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Subtractive patterning: High-resolution
electrohydrodynamic jet printing with solvents
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ABSTRACT

Advancements in 3D printing have initiated a paradigm in device fabrication. Electrohydrodynamic jet (e-jet) printing is a high-resolution
3D printing method that enables customizable patterning of thin-film structures, while reducing fabrication complexity and achieving high-
resolution patterns with a wide variety of materials. However, to date, e-jet printing has focused on additive material deposition, rather than
patterning through material subtraction. This work proposes displacement-based e-jet printing using solvent inks for subtractive patterning
of polymer thin films, with microscale resolution in the x-y plane and nanoscale control in the z (dissolving) direction. The behavior of
displacement-based e-jet printing is characterized using atomic force microscopy, and two methodologies are developed for controlling the
linewidth and displaced depth. An example of area-selective thin film deposition on displacement-based e-jet patterns is provided to demon-
strate the applicability of this patterning technique for printable microscale devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0021038

Interest in 3D printing of microelectronics as an alternative to
standard photolithography methods has been gaining momentum due
to unique advantages offered by printing processes, including (1)
reduction in the number of fabrication steps; (2) flexibility to manufac-
ture outside of a clean-room environment, which has the potential to
lower costs; (3) ability to customize device architectures for applica-
tions such as personalized health care;' and (4) compatibility with
curved and flexible substrates.”

Ink-jet printing has been demonstrated for use in direct printing
of functional or structural inks.” However, the extension of ink-jet
printing into the printed electronics market has been limited by
restrictions in printed material selection due to tight tolerances in the
viscosity and environmental control, as well as the relatively low reso-
lution (>30 um)’ fabrication capabilities.

Electrohydrodynamic jet (e-jet) printing is a high resolution
printing technique, 0.05-50 um (Ref. 8) depending on printing condi-
tions (e.g., nozzle size and applied voltage) and material properties
(e.g., ink particle size, viscosity, and cohesion), which is capable of
material ejection with a wide range of inks (viscous polymers, organics,
inorganics, and conductive nanoparticle suspensions).”” The working
principle of e-jet printing involves the application of an electric field
between a conductive nozzle and the substrate. This pulls ink material
out of a nozzle into a conical shape known as a Taylor cone [Fig. 1(a)].
Charge build-up in the meniscus leads to material ejection at the tip,

resulting in high resolution patterning, and the ability to print a wide
variety of ink viscosity, ranging from 10°~10° centipoise.

Despite the demonstrated range of e-jet applications,
this additive manufacturing technique has not been used for mate-
rial subtraction, which would open up new applications in elec-
tronic device fabrication. For example, lithographic patterning of
polymer films is an important step in many additive and subtrac-
tive processes, where several deposition and etching steps are pat-
terned by lithographic masks that define the material pattern in
the x-y plane. As an alternative, if e-jet printing with solvents can
enable patterning of polymer thin films, the active areas for subse-
quent material deposition can be defined and used for processes
ranging from lift-off to area-selective deposition. Compared to the
existing techniques such as lithographic patterning, additive
manufacturing provides advantages in design flexibility, rapid pro-
totyping, and customizability within a given layer.'”

In this work, we demonstrate an approach for subtractive pat-
terning with e-jet printing. Termed displacement-based e-jet printing,
a solvent ink is used to break down a polymer thin film and displace
the polymer particles toward the boundary of the deposited droplet
before evaporating, creating sub-15 ym linewidth patterns within the
polymer films [Figs. 1(b)-1(d)]. Subtractive e-jet patterning has not
been reported in the literature, and when compared to other 3D print-
ing techniques such as direct laser writing, ™" displacement-based
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FIG. 1. Graphical description of the displacement-based e-jet printing process. (a)
A printed solvent droplet comes into contact with the surface and (b) begins dissolv-
ing/pushing the polymer film in an outward flow while evaporating. (c) Finally, the
polymer is completely displaced to the droplet boundaries.

e-jet printing provides advantages in terms of line speed and lower
cost." "

To fully leverage the capabilities of this technique, we experimen-
tally characterize the patterns achieved by displacement-based e-jet
printing as a function of process parameters and experimental design.

Patterns created using e-jet printing are the result of three aspects
of the printing process: droplet ejection, droplet spread on the sub-
strate, and ink interactions with the substrate, which could be coales-
cence behavior for additive inks or evaporation-driven behavior for
solvent inks. The droplet volume is controlled by the user through
process parameter selection (e.g., pulse width of the applied voltage
signal). The spreading and coalescence of the printed droplets on the
substrate are driven by a combination of properties'® including surface
energy, liquid surface tension, and conductivity of the ink/substrate
materials. Pannier ef al.'” developed a model that predicts the spread-
ing of e-jet printed droplets of polymer ink on silicon and glass sub-
strates, as well as layers of printed polymers. However, the interactions
between an ejected droplet of solvent ink and a polymer thin film lead
to significantly different spreading dynamics during the dissolution
process, which have not been previously studied.

In this study, we explore how the ejected material volume and
the number of layers printed over a given line affect the linewidth and
displaced depth during displacement-based e-jet printing [Fig. 1(d)].
Knowledge of these parameters enables a quantitative method for
achieving a desired pattern. To investigate the effects of the process
parameters on the resulting patterns, we designed two experiments
aimed at controlling the linewidth and displaced depth as separate var-
iables. The methodology for these studies includes material selection,
identification of pre-printing conditions, process parameter selection,
and experimental design. Experimental parameters are provided in the
supplementary material.

Polymethyl methacrylate (PMMA) is selected as the spin-coated
base material, and 1-methyl-2-pyrrolidone (NMP) is selected as the
solvent ink for these experiments.

The first step in the process requires spin coating of a polymer
thin film. Parameters for spin coating the PMMA base layer include
(1) spinning time and speed to determine the thickness of the polymer
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film and (2) time and temperature for post-baking, which affect the
rate of polymer dissolution in the printed solvent material."”

To enhance polymer dissolution, we introduce a UV Ozone
(UVO) treatment after the post-baking step to break chemical bonds
in the polymer chains. Parameters involved during UVO treatment
are (1) exposure time and (2) shelf life. The exposure time determines
the number of chemical bonds that have been broken within the poly-
mer chain. The shelf life is the amount of time between the treatment
and e-jet printing of the solvent material. By varying these values, we
observed that a significant exposure time led to a large increase in sur-
face energy, while an extended shelf life resulted in a significant
decrease in surface energy.

Key e-jet process parameters used to control the droplet volume
(e.g., pattern resolution and depth) include the nozzle size, pulse width
(PW) of the applied voltage signal, jetting frequency (1/7), applied
voltage (high V;,, low V), offset height, stage speed, and number of
printed layers along the same pattern (Fig. 1). If the e-jet deposited vol-
ume is too small, the solvent will evaporate before it has sufficient time
to dissolve PMMA, while if the volume is too large, the x-y pattern
resolution will decrease. Sequential layers of printed solvent can be
used to increase the pattern depth. In this work, nozzle size, jetting fre-
quency, applied voltage, offset height, and stage speed were kept con-
stant across the experiments, while the pulse width and number of
layers were used to control the resolution and depth of the printed
patterns.

Two sets of experiments were performed to investigate the effects
of the layer number and pulse width on the displaced polymer depth
and linewidth. The first experiment aimed to control the pattern depth
by varying the number of sequentially printed layers of solvent ink
along the same path. In the second set of experiments, the displaced
material linewidth was controlled by varying the pulse width of the
high voltage signal and, hence, the volume of deposited ink. To dem-
onstrate the repeatability of the process, printed layer patterns were
repeated and measured three times per pattern on the same substrate.
Measurements of the displaced material profile were taken using an
atomic force microscopy (AFM) scan at three different locations on
each printed line.

Experimental parameters (provided in the supplementary
material) were determined heuristically through preliminary studies.
Spin coating and UVO parameters were designed to maximize poly-
mer dissolution in the printed solvent, while constant jetting parame-
ters were selected to achieve high-resolution patterns.

Parameter variations in the preliminary studies induced two
modalities of solvent (NMP) interaction with the coated polymer
(PMMA). The two distinct behaviors, illustrated in Fig. 2, demonstrate
well-known droplet/surface interactions that have been demonstrated
in previous droplet studies.'” "

The first behavior, termed a coffee ring effect, describes a process
in which liquid evaporating along the edge of a droplet is replaced
with liquid from the center of the droplet, which leads to fluid flow
from the center toward the edges of the droplet'” [Fig. 2(a)]. This pro-
cess is driven by an evaporation rate gradient that exists along the
droplet,”" often resulting in rings of evaporation for a single droplet of
printed ink.

In solvent-based e-jet printing of a pattern/line, the solvent ini-
tially breaks down the polymer base layer, resulting in thorough disso-
lution of the polymer in the solvent. Then, fluid flow occurs toward
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FIG. 2. Droplet interactions on a surface: (a) illustration of a “coffee ring effect.” (b)
lllustration of a “Marangoni effect.” (c) Atomic force microscopy (AFM) 2D scan and
(e) 3D scan showing a coffee ring effect in a displacement-based e-jet printed
pattern. (d) AFM 2D scan and (f) 3D scan of a Marangoni flow-based printed
pattern from displacement-based e-jet printing.

the edge of the line, due to a solvent evaporation gradient that forms
along the width of the printed line. This fluid flow, containing the dis-
solved polymer, displaces the polymer toward the edge of the printed
line as the solvent evaporates, leaving an accumulation of the solidified
polymer along the edge of the channel and creating side rims. This
process has also been observed in inkjet printing.”” Figure 2(c) shows
an AFM scan of a channel created by a coffee ring effect in a polymer
thin film using solvent-based e-jet printing. The width and depth of
the recessed channel [Fig. 2(c)] are controlled by the amount of mate-
rial ejected in a single pass and the number of layers that are printed
along the same path.

The second behavior, termed Marangoni flow, defines a process
in which a non-uniform evaporation rate along a droplet causes a tem-
perature gradient that leads to a surface-tension gradient along the
droplet free surface [Fig. 2(b)]. The surface-tension gradient induces
inward fluid flow from the free surface of the droplet toward the center
of the droplet.”””'

When Marangoni flow is induced during solvent e-jet printing, a
fluid flow is generated in a circular pattern from the edges of the
deposited fluid toward the center of the printed pattern. This circular
fluid flow displaces the locally dissolved polymer in the solvent ink
from the edge of the pattern back toward the center of the pattern.
This results in a large central line of the deposited polymer and two
recessed side channels, as shown in the AFM scan of an e-jet patterned
feature in Fig. 2(d).

Marangoni flow has been shown to result in uniform thin films
when depositing materials coalesce together.”’ However, for
displacement-based e-jet printing, where the ability to define and con-
trol the parameters of a single recessed pattern is desired, the genera-
tion of two side channels caused by Marangoni flow, as depicted in
Fig. 2(d), reduces the repeatability and reliability of the created pattern.
To ensure control during displacement-based patterning, the process
parameters that induce a coffee ring effect were identified and kept
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constant throughout the experimental testing. Low jetting frequencies
minimized the potential for solvent to flood an area, reducing the risk
for Marangoni effects. Similarly, a short shelf life after UVO treatment
(<24h) maintained the UVO effects, which led to coffee ring rather
than Marangoni flows.

To assess the effects of the printed layer number and pulse width
on the displaced depth and linewidth of the resulting pattern, consider
the experimental results illustrated in Fig. 4. In experiment 1, the num-
ber of printed layers of solvent material was varied from one to eighty,
while holding all other parameters constant and selecting a pulse width
of 30 ps. In experiment 2, the pulse width was varied from 30 us to 40
us, with the number of layers set to 10. The AFM top view images of
the printed lines for experimental setups 1 and 2 are provided in Fig. 3
with a guide line to show the straightness of the created channels.

Figure 4 shows channel linewidth vs displaced depth as a func-
tion of layer number and pulse width length. Each measurement in
Fig. 4 shows the mean and standard deviation of nine sample points
around a nominal centerline, as demonstrated by the lines drawn onto
the top view AFM images (see Fig. 3). It was observed that an
increased layer number directly led to an increased displaced depth.
An indirect consequence of printing multiple layers was an increase in
the linewidth. For a PMMA layer thickness of 47 nm, approximately
40 layers of printed solvent material were required to displace all
PMMA and expose the underlying silicon substrate. Forty printed
layers resulted in an average linewidth of 12 um. Increasing the num-
ber of layers beyond 40 layers led to small depth changes and relatively
large linewidth changes.

To directly control the linewidth, consider the results from exper-
iment 2 (Fig. 4). The increased pulse width resulted in an increased
linewidth. In this experiment, the linewidth increased from an average
of 6 um to 17 um over a 10 us increase in the pulse width. Indirectly,
the displaced depth also increased as a function of increasing pulse
width. This is because a larger volume of deposited solvent material
leads to more of the base material being dissolved and displaced. Here,
increasing the pulse width resulted in an increase of 7 nm in the dis-
placed depth, where the percent change in the displaced depth was sig-
nificantly smaller than that observed upon increasing the number of
layers. Therefore, the pulse width is determined to be an ineffective
parameter to increase the displaced depth since it comes with a cost of
significant loss in the x-y resolution. Evaluating the results in Fig. 4,

IR
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FIG. 3. AFM top view of printed lines. (a) Experiment 1: pulse width=230 us
+ varying layer number and (b) experiment 2: number of layers = 10 + varying
pulse widths.
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FIG. 4. Pattern resolution. AFM measurements of displaced depth vs linewidth. The
color indicates the number of layers; the marker size indicates the pulse width
length.

we observed that increasing the number of layers provides a more sig-
nificant impact on the displacement-based patterning process. In par-
ticular, higher resolution (smaller line widths) and more densely
packed patterns (see Sec. I in the supplementary material) can be
achieved by increasing the number of layers applied to a given pattern.
Alternatively, for a specified displaced depth, the most direct method
for varying the linewidth is to increase the pulse width of the applied
voltage. This can be used to design patterns with varying channel
widths for applications in microfluidics, etc.

To demonstrate the effectiveness of the proposed approach, we
conducted a case study combining solvent-based e-jet printing with
area selective atomic layer deposition (AS-ALD). ALD is a thin-film
deposition process that facilitates sub-nm control of thickness in the z
direction through sequential exposure of the surface to self-limiting
chemical reactions. While conventional ALD provides a uniform coat-
ing of the surface, changes to the surface chemistry of the substrate
can enable selective suppression (or promotion) of the local deposition
rate.”” *° The channels resulting from the e-jet printed solvent provide
an effective spatial (x-y) pattern for AS-ALD.

In this case study, zinc oxide (ZnO), a common semiconductor
material, was selectively deposited on a silicon wafer (Si) in the e-jet
displaced channels built within the PMMA base layer, see Fig. 5. Note
that PMMA is a growth inhibitor for ZnO.” Patterns of deposited
ZnO were demonstrated at a resolution of 10-15 um. This case study
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FIG. 5. Area-selective ALD example. (a) AFM scan of displacement-based chan-
nels after e-jet printing. (b) AFM scan of ALD fabricated ZnO.
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demonstrates the effectiveness of displacement-based e-jet printing as
an enabling technology in nanomanufacturing platforms. E-jet print-
ing provides an alternative to traditional lithography processes for gen-
erating high-resolution patterns with reduced costs.

To summarize, solvent-based e-jet printing provides an approach
for achieving flexibility in area-selective patterning with high resolu-
tion in the x—y plane and precise control in the z-axis. The parametric
study presented in this work provides several key points of under-
standing related to the behavior of displacement-based e-jet printing
as a function of process parameters. The results indicate that con-
trolled patterning can be achieved by inducing coffee ring displace-
ment of the polymer particles, while the desired depth and linewidth
are derived through sequential printing across the same line known as
the number of printed layers. In this first demonstration of
displacement-based e-jet printing, we focused on understanding key
properties of subtractive patterning with e-jet rather than optimizing
the channel resolution or accuracy. In order to increase the resolution
(ideally to sub-micrometers which is within the capability of e-jet in
an additive printing mode) or improve the accuracy (minimizing the
standard deviation observed in Fig. 4), both the pre-printing condi-
tions (e.g., PMMA-deposited thickness and UVO exposure time) and
printing parameters (e.g., nozzle size, applied voltage signal, and jetting
frequency) need to be optimized. Potential applications for
displacement-based e-jet printing range from microfluidics to print-
able electronics, which are enabled by this paradigm in subtractive
printing at the nano-to-micro scale.

See the supplementary material for additional details on experi-
mental setups, as well as more results including rim width control
(Fig. S2) and study of the crossing lines (Fig. S3).

This work was supported by National Science Foundation
Grant No. CMMI1727918.
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