layer of nitrogen incorporated
ultra nano-crystalline diamond having a suitable thickness
is formed in the grooves of the insulating diamond
substrate and on remaining surface portions of the
substrate. After growth of the conductive diamond
material the substrate with the conductive diamond
material is polished until the conductive diamond material
has a surface that is flush with a surface of the

insulating diamond material.

A person skilled in the art will appreciate that there are
other methods of producing the circuit board. For example,
a mask having suitably shaped apertures may be placed over
the substrate before filling the grooves with conductive
material. Subsequent polishing may or may not be
necessary.

Although the invention has been described with reference
to particular examples, it will be appreciated by those
skilled in the art that the invention may be embodied in

many other forms.
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Claims

A circuit board comprising:

an electrically insulating diamond material having
a surface;

at least one recess extending into only a portion
of a thickness of the electrically insulating diamond
material from the surface of the electrically
insulating diamond material; and

an electrically conductive material located at

least partially within the recess.

The circuit board of claim 1, wherein the electrically
conductive material extends into up to 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80% or 90% of the thickness of the

electrically insulating diamond material.

The circuit board of claim 1 or claim 2, wherein the
at least one recess extends along a length of the
surface of the electrically insulating diamond

material.

The circuit board of any one of the preceding claims,
wherein the recess, or at least one of the recesses,
and the electrically conductive material are

elongated.

The circuit board of any one of the preceding claims,
wherein the recess, or at least one of the recesses
and the electrically conductive material have a
substantially square or rounded cross-sectional shape
in a plane parallel to the surface of the electrically

insulating diamond material.
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10.

11.

12.

13.

The circuit board of any one of the preceding claims
wherein the at least one recess is partially filled

with the electrically conductive material.

The circuit board of any one of the preceding claims
wherein the at least one recess is entirely filled

with the electrically conductive material.

The circuit board of any one of the preceding claims
wherein the electrically conductive material has a
surface at a level that substantially coincides with a
level of the surface of the electrically insulating

diamond material.

The circuit board of any one of the previous claims
wherein the electrically conductive material is formed

from a brazing alloy.

The circuit board of any one of c¢laims 1 to 8, wherein
the electrically conductive material is formed from a

carbon-paste.

The circuit board of any one of claims 1 to 8, wherein
the electrically conductive material comprises a

conductive diamond material.

The circuit board of claim 11 wherein the conductive
diamond material is a nitrogen or boron incorporated

diamond material.

The circuit board of claim 11 or claim 12, wherein the

circuit board is composed of a diamond material.
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14.

15.

le.

17.

18.

19.

20.

The circuit board of any one of the preceding claims,
wherein the at least one recess is provided in the

form of a groove or channel.

The circuit board of any one of the previous claims
wherein the conductive material in the at least one
recess has a thickness in a direction that is parallel

to a plane of the surface of electrically insulating
diamond material, the thickness being less than 100um,

50um, or 10um.

The circuit board of any one of the preceding claims
wherein the at least one recess is one of a plurality
of recesses in which the electrically conductive

material is positioned.

The circuit board of claim 16 wherein at least some of
the recesses with the electrically conductive material

are joined.

The circuit board of claim 16 or claim 17, wherein at
least some of the recesses with the electrically
conductive material are electrically insulated from

one another.

The circuit board of any one of the preceding claims
wherein the electrically conductive material comprises
surface mounting pads or bonding pads for mounting or

bonding an electronic component to the circuit board.

An implantable medical device comprising the circuit

board of any one of the preceding claims.
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21.

22.

23.

24.

25.

26.

The implantable medical device of claim 20 comprising
a housing and wherein the circuit board forms a

portion of the housing.

The implantable medical device of claim 20 or 21
comprising an electronic component that is positioned
within an interior portion of the implantable medical

device and 1is coupled to the circuit board.

The implantable medical device of any one of claims 20
to 22, wherein the implantable medical device is a

retinal prosthesis.

A method of forming a circuit board, the method
comprising:

providing a substrate that comprises an
electrically insulating diamond material; and

forming an electrically conductive material, the
electrically conductive material being formed so as to
be located at least partially within a recess of the
electrically insulating diamond material;

wherein the recess extends into only a portion of a
thickness of the electrically insulating diamond
material from a surface of the electrically insulating

diamond material.

The method of claim 24, wherein the electrically
conductive material extends into up to 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80% or 90% of the thickness of the

electrically insulating diamond material.

The method of claim 24 or claim 25, wherein the step



WO 2014/205489 PCT/AU2014/000660

10

15

20

25

30

27.

28.

29.

30.

31.

32.

- 19 -

of providing the substrate comprises milling the at
least one recess into the electrically insulating

material.

The method of claim 26 wherein milling comprises use

of a focused ion beam or laser beam.

The method of any one of claims 24 to 27, wherein the

at least one recess is a groove or channel.

The method of any one of claims 24 to 28 wherein the
step of forming the electrically conductive material
comprises applying an brazing alloy into at least a
portion of the at least one recess and exposing the
brazing alloy to heat to form the electrically

conductive material in the at least one recess.

The method of claim 29, wherein the electrically
conductive material is initially formed such that a
portion of the electrically conductive material
projects beyond the surface of the substrate and
wherein the method comprises the additional step of
removing a portion of the electrically conductive
material such that the electrically conductive
material then has a surface level that approximates

that of the surface of the substrate.

The method of any one of claims 24 to 28, wherein
forming the electrically conductive material comprises
growing a conductive diamond material using chemical

vapour deposition.

The method of claim 31, wherein the electrically
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conductive diamond material is nitrogen or boron

incorporated.

The method of claim 31 or claim 32, wherein the
electrically conductive diamond material is formed
within the at least one recess and on at least a
portion of the surface of the substrate and wherein
the method comprises subsequently removing a portion
0of the electrically conductive diamond material such
that a surface of the electrically conductive diamond
material then has a level that approximates that of

the electrically insulating diamond material.
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