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Abstract. A monolithic inkjet print head, fabricated with silicon microma-
chining technology and capable of generating microscale liquid droplets,
is developed and shown to function successfully. The print head uses a
dense array of thermal bubble inkjet devices, made on a single silicon
wafer. Each device is made of a Pt heater stack, a small, shallow fluid
chamber, and a refilling channel formed by a Ge-sacrificial etching pro-
cess, a deep-etched through-wafer feeding hole, and a micron-scale
nozzle opened in a thin nitride membrane by plasma etching. Experi-
mental results with a high resolution video imaging system show that this
print head is capable of generating water droplets as small as 3 �m in
diameter �0.014 pL�, about 1/70th the volume of the droplets produced
by existing inkjet systems. The printing process is also found to be
stable, uniform in droplet size and velocity, and free of satellite droplets
at optimum operation conditions. At small distances between the print
head and substrate, droplet spreading is also small. This print head is
then a capable tool for ultra-high-resolution inkjet printing and can be
used in research areas where delivery of micron-scale fluid droplets is
desired. © 2007 Society of Photo-Optical Instrumentation Engineers.
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Introduction

he drop-on-demand �DOD� inkjet device, which expels a
mall fluid droplet on application of an electronic signal,
as been widely used in the commercial inkjet printing in-
ustry for it low cost and color capability.1,2 The state of
he art inkjet cartridges have thousands of nozzles, and
ypically deliver liquid droplets with volume larger than

pL,3,4 which could create ink spots larger than 15 �m in
iameter on a piece of paper.

Recent years have also seen a growing interest in apply-
ng inkjet printing technology into micro/nano research ar-
as. DOD inkjet devices have been widely used for mol-
cule detection,5 protein and DNA synthesis,6 nanoparticle
eposition,7 as well as direct writing of organic transistor
ircuits,8 and microelectromechanical system �MEMS�
evices.9 For these applications, the minimum printable
roplet dimension is a critical parameter influencing the
ccuracy of analysis and deposited feature resolution. Con-
equently, there is strong motivation to develop inkjet print
eads that have micron to submicron scale resolution, high
roplet delivery speed, and also good chemical compatibil-
ty.

A variety of actuation mechanisms have been reported
or DOD inkjet devices, including piezoelectric,10,11 ther-
al bubble,12–18 acoustic,19 and electrostatic.20 Among

hem, the piezoelectric and thermal bubble devices are most
ature and commonly used in inkjet printers. Although

ommercially successful today, the piezo-based print heads

537-1646/2007/$25.00 © 2007 SPIE
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use a bulk piezoelectric material as the pressure transducer,
which requires a large device area to achieve enough actua-
tion strength and displacement volume; the number of ink-
jet devices on a print head is thus limited. The acoustic and
electrostatic devices also need a large transducer area for
performance concerns. The thermal bubble inkjet devices,
on the other hand, utilize growth of a vapor bubble on a
heater surface for actuation. They are smaller, more easily
fabricated, and have no moving mechanical parts. They are
therefore more robust, and hence an ideal device for a com-
pact print head with large array of DOD devices for high-
resolution, high-speed printing. A comparison of the typical
actuator size for different types of DOD inkjet devices is
shown in Table 1.

Existing thermal bubble inkjet print heads, however,
lack the capability to produce sub-10-�m-diam droplets,
mostly due to their design and fabrication process. Com-
mercial thermal bubble inkjet cartridges are made by bond-
ing two or more pieces together to form a final
structure.12,13 The nozzle and chamber resolution is limited
by the accuracy of alignment. Some groups have reported
monolithic thermal bubble print heads made without the
bonding process. Their print heads, however, either have
limited nozzle radii,15,16 large chamber dimensions,14 or
thick nozzle membranes,17 which are all disadvantageous in
reducing the droplet size. As shown in Table 2, the smallest
droplet size that is reported for a thermal bubble inkjet
device is around 0.9 pL.

In this work, we present the design and fabrication pro-
cess of a monolithic thermal bubble inkjet print head based
on silicon micromachining technology. The print head has
Oct–Dec 2007/Vol. 6�4�1

: http://spiedl.org/terms



p
f
g
i
m
r
t

2

2
I
c
t
m
l
i
e
c
e
e
c
t
b
t
s
c
c

g
p
p
C
c
v

T
s

R

H

C

T

C

Wang and Bokor: Ultra-high-resolution monolithic thermal bubble inkjet…

J

Downloaded Fro
recisely defined inkjet nozzles, chambers, and actuators,
ormed on a single silicon wafer for micron-scale droplet
eneration. Test results with a high resolution video imag-
ng system show that this print head has excellent perfor-
ance in droplet resolution �down to 3-�m droplet size

ealized� and quality �uniform droplet size, without forma-
ion of satellite droplets�.

Printhead Design

.1 Device Mechanism and Simulation Result
n a thermal bubble inkjet device, a smooth, microfabri-
ated heater heats a thin layer of liquid to its superheated
emperature limit ��300°C for water� in several
icroseconds.21 Homogeneous nucleation occurs at the

iquid-solid interface, and the liquid evaporates explosively
nto the nucleus, forming a high-pressure vapor bubble. The
xpansion of the bubble drives the fluid inside an inkjet
hamber, pushing a liquid column through a nozzle. As the
nergy is removed from the superheated liquid layer by
vaporation, both the bubble temperature and pressure de-
rease. The bubble collapses when its pressure falls below
he ambient pressure, and draws the fluid at the nozzle
ackward, forming a thin neck. The liquid head detaches if
he neck is sufficiently small. The detached fluid forms a
pherical shape under surface tension. At the same time, the
hamber is refilled by capillary force for the next operation
ycle. The whole operation cycle is illustrated in Fig. 1.

To design a thermal bubble inkjet print head capable of
enerating droplets smaller than that of the existing inkjet
rinting systems, we have studied the droplet formation
rocess using a commercial inkjet simulation tool—
oventorWareTM �Conventor, Cary, North Carolina�.22 The
ore of the software is a Flow-3D engine, which utilizes a
olume of fluid �VOF� method to treat the liquid-gas inter-

Table 1 Comparison of inkjet device actuator s

Reference device Type

Epson Stvlus 8001 Piezoelectr

HP/Canon4,12 Thermal bub

Huang and Kim et al.19 Acoustic

Kamisuki et al.20 Electrostat

able 2 Compact thermal bubble inkjet print head with droplet size
maller than 20 �m.

eference device Type
Diameter
�volume�

Device/
Head

P Desk Jet 9800 Thermal 18 �m �3 pL� 1280

anon IP52004 Thermal 12.5 �m �1 pL� 3584

seng, Kim, and Ho17 Thermal 12 �m �0.9 pL� Array

hen and Wise15 Thermal 20 �m �4 pL� 16
. Micro/Nanolith. MEMS MOEMS 043009-
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face deformation during bubble formation and droplet
break-up. In our simulation, a pressure pulse is applied to a
fluid chamber with a small nozzle on top �gravity is negli-
gible in a micron scale�. We found that the printed droplet
dimension is typically comparable or larger than the nozzle
size. To reduce droplet size, a smaller nozzle is a must.
However, as nozzle size decreases, the pressure magnitude
needs to be increased to overcome the increased surface
tension and viscous force that opposes droplet ejection. The
nozzle shape itself also has a big impact on droplet forma-
tion. A thinner nozzle will have smaller flow resistance;
therefore a lower actuation pressure is needed for droplet
ejection.

Following the work of Asai,23 we used a simple equation
to approximate the fluidic pressure Pb generated by a ther-
mal bubble inkjet device:

Pb = �Pg − Ps�exp�− �t/to�1/2� + Ps. �1�

Pg is equal to the saturated vapor pressure of the fluid at the
nucleation temperature, which is fixed to be around 4 MPa
for water.24 Ps is the saturated vapor pressure at room tem-
perature ��27 kPa�, and to is a time constant characterizing
the total “strength” of the bubble actuation; this parameter
is determined by the inkjet design. It can be easily under-
stood that the more energy available for vapor evaporation
and the higher the total fluidic resistance to bubble expan-
sion, the bigger to will be. Applying this simple pressure
profile to a nozzle with fixed aspect ratio of 2:1, we found
that the minimum printable water droplet size �droplet de-
taches with velocity larger than 1m/s� is about 0.5 �m
through a 0.4-�m nozzle. The simulated droplet formation

different actuation mechanisms.

Actuator size Device/Head

�140�500 �m 180

�30�30 �m �1000

400�400 �m NA

367 �m �1000

Fig. 1 The operation cycle of a thermal bubble inkjet device: �a�
nucleation occurs on the heater surface when the liquid temperature
reaches a superheated temperature limit; �b� bubble growth and liq-
uid column ejected from inkjet nozzle; and �c� bubble collapses and
droplet breaks up from nozzle, at the same time chamber is refilled
by capillary force.
ize with
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equence is shown in Fig. 2�a�. With an even smaller
ozzle, only a fluid meniscus will be formed outside the
ozzle and no droplet breakup will occur no matter how
arge the to is �Fig. 2�b��. Not surprisingly, we also found
hat the required to value for single droplet formation in-
reases as the nozzle size decreases. It is about 0.02 �s for

10-�m nozzle in our simulation, and 0.1 �s for the
00-nm nozzle. With the same nozzle dimension, a larger to
ould result in a droplet with higher speed, or finally sat-

llite droplet formation as shown in Fig. 2�c�.
The actual bubble pressure of a thermal bubble inkjet

evice can be much more complicated than the simple ex-
onential shape used in our simulation. However, the simu-
ation results still give us good indication that micron and
ven submicron scale droplet generation is possible with a
hermal bubble inkjet device. Decreasing the nozzle size,
ncreasing the chamber pressure generated by the bubble
ctuation, as well as reducing fluid resistance to droplet
jection, are the keys to a high-resolution inkjet print head
esign.

.2 Print Head Design
igure 3�a� shows the schematic structure of a monolithic

hermal bubble inkjet print head designed for high-
esolution, high-speed printing applications. The print head
omposes a dense array of thermal bubble inkjet devices
ade on top of a silicon substrate with integrated control-

ing circuits. The cross section view of a single device is
llustrated in Fig. 3�b�. A “top-shooter” structure is imple-

ented, where an inkjet nozzle is opened on a membrane
irectly on top of a thin film heater, separated by a shallow
uid chamber. Consequently, the nozzle radius becomes in-
ependent with other inkjet dimensions and can be reduced
o microscale using micromachining technology. The inkjet

ig. 2 Simulated droplet formation sequence for thermal bubble ink-
et device: �a� a 0.5-�m scale droplet generation through a 0.4-�m
ozzle with to=0.1 �s; �b� no droplet formation for a 0.2-�m nozzle
ith to=0.2 �s; and �c� satellite droplet generated for 1-�m nozzle
ith to=0.05 �s.
. Micro/Nanolith. MEMS MOEMS 043009-
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chamber is connected to a liquid reservoir on the back side
of a silicon substrate by a through-wafer feeding hole and a
small refilling channel. The fluid refilling system is de-
signed so that its flow resistance is slightly higher than that
of the inkjet nozzle;25 as a result, little liquid will flow back
into the reservoir as bubble grows. The bubble actuation
efficiency is increased and cross talk between adjacent ink-
jet devices is minimized. At the same time, the chamber
refilling time is still sufficiently small for high inkjet opera-
tion frequency. In our print head, refilling channels with
length of about 100 �m and cross section of 10�20 �m,
and feeding holes around 100 �m �through 500-�m-thick
substrate�, are used for the micron scale nozzles.

Small, shallow fluid chambers are designed for our ink-
jet device. A shallow chamber reduces the acoustic loss of
the pressure wave generated by bubble expansion, while a
small chamber area can help to increase the device density
on the substrate, while decreasing the fluid damping and
refilling time. Using a Ge-sacrificial etching process �refer
to the next section�, inkjet chambers with depth around
5 �m and size ranging from 60 to 100 �m �depending on
heater dimension� are formed on our print head.

As discussed in the previous section, a thinner nozzle
will have smaller flow resistance, hence a smaller droplet
can be generated with the same actuation condition. Reduc-
ing the nozzle membrane thickness is then an effective ap-
proach to improve droplet resolution. However, a thinner
membrane is also less robust. Since the whole inner surface
of the inkjet chamber is subjected to the actuation pressure,
flexing of the nozzle membrane would reduce the fluid
pressure across the nozzle. For this reason, the top mem-
brane of our device is separated in two parts, a thin and
small nozzle plate and a thick surrounding ceiling structure
�Fig. 3�b��. Since the membrane rigidity scales inversely to

Fig. 3 �a� The perspective view of our monolithic thermal bubble
inkjet print head with array of inkjet devices. �b� Cross section view
of a single inkjet device.
Oct–Dec 2007/Vol. 6�4�3
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he fourth power of its radius and the third power of its
hickness, the membrane as a whole is strong enough to
ustain the high pressure for small droplet ejection.

Square-shaped thin film Pt resistors are used as the heat-
ng element in our device because of their excellent thermal
tability. A heater is sandwiched between a passivation
ayer and a heat barrier �Fig. 3�b��. The passivation layer,
hich is made of 0.7-�m chemical vapor deposited �CVD�

ilicon dioxide, works both for electrical insulation and the
rotection of the heater surface from the rough cavitation
orce of collapsing bubbles. A thinner layer would be more
hermally efficient, but less mechanically resilient.26 A
.0-�m oxide layer is used as the heat barrier to prevent
xcessive heat loss from the heater to the silicon substrate.
ts thickness was optimized by performing a 1-D thermal
iffusion simulation of heater operation, and balancing be-
ween the energy consumption and system cooling time.
he heater size and the heating electrical signal profile will
ignificantly influence the energy transferred into the liquid
or bubble evaporation, hence the pressure available for
roplet formation as discussed in the previous section.
owever, due to the complicated nature of thermodynamic

nd hydrodynamic coupling between the heater, the vapor
ubble, and the liquid system, no direct model can predict
he appropriate heater size and driving condition for

icron-scale droplet generation with certainty. These pa-
ameters will then be optimized experimentally.

Print Head Fabrication

.1 Fabrication Process
he process flow to fabricate the proposed print head is
hown in Fig. 4. It begins with a deposition of 2.0-�m
ow-pressure chemical vapor deposition �LPCVD� silicon
ioxide on a 4-in. silicon wafer as the heat barrier �see Fig.
�a��. Ti /Pt /Ti heaters with thickness of 10 /40 /10 nm and
heet resistance of 14 � /� are formed by magnetron sput-
er deposition and photoresist lift-off patterning. Another
ift-off and electron-beam evaporation process is used to
orm the Cu interconnect lines �see Fig. 4�b��. After depo-
ition of 0.7-�m LPCVD oxide as the passivation layer, the
xide is etched from the area where the liquid feeding holes
ill be formed with buffered HF acid �see Fig. 4�c��. It is

ollowed by a 10-nm Si seed layer growth and a 10-�m
PCVD poly-Ge deposition. The rough Ge surface is flat-

ig. 4 Process flow for monolithic thermal bubble inkjet print head
abrication.
. Micro/Nanolith. MEMS MOEMS 043009-
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tened by a chemical mechanical polishing �CMP� process
and patterned by plasma etching �with Cl/HBr gas� to form
the dummy structures of liquid chambers and refilling chan-
nels �see Fig. 4�d��. Deposition of 6-�m CVD oxide encap-
sulates the Ge dummy structures; the film is then wet
etched to open the small area where the nozzle plates will
be formed �see Fig. 4�e��. Plasma-enhanced chemical vapor
deposition �PECVD� at 300°C deposits a 1-�m low stress
silicon nitride layer as the nozzle plate film.

Liquid feeding holes with size of 100 �m are patterned
on the back of the wafer and etched through it by the deep
reactive ion etching �DRIE� process. The etching stops at
the thick oxide layer and Ge dummy in the front �see Fig.
4�f��. Ge is then removed from the refilling channels and
inkjet chambers through the feeding holes with 150°C hot
H2O2. The whole process typically takes several hours. Af-
ter the sacrificial structures are removed, the Cu bonding
pads are exposed, and micron-scale nozzles are patterned
on the thin nitride membranes by plasma etching �see Fig.
4�g��. The nozzle region is then coated with 100-nm Ti /Ni
as an antiwetting layer by electron-beam evaporation. The
antiwetting coating is to prevent the formation of a liquid
meniscus, which would interact with the droplet column
and reduce droplet generation stability.

Test chips of the print head have been successfully fab-
ricated using the previous process. Figure 5�a� shows an
optical micrograph of a wire bonded chip with antiwetting
coating at the nozzle region. The chip has an array of inkjet
devices with varying heater �50 to 20 �m� and chamber
dimensions �Fig. 5�b��. A close-up view of an inkjet cham-
ber �without the Ni coating� is illustrated in Fig. 5�c�. The
chamber diameter is 60 �m, with a wall and top ceiling
thickness of 7 �m, while the nozzle plate is 1 �m thick
and about 8 �m in radius. A square-shaped heater can be
seen beneath the transparent top membrane. The smallest
nozzle size that can be fabricated by plasma etching is
about 2.5 �m, determined by the lithography resolution of
the front/back exposure tool used in our process. A scan-
ning electron microscope �SEM� picture of a 3-�m nozzle
with a perfect round shape is shown in Fig. 5�d�. To inves-
tigate the limit of droplet size that can be generated from
our print head, test chips with nozzle diameter between 1.1
and 2 �m are also fabricated using the focused ion beam
drilling method. A SEM picture of a 1.1-�m nozzle drilled
through the top nitride membrane of an inkjet device is
shown in Fig. 6.

3.2 Advantages of Our Print Head Fabrication
Process

Compared with previously reported inkjet head fabrication
methods, our print head fabrication process has the follow-
ing advantages.

1. The print head is fabricated on a single silicon wafer
without a bonding process, reducing fabrication com-
plexity and increasing the device yield.

2. The process accuracy is only limited by the optical
lithography resolution and is in the micron range; our
inkjet design could be fully implemented to print mi-
croscale droplets.

3. The inkjet chambers and nozzles are made of chemi-
cally compatible materials such as silicon, silicon di-
Oct–Dec 2007/Vol. 6�4�4
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oxide, and silicon nitride. The print head can then be
used to print a variety of materials.

4. The inkjet devices are small enough �smaller than
80�200 �m with 50-�m feeding holes� to allow a
large, densely packed array of inkjet devices to pro-
vide a high printing throughput.

5. The inkjet structure is robust, with thick chamber
walls and small nozzle membranes, for a long opera-
tional lifetime.

6. The inkjet print head is fabricated by a monolithic
process, so switching circuits can be integrated with
the inkjet devices to increase data transfer and han-
dling rate.

Experimental System

.1 Video Imaging System
o discover the minimum producible droplet size of our

nkjet print head and find optimum operation conditions for
table, satellite-drop-free droplet formation, we have con-
tructed a video imaging system to capture the sequence of
roplet generation from the test chips. The block diagram
f our experimental setup is shown in Fig. 7. Several pulse
enerators are synchronized to provide square-shaped elec-

ig. 5 �a� Wire bonded test chip with fluidic connection and antiwetti
f a single inkjet device with 5-�m nozzle. �d� SEM picture of a 3-�

ig. 6 SEM picture of a 1.1-�m nozzle fabricated by focused ion
eam drilling.
. Micro/Nanolith. MEMS MOEMS 043009-
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tric pulses with adjustable magnitude and width to drive the
heaters and trigger a strobe light source. A 100� long-
working-distance Mitsubishi objective lens is mounted with
an externally triggered black and white charge-coupled de-
vice �CCD� camera. The camera and strobe light are both
focused at the nozzle, providing a resolution of about
1 �m. A TV monitor and a digital video recorder receive
the camera’s output and convert the analog video signal to
digital, recording it on mini DV tapes. A computer with
video capturing and editing software is used to capture the
desired frames in the videos.

4.2 Preparation of the Test Chips
The test chip is prepared for experiments by bonding it to a
handling chip with chemically resistant epoxy. The han-
dling chip has a 100-�m-deep cavity in the front, opened to
all the inkjet chambers, and a hole at the back. Through this
hole, the chip pair is connected to a fluidic delivery system,
as illustrated in Fig. 3�a�. The test chip is then mounted
inside a vacuum chamber to evacuate all air from the chip.
A valve is then opened and liquid fills all the mircochannels
in the chip under atmospheric pressure. The vacuum cham-
ber is then vented, and excessive liquid outside the nozzles
is absorbed by lens paper. The liquid-filled chip is carefully
mounted on an xyz stage. Height differences between the
liquid reservoir and the inkjet nozzles are balanced to main-
tain a small positive background pressure without leaking
of the liquid from the nozzles.

5 Experimental Results

5.1 Droplet Generation
We have tested our inkjet devices using deionized water
that has been filtered to be free of particles. Stable, single-
droplet generation has been observed by adjusting the heat-
ing electrical signal �discussed in the next section�. The
observed minimum droplet size versus nozzle diameter is
listed in Table 3. The droplet size is measured by compari-
son to a reference length mark patterned on the test chip

ting. �b� Array of inkjet chambers and refilling channels. �c� Top view
zle.
ng coa
m noz
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urface. For nozzle size in the 7– to 2 �m range, the drop-
et size is directly proportional to the nozzle dimension.
owever, as the nozzle size is decreased below 2 �m �the
IB drilled nozzles�, the ejected droplet diameter is almost
xed around 3 �m. Further reducing the nozzle size could
ot effectively reduce the droplet size, contrary to our nu-
erical simulation result. The discrepancy could come

rom a much more complicated bubble pressure profile in a
eal inkjet device. The 3-�m droplet size is already one-
ourth the size of that produced by the most advanced inkjet
artridges, and is the smallest that has ever been reported
or a compact inkjet print head.

The droplet formation sequence of a 10-�m droplet gen-
rated from a 7-�m nozzle is shown Fig. 8. A liquid col-
mn can be seen formed outside the nozzle, and a thin neck
volves before droplet detachment. The total droplet forma-
ion time �from emergence of liquid head to break-up� is
round 5 �s. The tail beneath the droplet is due to the finite
ulse width of our strobe light and the droplet motion dur-
ng the strobe flash. Figure 9 shows a single 3-�m droplet
enerated from a 1.5-�m nozzle; the droplet formation

Fig. 7 Experimental setup with v

able 3 Typical droplet size versus nozzle diameter.

ozzle size ��m� 7 5 3.5 2.5 2 1.5 1.2

roplet size ��m� 10 7 5 3.5 �3 �3 �3
. Micro/Nanolith. MEMS MOEMS 043009-
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time is around 1.5 �s, much shorter than the 10-�m scale
droplet, which is consistent to our numerical simulation
result.

5.2 Influence of Heating Signal and Heater Size
As predicted by the thermal bubble inkjet theory, the drop-
let formation process strongly depends on the input heating
signal. However, the behavior is quite different with differ-
ent nozzle dimensions. For a relatively big nozzle �4 to
7-�m scale�, if the heating time is fixed �typically several
microseconds�, droplet ejection happens once the input
heating voltage reaches the bubble formation condition �the
fluid temperature at the heater surface exceeds the nucle-
ation temperature�. Increasing the electric pulse magnitude
can quickly increase the ejected droplet velocity and cause

Fig. 8 Single droplet formation sequence from a 7 �m nozzle with
8 V/4 �s heating signal. The droplet size is about 10 �m; the total
droplet formation time is 5 �s.

aging and fluid delivery system.
ideo im
Oct–Dec 2007/Vol. 6�4�6
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atellite droplet formation, as shown in Fig. 10. If a longer
eating pulse is used, the initial droplet formation voltage
ecreases; however, the ejected droplet velocity increases.
his phenomenon can be explained by a lower thermal flux

esulting in a thicker superheated liquid layer, allowing
ore energy for vapor evaporation, hence causing higher

ubble actuation strength. There is a limit to the driving
oltage for given pulse width; above this, the heater will
verheat and break down.

If the nozzle size is smaller than 3 �m, however, no
roplet breakup is observed immediately after the heating
ignal exceeds the bubble formation condition. A liquid
ead forms outside the nozzle, but it retracts back to the
hamber as the bubble collapses �the liquid head dimension
s too small to be distinguished in a picture, but can be
learly seen in a video frame�. A single droplet ejects only
hen the input heating voltage and pulse width reaches a

ertain level. When a droplet barely forms, its velocity is
uite small. Increasing the driving voltage and pulse width
ould increase the droplet velocity and enlarge the droplet

ize slightly. But no satellite droplet is observed until an
xtremely long heating pulse is used.

The initial droplet generation and heater breakdown con-
itions for an inkjet device with a 7-�m nozzle and 30-�m
eater �total heater resistance is 26 �� are plotted in Fig.
1. The shadowed area indicates the single droplet forma-
ion region. Similar operation windows are also plotted for

2.5-�m nozzle and a 1.5-�m nozzle, respectively �the
ozzle thicknesses are both 1 �m�. We can see that the
indow is shifted to the right as the nozzle size decreases,

ndicating that more heating energy, hence stronger bubble
ctuation strength, is necessary for a smaller droplet ejec-
ion. The window size also becomes larger; hence satellite

ig. 9 A 3-�m single water droplet generated from a 1.5-�m
ozzle. Left: nozzle view; middle: 3-�m droplet; right: the reference

ength mark.

ig. 10 Influence of driving electric signal on droplet generation with
5-�m nozzle and 30 �m heater: �a� single droplet formed at

.5 V/4 us; and �b� satellite droplet formed at 7 V/10 �s.
. Micro/Nanolith. MEMS MOEMS 043009-
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free droplet formation can be more easily achieved for the
smaller nozzles. The maximum velocity we have observed
for the 3-�m scale droplets in the single droplet formation
window is about 15 m /s.

Heater sizes ranging from 50 to 20 �m have been fab-
ricated in our test chips. Larger heaters tend to form drop-
lets with bigger volume and velocity at the same driving
pulse width and thermal flux �power/area� according to our
experimental result, which is reasonable, considering more
energy is transferred to the superheated liquid layer. How-
ever, their influence on droplet generation can be easily
overpowered by slight changes in the heating signal. The
heater size effect only becomes dominant when the heater
dimension is reduced to 20 �m. At this heater size, no
droplet detachment has been observed for 1.5-�m nozzles
under any driving condition.

5.3 Droplet Uniformity and Trajectory Spreading
The challenge of high-resolution printing does not end with
reducing droplet size; consistent droplet volume and accu-
rate positioning on the substrate are also essential. Experi-
mental results show that droplets produced by our print
heads are extremely uniform. Once the driving condition is
fixed, the droplet generation process is stable, and the ob-
served longitudinal droplet velocity distribution is smaller
than 5%, while droplet size change is not detectable �refer
to Figs. 12�a� and 12�b��.

The droplets will travel in a straight line after detaching
from the nozzle, gradually losing their momentum to air
resistance, since the system is operated in atmosphere. The
misplacement of a droplet on a substrate can be attributed
to two factors: the original droplet’s angular velocity distri-
bution and the random movement of the droplet due to air
molecule collisions. We have captured droplet trajectory
distributions of the 3.5-�m droplets generated from our
print head at different flight distances by setting different
delay times to the strobe trigger signal. As shown in Fig.

Fig. 11 Droplet generation and heater break-down conditions for
inkjet devices with 2.5-�m nozzles and 30-�m heaters. The shad-
owed area is the optimum operation window for this kind of device.
Oct–Dec 2007/Vol. 6�4�7
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2�a�, when the droplet flight distance is short and the drop-
et velocity is high, the droplet trajectory spread, mostly
ue to the original droplet angular velocity distribution, is
uch smaller than the droplet size. When the strobe delay

ime is further increased to 300 �s, as shown in Fig. 12�b�,
he droplet has traveled about 300 �m and its velocity is
lmost zero. The droplet spread increases dramatically be-
ause of Brownian motion.

The observed stopping distances and flight times of dif-
erent droplet sizes and original velocities are listed in
able 4. The droplet flight distance is almost proportional

o the square of droplet size and first power of velocity,
hich is consistent with theoretical calculations, assuming

hat the droplet is slowed by air drag force. The working
istance between our print head and the substrate should
hen be kept smaller than this distance to achieve high
rinting quality. Flight distance could be greatly increased
y operating the system in a low-pressure environment,
hich would extend the droplet mean free path.

.4 Throughput Analysis
any applications of DOD inkjet systems, especially the

rinting of paper documents, require that the print head
eliver liquid droplets with high speed. We could not di-
ectly observe the print head performance at frequencies
igher than 150 Hz, due to the limitations of our experi-

ig. 12 �a� Droplet trajectory distribution at delay time of 50 �s,
ight distance around 150 �m, and velocity about 2 m/s. �b� Droplet
rajectory distribution at delay time of 300 �s, distance about
00 �m; and droplet velocity is almost zero.

able 4 Microdroplet stopping distance and flying time.

roplet size ��m� 7 7 3.5 3.5

elocity ��m� 5 3 5 3

topping distance 1100 700 300 200

lying time ��m� 500 500 300 300
. Micro/Nanolith. MEMS MOEMS 043009-
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Fig. 13 �a� Simulated temperature profile across a heater. Solid
line: temperature profile during the heating cycle with a heating
pulse magnitude of 7 V for a 30-�m heater. Dashed line: tempera-
ture profile during the cooling cycle. �b� Simulated cooling time �de-
fined as the time needed for maximum heater temperature dropped
below 50°C after the end of a heating cycle� versus heat barrier
thickness. �c� Simulated liquid meniscus position for a 2-�m nozzle
during chamber refill.
Oct–Dec 2007/Vol. 6�4�8
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ental system. However, the predicted maximum operation
requency of our inkjet devices should be around 20 kHz,
ince the heating pulse width and the observed droplet for-
ation time are all smaller than 5 �s, as discussed in the

revious sections, while the system cooling time is around
5 �s according to our 1-D thermal diffusion simulation,
nd the simulated chamber refilling time is smaller than
�s. The simulation results are shown in Fig. 13. This

requency is close to the operational frequency of current
nkjet cartridges and is hard to increase without sacrificing
he droplet resolution. To achieve sufficient printing
hroughput with reduced pixel area, a larger, denser inkjet
rray could be used, which is feasible with our print head
esign and fabrication process. Since the area of each inkjet
evice can be smaller than 80�200 �m, a 100�100 inkjet
rray can be packed on a 1�2-cm2 chip, almost the same
rea of a conventional inkjet cartridge. Using this print
ead and pattern resolution of 24000�12000 dpi, we could
hen process a page of A4 paper in 2 min, comparable to
he speed of current inkjet printers.

Conclusion
e successfully develop a monolithic, ultra-high-resolution

nkjet print head using silicon-based micromachining tech-
ology. The inkjet devices utilize a thermal bubble actua-
ion mechanism and are designed to provide high actuation
ressure and low flow resistance for small droplet genera-
ion. The print head is fabricated on a single silicon wafer
ith a large array of inkjet devices for high printing

hroughput. Each device is composed of a platinum heater
tack, a fluid chamber formed by Ge sacrificial etching, a
ry-etched micron-scale nozzle, and a fluidic channel
pened by DRIE through-wafer etching. 3-�m water drop-
ets have been reliably generated from this print head with
niform droplet size, velocity, and high trajectory precision.
he resolution of inkjet printing systems could be improved
lmost four times using this print head. With good chemical
ompatibility, the print head is also capable of handling
aterials other than water, for micro/nano research areas,
here delivery of small fluid droplets is required. Applica-

ion of our inkjet print head to direct writing of micron-
cale devices using solvent-based conducting, semiconduct-
ng, and insulating materials is presently under
nvestigation.27
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