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ABSTRACT

A monolithic polyimide nozzle array for thermal inkjet
printing has been developed. This print head was realized by
molding polyimide nozzles on top of a silicon wafer with a micro
heater array. On this print head, closely spaced nozzles and 22pum
high micro cavities/channels are formed using a direct
photolithographic process on a photosensitive polyimide and a
sacrificial etch on a thick photoresist using a low temperature
(<300°C) process. The micro cavities under each nozzle are
separated from each other by polyimide columns which in this
design have a minimum width of 6um. All the micro cavities
connect to a common ink reservoir which is formed during the
same sacrificial etch used to build the ink cavities. Ink is supplied
to the reservoir through a hole in the silicon substrate. Nozzle
arrays with densities ranging from 300 dots per inch (dpi) to 800
dpi have been designed and fabricated.  Different geometrical
configurations of the ink cavity-reservoir connection have also
been designed and tested for optimizing the ink supply efficiency.

INTRODUCTION

The rapid advance of inkjet printing [1] technology has
changed the nature of the consumer printer market as well as
brought significant impact on many areas which are related to
images/text production. Inkjet printers produce images/texts by
ejecting ink drops onto paper/medium through a uniformly spaced
nozzle array. Because of its low cost, lightweight, compactness,
and capability of producing high quality color images/text, inkjet
printing has become the technology of choice for personal
computers over the past decade. With a continuous R&D effort
which improve the the image quality of inkjet printing, the inkjet
printers market is expanding from low-end marking to high-end
printing and even to areas that traditionally did not belong to direct
marking, for example, printing of photograph and color inkjet

copying.

The key factors that support the success of the inkjet market
include the high image quality and the low device cost. Over the
past twenty years, much effort has been made to improve the image
quality of inkjet printing. For example, different nozzle structures
have been designed for increasing the printing resolution, different
actuators have been explored to enhance the gray scale and the
energy efficiency, and different inks have been developed for
producing more vivid images and for reducing ink smearing. The
advance of inkjet printing is remarkable: twenty years ago, the
images it produced were not much better than that of a dot matrix
printer, however, today an inkjet printer can print images
comparable to that of a laser printer.
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Printer cost is the other important factor that drives the rapid
growth of the inkjet market. With its comparatively simple
structure, the cost of an inkjet system is significantly lower than
other printing technologies that can produce high quality color
images. The major component of an inkjet system is the printhead.
It is composed of a nozzle array, an ink reservoir that supplies ink
to the nozzles, micro actuators for ejecting an ink droplet, and
control circuitry. Currently, many commercial inkjet nozzle heads
are realized using bonding technology to assemble the fluidic and
microelectronic components together. Each component is built
separately using different processes. These approaches typically
require relatively complicated fabrication processes and therefore
increase product cost.

In this paper, a monolithic approach is used to fabricate an
inkjet nozzle. This print head was realized by molding polyimide
nozzles on top of a silicon wafer with a micro heater array using a
low temperature (<300°C) process. The process was designed to
be IC compatible such that it can be mass produced in a foundry.
Compared with metal micro structures realized using electroplating
[2], micro structures made of polyimide introduce less thermal
crosstalk and provide more process flexibility for inkjet
applications. Polyimide is mechanically strong and has been
widely studied in various micro sensor/actuator applications [3].
Polyimide is stable in inks which are free of the OH" ion, and has
been broadly used in inkjet nozzle head fabrication either as the
passivation layer for protecting circuitry or as a part of the nozzle
structure. Polyimide can be shaped to various micro structures,
either through a direct photolithographic process or a dry etch.
While most photoresists dissolve in acetone, polyimide does not
and therefore photoresist can be used as a sacrificial layer for
undercutting a polyimide microstructure. The construction of
polyimide micro structures is a low temperature process and
compatible with MOS circuitry integration as well as some wet
etch processes for surface and/or bulk micromachining. Because of
these merits, polyimide was chosen to fabricate the nozzle array.
The design, fabrication and testing of such a monolithic polyimide
nozzle head will be described in the following sections.

PRINTHEAD DESIGN

Figure 1 shows a perspective view of this polyimide nozzle
head. The substrate of this printhead is a (100) silicon wafer,
which supports the heater array and provides via holes for ink
supply. On top of the silicon substrate, a polyimide manifold
which includes nozzles, ink cavities, and part of the front-end ink
reservoir is monolithically molded on the silicon substrate. The
polyimide nozzles, which sit on 22pum high micro cavities, are used
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for guiding ink ejection. These micro cavities are separated from
each other by polyimide columns which in this design have a
minimum width of 6um and a height of approximately 22um.
Under each micro cavity is a thin-film heater, which is used for
heating ink to generate the actuation force to expel an ink droplet.
All the micro cavities connect to a common ink reservoir which is
formed during the same sacrificial etch used to build the ink
cavities. Ink is supplied to the reservoir through a hole etched from
the back side of the silicon substrate. Nozzle arrays with densities
ranging from 300 dots per inch (dpi) to 800 dpi have been designed
and fabricated.

Power MOS
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Manifold
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Figure 1: Perspective view of a monolithic inkjet printhead which
is composed of a polyimide manifold on top of a silicon
substrate.

In this design, the thin film resistors are used as heaters for
drop ejection as well as temperature sensors for monitoring the
heater temperature variation during the ejection process. The
temperature resolution of such thin film resistors can be as high as
0.1°C if appropriate material and doping concentration are used [4].

The ink refilling process is one of the major factors that
limits the printing speed of an inkjet system. After a drop of ink is
ejected out of a nozzle, the nozzle cannot be fired again until after
it is refilled from the reservoir. Typically, the major driving force
for the refilling process is capillary action. For a circular tube of
internal radius r, the movement of liquid inside this tube due to
capillary action can be described by [5]

d(pALV)
dt

Where p is the density of the liquid, A is the internal cross
sectional area of the tube, L is the length of the tube that is filled
with the liquid, V is the velocity of the fluid driven by the capillary
force, G is the surface tension force, © is the contact angle of the
liquid to the internal wall of the tube, and f is the friction force.

=2mro(cos®)— f W

The behavior of fluid in a pipe with a non-circular cross section can
be described by a similar formula in which the term 27r is replaced
by the internal perimeter length of the tube. With a given boundary
condition this equation can be solved using a numerical method and
the transient behavior of the ink in the chamber can be predicted.

In order to reduce the ink refill time, either the cross-
sectional area or the number of supply channels needs to be
increased. However, these approaches generally degrade the
ejector efficiency, which is defined as the ratio of the volume of
ink expelled out of the nozzle to the total volume change of the
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cavity [6]. This is because in this case, a significant portion of the
actuation momentum is used to push the ink back into the ink
supply. In order to achieve an optimal design, different
geometrical configurations of the ink cavity-reservoir connection
have been designed and verified using numerical analysis. It was
found that it is possible to achieve increased refilling speed with an
acceptable ejection efficiency by using some multiple channel-
supply arrangements.

DEVICE FABRICATION

The fabrication of this inkjet nozzle head started with the
formation of a thin film micro heater array on a (100) silicon wafer.
On top of the heater, dielectrics composed of stress balanced
oxide/nitride/oxide triple layers were deposited using Low Pressure
Chemical Vapor Deposition (LPCVD). Via holes for ink supply
were then etched through the wafer using a wet etch, as shown in
Figure 2(a). In order to protect the heaters from mechanical
bombardment which occurs when an ink bubble collapses on the
heater surface, the heaters are covered by metal shields which were
defined by using a sputtering and a lift-off process. Next were the
steps for the formation of the polyimide manifold. A 22um thick
photoresist (AZ4620) was first spun and pattermed to form the ink
cavities, fluid channels and front-end ink reservoirs. In order to
define closely-spaced cavities and microchannels, which are
typically 22um high and have a minimum separation of Sum,
contrast enhancement material (CEM) [7] was used in the
lithographic process. The cavities and reservoirs were formed
after the final sacrificial layer removal, as shown in Fig. 2(d).
Before spinning coating of polyimide, the sacrificial photoresist
was encapsulated with a thin film which was deposited at low
temperature. This film separates the sacrificial photoresist from
the polyimide to prevent the solvent in the polyimide from mixing
with the photoresist.

The next step was the deposition and patterning of
polyimide. A photo-sensitive polyimide and a CEM were spin
coated and patterned to define the nozzle structure. The application
of CEM is important in this processing step because it
significantly enhances the accuracy of nozzle definition. The
separation film in the nozzle areas were then selectively dislodged
using a dry etch, and the sacrificial photoresist was removed using
a wet etch in acetone. The polyimide manifold was then cured.
Finally, each nozzle head was separated using a dicing saw.

Figure 3 shows the top view photograph of a 16 nozzle array.
The circular part represents the polyimide manifold, in which the
nozzles are aligned in the center with two semicircular ink supply
reservoirs. The thin film electrical interconnect leads and their
bonding pads can be clearly seen. Figure 4 is a close-up of this
nozzle array. The diameter of each nozzle is 28um while the
nozzle-to-nozzle separation is 10um, resulting in a 668 dots per
inch resolution.

TESTING RESULTS

The polyimide manifold is transparent. After the cavity is
filled with ink, the movement of the ink in the manifold can be
clearly seen during the printing process. The temperature
coefficient of resistance (TCR) of the micro heater is about
1100ppm/°C, providing a 0.3°C resolution when working as a



temperature sensor. A series of life tests and ink refill efficiency
measurements are now being undertaken to assess the performance
of this nozzle head.
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Figure 2: Process sequence for the fabrication of a monolithic
polyimide nozzle array for inkjet printing.
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Figure 3: Top view of a 16 nozzle array.
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Figure 4: SEM photograph of a polyimide nozzle array defined

using a direct photolithographic process on a

photosensitive polyimide.
CONCLUSIONS

A fully monolithic polyimide nozzle array for inkjet printing
has been developed. This print head was realized by molding
polyimide nozzles on top of a silicon wafer with micro actuators.
On this thermal inkjet print head, closely spaced nozzles and 22ptm
high micro cavities/channels are formed wusing a direct
photolithographic process on a photosensitive polyimide and a
sacrificial etch on a thick photoresist. The formation of these
polyimide microfluidic structures is a low temperature (<300°C)
process, allowing integration of polyimide microfluidic elements
with thin-film electrical interconnects, micro heaters, CMOS
circuitry, and/or other micro-electro-mechanical components on
silicon for fluid manipulation. The integration of these electrical
and fluidic elements into a microfluidic system allows for the
fabrication of a low-cost monolithic ink jet printhead.

Nozzle arrays with densities ranging from 300 dots per inch
(dpi) to 800 dpi have been designed and fabricated. Different
geometrical configurations of ink cavity-reservoir connection have
also been designed and are currently being tested for optimizing the



ink supply efficiency. The key step of this printhead fabrication
process is the protection of the structural polyimide from mixing
with the sacrificial photoresist underneath. Various separation
materials have been tried and optimal candidates have been
identified for inkjet applications. This novel fabrication approach
improves upon existing technology which uses bonding to
assemble parts into a printhead by using a simpler and more cost-
effective fabrication process that produces improved resolution.
The technology can also be combined with an implementation of
multi-polysilicon-layer surface micromachined structures to realize
various microfluidic systems for chemical analysis and for
biomedical applications.
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