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DIRECT WRITETM SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation application of
U.S. patent application Ser. No. 10/072,605, entitled “Direct
Write™ System”, to Michael J. Renn, filed on Feb. 5, 2002
and the specification thereof is incorporated herein by ref-
erence.

[0002] This application also claims the benefit of the filing
of U.S. Provisional Patent Application Ser. No. 60/102,418,
entitled “Laser-Guided manipulation of Non-Atomic Par-
ticles” filed on Sep. 30, 1998; PCT Patent Application No.
PCT/US99/22527, entitled “Laser-Guided manipulation of
Non-Atomic Particles,” filed on Sep. 30, 1999; U.S. patent
application Ser. No. 09/408,621, entitled “Laser-Guided
manipulation of Non-Atomic Particles,” filed on Sep. 30,
1999; U.S. patent application Ser. No. 09/584,997, entitled
“Particle Guidance System,” filed Jun. 1, 2000; PCT Appli-
cation No. PCT/US01/14841, entitled “Particle Guidance
System,” filed May 30, 2001; and U.S. patent application
Ser. No. 10/060,960, entitled “Direct Write™ System,” filed
Jan. 30, 2002, and the specifications thereof are incorporated
herein by reference.

FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0003] The Invention described below was developed
using funds from Government Contract No. N00014-99-C-
0243 issued by the U.S. Office of Naval Research. Under the
terms of the Contract, the Contractor and Assignee, the
Optomec Design company, of Albuquerque, N. Mex. retains
right in the Invention in accordance with Section 52.227-11
of the Federal Acquisition Regulations (Patent Rights-Re-
tention by Contractor, Short Form).

FIELD OF THE INVENTION

[0004] The present invention relates generally to the field
of precisely depositing a selected material on a substrate.
More specifically, one embodiment of the present invention
relates to methods and apparatus for generating discrete
particles from a source material, creating parallel streams of
discrete particles, and then guiding them onto a substrate to
form a planar, conformal or three-dimensional feature on the
substrate.

BACKGROUND OF THE INVENTION

[0005] Many industrial processes require the formation of
layers of a material on a substrate or base. These processes
include Ink Jet Printing, Photolithography and DuPont’s
Fodel® technology.

[0006] Ink Jet Printing

[0007] Ink jet printing is one well-known process that can
be used to apply a layer of one material on a substrate. In
most cases, ink jet printing is employed to place tiny
droplets of ink onto a sheet of paper to create text or an
image.

[0008] One kind of ink jet printer employs “thermal
bubble” or “bubble jet” technology, in which ink is heated
in a print head that includes hundreds or nozzles or orifices.
The high levels of heat generated by resistors built into the
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print head vaporize the ink, and forms a series of single
bubbles of ink which are propelled out of the nozzles toward
a sheet of paper. In another kind of inkjet printing, an array
of piezo-electric crystals is activated to vibrate and expel ink
from a corresponding array of nozzles.

[0009] Both types of ink jet printers are remarkably accu-
rate. A typical ink jet print head has 300 to 600 nozzles, and
can form dots of many different colors of ink that are as
small as 50 microns in diameter. All of the nozzles can be
activated at once to produce complex applications of ink on
paper that can even approach or match the resolution of
conventional silver halide photography.

[0010] Although inkjet printing offers a relatively versatile
and inexpensive process for applying a material to a sub-
strate, ink jet printing is generally limited to placing exceed-
ingly thin layers of ink on paper or cloth which are essen-
tially two-dimensional. The viscosity ranges for ink jet
printing are limited to ranges of one to ten cp. This limited
range of viscosity in turn limits the variety of materials
which may be deposited.

[0011] Photolithography

[0012] Photolithography is a purely planar process that is
typically used in the semiconductor industry to build sub-
micron structures. Photolithography may be used to build
features in the 1~100-micron range, but is plagued by many
severe limitations:

[0013] 1) The thickness of the features ranges from
0.01 to 1 microns. As a result, mechanical connec-
tions may not be made to layer built using a photo-
lithographic layer.

[0014] 2) The photolithographic process is purely
planar. Photolithographic structures formed on a
substrate do not include three-dimensional features
having a height of more than one micron.

[0015] 3) Photo lithographical processes, which use a
process of vaporization of the deposited metal, needs
to be run in a vacuum chamber at a temperature
which supports the high temperature required to
vaporize the metal.

[0016] 4) Finally, photolithography requires a mask.
[0017] Fodel® Materials

[0018] According to the DuPont Corporation. Fodel®
materials incorporate photosensitive polymers in a thick
film. Circuit features are formed using UV light exposure
through a photomask and development in an aqueous pro-
cess. Fodel® dielectrics can pattern 75 micron vias on a 150
micron pitch, and Fodel® conductors can pattern 50 micron
lines on a 100 micron pitch. Fodel® materials extend the
density capability of the thick film process to allow densities
typically achievable using more costly thin film processes.

[0019] Fodel® is a process in which a thick film is placed
on the substrate. A mask is then used to expose areas of the
thick film to cure the material. The substrate is then chemi-
cally etched to remove the uncured material. The Fodel®
process canbe performed in an ambient environment. The
limitations to Fodel® are:

[0020] 1) The Fodel® process is purely planar. No
three-dimensional features can be produced.
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[0021] 2) The Fodel® process uses a chemical etch-
ing process which is not conducive to all substrates.

[0022] 3) Like photolithography, the Fodel® requires
a mask.

[0023] 4) The material costs of the Fodel® process
are relatively high.

[0024] 5) The Fodel® process is limited to features
larger than 50 microns.

[0025] Other techniques for directing a particle to a sub-
strate involve the use of lasers to create optical forces to
manipulate a source material. “Optical tweezers” allow
dielectric particles to be trapped near the focal point of a
tightly focused, high-power laser beam. These optical twee-
zers are used to manipulate biological particles, such as
viruses, bacteria, micro-organisms, blood cells, plant cells,
and chromosomes.

[0026] Intheir article entitled Inertial, Gravitational, Cen-
trifugal, and Thermal Collection Techniques, Marple et al.
disclose techniques which may be used to collect particles
for subsequent analysis or for particle classification.

[0027] TSI Incorporated describes how a virtual impactor
works on their website, www.tsi.com.

[0028] Another method for applying a source material to
a substrate is described in a co-pending and commonly-
owned U.S. patent application Ser. No. 09/584,997 filed on
1 Jun. 2000 and entitled Particle Guidance System by
Michael J. Renn. This Application discloses methods and
apparatus for laser guidance of micron-sized and mesos-
copic particles, and also furnishes methods and apparatus
which use laser light to trap particles within the hollow
region of a hollow-core optical fiber. This invention enables
the transportation of particles along the fiber over long
distances, and also includes processes for guiding a wide
variety of material particles, including solids and aerosol
particles, along an optical fiber to a desired destination.

[0029] The co-pending application by Renn describes a
laser beam which is directed to an entrance of a hollow-core
optical fiber by a focusing lens. A source of particles to be
guided through the fiber provides a certain number of
particles near the entrance to the fiber. The particles are then
drawn into the hollow core of the fiber by the focused laser
beam, propagating along a grazing incidence path inside the
fiber. Laser induced optical forces, generated by scattering,
absorption and refraction of the laser light by a particle, trap
the particle close to the center of the fiber and propels it
along. Virtually any micron-size material, including solid
dielectric, semiconductor and solid particles as well as liquid
solvent droplets, can be trapped in laser beams, and trans-
ported along optical fibers due to the net effect of exertion
of these optical forces. After traveling through the length of
the fiber, the particles can be either deposited on a desired
substrate or in an analytical chamber, or subjected to other
processes depending on the goal of a particular application.

[0030] The problem of providing a method and apparatus
for optimal control of diverse material particles ranging in
size from individual or groups of atoms to microscopic
particles used to fabricate articles having fully dense, com-
plex shapes has presented a major challenge to the manu-
facturing industry. Creating complex objects with desirable
material properties, cheaply, accurately and rapidly has been
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a continuing problem for designers. Producing such objects
with gradient or compound materials could provide manu-
facturers with wide-ranging commercial opportunities.
Solving these problems would constitute a major techno-
logical advance, and would satisfy a long felt need in the part
fabrication industry.

SUMMARY OF THE INVENTION

[0031] The Direct Write™ System provides a maskless,
mesoscale deposition device for producing continuous, col-
limated, parallel streams of discrete, atomized particles of a
source material which are deposited on a substrate. Unlike
ink jet printers and conventional photolithographic deposi-
tion equipment, the present invention can manufacture pla-
nar, conformal or three-dimensional surfaces. One embodi-
ment of the present invention is extremely accurate, being
capable of using 1 um droplets to form features as small as
3 um. The invention is also capable of delivering one billion
particles per second to a substrate at scan rates of one meter
per second. In addition to being able to deposit a wide
variety of inorganic materials such as metals, alloys, dielec-
trics and insulators. The present invention may also be used
to manipulate oraganic and biological entities in droplets
such as enzymes, proteins and viruses.

[0032] In an alternative embodiment, the invention may
also comprise a virtual or cascade impactor to remove
selected particles from a stream of gas to enhance deposi-
tion.

[0033] An appreciation of other aims and objectives of the
present invention may be achieved by studying the follow-
ing description of preferred and alternate embodiments and
by referring to the accompanying drawings.

A BRIEF DESCRIPTION OF THE DRAWINGS

[0034] FIG. 1 is a schematic depiction of one of the
preferred embodiments of the present invention, which
utilizes an energy source and a flow of gas to direct particles
toward a substrate.

[0035] FIG. 2 is a schematic illustration of an alternative
embodiment of the invention, which includes a hollow core
optical fiber.

[0036] FIG. 3 reveals some details of an aerosol chamber,
which is used to create discrete particles of a source mate-
rial.

[0037] FIG. 4 portrays a compressed air jet.

[0038] FIG. 5 offers another view of one of the preferred
embodiments of the invention.

[0039] FIG. 6 supplies a schematic depiction of cascade
impaction.
[0040] FIG. 7 provides a schematic view of a virtual

impactor, while FIG. 8 shows virtual impactors in series.

[0041] FIG. 9 supplies a view of particle sorting at an
atomization unit and virtual impactors in series.

[0042] FIG. 10 is a schematic of one of the preferred
embodiments of the invention.

[0043] FIG. 11 depicts the flow of an aerosol stream and
sheath gas.
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[0044] FIG. 12 presents two graphs showing beam diam-
eter and its dependence upon aerosol and sheath flow rates.

[0045] FIG. 13 is an image of a spiral formed with the
present invention.

[0046] FIGS. 14, 15 and 16 are images of products
deposited using the present invention.

[0047] FIG. 17 is a graph showing core height versus
distance.

A DETAILED DESCRIPTION OF PREFERRED
& ALTERNATTVE EMBODIMENTS

I. Direct Write™ Methods & Apparatus

[0048] FIG. 1 presents a a schematic view of one of the
preferred embodiments of the Direct Write™ System, which
comprises methods and apparatus for maskless, mesoscale
deposition of a source material on a substrate. Unlike many
previous deposition systems which are restricted to the
formation of planar layers on a flat substrate, the present
invention is capable of forming a wide variety of planar,
non-planar, conformal or three-dimensional features on a
substrate having virtually any profile or topography.

[0049] In one embodiment, the invention comprises a
source of material 10 contained by an enclosure 11.
Although the a preferred embodiment generally includes a
source material in liquid form, the source may comprise any
aggregation, mixture, suspension or other combination of
any materials in any physical phase. The source of material
10 is contained in a vessel, pool, volume or chamber which
is coupled to or in communication with an atomizer 12. In
general, the atomizer 12 is responsible for reducing or
dividing the source material into discrete particles. The size
of the discrete particles may be controlled by the interaction
of the physical properties of the source material and/or the
atomizer. Any device or means which forms relatively
smaller particles from larger particles, from a reservoir of
fluid, or from a solid mass may function as the atomizer 12.
In this Specification and in the Claims that follow, the term
“particle” generally refers to discrete portions of a material
or materials which have been rendered from a more exten-
sive supply. Various embodiments of the invention, the
atomizer 12 may comprise a device that utilizes an ultra-
sound or pneumatic device, or that employs a spray process,
forms an aerosol or condenses particles from a vapor.

[0050] The invention includes some means to apply force
14 to the discrete particles of source material 10 which are
produced by the atomizer 12. One of the preferred embodi-
ments of the invention utilizes a carrier gas as a force
application means to propel the particles. The typical carrier
gas flow rates range from one to ten liters per minute. The
preferred type of carrier gas is a gas which does not react
adversely to the material which is deposited on the substrate.
Nitrogen, argon and helium are excellent carrier gases.

[0051] FIG. 1 exhibits another embodiment of the inven-
tion, which employs a laser and a lens 14 to direct optical
energy into a cloud of discrete particles produced by the
atomizer 12. This optical energy propels the particles in a
desired direction of flight.

[0052] Alternative embodiments may incorporate some
other energy source to apply force to the particles. Any
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device which imparts energy to control the direction and
speed of the particles could be used in the invention,
including devices which generate heat or which produce
electromagnetic or other fields that are capable of control-
ling a stream of particles.

[0053] In addition to a means to apply force 14 to the
discrete particles, the invention utilizes some means of
collimation 16 to control, regulate or limit the direction of
flight of the discrete particles. In one embodiment, a hollow
column of co-flowing air surrounds the stream of particles,
forming a barrier or sheath of gas 16 that guides the particles
as they travel from the force application means 14 toward a
substrate 18. This collimating gas 16 exerts radial forces on
the stream of particles to restrict and focus their movement
toward the substrate 18. The sheath gas stream may be
produced from a pressurized system. The sheath gas moves
through a nozzle that is specifically designed to entrap and
focus the gas stream which carries the particles. Different
geometric designs of the sheath gas orifices enable larger or
smaller deposition areas.

[0054] In alternative embodiments of the invention, the
collimation means 16 may comprise an aperture in a thin
sheet, or a hollow core optical fiber.

[0055] In this Specification and in the Claims that follow,
the term “substrate” refers to any surface, target or object
which the particles strike or on which they are deposited.
The substrate may be flat or generally planar, or may be
characterized by a complex three-dimensional profile. In the
various embodiments of the invention, the Direct Write™
apparatus may utilize a deposition assembly which moves
over a stationary substrate, or may employ a deposition
assembly which remains fixed while the substrate moves.

[0056] The invention may be used to deposit on virtually
any substrate material. In specific embodiments of the
invention, the substrate material comprises green tape
ceramic, printed circuit boards, MEMS, flexible circuits
formed on Kapton™ or Mylar™, clothes fabrics, glass or
biologic materials.

[0057] The present invention offers a superior deposition
device compared to prior, conventional techniques such as
inkjet printing. The Direct Write™ system provides a ver-
satile tool for a wide variety of industrial and biomedical
applications, and offers the following highly beneficial fea-
tures:

[0058] Maskless

[0059] Performed in an Ambient Environment

[0060] Three-Dimensional or Conformal:

[0061] Manufacture Features having Depth of 1~100
Microns

[0062]
[0063]
[0064]
[0065]
[0066]

[0067] Deposition of Materials with Viscosities
Ranging from 1~10,000 cp

High Velocity (~10 m/s)

Variable Beam Diameter (10 um)

High Throughput (~10° s~ in 100 gm beam)
Reduced Clogging

Long Working Distance (~few cm)

[0068] Simultaneous Laser Treatment
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[0069] Unlike ink jet print heads, which produce droplets
one at a time to produce a single serial stream of droplets
from each print head orifice, the Direct Write™ System is
capable of producing continuous, parallel streams of discrete
particles for deposition. By controlling the viscosity of the
atomized particles, the present invention is capable of
depositing three-dimensional features which adhere to the
substrate without running. The viscosity may be controlled
by thinning the material with a solvent, by changing the
fundamental design of the material, or by changing the
temperature of the material or of the chamber containing the
particles. In an optional feature of the invention, the particles
may undergo a physical or chemical change before deposi-
tion to enhance the characteristics of the final deposited
material on the substrate.

[0070] A heating process may be employed to change the
physical properties of the material. In one embodiment,
drops of solvent which hold the particles of material to
deposit are removed.

[0071] The present invention also provides benefits which
are not achievable by photolithographic processes, which
require expensive masks which are hard to change, and
which are limited to a flat substrate. One embodiment of the
invention may be implemented at a relatively low range of
temperatures.

[0072] The present invention is capable of depositing
materials at room temperature. Many of these materials can
cure at room temperature. One advantage offered by the
invention is the ability to lay down materials in the meso-
scopic range (from 1 to 100 microns). If the material needs
a thermal post treatment, the deposition can be followed
with a laser treatment. The laser beam provides a highly
localized thermal and photonic treatment of the material.
The laser beam is capable of treating only the deposited
material after deposition without affecting the underlying
substrate.

[0073] The deposition process may involve multiple lay-
ers of source material, or may involve immiscible materials.
Unlike other previous deposition systems, the present inven-
tion may be practiced in an uncontrolled atmosphere.

[0074] Unlike some other previous deposition devices, the
present invention allows for a variety of substrate treatments
during the deposition process. Alternative embodiments of
the invention include capabilities for heating the substrate by
laser illumination or by increasing the ambient temperature.
The substrate may also be cooled during deposition by
reducing ambient temperature. Other alternative treatment
steps may include photoactivation with a laser, irradiation
with infrared light, or illumination with an arc lamp. Another
substrate treatment comprises a washing or rinsing process.

[0075] FIG. 2 is a schematic illustration of an alternative
embodiment of the invention, which includes a hollow core
optical fiber.

[0076] FIG. 3 reveals some details of an aerosol chamber,
which is used to create discrete particles of a source mate-
rial.

[0077] FIG. 4 portrays a compressed air jet.

[0078] FIG. 5 offers another view of one of the preferred
embodiments of the invention.
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[0079] Precursors

[0080] The present invention also offers the ability to
simultaneously deposit solid particles and liquid “precur-
sors,” where the liquids serve to fill the gaps between solid
particles. In general, a precursor is any material that can be
decomposed thermally or chemically to yield a desired final
product. Coalescence of liquid precursors on the substrate
and subsequent decomposition by laser heating to form a
final product on the substrate and sintering of the deposited
material by laser, or chemical binding are additional tech-
niques made possible by the invention. A number of pre-
cursor and particulate materials may be used to create
composite structures having gradient chemical, thermal,
mechanical, optical and other properties.

II. Removal of Particles from a Stream of Gas

[0081] There are several well-known technologies that
involve the removal of particles from a stream of gas. Two
of the more common methods are known as cascade impac-
tion and virtual impaction. The most widely used are the
inertial classifiers.

[0082] Cascade Impaction

[0083] Cascade impaction is a method which may be used
to sort larger particles from smaller ones. FIG. 6 presents a
pictorial description of the cascade impaction method. A gas
stream is produced to carry particles of material of varying
size and mass. This gas stream is projected through a nozzle
towards an impaction plate. In a steady state condition, the
gas produces streamlines above the impaction plate. Par-
ticles with larger mass and greater momentum are projected
through these streamlines, and strike the impaction plate
directly. These particles accumulate on the surface of the
impaction plate. Particles with smaller mass and less
momentum are carried in the streamlines, and generally do
not strike the impactor plate. These smaller particles con-
tinue to travel in the gas stream commonly know as the
“major flow.”

[0084] By optimizing the geometry of the nozzle and
impaction plate relative to the gas stream, a method to sort
large particles from small ones may be implemented using
the cascade impactor. The smaller particles may be col-
lected, or utilized in a down stream process. As shown in
FIG. 6, the larger particles are “lost” from the gas stream as
they accumulate on the surface of the impactor plate. These
larger particles can not be utilized in any down stream
processes.

[0085] Virtual Impaction

[0086] The larger particles may be utilized by employing
virtual impaction. Virtual impaction uses the same principles
as cascade impaction, except that an orifice allows the larger
particles to continue down stream.

[0087] FIG. 7 supplies a schematic view of a virtual
impactor. The fundamental difference between a cascade and
virtual impactor is that the larger particles are preserved in
the gas stream using the virtual impactor.

[0088] Applications of Virtual and Cascade Impaction

[0089] These two impaction methods were developed for
the spraying of particles without any consideration to the
density or number of particles in the gas stream. If small



US 2005/0163917 Al

particles are desired, then a cascade impactor may be used
to eliminate the large particles. If large particles are desired,
then a virtual impactor may be used to eliminate the small
particles. Typical uses of cascade and virtual impactors arc
particle size sorting and sampling.

[0090] Gas Removal Process

[0091] The present invention enables the direct write of
most electronic materials (conductors, resistors, dielectrics).
In this application, an atomizer emits a gas stream laden with
various size particles. The gas stream from the atomizer
flows at the rate of approximately 5 liters per minute. This
gas stream flows through a virtual impactor, which strips off
4.95 liters per minute of gas. The remaining gas stream
ultimately flows through the deposition head at a rate of
0.050 liters per minute. In this process, it is desirable to strip
off only gas, and have the electronic component particles
generated at the atomizer be contained in the flow which
ultimately impacts the substrate. The highest possible num-
ber of particles in the gas stream is the most desirable. The
gas stream density can be defined as the number of particles
within a given volume of gas.
Gas Stream Density=Number of Particles/Unit of Car-
rier Gas

[0092] In this equation, the number of particles is deter-
mined by the atomization method. Once this method is
selected, the number of particles generated is fairly constant
and cannot be dramatically increased. To increase the gas
stream density, it is desirable to remove excess gas from the
carrier stream without removing the deposition particles.
Stripping off excess gas while carrying the same number of
particles would increase the particle density.

[0093] The present invention includes several methods to
increase the gas stream density.

[0094] Method One—A Series of Virtual Impactors

[0095] FIG. 8 shows one method of densifying the gas
stream. The first method involves placing a number of
virtual impactors in series to strip off the excess gas. The first
impactor strips off both carrier gas and the smaller particles.
The second virtual impactor (and any number after) strips off
only carrier gas. In this method, a series of virtual impactors
can be used to densify the gas stream by stripping off more
and more of the carrier gas.

[0096] Method Two—Particle Sorting at the Atomizing
Unit

[0097] FIG. 9 shows a second method to density the gas
stream. This method employs a virtual impactor at the exit
of the atomizing unit. This impactor would be used to sort
the particle stream prior to introduction into the gas stripping
virtual impactors. Essentially, all of the particles in the gas
stream would be sized to permit a direct pass through each
virtual impaction stage.

III. A Preferred Embodiment of the Invention & Its
Applications

[0098] One embodiment of the present invention includes
a process for producing features in the mesoscale range, i.c.,
from 1 to 100 microns, which avoids many of the problems
that plague prior thick film and thin film technologies. Thick
film techniques typically use a screen print process to
produce features down to about 100 microns wide. Thin film
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techniques employ masks and photoresists to produce sub-
micron features, and are costly and complex.

[0099] The present invention is capable of depositing
electronic materials onto low-temperature, planar and non-
planar substrates, without the use of masks or photoresistive
deposits. Simpler and less expensive than thin-film tech-
niques, the present invention can deposit 25-micron lines of
inorganic (and organic) materials onto polymer, glass, sili-
con, and alumina and other ceramic substrates. One embodi-
ment of the invention, Maskless Mesoscale™ Materials
Deposition (M3D™), deposits aerosolized particles as small
as 20 nanometers in diameter using aerodynamic focusing.
The particle beam may be focused down to a 25-micron
diameter. Approximately one billion particles per second can
be deposited, with accuracies on the order of 25 microns.
After the deposition process is completed, the material is
decomposed or densified to produce the desired electrical
and mechanical properties.

[0100] Typical thick film techniques deposit materials that
must be fired well above 400° C., limiting the process to
high-temperature substrates. However, the present invention
is capable of depositing materials onto low-temperature
substrates, and then using thermal or laser processing to
obtain the desired properties by virtue of the initial precursor
chemistry or localized laser heating. Specifically, the present
invention can deposit electronic materials onto low-cost
polymer substrates that cannot withstand high-temperature
oven fires.

[0101] The present invention allows manufacturers to
integrate many active and passive components into one
compact, lightweight, and conformal electronic system. Sur-
face-mount resistors, capacitors, and inductors occupy most
of the surface of a typical PWB. The present invention can
embed these components into the board. By embedding
components and reducing interconnect pitch and line widths,
a reduction in area of approximately 70 percent may be
obtained for today’s standard PWB. As a specific example,
this capability will allow PWB designers to populate boards
with the components required by next-generation wireless
devices. Additionally, the present invention can precisely
deposit metal onto non-planar surfaces for flex circuit manu-
facturing applications. Other applications include bond-pad
redistribution, rework and repair of electronic circuitry,
custom deposition for under-bump metallization, and cus-
tom bump fabrication for flip-chip interconnects.

[0102] One embodiment of the invention includes a direct-
deposition process which may be employed to produce
electronic structures down to the 25-micron (Mesoscale)
dimension range. This process can deposit a variety of
commercial and custom electronic materials onto low-tem-
perature substrates without masks or other thin-film equip-
ment. This flexible, non-contact process writes over rough,
curved, or even random surface morphologies.

[0103] This embodiment starts with the circuit designers
CAD file. Proprietary software algorithms are used to trans-
late the *.dxf CAD directly to a machine tool path. The next
step is the deposition process where metal or ceramic inks,
particulate suspensions, or commercial pastes are aero-
solized and then focused into a deposition flow stream and
onto a substrate as shown in FIG. 10. FIG. 10 reveals one
embodiment of a Flow Guided Deposition System, in which
liquid inks and pastes are atomized to form a dense aerosol
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of droplets and particulates. The aerosols are entrained in a
gas flow and fed into a proprietary deposition head. The
co-flowing sheath gas creates the aerodynamic forces to
focus the aerosol stream. Finally, the streams are directed
onto a substrate and mesoscale devices directly written. The
current line width capability is down to about 25 microns,
and the thickness capability is up to 100’s of microns.

[0104] Once the materials are deposited, they are usually
post-treated to produce desired electrical and mechanical
properties. This can be done either thermally or by a laser
processing step depending upon the deposition material and
substrate combination being used.

[0105] Deposition

[0106] The parameters which are controlled during depo-
sition are: the line widths, line edge quality, stand-off height
of the nozzle, and mass deposition flow rate.

[0107] Aerosolization

[0108] In generating the aerosol of the start material,
colloids, precursor inks, or commercial pastes are atomized
to form a dense cloud of micron-sized droplets and solid
particles. One requirement of the material to be deposited is
a uniform colloidal particle size distribution within the
liquid suspension. Commercial pastes will generally meet
this requirement satisfactorily. This most often is of concern
when depositing proprietary or development materials, since
the various sized particles will atomize with different effi-
ciencies. This leads to preferential atomization and deposi-
tion of smaller particles. Settling of the deposited material
can create layers of particle size distribution. On the other
hand, small particles have relatively low inertial momentum.
As described below, this leads to low Stokes number and
poor line edge definition on the substrate. As a result of the
competing effects, the preferred start materials are either
uniform colloidal dispersions or pure liquids and the par-
ticle/droplet size generated by the atomizer is in the 0.5-3.0
micron size range. The output mist of the current units is of
the order of one billion particles/second. This is also some-
what dependent upon the viscosity of the start material. The
current mist generation system can work with materials with
viscosity ranges from 1-1000 centipoise. This covers the
range of many commercially available pastes, and also gives
users the flexibility to work with many custom materials.

[0109] Flow-Guided Deposition

[0110] The output mist is entrained in a gas flow (aerosol
stream), and is fed into the flow-guided deposition head. The
mass throughput is controlled by the aerosol carrier gas flow
rate. Inside the head, the mist is initially collimated by
passing through a millimeter-sized orifice as shown in FIG.
11. FIG. 11 reveals a flow guide head, showing the particle
stream, focusing orifice, and the sheath gas flow. The aerosol
stream passes through an initial orifice serving as the pri-
mary focusing point. Then the sheath gas is annularly fed
around the aerosol stream and fed through a second orifice
focusing the stream further. The emergent particle stream is
then mixed with an annular sheath gas, and the combined
streams are focused through a second, sub-millimeter sized
orifice.

[0111] The purpose of the sheath gas is to form a boundary
layer that both focuses the particle stream and prevents the
particles from depositing onto the orifice nozzle walls. This
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shielding effect minimizes clogging of the orifices and
reduces contamination during change over to a different
material. The emergent particle stream, which is now
wrapped in the sheath gas, is focused to approximately 20%
of the diameter of the second orifice. It has been accelerated
to a velocity on the order of 100 meters/second.

[0112] As shown in FIG. 12, the particle stream diameter
is a function of aerosol and sheath gas flow rates. The
theoretical modeling and simulation results are provided by
CFD Reseach Corporation. As shown, the beam diameter
primarily depends on the sheath gas flow rate and the
optimum stream diameter is approximately 5 times smaller
than the nozzle orifice diameter. The stream diameter depen-
dence on aerosol flow rate is not strong, but the mass
deposition rate is proportional to this parameter.

[0113] The beam diameter, and consequently the line
width on the substrate, is controlled primarily through the
sheath gas flow rate. Increasing the sheath gas flow rate will
tighten the deposition beam and create narrower deposition
lines. This cannot be increased endlessly since the laminar
flow nature of the sheath gas cannot be compromised. As a
clear upper limit, the combined sheath and aerosol speed
cannot exceed the speed of sound (roughly 300 meters/
second).

[0114] The deposited feature size is dependent on the
diameter of the deposition stream but also on the particle
inertial momentum. The particle inertial momentum is con-
veniently described by the Stokes number:

stk = 2 ng’;;iE v
[0115] where:
[0116] p,=particle density
[0117] C_=slip correction factor
[0118] d =particle diameter
[0119] U=average gas velocity at the nozzle exi
[0120] m=gas viscosity
[0121] W=nozzle diameter

[0122] Simulations show that particles with high Stokes
numbers (>1) tend to maintain a straight line trajectory from
the nozzle to the substrate. Particles with low Stokes number
predominately follow the gas stream lines. Instead of
impacting on the substrate the low Stokes number particles
follow the shear flow tangent to the substrate. Under typical
conditions nearly all particles 1.0 micron and larger deposit
on the substrate, but smaller particles do not. For this reason,
the particle generator must produce droplet sizes of order
one micron range.

[0123] One other factor to attaining good edge definition
and minimum line width is the viscosity of deposited
material. As in screen printing, the best edge definition and
line shape is obtained with high viscosity materials. During
the deposition process, the droplets can be partially dried by
the sheath gas. This occurs because the sheath gas initially
contains negligible amounts of solvent. As the droplets dry



US 2005/0163917 Al

the solvent diffuses across the boundary layer between
sheath and aerosol streams. During deposition the solvent is
swept away in the sheath stream but the dried particles are
deposited on the substrate. Passing aerosol stream through a
heated tube before feeding it into the deposition head can
also facilitate droplet drying. The net effect is to form more
viscous, dried materials that do not flow when deposited.

[0124] An example of the line definition and feature size
achievable using the present invention is shown in FIG. 13,
which reveals 35 micron silver lines on a 60 micron pitch
deposited on Kapton™. The silver start material is metal
organic ink that was atomized, deposited, and finally treated
on a hotplate at 200 degrees C. The measured inductance is
3 micro henries. The overall diameter of the coil is 2.0 mm.
The start material is silver ink that was deposited and then
treated on a 200 degrees C. hotplate to chemically decom-
pose the precursors and densify the silver. In depositing this
pattern, the substrate was translated beneath the deposition
head at a speed of 10 mm/s. Because the particle velocities
approach 100 m/s, the substrate translation speeds can be
very high. This embodiment deposits material at 0.5 m/s.
Greater speeds should be possible with custom translation
stages.

[0125] As aresult of the collimation and high velocity, the
small beam diameter is maintained without significant diver-
gence over several millimeters from the orifice. The maxi-
mum stand off height of the nozzle to the substrate is
controlled by the total gas flow rate (sheath plus aerosol).
Higher flow rates increase the particle velocity and Stokes
number, consequently higher stand off heights are possible.
The large stand off height makes it possible to write over
surfaces with significant morphological texturing.

[0126] As an example of this, FIGS. 14, 15 and 16 show
a three-dimensional ferrite-core inductor that has been built
using the present invention. A three-step process used to
fabricate a ferrite-core inductor on a Kapton™. Step one is
to deposit parallel lines of silver directly onto the Kapton™.
Step two is to deposit ferrite and glass powder over the
conductors and to densify the powder with a laser. The blue
color of the ferrite in the second image is an artifact of the
lighting required to bring the image in focus. The final step
is to deposit diagonal silver lines over the core, connecting
the parallel lines of layer one, to create the coil.

[0127] The inductor is build by first depositing parallel
lines of silver ink on Alumina. The lines are approximately
100 microns wide, 1 micron thick and 1000 microns in
length. The lines are laser treated to form dense, conductive
silver wires. These wires are one-half of the conductive
traces that will eventually wrap around a ferrite core. Silver
contact pads (1000 micron square) are also added in the first
layer.

[0128] The second step is to deposit a mixture of Manga-
nese-Zinc Ferrite powder and low melting temperature glass
over the conductive lines. The powder is densified by
scanning a laser across the deposit, which melts the glass.
The glass flows around the ferrite particles and forms a
dense, connected solid after cooling. The ferrite deposition
step is repeated several times to buildup the deposit to about
100 microns. The ferrite line lengths are about 1500 mm
long.

[0129] The final step is to write conductive traces over the
ferrite layer and connect them to the underlying traces. Since
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the deposition head standoff distance is several mm, it is
relatively simple to write over a mm-sized curved surface.
The resistance of a typical coil generated using this method
is on the order of several ohms. The inductance is 7 micro
henries and the Q value is 4.2 (@ MHz.

[0130] FIG. 17 portrays the typical profile of the depos-
ited ferrite layer. While high gas flow rates have beneficial
effects to focusing the particle stream and accelerating the
particle to high Stokes number, there are situations where
this will not produce the optimal result. When the gas stream
impacts on the substrate it creates a significant lateral flow.
The lateral flow can cause the particles to be swept away
from the substrate feature rather than deposited. This occurs
mainly on non-planar substrates when depositing near ver-
tical (or nearly vertical) structures such as channels. When
the gas stream hits the vertical wall an asymmetrical lateral
flow is established. This flow field carries the particles away
from the wall and causes them to deposit some distance
away. The solution in practice is to tilt the deposition head
relative to the side-wall by at least 20 degrees. In this case
contiguous deposition can be achieved over step heights of
at least 200 microns.

[0131] The present invention comprises a maskless depo-
sition process that fills a niche in the mesoscale regime
between thick and thin film. The invention is capable of
depositing multiple materials into fine geometries on both
planar and curved substrates. The materials can be either
commercial pastes or custom, low-fire inks. Laser process-
ing allows the materials to be densified on low-temperature
polymers.

[0132] The present invention may be applied to a wide
range of applications. The ability to deposit fine lines over
curved and stepped surface suggests applications in writing
interconnect wires between IC chips and PWB. The ability
to deposit multiple materials lends to applications in multi-
layer components as well as to encapsulating components
once they are built. The ability to fire materials on low-
temperature substrate allows discrete components to be
directly written on polymers. These features add up to a
tremendous new capability and resource for electronics
manufacturers.

1. A method for the fabrication of a conductive feature on
a substrate, the method comprising the steps of:

(a) providing a precursor composition comprising a metal
precursor compound, wherein said precursor composi-
tion has a viscosity between approximately 1 and 1000
cP;

(b) depositing said precursor composition on a substrate;
and

(¢) converting said precursor composition to a conductive
feature by heating said precursor composition to a
conversion temperature of not greater than approxi-
mately 200° C.

2. The method as claimed in claim 1, wherein said feature
has a minimum feature size of not greater than about 100
um.

3. The method as claimed in claim 1, wherein said feature
has a minimum feature size of not greater than about 25 um.

4. The method as claimed in claim 1, wherein said
precursor composition further comprises metallic particles.
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5. The method as claimed in claim 4, wherein said
precursor composition further comprises metallic nanopar-
ticles.

6. The method as claimed in claim 1, wherein said
depositing step comprises depositing said precursor compo-
sition using an aerosol jet.

7. The method as claimed in claim 1, wherein said heating
step comprises heating said precursor composition using a
laser.

8. The method as claimed in claim 1, wherein said heating
step comprises heating said precursor composition ther-
mally.

9. The method as claimed in claim 1, wherein said heating
step comprises heating using an infrared light.

10. A method for the fabrication of an electronic device,
the method comprising the steps of:

(a) providing a substrate comprising at least an electronic
component on said substrate;

(b) depositing a metal precursor composition onto said
substrate in the form of a feature contacting said
electronic component, wherein said precursor trace has
a minimum size of not greater than approximately 100
microns; and

(c) heating said deposited precursor ink to a temperature
of not greater than approximately 200° C. to form a
conductive feature electrically coupled to said compo-
nent, said conductive feature having a minimum feature
size of not greater than approximately 100 microns.

11. The method as claimed in claim 10, wherein said

minimum size of said trace and said conductive feature is not
greater than about 25 um.

12. The method as claimed in claim 10, wherein said

metal is silver.

13. The method as claimed in claim 10, wherein said

depositing step comprises depositing said precursor compo-
sition using an aerosol jet.
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14. The method as claimed in claim 10, wherein said
precursor composition has a viscosity between approxi-
mately 1 and 1000 cP.

15. A method for the fabrication of an electronic compo-
nent, the method comprising the steps of:

(a) depositing a metal precursor precursor complosition
onto said substrate in the form of a trace, wherein said
precursor trace has a minimum size of not greater than
approximately 100 microns;

(b) heating said deposited precursor ink to a temperature
of not greater than approximately 200° C. to form a
conductive feature, said conductive feature having a
minimum feature size of not greater than approximately
100 microns; and

(c) depositing at least a first element on said substrate,
wherein said conductive feature is electrically coupled
to said first element.

16. The method as claimed in claim 15, wherein said
minimum size of said trace and said conductive feature is not
greater than about 100 um.

17. The method as claimed in claim 15, wherein said
minimum size of said trace and said conductive feature is not
greater than about 25 um.

18. The method as claimed in claim 15, wherein said
metal is silver.

19. The method as claimed in claim 15, wherein said
depositing step comprises depositing said precursor compo-
sition using an aerosol jet.

20. The method as claimed in claim 15, wherein said
precursor composition has a viscosity between approxi-
mately 1 and 1000 cP.



