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ABSTRACT

Flexible and wearable electronic devices are emerging as the novel platform for portable health monitoring, human-machine interaction,
and some other electronic/optic applications. Future development of human-friendly smart electronics relies on efficient manufacturing
and processing of advanced functional materials on flexible/stretchable substrates with effective device integration. Inkjet printing, known
as a highly efficient solution-based printing and patterning technology with low-cost, high-quality, and high-throughput advantages, suits
large-scale fabrication of flexible and wearable electronics. Over the years, researchers focused on high pattern resolution and uniformity on
flexible substrates for advanced electrical/optical performances by various inkjet printing techniques. Different ink materials that can real-
ize multiple functions have been fully investigated for achieving favorable printability and desired interactions with the substrates. Here,
the most recently reported inkjet printing strategies, functional ink materials, and diverse inkjet-printed wearable electronic devices for
practical applications (e.g., sensors, displays, transistors, and energy storage devices) are summarized. An outlook on future challenges as
well as opportunities of inkjet-printed flexible and wearable electronics for research development and industrial commercialization is also
presented.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0031669

I. INTRODUCTION

The past few years have witnessed boost in the research of flex-
ible and wearable electronics on skin surfaces or integrated into
cloth for versatile functions concerning healthcare monitoring, sig-
nal sensing and analyzing, information displaying, and human-
machine interaction."* Preliminary wearable electronic devices
such as the iWatch have been playing increasingly significant roles in
people’s daily lives. However, most of the current wearable devices
are made of traditional electronic components and circuits on rigid
substrates, which severely limit the device’s functionality and wear-
ing comfort. Future development of flexible and wearable elec-
tronics relies on efficient manufacturing and processing on flex-
ible/stretchable substrates in a strain-accommodating architecture
to meet the demands of “real” wearable applications.”” Fabrica-
tion of flexible and wearable electronics with flexibility/stretchability
is facing a variety of obstacles, specifically the layout of elec-
tronic components and circuits, stretchable circuit deposition with

high electrical conductivity, and flexible integration of functional
components and energy supplies, together with the platform in
realizing practical manufacturing.”'’ Owing to the superiority in
low-cost and simple manufacturing, printing techniques such as
flexography, rotogravure, screen printing, roll-to-roll printing, and
inkjet printing are specially developed for continuous process-
ing of functional material patterning on flexible substrates and
devices."" "

In recent years, the dramatic growth of research interest has
focused on inkjet printing, which is a mask-free printing technol-
ogy and realizes non-contact patterning on various substrates by
programming the motion of the printing nozzle."* The operation
modes of inkjet printing are (i) drop-on-demand (DoD) printing,
which delivers droplets induced by thermal bubbles or a piezo-
electric actuator, and (ii) continuous inkjet (CIJ) printing, which
generates a continuous ink stream through a nozzle by the electro-
static or magnetic field. Inkjet printing has various intrinsic merits,
such as high manufacturing throughput, large-scale patterning, good
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biocompatibility, and accurate deposition on unlimited substrates,
which are desired for advanced flexible and wearable electronics
fabrication. High patterning resolution of sub-100 nm can be real-
ized for more sophisticated electronics over other solution processes,
such as dip-coating, spin-coating, drop-casting, and spraying.'”'®
Moreover, the drop-on-demand concept drastically reduces the con-
sumption of costly ink materials owing to the micro-droplet deposi-
tion and programmable patterning. However, there still exist many
challenges that make this technology relatively unfavorable at this
stage. These challenges include, but are not limited to, the prevention
of nozzle clogging, restraint of the coffee-ring effect, enhancement
of ink dispersibility, reduction of sintering temperature for flexible
substrates, promotion of electrical and mechanical properties, and
device designing for human body integration.

Here, we review the fundamental issues as well as recent
progress in inkjet printing technology and elucidate the most
advanced flexible and wearable electronics by inkjet printing. First,
the ink’s printability and interaction with substrates are discussed
for comprehension of the pattern’s resolution and uniformity. Then,
improvement in flexibility, stretchability, and durability on flexi-
ble substrates such as polymers, papers, and textiles are demon-
strated. Moreover, we summarize various ink materials for inkjet
printing (e.g., polymer, metal, carbon, and, in particular, the surg-
ing hydrogels and 2D materials), which offer novel specialties for
high-performance electronic devices, and discuss some novel strate-
gies that overcome the potential limitations of scalable produc-
tion in inkjet printing. Finally, we provide some recently reported
cases of advanced inkjet-printed flexible and wearable electronics
with state-of-the-art performances for applications such as sen-
sors, displays, transistors, energy storage devices, and some other
electronics.

II. INKJET PRINTING STRATEGIES

Fabrication of flexible and wearable electronics using inkjet
printing technology faces a series of challenges concerning pat-
tern resolution, electrical conductivity, device stretchability, and
mechanical durability in practical applications. The detailed strate-
gies for improving the quality of inkjet printing and effec-
tive design for flexible and wearable applications are discussed
below.

A. Ink’s property

The property of ink has been an important research sub-
ject for printability, which is determined by the ink materials and
the solvent. The ejection of a well-formed single drop without
any separated tail (i.e., satellite droplets) represents a good print-
ability. The physical and rheological properties of the liquid ink
can be characterized by the dimensionless numbers such as the
Reynolds number (R.), Weber number (W,), and the Ohnesorge
number (Oh),

Re:M)
n

W, - L
4
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where v, p, #, y, and d refer to the velocity, density, dynamic vis-
cosity, surface tension, and characteristic length, respectively. For
an ink drop ejected by a printer, the characteristic length relates
to the diameter of the nozzle, while the parameter Z (=1/Oh) indi-
cates the printability of the ink drop. To print a stable droplet, 1 < Z
< 10 are widely accepted as the optimum range according to numer-
ical computations. The effects of viscous dissipation and capillary
force would prevent drop ejection when Z < 1, whereas inks with
Z > 10 would form primary drops with unstable satellite droplets.
Some experimental studies showed the variation of the boundary
value of Z for successful drop-on-demand inkjet printing.”'* Liu
and Derby demonstrated that the practical range for ink printabil-
ity is bounded by both W, (2 < W, < 25) and Z (2 < Z < 20)
for satellite-free drop-generation.”” With the aid of laser-induced
shockwaves, Delrot et al. extended the range of 0.67 < Z < 100 by
the flow-focusing effect and broke the limitations concerning the ink
rheological properties and loading particle sizes.”” The minimum
velocity (Vmin) for the droplet to break the fluid/air surface tension
barrier at the nozzle is given by

4y :
Umin = (Pdn) >

where d, denotes the diameter of the printing nozzle. The typical
nozzle of piezoelectric inkjet printing has a diameter of 10 ym-
150 pm, which specifically depends on the ink properties and the
applications. To achieve high-resolution printing, the nozzle inner
size can be reduced for lowering the droplet volume (e.g., 20 ym
to form the sub-1 pL droplet), but the diameter of the ink droplet
is typically larger than that of the nozzle. For optimization of the
printing resolution, the rheology of the ink and the functional parti-
cle sizes can be further controlled. The ink properties such as sur-
face tension and density can be changed by altering the solvent,
adding surfactants, adjusting the solute concentration, containing
additives or binders, etc. Besides, the clogging of the nozzle chal-
lenges the continuous ejection especially of solid particles or in
high-temperature processes.”' To prevent nozzle clogging and form
consistent droplets, the strategies of impurity filtration, viscosity
reduction, and sufficiently low solvent volatility ought to be pre-
liminarily considered. To avoid agglomeration of dispersed par-
ticles, the ink materials can be modified with functional groups
(with hydrophobicity or hydrophilicity depending on the solvent) by
introducing stabilizing agents (surfactants and polymers).'*** Most
of the inks for inkjet printing behave in a linear Newtonian manner
with a constant low viscosity over variable driving forces and shear
rates, but non-Newtonian inks such as some viscoelastic polymer
solutions also need to be investigated.”

B. Ink’s interaction with the substrate

After being ejected from the nozzle, the well-formed ink
droplets fly directly onto the targeted substrate and then spread
before a liquid-solid phase change. Several physical forces, such
as inertial forces, capillary forces, and gravitational forces, drive
the impact process of a liquid drop onto the substrate.” High-
speed camera systems can be used to capture the movement and
behavior of instantaneously formed ink droplets. The impact of a
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drop onto dry solid surfaces includes the impact-driven spreading,
recoil-oscillation, and capillary-driven spreading,”** In the entire
process, the printed track or footprint diameter dy is determined by
the equilibrium contact angle on the substrate 0.4m and the diameter
of the droplet in air do (dy is linear with dy at a constant equilibrium

contact angle) using the following equation:”’

8
dp =do > .
Ocgm Ocqm
tan 4" - (3 + tanZT”)

The printed dot dimension after the solvent evaporation is highly
relevant to df. Therefore, the contact angle, which is under the func-
tion of the surface tension between solid, liquid, and air, also deter-
mined the pattern sizes. Generally, the interaction between ink and
substrate is controlled by (i) changing the surface tension of the lig-
uid ink with surfactants or bi-solvent, (ii) modifying the morphology
and surface tension of the substrate, (iii) adjusting the drying atmo-
spheres, and (iv) adopting a pre-patterned structure on the substrate.

C. High pattern resolution and uniformity

The high pattern resolution in inkjet printing is fundamental
to the layout design of miniaturized devices integrating with the
human body. The interactions of the ink droplet with the substrate,
the solvent evaporation rate, and the capillary flow from the center
to the periphery work together to determine the printed pattern’s
resolution and uniformity [Fig. 1(a)].” For the printed pattern’s size
confinement, the omniphobic fluoroalkylated modification of flexi-
ble paper (R" paper) was proposed by Whitesides’s group to increase
the lateral resolution of the conductive pattern by inkjet printing
[Fig. 1(b)].”¥ The substrate with high surface energy was demon-
strated to decrease the spreading degree and pattern size through
decreasing static contact angle. Moreover, the three-phase contact
line (TCL) of the printed droplet also influences the final printed
pattern. Kuang et al. fabricated a low-adhesive substrate to help
TCL slide inward in the drying process and spontaneously form
a centralized deposition of ink nanoparticles (NPs) [Fig. 1(c)].”
Wu et al. used a similar method and built the desired 3D mor-
phology of inkjet-printed NPs by manipulating the TCL pinned
on the\()hydrophilic patterns and de-wetted on the hydrophobic
points.”

1. Coffee-ring effect

When the TCL of a drop is pinned during the evaporation, the
solutes prefer accumulating and depositing along the drop periph-
ery due to capillary flow, forming a ring-like morphology called
the “coffee ring.” To overcome the nonuniformity caused by the
“coffee ring effect,” many methods have been proposed including
weakening the outward flow, increasing the inward Marangoni flow,
and preventing the droplet pinning.’"”* The surface-tension gradi-
ent induced by the solvent concentration or temperature difference
can recirculate ink particles on the edge back to the center of the
drop, which is called the Marangoni flow.””** Hu et al. demonstrated
a co-solvent binder-free black phosphorus (BP) ink with 10 vol. %
alcohol in N-methylpyrrolidone (NMP), which inhibited the coffee-
ring formation through the Marangoni flow.” This simple method
showed a consistent (< 2% variation) and spatial-uniform (< 3.4%

scitation.org/journal/apm

variation) inkjet-printed morphology for optoelectronics and pho-
tonics, especially the massive printing of quantum dot light-emitting
diodes. Recently, self-assembly of NPs at the air-liquid interface
was employed as an effective strategy to suppress the coffee-ring
effect.’® Al-Milaji et al. reported a novel “dual-droplet” inkjet print-
ing that deposited a wetting droplet containing colloidal particles
on a supporting droplet. The particles spread and self-assembled
into a closely packed monolayer at the interface [Fig. 1(d)].”” This
“dual-droplet” inkjet printing configuration can produce a uniform
deposition of NPs without limitation of materials or substrates. Liu
et al. printed in situ crystallized perovskite-nanocomposite microar-
rays with additive polyvinylpyrrolidone (PVP), which eliminated
the outward capillary flow by the spatial confinement of the per-
ovskite/PVP nanocomposites to control microarray’s morphology.”’
As for temperature-gradient induced Marangoni flow, most cases
increased the deposition temperature to enhance the inward flow
with elevated evaporation rate; rather, He et al. presented an ice-
drying method for the suppression of the coffee-ring effect on var-
ious substrates [Fig. 1(¢)].”* By controlling the time delay and the
ice-drying temperature, different inkjet-printed patterns (e.g., a uni-
form deposition, a central aggregation, and a “coffee eye”) were
obtained.

2. Nozzle diameter

Reducing the nozzle inner diameter is another obvious
approach to decrease the drop size. However, it may have clogging
problems and high hampering pressure at the nozzle tip that cause
decreased mechanical durability and require extra driving forces to
jet inks. Wu et al. proposed the liquid-repellent modification of
the nozzle inner surface, and the modified omniphobic nozzle can
print picoliter droplets of ink without extra driving forces.”” Fur-
thermore, the electric field induced Taylor cone can be employed
to “pull” (rather than “push”) the liquids from the nozzle, which is
called electrohydrodynamic jet (e-jet or EHJ) printing."’ The EH]J
printing overcame ink-ejection difficulties in a small nozzle diame-
ter of 30 nm"' and achieved a sub-100 nm printing resolution with
various applications.'” " Recently, EHJ printing was investigated to
control the evolution of the “coffee ring” and improve the resolu-
tion of self-assembled Ag NP patterns with 3D morphology. A high
pattern resolution of sub-50 nm linewidth could be realized via EH]
printing of 500 V by controlling the substrate wettability, the voltage
duration, and the operation temperature [Fig. 1(f)].">*

3. Ink spacing and interaction

The continuous patterns and printed lines require the isolated
drops of inkjet printing to coalesce and overlap in high uniformity.
Controlling drop spacing and coalescing time can prevent the for-
mation of insulated drop beads or excessively wide lines.”” Song’s
group reported utilizing the coffee-ring effect to print two paral-
lel conducting metal lines with widths of 5 ym-10 ym in a single
inkjet deposition process.” Moreover, it is also desired to fabricate
3D microstructures and patterning connections with overlapped
droplets in the out-of-plane dimension by inkjet printing with the
assistance of the electrical field, capillary force, and magnetic field.
Onses et al. expanded this technology to fabricate hierarchical pat-
terns of 3D block-copolymer films by combining inkjet printing
with self-assembly." Tt is still challenging to promote the 3D reso-
lution of inkjet printing, but highly integrated functions of flexible
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FIG. 1. (a) Schematic of solvent evaporation, capillary flow, and contact angle of the ink droplet.”” Reproduced with permission from Liu et al., ACS Nano 13, 2042 (2019).
Copyright 2019 American Chemical Society. (b) The printed pattern’s resolution could be improved with the increased contact angle of ink droplets.”® Reproduced with
permission from Lessing et al., Adv. Mater. 26, 4677 (2014). Copyright 2014 Wiley-VCH. (c) Schematic of inkjet-printed centralized NPs on low-adhesive substrates with
TCL sliding inward. Inset: the SEM image of the alignment of centralized NPs with high uniformity.” Reproduced with permission from Kuang et al., Adv. Opt. Mater. 2, 34
(2014). Copyright 2014 Wiley-VCH. (d) Schematic comparison of deposited patterns between “dual-droplet” inkjet printing and conventional inkjet printing. Inset: two nozzles
were programmed to print supporting droplets and wetting droplets in sequence.’” Reproduced with permission from Al-Milaji et al., Adv. Mater. Interface 5, 1701561 (2018).
Copyright 2018 Wiley-VCH. (e) Ice-drying method for suppressing the coffee-ring effect and centralizing the deposition of ink NPs*® (scale bar: 500 um). Reproduced with
permission from He et al., Adv. Mater. Interface 6, 1900446 (2019). Copyright 2019 Wiley-VCH. (f) EHJ printing controlling the growth of various 3D self-assembled patterns
with high resolution.>“5 Reproduced with permission from An et al., Adv. Mater. 27, 4322 (2015). Copyright 2015 Wiley-VCH. Reproduced with permission from Zhou
et al., Adv. Mater. Interfaces 6, 1900912 (2019). Copyright 2019 Wiley-VCH. (g) Left: solvent etching and oxygen-plasma treatment for making surface-energy pre-patterns
and (right) the cross-sectional STEM image of the printed high-resolution transistor.”” Reproduced with permission from Zhou et al., ACS Appl. Mater. Interfaces 9, 8194

(2017). Copyright 2017 American Chemical Society.

and wearable devices especially for 3D tissue engineering can be
expected.”’ Reactive inkjet printing is a further developed in situ
materials synthesis that combines inkjet printing with physical or
chemical reactions. The advantages of reactive inkjet printing mainly
focus on the precise control over the reaction site, the one-step scal-
able production, and the reduced material consumption. For the
accurate in situ deposition of reactive inks, two inkjet nozzles can
be closely integrated to eject different inks at the same point and at

the same time, named “double-shot inkjet printing.””’ This “double-
shot inkjet printing” can be extended to grow uniform single-crystal
or polycrystalline thin films composed of compounds that are hardly
soluble at the liquid-air interfaces.”’

4. Pre-patterning

The inkjet-printed pattern’s shape and resolution on a smooth
homogeneous surface depend mainly on the behavior of droplets’
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spreading and bonding. Pre-patterning the substrate before the
inkjet printing process can fabricate complicated patterns with high
resolution.’” The pre-patterned hydrophobic and hydrophilic topol-
ogy can provide driving forces that control the merging of the
printed droplets as well as restrict the printing linewidth.”” Takagi
et al. reported the inkjet printing of aligned single-walled carbon
nanotube (SWCNT) based transparent electrodes for flexible and
wearable devices by self-assembled hydrophobic and hydrophilic
contrast areas and boundaries.”*”” Jiang and Kaminska introduced a
structural-induced color technique by inkjet printing of transparent
colorless titanium dioxide NPs on a pre-designed nanostructured-
mold surface. Each layer of three vertically stacked polymer sub-
strates had one specific subwavelength grating pattern, which
showed primary colors of red, green, and blue. The diffractive col-
ors with high-resolution inkjet printing were achieved by nanos-
tructured surface pre-patterning that realized a full-color image
as big as 10 x 10 cm®.”® Li et al. developed a solvent etching
method to prepare surface-energy pre-patterns for suppressing the
coffee-ring effects and programming the surface topology of depo-
sitions [Fig. 1(g)].”” They etched hydrophobic patterns with ultra-
thin Cytop, which directed the inkjet-printed multilayered thin-
film transistor (TFT) arrays of ITO/InGaO gates with an excellent
average mobility of 7.4 cm® V™' 57",

D. High device flexibility/stretchability

The effective design with compatible modulus, high flexibility,
and high stretchability for bearing the deformation caused by human
motion is required in wearable electronics to fit the human body
curvature. Conventional strategies that embed rigid components
(sensors, chips, and circuits) in flexible substrates without effec-
tive connections can hardly fulfill the practical wearable demands.™
Inkjet printing was regarded as a significant technology for the
scalable production of all-flexible-component electronics. Develop-
ing the intrinsically flexible/stretchable inks (e.g., hydrogels) and
the inks containing specific additives can improve the mechanical
capabilities of inkjet-printed patterns. Apart from inks, the flexi-
ble/stretchable substrates are also desired because they can provide
grounds for electrical element layout and protection and even per-
form some necessary parts of device functionality such as pressure
detection and sweat component sensing.””"’

The commonly used rigid Si and SiO, substrates fail to meet
the requirements of bendability, foldability, stretchability, and non-
planar surfaces for wearable electronic systems. Hence, many new
types of materials such as (thin) glass, metal (foils), papers, and
polymers have been widely investigated as flexible substrates for
inkjet printing.”" Glass and metal foils with low thickness are bend-
able and can sustain very high sintering temperatures. However,
the unfoldability, brittleness, and high expense of these inorganic
substrates hinder their use in the fabrication of wearable electron-
ics. Among all the flexible substrates, films and textiles based on
paper and polymer are most favorable for next-generation wearable
applications.®

1. Flexible/stretchable patterns

The inkjet-printed patterns should endure repetitive stress by
avoiding breaking or disconnection, which causes electrical failure
of the device. Several mechanisms that explain the failure of the

scitation.org/journal/apm

inkjet-printed devices are based on physical and mechanical mod-
els:”’ (1) the effect of film edges, (2) cracking of printed patterns,
and (3) interfacial slippage and delamination. When the printed film
on the substrate is bent, the plastic components of the printed film
will develop cracks to absorb the shear stress. The film edges of
the cracked pattern will peel off from the substrates if the exter-
nal stress exceeds the threshold limit. The device failure happens
when the printed films fail to recover pristine electrical conductiv-
ity due to the formation of the cracks even after the external stress
is withdrawn. As for the cracks and edge effect reduction, elastic
rubber (elastomer) is considered as the optimal substrate to over-
come these mechanical issues because of its relatively low Young’s
modulus, high viscoelasticity, and high stretchability compared with
other polymers. Polydimethylsiloxane (PDMS), a typical low-cost
elastomer, is widely used as a substrate for flexible and wearable
electronic devices, thanks to its transparent, flexible, stretchable, and
thermal resistive properties. The PDMS film can release the internal
stress during the ink deposition process and distribute the stressed
spots uniformly with the assistance of intentionally roughened sur-
face.” Lee et al. demonstrated the inkjet-printing of crack-free Ag
electrodes on pre-stretched PDMS substrates [Fig. 2(a)].”” They
found that previous issues of Poisson’s effect and lateral cracks’ for-
mation on highly pre-stretched PDMS substrates can be effectively
addressed by releasing the pre-stretched Ag electrodes on PDMS
substrates and increasing the annealing temperature. To prevent
disconnection inside the pattern films, flexible conductive materi-
als were added to the ink or embedded in the PDMS substrates to
endow the inkjet-printed patterns with high tensile-strain resistivity.
Kim et al. demonstrated the inkjet printing of SWCNT electrodes,
which were embedded inside the PDMS substrates with a normal-
ized resistance of less than 1.2 after 1000 cycles under 100% ten-
sile strain.”” With the cross-linkable viscous rheological property of
the elastomers, Jiang et al. realized “embedded inkjet printing” that
directly sealed conductive microcables inside the liquid PDMS fol-
lowed by a curing for encapsulation [Fig. 2(b)].”” High-resolution
silver lines of 1.6 ym and 1.7 aspect ratio were demonstrated for
manufacturing highly flexible/stretchable devices with transparent
multilayer integrated circuits.

A stable adhesion between the printed patterns (also cohesion)
and substrates is necessary for inkjet printing of flexible/stretchable
devices without slipping or delamination. The adhesion force
between the ink materials and the substrate mainly depends on
the morphology and chemical properties of the interface. Strate-
gies such as physical and chemical modification of the substrate
surfaces and the addition of another promotion layer for adhesion
enhancement are commonly used. Self-assembled monolayer mod-
ified substrates were demonstrated to rapidly enhance the in situ
interfacial adhesion in inkjet-printing by adsorbing and catalyz-
ing the inks with tight bonding.”" The interfacial fracture energy
of the metal film is strongly affected by surface roughness and the
mechanical interlocking effect. Lee et al. added a silane coupling
agent in the inks as an adhesion promoter that utilized inorganic
and organic reactivity in the same molecule to improve the adhe-
sive strength for inkjet-printed patterns.”’ Qin et al. demonstrated
that the thinner deposition of the palladium (Pd) film with higher
surface energy would improve the interfacial adhesion toward var-
ious substrates. Inkjet printing of Pd thin films with a thickness of
100 nm was exhibited to have a stronger adhesive force with the
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FIG. 2. (a) Inkjet printing of silver electrodes on pre-stretched PDMS substrates to reduce Poisson’s effect and suppress lateral crack formation for wearable applications.®®
Reproduced with permission from Lee et al., J. Phys. D: Appl. Phys. 46, 105305 (2013). Copyright 2013 IOP Publishing Ltd. (b) Embedded inkjet printing of silver microcables
inside PDMS and the sintering process of the ink droplet into the viscous liquid PDMS precursor.®” Reproduced with permission from Jiang et al., Adv. Mater. 28, 1420 (2016).
Copyright 2016 Wiley-VCH. (c) The fabrication process of a flexible paper-based metal antenna with inkjet printing of the protection layer and catalytic seeds.”® Reproduced
with permission from Wang et al., Adv. Funct. Mater. 29, 1902579 (2019). Copyright 2019 Wiley-VCH. (d) Left: all-inkjet-printed graphene/h-BN field-effect transistors on
flexible polyester textiles with potential for wearable e-textiles. Right: the figure of drain current as a function of washing times.”® Reproduced with permission from Carey
et al., Nat. Commun. 8, 1202 (2017). Copyright 2017 Author(s), licensed under a Creative Commons Attribution 4.0 License. (€) Schematic of (up) conformal inkjet printing
process to deposit a particle-free reactive Ag electrode on polyester textiles, which shows (down) almost unchanged resistance after 10 000 bending cycles.” Right: optical
images (a comparison) of printed traces on textile knit between in situ and ex situ heat-curing processes. Reproduced with permission from Shahariar et al., ACS Appl. Mater.

Interfaces 11, 6208 (2019). Copyright 2019 American Chemical Society.

PI substrates. Moreover, the air-plasma-treated PI substrates also
showed improved adhesion from the reactive oxygen-containing
groups and nitrogen-containing groups brought by the plasma
treatment.”’

2. Flexible/stretchable substrates

Polymer plastic substrates for inkjet printing mainly include
semi-crystalline plastics such as polyethylene terephthalate (PET),
polyethylene naphthalate (PEN), polyetheretherketone (PEEK), and
amorphous plastics, e.g., polyvinyl chloride (PVC), polycarbonate
(PC), and polyethersulfone (PES). Semi-crystalline plastics have a

defined melting temperature (T,,) above which the plastics rapidly
change from rigid to a flexible state, whereas amorphous plastics
have a melting range related to the glass-transition temperature
(T¢) and softens as the temperature rises in this range. The main
issue of polymer plastic substrates is their generally low Ty and T’
(Table I, typically <300 °C), which makes them easily deform or
melt in the sintering process of inkjet printing (typically >300 °C).
Only some expensive plastics with a high thermal performance such
as polyimide (PI) (T, between 360 °C and 410 °C) are capable of
surviving such high temperatures. Many strategies were developed
to decrease the sintering temperature such as flashlight sintering,
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TABLE |. The Ty and T of typical plastic substrates for flexible electronics.

Semi-crystalline plastics T, (°C) Amorphous plastics T, (°C)
PET 245-265 PVC 65-85

PEN 260 PC 140-150
PEEK 330-340 PES 220-230

chemical sintering, microwave sintering, electrical sintering, plasma
sintering, and photonic sintering. Furthermore, sinter-free metal
reactive ink was also potential for inkjet printing on various sub-
strates and will be discussed in the section of metallic material-based
inks.

In addition to polymer film substrates, paper is also widely
adopted as a flexible substrate for inkjet printing because of its
lightweight, cost-effective, designable, and portable characteristics
for biodegradable electronics.”’ However, the porous cellulose-based
networks of paper tend to absorb the liquid inks, forming an unman-
ageable deposition with a lowered resolution as well as bad electri-
cal property. Surface modification such as omniphobic treatment
that utilized interfacial free energy was reported to enable high-
resolution inkjet printing on paper substrates.”” A plasma-assisted
inkjet printing approach was also developed for highly conductive
metal deposition on paper at room temperature and atmospheric
pressure without sintering.”” This plasma-assisted process overcame
the unwanted wetting effect by quick deposition of the metallic layer
on paper and prevented ink penetration into the porous paper fibers.
Wang et al. proposed inkjet printing of flexible metal antennas for
paper-based radio-frequency identification devices with the assis-
tance of surface modification and electroless deposition (ELD). To
avoid ink penetration and wetting issues, the paper-based substrate
was first modified with a gel film and a chitosan adhesive layer using
the SnCl; colloidal solution. Then, the catalytic seeds for metal depo-
sition were inkjet-printed on the protection gel film. The subsequent
ELD of conductive metal antenna deposition was performed to form
an elaborated copper antenna layer on paper [Fig. 2(c)].”*

Textile substrates with both flexibility and stretchability pro-
vide a promising platform for the integration of electronics into
clothing and bring more comfortable wearing experiences than
rigid wearable substrates. Although inkjet printing on textiles is
widely used in the garment industry for dyeing, the printing of
continuous and high-resolution patterns for electronic devices is
still challenging on textile substrates. The major problems of the
inkjet printing on textile-based materials concern the quality of
deposited ink trace that depends on the tightness, diameters, poros-
ity, and surface energy of the curved textile fibers. Karim et al.
first reported the inkjet printing of graphene on pre-treated textiles
with organic NPs for all-inkjet-printed textile-based wash-stable
electronic devices. The pre-treatment layer on textiles acted as the
reduced graphene oxide (rGO) reception layer for accurate depo-
sition of conductive tracks by inkjet printing in a rapid, scalable,
and low-temperature processing.”* Carey et al. demonstrated the all-
inkjet-printed graphene/hexagonal-boron nitride (h-BN) field-effect
transistors (FETs) on flexible polyester textiles that showed great
potential for wearable e-textiles and flexible circuits at room temper-
ature [Fig. 2(d)].”” This textile-based inkjet-printed device reached
an average field-effect mobility of 91 + 29 cm?® V™' 57!, which
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was a magnitude larger than the inverted-staggered heterostructure
using the spin-coating process. Moreover, by pressing a waterproof
polyurethane-protective layer on the textiles, as-prepared FET's can
be water-washed for over 20 times without significant degrada-
tion. Notably, the deposition of conformal metal NPs’ coating on
wearable textiles is also challenging because of problems such as
interfacial delamination, bad conductivity, and cracking issues. Sha-
hariar et al. proposed a novel conformal inkjet printing process
of depositing particle-free reactive Ag inks on polyester textiles in
one step [Fig. 2(e)].”® This process was followed by an in situ heat-
curing process that minimized the wicking of the ink into textile
structures and created a conductive network coating on an individ-
ual fiber. The conductivity of the as-prepared pattern on the knit
fabric only lost half of the original value after 15 washing cycles
and remained almost unchanged after an unprecedented 10000-
bending-cycle test. Kim et al. proposed that inks penetrated more
deeply into jersey/interlock knit through interstices of textile fibers,
and therefore, the thin conductive layers by in situ annealing would
yield continuous electrical pathways.” Higher electrical conductiv-
ity by the particle-free inkjet printing was attributed to no agglomer-
ations near the jetted side of fiber, which prevented disconnections
and non-uniformity of the deposited metal. Inkjet-printed textile-
based technology is foreseen as a promising future platform for
consumer products of wearable electronic devices with wearability,
washability, and breathability.

I1l. FUNCTIONAL INKS FOR INKIJET PRINTING

Various ink materials including polymer, metal, carbon, and,
in particular, the surging hydrogels and 2D materials, have been
investigated for inkjet printing. In this section, we will discuss dif-
ferent functional materials for inkjet-printed flexible/wearable elec-
tronics and material properties for high-performance design, as well
as strategies to overcome technical limitations of specific materials.
A summary of recently reported functional inks concerning the ink
property (functional material, solvent, and printing related parame-
ters), the substrates (with corresponding sintering temperature), and
the electrical properties (with device applications and advantages) is
given in Table II.

A. Organic polymer-based inks

Printing of organic polymer-based inks only involves sol-
vent processing at ambient conditions instead of high annealing
temperature for printing inorganic materials. The intrinsic flexi-
ble and stretchable properties endow the organic polymer-based
electronic devices with extra functionality and good reliability
toward the movement of the human body. The high compatibility
of organic polymer-based inkjet printing on various plastic sub-
strates also makes it attractive for flexible circuits, sensors, and
bio-applications.”® Despite relatively modest operational speed com-
pared with Si- and other inorganic-based materials, devices based on
polymeric semiconductors provide excellent flexibility, lightweight,
low cost, and high-throughput manufacturing. Recent developments
of donor-acceptor (D-A) conjugated polymers with anisotropic
transport such as diketopyrrolopyrrole (DPP), naphthalenedi-
imide (NDI), and isoindigo (IID) have promoted polymeric semi-
conductor to an impressive mobility of >20 ¢cm? V7! s
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TABLE II. Summary of recent progress on functional inks for inkjet printing.
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Substrate
and Ink and
sintering printing Electrical
Ink material Solvent temperature  parameter property Application Reference
Organic polymer-based inks
P(NDI20D-T2) Mesitylene Re~ 2.3 Mobility Printed FET's 82
~6.4cm’ V! operating in the
s ' at3.3 MHz MHz regime and
radio-frequency
identification tags
P3HT/PS O- Au/SiO, . Mobility > Source- 84
dichlorobenzene lem? Vst semiconductor—
and on/off ratio drain coplanar
>10’ transistor for
OFETs of high
on/off ratios
Polymethylsilsesquioxane Alcohol PET, Viscosity of Dielectric Flexible 93
<150°C 11cP constant »3 bottom-contact
top-gated n-type
transistors with low
current leakage
Metallic material-based inks
Ag NPs/NaCl Propylene PET, room Resistivity of 16 “Self-sintered” 96
gly- tempera- (£22) x107° Q metal dispersion for
col/water ture cm thermal-sensitive
plastic-based
wearable electronics
Ag-Ga-In liquid Paper, e Conductivity of Stretchable circuits 97
alloy room tem- 4.85x 10° S (above 80% strain)
perature m ' (gauge on 3D surfaces and
factor ~ 1) soft on-skin
electronic tattoo
Silver ammonia and Water Polymer Viscosity of Resistivity of Dual-channel 98
formaldehyde substrates, 1.02 cP 12 uQ cm reactive printing for
<150°C embedded wearable
circuits and micro-
electromechanical
systems
Carbon-based inks
Graphene/nitrocellulose Cyclohexanone/ PET and Viscosity of 10 Conductivity of Printed solid-state 103 and 104
(ethyl cellulose) terpineol PEN mPas-15mPas 25x10°Sm™ !, graphene microsu-
capacitance of percapacitors on
0.14 mF cm™> flexible and
thermal-sensitive
substrates such as
glassine paper
Graphene/MWCNTSs Water Paper Force constant Conductivity of Flexible and 105
of 20 N 14x10*Sm™! stretchable
m '-75Nm’ PVA/graphene/MWCNT
composite electrical
wire
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Substrate
and Ink and
sintering printing Electrical
Ink material Solvent temperature  parameter property Application Reference
2D material-based inks
Organohalide 2D DMF PI Photoresponsivity =~ Heterostructured 111
perovskite ~0.17 AW™! flexible
and on/off ratio photodetector
~2.3 x 10° devices with high
response speed
h-BN/graphene NMP/ethanol Polyester 7 of 19.4-22 Mobility of 150 Fully 75
textile, (+18) cm? V! inkjet-printed,
room tem- s ! washable, and
perature flexible
complementary
inverters, logic
gates, and
rewritable volatile
memory
MoSe;, MoS;, NMP/isopropanol PET Zof 17 Transconductance  All-printed porous 113
WSe,, and WS, >5mS and nanosheet
nanosheets mobility > network-based
0.1cm* Vst flexible TFTs at low
driving voltage
Hybrid/nanocomposite material-based inks
BST@PMMA Butyl digly- PET, 60 °C Z of 6-17 Dielectric Fabricating 119
composite col/butanone constant of composite thick
20-55 and multilayer films
for wearable
electronics or smart
packaging
AuNPs @ Water Cardboard Z of ~7 Resistivity of 5.2 Repairing 122
PEDOT:PSS and paper (£0.4) x 107° O electrodes’ cracks
cm from bending or
folding or to
recover them from
the wearable
devices
BaTiO; @ epoxy DMF PI Dielectric All-inkjet-printed 123

constant of 92

wearable
piezoelectric energy
harvester

Caironi’s group reported the combination of multiple deposit-
ing methods with inkjet printing to synthesize a highly con-
trolled submonolayer of semiconducting P(NDI20D-T2) and con-
ducting poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) on a plastic substrate for a dielectric layer and
gate electrode, respectively. The printed all-polymer FET featured
a record-high transition frequency of larger than 14 MHz (at a
bias voltage of 7 V), which was demonstrated to operate in a

rectifying circuit with a 13.56 MHz near-field communication
(NFC) wireless chip.”**’ For inkjet-printed FETs, the polymeric
semiconductor-insulator bilayer structure benefits the charge trans-
port, but the source-drain current and charge injection within
the channel are confined due to the impediment of the insu-
lating layer. Bu et al. developed a one-step inkjet printing of
source-semiconductor-drain coplanar FETs with vertical phase
segregation of poly(3-hexylthiophene)/polystyrene (P3HT/PS) inks
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as a semiconductor-insulator bilayer. The organic polymer-based
printing in a coplanar semiconductor-insulator bilayer transis-
tor enlarged the injection area and passivated the insulating
dielectric layer, thus enhancing the overall transistor perfor-
mance [Fig. 3(2)].** Conductive polymers such as poly (3,4-
ethylenedioxythiophene) (PEDOT), polypyrrole (PPy), and polyani-
line (PAni) are widely adopted as inkjet-printed electrode materials
owing to their tunable viscosity, excellent stability, and high conduc-
tivity.” *” The electrical conductivity and charge transfer of organic
polymers are attributed to the delocalized m electrons of over-
lapped p-orbitals from the conjugated system in the polymer back-
bone. Water-dispersed PEDOT:PSS can reach up to 4000 S cm™
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conductivity under 100% strain even though the doping of
hydrophilic PSS is difficult.”””" Yano et al. developed a new self-
doped highly conductive PEDOT (S-PEDOT) (~1089 S cm™') that
can be dissolved in water and various organic solvents as polymer-
based ink for inkjet printing.””

In particular, inkjet printing of conductive hydrogel with
good biocompatibility has been a hotspot within wearable health-
monitoring electronic devices. Various bio-sensors with interfa-
cial engineering would be discussed later, which build the bridge
between electronic activities and the human body (organs and tis-
sues). Inkjet-printed conductive hydrogels showed tailorable con-
ductivity with different carriers (electronic, ionic, or hybrid). The
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FIG. 3. (a) Left: schematic of the inkjet-printed field-effect transistor with vertical poly(3-hexylthiophene)/polystyrene as semiconductor/insulator bilayers to enhance the overall
transistor performance. Right: dependence of saturated mobility on the concentration of polymer solution.** Reproduced with permission from Bu et al., Adv. Mater. 30,
1704695 (2018). Copyright 2018 Wiley-VCH. (b) Flash photonic sintering of printed Cu@Ni metallic NPs on various polymer substrates at low temperatures.”® Reproduced
with permission from Kim et al., ACS Appl. Mater. Interfaces 10, 1059 (2018). Copyright 2018 American Chemical Society. (c) Liquid alloy sintering method of melting
inkjet-printed Ag particles into AQNP-Ga-In liquid alloy coating. Right: SEM image of inkjet-printed Ag films before and after sintering.”” Reproduced with permission from
Tavakoli et al., Adv. Mater. 30, 1801852 (2018). Copyright 2018 Wiley-VCH. (d) Middle: schematic of the all-inkjet-printed thin-film transistor based on two-dimensional (2D)
semiconducting materials with graphene electrodes, a transition metal dichalcogenide (e.g., WSey) channel, and a boron nitride (BN) separator. Left: TEM and SEM images
of 2D materials and heterostructures. Right: photographs of the inkjet printing steps [from (i) to (iv)].'"® Reproduced with permission from Kelly et al., Science 356, 69 (2017).

Copyright 2017 American Association for the Advancement of Science.
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physicochemical properties of printed hydrogels (e.g., modulus,
toughness, and rheological properties) can also be controlled for spe-
cific functionalities such as shape memory, self-healing, and surface
adhesion. Moreover, organic polymers can act as a binder or addi-
tive to adjust the viscosity of the ink. Electrical insulating polymers
such as PVP, P, PET, polypropylene (PP), polyvinyl alcohol (PVA),
and polystyrene (PS) are conventionally deposited as a dielectric
layer or passivation layers for inkjet-printed organic thin-film tran-
sistors.”” Dadvand et al. demonstrated three-layer flexible n-type
transistors based on the inkjet printable polymethylsilsesquioxane-
dielectric film with picoampere leakage current at even 60 V oper-
ation voltage.” The significant advantage is that the contiguous
metallic gate electrode and semiconducting material layer would not
react with the polymer-based dielectric layer due to relatively low
cross-linking temperatures (<150 °C) of all-methyl silsesquioxane.
Owing to the high editability of polymer hydrogels, many novel
printing methods were developed to enhance inkjet printing. For
example, Yoon et al. reported a hybrid bioprinting strategy that inte-
grated spray coating with inkjet printing for the fabrication of differ-
ent biocompatible hydrogels with controllable shapes including algi-
nate, cellulose nanofiber, and fibrinogen. The cross-linking reagents
were sprayed onto the inkjet-printed gelatine methacryloyl/sodium
alginate (GelMA/NaAlg) sample at high speed and induced the
polymerization of a large-scale hydrogel structure (>10 cm) that
mimicked human tissues.”*

B. Metallic material-based inks

Inorganic metallic materials exhibit favorable mechanical and
chemical properties that make the inkjet-printed devices stable
under various conditions, such as high temperature, high humid-
ity, and a corrosive environment. Au is the most bio-compatible
candidate with chemical inertness for the long-term use of in vivo
devices and contact interface with the body. Silver-based bonding
wires are the most commonly used connections in flexible and wear-
able electronics due to high electrical conductivity with good ductil-
ity and processability. Al and Cu are also commercially employed for
their low price and favorable electrical properties, but they are eas-
ily oxidized. Kim et al. reported a sequential solvothermal synthesis
to coat the Ni protective shell over the conductive Cu nanoparti-
cle, which endowed the Cu nanoparticle-based electrode with oxi-
dation resistance and stability even at 200 °C under 85% relative
humidity [Fig. 3(b)].” A flash photonic sintering was performed
under air ambient conditions with no reducing gas. In most cases,
the inkjet printing of metal requires metallic NPs or organometal-
lic precursors dissolved in water or organic solvents with stabilizers,
followed by sintering post-processing. However, the high tempera-
ture of the sintering step may damage the polymer components or
flexible electronic substrates as discussed above. For the printing on
flexible substrates, low-temperature sintering methods of metallic
inks were adequately investigated. Grouchko et al. presented a con-
cept of a built-in sintering mechanism that used a sintering agent
(such as NaCl) to destabilize the inkjet-printed metallic compos-
ites and enhance 41% conductivity.” Sintering could be operated
with no heating because the ions of NaCl replaced and detached the
stabilizers” groups on the metallic NPs and coalesced them into con-
tinuous electrical contacts. Tavakoli et al. proposed a liquid alloy
sintering method using eutectic gallium-indium (EGaln) to melt
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inkjet-printed Ag particles into Ag-Ga-In liquid alloy coating at
room temperature [Fig. 3(0)].” As-printed Ag-Ga-In circuits on
tattoo papers exhibited six orders of magnitude increase in volumet-
ric conductivity from 3.6 x 10° S m™ to 4.85 x 10° S m™ com-
pared with un-sintered Ag circuits. Other sintering approaches such
as chemical sintering, microwave sintering, electrical sintering, and
plasma sintering also allow the precise and local heating of the ink
in a short period. The thermal energy transferred from NPs to the
substrate can be effectively controlled within the permissible limits,
but the high cost and limited operation conditions impeded their
large-scale applications. Besides, the use of particle-free metal reac-
tive inks is also an alternative way to lower the sintering temperature
and avoid stabilizers. Kao et al. designed a dual-channel drop-on-
demand inkjet reaction system, of which silver ammonia solution
and formaldehyde solution were filled in two neighboring ink cavi-
ties, to print continuous silver circuit lines of 200 nm width.”® The
sintered Ag showed the conductivity of 7.5 times higher than that of
bulk silver after reaction of sequential drops from two channels at
the same position.

C. Carbon-based inks

Carbon-based materials such as carbon nanotubes (CNTs),
graphite flakes, and graphene are compatible with inkjet-printed
flexible and wearable electronics because of their versatile proper-
ties such as excellent mechanical strength, high chemical stability,
easy processing, and controllable electrical conductivity (metallic
or semiconducting properties). The pristine carbon-based materials
show a strong hydrophobic nature due to the aromatic and non-
polar structure that has bad dispersion in water and other polar
solvents. The organic solvents such as dimethylformamide (DMF)
and N-methylpyrrolidone (NMP) have very low dispersity (<0.1
mg mL™") and require high sintering temperature for removal of
organic residues that may damage the carbon structure. For the
long-term dispersibility of carbon in an aqueous solvent, chemical
surface-modification was proved to be more effective than mechani-
cal approaches such as ultrasonic dispersion and high-shear mixing.
The surface wettability of carbon can be altered from hydrophobic
to hydrophilic after the simple oxidization or functionalization with
hydrophilic groups, such as carboxyl, hydroxyl, and amide groups.”
Alternatively, noncovalent functionalization via n—m stacking inter-
action was also employed to promote the dispersibility, the ther-
mal conductivity, and the optical properties while preserving
the electrical performance, which was convinced by temperature-
variable NEXAFS spectra of the m-electron cloud systems.'”’
Lu et al. reported an excellent solution-processable multi-wall
carbon nanotubes (MWCNTs) attached by binaphthylamine-based
hole-transport molecules, which were potential for inkjet-printed
wearable perovskite solar cells.'”’ Diez-Pascual’s group reported
the PEDOT:PSS grafted GO reinforced with hexamethylene diiso-
cyanate by a straightforward solution casting method and real-
ized a functionalization degree of 18.1%.'"” Generally, most of
the commonly used surfactant dispersion can be grafted into
carbon-based materials with a simple solution process includ-
ing sodium dodecyl sulfate (SDS), sodium dodecyl benzenesul-
fonate (SDBS), hexadecyltrimethylammonium bromide (CTAB),
and amphiphilic copolymers. To decompose these surfactants,
high processing temperature is usually required in traditional
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thermal annealing, which is not compatible with temperature-
sensitive substrates. Hersam’s group demonstrated a rapid pulsed
light annealing for inkjet-printed graphene ink mixed with exother-
mic polymer binder nitrocellulose as annealing reaction’s energy
source.”” The pulsed light annealing enabled a highly porous
microstructure and low processing temperatures with broad pro-
cess compatibility in versatile liquid-phase processing of graphene
inks on flexible substrates.'” Moreover, a non-surfactant way
of pristine graphene dispersion in water was proposed by
Georgakilas et al. through the self-assembly with hydroxyl func-
tionalized CNTs that overcame the incomplete functional groups’
coverage of the nanosheet surfaces.'”” This method provided well
dispersed (up to 15 mg mL™" in water) graphene sheets wrapped
by hydrophilic CNTs for highly conductive graphene inks in inkjet
printing. The bandgap of metallic and semiconducting SWCNTSs
ranged from 0.4 eV to 2.0 eV according to their chiral structures,
while the MWCNTSs could even show 0 eV bandgap and a cur-
rent density of 10° A cm™ for high-performance wearable elec-
trodes or circuit applications. Other alternative routes toward high-
concentration or surfactant-free carbon dispersion such as solvent
exchange, liquid-phase exfoliation, and oxidization-reduction pro-
cesses are also promising for high-quality printing.'*'"” Moreover,
when the deposition thickness and density of the materials are
decreased, the inkjet-printed CNTs and graphene film would exhibit
an optical transparency feature.

D. Two-dimensional (2D) material-based inks

2D (van der Waals) materials with only single or few layers
of atoms have drawn much attention over the past few decades.
Atomic-thin 2D materials with monolayer structures, such as
graphene, transition metal dichalcogenides (TMDCs), black phos-
phorus, metal carbides, nitrides, and carbonitrides (MXenes), show
intrinsically distinct properties over their bulk structures. Inkjet
printing of 2D materials is promising for next-generation flexi-
ble and wearable electronics because of their unique structure-
derived (electrical, mechanical, optical, and thermal) properties.m 8
For example, graphene as mentioned above has much enhanced
electrical and thermal conductivity because of the quasi-2D elec-
tron and phonon transport in a honeycomb lattice. The large
surface-to-volume ratio of 2D manganese dioxide offers a high
specific surface area, an efficient electron transfer path, and fast
carrier mobility, which benefit the applications such as pseudo-
capacitive energy storage. Specifically, the direct van der Waals
heterojunction based on different 2D materials is allowed by
inkjet printing of vertically multiple-layer stacked heterostruc-
tures for FETs and optoelectronics.” Moreover, the nature of
excellent biocompatibility, high chemical stability, outstanding
flexibility, and good transparency make 2D materials compati-
ble with the liquid-phase printing process for high-performance
wearable applications. Withers et al. combined different methods
(such as drop-casting and vacuum filtration) with inkjet print-
ing for low-cost and scalable fabrication of complex heterostruc-
tures such as BGr/WS,/TGr.''"" Min et al. demonstrated inkjet
printing of 2D organohalide heterostructured flexible photodetec-
tor (PD) (CH3(CH2)3NH3)2(CH3NH3)n_1anI_?,m.l (Il = 2, 3, and 4)
on PI substrates. The reported PDs with controllable layer-by-layer
deposition size had better environmental stability than spin-coating
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processed ones.''' In addition, 2D materials can be dispersed in
some solvents with a high boiling point (>100°C) without stabi-
lizers, such as NMP and DMF, due to the matching of the Hansen
solubility parameters. However, the high annealing temperature in
post-processing for these solvent removals may damage the plastic
or textile’s flexible substrate. Zhou et al. reported a mixed-solvent
strategy using two-solvent mixtures composed of ethanol/water to
simultaneously lower the boiling point and maintain the affin-
ity of the solvent toward the 2D materials.''” A solvent exchange
method was reported for graphene/hexagonal-boron nitride (h-BN)
ink preparation, whereby 2D layered materials were exfoliated at
high speed in the high boiling point solvent and suspended at
the low boiling point solvent with desired concentration. NMP
was exchanged to ethanol for a 2D material solvent that facili-
tated the evaporation at ambient temperature and then formulated
the ink with Z ~ (19.4-22) as the optimal Z range for a high-
uniformity heterostructure on polyester textile.”” Recently, inkjet
printing of TMDCs for all-printed, vertically stacked 2D TFTs has
attracted researchers’ interest. Contrary to zero-bandgap graphene,
the bandgap of MoS, can be tuned by stacking different layers
(~1.3 eV for multilayer and ~1.8 eV for monolayer), which allows
photogeneration and recombination with high efficiency. Kelly
et al. investigated a variety of 2D semiconducting materials such
as MoSez, MoS,, WSe,, and WS, by liquid-phase exfoliation in the
NMP solvent for channel deposition of 2D TFTs [Fig. 3(d)].""” The
inkjet-printed 2D nanosheet network channels reached an on/off
ratio of up to 600, a high transconductance of over 5 mS, and
a competitive charge-carrier mobility of >0.1 cm* V™! s™%, which
allowed operation with high currents at relatively low driving volt-
ages. Moreover, the inkjet printing of 2D materials has also been
developed to fabricate alternative flexible and wearable electronics
such as electromagnetic shields, photodetectors, and flexible super-
capacitors, which are promising in highly integrated systems for
flexible and wearable electronic applications.'' '™

E. Hybrid/nanocomposite material-based inks

The use of organic-inorganic hybrid nanocomposites in inkjet
printing can exploit the advantage of versatile functional nano-
materials on flexible substrates. The hybrid/nanocomposite mate-
rials such as carbon/polymer-based hybrids, metal/conducting
polymer nanocomposites, and inorganic semiconductor/organic
semiconductors not only showed metrics of individual components
but also exhibited synergic-effect reinforced properties of mechan-
ical robustness, electrical conductivity, optically transparent, and
magnetic response.'' """ For example, to improve the electrical per-
formance of printed inorganic materials, a hybrid nanocomposite
network can be built by a physical or chemical cross-linked conduct-
ing polymer that is compatible with the inkjet printing process. After
embedding the functional inorganic materials (such as MXenes, Si,
and Fe,;O3) into the conducting polymer-based matrix, the hybrid
materials will show better electrical properties such as enhanced
electrochemical performances.1 ¥ Moreover, with the assistance of
hybrid materials, some ingenious strategies were also developed
to solve some specific issues in the inkjet printing process. Miko-
lajek et al. used the ceramic/polymer [BagsSro4TiOs/poly(methyl
methacrylate)] composite inks to fabricate thick homogeneous
dielectric films via layer-by-layer inkjet printing on flexible PET
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substrates.'”” The hybrid ink system had an improved drying behav-
ior over the pristine ceramic and therefore showed much higher
structure homogeneity. Hybrid/nanocomposite material-based inks
can also prevent the coffee-ring effect of the thin dielectric layer
below 1 ym by instant polymerization and stabilization of the ink
upon reaching the heated substrates.'”’ The combination of the high
dielectric constant of ceramics and the edible functionality of poly-
mers provided wide applications in flexible and wearable electron-
ics. Kraus et al. reported the concept of sinter-free electronic inks
by coating metal or semiconductor NPs with a 1 nm layer of con-
ducting polymers and the formed core-shell nanocomposites for
inkjet printing."”"'** With the n-m stacking of conductive layers,
the nanocomposite particles could form interpenetrating conduct-
ing routes on substrates upon drying, with no need for the high-
temperature sintering. Lim et al. demonstrated the all-inkjet-printed
piezoelectric BaTiOs/resin hybrid deposition on a flexible substrate
with no cracks or phase separation after the sintering process. Owing
to the high mechanical robustness of the hybrid nanocomposite
resin, the film could sustain 2000 continual bending cycles and
maintained an output voltage of ~7 V, which was promising for
future wearable energy harvesters.'”’

IV. FLEXIBLE AND WEARABLE ELECTRONIC DEVICES

With elaboration on ink materials, substrates, and printing
strategies, inkjet printing demonstrated the reasonable potential of
implementing various functions for advanced wearable applications.
Cases of recently reported inkjet-printed flexible and wearable elec-
tronics are summarized and highlighted in this section, including
sensors, displays, transistors, energy storage devices, and some other
devices.

A. Flexible and wearable sensors
1. Biosensors

Wearable biosensors emerged as the novel platform for health
monitoring and disease diagnosis via human metabolite analy-
sis./ 124120 Samplings of biofluids, such as tears, sweat, saliva, inter-
stitial fluids, and blood, are often utilized to measure the concen-
tration of the metabolic biomarkers that closely correlate with the
human physiological status. A competitive approach for wearable
biosensors with high selectivity and quantitative capability is the
electrochemical analysis based on enzymatic reactions in response
to particular molecules including glucose (Glu), lactate (LA), urea,
and ethanol. For example, glucose oxidase (GOy) is a widely adopted
enzyme family for glucose metabolism, in which reaction products
(e.g., H20,) or electron exchange is detected in response to the tar-
get substrate of glucose. Inkjet printing is capable of meeting the
challenges for wearable biosensors’ scalable fabrication where cost-
efficiency and pattern precision are extensively concerned. On the
one hand, the DoD strategy minimizes the consumption of expen-
sive enzyme slurry through selective drop deposition onto the work-
ing areas. On the other hand, the inkjet process can pattern multi-
layer enzymes and conductive materials without masks or complex
alignment. Exerting the uniform and scalable characteristics, inkjet-
printed wearable biosensors are promising for various bio-sensing
and health monitoring applications.

RESEARCH UPDATE scitation.org/journal/apm

The amperometric method, which relies on the three-electrode
electrochemical system, can detect the concentration of biomark-
ers by measuring the current intensity in the enzymatic electro-
chemical reaction. Stable immobilization and high loading capac-
ity of the enzyme on working electrodes are crucial factors for
printable amperometric wearable biosensors with good durability
and sensitivity. Li et al. utilized the PAni hydrogel as the inter-
facial materials that provided both biocompatible hosting matrix
and electrical connection for printed enzymes [Fig. 4(a)].”” An
all-inkjet-printed amperometric biosensor was demonstrated with
multiplex microfluidic channels for the detection of triglycerides
(TG), lactate, and glucose. Hydrogel precursor solutions were inkjet-
printed on screen-printed carbon current collector units where the
hydrophilicity difference of the PET substrate was predefined as
printing footprints. Next, sequential inkjet printing of catalyst plat-
inum nanoparticles (PtNPs) and multiple enzyme solutions was per-
formed to modify the PAni hydrogel electrode layer. Principally,
the amperometric measurement was conducted based on detect-
ing electrons from PtNP-catalyzed oxidization of H,O,, which was
generated from enzymatic reactions. In the multiplex electrochem-
ical detection, good sensitivity and high selectivity were achieved
simultaneously due to the efficient molecular diffusion and elec-
tron transportation along with the high loading density of the PtNP
catalyst in the porous conductive hydrogel matrix. Taking advan-
tage of the direct printability on arbitrary surfaces of inkjet print-
ing, Pu et al. proposed an inkjet-printed cylindrical working elec-
trode for implantable glucose biosensing.'** The rGO/Au inks were
first inkjet-printed as the conductive working electrodes onto the
pre-treated hydrophilic surface of the flexible polyetheretherketone
rod with 1 mm diameter. After thermal annealing, PtNP ink for
catalyzing H,O, oxidization, Nafion solution for immobilization,
and GOy enzyme were separately inkjet-printed and modified on
the rGO/Au electrode. The surface area of the cylindrical working
electrode was increased, and thus, the sensitivity for accurate clini-
cal detections was improved even under hypoglycemia conditions.
In addition to monitoring byproducts from the enzymatic reac-
tions, enabling direct electron transfer (DET) between electrodes
and enzymes is another approach of improving biosensing efficiency
and interference immunity. Nanomaterial-based electrodes, such as
nanomesh of SWCNTs,'* exhibited promising biosensing capacity
for their large surface area to accommodate biomolecule loadings
and comparable dimensions to interconnect redox centers with elec-
trodes. Kang et al. demonstrated an inkjet-printed DET-based glu-
cose biosensor by preparing SWCNT-M13 phage ink on the working
electrode.””’ The amphiphilic M13 phage served as the negatively
charged template to enable stable bonding with SWCNTSs and ionic
compatibility. GOy ink was then inkjet-printed and electrostatically
coupled with the electrode by using the polyelectrolyte interlayer of
polyethylenimine. Good printability, electrochemical coupling, and
hydrostability were achieved through the optimization of nano-sized
bio-ink and printing conditions. The robust biosensor assembled
on a paper substrate showed a low detection limit of glucose con-
centrations at 20 uM, which was promising for wearable sensing
applications.

Another commonly adopted architecture for inkjet-printed
biosensors is the electrochemical transistor, in which a gate
electrode was used to load and immobilize enzymes. Selec-
tive oxidization of the target analyte by the gate electrode can
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FIG. 4. (a) Middle: schematic illustration of printable fabrication procedures of the all-inkjet-printed amperometric biosensor with a multiple-enzyme-based working electrode
for detection of triglycerides (TGs), lactate (LA), and glucose (Glu). Left: SEM and TEM of the hydrogel matrix and the loading of PtNPs, respectively. Right: current-time
curves of detecting metabolites with the multiplexed essay.'” Reproduced with permission from Li et al., Nano Lett. 18, 3322 (2018). Copyright 2018 American Chemical
Society. (b) Demonstration of an organic electrochemical transistor with inkjet-printed Pt and GOx inks and measurement of glucose concentration.'®? Reproduced with
permission from Li et al., Adv. Electron. Mater. 5, 1900566 (2019). Copyright 2019 Wiley-VCH. (c) Responses of inkjet-printed piezoresistive mechanical sensors to various
hand motions. Different hand motions produced a unique pattern of resistance levels.'®” Reproduced with permission from Kang ef al., Nano Lett. 19, 3684 (2019) Copyright
2019 American Chemical Society. (d) Schematic of the integrated ethanol and acetone gas sensor by inkjet printing SnO, on interdigitated electrodes. The insert showed the
sensor sensitivities under the exposure of ethanol and acetone.“® Reproduced with permission from Lin et al., Adv. Mater. 31, 1804285 (2019). Copyright 2019 Wiley-VCH.

(e) Optical graph and measurement of the inkjet-printed epidermal temperature sensor based on the graphene/PEDOT:PSS composite.

modulate the channel current, which could be interpreted as the
result of protonic doping or effective gate voltage shift. Elking-
ton et al. inkjet-printed GOx on the ion exchange membrane
Nafion as the top gate electrode for glucose-sensitive thin-film
transistor (OTFT).""' They investigated the modification of the
biosensor in terms of inkjet-printed film structures to reduce the
response time and eliminate the device-to-device variation by avoid-
ing aggregation problems in the drop-casting enzyme mixture.
The OTFT-based biosensor achieved a linear response for glu-
cose concentrations between 100 yM and 100 mM. To further

145

demonstrate the practical wearable potentials, an inkjet-printed
strain-accommodating organic electrochemical transistor was pro-
posed by Li et al. [Fig. 4(b)]."”* The excellent stretchability and sta-
ble performance were attributed to the wavy surface structures of
the PDMS substrate with the inkjet-printed conductive PEDOT:PSS
layer, which interconnected the deformed electrodes and reduced
the cracks. By inkjet printing Pt flakes and GOy ink on the gold gate
electrode for functionalization, the as-fabricated device achieved a
reasonably low detection limit down to 1 ym and operated stably
under 30% of omnidirectional strain and 15 mm of bending radius.
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2. Pressure and strain sensors

The perception of mechanical stimuli, pressure, and strain is
of great significance in acquiring tactile information and human
physiological signals for wearable electronic sensors. Featuring con-
formal contact and lightweight attachment, the development of
wearable sensors provides opportunities in high-sensitivity and pro-
longed real-time sensory applications. Examples include wearable
pressure sensors and wearable strain sensors, which are devel-
oped for monitoring the arterial pulse and detecting subtle human
motions, respectively.””'**'** The signal transduction process gen-
erally relies on the piezoresistive or capacitive mechanism that trans-
forms mechanical stimuli into electrical responses. The production
processes of the mentioned two types of sensors, which will be dis-
cussed in detail later, both involve depositing patterned conductive
thin films on substrates, especially flexible ones for wearable appli-
cations. Compared with the conventional solution process such as
transferring, spray coating, and screen printing, the inkjet print-
ing techniques excel in cost-efficiency, patterning scale, and mask-
free simple processing with high resolution for pressure and strain
sensitive materials and devices.

Inkjet-printed piezoresistive sensors are based on the printed
conductors whose resistance changes along with the applied pres-
sure and strain. Casiraghi ef al. proposed an inkjet-printed graphene
strain sensor on paper with a high gauge factor of 125."”> Water-
based biocompatible graphene ink was printed between two contact
pads and formed a 10 x 0.5 mm’ sensitive line. High sensitivity
was achieved by the reduced drop spacing and the increased print-
ing layers that contributed to the underlying piezoresistivity because
more deformation and microcracks upon strain can be induced
in the thicker films. Lo et al. fabricated a wearable pressure sen-
sor based on the inkjet-printed sensitive silver nanoparticle-based
(AgNP) conductive layer."”® The device was composed of a PDMS
substrate, a serpentine-shaped AgNP active layer, and an encapsu-
lation layer of acrylic foam tape. When the pressure was applied,
the conductance of the active layer decreased due to the generation
of microcracks. With the modification of stiffness and thickness to
the polymeric substrate, the sensitivity of up to 0.48 kPa™' can be
achieved with a device demonstration of wearable sound wave detec-
tion and arterial pulse monitoring. In addition to paper and polymer
substrates, conductive inks can also be inkjet-printed on hydro-
gels and transferred to arbitrary surfaces. Kang et al. utilized the
physically cross-linked agarose and chemically cross-linked poly-
acrylamide (PAAm) as the hydrogel template that enabled contact or
molding transfer for inkjet-printed SWCNTs [Fig. 4(c)]."” The pro-
posed hydrogel template could not only facilely transfer patterned
nanonetworks of SWCNTs but also spontaneously separate conduc-
tive nanomaterials from the surfactant in the ink. With the help of
non-adhesive, nanoporous structured, and moldable characteristics
of the hydrogel, the inkjet-printed microstructured SWCNTs were
perfectly transferred onto the PDMS substrates and functionalized
as piezoresistive strain and pressure sensors for monitoring finger
motions and arterial pulses. Apart from transferring templates, the
hydrogel conductive inks may also participate in additional func-
tionalities such as self-healable pressure sensing by a self-healing and
strain-responsive injectable hydrogel-based ink.'”

Capacitive sensing, which is another widely adopted method
for mechanical sensing, works by measuring the capacitance
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variation in response to the external environment. There are mainly
two types of capacitive sensor structures regarding the capacitance
change mechanism. The first structure is based on the parallel-plate
model where an insulating layer is sandwiched between two con-
ductive electrodes. The capacitance of the device is changed with
the deformation of the dielectric layer by applied pressure. Fu et al.
inkjet-printed AgNP suspension on a PEN substrate as the bottom
electrode and a paper substrate as the top electrode for integrat-
ing a parallel-plate capacitive sensor. Ecoflex, a commercial viscous
silicone rubber, was adhered to the two electrodes as the dielec-
tric layer and was also used to encapsulate the assembled capacitive
sensor.””” The presented durable and sensitive mechanical sensor
could operate in piezoresistive or capacitive mode. The capacitance
between the top and bottom electrodes was strongly related to the
pressure applied, while the resistance of the bottom electrode could
be measured simultaneously to determine the strain exerted on the
device. Negligible interference was shown in the bimodal pressure
and strain sensors, enabling inkjet-printed array implementation of
the proposed sensors for mapping of the pressure and strain dis-
tribution. The second structure relies on the detection of mutual
capacitance. When a capacitively grounded object approaches or
touches the electrodes, the device capacitor will be disturbed by the
edge electric field, which changes the capacitance. Ma et al. fab-
ricated transparent touch sensor flexible PET substrates based on
inkjet-printed PEDOT:PSS electrodes."*’ The top and bottom elec-
trodes were printed in distinct patterns separately along with per-
pendicular directions. Dielectric PDMS was inkjet-printed at the
intersection points of the electrodes and then thermally cured. The
device enabled single and multiple touch detection with high sensi-
tivity and demonstrated high flexibility with robustness for practical
wearable use. Gilshtein et al. proposed an inorganic transparent con-
ducting ITO film by inkjet printing with the organic coloring dye
coating to increase the light absorption and enable efficient tran-
sient heating.'"' A flash lamp annealing technique was used to selec-
tively and rapidly sinter the inkjet-printed ITO film for transparent
capacitive touch sensors. As-prepared ITO-based electrodes can be
inkjet-printed in trackpad network and square patterns for reliable
detection of capacitance changes to accomplish wearable positioning
and security tasks. Liu et al. further presented the inkjet-printed con-
ductive silver microwire array (SMWA), which has a high pattern
resolution (minimum single line width of 4.7 ym and controllable
line-to-line spacing from 77 ym to 380 ym).""* The SMWA struc-
tures were created by inkjet printing of the polydopamine (PDA)
nanoparticle array based on the coffee-ring effect and used as the
template for subsequent silver electroless plating. The as-fabricated
continuous conductive SMW A was demonstrated as a flexible capac-
itive touch sensor with the orthogonally placed top and bottom
electrodes that were separated by a dielectric tape. Detection of 20%—
30% capacitance change by finger touching was realized with high
durability under the cyclic bending test, indicating the potential for
low-cost and facile fabrication of miniaturized wearable sensors.

3. Gas, temperature, and humidity sensors

Besides the aforementioned wearable sensors for the detec-
tion of human physiological signals, measurement of the external
environment is also of great importance in wearable devices. Some
parameters, such as gas, temperature, and humidity, are widely
calculated to synthetically evaluate the atmosphere.
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Integrating gas sensing functionality enables the warning of
noxious gases and the detection of volatile biomarkers. Devel-
oping printable gas-sensitive components is beneficial for minia-
turized wearable gas sensors that have the desired surface
morphology for the facile integration process on flexible substrates.
Inkjet-printed gas sensors are generally based on two sensing mech-
anisms, that is, chemiresistor and colorimetry. The chemiresistive
approach relies on changes in the conductance of semiconducting
inks in response to the exposure of target gases. Lin et al. fabri-
cated a wearable room-temperature sensor for ethanol and acetone
gas based on inkjet-printed SnO, with interdigitated silver inter-
connect [Fig. 4(d)]."” The SnO; NP layer with a high surface-to-
volume ratio showed good uniformity and favorable surface facets
for gas absorption. When the sensor is in the environment con-
taining reduction gas such as ethanol and acetone, free electrons
would be released due to the reaction of gas with the adsorbed oxy-
gen species on the SnO, surface, and thus, the material resistance
would decrease. Moreover, the colorimetric gas sensors implement
the detection of various gases in a visualized manner. Inkjet printing
techniques enable the formation of different organics as an indi-
cator array on a flexible substrate. Park et al. developed a volatile
organic compound sensor by inkjet printing four different PDAs on
the paper substrate.'** The circular patterns with 0.4 cm diameter
were printed with the diacetylene monomer ink and photopoly-
merized under ultraviolet irradiation. When exposed to unknown
gases, the four PDA spots can represent a specific colorimetric
response to the distinct functional groups and alkyl chain length.
The color patterns were analyzed by a smartphone that compared
the information with the database to determine the species of volatile
organics.

Flexible and wearable electronics with temperature monitor-
ing and disposable characteristics are applicable for wearable use.
Vuorinen et al. leveraged the temperature-dependent resistance of
PEDOT:PSS to implement a wave-patterned temperature sensor
on the skin-conformable polyurethane substrate by inkjet printing
[Fig. 4(e)]."*” The temperature response behavior was contributed
to the core-shell microstructure of PEDOT:PSS where the outer
PSS boundaries dominated the overall resistivity. When the tem-
perature increased, the number of particle boundaries got smaller
and the electrons easily passed through by gaining higher ther-
mal energy, which caused the reduction in resistivity. The demon-
strated device showed a sensitivity of 0.06%/°C and was fabricated
by a scalable and cost-efficient manufacturing process. The humid-
ity is another important environmental parameter that is generally
based on resistive and capacitive responses. He et al. introduced
an inkjet-printed wearable humidity sensor based on capacitance
changes in GO and black phosphorus (BP).'** Water-dispersed
GO ink inkjet-printed on AgNP-based interdigitated electrodes was
prepared from oxidation and exfoliation of graphite powder. The
presence of oxygenated functional groups in the inks promoted
the adsorption of water in the moist environment and caused an
increase in the dielectric constant of the GO/BP films with strength-
ened polarization. The inkjet-printed device demonstrated a high
capacitance sensitivity of over 11 in response to the 97% relative
humidity with a fast response/recovery within 5 s, which showed the
capability of detecting humidity variation with the simple fingertip
approaching.

scitation.org/journal/apm

B. Flexible and wearable OLEDs

The organic light-emitting diodes (OLEDs), which use organic
compounds to emit lights and display images in response to electric
currents, are quite compatible with solution-based inkjet printing.
The digital displays based on OLEDs are also suitable for flexible and
wearable display applications because they have competitively low
cost, wide vision field, fast response time, and high power efficiency
within all the display techniques.'*”'*" In recent years, inkjet print-
ing of OLEDs has been widely investigated for practical processing
on flexible substrates, especially the organic layers and electrolu-
minescent materials. Hexagonal pixel-arranged real red—-green-blue
(RGB) active-matrix OLED (AMOLED) array panel was fabricated
by Huo et al. with inkjet printing to achieve a high resolution of
403 ppi.""’ The prototype of inkjet-printed 55-in. and 8k-resolution
AMOLED TV with 120 Hz also convinced that the inkjet printing
process is promising and advantageous in the practical manufactur-
ing of AMOLED displays with large dimension, high resolution, and
low cost.'”

Quantum dot light-emitting diodes (QLEDs) have been fore-
seen as the next-generation displays owing to the tunable size-related
wavelength, narrow emission spectra, superior flexibility, and high
stability. The quantum dots (QDs) composed of inorganic semicon-
ductors are more stable, brighter, and lower-cost than the organic
semiconductors, showing tremendous wearable-application poten-
tials. The inkjet printing of high-resolution, uniform, and stable
light-emitting QD pixel arrays with pixels of 500 per in. (500 ppi)
was demonstrated by Kraus’ group. As-prepared QLED arrays had
the state-of-the-art quality for potential applications in standard-
ized 8k commercial displays. Octane and cyclohexylbenzene (CHB)
inks, which can be used to improve the attainable pixel quality, were
inkjet-printed to form a stable 2 pL QLED dot with a diameter of
20 ym [Fig. 5(2)].""" Li et al. demonstrated the fabrication of the
QLED array oxide TFT backplane by inkjet-printing for the first
time. The coffee-line patterns showed highly controllable and uni-
form morphology without nanopores in oxide dielectric layers. With
the TFT array integration, active-matrix QLEDs were capable of dis-
playing a red demo image, where one QLED pixel was equipped with
two TFTs (the switching TFT and the driving TFT) and one capac-
itor."*” High PL quantum yield (50%) PbS-CdS QDs with core-
shell structures were demonstrated to fabricate high-quality QLED
arrays via inkjet printing. With the assistance of solvent engineer-
ing and substrate patterning, as-prepared QLED devices showed a
high external quantum efficiency of >2%, which was comparable
to that made by the spin-coating process.” An impressive bilayer
red QLED with a state-of-the-art external quantum efficiency of
11.6% in air was fabricated by Xie et al. [Fig. 5(b)]."”* They claimed
the first report of inkjet-printed CBP-V and QD-based multilayer
QLEDs that have longer lifetime, higher efficiency, and higher sta-
bility comparable to those by spin coating. Kim et al. demonstrated
a skin-attachable QLED display device with an ultrathin thickness
of only 5.5 ym that could be conformably integrated with the skin to
reduce deformation failures. As-prepared ultrathin QLED displays
successfully visualized designable information with good waterproof
property, high brightness, and low operation voltages, which made
it advantageous for wearable sensing (e.g., touch sensors and tem-
perature sensors) in next-generation smart electronics. The ultrathin
QLED display integrated with flexible circuits and wearable sensors
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yielded fully integrated sensor-display systems that can directly show
sensing data of the human skin [Fig. 5(c)].*°

C. Flexible and wearable TFTs

The flexible and stretchable thin-film transistors (TFTs) are
basic building elements for electronic circuits, LED displays, sen-
sors, data storage transistors, and power transmission devices. Flex-
ible and wearable electronics are essentially integrated with TFT's as
active matrices for backplanes and/or logic circuits to switch on/off
and receive signals from the individual part.””*""” These applica-
tions require inkjet-printed transistors with superior mechanical
flexibility, sustainable electrical performance, and efficient print-
able processes that can be performed on a wide variety of sub-
strates. The TFTs are divided into metal oxide TFTs and OTFTs
that include organic field-effect transistors (OFETs). For most of
the oxide TFTs, active materials such as the amorphous In-Ga-Zn-
O (a-IGZ0), Zn-Sn-0 (ZTO), In-Zn-Sn-O (IZTO), and indium
oxide (In,O3) are commonly inkjet-printed on flexible plastic sub-
strates with SiO, and Al,Os as the buffer layer. High field-effect
mobility can be achieved by oxidizing the TFTs, but the metal-oxide
materials have intrinsic poor mechanical properties in wearable
applications.

For OTFTs of organic inks deposited on metal electrodes, the
material interfaces normally show poor electrical contact with each
layer on flexible substrates. This problem is caused by the mis-
match between the metal electrode’s high work function and the
highest occupied molecular orbital of many p-type organic semi-
conductors. Mixing of organic electron acceptors into the silver
inks was believed to efficiently improve the contact between elec-
trodes and semiconductors and yielded tenfold improvement in FET
mobility based on TIPS-pentacene without any direct patterning.'™*
Many methods were investigated for addressing the contact issues
caused by the incorporation of inkjet printing with other deposi-
tion processes. Kim et al. reported large-area FET arrays fabricated
by combining the chemical vapor deposition (CVD)-grown MoS;
monolayer with the inkjet-printed (Ag source/drain) electrodes in
an optimized printing process (without special surface treatments).
The Y-function method was proposed to characterize the surface
energy, the electrical stability, and the contact resistance between
the inkjet-printed electrodes and the CVD-grown monolayer.'”’
For the all-inkjet-printed FETs, printing source/drain electrodes on
the dielectric layer is more preferred (which is called bottom-gate
and bottom-contact architecture (BGBC) than that on the semi-
conductor layer that is sensitive and fragile in the printing process.
Feng et al. reported the all-inkjet-printed flexible BGBC-OFETs
with low-voltage (<3 V) operation in an ambient environment. By
blending small-molecule pentacene into polystyrene as an organic
semiconductor layer, the state density at the semiconductor/gate
dielectric interface was sharply reduced, showing great potential in
low-voltage wearable systems. *’ High-performance TFTs fabricated
by an aqueous-inkjet process can simplify the manufacturing pro-
cess at relatively low temperatures with reduced cost. However, the
modulation of aqueous ink is challenging due to the low solubil-
ity of organics and carbon-based materials in the printing of semi-
conductor layers and electrodes. Subramanian et al. demonstrated
an all-aqueous-printed TFT with aluminum-doped cadmium oxide
inks based on pure water via inkjet printing with low-temperature
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processing (<250 °C). As-fabricated InOy based TFTs showed a sub-
threshold slope lower than 150 mV dec™',a Win up to 19 em? Vs
and an ideal contact resistance of no more than 160 Q cm™".'"'
Hersam’s group developed a low-consumption inkjet printing of
high-performance short channel (150 nm-250 nm) SWCNT FETs
with only 0.5 pg material consumption in a single ink droplet of
10 pL."*” Vertical OFETs (VOFETs) have recently been explored
to shorten the channel length by utilizing the vertical thickness of
the active layer, rather than the line width in the plane. Compared
with conventional lateral-channel OFETSs, vertical architectures of
VOFETSs break the accuracy limitation of the inkjet printer system
and thus promote the output current density as well as the switch-
ing speed. Fang et al. fabricated VOFET arrays on a plastic substrate
via inkjet printing for the first time, which greatly simplified the
previous solution-based process.'”” The VOFET array-based flex-
ible AMOLED backplane exhibited a high current density of >6
mA cm ™2 and can sustain repeated bending for 1000 times, show-
ing considerable potential in next-generation wearable displays and
electronic systems.

D. Flexible and wearable energy storage devices

Flexible energy storage and conversion devices should be essen-
tially integrated into the portable systems to supply power and drive
the wearable electronic devices. Various types of energy storage
devices were widely investigated for wearable use such as superca-
pacitors, lithium-ion batteries, lithium-sulfur batteries, and metal-
air batteries.'®" Inkjet printing enables the accurate single-step pro-
cessing of each part in the energy storage and conversion devices,
namely, electrodes, electrolytes, current collectors, and encapsu-
lation layers with high flexibility, which increases the fabrication
efficiency as well as the device performance.'*'*°

Flexible micro-supercapacitors (MSCs) are most widely uti-
lized for wearable energy storage because of their intrinsically high
power density, long-term stability, bending tolerance, and charg-
ing security.'””'"” Carbon and carbon-derived materials with large
specific surface areas were commonly used in inkjet-printed super-
capacitor electrodes. Lee et al. demonstrated all-solid-state on-chip
MSCs with EHJ-printed active carbon as electrodes, which real-
ized ultrahigh areal number density.” Choi et al. reported using A4
paper as substrates for inkjet-printed all-solid-state flexible super-
capacitors. The pre-printed SWCNT/active carbon electrodes were
coated by post-printed Ag nanowires networks that endowed the
supercapacitors with impressive flexibility and improved electrical
conductivity."”” In addition to carbon, capacitive materials such as
metal oxides were also qualified for inkjet-printed supercapacitor
electrodes due to their high-performance pseudocapacitive prop-
erty. Similarly, on A4 paper substrates, Sundriyal et al. proposed
the inkjet printing of MnO, and GO/active carbon nanocom-
posites as the positive electrode for flexible asymmetric super-
capacitors with PVA-LIiCl as the gel electrolyte. The MnO;-rich
nanocomposites endowed the paper-based MSCs with excellent
electrochemical performance (capacitance of 1023 F g™' at 4 mA
cm™ and energy density of 22 mW h cm™ at the power den-
sity of 0.099 W cm™) and high wearable endurance (capacity
retention of 98.4% after 1000 bending cycles and 96.5% with five
folds) [Fig. 5(d)]."”" Shao et al. utilized the electrohydrodynamic-
assisted 3D crumpled stable MoS, inks without additives for the

APL Mater. 8, 120705 (2020); doi: 10.1063/5.0031669
© Author(s) 2020

8, 120705-18


https://scitation.org/journal/apm

APL Materials RESEARCH UPDATE

inkjet-printed electrodes that were filled with open space for ion
transport. As-prepared wearable MSCs exhibited an impressive areal
energy density of 3.85 yW h cm™ at 1.75 V. Moreover, an array
of 96 inkjet-printed asymmetric MSCs on 10 x 10 cm? flexible
EPSON photopaper was demonstrated, showing great integration of
this system [Fig. 5(6)].‘72 Recently, all-MXene-printed MSCs were
proposed by Zhang et al. for the first time, which depended on
the inkjet/extrusion-printing processing of additive-free and binary-
solvent-free Ti3C,Tx MXene inks in aqueous/organic solvents. As-
assembled MSCs with interconnected nanosheet networks showed
high durability for wearable applications, and they would not be
peeled off by scotch tape from the flexible AlOx-coated PET sub-
strates due to strong interfacial adhesion [Fig. 5(f)]."” Giannakou
et al. demonstrated the inkjet-printed MSCs with state-of-the-art
areal and volumetric specific capacitances of up to 155 mF cm™>
and 705 F cm™, respectively, which were based on nanoparticle-
based NiO as film electrodes.”* For real on-skin energy stor-
age, they fabricated the symmetrical spiral-shaped MSCs on
water-soluble PVA substrates and combined the inkjet with water-
transfer printing to transfer them directly on the human skin like
a temporary tattoo sticker. This inkjet printing/water-transferring
approach provided a compelling platform toward real epidermal
MSCs, which could be not only used for conformal energy stor-
age but also referred to other flexible and wearable electronic device
manufacturing.'”

E. Other flexible and wearable devices

Data storage memory is a necessary component for advanced
flexible electronic systems. Many methods such as transfer print-
ing, microcontact printing, and various solution processes were
developed for fabricating memories with fast switching speed, high
retention time, and low programming voltages in wearable applica-
tions."”® Casula et al. used inkjet-printed organic/metal nanoparti-
cle/organic hybrid as the resistive layer of high-performance organic
memory on PET flexible substrates. Recently, power-efficient, high-
performance Pt/HfO,/Ag non-volatile resistive memories were fab-
ricated via inkjet printing."”” The high-k HfO, dielectric endowed
the memory with low set voltages, high switch ratios, and low
switching current (~1 yA). However, the resistive memories fab-
ricated by inkjet printing are normally assisted with the pro-
cesses of CVD, electroplating, and photolithography. For fully
inkjet-printing of flexible memories, Huber et al. worked on the
Ag/spin-on-glass/PEDOT:PSS flexible memory cells and developed
the inkjet printing process without additional steps or sacrifi-
cial layers.'”® Moreover, Casiraghi’s group developed water-based,
highly concentrated, and biocompatible inks that can be applied
for fabrication of a variety of two-dimensional crystal heterostruc-
tures. They succeeded in demonstrating an all-inkjet-printed pro-
grammable logic memory device that stored “words” with a hor-
izontal stripe (word line) and vertical stripe (bit lines)."”” The
water-soluble polyacrylic acid solution was also reported to fabri-
cate microstructured surface patterns via inkjet printing on pre-
cured viscoelastic PDMS substrates. This technique was capable of
pre-patterning dots, lines, and squares on the homogeneous sur-
face and potentially providing an all-inkjet-printing process for
more complex patterns with high resolution in flexible and wearable
electronics.'*’
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V. CONCLUSION AND OUTLOOK

Inkjet printing, which directly deposits solution-processable
materials onto the given location of the substrate, shows enor-
mous potential in the fabrication of flexible and wearable elec-
tronic devices. The unique advantages of inkjet printing include
(i) the programmable and changeable patterning without extra
masks; (ii) high-resolution patterning without limitations of the
optical focus depth; (iii) no requirements for planar, conduc-
tive, or smooth printing substrates; (iv) superior processibility
of both organic and inorganic materials; (v) minimized contam-
ination in the non-contact printing process; (vi) cost-effective
deposition (low ink consumption) at ambient environment; (vii)
high-throughput and low-temperature processing; and (viii) excel-
lent compatibility with other printing methods and fabrication
technology.

Strategies for inkjet-printing mechanically flexible/stretchable
wearable electronics based on versatile substrates are fully detailed
and compared in this work. Recently reported techniques that solved
the problems such as low conductivity of printed polymer materi-
als, high sintering temperature of metallic materials, and low ink
solubility of carbon-based materials have been reasonably sum-
marized. Given all the impressive work, inkjet printing has gar-
nered increasing attention from researchers in developing all-inkjet-
printed electronic devices and wearable applications. Significant
progress has been made in flexible and wearable electronics, e.g., sen-
sors for mechanical stimuli, bio-substance detection, environmental
parameter measurement, display arrays of OLEDs and QLEDs, het-
erostructured TFTs, energy-storage MCSs, and data-storage mem-
ories. Sophisticated techniques that promote inkjet printing, such
as EH]J printing, aerojet printing, double-shot inkjet printing, pre-
patterning, and vertically stack printing, are also desired in the
future.

We anticipate promising technology applied science and engi-
neering as well as commercial prospects for the inkjet-printed flexi-
ble and wearable electronics in the near future. Despite the encour-
aging progress mentioned above, some challenges in this specific
issue remain to be addressed along with an equal number of oppor-
tunities. Through chemical or physical manipulation, more intrinsi-
cally flexible and stretchable inks are expected to prevent the pat-
tern’s cracking and delamination on the polymer or paper-based
substrates. Besides, human epidermal devices demand elaborated
design for higher stretching strain (>100%) to match modules of
the human skin and inkjet-printed devices, which could be involved
with finite element computation and multi-physics simulations.
Meanwhile, the universal access to solve the nozzle clogging should
be further developed, in order to guarantee a stable printing process
and long-standing time with all types of inks. Moreover, it is imper-
ative to have an all-inkjet-printed technique for various device fabri-
cation, as well as the integration of multiple functional components
synergistically in a single wearable electronic device. Finally, large-
scale inkjet-printed electronic arrays should be realized in wear-
able devices to meet the practical requirements of high-performance
sensing, computing, processing, and displaying. It is convincing
that the development of advanced inkjet printing technologies
would greatly contribute to the future of flexible and wearable
electronics.
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