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Industry 4.0 is accelerating the growth of connected devices, resulting in an
exponential increase in generated data. The current semiconductor
technology is facing challenges in miniaturization and power consumption,
demanding for more efficient computation where new materials and devices
need to be implemented. One of the most promising candidates for the next
technological leap is the memristor. Due to their up-scale manufacturing, the
majority of memristors employed conventional deposition techniques
(physical and chemical vapor deposition), which can be highly costly. Recently,
printed memristors have gained a lot of attention because of their potential
for large-scale, fast, and affordable manufacturing. They can also help to
reduce material waste, which supports the transition to a more sustainable
and environmentally friendly economy. This review provides a perspective on
the potential of printed electronics in the fabrication of memristive devices,
presenting an overview of the main printing techniques, most suitable for
memristors development. Additionally, it focuses on the materials used for
the switching layer by comparing its performance. Ultimately, the application
of printed memristors is highlighted by showing the tremendous evolution in
this field, as well as the main challenges and opportunities that printed

higher requirements.['l Over the past few
decades, mainstream computers based
on complementary metal oxide semi-
conductor (CMOS) have become more
efficient and perform better supported
by the accomplishment of the Moore’s
Law, which drives the number of tran-
sistors on chips to double every 18
months.[?) However, even the most ad-
vanced semiconductor technology is con-
fronted with issues related to miniatur-
ization and power consumption.’) New
materials, devices, and more efficient
architectures need to be implemented.

One of the most promising candidates
for the next technological leap is the
memristor, proposed by Chua in 1971
as the fourth elemental passive circuit
component,!*) establishing a direct re-
lation between the magnetic flux (@)
and charge (q). Memristors display short
and long-term memory, with excitatory

memristors are expected to face in the following years.

1. Introduction

As the world is implementing the Internet of Things (IoT) and
Industry 4.0 concepts, the amount of generated data is increasing
in an exponential trend. To deal with this massive growth of data,
the performance of integrated circuit (IC) chips are subjected to

and inhibitory capabilities.l’) These in-
herent properties have significant po-
tential applications across diverse ar-
eas. Particularly, they exhibit promising
implications for the next generation of non-volatile resistive
memories,!®! showcasing characteristics that can enhance data
storage efficiency and reliability.”] Furthermore, these proper-
ties provide a unique opportunity for advancing the development
of novel neuromorphic paradigms. In the context of neuromor-
phic computing, memristors offer the prospect of constructing
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circuits that mimic the parallel computation capabilities of the
human brain.!®) This potential breakthrough could lead to signif-
icant advancements in artificial intelligence, allowing for more
efficient and low-power processing compared to traditional digi-
tal microprocessors.

From the past decade, the advent of paradigms such as dig-
italization, the IoT,®! and Industry 4.0 has revolutionized the
requirements for sensors and smart devices, emphasizing the
need for high power efficiency while keeping the manufacturing
costs low. Additive manufacturing technologies have experienced
increasing adoption to engineer smart devices with customized
properties for electronic applications.!1°]

The integration of IoT into every aspect of our lives such as
healthcare, transportation, construction, leisure, and sports has
accelerated the transformation of everyday objects into smart
objects. Semiconductors, sensors, and related electronics are
needed for this transformation, but they are difficult to recycle
or to provide a second life to the constituent materials. While the
addition of intelligence into daily-use devices is appealing and as-
sists in the digitization of the physical world, it also inadvertently
reduces their lifespan and significantly contributes to the global
electronic waste problem.!"!l Global production of e-waste is mas-
sive as a result of the effects of digital transformation and con-
sumer behavior.'?] For instance, in 2018, ~53.6 Mt of e-waste was
generated, with an increasing rate of 2 Mt per year. To highlight
the extent of the issue, it is estimated that 20-25% of e-waste is
legally recycled, with the remaining 75-80 percent being dumped
into the environment or sent illegally to developing nations.!3]

Printed electronics, an additive manufacturing category, allows
high volume production of thin and flexible electronic devices at
low cost.['*] The technology allows the massification of various
IoT that offer advanced functionality in an embedded and highly
distributed fashion.['*>15] More importantly, it allows minimiza-
tion of energy consumption during manufacturing, reduced use
of hazardous substances, improvement of recyclability, and de-
crease the material waste generated, contributing to a more sus-
tainable, greener economy.

Printed electronics (PE) have become an established com-
petitive technology particularly in display technology. As repre-
sentative examples, a 31-inch flexible inkjet printed OLED TV
has been presented at CES 2020, TCL-CSOT (Guangdong Juhua
Printed Display Technology Ltd. Co, TCL CSOT & TCL Corpo-
rate Research).'®) In 2023, TCL-CSOT stated that OLED dis-
plays will be produced by the inkjet printing process in the
second half of 2024.1"7] The latest market report published by
Visiongain['® suggests that printed electronics have a global mar-
ket cap of US$10.88 billion in 2023 and is projected to grow at
a compound annual growth rate of 15.5% during the next 10
years. As shown in Figure 1, over the past two decades, signif-
icant progress has been achieved in printed electronics, namely
by the advent of aerosol jet printing (AJP) and Electrohydrody-
namic printing (EHD) in the late 1990s and early 2000s and the
maturation of inkjet printing. This progress in printing tech-
nology allowed the opportunity for the deposition of patterned
thin films. The first printed memristor was reported in 2012,
4 years after the advent of the memristor, in Hewlet-Packard’s
(HP) labs. At present, printed memristors started to be applied
in diverse applications from neuromorphic circuits to encryption
circuits.!*?]
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The engineering potential of circuit design greatly expands
with the maturation of printed memristors. Printing tech-
niques allow large-area multi-layer systems, making it possi-
ble to fully print 3D circuits.?*! Hence memristors can be inte-
grated into sensors as in signal processing block or as a sensing
component.!?!l In the case of printed memristors, it has great po-
tential in flexible electronics to be applied in skin electronics.??!
And so, over the last years, since the publication of the first
printed memristor, it has been explored new materials and man-
ufacturing optimization to achieve robust memristive devices.

This review provides a perspective on the potential of P in the
fabrication of memristive devices. It is divided into three main
sections: the first section presents an overview of the main print-
ing techniques, most suitable for memristors development. Next,
the materials used for the switching layer are presented by com-
paring their performance. Finally, the application of the printed
memristors is highlighted, as well as the main challenges and
opportunities that printed memristors are expected to face in the
following years.

2. Overview of Printing Technologies Used for
Memristors

When it comes to making electronic devices, deciding between
printing and traditional lithography is crucial, as each method
has its own set of strengths and limitations. Photolithographic
processing, a subtractive technique widely used in microelec-
tronics, requires many steps, being suitable for patterning small
areas.’?] The substrates are exposed to corrosive etchants, use
high-energy radiation, and relatively high temperatures dur-
ing processing. Therefore chemical, radiation, and tempera-
ture sensitive substrates are incompatible with photolithographic
processing.**] On the other hand, printing technologies allow
a wide variety of substrates, including naturally derived poly-
mers and large-area deposition. Naturally derived polymers are
abundant materials originated from living matter.3*l Several
natural polymers, including alginate,®! cellulose,®! chitin,*”]
collagen, 38 keratin,*! and silk,[* have been employed as sub-
strates due to biocompatibility, mechanical properties, biodegrad-
ability, and renewability.[*!]

Table 1 provides an overview of different printing technologies
used for the manufacture of printed devices.

Printing technologies are divided into two main categories:
contact and contactless techniques. As the name suggests, a con-
tactless printing method avoids making direct physical contact
with the substrate, which can be useful when working with sub-
strates or carrier materials that are sensitive. Generally, non-
contact printing techniques are droplet-based such as aerosol jet
printing, inkjet printing, and EHD inkjet. These methods can
be broadly described as computer-controlled, non-contact pat-
tern reproduction methods that implement droplet deposition
of ink on a substrate.[*?’! Furthermore, these methods make use
of digital printing technologies, which make it easier to edit or
refine the design because the desired printing pattern is trans-
ferred straight from a computer file or data stream to a print-
ing machine. Conversely, contact-printing techniques like screen
printing, reverse offset printing, and gravure printing require di-
rect physical contact with the substrate through pressure, which
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Figure 1. Timeline of significant breakthroughs in PE and computation related to memristors. Back in 1936 the screen-printing technique was adapted
from the clothing industry to produce radio components on a large scale for the US military. In 1948, Touring first introduced the concept of “brain-like”
computing. The memristor was conceptualized in 1971 by Chua as the fourth elemental passive circuit component.[*] Only in the late 1990s started to
have significant breakthroughs in printing technology. The first demonstration of aerosol jet printing occurred in 1997 by printing piezoelectric Pb(Zr,
Ti)Oj thick films on Pt/Cr/SiO, /Si substrates.[?3] In 1998, Hebner et al. printed the first OLED. In this work, inkjet printing was used to deposit patterned
luminescent doped polyvinylcarbazol films. Reproduced with permission.[?4] Copyright 1998, AIP Publishing. Two years later, the first fully printed thin
film transistor (TFT) was reported, based on organic polymers.[?°] In 2007, electrohydrodynamic jet printing was demonstrated, achieving 1 um of
resolution.[?®] In 2008, it started the advent of the memristor. The first simple physical model and a simulated IV characteristics of a memristor was
presented.[?”] Two years later the use of Ag-doped amorphous silicon memristor was developed to simulate synaptic plasticity, showing the potential
of memristor in artificial synapse. Reproduced with permission.[28] Copyright 2010, American Chemical Society. The first fully printed memristors using
metal oxides as the switching layer were published in 2012.12°] In recent years, PE did another leap forward into printed systems. In 2018 an ultra-flexible
organic synapse transistor array was fabricated through inkjet printing and integrated into an artificial visual-perception system which can mimic retinal
function. Reproduced with permission.I3% Copyright 2018, Wiley-VCH. In the following year, fully inkjet-printed stretchable and low voltage synaptic
transistor arrays were developed for neuromorphic computing. Reproduced with permission.[311 Copyright 2019, Springer Nature. Currently fully printed
h-BN memristors were developed for data encryption.[']

limits the range of substrate materials that can be used.[*] Fur-
thermore, most contact printing methods require a master tem-
plate, which raises the initial costs associated with stencil pro-
duction or screen mask. This greatly diminishes the versatility
to perform rapid adjustments to the original design. Although

the drawback in making rapid design changes, the majority of
contact printing techniques allow for low-cost, high-throughput
true roll-to-roll (R2R) manufacturing.*’] The ensuing subsection
will address various printing techniques and technologies re-
lated to PE manufacturing and applied in memristive devices.[**]

Table 1. Overview of different printing technologies for manufacturing of electronic devices.

Aerosol Jet Electrohydrodynamic printing (EHD) Inkjet (DoD) Gravure Reverse offset Screen printing
inkjet

Printing resolution [um] 10-100 0.04-500 15-100 5-200 1-50 20-100
Layer thickness [um] 0.1-5 0.01-0.5 0.01-0.5 0.1-8 0.04-2 3-30
Printing speed [m min~'] 0.6-1.2 0.1-3 0.02-5 20-1000 0.06-15 0.6-100
Digital technique Yes Yes Yes No No No

Film roughness Low Low Low Low Low High
Material waste Minimum Minimum Minimum Yes Yes Yes
Substrate interaction Non-contact Non-contact Non-contact Contact Contact Contact
References [42] [11a,43] [11a,42¢] [44] [42¢,45] [11a,42¢,46]
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Figure 2. Schematic diagrams depicting a) ClJ printhead, b) thermal DoD printhead, and c) piezoelectric DoD printhead. d) Actuation principle of a
piezoelectric DoD inkjet system. Reproduced with permission.[>3] Copyright 2015, Wiley-VCH. Microscopic images of the hBN memristors: e) Cross-
sectional scanning electron microscopic image and f) optical microscopic image of Ag/hBN/Ag device fabricated by fully-inkjet-printing. Reproduced
with permission.[>*] Copyright 2023, Wiley-VCH. f) Top-view SEM image of the inkjet-printed Ag/h-BN/Pt memristor. Reproduced with permission.!"?]

Copyright 2023, Royal Society of Chemistry.

Furthermore, the requirements to print robust memristors will
be described by focusing on the most suitable printing tech-
niques for the fabrication of memristors.

2.1. Inkjet Printing

Inkjet printing is a non-contact method based on depositing nu-
merous ink droplets onto a substrate.[*?*#¥] The droplets, typically
have a diameter between 9 and 50 um,!*?! is manipulated under
digital control. An inkjet system comprises a digitally controlled
printhead that projects ink droplets. While research inkjet print-
ers usually have one printhead, industrial versions use multiple

Adv. Electron. Mater. 2024, 10, 2400212 2400212 (4 of 40)

printheads with hundreds to thousands of integrated micronoz-
zles, largely increasing the throughput.[**]

Inkjet printers are categorized into continuous inkjet (CIJ)
and drop-on-demand (DoD) inkjet. The working principle of
jet formation in inkjet printing, was initially studied by Savart
in 1833 and quantitatively analyzed by Rayleigh in 1879, who
demonstrated that the most rapidly growing disturbance in the
jet, and thus the distance between the centers of the resulting
drops, was about 4.5 times the jet’s diameter (known as Rayleigh
breakup).[>"!

In CIJ (Figure 2a), a continuous stream of droplets is ejected
by the nozzles. The droplets are steered by a deflection system,
which generates an electrostatic field. When the droplets pass
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through the deflection plates, they are directed toward the sub-
strate or, if not needed, toward a recycling system.>!! In the field
of PE, the continuous mode is not used very often, as the expo-
sure of droplets to environmental conditions and subsequent
recycling may contaminate the ink.*83 In DoD inkjet systems,
each printhead has an array of nozzles, and the relative motion
of the drop and substrate, the timing of the drop ejection, and
the selection of the right nozzle from the array all affect where
the drop lands on the substrate. To create the pressure pulse
required to eject an ink drop, most modern DoD printers either
use the deformation of a piezoelectric ceramic element or the
expansion of a tiny vapour bubble created by a small electric
heating element on the liquid. Thermal printheads (Figure 2b),
which are limited to inks containing volatile solvents, can be
more easily and affordably manufactured than piezoelectric
printheads, which have the capacity to handle a broader variety
of liquids.*?! Piezoelectric DoD machines (Figure 2c) are widely
used in research and industry.

A piezoelectric DoD’s operating principle is illustrated in
Figure 2d and is covered in great detail in ref. [53]. It is possible
to alter the drive waveforms to suit printing fluids with various
properties. An electric voltage is applied to fire a droplet, and the
inverse piezoelectric effect causes the channel cross section to
distort. Pressure waves are created inside the channel as a result.
Pressure waves travel in the direction of the channel and become
reflected when the channel’s characteristic acoustic impedance
varies.

The piezo element’s charging ((a) in Figure 2d) expands the
channel cross-section, leading to a negative pressure wave that
reflects at the left reservoir. b) This large reservoir serves as
an open end, causing the acoustic wave to return as a positive-
pressure wave (c). The piezo element’s discharging shrinks the
channel cross-section back to its initial size, amplifying the pos-
itive pressure wave when synchronized with the acoustic wave’s
travel time (d). The channel structure and driving pulse are en-
gineered to achieve a substantial incoming positive pressure
peak at the nozzle (e), propelling the ink through the nozzle.
The ink’s acceleration in the nozzle’s small cross-section (due
to mass conservation and incompressibility) culminates in drop
formation.>3]

Inkjet is widely used in fully printed memristors achieving de-
vice area down to 50 um?># (Figure 2e~g). The main strengths of
inkjet printing consist of the flexibility of patterned design, man-
age to print thin films up to 10 nm of thickness with low rough-
ness, low consumption of inks and minimal waste generated dur-
ing printing, precise control of the drops and printing large ar-
eas using compact set-ups. However, inkjet printing faces some
drawbacks: the inks are typically expensive, strict requirements
when producing an inkjet ink, nozzles get often clog when using
particle-based inks, very sensitive to the interaction between the
ink and the substrate (e.g., coffee ring effect) and low throughput
when using a single printhead (industrial systems with multiple
parallel printhead increase printing speed).

2.2. Electrohydrodynamic Inkjet Printing
EHD inkjet printing started as an advancement of inkjet printing

in terms of resolution. Inkjet printing technologies have its lat-
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eral resolution limited by the nozzle size. Further decreasing the
nozzle size is not a viable approach. At first, a reduced nozzle ori-
fice would have a negative impact on the jetting process because
the viscosity and surface tension of the ink make it harder to force
droplets out. Moreover, printing with particle-based inks may be-
come unreliable due to clogging, which can be challenging to re-
solve with inks containing solid content, such as nanoparticles
(NPs) or nanowires.>>! By creating an electric field between the
nozzle and the substrate, EHD printing solves these problems by
drawing ink out rather than pushing it out (Figure 3a).

EHD inkjet printing has undergone significant research over
the past two decades, mainly due to the advent of solution
electrospinning®®! and the possibility of achieving sub microme-
tre of lateral resolution. Choi and Smith patented this method
in 1998, allowing for the printing of coloured inks with a resolu-
tion of up to 20 um.[*?*] Rogers et al. used this method for PE in
2007.126]

Broadly, the components of an EHD printing system are: a
camera system for visualizing the ink flow to monitor the jetting
behavior and imaging the printed patterns; a nozzle; a substrate
stage positioning system; a high voltage supply; and an ink sup-
ply system that produces back pressure.[®*) When the electric field
force is greater than the ink’s surface tension force, droplets are
produced. After that, ink is supplied to the nozzle’s tip to create
a hemispherical meniscus.

Depending on the presence of mobile charge carriers in the
ink, the ionic components will move to the meniscus surface.
The number of charge carriers per unit volume and their drift
velocity determine the ink’s conductivity.[**l An electrostatic po-
tential forms between the meniscus and the grounded substrate
after a significant amount of charge has accumulated on the ink
interface. Since inks are typically not perfect conductors,
the resulting electrical stress has a normal and tangential
component.l®!] The tangential component promotes the menis-
cus’s formation into a cone, known as a Taylor cone,®?! and the
normal stress destabilizes the meniscus, causing jetting. When
the electrostatic stress rises above this equilibrium, a jet of ink is
ejected.[*%c]

The speed and form of the produced droplets are influenced by
the applied voltage. Drop volumes in the attoliter range can yield
very high resolutions.[*2¢) The “neck-down” ratio, which is the ra-
tio of the inner nozzle diameter to the drop diameter, varies from
roughly 10 in conventional systems to 10* in highly optimized
systems.[%] Furthermore, the two key variables that control the
drop size and jetting mode are the applied voltage and the ink
flow rate.[5¢]

At a lower electric field strength, the “dripping” mode takes
place, where large-volume droplets are propelled by gravitational
pull.[* For high-resolution printing, the recognizable EHD cone-
jet is preferred (Figure 3b). It can be accomplished by creating
a constant Taylor cone by strengthening the electric field while
decreasing the flow rate.[®) Further increases in voltage cause a
complex jetting behavior that eventually results in an atomiza-
tion or spray mode characterized by numerous, uncontrollable
jets.[] Since most of the substrates in PE are isolators, it builds
charges on the substrate causing distortions of the electric field
and consequently misallocating drops. Employing an alternating
current (AC) electric field allows the use of insulating substrates
without any misplacement of drops.[6+-]
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Figure 3. Principles of EHD inkjet. a) Schematic illustration of drop-formation in EHD printing and representation of the forces that act on the ink. Re-
produced with permission.[42¢] Copyright 2023, Wiley-VCH. b) Different printing modes in EHD printing dependent on the flow rate (Q) and electric field
strength (E). Reproduced with permission.[>®] Copyright 2007, Cambridge. c) microscopic image of the fabricated memristor crossbar structure, portray-
ing three top silver and one bottom Cu electrodes. The transparency of ZnO active layer is clearly noticeable by the crisp image of the bottom electrode.
Reproduced with permission.[>’] Copyright 2013, Elsevier Ltd. d) SEM images of two perpendicular Cu nanowires. Reproduced with permission.[8]

Copyright 2016, Wiley-VCH.

Figure 3c,d shows examples of fully printed memristors using
the EHD printing. The smallest printed memristors crossbars
were fabricated using the EHD technique, achieving an area of
6 X 6 um? employing an silver (Ag)/nafion/ gold (Au structurel>®!
and 80 X 80 nm? for nanowire EHD (NW-EHD) printing!®¢!
(Figure 3d). Using an inorganic-nanowire-digital alignment tech-
nique, the fabrication of 2D arrays of individually conductive, per-
pendicularly aligned copper (Cu)nanowires with a nanometer-
scale Cu,O layer sandwiched at each cross point was subse-
quently reported.

Generally, inks with viscosities up to 10000 cP can be
printed, allowing a wide range of inks: from liquids, nano- and
microparticles,?*%7] nanowires, ¢! to molten metal.[®”) When
creating the ink for high-resolution printing, the rheological char-
acteristics must be taken into consideration.””! The nozzle to
substrate surface distance should be as small as possible, usu-
ally between 0.05 and 1 mm, in order to ensure high accuracy in
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the drop placement. With EHD, it allows high aspect ratio print-
ing, achieving 40 nm of lateral resolution.[**d] Also, it is one of
the most economical manufacturing techniques available. Yet,
there are still challenges for EHD, such as multi-nozzle imple-
mentation of EHD printing to improve throughout.”!! Practi-
cal implementations are still severely limited by the cross-talk
between the nozzles. Consequently, a nozzle pitch of at least
2 mm is necessary.”?l Additionally, when using multiple noz-
zles, the asymmetric electric field created by the cross-talk be-
tween the individual jetting streams lowers the quality of the
print.[4%]

2.3. Aerosol Jet Printing
The Mesoscale Integrated Conformal Electronics (MICE) project

in the late 1990s recognized the need for appropriate direct-write
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Figure 4. a) Working principle of a compressor nebulizer aerosol jet printer: 1) Atomization of the liquid content; 2) large aerosol are sorted out due to
gravity; 3) focusing of aerosol jet due to sheath gas; and 4) deposition on the substrate. Reproduced with permission.[*2] Copyright 2023, Wiley-VCH.
b) The influence of substrate temperature on aerosol jet printing of Ag nanoparticle ink for three different substrate materials with the occurrence of
overspraying at high temperature. Reproduced with permission.[8] Copyright 2017, IOP Publishing Ltd. c) Printed Ag lines (blue) and MoS, lines (black)
with 5,10, 20, 30, and 40 printing passes. Reproduced with permission.”°! Copyright 2019, Wiley-VCH.

processes due to the wide range of applications.”3] This resulted
in the development of various deposition mechanisms, such as
Aerosol Jet and Nanojet systems. AJP emerged in 2001-2002,/74]
bringing new capabilities to direct write printing via a directed
aerosol stream, allowing for consistent deposition at nozzle-
substrate offsets of 1-5 mm.”>]

This method makes it possible to pattern complex surfaces re-
gardless of their shape.l*?] This flexibility facilitates patterning
on surfaces inaccessible to physical nozzles, eases control over
less precise articulation, and is desirable for assistive manufac-
turing technologies meant to be used in larger, hybrid manu-
facturing processes. When compared to alternative direct write
technologies, this combination significantly streamlines process
integration.

In AJP (Figure 4a), the ink is aerosolized and carried via N,
gas. The droplets that make up the aerosolized ink have a diam-
eter ranging from 2.5 to 5 um.”®! With this system, it is pos-
sible to print feature sizes as small as 10 um."!) AJP, as op-
posed to inkjet printing, allows for a greater range of ink vis-
cosities, from 1 to 2500 cP,I"! facilitating the printing of a wide
range of different inks using a single technology. Unlike inkjet
or any contact technique, AJP enables printing onto a variety
of nanomaterials and surfaces, including patterning biological
materials at the nanoscale and placing them onto intricate 3D
geometries.[¢77]

In comparison to other droplet-based techniques (inkjet and
EHD), there are a few challenges in AJP. One of the difficulties
is the nozzle’s overspraying, which causes the material to be
deposited in spots outside of the printed traces and reduces
the lateral resolution!’®! (Figure 4b). Another problem with
using nanoparticle inks is that the flow of the carrier gas
greatly accelerates the evaporation of solvents. The physical and
rheological characteristics of the ink are altered by drying, ne-
cessitating adjustments to the printing parameters and causing
sludge to accumulate at the bottom of the ink container.!**!
There are a few reports that used fully AJP memristors.l7>-30l
Figure 4c shows an example of fully printed MoS,
memristors.”’]
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2.4. Screen Printing

One of the most popular deposition methods for printing elec-
tronics is screen printing, which uses screen masks to deposit
materials onto large-area substrates. Because of its ease of use,
scalability, environmental friendliness, and high throughput, this
technique holds great promise for low-cost mass production of
large-area electronics.!]

During World War II, this method was first used in the PE
field to mass-produce radio circuitry.®?] It was particularly good
at depositing thick conductive materials with patterns that effec-
tively transferred power with little to no voltage loss. This made it
the perfect substitute for physically routing wires, especially for
wartime electronics production.®*]

The operation of a screen-printing machine (Figure 5a) in-
volves filling the open mesh areas with ink, facilitated by the mo-
tion of a squeegee. In the reverse motion, the ink is transferred
onto the substrate surface under a specific squeegee force. Shear-
ing stress is created in the ink and its viscosity is reduced as soon
as the squeegee makes contact with it. Through a mesh’s open-
ings, the ink is carefully transferred and deposited onto a sub-
strate. To specify the geometry of the printed pattern, a mask,
or stencil, with patterned features is utilized.!®}! In order to cre-
ate a printing screen, the proper mesh apertures of a regular
stencil are blocked off using a photo emulsion layer.”®! Alter-
native techniques, such as creating openings on a thinned sil-
icon wafer via photolithography, can be used to create higher-
resolution masks.!7684

To enable high-precision printing of fine line grids even at high
printing velocities, advanced screens, and highly effective metal-
lization pastes have been developed.[**#8] The most adopted strat-
egy is the adoption of finer meshes with a decrease in wire thick-
ness and an increase in mesh count (wires per inch), making it
possible to print up to 20 um of lateral resolution!*®! (Figure 5b).

The viscosity of the ink is a critical parameter to regulate. It
should be low enough to allow for easy flow through the mesh
when the shearing stress is applied, but high enough to main-
tain its form when the shearing stress is removed and prevent
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Figure 5. a) Schematic of screen-printing technique. Reproduced with permission.[2”1] Copyright 2009, Elsevier Ltd. b) SEM images of high-resolution
screen printed Ag structure with a nominal contact finger width of 20 um. Reproduced with permission.[*6] Copyright 2022, Elsevier Ltd. c) Schematic
of the p6DTP-based three-terminal synaptic device. Reproduced with permission.[#¢] Copyright 2023, Wiley-VCH. d) Cross-sectional SEM image of the
Ag/TiO,/C paper-based memory. Reproduced with permission.[87] Copyright 2014, American Chemical Society.

lateral flow. Viscosities in the range of 500-5000 cPs are con-
sidered ideal for this method.***] That means the inks have a
high load content and often need a binder to increase the vis-
cosity of the ink. Other parameters such as substrate, printing
speed, mesh opening, squeegee angle, and pressure greatly in-
fluence the final dimensions of the printed structures. Potts et al.
have shown in conductive carbon paste that high printing speeds
decrease the viscosity of the ink.®?] As the printing speed is in-
creased, there is a general decrease in the amount of ink de-
posited, and line resistance tends to increase. The printed dimen-
sions of the line are greatly influenced by screen optimization.
Tepner et al. looked into the relationship between the rheological
behavior of commercial Ag-pastes used for the front-side met-
allization of solar cells and the screen-printed geometry of Ag-
electrodes.[® A reduction of the screen opening width causes
a diminished cross-sectional area of the printed structure, thus
restraining the lateral conductivity. So far, no study has been
performed on how the high roughness inhered of the screen-
printing process affects uniformity and, consequently, device-to-
device variation.

Compared to droplet-based techniques, screen printing en-
ables thicker layers with high throughput and easy scalability
due to its compatibility with R2R process. Furthermore, nozzle-
based printing techniques’ frequent clogging issues are avoided
with screen printing. Unlike digital printing technologies which
is quick and cost-free to change the design, screen printing re-
quires the fabrication of a patterned screen. Also, due to the con-
tact of the screen with the substrate, the film rugosity is high.
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Its overall characteristics make screen printing the most used
technique for printing passive circuit components like resistors,
capacitors, and inductors as well as interconnects circuits.!8>9!]
In memristor fabrication it is used as the electrode deposition
(Figure 5d,e).[8792]

2.5. Gravure Printing

Gravure printing is a contact technique that is scalable, offers
micron-scale resolution, and contrasting with screen-printing
technique, generates high-quality, low-roughness patterns.

In gravure printing, the design elements are engraved onto the
printing cylinder’s surface, made from metals such as Cu with a
chromium coating,!**! while the non-image areas stay at the ini-
tial level."3] Within a partially filled ink fountain, the engraved
printing cylinder revolves (Figure 6a). The entire surface of the
cylinder collects ink from the fountain, where any excess is re-
moved with a doctor blade from the non-image areas, leaving the
ink in the engraved cells. The ink is then transferred directly from
the cells to the substrate in a printing nip while under pressure.
The ink transfer can be improved by using an electrostatic assis-
tance system (ESA), which produces an electric field across the
nip.["12] The ink is lifted from the cells and onto the substrate
with the help of the electric field. Lastly, hot air is used to evapo-
rate the solvent, drying the printed layer.

Since gravure printing provides roll-to-roll deposition of func-
tional materials with a lateral resolution of up to 5 pm!®*l and
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Figure 6. a) Schematic of gravure printing. b) Line height profiles measured by optical profilometry. c) Large area scanning electron micrograph of
printed lines. Reproduced with permission.[®3] Copyright 2014, Wiley-VCH.

—1 [11a]

high speed of up to 1 km min it is a promising option  2.6. Reverse Offset

for PE (Figure 6b,c), great for mass production of thick films.

However, gravure printing is not recommended for design opti-
mization by the fact the production of a printing cylinder, usually
laser engraved, which is costly and time consuming.['?] Gravure
printing was employed to fully print an organic electrochemical
memristor.[**!

REVENSENGIISERPIIRTING

a Ink supply \l|

Roll blanket

—

Coating

Cliché

Reverse offset printing (ROP) is a high-precision R2R-compatible
printing technique.®! The idea was first presented in 1980 and
has since undergone significant development.[*®]

The steps in the ROP process can be outlined as follows, as
shown in Figure 7a. The coating step is the first step. A coater

U

Substrate Cliché

In memristor fabrication — electrode deposition

Figure 7. a) Schematic principle of roll-to-sheet reverse offset printing. Reproduced with permission.[42%8] Copyright 2023, Wiley-VCH. b) microscopic
image of the Ag top and bottom electrodes sandwiching the EHD deposited composite SrTiO3/PVA thin film and c) image of the actual all printed
flexible resistive switching device. Reproduced with permission.[®®! Copyright 2020, Elsevier Ltd.
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Figure 8. Light microscopy images of printed lines of the sample RO 1. The width of the lines is a) 1, b) 2, c) 4, d) 8, e) 16, and f) 32. Printing direction
is from up to down such that the trailing edge is the lower edge of the line. Reproduced with permission.[®3] Copyright 2018, IOP Publishing Ltd.

applies an ink with a viscosity ranging from roughly 20000 to
1000 000 cP to a polydimethylsiloxane (PDMS) sheet, also known
as a blanket. After that, the ink is left to rest for a period of time
that can range from a few seconds to thirty seconds, which allows
it to become semi-dried.l”’! Step two is called the “Off-Step”. To
remove extraneous ink portions from the PDMS, the semi-dried
ink layer is in contact with a relief called a cliché. Rectangular
cross-sectional shapes are preserved in the pattern on the PDMS
as a result of the complete transfer of ink sections that come into
contact with the cliché surface without leaving any deposits be-
hind. This phenomenon happens because the ink has sufficiently
hardened to withstand deformation brought on by the Laplace
pressure after pattern generation, squeeze flow, and in-plane co-
hesive failure during the transfer. For the ink surface to retain
the proper tackiness against the cliché and the target substrate, it
must stay slightly wet (semi-dried).””] If the layer is completely
dried, the ROP process becomes unfeasible as the surface loses
its tackiness. Furthermore, the coating process determines the
final pattern’s thickness, so it stays constant throughout the pro-
cedure. This produces a consistent pattern thickness across all
pattern shapes, a characteristic that cannot be achieved with other
printing techniques.’]

Lastly, the remaining ink on the PDMS, which corresponds
to the cliché’s engraved area, is transferred to the substrate by
contact. To be used again in a later procedure, the leftover ink
on the cliché needs to be cleaned with the respective solvent.l’]
Similar to screen printing ROP is used in electrode deposition in
memristors (Figure 7b,c).[%-1%]

During the past decades, scientific efforts have been dedi-
cated to improving the ROP process. The overall quality of this
technique was enhanced by the precision of the placement, 10!l
managing the transfer of ink,[1%2] the surface energies,['®] and
the materials that were utilized.[**! Even so, processing speed
has increased while associated processing costs have decreased,
ROP is still a slower and an expensive technique compared to

Adv. Electron. Mater. 2024, 10, 2400212 2400212 (10 of 40)

screen-printing. The creation of clichés is one area where cost
savings are possible. It is typically produced using photolithog-
raphy or nanoimprint lithography, making the manufacturing
of the cliché cost-intensive.[*®l A R2R-imitating reverse offset
printing method that can achieve 1 pm of lateral resolution was
developed by Sneck et al. and tested at a laboratory scalel®]
(Figure 8).

2.7. Overview on printed techniques used for memristor
fabrication

One of the many promising features of memristors is their
small area. Additionally, reduced device area of the mem-
ristor implies smaller parasitic capacitance, and consequently
decreasing the switching timel'® and improving its elec-
trical characteristics.'®] Therefore, high-resolution additive
techniques are very promising for memristor fabrication. Never-
theless, another aspect needs to be taken into consideration when
selecting the most appropriate printing technique. Printing thin
films with low film roughness are key aspects of avoiding pin-
holes and improving yields.(1%]

Printing technologies are unsuitable for high-density circuits
with nanometer-scale feature sizes, which are common in to-
day’s most advanced digital integrated circuits.[**] The state-of-
the-art lithography methods will always be a further step ahead in
minimum feature size than the state-of-the-art printed electronic
equipment of today (Figure 9).

Despite PE not being well-suited for high performance cir-
cuits such as analog to digital converters, signal processing and
transmission applications, numerous opportunities exist for the
advancement of PE.®] The possibility of large area deposition
with high throughput on any substrate, shows great potential on
sensors,['”] signal amplifiers/'®! and filters,'®! and on display
technology! %!
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Figure 9. Performance comparison and utilization of PE and silicon ICs in FHE systems. System-level implementation of FHE showing the utiliza-
tion of both PE and silicon ICs. The color bars under the system blocks show where silicon ICs (blue) and PE (orange) are utilized. Reproduced with

permission.133] Copyright 2020, Wiley-VCH.

The core challenges of printing techniques are related with
ink development/optimization, substrate compatibility and mul-
tistack layering!'l limiting the performance, yields and mini-
mum feature size. Printing large-area, pinhole-free, defect-free
layers has already been accomplished. On multilayer devices,
the minimum feature size is not only limited by the printing
resolution but also by the alignment accuracy of the equipment.
As an example, in EHD, which is a high-resolution printing tech-
nique, features down to 40 nm are possible to print.*d] Com-
mercial EHD systems like eNanojet printed by Enjet Inc,[!*?] are
made to print fine lines as thin as 1 um in width. However, at
a motion repeatability of +1 um, the positioning system’s me-
chanical accuracy is only +15 um, strongly decreasing the res-

Number of publications in printed memristors Total = 57
Number of publications

olution on multilayer devices, being vastly limited by these two
parameters. Most of the current printed systems have a mechan-
ical accuracy of ~10 ym. Scrona, a Swiss start-up commercial-
ized an EHD system with a 1 pm of position accuracy and 50 nm
of position repeatability.[!'*] Hence, printed electronic equipment
still needs to improve on mechanical accuracy to achieve printing
nano-scale devices. Itis useful to remind that increasing accuracy
will contribute to a cost increase of the equipment.

Since the publication of the first printed memristor in 2012
using metal oxides as a switching layer,[®) there was a steady
increase in the number of publications over the years. Over-
all, until April of 2024, 57 articles were published in printed
memristors where at least the RS layer was printed (Figure 10a)

Printing techniqueused to deposit the active layer

Number of publications

a 0 1 2 3 4 5 6 7 8 9 b 0 5 10 15 20 25 30 35
2024* Transfer printing Contact technique
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Figure 10. a) Number of publications in printed memristor until April 2024 and (b) the printed techniques used to deposit the active layers, making the

distinction between contact and non-contact printing techniques.
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Comparision of different printing techniques suitable for memristors
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Figure 11. Comparison of different printing techniques for memristor fabrication divided by a) non-contact and b) contact printing techniques.

Despite the potential of PE, most of the solution-processed mem-
ristors use spin coating as the main deposition technique for the
switching layer.['" Despite spin coating being a well-known
technique that generates smooth thin films, the layers are not
patterned, requiring extra steps (e.g., lithography) to pattern the
devices."'*1] When creating circuits that require individualized
memristors it adds cost and complexity.

93% of the published works used non-contact printing tech-
niques to deposit the switching layer (Figure 10b). Twenty-nine
of the 57 works used inkjet printing, followed by EHD with
19 works. As discussed earlier, these two techniques show the
highest potential to fabricate memristors. Since memristors have
multiple layers, it is essential to consider that the resolution is
limited by the motor accuracy of the system, and it is identical be-
tween the two techniques. Reverse offset is the contact technique
that started to generate more interest in memristor fabrication.
Still, just three works used ROP to pattern the bottom electrode.

Taking account to those limitations on printing systems,
Figure 11 and Table 2 compares the potential of contact and non-
contact printing techniques for the fabrication of memristors.
Non-contact printing techniques show great potential on mem-
ristor fabrication and research. The capability of high-resolution
printing combined with printing sub 100 nm layers and the
ease of tunning the design without any cost makes AJP, EHD,
and inkjet printing the most suitable techniques for memris-
tor research. On the other hand, contact techniques, especially
screen printing, do not allow to print films with thickness be-
low 1 um and the film rugosity is very high (>100 nm best case
scenario). Another drawback is that changing the design requires
new screens/cylinders/cliché which takes time, and it is costly
when optimizing the design. Nonetheless, reverse offset print-
ing is a contact technique that can show potential for scalable
memristor fabrication.

In this aspect, printed memristors are in the early stages of re-
search and optimization. Droplet-based non-contact techniques
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are the most suitable for memristive applications due to their
ease of changing the design and tuning the RS thickness with low
rugosity, a key aspect for the performance of the memristor. Still,
there is a need to miniaturize the devices to improve switching
speeds. Nonetheless, by using smaller nozzles, the risk of clog-
ging greatly increases, and the research of particle-free inks, such
as precursor-based inks, should be prioritized.

Contact-based techniques have not been adopted for the fab-
rication of memristor. As indicated above, one big limitation
for initial research is the cost of changing the design by re-
quiring new screens, cylinder, or cliché. Screen printing is only
recommended to deposit the top electrode due to the high rugos-
ity inherent to its technique. Both gravure printing and ROP can
provide uniform devices due to low roughness and high film uni-
formity. Moreover, ROP allows to print thin films with a thickness
under 50 nm.[*5] Still, no printed crossbar structures have been
published using contact-based techniques.

3. Ink Requirements

An additional crucial element in PE, is the tailoring of the func-
tional ink designed to be applied with a specific printing process.
Functional inks used in PE must be capable of forming a homo-
geneous layer and be compatible with the other inks that are se-
quentially implemented.!112]

Functional inks have typically at least two main constituents:
the active material, which is dispersed (typically referred to as
filler),!%! or dissolved in a medium. In most of the inks, the
fillers are dispersed in a liquid solvent. The purpose of the sol-
vent is to control the final viscosity of the ink and dissolve or
disperse the solid components presents in the formulation. To
ensure good drying behavior, a solvent for PE, except for AJP
which requires volatile solvents, is recommended to have a boil-
ing temperature between 80 and 160 °Cl“?’! Over the past years,
it has been shown that the solvent can significantly affect the
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Table 2. Overview of the potential of several printing techniques for the fabrication of memristors. The advantages, challenges, and recommendations
are divided into contact and non-contact techniques.

Advantages Challenges Recommendation Printing technique  Minimum line  Lowest memristive
width [um] device area [um?]
Non Easy to optimize the Lower printing speed compared ~ Aim to scale down the devices into its Inkjet Printing 15 20 % 20
Contact design to R2R resolution limit
printing Easy to tailor the RS Crosstalk between nozzles if EHD Printing 0.04 6x6
thickness multi nozzle setup (EHD (EHD)
printing) 0.08 x 0.08
Scalability to industry Coffee ring effect if the Development of particle free inks (e.g., (NW-EHD)
(inkjet) conditions are not optimized Precursor based inks)
Low film roughness if the Strict ink rheology (inkjet) Aerosol Printing 10 70 x 70
conditions are
optimized
Nozzle clogging, serious issue
when aiming for sub
micrometre resolution
Contact High printing speed High film roughness (screen Screen printing is mostly suitable for ~ Screen Printing 10 -
printing (gravure) printing) top electrode deposition due to
surface roughness
Versatility in ink rheology  Difficulty of printing films lower ~ Gravure and ROP can give uniform Gravure Printing 50 -
than 100 nm (screen printing, devices due to low roughness and
gravure) high film uniformity both techniques
need to be explored for printed
memristors
R2R compatible Changing the design can be Reverse Offset 20 -

costly (gravure, ROP)

printing

final nanocomposites’ structure.[''®] On multilayer structures,
solvents must be chosen in a way to avoid interaction with the
previous layer. Hence, orthogonal solvents must be selected to
ensure that the material deposited in a previous layer is not dis-
solved by solvent from the subsequent layer.®®] Nonorthogonal
solvents cause the preceding layer to swell leading to a rougher
surface, thus decreasing the device’s performance!®! or, as an ex-
treme case, it provokes pinholes and decreases device yields.['”]

When formulating an ink, there are some considerations to
take into:[® reducing the coffee-ring effect (in case of inkjet print-
ing), enhancing surface wetting while reducing ink spreading,
long-term ink stability, improving particle dispersion, improv-
ing adhesion to the substrate, and compatibility with the tar-
geted printing technique which the ink will be used.[''®! Most of
the cases require the addition of additives.!''*#2>11] [nks based
on NPs are prone to sedimentation, agglomeration, and aggre-
gation, which causes them to deteriorate over time. Polymer
binders are added to reduce intermolecular interactions between
NPs, improving their stability and extending their shelf life. A va-
riety of additives can also be added to an ink in tiny amounts (usu-
ally less than 4%),1*2®! to improve performance and stability./*?"]
The most often used additives in the formulation of inks are
dispersing agents (surfactants), rtheology modifiers, defoamers,
plasticizers, and biocides.*?*?’] Due to the use of toxic and
environmentally damaging solvents, the PE field faces scalabil-
ity issues.['?!] These solvents pose health, safety, and environ-
mental risks, especially in open environments where workers
are exposed to fumes from the solvents. To scale into industry
and large R2R machines, alternative “green” solvents should be
adopted.'??] In the fabrication of the RS of the memristors one

Adv. Electron. Mater. 2024, 10, 2400212 2400212 (13 of 40)

adopted approach is using water-based formulations with the ad-
ditions of dispersants to improve ink stability and lower its sur-
face tension.1%99123] Additionally, nontoxic formulations based
on 2-propanol (IPA)"** or a mixture of IPA and 2-butanol were
developed.[>+7?]

For a specific printing process, it is required to tune the prop-
erties of the ink, including particle size, solid content, surface
tension, and viscosity to achieve a high-quality printed film.
Table 3 summarizes the different ink characteristics required for
the most common printing methods.

Non-contact droplet-based printing techniques allow the de-
position of low-viscosity inks. The advantage of developing low-
viscosity inks is the ease to design binder-free stable inks, thus
enabling the print of high-purity materials without deteriorating
the functional properties.[®>'2° On the other hand, the ink rhe-
ological requirements can be stricter. On the extreme side, in
inkjet printing technique, the inks must meet certain physical
requirements to ensure stable drop formation.*?*! The Reynolds
(Re), Weber (We), and Ohnesorge (Oh) values are dimension-
less numbers to describe those requirements. The dimension-
less Z parameter (Z = é ), proposed by Fromml'26] evaluates the

printability of an ink for inkjet printing. Reis and Derby state
that the workable interval for inkjet printing is 1 < Z < 10.1?7]
Nonetheless, another interval of 4 < Z < 14 has been reported
by Jang et al.l'?8] The upper limit marks the beginning of satel-
lite drop formation, while the lower limit shows the lowest Z
value below which the drops cannot be effectively ejected from
the nozzles. In addition to the primary drop, tiny droplets known
as satellite drops are also created in the nozzle during the thread
breakup process.'??! Another important aspect to consider on
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Table 3. Overview of ink characteristics for the most common printing methods.
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[42b,c,85]

Aerosol Jet EHD inkjet Inkjet (DoD) Gravure Reverse offset Screen printing
Viscosity [cP] 1-2500 1-10 000 5-50 10-1000 20 000-100 000 100-1 000 000
Surface tension [mN m~'] 10-20 20-50 25-50 41-44 30-37 30-50
Maximum particle size [nm] 1/10th of 1/10th of 1/10th of 15 000 10 000 1/10th of mesh opening
nozzle diameter nozzle diameter nozzle diameter
Maximum preferred particle size [nm] 50 50 50 3000 3000 100
Maximum solid loading [wt%)] 55 20 20 30 90 90

droplet-based printing techniques is the maximum particle size
to avoid clogging the nozzles. Furthermore, the maximum parti-
cle size must be no more than 1/10" of the nozzle diameter.['"?]
Therefore, the inks tailored for those techniques need to have
solvents that ensure the functional particles keep dispersed
with low levels of agglomeration. In some cases, it needs to
add additives to improve stabilization of the filler as well as
centrifugation and filtering steps to remove big particles from the
ink.[ll4a]

With respect to contact techniques such as screen-printing and
reverse offset, they require thick pastes with solid content up to
90% wt. In this case, additives (binders) such as resins or poly-
mers are used to increase viscosity. The tradeoff is the degrada-
tion of the functional properties of the printed films, which can
be minimized with a suitable filler/binder.['1>130]

During device fabrication, the interaction between the sub-
strate and the ink has a significant impact on the printing
quality.l''?] The quality of printing is affected by the interactions
between the ink and substrate, including drop impact, spreading,
wetting, solvent evaporation rate, penetration, and solvent evapo-
ration and particle merging on the substrate after printing.[112131]

The wetting characteristics can be evaluated by the contact an-
gle technique. The surface tension of the liquid, the surface en-
ergy of the substrate, and the surrounding circumstances all af-
fect the contact angle.''*131-132] An increased ink spreading is
caused by a small value, which indicates that the substrate’s sur-
face energy exceeds the ink’s surface tension. Conversely, a high
value indicates that the substrate’s surface energy is less than the
ink’s surface tension, which results in less ink spreading across
the substrate at all. Higher contact angles allow for thicker pat-
terns and a reduction in line width, which enable higher resolu-
tions. However, when the contact angle is too high, the particles
cannot fuse and a film is not formed.

To increase the substrates’ surface wettability, surface treat-
ments like oxygen plasma or ultraviolet/ozone treatment are
frequently used. When the formed hydrophilic groups C—O,
C=0, and COO react with water, they can produce hydroxyl
groups, which reduces the contact angle and increases the sub-
strate’s wettability.['33] Moreover, combined surface treatment
with optimized substrate temperatures during printing, leads to
the formation of homogeneous layers.[13]

The postprinting procedure has a direct impact on the perfor-
mance of the memristor. Overall, 80% of the reported memris-
tive devices fabricated using printing techniques employed low
thermal annealing post-treatment (T < 200 °C) as observed in
Figure 12, thus making it compatible with R2R printing tech-
niques.

Adv. Electron. Mater. 2024, 10, 2400212 2400212 (14 of 40)

In the case of thin films with metallic constituents (e.g., metal
oxide, metal-based 2D materials), to assure reproducibility and
stability of the devices, the elimination of the metal-hydroxyl
bonds must occur at low processing temperatures.

One approach is the development of binder-free inks in con-
junction with low boiling point solvents to remove the need for
a postprinting treatment. Fend et al. used a solvent exchange
process to formulate a stable binder-free MoS, ink dispersed
in a mixture of IPA and 2-butanol.””! The formulated ink was
tailored for AJP without requiring any post-deposition process-
ing step while assuring a uniform RS layer. Alternative meth-
ods to conventional thermal annealing consist of UV photoac-
tivation processes (lamp or laser), both compatible with R2R
manufacturing.['"] The use of UV irradiation induces photo-
chemical cleavage of alkoxy groups and activates metal and oxy-
gen atoms to enable metal-oxygen-metal (M—O-M) network for-
mation of the as-deposited films at low temperature. By adopting
this method in conjunction with a 150 °C annealing, Carlos et
al. achieved electrical characteristics similar to high-temperature
annealed films with high yield.'**] In the case of metallic elec-
trodes, Li et al. employed a local laser sintering process after fab-
ricating the memristive crossbar. An 830 nm laser with a power of
100 mW was utilized, making the Ag lines conductive by driving
off the Ag ink’s binder.®%] These innovative routes allow the re-
alization of low-temperature thin films with high quality, while

Post-printing Process

20 - R2R compatible
Laser

g 15 .
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= Thermal
2 55
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o
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Annealing temperature (°C)

Figure 12. Post-printing processes applied in printed memristor, high-
lighting the annealing temperature of the reported printed memristors.
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being compatible with large-area manufacturing and flexible
electronics (Figure 12).

4, Memristors

When exposed to specific electrical fields, some materials exhibit
the property known as resistive switching (RS), which is the abil-
ity to cyclically change their electrical resistivity between differ-
ent stable levels.['*] As a result, various logic states can be rep-
resented by these resistive states. Despite the fact that RS has
been recognized for more than 50 years, proposed by Chua as
the fourth fundamental circuit component in 1971, research in
RS devices did not become widespread until 2008 with the de-
velopment of the first simple physical model and a simulated IV
characteristics of a memristor.[?’]

The majority of research on RS materials and devices found
stable RS between two resistive states: high-resistive state (HRS)
and low-resistive state (LRS).[3¢ Certain active materials pos-
sess the capacity to transition between multiple stable resis-
tive states.['¥”] Applications involving multilevel information
processing can make use of these devices. However, the in-
trinsic variability of the device parameters (currents, switch-
ing voltages) in each state makes it more difficult to reliably
distinguish each conductive state in multilevel devices. This
difficulty increases when studying large groups of samples
statistically.[3¢]

A memristor cell is a two-terminal device with two elec-
trodes (M) sandwiching the memristive active layer (I) in
a metal-insulator-metal (MIM) configuration. The memris-
tive layer can be made of a variety of materials and typ-
ically exhibits some ionic or electronic conductivity such
as oxides, 10411421372 138] gyifides (chalcogenides included),!*”]
amorphous Si,[1*% perovskites,!*!] organic compounds,**?]
organometallic molecules,!*}] 2D materials,""**1%] or quantum
dots (QD).["*] Because of being a two-terminal device, The mem-
ristors can be vertically stacked in 3D structures and readily inte-
grated in the crossbar array with a small area of 4F2, where F is
the minimum feature size.[?]

a | b | c
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Memristors can be divided into volatile and nonvolatile. In
volatile memristors, the current would decay back to HRS after
the removal of the external excitation (Figure 13a). The decay time
follows a decay exponential fitting, being characterized by the re-
laxation time, 7, ranging from milliseconds to nanoseconds.'?]
The distinctive features of volatile memristors, in conjunction
with their short and long-term memory performance, prove
to be valuable for specific in-memory computing applications
aimed at classifying consecutive temporal events. This depends
on both the SET switching time and the relaxation time.[1#¢]
Other possible applications of volatile memristors are true ran-
dom number generators where relaxation time a lower than
milliseconds and a SET time around microseconds are needed.
Another application involves artificial neurons, where a train
of spikes reaches a certain threshold, triggering the neuron to
switch (fire). In this context, relaxation times in the microsecond
range are required.!*¢] The relaxation behavior becomes a key as-
pect in neuromorphic applications.®] For integrate-and-fire neu-
rons, the device resistance should relax back to the resting state
to be able to fire continuously during the application of a pulse
train.

The volatile phenomena can be explained by the ion mi-
gration resulting in the formation and spontaneous rupture of
conductive paths,1*6-147] thermal effects by joule heating,['*8]
or electronic effects!'*! which could be modulated by external
characteristics such as voltage amplitude, pulse width, and am-
bient temperature.!?]

As for nonvolatile memristors, the current resistance state
holds after the removal of electrical stimulus. Non-volatile RS
can show three distinctive modes of operation in order to pro-
voke HRS-to-LRS (set) and LRS-to-HRS (reset) transitions when
inducing electrical stress. Bipolar RS is the most common op-
eration reported in non-volatile memories. It is categorized by
the SET and RESET occurring at opposite voltage polarities
(Figure 13D). To prevent cell damage, current compliance (cc) is
frequently utilized for the SET operation. Unipolar RS is char-
acterized by both SET and RESET occurring at the same volt-
age polarity (Figure 13c). During set transition, the LRS current
must be limited by cc. During reset transition, the cc at LRS
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Figure 13. Schematic of different modes of RS: a) volatile threshold RS, b) non-volatile bipolar RS, and c) non-volatile unipolar RS.
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Electrode deposition on fully printed memristors
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Figure 14. Electrodes used on fully printed memristors: a) by material and b) by printing technique The green bars correspond as the top electrode

whereas the blue bars correspond the bottom electrode.

must be removed for the current can exceed the cc value which
leads to change back into the HRS. If the unipolar RS can be
performed with both voltage polarities it is referred to as ap-
olar RS.I5% In all cases, the read operation is performed at a
much smaller voltage magnitude to avoid a change in the current
state.

Nonvolatile memristors can be broadly classified into three
groups according to the effects of atomic configuration, mag-
netic, and electrostatic forces.’!! In magnetic tunnel junc-
tions (MT]J),">?] where the tunneling probability is dependent
on the direction of the magnetization, magnetic effects result
from the tunnel magnetoresistance, giving rise to the Stoner-
Wohlfarth magnetic RAM. Combining the spin-transfer torque
(STT) phenomenon yields STT-MRAM.['>3] The mechanisms
for electric/electronic effects RS are either electrostatic trap-
ping/detrapping (nanometallic cell) or ferroelectric polarization
affecting the resistance of a 2-terminal device, such as a fer-
roelectric tunneling junction (FTJ).'**! Magnetic and electri-
cal properties are combined in multiferroic tunnel junction
(MFTJ) cells.l'*] Most of the fabricated memristors have their

mechanism based on electrostatic trapping/detrapping. Thus,
Dittman et al. subcategorized this class of memristive devices
in the following way according to atomic configuration:*>! Na-
noelectromechanical (NEM) memories can be regarded as elec-
trostatically driven nanoscale relays.['*®) Organic molecules ex-
hibit a wide range of effects, where the RS is caused by re-
dox reactions.l'¥] Phase-change memories have their RS trig-
gered by changes of different crystalline phases of chalcogenides
materials.['>’] Mott transition memories are caused by a lo-
cal structural phase transition between two crystalline phases
in narrow band gap Mott insulators.'*®] At last, the Redox-
based memristive effects fall into three main categories: elec-
trochemical metallization mechanism (ECM), valence change
mechanism (VCM), and thermochemical mechanisms (TCM).
These mechanisms depend on resistance changes brought
about by ion motion across nanometer dimensions.['>!] Most
of the printed memristors have their RS based on VCM and
ECM.I151159]

On ECM, based on the electrochemical redox of active metal
elements in solid electrolytes inside a memristor, the concept
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Figure 15. Electrical properties of fully printed Ag/MoS2/Gr memristors. a) Schematic of fully printed Ag/MoS2/Gr memristors. Inset: Optical picture
of 6 printed devices on silicon, scale bar: 5 mm. b) Representative -V curve of the Ag/MoS2/G device; inset: optical image at high magnification of the
Ag/ MoS2/G memristor. Reproduced with permission.l'233] Copyright 2024, Royal Society of Chemistry.
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of electrochemical metallization is proposed. The design of an
ECM cell needs to employ an electrochemically active electrode
such as Ag, Cu, Ni, and an inert electrode (Pt, Pd, Au, TiN as
examples).['>%] The breakage or formation of metallic conduc-
tive filaments (CFs), which bridge the two electrodes throughout
the insulating layer, controls the transition of the memristor be-
tween the high resistance state (HRS) and low resistance state
(LRS).[160]

In VCM, the RS is caused by the migration and redistribution
of oxygen vacancy defects, which modifies the electrostatic bar-
rier at the Schottky interface.l'>! This RS mechanism mainly
occurs in metal oxides by the migration of ions of the metal
oxide layer.">!] A high-work function metal, such as Pt or TiN,
has been utilized as a bottom electrode to establish a Schottky
interface with the RS layer.">>15%! The top electrode must be
electrochemically active, employing a metal with high oxygen
affinity (e.g., Ta, Ti, Hf).['>115%] Ag a result, it allows redox reac-
tions/ion exchange and forms an ohmic contact with the oxide,
promoting the formation of oxygen vacancy defects.!'®!l Oxygen
anions in the RS layer with low migration barrier can migrate
in the direction opposite to or along the electric field at external
voltage biases.!'%2] A redox reaction is subsequently caused by a
change in the stoichiometry, which is manifested as a valence
change in the cation sublattice and an alteration in the electronic
conductivity.13]

In the following subsections, different materials used to print
memristors will be presented, including both electrodes and RS
layer. Moreover, the functional characteristics of the different
class of RS materials will be compared.

4.1. Electrodes for Fully Printed Memristors

Memristor cells typically consist of two asymmetric electrodes:
an ohmic counter electrode, which is typically made of an in-
ert conductive material, and an electronically active electrode
(AE), which is typically a metal with a high work function where
the switching usually takes place.['! Unipolar switching!*®! or
complementary switching(!®* is frequently the result of using
symmetric electrodes. It can occur bipolar switching if there
are defects on one of the electrodes that lead to an asymmetric
barrier.['*] To accomplish fully printed bipolar memristors it re-
quests a range of different conductive inks to make possible the
design of an asymmetric barrier.

Seventy percent of the published papers (40 of the 57) are on
fully printed memristors (Figure 14). Ag is by a large margin the
most commonly employed material for electrodes. As for RS ma-
terial, 29 used metal oxide, a more mature class of materials in
memristor fabrication, followed by 2D and organic compounds,
with 6 published works each. In relation to the materials used as
electrodes, 25 used Ag in both electrodes, and 30 used Ag as the
top electrode. Other materials such as Au, Cu, carbon, graphene,
and PEDOT:PSS were used in at least one of the electrodes in an
asymmetric configuration.

A large majority of the published works (32 of 57) used com-
mercial inks while 7 works do not specify the inks used in
electrode fabrication. Similar to the deposition of the RS layer,
droplet-based printing techniques were largely used to print the
electrodes. The conducting inks can be grouped into four main
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classes: metal, carbon-based, conjugated polymers, and conduc-

tive metal oxide inks.[11166]

4.1.1. Metal inks

There are two types of metal ink formulations: particle-free
and nanoparticle-dispersion. While metallic salts are dissolved
in a solvent to form a precursor solution that transforms
into elemental metal after post-processing, metallic NPs are
synthesized, dispersed, and stabilized in a solvent for the
former.*?’! The main advantages of particle-free inks is the
lower layer rugosity when compared to nanoparticle inks,!1¢7]
a crucial aspect when choosing the ink for the bottom
layer. Further, the probability of clogging the nozzles is low
due to the fact that the precursor is dissolved rather than
suspended.[1%8]

Due to their excellent electrical conductivity, the majority of
functional inks used in PE are based on Ag., with a resistivity
up to 5.6 X 107% Q cm!'®! and low sintering temperature. It is
a reactive electrode, hence can be applied as an active electrode.
Commercial Ag inks are widely available, from Ag nano disper-
sions optimized for droplet base techniques to Ag pastes opti-
mized for ROP and screen printing. Several different commer-
cial Ag NP-based inks were used in printed memristive crossbars
with a solid content from 20 to 45 wt%. Xu et al. printed 6 pm
width Ag lines by EHD with a line resistivity of 40 Q.cm.[®! ROP
gives high-resolution patterning with good uniformity. Rehman
etal. used commercial Ag pastes to pattern 100 um width bottom
electrodes by ROP with good layer uniformity and a resistivity of
0.02 Q.Cm.[99_100’123b]

Copper is a cost-effective alternative for Ag inks with low sin-
tering temperature (<100 °C). However, during storage, printing,
and sintering, Cu NPs oxidize when exposed to ambient oxygen,
making them challenging to address. Xu et al. demonstrated fab-
rication of 80 nm diameter Cu-NWs using a homebuilt EHD-
based printing system for memristive crossbars. After a 500 °C
annealing step to remove the binders followed by a 300 °C in
H, atmosphere, the printed Cu-NWs showed metallic properties
with an electrical conductivity of 8.15 S pm~1.158]

As inert metal alternatives, Au and platinum (Pt) are widely
used as one of the electrodes on memristor.[1117%1 The main
issue of Pt is that it requires high sintering temperatures
(>300 °C)[1%8171] and it is an expensive metal (40 times more than
Ag). Au is a suitable alternative for an inert electrode due to the
possibility of developing sintering-free nanorod Au ink.['72] As
a drawback, Au has a high surface energy that makes Au NPs
prone to agglomeration.[*?®! Further, it is one of the most expen-
sive metals, costing 80 times more than Ag. Xu et al. printed 6 ym
width Au lines as bottom electrode by EHD with a line resistivity
of 130 Q.cm, three times more resistive than the printed silver
top electrode. %6

4.1.2. Carbon-Based Inks
Carbon is an abundant material with a scalable and sustain-

able production capability, in contrast to metals, which may be
scarce and cause environmental problems during extraction and
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Figure 16. Material used in the RS layers and their use over the years until April 2024.

refining.['**) Carbon black pastes for screen printing techniques
are also commercially available. Lien et al. used screen-printing
technique to deposit a carbon bottom electrode.®”]

Carbon can form multiple allotropes with distinctive me-
chanical and electrical properties due to its four unpaired
electrons in sp? valence orbitals.'73] Among the most
significant carbon allotropes are graphene (G) and carbon
nanotubes (CNTs).[*2]

CNTs are a one-dimensional carbon allotrope with a small di-
ameter (%10 nm) and with a length on the order of micrometers.
CNTs have very high mechanical strength, and high conductivity
with high optical transmittance (T), achieving a sheet resistance
0f 150 Q sq ! at 90% T.I'7# Nevertheless, CNTs are difficult to dis-
perse in solvents due to the strong van der Waals force.l'’>] One
solution to achieve high-concentration stable dispersions on po-
lar solvents is the use of COOH functionalized CNT.

Graphene is a 2D carbon allotrope, with good electrical, me-
chanical, and thermal properties,!'”°! that has become a suitable
material for the development of flexible conductive patterns.[*””]
Graphene has a higher conductivity than CNT, achieving sheet
resistance down to 0.77 Q sq L.['78] However, its aspect ratio
can easily clog the nozzles when deposing using drop-based
techniques. Peng et al. developed a water-based graphene ink,
where the graphene was produced by liquid-phase exfoliation
of graphite.[!2%2] The ink has a graphene concentration of 2 mg
mL~!, dispersed in a mixture of propylene glycol and water
in a ratio of 1:10, with Triton X-100 and Xanthan gum as
dispersants. The graphene ink was applied as the top contact

of a fully inkjet-printed G/MoS,/Ag memristor by adopting a
crosspoint structure (Figure 15a). The graphene was printed with
60 printing passes, achieving a layer thickness of 200 nm. The
printed memristors show bipolar RS with a memory window be-
tween 10% and 10° (Figure 15b).

4.1.3. Conjugated Polymers

Conjugated polymers are assembled by alternating single and
double bonds of carbon (aliphatic or aromatic) along the back-
bone chain.l“?! With the electrons delocalized in 2p orbitals,
this results in high electrical conductivity.[*?’! PEDOT:PSS is the
most extensively used conjugated polymer in the field of PE
as it exhibits the highest conductivity among organic materials
(4600 S/cm).'”°! Another main advantage is that it can be eas-
ily dispersed in a large range of solvents, including water. Addi-
tionally, fluorine and amine-based additives have been added to
PEDOT:PSS to fine-tune its work function.['] Delfag et al. used
a commercial PEDOT:PSS ink to inkjet print PEDOT:PSS lines
with 200 um width, without requiring any sintering process to be
applied in memristive crossbars.[12/181]

4.1.4. Conductive metal oxide inks

Conductive metal oxide is commonly synthesized by doping
to change the cation or the anion lattice. Antimony tin oxide

Table 4. Printed memristors using QD in the RS layer. *Fully printed devices; T,,,,: maximum processing temperature, A : cell area (in bold: crossbar

arrows); BE: bottom electrode; TE: top electrode; tg,,p,: switching time R,

/o resistance on/off ratio; n.d., not defined.

Year RS Printing technique T, [°C] Aces [um?]  BE RS TE  Veer [V Vgeser [V] Endurance Retention [s] towith [MS] Ron/Rog
2015%[200] EHD 120 200x200 Ag  GQD/PVP  Ag 1.8 -1.8 500 2.5 x 108 n.d. 14
2016%1201] EHD 100 250x250 Ag  GQD/PVP  Ag  0.65 -0.69 100 9.36 x 10 n.d. 7
2017202] EHD 130 n.d. ITO  GQD/PVP  Ag 4 —4 100 n.d. n.d. 13
20191123 Inkjet 60 300X 300 Ag FG/PVA Ag 2.5 -2.5 n.d. n.d. n.d. 10°
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Figure 17. Device characteristics of Ag/ GQD+PVP/Ag: a) photograph of the printed device. b) I-V curves. c) Endurance from voltage sweep. d) Retention
test. Reproduced with permission.[2%°l Copyright 2015, Elsevier Ltd. Comparison with Ag/ FGQD+PVP/Ag showing the increase of memory window: e)
Schematic of Ag/ FGQD+PVP/Ag crossbars, f) bipolar I-V curves showing bipolar RS, g) suggested model to explain the RS nature of Ag/FGP/PVA/Ag
memristors. Reproduced with permission.[123¢] Copyright 2019, IOP Publishing Ltd.

(ATO),!"82! aluminum zinc oxide (AZO),["®3] fluorine tin oxide
(FTO),[*** gallium zinc oxide (GZO)!**] and indium tin oxide
(ITO),118] and are several examples of doped conductive oxide
ceramics. ITO is the most widely used of these materials due to
its exceptional conductivity; nevertheless, it is a costly and scarce
material.l'?] Metal oxide-based inks are classified into two types:
sol-gel and nanoparticle.'¥”] While the ink made of NPs forms
low-density oxide films with higher roughness, the ink based on

Table 5. Printed memristors using 2D in RS layer.

sol-gel achieves higher conductivity but necessitates very high
sintering temperatures. A possible solution to decrease the sin-
tering temperature of these electrodes is using a solution com-
bustion synthesis (SCS) route. This method consists on a self-
sustained redox reaction initiated by a source of energy between
a fuel and an oxidant in the presence of metal cations.['®8! Still,
this approach has not been yet explored for the fabrication of fully
printed memristors.

Year RS Printing technique T, [°c]  Ace [Hm?] BE RS TE  Veer [Vl Vieser [V] Endurance Retention [s]  tsyin [US]  Ron/Rog
2015 [1234] Inkjet 80 d=4000 ITO GO Ag 0.6 -0.75 10 n.d. n.d. 3.75
2016+(1000] EHD 110 30 x 100 Ag MoS, Ag 3 -3 10 10° n.d. 128
+
PVA
2018(221] EHD 120 d=42 ITO  hBN+  Ag 1 -14 10 10* n.d. 104
MoS,
2019%17°] Aerosol n.d. 100x 100  Ag MoS, Ag 0.18 -0.3 100 5 x 10* 500 107
2020%(802] Aerosol 0.1W 70 x 70 Ag WSe, Ag 0.7 0.2 n.d. n.d. n.d. 100
Laser
202319 Inkjet 100 d =60 Ag h-BN Ag 2 -1 1.1 x 10* n.d. 10 <10
150 Pt 0.6 -0.4 850 NV 101-10* NV 10 10°
6% 10° TS
2023341 Inkjet 60 50 x 50 Ag h-BN Ag 0.96 0.12 5% 10* TS 6 10°
20231208] Metal printing 200 100 Ti InO, Ti 9 -9 100 6 % 10° 5% 10° 10
2024+(1232] Inkjet 150 100x 100  Ag MoS, G 1 -0.21 100 104 10° 10-100

*Fully printed devices; T,

max*

: maximum processing temperature, A : cell area (in bold: crossbar arrows; d: diameter); BE: bottom electrode; TE: top electrode; t,,,;c,: switching

time R, /og: resistance on/off ratio; n.d. not defined; TS: Threshold switching; NV: non-volatile.
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Figure 18. MoS, device: a) Cross-sectional TEM image showing the Ag/MoS, /Ag vertical stack. b) I-V sweeps of a single device with 100 cycles showing
volatile behavior. c) Non-volatile RS with CC of 100 pA, 200 pA, and 1 mA d) Multiple states of the resistance recorded with varied CC. Reproduced with
permission.l”?] Copyright 2019, Wiley-VCH. h-BN performance: e) Cross-sectional SEM image of the Ag/h-BN/Pt memristor, f) overlap of LRS and
HRS states showing that the devices can be used as entropy sources for true random number generator (TRNGs). Reproduced with permission.!’?]
Copyright 2023, Royal Society of Chemistry. g) Energy-dispersive X-ray spectroscopic elemental mappings, showing a 10-20 nm SiO, layer deposited
between hBN and the top Ag electrode. h) Stochastic I~V output characteristics of 20 randomly selected memristors, where each of the memristors is
measured with ten sweeping cycles under the same condition. Reproduced with permission.[># InO, device: i) Optical image of the 2D-InO, device with
a Ti/Au electrode. j) Scanning transmission electron microscopy (STEM) image of the cross section of the 2D-InO, device. k) Endurance test of 2D-InO,
memristor demonstrating 100 cycles with different writing duration. (I) Retention test of 2D-InO, memristor by applying a writing pulse height of 12V,
with a fixed writing duration of 30 ms. Reproduced with permission.[208]

and its RS layers.'®] In the following, the main focus will be on
the ink formulations for each type of material, the improvements

4.2. Materials Used as Resistive Switching Layer

In this subsection, the materials used as RS layers are discussed.
Figure 16 shows that oxides, 2D materials, QDs, organic materi-
als, ferroelectrics, and solid electrolytes have been employed as
RS layers. The mechanism, such as oxygen vacancy accumula-
tion or Ag ion redox reactions, may differ based on the electrodes

Adv. Electron. Mater. 2024, 10, 2400212 2400212 (20 of 40)

in performance, and current challenges.

Moreover, Figure 16 shows that 53% of the published works
on printed memristors used metal oxides as the RS layer, fol-
lowed by organics with 18%. Emerging materials such as 2D, QD,
and perovskites are still novel areas with just 16%, 7%, and 4%
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Year RS Printing technique T, [°c] Acen [um?] BE RS TE Vser [Vl Veeser [Vl Endurance  Retention [s] ts,in [MS]  Ron/Rof
20722341 Inkjet RT 50 X 50 Pt PEO+AgClO, Ag 0.4 —-0.15 40 n.d. 1 10*
20717+[2352] Inkjet 200  120x 200  Ag SOG? PEDOT:PSS 3 -0.2 10 1.6 x 10 nd. 10
2078x(236] EHD 110 100x 100 CNT/Ag PVP Ag 1 -1 100 3.6x 10 nd. 100
2021012 transfer-printed RT  500x500  Au Fluoropolymer®) Ag 1.5 -1 400 5% 10° 70 10°
2021+1237] Inkjet 130 40 x 60 Ag PEDOT:PSS Ag 8 WORM n.d. 2 x 108 10° 300
20271#[235b] Inkjet 200 n.d. Ag SOG?) Ag 0.1 -0.15 n.d. n.d. n.d. 5
2022166 EHD 200 6x6 Ag Nafion Au 1.5 nd. 100 TS 10* nd.
Electrochemical memristors Acey [Mm?]  S/D Channel/Electrolyte Gate Powitch
[Pj-mm~?]

2022(238] Aerosol 90 W =4 Au chitosan:PANI Ag 0.4 40 n.d. n.d. n.d.

/

PEO

20227941 (R2R) gravure 120 12 x 20 ITO s-PEDOT ITO 1 -1 nd. nd. 5% 10° 0.31

/

PEG+BU,NPFg

2023+186] screen printing 120 5.0x3.75  Ag peDTP Ag 0.5 -0.5 n.d. n.d. 10° 1

/

PEG + Bu,NPFg

?50G: a methyl-siloxane polymer from Honeywell; ® Novec EGC-1700, 3 M. *Fully printed devices; T,

max: Maximum processing temperature, A cell area (in bold: crossbar

arrays); BE: bottom electrode; TE: top electrode; t,;p,: switching time R, /og: resistance on/off ratio; RT room temperature; n.d. not defined; TS: Threshould switching;

WORM: Write once read multiples.

respectively. In the current decade it is evident the rise in interest
in 2D and organic materials.

4.2.1. OD Quantum Dots

Quantum dots (QD) are zero-dimensional structures, ranging
from 2 nm to 20 nm,!" and can be categorized into graphene
QD, metallic QD, and semiconductor QD. It is conceivable to
engineer properties such as gap energy, self-assembly capability,
photoluminescence efficiency, and quantum confinement effect
by adjusting the composition, size, shape, and surface ligands of
the QD.!'*¢] In storage and neuromorphic applications, QD lay-
ers can be incorporated into two-terminal memristive devices as
resistive-switching devices!!*19! or as floating gates, trapping
sites, or channel layers in three-terminal flash memories.[1*]

Memristors can also employ metal QD by altering the
electrodes or the RS layer. By sputtering metal NPs on the
electrode surface, the electrode can be modified to lower the in-
terfacial potential drop and charge injection barrier, increasing
the device performance. The surface of the ITO electrode can
be modified with sputtered Au NPs, as Sreetosh Goswami and
colleagues showed in their study.**?] With this adjustment, the
charge-injection barrier and interface potential drop would be re-
duced, potentially resulting in a shorter switching time and lower
switching voltages. Semiconducting QD exhibits well-defined en-
ergy levels for optical processing,[1%%] allowing the fabrication of
electro-photo-sensitive memristors by employing site-controlled
QDs.["*?] Tts conductance is tuned by applying either optical or
electrical signals. Still, most of the solution processed QD-based
memristors employ spin-coating techniques to deposit the RS
layer.

Adv. Electron. Mater. 2024, 10, 2400212 2400212 (21 of 40)

Graphene QDs (GQDs) are zero-dimensional sp? hybridized
carbon allotropes. Typically, GQDs have a diameter lower than
20 nm!'**! consisting of graphene, either single or multilayer.
Since its emergence in 2008, attention has been drawn to
GQD because of its optoelectrical characteristics:'%l non-zero
bandgap, excellent dispersibility, biocompatibility, and capacity to
accept functional groups and dopants. The altered quantum con-
finement and presence of edge states!'®®! in GQDs have led to a
multitude of proven applications in photonic devices!'*®! and bio-
imaging.'”’] In the case of memristors, the quantum well struc-
tures form charge capture centers, which are useful for regulat-
ing the resistance of a device.'®®! The quantum well formed in
the charge trapping layer can improve the charge trapping effi-
ciency and thus data retention capability.['°! Table 4 summarizes
the device characteristics based on printed QD memristors.

All the reported works in this field used some form of
Graphene QD embedded in a polymeric matrix. Ali et al.l2!]
synthesized graphene QD by grinding and ultra-sonication
techniques without the use of any acidic reagents or high-
temperature treatments. The ground graphene flakes were
dispersed in N-methyl-pyrrolidone (NMP) and 1,2 dichloroben-
zene (DCB) and sonicated for 4 h to produce QD. The ra-
tio between Graphene QD and Polyvinylpyrrolidone (PVP)
is 1:2.[200202] The reports on graphene QD indicated a low
memory window around 10 and endurance up to 500 cycles
(Figure 17a—d).

To increase the memory window, Ivanov et al.['2¢] developed
a method of graphene fluorination in hydrofluoric-acid solution
to synthesize fluorinated graphene, few-layer-graphene, and flu-
orographene suspensions. The RS was analyzed in partially flu-
orinated graphene-polyvinyl alcohol (PVA) composites and as

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A 181D 3|ced!|dde ayy Aq peusenob ae ssole O 8Sh JO Ss|nl 10} ArIq1T 8UIUO A1 UO (SUOHIPUOD-PUB-SULBI WD A8 | 1M A1 1BUI|UO//SANY) SUORIPUOD PUe SWis | 38U 88S *[9202/70/02] Uo A%eiqiTauljuo A8|Im ‘OyuliN 0d spepseAluN Aq ZTZ00vZ0Z WBe/Z00T OT/I0p/u0o" A3 1M Akeiq 1 jBul U0 peoueApe//Sdny Wo.j papeojumod ‘0T ‘4202 ‘X09T66TZ


http://www.advancedsciencenews.com
http://www.advelectronicmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.advelectron |cmat.de

‘amm CoOmmercial polymers

SOG from Honeywell
a b

o "

1074

- 10”4

"

T
Resistance (Q)

1000 +
'2 800 +
S 600
é 400 -
S 2001
0+

200

Novec™ EGC-1700 from 3 M
d e

Voluage [V]

0 500 1000 1500
Endurance Cycles (#)

=

10+
: g 10+
Fluofopolymer M
0 £ you
5}
Vertical-type
“\l__flexible memristor | 10

Current (A)

0 100 200 300 400
Endurance cycle

Voltage (V)

Figure 19. PEDOT: PSS/SOG/Ag memristors: a) Photomicrograph of a cell on PEN foil. b) Current-voltage characteristic. ¢) Endurance data. Repro-
duced with permission.[23%2] Copyright 2017, AIP Publishing. Ag/Fluoropolymer/Au memristors: d) Photographic image of the vertical-type flexible
memristor under bending deformation. e) Current—voltage (I-V) curves of the device. f) Electrical endurance characteristics of the device. Reproduced

with permission.["2¢] Copyright 2021, Springer Nature.

stacked layers. The devices shown both threshold switching and
bipolar switching achieving a memory window up to 5 orders of
magnitude (Figure 17e,f). Moreover, it was confirmed that the re-
duction in the PVA thickness in combination with an increase in
fluorinated graphene thickness leads to a change of the unipo-
lar threshold switching to bipolar RS. The RS mechanism was
attributed to the formation of current paths in the partially fluo-
rinated graphene that covered the surface of the porous PVA as
a thin film (Figure 17g).

4.2.2. 2D Materials

Since graphene was first produced in 2004,123] 2D materials have
drawn more attention due to their smaller dimensions,?* high
electron confinement,? abundance of active sites,?*°] and edge
polarization.?””) 2D materials have a great deal of potential in mi-
croelectronic applications because of their van der Waals nature,
which causes them to exhibit low degrees of the lattice mismatch
effect in heteroepitaxy.[2%]

Due to their electrical properties, 2D materials are considered
as a possible solution to produce electronic devices and inte-
grate into circuits beyond the CMOS technology.?®! Nonethe-
less, the majority of electronic devices based on 2D materials

Adv. Electron. Mater. 2024, 10, 2400212 2400212 (22 of 40)

have been created using techniques that are incompatible with
wafer-scale circuit technologies.['*?) Chemical vapor deposition
(CVD) is a scalable technique to produce large-area 2D materials
and is used by industry to manufacture graphene sheets. Still,
the CVD method has an important drawback: it requires the use
of temperatures above 850 °C, which prevents the 2D material
from growing directly on wafers that contain CMOS circuits.[*!")
This fact considerably increases the complexity of the fabrication
process, by adding an extra delicate step to transfer the 2D mate-
rial into the target wafer.?!!l During this time-consuming pro-
cess, the CVD-grown 2D materials may get contaminated and
cracked.211-212]

Another approach to produce 2D layered materials is liquid
phase exfoliation (LPE). It is a low-cost process that uses mi-
crofluidization or an ultrasonic bath to exfoliate sheets from
small bulk crystals in order to create large quantities of 2D
sheets. This is conceivable because in-plane covalent bonding
is significantly stronger than the van der Waals forces that
form the bonds between 2D planes.[?!3] Moreover, 2D materials
synthesized by the LPE process can be deposited using printing
techniques on any wafer at a low temperature.2'*l A wide range
of microelectronic devices have been created using this method,
including transistors,!?!*] photodetectors,!21! capacitors,!?'’] so-
lar cells,?!®l and light-emitting diodes.?'”] Due to its low cost,
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of £1000 mV (V,) while monitoring the drain current ids with a channel voltage -100 mV (V). Reproduced with permission.l?] c) Schematic of the
p6DTP-based three-terminal synaptic device circuit. d) Characteristic device response for the post-synaptic terminal based on the pre-synaptic input

voltage pulse at a) constant duration (t
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pre

low crystallinity defects, simple operation, high quality, and the
nonexistence of dangling bonds on the surface, 2D materials
are promising candidates for realizing improved performance
with an energy-efficient operation.l'*#] Still, long switching time
and short retention time issues need to be addressed.[?"] The
device characteristics of printed 2D memristors are summarized
in Table 5.

The first demonstration of printed memristors using 2D mate-
rials in RS layers occurred in 2015 by Porro et al.l'?3d] They inkjet-
printed graphene oxide (GO) with a concentration of 1.5 mg mL~!
in a mixture of water and ethanol. The -V characteristics exhibit
bipolar switching behavior, and the primary physical mechanism
for Ag/GO/ITO RS was determined to be oxygen ion drift. This
relationship between the electroforming process and a decrease
in contact resistance resulting from carbon diffusion in the Ag
electrode was also established, and it is supported by the XPS
depth profile.

Rehman et al.l"%?l used an active layer of an LPE molybdenum
disulfide (MoS,)—polyvinyl alcohol (PVA) composite (90:10 wt%)

Adv. Electron. Mater. 2024, 10, 2400212 2400212 (23 of 40)

= 100 msec) and b) constant amplitude (V. = 500 mV). Reproduced with permission.[3¢] Copyright 2023,

dispersed in NMP and deposited by EHD. The fabricated de-
vice displayed bipolar switching characteristics, demonstrated
1000 cycles at +3 V, and a memory window of 128. The mem-
ory window was improved to 1000 in/??!l by using ITO as bot-
tom electrode (instead of Ag) and using a hexagonal boron ni-
tride (h-BN) and MoS, composite (1:1 vol). The electrical and
thermal characterization results showed that the switching ra-
tio decreases with increasing temperature (300-380 K) or device
size (42-100 um), confirming the formation of a conductive fil-
ament through the functional layer. The switching voltage also
dropped to less than +1.4 V. Feng et al.””! (Figure 18a—d) demon-
strated an aerosol-jet-printed 4 X 4 Ag/MoS,/Ag memristor ar-
ray by developing a 0.5 mg mL~! LPE MoS, dispersed in IPA and
2-butanol (9:1 vol%). The devices exhibit an ultra-low switching
voltage (0.18 V), a high memory window (107), tuneable resis-
tance states (10-10'" Q) for multi-bit data storage (6 states were
demonstrated), just 1 fW of standby power consumption and
4.5 {] of switching energy for each transition set. Furthermore,
by regulating the current compliance levels, the MoS, memristor
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Table 7. Printed memristors using metal oxides in RS layer.
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Year RS Printing technique  T,.,, [°c] Acey [um?] BE RS TE Vser [Vl Vgeser [Vl Endurance Retention [s]  tgyin [MS]  Ron/Rog
20712%(20] EHD 150 100 x 400 Ag Tio, Ag 0.9 -0.5 100 n.d. n.d. 10°
2012#(2%] EHD 450 100 x 200 Cu TiO, Ag 0.7 -0.7 n.d. n.d. n.d. 100
2013+157] EHD 500 100 x 100 Cu ZnO Ag 1 -1 500 n.d. n.d. 10°
2073(244] EHD 135 n.d. ITO ZrO, Ag 1 -1 50 108 n.d. 10
20131243 Inkjet 320 20 x 20 Cu CuO+AgO Ag 0.8 —-0.8 40 n.d. n.d. 10
2013%[246] EHD 150 100 x 100 Ag ZrO, Ag 3 -3 140 n.d. n.d. 100
2014#(37] Inkjet 180 n.d. C TiO, Ag 1 -3 10° 3% 10 100 10
2016%158 EHD 500  0.08 x 0.08 Cu Cu,O Cu 5 12 100 2% 10 n.d. 100
2016%1247] EHD 500 n.d. Ag ZnSn0O, Ag 1 -1 100 8.6 x 10° n.d. 10
201612481 Inkjet 150 60 x 60 Ag TiO, Ag 1.5 -15 n.d. n.d. n.d. 100
20161241 EHD 130 2000 x 100 ITO ZnSn0O, Ag 8 -8 200 1.2 x 10* n.d. 300
201712301 Inkjet 240 320 x 320 Au Hfo, Ag 1 -15 120 n.d. n.d. 10°
2017+1800] Aerosol 280 n.d. Au Cu-SiO, Cu 3 -3 10* 108 3 100
2019%(231] Inkjet RT 60 X 60 Ag VO,+FG Ag 2.5 -2.5 13 x 10 n.d 0.1 10°
2019%122] Inkjet 150 20 x 10 Ag Ag,0 Ag 0.4 0.2 100 3x 10 n.d. 108
201912531 Inkjet 240 320 x 320 Pt Hfo, Ag 0.2 -0.2 450 n.d. n.d. 104
20201123¢] laser printing 2.4w n.d. Pt CuO Pt 8 -8 n.d. n.d. 4x10° 10
Laser
202071241 Inkjet 80 150 x 90 Ag a-Tio, Ag 1 n.d. n.d. n.d. 200 n.d.
2020%[253] EHD n.d. n.d. Ag ZnO Ag 3.75 -3.75 n.d. n.d. n.d. 10°
20271%133] Inkjet 150 250X 250 ITO AlO, Ag 0.8 -1.2 100 10° 10° 50
20271#1231] Inkjet 60 200 x 200 PEDOT:PSS WO,  PEDOT:PSS 3.5 -35 6% 10° 8 x 10 10° 4
202212561 Inkjet 400 50X50 Ag ZnO Au 0.7 -0.7 500 10° 2% 10° 107
2022+11230] EHD 110 n.d. Ag Tio, 2 Ag 1 -1 500 5% 10 nd.  25x10
2022+181] Inkjet 80 200 x 200 PEDOT:PSS ZnO PEDOT:PSS 5 -5 104 2.5x% 10° 10° 2
202232571 Inkjet 120 100 x 100 Ag a-Tio, Ag v n.d. 2x 103 n.d. 2.5%10° n.d.
2023#(28] Inkjet 400 150 % 150 Ag ZnO Ag 2 1 100 10 2x10° 107
202311241 Inkjet 120 50 x 30 Ag WO, Au 1 -0.45 1.2 x10* 10° 10* 100
2023(25°] Inkjet RT n.d. Au VO, Au n.d. n.d. n.d. n.d. n.d. 100
202412601 Inkjet 200 250 x 250 ITO IGZO Ag 2 -3 100 10° 100 5-200
2024 Inkjet 200 n.d. Ag ZnO Ag 0.64 —-0.38 n.d. n.d. 10 10°
#(261]

*Fully printed devices; T,,,,: maximum processing temperature, A_: cell area (in bold:
resistance on/off ratio; RT room temperature, n.d. not defined.

demonstrates both volatile and non-volatile RS behavior, effec-
tively mimicking the short- and long-term plasticity of biological
synapses.

H-BN has shown great potential for memristive devices. Zhu
et al.*] fabricated h-BN memristors using inkjet printing tech-
nology (Figure 18e,f). The devices show random telegraph noise
in addition to volatile TS and non-volatile bipolar RS with a very
high cycle-to-cycle variability of state resistances. The devices
also show a large variability of the breakdown voltage and ini-
tial resistance from device to device. Due to their extreme sta-
bility, all of these electronic behaviors can be utilized as entropy
sources in physical unclonable function circuits for data encryp-
tion as well as true random number generators. These stochas-
tic phenomena are more prominent in these devices than in
other types of memristors because of their unpredictable mor-
phology, which is a result of thickness fluctuations and flakes’

Adv. Electron. Mater. 2024, 10, 2400212 2400212 (24 of 40)

crossbar arrays); BE: bottom electrode; TE: top electrode; tg;..n: switching time R, /og:

orientations during the inkjet printing process. Moreover, Song
et al.>** have implemented spiking neurons with neural dynam-
ics using inkjet-printed solution-processed h-BN (Figure 18g,h).
The memristors were integrated into RC circuits, which simpli-
fied the assembly of LIF neurons and, more intriguingly, enabled
two types of key neural dynamics by leveraging their common
stochastic switching feature, including Poisson-like spiking and
adaptation.

Hsun et al.?%] demonstrated the possibility of fabricat-
ing a double-layer InO, device by liquid metal printing with
memristive characteristics with a memory window of 10
(Figure 18i-1). Oxygen migration around the grain boundary
drives its conduction mechanism. Furthermore, it was found
that the 2D-InO, memristor’s oxygen vacancy dynamics at the
grain boundaries resembled the Ca?* dynamics of biological
synapses.
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Figure 21. Micrographs of printed polymer coating/Ag/a-TiO,/Ag devices on glass without (a) and with cracks (b). ¢) SEM cross-section view of device
layers deposited on Si wafer. d) Profilometer results, presenting the relation between active layer thickness and cracks prevalence. Reproduced with

permission.[2>4] Copyright 2019, American Chemical Society.

4.2.3. Organic Materials

Since the invention of the OLED in 1987 by Tang and
VanSlyke,[??2] organic materials have seen an increasing re-
search interest in electronics. In the electronic field, organic
materials have been employed in OLED displays,[??}] sensors,[22]
solar cells,?] and organic field-effect transistors (OFETs),122¢]
among others. Despite the fact that data storage is cru-
cial for electronic applications, the progress in printable or-
ganic memory devices has been much slower.??”l Moreover,
organic materials have attracted much attention because of

the advantages of low cost, high abundance, good mechan-
ical properties, easy to produce on a large scale, and high
biodegradability.?28]

In contrast to inorganic materials, organic materials pos-
sess the ability to easily add functional groups.??! The main
strength of organic materials includes low cost, scalability, light
weight, mechanical flexibility, ductility, and, in many cases,
biocompatibility, being particularly suitable for flexible elec-
tronic products.[**] The charge carrier concentration and mo-
bility can be adjusted at the atomic level to produce ap-
propriate electrical hysteresis for memristors with different
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Figure 22. ZnO memristors: a) Schematic of the PEDOT:PSS/ZnO/PEDOT:PSS memory structure, b) current-voltage characteristics of the correspond-
ing memory cell in direct current (DC) sweeping mode, c) endurance measured for 10* pulse cycles. Reproduced with permission.['®1] Copyright 2022,

IOP Publishing Ltd.
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Figure 23. Ag/AlO,/ITO memristors: a) High-resolution SEM-FIB cross-section image of the complete RS device, b) I-V sweep endurance showing a
bipolar RS behavior during 100 cycles, c) multilevel cell retention characteristics to reach the HRS through the application of 10 pulses. Reproduced with

permission.l42] Copyright 2021, Royal Society of Chemistry.

microscopic mechanisms by adjusting molecular design and
synthesis techniques. Organic memristors hold great promise
for use in synaptic devices for wearable neural network sys-
tems and neuromorphic electronics because of their tunable
properties. Nonetheless, there are still several challenges for or-
ganic materials: low mobility of charge carriers, low conductiv-
ity, and poorer environmental stability, leading to longer switch-
ing times, thus not being desirable for high-speed computa-
tion tasks.[*!] The RS characteristics of organic memristors are
mainly caused by the formation of a metallic CF within the de-
vice through the application of an electric field.[?3? Furthermore,
by controlling the device’s CF growth, multilevel conductance
can be achieved, allowing the emulation of bio-realistic neural
networks.[233] Thereby, the development of organic memristors
requires an understanding of the electrochemical metallization
phenomena for CF dynamics in organic media.[***] The first
concept of printed organic memristor was published in 2012 by
Mohapatra et al.?**! using a solid polymer electrolyte: polyethy-
lene oxide (PEO) with 3% (wt.%) of silver perchlorate (AgClO,)
in acetonitrile, showing bipolar switching at low voltage. Dur-
ing the current decade, with the rise of neuromorphic comput-
ing, the interest in printed organic memristors further increased
(Table 6).

Three different commercial polymers have been used as
the RS layer: SOG from Honeywell,[*] Novec EGC-1700 from
3M,[12] and Nafion.[®®] The first is a methyl-siloxane poly-
mer printable by inkjet, showing 1000 cycles endurance and
a memory window of 1000 when using asymmetric electrodes
(Ag/SOG/ITO)[?*! (Figure 19a—c). Using Ag symmetric elec-
trodes it still shows bipolar switching with lower switching volt-
age (under +0.15 V) but with a significantly lower memory win-
dow of 5.12®1 Novec™ EGC-1700, a hydrophobic fluorinated
polymer, has been used by Kim et al.'**l which deposited the
polymer by transfer printing, achieving operating voltages of
~1.5 and —1.0 V for SET and RESET, respectively, a mem-
ory window of 10°, and 400 cycles endurance (Figure 19d-f).
These memristors were applied with the 1T-1R configuration
for hardware-based neural network systems. Finally, Nafion,

Adv. Electron. Mater. 2024, 10, 2400212 2400212 (26 of 40)

a sulfonated tetrafluoroethylene-based fluoropolymer-copolymer
with ionic characteristics was printed byl®! in a printed
6 X 6 um? Ag/Nafion/Au crossbar array, showing TS volatile
characteristics that were implemented as Leaky Integrate and
Fire Neuron.

In recent years, it has been an increase of interest in
redox-active conjugated polymers and functionalized organic
molecules.*3] Based on a three-terminal transistor configura-
tion, an organic electrochemical memristor is focused on a
counter redox-stacked reaction.?3*! Through the use of voltage-
or current-driven programming stimuli via the oxidized gate,
this device modifies the conductivity of the reduced chan-
nel by electronically (de)doping the redox state of the elec-
trochemical memristor.®*] Based on heterocyclic dithienopyr-
role (DTP), Grant et al.®l were able to achieve a continu-
ous analog RS, capable of synaptic emulation with 100 {] per
programmed stimulus using poly(4-(6-hexyl)—4 H-dithieno[3,2-
b:2’,3'-dlpyrrole) (p6DTP) (Figure 20a,b). Also in another work!®*]
(Figure 20c,d) a fully water-soluble, self-doped PEDOT electro-
chemical memristors was developed, that demonstrates high
conductivity, linearity over 500 distinct states per potentiated or
depressed cycle, and low energy consumption (0.31 p] mm™2).

4.2.4. Metal Oxides

Amorphous metal oxide semiconductor (AOS) materials have
been extensively researched and used in TFTs!%*0 for dis-
play applications as switches and LED drivers because of
their high transparency, carrier mobility, and environmental
stability.24>2#1] Just one year after the advent of the memristor, %]
publications on RS devices made of metal oxide thin films be-
gan to appear.''%] The use of metal oxides as the RS of mem-
ristor have attracted attention in the electronics field by its capa-
bility to tune its stoichiometric, low cost, high switching speed,
high retention time, and compatibility with conventional pro-
cesses, making it simple to integrate into CMOS circuits.[?*?] Due
to its remarkable properties, AOS is the most used material in
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Figure 24. a) Schematic of Ag/IGZO/ITO devices emphasizing the coexistence of two distinctive switching mechanisms. b) Different I-V characteristics
of the memristors taken from voltage sweeps: at a larger current, it follows a counter8wise switching (non-volatile) while for a low current it follows an

8-wise switching (volatile).

) 100 cycles endurance voltage sweep for non-volatile programming. d) Fifty cycles endurance voltage sweep for volatile

programming. €) Retention test for 105 s at 0.1 V. f) Current decay in IGZO memristor after being programmed by 1 write pulse (—0.65 V, 0.1 ms); the
current was then monitored by read pulses at 0.05 V for 25 ms. Reproduced with permission.[2%0] Copyright 2024, Springer Nature.

memristors. Yet, it is a challenge to obtain a stable operation with
a low power consumption due to the local crystallinity imperfec-
tions, inducing leakage currents.[1#4]

Solution-based AOS has been developed and used for diverse
applications, mostly in TFTs.2#3] Notwithstanding, solution syn-
thesis parameters need to be taken into account to ensure a
higher quality of the synthesized metal oxide structures for use
in RS devices. The synthesis process, molar ratio, doping, metal
salt precursor, solvent, film thickness, and environmental factors
are crucial variables to regulate in order to achieve optimal per-
formance from a solution-based memristor.!'43] Table 7 summa-
rizes all the published works using printed metal oxides as RS
layer.

Titanium dioxide (TiO,) is the most used metal oxide for the
RS layer of printed memristors. The electronic and transport
characteristics of amorphous TiO, are similar to those of its bulk
crystalline phases, 2] representing a low cost and abundant!2¢*]
option for RS layer. Two distinctive methods have been used to

Adv. Electron. Mater. 2024, 10, 2400212 2400212 (27 of 40)

form TiO, films: by TiO, NPs-based ink/®”] or by a metal alkox-
ide complex (Titanium isopropoxide),!29123b248.254.257.264] The
latter approach shows more potential since precursor inks are
easier to stabilize and avoid clogging the nozzles. Saloniki-
dou et al.[?* developed a Ti(IV) isopropoxide precursor ink
using 1-methoxy-2-propanol as the main solvent. They used a
condensed version of the sol-gel and Pechini procedures, 2]
which eliminates the need for a high temperature and an aque-
ous precursor. However, the formation of cracks that subse-
quently lead to pinholes is one of the most frequent fabrica-
tion challenges of solution-based TiO,. It was demonstrated
the prevalence of cracks at layer thickness above 120 nm
(Figure 21). To minimize the issue, the formulation was
changed®”] by adding stabilizing agents (acetic acid and acety-
lacetone) in propylene glycol methyl ether and ethylene glycol.
The addition of acetylacetone prevented the pressure gradient
in the printed layer and reduced the rate where the solution
evaporated, which would have otherwise caused the inner and
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visualized as histograms. c) Endurance performance of the memristor, operated under pulse mode. Reproduced with permission.['24] Copyright 2023,

Wiley-VCH.

outer layer regions to shrink at different rates and resulted in
cracks. Overall, it was demonstrated a low power fully printed
Ag/a-TiO,/Ag electronic synapses with RS properties that emu-
late synaptic plasticity properties achieving an endurance of 2000
cycles.[>4

Zinc oxide (ZnO) has been also widely used as an RS layer. The
majority of printed ZnO memristors used an NP-based ink dis-
persed in ethanol,7?%] a mixture of terpineol and n-butanol!*8!]
or acetone and isopropanol.?%®] Delfag et al.’8!] reported the
fabrication of flexible, transparent, and fully inkjet-printed PE-
DOT:PSS/ZnO/PEDOT:PSS cells with bipolar RS, showing 10*
endurance cycles, retention of 10° s but with a memory window
of 2 (Figure 22). Using a Au/ZnO/Ag structure greatly increases
the memory window up to 107.[2°°] Moreover, this work adopted
a zinc nitrate-based salt precursor ink. However, the high sin-
tering temperature of 400 °C makes it incompatible with flexi-
ble or paper substrates. Recently, Chen et al. fabricated a fully
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Figure 26. Comparison of the performance of memristors based on dif-
ferent classes of materials.
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inkjet-printed 3 X 3 memristor crossbar using Ag as an elec-
trode, exhibiting synaptic plasticity under a compliance current
of 1 pA.[2%1 The formulated ZnO ink was NP based in a glycerol
solution.

As explained in the previous section, employing a SCS route
greatly decreases the sintering temperature. This approach was
utilized by Carlos et al.['®] on aluminum oxide (AlO,) memris-
tors (Figure 23). The precursor ink used aluminium nitrate as
precursor dissolved in 2-methoxyethanol and urea which acts as
afuel. The Ag/ AlO, /ITO memristors show bipolar RS with high
yield (95%) at low temperature (150 °C), retention time (10° s),
and sufficient ON/OFF ratio of 50 to achieve a multilevel cell
(MLC) with up to 4 states. About the switching mechanism, the
temperature dependence of the resistance did not support the
metallic filament as the main conduction mechanism of the de-
vice.

A similar approach was adopted by Franco et al. using in-
dium gallium zinc oxide (IGZO). The precursor ink, composed
of indium nitrate, gallium nitrate, and zinc nitrate, was sepa-
rately dissolved in a mixture of 2-methoxyethanol and ethylene
glycol (95:5).2%01 The IGZO thickness has a great influence on
the memory window, rising from 5 to 200 with the increase
in thickness from 150 to 550 nm. The inkjet Ag/IGZO/ITO
devices show both volatile counter8wise (c8w) and non-volatile
8wise (8w) switching . It has been found that variable range
hopping determines the LRS charge transport, and that the ori-
gin of defects on IGZO is most likely related to the diffusion
of Ag ions in the form of filaments. Furthermore, the volatile
characteristics were tested on different 4-bit pulse sequences
(Figure 24).

Printed tungsten oxide (WO;) memristors have been also de-
veloped with endurance above 5000 cycles.!'?f124] Both works
used commercial WO, dispersions in 2-propanol with low
sintering temperature. Hu et al.'?*l fabricated inkjet printed
Ag/WO,/Au memristors with coexistence of two distinctive
switching types (Figure 25). This device can then be used as
a digital-type memristor that can be switched between an LRS
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Table 8. Relevant printed memristor parameters: current state, challenges, and perspectives.
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Parameter Current status Challenges/Perspectives
Materials RS layer A large range of materials have been explored and Printed Organic molecules and Mxenes can be
matured namely organic and metal oxides further explored
Still some works use toxic solvents as NMP Use environmentally friendlier solvents on ink
formulation, if possible, water or a low toxic
solvent (Cyrene as an NMP alternative)
Electrodes 72% of the printed memristors used Ag as an Lack of a wide range of commercial conductive

Device architecture

Device fabrication

Device characterization

Printing techniques

Printing conditions

Yields

electrode

25% of the papers used common bottom electrode

48% of the papers used symmetric electrodes

Printing equipment needs to be matured/evolved
to face miniaturization challenges

Environmental conditions (temperature and
humidity) should be reported

Only few works report yields

inks. Inert metals (e.g., Pt) have a high sintering
temperature. Au is a good alternative.
Carbon-based inks for contact needs to be explored
since it has low sintering temperature and
decent conductivity
Crossbar architecture avoids device damage
caused by the tips
Asymmetric electrodes are recommended for VCM
memories
The biggest handicap of printing equipment is the
accuracy alignment that limits the feature size of
multilayer devices to no lower than 1 um
Devices can be sensitive to humidity
Passivation can avoid device variation caused by
external environmental factors

Yields should be reported to evaluate the potential

of the fabrication technique as well the materials
employed
Few works report the device-to-device variation
(switching voltage; HRS and LRS state)

Device to device variation Failure analysis or challenges during fabrication
should be incentivized to report in order to

reduce device variation

Performance Only few works reported endurance higher than 10° is the minimum number of cycles

10* recommended for computational applications
Still a few works have their endurance claims with
poor data quality

Circuit design Device area still larger than 10 um? Miniaturization improve switching speed and

might improve device to device variation
Use 1T1R or TD1R to reduce sneak path on
crossbar devices
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Figure 27. Paired-pulse facilitation (PPF) of the artificial memristive synapse. a) Schematic illustration of PPF in a biological synapse and emulation of
the PPF using a memristor. b) Experimental result of the inkjet-printed memristor by applying two consecutive identical voltage pulses. c¢) Measured
decay of the PPF with increasing time intervals between voltage pulses. Reproduced with permission.l'24] Copyright 2023, Wiley-VCH.
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Figure 28. Pattern recognition in neural networks based on the developed synapse array. A) Schematics presenting the 1T-1R structured crossbar array
and its applications. B) A fully connected one-layer neural network for the recognition of labelled fashion images. The input (784 neurons for input
images with 28 x 28 pixels) and output (10 neurons for 10 classes of images) neurons were used. C) Distributions of ideal synaptic weights for accurate
pattern recognition (top) and the weights of the trained synapse arrays after the learning process (bottom). D) Recognition accuracy after training 10
epochs for an ideal software and the developed synapse-based neural networks. Reproduced with permission.l'42<] Copyright 2021, Springer Nature.

and an HRS for digital information storage, due in part to the
formation of a conducting Ag filament within the tungsten ox-
ide layer. Under device programming for digital type memristor,
it allows low-voltage switching with a SET and RESET voltage of
1.05 V and —0.45 V respectively, a memory window of 10, with
the longest endurance of any printed memristor ever published
(12672 cycles). By switching the device in negative bias, the device
works as volatile analog RS. The reported dynamic transition be-
tween Schottky and Ohmic-like contact at the Ag/WO, interface
results from the stoichiometric change of oxygen in the tungsten
oxide semiconductor. As a result, the device is able to simulate
biological synaptic properties like short-term plasticity and mem-
ory formation after repeated stimulation.

4.3. Overview of the Performance Metrics Based on Different
Class of Materials: Challenges and Opportunities

In the field of printed memristors a remarkable progress has oc-
curred during the past decade, from a simple proof of concept to
the integration in circuits for neural networks. Over the years, a
wide variety of materials were tested as RS layers. Figure 26 com-
pares the performance of different classes of materials used in
memristors. Five key metrics were selected to compare: Process-
ing temperature, memory window, switching time, endurance,
and switching voltage. It needs to be remembered that the cor-

Adv. Electron. Mater. 2024, 10, 2400212 2400212 (30 of 40)

rect characterization method of endurance measurement should
be one data point per cycle, as explained in ref. [136].

Metal oxide seems the most promising class of material show-
ing the best endurance for non-volatile RS (currently the en-
durance record is at 12672 cycles),'*] the fastest switching time
(100 ns),IY memory window up to 10°.251] Aligned with the per-
formance metrics allied with the simple integration into CMOS
circuits?*?l makes metal oxides the most studied and imple-
mented class of materials in printed memristors. 2D and organic
materials are also very promising for distinctive reasons: the 2D
h-BN shows volatile TS with robust performance with reported
endurance of 600 000 cycles,'”) making an interesting approach
for spiking neural networks or in hardware security applications.
By the other side, organic materials show low switching power
and analog non-volatile RS, making it promising to neuromor-
phic computing. Nonetheless redox-based metal-coordinated or-
ganic molecules as RS layer are an emerging approach with state-
of-the-art performance.'] Yet, all the works were spin-coated,
making a field that can largely benefit from using printing tech-
niques.

Table 8 summarizes the current status with respective chal-
lenges and perspectives of printed memristors. The biggest chal-
lenge in performance that printed memristors need to over-
come is still endurance. The recommended endurance for
memristors to be implemented in neuromorphic applications is
10° cycles,[23% 5 orders of magnitude higher than the best-printed
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Figure 29. Animplementation of Boolean algebra for logic circuits: a) Cascaded combinational logic gate of two AND gates. b) Output data after applying
all cases of logical inputs and reset operations. The dashed line (red) represents the baseline conductivity and current prior to any programmed logical
input. The circles (blue) indicate the final logical output after applying each input series. c¢) Schematic for the p6DTP-based combinational logic gate
circuit. d) Extrapolated data showing the logical outputs for the device after the combinational programming sequence. The dashed line (red) represents
the baseline conductivity and current prior to any programmed logical input. Reproduced with permission.[#] Copyright 2023, Wiley-VCH.

metal oxide and 2D-based memristor can achieve. The low en-
durance performance can be attributed to the lack of variety of
printed inks for electrode as well as the device size which also
impacts on the switching time. The smallest printed memristor
has a device area of 6 X 6 um?°®! and 80 x 80 nm? when us-
ing nanowires, % still far away to the state-of-the-art lithography
nodes. To shrink the device size to sub micrometre it requires
an improvement of printing machines, specifically on the motor
and alignment accuracy.

The key challenges of printed memristors are transversal to
printed circuits, which includes:2¢¢]

1) Device miniaturization, a smaller feature size is desired to
reduce the parasitic impedance and improve device perfor-
mance especially the switching time.

2) Layer alignment and layer interaction. A poor alignment
can cause a larger device-to-device variation. Since additive
printing electronics rely on inks, it is important to formu-
late/choose inks where the solvent does not interact with the
previous printed layer.

3) Printing uniformity and variations. Nonuniform layers might
increase the probability of pinholes and cause a larger device-
to-device variation and/or lower yields.

Consequently, fully printed memristors can make a huge for-
ward leap once there is a bigger choice of conductive inks for
electrodes and high-resolution printing equipment.

Adv. Electron. Mater. 2024, 10, 2400212 2400212 (31 of 40)

4.4. Applications Prospects

During the last few years applications have been reported where
printed memristors were integrated.[19:546679.86.94,124,142c,202,248]
The analog non-volatile RS characterized by the gradual switch-
ing of the device have great potential on artificial synapses
towards neuromorphic computing.?’l Hu et al.l'?* reported
Ag/Wo, /Au memristors being able to emulate processes car-
ried out by biological synapses, including memory formation
and short-term plasticity after repeated stimulation. The device
exhibited facilitation (10-177 ms), augmentation (10s), and po-
tentiation (35s) (Figure 27a—c). Also, Feng et al.”®! reported a
printed MoS, memristors allowing a successful emulation of
both short- and long-term synaptic plasticity functions includ-
ing paired-pulse facilitation (PPF), relaxation, long-term poten-
tiation/depression (LIP)/(LTD), and spike-rate-dependent plas-
ticity SRDP within one single device with a switching energy of
4.51].

The fluoropolymer-based organic memristor developed by
Kim et al.1**l showed the capability for realizing hardware-
based neural networks. For complex image recognition, neu-
ral networks based on the developed synapse achieved approx-
imately 85% accuracy, resembling the ideal software system
(Figure 28a—d).

Another potential of neuromorphic computing is the ability to
perform information processing (mathematical and logical op-
erations). Grant et al.®®) demonstrated the first implementation
of a memristive device as a cascaded combinational logic circuit
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Figure 30. An example of an SNN implementation made by printed memristors: a) Working principle of the autoencoder for anomaly detection in
simulation, showing the time-series input encoded and processed in the SNN framework. The spike converter encodes the input into Poisson spike
trains via rate coding to fit the subsequent Poisson-like spiking of the neurons. b) Hardware in a crossbar design in this simulation, consisting of non-
volatile memories as the synapses and the spiking neurons as the neurons. c) The network topology of a 3-layer fully-connected autoencoder, consisting
of an encoder for compressing the input, a code for storing abstracted features, and a decoder for reconstructing information from the code. d) Anomaly
detection for 55 flows of time-series real spacecraft telemetry data collected from the Curiosity rover on Mars, showing the feature learning and anomaly
detection stages. The orange “Anomaly detected” flows represent the anomalies detected. The red “Label” flow represents the actual anomalies labeled
in the dataset. The blue “Accuracy” flow represents the accuracy of the anomalies detected with respect to the anomalies labeled. Reproduced with

permission.!>4! Copyright 2023, Wiley-VCH.

(Figure 29a—d). The presented analog p6DTP-based device per-
formed various mathematical operations of addition and subtrac-
tion, multiplication, and division.

On the other side, volatile memristors can be also applied in
neuromorphic computing. The self-reset threshold switching fit
the leaky integrate-and fire (LIF) neuron design while avoiding
peripheral threshold and reset circuits for spike generation and
resetting,[00268] suitable for Spiking neural network (SNN). Time-
series tasks like temporal pattern recognition, action localization,
and anomaly detection are tasks that the SNNs excel at.*"! Song
et al.>4l have implemented SNN using inkjet printed solution-
h-BN stochastic memristors. The network demonstrated its ca-
pabilities by testing anomaly detection on a publicly available
dataset that included time-series real spacecraft telemetry data
gathered from the Curiosity rover on Mars (Figure 30a—d).

The digital operation of a non-volatile memristor, character-
ized by an abrupt switching between conductive states is suitable
for data storage applications.!?”?! Ali et al.[?2! printed GQDs/PVP
memristors and GQDs/PVP capacitors to be implemented as low
pass, high pass, and band pass filters (Figure 31a). The cut-off fre-
quencies of the filters were controlled through resistive states of
the memristor (HRS/LRS), as the cut-off frequency is shifted by
a change in resistance value. Zhu et al."! printed h-BN mem-

Adv. Electron. Mater. 2024, 10, 2400212 2400212 (32 of 40)

ristors that exhibit multiple stochastic phenomena, which it was
demonstrated suitable as entropy sources in electronic circuits
for data encryption (physical unclonable functions and true ran-
dom number generators (Figure 31b). Vilmi et al.?*¥] demon-
strated the functionality of the Ag/TiO,/Ag memristor, which
was integrated into a circuit that included a printed voltage dou-
bler acting as a rectifier and a piezoelectric element serving as a
pulse source. The memristor was able to switch between high and
low resistive states by means of the mechanical impact, which
was converted into an electrical signal by the piezoelectric ele-
ment (Figure 31c).

5. Conclusions and Outlook

This review has given a thorough and critical overview of PE for
memristor fabrication. Despite being a novel area that started in
2012 from solely device DC characteristics, it evolved at a rapid
pace and fully printed memristive circuits are already being
demonstrated. Metal oxides are the most studied and imple-
mented class of materials in printed memristors with leading
performance. 2D and organic materials show great promise,
although they are among the least studied for neuromorphic
computing.
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Figure 31. Another demonstration of applications where printed memristors were implemented: a) flexible EHD printed memristor-capacitor circuit for
low pass, high pass, and band pass filters. Reproduced with permission.[292] Copyright 2017, Elsevier Ltd. b) True random number generator for security
applications by using stochastic memristors. Reproduced with permission.[" Copyright 2023, Royal Society of Chemistry. c) Self-sustainable recorder
of mechanical energy: the resistance value altered once significantly and decreased after that subsequently with each electrical pulse. Reproduced with

permission.[248] Copyright 2016, IOP Publishing Ltd.

While the outlook for printed memristors is particularly
promising, numerous challenges still need to be addressed. At
the materials level, it needs to focus on asymmetric structures.
Symmetric Ag electrodes are not the most suitable architecture
for memristors. Since the combination of the electrode material
heavily influences the RS characteristics, it is recommended to
study the device RS characteristics by changing the electrode ma-
terial. To the current date, a significant range of conductive inks
is commercially available. It needs to be reminded that there are
areas that can be improved in conductive inks, namely on formu-
lating low-temperature sintering and environmentally friendlier
formulations. Also, for droplet-based inks, precursor-based inks
are more promising than NP-based inks due to the fact it gener-
ates films with lower roughness.

Adv. Electron. Mater. 2024, 10, 2400212 2400212 (33 of 40)

Still, significant challenges lie at the fabrication level, which
to improve device performance, it needs to shrink the memris-
tor size. To achieve sub-micrometer feature size, it is required
the development of novel printing setups, particularly with im-
proved motor and alignment accuracy. Moreover, more reports
should start to emphasize the fabrication optimization of the de-
vice (device area, layer thickness, sintering conditions) in order
to achieve high yields and low device-to-device variation.

With those aspects in mind, fully printed memristors can
achieve an important forward leap in performance in the next
years where PE should expect a large increase in market cap.
It is anticipated that the field of printed memristors will ex-
pand in both academic and industrial research over the next
years. Printed memristors will also directly benefit new and
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exciting fields like large-area sensing, soft robotics, and wearable
electronics.
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