
USOO7987813B2 

(12) United States Patent (10) Patent No.: US 7.987,813 B2 
Renn et al. (45) Date of Patent: * Aug. 2, 2011 

(54) APPARATUSES AND METHODS FOR (58) Field of Classification Search .................. 118/686, 

(75) 

(73) 

(*) 

(21) 

(22) 

(65) 

(60) 

(51) 

(52) 

MLASKLESS MESOSCALEMATERAL 
DEPOSITION 

Inventors: Michael J. Renn, Hudson, WI (US); 
Bruce H. King, Albuquerque, NM (US); 
Marcelino Essien, Cedar Crest, NM 
(US); Gregory J. Marquez, 
Albuquerque, NM (US); Manampathy 
G. Giridharan, Mason, OH (US); 
Jyh-Cherng Sheu, Hsinchu (TW) 

Assignee: Optomec, Inc., Albuquerque, NM (US) 

Notice: Subject to any disclaimer, the term of this 
patent is extended or adjusted under 35 
U.S.C. 154(b) by 192 days. 
This patent is Subject to a terminal dis 
claimer. 

Appl. No.: 12/349,279 

Filed: Jan. 6, 2009 

Prior Publication Data 

US 2009/O114151A1 May 7, 2009 

Related U.S. Application Data 
Division of application No. 1 1/317,457, filed on Dec. 
22, 2005, now Pat. No. 7,485,345, which is a division 
of application No. 10/346,935, filed on Jan. 17, 2003, 
now Pat. No. 7,045,015, which is a 
continuation-in-part of application No. 09/574,955, 

(Continued) 

Int. C. 
B05C II/00 (2006.01) 
B05C II/06 (2006.01) 
B5B I/08 (2006.01) 
B5B 5/00 (2006.01) 
U.S. Cl. ............ 118/686; 118/62; 118/63; 118/500; 

118/641; 118/642: 239/102.2: 239/338 

118/62, 63,500, 679, 680, 300, 50.1, 641–643; 
427/421. 1, 101, 384, 427.4; 239/102.1, 102.2, 

239/338,303,573 
See application file for complete search history. 

(56) References Cited 

U.S. PATENT DOCUMENTS 

3,474,971 A 10, 1969 Goodrich 

(Continued) 

FOREIGN PATENT DOCUMENTS 

EP O 331 O22 A2 9, 1989 

(Continued) 

OTHER PUBLICATIONS 

Webster's Ninth New Collegiate Dictionary Merriam-Webster, Inc., 
Springifled, MA. USA 1990, 744. 

(Continued) 

Primary Examiner — Yewebdar T Tadesse 
(74) Attorney, Agent, or Firm — Philip D. Askenazy; 
Peacock Myers, P.C. 

(57) ABSTRACT 

Apparatuses and processes for maskless deposition of elec 
tronic and biological materials. The process is capable of 
direct deposition of features with linewidths varying from the 
micron range up to a fraction of a millimeter, and may be used 
to deposit features on Substrates with damage thresholds near 
100° C. Deposition and Subsequent processing may be car 
ried out under ambient conditions, eliminating the need for a 
vacuum atmosphere. The process may also be performed in 
an inert gas environment. Deposition of and Subsequent laser 
post processing produces linewidths as low as 1 micron, with 
Sub-micron edge definition. The apparatus noZZle has a large 
working distance—the orifice to Substrate distance may be 
several millimeters—and direct write onto non-planar Sur 
faces is possible. 

35 Claims, 7 Drawing Sheets 
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APPARATUSES AND METHODS FOR 
MASKLESS MESOSCALE MATERAL 

DEPOSITION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a divisional application of U.S. patent 
application Ser. No. 1 1/317,457, entitled “Apparatuses And 
Method For Maskless Mesoscale Material Deposition', to 
Michael J. Renn, et al., filed on Dec. 22, 2005, which is a 
divisional application of U.S. patent application Ser. No. 
10/346,935, entitled “Apparatuses And Method For Maskless 
Mesoscale Material Deposition', to Michael J. Renn, et al., 
filed on Jan. 17, 2003, now U.S. Pat. No. 7,045,015, which is 
a continuation-in-part application of the following U.S. 
patent applications: 

U.S. patent application Ser. No. 09/574,955, entitled 
“Laser-Guided Manipulation of Non-Atomic Particles', to 
Michael J. Renn, et al., filed on May 19, 2000, now U.S. Pat. 
No. 6,823,124, which was a continuation application of U.S. 
patent application Ser. No. 09/408.621, entitled “Laser 
Guided Manipulation of Non-Atomic Particles', to Michael 
J. Renn, et al., filed on Sep. 30, 1999, now abandoned, which 
claimed the benefit of U.S. Provisional Patent Application 
Ser. No. 60/102,418, entitled “Direct-Writing of Materials by 
Laser Guidance', to Michael J. Renn, et al., filed on Sep. 30. 
1998: 

U.S. patent application Ser. No. 09/584.997, entitled “Par 
ticle Guidance System’, to Michael J. Renn, filed on Jun. 1, 
2000, now U.S. Pat. No. 6,636,676, which was a continua 
tion-in-part application of U.S. patent application Ser. No. 
09/574,955; 

U.S. patent application Ser. No. 10/060,960, entitled 
“DirectWriteTM System’, to Michael J. Renn, filedon Jan. 30, 
2002, now abandoned, which was a continuation-in-part 
application of U.S. patent application Ser. Nos. 09/584,997 
and 09/574,955; and 

U.S. patent application Ser. No. 10/072,605, entitled 
“DirectWriteTM System”, to Michael J. Renn, filed on Feb. 5, 
2002, now U.S. Pat. No. 7,108,894, which was a continua 
tion-in-part application of U.S. patent application Ser. Nos. 
09/584,997 and 09/574,955; 
and the specifications and claims of all of the preceding 
references are incorporated herein by reference. 

FEDERALLY SPONSORED RESEARCHOR 
DEVELOPMENT 

The U.S. Government has a paid-up license in this inven 
tion and the right in limited circumstances to require the 
patent owner to license others on reasonable terms as pro 
vided for by the terms of Contract No. N00014-99-C-0243 
awarded by the U.S. Department of Defense. 

FIELD OF THE INVENTION 

The present invention relates generally to the field of direct 
write deposition. 

BACKGROUND OF THE INVENTION 

The present invention relates to maskless, non-contact 
printing of electronic materials onto planar or non-planar 
Surfaces. The invention may also be used to print electronic 
materials on low-temperature or high-temperature materials, 
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2 
and is performed without the need for an inert atmosphere. It 
is also capable of deposition of micron-size features. 

DESCRIPTION OF THE PRIOR ART 

Various techniques may be used for deposition of elec 
tronic materials, however thick film and thin film processing 
are the two dominant methods used to pattern microelectronic 
circuits. Recently, inkjetting of conductive polymers has also 
been used for microelectronic patterning applications. Thick 
film and thin film processes for deposition of electronic struc 
tures are well-developed, but have limitations due to high 
processing temperatures or the need for expensive masks and 
vacuum chambers. Inkjetted conductive polymers have resis 
tivities that are approximately six orders of magnitude higher 
than bulk metals. Thus, the high resistivity of inkjetted con 
ductive polymers places limitations on microelectronic appli 
cations. One jetting technique disclosed in U.S. Pat. Nos. 
5,772,106 and 6,015,083 use principles similar to those used 
in ink jetting to dispense low-melting temperature metal 
alloys, i.e. solder. The minimum feature size attainable with 
this method is reported to be 25 microns. No mention, how 
ever, of deposition of pure metals on low-temperature Sub 
strates is mentioned. U.S. Pat. Nos. 4,019,188 and 6,258,733 
describe methods for deposition of thin films from aero 
solized liquids. U.S. Pat. No. 5,378,505 describes laser direct 
write of conductive metal deposits onto dielectric surfaces. 
Metal precursors were dropped or spin-coated onto alumina 
or glass Substrates and decomposed using a continuous wave 
laser. The Maskless Mesoscale Material Deposition (MDTM) 
apparatus, on the other hand, provides a method for the direct 
write of fine features of electronic materials onto low-tem 
perature or high-temperature Substrates. The as-deposited 
line features may be as Small as 10 microns, and may be 
treated thermally or treated using laser radiation. The MDTM 
process deposits liquid molecular precursors or precursors 
with particle inclusions, and uses a Subsequent processing 
step that converts the deposit to the desired state. The precur 
Sor Viscosity may range from approximately 1 to 1000 centi 
poises (cP), as opposed to inkjetted solutions, which are 
typically confined to around 10 cP. The MDTM process may 
also deposit aerosolized materials onto many Substrates with 
damage thresholds as low as 100° C., and is a maskless 
process that can run under ambient and inert environmental 
conditions. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a precision 
aerosoljetter for high resolution, maskless, mesoscale mate 
rial deposition of liquid and particle Suspensions in patterns. 
It is another object to provide a precision aerosol jetter that 
deposits electronic and biological materials with patterns in 
the range from about 10 microns to as large as several milli 
meters, while being relatively free of clogging and depositing 
on the orifice walls with the use of a sheath gas. It is another 
object to provide a precision aerosol jetter that uses aerody 
namic focusing to deposit a pattern onto a planar or non 
planar substrate without the use of masks. It is a further object 
to provide post-processing treatment of the Substrate ther 
mally or photochemically to achieve physical and/or electri 
cal properties near that of a bulk material. 

These, and other objects, are achieved by the present inven 
tion, which provides a precision aerosol jetter wherein an 
aerosolized liquid molecular precursor, particle Suspension, 
or a combination of both is delivered to a flowhead via a 
carrier gas. The aerosolized precursor combined with the 
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carrier gas forms an aerosol stream. The carrier gas is con 
trolled by an aerosol carrier gas flowrate. A virtual impactor 
may be used to reduce the carrier gas flowrate. The virtual 
impactor may be composed of one or many stages. The 
removal of the carrier gas in this manner concentrates the 
aerosolized mist. 
A heating assembly may be used to evaporate the aero 

Solized mist. A preheat temperature control is used to change 
the heating assembly’s temperature. The aerosolized mist 
may also be humidified to keep it from drying out. This is 
accomplished by introducing water droplets, vapor, or other 
non-water based material into the carrier gas flow. This pro 
cess is useful for keeping biological materials alive. 
The resulting aerosol stream enters the flowhead and is 

collimated by passing through a millimeter-size orifice. An 
annular sheath gas composed of compressed air or an inert 
gas, both with modified water vapor content, enters the flow 
head through multiple ports to form a co-axial flow with the 
aerosol stream. The sheath gas serves to form a boundary 
layer that prevents depositing of the particles in the aerosol 
stream onto the orifice wall. The aerosol stream emerges from 
the flowhead nozzle onto a substrate with droplets or particles 
contained by the sheath gas. 
The aerosol stream may then pass through a processing 

laser with a focusing head. An acousto-optic modulator con 
trols beam shuttering. 
A shutter is placed between the flowhead orifice and the 

Substrate in order to achieve patterning. The Substrate is 
attached to a computer-controlled platen that rests on X-Y 
linear stages. A substrate temperature control is used to 
change the Substrate's temperature. The Substrate may also be 
composed of biocompatible material. Patterning is created by 
translating the flowhead under computer control while main 
taining a fixed substrate, or by translating the Substrate while 
maintaining a fixed flowhead. 
A control module is used to modulate and control the 

automation of process parameters such as aerosol carrier gas 
flowrate, annular sheath gas flowrate, preheat temperature, 
and Substrate temperature. A motion control module is used to 
modulate and control the X-Y linear stages, Z-axis, material 
shutter, and laser shutter. 

A BRIEF DESCRIPTION OF THE DRAWINGS 

1. FIG. 1 is schematic of the MDTM apparatus. 
2. FIG. 2 is a side view of the MDTM flowhead. 
3. FIG. 3a is a drawing showing flow-control of a single 

stage virtual impactor. 
4. FIG. 3b is a drawing showing flow-control of a multi 

stage virtual impactor. 
5. FIG. 4 shows a silver redistribution circuit deposited on 

KaptonTM, with lines that are approximately 35 microns wide. 
6. FIG. 5 shows a laser decomposed RF filter circuit on 

barium titanate, in which VMTool is used to pattern and 
decompose a silver film deposited on a barium titanate Sub 
Strate. 

7. FIG. 6 is a schematic representation of a three-layer 
direct write inductor. 

A DETAILED DESCRIPTION OF THE 
PREFERRED AND ALTERNATIVE 

EMBODIMENTS 

General Description 

The present invention relates to apparatuses and methods 
for high-resolution, maskless deposition of liquid and particle 
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4 
Suspensions using aerodynamic focusing. An aerosol stream 
is focused and deposited onto any planar or non-planar Sub 
strate, forming a pattern that is thermally or photochemically 
processed to achieve physical and/or electrical properties 
near that of the corresponding bulk material. The process is 
termed MDTM, Maskless Mesoscale Material Deposition, 
and is used to deposit aerosolized materials with linewidths 
that are an order of magnitude Smaller than lines deposited 
with conventional thick film processes. Deposition is per 
formed without the use of masks. The term mesoscale refers 
to sizes from approximately 10 microns to 1 millimeter, and 
covers the range between geometries deposited with conven 
tional thin film and thick film processes. Furthermore, with 
post-processing laser treatment, the MDTM process is 
capable of defining lines as Small as 1 micron in width. 
The present invention comprises an apparatus comprising 

preferably an atomizer for atomizing liquid and particle Sus 
pensions, directing, preferably a lower module for directing 
and focusing the resulting aerosol stream, a control module 
for automated control of process parameters, a laser delivery 
module that delivers laser light through an optical fiber, and a 
motion control module that drives a set of X-Y translation 
stages. The apparatus is functional using only the lower mod 
ule. The laser module adds the additional capability of curing 
materials on low temperature Substrates. AeroSolization is 
accomplished by a number of methods, including using an 
ultrasonic transducer or a pneumatic nebulizer. The aerosol 
stream is focused using the MDTM flowhead, which forms an 
annular, co-axial flow between the aerosol stream and a 
sheath gas stream. The co-axial flow exits the flowhead 
through a nozzle directed at the substrate. The MDTM flow 
head is capable of focusing an aerosol stream to as Small as 
one-tenth the size of the nozzle orifice. Patterning is accom 
plished by attaching the Substrate to a computer-controlled 
platen. Alternatively, in a second configuration, the flowhead 
is translated under computer control while the substrate posi 
tion remains fixed. The aerosolized fluid used in the MDTM 
process consists of any liquid source material including, but 
not limited to, liquid molecular precursors for a particular 
material, particulate Suspensions, or some combination of 
precursor and particulates. 

Another embodiment of the present invention is the Direct 
Write Biologics (DWBTM) process. The DWBTM process is an 
extension of the MDTM process wherein biological materials 
are deposited in mesoscale patterns on a variety of biocom 
patible substrates. Like the MDTM process, an aerosol is first 
generated, and materials are deposited onto the desired Sub 
strate Surface. Stock solutions containing biological mol 
ecules such as functional catalytic peptides, extracellular 
matrix (ECM) and fluorescent proteins, enzymes, or oligo 
nucleotides have all demonstrated post-processfunctionality. 
A wide range of biological materials have been deposited 
using the direct-write method. Indeed, biomaterial aerosols 
containing biologically active molecules can be deposited 
into patterned structures to generate engineered substrates. In 
addition, possible whole cell deposition applications include 
embedded architecture tissue constructs and tissue-based bio 
sensor development. 

Applications of the MDTM process include, but are not 
limited to, direct write of circuits and devices for electronic 
applications, as well as the direct write of materials for bio 
logical applications. 
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nected solid after cooling. The ferrite deposition step is 
repeated several times to buildup the deposit to about 150 
microns. The ferrite line lengths are about 1500 mm long. A 
typical profile of the ferrite layer is shown in FIG. 6. 

The final step is to write conductive traces over the ferrite 
layer and connect them to the underlying traces to form the 
inductor coil 62. Since the flowguide head standoff distance is 
several mm, deposition overa mm-sized non-planar Surface is 
possible. 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(a)1 MHz. 
Direct Write Spiral 
The MDTM process has been used to form a direct write 

spiral, which shows the line definition and feature size capa 
bilities of the process. The spiral lines are 35 microns in 
diameter on a 60-micron pitch. The overall diameter of the 
coil is 2.0 mm. The start material is silver ink that was depos 
ited and then treated at 200° C. to chemically decompose the 
precursors and densify the deposit. In depositing this pattern, 
the substrate was translated beneath the deposition head at a 
speed of 10 mm/s. 
Other Applications 
The MDTM process can be used to perform a plethora of 

other applications. It can perform layerwise deposition of 
materials to form functional devices, such as multilayer 
capacitors, sensors, and terminated resistors. It has the capac 
ity to deposit multiple materials to form structures, such as 
interconnects, resistors, inductors, capacitors, thermo 
couples, and heaters, on a single layer. The MDTM process 
can deposit multilayer structures consisting of conductor pat 
terns and dielectric insulating layers, in which the conductor 
patterns may be electrically connected by conducting vias. It 
can deposit a passivation material to protect or insulate elec 
tronic structures. It can deposit overlay deposits for the pur 
pose of “additive trimming of a circuit element, Such as 
adding material to a resistor to alter its value. The MDTM 
process can also deposit these overlay deposits on top of 
existing structures, which is difficult to achieve with screen 
printing. 

In the area of novel microelectronic applications, the 
MDTM process can deposit materials between preexisting 
features to alter a circuit or repair broken segments. It can 
deposit metal films with tapered linewidths for devices, such 
as a stripline antennae. It can also deposit material to form 
“bumps” for chip attachment. The MDTM process can 
deposit adhesive materials to form dots or lines for applica 
tion to bonding multiple substrates and devices. The MDTM 
process can also deposit materials into underfill regions, in 
which the deposit is pulled into the underfill region by capil 
lary forces. 

In a printing application, the MDTM process can deposit 
three-dimensional patterns to fabricate a master stamp. It can 
also deposit colored pigments (e.g. red, green, blue) to gen 
erate high resolution colored deposits. 
The MDTM process may also be used in several optoelec 

tronic applications, and can deposit transparent polymers into 
lines and dots to serve as lenses and optical conductors. It can 
also deposit repetitive structures, such as lines and dots, to 
refract or reflect light and to serve as diffractive optical ele 
ments, such as diffraction gratings or photonic bandgaps. It 
can deposit metal and dielectric films with tapered film thick 
ness, in which the films can serve as optical phase retarders 
that can encode holographic information into light beams. 
Examples of this are phase shift masks, diffractive optical 
elements, and holograms. The MDTM process can also 
deposit metal and opaque films of variable thickness for con 
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12 
trolled reflection and absorption of light. Such a process can 
be used to make high-resolution portraits. 
The MDTM process can deposit materials that formather 

mal or chemical barrier to the underlying Substrate. It can 
deposit materials that have a primary function of bearing a 
load, reducing friction between moving parts, or increasing 
friction between moving parts. It can also deposit materials 
used to form memory devices. Further, the MDTM process 
can deposit materials that form a logic gate. 
10. Direct Write Biological (DWBTM) Applications 
The DWBTM initiative may be applied to material deposi 

tion applications including biosensor rapid prototyping and 
micro fabrication, micro array bio-chip manufacturing, bio 
inspired electroactive polymer concept development (ambi 
ent temperature bio-production of electronic circuitry), and 
various additive biomaterial processes for hybrid BioMEMS 
and Bio-Optics. Moreover, the ability to deposit electronic 
and biologically viable or active materials with mesoscale 
accuracy has potential to advance these application areas. 
The MDTM process can also be used to deposit multiple 

materials in a dot-array geometry for biological applications, 
Such as for protein and DNA arrays. It can deposit passivation 
material to protectorinsulate biological structures. It can also 
deposit an overlay material onto an existing structure that 
selectively allows migration of certain chemical or biological 
species to the existing structure while preventing the passage 
of others. Further, the MDTM process can deposit materials 
containing a chemical or biological species that is released as 
a function of time or an internal or external stimulus. 

11. Topological Deposition 
The MDTM process can perform various topological depo 

sitions. For example, it can deposit spots, lines, filled areas, or 
three-dimensional shapes. It has the capability to perform 
conformal deposition over curved Surfaces and steps. It can 
deposit into channels or trenches, or onto the sides of channel 
walls. It can deposit into via holes as Small as 25 microns. 
The MDTM process can deposit across multiple substrate 

materials. It can deposit longitudinally or circumferentially 
around cylindrically-shaped objects. It can also deposit both 
internally or externally onto geometrical shapes having flat 
faces that meet as sharp corners, such as cubes. The MDTM 
process can deposit onto previously deposited material. It can 
also deposit films with variable layer thickness. Further, the 
MDTM process can deposit films or lines with variable 
widths. 

CONCLUSION 

Although the present invention has been described in detail 
with reference to particular preferred and alternative embodi 
ments, persons possessing ordinary skill in the art to which 
this invention pertains will appreciate that various modifica 
tions and enhancements may be made without departing from 
the spirit and scope of the Claims that follow. The various 
configurations that have been disclosed above are intended to 
educate the reader about preferred and alternative embodi 
ments, and are not intended to constrain the limits of the 
invention or the scope of the Claims. The List of Reference 
Characters which follows is intended to provide the reader 
with a convenient means of identifying elements of the inven 
tion in the Specification and Drawings. This list is not 
intended to delineate or narrow the scope of the Claims. 
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opaque film; a thermal or chemical barrier to the underlying 
Substrate; a chemical or biological species which is time 
released or released in response to a certain internal or exter 
nal stimulus; and a film or line comprising a variable lin 
ewidth. 

24. The apparatus as claimed in claim 23 wherein the 
electrical interconnect comprises a linewidth between about 
10 microns and about 250 microns. 

25. The apparatus as claimed in claim 23 wherein the spiral 
antenna comprises silver and the Substrate comprises a ploy 
imide film. 

26. The apparatus as claimed in claim 23 wherein the 
overlay deposit is used for additive trimming of a circuit 
element and/or is disposed on top of an existing structure. 

27. The apparatus as claimed in claim 23 wherein the metal 
film comprising a tapered linewidth is used for a stripline 
antenna. 

28. The apparatus as claimed in claim 23 wherein the 
colored pigments comprise red, green, and blue pigments 
and/or are used in a high resolution display. 

29. The apparatus as claimed in claim 23 wherein the 
patterned transparent polymer comprises lines and or dots 
and forms a lens or an optical conductor. 
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30. The apparatus as claimed in claim 23 wherein the 

periodic optical structures refract and/or reflect light and form 
a diffractive optical element. 

31. The apparatus as claimed in claim 30 wherein the 
diffractive optical element comprises a diffraction grating or 
a photonic bandgap. 

32. The apparatus as claimed in claim 23 wherein the 
overlay deposit is used for additive trimming of a circuit 
element and/or is disposed on top of an existing structure. 

33. The apparatus as claimed in claim 23 wherein the 
variable thickness metal and/or opaque film controls reflec 
tion and absorption of light. 

34. The apparatus as claimed in claim 33 wherein the 
variable thickness metal and/or opaque film is used in a high 
resolution portrait. 

35. The apparatus as claimed in claim 1 wherein the mate 
rial is deposited in one or more ways selected from the group 
consisting of into a channel or trench, on the side of a channel 
wall or trench wall, conformally over a curved surface, con 
formally over a step, into a via hole, across multiple substrate 
materials, and longitudinally or circumferentially around a 
cylindrically-shaped object. 

k k k k k 


