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Printed electronics will be essential in the implementation of next-generation electronic devices,
because printing facilitates fabrication of devices on various rigid, thin, or flexible substrates. Inkjet
printing enables precise placement of fine droplets of different functional materials; moreover, it is
inexpensive and adaptable for mass production. Electrohydrodynamic (EHD) jet printing, a type of inkjet
technology, can generate very fine ink droplets by applying an electric field between the substrate and
the nozzle; therefore, it is a promising candidate for high-resolution direct printing, which is essential in
the manufacturing of various devices. More significantly, the characteristics of EHD jet printing can be
conveniently adjusted by modulating the electric field strength, and various functional inks can be used
in this process. This paper is a comprehensive review of recent progress in EHD jet printing technology
to fabricate various electronic devices and circuits. Applications of various functional inks (electrode,
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1. Introduction

The electronics industry is undergoing a transition from rigid
and planar devices to flexible and wearable devices. This
change can be attributed to development of new materials
(e.g., semiconductors, dielectrics, conductors), new device-
fabrication technologies (e.g., roll-to-roll printing, digital printing,
stamping, and patterning), and design of devices with novel
applications.'™ Interest in solution-processing methods, including
different printing techniques, has significantly increased in both
academia and industry. Printing methods can significantly reduce
the number of underlying processes compared to those involved in
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semiconductor, dielectric materials) for each electronic component are also described.

conventional manufacturing methods (e.g:, vacuum lithography
and photolithography), and thereby enable simple and low-cost
mass production of electronic devices.*® In addition, printing
processes are ecologically benign, because they consume appre-
ciably less energy and produce less waste than conventional
processes.”

The field of printed electronics has expanded to include
smart packaging, radio-frequency identification (RFID) tags,
and biomedical applications; moreover, it is expected to have
a considerable influence on a wide range of industries owing
to the development of ‘“‘smart” manufacturing processes.
However, despite the many advantages of printed electronics,
the application of printing technology in the electronics indus-
try is still not extensive, so further research is required in this
field. Consequently, the market for printed electronics is
currently small, but markets for printable materials and
electronics are expected to grow to more than $6.9 billion for
2021 and $74 billion for 2030, respectively.®’

Printing processes can be primarily divided into digital and
analog categories according to the printing method. The former
includes inkjet, aerosol jet, and electrohydrodynamic (EHD) jet
printing, in which the printing nozzle is integrated with a
computer system to print the patterns desired by the user.'®
Analog printing includes gravure, offset, and flexographic
printing, in which the ink is transferred onto a substrate from
an image carrier that bears patterns engraved in advance.
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The two methods have complementary advantages and dis-
advantages. Digital printing methods can create fine patterns but
have the disadvantage of low productivity. In contrast, analog
methods achieve high productivity but limited resolution.'**
Considerable progress has been made in the development of
hybrids of digital and analog methods."*™*

EHD jet printing is a method that can induce various jetting
modes by applying the inkjet printing process, which is a
representative of “drop-on-demand” digital printing method,
under an electric field."® This field deforms the meniscus of the
droplet to a conical shape known as a Taylor cone, which can
consequently emit a jet of ink droplets.” This printing method
has the advantage of forming sub-micrometer ink droplets and
a highly stable undisrupted jet of ink under a uniform electric
field."® Advances in EHD printing technology have led to a
major breakthrough in the field of printed electronics in recent
years. Therefore, EHD jet printing is expected to have extensive
applications in printed electronics that require high resolution,
large-scale, and high-throughput manufacturing.’®>* This
review describes the EHD jet printing technology and the
various materials used as ink for printing.

The remainder of this review is organized as follows. Section
2 provides the brief history, basic principles, and modes of EHD
jet printing. Section 3 presents the various materials used as
printable inks for EHD jet printing, and describes applications
of various electronic devices fabricated using EHD jet printing.
Section 4 concludes the paper.

2. EHD jet printing
2.1 Brief history of EHD jet printing

The origin of EHD jet printing can be traced back to the
investigation of the behavior of droplets under an electric field.
In 1600, Gilbert reported that a droplet of liquid under the
influence of a strong electric field assumes an approximately
conical shape.?® In 1795, Bose discovered the phenomenon of
electrospinning, in which when an electric discharge is applied
to a droplet condensed in a capillary tube, the surface of the
droplet ruptures, leading to ejection of aerosols.”* In 1882,
Rayleigh theoretically analyzed the decomposition of spherical
liquid droplets under electrical stress and proposed a stability
criterion for charged droplets, which when violated leads to the
formation of jets of liquid.>® This stability criterion describes
an equilibrium between the external electrical stress and the
internal surface tension of the charged droplet. The first
scientific description of liquid ejection, called a cone-jet, from
the tip of an electrified droplet having a conical shape, was
obtained by characterizing the spray as a function of the nature
of the solvent, voltage, and pressure of the liquid at the tip of
the tube.”® The process of electrospinning, which utilizes
the formation of a stable cone-jet in electrohydrodynamics
to generate fine filaments of fluid, was patented in 1934.%”
In 1969, Taylor gave the name ‘Taylor cone’ to the conical
meniscus observed in a charged droplet, and proposed a
theoretical model to explain the shape of the meniscus and
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related EHD phenomena of cone-jets.” In 1989, Cloupeau and
Prunch-Foch proposed a classification of EHD jetting modes
that was developed from their observations in ambient air
conditions (i.e., not in vacuum).*® They categorized EHD jetting
modes according to the behavior of the ejected liquid from the
meniscus of a cone-jet (with or without pulsating motions) into:
pulsed cone-jet, multi-jet, jet with micro dripping, simple jet,
ramified jet, and spindle jet. In 1990, Fenn et al. discovered that
flowing solutions of large polymers and proteins could be
formed by the electrostatic atomization of the corresponding
solutions in a Taylor cone; they applied this phenomenon to
the mass spectrometry of large biomolecules.*

To obtain a complete theoretical understanding of droplet
and jetting behavior in the presence of an electric field, several
different approaches specific to situations have been adopted.**
The practical utilization of this jetting phenomenon for the con-
trolled deposition of materials was inspired by electrospray techni-
ques to generate charged droplets.**** Several studies have been
conducted to investigate the influence of cone-jet transition on
various jet variables.*>*® Similarly, several studies have explored
corresponding printing processes that use a variety of materi-
als, such as organic, inorganic, and hybrid materials, to fabri-
cate various types of electronic devices. For instance, EHD jet
printing has been applied to eject different types of ink from
microcapillary nozzles of different sizes, and to obtain fine
patterns with a resolution as fine as 1 pum."® EHD jetting has
been used to deposit polymeric nanowires for device fabrica-
tion by lithography,®” and for ultrafast 3D printing.**

2.2 Basic principles and printing modes of EHD jet printing

EHD jet printing exploits the jetting behavior of droplets in an
electric field. The method is used to fabricate various types of
materials for electronic devices.’*™*' Before discussing the
applications of EHD jet printing to deposit functional materials
required in the manufacturing of electronic devices, we illus-
trate the basic principles and printing modes of EHD jet
printing to provide a brief introduction to some of the impor-
tant research conducted in this field.

EHD jet printing offers different modes of operation than
conventional inkjet printers to directly deposit materials. The
modes correspond to different means of generating droplets.
The conventional mode of EHD jet printing exploits modes of
Taylor-cone formation. This mode leads to formation of nano/
micrometer-sized patterns that cannot be achieved using con-
ventional inkjet printers. In thermal and piezoelectric inkjet
printing methods, ejection of liquid jets from small nozzles is
impractical because very high pressure is required to overcome
the capillary forces. Conversely, EHD jet printing uses an
external electric field to pull the liquid out of the nozzle tip,
so the capillary forces can be overcome relatively easily. In EHD
jet printing a voltage is applied between the nozzle and a
conducting plate to initiate the flow of ink from the nozzle
tip (Fig. 1a). The back pressure of the syringe pump moves the ink
toward the nozzle tip, which is coated by a thin layer of metal. The
electric field causes the mobile ions or charged solutes in the ink to
accumulate near the surface of the meniscus. Coulomb repulsion

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(a) Schematic illustration of EHD jet printing process and (b) forces that influence the jetting behavior of a droplet at a nozzle tip. (c) Effect of

electric field and flow rate on jetting mode. Reproduced from ref. 45 with permission from the Cambridge University Press. (d) Images of jetting mode
and (e) jetting behavior depending on dimensionless flow rate « and dimensionless voltage f§ of ethanol and terpineol mixture. Reproduced from ref. 46
with permission from the American Chemical Society. Jetting behaviors according to (f) surface tension and (g) conductivity of ink. Reproduced From ref.
50 and 51 with permission from the Wiley-VCH and the Elsevier. (h) Schematic illustration of simulation system and practical jetting image of EHD jet
printing. Reproduced from ref. 56 with permission from the Springer Nature.

between these solute particles changes the circular meniscus to a
Taylor cone.*” Under the influence of a sufficiently high electric
field such that the applied voltage exceeds critical voltage VC to
form a Taylor cone, the electrostatic stresses overcome the surface
tension, so ink droplets are ejected from the cone. This process
ejects droplets or fine jets that have diameters significantly smaller
than the nozzle diameter. This method usually generates jet that
have smaller diameters than those obtained in conventional inkjet
printing.

© 2021 The Author(s). Published by the Royal Society of Chemistry

This printing concept can be expressed numerically. The
droplet generated at the nozzle tip is governed by the electric
force FE, surface tension FS, viscous force FV, and gravitational
force FG (Fig. 1b)."*** The formation of the jet can thus be
described by the Navier-Stokes equation

p(0u/0t + uVu)= —-Vp+F V+F E+F S+FG, (1)

where p, p, and u are the density, pressure, and velocity of
the ejected droplet, respectively. The fluid in the jet is usually

Mater. Adv,, 2021, 2, 5593-5615 | 5595
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considered to be incompressible, so the mass conservation
equation can be written as

Vu=0. (2)
In addition, FG can be written as

F_G = pg, (3)

where g is the acceleration due to gravity. FV can be determined
using the divergence of the viscous stress tensor TV, as

F_V=VTV=uVuy, (4)

where p is the viscosity.

The surface tension only acts in a direction normal to the
interface between the air and liquid, and can be expressed
using the Dirac distribution function S as

F_S = gkd_Sn, (5)

where 0, k, and n are the coefficient of surface tension, interface
curvature, and normal vector to the interface, respectively.
FE is computed using Maxwell’s equations as

F E=VTM =q_VE — 1/2E°Vs, (6)

where TM, qV, E, and ¢ are the Maxwell stress tensor, volume
charge density, electric field, and permittivity of the liquid,
respectively. g_VE represents the electric forces exerted on the
free charges in the fluid (i.e., Coulomb force), and —1/2E*Ve
represents the electric forces exerted on the electric dipoles
induced in the dielectric medium (i.e., dielectric force). The
volume charge density is estimated using a leaky dielectric
model derived from Gauss’s law:

q_V=V-(cE). (7)

To achieve stable jetting behavior during EHD jet printing, all
forces in eqn (1) must be in equilibrium.

Different experimental conditions, such as the electrical
field (or applied voltage), can control and produce different
jetting behaviors in addition to a stable jetting mode (Fig. 1c
and d). When the electric field is absent or small, the liquid
flows out of the nozzle under the influence of gravity; a low flow
rate corresponds to dripping mode, and a high flow rate
corresponds to jetting mode.”> A slight increase in the flow
rate, electric field, or both, from that in the dripping mode
leads to formation of a pulsating liquid jet, by which streams of
distinct droplets are ejected by repeated formation and relaxa-
tion of the Taylor cone. This pulsating jetting behavior can be
achieved at flow rates lower than the minimum flow rate, or at
voltages lower than the critical voltage required for the steady
cone-jet mode. A further increase in the voltage above VC leads
to a continuous stream of liquid from the nozzle along with the
continuous presence of the Taylor cone. This is referred to as
the cone-jet mode or stable jetting mode of EHD jet printing.
At much higher electric fields than these, complex jetting
behaviors such as tilted jets and multiple jets (with two or
more jet streams) occur. Therefore, EHD jet printing under
a high electric field leads to atomization or a spray mode.
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In general, the deposition of functional materials is best using
either pulsating-jet mode or cone-jet mode.

The jetting behavior can also be altered by other factors,
such as the characteristics of the ink. Therefore, several studies
have been conducted to take these variables into account.
A systematic and quantitative study of various modes of jetting
behavior for a given ink and printer setup®® identified 10 key
variables related to the characteristics of the ink, the geometry
of the system, and to various processing conditions (e.g,
density, surface tension, permittivity of free space and the
fluid, conductivity, viscosity, nozzle diameter, distance between
nozzle tip and substrate, flow rate, and applied voltage) that
govern the electrodynamics and fluid dynamics during the EHD
jet printing process. These variables were reduced to six
dimensionless numbers by using the Buckingham n theorem.
During EDH printing using mixtures of ethanol and terpineol,
the jetting behavior was classified as a function of the dimen-
sionless voltage  and dimensionless flow rate o (Fig. 1e). This
approach allows different injection modes to be described
quantitatively, and therefore can provide useful information
regarding the selection of process conditions in future studies.

Several studies have also been conducted to confirm the
formation of the cone-jet mode while controlling the para-
meters of the ink.*”"*° During EDH printing using two types
of polymeric ink (polystyrene (PS) and poly(methyl meth-
acrylate) (PMMA)) with different physical and chemical
properties,” the effect of varying the fluid parameters (i.e.,
surface tension, viscosity, conductivity, dielectric constant, and
molecular weight) were investigated. The surface tension of the
various solvents critically determined the properties of the
cone-jet mode (Fig. 1f). The viscous properties of the ink also
influenced the deposited layers, and the droplet diameter
decreased when the polymers had high molecular weight.

In a study that exploited cone-jet mode with a highly-
conductive ink composed of Ag nanowire (AgNW), which has
conductivity of range 10 **~107* S m™',>" the pristine AgNW
ink with high conductivity failed to form the cone-jet mode, but
addition of polyethylene oxide (PEO) to the pristine AgNW ink
induced a decrease in the conductivity and thereby permitted a
stable cone-jet mode during EHD jet printing. PEO has excel-
lent solubility for hydrophilic metallic solutions or inks,”*"
and the insulating properties of PEO can modify the conduc-
tivity of metallic ink to facilitate EHD jet printing.

In addition to theoretical modeling and experimental ana-
lysis, numerical simulations of the EHD jet formation process
have also been performed.***® Numerical simulations to find the
optimized conditions for coaxial EHD jet printing utilizing a three-
phase liquid-liquid-air model (Fig. 1h),>® were used to guide
investigation of the effect of various working parameters
(e.g., applied voltage, flow rate of the inner coaxial liquid, size of
the Taylor cone) on the morphology of the jet. The results agreed
well with those of physical experiments. Using optimized working
parameters obtained from the simulations, a stable nanoscale jet
was formed by the combined effect of the electric shearing force,
viscous shearing force, and internal pressure. Subsequently, various
patterns with a diameter of 70 nm were printed using this jet.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Numerical simulations that applied the Taylor-Melcher
leaky dielectric model of droplet generation during EHD jet
printing successfully simulated the droplet generation process
in one cycle, including the formation of the Taylor cone, jet
onset, jet break, and jet retraction.”® The simulated results
agreed well with the corresponding experimental results.
Further analysis revealed three constraints that must be con-
sidered during EHD jet printing: voltage, flow rate, and nozzle
diameter. Research on the formation of jets in EHD jet printing
is still in progress.’’>° Understanding of the EHD jet printing
process for practical printing applications will likely increased
in the near future.

Research on the basic principles and mechanisms behind
jet formation has led to the discovery of various materials and
printing processes that can be deposited using EHD jet print-
ing. In particular, depending on the purpose of the user with
this mechanism, different types of EHD jet printing can be
realized, such as pulsating jet or cone-jet mode, EHD spraying
mode, and electrostatic-force-assisted dispensing mode.

The most commonly-used printing mode exploits formation
of the Taylor cone, and is known as the pulsating-jet or cone-jet
mode. Pulsating-jet mode is a micro-dripping mode that exhi-
bits repeated formation of Taylor cones due to the application
of a pulsed DC voltage or because of the natural frequency of
jet ejection during the printing process (Fig. 2a).°® This
natural frequency has been explored from the point of view of
electrospray applications and scaling laws to describe for the
pulsation frequency have been proposed using the frequency
spectrum of capillary waves on the surface of a charged
droplet.®

The electric field affects the frequency and can be described
using scaling laws that illustrate the dependence of the pulsa-
tions of a liquid jet on the flow rate, jet diameter, and intrinsic
pulsation frequency.®® The intrinsic pulsation frequency is
proportional to the electric field strength raised to the power
of 1.5 on a logarithmic scale. A decrease in the back pressure in
the ink supply system resulted in increased pulsation frequen-
cies and reduced droplet sizes.

A pulsed DC voltage printing regime high-speed, high-
resolution, and high-precision EHD jet printing,** uses the
duration of the pulse to determine the volume of the droplet
and size of the pattern on the substrate. This method has
achieved high-speed drop-on-demand printing capabilities at
1 kHz and droplet sizes in the range 3-5 um (for aqueous ink)
and 1-2 pm (for photocurable polymer ink). Therefore, because
of its ability to deposit micro- and nanometer-sized droplets,
this printing mode is widely used to fabricate finely-patterned
functional materials.>*%>%*

Cone-jet mode exploits formation of a stable Taylor cone
when a continuous voltage is applied. The mode ejects jets
of ink continuously from the nozzle. This printing mode is
possible only under appropriate printing conditions (e.g:, elec-
tric field, flow rate, and properties of the ink), but enables high-
resolution and high-precision deposition of functional materi-
als in the desired pattern."®'®®® However, when the printing
distance is too long (> 700 pm), the jets decompose into a spray

© 2021 The Author(s). Published by the Royal Society of Chemistry
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that is emitted from the droplet under the influence of the
electric field; hence, precise printing to form a fine pattern is
possible only when the printing distance is minimized.

EHD spraying mode develops when the distance between
the nozzle and the substrate in the cone-jet mode is large, and
jetting behavior changes to a spraying behavior (Fig. 2b).%°
Compared to conventional spraying modes, the EHD spraying
mode can generate finer droplets without significant agglom-
eration owing to the repulsive force between the highly-charged
droplets or solute particles,®” produce smaller droplets,®® and
achieves higher deposition efficiency with a smaller material
loss. This spraying mode has been used to deposit patterned
AgNW electrode layers for fabrication of flexible organic solar
cells (Fig. 2¢).*® Their work also confirmed that the EHD
spraying mode has the potential to be scaled up for large-
scale printing and direct patterning of various types of func-
tional materials.

In contrast, when the distance between the nozzle and the
substrate is smaller than the diameter of the droplet at the
nozzle tip, the printing is performed in a dragging mode, which
is referred to as the electrostatic-force-assisted dispensing
mode. This printing mode has properties of both the dispen-
sing and EHD-jet printing methods. As in the EHD jet printing
technique, an electric field is applied between the nozzle and
the substrate during the dispensing process. Therefore, the
charged ions or solutes in the droplet at the nozzle tip create an
electrostatic attraction between the substrate and the deposited
functional material, and thereby strengthen the adhesion
between the two and help increase the density of the printed
layers.”®”" This printing mode has been used to deposit highly
viscous Ag ink on the surface of a crystalline silicon solar cell
(Fig. 2d); and to construct electrodes that had unusually high
aspect ratio using single-pass printing.”

Electrostatic-force-assisted dispensing mode has also been
used to print electrochromic materials in ion gel.” In this
mode, an electrostatic attraction formed between the ion gel
and indium tin oxide (ITO)-patterned glass, so the ion-gel layer
is well-defined (Fig. 2e), whereas the conventional dispensing
technique formed poorly-adhered films. Thus, EHD jet printing
is a useful technique that can be applied in several modes.
Different types of functional materials can be printed using
these modes and the printed layers can be applied to several
types of electronic device.

3. EHD jet printing of functional
materials
3.1 Conductive materials

The use of electronic ink (e-ink) is key to implementing EHD jet
printing technology to produce electronic devices; therefore, we
discuss the features of e-ink in detail in this section. E-ink is
considered to be one of the most important components of
printed electronics technology and is responsible for deter-
mining the final electrical characteristics of the electronic
product. These inks can be approximately classified into three

Mater. Adv., 2021, 2, 5593-5615 | 5597
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(a) Schematics of pulsating mode and practical printing images of pulsating jet and cone-jet modes. Reproduced from ref. 60 with permission from the
IOP Publishing Ltd. (b) Schematics of EHD spraying mode and (c) photograph of detailed EHD spraying mode. Reproduced from ref. 66 and 69 with permission
from the American Chemical Society and the Royal Society of Chemistry, respectively. (d) Highly viscous Ag layers printed using electrostatic-force-assisted
dispensing mode on rough surface. Reproduced from ref. 72 with permission from the Springer Nature. (e) Electrostatic-force-assisted dispensing mode with ion-
gel materials on ITO-patterned glass. Reproduced from ref. 73 with permission from the American Chemical Society.

Fig. 2

categories: (1) metals, such as gold, silver, copper, palladium,
and nickel; (2) carbon materials, such as carbon nanotubes
(CNTs), graphene, carbon black, and carbon matrix composites;
and (3) conductive polymers, such as poly(3,4-ethylenedioxy-
thiophene):polystyrene sulfonate (PEDOT:PSS) and polycapro-
lactone/poly(acrylic acid) (PCL/PAA).

E-ink is characterized by several important physical para-
meters, such as the zeta potential, viscosity, surface tension,
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and sintering temperature. These physical parameters directly
influence the e-ink’s characteristics and possible applications.
E-ink is composed of various additives, and its conductivity
depends on the conductivity, type, and content of the additives.
High-quality conductive ink must satisfy six basic requirements:
(1) good stability, to ensure that the components do not easily
decompose and agglomerate; (2) good rheological properties,
to ensure smooth printing; (3) compatibility with the substrate;

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Resistivity of four metals at room temperature, and their thermal
coefficients of resistance

Resistivity Temperature coefficient
Material (x107% Q m) of resistance (°C™")
Gold 2.4 0.00324
Silver 1.586 0.0038
Copper 1.678 0.00393
Aluminium 2.65 0.00429

(4) low electrical resistance after curing and film-forming;
(5) narrow printing line width or high resolution; and (6) low
ink-to-conductive film conversion temperature.

The fabrication of low-resistance printed electrodes is the
key to improving the electrical characteristics of electronic
devices. Metal inks have low resistivity and a small temperature
coefficient of resistance (Table 1), so they have become the
main material for printed e-ink devices. The resistivity of
copper (Cu) is 16.78 nQ m, and it is abundant and inexpensive,
so it is widely used. A Cu electrode can be to directly patterned
using a non-contact EHD jet process to print high-resolution Cu
wire with a minimum width of 40 um, by using Cu paste with a
viscosity of 4000 cP, with propylene glycol monomethyl ether
acetate (PGMEA) as an additive (Fig. 3a and b).”* Cu electrodes
annealed in vacuum had better properties than those annealed
in air. Annealing in vacuum burned the organic compounds
in the copper electrodes, leaving behind a surface that was
distinctly different from those of samples annealed in air.
Annealing in vacuum also caused coarsening, which made
the Cu particles bond together. Zinc tin oxide (ZTO)-based
thin-film transistors (TFTs) fabricated with the vacuum-
annealed Cu electrodes had good properties, with a field-
effect mobility uper = 0.50 cm® V™' s7', an on/off current ratio
Ion/loge = 5.5 x 10°, and a threshold voltage Vi, = 11.9 V. These
results show that EHD jet-printed Cu has several potential
applications in fabrication of electronic devices.

Cu is easily oxidized in air, especially at the nanoscale,
where its specific surface area is high.””> Copper oxide has
much higher resistivity = 5.1 x 10° nQ m than Cu (17.2 nQ m)
and it almost behaves like an insulator. Similarly, the resistivity of
silver (Ag) is 15.9 nQ m, whereas silver oxide has a low conduc-
tivity. However, Ag is relatively more difficult to oxidize than Cu,
and is therefore regarded as the most promising material for
preparing highly conductive and stable inks; moreover, Ag is
the most studied e-ink material for inkjet printing.””” Recent
developments in flexible printing technology and nanotechnology
for high-resolution electronic components have directed attention
to different types of Ag nanostructures.”®”®

Top-contact organic thin-film transistors (OTFTs) have been
fabricated using direct EHD jet-printed Ag electrodes with
a channel length of 5 um (Fig. 3c).*° Ag nanoparticles were
doped with 2,3,4,5-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(F4-TCNQ) by using a solution processing method. The OTFTs
with printed electrodes had electrical characteristics comparable to
those of devices composed of top electrodes prepared using
thermal evaporation. An OTFT with a channel current in the
milliampere range, channel length of 4 um, and width:length

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ratio > 300 was demonstrated (Fig. 3d). The printing process used
was highly repeatable and the difference between individual
devices was very small, so the OTFTs achieved a high current
output.

EHD jet printing technology can directly print AgNWs on
various flexible substrates.?' The printed AgNW patterns had a
low resistivity (as low as 175 nQ m). In addition, fabricated
flexible heaters showed a uniform temperature distribution
with a maximum heating rate of ~21 °C s and a maximum
cooling rate of ~29 °C s~

Low-melting-point metal ink (e.g., Field’s metal) is also
commonly used in EHD jet printing. It has been used to directly
manufacture metal wires using EHD jet printing with a resolu-
tion of <50 um (Fig. 3e).®”> The electrical response was stable
after several hundred bending cycles and during the stretching/
releasing cycles for a wide range of tensile strains (0-70%). The
printed metallic conductors had self-healing abilities, such that
the faults in the device could be easily repaired by low-
temperature heat treatment without affecting their tensile
properties. A high-density touch sensor array was also success-
fully fabricated and tested using these printed conductors
(Fig. 3f).

Carbon-based materials are quite abundant and their price
has also declined compared to those of metallic inks. CNTs are
quite narrow and have smaller inner diameter (~1 nm) than
their outer diameter (several to tens of nanometers). Their
lengths are generally on the order of micrometers, and
their ratio of length to diameter is very large, approximately
10°-10°. CNTs are excellent one-dimensional media, which
have very high mechanical strength, and tolerance of elastic
strain up to 12%.%* However, owing to the strong van der
Waals force, CNTs do not readily disperse in solvents; hence,
development of a stable dispersion is a prerequisite for the
preparation of CNT inks for EHD jet printing of electrodes.
Three dispersants; ie., Triton X-100 (TX100), poly(4-styrene-
sulfonic acid) (PSS), and sodium dodecylbenzenesulfonate
(NaDDBS)), all disperse the multiwalled CNTs adequately
(Fig. 4a).”® The nature of the dispersants affected the surface
potential and charge-carrier injection properties of CNT com-
posite electrodes printed using EHD jet printing. The printed
MWCNT/PSS lines showed excellent electrical characteristics
when used as electrodes in p-type OTFTs (Fig. 4b), whereas
MWCNT/TX100 lines showed excellent electrical properties
when used as electrodes in n-type OTFTs (Fig. 4c).

Micro-supercapacitors have been prepared using EHD jet
printing of carbon materials, with carboxymethyl cellulose
(CMC) as an electrode adhesive to adjust the surface charge
of the electrodes.?* The voltage applied in the cone-jet mode
was 0.42-0.44 kV and the electrode width was ~ 10 um (Fig. 4d).
The electrode width remained almost unchanged during the
experiments with only an increase in the number of printed
layers.

Methyl-red/graphene composite films of thickness ~300 nm
have been deposited on silver electrodes by using EHD jet
printing (Fig. 4e).*® These composite electrodes were used in
humidity sensors. The electrical resistance of the sensors varied

Mater. Adv,, 2021, 2, 5593-5615 | 5599
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inversely with relative humidity from 11 MQ at relative humidity
(RH) = 5% to 0.4 MQ at RH = 95% (Fig. 4f). For capacitive sensors,
the capacitance varied from 2.3 pF at RH = 0% to 66 nF at RH =
100%. The response and recovery times were for 0.251 s at RH =
35% and 0.35 s at RH = 100%. The sensor had a resistive sensitivity
of 96.36% and a capacitive sensitivity of 2 869 500%. Such a high-
sensitivity sensor could be realized owing to the deposition of
methyl-red/graphene composite film on silver electrodes.
Organic polymers have several advantages. They are flexible,
recyclable, highly scalable, environmentally benign, and light
weight. Numerous types are available, and they allow low-cost
and simple device manufacturing, and have excellent solution

5600 | Mater. Adv, 2021, 2, 5593-5615

processability.®® Due to their wide range of optical, mechanical,
and electrical properties, hybrid nanocomposites have been
used in a variety of electronic devices, including solar cells,
memristors, sensors, thin-film transistors, and light-emitting
diodes.®””® PEDOT:PSS is one of the most important conduc-
tive polymers; it has excellent chemical and physical properties,
such as high conductivity, optical transparency, water solubi-
lity, good film-forming ability, and mechanical flexibility, and
is therefore an important material from the perspective of both
practical applications and basic research.’®*!

After tuning of the work function of EHD jet-printed PEDOT:
PSS electrodes (Fig. 5a) they were used to manufacture OTFTs

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Elsevier.

that had efficient charge transport, and complementary logic
circuits.”® Two types of PEDOT:PSS materials, one with a high
work function (5.28 eV) and the other with a low work function
(4.53 eV), were printed using EHD jet printing, and applied as
the source and drain electrodes of OTFTs, and in complemen-
tary logic circuits. OTFTs fabricated using these PEDOT:PSS
electrodes with tuned work function had excellent electrical
properties, including an I,p/log > 10" and a pger > 1em®>V 's™ %
The proposed method is excellent for the development of
next-generation integrated circuits and other multifunctional
electronic devices.

© 2021 The Author(s). Published by the Royal Society of Chemistry

The work function of PEDOT:PSS was tuned by addition of
fluorine- and amine-based additives, then used to print asym-
metric electrodes to enhance the charge injection/extraction
characteristics of OTFTs (Fig. 5b).”* As a result of the difference
in the surface energy, addition of fluorine- and amine-based
additives led to vertical phase separation after the completion
of the EHD jet printing process. Consequently, the surface
dipolar effect of the fluorine-based (electron-withdrawing)
and amine-based (electron-donating) additives modified the
surface potential. Therefore, OTFTs fabricated with these asym-
metrically arranged, PEDOT:PSS electrodes had tunable work

Mater. Adv., 2021, 2, 5593-5615 | 5601
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function had superior charge-transport characteristics (both
injection and extraction) between the electrode and the semi-
conductor, with a upgr > 1 cm® V' s7* for both n-type and
p-type OTFTs.

Additionally, EHD jet printing can use PEDOT:PSS in combi-
nation with a hardener to increase the solvent resistance and
electrical characteristics (Fig. 5¢).”* Addition of a silicon-based
hardener to PEDOT:PSS yielded solvent-resistant PEDOT:PSS
composites, which when EHD jet-printed had increased elec-
trical conductivity and solvent resistance, and showed efficient
charge injection when semiconductor materials were coated
onto PEDOT:PSS composite electrodes. When EHD jet-printed
PEDOT:PSS composite electrodes were used in OTFTs, they
had superior electrical characteristics compared to OTFTs
composed of electrodes that had been fabricated without a
hardener. Numerous other EHD jet-printed electrode materials
have been presented in the literature,*®>">%9%947102

3.2 Semiconducting materials

Different types of electronic devices have been developed for
switching, sensing, energy harvesting, and display applications,
so significant efforts have been devoted to developing and
utilizing both organic and inorganic semiconductors for elec-
tronic applications. However, some semiconductors that have
sufficient charge transport or unique optical properties can be
damaged by the processing required for device fabrication.
Semiconducting materials with low temperatures of degrada-
tion and melting also require low deposition temperatures.
In addition, the high thermal and chemical sensitivities of
certain semiconductors prevent their manipulation using the

5602 | Mater. Adv, 2021, 2, 5593-5615

fabrication methods used in semiconductor industry. However,
they are amenable to direct printing technology, which
enables their use in fabrication of electronic devices. EHD jet
printing technology allows semiconductors to be printed with a
narrow line width and to be applied to complex and integrated
devices.

Metal oxide semiconductors with high mobilities and trans-
parency can be formed into thin films by using low-temperature
solution processing.'®*% Zinc oxide is a representative
solution-processable metal oxide semiconductor that can trans-
port electron charge carriers.'®®'°® To improve its charge-
carrier transport characteristics and stability, attempts have
been made to dope it with tri- or tetravalent metal atoms, such
as tin, indium, and gallium.’®**"* The first application of EHD
jet printing technology to direct patterning of oxide semi-
conductors used indium zinc oxide (1ZO),"** which was line-
printed with line widths of 1.5 and 5 um on SiO,/Si substrates
(Fig. 6a). The IZO ink was composed of the metal salts indium
nitrate hydrate and zinc acetate dihydrate, and organic solvents.
The composition and annealing temperature of the IZO ink
were optimized by spin-coating it onto fabricated TFTs. The same
optimized condition that were used to fabricate spin-coated
1ZO-based TFTs were also used to EHD-print TFT devices with
line-patterned I1ZO that had line width <20 um (Fig. 6b). The
resulting TFTs showed promising electronic characteristics with
a pippr = 3.7 em® V' s7 1 and an I/l > 10° (Fig. 6¢). 1ZO-based
TFTs fabricated in a device configuration of glass (substrate)/
indium tin oxide (ITO, gate electrode)/hafnium oxide (HfO2,
dielectric)/ITO (source and drain electrodes) had a uppr =
32 cm? V' s7! and an I, /I = 10°.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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EHD jet printing has been used to prepare indium gallium vacancies, thereby improving the overall electrical characteris-
zinc oxide (IGZO) with a line width of 30 um, which were then tics of the devices. The EHD jet-printed IGZO-based TFTs had a
used to fabricate TFTs.''® Use of formamide (FA) solvent in  uper = 1.3 em® V' s™' and an I/Iog = 4 x 10°.
the IGZO precursor solution facilitated EHD jet printing by EHD printing has also been used to patterned ZTO semi-
retarding nozzle clogging. The FA solvent also reduced the conductors with a line width of 60 pum, for use in TFTs."**
content of hydroxide and enabled the formation of oxygen They had a ppgr = 9.82 cm® V™' s™ ' and an Ion/log = 3.7 x 10°,
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EHD jet-printed ZTO had a pggr that was almost three times
higher than that of the spin-coated ZTO. The EHD jet-printed
TFTs also showed reduced hysteresis and better positive bias
stability than TFTs that had been fabricated using spin coating.

EHD jet spraying has been used to fabricate ZTO-based
TFTs."*® The spray pattern of ZTO was optimized by modulating
voltage applied to the nozzle tip, substrate temperature,
solution concentration, pressure in the syringe, and distance
between the nozzle and the substrate. The droplets of ZTO
deposited had an average diameter of 60 pm. ZTO-based
TFTs fabricated using this technique had an electron piggr =
4.89 cm® V' s tand an I,,/I ¢ = 107.

EHD jet printing has been used to print ZnO semiconduc-
tors and various solution-processable electrode materials on
Si/Si0, substrates.''® Zinc acrylate (ZnA) was used as the ZnO
precursor, and by modulating the printing distance and the
voltage applied between the nozzle and the substrate, six
different jetting modes were obtained: dripping, micro-
dripping, multi-microdripping, cone-jet, multi-jet, and electric
break down (Fig. 6d and e). Line-patterned ZnO and ZnO/In
TFTs with line widths of ~100 um were optimized by varying
the solution concentrations and Zn:In precursor ratios.
PEDOT:PSS, Ag, and MWCNTs:PSS inks were evaluated to
replace thermally-deposited Al electrodes; the MWCNT:PSS
electrodes had the best TFT characteristics, with an average
uper = 1.14 em® V! 57! and an I, /I¢ = 8.2 x 10° in TFTs
composed of ZnO:In semiconductor and MWCNT:PSS electrodes.

ZnO nanorods have high electron mobility and catalytic
efficiency, so they also constitute a promising material to
improve the electrical characteristics of ZnO-based functional
devices. ZnO have been patterned by using EHD jet printing
polyethylene oxide (PEO)-Zn(NOj3), composite filaments, then
heating the substrate to decompose PEO-Zn(NOj;), to ZnO
nanorods (Fig. 6f).""” Decrease in working voltage and increase
in printing distance reduced the thickness of PEO-Zn(NOjs),
filaments to a line width of 2 pm, then they were decomposed
to ZnO nanoparticles to serve as seed templates for hydrother-
mal growth of ZnO nanorods. The width of the ZnO nanorods
gradually increased to 38 pm as the ZnO nanoparticles grew to
form ZnO nanorods (Fig. 6g-i). The photoelectrochemical
properties of the patterned ZnO nanorods were well controlled
and they showed higher photoelectrochemical stability than
spin-coated ZnO nanorods.

EHD jet printing technology enables facile and direct print-
ing of metal oxide semiconductors with high resolution, so this
technology has been used to fabricate transistor arrays and
integrated circuits.''® In,0; was used because of its high
mobility and low processing temperature. In,O; patterns with
a narrow line width of 2 um and low thickness of 20 nm were
obtained. The TFTs fabricated using these line-patterned In,0O;
had a pippr = 7.7 em® V' s7! and an I, /I¢ = 10%. When the
In,O; channel layer with a length of 110 um was EHD jet-
printed on Zr-doped AlO, (ZAO), which has a high dielectric
constant k, the TFTs had a high electron pipgr =230 cm®> V™' s™"
and an I,,/I¢ = 10°. The fabrication of TFTs that had good
electrical characteristics, the improvement in device stability by

5604 | Mater. Adv, 2021, 2, 5593-5615
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printing passivation layers, and the desired operation of logic
circuits that used EHD jet-printed TFTs demonstrate the versa-
tility of EHD jet printing technology. Successful fabrication of
TFTs on plastic substrates also suggests that EHD jet-printed
In,0; is a promising material for use in printed electronics.

In,0; and IGZO have also been used in all-metal-oxide TFTs,
with direct-printed metal oxide TFT with In,0; or IGZO as the
semiconductor, ITO as the electrodes, and Al,O; as the high-k
gate dielectric.”® The channel length of the metal oxide semi-
conductor layer was 7 pm. The all-printed TFTs had excellent
electrical characteristics at a low operating voltage of 2 V, with
an average electron pppr = 117 cm® V' s and an I/l =
>10°, Integrated logic gates, such as NOT and NAND, were also
fabricated.

Various gases react with the surfaces of metal oxide semi-
conductors, so they can be used to detectors those gases. Metal-
oxide gas sensors with metal oxide nanofibers have been
produced using EHD jet printing,"*® with nanofibers of SnO,,
In,0;, WO3, and NiO as inks. Optimized printing parameters
yielded microscale patterns of metal oxide nanofibers with
diameters <100 pm. Gas sensors have also been fabricated
using the EHD printing technique on microelectrodes to detect
toxic gases, such as NO,, CO, and H,S. These four metal oxides
could detect concentrations as low as 0.1 ppm of NO,, 20 ppm
of CO, and 1 ppm of H,S.

Organic semiconductors (OSCs) are representative solution-
processable materials used in printed electronics.'**"'*> OSCs
enable facile and direct printing at low temperature, so they can
be printed on various substrates, including plastics, to fabricate
flexible devices. The first report of EHD jet printing of an
organic semiconductor used poly(3-hexylthiophene-2,5-diyl)
(P3HT) and poly((N,N'-bis(2-octyldodecyl)naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl)-alt-5,5'-(2,2'-bithiophene)) (N2200)
to fabricate p-type and n-type organic semiconductors,
respectively.’” The viscosity range that is suitable to yield a
stable EHD printing mode is wider for conductive materials
than for insulating materials, so poly(ethylene oxide) (PEO) was
added to the semiconductor solutions to increase their viscos-
ity. The two semiconductors were printed as nanowires that
had radius <780 nm. The source and drain electrodes were
patterned by introducing a nanoscale electrode gap using
EHD jet-printed polymer nanowires (Fig. 7a). When a high-
capacitance ion-gel polyelectrolyte was used as the gate dielec-
tric material (Fig. 7b), the resulting P3HT-based nano-channel
TFTs had a high hole ugpgr up to 9.7 cm® V' s, Use of line-
patterned P3HT to fabricate ion-gel polyelectrolyte nanogap
transistors yielded a high uggr, but TFTs with a device configu-
ration of Si/SiO,/P3HT/Au had a ppgr = 0.015 cm?® V' s7*
because of the PEO insulator in the P3HT solution.

The increased viscosity in the solutions with PEO can lead
to nozzle clogging during the EHD jet-printing process. This
problem can be solved by modifying the dielectric surface and
printing P3HT lines without any polymer binder, and control-
ling the SiO, dielectric layer by introducing self-assembled
monolayers and polymer thin films."”* The width of the P3HT
lines decreased as the surface energy decreased and as the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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illustration of the process to fabricate nano-channel TFTs using EHD printing technology, and (b) electronic characteristics of nano-channel TFTs with
ion-gel polyelectrolyte, reproduced from ref. 37 with permission from the Springer Nature; (c) OM images of EHD-printed P3HT lines on various surface
treated substrates, reproduced from ref. 123 with permission from the American Chemical Society; (d) polarized-OM images of line-printed TIPS-
pentacene crystals with various line width, reproduced from ref. 132 with permission from the American Chemical Society; and (e) a scheme of OLED
structures with EHD-printed small-molecule pixels, reproduced from ref. 133 with permission from the Royal Society of Chemistry. The right figure is

fluorescence-OM image of OLED pixel arrays.

surface wettability of P3HT decreased on hydrophobic surfaces
(Fig. 7c). Therefore, the line-patterned P3HT on octadecyltrichloro-
silane-modified substrates had the narrowest line width of
100 pum and the highest hole upgr = 0.045 cm® V™' s, with
an Ion/Iog = 2.1 x 10%

Semiconducting polymers with diketopyrrolopyrrole (DPP)
moieties have also been patterned using the EHD jet printing
technology for use in TFTs. These polymers have been exten-
sively developed and used in TFTs owing to their rigid and
planar structure, strong intermolecular interactions, and result-
ing crystalline structures.’>*"*® One such polymer yielded a
high upgr and ambipolar charge transport characteristics.'””
EHD jet printing of the polymer ODTS-treated Si/SiO2 sub-
strates yielded line patterns with a line width <26 um. Films
produced using EHD jet printing films had moderate surface
roughness and a homogeneous crystalline morphology with
only the edge-on crystal orientation, whereas the spin-coated
films had high surface roughness and mixed crystal orienta-
tion. Therefore, the EHD jet-printed TFTs had high hole pggr =
0.75 cm?® V! s7! and electron pgpr = 1.08 cm?* V' s

To improve the solubility of DPP-bearing polymers for
facile and stable EHD-printing, new versions were obtained

© 2021 The Author(s). Published by the Royal Society of Chemistry

by replacing some sulfur atoms with selenium atoms in the
thienothiophene units.'*® This replacement leads to a minimal
change in the planarity of the polymer backbone, and can
improve the solubility of polymer, but maintains the high
crystalline ordering of the polymer chains. Moreover, silicon
substitution at the branching position causes volumetric exten-
sion of the alkyl side chain, and increases the solubility of DPP-
bearing polymers. Consequently, stable jetting conditions and
highly uniform electrical characteristics of the polymer-based
TFTs were obtained. The resulting TFTs with polymer patterns
<25 um yielded a maximum hole pgpr = 3.07 cm® V' 57,
Polymer-based TFTs are operationally stable, so they have been
used in ammonia-gas sensors.

Small-molecule semiconductors with strong intermolecular
interactions can yield efficient charge transport characteristics
in electronic devices."**" 6,13-Bis(triisopropylsilylethynyl)
pentacene (TIPS-pentacene) is a stable and solution-processable
small molecule that has been extensively used in electronic
devices. TIPS-pentacene has been printed using an EHD jet
printer."*> To provide good charge-transport properties, small-
molecule semiconductors require optimal molecular packing,
so TIPS-pentacene was printed using the dragging mode, which
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provides a favorable environment for the growth of TIPS-
pentacene. When the line width was varied from 150 to
400 pm, all line patterns had good crystalline morphologies
(Fig. 7d), so in TFTs fabricated using them had a high hole
dper = 1.65 cm® Vs

EHD jet printing technology has also been used to fabricate
organic light-emitting diodes (OLEDs). Small-molecule pixels
with high resolution and size of 5 pm gave finer resolution than
pixels obtained using conventional inkjet printers, or of pixels
found in commercial OLED displays."*® The thickness of the
EHD jet-printed pixels, which is one of the most important
factors that affect the OLED efficiency, was modulated by
adjusting the ink composition and printing speed. The resulting
films had a uniform and flawless surface, and OLEDs composed of
EHD jet-printed pixels (Fig. 7e) had an external quantum efficiency
of 4.6%.

Low-dimensional materials, such as nanoplates, nanowires,
and nanoparticles, have unique optoelectronic characteristics
such as quantum confinement, due to their nanoscale struc-
ture. These materials can be dispersed in organic solvents and
used as dispersion inks for various optical and electronic
applications. The first printed two-dimensional materials with
high resolution™* formed reduced graphene oxide (RGO)
dispersion inks into lines of width 5 um and thickness 8 nm
by consecutively printing eight times. The thickness of the
printed lines was increased to ~50 nm by repeating the
printing 90 times. The RGO inks were successfully printed even
on highly curved surfaces with radius of curvature 50-65 pum.
When all-printed RGO-based TFTs were fabricated, the RGO
inks were line-printed in the channel area of the TFTs, and
yielded a hole pppr = 6 cm®> V' s,

Transition metal dichalcogenides (TMDs), such as molybde-
num disulfide (MoS,), are another class of two-dimensional
materials. MoS, offers a high upgr and a 1.8 eV bandgap, which
is advantageous for suppressing the source-to-drain tunneling
in short-channel TFTs."*>™**” MoS, has been printed using EHD
jet printing to fabricate gas sensors.'*® The MoS, inks were
obtained by exfoliating bulk MoS, to flakes that had only a few
layers, then dispersing the flakes in isopropyl alcohol. The
MoS, ink was printed using stable multi-jet mode, and the
density of the MoS, flakes deposited on the substrate was
controlled by modulating the printing time. The result was a
highly-uniform MoS, thin film. Gas sensors that used MoS,
as the chemoresistive gas sensing material detected NO, at
concentrations as low as 100 ppm at 100 °C, and had highly
reproducible NH;-sensing behavior over repeated sensing
cycles when exposed to 100 ppm NH;.

The efficiency of exfoliation of two-dimensional materials
can be increased, and the concentration of the ink can be
increased by soaking the bulk powders in various solvents for
5 min to facilitate exfoliation."*® During soaking, the d-spacing
of the bulk powders increases slightly owing to the different
dielectric environment of the solvent. Thus, water-soaked MoS,
and WS, inks with increased concentrations were obtained.
The inks were patterned using EHD jet printing to achieve a
lines with widths of 300-400 pum, which were then used as
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photoactive materials in photodetectors. The resulting devices
could detect as little as 0.05 sun irradiation.

EHD can also be used to print MoS,. A (NH4),MoS, pre-
cursor solution was applied in cone-jet mode, then annealed to
form MoS,."*° The atomic layers of the printed MoS, were
tailored by controlling the concentration of the precursor
solution. MoS, line patterns with a resolution of 150 pm
and high uniformity were used as the semiconductor layer in
TFTs, resulting in a high ppgr = 19.4 cm® V' s, The electrical
characteristics of MoS,-based TFTs were improved using a
high-k dielectric."*" The EHD jet-printed MoS, was coated onto
Si/Al,O; substrates and used as the semiconductor layer in
TFTs. The corresponding MoS, TFT had an average linear piggr =
47.64 cm> V' s

Colloidal quantum dots (CQDs) have attracted considerable
interest as light-emitting materials because of their facile
color tunability, high color purity, and high quantum
efficiency."**™** Once their surfaces are passivated using
organic ligands, CQDs become suitable for use in printing
processes. The first report of EHD jet printing of CdSe/ZnS
and CdSe/CdsS CQDs on flat and structured substrates used
nanodrip mode."*> The EHD NanoDrip printing enabled high-
resolution patterning of CQDs with a line width of 100 nm and
good film qualities similar to those obtained using spin- and
dip-coating. Fluorescent lines of widths 220, 150, and 100 nm
were obtained by varying the voltage-pulse parameters and
number of overprints (Fig. 8a and b). A countable number of
individual CQDs was arranged within a densely packed layer in
line and dot patterns (Fig. 8c). High-resolution spots of 30 nm
were obtained by diluting the ink, translating the piezo-stage
quickly at 200 um s ', and using a relatively low ejection
voltage (150 V). Hybrid quantum-dot-plasmonic circuits that
generate, guide, and decouple surface plasmon polaritons
were also fabricated; in these circuits, quantum dots act as
local plasmonic sources under far-field illumination with
ultraviolet light.

CdSe CQDs have also been fabricated using EHD jet
printing.®® The pattern and thickness of the CQDs were con-
trolled at high resolution by adjusting the operating conditions,
such as the dimension of the printing nozzle and the composi-
tion of the ink (Fig. 3d). In the pulsating jet mode, EHD drop-
on-demand printing yielded arrays of circular deposits of QDs
with a diameter of ~3.9 pm. Direct patterning and stacking of
CQDs by EHD jet printing led to formation of homogeneous
arrays of patterned CQDs. Light-emitting diodes (LEDs) fabri-
cated using these CQD arrays achieved an external quantum
efficiency of 2.6%.

Controlling the properties of LED pixels to achieve a uni-
form thickness and homogeneous morphology is extremely
important for the fabrication of LEDs. Precise control of the
capillary flow, which is driven by the concentration gradient,
and of the Maragoni flow, which is driven by the surface
tension gradient, is necessary to avoid the coffee-ring effect,
which is commonly observed during the printing process.

A mixed-solvent method can be used to pattern high-quality
LED pixels at high resolution by using EHD jet technology."*®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 EHD jet printing methods to print quantum dots and printed patterns: (a) fluorescence microscope images, (b) SEM images, and (c) and high-
resolution SEM images of CQDs patterned using EHD jet printing technology, reproduced from ref. 145 with permission from the American Chemical
Society; (d) EHD-printed CQDs in various geometries reproduced from ref. 63 with permission from the American Chemical Society; (e) fluorescence
microscope images and (f) 3D morphology images of CQD arrays printed using different inks, reproduced from ref. 146 with permission from the
Wiley-VCH; (g) schematic illustration of EHD jet spraying modes of a big-circular thin film, a spiral lune, and a straight-line method (from left to right),

reproduced from ref. 147 with permission from the Springer Nature.

A solvent containing a mixture of cyclohexylbenzene and non-
ane in a volume ratio of 4:1 was used to print CdSe-based
CQDs. Cyclohexylbenzene, which has a high boiling point, was
chosen as the main solvent, and nonane, which has low surface
tension, low viscosity, and low toxicity, was mixed to solve the
coffee-ring problem. The precise modulation of the droplet
volume and printing parameters resulted in a high-resolution
CQD matrix with a CQD diameter of 1 um (Fig. 8e and f). Owing
to the formation of a uniform CQD film in each pixel, the

© 2021 The Author(s). Published by the Royal Society of Chemistry

pixelated LEDs were operated at a low turn-on voltage of
3 V and exhibited a maximum luminance of 8533 cd m ? at a
voltage of 9 V.

EHD jet spraying technique can generate CdSe-based CQDs,
which can then be used to fabricate LEDs.'*” Circular, spiral
lune, and straight-line EHD spraying methods were used to
tailor the morphology of the CQD thin films as (Fig. 8g). Among
these three, the straight-line spraying method is considered as
the most promising method for forming large-scale uniform
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films. Moreover, LEDs fabricated using the straight-line spray-
ing method exhibited the best electrical characteristics, with a
low turn-on voltage of 3.0 V, luminance of 7801 cd m > and
maximum current efficiency of 2.93 cd A~'. CdSe-based CQD
ink composed of a mixture of n-hexane in n-butanol solvent
applied using EHD jet spraying achieved improved LEDs that
had maximum luminance of 12082 c¢d m > and maximum
current efficiency of nearly 4.0 cd A~*.*®

EHD jet printing technology can pattern PbS CQDs and
fabricate infrared photodetectors."*® The devices used circular
pillars of CQDs on thin films of graphene. Application of an
alternating electric field deformed the ink meniscus at the
nozzle and induced subsequent drop-on-demand ejection of
attoliter-sized droplets by continuous break-off. The dimen-
sions of the printed features were drastically reduced due to
the small droplet size, fast evaporation of the ink solvent on the
substrate, and electrostatic autofocusing of subsequent dro-
plets. Therefore, highly homogeneous CQD films with pillar
diameter <1 pm were formed. The resulting phototransistors
constructed using these ultra-thin PbS/graphene films as the
active layers had high responsivity >104 A W', which
increased when the thickness of the CQD film was changed
to 130 nm.

Perovskite quantum dots (PQDs) are a class of light-emitting
materials that have emission colors that can be tuned over the
entire visible spectrum, and a narrow emission bandwidth. The
emission color of PQDs can be easily tuned by modifying the
ratio of the halide anions in the perovskite.”>*">" PQDs have a
high light absorption coefficient, photoluminescence quantum
yield, and color purity, which together facilitate various opto-
electronic applications."**"'>* However, their low stability limits
the processing techniques that can be used to deposit and
pattern PQDs. EHD jet printing technology can be used to
pattern PQDs, which can then be used to fabricate color-
converting films for high-quality white LEDs."** The PQDs were
printed in line and dot geometries with dimensions of a few
micrometers. White LEDs were obtained by closely spacing
strips of green, yellow, orange, and red PQD films, which were
then integrated into a blue-emitting LED chip.

3.3 Insulating materials

Insulating materials have also been printed using inkjet tech-
niques. Recent advances in research on insulating materials
have yielded low defect densities and high-quality interfaces, so
the materials are suitable for use as gate dielectric films or
passivation layers. The gate dielectric film has an important
function in accumulation of charge carriers in the active layer
in response to polarization caused by an electric field applied to
the gate electrodes. Incorporation of a passivation layer can
prevent penetration of water vapor and oxygen, which degrade
the electrical stability and reduce the lifespan of electronic
products. In soft electronics, a simple solution-based process is
preferred for the preparation of gate dielectric films or passivation
layers to facilitate low-cost and large-scale device manufacture.
Three major problems must be considered when EHD jet-
printed insulating materials are used in TFTs and integrated
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logic gates. (1) Coverage must be sufficient to reduce leakage
currents between the overlying and underlying films. (2) Patterns
must have smooth surface morphologies without thickness steps.
(3) Surface energies must be appropriate for favorable interface
formation. For example, bottom-gate top-contact OTFTs often
require dielectric layers that fully cover the gate electrodes, and
that provide a suitable surface for the growth of the overlying
organic semiconductor to facilitate charge transport.

EHD jet printing of insulating materials has not been
extensively researched, because of the difficulty of forming
uniformly patterned films with high coverage and smooth
surfaces. Nevertheless, several studies have attempted to pre-
pare direct patterns of insulating materials using EHD jet
printing and applied them to the fabrication of electronic
devices.

Systematic study on the jetting behavior of two polymer
insulators, PS and PMMA, under different operating conditions
of EHD jet printing determined that increase in the voltage
applied during the EHD printing process increased the number
of droplets, and could yield fine PS lines of width 63 mm and
PMMA lines of width 54 mm.*° Although both polymers have
very low electrical conductivity, it causes structural changes
in the meniscus. PMMA, which has a higher conductivity
(107" S em™') than PS (107 ** S ecm %), induces a stronger
structural deformation of the meniscus than PS does, and
thereby reduces the droplet diameter and increases the number
of droplets.

Recently, significant efforts have been made to use printed
OTFTs as basic components of organic integrated circuits.
However, to realize this application, certain bottom-gate
devices require that the insulating material be locally patterned
only on the gate electrodes. A clever strategy to selectively print
insulating polymers and organic-inorganic hybrid materials
uses the electrostatic-force-assisted dispensing mode of EHD
jet printing.'** The resulting patterns can be used as dielectric
and ferroelectric layers in organic electronics. Four different
candidate materials for EHD jet printing were tested, and the
effect of various combinations of these materials on electrical
characteristics of the corresponding devices were investigated
(Fig. 9a). In the electrostatic-force-assisted dispensing mode,
direct-contact coating was established by dragging the nozzle
and applying a direct bias, to yield insulator patterns that
completely covered the underlying gate electrodes. These pat-
terns had a more uniform width compared to the conventional
dispensing method, even for long durations of printing. This
simplified EHD technique produced printed gate insulators
(Fig. 9b-d), and produced suitable insulator combinations for
fabrication of p-type and n-type devices, memory devices, and
complementary logic gates on flexible substrates.

Low power consumption is an important requirement for
OTFTs. Therefore, fabrication of flexible electronic products
that operate at low voltage requires high-k organic insulating
materials. Insulating polymeric materials containing carboxyl
and hydrophobic functional groups can be blended to obtain
high-k dielectric films that have a hydrophobic surface
(Fig. 9e).">> The authors designed graft copolymers composed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a—d) Reproduced from ref. 154 with permission from the American Chemical Society. (e) Schematic representation of the OTFT devices and chemical
structure of novel acrylate polymer dielectrics (MBHSt and MBHCa) suitable for EHD printing. Reproduced from ref. 155 with permission from the

Substrate Gate Electrode

Wiley-VCH.

of different functional segments to obtain a hydrophobic sur-
face and high-k properties. The solution processability of these
materials enabled the production of nearly uniform films by
EHD jet printing in the dragging mode. In this mode the
droplet formed at the nozzle tip is in direct contact with the
substrate under a steady electrostatic field. In addition,
the thickness of the high-k dielectric films in this mode can
be controlled easily by adjusting the solution concentration and
the printing conditions. This ability facilitates the manufacture
of reliable low-voltage OTFT devices.

Solid-state electrolyte insulators and ion gels have been
printed using EHD jet printing.”* Ion-gel electrolytes are usually
directly patterned using inkjet and aerosol jet printing
methods; but use of the conventional EHD jet printing to print
ion gels is a difficult task because the high number of ions in
the ink hinder the formation of a Taylor cone in the cone-jet
mode. Therefore, instead of the cone-jet mode, the authors
used a dripping mode by using the electrostatic-force-assisted
dispensing technique to produce an ion-gel pattern under the
application of a very low voltage (Fig. 10a). This method forms
a liquid bridge of ink between the nozzle and the substrate,
and the bridge supplies a path for the ink under a very low
electrostatic field and prevents unexpected jetting. This tech-
nique was used to prepare ion-gel patterns, which were then
used in organic transistors that had EHD-printed PEDOT:PSS

© 2021 The Author(s). Published by the Royal Society of Chemistry

gate electrodes, P3HT semiconductors, and ion-gel dielectric
layers (Fig. 10b). The resulting devices had good electrical
characteristics and could operate at low voltage.

The development of printing technology in the field of
metal-oxide transistors has enabled fabrication of all-printed
devices. Direct-printed metal-oxide transistors have been pro-
duced using high-k aluminum oxide (Al,O;) films obtained by
EHD jet printing.*® Similar to the case of ion gels, homoge-
neous thin films are not easily produced by EHD jet printing of
metal salt precursors, because the high ion concentration of the
precursor solution causes inconsistency in the geometry of the
ejected ink droplets. To solve this problem, a pulsed DC bias
was applied such that the ions in the precursor close to the
meniscus were redistributed, so the meniscus relaxed. The
EHD-printed metal-oxide TFTs in their work consisted of a
Al,O; gate dielectric, ITO electrode contacts, and In,O; and
IGZO semiconductor channels, and had good electrical char-
acteristics. EHD jet-printed Al,O; can also be used as a passiva-
tion layer in metal-oxide transistors owing to the excellent
moisture-barrier properties of Al,O; thin films.'*®

3.4 Biomaterials

Jet printing of biomaterials requires high-resolution patterns
of different materials, such as DNA, proteins, and hydrogels.
Conventional inkjet printing has many biological applications,
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Reproduced from ref. 71 permission from the Elsevier. (c) Schematic diagrams of printing sequence of all-printed transistors using EHD-printed Al,Os
dielectric thin film. Reproduced from ref. 40 with permission from the American Chemical Society.

but when biomaterials are printed, the resolution is low, and this
is a clear limitation. Resolution can be increased by increasing the
number of dots per unit area. To achieve this purpose, EHD jet
printing techniques can produce a thin jet of biomaterial.">”

EHD printing has been used to fabricate DNA probes that
include nanoliter-scale droplets on the surfaces of inexpensive
DNA microarrays."”® The size of the DNA droplets could be
controlled from microliters to nanoliters by simply adjusting
the strength of the electrical field. EHD jet printing has been
used to generate a wide variety of single- and double-stranded
DNA patterns with complex geometries. The patterns were then
used to fabricate a simple aptamer-based biosensor to detect
the fluorescence of adenosine molecules (Fig. 11a)."*®

EHD methods can also be used to deposit suspensions of
living cells on surfaces without disrupting the cells’ structure or
basic activities.'®® Direct printing using EHD can fabricate 3D
structures of collagen, which is a cell-adhesive biomaterial, and
can draw patterns of viable bacteria.'®"'®* Fine jets of these
biomaterials can be generated in the cone-jet mode when
optimal additives such as ethylene glycol, phosphate buffer,
and sodium chloride are used."®*

EHD jet printing of biocompatible hydrogels can prepare
scaffolds for cell delivery. The method has been used to

5610 | Mater. Adv, 2021, 2, 5593-5615

produce an activated polyacrylamide hydrogel substrate that
supported cell attachment and spreading by means of high-
resolution patterns of cell adhesion proteins (Fig. 10b)."®®

Mixing living cells with appropriate hydrogels allows the
corresponding bio-inks to be printed by EHD without affecting
the survival of the cells. For example, alginate hydrogels that
contained living cells were printed as three-dimensional constructs
after optimizing the conditions of the EHD printing method.'®*
EHD-printed polyvinyl alcohol filaments and fluorescent micro-
particle patterns have been widely used in tissue-engineered
scaffolds."® Significant progress has been made to improve the
feasibility of EHD printing for encapsulation of live cells.'**"'®”

In general, use of EHD to print proteins is inefficient
because the necessary high voltage can alter their secondary
structure, and possibly diminish their biological functions and
degrade the printing resolution. However, a high-speed pulsed
printing technique can fabricate micro/nano patterns of several
different proteins on various substrates (Fig. 11c and d)."®® This
work demonstrated the feasibility of using EHD to print diverse
types of protein. Such printed protein microarrays have numer-
ous potential applications in biology and medicine.

EHD can also print other biomaterials, such as polyurethane
and poly(methylsilsesquioxane) polymers (Fig. 11e and f).'®°

© 2021 The Author(s). Published by the Royal Society of Chemistry
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micrograph of letters printed with [surf-ade-F] and underlined with [surf-no ade-F] as an internal control. Reproduced with ref. 159 with permission from
the American Chemical Society. (b) Schematic illustration and SEM images for patterned fibronectin on polyacrylamide substrate. Reproduced from
ref. 163 with permission of Wiley-VCH. (c) Schematic illustration for EHD equipment and (d) pictures of a large-area protein microarray, consisting of

streptavidin—-Cy5. Reproduced from

ref. 168 with permission from the American Chemical Society. Ordered structures of EHD-printed

poly(methylsilsesquioxane) maze topography with (e) low magnification and (f) high magnification. Reproduced from ref. 169 with permission from
the Wiley-VCH. (g) Photograph of the fabricated bacteria sensors on a PET substrate, and their magnified image. Reproduced from ref. 172 with

permission from the Springer Nature.

Micron-sized polydiacetylene-embedded polystyrene nanofiber
patterns have also been obtained.'”® All of these biomaterials
have important biomedical applications, such as in blood-
contacting applications, tissue-engineered scaffolds, and skin-
care products.

EHD can also fabricate biosensors. A flexible amperometric
glucose sensor was fabricated using EHD to pattern glucose
oxidase enzyme inks, which remained their glucose oxidase
activity."””* EHD jet printing can produce all-printed electronic
biosensors for rapid detection of a variety of pathogens
(Fig. 11g), the biosensors can also be disposable.'”* Flexible
and disposable sensors developed using the EHD technique are
expected to be ultimately used for point-of-care diagnostic
platforms that connect to smart mobile devices."”?

4. Conclusion

This paper has presented a comprehensive review of the basic
principles of EHD jet printing and its electronic and biological
applications, with an emphasis on materials that can be used
as functional inks. EHD jet printing enables fabrication of
micro- to nanoscale patterns of various materials, and thereby
facilitates high-resolution, large-scale, and high-throughput
manufacturing of electronic devices that have excellent proper-
ties. Several drawbacks of the EHD jet printing technique
currently impede the commercialization of printed electronic
products in a variety of industrial fields, but this printing
technology is extremely attractive from multiple perspectives
and is attracting a rapidly-growing interest. Therefore, we

© 2021 The Author(s). Published by the Royal Society of Chemistry

expect that the recent progress in various aspects of the EHD
jet printing technology will advance the commercialization of
printed electronic products in the near future.
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