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ABSTRACT

Electrohydrodynamic jet (e-jet, EHD) printing is a candidate
technique for maskless MEMS fabrication. It achieves improved
spatial resolution compared to inkjet printing, and has a wider
range of acceptable inks. This paper presents new results for high
viscosity ink, sub 2 pm polymer features, and printed electrodes.
We demonstrate submicron precision in droplet-to-droplet
positioning with in situ monitoring. Rapid, sub-optical
measurement of printed patterns provides a unique method for
characterizing e-jet printing performance with specific interest in
the applications of liquid resist patterning for nanoimprint
lithography and the direct printing of thermally-sinterable
conductive lines for sensor and actuator fabrication. Directions for
the development of e-jet printing are discussed.

INTRODUCTION

Current  manufacturing  processes for micro and
nanotechnology are inherently expensive due to required
cleanliness, precision motion control, custom photomasks, and
instrumentation. Large volume production is required to recover
capital expenses. The recent extension of the maskless additive
manufacturing (AM) paradigm to the microscale relaxes substrate
planarity restrictions, eliminates harsh chemical and high
temperature processes, and reduces material consumption [1].
Hence micro-additive manufacturing (u-AM) enables prototype or
low volume production at the microscale like mesoscale AM does
at the mesoscale.

Electrohydrodynamic jet printing (e-jet, EHD) is one such p-
AM approach in controlled ink droplet formation and deposition
through the generation of an electric field between a charged
micro-capillary pipette and a grounded substrate as shown in Fig. 1
[1]. In recent years, e-jet printing has demonstrated superior
resolution to inkjet printing at a lower cost than lithographic
fabrication techniques [2]. Because of the ability to cost-
effectively print high-resolution droplets and lines with a range of
inks, e-jet printing has shown tremendous promise for applications
such as printing metallic (Ag) interconnects for printed electronics
[31, [41, [5] and bio-sensors [6], [7], [8]-

This paper describes the e-jet printing process, its capabilities
and limits, and then compares e-jet to inkjet printing for p-AM,
and presents new high-resolution printed patterns on an integrated
e-jet printer and scanner.

BACKGROUND: E-JET PRINTING
Applications

High-resolution  liquid  deposition is needed for
microfabrication, photoresist patterning, and functionalizing
microsystems. E-jet printing has emerged as a cost effective and
versatile, high-resolution AM technique for meeting this high-
resolution liquid deposition need. E-jet applications include: 1)
prototyping microdevice designs, 2) depositing resist droplets such
as for nanoimprint lithography, 3) direct fabrication of
customizable microsystems, 4) multi-material and heterogeneous
fabrication utilizing parallel deposition capabilities, and 5)
selective deposition by drop-on-demand that enables targeted
functionality.
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Figure 1: Schematic of the e-jet printing setup. Control variables
include offset height and applied voltage. Increased voltage leads
to a Taylor cone formation and droplet ejection from the cone tip
to print droplets or continuous lines.

E-jet printed sensor applications are reviewed in [1] including
gas, temperature, chemical analyte sensing. A route to producing
MEMS ceramic sensors is proposed to use e-jet printed viscous
polymer precursors to ceramics [9]. E-jet printed biomolecules on
photonic crystals have been shown to increase sensitivity to
biomarkers [10]. Recent e-jet printed sensors include the
electrodes and photoconductive material for a photoresistor [11],
and semiconducting SnO, lines (5 pm width) to sense NO gas [12].

One potential application to utilize the high-resolution and
precision printing capabilities of e-jet printing is depositing resist
before UV nanoimprint lithography (UV-NIL). Standard UV-NIL
approaches use a spin-coated layer or inkjet printed pattern of
resist on a substrate. An imprint mold with ~10 nm scale features
is pressed onto the resist before UV exposure. Printed resist
patterns offer the advantage over films for faster filling of the mold
and air bubble dissolution [13]. E-jet-printing smaller resist
droplets could further improve UV-NIL performance.

Process
An e-jet printer consists of a hydrophobic, conductive
microcapillary nozzle that undergoes an applied voltage relative to
a counter electrode at or below the substrate. Under this applied
voltage, the ink meniscus forms a cone that extends into a narrow
jet to deliver liquid to the substrate. The jetting behavior is
affected by nozzle geometry, standoff height between the nozzle
and the substrate, and material surface tension. Droplet base
diameter (dp..) scales with nozzle inner diameter (d,), and
inversely with applied voltage (V) as given in Eq. (1) [14], [15].
dy,,cdlVr,

0<m<1, 0<p<l (0

base
For a nozzle diameter of d, = 2 um, applied voltages of V' =
200 to 800 V are typical to achieve base diameter values smaller
than the nozzle diameter, dj, < 2 um. Continuous and pulsed
modes of applied voltage for e-jet printing are shown in Fig. 2.
Pulsed printing enables controlled jetting at a specified time or
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Figure 2: Schematic of continuous and pulsed printing. Non-
rectangular pulse waveforms including sinusoids are also used.

position (for a nozzle voltage signal that is coordinated with
substrate motion) with a specific volume determined by the pulse
width [16].

Capabilities

Diverse materials have been e-jet printed, as reviewed in [1].
Conductive traces have been deposited by printing and then
sintering metal nanoparticle suspensions. Biological materials and
UV-curable polymers have also been patterned by e-jet printing.
E-jet printed droplets and lines carry an electrical charge from the
deposition process, thus e-jet printed charges can be patterned on a
substrate for self-assembly [5].
Limitations

The standoff height affects the electric field strength at the
meniscus and thus the jetting behavior. A typical standoff height
for sub-10um printed features is <50 um. A substrate height
variation of £10 um can inhibit ink ejection or allow undesirable
jetting behavior such as satellite droplets or scattering. The
sensitivity to substrate height variations has inspired research into
e-jet sensing and control as well as printhead design [17], [18],
[19]. In addition to standoff height sensitivity, EHD hysteresis of
the meniscus during jetting can cause the first droplets of a pattern
to be larger or smaller than subsequent droplets. Additionally,
nozzle clogging is a concern for e-jet printing, especially with
small nozzle openings of 0.1-10 pum. Ink suspensions must be
filtered to prevent clogging and volatile solvents are avoided.
Comparison with Inkjet Printing

Drop-on-demand inkjet printing has been used to print
electrical, optical and biological materials and 3D structures [20].
Either thermal bubble or piezoelectric actuation may be used, but
thermal actuation restricts ink formulation to a limited boiling
point range. Piezo inkjet (P1J) ink choice is restricted by the
requirement of an ink viscosity in the range of about 2 to 50 mPa-s.
The temperature dependence of liquid viscosity allows some
viscous inks to be P1J printed at elevated temperatures [20]. The
complex ink ejection mechanism requires MEMS-fabricated multi-
thousand nozzle printheads with engineered features to address
clogging, satellite droplet, and nozzle life issues [20].

E-jet printing provides several orders of magnitude advantage
(< 100 nm droplets) over the smallest achievable inkjet droplet size
(>20 pum), which drives feature resolution. Assuming droplets
form spherical caps with fixed contact angle, the base diameter is
related to contact angle and droplet volume as shown in Fig. 3. E-
jet printing has achieved sub 100 nm feature sizes while printing
onto unstructured substrates with a variety of materials [1], [6].
The ability of nearfield e-jet to produce orders of magnitude
smaller droplet volumes gives it nearly three orders of magnitude
advantage in smallest droplet base diameter.
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Figure 3: Droplet volumes and base diameters are related in the
spherical cap droplet model for various equilibrium contact
angles, 6. The 1° contact angle shows that highly wetting systems
have a base diameter 5 to 10 times the in-flight diameter. Typical
PLJ droplet volumes are 0.5-500 pL [20].

METHODS

E-jet printing was performed on a custom printing and
scanning testbed at the University of Michigan, shown in Fig. 4.
This printer has linear motor X, Y and Z stages with bidirectional
repeatability ~0.2 pm. The substrate plane is aligned with the
staging plane using a manual tip/tilt stage. A UV light source is
used to cure printed patterns. The setup also contains an atomic
force microscope (Nanite AFM) for in situ sub-optical
measurement of printed, cured patterns. The experimental setup is
automated for printing, curing, and scanning of arrays of patterns.
The vacuum substrate mount can accommodate up to 100 mm
wafer substrates. For the droplet printing examples shown, pulsed
e-jet printing was performed with time delays before and after
substrate motion.
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Figure 4: The printer components are labeled with stations for the
nozzle, AFM scanner and UV curing light.
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Figure 5: AFM scan and 3D view of boxed droplet from a 3x3 field
of e-jet printed high-viscosity droplets (17,500 mPa-s): mean
diameter 11um, mean volume 47 fL. Printed features are UV-
cured Loctite 3526 Light Cure Acrylic. Raw AFM scan base
flattened.

RESULTS

A high viscosity (17,500 mPa-s) UV-curable acrylic adhesive,
Loctite 3526, was successfully e-jet printed at room temperature.
Fig. 5 shows one such pattern with a droplet diameter of 11 pm.
This viscosity is nearly three orders of magnitude higher than the
viscosity of inks that can be inkjet printed. The e-jet printing of
this high viscosity ink exhibited an electrospinning behavior within
the short (45 um) distance of ink travel. Pulsed printing was used
to limit jet whipping to achieve individual droplets.

A UV-curable mercapto ester mixture, Norland Optical
Adhesive 81 (NOAS1), of viscosity 300 mPa-s, was e-jet printed
with decreasing pitch to find the minimum pitch for a given set of
printing parameters in Fig. 6. The onset of merger at a pitch of 12
pwm indicates dj,, + scatter < 13 um for these printing parameters.

A high resolution (< 10 pm) pattern was e-jet printed in Fig. 7
with two passes of equal density, with the second pass printed in
the interstices of the first pass. Droplet positioning in the second
pass showed scattering from its intended print site, possibly due to
forces from the first printed and cured pass droplets.

A high resolution pattern with 2 um pitch was e-jet printed in
one pass in Fig. 8 to leave an uncovered area with the text “EJET.”
This pattern highlights the ability to print high-resolution images
with microscale precision and accuracy in droplet placement.
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Figure 6: A micrograph of an e-jet printed test pattern in which the
printed pitch decreases by 1 um in each row until merger occurs.
Ink is NOAS8I printed on a gold-coated glass slide. In this test,
merger begins at a pitch of 12 um.
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Figure 7: AFM scan of an e-jet printed field: mean diameter 3.4
um, mean volume 1.2 fL. Pattern printed in two passes: one pass
of 8x8=64 droplets and a second pass of 7x7=49 droplets.
Droplets were printed at X and Y pitches of 5*sqrt(2)=7.1 um,
giving a designed diagonal pitch of 5 um between droplets of
different passes. Printed features are UV-cured NOASI. Raw
AFM scan base flattened and processed for step line removal.
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Figure 8: Atomic force microscope (AFM) scan of a field of 15x46
e-jet printed droplets: mean diameter 1.6 um, mean volume 0.3 fL.
Material is UV-cured NOA8I. Raw AFM scan base flattened.

To cover an area of 1 mm?” with a droplet array of similar
quality to Fig. 8 using the single-nozzle e-jet printer in Fig. 4
requires 7 minutes with 10,000 droplets in pulsed printing (~15
pL/min time-averaged flow rate). In continuous e-jet printing, the
same 1 mm? area may be covered in < 1 minute with parallel lines
of 10 pm pitch. These reported e-jet speeds are not yet optimized
for commercial applications. E-jet printing throughput can be
improved at the cost of reduced spatial resolution by using a larger
nozzle at higher voltage (farfield e-jet printing). This might be a
useful method of depositing, at inkjet resolution, highly viscous
inks that cannot be inkjet printed.

Figure 9: A micrograph of a silver interdigitated electrode with
500 um length and 30um line widths, printed in 10 seconds.



Figure 9 shows an e-jet printed interdigitated electrode
pattern. The ink is a 25 wt.% silver nanoparticle solution in an
organic solvent (UT Dots, Inc.). The highly wetting ink spreads to
30 um widths and exhibits the coffee ring effect. The deposition
of continuous lines was performed at speeds up to 3.5 mmys.
Repeated patterns of the e-jet prints shown in Fig. 5-9 are
candidates for implementing the advanced monitoring and control
strategies recently presented [21].

CONCLUSION

The presented capabilities and new prints of insulating resists
and silver nanoparticle solutions has shown that e-jet printing is an
alternative micro-fabrication technique for: 1) prototyping
microdevice designs, 2) depositing resist droplets for nanoimprint
lithography, 3) direct fabrication of customizable microsystems, 4)
multi-material and heterogeneous fabrication utilizing parallel
deposition capabilities, and 5) selective deposition through drop-
on-demand that enables targeted functionality. Despite these
advantages, there remain unexplored challenges in ink and surface
chemistry characterization, printhead design, and integrated control
to further enhance capabilities for printing functional devices.
Future work will explore novel approaches for addressing these
challenges.
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