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(57) ABSTRACT

A method 1s disclosed which includes applying a surface
treatment to a substrate to form a patterned area having at
least some electrical conductivity; electroplating onto the
patterned area with a tool having a first electrode and a source
for 1n situ supply of electrolyte, by providing an anode current
to the first electrode, causing the patterned area at least in the
vicinity of the tool to function as a cathode, and passing
clectrolyte between the patterned area and the first electrode,
thereby to deposit conductive material onto the patterned
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ADDITIVE MANUFACTURING PROCESSES

FIELD OF THE INVENTION

[0001] This mnvention concerns improvements relating to
additive manufacturing processes.

BACKGROUND OF THE INVENTION

[0002] The term Direct Write1s commonly used to describe
arange of technologies which allows the fabrication of two or
three-dimensional functional structures using processes that
are compatible with being carried out directly onto poten-
tially large complex shapes (DTI Report February 2004
“Direct Writing”). Direct Write manufacturing techniques
include: Ink jet, Micro-spray, Quill, Pen, Aerosol, Pulsed
laser evaporation, and Laser direct etching. Direct Write has
the ability to fabricate active and passive functional devices
directly onto structural parts and assemblies. The benefits of
utilising these techmques are increased functionality, reduced
s1ze and weight, reduced cost, design simplification, reduc-
tion 1n component number and a reduction 1n time to market.
In the field of Aerospace, there are applications for Direct
Write such as electronic circuits, sensors, RF devices, dis-
plays, stealth materials, meta-materials, packaging, sensors
and harnesses.

[0003] Additive manufacturing 1s a generic term used to
describe a process by which successive layers of a structure,
device or mechanism are formed, and 1n which 1n each layer
components such as electrical circuit components may be
tormed by a Direct Write method. The term “additive” 1s used
to contrast conventional manufacturing processes such as
lithography, milling, turning etc, in which material from a
solid layer or object 1s taken away or removed.

[0004] Ingeneral, 1n Direct Write and additive manufactur-
Ing processes, writing or printing materials are referred to as
inks, although the actual form of the material may comprise a
wide range of powders, suspensions, plasters, colloids, sol-
utes, vapours etc, which may be capable of fluid tflow and
which may be applied 1n pastes, gels, sprays, aerosols, liquid
droplets, liqud tflows, etc. Once applied, the material may be
fixed by curing, consolidating, sintering or allowing to dry,
frequently involving application of heat to change the state of
the material to a solid phase. For the purposes of the present
specification, the term “Direct Write ink™ 1s intended to cover
all such matenals.

[0005] The object or structure (which may be a very large
three-dimensional object) on which the deposition 1s per-
formed 1s referred to in the art by the term “substrate™, and this
1s the sense of the term as used 1n the present specification.
The deposited ink, once fixed on the substrate, forms a com-
ponent or part or layer or precursor of a structure that 1s to be
manufactured.

[0006] Recently there has been much interest 1in direct writ-
ing or printing of electronics, sensors and wiring directly onto
substrates. The substrates can be virtually any structural or
non-structural components or objects or structures. Direct
Write can be useful where the substrate 1s a structural com-
ponent having a flat surface or having a conformal surface, by
which 1s meant a surface curved in two directions. Direct
Write might be particularly suited to the application of
printed electronics, sensors and wiring directly onto struc-
tural components of a substrate or an object, for example
where there was a desire to save weight. Some examples of
functional structures which might be applied to such a sub-
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strate 1nclude antennae and frequency selective surfaces,
microwave filters, wires on a surface of a large object such as
an aircraft, the inside of the car, inside a helmet or other item
of clothing eftc.

[0007] A factor which tends to limit the application of
Direct Write 1n circumstances where 1n the current state of the
art bulk wire with conventional bulk metal properties 1s used
1s the limited conductivity of commonly available printed
matenals. Generally the electrical conductivity of deposited
and fixed Direct Write Ink 1s much less than that of typical
bulk metal wire conductor, and can be as low as a few percent
of the bulk metal.

[0008] Additionally, current curing methods can limait
applicability and practicality of Direct Write. With almost all
deposition methods used for Direct Write, after deposition the
inks have to be cured, consolidated or sintered. There are 1nks
for which this can be done with optical radiation but for most
high performance inks this 1s done thermally by placing the
substrate 1n an oven. This method has numerous deficiencies:

[0009] Curing temperature for the inks 1s limited by the
substrate operating temperature. Generally the higher
the temperature at which the inks are cured, the better the
performance. Thus curing at a lower temperature limited
by the substrate compromises the 1nk performance, and
limits the range of 1nk chemistries that can be used.

[0010] There may be other elements on the substrate
whose performance would be impaired by the elevated
temperature they would be exposed to during a curing
cycle.

[0011] If the substrate 1s large 1t may not be practical to
place 1t 1n the oven for curing.

[0012] Invanably, printing requires multiple layers of
printing and generally each layer has to be thermally
consolidated prior to the deposition of the subsequent
layer. If this 1s done by placing the substrate in the oven
after each layer 1s printed, then there can be problems 1n
registration accuracy when the substrate 1s tooled for
printing. Ensuring accurate registration after each cur-
ing step in the oven also requires complex and costly
tooling.

[0013] When depositing multiple layers, the removal and
subsequent realignment of the substrate for curing 1n the
oven 1s a costly and time consuming step.

[0014] There are a number of prior art methods that enable
the depositional application of tracks with bulk metal prop-
erties.

[0015] Forexample electroless plating 1s known 1n which a
seed layer 1s printed over the area which 1s to be plated, the
coated surfaces then immersed in a metal solution, and metal
lines then condense onto the activating layer. By controlling
time and temperature the thickness of the coating can be
controlled, and thick coatings (tens of microns or more) can
be grown which approximate more to bulk metal properties.
The technique 1s generally considered to be mmcompatible
with Direct Write as the fine control of temperature and
immersion time required for good uniform coatings imposes
a requirement that the component plus seed layer be
immersed 1n a bath of solution. This 1s not compatible with
printing directly onto large structural substrates.

[0016] FElectroplating may similarly involve the coating of
the surface with an mitial seed layer. The substrate 1s then
immersed in a metal solution, a current 1s passed through the
seed layer, and metal lines from the solution condense onto
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the seed layer. Again, it 1s usual to require a bath. Again,
therefore, the technique offers limited compatibility to Direct
Write.

[0017] Neither technique is practical 1n relation to confor-
mal substrates with complex surface geometries.

[0018] Electroplating methods which do not involve a bath
are known. For example, in brush electroplating, localized
areas or entire items are plated using a brush saturated with
plating solution. A refinement of a localized bathless electro-
plating method 1s described 1n W0O99/52336 and WO2004/
07320. The effectiveness of such amethod may depend onthe
provision of a suitable deposition surface.

[0019] The present invention aims to overcome or at least
substantially reduce some or all of the above discussed draw-

backs.

SUMMARY OF THE INVENTION

[0020] The invention combines principles of Direct Write
techniques or other techniques offering comparable flexibil-
ity 1n applying patterns to the surfaces of conformal objects
and principles of electroplating to lay down functional mate-
rials on a substrate that approximate better than conventional
Direct Write maternials to bulk metal conductivity, but that
overcome the need 1n an electroplating process of placing a
substrate 1n a bath, and preferably further the need 1n a Direct
Write process of placing a substrate 1n an oven.

[0021] A suitable surface preparation step is carried out to
create an at least partially conducting patterned area in an
appropriate pattern on a substrate surface. For example, a
surface layer material such as a Direct Write ink 1s applied to
form an at least partially conducting patterned area in an
appropriate pattern. This serves as an 1initial layer which may
be of limited conductivity, but 1s suiliciently conductive to act
as a seed layer for electroplating of a conductor. The conduc-
tor 1s plated 1n situ i a bathless process. For example the
conductor 1s plated 1n situ as part of a continuous process
immediately subsequent to the Direct Write printing and {ix-
ing of the initial layer.

[0022] In a first aspect, the present mvention provides a
method of forming a component of a conductive structure on
a substrate, comprising: i a first step applyving a surface
treatment to said substrate to form a patterned area having at
least some electrical conductivity; in a second step electro-
plating onto the patterned area by means of a tool comprising
a first electrode and an electrolyte source for 1n situ supply of
clectrolyte, by providing an anode current to the first elec-
trode, causing the patterned area at least 1n the vicinity of the
tool to function as a cathode, and passing electrolyte between
said patterned area and said first electrode, thereby to deposit
conductive material onto said patterned area.

[0023] In one possible embodiment of the first step of
applying a surface treatment, selected areas of the surface of
said substrate defining the patterned area are subjected to a
physical treatment that modifies the conductive properties of
the substrate itself, for example by application of an external
energy source such as a light source to selected areas of the
surface of the substrate. In this manner, selected areas of the
substrate 1tself have modified conductive properties suili-
ciently conductive to act as a seed layer for electroplating of
a conductor 1n the second step.

[0024] In another possible embodiment of the first step of
applying a surface treatment, a surface layer material is
applied to selected areas of the surface of said substrate defin-
ing the patterned area to create a patterned area having at least
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some e¢lectrical conductivity. The surface layer material 1s at
least suiliciently conductive to act as a seed layer for electro-
plating of a conductor 1n the second step. The surface layer
material may conveniently comprise a material adapted to be
applied 1n fluid form (for example as a liquid, colloid, solution
or other flowable composition) and secondarily treated to
form a consistent and for example solid conductive layer. The
first step of the method thus comprises applying such a fluid
material to selected areas of the surface of the substrate and
secondarily treating the fluid material to fix 1t 1n situ thereon.
The surface layer material 1s for example a curable composi-
tion, and the first step of the method comprises applying a
curable composition to selected areas of the surface and cur-
ing the same in situ thereon.

[0025] Conveniently in this embodiment the curable com-
position 1s a Direct Write ink and the method comprises 1n a
first step applying a Direct Write 1ink onto a predetermined
region of said substrate to form a patterned area having at least
some electrical conductivity; and subsequently fixing said
Direct Write 1ink; and 1n a second step electroplating onto the
fixed Direct Write ink by means of a tool comprising a first
clectrode and an electrolyte source for 1n situ supply of elec-
trolyte, by providing an anode current to the first electrode,
causing the patterned area at least in the vicimity of the tool to
function as a cathode, and passing electrolyte between said
patterned area and said first electrode, thereby to deposit
conductive material onto said patterned area.

[0026] The fluid material may be secondarily treated and
fixed 1n any known manner, and for example may be a curable
material to be cured thermally, via a photocure, a chemical
cure or otherwise. The fluid material may be secondarily
treated for example via a batch or continuous method.

[0027] Preferably, the secondary treatment step of fixing
the fluid material comprises a step of secondarily treating the
fluid material and for example curing a curable composition
in situ via a continuous method, for example by means of a
drying process, a thermal cure, a photocure, a chemical cure
etc 1n familiar manner.

[0028] Preferably, the step of secondarnly treating the fluid
material and for example curing the curable composition 1s
performed closely consecutively to the step of applying the
fluid material or curable composition in a continuous progres-
stve process, so that a pattern of a flmd material/curable
composition 1s applied onto and fixed 1n situ on a predeter-
mined region of the substrate 1n a continuous manner.

[0029] Particularly preferably the fluid material 1s a curable
composition requiring an input energy for cure, for example
to effect a thermal cure or photocure, and the step of curing
the curable composition comprises positioning a means to
supply a curing energy to the region having the curable com-
position applied and operating the same to input energy to the
region 1n order to fix the curable composition.

[0030] Particularly preferably the means to supply a curing
energy 1s adapted to supply a curing energy 1n localised
manner to a local portion of a region having the curable
composition applied, most preferably to a local portion
closely successively behind a printing site so that a pattern of
a curable composition may be applied onto and cured 1n situ
on a substrate 1 a progressive continuous manner.

[0031] For example the means to supply a curing energy 1s
a heating means and the step of curing the curable composi-
tion comprises positioning such heating means remotely
spaced from but adjacent to the region having the curable
composition applied and operating to apply heat to the region
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in order to cure the curable composition. Preferably, the heat-
ing means 1s configured to focus the heating eflect to the
region having the curable composition applied.

[0032] Forexample, the heating means 1s an inductive heat-
ing means and the step of curing the curable composition
comprises positioning such inductive heating means adjacent
to said region having said curable composition applied, and
passing an electrical current through said inductive heating
means such as to heat said region by electromagnetic induc-
tive elfects, 1n order to cure the curable composition. Particu-
larly preferably the height of the inductive heating means
above the curable composition as applied 1s controlled in such
manner as to control the amount of magnetic flux applied to
the substrate.

[0033] Altematively for example, the means to supply a
curing energy 1s an electromagnetic radiation source and the
step of curing the curable composition comprises positioning
such radiation source remotely spaced from but adjacent to
said region having said curable composition applied, and
operating the radiation source such as to expose said region to
incident radiation 1n order to photocure the curable composi-
tion. Convemently the radiation source 1s a light source for
example of visible or ultraviolet light. A focused source, and
for example a laser, 1s preferably used.

[0034] Preferably a fluid material ink 1s applied onto a
predetermined region of said substrate in the form of a line or
at least one line. Particularly preferably in this case the flmd
material 1s a curable composition and the step of curing the
curable composition comprises positioning an inductive heat-
ing means adjacent to said region having said curable com-
position applied, and passing an electric current through said
inductive heating means such as to heat said region by elec-
tromagnetic inductive effects, 1 order to fix said curable
composition, wherein the magnetic flux produced by said
inductive heating means has an effective diameter at the sub-
strate generally equal to the width of a said line.

[0035] Preferably, the steps of applying the surface treat-
ment to the substrate and plating the conductor are performed
closely consecutively 1n a continuous progressive process, so
that a pattern of areas of seed conductivity 1s created on a
surface of a substrate, for example 1n the preferred embodi-
ment 1n that a secondarly fixable maternial such as a curable
composition 1s applied onto and fixed onto a surface of a
substrate, and a conductor 1s then deposited onto a substrate 1n
a continuous manner.

[0036] Preferably 1in carrying out the plating step of a
method 1n accordance with the invention, use 1s made of a
plating tool which comprises electrolyte holding means to
hold a locally 1solated supply of electrolyte, for example
comprising an absorptive member in which electrolyte can be
carried, in which the means to supply an anode current 1s an
clectrode 1n electrical connection with electrolyte carried by
the electrolyte holding means, and 1n which a coating of
clectrolyte 1s applied to the substrate by bringing the electro-
lyte holding means into function association with the pat-
terned area, and for example into contact with the patterned
area.

[0037] In one possible embodiment, a means to cause the
patterned area at least 1n the vicinity of the tool to function as
a cathode 1s a second electrode, electrically insulated from the
first electrode and spaced from the electrolyte holding means,
and the method comprises bringing the second electrode into
contact with the patterned area spaced from but simulta-
neously with bringing the electrolyte holding means 1nto
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functional association with, and in the preferred case bringing
the absorptive member into contact with the patterned area.

[0038] In an alternative possible embodiment the patterned
arca may be treated with a scanning electron beam to 1onise

the patterned and create an opposite polarity to the polarity of
the first electrode.

[0039] Inafurther aspect, the present invention provides an
apparatus for forming a component on a substrate, compris-
ing: a surface treatment tool adapted to treat the surface of
said substrate for example in the form of a line or at least one
line to form a patterned area having at least some electrical
conductivity; and an electroplating tool comprising a first
clectrode and a current supply for providing an anode current
to the first electrode, a means to cause the patterned area at
least 1n the vicinity of the electroplating means to function as
a cathode, and an electrolyte source for in situ supply of
clectrolyte between said patterned area and said first elec-
trode, thereby to deposit conductive material onto said pat-
terned area.

[0040] In one possible embodiment the surface treatment
tool 1s adapted to apply a physical treatment that modifies the
conductive properties of the substrate itself, for example com-
prising an external energy source such as a light source direct-
able to act upon selected areas of the surface of the substrate.

[0041] In another possible embodiment the surface treat-
ment tool may comprise a source of a surface layer material as
above described adapted to enable the surface layer material
to be applied 1 use to selected areas of the surface of said
substrate defining the patterned area to create a patterned area
having at least some electrical conductivity.

[0042] The surface layer material may convemently com-
prise a fluid material adapted to be applied 1n fluid form and
secondarily treated to form a consistent and for example solid
conductive layer. The surface layer matenal 1s for example a
curable composition such as a Direct Write ink composition.
The surface treatment tool preferably comprises a printer
including fluid maternal/curable composition deposition
means for applying a fluid material/curable composition onto
a region of a substrate for example 1n the form of a line or at
least one line to form a patterned area having at least some
clectrical conductivity; electroplating means comprising a
first electrode and a current supply for providing an anode
current to the first electrode, a means to cause the patterned
area at least in the vicinity of the electroplating means to
function as a cathode, and an electrolyte source for 1n situ
supply of electrolyte between said patterned area and said
first electrode, thereby to deposit conductive material onto
said patterned area.

[0043] Preferably the printer further comprises fixing
means to 1ix fluid material/curing means to cure curable com-
position deposited on a substrate. Preferably 1n particular the
{ixing means comprises a means to {ix surface layer material
deposited on a substrate in situ. Preferably in particular the
fixing means comprises a means positioned to fix surface
layer material immediately subsequently to deposition on a
substrate to allow print and fix on a predetermined region of
the substrate in a progressively continuous manner.

[0044] In a preferred embodiment the surface layer mate-
rial 1s a curable composition requiring an input energy for
cure, for example to effect a thermal cure or photocure, and
the fixing means comprises a means supply a curing energy to
the region having the curable composition applied to cure the
same.
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[0045] Particularly preferably the means to supply a curing
energy 1s adapted to supply a curing energy in localised
manner to a local portion of a region having the curable
composition applied, most preferably to a local portion
closely successively behind a printing site so that a pattern of
a curable composition may be applied onto and cured 1n situ
on a substrate 1 a progressive continuous mannet.

[0046] For example the means to supply a curing energy 1s
mounted 1n spaced relationship with the curable material
deposition means, conveniently on a common Direct Write
head, so that the curable material deposition means and the
means to supply a curing energy may be brought 1into succes-
stve fTunctional contact with a substrate 1n use to deposit cured
material onto the substrate in a progressively continuous
mannet.

[0047] In a preferred embodiment the fixing means com-
prises a means to heat curable material 1n said region 1n situ
and cure the same. For example the fixing means comprises
inductive heating means for positioning adjacent said region
such as to heat said region by electromagnetic inductive
cifects as above described. Alternatively the fixing means
comprises an electromagnetic radiation source for use with a
radiation cured curable matenial, and for example an optically
cured curable material, for positioning adjacent said region
such as to expose said region to curing radiation. A radiation
source 1s for example a light source, and 1s for example a
source ol optical or uv light. A radiation source preferably
provided focused radiation, and 1s for example a laser source.

[0048] Pretferably the electroplating tool comprises a
means adapted to electroplate conductor onto areas of seed
conductivity immediately subsequently to those areas being
formed by the surface treatment tool allow creation of a seed
layer and subsequent plating of conductor on the substrate 1n
a continuous manner. For example the electroplating tool 1s
juxtaposed 1n close association behind the surface treatment
tool 1s a use direction to be so adapted.

[0049] Preferably the electroplating tool includes an elec-
trolyte source to hold a locally 1solated supply of electrolyte
in which electrolyte can be carried, an electrode 1n electrical
connection with electrolyte carried by the electrolyte source
and adapted for connection with a means to supply an anode
current, and a means to bring the electrolyte source into
selective functional association to effect plating, for example
by contact, with the patterned area.

[0050] Preferably the means to hold a locally 1solated sup-
ply of electrolyte and provide an electrolyte source comprises
an absorptive member 1n which electrolyte can be carried.
Conveniently the absorptive member 1s a brush that can be
wiped across the surface of the substrate to coat electrolyte
onto the patterned area. Conveniently the absorptive member
comprises a flexible foam material having interconnecting
pores.

[0051] Conveniently the tool may additionally comprise an
clectrolyte supply to feed a supply of electrolyte to electrolyte
source.

[0052] In one possible embodiment, a means to cause the
patterned area at least 1n the vicinity of the tool to function as
a cathode 1s a second electrode, electrically insulated from the
first electrode and spaced from the electrolyte source, the
clectroplating means includes means to bring the second elec-
trode into selective contact with the patterned area. In a
refinement of this embodiment the second electrode may
comprise two electrically connected second -electrodes
mounted on opposite sides of the electrolyte source such that
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as the electrolyte source progressively contacts the surface of
a substrate 1 use one of the second electrodes leads the
clectrolyte source and the other second electrode, trails the
clectrolyte source.

[0053] In an alternative possible embodiment a means to
cause the patterned area at least 1n the vicinity of the tool to
function as a cathode comprises a scanning electron beam
source to 1onise the patterned area in the vicinity of the beam
and create an opposite polarity to the polarity of the first
clectrode.

[0054] Means may be provided to focus the electron beam
by tuning of voltages applied within an electron gun; and/or to
spread the electron beam by tuning of voltages applied within
an electron gun; and/or to vary the position of the electron
beam at the target; and/or to direct a plurality of electron
beams to one or more regions of the target; and for example to
direct at least two electron beams which are on opposite sides
of the target.

[0055] The electron beam source may conveniently be co-
located with an anode as above described 1n an electroplating
tool.

[0056] The mnvention relies upon the combination of a sur-
face preparation processes, such as Direct Write ink printing
process or other processes to create controlled patterned areas
typically of relatively low conductivity, to print an nitial
strike layer for the electroplating process, and the use of a
localised electroplating process to print conductor, and for
example metal, to a suificient thickness to have properties
which approximate to bulk properties, onto this strike layer.
The layerinitially applied to or created on the surface does not
need to have a high electrical conduction, and that offered by
typical Direct

[0057] Write inks for example 1s sufficient. The bulk prop-
erties of the fabricated functional material are provided 1n
large part by the electroplated layer.

[0058] Inthis way 1t 1s found that a conductive layer may be
deposited consistently and accurately to what amounts to a
suificient thickness to approximate to bulk metal conduction
properties. However, deposition takes place via an additive
process based on Direct Write or other controllable surface
patterning process which allows both the surface to be pre-
pared and the subsequent conductive layer to be deposited in
situ on a substrate surface without requiring the substrate to
be transierred to a curing oven or electroplating bath. Thus,
the method and apparatus of the mvention are applicable to
the direct printing of conductors in substitution for electrical
wires, or of the direct 1n situ fabrication of electronic devices
and elements, 1n a desired position on a large structural object.

[0059] Inaccordance with the preferred embodiment of the
invention, a curable composition 1s {ixed 1n situ by provision
ol a fixing means for example comprising a curing energy
source spaced from but able to impart curing energy to a
region in which the ink has been applied. For example, a
localised heating source such as an induction coil as above
described, or a localised photocure source such as a laser 1s
used.

[0060] The curing of a curable composition applied to a
conformal surface by means of such a curing tool permits
localisation of the energy input to the region in which ik has
been applied, but since the tool 1s spaced from the substrate,
the tool may follow the non-linear shape of the surface. The
use of an electroplating method which relies upon the fixed
curable composition such as Direct Write Ink on such a con-
formal surface, with 1ts limited conductivity, to serve as a seed
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layer in conjunction with the first electrode, and lays down the
primary conducting material by an electroplating process
similarly conveniently involves the movement of an electro-
plating head 1n close proximity to, but spaced from the sub-
strate, so that the electroplating head may similarly follow the
non-linear shape of the surface.

[0061] Whilstit is a clear requirement of the method of the
invention that the surface treatment 1s first applied to the
substrate surface and for example the surface layer material 1s
deposited thereon and fixed 1n situ before the bulk conductor
1s applied by bringing the electroplating means into proximity
thereto, 1t 1s an advantage of the method of the present inven-
tion that the steps may be performed closely successively.
Thus, 1n accordance with the preferred embodiment of the
method of the mvention the method comprises the perfor-
mance of the steps of the method closely successively on a
given region of substrate. Conveniently, each 1s performed as
a continuous process progressively across a substrate until a
desired component has been formed. Similarly, 1n a preferred
embodiment of the apparatus the surface treatment tool and
the electroplating tool are so disposed on a common appara-
tus as to be movable across the substrate surface such that the
surface treatment tool and the electroplating tool are brought
in use consecutively 1n close succession mnto functional con-
tact (that 1s, either into actual contact or into sutficiently close
proximity to achieve the desired effect as above described)
with the surface. Similarly 1n the case where the surface
treatment tool comprises a printer including flmd surface
layer material deposition means and fluid surface layer mate-
rial fixing means, the deposition means, fixing means and
clectroplating tool are so disposed on a common apparatus as
to be movable across the substrate surface such that the depo-
sition means, fixing means and the electroplating tool are
brought consecutively 1n close succession into functional
contact with the surface.

[0062] In a particularly convenient embodiment of the
apparatus of the mnvention, a combined working head 1s pro-
vided, for example as part of a suitable machine which may
move the working head 1n a desired pattern across the surface
ol a substrate, including, disposed for successive functional
contact with the surface of the substrate, a surface treatment
tool such as a printer comprising deposition means and fixing,
means, and an electroplating means as above described.

[0063] In accordance with the invention it 1s not necessary
to 1immerse the substrate carrying the surface treated pat-
terned areas mto a plating bath. Instead, a plating tool 1s used
which brings only a small and localised quantity of electro-
lyte 1nto contact with the substrate. The method can to some
extent be regarded as a substantially dry electroplating
method. It1s possible to electroplate functional materials with
a range of complex and disconnected shapes and properties
on a conformal substrate 1n a manner which would not be
practical by an immersion system. It 1s possible to plate
discrete and separate components on a single substrate. For
example, using the method or apparatus of the invention, 1t 1s
possible, via a localised process based on Direct Write or
other similarly controllable surface preparation treatment, to
provide a variety of electronics, sensors and wiring directly
onto substrates having difficult conformal surfaces.

[0064] The properties of the conductive layer, and 1n par-
ticular the thickness of the conductive layer, can be closely
controlled. The thickness of the conductive layer 1s essen-
tially determined by the current/time profile for the third,
clectroplating step. Functional structures of arange of desired
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thicknesses can be built up on an 1mitial surface, and 1n par-
ticular structures can be built which have a suflicient thick-
ness to approximate to the properties of more conventionally
tabricated bulk metal components.

[0065] The components formed by the process may typi-
cally be tracks or lines, which are long in relation to their
width and height above the substrate. Such tracks or lines may
form electrical interconnects, electrical resistive or reactive
components, or passive components such as filters. Where
areas ol deposited ink are required, for example rectangular
capacitance pads, these may be formed by deposition of a
large number of parallel lines, closely spaced or touching one
another. Alternatively, the lines may be distributed over a
surface 1n such a way as to give the surface desired electro-
magnetic retlective and absorbent characteristics.

[0066] In general, the width of tracks formed the process
depend on various factors, including inherent 1ink and sub-
strate characteristics such as viscosity, surface writing tem-
perature, as well as the process parameters of pressure, nozzle
s1Ze, tip to substrate offset and processing speed.

[0067] Inpractice, the width of the tracks may be less than
about 5 mm, for example between 3 and 5 mm. However the
width may be decreased to any desired value, depending
mainly on the nozzle diameter and the distance of the nozzle
from the substrate. Currently a minimum width of about 50
wm may be envisaged.

[0068] Conductive tracks may be built up from a series of
parallel tracks of much smaller width. For example, a 5 mm
wide track may be formed from 35 narrow tracks 900 mm
wide.

[0069] The fixing of the curable composition 1s performed
in a possible embodiment using an induction coil through
which an oscillating current 1s passed. The coil 1s placed
above the region to be cured. The oscillating current induces
charge movement (eddy currents) in the region to be cured
and the resistance to this charge movement causes Joule heat-
ing 1n the affected area and thus curing and sintering the 1nks.
The current required for curing will depend on the dimen-
sions of the area to be cured and its electrical and thermal
properties, and will thus vary depending on the specifics of
the application. A problem with other curing methods that
may use localised radiation (such as laser or lamp radiation)
1s that 1t 1s difficult to ascertain when curing has been com-
pleted or indeed what the state of the 1nks being cured 1s. An
additional advantage of this preferred embodiment 1s that
there may be a degree of self control and inherent process
monitoring; as the curing progresses the resistance of the inks
decreases and thus the rate of curing may decrease. This effect
may be monitored and curing automatically adjusted as the
curing progresses.

[0070] The width of a track of curable composition depos-
ited 1s a key parameter in determining the dimension of an
induction coil for heating the track, since the magnetic flux
generated should preferably cover the whole width of the
track. Equally a coil which produces substantial flux outside
the width of the track will be wastetul of energy and may
interfere with neighbouring structures.

[0071] Therefore 1t 1s preferred to provide an induction coil
of small diameter, comparable to track width. If tracks are
formed as a series of parallel lines, the coill may have a
diameter comparable to the width of an individual line. In a
preferred arrangement, a cylindrical coil 1s vertically dis-
posed above a track so as to produce a strong tlux density at its
end adjacent the track. The coil may be formed 1n a U shape
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so that both ends are positioned adjacent the track. Flux
focussing elements such as ferromagnetic core elements may
be employed. However any shape or configuration of coill may
be used as desired, e.g. toroidal, tlat.

[0072] The spacing of the coil above the track 1s also rec-
ognised to be a key factor, and a spacing of less than about 50
um 1s desirable. As preferred, a capacitance bridge 1is
employed to sense the spacing.

[0073] The amount of heating produced 1n the track will
depend on the electrical resistance of the k. Typically inks
will have an 1nitial resistance >100 s £2/m, but as curing takes
place this will decrease, and with suitable curing conditions
this can be reduced to <1 €2/m. The track dimensions (height,
width) of the deposited ink will also have a direct effect on
resistance. For electrical interconnects, a resistance of 3.5
(2/m 1s typical.

[0074] The fixing of the curable composition 1s performed
in an alternative possible embodiment using a radiation
source such as a laser source from which a beam 1s directed
towards a region to be cured. The radiation source 1s placed
above the region to be cured. Radiation such as optical radia-
tion 1s generated. The frequency and intensity of radiation for
curing will depend on the dimensions of the area to be cured
and on 1ts particular optical cure properties, and will thus vary
depending on the specifics of the application.

[0075] Suitable combinations of radiation curable ink and
radiation source will be familiar to the skilled person.
[0076] A surface layer material in accordance with the
invention need not have high electrical conductivity, but
needs to be sutliciently conductive to serve as a strike layer for
the subsequent electroplating step. The surface layer material
1s thus preferably a conductive ik, for example comprising a
curable polymer composition loaded with electrically con-
ductive particles. The polymer may be for example radiation
curable, and for example photocurable, or may be thermally
curable or otherwise curable or fixable.

[0077] The electrolyte comprises a plating solution for lay-
ing down a conductive layer of conductive matenial, and 1n
particular a layer of conductive metallic material in such
manner as to approximate to bulk metal properties. The elec-
trolyte 1s conveniently any suitable metal salt or like compo-
sition from which such a metallic conductor layer can be
deposited onto the patterned prepared surface as above
described. Suitable salts will be familiar.

[0078] The above and further features of the present mven-
tion are set forth in the appended claims and together with
advantages thereof, will become clearer from consideration
of the following detailed description of an exemplary
embodiment of the invention given with reference to the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0079] FIG.11saschematic diagram of a combination head
for a Direct Write process incorporating a Direct Write head,
an inductive heating coil curing tool, and plating head accord-
ing to an embodiment of the invention; and

[0080] FIG.21saschematic diagram showing the inductive
heating means of FIG. 1.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

[0081] Referring to FIG. 1, there 1s shown a schematic
diagram of a combination working head for a Direct Write
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process according to the principles of the imnvention incorpo-
rating a Direct Write head with an inductive heating coil and
a plating head. Thus, 1n the embodiment, an 1nitial surface
preparation treatment to create a limited conductivity strike
surface for subsequent plating 1s via deposition of a Direct
Write 1nk, It will be appreciated that an 1nitial surface prepa-
ration involving other deposited curable or other surface layer
materials, or direct modification of the surface itself, for
example by exposure to light, will be within the scope of the
ivention.

[0082] Inthe embodiment of FIG. 1 a working head 10 of a
deposition mechanism in accordance with the nvention
includes a Direct Write portion 11 having a nozzle 12 for
emitting a Direct Write ink (which could be 1n the form of a
vapour, particles, jet, or a liquid extrusion). The Direct Write
ink 1s deposited as a track 2 on the substrate 4. The Direct
Write ink forms a layer of fixable material which in the
embodiment 1s susceptible to a thermal cure. For example the
track comprises a thermally curable polymer. The Direct
Write 1k 1s to some extent electrically conductive, and for
example comprises a thermally curable polymer having
inherently conductive properties and/or loaded with conduc-
tive particles.

[0083] Thermal cure 1s effected locally by means of induc-
tion heating means, removing the need to place the object in
a curing tank or oven. An induction coil 6 1s formed as a flat
coil 1n a printed circuit, and 1s affixed to the underside of the
head. A source of alternating current 14 1s coupled to the coil
6, and an ammeter 16 1s used to monitor the current through
the coil 6. As shown, the gap 8 of the print head 10 and co1l 6
above the 1nk 2 has an associated capacitance Ch, dependent
on the height of the head. This capacitance value Ch 1s mea-
sured 1n a capacitance bridge 18, against a reference capaci-
tance CR (as shown i FIG. 2). A resulting voltage V 1s
employed to adjust the height of the head by a suitable mecha-
nism 20. Capacitance value Ch provides a means of monitor-
ing the height of the head 10 for ensuring optimum deposition
and heating. Measurement of the heating current provides a
means ol controlling the overall heating of the deposited 1nk,
as schematically indicated at 22, since as the ink changes to a
solid phase, the impedance of the ik to current flow waill
change and therefore the heating current will change accord-
ingly. Depending on the precise ink and line characteristics,
the resistance or reactance of the 1ink line may decrease (or
increase).

[0084] InFIG.2,there1s shown a schematic diagram which
demonstrates the principle of operation of the inductive fixing
means 1n greater detail. As shown 1n this Figure, Ink 2 to be
cured 1s deposited on a substrate 4 (which can be flat or
curved). The 1k 2 to be cured 1s then scanned over with an
induction coil 6, following the printed/deposition features of
the ink. The gap 8 between the 1nk 2 and the coil 6 and the
scanning speed are controlled to provide optimum heating.
The coil 6 1s attached to the deposition head 1n FIG. 1 so that
it automatically and immediately follows the deposition as
the head 1s moved 1n direction d so that deposition and curing
1s done 1n a single step. Alternatively, the curing step can be
1solated from the deposition step and the coil scans the depos-
ited area independently of the deposition head.

[0085] The use of an induction coil to impart a localised
curing energy to the printed ink track 2 1s merely an example
embodiment of the imnvention. In accordance with the mven-
tion 1t 1s preferable that at least some form of localised cure 1s
employed, 1 particular 1n close succession to the deposition
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step. Preferably, a curing tool 1s provided which imparts such
a curing energy. However, an induction coil 1s just one such
example. Further examples of such curing tools might include
a laser for an optically curable ink.

[0086] The combination deposition head 10 further
includes a plating tool 24 to supply an electroplating solution
in a controlled manner to an area of the surface of the substrate
4 on which has been deposited and cured atrack of ink 2 inthe
manner above described. In the embodiment the plating tool
1s disposed to be applied to the ink track 2 closely subse-
quently to 1ts cure by the action of the coil 6. The tool includes
an electrolyte retaining formation 26, which may for example
be an absorptive member impregnated with a suitable plating,
solution for electroplating a desired conductor. A first elec-
trode 29 makes electrical contact with the solution and sup-
plies an anode current so that the arrangement serves as an
anode. Once an 1nk track 2 has been printed and fixed 1n the
above described manner, the tool 24 1s moved into contact
with the surface of the printed track so that plating solution
makes contact with the surface, for example 1n the case of a
use ol an absorptive member, in that a tip of the absorptive
member presses onto the track surface. A pair of second
Electrodes 28 makes additional contact with the track surface.

[0087] The first electrode 29 1s connected to a positive pole
of an electroplating circuit to provide an anode and the second
clectrodes 28 are connected to a negative pole of an electro-
plating circuit to provide a cathode i familiar manner. Thus,
in elfect, the electrolyte retaining formation 26 serves as an
anode and the printed track serves as a cathode. Although
printed inks might have relatively low conductivity, the ink 1s
selected to have at least sulficient conductivity that it can
serve as a precursor surface by functioning as a cathode as
part of an electroplating circuit in this way.

[0088] The tool 24 may make progressive contact across
printed regions of the substrate to plate continuously on
printed tracks. In the embodiment, the tool forms part of a
combined deposition head so that if the deposition head 1s
moved 1n a direction d the plating step automatically and
immediately follows the deposition and cure steps, so that
deposition, curing and plating are done 1n a single step pro-
cess as the combination head 1s moved. Alternatively, the
plating step can be 1solated from the deposition step or com-
bined deposition and cure step and the plating tool 24 may
scan the deposited track area independently of the rest of the
deposition head.

[0089] In the illustrated embodiment, paired second elec-
trodes 28 are provided to serve as cathodes. A first electrode
leads the plating solution source 26 and a second electrode
tollows the plating solution source 26 as the tool 1s drawn
across the substrate 1n direction d. Each electrode 1s conve-
niently a flexible electrically conductive blade member which
1s made of any suitable material, for example suitable metallic
conductor such as a copper alloy.

[0090] The combination tool may be used to deposit 1n situ
complex and discrete functional structures with properties
which substantially approximate to those of the bulk conduc-
tor which 1s electroplated even on difficult conformal sub-
strates. The Direct Write 1nk track 2 serves merely as a pre-
cursor layer, forming a cathode of the electroplating circuit
with the electroplating tool, but ultimately playing a negli-
gible role in the bulk properties of the final fabricated struc-
ture. Accordingly, as will be familiar for Direct Write 1inks, it
can have relatively low conductivity. It 1s the electrical cur-
rents supplied to the electroplating circuit above described, in
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conjunction with the speed of travel of the electroplating tool
across the surface of the Direct Write ik track 2 on the
substrate, that control the amount of conductor which 1s
plated onto the ink track 2 to provide a layer of conductor of
a desired thickness. Thus, 1t 1s control of the electroplating
tool 24, or the electroplating part of the combination tool head
10, that controls the properties of the conductive structure,
and ensures that these properties approximate more closely to
bulk metal properties.

[0091] It1s a particular advantage of the tool and method of
the mvention that the structure need not be immersed in a
plating solution. In a preferred embodiment as 1llustrated, nor
need 1t be immersed 1n a curing oven or the like. The tool
illustrated allows a precursor conductive layer to be deposited
and cured, and a substantive layer having substantially bulk
metal properties to be plated thereon, by a simple combina-
tion tool via a progressive serial and continuous process in
situ.

1. A method of forming a component of a conductive
structure on a substrate, comprising;:
applying a surface treatment to a substrate to form a pat-
terned area having at least some electrical conductivity;
clectroplating onto the patterned area with a tool having a
first electrode and an electrolyte source for 1n situ supply
of electrolyte, by providing an anode current to the first
clectrode, causing the patterned area at least 1n a vicinity
of the tool to function as a cathode, and passing electro-
lyte between said patterned area and said first electrode,
thereby to deposit conductive material onto said pat-
terned area.
2. The method of claim 1 wherein the applying a surface
treatment comprises:
applying a surface layer material to selected areas of a
surface of said substrate defining the patterned area to
create a patterned area having at least some electrical
conductivity.

3. (canceled)

4. The method of claim 1 wherein the electroplating 1s
performed consecutively to the applying the surface treat-
ment 1n a continuous progressive process.

5. The method of claim 2 wherein the surface layer material
1s a curable composition, and the method comprises:

applying the curable composition to selected areas of the
surface and for curing 1n situ thereon.

6. (canceled)
7. (canceled)

8. The method of claiam 1 wherein the applying of the
surface treatment to the substrate and the electroplating of the
conductor are performed consecutively 1in a continuous pro-
gressive process, so that a pattern of areas of seed conductiv-
ity 1s created on a surface of a substrate and a conductor 1s then
deposited onto a substrate 1n a continuous mannet.

9. The method of claim 1 wherein a depositing of conduc-
tive material comprises:

holding a locally 1solated supply of electrolyte and supply-
ing an anode current via the first electrode 1n electrical
connection with the electrolyte; and

applying a coating of electrolyte to the substrate by bring-
ing an electrolyte holder into functional association with
the patterned area and completing a plating circuit
between the electrolyte holder as the anode and the
patterned area as the cathode to plate conductive mate-
rial on the patterned area.
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10. An apparatus for forming a component on a substrate,

comprising;

a surface treatment tool for treating a surface of a substrate
to form a patterned area having at least some electrical
conductivity; and

an electroplating tool having a first electrode and a current
supply for providing an anode current to the first elec-
trode, a means to cause the patterned area at least 1n a
vicinity of the electroplating tool to function as a cath-
ode, and an electrolyte source for 1n situ supply of elec-
trolyte between said patterned area and said first elec-
trode, thereby to deposit conductive material onto said
patterned area.

11. (canceled)

12. Apparatus according to claim 10 wherein the surface

treatment tool comprises:

a printer mcluding fluid material deposition means for
applying a fluid surface layer matenal to selected areas
of the surface of the substrate.

13. Apparatus according to claim 12 wherein the printer

COmMprises:

fixing means to secondarily treat and fix fluid material

deposited on the substrate 1n situ.

14. (canceled)

15. Apparatus according to claam 13 wherein the fluid
material deposition means will deliver a curable composition
and wherein the printer comprises:

curing means to cure a curable composition deposited on
the substrate 1n situ.

16. (canceled)

17. Apparatus according to claim 10 wherein the electro-
plating tool will electroplate a conductor onto areas of seed
conductivity immediately subsequently to those areas being
formed by the surface treatment tool to allow creation of a
seed layer and subsequent plating of a conductor on the sub-
strate 1n a continuous mannet.

18. Apparatus according to claim 10 wherein the electro-
plating tool includes:
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means to hold a locally 1solated supply of electrolyte 1n

which electrolyte can be carried;

an electrode 1n electrical connection with electrolyte car-

ried by an electrolyte source; and

a means to bring the electrolyte source into selective func-

tional association with the patterned area.

19. (canceled)

20. Apparatus according to claim 18 wherein the means to
cause the patterned area at least 1n the vicinity of the tool to
function as a cathode 1s a second electrode, electrically 1nsu-
lated from the first electrode and spaced from the electrolyte
source, and wherein the electroplating tool includes means to

bring the second electrode into selective contact with the
patterned area.

21. Apparatus according to claim 20 wherein the means to
cause the patterned area at least 1n the vicinity of the tool to
function as a cathode comprises:

a scanning electron beam source to 1onise the patterned

area 1n a vicinity of the beam and create an opposite
polarity to a polarity of the first electrode.

22. Apparatus according to claim 10 wherein the surface
treatment tool and the electroplating tool are so disposed on a
common apparatus as to be movable across a substrate sur-
face such that during operation the surface treatment tool and
the electroplating tool are brought consecutively 1n succes-
s10n 1nto functional contact with the substrate surface.

23. Apparatus according to claim 22 wherein the surface
treatment tool comprises:

a printer including fluid surface layer material deposition
means and fluid surface layer material fixing means, and
the deposition means, fixing means and electroplating
tool are so disposed on a common apparatus as to be
movable across the substrate surface such that during
operation the surface treatment tool and the electroplat-
ing tool are brought consecutively in succession into
functional contact with the substrate surface.

24. (canceled)
235. (canceled)
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