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Abstract—Direct deposition of photoresist and other spin-on
materials, such as low- and high- dielectrics, has the potential
to reduce waste as well as production costs. A new design of acoustically actuated two-dimensional (2-D) micromachined droplet
ejector arrays can eject various solvents and other fluids ranging
from femtoliter to picoliter droplet volumes. These ejectors do not
harm fluids that are heat or pressure sensitive. Moreover, they
are chemically compatible with the materials used in integrated
circuit manufacturing. Therefore, they can be used for benign
deposition of photoresist and other spin-on materials, such as
low- and high- dielectrics. A vibrating circular Si N thin-film
membrane with an orifice at the center forms the unit cell of a 2-D
ejector array. Initially, one side of the membrane is loaded with the
ejection fluid. Then, ultrasonic waves generated by a piezoelectric
transducer force the membranes to displace at resonance. As a result of this actuation, droplets are ejected through the membrane
orifice. We ejected water at 1.06 MHz, isopropanol at 1.14 MHz,
ethyl alcohol at 1.06 MHz, and acetone at 1.04 MHz from a
20 20 single reservoir 2-D micromachined array with 160 m in
diameter Si N membranes and 10 m in diameter orifices. The
performance of single reservoir flextensional membrane-based
ejector arrays was compared to flextensional membrane-based
ejector arrays with reservoirs. A 50% decrease in the required
power per ejected droplet and a reduced design complexity were
demonstrated over the 2-D micromachined arrays with individual
reservoirs. In addition, we deposited Shipley SPR 3612 photoresist
at 1.12 MHz in a dry lab environment. No spinning was done after
deposition. We covered a 2 2-mm area on a wafer with a 5.5- m
thick photoresist layer. The maximum thickness variation over the
area was 0.4 m. Moreover, we present a directly written 1.6- m
thick 900- m wide and 8-mm long homogeneous photoresist line.
The photoresist thickness variation along the line was 0.2 and
0.4 m in vertical and horizontal directions, respectively.
Index Terms—Acoustics, droplet ejection, inkjet, microelectromechanical systems (MEMS), photoresist deposition, semiconductor manufacturing, ultrasound, wafer coating.

I. INTRODUCTION

D

EPOSITION of organic polymers is the most employed
fabrication step in integrated circuit (IC) and microelectromechanical systems (MEMS) manufacturing. Some examples are deposition of doped organic polymers for organic
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devices, e.g., light-emitting diodes (LEDs) and flat panel displays and deposition of photoresist or dielectric materials for
semiconductor manufacturing [1], [2]. Moreover, reliable and
fast dispensing of various fluids at femtoliter to picoliter flow
rates is crucial for the fields of biomedicine and biotechnology
[3]–[5].
The spin-coating method dominates the current industrial applications among the various reported methods for deposition of
organic polymers [6], [7]. In spin coating, the coating chemical
is deposited on top of the wafer and spun at a proper speed to
coat it. This technology relies on centrifugal force and surface
tension of the liquid to meet the stringent standard of thickness
and uniformity. However, the spin-coating technique causes extensive waste of expensive chemicals. For example, up to 95%
of the photoresist is wasted during spin coating [7]. In addition
to wasting expensive chemicals, the cost of disposing hazardous
waste is high. In order to avoid loss of process yield due to photoresist contamination, the spun-off resist cannot be reused and
must be disposed carefully. Moreover, the thin-film quality of
the deposited photoresist is jeopardized by the bubble formation in the resist [8]. Furthermore, due to the spinning, there is
edge bead formation at the edges of the wafer, which has to be
removed after the deposition. This causes loss of active area on
the wafer and becomes a more important problem as the wafer
size increases [8].
One important aspect related to photoresist deposition is environmental pollution by the toxic organic polymers. Due to the
hazard posed by these chemicals, investments are required to
ensure proper handling and disposal, taking into consideration
health and environmental concerns. Actions are taken by environmental agencies in the U.S., the E.U., and Japan to limit the
usage of pollutants such as photoresist [9]. The new environmental regulations, concerns about corporate image, and high
chemical and disposal costs have motivated the industry to seek
environmentally benign fabrication processes [10]. Therefore,
at least in the lithography area, there is a clear need for an alternative to spin coating. Direct deposition can reduce waste,
production cost, and environmental pollution. Therefore, deposition by droplet generation emerges as an attractive alternative
method to spin coating.
One method for droplet generation is ink-jet printing [11].
There are two types of inkjet devices, the bubble jet and the
piezo jet. The thermal ejection inkjet is based on a fast heating of
a resistor followed by formation of an expanding vapor bubble.
This creates an increasing pressure in the fluid reservoir, which
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pushes out the fluid through a nozzle as droplets. The piezo
jet involves the actuation of a piezoelectric element, which increases the pressure of the fluid volume [8], [10]. This results
in droplet ejection through a nozzle. However, the heating and
increased pressure in the inkjet devices may damage heat and
baro-sensitive fluids such as photoresist and low- or high- dielectrics [8], [11]. Moreover, these devices are difficult to fabricate as two–dimensional (2-D) arrays [8], [11]. Furthermore,
it is hard to reduce the printhead size and to increase the spatial
density of the array elements. In general, inkjet devices operate
at frequencies between 10 and 100 kHz and eject 10–20- m diameter droplets [11].
Earlier, Maehara et al. demonstrated the ultrasonic atomizer,
where a 1-mm-thick piezoelectric actuator located on top of a
50- m-thick 1.4-cm-diameter circular steel membrane with an
80- m-diameter pinhole in the center generated 70 m in diameter droplets [12]. Percin used a piezoelectric ring located on top
of membranes with reservoirs in order to initiate the displacement of the membranes with the support of a piezoelectric plate
placed behind the device, which was only able to eject water,
low viscosity, and low surface tension fluids [8]. However, the
fabrication of these devices is difficult due to the extra piezoelectric thin-film deposition, lithography, and etching steps required
for the piezoelectric ring formation [8].
Demirci et al. demonstrated acoustically actuated 2-D micromachined ejector arrays [8], [13]. In this design, each membrane of the array had access to an individual fluid reservoir.
As a result, different fluids could, in principle, be ejected by the
membranes of a single array simultaneously. However, acoustic
waves have to couple to the fluid reservoirs and then travel
through them in order to actuate the membranes. The acoustic
energy coupled to the reservoirs suffers energy loss due to scattering at the reservoir entrance [14]. Moreover, the closest distance between the transducer and the membranes is limited by
the reservoir height, and the acoustic waves attenuate as they
travel through the fluid reservoir due to the viscosity of the ejection fluid and possibly radial coupling to the reservoir walls [14].
These factors result in a larger energy per ejected droplet in these
devices, as compared to the energy per droplet for single reservoir acoustically actuated 2-D micromachined ejector arrays.
The single reservoir 2-D micromachined ejector arrays can be
used for environmentally benign deposition of organic polymers
onto wafers. The ejector does not increase the static pressure in
the fluid volume and it is compatible with various chemicals.
Further, it does not damage sensitive fluids and it produces equisized droplets. Moreover, the arrays operate in the 0.3–5 MHz
frequency range. Therefore, they provide high flow rates and a
capability to eject 3–7- m diameter droplets [13]. We demonstrate the effect of the presence of individual reservoirs and fabrication of a new device geometry of single reservoir 2-D micromachined ejector arrays with Si N membranes. The new
design provides a 50% decrease in energy required per droplet
generation. Moreover, these advances are important for coverage of a silicon wafer surface with photoresist, since it provides the capability to eject higher viscosity and higher surface
tension fluids such as photoresist. Furthermore, we show experimental photoresist ejection and initial photoresist coverage results obtained with these arrays.

Fig. 1. Axisymmetric around y axis model of a unit cell of 2-D micromachined
ejector array for FEM simulations with and without individual reservoir.

Fig. 2. FEM results. Maximum orifice displacement of single membrane
versus frequency of 2-D micromachined ejector of 160-m-diameter Si N
membranes with and without individual reservoir.

II. THEORY
We used finite-element method (FEM) simulations (ANSYS
5.7, ANSYS Inc., PA, USA) to explore potential advantages
of a single reservoir array design as compared to the classical
design of membranes with individual reservoirs [13]. Axisymmetric structures around the axis shown in Fig. 1 are analyzed
through a harmonic analysis in order to predict the resonance
modes, displacements of the membranes. The device was simulated by loading one side of a membrane clamped at the end of a
reservoir with an infinitely long fluid space in order to eliminate
any undesired reflections (FLUID 129) [15]. The structure–fluid
interaction was taken into account by solid/fluid interface elements (FLUID 29) [15]. As a constant uniform pressure of 10 Pa
was applied on the membrane, the maximum displacement at the
orifice was monitored as a function of frequency. The characteristic material values for Si N membranes of the simulations are
density of 3290 kg/m , Young’s Modulus of 310 10 N/m ,
Poisson’s ratio of 0.27 [16].
At the resonant frequencies of the device, the membrane orifice reaches a maximum displacement, as shown in Fig. 2. If
the displacement at the orifice is larger than the critical minimum displacement required for breaking a droplet from the
orifice, a fluid droplet is ejected through the orifice [8], [12],
[13]. The maximum orifice displacement as a function of frequency for a 160- m-diameter 2.1- m-thick Si N membrane
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Fig. 3. Single reservoir 2-D micromachined ejector array.

Fig. 4.

Geometry of 2-D micromachined ejector array.

is shown in Fig. 2, loaded with water. FEM simulations predicted the first and second resonances of the membrane to be
0.61 MHz, 3.39 MHz for a clamped membrane and 0.22 MHz,
1.3 MHz for a membrane with a reservoir.
The two geometries, shown in Fig. 1, feature identical
membrane diameter and thickness. They were simulated
with an identical actuation mechanism so that the effect of
the reservoir on a single ejector array element performance
could be determined. Fig. 2 shows that a 160- m-diameter
2.1- m-thick water loaded Si N membrane, located at the
end of a 500- m-long cylindrical fluid reservoir, resonates at
lower frequencies as compared to the case where there is no
fluid reservoir. Moreover, by removing the fluid reservoir, the
amplitude of the maximum orifice displacement at the second
resonance is increased by 6 dB when the same amount of
actuation energy is used. Furthermore, it is observed during
the simulations that the fluid reservoir modulates the quality
factor of the device resonance, given as the ratio of the center
frequency to the bandwidth. The quality factors for the first
and second resonances are calculated to be 35, 8 and 47, 33 for
the devices with and without reservoirs, respectively. In this
particular device, the fluid reservoir reduces the quality factor
of the resonance.
III. DEVICE
A. Design
A flexurally vibrating clamped circular membrane located at
one face of a frontal tube constitutes a single element of an
ejector array as shown in Fig. 3. The frontal tube is used as
a structural member to keep the membranes supported around
the periphery. The elements are replicated in a 2-D geometry as
shown in Fig. 4 in order to form the array. An orifice is etched in
the center of the circular membrane so that ejection fluid is fired
through this orifice as droplets when the membrane is actuated.
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Fig. 5. Fabrication steps for 2-D micromachined ejector array.

A flat focused 12.5-mm piezoelectric transducer (Panametrics, A303 S, Atlanta, GA, center frequency 1.1 MHz,
0.39-MHz 6-dB bandwidth) is placed coaxially with the membrane with its acoustic axis orthogonal to the membrane surface
at a controllable distance. When the generated ultrasonic waves
travel through the ejection fluid and reach the clamped circular
membrane, the membrane is actuated. This generates capillary
waves on the liquid surface of the air/liquid interface at the
orifice and increases the pressure on the interface without
compressing the ejection fluid [8], [13]. The force resulting
from this pressure should overcome the surface tension forces
of the liquid in order to eject a droplet through the reservoir.
B. Fabrication
The fabrication process flow utilized for 2-D micromachined
ejector arrays is shown in Fig. 5. First, a 1.0- m-thick low
temperature oxide (LTO) is deposited on a silicon substrate at
400 C. Second, 2.1- m-thick low-pressure chemical vapor
deposition (LPCVD) silicon nitride thin film is deposited at
800 C. Third, the orifices were defined by photolithography,
and the silicon nitride was etched using plasma ion etching.
Fourth, the through-wafer holes were defined by photolithography at the backside of the silicon wafer, and a deep reactive
ion etching (DRIE) through the silicon substrate was performed
until the oxide layer was reached. Finally, the remaining oxide
layer was removed by a wet etch in 6:1 hydrofluoric acid (BOE)
solution, which left behind the Si N membranes [13].
The oxide layer (LTO) is crucial for the fabrication process.
First, it prevents the silicon nitride membrane from cracking
during the release by acting as a stress relief layer for the thermal
mismatch between the silicon wafer and the thin silicon nitride
film. Second, it acts as an etch stop during the DRIE etching of
silicon where the silicon bulk is etched through until the oxide
layer is reached. Third, following the orifice lithography, the
nitride is etched back to form the orifices. The etch rate of silicon
nitride may vary at different locations of the wafer during the dry
etching process. A 10% overetch is performed to ensure that all
the orifices are open.
The ejection membranes were fabricated in 15 15 and
20 20 array geometries and in several membrane diameters
(500, 300, and 160 m) and orifice diameters (4 and 10 m).
These dimensions were determined by the mask design and the
lithography steps. The fabrication process was identical for all
device designs.
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Block diagram of deposition setup.

IV. EXPERIMENT
A. Methods
The ejector array was tested with water, solvents, and
photoresist. A block diagram of the experimental photoresist
coating setup is shown in Fig. 6. The transducer was excited
by a sinusoidal signal. One droplet per period of the input
signal was ejected from orifices. A vertical micrometer stage
controlled the separation between the transducer and the device
ranging from 0–2 cm. The 2-D micromachined ejector array
was aligned parallel to the transducer surface within less than 4
of error in order to form standing waves between the device and
the transducer. A silicon wafer was placed on a rotating stage
(Newport 495B, Irvine, CA, USA) under the ejector array. The
angular velocity of the rotating stage was controlled (1.5 r/min)
by a programmable motion controller (Newport PMC200-P,
Irvine, CA, USA). The coating experiments were carried out in
a dry (not a solvent saturated) laboratory environment at 20 C.
No spinning was done after the photoresist deposition.
The power delivered to the transducer was measured by multiplying the complex current delivered to the transducer with the
complex voltage across the transducer. The current measured
across a 50- resistor connected in series with the transducer,
and the voltage across the terminals of the transducer was measured by an oscilloscope (Agilent, 54 621D, USA). The errors
were determined by the noise on the voltage signal during the
measurement.
Photographs of the deposited photoresist were taken through
a microscope (Eclipse ME600, Nikon Corp., Japan, 10 magnification, NA 0.3). A Dektak IIA (Veeco Instr. Inc., Woodbury,
NY) profilometer with a 0.1- m vertical resolution was used to
measure the step heights and roughness of the photoresist surface by placing a 12.5 m in radius stylus with a wedge angle
of 10 in contact with the wafer surface - and then translating it
along the surface of the substrate with a speed of 0.2 mm/s.
B. Results
Droplet ejection of distilled water at 1.06 MHz, isopropanol
at 1.14 MHz, ethyl alcohol at 1.06 MHz, and acetone at
1.04 MHz from the same single reservoir 2-D micromachined
array with 160- m-diameter membranes and 10- m-diameter
orifices was observed. An identical 2-D micromachined array
with reservoirs ejected distilled water at 1.19 MHz. A jet of
water droplets ejected by the single reservoir 2-D micromachined array at 1.06 MHz is shown in Fig. 7. The shadow of
the jet appears in Fig. 7, since the LEDs illuminate the device
surface at a 45 angle. The arrays operated in the 0.3–5 MHz
frequency range. The jet of consecutive droplets was observed
as demonstrated earlier with membrane based ejector arrays

Fig. 7. Water droplet jet and its shadow at 1.06 MHz ejected from
160-m-diameter Si N membranes with 10-m-diameter orifices. Droplets
travel through a 500-m-long open-ended cylinder.

Fig. 8. (a) Ejection from a 160 m in diameter Si N membrane with
10 m in diameter orifice. Droplets travel through 500-m-long open-ended
air cylinder and 10 mm in air before they descend onto the silicon wafer. Array
is placed tilted to wafer surface to be able to take a picture of device surface
and wafer surface together. (b) 40 elements of ejector array ejecting. Droplets
travel parallel to each other through individual 500-m-long open-ended air
cylinders and 15-mm air path.

[13]. They provide high flow rates and a capability to eject
3–7- m-diameter droplets corresponding to droplet volumes
varying from 14 femtoliter to 0.2 picoliter [13]. The droplet
generation was turned on and off by activating and deactivating
the transducer or by changing the actuation frequency of the
transducer.
The minimum total power delivered to the transducer in order
to eject a single ethyl alcohol droplet was 1.57 {0.06} W. This
translates into 3.7 0.14 nJ per droplet for a 20 20 array
ejecting droplets at 1.06 MHz in this system.
Photoresist ejection was observed in continuous mode. The
droplet generation was turned on and off by activating and deactivating the transducer or by changing the actuation frequency of
the transducer. A single ejecting membrane is shown in Fig. 8(a)
and multiple membranes ejecting simultaneously are shown in
Fig. 8(b).
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Fig. 10. Transversal profile of directly written photoresist line. Profile line is
indicated in Fig. 9(b).

C. Discussion

2

Fig. 9. (a) Coverage of 2 2-mm area on silicon wafer with 5.5-m-thick
layer of photoresist. Maximum thickness variation was 0.4 m across area.
Dust particles can be seen on covered area. (b) Directly deposited 1.6-m-thick
900-m-wide and 8-mm-long photoresist line. Maximum photoresist thickness
variation on line was 0.2 and 0.4 m in vertical and horizontal directions,
respectively.

A Shipley SPR 3612 photoresist was deposited at 1.12 MHz,
from a 20 20 single reservoir 2-D micromachined array with
160- m-diameter Si N membranes and 10- m–diameter
orifices. The voltage measured across the 50- transducer was
40 0.1 V. We covered a 2 2-mm area on a wafer, as shown in
Fig. 9(a), with a 5.5- m-thick layer of photoresist in less than
2 s. The maximum thickness variation was 0.4 m across the
area. Moreover, we drew a directly deposited 1.6- m-thick
900- m-wide and 8-mm-long photoresist line, shown in
Fig. 9(b). The maximum thickness variation of the directly
written photoresist line was 0.2 and 0.4 m, as shown in Fig. 10
in vertical and horizontal directions, respectively. The line profile
at the edges shows a slope enhanced by the wedge angle of the
stylus. The line profile at the edges shows a slope enhanced by
the wedge angle of the stylus. The root mean square roughness
was 0.09 m. Similar line profiles were obtained at several
locations. No bubbles were seen in the photoresist layer with a
microscope (100 magnification, NA 0.8).
The single reservoir micromachined ejector arrays were able
to eject off-the-shelf Shipley SPR 3612 photoresist. However,
the experiments were carried out in a dry laboratory environment, which caused fast evaporation of the photoresist solvents
and thus a rapid increase in the viscosity. Therefore, 15%
volume photoresist solvent (acetone, or Microposit photoresist
solvent AC 17, Shipley) was added to the photoresist in order to
compensate for the evaporation and to maintain the photoresist
solvent concentration during ejection.
The total power consumed in order to eject a single droplet of
photoresist was measured to be 12.6 0.08 W. This value translates into 28.1 0.18 nJ per photoresist droplet for a 20 20
ejector array.

Current membrane-based micromachined actuators have a
fluid reservoir inherent to their design geometry [13]. These
devices are actuated by acoustic waves that couple to the array
membranes through individual cylindrical fluid reservoirs.
However, the rims of the reservoirs act as scatterers for the incident acoustic waves [14]. Moreover, there is a possible coupling
of acoustic energy to the walls of the fluid reservoir. These facts
represent inefficient use of the actuation energy. Furthermore,
the cavity resonances of the cylindrical reservoir should overlap
as seen in Fig. 2 with the membrane resonances of the ejector
to achieve maximum displacement at the membrane orifice
modifying the quality factor of the resonance. Matching the
cavity height to the membrane dimensions increases the design
complexity and adds a fabrication step. With a single reservoir
ejector the previously mentioned disadvantages originating
from the presence of individual fluid reservoirs are removed
from the micromachined ejector device.
The inefficient use of the actuation energy caused by the individual fluid reservoir geometry is demonstrated by the FEM
simulation. The two geometries, shown in Fig. 1, have identical
membrane diameter and thickness. They are simulated with an
identical actuation mechanism. Fig. 2 shows that removing the
fluid reservoir increases the amplitude of the orifice displacement at resonance by more than 6 dB with the same amount of
actuation energy input into the system.
In this 20 20 single reservoir micromachined ejector
array with 160- m-diameter membranes and 10- m–diameter
orifices, the total power consumed in order to eject a single
droplet was 1.57 W. This translates into 3.7 nJ per droplet.
On the other hand, for micromachined ejector arrays with
reservoirs, the total power consumed in order to eject a single
droplet was 3.6 W. This result translates into 7.89 nJ per droplet
for a 20 20 array. This 6.57-dB reduction in the required
energy per ejected droplet was achieved by the removal of the
individual fluid reservoirs.
Inkjet printers consume more power than the micromachined
ejector arrays. A conventional thermal (bubble jet) printer and a
piezoelectric inkjet printer consume on the order of 1 to 10 J,
and 0.1 to 1 J per drop, respectively [8]. Conventional inkjet
printers thus consume at least 25 times more power than the
single reservoir micromachined ejector arrays.
The single reservoir micromachined ejector array was able
to eject various solvents. It was observed that due to dissimilar
material properties of the fluids and hence unlike loading of the
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membranes, the ejection frequencies were not identical. Therefore, the resonance of a fluid loaded membrane was not the same
with all fluids. This characteristic could be used to monitor the
surface tension or viscosity of the ejection fluid.
With the micromachined ejector array, the total power consumed in order to eject a single droplet of ethyl alcohol was
1.57 W, which translates into 3.7 nJ per droplet. The photoresist
cP
used is five times more viscous than ethyl alcohol (
at 25 C) [8], [16]. The total power consumed in order to eject
a single droplet of photoresist was 12.6 W. This value translates
into 28.2 nJ per ejected photoresist droplet.
The micromachined ejector arrays were able to eject Shipley
SPR 3612 photoresist. However, since the experiments were carried out in a dry laboratory environment, fast evaporation of the
photoresist solvent and a rapid increase in the viscosity of the
photoresist took place. This fast evaporation of the solvent degraded the thickness uniformity of the deposition [11]. It should
be possible to achieve higher thickness uniformity in a solvent
saturated environment. Moreover, the presence of 15–40- m
-diameter dust particles in the experimental environment also
degraded the thickness and film uniformity (cfr. Fig. 9), [17].
This should be a lesser problem in clean room usage. Furthermore, no postdeposition spinning was performed.
These ejectors eject 5- m-diameter droplets of water at
1.2 MHz [13]. Theoretically, covering a 4 wafer with a
1- m-thick photoresist layer would require 15 10 droplets
that are 5 m in diameter. It is possible to generate this number
of droplets by a 20 20 array in 0.03 s, which indicates a possibility to rapidly cover surfaces with photoresist. Moreover,
high-resolution coverage could be achieved due to the small
droplet size.
The directionality of the ejection is an important parameter
in the aforementioned applications [8], [11], [13], [18]. The directionality of the ejection depends on the initial shape of the
fluid surface at the orifice, the pressure distribution in the fluid
reservoir, and uniformity of the orifice shape [8], [11], [13].
The contact angle between the membrane and the liquid determines how it wets the orifice. If the fluid has initially wetted
the orifice asymmetrically, oblique ejection may be observed
initially [17]. When all the orifices have been wetted by initial ejection cycles, asymmetrical wetting effect is minimized.
The transducer is placed parallel to the device surface to contribute to the identical actuation of all of the membranes and thus
identical droplet size, speed, and directionality of ejection. The
lithography step and DRIE ensure the geometrical uniformity of
the orifice shape. In the experiment, the ejected droplets travel
through a 500- m-long cylindrical tube in front of a 160- m-diameter membrane as shown in Fig. 3. This indicates that the
ejected droplets deviate less than
from
the normal to the membrane surface when passing through the
cylindrical tube.
The length of the frontal cylindrical tube is controllable
during the fabrication process. The length can be reduced
until there is a short frontal tube and a clamped membrane.
Moreover, the frontal geometry could be shaped at will, e.g., to
widen at the further end like a frustum of a cone or a pyramid.
This droplet ejection-based deposition method can provide
fast and high-resolution surface coverage since the droplet generation frequencies are in the megahertz frequency range and

the deposited volumes are at femtoliter to picoliter range [19].
Moreover, this technique can solve some of the practical problems associated with the spin coating technique such as the inability to cover deep trenches with uniform photoresist. This
method could allow placement of as many droplets as desired at
any chosen location so that the waste is minimized. This reduced
waste decreases the fabrication costs, resulting in increased productivity and reduced environmental burden.
V. CONCLUSION
We demonstrated ejection of photoresist, water, isopropanol,
acetone, and ethyl alcohol with single reservoir 2-D micromachined ejector arrays with Si N membranes. Reduced ejection
energy per droplet and decrease in design and fabrication
complexity was demonstrated by this design. We demonstrated
ejection of Shipley SPR 3612 photoresist at 1.12 MHz, from
a 20 20 single reservoir 2-D micromachined array with
160- m-diameter Si N membranes and 10 m in diameter
orifices. We demonstrated coverage of a 2 2-mm area of
a wafer with 5.5- m-thick photoresist in 2 s. Moreover, we
presented a directly deposited 1.6- m-thick 900- m-wide and
8-mm-long photoresist line. High-frequency operation was
presented with femtoliter to picoliter droplet volumes, showing
that it is possible to attain high flow and deposition rates.
Future work will focus on ejecting organic materials, covering
a full wafer with photoresist, analysis of ejector operation, and
optimization of the 2-D micromachined ejector array design.
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