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INK-JET AS DIRECT-WRITE TECHNOLOGY
FOR FUEL CELL PACKAGING AND
MANUFACTURING
Virang G. Shah, Donald J. Hayes, and David B. Wallace
MicroFab Technologies, Inc., Plano, Texas, USA

INTRODUCTION
Ink-jet printing is being widely used and seriously considered for
dispensing and printing a variety of materials. It can reproducibly dispense
spheres of fluid ranging from 25 to 125 µm in diameter (8 pL to 1 nL) at
rates up to 25 kHz on-demand, and 1 MHz for continuous droplet generation. Piezoelectric dispensing technology is suitable for a wide range of
material dispensing, such as liquid metals, dispersions of metal nanoparticles, electrical, and optical polymers, sealants and adhesives. The digital
nature of the technology has many advantages over more conventional,
subtractive and analog processes. Ink-jet-based printing requires no tooling, is noncontact and is data driven: no mask or screens are needed and
the printing information is created directly from CAD or similar formats
and stored digitally. It is also environmentally friendly being an additive
process, generating little waste. In this chapter it will be shown how ink-jet
printing could be used to create electrodes, deposit electrocatalyst, print
polymer electrolyte membranes and apply sealants either as glass frits or
adhesives. Some of these applications have been demonstrated for fuel cells
and others have been used in related microelectronic devices.

HISTORY
Over the past almost half a century ink-jet printing technologies have
been developed for low-cost, high quality office and home printers, for
industrial marking applications, and for novel applications such as printing displays based on light emitting polymers, printing drug loaded polymers onto vascular stents, and printing conductive lines as current
collectors on photovoltaic cells. Small office and home office (SOHO)
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market segment has been dominated by color ink-jet printers in last
several years. Most packaged consumables such as snack foods, soft
drinks, and drugs have manufacturing date, expiry date and lot codes
printed on them using industrial ink-jet printers. Another industry that
widely uses ink-jet printers is packaging by printing bar codes on card
board boxes, enabling automated inventory management. But the fastest
growing segment of the ink-jet printing industry is the large format
printers that are utilized in printing low-cost, quick turnaround signs.
As early as late 1960s [1], the potential of ink-jet printing technology
as a digital, high-resolution, noncontact, direct-write material deposition
method was recognized. During the 1980s, electronic manufacturing,
medical diagnostics, solid free-form applications were the drivers behind
initial developments of ink-jet technology for novel applications. In last
decade, emergence of hand held devices, human implantable devices,
micro-electromechanical systems (MEMS) devices have been the driving
forces in the adoption of ink-jet printing technology.
This chapter is intended to provide a broad overview of ink-jet printing technology as a low-cost, direct-write printing technology for mass
production. We will start with a general description of ink-jet printing
technology, the physics behind droplet generation methods, and important characteristics of these methods. This will be followed by the discussion of fluid property requirements, pattern printing (i.e., fluid/substrate
interaction), and throughput. Specific examples of ink-jet deposition in
electronics application will then be discussed in detail. Finally, a discussion of commercially available ink-jet systems and future trends will
conclude the chapter.

BACKGROUND ON INK-JET TECHNOLOGY
Continuous Mode Ink-Jet Technology
The phenomena of uniform drop formation from a stream of liquid
issuing from on orifice were noted as early as 1833 by Savart [2] and
described mathematically by Lord Raleigh [3,4] and Weber [5]. In this type
of system that is based on their observations, fluid under pressure issues
from an orifice, typically 40–80 µm in diameter, and breaks up into uniform drops by the amplification of capillary waves induced onto the jet,
usually by an electromechanical device that causes the pressure oscillations to propagate through the fluid. The drops break off from the jet in
the presence of an electrostatic field called the charging filed, and thus
acquire an electrostatic charge. The charged drops are directed to their
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desired location – either the catcher or one of several locations on the
substrate – by another electrostatic field, the deflection field. This type of
system is generally referred to as “continuous” because the drops are
continuously generated and their trajectories are varied by the amount of
charge applied. A fairly extensive theoretical and experimental analysis
of continuous ink-jet devices, particularly the process of disturbance
growth on the jet that leads to drop formation, has been done [6,7].
Continuous mode ink-jet printing systems produce droplets that are
approximately twice the orifice diameter of the droplet generator. Droplet
generation rates for commercially available continuous mode ink-jet
systems are usually in the 80–100 kHz, but systems with operating frequencies up to 1 MHz are in use. Droplet size can be as small as 20 µm in
a continuous system, but 150 µm is typical. Droplets as large as 1 mm
(~0.5 µl) have been observed.
Figure 11-1 shows a schematic of this of ink-jet printing system and
Figure 11-2 shows a photomicrograph of 50-µm diameter jet of water issuing from a droplet generator device and breaking up due to Raleigh instability (i.e., continuous mode ink-jet) into 100-µm diameter droplets at 20,000 s−1.
Continuous Ink-Jet Technology
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Figure 11-1. Schematic of a continuous type ink-jet printing system

Figure 11-2. A 50-µm diameter jet of water breaking up into 100-µm droplets at 20 kHz
due to Raleigh instability
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Continuous mode ink-jet systems are widely used in industrial market,
mainly for product labeling of food and medicines. They have high
throughput capabilities, especially array continuous mode systems, and
are best suited for high duty cycle applications. Few continuous ink-jet
systems are multicolor (multifluid) but two-color systems are in use.
This approach is suitable for high-speed coverage of relatively large
areas since drops up to 0.5 mm in diameter may be generated at rates up
to 1 MHz.

Demand Mode Ink-Jet Technology
In the 1950s, Hansell observed the production of drops by electromechanically induced pressure waves [8]. In this type of system, a voltage
pulse applied to a piezoelectric material that is directly or indirectly coupled to the fluid, at ambient pressure, induces a volumetric change in the
fluid. This volumetric change creates pressure/velocity transients within
the fluid that are directed so as to produce a drop from an orifice [9–11].
Since the voltage is applied only when the drop is needed, these types of
systems are called “drop-on-demand” or “demand mode.”
The “drop-on-demand” (DOD) system as shown schematically in
Figure 11-3 is a more widely used and simpler approach for smaller drop
(20–100 µm) and lower frequency (up to 20 kHz) printing applications.
Figure 11-4 shows a MicroFab DOD ink-jet device generating 60-µm drop
of butyl carbitol from a 50-µm orifice device at 2,000 s−1.
The DOD device produces drops that are approximately equal to the
orifice diameter of the droplet generator [12]. As shown in Figure 11-3, a
DOD system is conceptually much less complex than continuous mode
systems but requires the transducer to deliver three or more orders of
Demand Ink-Jet Technology
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Figure 11-3. Schematic of a drop-on-demand ink-jet system
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Figure 11-4. Drop-on-demand type ink-jet device generating 60-µm diameter drops at 2
kHz. Sequence from left to right show drop in-flight at different times spanning 130 µs

magnitude greater energy to produce droplets compared to continuous
mode. There are many “elegant,” complex array demand-mode printhead
designs [13–16]. Figures 11-5 and 11-6 show 10- and 12-fluid array printheads developed by MicroFab for dispensing a range of biological fluids
such as DNA, amino acids, proteins, and enzymes.
In many commercially available demand-mode ink-jet systems today, a
thin-film resistor is substituted for the piezoelectric transducer. When high
current is passed through this resistor, the ink in contact with it is vaporized, forming a bubble over the resistor [17]. This vapor bubble serves the
same function as the piezoelectric transducer. This type of printer is
referred to as a thermal ink-jet printer.

Figure 11-5. A 10-fluid array printhead
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Figure 11-6. A 12-fluid array printhead

One of the characteristics of ink-jet printing technology that makes it
attractive as precision fluid microdispensing technology is the repeatability of process. The images of droplets shown in Figures 11-2 and 11-4
were created by illuminating the droplets with an LED that was pulsed at
the droplet generation frequency. The exposure time of the camera was ~1
s, so that images represent thousands of events superimposed on each
other. The repeatability of the process results in an extremely clear image
of the droplets, making it appear to be a photograph taken by a high speed
camera. To further illustrate the point, Figure 11-7 shows two 60-µm diameter jets of water being caused to merge into a single droplet stream of
120-µm diameter droplets.

Figure 11-7. Two steams of 60-µm droplets merging into a single droplet of 120-µm at
20 kHz
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FLUID REQUIREMENTS
General fluid property requirements are:
●
●

Viscosity – Newtonian and less than 40 cP
Surface tension – greater than 20 dynes cm−1

Very low viscosities can lead to satellite formation and lack of acoustic
damping but organic solvents such as methanol with viscosities less than
that of water (1 cP) can be jetted. Very high surface tension presents unique
challenges, but the solder discussed in “Fuel Cell Related Materials
Printing” has surface tension greater than 400 dynes cm−1, or roughly six
times that of distilled water.
The above-mentioned properties are required at the orifice, if the fluid
is heated or cooled. Higher viscosities are tolerated in fluid delivery system if this does not create a pressure drop that limits the desired maximum frequency. For high density fluids such as molten metals, the fluid
properties should be converted to kinematic values to determine if The
fluid properties are acceptable for dispensing.
The fluid requirement of Newtonian behavior is not strict but the fluid
properties at the orifice flow conditions must me less than 40 cP. Thus
shear thinning fluid could have shear rate viscosity much higher than 40 cP.
Viscoelastic behavior causes significant performance problems by increasing the amount of deformation the fluid can withstand without breaking
off from the orifice. This is illustrated by the lubricating wax shown in
Figure 11-8 which forms a tail that atomizes instead of being pulled up into
the main drop. Compare this with drop formation shown in Figure 11-4.
Dispersion of particles, such as metal nanoparticles, is acceptable as
long as the particle/agglomerate size and density do not cause it to depart
from the fluid properties range mentioned above. Particles that are greater

Figure 11-8. Drop formation for a non-Newtonian fluid. Compare that to Figure 11-4
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Figure 11-9. Human liver cells >10 µm being dispensed in an aqueous buffer

than 5% of the orifice diameter (e.g., human liver cell, see Figure 11-9) will
cause at least some instability in drop formation behavior, but still may be
acceptable in low concentration.
The “window” of fluids and suspension that can be dispensed has been
stretched by heating, cooling, stirring, preoscillating, diluting, purging
and wiping, and other methods. However, this operating window is
unavoidably narrowed as orifice diameter decreases, frequency increases,
and number of jets in an array increases.
The range of fluids that have been dispensed using ink-jet technology is
quite impressive, given the fluid property restrictions just described. And
that range keeps increasing as researchers come up with ways to modify
materials/molecules to make them suitable for ink-jet technology. Table 11-1
lists specific materials that have been dispensed using ink-jet technology.
Some of the materials on the list have wide latitude in their formulations,
and hence represent a broad class of materials. Metals, oligonucleotides, and
precursor formulations used for chemical synthesis (e.g., peptides, DNA)
represent a class of fluids for which there is less latitude in modifying the
fluid formulation to adapt to an ink-jet dispensing method.

PATTERN FORMATION: FLUID/SUBSTRATE
INTERACTION
In most cases, except where it is used to meter the fluid, ink-jet deposition processes are used to produce a desired pattern of material(s) onto a
substrate. The crucial part in the development of all ink-jet printing processes
is the interaction between and optimization of fluid formulation, jetting
parameters (waveform timings and amplitude, drop size and velocity, and
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Table 11-1. Materials dispensed using ink-jet technology
Electronic/optical materials
Fluxes (low solids and tacky)
Photoresists
Dielectrics, epoxies
Polymers (light emitting and conductive)
Organometallics
Cyanoacrylates
Fuel cell related materials
Noble metals (Pt, Pd) for electrocatalysts
Nafion® solutions
Metal nanoparticles (Ag, Au, Cu)
Pb-free and Sn/Pb solders
Sealants – glass frits or adhesives
Other particle suspensions
Phosphors
Ferrites, other oxides
Pigments
Cells
Teflon
Latex spheres
Organic solvents
Alcohols
Ketones
Aliphatics
Aromatics (xylene, toluene)
Polar solvents (NMP, DMF, DMSO)
Biological fluids
Enzymes
Biodegradable polymers (PEG, PLA)
Lipids
Amino acids
Nucleic acids
DNA
Proteins (antibodies and antigens)
Drug-loaded polymers
Others
Thermoplastics
Thermosets
Sol–gels
Acrylics
>1 M salt solutions

frequency), substrate characteristics (surface energy, roughness, cleanliness),
printing grid(dpi), and printing sequence(overprinting, interleaving, printing
sequence for more than one fluid) for a given application. For traditional
ink-jet printing of liquid on paper, the porosity of the paper and the low viscosity of the ink represented a major challenge in the initial development of
printers. Rapid spreading of the ink through the fiber can cause the dot size
to become much larger(dot gain) than the drop size, causing the optical density of the spot to decrease and resulting in irregular spots that degrade the
quality of lines, characters or pictures one is trying to print. The widespread
acceptance of ink-jet printers was made possible by optimizing ink formulations that produced good quality prints on a wide variety of papers.
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Use of ink-jet technology for printing of fuel cell components and
packaging presents most of the same fluid/substrate interaction issues.
The printing of Nafion®, metal catalyst (e.g., Pt), solder, electrodes, etc.
requires deposition of liquid onto a nonporous substrate (similar to printing an overhead transparency). For desired resolution, it is essential to
control the spreading of the material.
Phase change inks (Tektronix and Dataproducts printers) were developed for conventional ink-jet printers precisely for this reason because
they solidify quickly upon impact. For fuel cell manufacturing, printing
solder for interconnects is a notable example of phase change material.
Figure 11-10 illustrates a solder drop that has been deposited in molten
form and solidified after impact. The ridges are produced by freezing the
oscillations that occur due to impact [18]. The control of the spreading
due to solidification is a feature of phase change materials if one is trying to limit spreading and obtain the smallest spot for a given drop size.
However, if one is trying to form a uniform layer, solidification into a
bump is a problem.
At the other end of spectrum, many organic liquids, such as isopropanol, acetone, and benzene, have very low viscosity, low surface tension/low contact angle, and are volatile. These types of fluids spread
quickly due to their low viscosity and ability to wet most surfaces.
Depending on the application this could be either a feature or a problem
just like phase change material’s inability to spread. If one is trying to
print a conductor using organometallic inks or create a pixel in a light
emitting polymer display, spreading is definitely a problem. In many
cases, surface features, such as wells commonly used in phosphor-based
displays, provide a barrier to spreading, and help define the feature size.

Figure 11-10. A 60-µm solder bump deposited as a liquid onto copper using ink-jet
printing technology. Left is model
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In other cases, surface treatments such as application of low wetting coating or plasma cleaning are used to control the spreading by modifying the
surface energy.
Volatility of solution with dissolved or suspended particles can cause
operational difficulty, and drying is one of the most common failure
modes with office and home ink-jet printers. In addition, for many ink-jet
printing based applications volatility can cause nonuniform distribution
of the solid on the substrate after drying [19], similar to the ring coffee
stains form on fabric. There are many solutions to this problem: using
cosolvents that are of lower volatility, covalent binding of the solid to the
substrate, etc. Figure 11-11 shows a 75-µm light emitting polymer spot
with nonuniform distribution of solid due to solvent volatility.
Pattern generation in its simplest form can be the selection of pixel size
and spacing and then using ink-jet dispenser to fill up the desired pixel. In
case of vector printing, simply selecting the spacing between drops along
a line, as illustrated by the flux printing in Figure 11-12. However, there
are techniques that can be used to increase the print quality: rows of spots
are interleaved for high coherent errors from a single jet, multiple passes are
printed over an area to increase color saturation of the printed area, and
operating frequency is reduced for high-quality printing. All these techniques have applicability to printing fuel cell components and in packaging
of fuel cells.

Figure 11-11. A 75-µm light emitting polymer spot with nonuniform distribution of solids
due to solvent volatility
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Figure 11-12. Low solids flux spots, ink-jet printed as dots and lines

THROUGHPUT CONSIDERATION
As discussed earlier, droplet generation rates for continuous and
demand mode ink-jet technologies are on the order of 80 and 8 kHz,
respectively. For office printers, the nominal throughput would be determined by combination of maximum droplet rate, number of orifices in
the printhead, and the required printing resolution. Some of the same
considerations will determine the throughput for printing fuel cell components. If multiple drops are required per spot, as is the case with some
of the microoptics applications, then the printhead will normally move to
a location and stop before dispensing required number of drops at that
location. This is called printing-on-position. The acceleration of the
moving stage(s) and the spacing between dispenses limits the effective
maximum throughput to about four dispenses per second for most printing applications.
Even for print-on-fly method in which printing occurs while printhead
is in motion, the way office printers works, the effective dispensing rate
can be far below the maximum. If the distance between the printing sites
is large (e.g., >200 µm), translational speed limits may be encountered
before drop generation limits are encountered.
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FUEL CELL RELATED MATERIALS PRINTING
SolderJet for Interconnect
There is a realization that the next generation packaging technology
will require materials with enhanced properties and advanced manufacturing processes to address the rapidly decreasing dimensions and cost
expectations [20]. Ink-jet printing is one method used to deposit materials
such as solder (SnPb as well as Pb-free) for ever decreasing pitch and
ball/bump size requirements, and its use has been explored by several
organizations [21,22]. Continuous-mode metal jetting technology has
been developed by the industry [23], academia[24,25], and national labs
[26] as very high throughput method of depositing solder bumps or producing metal spheres for pick and place method (see Figure 11-13).
Demand-mode solder jetting systems using both electrodynamic [27,28]
and piezoelectric [29,30] transducers have been developed to overcome the
drawbacks of continuous-mode systems namely long flight paths and
large material usage due to waste of unused drops. The main challenge in
developing demand-mode piezoelectric ink-jet devices is its ability to
operate at temperatures above 200°C. Unique drive waveforms have been
used in addition to selecting materials, designs, and assembly processes
that are compatible with the high operating temperatures for the ink-jet
devices [31].

Figure 11-13. 90-µm spheres of Sn/Pb solder formed at 8 kHz and 220°C using continuous-mode ink-jet technology
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Operating characteristics for solders dispensed using demand-mode
ink-jet systems include solder sphere generation with diameters of 25–110
µm; drop generation rates up to 400 Hz on demand; similar rates of deposition onto pads; and operating temperatures to 320°C. The solder
dispensed has been primarily eutectic 63Sn/37Pb and Pb-free 96.5Sn/3Ag/
Cu, but a number of other solder alloys have been demonstrated including high lead (95Pb/5Ag), other Pb-free solders (96.5Sn/3.5Ag, indium,
52In/48Sn), and low-temperature bismuth.
Solder bumps as small as 25 µm on 35 µm have been demonstrated.
Figure 11-14 also shows solder towers that can be printed by dispensing a
“burst” (more than one) of drops that stack up as tower.
Figure 11-15 shows eutectic solder bumps placed onto a 18 × 18 test
substrate with 100-µm diameter pads on 250 µm centers. The solder volume deposited per pad is equivalent to a drop diameter of 100 µm. The
solder bumps acquire the shape shown in Figure 11-15 is a result of rapid
solidification [18]. The bumps were placed at the rate of 400 s−1 by rastering the substrate in the horizontal direction of the rows of solder bumps.

Figure 11-14. 25-µm bumps of Sn/Pb solder on 35-µm centers; Right is 24-µm solder
towers

Figure 11-15. 100-µm solder bumps placed on 10-µm pad at 250 µm centers at 400 bumps
per second
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The average placement accuracy achieved in this these tests is 10 µm which
is close to the accuracy limitations imposed by the motion and alignment
systems of the printing platform used.
Solder jet system, being a data driven system, has the ability to control
the drop volume at a given location by varying the number of drops
placed at that location. In addition, unique waveforms can be employed to
modulate the volume of a drop over an approximately 2:1 diameter (8:1
volume) range. Figure 11-16 shows a solder jet device generating 62-µm
diameter droplets of solder at a rate of 120 s−1.
A few moments later the same device is shown (see Figure 11-17) to generate much larger drops. This is achieved by applying a drive waveform that
extends the drop formation process over a significantly longer time period.
The diameter is increased, in this case, to 106-µm. The volume modulation
using this method is continuous over the entire range of achievable volumes.
This capability gives Solder Jet® technology a unique advantage to change
the drop volume using software control, either for product changeover, or
for application requiring variable-sized bumps onto a single substrate.
Ideally, a single drop per site is used in electronic and photonic assembly applications employing Solder Jet® technology in order to maximize
throughput. However, multiple drops may be dispensed at a single site to
increase the drop volume. Figure 11-18 shows an array of solder towers
created by dispensing fourteen 50-µm diameter drops on top of each other

Figure 11-16. Solder droplet generation at two different times during the process. Drop size
is 62-µm and drop rate is 120 Hz
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Figure 11-17. Drop formation process for same device shown in Figure 11-16, but using an
extended waveform. Drop size is 10-µm and drop rate is 120 Hz

Figure 11-18. Solder towers created by dispensing fourteen 50 µm diameter droplets on top
of each other at 240 Hz

at a rate of 240 Hz. In this case, individual droplets have frozen before the
impact of the next drop creating a tower like structure.
With mandates such as Regulations of Hazardous Substances (RoHS),
Waste from Electrical and Electronic Equipment (WEEE) companies
worldwide involved in electronic manufacturing are scrambling to meet
the deadlines. Keeping those regulations in mind, and to help companies
involved in electronics assembly meet those regulations and deadlines
MicroFab started developing Pb-free solder processes a few years ago. We are
currently offering a well developed process using 96Sn/3.5Ag/Cu solder
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Figure 11-19. Pb-free wafer bumping with 85-µm bumps printed on-the-fly (top) and in
profile (bottom)

alloy for electrical and electronic assembly. Figure 11-19 illustrates a wafer
that has been bumped using this Pb-free solder.

Embedded Passives
The need for passive components in today’s electronic products has
gone up dramatically. The reasons are many but principally due to
increased functionality and higher performance requirements. Also, the
drive to push the overall cost down, increase the reliability and miniaturization of products have motivated many OEMs to consider embedding
passive components such as resistors, capacitors and inductors. A number
of technologies, including ink-jet technology, are being explored to directwrite passive components. Many of the elements involved in printing passives similar to those used in printing fuel cell components.
Resistors
As a part of National Institute of Standards and Technology’s Advanced
Technology Project [32] resistive polymer solutions and dispersions (aqueous
and organic solvent based) were dispensed to form embedded resistors on
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the inner layers of a multilayer printed circuit boards. The data-driven nature
of ink-jet printing allows the formation of precise geometries at any location
on the printed wiring board inner-layer (see Figure 11-20). Some of the resistive materials printed used carbon nanotubes as the conductive elements.
The breadth of applications of this technology is only limited by the availability and environmental stability of the printing ink materials.
Capacitors and Inductors
Capacitors and inductors can be formed onto surfaces (not necessarily
planar) using ink-jet printing processes by creating local 3D structures.
Figures 11-21 and 11-22 schematically illustrate one method of printing
capacitors and inductors. For a capacitor, bottom electrode, dielectric, and
top electrode are printed successively, and this process could be repeated
for a multilayer capacitors. Both the area and thickness of the dielectric
could be varied to select the value of the capacitance.

Figure 11-20. Embedded polymer resistors ink-jet printed using a polymer solution. Printed
resistors were <100 Ω per square. Resistors are in size ranging from 125 µm to ~1 mm
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Figure 11-21. Steps for direct write inductor fabrication

Figure 11-22. Steps for direct-write capacitor fabrication
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For an inductor, a center electrode, ferrite layer and conductor coil are
printed. The inductance could be varied by changing the number of turns
of the printed coil.
The challenge to put this rather straightforward concept into practice
lies in materials required to make capacitors and inductors of practical
value. More recently, organometallics and metal nanoparticle (e.g., Ag,
Au, and Cu) have been printed as conductor with acceptable results.
A number of commercial companies and organizations worldwide are selling Ag nanoparticle inks including Cabot, Ulvac, and Cima Nanotech.
Finally, most high-capacitance (e.g., Ba1−xCaxTi1−yZryO3), and high inductance materials (e.g., Ni–Zn or Mg–Zn ferrite powders) are ceramics that
are sintered at high temperature. Despite these materials difficulties, some
progress has been made in ink-jet printing of capacitors and inductors.
Figure 11-23 illustrates 250-µm wide Ag nanoparticle lines ink-jet printed
onto ferrite nanoparticle layer, which was also ink-jet printed. Since the
conductor lines are printed parallel in this configuration, they would have
to mate with crossover conductor lines in a layer below the ferrite in order
to form a spiral conductor path. Ag conductive lines as small as 25-µm
have been reported. 47-µm wide Ag nanoparticle lines printed onto a glass
slide at room temperature are shown in Figure 11-24.
Batteries
Recently, there is a growing interest in making batteries that conform
to the shape of the product in which they are employed. This interest is
further fueled by the ability of some direct-write technologies such as

Figure 11-23. 250-µm wide Ag nanoparticle lines ink-jet printed onto ferrite nanoparticle
layer (also ink-jet printed)
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Figure 11-24. 47-µm wide silver nanoparticle lines printed on glass slide at room temperature; dot spacing 115-µm

ink-jet to print onto nonplanar surfaces, for example, helmet of a soldier,
remotely piloted airplane structure, smartcards, radio frequency identification (RFID) tags. DARPA funded mesoscopic integrated conformal
electronics (MICE) project was to direct write a range of electronics
components including conformal batteries [33].
Batteries could be printed using ink-jet technology as illustrated in
Figure 11-25. First, an organometallic or metal nanoparticle ink is printed
to form metal current collectors. Next, LiCoO2 is printed onto cathode

Figure 11-25. Schematics of direct-write battery fabrication
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conductor and a carbon-filled polymer is printed onto the anode. Finally,
the electrolyte is printed covering both anodes and cathodes. The capacity
of the printed battery could be varied by changing the total area printed,
and unique shapes and patterns can be printed to conform to the features
of the substrate.
Spacers
The high-temperature demand mode ink-jet process used in printing
UV-curing polymer microlenses can be used to create highly controlled
spacers in flat panel displays. Figure 11-26 shows an example of printed
spacer bumps that would meet the physical and thermal (in excess of
200°C) durability requirements for flat panel displays. Bumps as small as
25 µm diameter and 10 µm high can be created, and bumps this size or
larger would span the requirements for most spacers in displays.
For spacers, the key parameter to control is the height of the
deposited droplets. Height is determined by droplet volume and the
degree of spreading which occurs on the substrate prior to solidification
and curing. Volumetric control for demand mode ink-jet printing is usually better than 2% (range) for well behaved fluids. The spreading of
deposited material may also be controlled by the use of low-wetting coatings on the target substrates to provide specific contact angles and, additionally, by varying substrate temperature to adjust fluid viscosity prior
to solidification.

Figure 11-26. Array of 95-µm diameter, 34-µm high, spacer bumps in substrate plane (top)
and in profile (bottom)
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Adhesives
The printing of adhesives for sealing and bonding of LCD cells can be
accomplished by ink-jet printing. Line patterns are printed from data files
and aligned to substrate fiducials. The width and height of the cross section
of each printed line is determined by the specified spacings of the deposition sites and number of droplets deposited per site, as seen in Figure 11-27.
Glass Frits
For over 40 years the semiconductor industry has used glass frits to
hermetically seal ceramic cavity packages. Initially these seals were developed for high reliability MIL-STD Packaging. The sealing glasses which
contained a glass frit and a binder were coated onto the lid of the package. The glass was selected to best match the thermal expansion of the
package/lid combination. The binder was thermally removed before a
thermo-compression seal was formed.
Currently, sealing glasses are used not only for ceramic packages but
also for sealing flat panel displays, wafer level MEMS packages and sealing the chambers of solid oxide fuel cells (SOFC). Today the materials are
developed to match the requirements of the specific applications. For
SOFC, the seal materials contain glasses based upon the alkaline
earth–zinc–silicate system, oxides to control crystallization, oxides to tailor thermal properties at high temperature and special binder systems. The
glass and oxide particles in these systems can be made to less than 4 µm,
with some of the oxide powders in the nanorange. At these sizes they can
be put in dispersions and made into an ink-jet ink.

Figure 11-27. Ink-jet printed thermoset epoxy lines (top 300-µm wide), made by depositing 60-µm drops at 125°C; site spacing (Sp), number of drops in horizontal (X) and vertical
(Y) directions, and number of droplets per site (Z) are as indicated
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Today, ink-jet printing can be used to deposit a glass frit ink with significant advantages in many applications. Finer lines can be printed which
reduces the real-estate used-up in the bonding process, this is especially
important in wafer-level bonding. Noncontact printing enables printing
on structures not possible with screen or stencil printing. In SOFC multiple single layer cells are stacked to form the final fuel cell. These ceramic
layers need to be sealed to a ceramic housing to finish the assembly.
Coating glass frit on the edges of each layer in the assembly can be performed with noncontact printing. The exact benefit of noncontact printing in the assembly depends upon the material systems being used and the
architecture of the SOFC.

Fuel Cell Components
Fuel cells are major focus in energy and power research because they
are practically emission free and quiet. In last several years, government
and industry has shifted emphasis from battery-powered electric vehicle to
fuel-cell powered vehicles as part of government’s Clean Air Initiative.
In last few years there has been considerable amount of activity in
using ink-jet technology for printing different components of a fuel cell
particularly those for polymer electrolyte membrane fuel cell (PEMFC)
and direct methanol fuel cell (DMFC). The various components reported
to have been printed using ink-jet are as follows:
(a) Platinum electrocatalyst
(b) Fuel cell membrane using Nafion® solutions
(c) Anode and cathode
Figure 11-28 illustrates the different fuel cell components that have
been reported printed by researchers in academia as well as industry using
ink-jet technology.
The drive behind using a direct-write technology such as ink-jet is its
potential to scale the technology up from R&D to production level once
the materials and processes are optimized. Also, this technology waste
little material (e.g., printing Pt catalyst) making it a low-cost alternative to
conventional processes such as spin coating and screen printing.
Electro-Catalysts
A key to widespread use of fuel cells as a power source is highperformance, low-cost manufacturable electrocatalyst. Ink-jet technology
has been used in library preparation for methanol fuel cell catalysts discovery at Penn State University and Illinois Institute of Technology [34].
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Figure 11-28. Schematics of a PEM fuel cell

Using a modified Epson ink-jet printer, they printed metal salt solutions
of platinum, rhodium, osmium, ruthenium, and iridium to form 220 compositions in the phase space of ternary and quaternary alloys of these
metals. They were converted to metallic form after printing the metal salt
solutions and screened for performance using a pH-sensitive fluorescence
indicator. This led to identification of new fuel cell catalysts Pt62Rh25Os13
and Pt44Ru41O10Ir5, which provided 40% higher current densities.
Also, a group of researchers at University of Texas at Austin used inkjet for rapid screening of non-platinum electrocatalysts such as Pd–Ti and
Pd–Co–Au which show electrochemical performance similar to that found
with commercial platinum catalysts [35].
Figure 11-29 shows a schematic illustrating how ink-jet printing technique can be employed to discover new and better performing electrocatalysts using combinatorial approach.
Based on certain thermodynamic guidelines, a set of materials are
selected. Based on the criteria defined in “Fluid Requirements” ink-jettable
inks are formulated. An ink-jet printer or jetlab-II type printing system (see
Figure 11-30) is employed to dispense an array of spots onto a substrate or
into wells in different combinations of metal inks. The printed samples are
individually or collectively processed so that all processing variables are
explored. The sample properties are measured and archived along with composition data in a database. Finally, the database is mined to find optima and
make connections between the composition of the catalysts, their structure
and properties.
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Figure 11-29. Schematics showing steps followed in combinatorial approach to finding new
and improved catalysts

Figure 11-30. MicroFab’s Jetlab®-II, a configurable ink-jet printing system
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One Department of Energy study in 2003 estimated that platinum
accounted for 10–15% of overall cost of a fuel cell production cost [36].
Any savings in printing Pt or its alloys will have direct impact on the overall production cost of fuel cells.
Polymer Electrolyte Membrane
Both aqueous and solvent based solutions of Nafion® has been printed
using ink-jet methods. The solvent based solution of Nafion® has a tendency to dry around the nozzle of the jetting device. Further dilution with
a solvent with higher boiling point helped to mitigate drying around the
nozzle. Overall, aqueous solutions of Nafion® showed better jet stability
and are more conducive to printing membranes.
Electrodes
A few researchers in industry and commercial organizations have
demonstrated printing electrodes for microfuel cells with results comparable to conventional electrodes. Proprietary nature of such research efforts
precludes us from sharing any more information at this time.

COMMERCIAL PRINTING SYSTEMS
In many non-ink applications of ink-jet printing technology, the printing system is viewed as a proprietary tool used to manufacture a high value
added product, and part of the value usually includes the intellectual property associated with the ink-jet-based fabrication method. Thus, the availability of commercial ink-jet-based fuel cell equipment is limited compared
to level of activity in applying ink-jet technology to printing fuel cells.
Commercially available ink-jet-based printing systems that are appropriate to rapid prototyping applications are given below and are divided
into two categories. In section “Products”, systems that are marketed to
specific product areas are given. These systems will be more highly developed for their specific target applications, but will also be much less flexible or adaptable to other applications of ink-jet dispensing. Conventional
ink-jet printing hardware would also fall into this category.
Under the Research Systems section, ink-jet-based hardware that is
sold as configurable and/or appropriate to multiple applications is given.
Since they are designed for flexibility and adaptability, they are, in general,
less tailored to any specific application.
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In addition to commercial systems, components and subsystems can be
purchased from a number of companies for integration into a custom inkjet printing platform. This includes conventional ink-jet printheads. A
detailed discussion of components and subsystems is beyond the scope of
this chapter.

Products
Free Form Fabrication
Solidscapes’ T612 benchtop system [37], uses two demand mode piezoelectric array printheads dispensing a thermoplastic material (95–110°C
melting point) to build solid models. One of the two printheads also dispenses a support material, also a thermoplastic (49–70°C), to allow it to
construct overhanging structures. The minimum feature size it can achieve
is 250 µm, using a 75 µm drop size. The build layer thickness (i.e., the
thickness of the slice through the virtual object printed in one pass) is
13–76 µm. The build envelope or size of the largest part that can be
constructed is 30 cm × 15 cm × 22 cm (X, Y, and Z).
The 3D Systems Thermojet Printer [38] also uses a demand mode
piezoelectric array printhead dispensing a thermoplastic material to build
solid models. Printing resolutions (actually addressability) of 300, 400,
and 600 dot per inch (drop spacings of 85 µm, 63 µm, and 42 µm) are
claimed. The maximum model size is 25 cm × 19 cm × 20 cm.
The Objet Quadra, recently developed by Objet Geometries Ltd.,
prints a photopolymer at 600 dots per inch in X and Y, and uses a 20-µm
layer thickness. The photopolymer is cured during printing so not postprocessing is required. A support material is also printed where required.
The maximum model size is 27 cm × 30 cm × 20 cm.
Voxeljet Technology GmbH [39] offers a systems base on ink-jet dispensing of binder fluid onto particles, similar to the technology developed
by MIT except the binder is not burned off after the part is printed. The
build envelope is 85 cm × 45 cm × 50 cm. They also have a system that
prints a water soluble wax that is ink-jet printed to form the boundary of
a poured (in layers) wax part.

Research Printing Systems
MicroFab Technologies [40] manufactures and sells three different
sizes of ink-jet-based printing systems called Jetlab®, Jetlab®-II and
Jetlab®-4. Jetlab®-II and Jetlab®-4 are shown in Figures 11-30 and 11-31.
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Printheads capable of printing solder, nanometal particle dispersions,
polymers or bioactive materials can be incorporated in the above mentioned printing systems. Printed areas 15 × 15 cm can be addressed with
accuracy of 3–10 µm and at rate up to 20 kHz onto a temperature
controlled platen. The Jetlab®-II system consists of two camera vision
that allows for drop-formation setup, substrate/drop alignment, and post
printing inspection. It has pneumatics control for precise maintenance of
meniscus at the orifice of the jetting device, drive electronics to pulse the
jetting device at frequency up to 20 kHz and motion control for a 25 cm ×
20 cm × 10 cm XYZ stage.
Microdrop GmbH [41] manufactures and sells a dispensing system
that can control up to eight individual dispensers and a 20 cm × 20 cm X–Y
stage. A vision system allows for set up of drop-formation process and
observation.
GeSim GmbH [42] markets liquid-handling system for life sciences
that aspirate and dispense. It can mount up to eight single-channel DOD
piezoelectric dispensers, and dispense 100- and 500-pL drops (60- and
100-µm diameter drops, respectively). A vision system allows for observation and set up of the drop-formation process.

Figure 11-31. MicroFab’s Jetlab®-4, a low-cost table-top ink-jet printing system
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Dimatix recently introduced a table-top printer with a 16-nozzle printhead and a 20 cm × 30 cm × 5 cm XYZ stage. A vision system allows
for observation and set up of the drop-formation process. An optional
fiducial camera allows matching drop placement to previously patterned
substrate [43].

FUTURE TRENDS
Given its cost/performance ratio, and more importantly its ability to
print color images, ink-jet printing technology has dominated SOHO
market for more than a decade now. However, current and future developments in the conventional ink-jet printing market (i.e., printing on
paper) are and will be targeted to consumer market, and these developments will not affect the applicability of this technology to printing fuel
cells and their components, where the “printer” is a manufacturing tool.
Recent developments in three nonconventional applications of ink-jet
printing are likely to have significant impact on the overall capabilities and
availability of ink-jet-based equipment for manufacturing. Clearly, in the
display market, there is growing confidence that light-emitting polymerbased display (p-OLED) will become dominant technology in future displacing CRT and eventually LCD displays in many or most existing
display products. It will also enable a wide range of display products that
are not technically or economically viable today. There is broad acceptance that ink-jet-based printing technology is most practical for manufacturing multicolor light-emitting polymer-based displays, and many display
manufacturers (Philips, Samsung, Seiko-Epson, Litrex, CDT, UDC, etc.)
are developing ink-jet-based manufacturing method and equipment.
Again this should result in more capable and generally available ink-jetbased technology for use in standardized and commercially available
manufacturing equipment. In 2005, total revenue of OLED displays was
close to $500 million and is expected to grow to $4.6 billion by 2010 [44].
The explosion in genetic information from the Human Genome
Project has created an ever growing demand for DNA microarrays for
gene expression studies, single nucleotide polymorphism (SNP) detection,
clinical diagnostics, and other genetic based studies [45]. To date pin transfer methods have dominated the research and low volume commercial
markets for DNA microarrays, and Affymetrix’s DNA microarrays fabricated using light activated synthesis [46] been widely used by drug companies in their research. However, as the market for DNA microarrays
becomes larger more clearly defined, companies such as Agilent and
Motorola have begun to develop high volume DNA microarray production capabilities using ink-jet printing methods.
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Finally, the drive to manufacture low-cost, low-capability plastic electronics has lead to the development of ink-jettable materials and processes
for printing conductors, semiconductors and dielectrics. Companies like
PlasticLogic have developed ink-jet-based processes and intellectual
property to print display backplanes on flexible substrates for low-cost
e-papers, e-books, e-maps, etc. The similar printing processes could be
developed for printing RFID tags for supply chain management, bar code
replacement, theft protection and contactless smart cards [47]. Over
the next few years fuel cell research and manufacturing will surely benefit
from ink-jet printing technology and processes developed for low-cost plastic electronics. As more tool and materials become available they will be
adopted for fuel cell applications.

CONCLUSIONS
The capability of ink-jet printing technology to dispense/print a wide
range of materials of interest to fuel cell manufacturing has been demonstrated. These materials include platinum electrocatalyst, Nafion®
solutions as polymer electrolyte membrane, solder as interconnect, electrodes, and sealing materials. In addition to the wide range of suitable
materials, the inherently data-driven nature of ink-jet printing technology
makes it highly suited for fuel cell manufacturing. Using ink-jet-based
methods, commercialization of products is in progress for color displays,
electronics assembly, photonic elements, and DNA microarrays. In the
future, both the number and type of products fabricated using ink-jet
technology should increase, and the availability and capabilities of inkjet-based prototyping and production tools should expand.
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