
26 March 2007  LASER PROCESSING FOR HEAT-SENSITIVE
MESOSCALE DEPOSITION CROSS-REFERENCE TO RELATED
APPLICATIONS This application claims the benefit of
the filing of U.S. Provisional Patent Application
Serial No.  60/506,495, entitled "Laser Treatment
Process for Low-Temperature Deposition", filed on
September  26, 2003 and U.S. Provisional Patent
Application Serial No. 60/508,759, entitled "Method
for  Fabricating Resistive Structures", filed on
October 3, 2003. This application is also a
continuation-in- part application of U.S. Patent
Application Serial No. 10/746,646, entitled
"Apparatuses, Methods, and  Precision Spray Processes
for Direct Write and Maskless Mesoscale Material
Deposition", filed on  December 23, 2003, which is
both a continuation-in-part application of U.S.
Patent Application Serial  No. 09/844,666, entitled
"Precision Spray Processes for Direct Write
Electronic Components", filed on  April 27, 2001
(which is a divisional application of U.S. Patent
Application No. 09/305,985, entitled  "Precision
Spray Processes for Direct Write Electronic
Components", filed May 5, 1999, now issued as  U.S.
Patent No. 6,251,488), and is also a
continuation-in-part application of U.S. Patent
Application  Serial No. 10/346,935, entitled
"Apparatuses and Method for Maskless Mesoscale
Material  Deposition", to Michael J. Renn at al.,
filed on January 17, 2003, which is a
continuation-in-part  application of the following
U.S. Patent Applications: U.S. Patent Application
Serial No. 09/574,955, entitled "Laser-Guided
Manipulation of Non- Atomic Particles", to Michael J.
Renn, at al., filed on May 19, 2000, which was a
continuation  application of U.S. Patent Application
Serial No. 09/408,621, entitled "Laser-Guided
Manipulation of  Non-Atomic Particles", to Michael J.
Renn, at al., filed on September 30, 1999, which
claimed the  benefit of U.S. Provisional Patent
Application Serial No. 60/102,418, entitled
"Direct-Writing of  Materials by Laser Guidance", to
Michael J. Renn, at al., filed on September 30, 1998;
U.S. Patent Application Serial No. 09/584,997,
entitled "Particle Guidance System", to  Michael J.
Renn, filed on June 1, 2000, now issued as U.S.
Patent No. 6,636,676, which was a
continuation-in-part application of U.S. Patent
Application Serial No. 09/408,621; U.S. Patent
Application Serial No.10/060,960, entitled "Direct
Write"' System", to Michael J.  Renn, filed on
January 30, 2002, which was a continuation-in-part
application of U.S. Patent 26 March 2007  Application
Serial Nos. 09/408,621 and 09/584,997; and 



U.S. Patent Application Serial No. 10/072,605,
entitled "Direct WriteTM System", to Michael J.
Renn, filed on February 5, 2002, which was a
continuation-in-part application of U.S. Patent
Application Serial No. 10/060,090. The specifications
and claims of all of the above references are hereby
incorporated herein by  reference. BACKGROUND OF THE
INVENTION  Field of the Invention (Technical Field):
The present invention relates generally to the field
of maskless direct write deposition of  materials,
including but not limited to mesoscale electronic
structures, using aerodynamic focusing of  an
aerosolized fluid or particle suspension onto
heat-sensitive targets, wherein laser radiation is
preferably used to process the deposit to its final
state. Background Art :  Note that the following
discussion refers to a number of publications and
references.  Discussion of such publications herein
is given for more complete background of the
scientific  principles and is not to be construed as
an admission that such publications are prior art for
patentability determination purposes. Various
techniques can be used for deposition of electronic
materials, however thick film and  thin film
processing are the two dominant methods used to
pattern microelectronic circuits. Thick film  and
thin film processes for the deposition of electronic
structures are well developed, but have  limitations
due to the high processing temperatures required, or
due to the need for expensive masks  and vacuum
chambers. Thick film processes typically require
processing temperatures ranging from  approximately
500 to 1000 C. Thin film techniques use processing
temperatures ranging from  approximately 400 to 3000
C, depending on the type of process and the material
deposited. Due to  inherent high processing
temperatures, thick film and thin film techniques are
generally limited to  deposition onto ceramic, glass,
silicon, and other targets having a damage threshold
temperature  above approximately 400 C. Recently,
techniques requiring processing temperatures below
200 C have been developed  for deposition of
electronic structures on inexpensive plastic targets.
One such process for fabrication  of transistors on
plastic targets is disclosed in U.S. Patent No.
5,817,550, which uses a pulsed laser 



2 26 March 2007  processing technique to produce
temperatures required for material processing. The
laser pulse duration lasts for short periods,
limiting the sustained temperature of the target to
below 250 C.  Another such process for fabricating
transistors on plastic targets is disclosed in U.S.
Patent No.  6,642,085, which uses a pulsed laser
processing technique similar to that described in
U.S. Patent  No. 5,817,550, but is capable of
limiting the sustained target temperature to below
120 C. A thin film process used to form ceramic
metallo-organic thin films is disclosed in U.S.
Patent  No. 5,064, 684. This process casts a liquid
metallo-organic ceramic precursor solution to form a
layer  on a target. The deposit is heated to a low
temperature to create an amorphous layer. The process
then heats a selected area to a high temperature
using localized heating, creating a patterned area of
polycrystalline ceramic having electro-optic
properties. In U.S. Patent No. 6,036,889, Kydd uses a
mixture of metal powders and metallo-organic
decomposition compounds in an organic liquid vehicle
to form thick films. The compound is applied to a
target using a deposition process such as silk
screening, in which bonding is complete at
temperatures of less than 450 C. In U.S. Patent No.
6,379,745, Kydd, at al. teach a composition having a
metal powder or  powders of specified characteristics
in a Reactive Organic Medium (ROM) that can be
deposited to  produce patterns of electrical
conductors on temperature-sensitive electronic
targets. The patterns  can be thermally cured in
seconds to form pure metal conductors at a
temperature low enough to  avoid target damage. In
contrast with conventional methods for deposition of
electronic materials, the M3DTM  process, described
in, for example, U.S. Patent Publication Nos.
2003/0048314 and 200310228124,  which are commonly
owned with the present application, is a direct
printing technique that does not  require the use of
vacuum chambers, masks, or extensive post-deposition
processing. The M3DTM  process may be used to deposit
a variety of materials with little or no material
waste, and has also  been used to deposit materials
which do not require high temperature processing on
low temperature  substrates. In order to facilitate
this, various low temperature ink systems have been
developed.  These inks are typically either
precursor-based, nanoparticle-based, or they can be
combinations of  the two. Metal-organic precursor
chemistries have a specific advantage in that the
precursors can  decompose to pure metal at very low
temperatures, 150-250 C range. Because of this the
inks can  



be deposited on many plastics and then heated to
decompose to metal. The drawback is that the  metal
yield of precursor inks is typically low and is in
the 1-10% range. The low yield reduces the  overall
deposition rates. 3 26 March 2007  Metal
nanoparticles also have drastically reduced treatment
temperatures. Because of their high surface energy,
nanoparticles will melt at temperatures hundreds of
degrees lower than micron- sized particles.
Nanoparticle inks in particular have been shown to
sinter in the 150-250 C range.  The metal yield of
nanoparticle inks can be in the 10-50% range, which
leads to highly efficient  deposition. For example,
the M3DTM process has been used to deposit and laser
process silver (at  150 C) on an FR4 substrate, which
has a damage threshold of less than 200 C, with no
damage to  the substrate. While considerable progress
has been made in low-temperature ink development, the
sintering temperatures are still significantly higher
than the softening temperature of many common
plastics. For example PMMA softens at around 100 C
and most nanoparticle and precursor inks will  not
become conductive or ductile at this temperature. In
addition, it is difficult if not impossible to  avoid
thermal damage to a target if the processing
temperature of the deposited material exceeds the
damage threshold of the target. The types of damage
possible when polymer targets are subjected to
excessive heat are warping, vaporization of volatile
components, oxidation, decomposition, burning,
softening, and melting. Glasses may undergo
crystallization and melting, and metals may undergo
oxidation, recrystallization, grain growth, reversed
hardening, and melting, when subjected to  excessive
heat. Ceramics may also undergo thermal damage in the
form of unfavorable phase  changes that may lead to
cracking or loss of material or electrical
properties, vaporization of volatile  components, and
oxidation (for ceramics that are not oxides). For
example, dens cation on low  temperature substrates
has only been achievable for materials that can be
densified at temperatures  below the damage threshold
of the substrate. Thus there is a need for an
apparatus and method to deposit and process materials
at a  nearby or higher temperature than the damage
threshold of the target or substrate. SUMMARY OF THE
INVENTION (DISCLOSURE OF THE INVENTION) The present
invention is a method and apparatus for depositing a
material on a target,  



comprising generating an aerosol stream, depositing
the aerosol stream onto the target using an  aerosol
jet; processing the resulting deposit with a laser to
obtain the material; wherein the processing
temperature of the deposit is approximately at least
as high as a damage threshold temperature of the
target, and wherein an electrical property of the
deposit is substantially similar to the electrical
property of the material in bulk form. The electrical
property preferably comprises resistivity and the 4
26 March 2007  target is optionally nonplanar. The
damage threshold is preferably less than 200 C. The
aerosol stream preferably comprises one or more
materials selected from the groups consisting of
liquid  molecular chemical precursors and colloidal
or particle suspensions. The aerosol stream
preferably  further comprises one or more materials
generated from the groups comprising a
metallo-organic  precursor, a metallo-organic
precursor; a colloidal metal solution; a metal paste;
a metal nanoparticle  suspension; a ceramic
precursor; a ceramic paste; a resistor precursor
solution; a resistor paste; an  inorganic
semiconductor suspension; a polymeric precursor
solution; a colloidal suspension of metal,
dielectric, or resistor particles; and any
combination thereof. The aerosol stream preferably
comprises  droplets or particles having a diameter of
less than approximately 10 microns. The generating
step preferably comprises, using ultrasonic
transduction or pneumatic  aerosolization. The
aerosol jet preferably comprises an annular flow,
preferably an inner aerosol- laden flow surrounded by
a sheath gas flow that confines the inner
aerosol-laden flow. The annular  flow preferably
focuses the aerosol stream to mesoscale dimensions.
The deposited feature size is  preferably greater
than or equal to approximately four microns. The
feature size of the deposit after  laser processing
is preferably at least approximately one micron. The
depositing step preferably  comprises providing
relative motion of the target and the aerosol stream.
The method preferably  further comprises thestep of
pre-processing the aerosol stream prior to the
depositing step. The pre- processing step preferably
comprises a process selected from the group
consisting of humidifying the  aerosol stream, drying
the aerosol stream, cooling the aerosol stream,
increasing the vapor content of  a constituent of the
aerosol stream, and increasing the vapor content of a
second material that is not a  constituent of the
aerosol stream. The method of the present invention
preferably further comprises the step of
post-processing  the deposit prior to the processing
step. The post-processing step preferably comprises
an action  



selected from the group consisting of thermal
heating, reducing the ambient pressure, irradiating
with  electromagnetic radiation, and combinations
thereof. The deposit optionally comprises a width
that is  approximately equal to a diameter of a beam
from the laser or is greater than a diameter of a
beam  from the laser. The deposition step and the
processing step are preferably performed
simultaneously.  The processing step preferably
comprises at least one process selected from the
group consisting of  chemical decomposition,
polymerization, sintering, and melting. The target
preferably comprises a  material selected from the
group consisting of polycarbonate, polyethylene
terephthalate, polymethyl  methacrylate,
polytetrafluoroethylene, polyester, and various
epoxies., The laser preferably comprises  5 26 March
2007  a diode laser. The laser power is preferably
approximately 10 milliwatts. The laser preferably
comprises a continuous wave mode or a pulsed wave
mode. The energy of the pulsed wave mode is
preferably several microjoules. The processing step
preferably comprises delivering a laser beam to the
target using either or both of a system of lenses and
mirrors and an optical fiber. The laser beam  is
optionally delivered to the target apart from the
aerosol stream, thereby resulting in serial process
deposition and laser processing. An object of the
present invention is to provide a maskless
non-contact process for deposition  of a mesoscale
structure onto a heat-sensitive target or substrate.
Another object of the present invention is to provide
a process for depositing a mesoscale  structure onto
a heat-sensitive target using an aerosol jet to focus
and deposit an aerosol stream in a  pre-determined
pattern. It is further an object of the present
invention to provide a laser processing treatment of
a  deposited material to achieve physical and/or
electrical properties near that of a bulk material.
An advantage of the present invention is that it may
be used to deposit materials including but  not
limited to conductors, semiconductors, Insulators,
and resistive and inductive structures. Another
advantage of the present invention is that low damage
threshold target materials may  be deposited on,
including but not limited to plastics, ceramics,
epoxies, and biological tissue. A further advantage
of the present invention is that the desired
structure may be deposited  onto a planar or
non-planar target. Other objects, advantages and
novel features, and further scope. of applicability
of the present  



invention will be set forth in part in the detailed
description to follow, taken in conjunction with the
accompanying drawings, and in part will become
apparent to those skilled in the art upon examination
of the following, or may be learned by practice of
the invention. The objects and advantages of the
invention may be realized and attained by means of
the instrumentalities and combinations  particularly
pointed out in the appended claims. ' BRIEF
DESCRIPTION OF THE DRAWINGS Figure 1 is a drawing of
the main components of the M3DTM system, shown with a
pneumatic  aerosolizer; Figure 2 is a drawing of the
M3DT"' deposition module; Figure 3 Is a flowchart
showing the steps used in conventional flex circuit
fabrication and  6 26 March 2007  those used in the
M3DT"' process for the same application; Figure 4 is
a micrograph of an Inductor fabricated using the
M3DT"' process;  Figure 5 shows an inductance curve;
Figure 6 is a micrograph of the intersection of a
thermocouple junction and the lead wires;  Figure 7
shows a calibration curve for an M3DTM fabricated
thermocouple; Figures 8a and 8b are micrographs of
sintered silver lines on polycarbonate; and  Figure 9
is a micrograph of laser treated silver interconnects
on a PMMA substrate.  DESCRIPTION OF THE PREFERRED
EMBODIMENTS (BEST MODES FOR CARRYING OUT THE
INVENTION) The present invention provides a method
for maskless, non-contact direct printing of
mesoscale structures of various materials onto
heat-sensitive targets. Material deposition is
preferably  accomplished using the M3DT aerosol
jetting device, which utilizes an aerosolized stream
delivered  to the target via an annularly flowing
aerosol jet. The method preferably uses low-power
laser  radiation to heat the aerosol-jetted material
to Its final state. Combining the M3DT"' process with
laser  processing extends the utilization of the
technique to temperature sensitive applications, in
which the  temperature required to treat the
deposited material approaches or exceeds the thermal
damage  threshold of the target. The process is
capable of precise, selective deposition with little
or no  material waste. A positional accuracy of
approximately 1 micron is achievable with laser
processing  



and a subsequent material removal process, such as
etching or rinsing, with a tool-to-target standoff
distance of as much as approximately five
millimeters. As used throughout the specification and
claims, heat-sensitive process means any process  in
which the temperature required to process the
deposited material, i.e. drive it to its desired
state,  approaches or exceeds the damage threshold of
the target, wherein the target is not globally heated
above its damage threshold. Typically, such targets
have a low damage threshold. A heat-sensitive
process may have a wide range of temperatures.
Fundamental Description of Laser Processing on
Heat-sensitive Materials Laser processing of
M3DTM-deposited structures preferably combines highly
localized  aerodynamic deposition of material with a
highly localized energy source providing the ability
to focus  laser radiation to a diameter that is
approximately the same as the width of the deposited
line, to 7 26 March 2007  engineer material
formulations to be highly absorbing at the laser
wavelength, to deposit nanoparticle  suspensions, and
to deliver laser energy in short pulses or by rapidly
scanning over a deposit enables  processing of
various materials onto heat-sensitive targets with
little or no damage to the target. 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
patterns in the mesoscale range (from 1 to 1000
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. 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 are
lamp. Another substrate treatment comprises a washing
or rinsing process. 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 heat-sensitive 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. Once
the materials are deposited, they are optionally
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. The present invention
comprises a maskless deposition 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 commercial
pastes or custom, low-fire inks. Laser processing
allows the materials to be densified on
heat-sensltivepoymers.  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 8 26 March 2007  chips and PWB. The
ability to deposit multiple materials lends to
applications in multilayer  components as well as to
encapsulating components once they are built. The
ability to fire materials on heat-sensitive substrate
allows discrete components to be directly written on
polymers. These  features add up to a tremendous new
capability and resource for electronics
manufacturers.  Deposition Technique using the M3DTM
Apparatus The deposition technique used in the
present invention is called Maskless Mesoscale
Material  Deposition (M3DTM). The technique uses an
annularly flowing aerosol jet to deposit features as
small  as approximately 4 microns. The jet consists
of an inner aerosol-laden flow surrounded by a sheath
gas flow that confines and focuses the inner flow.
The two flows may also consist of fluids. Focusing
of the aerosol stream to one-tenth of the exit
orifice diameter has been demonstrated at distances
of  up to approximately five millimeters from the
orifice. The orifice diameter preferably ranges from
100- 500 microns. While aerosolization can be
accomplished using several methods, in the most
general  embodiment, the aerosol stream is preferably
formed by aerosolizing a sample using an ultrasonic  



transducer and/or pneumatic nebulizer 22, as shown in
Figure 1. The aerosol stream is preferably  comprised
of a liquid molecular chemical precursor and/or
colloidal or particle or nanoparticle  suspension.
These preferably further comprise a metallo-organic
precursor; a colloidal metal solution;  a metal
paste; a ceramic precursor; a ceramic paste; a
resistor precursor solution; a resistor paste; an
inorganic semiconductor suspension; a polymeric
precursor solution; a colloidal suspension of metal,
dielectric, or resistor particles, or the like, or
any combination thereof. Virtually any material
suitable for laser heating (i.e., will not be
destroyed by the process) can  be employed as a
feedstock in the practice of the present invention,
depending on the intended  application. Without
limiting the invention, dielectric materials such as
barium titanate or silicon  dioxide, resistive
materials such as a ruthenates, metal dielectric
composites such as silver+barlum  titanate,
conductive materials such as silver, copper, or gold,
semiconducting materials such as  silicon, germanium,
or gallium nitride, magnetic materials such as MnZn
and FeZn, ceramics such as  alumina or zirconium
diboride, and cermets may all be deposited. The
precursor solvent or  suspending fluid used is
preferably chosen based on its compatibility with the
target material. The M3DTM apparatus preferably
comprises an upper module for aerosolizing liquid
chemical  precursors or colloidal or particle
suspensions, a deposition module for directing,
focusing, and 9 26 March 2007  depositing the
resulting aerosol, laser module 10 for delivering and
focusing laser radiation, and a control module for
monitoring and controlling the process parameters.
The M313h deposition module,  detailed in Figure 2,
preferably consists of virtual impactor 24, flowhead
12, and material shutter  assembly 26 with mechanical
shutter 28. When pneumatic atomization is used, the
aerosol stream  preferably is processed by virtual
impactor 24, which reduces the volume of gas in which
the aerosol  is entrained. In the case of ultrasonic
atomization, the aerosol-laden carrier gas preferably
bypasses  virtual impactor 24, and enters flowhead 12
immediately after the aerosolization process. The
carrier  gas preferably comprises either or both of a
compressed air or an inert gas, and can comprise a
solvent vapor. A flow controller preferably monitors
and controls the mass throughput of the  aerosolized
stream. The aerosolized stream preferably enters
flowhead 12 via aerosol inlet 20 in heater  assembly
16 mounted on the apparatus, and is preferably
collimated as it flows through an orifice  



centered on the longitudinal axis of flowhead 12.
Heater assembly 16 is preferably used to heat the
aerosolized material to remove solvent or to modify
the viscosity of the sample. The aerosol stream
emerges with droplets and/or particles and is
preferably entrained and surrounded by a sheath gas.
The sheath gas comprises either or both of a
compressed air or an inert gas, and can optionally
comprise solvent vapor content or a fluid. The sheath
gas enters through sheath air inlet 18,  preferably
located on heater assembly 16 below the aerosol inlet
20, and then enters the lower portion  of flowhead
12, preferably through multiple internal ports,
forming an annular flow surrounding the  aerosol
stream. The two streams exit the chamber through a
second orifice directed at the target. The sheath gas
forms a boundary layer that prevents particles from
depositing onto the orifice wall.  The annular flow
exits flowhead 12 through a nozzle directed at the
target. This annular configuration  is capable of
focusing the aerosol stream to approximately
one-fifth to one-tenth the size of the orifice
diameter, enabling deposition of features on the
target with dimensions as small as approximately 4
microns. The standoff distance between the system's
flowhead and the target is typically 3 to 5 mm,
enabling deposition onto non-planar surfaces.
Patterns are preferably written by translating a
computer-controlled target platen, located under
stationary flowhead 12, using a CAD-based Virtual
Masking"" (VMTooITM) software application.
Alternatively, flowhead 12 may be translated under
computer control while maintaining the target in a
fixed position, or both flowhead 12 and the target
may be moved simultaneously. Software, such as
VMToolTM, preferably defines a toolpath for printing
10 26 March 2007  the desired circuit or element.
Material Processing Method In the preferred
embodiment of the present invention, the deposited
material is processed  with at least one laser.
According to the present Invention, deposited
material may be processed at a  higher temperature
than the damage threshold of the target to drive the
deposit to the desired state in  order achieve
physical, optical, or electrical properties near that
of the bulk material, preferably with  little or no
physical, chemical, optical changes, or other damage
to the underlying target. The  processing may
comprise chemical decomposition, polymerization,
sintering, melting, or the like.  Target materials
may comprise any material with a low damage threshold
temperature, including but  



are not limited to polymers, glasses, metals, various
epoxies, and ceramics, more specifically such
materials as polycarbonate, polyethylene
terephthalate (PET), polymethyl methacrylate (PMMA),
polytetrafluoroethylene (Teflon), and polyester. In
the practice of the present invention, by using the
proper laser parameters the target may  be locally
heated above its damage threshold without impact its
global properties. Further, in many  cases this local
heating improves adhesion of the deposited material
to the target. Unlike existing  methods, the present
invention provides for processing a deposit at
temperatures of up to approx. 50  C or more higher
than the damage threshold of the target. With the
laser treatment of the present  invention, sintering
inks on low-melting-temperature plastics is possible.
The size of the deposit is in  the mesoscale range,
and can vary from several microns to approximately
1millimeter, bridging the  gap between thin film and
thick film processes. In order to lower the laser
power required to process the deposited material to
the desired  state, thereby decreasing thermal damage
to the target, the aerosol stream may optionally be
pre- processed prior to deposition, most commonly
before introduction of the aerosol into the flowhead.
The pre-processing step may comprise processes
Including but not limited to increasing the solvent
or  suspending medium vapor content, partially
decomposing, humidifying, drying, heating, or cooling
of  the aerosol, carrier gas, and/or sheath gas. The
target is optionally conditioned by heating before
deposition, preferably via a heater, infrared lamp,
or high power diode laser. The deposited pattern  may
also optionally be post-processed prior to the laser
treatment. Post-processing optionally  comprises
thermally heating the deposit in an ambient or
reduced pressure environment, irradiating  the
deposit with electromagnetic radiation, or a
combination thereof. These optional steps processing
11 26 March 2007  are preferably performed to remove
solvent or other residual volatile constituents of
the precursor solvent or the particle suspending
fluid. When drying is required, it is preferably
performed in a  manner such that the deposit retains
some of its fluid properties, so that wetting and
coalescence of  the aerosol droplets into a
continuous structure is accomplished. In this manner,
the amount of laser  energy required for heating and
vaporization of the solvent is reduced.
Alternatively, deposition and  processing of the
aerosol stream may optionally be performed
simultaneously. The type of processing laser used may
vary, and is dependent on the optical and thermal  



properties of the deposit and the target. The laser
power may be as small as approximately 10
milliwatts, enabling the use of an inexpensive diode
laser. The laser may comprise a continuous  wave mode
or a pulsed wave mode. The pulsed wave mode
optionally comprises an energy as low  as several
microjoules. The laser beam is preferably delivered
to the target using a series of mirrors  and lenses
that collimate and route the beam to a focusing lens.
The beam may optionally be  delivered using fiber
optics, wherein the laser beam is launched into an
appropriate optical fiber and  delivered through the
fiber to the focusing lens. The laser radiation Is
preferably to a spot size of less  than one micron.
Modification of the laser beam profile facilitates
material processing on heat- sensitive targets. The
laser beam is preferably expanded and collimated
before being truncated and  focused onto the target.
The expansion of the beam is performed to decrease
the focused spot size,  and to aid in truncation.
Truncation of the beam minimizes the inherent
Gaussian variation in laser  power across the beam
profile. The truncation step allows for more uniform
heating of the deposited  line in the direction
perpendicular to the target motion, and aids In the
reduction of target damage at  the boundaries of the
deposit. The wavelength of the laser is preferably
chosen so that laser radiation is absorbed by the
deposit but not by the target. That is, ideally the
deposit is highly absorptive and the target is highly
transmissive, that is, transparent or nearly
transparent, at the wavelength of the laser. In this
embodiment the material may be sintered, decomposed,
or otherwise processed, and most of the  heat
delivered to the target is the heat conducted through
the deposit/target interface. In another  embodiment,
the target material is highly absorbing at the laser
wavelength, and the deposit is weakly  absorbing. In
this case, the deposit is heated through conduction
of thermal energy from the  target/deposit boundary.
The former case is ideal for laser processing of
heat-sensitive targets. In  normal applications,
absorption of the laser radiation by both the target
and the deposit occurs. The laser may optionally be
delivered to the target via the flowhead. The laser
energy may  12 26 March 2007  alternatively be
delivered to the target at a location that is
different from the location of the flowhead, so that
a serial process is used for deposition and laser
processing. In an alternate embodiment,  deposition
and laser processing are performed simultaneously in
order to deposit structures with a  thickness greater
than several microns, or in order to build
three-dimensional structures with heights  



ranging from several microns to several millimeters.
Simultaneous deposition and laser processing  may
also be used to form vies between target layers. In
the case of simultaneous deposition and laser
processing, the laser is preferably directed along
the flowhead axis, emerges from the flowhead
orifice, and heats the aerosol during flight and
after deposition onto the target. In an alternative
embodiment, the laser radiation can optionally be
delivered parallel to the  target surface, so that
in-flight processing of the aerosol is enabled
without the laser heating the  target. The aerosol
particles can be rendered partially or wholly
depositable, or optionally melted, in  flight by
exposure to a laser of sufficient intensity for a
sufficient period of time. Exposure time may be
increased by slowing feedstock velocity and/or
increasing the area of laser through which the
feedstock passes. In some instances it may be
desirable to use a plurality of laser beams having a
common area of intersection. Sufficient energy is
preferably imparted to the feedstock in-flight to
render the feedstock depositable and promote adhesion
to the substrate without causing significant
interfacial damage. of the substrate or deposited
feedstock, that is, while only providing sufficient
peripheral heating of the substrate to facilitate
adhesion without a significant level of surface
modification. This embodiment preferably reduces or
eliminates the need to create a molten puddle  on the
target surface. This broadens the range of materials
that can be used as deposition substrates.  Melting
the particles prior to deposition according to this
embodiment reduces residual stress  contained within
the fabricated structures, enabling a broader range
of materials to be deposited onto  dissimilar
materials. In addition, the impacting characteristics
of the depositable particle will behave  similarly to
thermal spray processes in which shrinkage of the
substrate surface is counteracted by  outward force
due to the particle droplet spreading on impact. The
deposited pattern or structure preferably comprises a
desired width that is approximately  the same as the
diameter of the laser beam so that direct irradiation
of the target is limited or  completely eliminated.
In this case, if more material than the desired width
has been deposited, after  laser processing excess
unprocessed deposit material can be removed by a
process such as etching  or rinsing. The desired
width of the deposit may alternatively be greater
than the diameter of the laser  beam. For example,
the present invention may be used to deposit a film
of material with dimensions 13 26 March 2007  greater
than the diameter of the laser beam. In this case,
the laser beam is rastered, or scanned back 



and forth, over the desired area of the deposit to
pattern a specific structure, and the unprocessed
material is removed from the target. In either case,
some shrinking of the deposit may occur, for  example
during the processes of chemical decomposition or
sintering. However, the final dimensions  of the
deposit are mostly determined by the deposition mass
flux, the target speed, and the fluid  properties of
the deposited material. M3DTM Application Examples
Example 1  Laser Processing of Molecular Chemical
Precursors In the case of liquid precursor-based
materials, laser treatment is used to raise the
temperature of the deposit to its decomposition or
curing temperature. In this process, a chemical
decomposition or cross-linking takes place due to the
Input of laser energy, such that the precursor
changes its molecular state. The change in molecular
state results in the conversion of the precursor
material to the desired material. Typically, the
decomposition process also entails emission of
gaseous by-products. Laser processing of precursor
deposits on various targets is possible without
incurring damage to the target. Example 2 Laser
Sintering of Particle Suspensions and Commercial
Pastes and Inks Laser sintering of particle
suspensions on heat-sensitive targets is also
possible with the  present invention. In the
sintering process, a solid, bonded mass is created
without melting individual  particles. The M3DT
process is capable of selective sintering of a
two-component paste consisting of  low and
high-melting temperature particles such as
low-melting point glass and metal, dielectric,
resistive, or ferromagnetic materials. Laser
processing may be used to sinter commercial resistor
and conductor pastes, and may  also be used to sinter
pastes for other electronic materials such as
dielectrics and ferromagnetics. In  the M3DTM
deposition process, commercial pastes - which
typically have viscosities of 100,000  centipoise or
greater - are preferably diluted in a suitable
solvent and pneumatically aerosolized for
deposition. Laser sintering of M3DTm-deposited
commercial inks can also be accomplished on plastic
and other heat-sensitive targets with damage
thresholds of approximately 100 C. The commercial
inks that may be processed using the M$Dh method and
laser sintering typically consist of  suspensions
with particle diameters ranging from hundreds of
nanometers to several microns. The 14 26 March 2007  



inks may include, but are not limited to, conductive,
resistive, and dielectrics formulations. Example 3,
Laser Sintering of M3DTM-Deposited Nanoparticle Inks
Laser sintering of M3D'' -deposited nanoparticle inks
has also been used to form metal lines  on
heat-sensitive targets. The laser-sintered
nanoparticle deposits preferably exhibit
resistivities near  that of the bulk metal. Laser
sintering of M3DT"i-deposited nanoparticles to near
bulk resistivities can  be accomplished with 100 mW
or less of visible or ultraviolet laser radiation.
Infrared laser radiation  may also be used for laser
sintering of nanoparticles, given that the absorption
of the Ink is tailored to  the wavelength of the
laser. The nanoparticle ink is preferably deposited
in a fluid form, so that particle suspension is
maintained, and the laser is then preferably scanned
over the deposit to sinter individual particles.
Simultaneous deposition and sintering of the
nanoparticle ink may be performed to deposit lines
with  greater thickness than lines deposited using a
serial deposition and decomposition process.
Simultaneous deposition and sintering of the
nanoparticle ink can also be used to form three-
dimensional microstructures on heat-sensitive
targets. Example 4 TFT Fabrication on Plastics and
Glass In one embodiment, the present invention has
been used to fabricate thin film transistors on
plastic targets, with damage thresholds of
approximately 100 to 150 C. Specifically, the
invention can  be used for solution-based fabrication
of organic thin film transistors (OTFT's) on flexible
targets such  as PET (polyethylene terephthalate),
PEN, polycarbonate, polyetheretherketone (PEEK), and
polyester. The application of the MSDTM process to
fabricate OTFTs can also be extended to glass
targets. The process can deposit and process the
organic semiconductor as well as the metallization
required for OTFT fabrication. The present invention
can also be used to deposit the source and drain
electrodes, the gate electrode, and the gate
Insulator. Channel lengths as small as approximately
4  microns can be formed. The ratio of the channel
width to channel length is preferably held to 10 or
greater, to reduce the occurrence of fringe effects.
Other configurations Include an indium-tin oxide
(ITO) gate and a polyimide insulation layer. Metals
that can be deposited for OTFT electrode  fabrication
with near bulk resistivities include but are not
limited to palladium, gold, and alloys thereof.  In
each case, the conductor or semiconductor material is
deposited using the M30h flowhead and  then processed
to the desired state using laser treatment or thermal
heating. The invention can be 15 



26 March 2007  used to perform solution-based
deposition of an organic semiconducting material,
such as a pentacene precursor, which can be processed
to form the semiconducting medium of the transistor.
Furthermore, the M3DT.t process can be used to
fabricate both the OTFT backplanes and the  required
electrical interconnects for glass and plastic
displays. One common technique for fabrication  of
interconnects on plastics uses conductive polymers,
which have resistivities as high as at least  several
thousand times that of bulk metal. The M3Dw process
contrastingly is capable of depositing  on plastic
targets five to ten-micron wide silver interconnect
lines having resistivities approximating  that of the
bulk metal. The present invention can also be used to
fabricate inorganic thin film transistors on various
targets using an amorphous silicon ink and laser
post-deposition processing. Example 57 Flat Panel
Disolay Repair The present invention can be used to
repair defects in glass and plastic flat panel
display  (FPD) circuitry. During FPD fabrication,
shipping, or handling, electrical opens may occur on
metal  structures that form Interconnect lines, bus
lines, or any conductive pathway that routes signals
to the  display circuitry. Using the M3DTM process,
gaps in conductive traces may be repaired by
depositing a  metal precursor, a metal nanoparticle
Ink, or the like, or a combination thereof, forming
an electrical  interconnect between the open circuit.
The deposited material is then decomposed or sintered
to its  final state using a local or global heating
process that can include, but is not limited to,
irradiation of  the deposit with laser radiation,
irradiation with divergent or focused non-laser
radiation, or heating the  deposit in a furnace. The
technique of repairing metal structures in FPD
circuitry is significantly  different from depositing
metal structures on blank targets. Specifically, in
the FPD repair application,  care must be taken to
deposit and process the material so that insufficient
material deposition,  cracking, or poor adhesion does
not occur at the junction of the deposited structure
and the end of the  pre-existing line. Insufficient
material deposition may occur if the viscosity of the
deposited material is  too low, so that material
flows onto the target, and does not deposit to a
sufficient height at the defect  site. Cracking and
poor adhesion may occur if excess material is applied
to the defect site, particularly  at the junction of
the newly deposited structure and the end of the open
line. However, the M3DTM  processing parameters may
be adjusted to deposit the correct thickness of
material to allow for  material deposition and
processing without cracking or poor adhesion. 



Processing of material in the form of precursor inks,
nanoparticle deposits, or combinations of  16 26
March 2007  the two, with good adhesion to glass and
plastic targets, can be accomplished with less than
approximately 100 mW of laser power. Inexpensive
diode laser systems can therefore be used to  process
materials for FPD repair on glass or plastic. The
deposited material may include, but is not  limited
to, silver, gold, copper, and indium-tin oxide, with
linewidths as small as approximately 5  microns.
Example 6 Flex Circuit Fabrication The
miniaturization and mobilization of many electronic
devices has led to an increased  transition from
circuits printed on rigid targets to those printed on
flexible targets. Flexible targets can  be used for
three-dimensional packaging and may considerably
reduce the size and weight of a given  device. Flex
circuits also enable the production of a more robust
device, since the magnitude of the  vibrations and
shocks that may damage rigid targets have a far
lesser effect on circuits printed on  flexible
targets. This reduction in size and increase in
robustness afforded by flex circuitry allows for  the
production of portable consumer and medical devices
such as cameras, camcorders, cell phone,  computers,
hearing aids, pacemakers, and ambulance and operating
room display equipment.  Presently, the most common
method for fabrication of flex circuits entails a
multi-step  photolithographic process, and Includes
lamination of a metal foil to the target, deposition
of a resist,  exposure of the resist through a mask,
development, etching, and resist removal. These
processes  are time-consuming, and fabrication of the
mask can be expensive. The process also generates
waste, since only part of the original metal film is
used in the Circuit. The M3DTM process, on the other
hand, proposes the use of a maskless, one-step
deposition process for fabrication of flex circuitry.
The present invention is a direct, additive process,
and therefore eliminates the need for lamination,
photo processing, chemical etching, and the
associated material waste. The entire metallization
process preferably requires only three steps, and is
outlined in Figure 3, along with the steps for the
more conventional photolithographic process. The
application of the M3DTM process to the fabrication
of flex circuits can also reduce the  processing time
and expense for the manufacture of multilayer
circuits. In developing the M3DTM  technology, the
present inventors have developed a Virtual MaskingTM
tool (VMTooITM), a CAD-based  



software program that enables computer-controlled
patterning of an aerosolized liquid or suspension  of
particles. Using the M3DTM process and VMToolTM, it
is possible to pattern the insulator between  flex
circuit layers. This would eliminate the need for
deposition of an adhesive and subsequent 17 26 March
2007  lamination onto the previous circuit layer.
Furthermore, hole punching or drilling needed in
typical flex circuit fabrication would be  reduced,
or, in some cases, eliminated, since VMTooITM can
deposit the patterned insulating layer  required
between three-dimensional circuit layers. Example 7
Deposition of Gold and Platinum The M3Dh apparatus
can be used to deposit liquid molecular precursors
for gold and  platinum onto various targets. The
precursor is preferably a metallo-organic system
composed of a  metal salt dissolved in an organic
solvent. The approach aerosolizes the precursor and
heats the  droplets in flight before depositing the
aerosol onto the target. The precursor method can be
used for  direct write of gold or platinum traces
with linewidths as small as from approximately one
micron to  five microns, for targets with damage
thresholds greater than approximately 400 C.
Nanoparticle-based gold Inks offer an alternate to
the precursor deposition method for  depositing gold
onto plastic targets. Gold precursor inks typically
have decomposition temperatures  that are several
hundred degrees above the damage threshold
temperature of plastics such as PET,  PEEK, and PEN,
precluding precursor deposition of gold. Nanoparticle
gold inks, consisting of  nanometer-size gold
particles preferably with diameters ranging from I to
20 nanometers, can  significantly lower the sintering
temperature, and allow for laser processing of
M$DTM-deposited gold  traces on low-temperature
plastics having damage threshold temperatures as low
as about 100 C. In  general, the use of
nanoparticle-based metal inks can lower the metal
sintering temperature so that  the present invention
can be used for direct write metallization of plastic
targets. Example & Multi Laver Inductor The M3Dh
process may also be used to produce multi-layered
structures including but not  limited to inductors
and capacitors. In addition, because of the
relatively large working distance of the  M3 DT"'
apparatus from the target (as much as 5 mm or more),
the M'Dm process may be used to  deposit material
onto non-planar surfaces with height variations on
the order of hundreds of microns.  



As an example, the M3DT" process, followed by laser
treatment, has been used to fabricate functional
three-layer electrical components on low temperature
targets. A three-step process has been used to
fabricate a ferrite-core inductor on a Kapton"" or
alumina target. Step one was to deposit parallel
lines of silver ink directly onto the target. The
lines  18 26 March 2007  were approximately 100
microns wide, 1 micron thick and 1000 microns In
length. The lines were  laser treated to form dense,
conductive silver wires. These wires comprise one
portion of the  conductive traces that will
eventually wrap around a ferrite core. Silver contact
pads (1000 micron  square) were also added in the
first layer. The second step was to deposit a mixture
of manganese zinc ferrite powder and low melting
temperature glass over the conductive lines. The
powder was  densified by scanning a laser across the
deposit, which melted the glass. The glass flowed
around the  ferrite particles, forming a dense matrix
material after cooling. The ferrite deposition step
was  repeated several times to buildup the deposit to
about 100 microns. The ferrite line lengths were
about 1500 mm long. The final step was to deposit
conductive diagonal silver lines over the ferrite
core, connecting to the underlying parallel silver
lines, to create the coil. Since the deposition head
standoff distance is several millimeters, it is
relatively simple to write over a millimeter-sized
curved  surface. The resistance of a typical coil
generated using this method was on the order of
several  ohms. The inductance was 7 micro henries and
the Q value was 4.2@1 MHz. Figure 4 shows a
micrograph of an Inductor fabricated using the M3DT
process on Kapton  target 36. The first layer of
silver lines requires a thickness (at least 10
microns) sufficient to prevent  shorting due to
electromigration of silver to the ferrite/glass layer
during laser sintering of the core.  The top layer of
diagonal silver lines is typically written over a
100-500 micron nonconformal surface  (in this case,
ferrite core 34) to connect the bottom silver lines,
forming inductor coil 30. The bottom  electrode lines
of layer one are fully dense traces with heights of
approximately 50 microns. Contact  pad 32 is 1 mm
square. Ferrite core 34 is a 5 x 15 mm rectangle with
a maximum height of 400  microns, and is preferably
formed from a manganese/zinc iron oxide and glass
powder. The  inductance curve of an M3Dh-fabricated
inductor printed on Kapton is shown in Figure 5, and
reveals  a gradual and predictable Increase from 0.8
to 1.5 microHenrys in the range from 40 Hz to 110
MHz.  The quality factor or energy stored per cycle
was 50 at 50 MHz. 



Example 9: Miniature Thermocouple The M3D"" process
has also been used to fabricate type-S (platinum,
platinum/rhodium)  thermocouples on tantalum nitride
(TaN) targets. The platinum side of the device was
written on the  left arm of the thermocouple. The
targeted alloying ratio of the platinum/rhodium arm
was 90% Pt and  10% Rh. The devices were electrically
insulated from the target using an adhesive Kapton
film. Thin films of platinum (Pt) and
platinum/rhodium (Pt/Rh) liquid precursors were
deposited  19 26 March 2007  onto an Insulating layer
of polyimide. Laser decomposition was used to drive
the films to the metal state. Sample cleaning and
surface modification was used to clean the Kapton
film, and to promote  wetting and adhesion of the Pt
and PI/Rh precursors. Laser chemical processing
achieved electrical  properties near that of bulk Pt
and Pt/Rh. Four-point probe measurements were used to
qualitatively  determine the degree of decomposition
and porosity. In printing each device, the precursor
for one  arm was deposited and then laser decomposed.
This procedure was then repeated for the remaining
arm of the thermocouple. The intersections of the
leads that connect the junction to contact pads are
of particular interest. One lead must be written
under the junction, and the other lead over the
junction. As a result, these intersections are prone
to cracking, and require optimized processing
parameters. Figure 6 shows a micrograph of the
intersection of a thermocouple junction and the lead
wires. The figure shows a smooth transition from
Pt-PNRh junction 38 to Pt lead 40, which was
deposited first, and to Pt/Rh (arm) lead 42, which
was deposited over junction 38. Deposition of metal
layers with a thickness of more than a few hundred
nanometers may also lead to unacceptable  cracking of
the decomposed metal film. In this example the
deposit thickness is therefore held to  approximately
0.2 to 0.5 microns. Metallization requiring greater
thickness may be obtained by using  an iterative
method to deposit and decompose several layers. The
calibration curve for an M3DTM-fabricated
thermocouple is shown in Figure 7. The  corresponding
curve for a standard type-S thermocouple with a
reference temperature of 0 C is also  shown. Data was
taken from 21 C to 177 C. The device shows a
characteristic curve that is very  similar to the
standard curve. The slope of the experimental curve
is within less than 3% of the, slope  of the standard
curve (7.50x103 mV/C versus 7.73x104 mV/C) from 65 to
177 C. The difference in  output may be due to the
use of a reference temperature of approximately 21 C,
rather than 0 C.  



Example 107 Metallization of Low-Temperature Targets
The invention may be used for metallization of
plastic targets and UV curable polymers (bus  lines,
electrodes, interconnects, etc.), deposition of
passive electronic components onto circuit board,
deposition of embedded passives on circuit board,
fabrication of vies between target layers, and
metallization of epoxies. indeed, the M3DT"' process
has been used to deposit and sinter silver on
polycarbonate target material. Because of the high
processing temperatures needed for  decomposition of
the silver precursors, an alternate approach to the
precursor chemistry method was  used to reduce the
processing temperature required for direct write of
metal lines on polycarbonate. 20 26 March 2007  This
approach entails the use of a nanoparticle silver ink
composed of nanometer-sized silver particles
suspended in an aqueous solution. The median diameter
of the particles was approximately  50 nanometers.
The use of a nanoparticle formulation to print silver
lines onto a low-temperature  target can be extended
to gold, and has the following advantages: the
desired material (i.e., a highly  conductive metal)
already exists, eliminating the need for
decomposition and removal of volatile  organic
solvents; the suspending medium can be aqueous, and
will not chemically degrade  polycarbonate; good
adhesion on plastic has been demonstrated in a
previous study; deposition and  processing may be
accomplished with the target held at room
temperature; the nanoparticle ink can  be deposited
with linewidths below 10 microns; nanometer-size
particles sinter at a laser power (<100  mW) that
does not damage polycarbonate; and near bulk
electrical properties are possible with laser
sintering. Micrographs of sintered silver lines on
polycarbonate are shown in Figures 8a and 8b. The
resistivity of the lines is only about 3X the bulk
resistivity of silver. In this example, the sintering
temperature Is approximately 180 C, which is
significantly higher than the 120 C damage threshold
of polycarbonate. Other possible applications
include, but are not limited to, additive trimming of
passive  electronic components, and deposition of
thick film pastes and semiconducting materials onto
IC  chips and plastics and other low-temperature
targets. Example 117 Pre-processing of Deposition
Materials A treatable platinum deposition was
prepared from water-soluble platinum tetrachloride.
Droplets of platinum tetrachloride were preheated as
they enter the deposition apparatus, and the  



temperature of the deposited material was raised to
approximately 580 degrees Celsius via a  substrate
heater. A low-power diode laser then completed the
decomposition of the platinum  tetrachloride to pure
platinum in the desired pattern. For electronics
applications, preferred laser- treatable materials
include but are not limited to: platinum
tetrachloride, gold tetrachloride, copper  formate,
silver acetate, silver nitrate, barium titanate and
aluminum oxide. Example 12: Ultra-High Density
Interconnects The M3DT process has been used to
fabricate Ultra-High Density Interconnects (UHDI). At
present, the minimum high-density interconnect
linewidth attainable using conventional mask
photolithographic techniques is approximately 50
microns, on a 50 to 75 micron pitch (spacing). The 21
26 March 2007  trend, however, in the HDI circuit
industry has begun to demand low-cost, ultra-high
density circuitry; i.e., linewidths from
approximately 10 to 40 microns. Ink jetting has been
used to deposit conductive  lines onto plastic and
other low-temperature targets using conductive
polymer solutions. This method  however yields lines
with resistivities that are 10" to 108 times more
resistive than metal lines  deposited on plastics
using the M3DTM' technology. In addition, ink jetting
is limited to linewidth of  approximately 50 microns.
Contrastingly, the M3DTM process has been used to
deposit high-density metal lines with a  25-micron
linewidth on a 50-micron pitch. Twenty five micron
wide precursor traces were deposited,  and laser
decomposition was used to define the final linewidth.
The un-decomposed precursor was  rinsed from the
target; it may optionally be reclaimed. The process
of deposition followed by laser  decomposition has
yielded linewidths from approximately 1 to 50
microns. As an example, 25-micron  Pt interconnect
lines with a 50-micron spacing were written onto
1-mil thick Kaptonm film using the  M3DTM process.
The targeted goal of 10-micron wide Pt lines with
10-micron spacing on polyimide is  possible with
optimized processing parameters. The same linewidth
and line density is possible using Ag. Figure 9 shows
silver interconnects  deposited on PMMA for a polymer
display application. It illustrates the capability of
M3D to deposit  and laser-fire conductive inks on low
temperature polymer. The silver nanoparticle ink was
deposited  into 35 micron wide lines on the PMMA. The
ink was then allowed to dry for 5 minutes at 80 C.
After  drying, a 50 mW, 532nm CW laser was focused
onto the deposits and scanned at 20 mm/s in order to



sinter the nanoparticles. The measured resistance of
6 cm-long interconnects was 100 Ohms. This
corresponds to a resistivity of 16 DOhm-cm, which is
less than approximately 10x larger than that of  bulk
silver. The deposits adhered well to the PMMA,
passing an adhesive tape test. Although the invention
has been described in detail with particular
reference to these  preferred embodiments, other
embodiments can achieve the same results. Variations
and  modifications of the present invention will be
obvious to those skilled in the art and it is
intended to  cover all such modifications and
equivalents. The various configurations that have
been disclosed  above are intended to educate the
reader about preferred and alternative embodiments,
and are not  intended to constrain the limits of the
invention or the scope of the claims. The entire
disclosures of all  patents and publications cited
above are hereby incorporated by reference. 22 26
March 2007  CLAIMS What is claimed is: 1. A method
for depositing a material on a target; the method
comprising the steps of:  generating an aerosol
stream of a material; propelling the aerosol stream
to the target using an aerosol let comprising an
annular sheath gas, the annular sheath gas
surrounding and focusing the aerosol stream; and
processing a resulting deposit of the material with a
laser at a processing temperature approximately at
least as high as a damage threshold temperature of
the target. 2. The method of claim 1 wherein a
property of the deposited material is substantially
similar to a property of the material in bulk form.
3. The method of claim 1 wherein the target is
nonplanar. 4. The method of claim 1 wherein the
damage threshold temperature is less than 200 C.  5.
The method of claim 1 wherein the aerosol stream
comprises one or more materials  selected from the
groups consisting of liquid molecular chemical
precursors and colloidal or particle  suspensions. 6.
The method of claim 5 wherein the aerosol stream
further comprises one or more  materials generated
from the groups consiting of a metallo-organic
precursor; a colloidal metal solution; a  metal
paste; a metal nanopanicle suspension; a ceramic
precursor; a ceramic paste; a resistor precursor  



solution; a resistor paste; an inorganic
semiconductor suspension; a polymeric precursor
solution; a  colloidal suspension of metal,
dielectric; or resistor particles; and any
combination thereof. 23 26 March 2007  7. The method
of claim 1 wherein the aerosol stream comprises
droplets or particles having  a diameter of less than
approximately 10 microns. B. The method of claim 1
wherein the generating step comprises using
ultrasonic  transduction or pneumatic aerosolization.
9. The method of claim 1 wherein the aerosol jet
comprises an inner aerosol-laden flow  surrounded by
a sheath gas flow that confines the inner
aerosol-laden flow. 10. The method of claim 1 wherein
the annular sheath gas focuses the aerosol stream to
mesoscale dimensions. 11. The method of claim 10
wherein a deposited feature size of the deposit is as
low as  approximately four microns. 1Z, The method of
claim 1 wherein the depositing step comprises
providing relative motion of  the target and the
aerosol stream. 13  The method of claim I further
comprising the step of pre-processing the aerosol
stream  prior to the depositing step. 14. The method
of claim 13 wherein the pre-processing step comprises
a process selected  from the group consisting of
humidifying the aerosol stream, drying the aerosol
stream, cooling the  aerosol stream, increasing the
vapor content of a constituent of the aerosol stream,
and increasing the  vapor content of a, second
material that is not a constituent of the aerosol
stream. 15. The method of claim I further comprising
the step of post-processing the deposit prior to  the
processing step. 24 26 March 2007  16. The method of
claim 15 wherein the post-processing step comprises
an action selected  from the group consisting of
thermal heating, reducing the ambient pressure,
irradiating with electromagnetic radiation, and
combinations thereof. 17. The method of claim 1
wherein the deposit comprises a width that is
approximately equal  



to a diameter of a beam from the laser. 18. The
method of claim I wherein a width of the deposit is
greater than a diameter of a  beam from the laser.
19. The method of claim 1 wherein the deposition step
and the processing step are  performed
simultaneously. 20 The method of claim 1 wherein the
processing step comprises at least one process
selected from the group consisting of chemical
decomposition, polymerization, sintering, and
melting.  21:. The method of claim 1 wherein the
target comprises a material selected from the group
consisting of polycarbonate, polyethylene
terephthalate, polymethyl methacrylate,
polytetrafluoroethylene,  polyester, and epoxy. 22.
The method of claim 1 wherein the laser comprises a
diode laser. 23. The method of claim 1 wherein a
power of the laser is approximately 10 milliwatts.
24. The method of claim 1 wherein the laser comprises
a continuous wave mode or a pulsed  wave mode. . 25
26 March 2007  25. The method of claim t wherein the
processing step comprises delivering a laser beam to
the target using either or both of a system of lenses
and mirrors and an optical fiber. 26. The method of
claim I wherein a beam from the laser is delivered to
the target apart from  the aerosol stream. 27. The
method of claim 26 resulting in serial material
deposition and laser processing.  28. The method of
claim 1 wherein a feature size of the deposit after
laser processing is as  low as approximately one
micron. 29. The method of claim 2 wherein the
property is selected from the group consisting of
electrical properties, physical properties, and
optical properties. 30. The method of claim 2,9
wherein the property comprises resistivity.  26 


