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Abstract

New pressures due to emerging trends in device fabrication are driving research
efforts into new materials and manufacture processes to achieve new combinations of
properties, including physical and chemical sensing capabilities, conductivity, flexibility,
and transparency. Such applications are typically encompassed in the field of internet of
things (IoT), based on the use of relatively simple, connected devices that sense and
interact with the environment. To tackle these challenges, printed electronics, a field of
graphics and text printing technologies adapted to the manufacture of electronics, is a
favorable candidate to satisfy new needs in device fabrication, enabling the deposition of
next-generation materials in ink form, at low-cost, with the potential for scalable

manufacture.

Inkjet printing, a member of the field of printed electronics, is a solution-based
deposition technology that allows the deposition of a multitude of functional materials,
including insulators, semiconductors, and conductors. Thanks to its digital patterning
property, device geometries can be defined without the need for a mask of
photolithographic processes. This attribute not only reduces manufacturing costs, but also
enables quick prototyping of device architectures at a small scale, providing a way to
optimize device iterations at reduced upfront cost with adaptability for later large-scale
manufacture. Thanks to its versatility in material choice and mask-less manufacture,
whole device structures may be fabricated through inkjet-printing. Nonetheless, inkjet
printing may also serve as a complement to more established technologies, such as
complementary metal-oxide-semiconductor (CMOS) processes, where it can fulfill a role

of depositing innovative materials.

This thesis attempts to showcase the versatility of inkjet printing as a device
fabrication technology to address future challenges. After study and validation of inkjet-
printed nanostructured materials from various families, three different types of devices
are fabricated and characterized. The demonstrated devices cover non-overlapping
application fields, highlighting the adaptability of inkjet-printing: 2D h-BN memristors,
metal oxide nanoparticle photodetectors, and light-emitting diodes (LEDs).



The first experiments in this thesis deal with inkjet-printed 2D h-BN nanoflake
memristors for hardware security applications. Memristors are a family of devices,
sometimes known as the fourth passive circuit element along the resistor, the inductor
and the capacitor, whose electrical resistance can be tuned by electrical manipulation, a
property that can be exploited to represent information. Although promising results have
demonstrated the potential for high density integration for data storage applications, with
companies like HP dedicating research efforts in this field, the applicability of these
devices is still subject to the limited device-to-device and cycle-to-cycle repeatability of
memristors. In this thesis, the inherent stochasticity of memristors is exploited for use as
true random number generators (TRNG). Particularly, their application as physical

unclonable functions is showcased, which can be used as unique identifying digital keys.

Following, inkjet-printed metal oxide nanoparticle photodetectors are demonstrated.
Metal oxides are a family of materials that are being studied as charge transport and
blocking materials for solar cells and LEDs, and in this thesis are proposed for use in LED
architectures as solution-processable inorganic materials. Moreover, as wide-bandgap
materials, metal oxides can fulfill a promising role in visible-transparent, mechanically
flexible, low-cost selective ultraviolet photodetectors. In this context, inkjet-printed metal

oxide nanoparticle p-n junction photodiodes are fabricated and characterized.

In the final sections, the rapidly developing field of perovskite LEDs (PeLEDs) is
studied, focusing on the inkjet printing of inorganic CsPbBr3; perovskite quantum dot
LEDs for display applications. Perovskites have in recent years shown impressive
progress in light emitting and photovoltaic efficiency and are positioned to become the
active material in future LEDs and solar cells. The highest efficiencies in perovskite LEDs
in the literature are generally achieved through nanostructuring into quantum dots, which
can be synthesized in colloidal dispersion through facile, scalable wet chemical processes
such as hot injection and deposited through solution deposition processing. While efforts
in the PeLED literature have focused on obtaining record efficiencies through the use of
laboratory-scale techniques such as spin coating, few researchers have demonstrated
scalable fabrication technologies for solution-processed perovskite LEDs such as inkjet
printing. Here, the viability of inkjet printing is validated by showcasing fully-printed

PeLEDs on flexible and rigid substrates, achieving a pure green emission with a narrow
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full-width half maximum down to 22nm centered at 517nm, corresponding
approximately to 0.119, 0.790 color coordinates in CIE 1931 color space, consistent with
literature results of perovskite layers obtained through more established techniques,
proving that the perovskite properties are maintained by the inkjet deposition process.
Both fully inkjet-printed and mixed PeLED architectures (with inkjet-printed perovskite
and spin-coated/evaporated transport layers), obtaining luminances up to 17920 cd/m? for
mixed ones, competitive with literature structures obtained through more established
deposition methods, and up to 324 cd/m? for fully inkjet-printed ones, within luminance
specifications of display technologies and analogous to many commercial displays.
Moreover, this result is achieved through low-temperature post-processing inorganic
metal oxide transport layers, which substitute organic materials known for their limited
long-term stability. Finally, a fully inkjet-printed PeLED active and transport/blocking

layer stack is demonstrated on flexible substrates.
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Chapter 1

Introduction

Addressing contemporary and future challenges in optoelectronics requires the ever-
constant development of new materials, devices, and fabrication strategies. Current
challenges in different fields can be addressed thanks to the incorporation of
nanostructured materials, which incorporate enhanced properties such as memristors,'
photodetectors,? and high-color purity LEDs.? In addition, thanks to the low-temperature
post-processing methods that solution processing allows compatibility with flexible
substrates is enabled, allowing the fabrication of conformal and wearable devices. Some
examples include enhanced healthcare monitoring by plasmonic biosensors,* touch
sensitive human-computer interfaces for applications such as augmented reality,’ flexible
and green energy storage devices,® and wearable health sensors.” Such materials can be
deposited through solution processing routes in a facile, low temperature, low-cost

manner without relying on vacuum deposition or processes.

This thesis explores the use of inkjet printing, a solution-based deposition technology
initially developed for the printing of arts and graphics, for the fabrication of electronic
and optoelectronic devices. In contrast to most technologies in the field of printed
electronics, inkjet printing allows the deposition of a wide range of materials while
enabling quick prototyping thanks to its independence from masks to define printed

patterns, combined with the potential for scalability of production.

Three device families will be explored: memristors for security applications,
photodetectors, and light-emitting diodes (LEDs) for display applications, each one

showcasing the potential for inkjet printing to tackle current technological challenges.
1.1. Inkjet printing for fast prototyping and high throughput

Traditional electronic and optoelectronic device fabrication routes often involve
complex multi-step vacuum deposition processes that make scaling to large areas
challenging and expensive® and require hazardous chemicals that later need to be disposed
of.” For example, 11I-V compound-based LED and solar cell fabrication is generally

achieved through metal-organic chemical vapor deposition,'® often requiring the use of



hazardous gases such as phosphine (PH3) and Arsine (AsH3).!!

Manufacturing companies have recognized since the turn of the millennium the
potential of applying graphics printing technologies to the deposition of functional
materials for optoelectronics.!>!® This process involves the deposition of inks that contain
the requisite materials onto a substrate (Fig. 1.1), falling within the domain known as
solution processing. Among a variety of other printing methods such as gravure or offset,
inkjet printing is a mature technology that was developed in the context of printing
graphics and text. Unlike other technologies, however, inkjet printing allows the printing
of an arbitrary pattern without the need to change masks or rolls, with good resolution
and throughput. Compared to traditional vacuum deposition routes, solution processing
allows facile, low-cost manufacturing for a variety of materials. Thus, inkjet printing
provides a route for fast, low-cost prototyping with the potential for scaling. The
applicability of inkjet printing for functional material deposition will be demonstrated

through the fabrication of the following device families.

Inkjet printing Inkjet-printed device

L=

8
L

Printed area

q Top contacts

Atterned
— contact substrate Bottom contact

Fig. 1.1 Inkjet printing of electronic and optoelectronic devices.

1.2. Inkjet-printed h-BN memristors for security applications

Traditional central processing units (CPUs) rely on the integration of many
transistors, which are the building blocks of logic gates. The miniaturization of transistors
has been occurring exponentially year after year since the advent of integrated circuit (IC)
processors, resulting in access to higher processing power at lower costs, commonly
known as Moore’s law.!* Concerns have been raised about the long-term viability of this
trend, however, as the scaling of transistors will eventually be limited by the size of
atoms.!®> This limited future scaling of traditional CPUs, compounded with the explosion

of big data and the rise of machine learning in many aspects of life, imposes a limit date



on the application of traditional CPUs. Computing tasks are moving towards a
decentralized processing model: many smartphones come with an artificial intelligence
accelerator,'® and NVIDIA is speeding 3D processing workloads from their high-end
graphics processing units (GPUs) with a machine learning accelerator that speeds up

rendering in real-time by up-scaling from low resolution frames.!”"!3

The traditional processing architecture, known as the Von Neumann model, is
optimized for linear instructions on a limited size of data, but is inefficient at calculations
with massive data.!® This is a result of the need to move information from memory to the
CPU, an inefficient process that slows down computation and results in the so-called Von
Neumann bottleneck.?’ In response, a new model of computing known as in-memory
computing puts forward the idea to concentrate the storage and processing of information
in the same hardware element.’! To fulfill this role, researchers have proposed the
memristor, a device also known as resistive random-access memory (ReRAM).?>%
Memristors are a family of devices whose resistive state may be altered in a controlled
way by application of electrical stresses.>* Among other possible configurations, arrays
of memristors may be used to perform vector-matrix multiplications efficiently. Although
this concept of in-memory computing has been demonstrated in simulations and
experimentally, the device-to-device and cycle-to-cycle stochasticity of memristors
creates challenges for their application as memory elements? and to the in-memory

computing model. 267

Though currently the intrinsic variability of several studied families of memristors
poses difficulties in computing applications, this unique physical property can be
exploited for security and cryptography. Cryptography is a field that involves the
application of algorithms to guard sensitive information, employing random numbers that
can be used as keys to encrypt and decrypt data.’® While random numbers can be
generated through pseudo-random software algorithms, these are vulnerable to being
exploited for their patterns, and are inferior to truly random hardware-based solutions.
Physical unclonable functions (PUFs) are one such way to generate unique identifiers that
are practically impossible to clone, cost effective, and resilient to attacks. PUFs draw their
truly random key generation from micro- and nanoscopic variations intrinsic to their

fabrication process. Safety measures are increasingly in need due to the rise of the internet
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of things (IoT), where networks of simple devices collect and exchange information, with
examples including smart watches, security cameras, home thermostats, etc. Security
concerns have been raised, where unprotected sensitive IoT devices such as home
cameras have been infiltrated easily by bad actors, gaining access to sensible information.
Thus, in order to achieve the successful application of the IoT, improved security such as

that provided by PUFs is needed.

Although CMOS PUFs have been demonstrated, it is hard to obtain true randomness
from them.?® Conversely, the inherent stochastic nature of memristors, usually regarded
as their Achille’s heel in other applications,’® is an excellent source of true physical

randomness.?®

Most memristors studied in the literature have traditionally been manufactured from
transition metal oxides like ZnO and HfO; in a metal-insulator-metal (MIM) structure,
showing high operation speeds, long retention times, high endurance, and high integration
density.’! However, their development seems to have reached a plateau, as these record
performances have been achieved separately on different device architectures, stunting
their real-world commercial applicability.>? This has prompted the movement of research
towards new materials in search of new avenues for memristors, whence 2D layered
materials have gained attention. Layered 2D materials have provided new qualities to
other electronic device families such as field effect transistors (FETs), conferring
flexibility, transparency, chemical stability, and a high ON/OFF ratio.*® In addition, they

allow the fabrication of flexible and transparent memristors.>*

The deposition of 2D material-based devices can be facilitated thanks to the
versatility of inkjet printing, which will be showcased here by fabricating and studying

inkjet-printed h-BN memristors as candidates for building PUFs.
1.3. Inkjet-printed metal oxide photodetector diodes

The field of optoelectronics emerges from the interplay between electronics and light
and contributes to a range of domains. In the field of communications, elements such as
fiber optics and IR remote controls apply the principles of optoelectronics for the
transmission of information. On the other hand, devices such as pulse oximeters and
ambient light sensors use light to extract information from their environment. In order to

4



achieve these tasks, the photodetector is a fundamental element responsible for converting
an optical signal into an electrical one. Owing to the breadth of applications in
optoelectronics, the required characteristics of the corresponding photodetectors vary
widely over the range of tasks. Such desirable characteristics might include high

sensitivity, fast response, or discrimination of certain wavelength ranges.

Photodetection in the ultraviolet (UV) range is important for tasks such as flame
detection, water purification, furnace control, UV astronomy, and UV radiation
dosimetry.*® A wide range of devices have been employed for UV photodetection,
including semiconductor photodiodes, thermal detectors, photomultiplier tubes, and
charge-coupled devices, thanks to their high gain and low noise floor.*® However, these
are not necessarily blind to visible light, and come with their own disadvantages. For
example, photomultiplier tubes (PMT) devices are very sensitive, yet they are bulky and
require high voltage power supplies, while charge-coupled devices (CCDs) are more
compact but require long acquisition times for reliable signal capture. Semiconductor
photodetectors stand out thanks to their low voltage requirements, compact form factor
and low sensitivity to magnetic fields. In addition, they are low cost, have good linearity
and sensitivity, and can operate at high speed.’’” Nonetheless, semiconductor UV
photodetectors often employ narrow-bandgap materials, meaning that they also detect
photon energies lower than the target UV, thus requiring optical filters for UV-only

operation.

In order to address these problems, high-bandgap UV materials for photodetectors
such as GaN have received interest and are becoming commercially available. In a
parallel fashion, increasing interest has been developing in metal oxides, thanks to their
natural abundance and low toxicity. One of the most well studied metal oxides is ZnO,
which has optoelectronic properties similar to GaN. Remarkably, Zn is about 300 times
cheaper per kilogram than Gallium, and its low toxicity is thoroughly tested to the extent

that it is commonly included in sunscreens.*®

Inkjet printing enables the facile fabrication of photodetectors from a wide array of
metal oxides, demonstrated in this thesis by the inkjet-fabrication and characterization of

n-ZnO, p-NiO photodetectors.



1.4. Inkjet-printed perovskite LEDs for display applications

Electric light sources are a fundamental aspect of modern life, not only for
illumination, but also for information display, whether it be through simple LED
indicators or high resolution, full color displays. The first major advancement in light
generation came with the discovery and subsequent spread of incandescent, arc discharge,
and other early forms of electrically generated light. These freed humanity from the
dependence on combustion for light, providing higher brightness, and the safety and

convenience of not relying on combustible matter.

Fast-forwarding to the present day, LEDs are taking over in most illumination
applications, replacing other technologies such as incandescent, fluorescent, and halogen,
which were in common use until recently. This transition, made possible by the relatively
recent development of efficient blue emitters, is explained by the versatility of LEDs,
which combine high efficiency, a compact form factor, long life, a narrow and tunable
emission spectrum, and robustness. Applications of LEDs are as diverse as high-
brightness compact flashlights, human-centric lighting, car headlights, and, remarkably,

modern display applications.

The display manufacturing industry has come a long way since the days of cathode
ray tube and early flat displays and has in recent years progressed greatly thanks to
developments in LEDs. The first application of LEDs to display technologies was as
backlights for liquid crystal display (LCD) panels, substituting earlier white fluorescent
lighting, which have a wide color emission spectrum and require bulky driving electronics.
Besides fulfilling the role of a backlight element, LEDs have also more recently been
incorporated in displays in the form of emissive subpixel elements, as in the case of
organic LEDs (OLEDs), which provide exceptional color accuracies and vibrant images.
Being composed of an array of red-green-blue (RGB)-emitting subpixels that are

39 contrast ratio, as

switched on as required, OLED screens achieve a so-called “infinite
blacks are represented by switching a portion of the screen off, which also results in
reduced energy consumption. However, despite the vibrancy of OLED displays, they still
suffer from high cost and limited lifetime due to their reliance on expensive and relatively

unstable organic materials.



On a separate front, the advent of quantum dot (QD) synthesis enabled the fabrication
of more stable emissive materials with higher emission purity.*® QDs are semiconductor
nanocrystals small enough to confer them new properties arising from quantum
confinement, such as pure, size-tunable light emission. Inorganic QDs display pure
emission with long-term robustness thanks to the inherent stability of inorganic materials,
and the fact that the emissive properties are determined by the crystalline nanostructure
of'the QDs. For these reasons, QD-based displays currently represent the main competitor

of OLED technology in the display front.

The main commercial application of QDs in display applications is commonly known
as QLED, an iteration of LCD display technology where the backlight emission spectrum
is enhanced with photoemissive quantum dots, which increases the purity of the RGB
color components. However, while they currently are the most relevant commercially
available competitor to OLED, QLED screens depend on expensive, highly toxic CdSe
nanoparticles. In response, perovskite QDs are being studied as solution processable
emissive materials for LEDs. Perovskites have been proposed as both color conversion
layers and as active emissive layers in LED structures. Thanks to their precise emission
wavelength tunability and narrow emission, perovskite QD downconversion-based
display backlights have achieved upwards of 140% reproduction of the national television

t,41

system commitee (NTSC) color gamut,” with facile synthesis methods at a reduced cost

and reduced levels of toxicity compared to Cd-containing QDs.*?

The capability of inkjet printing to fabricate perovskite QD-based LEDs is shown in
this thesis through the inkjet-printed deposition of PeLEDs based on CsPbBr; QD

colloidal suspension and metal oxide nanoparticle inks.
1.5. Objectives

This thesis seeks to demonstrate the application of inkjet printing as a material
deposition technology that not only allows scalable, facile solution processing routes, but
also enables the deposition of new materials for next generation devices. Particular focus
has been placed on the fully-inkjet fabrication of devices, aiming to move away from the
reliance on vapor deposition methods. The demonstration of fully-inkjet fabrication is a

crucial step for the establishment of inkjet printing as a device manufacturing technology,
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as it allows fabrication in a streamlined Roll-to-Roll (R2R) process, wherein device
fabrication is performed continuously on a flexible substrate from an input roll to an
output one, hence the name. This goal, however, can prove challenging due to the
interactions between printing steps, as bottom layers can be negatively affected by the
thermal and chemical stress caused by successive processes, constraining post-processing

temperatures and requiring the use of orthogonal solvents.

Inkjet printing allows facile deposition of materials. In Chapter 4, inkjet printing
allows the deposition of h-BN with post-processing temperatures as low as 150 °C,
compared to chemical vapor deposition (CVD), which requires temperatures above 850
°C.*3 In Chapter 5, inkjet printing represents a simple, scalable deposition approach to
deposit metal oxide thin films, compared to vacuum deposition. In Chapter 6, inkjet

printing enables the deposition of defect-resistant perovskite NC-based LEDs.

With the principal objective of showcasing the versatility of inkjet printing for the
fabrication of electronic and optoelectronic devices, the following specific objectives will

be undertaken in this thesis:

1. Verify the long-term switching stability of inkjet-printed h-BN memristors

and study their modes of operation.

2. Demonstrate the applicability of inkjet-printed h-BN memristors as elements

for PUFs and random number generation.

3. Develop high-quality thin films from inkjet-printable p-type and n-type metal

oxide inks to be used as hole and electron transport layers for PeLEDs.

4. Fabricate photodetectors based on the metal oxide materials studied above,

validating their optoelectronic properties.

5. Prepare ink formulations for inkjet printing technology to obtain high-quality
thin films from inkjet-printable perovskite QD suspensions (CsPbBrs3).

6. Once high-quality inkjet-printed CsPbBr; layers are obtained, design a
benchmark device structure for PeLEDs with inkjet-printed CsPbBr3 based
on proven structures from the relevant literature. Transport layers will be
deposited by evaporation and spin coating, established technologies that will

8



be compared with inkjet printing.

7. Finally, demonstrate a fully inkjet-printed PeLED device structure on flexible
substrates. This is a critical factor towards demonstrating the viability of

inkjet printing as a device manufacturing technology for PeLEDs.
1.6. Outline of the thesis

In this thesis, inkjet printing has been demonstrated for the fabrication of electronic
and optoelectronic devices of different types and families of materials. The thesis is
divided as follows. Chapter 2: Background and state of the art provides an overview of
printed electronics technologies, the materials used throughout this thesis and the three
device families studied. Next, Chapter 3: Fabrication and characterization methods

describes the different instrumental setups.

The following chapters summarize the main achievements for each device family.
Chapter 4: inkjet-printed h-BN memristors for hardware security; Chapter 5: Inkjet-
Printed p-NiO/n-ZnO Heterojunction Diodes for Photodetection Applications; and
Chapter 6: Fully Inkjet-Printed Green-Emitting PEDOT:PSS/NiO/Colloidal
CsPbBr3/SnO: Perovskite Light-Emitting Diode on Rigid and Flexible Substrates
showcase the results achieved with each family of devices throughout this thesis in the
form of published articles. Finally, in Chapter 7: Conclusions and future prospects, a
comprehensive summary of the results attained is presented, highlighting the key findings

and potential future lines of research.
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Chapter 2
Background and State of the Art

This chapter provides an overview of the most important areas covered throughout
this thesis. The first section introduces the field of printed electronics, comparing inkjet
printing with the most relevant competing technologies, followed by a concise view of
important parameters for successful inkjet printing. Next, the major materials and
material families are reviewed (2.2. Functional materials for solution processing). Finally,
the three device families fabricated during the thesis through inkjet printing are presented

in 2.3. Selected devices.
2.1. Printed Electronics

Growing market demands for a variety of electronic and optoelectronic devices has
pushed the industry to revolutionize fabrication processes to adapt to new requirements
of flexibility, wearability nanostructured materials combined with high-throughput, low-
cost manufacturing. Commonly employed fabrication technologies typically rely on
various vacuum deposition processes, such as evaporation and sputtering. These methods,
which have been the standard for decades, can achieve high material purities and qualities
of interfaces. They require, however, complex setups, expensive high purity fungible
materials, have limited scalability due to the intrinsic difficulties in preparing high-
volume vacuum chambers, and some steps may be incompatible with flexible
substrates.! Furthermore, an extra lithography step is generally required to define the
device geometry, as these deposition processes inherently deposit layers homogeneously
with no defined geometry. This photolithographic process is generally subtractive, as part

of the deposited material is discarded, resulting in material loss.

In response to these demands, the microelectronics manufacturing industry began
adapting graphics and text printing technologies to fabricate electronic devices.*”’ Printed
electronics is a term that encompasses a variety of techniques adapted for the fabrication
of electronics, allowing the deposition of a variety of materials on different substrates at
reduced cost and complexity,® and may either be a complementary process to other

deposition technologies, or the sole method of fabrication for electronic devices (i.e.,
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fully-printed manufacturing).

As these technologies derive from an application used to print text and graphics, they
generally define the device geometry at the point of deposition, forfeiting lithographic
processing steps and greatly streamlining the manufacturing process. Due to the
particularities, each technology has a minimum feature size (pitch, measured in pm) and
a maximum fabrication speed (measured in printed surface per unit time), which are
summarized in Table 2.1. According to whether there exists contact with the substrate,

printing technologies can be classified into contact and non-contact types.

Table 2.1 Properties of different printing technologies. Adapted from Refs +°713.
Inkjet Screen
printing LIFT printing Gravure Offset  Flexography

Ink viscosity (cP) 5-50 1-106 500-5000 10-1000 100-10° 50 -500
Pitch (um) 30-70  >60um  50-150 5-100 10-50  30-100
Film thickness (um) 0.1-1 - 5-100 0.1-1 0.5-10 0.5-8
Printing speed (m/s) 1-10  0.08(R2R) 0.1-1 0.1-10 0.25-15 50-500
Maskless patterning v v X X X X

Contact printing technologies, summarized in Fig. 2.1, require some form of a mask
to define the device geometry, which needs to be manufactured beforehand specifically
for the pattern at hand. This added step needs to be considered as it may be expensive and
hinders workflows that require the use of different patterns (e.g. in prototyping). On the
other hand, non-contact technologies, summarized in Fig. 2.2, are generally maskless, as
they define the geometry to print by placing ink in the required positions (e.g. inkjet
printing and LIFT). This kind of maskless manufacturing may also be called digital, as
the desired pattern can be changed on the go (e.g. by loading a pattern image into a
computer), making it especially appealing for fast prototyping, where several successive
versions of a device might need to be tested and perfected. Another main benefit of these
printing technologies is the reduced contamination of the substrate due to their non-
contact nature,'® and the wider available range of substrates that can be exploited for

stretchable and flexible optoelectronics.
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2.1.1. Contact printing technologies.

Gravure Offset Flexography

\\\\\\\!llllllléii::;e
Impression cylinder —

Substrate Blanket cylinder

,

Doctor blade

Gravure cylinder

Doctor blade
Doctor blade

Screen printing Rotary screen printing

Rotating screen

Squeegee
k

Frame Squeegee
B =

Substrate

Impression cylinder
Fig. 2.1 Sketch of contact printing technologies discussed in this section.

2.1.1.1 Screen printing

Screen printing is a printing technology whose origins are in early 20" century
graphic design,!” which consists of a masked mesh that is placed on top of the receiving
substrate and filled with ink. The mesh determines not only the pattern to be transferred,
but also the desired layer thickness, and can be made from several materials, considering
the desired accuracy, thickness, robustness and cost.'® In order to transfer the pattern, a
squeegee is dragged across the mask, forcing the paste through the openings in the mesh
and depositing the desired pattern. Thus, screen printing is not considered a digital

technology, as every pattern to be printed needs a specific mask.

Screen printing is generally used to print on textiles and ceramics and has been used
to print a variety of optoelectronic devices and materials such as contacts,'” LEDs and

20-22

electroluminescent displays, solar cells.”® The achievable thickness range is usually

quoted as 10-100 um,* although thicknesses down to 100 nm have been reported.?’

An R2R version of screen printing exists, called rotary screen printing, where a
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cylindrical mesh is turned along the receiving substrate to print the pattern. Its
characteristics are like those of flat screen printing, with the added benefit of high-speed

manufacture (100 m/min).

2.1.1.2 Gravure

In gravure, the substrate to be printed is rolled between two cylinders, called
impression cylinder and gravure cylinder. It is a fast method, being able to print at up to
1000 m/min. The pattern to be printed is etched as a relief on the surface of gravure
cylinder, which is typically built from a hard material such as metal.>** The gravure
cylinder is partially submerged in an ink pool and, as it rolls, ink fills the relief pattern,
with excess ink being removed by a doctor blade. The remaining ink finally arrives on
the substrate, where it is deposited as the cylinder rolls. This printing action is helped by

the impression cylinder, which applies high pressure (3 MPa) on the substrate.?

While the gravure rolls have a long usable lifetime and allow high resolutions (down
to 10 um), they are expensive to manufacture, so this technology is best suited for large
production volumes.?>?” Gravure is typically used to print on packaging?® and has been
demonstrated for the fabrication of transparent contacts,”’ solar cells,>® OLEDs,’!

antennas,’? and transistors.>

2.1.1.3 Offset

Also known as offset gravure, this method is similar to gravure with an added
cylinder called blanket cylinder. This is a soft cylinder, generally built of rubber, that acts
as an intermediary between the gravure cylinder and the substrate. As the cylinders roll,
the pattern is imprinted from the gravure cylinder onto the blanked cylinder and finally

onto the substrate.>*

This setup achieves higher resolutions, thanks to the higher viscosity, oily inks used
in addition to the strategic use of water in the negative parts of the gravure cylinder. Water
is added because the hydrophobic interaction with the oily inks allows the pattern features
to be transferred more sharply. However, this principle of operation also imposes further
restrictions on the characteristics of the inks, limiting its applications in printed

electronics.®
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2.1.1.4 Flexography

Another variant of gravure, flexography is akin to an inverted version of offset. As
opposed to offset, in flexography, the roll that collects the ink is a flat roll called the
fountain roll. Ink is then transferred to another flat roll called the anilox roll, where the
ink layer is flattened by a doctor blade, leaving a uniform layer. The ink is then transferred
onto the printing plate cylinder, which is patterned. Finally, the ink is deposited onto the

substrate by applying pressure with the help of an impression cylinder.

The rolls in this technology are built from soft materials, such as plastics or rubber,
making the patterning process considerably cheaper. However, this also means that the

patterns on the rolls can be damaged, limiting their resolution and lifetime.

Flexography is generally destined for printing in packaging, and has been

demonstrated to fabricate antennas®*®*7 and transport layers for OLED.??

2.1.2. Non-contact printing technologies

Laser induced forward transfer (LIFT) Inkjet printing

Donor substrate

Deposition substrate
[ [

Fig. 2.2 Sketch of non-contact printing technologies discussed in this section.

2.1.2.1 Laser Induced Forward Transfer (LIFT)

LIFT is a printing technology that is comparable to a nozzle-less alternative to inkjet
printing. The typical setup in LIFT consists of an acceptor substrate, a donor substrate
where a layer of ink is spread, and a laser source that is generally pulsed, but may also be
continuous wave.*’ The laser is impinged on the ink layer at the donor substrate, creating
a local zone of heating. The energy transferred is sufficient to induce localized boiling of
the ink, which generates a rapidly expanding bubble of gas. As this bubble expands, ink

is ejected in a jet shape, which travels towards the substrate, depositing the material.

17



Chapter 2: Background and State of the Art

To define the pattern to print, a micro-positioner setup, a scanning (galvanometric)
setup or a digital micromirror device (DMD) may be used.*' Thus, LIFT is a digital
printing technology, as it can generate arbitrary patterns without the need to fabricate a
mask. While not established as a commercial technology compared to inkjet, with most
setups being produced in-house by research groups, it provides the printing capabilities

of inkjet with some benefits.

LIFT is a nozzle-less technology. This removes some restrictions in terms of ink
availability, present in inkjet printing. Most notably, viscous (e.g. screen printing) inks,*
large particle sizes, and suspensions of high aspect ratios such as nanowires* can be
successfully printed. Additionally, the absence of a nozzle eliminates problems such as
clogging. Despite these promising properties, its commercial application in a roll-to-roll

process is still limited, with one known example of a LIFT implementation.'”

2.1.2.2 Inkjet Printing

Inkjet printing is a commonly used technology in the graphics and arts industry
thanks to its adaptability and scalability. Inkjet printing is a digital printing technology,
able to print an arbitrary pattern with no need to use masks or other lithographic processes.
It is based on a movable printing head which contains several ink-ejecting nozzles and an
ink deposit. Ink transfer is achieved by ejecting ink droplets from the nozzle onto the

substrate as the printing head scans the printing area.

This controlled deposition mechanism makes inkjet printing incredibly material
efficient, as material is only deposited where it is needed, with a negligible amount of ink
lost in occasional maintenance purges of the cartridge. Inkjet printing can achieve high
printing speeds across wide substrates. Thanks to the non-contact nature of inkjet printing,
there are few restrictions on substrate choice. Furthermore, inkjet printing can be part of

an R2R process.

Compared to offset and screen printing, the required ink viscosity for inkjet printing
is not high, its achievable resolution is adequate, and thanks to its digital nature it does

not suffer from registration problems,'® all in addition to its maskless nature.

Despite the advantages of inkjet printing, some possible issues should be considered.

Due to ink rheology requirements, low boiling point solvents are commonly used in inkjet
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printing inks. This may lead to clogging problems as part of the solvent of the ink
remaining in the nozzle can evaporate prematurely. This issue is can be solved easily by
proper cleaning and care of the state of the nozzles. At the same time, undesired effects
due to fast evaporation of solvents can lead to the formation of a coffee ring in the printed

layer, a well-known phenomenon that creates inhomogeneity in final layer thickness.

Two main families of inkjet printer can be differentiated in terms of droplet ejection
control (continuous drop vs. drop on demand, Fig. 2.3), and further into two types in terms

of ejection mechanism (thermal and piezoelectric, Fig. 2.4).
> Drop on demand vs continuous drop.

Drop on demand technologies can interrupt or activate the jetting process at the nozzle,
thereby determining when drops are transferred into the receiving substrate (Fig. 2.3 a).
In contrast, continuous dropping is characterized by a non-stop repeating ejection of
droplets as the printing head is functioning. Drop deposition is determined by electrically
charged plates that deviate unwanted drops into a collection element, while drops that are

let through are be deposited (Fig. 2.3 b).

a Drop on demand inkjet b Continuous inkjet

Biased nozzle Uninterrupted ejection

ST SO

Coltrolled ejection  Deflection plates | ~
defines pattern define pattern I )

Q 0 o™= Gutter back

0 ¢ e to ink reservoir

®®

Fig. 2.3 Inkjet printing technology according to jetting control (a) drop on demand (b) continuous inkjet.
> Thermal vs piezoelectric actuation

In thermal jetting systems, a rapid-heating element heats a spot in the ink chamber,
producing a rapidly expanding bubble of evaporated liquid (Fig. 2.4 a). This rapid

expansion forces a volume of ink outwards, forming a jet that travels towards the

receiving substrate. The main drawback of this inkjet technology is the thermal stress
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placed on the ink, as it is exposed to temperatures of up to 400 °C, which limits the choice

of inks.*

In contrast, piezoelectric printheads use the deflection of a piezoelectric element (Fig. 2.4
b). A pulsating electric potential is applied on the piezoelectric element inducing a rapid
deformation, which forces a volume of ink outwards. Being a mechanical process, a wider
variety of ink rheologies are accepted, the ink is subjected to lower stress, and the printing

head has a longer usable life.*’

Thermal actuation Piezoelectric actuation

IZI@ IZ=<:

Heating element Piezoelectric element
causes displacement causes displacement
due to localized vaporation due to deformation

EI@ IZ:@

Fig. 2.4 Two most common mechanisms for jetting: thermal actuation and piezoelectric actuation.

2.1.2.3 Ink requirements for inkjet printing inks

When designing an ink for use in inkjet printing, there are some parameters that must
be considered. Like other solution processing technologies, inkjet printing is feasible for
a range of ink rheologies. While the exact physical interactions are complex, the
theoretical and practical limits of inkjet printing have been studied extensively in the past.
In this section, an overview of the most important parameters and conclusions will be

presented.

The main parameters that describe the rheology of a fluid are surface tension,
viscosity, and density (y, #, p, respectively). Surface tension (y) is related to the energy
required to increase the surface area of a liquid. This energy requirement is a consequence

of the intermolecular forces at the surface of a liquid interface. For a liquid in contact with
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air, the liquid molecules at the surface experience a net force towards the bulk, arising
from cohesive attraction. This results in the liquid attempting to minimize its interface
surface area, which plays a role in droplet formation and ink-substrate wetting. Viscosity
(n) 1s related to the fluid’s resistance to flow, arising from internal forces of friction.

Density (p), as a measure of a liquid’s mass per unit volume, is related to inertial effects.

One crucial aspect in inkjet printing is achieving proper, stable drop formation.*® If
the drops are unstable, obtaining a homogeneous thin layer will be challenging. In order
to understand the stability of drop formation inkjet printing, these three parameters (y, #,
p) are reduced into a figure of merit called the Z number, which equal to the inverse of

the Ohnesogre (Oh) parameter*’ (eq. 2.1).

1 lpy Re (eq. 2.1)

This parameter was first proposed by Fromm, *® and predicts an ideal range of drop
formation: at low values of Z, the ink is too viscous to induce jetting, and at high values
multiple satellite drops occur. Although Fromm’s initial analysis concluded that a value
of Z>2 was required, later authors have proposed, empirically and numerically, a Z
number within the range 1-4<Z<10-14,%-%° where a low Z number leads to no jetting,
and a high Z number leads to satellite droplets (Fig. 2.5). However, the Z number alone
is not enough to determine the printability of an ink, as it does not consider the speed of

droplet ejection. This is an important factor whose effects are twofold.

Z=0 Z=4 Z=10 z
/L /L R
7/ 7/

FEY W Wy

Fig. 2.5 Sketch of effect of Z number on jetting dynamics.
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Firstly, for the drop to be formed, it must overcome the ink/air surface tension at the
nozzle. As mentioned earlier, a liquid generally tends to minimize its surface area, as that
increases its energy; since the formation of a droplet increases the surface area with
respect to the resting state, this process requires energy. This condition leads to a
requirement of minimum ejection velocity as a function of the nozzle diameter d, and

surface tension y (eq. 2.2)(eq. 2.2), that can be expressed in terms of the Weber number”"

(eq. 2.3)(eq. 2.3).

1y
Umin = (E) (eq. 2.2)

We — rd,
€ = Unin R >4 (eq. 2.3)

Secondly, droplet splashing upon impact with the substrate, which may happen at
high speeds (Fig. 2.6), should be avoided. Empirical studies > suggest that the onset of
splashing can be represented with a condition that relates the Weber and Reynolds
numbers, and f(R), a function of surface roughness, with a dimensionless scalar value
approximately equal to around 50 for flat, smooth surfaces 3. Thus, for smooth surfaces,

the condition for splashing can be described as follows (eq. 2.4):

VWe-VRe > f(R) ~ 50 (eq. 2.4)
0 0
- L

Fig. 2.6 Sketch of droplet impacting the substrate in (a) ideal conditions and (b) at the onset of splashing in
non-ideal conditions.

With these conditions studied, the printable bounds achievable by inkjet printing can
be represented graphically. This is generally shown as a region in a log-log 2D parameter
space with coordinates of Weber and Reynolds numbers, seen in Fig. 2.7. In this plot, loci
of constant Z number appear as diagonal lines with positive slope (center of figure). The

condition of minimum ejection velocity appears as a horizontal boundary (gray region
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below We=4), and the condition of onset of splashing appears as a line of negative slope
(top right of figure). The center area represents the printable range of ink rheologies and

drop velocities.
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Fig. 2.7 Plot of ideal range of printability related to the figure of merit Z and the conditions for insufficient
energy for drop formation and the onset of splashing.

> Ink-substrate interactions

Wetting is the ability of ink to spread across a substrate. This is mainly a function of
the surface energy of the ink in relation to that of the substrate. The lower the surface
tension of the ink in comparison to the substrate, the better the wetting becomes.>* The
wetting properties of an ink on a substrate may be evaluated by a contact angle test,
without the need to measure the surface tension explicitly, with lower contact angles
indicating better wetting ability. In fact, the cosine of the contact angle is a linear function
of the surface tension of the liquid for a constant substrate. This relationship may be
plotted in a Zisman plot in order to find the critical surface tension y., which is the surface
tension beyond which complete wetting is achieved (contact angle 0 = 0).>* It should be
noted that perfect wetting is not necessarily the optimal condition for inkjet printing, as a
non-zero contact angle with optimized contact line pinning (i.e., the wet layer radius
shrinks at a controlled rate) allows the formation of a well-defined, thick wet layer.>>>’

As contact angle nears 0, the wet layer becomes thinner, as does the resulting thin film

(Fig. 2.8).
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Fig. 2.8 Sketch of resulting film morphology in three general scenarios: (a) no contact line pinning, resulting
in material accumulation and no layer formation, (b) optimal line pinning and non-zero contact angle,
resulting in a well-defined layer morphology, (c) contact angle nearing 0 (complete wetting), leading to a
very thin film.

Since wetting is a function of the difference in surface tension between the ink and
the substrate, it may be improved either by manipulation of the ink formulation or by
treatment of the substrate. For inks, their surface tension may generally be reduced by
adding surfactants or low-surface tension solvents to the formulation.’® Otherwise, the
substrate can be treated in several ways in order to increase its surface energy, including
chemical treatments (cleaning with detergents, solvents, and/or other chemicals), plasma

treatments and UV/ozone treatments.

When a droplet (or printed area) dries on a substrate, the evaporation of the solvents
undergoes a complex process. Generally, evaporation happens at a faster rate at the edges
of the droplet. This uneven evaporation induces currents within the wet layer that drag
the solid content of the ink towards the edges, causing an accumulation of material as the
solvents dry,> commonly known as coffee ring effect. This effect is particularly present

in inkjet printing due to the relatively low viscosities of the printable inks (2 - 20 mPa-s)°.

The coffee ring effect may be counteracted in different ways. The most used
approach is the incorporation of a solvent with a higher boiling point and lower surface
tension.’! As the solvent with lower boiling point evaporates faster, a surface tension
gradient is established, creating a flow that opposes and counteracts the original flow.
This principle will be shown in the CsPbBr3 ink formulation used for the fabrication of
LEDs in Chapter 6. The formulation of the ink is based on a specific ratio of high- and

low-boiling point (dodecane and hexane) that ensure flat, homogeneous layers.
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2.1.3. The role of solution processing in manufacture

As discussed earlier, printing offers substantial advantages, including high
throughput, lowered cost of materials, and in the case of inkjet printing, maskless

fabrication.

In vacuum-based deposition, the sample is placed in a vacuum chamber that contains
either a target of the material to be deposited (e.g., physical vapor deposition methods
such as thermal evaporation, electron beam evaporation, sputtering, etc.), or precursors
to synthesize it (e.g., in chemical vapor deposition methods). Once a sufficiently high
vacuum has been achieved (10 mbar to 10°® bar, depending on the process), deposition
can begin. Vacuum deposition methods have reigned as the preferred method of
deposition for commercial fabrication of devices such as OLEDs,** even as solution

processing methods are being studied.

There are multiple reasons vacuum evaporation has remained the main method of
fabrication in many fields. In comparison to solution processing methods, vacuum
deposition methods achieve very pure layers, thanks to a combination of factors. On the
one hand, high vacuum protects the samples from atmospheric contaminants such as

6364 and dust particles. On the other hand,

oxygen, moisture, and other chemical species,
since solvents aren’t involved in vacuum-based deposition, the final layer is better
ensured to be pure in contrast to solution-based routes, as solvents can be hard to
completely remove afterward . In addition, fine control of layer thickness can be easily
guaranteed, and layer intermixing is not as big a concern. As a result, vacuum evaporation
processes are free from constraints such as the choice of solvents, the solubility of the
materials, solvent orthogonality, compatibility of rheology and interaction of successive

layers.

The tradeoff of solution processing for this reduced control of layer properties is not
only a considerable decrease in materials cost but also an increase in throughput.
Moreover, solution processing enables the deposition of upcoming promising materials
that would be impracticable otherwise. Indeed, this aspect of solution processing will be
showcased in the fabrication of h-BN memristors (Chapter 4). Vacuum processes can be

used to deposit h-BN, but require very high temperatures (>850 °C),°® reducing
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compatibility with other substrate materials and previous processes. However, this can be
avoided by exfoliating 2D h-BN nanosheets and depositing through a solution processing
route. Solution processing routes also allow the use of nanocrystals, which, in the case of
metal oxides, allows thin film fabrication with post-processing temperatures below 200
°C, enabling compatibility with flexible substrates and other temperature-sensitive
materials (Chapter 5). When fabricating perovskite-based devices, solution processing
promotes maximum quantum yield thanks to the increased resilience of the perovskite

material against defects in QD form (Chapter 6).

It is important to note that market pressures might not necessarily demand for the
complete incorporation of inkjet printing as a material deposition technology, since
traditional semiconductor materials and processes still offer unparalleled integration
density and performance for most applications. Rather, inkjet printing comes as a
compelling alternative for certain fabrication steps, where its flexibility in material choice
and low cost offer a comparative advantage compared to other technologies.®”"° Besides
for fast prototyping applications, inkjet printing brings the possibility of depositing
conventional and innovative materials (e.g. from metals to 2D nanoflakes) in a variety of
rigid and flexible substrates. While standard forms of inkjet printing are generally limited
to a line width of 5 um, there is a growing market of devices that do not require higher
integration density. In addition, specialized inkjet printing setups may reach feature sized

below 1 um,”! enabling high precision manufacturing.
2.2. Functional materials for solution processing

This presents a pragmatic perspective on the properties of various materials and
material families discussed in this thesis with a focus on their application in inkjet printing,
in their respective order of appearance. Emphasis will be placed on exploring the practical
advantages and challenges associated with their implementation in device fabrication,

briefly addressing their physical and electrical properties.

Contacts and interconnects can be inkjet-printed from metal nanoparticle inks that
are readily available from commercial distributors, as demonstrated in this thesis with h-
BN memristors (Chapter 5). However, attempts to obtain photodetectors or PeLED

devices with inkjet-printed top contacts were not successful in this thesis. Possible

26



Chapter 2: Background and State of the Art

explanations include percolation of metallic species or solvents inside the device structure,
causing damage or shunting the device. For this reason, evaporated metallic contacts
(PeLEDs) and carbon paste contacts (in the case of NiO/ZnO photodetectors) were used

instead.
2.2.1. Hexagonal boron nitride (h-BN) ink

Hexagonal boron nitride (h-BN) is a 2D layered material with a structure analogous
to graphite consisting of stacked hexagonal layers weakly bonded by Van der Waals
forces in the vertical direction’>"* that is receiving attention from researchers due to its
unconventional properties.”* The electrical properties of h-BN are remarkable, being a
very effective electrical insulator, it exhibits a wide indirect bandgap of ~6 eV,”® has a
high dielectric constant (k = 4-6), and high resistance to the diffusion of chemical
species.’®”” This combination of properties has led to its proposed use as an insulator
material in transistors,’® in high energy density capacitors,””? for encapsulation of high-
power devices®! and a variety of photonics applications.®? In addition, thanks to its
chemical robustness and atomically flat surface free of dangling bonds and charged
impurities, it has been particularly hailed as an excellent encapsulating material for other

2D materials.

Traditional deposition methods, such as CVD, may be used to fabricate large-area
2D h-BN films. However, this requires high temperatures (>850 °C), which is
incompatible with most of CMOS processing which, depending on the specific materials
and devices, has a limit of 200 °C-500 °C.%336 In case of incompatibility with CVD
deposition on a particular substrate, a cumbersome transfer process of the h-BN layer is
required, which may cause cracks and other faults.*’#® In order to circumvent these
stringent manufacturing constraints, h-BN can be fabricated in the form of 2D nanosheets
by liquid phase exfoliation in a similar fashion to graphene. This enables the use of
scalable solution processing routes such as inkjet printing to deposit h-BN without

recurring to high temperature processes.

One of the challenges in the fabrication of memristors is the limited endurance of
most structures. In comparison to other materials used in M-I-M memristors, liquid-phase

exfoliated h-BN provides a unique combination of wide bandgap, high dielectric strength,
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chemical stability, conferring h-BN memristors high endurance,’®"!

and compatibility
with low-temperature processing techniques. These characteristics make h-BN an
enticing candidate for various applications, including memory devices, neuromorphic

computing, and flexible electronics.®

When applied for memristors, h-BN has achieved high resistance state ratios and
low-power consumption.”® While, as a 2D material, h-BN has a low density of defects
and is very flat,’! its grain boundaries have been found to promote hot spots, limiting the
propagation of dielectric breakdown, enhancing the endurance of the memristor.”! In
addition, while random telegraph noise (RTN )from traditional MIM metal oxide
structures is unstable, the native defects in multilayer h-BN improved RTN stability as

they limit lateral propagation.®®

In this thesis, liquid phase exfoliated h-BN is inkjet-printed to fabricate Ag/h-BN/Pt

and Ag/h-BN/Ag memristors that show promising qualities for security applications.
2.2.2. Metal oxide inks

Large area, transparent semiconducting thin films are needed for a variety of
applications where electronics interacts with light, such as displays, LED panels, and
solar cells. Because successful application in these fields requires large scale
homogeneity polycrystalline materials such as p-Si, which show inhomogeneity and
problems with grain boundaries, are not optimal.** In addition, mechanical flexibility is
generally required, thus excluding single crystalline materials.”* In response, materials
such as amorphous hydrogenated silicon (a-H:Si) arose as key materials for solar cells
and displays thanks to its homogeneity. However, a-H:Si is restricted by its limited carrier
mobility and lack of mechanical flexibility.”>° The development of OLEDs in the late
20" and early 21° century brought forth a myriad of organic charge transport materials,
which have been borrowed for use in the perovskite LED and solar cell fields. Thanks to
the maturity of the OLED field, organic materials are a known way to provide high
efficiencies to LEDs and solar cells. However, their high cost and limited stability are

96-98

cause of concern, compelling researchers to discover better alternatives.

While the first reports of the electrical properties of conductive oxides start in the

1950°s,+% interest started forming around the electronics applications of metal oxides in
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the early 2000’s, when T. Kamiya and H. Hosono reported results on large-area Indium
Gallium Zinc Oxide transparent thin film transistors (TFTs). As a result, metal oxides
became a key component of display applications.”®!% Thanks to their combination of
transparency, conductivity and flexibility, metal oxide films have been extensively used
as transport materials in LED and photovoltaic devices.!°"!%? In addition to these
properties, the attention that metal oxides have received as an alternative family of
materials for charge transport applications is explained by their increased chemical
stability and carrier mobility in comparison to organic materials, while having facile and

cost-effective solution processability.”’

The apparently contradictory combination of electrical conductivity and optical
transparency that many metal oxides display originates from their electronic
configuration and the interaction between orbitals in the metallic and oxygen species.!*
In comparison to other materials, metal oxides display high degrees of ionicity because
of the disparity in electron affinities between the metal and oxygen species, which leads
to a conduction band minimum (CBM) mainly determined by the cation and a valence
band maximum (VBM) mainly determined by the anion. In this structure, the CBM is
mainly influenced by metallic s orbitals, which are spherical, and thus have low curvature.
This leads to low electron effective masses in metal oxides, and thus high mobilities for
electrons.”® This explanation can be generalized for all main-group metals, and most

transition metals.”®

While this structure promotes high electron mobilities, the same doesn’t apply for
holes. In the case of holes, the VBM is formed by p orbitals with localized states, leading
to less efficient conduction mechanism by hopping,’* leading to a lack of p-type metal
oxide materials®® As a corollary, this particularity means that transport properties in
amorphous metal oxide materials are not as pronouncedly inferior compared to the
crystalline material. In the case of covalent semiconductors such as amorphous
hydrogenated silicon (a-Si:H), sp® or p bonds dominate. These bonds are comparatively
much more directional and, in amorphous structures, form deep and highly localized

states beyond the CBM and VBM that lead to carrier trapping.”*

Metal oxide processing is facilitated by nanoparticle suspensions, which provide a
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way to reduce post-processing temperatures compared to precursor solutions.!®+105 A

variety of processes have been developed to obtain metal oxide nanoparticles,'!%7 of
which spray pyrolysis is attractive due to its simplified process'’” and potential for mass

production.'%

Following, the most successfully employed metal oxides throughout this thesis will

be introduced.

2.2.2.1 Zinc oxide (Zn0O)

Zn0O is a wide, direct bandgap semiconductor that boasts a high bulk electron
mobility (200 cm?V-!s1)!% and high transparency to visible light. It is an extensively
studied material thanks to its breadth of applications in a multitude of fields, including

109,110

skin products, the food industry, optoelectronics, and shows high abundance in

nature, low toxicity,'!! and facile synthesis routes.!!>!13

ZnO predominantly presents itself in a hexagonal wurtzite configuration owing to
the stability of this phase. However, ZnO may be stabilized in a cubic zincblende structure,
particularly if deposited on a substrate of the cubic system.!'* ZnO is generally
intrinsically n-doped because of its tendency to contain Zn-interstitial defects and oxygen
vacancies.!!>!!® On the contrary, p-type ZnO is difficult to obtain due to self-

compensation of native Zn defects.!!”-!13

Great interest developed in ZnO in the late 20™ century due to its potential use in
blue-UV LED homojunction devices. However, due to the difficulty in achieving p-type
ZnO, this role was finally taken by GaN homojunctions,!!” with which high luminance
blue LEDs were finally achieved in the early 90s.!?° Nonetheless, thanks to ZnO sharing
similar lattice parameters to GaN in the wurtzite structure, ZnO has been demonstrated
as a supplementary material in GaN-based LEDs.!'® Other applications of ZnO include

rare-earth LEDs,'?! photodiodes, and transistors.'??

Thanks to its band alignment with emissive materials and its deep valence band,
which enables its use as a hole blocking layer, ZnO has recently been used as an electron
transport layer material (ETL) for LEDs,'?>"'? pushing to achieve high luminance
values.!®® However, while ZnO has been regarded as one of the best inorganic ETLs for

high performance QLEDs,!?”'?® some concerns for its application in the field of
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perovskite optoelectronics have been raised due to its tendency to de-protonate organic
perovskites, which warrants attention in device engineering.'?*"'3! In addition, ZnO is
believed to promote exciton quenching due to nonradiative recombination in intragap

states arising from oxygen vacancies, 27132133

and through Auger recombination, which
is enabled by the band alignment of ZnO with the emissive layer, facilitating interfacial
charge transfer.'*? Some groups have ameliorated this quenching by including ZnMgO or

an interfacial layer.

Despite their high performance, ZnO-based LEDs tend to show irregular

134,135

stability and, to show best performance results, require undergoing a process known

as positive aging, where they are stored for up to months before measurement'®.

2.2.2.2 Tin oxide (SnO3)

Similarly to ZnO, SnO:; is a non-toxic, abundant!*® direct, wide-bandgap n-type
semiconductor ~3.6 eV. 19137138 [tg naturally occurring crystalline structure is a tetragonal
rutile structure.'?® Thanks to its deep conduction band level, it has potential as a hole

blocking layer for LED structures.'*

While SnO> has been extensively used for chemical and gas sensors,'*'~1% its first
successful application in solar cells in 2015 sparked interest in its optoelectronic
applications, 414 being more recently used as an electron transport layer for
LEDs.!28140.147 9n0, has been considered as an alternative ETL to ZnO thanks to its
similar electron mobility and lower charge carrier density which implies a lowered
amount of nonradiative recombination,'?” while having a higher CBM which may
improve charge injection,'** being more photostable and chemically robust than ZnO for
PeLEDs!'*#13% and not showing the light soaking effect of ZnO in solar cells.!*!%° In
addition, SnO> shows a lower trap density compared to ZnO, resulting in reduced exciton

quenching.'>°

2.2.2.3 Nickel oxide (NiO)
NiO is one of the few intrinsically p-type metal oxides. Thanks to its hole injection
properties, relatively low trap density, and stability in ambient conditions, NiO is an

151-156

interesting inorganic material for optoelectronic devices, particularly PeLEDs, and

other device families. It has a large direct bandgap (3.6-4.3 eV), and thanks to its deep
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conduction band at -1.8 eV 97 it can be used as an electron blocking material in LEDs. In
stoichiometric form it is considered a Mott-Hubbard insulator'?’”. However, when it
presents defects in the form of nickel vacancies, it displays p-type behavior,'*”-!*® being

one of the few intrinsically p-type metal oxides.'"’

NiO has been incorporated in a variety of LED families devices (PeLED, OLED,
QLED) and solar cells.'**!®* While PEDOT:PSS is one of the reference hole transport
layer (HTL) materials used in LEDs, NiO is being considered as a more stable, inorganic
alternative in OLED and QLED. Thanks to its higher work function (WF), it shows higher
stability compared to organic HTLs; particularly in perovskite devices, low WF charge

transport materials tend to induce halide migration.'%

In the case of perovskite LEDs, the objectives of this thesis place fabrication
constraints on the design of the materials. One such requirement is the fully-inkjet
fabrication of devices on flexible substrates, which restricts post-processing temperatures
according to the most sensitive components, in this case the perovskite material and the
flexible substrate. Until recently, most proposed metal oxide inks have been based on
precursors, requiring high temperatures of up to 400 °C.!%* In contrast, most transparent
flexible substrates undergo morphological and color changes at temperatures above 200
°C (PET, PEN, PPS), precluding the use of flexible substrates and sensitive perovskite
materials. This temperature requirement can be lowered by using nanoparticle-based

metal oxide inks, which enable lower post-processing temperatures.!'*>
2.2.3. Organic materials

Organic materials are a family of materials formed by chains of carbon atoms bonded
to other elements such as hydrogen, oxygen, and nitrogen. Organic materials are an
interesting option for large area, flexible device fabrication, since they are naturally

homogeneous, thanks to the lack of grain boundaries, their flexibility, 66167

and, for many
of them, compatibility with solution processing methods.!¢”:1®3 In addition, thanks to the
configurability of organic chemistry, the properties of organic materials can be tightly
tuned to the requirements of the application.!®!%° Indeed, they have been extensively
used in the field of OLEDs, which has been demonstrated since the late 80’s.!”® Thanks

to the maturity of this field of research, there is a great selection of established organic
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charge transport materials that can be used for exciton recombination LED structures.

In the context of optoelectronic device manufacture they can be classified into
polymeric and small molecule materials. Small molecule materials have a well-defined
molecular size, which provides them with more predictable properties and lower device-
to-device variability in contrast to the relatively more stochastic nature of polymeric
materials.!”! Although they may be adapted to solution processing, small molecule
materials are generally deposited through vacuum evaporation,!’? being polymeric

materials better suited to solution processing routes.!”>!74

However, organic materials have some disadvantages that must be considered for
potential applications. The charge carrier mobilities of organic materials tend to be lower
than their inorganic counterparts. This is because, in contrast to the band-based
conduction mechanisms in inorganic materials, conduction in organic materials tends to
be related to hopping mechanisms between localized states.!®17>17¢ Fyrthermore, organic
materials have relatively weak intermolecular bonds, resulting in compromised long-term

stability and lower tolerance to stress.'®

In this thesis, organic materials have been used in the fabrication of perovskite LEDS
(more information in Chapter 7) due to their properties and status as reference materials
for LED fabrication. Among other organic materials, poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) was inkjet-printed for perovskite LEDs.

2.2.3.1 poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
PEDOT:PSS is a polymer blend that is highly conductive, transparent, mechanically
flexible, has a long carrier diffusion length, is thermally stable and is inexpensive.!”’
Thanks to this favorable combination of properties, it has extensively been used to obtain
high-performance devices in the fields of photovoltaics, transistors, sensors, LEDs and

displays, typically used in the form of a water-based ink solution. 7’

Its chemical structure consists of the conductive component PEDOT conjugated with
PSS, a surfactant that facilitates dispersion in solvents.!””!7® First commercialized by
Bayer, it is currently distributed by Heraeus and Agfa in various formulations and
tradenames, including: Clevios PH500 and PH1000, highly conductive, and Clevios P VP

a.i. 4083 (used in this thesis), less conductive, commonly used as a p-type injection
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transport material in optoelectronic devices. This gives PEDOT:PSS formulations the
flexibility to be used either for flexible contact!” 82 or for transport layer
applications.!®*13 PEDOT:PSS can be deposited by a variety of standard solution
processing techniques, including inkjet,'®"!%¢ and can be manufactured into a uniform
and smooth layer (<5 nm).!”” Although generally deposited by spin coating in the
literature, high quality inkjet-printed PEDOT:PSS thin films have been obtained in this
thesis Fig. 2.9.

Fig. 2.9 High quality, well-defined PEDOT:PSS layers deposited through inkjet printing on flexible PEN
substrate. The square substrates measure 2 cm.

2.2.4. Perovskites

Perovskites are a class of materials with the general formula ABX3, named after the
Russian mineralogist Lev Perovski. This is an extensive family of materials, with varied
structures displaying a wealth of physical properties.'®® First extensive studies of
perovskite materials come from the 1920’s, when the founder of crystal chemistry, V.M
Goldschmidt, set out to study the structure of a variety of synthetic perovskites in the
early days of powder x-ray diffraction.'® Since, perovskite materials have long been
known for their diverse properties such as high dielectric constants, ferroelectricity and
superconductivity.!®1°! More recently, metal halide perovskites (MHP), a subset of
perovskite materials, have attracted interest as promising materials for optoelectronics,

including LEDs, solar cells, waveguides and laser sources etc.!*? 20

MHPs follow the general formula ABX3, where A* is generally a large ion (Cs”,
CH3HN;", CH(NH2)*") and B** (Pb*', Sn**, Ge?") are cations bonded to X", a halide,
leading to a crystalline structure formed by a cubic lattice with corner-sharing [BXs]*

octahedra (Fig. 2.10).2° These octahedra leave a wide empty space, leaving room to the
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large A" cations.?’” Depending on this A" cation, metal halide perovskites (MHP) are
classified into organic-inorganic hybrid halide or inorganic metal halide perovskites.
Inorganic metal halide perovskites in particular have received interest thanks to their
improved stability compared to their organic counterparts.!>*?%2% In LED applications,
MHPs may be used either as electroluminescent layers or as color conversion materials

for LCD backlights,?!®?!! in a similar manner as QLED displays. f

ABX, Perovskite

Fig. 2.10 Schematic structure of cubic ABX3 perovskite crystalline structure, showing atom arrangement
and [BX¢] octahedra. Reprinted from Ref 2% .

Perovskite-based LED (PeLED) research is a rapidly growing field. From first
reports in the 1990s,2!%2!3 PeLEDs have developed at an astonishing rate, catching up to
organic LEDs and chalcogenide QD-based LEDs.?'* Considering spin coating, a small
area fabrication process, PeLEDs have seen an increase from 0.1% efficiency in 2014 !4
to over 28% in 2022.2'° Interest and research progress in perovskites and related materials
(e.g., transport layers) is compounded thanks to its intersection with the field of
photovoltaics: first reports of perovskite-based solar cells appearing in 2006,%'
perovskite solar cells have also showed impressive progress until the present, with

efficiencies nearing 26%.2!7

2.2.5. Inorganic metal halide perovskite QDs

Colloidal QDs have gained popularity in the last decade, recently being the subject
of the 2023 chemistry Nobel prize.?'® They are nanoparticles smaller than the Bohr radius
of the respective material, typically in the range of 1-10 nm. This causes quantum
confinement of electrons in the material, leading to a discretization and separation of the
energy levels at the valence and conduction bands.>!®??! Because of this, their
optoelectronic properties are dependent not only on the chemical composition of the
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material, but also on size, making them compelling for optoelectronic applications.

CsPbX; materials may be fabricated in QD colloidal suspension by facile, ambient

atmosphere, low-cost synthesis such as kot injection,?**>**

which allows to more easily
optimize its material properties such as photoluminescence quantum yield (PLQY) thanks
to the reduced ion migration, which in bulk films happens at the grain boundaries.?**
Owing to the relatively large Bohr diameter in CsPbX3 materials of up to 5-12 nm (7 nm
in CsPbBr3), the bandgap of CsPbX3 QDs can be tuned not only compositionally but also

through QD size throughout the visible range up to 410-700 nm.?2>228

One of the most extensively employed material families for quantum dots in
commercial technology are Chalcogenides (InGaP, CdSe, etc.). They have been used
commercially in display technologies for light down-conversion in QLED screens by
companies such as Samsung, where rich and pure colors can be achieved thanks to their
emission spectrum tunability and narrow emission full width half maximum (FWHM),
covering in excess of 110% of the NTSC standard, surpassing OLED technology.?*’ In
comparison, electroluminescent quantum dot-based LEDs (including perovskite
materials) reach up to 140 %, and traditional. Inorganic metal halide perovskite materials
promise better performance with decreased cost and without the highly hazardous

material Cd.

CsPbX3 QDs show a combination of high PLQY (up to >90%) and narrow emission
FWHM down to 12 nm-42 nm (for blue and red, respectively),**?3! a combination that
had only been achieved in core-shell chalcogenide QDs such as CdSe ones?*® which
require hazardous and expensive chemical materials, and complex synthesis and
structure.?*! In comparison, CsPbX3; QDs are cadmium-free. While lead is a toxic heavy
metal, Pb is considered less hazardous than Cd, and thus regulations in the EU allow
concentrations of up to 1000 ppm of Pb in electronics, compared to the 100 ppm allowed
for Cd.?** Furthermore, knowledge and conclusions learnt from CsPbX3-based LEDs may
potentially be extrapolated to other families of lead-free perovskites which, while still

limited in stability and luminous efficiency, are being actively researched.?*?2%

A distinctive property of lead halide perovskite QDs, lacking in other materials such

as CdSe,?? is their widely known defect tolerance,** which facilitates the synthesis
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process to obtain high emission perovskite QD solutions. This is generally understood to
arise from their tendency to form shallow trap states near the CBM and VBM as a result
of the formation energies of shallow defect states being lower than that of deeper

states.?4124?

2.3. Inkjet-printed devices

In the following subsections, the three device families fabricated through inkjet

printing throughout this thesis will be introduced: memristors, photodetectors and LEDs.
2.3.1. Memvristors

Memristors may change their electrical resistance between different states in a
reversible way in response to electrical stimulus, a mechanism known as resistive
switching (RS). This property may be exploited to store information, as the different
resistance states can be set to code information in the form of bits digitally, or in an analog

form.

While first reports of I(V) hysteresis effects in certain materials were made in the
60s,2* it wouldn’t be until 1971 when Leon Chua suggested by a symmetry argument in
his foundational paper*** that alongside the resistor, the capacitor, and the inductor, there
should exist a fourth passive circuit element. He termed this element the memristor
(memory resistor) and argued that the I(V) hysteresis effects observed by other

researchers were a manifestation of this effect.

Resistive switching is observed in a variety of materials and structures. Since the
switching mechanism can be very localized, direct observation of the phenomenon is
notoriously challenging. Nonetheless, some researchers have demonstrated structural and
compositional proof (through electron energy loss spectroscopy) of resistive switching

mechanisms by in-situ transmission electron microscopy (Fig. 2.11).2%

37



Chapter 2: Background and State of the Art

4+ b+ o+

& % lon Conduction filament =
Electric 8’ T migration formed by Ag atoms ¢
field &9

Fig. 2.11 a) movement of ions in a memristor under an applied voltage b) conductive filament connecting
the two electrodes c¢) in-situ TEM visualization of filamentary resistive switching in an Ag based memristor.
Reprinted from Ref 2% (a), Ref 2*¢ (b), and Ref 247 (¢).

This switching phenomenon is generally understood to be related to the formation
and destruction of preferential conduction paths within the device. The formation of these
preferential conduction paths in the SET process is believed to result from an
electromigration of certain chemical species caused by the electric potential difference
between the contacts of the device.>** 2> By applying an electrical stress to the device,
these species are released and become mobile, drifting as an electric potential is applied.
With enough stress, these species accumulate towards the positive contact side of the

device, leaving behind a nanoscopic conductive filament (Fig. 2.12).
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Fig. 2.12 Movement of mobile ionic species in the SET and RESET processes in a bipolar memristor.
Reprinted from Ref 2°!.

Resistive switching can be classified according to different parameters. It may
manifest as either switching between discrete resistance states (abrupt switching), or as a

continuous variation in resistance (analog switching). The switching effect can also be
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temporal, with a return or decay to a certain state (volatile switching), or it can be
effectively permanent (non-volatile switching). Furthermore, resistive switching devices
may be operated by a sudden electrical pulse, or a voltage ramp, and in terms of polarity
they may operate in bipolar or unipolar modes. A short summary of these typologies is

shown in Table 2.2 Visual Summary of RS typologies..

Table 2.2 Visual Summary of RS typologies.

Discretization of Applied switchin
Volatility of states Switching polarity Current compliance i i &
States stimulus
Pulsed operation:
Bipolar: diferent . P R
L . . Self-compliance: no The voltage is
Abrupt switching: Non-volatile: polarities are K o
) . current compliance appliedin a fast
Discrete states Permanent required fow SET R .
isneeded pulse, typically 1ns-
and RESET
1ms
or or or or or
Unipolar: SET and Voltage ramp: A
Analog switching: Volatile: The P ) ) 8 ) P )
. L. RESET are Current compliance steadily increasing
Continuous resistive states ) i
L performed on the required voltage sweep is
variation decay .
same polarity performed

These are not necessarily mutually exclusive categories: an RS device may operate
in a number of these modes depending on the stimulus it receives. For example, a device
may be able to operate in both pulsed and voltage ramp mode, or perhaps might behave
as either bipolar or unipolar conditioned by a number of factors (e.g. depending on the

current limitation imposed on the source measurement unit).

2.3.1.1 Filament formation by abrupt switching through ramped voltage

Ramped voltage operation is one of the standard modes of operation of memristors,
where a voltage across the device is swept from 0-Vi. A current limitation (Icc) of is
usually imposed in order to avoid an irreversible change of the device. As the voltage is
increased in the positive direction, the current in the device increases gradually until it
suddenly jumps up to Icc (rightmost, green curve in Fig. 2.13 a and b). When this happens,
the device has switched from a low resistance state (LRS) to a high resistance state (HRS)
(i.e., it has been set) for the first time, and thus it is said to have been formed. This is a

requisite first step for operation of most memristors.

In the case of a bipolar switching device, the HRS is returned to (i.e., reset) by a
similar process in the opposite polarity where the voltage is swept in the negative range

until the device switches to a HRS (Fig. 2.13 b) red curve in the third quadrant). From
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this point, the device can be cycled from HRS to LRS and vice-versa by repeating these
processes. On the other hand, in the case of unipolar devices, the reset process is
performed in the same polarity as the set process (Fig. 2.13 a, red curve labelled reset).
This unipolar reset process generally requires a higher Icc to occur, which is thought to be

necessary in order to elicit a joule heating-mediated dissolution of the filament.

Pristine
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>
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Unipolar Bipolar

Fig. 2.13 Schematic representation of unipolar and bipolar abrupt switching.

2.3.1.2 Dynamics of the set process in filamentary memristors

The mobile chemical species involved in the RS mechanism can belong to different
families, according to the device structure. In metal oxide memristors, one of the most
commonly studied materials for RS, switching is determined by electromigration of
oxygen vacancies (V,z2+) which have a positive effective electrical charge, a mechanism
typically known as valence change mechanism (VCM). By applying an electrical stress
to the device, oxygen ions are released and accumulate in the positive contact side of the
device, leaving behind a path of defective oxide material. As the material becomes
defective, it turns more conductive at a local level, thus forming a nanometric conductive

path.

Another extensively studied family of memristive architectures is known by the name
electrochemical migration (ECM), consisting of devices that rely on the movement of
small radius metallic cations (e.g., Cu+, Ag") within an insulating matrix. Here, the
conductive filament is formed as these metallic cations assemble into electrically

conductive nanofilaments. These cations can either be supplied from metallic contacts
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that act as reservoirs, or from metallic nanoparticles embedded in the metal oxide. ECM

devices, in contrast to most of the filamentary VCM type, may display volatile switching.

2.3.1.3 Dynamics of the reset process

The reset process results from the destruction of the conductive filaments, leading to
areturn to a HRS. A distinction should be made between unipolar and bipolar memristors,
due to the difference in the reset mechanism evidenced by their different modes of

operation.

In bipolar devices, the reset process is a reversal of the set process, with ionic species
flowing in the opposite direction due to the opposite voltage polarity, leading to a
destruction of the conductive filaments. In addition, localized Joule heating around the
filaments due to the high current density is thought to play a role in the dissolution of the
conductive filament.> In contrast, for unipolar switching devices, Joule heating is
believed to be the main mechanism mediating the destruction of the filaments. Although
this simple explanation of the reset process is satisfactory for a first approach to the
resistive switching phenomenon, more accurate models for the reset process take into
account the complex interplay between phenomena such as the Soret force, resulting from
a temperature differential in the population of mobile ions close and far from the
conductive filaments, and the Fick force, an opposite force arising from the differential

in concentration of mobile ions close and far from the conductive filaments.?*

After the first forming cycle, the HRS of a bipolar memristor is generally more

conductive than the pristine state. This is believed to be caused by a partial reset process

where a remnant of the conductive paths is left (Fig. 2.14).2%

(a) () ©)
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set
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Fig. 2.14 Irreversible filament formation after the initial electroforming process. Reprinted from Ref 243,
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2.3.1.4 Applications of resistive switching

The possible applications of resistive switching devices depend on their specific
behavior, as shown in Fig. 2.15, which showcases some of the most commonly studied
architectures. Abrupt switching mechanisms are generally favored for use as digital
memories. Here the main concern is good separation between logical states, which is
achieved when the HRS and LRS are very different, ideally by several orders of

magnitude.

On the other hand, RS devices that show analog switching characteristics are favored
towards use in analog computation applications. Analog memristors have been proposed
as a hardware accelerator for vector-matrix product operations. This may be
accomplished by a crossbar array of memristors, each storing a matrix value as a
resistance state, whereas the vector is represented by the input currents. Multiplications
of the dot product are carried out through Ohm’s law, as a product of currents and

resistances.>>*2
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Fig. 2.15 Some popular applications for memristors: (a) high density application for solid state data storage,
(b) neuromorphic computation applications that emulate the behavior of neurons, and (c) security
applications that exploit the stochasticity of memristors. Reprinted from Ref 23¢ (a), Ref 2% (b) and Ref 2%

(c)

More exotic applications involve the emulation of certain aspects of signal
processing in biological neurons, a field known as neuromorphic computing. For example,
it is well known that an important process that originates learning in the brain is spike-
timing dependent plasticity, where two neurons that activate close in time together will
strengthen their synaptic connection strength (Hebbian learning rules).?*® Clever setups
have been used to induce spike-timing dependent plasticity and other neuron-like

behaviors in memristors.
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One of the challenges in memristors is in cycle-to-cycle and device-to-device
repeatability. The switching threshold of resistive switching devices usually displays
some variability, sometimes in a range of a few volts. This operating uncertainty limits
practical applicability of memristors, especially in digital memory applications, where it
would become a reliability issue. However, this intrinsic stochastic nature of memristors
may be exploited for certain applications where unpredictability is sought for. An
example of this will be explored in Chapter 4, where inkjet-printed h-BN memristors are

used as true random number generators (TRNG) for security applications.
2.3.2. Photodiodes

Photodetectors are an essential component for applications where electronics needs
to interact with light. Fields such as scientific instrumentation, imaging and
communications all have specific requirements for photodetection. For instance,
photomultiplier tubes are very bulky and fragile, but are essential for precise scientific
measurements, being capable of measuring single photons. On the other end of the
spectrum, charged coupled devices have much lower sensitivity, but can be miniaturized
in high densities, forming the basic sensing elements in cameras, where high spatial
resolution is paramount. One property missing in these types of photodetectors, however,
is wavelength discrimination, which is imperative for applications such as UV flame

sensing and UV radiation dosimetry.

In light of this, photodiodes are a family of devices can be fabricated to intrinsically
discriminate UV from visible radiation by appropriate choice of material, at low
fabrication cost and complexity, compact form factor, ideal for wearable and flexible

applications.
2.3.3. Standard operation of photodetectors based on PN junction diodes

Photodiodes are essentially p-n or p-i-n junctions that can be exposed to light. In dark
condition, they behave as a typical diode with a rectifying [-V characteristic, changing
their behavior when exposed to light. Following is a concise view of the basic working

of these devices.
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2.3.3.1 Photodiode at no applied external voltage and dark condition

In dark condition, a photodiode operates as a standard p-n junction. At the p-type and
n-type material junction, diffusion causes majority carriers from either material to migrate
into the opposite zone due to the differential in charge carrier concentration: holes form
the p-type material diffuse into the n-type material, and electrons from the n-type material
migrate into the p-type side (Fig. 2.16). As this happens, charge carriers recombine and a
region with low carrier concentration is formed, called the depletion region or space
charge region. This refers to the fact that, as a result of the intense recombination in this
region, ionized acceptor (in the p-type side) and donor species (in the n-type side) form a

built-in potential.
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Fig. 2.16 Sketch of p-n junction at equilibrium with no applied voltage in dark condition

The effect of this built-in potential on charge carriers in the device is twofold. First,
since the built-in potential increases the electric potential at the n-type region relative to
the p-region, it creates a barrier for majority carriers from the respective p- and n-type
regions, slowing down diffusion. This applies to either type of carrier, as holes (h") have
higher potential energy for increasing positive potential fields, and vice-versa for
electrons (e7). This explanation can be reversed for the minority carriers of either material.
Minority carriers, which are mostly thermally generated, are instead driven in the opposite

direction when they form in the space charge region. Thus, the built-in potential also
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creates a drift current of minority carriers that in these conditions is equal and opposite to

the diffusion current of majority carriers.

2.3.3.2 Photodiode at a positive or negative applied external voltage and dark condition
Once a positive voltage is applied to the p-type side of the device, the potential barrier
is diminished, and the diffusion current of majority carriers is facilitated. This creates a

current that increases with increased applied voltage.

In the case of negative polarization, the potential barrier is instead increased, further
impeding the diffusion of majority carriers, which tends to zero with increasing negative
polarization. On the other hand, the flow of minority carriers remains mostly constant.
This is because the minority carrier current depends mostly on the rate of generation of
minority carriers within a close distance to the depletion region about their respective
diffusion length, which is determined primarily by temperature. For this reason, a
negative current with little dependence on voltage appears in the negative polarization.
This current under negative bias is also called dark current and is an important parameter

in photodetectors as it establishes the baseline for measurement.

2.3.3.3 Photodiode under illuminated condition

Upon illumination with photons of sufficient energy, electron-hole pairs are
generated in the photodiode. When an electron-hole pair is generated within the depletion
region, or a diffusion length away from it, its built-in potential can separate either charge
carrier into their respective majority region (Fig. 2.17 a). If the photodiode is in a closed
circuit, an overall device current can be established, known as photocurrent (I, in Fig.
2.17 b). This current depends on the intensity of the incident light and is one of the main

modes of operation of photodetection.
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Fig. 2.17 (a) electron-hole pair separation in a photodiode (b) I(V) characteristic under dark and
illuminated conditions.

In order to facilitate detection through photocurrent, photodetectors are normally
operated at negative bias, due to the increased contrast between the dark current and the
photocurrent. In addition, negative bias also increases the length of the depletion region

slightly, increasing the probability that a photon will generate an electron-hole pair there.
2.3.4. LEDs

LEDs convert electrical energy directly into light energy through
electroluminescence (EL), and therefore can achieve higher power conversion
efficiencies than other technologies. Since the first demonstrations on SiC in 1907, the
materials and structures have evolved in a variety of directions. Early applications of
LEDs mostly involved simple indicator lights and electroluminescent 7-segment displays.
Today, and thanks to advancements such as the successful development of the blue LED
in the late 90’s which allowed having emitters for the RGB components of light, LEDs
occupy crucial roles in all aspects of life in displays, room lighting, vehicle headlights,

etc.

In order to specialize to the requirements of each of the varied applications of LEDs,
there exist multiple LED structures and materials, including bulk II-VI and III-V
semiconductors, OLEDs, and quantum dots/nanocrystals. Depending on the application,
some properties are given preference; for example, research of LEDs for display
applications is concerned with providing narrow FWHM emission spectra, as that
improves the perceived color saturation and richness of the display.?*® Indeed, the

possibility of LEDs to provide extremely narrow emission spectra (<20 nm) for display
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applications has been one of the drivers of LED technology, with OLED and QLED

displays thriving thanks to their unparalleled color accuracy.

Emission by EL can be mediated by a number of mechanisms of which exciton
recombination is the most common type. Here, a hole and an electron meet within an
emissive layer, with the energy being released in the form of light. In this type of LED,
one of the most crucial elements is arguably the emissive layer, as that determines the
properties of the light emitted, and places constraints on the rest of the device fabrication
process. Important emitter materials include group III/V semiconductors such as GaAs,
GaN and related compounds for blue LEDs and organic emitters such as Alqs (Tris(8-
hydroxyquinoline)aluminum) in OLED.

While the most basic device structure of exciton recombination LEDs can be realized
in a p-n homojunction, a p-i-n heterojunction can offer improved emission efficiency due
to the confinement of charge carriers around the emissive intrinsic layer (Fig. 2.18). In a
p-i-n LED structure, electrons and holes are injected from opposite contacts in the device
and directed towards an active emissive layer. If the device structure is adequate, they
will recombine in the active layer, releasing energy which will be converted into photons
corresponding to the bandgap energy. The wavelength of the light emitted will depend on
the energy transitions in the active layer, being ideally equal to the bandgap energy. Thus,

by selection of the active layer, the light emitted can be tuned.

Fig. 2.18 Examples of p-n homojunction (a) and pin heterojunction (b), showing the confinement of charge
carriers in the p-i-n structure, which leads to increased emission efficiency. Reprinted from Ref*®!.

In this thesis, the metal halide perovskite CsPbBr; in the form of nanocrystals is
demonstrated and studied as an electroluminescent emitter in thin film LEDs. Thanks to
the compatibility of materials, fabrication processes, and convenient energy band
alignment, the field of perovskite LEDs has borrowed substantially from the field of

OLEDs, benefitting from its mature materials and fabrication processes. This translates
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into the use of materials, structures, and terminology from the OLED field. While organic
materials are known to offer excellent performance, their lifetime and chemical stability

is known to be limited.

2.3.4.1 Light sources in current display technologies

Display technologies have come a long way since the now outdated bulky cathode
ray tube sets, improving in size, color quality, consumption, and cost. Current display
technologies may be divided into two main families according to how they generate and
display images. Some displays generate light through a backlight setup, that is later
filtered through filters and polarizers at the different RGB sub-pixels (backlight-based
displays), as opposed to directly generating light at the subpixels (EL-based displays). In
the following section, we will see how perovskites may be employed in either family to

obtain high-quality color reproduction.
> Current backlight-based displays

This family of displays is characterized by a method of illumination based on a
backlight model. In these displays, a white backlight is shone uniformly behind the screen.
When a color is to be represented, an array of RGB-filtering subpixels is engaged,
blocking a portion of the respective RGB components of the incoming white light, thus
generating the desired color. This is generally achieved by a combination of polarizing
layers and the use of electrically activated liquid crystals. Backlight-based displays have

an inherent energy efficiency limitation, as light that is not needed is discarded.

First models employed a cold cathode fluorescent lamp (CCFL) backlight to provide
white illumination. While this method provides an appropriate backlight spectrum,
CCFLs are relatively energy inefficient and need supply voltages up to 1000V,*? thus
requiring inverter transformers that are expensive and bulky. CCFL sources can be
swapped by white LEDs (WLED).?®* These provide a similar white backlight at a reduced
cost and complexity, as LEDs require much simpler power delivery compared to CCFLs.
However, the color reproduction of these screens is still limited due to limitations of the
color filters. These color filters have a limited capacity to filter a narrow spectrum of light,
which, coupled with the wide spectrum white light, leads to RGB components with wide

spectra (Fig. 2.19 a).
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The color purity of LCD display technology may be improved by narrowing the
emission spectrum of the backlight itself. By using a backlight composed of an array of
red, green and blue LEDs, that backlight spectrum becomes more specific to the RGB
components, and the crosstalk between components can be greatly reduced, increasing
color quality. This concept can be further improved by narrowing the RGB emission
spectra, such as by using QD fluorescent emitters to down-convert blue light from an
emitting panel into red and green, commercially known as QLED (Fig. 2.19a). Thanks to
the narrow and symmetrical emission spectrum FWHM of QD emitters (=30 nm for
commercial chalcogenide QDs, =20 nm for metal halide perovskites),?** the color
reproduction of these QLEDs displays can surpass that of OLED, as organic emitters

)264

display comparatively broader (>40 nm)***, more asymmetrical spectra.’®> Perovskite

211 instead of CdSe quantum dots at

quantum dots may be used for color conversion
improved emission FWHM and reduced toxicity and a reduced cost thanks to the

availability of materials and facile fabrication routes.
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Fig. 2.19 Comparison of QLED (a) and standard white LED LCD display technologies (b), showing
increased color purity with QD-enhanced backlight displays. Adapted from Refs266-267,

> Current electroluminescence-based displays

In terms of commercial display applications, OLED is the most relevant EL
technology due to its high color reproduction quality. OLEDs are LEDs that are composed

of organic material thin films. OLEDs can emit narrow-band single colors, can be
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fabricated in a patterned way on top of a substrate and have fast response times. This
enables OLEDs to be used as light sources in displays. They may also be fabricated to
emit white light for lighting applications.®*

OLED displays have become commonplace in smartphones, where their color
accuracy and wide viewing angles give them an edge over LCD displays. They can also
be fabricated on flexible substrates, being able to withstand bending, twisting, and
stretching. This enables OLEDs to be used in wearable displays and other applications
where it is required to conform to a non-planar surface. Besides display applications,
OLEDs have been used in room illumination, where they offer particularly comfortable

light.

The current main challenges of OLED technology involve the chemical stability of
the materials used and quality of the material interfaces. Different interactions can
degrade device performance and lifetime, including degradation by exposure to moisture
and oxygen, photooxidation, corrosion of the substrate, electrical migration of ions, and
thermal degradation.?®® Obtaining good organic-inorganic interfaces can be difficult, and,
over time, metallic ion migration into the organic layer can induce further degradation. In
addition, the fabrication cost of OLEDs is significant, as the organic materials required

tend to be expensive.

Perovskite materials can be used as an active layer in a structure similar to that of
OLED devices. Thanks to their narrow emission FWHM EL, they have received interest
as pure color light sources. This application will be the focus of this chapter and will be

explored in the next section.

2.3.4.2 Perovskite LEDs (PeLEDs)

PeLEDs share a few similarities with OLEDs, both in terms of structure, general
working principle, and in some of the challenges involved in application. In general,
PeLEDs have similar challenges compared to OLEDs, as perovskite materials tend to be
sensitive to moisture and oxygen. Nonetheless, PeLEDs have a potential advantage in
cost, as perovskites can be manufactured at a considerably lower cost than organic
emitters. The cost can be brought down further by employing inorganic charge transport

and blocking layers.
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In PeLEDs, the active layer is a perovskite material, which is sandwiched between
charge transport and blocking layers that may be either organic or inorganic. Like OLEDs,

perovskite LEDs can emit very pure colors with narrow emission spectra.
> Structure and Band matching in Perovskite NC LEDs

The basic architecture of a PeLED consists of an emissive layer sandwiched between
p-type and n-type Hole/Electron Transport Layers. Either transport layer injects the
respective type of charge carrier, recombining at the emissive layer and producing light.
This can be configured in n-i-p or p-i-n configurations, commonly known as
“conventional” and “inverted” structures.?®® The radiative recombination of electron-hole
pairs in the perovskite layer is, however, not intrinsically guaranteed, so the device
structure must be engineered to promote radiative recombination in the emissive layer

and improve device efficiency.?”’

An important parameter in the study of LEDs is the external quantum efficiency
(EQE), a measure of emitted photons out of a device structure per amount of injected
charge carriers. EQE loss in lead halide perovskites is generally caused by two non-
radiative recombination processes: trap mediated recombination, which can be addressed
by improving layer quality and passivating defect traps, and Auger recombination (Fig.
2.20), wherein the energy from electron and hole recombination is transferred to a third
charge carrier non-radiatively, which eventually releases the energy through
thermalization, causing Joule heating and stressing the device.?’®?"* Compared to other
materials, Auger non-radiative recombination is considerably strong in perovskites.?’®
Whereas the trap-assisted recombination occurs at both high and low current injection,
Auger non-radiative recombination processes take importance at high driving currents,
manifesting as an efficiency roll-off at high operating currents.’’%*’® Additionally,
perovskite QDs suffer permanent degradation due to the exposure to high current
densities and temperatures due to Joule heating (up to =10-1000 A cm? in some

reported structures).?’%77
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Fig. 2.20 Radiative and nonradiative recombination routes in LEDs: (a) Radiative recombination thanks to
balanced charge injection and low trap density, (b) non-radiative recombination due to defective materials
and interfaced, (c) Auger nonradiative recombination due to accumulation of charge carriers. Reproduced
from Ref 27°.

The efficiency of a perovskite LED can be improved by addressing the following:
ensuring balanced charge injection and no parasitic currents (e.g. due to pinholes),
improving the intrinsic emission efficiency of the perovskite (measured by the quantity
electroluminescence quantum yield, ELQY), and improving the light outcoupling.’®
ELQY is generally assumed to correspond to the intrinsic PLQY of the material,>%’
whereas light outcoupling can be improved by strategies including the adaption of the
refractive indices of the material’’® and the use of textured layers.?’’h Thanks to the
tendency of MHP to form shallow traps due to surface defects, these can easily be
passivated by modifying the surface of the perovskite QDs.?’”° Following, the
improvement of EQE through charge injection balance and device structure optimization

will be addressed.

Due to the long diffusion length of excitons in metal halide perovskites (up to 100-
1000 nm),?%*?8! in an unoptimized device structure charge carriers may be able to traverse
the perovskite film and reach the charge transport layer of the opposite polarity,?*-*!
recombining there. This recombination at the charge transport layer may either be non-
radiative, reducing EQE, or radiative at an unwanted emission wavelength. In either case,

this unwanted recombination is to be avoided, which can be achieved by adding Charge

Blocking Layers (CBLs), materials with a deeper conduction band minimum (CBM) or
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valence band maximum (VBM) level (highest occupied molecular orbital - HOMO or
lowest unoccupied molecular orbital — LUMO, respectively, in the case of organic
materials) that confine holes and electrons within the emissive layer. This blocking ability
increases the probability of a hole and electron to meet in the active layer and recombine

radiatively, increasing the efficiency of the LED.

However, even if charges are effectively confined at the perovskite layer, non-
radiative recombination may still occur due to improper charge injection balance into the
perovskite layer. Ideally, the same number of electrons and holes should be injected into
the active layer to radiatively recombine there. If charge injection into the perovskite layer
is not balanced, excess carriers may accumulate in either the perovskite/ETL or
HTL/perovskite interfaces.?’>?822% In Fig. 2.21 a, hole injection from the HTL into the
perovskite is lower than electron injection the ETL, leading to an accumulation of
electrons in the perovskite layer. In addition to the decrease in EQE due to the excess
charge carriers that are lost,>’® this can lead to increased Auger nonradiative

recombination, again translating into low EQE and reduced device stability.

e-h Imbalance Charge-transport Modulation
Anode |[HTL|  Perovskite | ETL|Cathode Anode |HTL|  Perovskite | ETL|Cathode

.’dgoa

Fig. 2.21 Addressing inefficiencies in PeLED device structures containing blocking layers. (a) Effect of
charge injection imbalance (b) charge injection balancing by interface engineering and modification of
charge transport properties (ETL here), (c) by reducing band mismatch with an interfacial layer and (d) by
intentional creation of a high injection barrier (HTL here) to equate hole and electron injection. Reproduced
from Ref 2%,
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Such charge injection imbalance may be caused by several reasons. One source of
imbalanced charge injection is due to asymmetrical charge transport properties for the
ETL and HTL (not pictured). Charge injection balance can be improved by tuning the
charge injection properties of either the HTL or ETL in order to increase the injection of
deficit carriers or reduce that of excess carriers. This may be achieved by doping the
charge transport layers or to some extent by tuning the charge transport layer thickness,
as seen in Fig. 2.21 b. In doing so, the respective charge carriers can be injected equally,

reducing charge accumulation.?®

Charge injection imbalance may also be caused not by the transport properties of the
materials, but by an energy band mismatch in interfaces Fig. 2.21 a. When a considerable
mismatch between layers exists, an undesirable high barrier of injection is created,
leading to accumulation of charge carriers at the interface and slowing down of injection.
As before, the result is that the opposite charge carriers are injected in excess,
accumulating at the perovskite interface with the HTL. In addition, here the non-radiative
auger recombination effects at the interface may be exacerbated by the accumulation of

both types of charge carriers at either side.?”

In the case of mismatched energy levels, imbalanced charge injection may be
addressed by increasing or decreasing the respective charge carrier injection of the
HTL/ETL to eliminate excess charge carriers in the perovskite layer Fig. 2.21 c. Yet,
another effective solution to mismatched energy levels consists of inserting an additional
layer with an intermediate energy, reducing the high injection barrier, as can be seen in
Fig. 2.21 c. As a result, carrier accumulation is reduced, and injection is improved. This
is typically the case for PEDOT:PSS, a common reference HTL which has a relatively

shallow VBM, so device efficiency tends to benefit from the addition of an interlayer.

Intentional charge blocking at strategically chosen interfaces can also be used to
reduce excess charge carrier flow, as in Fig. 2.21 d. Some groups have proposed using
an HTL/ETL with a deeper VBM/CBM to regulate the injection of charge carriers into
the perovskite.?®! While this does not completely remove the accumulation of holes,
instead promoting it in a different interface, the negative effects of Auger recombination

on the perovskite/CTL layer on EQE are less marked than those of accumulation at the
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HTL/perovskite interface.

During the PeLED fabrication throughout this thesis, several charge blocking layers
were implemented in Chapter 6. The electron blocking ability of an inorganic NiO
interlayer was demonstrated in two device architectures comparing a
PEDOT:PSS/CsPBBr3/PO-T2T/LiF/Al and PEDOT:PSS/NiO/CsPbBr3/PO-T2T/LiF/Al.
In addition, the n-type materials PO-T2T and inkjet-printed inorganic SnO> function as
hole blocking layers due to their deep LUMO/CBM levels.
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Chapter 3

Fabrication and characterization methods

Fully inkjet-printed device fabrication requires compliance with multiple constraints,
including solvent orthogonality, wettability, and compatible thermal post-treatment
conditions. While the work developed in this thesis is focused on the demonstration of
inkjet printing as a scalable fabrication technology, more established deposition methods
are used both as a benchmark to validate the quality of the layers obtained through inkjet
printing, and to fabricate partially inkjet-printed devices to validate inkjet-printed layers
individually. In addition, the different families of devices presented in the following

chapters require specialized measurement setups for optimal characterization conditions.

This chapter presents a summary of the most relevant fabrication and characterization
techniques, as well as the deposition parameters and properties of the materials and inks

employed throughout this thesis.
3.1. Fabrication methods

For all the devices shown in this thesis, except for vacuum evaporation processes for
top transport layers and metal contacts, all the deposited layers have been carried out in
ambient atmosphere. Although more performing devices might be achieved through
fabrication in a controlled atmosphere such as a glovebox, fabrication in ambient
atmosphere is a vital step for demonstration of the viability of a scalable R2R
manufacturing process, as processes demonstrated in glovebox are not cost-efficient
compared to ambient manufacture and generally not applicable to a real manufacturing

plant.!
3.1.1. Spin coating for benchmark LED transport layers

Spin coating is a well-known processing method to deposit thin films from novel inks
and materials with high accuracy and reproducibility, common for the fabrication of
optoelectronic devices such as OLEDs in a research setting. It consists of a spinning chuck
where a substrate is placed (Fig. 3.1 a), on top of which the material of interest is deposited

in solution form (on the order of 10-100 pL for a 4 cm? substrate). The substrate is then
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spun at a speed of generally 1000-6000 rpm, at a specific accelerationwhich causes most
of the solution to be rapidly flung away and to partially evaporate, leaving a thin wet layer
that can then be submitted to a thermal post-treatment (Fig. 3.1 b). The primary advantage
of this technique is its high repeatability combined with a simple fabrication process, with

each layer taking 1-2 minutes of processing time per sample.

\ Centrifugal force Thin film
, L
O = =
® ® G R

Fig. 3.1 (a) Spin coating unit from Ossila. (b) Schematic representation of the spin coating process

Although a simple process, care should be taken to ensure optimal layer properties
when using spin coating. The ink and the wet layers should be free from contamination
in the form of particles or dust, and enough ink-substrate wetting should be ensured.
Similar to other solution processing techniques, wetting may be improved by the

optimization of solvents/additives, or by UV-ozone/plasma treatment of the substrate.

The final thickness of the layer depends on several parameters, including spin speed,
spin time, ink viscosity, and ink concentration. To ensure consistency, spin time is
generally set so that most of the solvent is removed/evaporated, which is around 30s for
most of the common solvents. Of the remaining parameters, spin speed and ink
concentration are the most convenient to tune for layer thickness, with an inverse square

root law dependence for spin speed and a linear relationship for ink concentration.

Despite the advantages discussed above, spin coating has several drawbacks that
constrain its scalability as a process for thin film deposition. First, it is very material
inefficient, as most of the solution is discarded. Secondly, the substrate size is limited,
with no compatibility with R2R processing. Moreover, it does not allow digital patterning,

instead relying on other pattern-definition methods.
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Spin coating is introduced in this thesis to fabricate the reference transport layers
PEDOT:PSS and Poly-TPD for use in PeLEDs (Chapter 6), shown in Fig. 3.2. Spin
coated organic materials like PEDOT:PSS and Poly-TPD are reference materials in the
literature of thin film LEDs, and spin coating helps to ensure a consistent fabrication
process. Here, these materials serve as a benchmark device structure to reference against
more the challenging to fabricate, fully inkjet-printed, fully inorganic variants. The spin

coating parameters of the solutions showcased in this thesis are summarized in Table 3.1.

LiF/Al
PO-T2T
Poly-TPD ]_ , ,
Spin-coating
ITO
Glass Substrate
Fig. 3.2 Spin-coated layers demonstrated in Chapter 6.
Table 3.1 Materials deposited by spin coating in this thesis.
' ' ) Spin _ Thickness
Material Source Carrier solvent Solid cnt. speed Time Volume per layer
Heraeus
PEDOT:PSS  Clevios™ H,0 1.3-1.7 % wt ?;O?: 30s 100 uL 80nm
Al 4083 P
3000
Poly-TPD Lumtec Chlorobenzene 6 mg/mL 30s 50 uL
rpm 30 nm

3.1.2. Inkjet printing details

Inkjet printing is the main deposition technology demonstrated in this thesis. It was
performed on a Dimatix printer (Fujifilm Dimatix Inc.) with a cartridge of 16 nozzles
with a diameter of 21 um and a nominal drop volume of 10 pL, shown in Fig. 3.3. This
printer allows control of drop spacing (printing resolution), platen temperature (up to 60
°C) during printing, as well as control of jetting parameters including detailed control of
waveform shape and amplitude, driving voltage and meniscus pressure, and is compatible
with a wide range of solvent families. Waveform control is crucial to achieve jetting of

inks a wide range of rheological parameters.>
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Fig. 3.3 Dimatix DMP-2850 inkjet printer used in this thesis.

The inkjet printing was performed in ambient conditions so, in order to reduce
contamination from atmospheric species and particles, the printed layers were placed in
a vacuum oven for thermal post-processing soon after deposition. Inkjet printing is the
main technology showcased in this thesis, used throughout Chapters 4-6. Fig. 3.4

summarizes the materials deposited by inkjet printing.

h-BN memristors (Paper /) Photodetectors (Paper If) PeLEDs (Paper Ill)
LiF/Al
Carbon
paste Inkjet printing
H-BN Inkjet printing ]' Inkjet printing
Au ITO
Substrate Si/sio2 Substrate Glass or PET Substrate

Fig. 3.4 Summary of layers deposited by inkjet printing in Chapters 4-6.

The resulting quality of inkjet-printed layers is a complex interplay between ink
rheology, ink-substrate interactions, platen temperature, and external parameters such as
ambient humidity. As discussed in Chapter 2, control of the solvent drying process is
paramount to layer homogeneity, which requires the optimization of ink formulation and
printing parameters. One of the most common issues is the development of a coffee-ring
effect (Fig. 3.5), where the solid content of an ink is dragged to the edges of the wet layer
as it dries. Other situations might arise, such as material accumulation in the center of the
printed area, which might indicate that a higher platen temperature is required, or a high

concentration of pinholes, which indicates insufficient wetting of the ink.
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g Coffee ring accumulation

A"

Substrate

Homogeneous layer

—

Substrate

Fig. 3.5 Coffee ring effect: (a) uncontrolled (b) controlled by Marangoni flow. Adapted from.?

A summary of the main rheological characteristics and film properties of the inks

deposited through inkjet printing in Chapters 4-6 is presented in Table 3.2.

The following ink parameters affect different deposition conditions and may be
modified in order to adapt to printing requirements, such as substrate-ink wetting (carrier
solvent/additives), layer thickness (solid content), jettability (viscosity/solvent boiling

point), and printed layer roughness (particle size).

Table 3.2 Characteristics of the inks employed in this thesis.

Ink characteristics
. . . . . Particle
Material Source Carrier solvent Viscosity Solid cnt. size
h-BN In-house
formulation H20 2.1 mPa-s 10% wt. 200 nm
Advanced triethylene glycol
Ag Nano Products v Y 16 mPa-s 40% wt 150 nm
monoethyl ether
Co.,Ltd
Zn0O Avantama AG Hexanol 5 mPa-s 2.5% wt 12 nm
NiO Avantama AG Hexanol 5 mPas 2.5% wt 7 nm
Sn0: Avantama AG Hexanol 5 mPa-s 2.5% wt
Heraeus 80-100
PEDOT:PSS Clevios™ H.0 5-12 mPa's  1.3-1.7%  nm (d50-
Al 4083 dao)
D H
CsPbBrs INAM — UJI odecane/Hexane 5 b o 109 7 nm
mixture at 3:1 (v/v)

In addition to the benchmark layers presented in the following sections, screen
printing and evaporation have been used to deposit top contacts. Although considerable

efforts have been dedicated to the obtention of a fully inkjet-printed photodetector and
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PeLED, the deposition of inkjet-printed Ag nanoparticle top contacts has not led to
working devices. Unlike the fully inkjet-printed h-BN memristors shown in Chapter 4,
the fully inkjet-printed photodetector and PeLED architectures discussed in this thesis do
not include the top contacts. Attempted photodetectors and PeLEDs with inkjet-printed
Ag nanoparticle top-contacts have shown linear (ohmic) I(V) characteristics, suggesting
an electrical short circuit between the vertical contacts, perhaps due to Ag" ion percolation
through the inkjet-printed metal oxide layers. In order to address this challenge, carbon
paste (for photodetectors) and evaporated Al contacts (for PeLEDs) have been used for

these devices.

The precise deposition conditions optimized for each material to ensure the desired
thickness, proper wetting and homogeneous layers are listed and summarized in Table

3.3.

Table 3.3 Inkjet printing parameters for the inks presented in this thesis.

Printing parameters
Material Dro.p Platten Substrate Thickness Post-treatment

spacing temperature treatment per layer
Memristors h-BN 20 pm 40 °C No 50 nm 1009C or 150 oC 1h
(Chapter 4) Ag 20 um No No - 1009C or 150 eC 1h
Photodetectors Zn0 30 um No No 150 nm 200 2C 1h vacuum
(Chapter 5) NiO 30 um No No 150 nm 200 °C 1h vacuum
PEDOT:PSS 40 um 40 °C UV-Os3 300 nm 150 °C 30’ vacuum
NiO 70 um No No 30 nm 150 °C 30’ vacuum

LEDs 30 nm

(Chapter 6) CsPbBr3 40 pm 45 °C No 95 °C 10’ vacuum

3layers
Sn0; 40 pm No No 85 nm 95 2C 10’ vacuum

| 2 h-BN ink details

The h-BN ink was formulated by liquid exfoliation of h-BN powder with a water-

carboxy methyl cellulose (CMC) solvent, resulting in a suspension containing multilayer
h-BN nanosheets. In order to avoid agglomeration of the nanosheets, CMC-Na was used

to stabilize the solution as a result of the steric hindrance and electrostatic repulsive forces

from its polar -CH2—COO — groups. The h-BN flakes in solution have a thickness in the
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range of 5-15 nm and a length of around 210 nm, at a concentration of ~1 mg/mL.
> CsPbBr3 NC ink details

The suspensions of CsPbBr3 NCs were prepared by the well-known hot-injection
method. After first experiments and device fabrication with method 1, an optimized
method 2 was introduced, which improves the removal of excess NC ligands, improving
charge injection into the PeLEDs. In either case, the synthesized dodecane and hexane
solutions were mixed at a volumetric 3:1 ratio for inkjet-printed deposition. This precise
ratio of high and low boiling point solvents was found to counteract the formation of the

coffee ring effect, leading to homogeneous perovskite films.

Synthesis method 1: The first synthesis method used is similar to the one presented
by Kovalenko’s group*® with some modifications. Particularly, the concentrations of
oleic acid (OA) and oleylamine (OLA) are increased, leading to a larger concentration of
oleylammonium acetate (OLM) ligands at the NC surface, providing enhanced PLQY

and stability.® All reactants were employed as received.

A Cs-oleate solution is first prepared by loading 0.41 g of Cs.COs(Sigma-Aldrich,
99.9%), 1.5 mL of oleic acid (OA, Sigma- Aldrich, 90%), and 20 mL of 1-octadecene (1-
ODE, Sigma-Aldrich, 90%) into a 50 mL three-necked flask. After vacuum degassing at
120 °C for 1 h under constant stirring, the mixture was purged with N.and heated to
150 °C until the Cs.COs was completely dissolved. The solution was set aside in a N.

atmosphere at 120 °C.

Following, 10 mL of mixture of OA and oleylamine (OLA, Sigma-Aldrich, 98%) 1:1
in volume is prepared and heated to 130 °C and set aside. After this, 0.85 g of PbBr:
(ABCR, 99.999%) are added to 50 mL of 1-ODE in a 100 mL three-necked flask, and
heated at 120°C in vacuum for 1 h with constant stirring, after which the OA and OLA
mixture was added to the flask under N, and then quickly heated to 170 °C. In addition,
4 mL of the Cs-oleate solution was rapidly added and, after 5 s, the flask was immersed

in an ice bath to quench the reaction.

Finally, the NCs are purified. To do this, 60 mL of methyl acetate (99.5%, Sigma-
Aldrich) were added to 30 mL of the prepared solution, and then centrifuged at 5000 rpm
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for 10 min. Following, the supernatant was discarded to separate the precipitate of NCs,
which were redispersed in either dodecane and hexane at a concentration of NCs of 50

mg/mL.

Method 2: Although method 1 leads to an increased number of OLM ligands at the
NC surface, increasing PLQY and stability, these long chain ligands also negatively affect
charge injection, reducing PeLED performance.”® Thus, the synthesis is adapted to reduce

the number of surface ligands.

First, 0.407 g of Cs.COs and 1.25 mL of oleic acid are inserted into a 50 mL three-
necked flask containing 20 mL of octadecene (ODE) and heated to 120 °C for 1 h in
vacuum. Then, the flask was purged with N> and heated to 150 °C until the cesium

carbonate dissolved completely.

In parallel, 0.345 g of PbBr;, 2.5 mL of OA, and 2.5 mL of OLA were loaded into a
100 mL three-necked flask with 25 mL of ODE, followed by drying at 120 °C in vacuum
for 1 h. Then, after establishing a N.atmosphere increasing the temperature to 170 °C, 2
mL of Cs-oleate solution was rapidly injected and, after 5 s, the flask was immersed into

an ice water bath to quench the reaction.

The solution was centrifuged (5000 rpm, 5 min), and the resulting precipitate was
dispersed in hexane (5 mL) after discarding the supernatant. Then, 5 mL of MeOAc was
added followed by a second centrifugation (5000 rpm, 5 min). The precipitated solid was
redispersed in 1 mL of hexane, and then stored in an Eppendorf vial at -18 °C overnight,
after which the solid sediment was removed by decantation. The remaining dispersion
was transferred to a glass vial, dried with a N> flow, and exposed to vacuum for 15 min,

obtaining the CsP  bBrsnanoparticles in solid form.

Finally, in order to obtain the desired concentration (10 mg/mL), the solid was
weighed and redispersed in the corresponding volume of hexane or dodecane, and then

filtered through a 0.42 pm Teflon filter.
| 4 Zn0O, NiO and SnO2 details

Successful devices employing metal oxide layers were fabricated with nanoparticle

inks based on hexanol provided by Avantama AG. These inks, consist of a stable 2.5 wt%
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dispersion in hexanol using an undisclosed dispersant (proprietary information of
Avantama AG). The consistent 5 mPa-s viscosity and boiling point of hexane across these
inks ensures consistent jetting and allows the obtention of functional layers at boiling
points <100 °C, as demonstrated in Chapter 6, crucial for compatibility with the thermal

restrictions of perovskites and flexible substrates.
> Substrates

Substrate choice is crucial for the successful deposition of functional thin films,
particularly in inkjet printing, as it affects the properties and performance of the resulting
layers in several ways. The surface energy of the substrate plays a role in determining the
wettability and contact line pinning properties of the ink-substrate interaction, thus setting
an upper limit on drop spacing and the ability to print a defined geometry. In addition,
substrate surface roughness affects the final roughness of the printed layer, which is
particularly evident in soft, flexible substrates. Moreover, other factors such as substrate
maximum tolerable temperature (e.g., in plastic flexible substrates), limit the
processability of the printed layers. Thus, these multiple constraints limit the choice of

substrate for a certain application.

The memristors in Chapter 4 were inkjet-printed on glass slides (Ag/h-BN/Ag) and
Ti-coated Si/SiO2 wafer (Ag/h-BN/Pt). Similarly, the photodetectors fabricated in
Chapter 5 were deposited on Au-coated Si/SiO» wafer. Silicon wafer is a standard
substrate for reliable vacuum deposition of metal thin films. On the other hand, Ag

nanoparticle inks can be readily deposited on standard laboratory glass slides.

The PeLEDs demonstrated in Chapter 6 were fabricated on standardized ITO-coated
substrate formats in order to simplify the fabrication and characterization process. Two
formats were used: the first format, provided by Ossila, consists of a 15x20 mm ITO-
coated glass with a 6-pixel pattern (Fig. 3.6 a) and is compatible with compact and
transportable Ossila’s measurement system (explained below). The second format is a
20x20 mm ITO-coated glass substrate (Fig. 3.6 b) compatible with the second
measurement system. For flexible LED fabrication, a similar 20x20 mm PET/ITO
substrate was introduced. In any of these cases, substrate cleaning and device fabrication

follow a similar process, save for adaptation to the different shapes.
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Top contact

™~

Printed area

b - =]

Top contacts

Bottom contact | |

Fig. 3.6 Glass/ITO substrates used for PeLED fabrication (the yellow color corresponds to the ITO contacts).
(a) 15x20 mm Ossila substrate (b) 20x20 mm substrate. The rightmost images show the geometry of the
top contacts and printed area for each substrate.

Prior to deposition, substrate cleaning is a critical process that removes
contamination such as solid particles and organic residue, ensuring optimal wetting
characteristics and a smooth, pinhole-free final layer. The substrates for Photodetectors
and PeLEDs (Chapter 5 and Chapter 6) were first cleaned to remove unwanted particles
and residues. First, they were cleaned using a 3% Hellmanex soap solution in an
ultrasonic bath for 5 min. Further cleaning was done using deionized water, acetone and
isopropanol respectively in an ultrasonic bath each for 5 min. Finally, the substrates were

dried with an N> gun and stored in a vacuum desiccator for later use.
> Encapsulation for PeLEDs

While the demonstrated devices should be able to withstand fabrication in ambient
conditions, encapsulation is a standard process to insulate devices from the long-term
exposure to ambient contaminants over the device’s useful life. Encapsulation is a crucial
aspect for commercial OLED display manufacture which, like perovskites, are sensitive

to species like moisture and oxygen.”!!

For the encapsulation of the PeLEDs after fabrication, a photocurable glue acquired
from Lumtec (LT-U001) was applied over the device active area, and a glass cover slide
(Thermo scientific MENZBC080080A120) was carefully placed on top. To harden the

curable glue, the devices were exposed to UV light for 4 minutes.
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3.1.3. Thermal vacuum evaporation

Thermal evaporation is a physical deposition technology that is based on the
application of heat to a target material to cause either its evaporation or sublimation,
depending on the material, depicted in Fig. 3.7. This is an ideal process for organic small
molecule materials, which require relatively low temperatures of ~ 300 °C. However,
materials with higher sublimation/evaporation temperatures such as metals or metal
oxides may require the use of special crucibles or more specialized techniques such as
sputtering or electron beam evaporation. A sufficiently high vacuum is required in order
to ensure a long enough mean free path for the target species to reach the substrate,
generally a value below 10#-10" mbar. The deposited thickness and current rate of
deposition are assessed by a quartz crystal sensor exposed to the flux of material, by
measuring the change in natural frequency of the quartz crystal in accordance with the

deposited mass.

Vacuum chamber

To Turbomolecular &
Mechanical pumps

Fig. 3.7 Schematic diagram of a vacuum evaporator chamber.

In order to obtain high quality films, a controlled rate of deposition must be ensured.
The ideal rate of deposition, usually measured in A/s, depends on the specific material:
for organic materials, a rate of ~0.1-0.3 A/s is generally adequate, while for metallic
contacts a higher rate of ~0.5-1 A/s may be employed. The rate of deposition of the
material can be controlled simply by tuning the applied heating power. In addition, as is

common with other physical deposition processes, the substrate can be kept in rotation to
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improve the homogeneity of the deposited layer.

Thermal evaporation requires the use of masks to define layer geometry, and due to
size restrictions of the vacuum chamber, a limited number of samples can be processed
at once. This process has been employed in this thesis to deposit the top organic electron
transport layers (PO-T2T), the metallic contacts (Al) and the LiF interlayer for the
PeLEDs of Chapter 6 and the metallic contacts of the SnO»/NiO photodetectors presented
in Chapter 4 (Fig. 3.8). Evaporated materials in Chapter 6 serve as reference layers, as
the previous layers are spared of the interaction with solvents and other chemical species

that would occur with solution processed layers.

LiF/Al .
PO-T2T Evaporation
ITO
Glass Substrate

Fig. 3.8 Evaporated PO-T2T, LiF and Al layers demonstrated in Chapter 6.

3.2. Morphological and structural characterization methods

3.2.1. h-BN memristors

The h-BN nanoflakes were studied by scanning electron microscopy (Supra 55, Carl
Zeiss), atomic force microscopy (Multimode V, Veeco), and transmission electron

microscopy (JEOL JEM-2100 with a working voltage of 200 kV).
3.2.2. NiO and ZnO for photodetection

ZnO and NiO layers were studied by FE-SEM (JEOL J-7100) Their crystalline
structure was studied by XRD (Japan Rigaku D/Max-IIA X-ray diffractometer using Cu
Ka radiation, A = 1.5406 A).

3.2.3. CsPbBr3 LEDs

Scanning electron microscope (SEM) images were acquired using the FEGSEM —

JEOL 3100F system.
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3.3. Device characterization methods

3.3.1. Electrical characterization of h-BN memristors (Chapter 4)

An Agilent B1500 semiconductor analyzer, paired with a Cascade Microtech M-150
probe station, and a temperature control stage (SP72-T2, ERS electronic GmbH) was used
for electrical characterization of h-BN memristors (Chapter 4). This setup allows sub-pA
measurements thanks to the combination of high-precision SMUs, the incorporation of
triaxial cables and the Faraday shielding from the closed probe station. This system allows
for a number of measurement modalities through direct control of the SMUs, including

ramped scan, pulsed, and constant voltage application.

3.3.2. Photovoltaic and optical characterization of NiO/ZnO photodetectors (Chapter
5)

A setup composed of a second Agilent B1500 semiconductor analyzer, in this case
paired with a Bentham PVE300 system, was used to characterize Photodetectors (Chapter
5). The Bentham PVE300 system includes a class B solar simulator that emits at 1 kW/m?,
It also allows UV-Vis spectral measurements of transmittance and reflectance thanks to
an included integrating sphere and monochromated light from a Xenon and Quartz lamp

combination.
3.3.3. Integrated device characterization of PeLEDs (Chapter 6)

All the device characterization of PeLEDs (Chapter 6) was performed in ambient
conditions after encapsulation. A photocurable glue (Lumtec LT-U001) and a glass slide
cover (Thermo scientific MENZBCO080080A120) were applied to encapsulate the active

area with 4 min exposure to UV light.
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Ossila SMU + broadband photodetector

Sample

Fiber optics Inb E

Sprectrograph + CCD

Sample

Fig. 3.9 LED characterization setups used in Chapter 6.

The characterization of LEDs in Chapter 6 was accomplished by means of two setups.
The first setup consists of an OSSILA automated measuring system (Fig. 3.9 a). This is a
simple setup that can perform I(V) measurements of LEDs and output relative
measurements of electroluminescence intensity. Despite its simplicity, this setup is useful

for quick measurements to identify high and low performing samples.

Once the most promising architectures have been identified, a more advanced setup
is used. The second setup consists of an integrated system formed by a Hamamatsu
C9920-12 external quantum efficiency measurement system, a GAMRY Reference 3000
potentiostat coupled with an Andor-iDUS DV420A-OE CCD detector and a Kymera
1931-B2 spectrograph (Fig. 3.9 b) and is capable of measuring I(V) curves in addition to

spectral and integrated electroluminescence parallelly.

An integrating sphere allows to collect most of the light emitted by a device,
providing accurate estimation of radiometric and photometric quantities. The use of an
integrating sphere (represented in Fig. 3.10) allows the measurement of two key
parameters of LED characterization: luminance (usually expressed in cd/m?) and EQE
(usually expressed as a percent value). In an integrating sphere ideally, all light emitted
by the LEDs can be measured (radiant flux, in units of watts), although it is generally
underestimated as a fraction thereof is trapped in the LED substrate by total internal

reflection.
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Sensor

Fig. 3.10 Schematic of operation principle of an integrating sphere as the one used in Chapter 6.

Luminance is a measure of the apparent brightness of a surface, used as an industry-
standard figure of merit for display technologies, measured as the luminous intensity (in
candelas) per emissive unit area. For example, the European broadcasting union’s EBU
Tech 3320 ' specification sets standards for ordinary displays starting at a luminance

range of 70 to >100 cd/m?, and for high dynamic range displays starting at >500 cd/m?.

Moreover, external quantum efficiency (EQE), which is a measure of device
efficiency, can also be estimated from characterization in an integrating sphere. EQE is
equal to the ratio of photons emitted vs. charge carriers injected into the LED (eq. 3.1).
By considering the emission spectrum of the LED, the photon flux can be estimated from
the measured radiant flux (eq. 3.2), while the charge carrier flux is directly calculated

from the injected current (eq. 3.3).

_ Injected charge flux &

= — .31
EQE Emitted photon flux I, (ea- 31
@, = f A do dA 2
q = X e di (eq. 3.2)
1

I
I, = — (eq. 3.3)

q
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Chapter 4

Inkjet-printed h-BN memristors for hardware security

T section explores an alternative branch of applications of resistive switching in the
fields of digital security as physical unclonable functions (PUFs) and true random number
generation (TRNG) with inkjet-printed LPE 2D hexagonal boron nitride (h-BN)

memristors by exploiting the stochastic nature of these devices.

Memristor research has generally focused on exploiting the resistive -V hysteresis
cycle and pulse response of resistive switching devices (RSDs) to store bits of information,
and their subsequent application as memory elements for standard computers. Later
research moved the attention to their use not only as memory elements, but as computing
units too, for example by employing an array of RSDs in a crossbar configuration that
can perform a vector-matrix multiplication (commonplace in artificial neural networks)
analogically. Beyond these, even more exotic applications of RSDs have been proposed
in the form of neuromorphic computing, a field that attempts to process signals by

replicating the function of biological neurons.

Such memristor architectures have traditionally consisted of metal-insulator-metal
(MIM) structures with transition metal oxides such as HfO», Al,O3, TiO2 and TaOx.!
Recently, however, the trend of incorporating 2D graphene-like materials like h-BN in
diverse electronic applications is taking hold,? including RF components,’ as a deep UV
emitter,* as insulating layers for various devices,”’ as diffusion barriers for chemical
species,® and as insulator in high performance memristors.””!! This breadth of
applications originates thanks to the unique properties of layered materials,'>!
representing a possible avenue to achieve electronic devices beyond traditional

complementary metal oxide semiconductor (CMOS) technology.!'*!3

In particular, h-BN has high chemical robustness, high mechanical flexibility, and

tramsparency,lz’16

enabling improved enhanced device stability and fabrication for
wearable, transparent devices. Thanks to its ability to be deposited as an atomically flat
surface free of dangling bonds, it has potential for ultra-dense integration.!”!® Particularly,

MIM memristors based on h-BN have shown remarkable features such as coexistence of
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both volatile and nonvolatile switching,!'?> high LRS/HRS ratio and low power

consumption,' and even ultrathin monolayer devices have been demonstrated.?

However, most reported studies on 2D-based memristors rely on fabrication
processes not compatible with wafer-scale electronics manufacture, such as mechanical

exfoliation, a non-scalable process,?!

or chemical vapor deposition, which despite its
scalability has high temperature requirements (>850 °C) which complicate compatibility
with CMOS fabrication, thus requiring a tedious transfer process that is time consuming
and can easily produce cracks in the material.>>>* In addition, monolayer deposition of
h-BN has stringent requirements, needing to ensure an ultra-flat surface to avoid
variability due to roughness.’® In contrast, liquid phase exfoliation (LPE) is a cost-
effective method that uses microfluidization or an ultrasonic bath to exfoliate bulk
crystals, achieving a suspension of few nm-thick and few hundred nm-long nanoflakes,
thanks to the relatively weak van der Waals forces of layered materials.> These liquid
suspensions of 2D sheets can then be used to deposit h-BN at low cost and low processing
temperatures through small scale solution processing routes such as drop-casting, spin
coating, or scalable ones like inkjet printing,?! and allowing the coating of non-planar
surfaces, such as those of wires, electrodes and channels.?” A multitude of microelectronic
devices have been demonstrated through the LPE method, including capacitors,?®
transistors,?’ light emitting diodes,*® photodetectors,’! and solar cells.*? Particularly, 2D
material-based memristors obtained through LPE have shown interesting properties, such
as the concurrence of both volatile and non-volatile switching, controllable potentiation
and depression characteristics, ultralow power consumption, high thermal stability,

flexibility, and transparency.*?

Despite the compatibility of LPE with scalable inkjet printing deposition, inkjet-
printed h-BN memristors are scarce in the literature, with an abundance of researchers
opting for non-scalable, simpler methods such as spin coating. While inkjet printing has
indeed been demonstrated with LPE 2D material-based memristors, examples in the
literature demonstrate comparably lower-performance insulator materials such as
graphene oxide, MoS> and black phosphorous. Such materials, in contrast to h-BN’s high
bandgap (~6 eV), dielectric constant (k = 4-6)° and high resistance to the diffusion of

chemical species,®>* lead to memristors with lower endurance and shorter retention times
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(see tables at the end of the chapter: Table 4.1 to Table 4.4).1%%

Due to the irregularity in size and thickness of flakes obtained through the LPE
method, solution processing fabrication of 2D material based memristors produces layers
with irregularities in thickness and flake boundaries, which lead to increased variability
in performance.’® Device variability is inconvenient for memory and computation
applications, where predictable operation is desirable.*® Nonetheless, this property is ideal
for applications that require true random number generation.’’” Fig. 4.1 shows a
conceptual sketch of two arrays of memristors, each with different switching thresholds,

outputting their own unique identifiable outputs.

Response A

-G-8

Challenges

I PUF B

Fig. 4.1 Concept of memristor-based PUFs. Two PUFs, here based on memristors, respond with their
respective unique identifiable outputs (configuration of red and blue dots in the matrix) when presented
with a challenge. Adapted from Ref 38,

In the following sections, an inkjet-printable h-BN ink formulated through the LPE
method is used to fabricate memristors in Ag/h-BN/Pt and Ag/h-BN/Ag structures by
inkjet printing. These devices show device-to-device variability in initial resistance state
and forming voltage, and cycle-to-cycle variability of resistance states within the same
device. Thanks to their cost-effective, scalable fabrication method, the stochastic
behavior of these devices is proposed for use as hardware security primitives, such as

PUFs and TRNG circuits.
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4.1. Fabrication of the h-BN memristors

The novelty introduced in the fabrication process of the memristors presented here
lies in the inkjet-printed fabrication of h-BN, representing the first fully inkjet-printed h-
BN memiristors in the literature. Two inks were used: h-BN and Ag nanoparticle ink. The
h-BN ink was formulated as described above, while the Ag nanoparticle ink was
purchased from Advanced Nano Products. Two device structures are proposed, both

pictured in Fig. 4.2.

Structure 1, consisting of Ag/h-BN/Pt, was fabricated on commercially available
S10,/S1 substrates, where the Pt back contact was deposited by electron beam evaporation
on a Si02/Si wafer. The h-BN and Ag layers were inkjet-printed using a Fujifilm Dimatix
DMP-2850 inkjet printer with a nominal drop volume of 10 pL, and then submitted to a
thermal post-treatment of 1h at 150 °C each, sequentially.

Structure 2, a fully inkjet-printed architecture consisting of Ag/h-BN/Ag, was
fabricated in a similar manner on standard glass substrates. In this case, the thermal post-

treatment was 1h at 100 °C per layer.

In all cases, the device geometry is defined vertically by the top Ag contacts, which

are circular with a diameter of 60 um.

Structure 1 Structure 2

Inkjet printed Ag Inkjet printed Ag
Inkjet printed h-BN Inkjet printed h-BN
Pt Inkjet printed Ag
Si/Sio2 Glass Slide

Fig. 4.2 Inkjet-printed h-BN Memristor structures presented.

4.2. Characterization of the h-BN inkjet-printed layers

The h-BN ink formulation used here is similar to that characterized and used in
previous works by our research group.®*** Nonetheless, the ink is again characterized to
confirm its properties. Fig. 4.3a shows a vial of the h-BN ink, with its characteristic white

color. Fig. 4.3b shows a top-view SEM image of an individual Ag/h-BN/Pt memristor
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fabricated on a 300 nm Si0,/Si wafer. The continuous nature of the h-BN nanoflake film
can be verified by AFM (Fig. 4.3¢c), showing a surface roughness of 5.6 nm, while a
thickness of ~250 nm is confirmed through cross-sectional SEM (Fig. 4.3d). Cross-
sectional TEM analysis of the Ag/h-BN/Pt devices suggests excellent crystallinity (Fig.
4.3e-h), later confirmed by Raman spectroscopy (Fig. 4.31), and reveals a monolayer

thickness of 0.33 nm, consistent with values reported in the literature.*!
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Fig. 4.3 (a) Picture of vial h-BN ink. (b) Top-view of individual inkjet-printed Ag/h-BN/Pt memristor by
SEM. (c) Surface of inkjet-printed h-BN film through AFM (d) Cross-section of Ag/h-BN/Pt memristor by
SEM. (e and f) Cross-section TEM imaging of h-BN nanoflakes with in the inkjet-printed thin film. (g and
h) Cross-section scanning TEM (STEM) images of the same h-BN nanoflake in bright field (BF) mode and
high-angle annular dark field (HAADF) mode. In the BF image (left), the black lines represent h-BN. In
HAADF mode, the white lines represent h-BN. (i) Raman spectrum of the inkjet-printed h-BN thin film

The shape of the single nanoflakes is studied by AFM and top-view TEM on a
microperforated copper grid (Fig. 4.4a and b, respectively), showing an average lateral

length of 210 nm and a thickness between 5 and 15 nm (corresponding to 15-45 layers).
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Fig. 4.4 (a) Flake height profiles obtained by AFM. (b) Top-view TEM of single h-BN nanoflakes.

4.3. Characterization of h-BN memristor switching characteristics

In the following subsections, different modes of operation for the inkjet-printed h-
BN memristors are proposed and showcased. Since stressing an RSD in a particular way
may modify its microscopic structure permanently and thus its electrical behavior, each
of the modes of operation described here are tested on different subsets of devices, which

have nonetheless been fabricated on the same substrate and in the same conditions.

Three different excitation modalities are showcased in this chapter: ramped voltage
stress (RVS), pulsed voltage stress (PVS), and constant voltage stress (CVS). In RVS, the
applied voltage is ramped once forwards and then once backwards in a voltage range were
switching is expected to happen (Fig. 4.5a). In PVS, voltage pulses are applied to the
device to elicit switching (Fig. 4.5b). Read pulses, of a lower voltage to avoid
modification of the current state, are generally used to check the resistive state of the
memristor before and after switching. Finally, in CSV the memristor is submitted to a

constant voltage while the current is monitored.
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Fig. 4.5 Memristor excitation with (a) RVS and (b) PVS

4.3.1. Initial ramped voltage characterization

The h-BN devices were first submitted to sequences of ramped voltage stresses
(RVS) to induce a device forming cycle and elicit resistive switching behavior. Upon
study of the I-V curves obtained, the devices start at a high resistance state (HRS),
transitioning to a low resistance state (LRS) as the voltage is increased (Fig. 4.6a). The
abrupt, non-linear character of this transition suggests a filamentary switching mechanism.
These devices showed a high device-to-device variability in dielectric breakdown voltage
of 0.4 - 16 V and in pristine resistance of 107 - 10'° Q (Fig. 4.6a and b). This variation
can be attributed to micro- and nanoscopic variation of the devices, e.g., fluctuation in h-
BN nanoflake thickness and stacking, as well as remaining impurities such as solvents

within the device structure.
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Fig. 4.6 a) I-V curves of the forming process of 16 devices show the variability in switching threshold of
the Ag/h-BN/Pt memristors. b) variability in initial resistance level after forming.
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While this variability in switching threshold might at first seem discouraging, as most
applications of memristors require some level of uniformity of the resistive states, the
variability shown by these h-BN memristors can be leveraged to build physical

unclonable functions (PUFs).
4.3.2. Pulsed operation for PUF applications

PUFs are devices that return a specific, unique output (response) when a given input
(challenge) is given to them. One of the main characteristics of PUFs is the inability to
predict what the response of a particular PUF will be, ensuring robustness against
malicious attacks, which can be achieved by exploiting the variability in switching
threshold that the inkjet-printed h-BN devices display. A proof of concept is carried out
where a new group of 16 h-BN memristors presented in Fig. 4.6 are submitted to a
programming pulse train consisting of a read pulse of 0.1 V for 1 ms, a set pulse of 8 V
for 1 ms, and a final read pulse (Fig. 4.7). Thus, the initial state of the device is first
measured with a low-voltage pulse, then a higher voltage programming pulse is applied
in an attempt to switch the device to an LRS, and later the final state of the device is

confirmed.

Due to the fluctuations in device properties, the initial state of the devices may be at
either HRS or LRS stochastically. In addition, due to variability in switching threshold,
for devices starting at HRS only a subgroup may switch to an LRS. This variability is
indeed observed in the 16 devices measured here, highlighted in Fig. 4.7a-c respectively:

some devices start in HRS and don’t switch, some start in HRS and switch to LRS, and

other start in LRS and stay that way.
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Fig. 4.7 Illustration of three possible scenarios when applying the programming pulse. a) device starts in
state 0 and remains in state 0 b) device starts in state 0 and switches to state 1 and c) device starts in state 1
and remains in state 1.
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Each of the h-BN memristors are determined to be OFF/ON (0/1) by setting an
(arbitrary) cutoff for HRS/LRS of 10 MQ. Initially, 3 out of 16 devices were in the ON
state, and after the programming pulse, 7 out of 16 were found to be in the ON state. Fig.

4.8 shows the detailed currents of the 16 devices as they are exposed to the pulse train.
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Fig. 4.8 Results after applying the voltage pulse train to a set of 16 devices.
This unpredictable behavior across the ensemble of devices creates a specific

configuration of OFF/ON devices, i.e. the “fingerprint” in Fig. 4.9, which can be used as
a unique identifier (PUF).

Before programming After programming

Fig. 4.9 Creation of an arbitrary pattern by applying the voltage pulse train to the group of 16 h-BN
devices, corresponding to the initial and final states shown in Fig. 4.8.
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In this pulsed voltage PUF configuration scheme, the set pulse is a critical parameter,
as it needs to be tuned according to the stochastic properties of the memristor ensemble
in order to achieve a final configuration of mixed ON/OFF devices. A set pulse that is too
high voltage (or too long) would produce a configuration of mostly ON devices, while
the opposite would lead to mostly OFF devices, thus creating a combination unusable as

a unique identifier.

The method to prepare PUFs proposed here can generate truly random, unique keys
in a facile way. Since the final ON/OFF device configuration ultimately stems from nano-
and microscopic variations in device properties originating at the time of fabrication, this
method of PUF configuration is unpredictable. Furthermore, the number of unique
identifiers scales quickly with the number of devices, enabling many unique identifier
tags. In this particular example using only 16 devices, the possible number of
combinations ascends to 2'°= 65 536, while at 30 devices, this number surpasses 1 billion

(2°°=1073 741 824).
4.3.3. High endurance volatile threshold RV'S switching property

A different switching typology, known as threshold switching, is characterized by a
SET resulting an abrupt increase in current once a certain voltage is reached through a
RVS but, as the voltage stress is removed, the device returns to the OFF state, a switching
property that finds applications in hardware implementations of artificial neural

networks.***

The Ag/h-BN/Pt memristors exhibit volatile unipolar threshold switching when
submitted to RV'S with a low current limitation (<1 pA), in either polarity (Fig. 4.10 a-d).
When the resistance levels of these two states are analyzed, they show a statistical
distribution where the LRS and HRS are well defined with mostly separated states
(approximately a factor Rurs/Rirs = 10) and limited overlap (Fig. 4.10 e and f). In these
conditions, the h-BN devices show repeatable switching for up to 0.6 million cycles, the
highest endurance reported to date for a memristor fabricated using the liquid phase

exfoliation method (see tables: Table 4.1 to Table 4.4).
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Fig. 4.10 a)-d) Ag/h-BN/Pt memristors operating in volatile threshold RVS mode at different current
limitations from 1 uA to 1 nA. e) resistance levels in each cycle extracted from the experiment at a). f)
statistical distribution of resistance levels from ¢), showing limited overlap between HRS and LRS.

In contrast, when the current limitation is raised to >10 pA, the memristors show
non-volatile bipolar RS (Fig. 4.11a). Analysis of the LRS when measured in this way
reveals relatively low dispersion in resistance (Fig. 4.11b), which could find applications

as memory units.
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Fig. 4.11 (a) I-V plot of RVS measurement of Ag/h-BN/Pt memristors under current limitations ranging
from ~1 pA to 1 mA, displaying non-volatile RS. (b) Plot of dependence of the resistance of the LRS on
the current limitation, showing relatively tight dispersion within the same order of magnitude.

4.3.4. Self-recovery effect of LRS and fabrication of symmetrical Ag/h-BN/Ag devices

One of the most common modes of failure in resistive switching devices consists of
failure to recover from the LRS.* The Ag/h-BN/Pt memristors studied in this chapter are
robust to this failure mode thanks to a self-recovery effect. Even when operated in
conditions that lead to non-volatile switching (i.e. higher current limitations up to 1 mA),
the h-BN memristors spontaneously return from the ON state (LRS) back to the OFF state
(HRS) after a time period allowing the h-BN memristors to not remain stuck in the LRS
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indefinitely. Fig. 4.12 shows this effect, showing an inverse relationship between the
retention time and the starting resistance of the LRS. This observation is consistent with
a filamentary switching mechanism, stemming from the diffusion of highly mobile Ag"

species originating in the Ag contact under electrical polarization.*’
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Fig. 4.12 Retention time of LRS at different conditions, showing the self-recovery effect.

In light of this proposed switching mechanism mediated by Ag" ions, and in order to
exploit the stochastic property of the h-BN memristors, a symmetrical, fully-inkjet-
printed Ag/h-BN/Ag device structure is proposed. This symmetrical structure should
allow the injection of Ag" ions from both contacts according to the polarity of the applied
voltage, leading to an increased injection of Ag" ions and thus an increased number of
intermediate states with more overlap between HRS and LRS. Measurement with RVS

of the Ag/h-BN/Ag devices shows non-volatile bipolar RS (Fig. 4.13).
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Fig. 4.13 I-V plot of RVS measurement of Ag/h-BN/Ag memristors under a current limitation of 1 mA,
displaying non-volatile RS.

The Ag/h-BN/Ag structure also shows the self-recovery effect. Remarkably,
measurement by PVS of the symmetrical device structure reveals that no devices
remained stuck at the LRS permanently. Remarkably, in the worst case observed, the

device persisted for <9% of operation time (Fig. 4.14).
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Fig. 4.14 Endurance test of Ag/h-BN/Ag memristors showing the self-recovery effect in action between
cycles 3000-4500 and 10000-15000 (highlighted).

4.3.5. Entropy source property

When subjected to pulsed voltage stresses (PVS) with a current limitation of 1 mA,
the Ag/h-BN/Pt memristors show non-volatile bipolar switching with an HRS that varies
stochastically with each cycle in the range of 10° — 10% Q (Fig. 4.15 a-b). This mode of
operation may be exploited as an entropy source, i.e. a random number generator, by
comparing the resistance of the HRS with an (arbitrary) cut-off resistance level to
generate a series of 1 and 0 values. For example, setting a threshold resistance of Rty =

50 MQ in Fig. 4.15a, 656 of the cycles would yield a 0 state, and 202 would yield a 1

state.
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Fig. 4.15 Resistance states under pulsed operation for every cycle and statistical distribution of states for
a)-b) Ag/h-BN/Pt memristors and c)-d) Ag/h-BN/Ag memristors.
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Additionally, when subjected to a constant voltage stress (CVS), the Ag/h-BN/Pt
devices show a current that alternates between high and low levels, a behavior known as
random telegraph noise (RTN). Fig. 4.16a and ¢ show the monitored current over time of

Ag/h-BN/Pt devices subjected to CVS, displaying 2-state and 3-state RTN.

It has been observed that RTN is caused by charge trapping and detrapping by
individual defects, while multilevel RTN is caused by the interaction of multiple
defects.*® During these CVS measurements, as the constant voltage was applied, the
devices alternated between the 2-state and 3-state RTN modes spontaneously. This
coexistence of both effects can be attributed to the stochastic formation of defects within

the device structure during fabrication.

The transitions between low and high current can be exploited as an entropy source
by translating each transition into an output of 1 and 0, for example, by using an AC
coupled amplifier.*’ > Incidentally, the low-current baseline of either the 2-state and 3-
state modes observed in our devices coincide, at approximately 10 nA (Fig. 4.16a and c),

meaning that this method can be used irrespective of the current RTN mode of the device.
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Fig. 4.16 CVS operation of Ag/h-BN/Ag memristors showing RTN between 2 states (a) and 3 states (c).
The time-lag plots at b) and d) show the dispersion of the measurement of current at the current state vs
that at the last measurement point.
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Compared to pulsed operation, working in RTN mode consumes very low power,
with currents below 1 nA, a consequence of the fact that no filament is formed and
disrupted in every transition. Consequently, however, the separation between the two
current levels is considerably low at approximately a factor of 2, which may add
complexity to the required complementary electronics to translate the transitions into an

output string of 1 and 0 values.
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4.4. Supplementary tables

Table 4.1 LPE BP based memristors found in the literature.

Data points
Ref  TE/RS medium/BE Print method Endurance presented
Ref>! Al/BP/ITO Drop-casting - -
Ref°? Al/PMMA/BPQDs/PMMA/Al Sonication exfoliation 100 21
Ref>? Al/BP:PS/Al Centrifuge - -
Table 4.2 LPE GO based memristors found in the literature.
Data points
Ref  TE/RS medium/BE Print method Endurance presented
Ref** Cu/GO/Pt Vacuum filtration 100 100
Ref* Al/GO-PVK/ITO Toluene-cast 10 9
Ref® Al/G-O film/Al Spin-casting 100 21
Ref>” AI/GO/ITO Spin coating 100 50
Ref°® Al/TPAPAM-GO/ITO Spin or blade coating 5 -
Ref*® AI/GO/ITO Spin coating 100 50
Ref®® AI/RGO/ITO Drop casting hundreds 8
Ref®* Cu/GO/Pt Vacuum filtration - -
Ref®? Pt/rGO-th/Pt Vacuum filtration 350 350
Ref®® Al/FPA-rGO/ITO Spin coating 1000 -
Ref®* Ag/GO/Ag Spin coating - -
Ref® Al/GO/ITO Spin coating 100 100
Ref®®  Al/GO/p-Si Spin coating 100 50
Al/GO/p-Ge 100 50
Ref®” Pt/GO/ITO Spin coating 100 21
Ref®® Al/rGO/AI Spin coating ~100 50
Ref®® Ag/HfO,/LSG Laser-scribing 100 -
Ref’® Ag/GO/ITO Spin coating - -
Ref’*  Al/CuO/GO/CuO/Al Spray-coating - -
Ref’? Au/GO/ITO Spin coating 100 9
Ref’* ITO/RGO/ITO Dip coating 10° -
Ref’* Al/GO/AI Spin coating - -
Ref”®  Al/Au NPs-RGO-PVA/ITO Spin casting 50 -
Ref’® Ag/GO/ITO Inkjet printing - -
Ref”” ITO/GO/ITO/PES Spin coating - -
Ref’® Al/Au NP inserted GO/ITO Spin coating 10% -
Ref”® Ag/GO/rGO/SiO,/p-Si Spin coating 100 -
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Ref®® Au/GO/Au Drip - -
Ref®?  Au/GO/Al Spin coating 200 -
Ref”® Ag/GO/rGO/Ag Spin coating 100 -
Ref® Ag/ZnO-rGO/FTO Dip coating - -
Ref® Metal/GO/Metal Spin coating 250 15
Ref®* Pt/Ti/GO/Pt/Ti Spin coating 10% -
Ref® PEDOT:PSS/GO/PEDOT:PSS  Spin coating 103 -
Ref®® Pt/GO/ZnONR/ZnO/ITO Drop-casting 103 -
Ref®® Au/GO/Au Dripping - -
Ref®” Pt/brGO/Pt Spin coating - -
Ref® Yarns/RGO/Yarns Spin coating 100 -
Ref® Ag/N-GO QDs/Pt Drop-casting 50 -
Ref® Ag/RGO/ITO Drop-casting - -
Ref®? AlI/HGO/ITO Spin coating 100 -
Ref? Al/GO-TiO,/ITO Spin coating 60 -
Ref*® Pt/ZnO-G/Pt Spin coating - -
Ref®* Ni/PMMA:GO/ITO Spin coating 300 -
Ref®> Paint/GO/PET Spin coating 100 15
Ref®® Al/GOAu/ITO Spin coating 100 -
Ref’” LSMO-rGO - 103 -
Ref® Al/rGO-ZnO HC/PMMA/ITO  Spin coating 103 -
Ref® AI/GO/AI/PES Spin coating 100 -
Ref’® Al/GO/Au/GO/ITO Spin coating - 20
Table 4.3 LPE MoS2 based memristors found in the literature.
Data points
Ref TE/RS medium/BE Print method Endurance presented
Refl®  Al/MoS,-PVP/(rGO) Spin coating - -
Ref%?  rGO/MoS,/ITO Spin coating - -
Refl%?  Ag/MoOy/MoS,/Ag Inkjet, screen printing  10* 14
Ref!%®  Al/MoS,-MoO,/Al Spin coating 100 11
Ref®  Au/PMMA/MoS; Spin coating 650 -
QDs/PMMA/FTO
Ref'%  Al/MoS,-UCNPs/ITO Spin coating 200 40
Hydrothermal

Refl®  Ag/Gr-MoS,/Cu process 500 -
Refl®  Ag/MoS,/Ag aerosol-jet printing 120 25
Ref%®  Gr/MoS, QDNS/Gr Spin coating 50 -
Refl®  Pt/MoS,/Ti Spin coating 10’ 22
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Table 4.4 LPE h-BN based memristors found in the literature.

Data points
Ref TE/RS medium/BE Print method Endurance presented
Ref!’®  Ag/h-BN-PVOH/ITO EHDA printing 1500 33
Ref!!  Ag/ZnO/BNNSs/Pt Spin coating - -
This  Ag/h-BN/Pt Inkjet printing 600,000 600,000
work  Ag/h-BN/Ag Inkjet printing 11,000 11,000
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4.5. Overview of results regarding h-BN memristors

In Chapter 4, inkjet-printed h-BN memristors are presented as promising devices for
random number generation and for use as physical unclonable function circuits, thanks to
their inherent device-to-device variability and RTN property. The following findings are

shown:

(1) The pulsed operation of h-BN memristors are shown, with the possibility to
configure write pulses such that only a few devices switch from an OFF state to
an ON state, which allows them to be used as PUFs.

(2) The ability of these devices to perform volatile threshold switching with
exceptional endurance, reaching 0.6 million cycles when switched in pulsed,
volatile unipolar mode. This is achieved by applying pulses using a current
limitation of 1 pA or lower.

(3) The use of the h-BN memristors as entropy sources in one of two operation modes:
pulsed operation and constant voltage operation. Strings of Is and Os can be
generated by setting an arbitrary distinction in resistance or current level.

(4) The ability of the h-BN memristors to self-recover spontaneously from an LRS,

the most common failure mode in other memristors.
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Chapter 5
Inkjet-Printed p-NiO/n-ZnO Heterojunction Diodes for
Photodetection Applications

In this chapter, inkjet-printed NiO/ZnO photodetectors will be fabricated and studied.
The main contribution of this section is the validation of low post processing temperature
inkjet printable, metal oxide transport layer materials and the fabrication process to obtain

thin films through the fabrication of inkjet-printed metal oxide photodetectors.

The varied requirements across different application fields of photodetection result
in several device families are available for UV photodetection, such as charge coupled
devices (CCD), photomultiplier tubes (PMT), and semiconductor photodetectors.!
Although semiconductor photodetectors are a versatile choice for most UV
photodetection applications, thanks to their compact form factor (compared to PMTs) and
fast response (compared to CCD), commercial devices are generally based on narrow-
bandgap semiconductors such as Si, requiring filters to suppress visible light? and
suffering degradation due to exposure to photons of much higher energy than the bandgap,
besides lacking mechanical flexibility.> More recent research has studied large-bandgap
materials such as SiC or III-Nitride compounds such as GaN for photodetection, however
they require complex manufacturing processes and are difficult to prepare in large area
substrates.*> Thus, metal oxides, in particular p-type NiO and n-type-ZnO, are proposed
as an alternative material due to their solution processability, mechanical flexibility,®

6,9,10 in

compatibility with large-are processing,”® optical transparency, and abundance,
the form of inkjet-printable nanoparticle inks. Although previous studies have
demonstrated the compatibility of NiO with ZnO for optoelectronics, they have generally

focused on non-solution processing technologies such as CVD and sputtering. '8

This study reports on the IJP fabrication and characterization of a transparent,
inorganic conductive NiO/ZnO heterojunction photodetector post-processed at a
temperature of 200 °C, compatible with different flexible substrates. An initial
characterization of morphology, chemical structure and optical properties of the p-type

NiO and n-type ZnO inks by SEM, XRD, and optical spectroscopy is followed by the
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fabrication of a heterojunction device with an Au/NiO/ZnO/C structure onto a Si/Si02
wafer. The intensity-voltage characterization of the device is performed in dark and

illuminated condition, showing its photoresponse.

The work showcased here is intended as a first step characterization towards the
application of these inks in the fully-inkjet-printed perovskite LEDs (PeLEDs) that will
be presented in Chapter 6. The low post-processing temperature is a crucial parameter
for two main reasons. First, because during the post-processing of the top layers of the
PeLED, the active (perovskite) layer will be exposed to the same process as well, low
temperature post-processing is a requirement for fully inkjet fabrication of PeLEDs. We
have found the mark of 200 °C to be the upper allowable boundary for stress on CsPbBr3
nanocrystalss, beyond which they suffer considerable degradation. Secondly, it allows for
the printing and further processing on flexible substrates, which have stricter post-
processing restrictions than solid substrates, an imperative when considering large scale,

commercial R2ZR manufacturing of devices.

5.1. Inkjet-printed NiO and ZnO thin films
5.1.1. Morphological and crystalline analysis of the NiO and ZnO thin films

A preliminary characterization of the inkjet-printed NiO and ZnO inks is performed
(inks acquired from Avantama AG). These inks are a suspension of metal oxide
nanoparticles synthesized by flame spray pyrolysis by Avantama AG, with hydrodynamic
particle sizes of 7 nm (NiO) and 12 nm (ZnO) reported as fabricated. Dispersed in hexanol
as the main carrier, a non-disclosed proprietary additive blend ensures a stable ink

solution. Details regarding ink formulation are presented in Chapter 3.

For SEM characterization, single layers of these materials are inkjet-printed on
Si/Si0, substrates and then subjected to a thermal post-processing both in ambient
condition and in vacuum, at a temperature of 200 °C for 1h. Vacuum curing is introduced
to enhance the curing process, as it is expected to improve the removal solvents thanks to
the reduced pressure. In addition, the layers are expected to have lowered contamination

from atmospheric contaminants. '*°

Upon first inspection, the inkjet-printed NiO layer cured under atmospheric
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conditions appears hazy in SEM imaging. This is a phenomenon sometimes observed in
solution processed layers that have undergone incomplete drying of their solvents (Fig.
5.1a).2! Conversely, once the NiO layers that underwent post-treatment in vacuum are
analyzed, their morphology can be distinguished, showing a granular surface, which

suggests enhanced solvent removal (Fig. 5.1b).

Similarly, the non-vacuum post-processed inkjet-printed ZnO thin films show an
undesirable appearance. SEM images reveal dark patches throughout the layer (Fig. 5.1c),
suggesting boiling of the ink solvents. These features may lead to shunt (parasitic)
currents across the layer in a device structure. However, when the inkjet-printed layers
are post-processed under a vacuum procedure, a layer without visible pinholes is obtained

(Fig. 5.1d).

NiO Zn0O

Regular oven

Vacuum oven

Fig. 5.1 Comparison of SEM images of regular convection oven and vacuum oven thermal post-treatment
for NiO and ZnO layers, showing an improvement in layer quality for the vacuum oven treated layers.

A close view SEM of the vacuum post-processed NiO and ZnO layers is shown in
Fig. 5.2. While some granularity can be perceived, expected from a nanoparticle-based
thin film, these images reveal uniform and compact layers, a crucial aspect for thin film

device fabrication. The approximate grain size of the thin films can be estimated at 30—
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50 nm for ZnO and around 30 nm for NiO, greater than the original particles in solution,

hinting at a successful sintering process.

Zn0O NiO

Fig. 5.2 Planar view SEM of inkjet-printed (a) ZnO and (b) NiO layers post-treated in vacuum.

Following the morphological SEM analysis, the metal oxide thin films are studied by
XRD, shown in Fig. 5.3, which displays the observed peaks in the diffraction pattern.
Zinc oxide (ZnO) can be found in three distinct structures: rock-salt, zinc-blende, and
wurtzite, the latter being the only one stable under standard temperature and pressure. In
contrast, rock-salt appears at high pressure, whereas obtaining zinc-blende ZnO requires
epitaxy on a cubic substrate.?? As expected, the diffraction pattern of ZnO (Fig. 5.3a)
corresponds to its wurtzite crystal structure in the hexagonal system.?»** For NiO, the
peaks detected (Fig. 5.3b) reveal its cubic phase, in agreement with the literature.?

25 30 35 40 45 50 55 60 65

(101) ZnO |

3

b) + + + (200) 1 t + + Nio

XRD signal (a.u.)

25 30 35 40 45 50 55 60 65
20 (%)

Fig. 5.3 XRD pattern of inkjet-printed (a) ZnO and (b) NiO thin films, showing peaks expected for wurtzite
structure (ZnO) and cubic phase (NiO).

By measuring the full width half maximum of the XRD peaks of NiO and ZnO, the
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respective crystallite sizes of each can be estimated through the Debye-Scherrer equation

(eq. 5.1).

B KA (eq. 5.1)
te Bcos (8)

where the wavelength of the X-ray radiation is A = 0.15406 nm is, B is the FWHM
and 0 is the measured diffraction angle. Following this equation, the estimated crystallite
size 1s 13 nm for the ZnO layer and 9 nm for the NiO layer, in agreement with the values
of nanoparticle size in suspension reported by Avantama AG for these inks, 12 nm and 7
nm, respectively. The findings from FESEM analysis and XRD data suggest that the
nanoparticles underwent sintering but not recrystallization into a distinct phase, unlike
what may be observed in other established deposition methods such atomic layer

deposition or CVD.?%%

5.1.2. Optical Properties

After morphological and structural analysis of the inkjet-printed metal oxide layers,
optical characterization was performed. Films of NiO and ZnO were printed onto fused
silica, as it provides more accurate UV-VIS spectroscopy characterization thanks to its
superior UV transparency compared to standard glass (Fig. 5.4a and b). In addition, layers
of NiO and ZnO were inkjet-printed on PET, validating their excellent flexible substrate
processability. The pictures in Fig. 5.4c—e are a close-up of 1 x 1 cm? films of inkjet-
printed NiO and ZnO on PET, presenting a uniform appearance despite the moderately
sized area of the layers. Fig. 5.4d-e shows pictures of the NiO and ZnO printed layers
shone with light and photographed at a low exposure level to reveal the surface in detail
through reflected light. The color observed in the printed areas is a result of light that has
undergone reflection and thin film interference, providing qualitative insight into the
thickness of the inkjet-printed thin films. A thickening effect can be seen along the
periphery of the inkjet-printed ZnO (Fig. 5.4d), a widely reported occurrence in inkjet-
printed layers referred commonly to as the coffee-ring effect.?® Despite the undesirable
nature of this effect, it can be seen that this phenomenon is limited to the edge zone, while

the rest of the deposited surface maintains a uniform thickness. The NiO layer (Fig. 5.4¢)

122



Chapter 5: Inkjet-Printed p-NiO/n-ZnO Heterojunction Diodes for Photodetection
Applications

shows a similar effect, although less markedly.

Fig. 5.4 Detail photographs of (a) ZnO and (b) NiO inkjet-printed on fused silica. (¢c) Both materials printed
on PET, and close-up in (d) ZnO and (¢) NiO.

In order to be incorporated in an optoelectronic device structure, the transparency of
NiO and ZnO is paramount. However, light absorption in the layer along with the
reflection caused by the significant difference in refractive indices between air and the
metal oxide material, set a constraint on the maximum optical transparency (Tmax) of the
thin film. The contrast in refractive indices (n) cause a reflectivity that can be calculated

as (eq. 5.2):

n, — ny?
R, - = — (eq 5.2)
nz-ni n, + nq

Tmax 1s easily obtained by assuming no absorption (eq. 5.3):

Tmax = 1 —_ Rn2—n1 (Cq 53)

Using the values nzno = 2.018,% and nnio = 2.180,%° at a wavelength of 500 nm, the
values of Tmax zno = 88.6% and Tmax Nio = 86.2% are obtained. Fig. 5.5 shows the optical
spectrum of the inkjet-printed NiO and ZnO layers. Excellent transmittances, with NiO
reaching above 90% (Fig. 5.5a) and ZnO 70% (Fig. 5.5b) in the visible range, are obtained
within the expected range of Tmax. The spectrum observed for ZnO shows a sudden dip
in transmittance due to its band gap of ~3.3 eV (corresponding to a photon wavelength of

375 nm).

Furthermore, the band-gap energy of direct band-gap materials can be estimated

using a Tauc plot representation. This involves using the following relation (eq. 5.4).

(@-h-v)ox (h-v—Eg) (eq. 5.4)
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where hv represents the photon energy and a is the absorption coefficient. The graph
in Fig. 5.5¢ displays a plot of these relations, where the linear regression on this curve
yielding an approximate value for the optical bandgap of the inkjet-printed ZnO layer at
around 3.28 eV (corresponding to a photon wavelength of 378 nm). This is consistent
with the published literature, indicating that the optical characteristics of the ZnO thin
films are not altered by the inkjet printing process. In contrast, the bandgap of NiO, known
to be around 3.7 eV (335 nm), lies is beyond the measurement range of the spectroscopy

setup used (A > 350 nm), and thus could not be estimated using this method.>!
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Fig. 5.5. Optical spectrosccopy of (a) NiO and (b) ZnO. (c) Estimation of the bandgap energy of ZnO by
Tauc plot regression method.

In order to compare these results with the published literature irrespective of layer
thickness, the coefficient of absorbance of the layers is estimated. While the absorbance
of the inkjet-printed layers presented here can be easily calculated from the values of
reflectance and transmittance (A =1 - R - T), most articles only cite transmittance values,
thus accurately determining the coefficient of absorptance for thin films is challenging.
Due to this limitation, the exponential law of absorption (eq. 5.5) was used, to determine

the coefficient of absorption assuming no reflectance (eq. 5.6).
T = e~ at (eq. 5.5)

a = —%ln (T) (eq. 5.6)

Table 5.1 compares the optical properties of the inkjet-printed thin films obtained
here with the existing literature, which were fabricated using more established deposition

technologies. It can be seen that the absorption coefficients obtained for the inkjet-printed
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NiO and ZnO layers are similar to those reported in the literature.

Table 5.1 Optical properties of similar NiO and ZnO layers published in the literature.

Ref. Material Method Thickness  Transmittance range Coeff. Abs Range

[nm] [%] [400-600 nm]  [1/um] [400-600 nm]

Iv*;'rsk NiO Inkjet 200 90- 95 0.53-0.26

Ref'8 NiO Spin coating 40 87 -95 1.94 - 0.40

Ref!2 NiO Epitaxy 50 97 - 98 0.61-0.40

Ref2 NiO Chemical bath 120 88 - 88 1.07 - 1.07
deposition

Ref3 NiO Spin coating 150 88 - 92 0.85-0.56

\-/rvglrsk Zno Inkjet 200 65 - 80 215-1.12

Ref34 ZnO Spin coating 100 67 - 90 4.00-1.05

Ref3® ZnO Sol-gel 200 85-90 0.81-0.53

Ref6 ZnO Ultrasonic spray 200 80-92 1.12-0.42
pyrolysis

Ref¥7 ZnO Spin coating 150 88 -92 0.85-0.56

5.2. Inkjet-printed diode I-V characteristic and photodetection

After evaluating the ink printing and post-processing method, the NiO and ZnO inks
were used to fabricate an Au/NiO/ZnO/C inkjet-printed heterojunction. Fig. 5.6a-c
illustrates the fabricated device architecture, its equilibrium band structure as expected
from literature, and a top view image of the finished devices, respectively. Gold is chosen
as a back contact as its work function should create an ohmic contact with NiO, and ensure

1.8 Regarding the top contacts, inkjet-printed Ag

a proper interface as a noble meta
nanoparticle contacts as those shown for h-BN devices were attempted, however these
devices showed shunted behavior evidenced by low resistances and linear -V
characteristics. Suspecting undesirable Ag" electromigration, a commercial carbon paste
was applied by a simple screen-printing process as an alternative. The active device area

is delimited by the top carbon contacts, which have a radius of 100 micrometers.
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Fig. 5.6 (a) Sketch of structure of Au/NiO/ZnO/C device, and (b) its band diagram. c) Photograph of the
finished heterojunctions on Au-covered Si/SiO; substrate.

To investigate the electrical behavior of the inkjet-printed NiO/ZnO heterojunction,
the current-voltage (I-V) characteristics of a device was examined under dark conditions
(Fig. 5.7a). The heterojunction exhibits remarkable current rectification behavior,
demonstrating a significant forward/reverse polarization current ratio of two orders of
magnitude at a voltage of £3 V, with a threshold voltage of around 2.2 V. The rectification
behavior of the Au/NiO/ZnO/C heterojunction is compared with that of similar devices

in the literature, deposited using more consolidated processes, as shown in Table 5.2.

Following, the inkjet-printed Au/NiO/ZnO/C device was analyzed to determine its
photoresponse. This was done by measuring its [-V characteristics under exposure to light
from an AM1.5 Global solar simulator. The current-voltage (I-V) behavior of the device
in dark and under illumination is compared in Fig. 5.7b. The graph is plotted using a semi-
log scale, with the current intensity represented in absolute value, revealing a remarkable

quotient of Liight/Laark = 10* at reverse polarization under the solar simulator.
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Fig. 5.7 (a) Rectification behavior of the device with no illumination. (b) [-V curves of the Au/ NiO / ZnO/
C heterojunction in dark and illuminated conditions.
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Table 5.2 Summary of similar diodes published in the literature, showing their rectification behavior.

Ref. Structure Device Deposition method  log1o[l+/I-]  measured
@voltage
[V]
This  Au/NiO/zZnO/C uv Inkjet printing 0.8 2
work photodetector
Ref® ITO/NiOx/ZnO/Al uv Spin coating 2.46 1
photodetector
Ref*  ITO/NiOx/ZnO/Al uv Spin coating 2.05 5
photodetector
Ref  Au/NiOx/ZnO/Au uv RF magnetron 3.81 2
photodetector sputtering
Ref*'  ITO/ZnO/NiO/Ni uv Sputtering (ZnO) + 3.6 2
photodetector ion beam (NiOx)
Ref*2  ITO/NiO/ZnO/Au uv PLD (ZnQ) + solid 2.36 2
photodetector phase epitaxy (NiO)
Ref?  ITO/IN203/NiO Diode Inkjet printing 1.04 2
/PEDOT:PSS

5.3. Overview of results regarding inkjet-printed p-NiO/n-ZnO
photodetectors

In Chapter 5, inkjet-printed p-NiO and n-ZnO layers are presented, and

photodetectors based them studied. The following contributions were shown:

(1) The inkjet printing manufacturing of transparent thin films of n-type ZnO and p-
type NiO showcased on rigid and flexible substrates, demonstrating optimal
printability on a variety of surfaces.

(2) Thorough investigation of these layers through XRD shows their material
properties are maintained. SEM imaging proves the thin layer surface is
homogeneous and free of imperfections such as wrinkles, cracks, and pinholes,
which would limit their applicability to optoelectronic devices.

(3) The observation of rectification behavior in a device structure, further
demonstrating the semiconducting properties of the layers. This is a key point, as
these layers are being studied for their future use in PeLED structures. A
rectification ratio of 107 is observed between -/+ 3 V.

(4) The demonstration of photodetection properties of these layers, pointing to an
appropriate interface between the layers, a crucial aspect towards the

manufacturing of PeLEDs.
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Chapter 6
Fully Inkjet-Printed Green-Emitting
PEDOT:PSS/NiO/Colloidal CsPbBr3:/SnO: Perovskite Light-
Emitting Diode on Rigid and Flexible Substrates

In this chapter, results concerning the inkjet-printed fabrication characterization
process of light emitting diodes (LEDs) based on CsPbBr3; metal halide perovskite are
presented. The demonstration of inkjet-printed large area devices starts by proving the

processability in ambient atmosphere.

Perovskite LEDs (PeLEDs), first reported in the 90’s,!* have shown dramatic
progress over the last few years, achieving an outstanding peak efficiency of 28%>* and
high luminances up to 470 000 cd/m? ? in less than a decade, a point which took OLED
research more than two decades to reach.® Inorganic metal halide perovskites in particular
stand as a compelling active functional material choice due to their higher stability

compared to their organic counterparts.®®

The impressive progress in PeLED EQE has been enabled by solution processing
routes, as vacuum evaporated perovskite LEDs suffer from reduced efficiencies.’
However, these record-breaking results have been obtained through laboratory-scale
solution-based deposition methods such as spin-coating and in the tightly controlled
atmosphere of a glovebox In this regard, Table 6.1 shows a list inkjet-printed PeLED
structures in the literature, with an extended version shown in Table 6.3 at the end of this
chapter. While ideal for research and benchmark purposes, such lab-scale fabrication

technologies are not conducive to scalable manufacture.

Most of the work in this thesis was dedicated to the demonstration and validation of
an inkjet-printing-based fabrication protocol for PeLEDs, as a proof of concept of their
potential scalability of mass fabrication through solution processing. For this reason, the
final objective should be to fabricate a structure based on only inkjet-printed layers on a
flexible substrate, and ideally substituting organic transport layers for inorganic ones,
which are potentially more stable.!®!! Here, the progress of this thesis in the fabrication

of inkjet-printed PeLEDs is showcased by using CsPbBr3 as a benchmark material due to
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the proven higher stability of inorganic perovskites.'? In addition, this section of the thesis
takes special importance as it was part of the H2020 European project Drop-It, a research
project aiming for the validation of scalable, ambient atmosphere manufacture of inkjet-
printed PeLEDs. As a result of focused work in this project, the results presented in this
chapter showcase the second published example of a fully inkjet-printed LED (Table
6.1).13

Table 6.1 Summary of similar PeLED structures published in the literature comparing peak emission
wavelength, maximum luminance, efficiency, and lifetime. This is a condensed form of table Table 6.3,
shown at the end of this chapter.

Inkjet- Peak Max. Max.
printed emission Luminance EQE
Year layers (nm) (cd/m2) (%) Lifetime Ref.
2020 1 520 1233 2.8 -50% in 7min  Ref!
2020 1 530 4000 N.A. N.A. Ref!s
2021 1 515 10992 3.03 N.A. Ref'®
2021 1 530 3640 9 -42% in 10 min ~ Ref!?
2021 4 (Al 536 10227 0.8 -10% in 100h Ref®
517 8.54  -50% in 64 min
2022 1 688 43883 5.54  -50%in34 min  Ref"”
488 0.81 -50% in 2 min
2022 1 = 520 2465 7.9 -50% in 5s Ref?
2022 1 633 30 1 N.A. Ref?!
2022 3 510 5038 8.9 N.A. Ref?
2022 1 512 12882 10.1  -50%in35min  Ref?
2023 1 530 3598 N.A. N.A. Ref?

The materials and fabrication processes used are systematically optimized towards a
fully inkjet-printed, flexible device. To achieve this, the work progresses from simple
devices with few inkjet-printed layers into more challenging structures, by substituting
spin-coated and evaporated charge transport layers with inkjet-printed ones. The achieved

milestones are divided into three steps listed below and summarized in Fig. 6.1.
e Step 1: Validation of inkjet-printed CsPbBr3; and NiO
e Step 2: Inkjet-printed PEDOT:PSS and flexible substrates

e Step 3: Inkjet-printed SnO» as top hole blocking layer.

132



Chapter

6: Fully

Inkjet-Printed  Green-Emitting PEDOT:PSS/NiO/Colloidal

CsPbBr3/Sn0O2 Perovskite Light-Emitting Diode on Rigid and Flexible Substrates

Step 1
LiF/Al Evaporation LiF/Al Evaporation
LiF/Al Evaporation PO-T2T Evaporation PO-T2T Evaporation
PO-T2T Evaporation Inkjet printing Inkjet printing
Inkjet printing Inkjet printing Spin-coating
Spin-coating Spin-coating Spin-coating
ITO ITO
Glass Rigid substrate Glass Rigid substrate Glass Rigid substrate
Step 2 Step 3
LiF/Al Evaporation Evaporation Evaporation
PO-T2T Evaporation Inkjet printing Inkjet printing
Inkjet printing Inkjet printing Inkjet printing
Inkjet printing Inkjet printing Inkjet printing
Inkjet or spin Spin-coating Inkjet printing
ITO ITO ITO
Glass or PET | Rigid/flex subs. Glass or PET | Rigid/flex subs. Glass or PET | Rigid/flex subs.

Fig. 6.1 Structures corresponding to each of the steps detailed in this chapter.

Due to the lack of published literature on inkjet-printed PeLEDs with metal oxide
transport and blocking layers, this will constitute an exploratory work on the viability of

inorganic inkjet-printed flexible PeLEDs.
6.1. Fabrication of inkjet-printed CsPbBr; LEDs

6.1.1. Characterization of inkjet-printed SnO;

Similar to the formulation of the NiO and ZnO inks presented in Chapter 5, a
hexanol-based SnO> nanoparticle inkjet-printable ink was acquired from Avantama AG.
The characterization performed in the SnO layers is shown in Fig. 6.2, including SEM,
optical spectroscopy and XRD. The morphology analysis by SEM (Fig. 6.2a) reveals a
granular layer free of pinholes, confirming a morphology similar to that of the NiO and
ZnO layers analyzed in Chapter 5. Similarly, optical spectroscopy measurements (Fig.
6.2b) highlight the highly transparent nature of the inkjet-printed SnO; film, with a
transparency close or above 90%. Although the successful device architectures presented
further along this chapter include SnO, as the last layer in contact with Al (PIN structure),
thus not necessarily benefitting from high transparency since light is outputted through
the ITO contacts (Fig. 6.1), the optical characterization of SnO; suggests good
performance in potential future NIP architectures. Finally, XRD analysis (Fig. 6.2¢c)
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reveals peaks corresponding to the tetragonal phase of SnO», verifying the crystallinity of
the NP. Applying the Debye-Scherrer formula to the diffraction pattern, a crystallite size

of = 7 nm is estimated.
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Fig. 6.2 Characterization of inkjet-printed SnO> layers by (a) SEM, (b) optical spectroscopy (inset showing
an SnO layer printed on fused silica) and (c) XRD.

6.1.2. Validation of transport layers with mixed fabrication processes in a P-N structure

As a preliminary study of the materials and fabrication methods, some of the
proposed transport and blocking layers are incorporated into three P-N device structures
with no active emissive layer (Fig. 6.3a). These structures replicate some of the layers
and fabrication processes that will be employed for PeLEDs: the hole transport layers and
electron blocking layers (HTLs and EBLs) are fabricated by spin coating, inkjet printing
or a combination thereof, while the hole blocking layer (HBL) PO-T2T was evaporated.

The electrical characterization of these devices should present the expected behavior,
i.e. an exponential I-V characteristic and absence of short-circuits, which may indicate

imperfect film formation due to undesired pinholes, in order to validate the experimental

134



Chapter 6: Fully Inkjet-Printed Green-Emitting PEDOT:PSS/NiO/Colloidal
CsPbBr3/Sn0O2 Perovskite Light-Emitting Diode on Rigid and Flexible Substrates

methodology prior to the introduction of the perovskite layer. A summary of this electrical
characterization is presented in Fig. 6.3b, which shows the average current measured at
up to 8 V over 12 identical pixels per tested structure, for a total of 36 pixels. The inset
in Fig. 6.3b shows the maximum measured current for all tests, revealing that, none of
the 36 devices shows a short-circuit. This observation, in addition to the observed
nonlinear behavior, indicating the presence of low leakage currents. The detailed I-V
characterization of each pixel is presented in Fig. 6.3c-e, showing relatively tight
dispersion of the measured curved. These preliminary results suggest that the layers are
of high quality and free of pinholes, and validate the compatibility of the mixed inkjet-

printing, spin-coating and evaporation fabrication process.
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Fig. 6.3 Preliminary characterization of some of the proposed transport and blocking layer materials and
fabrication methods, particularly inkjet printing. (a) Sketch of the three structures studied. (b) I-V
characteristic, averaged over 12 identical pixels (2 devices x 6 pixels each), of the three structures. (c)-(e)
Individual I-V plots of all pixels.

6.1.3. First step: The effect of NiO as electron-blocking layer on luminance
After validation of the inkjet-printed HTLs, inkjet-printed CsPbBr3 was introduced
to complete the PeLED structure. The first parameter that will be studied is the effect of

NiO on the luminance of the PeLEDs. A standard architecture including the reference

materials PEDOT:PSS and PO-T2T will be fabricated with and without an inkjet-printed
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NiO interlayer to test its effect on device performance.

6.1.3.1 PEDOT:PSS vs PEDOT:PSS/NiO

The first PeLED structure comparison includes reference transport and blocking
layers (p-type PEDOT:PSS, n-type PO-T2T) and contacts (ITO and Al) surrounding the
active CsPbBr; layer, which is inkjet-printed. Besides the inkjet-printed perovskite, all
layers are deposited by their respective reference deposition method. The perovskite

formulation corresponds to method 1, as described in Chapter 3.

The inclusion of NiO is anticipated to increase the performance of the device
structure, as the deep band of NiO is expected to confine charge carriers within the
perovskite layer (Fig. 6.4a), increasing the probability of radiative recombination within
it. Furthermore, the valence band maximum of NiO is favorable for the PeLED structure,
as it lies at an intermediate level between those of PEDOT:PSS and CsPbBr3.>> A cross-
section FIB image of the fabricated device can be seen at Fig. 6.4b, where flat layers with
clearly defined thicknesses can be observed. Furthermore, the integrity of the layers is
maintained as no cracks or pinholes are seen, resulting in favorable conditions for device

performance.
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Fig. 6.4 (a) Band diagram of proposed the ITO/PEDOT:PSS/NiO/CsPBBr3/PO-T2T/LiF/Al structure. (b)
Cross-section FIB of the fabricated device.

Fig. 6.5a-b shows the I-V behavior of the two devices, with one curve for each of the
6 pixels per device. It can be observed that all pixels show the expected nonlinear
behavior with no shunted currents, confirming the high quality of the PeLED structure

incorporating inkjet-printed CsPbBr3 as seen previously in the cross-section FIB (Fig.
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6.4b). A statistical analysis of the measured currents in both PeLED structures at 8V is
shown in Fig. 6.5c, where notably, despite including an extra layer in the device
architecture, the structure with NiO appears to show a similar yet slightly higher current
distribution. This suggests that indeed, besides the expected reduction in nonradiative
losses thanks to the confinement of electrons by the deep valence level of NiO?® and the
reported lower trap density at the NiO/perovskite interface compared to the PEDOT:PSS
interface, the intermediate valence level energy of the NiO layer (-5.4 eV) improves the

injection of holes between the PEDOT:PSS (-5.1 eV) and CsPbBr; (-5.6 eV) layers.?627
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Fig. 6.5 Comparison of I-V characteristic of PeLEDs (a) without inkjet-printed NiO interlayer and (b) with
NiO. (c) Analysis of the currents measured at 8 V for the 6 pixels of both devices. The insets show the
PeLED pixels in operation.

Following, a comparison of the emission performance of both structures is presented
in Fig. 6.6. A clear improvement in luminance can be confirmed in Fig. 6.6¢c-d after the
inclusion of the NiO layer, both in the measured normalized EL intensity, and
qualitatively in the inset photographs of the PeLED green emission. These results confirm
the expected effect of NiO, and represent the first published validation of an inkjet-printed
NiO electron blocking layer within a CsPbBr; PeLED (check Table 6.1, or its extended
version in Table 6.3 at the end of the chapter).
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Fig. 6.6 First PeLEDs fabricated comparing the improvement of NiO on device luminance. A sketch of
each device architecture is shown on top of the respective characterization. (a) and (c) device with only
PEDOT:PSS and (b) and (d) device with PEDOT:PSS/NiO. The insets show the pixels in operation.

6.1.3.2 NiO vs Poly-TPD

After the beneficial effect of the NiO layer was confirmed, attention was directed
towards the relatively low emission of the PeLEDs. Suspecting a negative effect from
insulating ligands at the CsPbBr3 NC, an improvement in the synthesis of the CsPbBr3
NC colloidal suspension was proposed to reduce the presence of ligands at the NC surface

corresponding to method 2 described in Chapter 3.

With this improvement in the quality of CsPbBr3;, we challenged our inkjet-printed
NiO layer against one of the best-performing reference electron blocking materials in
both OLED and PeLED structures, Poly-TPD.?*3° Having a favorable hole mobility (10"
6 ¢cm?/V-s),’! its energy bands are close to those of NiO (-1.8 eV - -5.2 eV for NiO vs -
2.4 eV --5.3 ¢V for Poly-TPD), thus presenting itself as a fair reference comparison with

a high-performance reference material.*

The comparative performance of devices with
inkjet-printed NiO and spin-coated Poly-TPD is shown in Fig. 6.7. A first analysis reveals
that both the I-V behavior (Fig. 6.7a) and the emitted wavelength spectrum (Fig. 6.7b) of
the NiO and Poly-TPD PeLEDs appear comparable, a preliminary positive indication of

the performance of the inkjet-printed NiO.
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Indeed, after incorporating the improved perovskite synthesis method, the
performance of both devices in terms of luminance is rather high, at values comparable
with the published literature (Table 6.3), validating the new perovskite formulation
(method 2). Comparing the performance of the two structures in detail, the devices with
NiO performed remarkably close to those with Poly-TPD, in terms of emission spectra
(Fig. 6.7¢), turn-on voltage (3V) and maximum luminance (17920 cd/m? vs 19230 cd/m?
for Poly-TPD) (Fig. 6.7d), and EQE (2.6 %) (Fig. 6.7¢). This result confirms, on the one
hand, the performance of NiO as a material for PeLEDs compared to poly-TPD, and on
the other hand, the high layer quality obtained here through inkjet printing compared to
that of spin coating. Thus, these findings suggest that inkjet-printed NiO is a strong
contender as an EBL alternative to established materials and fabrication processes such

as Poly-TPD and spin coating.

Having confirmed the performance of the improved perovskite synthesis method, all

devices are fabricated from this point using CsPbBr3 as synthesized by method 2.
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Fig. 6.7 Comparison of performance of PeLEDs fabricated with inkjet-printed NiO interlayer vs reference
spin coated poly-TPD, showing their (a) sketches of device structure, (b) semilog J-V characteristic, (c)
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6.1.4. Second step: Fabrication with IJP PEDOT:PSS layer on rigid & flexible

substrates

Following the success with the inclusion of the NiO inkjet-printed layer, we set on
the path to a fully inkjet-printed device on a flexible substrate by continuing to include

an increasing number of inkjet-printed layers and experimenting with PET substrates.

In this second step, PeLEDs with an inkjet-printed PEDOT:PSS layer are fabricated.
While not changing the material structure of the device, the addition of inkjet-printed
layers adds fabrication complexity, as inkjet-printed layers generally have considerably
higher roughness compared to their spin-coated counterparts, due to the more local nature
of inkjet printing. Similarly, fabrication on flexible substrates is more challenging than
on rigid ones, due to the increased surface roughness, and the more challenging handling

of substrates during fabrication.

Fig. 6.8a shows the device structures compared in this section. Three structures have
been chosen in order to evaluate, first, the effect of incorporating an inkjet-printed
PEDOT:PSS layer (comparison I), and second, the effect of using a flexible substrate
(comparison II). Despite the challenges added to device fabrication, an initial assessment
of the results obtained reveals qualitatively comparable behavior in terms of J-V
characteristic with the expected exponential trend (Fig. 6.8b), and turn-on voltage (3-3.5

V), luminance and EQE (Fig. 6.8¢).

Analyzing comparison I, the inkjet-printed PEDOT:PSS devices (1639 cd/m?) show
a decrease in performance compared to their spin-coated counterpart (17920 cd/m?). This
is an expected result, as inkjet-printed layers usually require extensive optimization in
order to obtain good morphology, compared to spin-coating, which inherently results in
smoother film surfaces. The EQE measurements confirm the lower performance of the
devices with inkjet-printed PEDOT:PSS, showing a value of 0.38% efficiency, compared
to 2.6% for spin-coated PEDOT:PSS. These relatively low efficiencies, compared to the

present maximum of 28%,>*

are expected for inkjet-printed fabrication. As can be
confirmed in Table 6.1 and the extended Table 6.3 at the end of the chapter, PeLEDs with
inkjet-printed layers have an EQE < 10% (save for one exception at 10.1%), with the only

fully inkjet-printed device showing an efficiency of 0.8%. "8
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Switching to comparison II, however, reveals a surprising result, as the performance
of the flexible (1681 cd/m?) and rigid (1639 cd/m?) devices is remarkably close. This
result suggests that the limiting factor in these device architectures is not the inclusion of
a flexible substrate but rather the inkjet-printed PEDOT:PSS layer, which might be

further optimized to improve device performance.

Despite the lowered performance of these devices, the obtained luminances are
comparable to those of recently published inkjet-printed PeLED literature (Table 6.1, or
Table 6.3 for details). These findings reveal that, while further optimization of the inkjet-
printed PEDOT:PSS might remain, fabrication of PeLEDs on flexible substrates seems

to have a small effect on performance.
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Fig. 6.8 Comparison of three structures (1) PeLEDs fabricated with spin coated PEDOT:PSS on glass
substrate (ideal condition) with (2) PeLEDs fabricated with inkjet-printed PEDOT:PSS on glass substrate
and (3) PeLEDs fabricated with inkjet-printed PEDOT:PSS on PET flexible substrate. a) J-V characteristic
and b) luminance and EQE vs applied voltage. The insets show the PeLED pixels in operation.

In addition, the emission spectra of the devices is not significantly altered after the
inclusion of inkjet-printed PEDOT:PSS, maintaining a distribution with a FWHM of 21

nm centered close to 520 nm, confirming the robustness of the inkjet-printed PEDOT:PSS

fabrication step.
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6.1.5. Third step: Fully inkjet-printed PEDOT:PSS/NiO/CsPbBry/SnQ: stack on

flexible substrate

At this point, the only non-inkjet-printed layer left in the above discussed structures,
other than the contacts, was PO-T2T, thus the objective is set on substituting it by an
inkjet-printed layer. This last step is perhaps the most critical: solution-processing
materials on top of the perovskite layer is known to be challenging compared to vacuum
deposition, especially when done in ambient condition and not in a glove-box, because
the perovskite is exposed to solvents and to an additional thermal post-treatment step.
Among available solution processable inorganic inks, SnO: is a promising candidate, as
its band structure is relatively close to that of PO-T2T (Fig. 6.9a and b), also providing
hole-blocking properties. While the lower conduction band of SnO: would suggest
improved injection of electrons into the perovskite layer compared to the PO-T2T
structure, thus making SnO a better candidate in terms of band matching, the slight
mismatch at the contact for the SnO, structure compared to PO-T2T may yield worse

device performance.
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Fig. 6.9 Comparison of band structures of PeLED structures with (a) PO-T2T and (b)SnO2.

The results of this experiment are summarized in Fig. 6.10. A first look at the results
obtained confirms that functional fully inkjet-printed PeLED structures have been
obtained. First, the devices will be compared according to the fabrication method of
PEDOT:PSS (inkjet vs spin coating), keeping the type of substrate constant (rigid vs
flexible).
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Looking at the rigid devices (Fig. 6.10a and c), remarkably similar J-V
characteristics and turn-on voltages (3V) are obtained for both inkjet-printed and spin-
coated PEDOT:PSS, showcasing the repeatability of the fabrication methodology. In
addition, respectable values of luminance are obtained in both cases of 471 cd/m? and 324

cd/m? for the partially and fully inkjet-printed structures respectively.

Next, the flexible devices (Fig. 6.10b and d) will be analyzed. Working PeLEDs have
been obtained albeit the highly challenging conditions of fully inkjet-printed fabrication
combined with the use of flexible substrates. Despite the modest luminance values of 170
cd/m? and 22 cd/m? for the partially and fully-inkjet-printed structures respectively (Fig.
6.10), these results are proof of the viability of scalable, fully inkjet-printed manufacture
of PeLEDs in ambient conditions. For reference, and notwithstanding the still limited
stability and efficiency of the devices, out of all the structures presented only the latter
one presents a luminance lower than 100 cd/m?, the minimum luminance specification
for standard definition displays by the European EBU Tech 3320 specification ** (>100
cd/m?).

Notably, it was observed that the encapsulation process used is not favorable with
the inkjet-printed SnO> devices. While encapsulated devices that had a top PO-T2T layer
appeared visually intact after encapsulation, the ones with an SnO> layer displayed clear

wrinkling and in some cases destruction of the device stack.
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Fig. 6.10 Comparison of fully solution processed PEDOT:PSS/NiO/CsPbBr3/SnO2 PeLEDs on rigid and

143



Chapter 6: Fully Inkjet-Printed Green-Emitting PEDOT:PSS/NiO/Colloidal
CsPbBr3/Sn0O2 Perovskite Light-Emitting Diode on Rigid and Flexible Substrates

flexible substrates. a) schematic structure of devices with spin coated PEDOT:PSS (ideal condition) vs b)
devices with inkjet-printed PEDOT:PSS. ¢) and d) show J-V characteristic and luminance vs applied
voltage of devices printed on glass and flexible PET respectively. The insets show the PeLED pixels in
operation.

Furthermore, the EL emission spectra of the fully-inkjet-printed devices was
measured (Fig. 6.11a), revealing an emission peak centered at 517 nm and a FWHM of
22 nm, consistent with previous measurements of devices finished with a PO-T2T

evaporated layer, thus confirming the quality of the CsPbBr3/SnO> interface.

The emission stability of the rigid fully inkjet-printed devices was studied in
ambient atmosphere by measuring their tso, the time after which their original emission
(set to 100 cm/m? in this case) decays by 50% (Fig. 6.11b). The obtained results of 2-4
min reveal that, while encouraging results of luminance have been obtained, device
stability is still one of the major challenges in inkjet PeLED fabrication. This follows the
trend observed in the literature, with most published PeLEDs with inkjet-printed layers
having a disclosed tso <lh. Beyond inkjet-printed devices, long-term stability is one of
the main obstacles in the PeLED research field in general. The major cause of this limited
lifetime of PeLEDs is believed to stem from a contribution of Joule effect heating, ion

migration and Auger recombination due to unbalanced charge injection.3*3>
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Fig. 6.11 (a) EL spectra of the devices shown in Fig. 6.10a. (b) Measurement of tso for these devices (started
luminance at 100 cd/m?).

A summary comparing the performance of the different proposed devices is
presented in Table 6.2, confirming the expected general trend of diminishing performance
as more challenging fabrication conditions are introduced. The results of this chapter
represent an exploration of the potential for scaling the fabrication of PeLEDs by fully-
inkjet-printed deposition on flexible substrates, being the second published fully inkjet-
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printed CsPbBr3 PeLED structure, and the first one including the inorganic layers NiO
and SnO», paving the way for future optimization of device structures, ink formulations

and fabrication processes.
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Table 6.2 Summarized details of the devices fabricated in this chapter. Challenging conditions (inkjet-
printed layers and flexible substrates) are highlighted.

Substrate HTL Max L (cd/m?) Max EQE (%) ETL
Glass  Spin PEDOT:PSS/1JP NiO 17920 2.6 PO-T2T
Glass 1JP PEDOT:PSS/IJP NiO 1639 0.38 PO-T2T
PET 1JP PEDOT:PSS/IJP NiO 1681 0.4 PO-T2T
Glass Spin PEDOT:PSS/IJP NiO 471 0.035 JP SnO,
Glass 1JP PEDOT:PSS/IJP NiO 324 0.017 1JP SnO,
PET Spin PEDOT:PSS/IJP NiO 140 1JP SnO,
PET 1JP PEDOT:PSS/IJP NiO 22 1JP SnO,
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6.2. Overview of results regarding inkjet-printed CsPbBr; PeLEDs

Chapter 6 encompasses a multitude of results accomplished during this thesis, and
most of the main objectives set at the start. Following is a summary of the main

breakthroughs:

(1) The validation of the inkjet-printing-based fabrication process of CsPbBr; for
PeLEDs.

(2) The functionality of inkjet-printed metal oxide layers in a PeLED, demonstrating
homogeneous layers and adequate interfaces in a mixed deposition fabrication
process (spin coating, inkjet printing and evaporation).

(3) The achievement of a fully inkjet-printed PeLED active and transport/blocking
layer stack. These PeLEDs, while losing efficiency probably due to the added
stress on the active layer (as a result of a: the solution processing with an alcohol-
based ink on top of the perovskite and b: the thermal stress as a result of the extra
thermal treatment for the top metal oxide layer), still display a respectable 324
cd/m? for devices fabricated on glass substrates, within the standard specifications
for standard definition displays by the EBU Tech 3320 3* (>100 cd/m?).

(4) The fabrication of these structures on flexible substrates. As mentioned earlier,
this is a crucial step for the proof of concept as a process that can be scaled to a
commercial manufacturing level.

(5) The validation of a low post-processing temperature of 95 °C, which places lower
stress on all components of the PeLED structure and ensures compatibility with

flexible substrates.
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Chapter 7

Summary and conclusions

7.1. General conclusions

The main objective in this doctoral thesis was demonstrating inkjet printing as a tool
to fabricate currently emerging devices with next-generation materials, allowing quick
prototyping and facile solution processing routes. Unlike other solution processing
deposition methods that are commonly used in the literature such as spin coating, which
is a repeatable yet non-scalable technique thanks to its simplicity, inkjet printing is a
technology that can be scaled to mass production after lab-scale validation of materials
and devices. Whereas ink formulations validated in spin coating do not necessarily
transfer to scalable printing methods (inkjet printing or otherwise, e.g., gravure), materials
and methods validated at the lab scale inkjet printer constitute proof of their applicability

to large scale inkjet printing.

In that regard, and with the aim of demonstrating the applicability of the materials
and fabrication methods employed in this thesis to high-throughput inkjet-printed
manufacture, achieving fully-inkjet-printed device fabrication processes became one of
the main objectives of this thesis. In addition, all fabrication processes are performed in
ambient conditions (instead of, e.g., inside a glovebox with a protective N> atmosphere).
While this leads to potentially decreased device performance and stability due to
contamination from atmospheric species, this is a crucial condition that further
demonstrates the scalability of the materials and fabrication processes described in this

thesis.

The objective of demonstrating scalable fabrication conditions has been met

throughout this thesis as follows:
7.1.1. h-BN memristors

In the case of h-BN devices, the work demonstrated in this thesis is a continuation of
previous work in our research group on h-BN capacitors. Chapter 4 shows Ag/h-BN/Pt
and Ag/h-BN/Ag fully inkjet-printed memristors, demonstrating their potential use in
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security applications as unclonable physical functions and as true random number
generators. These devices have been fabricated in full by inkjet printing, except for the

platinum back contact of the Ag/h-BN/Pt structure.
7.1.2. Metal oxide photodetectors and perovskite LEDs

In the case of photodetectors in Chapter 5 and perovskite LEDs in Chapter 6, the top
contact was either fabricated from a screen-printed conductive carbon paste
(photodetectors) or evaporated aluminum (PeLEDs). Except for the top contacts, fully
inkjet-printed and inorganic photodetectors and PeLEDs were demonstrated. The active
layers in these devices (metal oxide transport layers: NiO ZnO and SnO2, perovskite:
CsPbBr3, organic buffer layers: PEDOT:PSS) were validated through inkjet printing,
achieving functional fully printed stacks of NiO/ZnO for photodetectors and
PEDOT:PSS/NiO/CsPbBr3/SnO; for PeLEDs.

Another remarkable achievement is the demonstration of inkjet-printed transport
layers processed on top of the perovskite layers in PeLEDs. Solution processing on top
of perovskite layers is particularly challenging, as perovskites are sensitive to oxygen,
moisture, and polar solvents, among others. Academic studies on perovskite LEDs, even
those that remark about inkjet-printed devices, generally deposit the last transport layers

through vacuum deposition processes, which guarantee better interfaces.

Fully inkjet-printed photodetectors and PeLEDs were attempted through the inkjet
deposition of Ag NP inks, in a similar fashion to the h-BN memristors of Chapter 4,
however working devices were not achieved. These Ag top contact photodetector and
PeLED devices showed ohmic behavior response upon the application of voltage, and no
photodetection or light emission was detected. This effect may be due to the infiltration
of either Ag" ions, a highly mobile species, or remaining solvents across the device layers,
disrupting normal device behavior. The difference between h-BN memristors and the rest
of devices in this thesis may arise from the highly insulating and chemically nature of 2D
h-BN nanoflakes, which allows the use of Ag NP contacts, whereas the nanoparticle thin
films of the photodetectors and PeLEDs demonstrated in this thesis may be more prone

to percolation.
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7.2. Specific conclusions

Following are the conclusions derived from the specific studies in this thesis.

7.2.1. Inkjet-printed h-BN memristors for security applications

The feasibility of using arrays of fully inkjet-printed Ag/h-BN/Ag memristors as
physical unclonable functions, taking advantage of the inherent unpredictability
of switching conditions for these devices that arises from stochastic
nano/microscopic processes related to the position of 2D h-BN platelets during
device manufacturing. These devices show exceptional endurance of 0.6 million
cycles in pulsed mode operation.

The existence of random telegraph noise enhanced by the substitution of the Pt

contact by a second Ag one, creating a symmetrical device structure.

7.2.2. Inkjet-printed NiO/ZnO photodetectors

The successful inkjet printing manufacturing of transparent thin films of p-type
ZnO and n-type NiO showcased on rigid and flexible substrates, demonstrating
optimal printability on a variety of surfaces. Thorough investigation of these
layers through XRD shows their material properties are as expected. After
optimization of the post-treatment process through a vacuum oven, SEM
imaging proves the thin layer surface is homogeneous and free of imperfections
such as wrinkles, cracks, and pinholes, which would limit their applicability to
optoelectronic devices.

The observation of rectification behavior, demonstrating the semiconducting
properties of the layers. This is a key point, as these layers are being studied for
their future use in PeLED structures. A rectification ratio of 10 is observed
between -/+ 3 V. The demonstration of photodetecting properties of these layers
further points to an appropriate interface between the layers, a crucial aspect

towards the manufacturing of PeLEDs.

7.2.3. Inkjet-printed CsPbBr; PeLEDs

Demonstrated high-luminance PeLEDs with high-quality inkjet-printed

perovskite layers, in a mixed device architecture with spin-coated hole
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PEDOT:PSS injection layer, evaporated hole blocking PO-T2T layer and spin-
coated Poly-TPD inkjet-printed peaking at 19230 cd/m? for the Poly-TPD
structure, comparable with the literature record of a comparable structure
fabricated in glovebox with spin-coated and evaporated transport layers, and

inkjet-printed perovskite of 43883 cd/m? !

e Validated the functionality of inkjet-printed inorganic metal oxide layers in a
PeLED, demonstrating homogeneous layers and adequate interfaces with

organic and perovskite materials.

e Compared the performance of PeLEDs with an inkjet-printed NiO interlayer vs
the reference organic material spin-coated Poly-TPD, demonstrating that our
inkjet-printed NiO thin films perform equivalently reference spin coated
materials. The PeLEDs with NiO electron blocking layers demonstrated a

luminance of 17920 cd/m?.

e The achievement of a fully inkjet-printed PeLED active and transport/blocking
layer stack. These LEDs, while losing efficiency due to the added stress on the
active layer (as a result of a: the solution processing with an alcohol-based ink
on top of the perovskite and b: the thermal stress as a result of the extra thermal
post treatment for the top metal oxide layer), still display a respectable 324 cd/m?
for fully inkjet-printed PeLEDs on Glass
(Glass/ITO/PEDOT:PSS/NiO/CsPbBr3/SnO2/LiF/Al), which 1is above the
technical specifications for displays in EBU Tech 3320 rated for standard

definition content (>100 cd/m?).

e The fabrication of fully inkjet-printed PeLED structures on flexible substrates.
As mentioned earlier, this is a crucial step for the proof of concept as a process

that can be scaled to a commercial manufacturing level.

7.3. Future prospects

Regarding inkjet-printed h-BN memristors for security applications, the results

presented in Chapter 4 are an exciting perspective of the possibility to exploit the inherent

!'Wei, C. et al. A Universal Ternary-Solvent-Ink Strategy toward Efficient Inkjet-Printed Perovskite
Quantum Dot Light-Emitting Diodes. Advanced Materials 34, (2022).
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stochasticity of inkjet-printed h-BN memristors for secure identification and random
number generation. After the proposed proofs of concept presented here, a focused study
on the true random nature of these devices is the logical next step, in order to ensure true
random number generation valid for security applications. The results of such validation

should inform adjustments in material, device architecture, or otherwise.

Future work on the inkjet-printed metal oxide photodetectors should attempt to
discern the conduction mechanism, which may imply a study of [-V behavior at different
temperatures. In addition, spectral response measurements should be performed. This
additional characterization, plus a study on layer thickness effect on device behavior,

should guide optimization of fabrication parameters for future devices.

Finally, concerning inkjet-printed perovskite LEDs, the results presented in this
thesis reflect some of the first efforts in the perovskite LED literature towards validating
a set of materials, ink formulations and processes for scalable manufacturing of fully
inorganic, fully inkjet-printed perovskite LEDs on flexible substrates. After the initial
task of demonstrating the feasibility of this device structure, the next logical step involves
the optimization of the device structure in order to increase device lifetime, stability, and

performance.

While devices with vacuum evaporated top transport layers show competitive
luminances up to 19230 cd/m?, their lifetime and stability is still limited, as shown by the
lifetime measurements of tso (the time until a device drops to 50% of its original
luminance) of 2.4-4.3 min at an initial luminance working point of 100 cd/m?. This is a
common concern in PeLED literature, as perovskites are known to suffer degradation in
an LED structure due to ion migration and exposure to current, which at the present
constitutes the biggest challenge towards commercialization of perovskite devices. While
this is an intrinsic limitation of perovskite materials which must be addressed otherwise,
endurance may also be stunted due to unbalanced injection of holes and electrons, which
may place undue stress on the device. Exciting research directions in this regard involve
studying the effect of layer thicknesses and material choice of transport layers on device

lifetime, luminance and EQE.

An additional next step involves the validation of a structure that allows to deposit
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top contacts through inkjet. This may involve printing a buffer layer to insulate the device

structure from the top contact.
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EMRS Spring 2021 France (Poster)

o Inkjet-printed metal halide perovskite devices S. Gonzalez-Torres,1 A.
Fernandez-Guerra, A. F. Gualdron-Reyes, I. Mora-Ser6, M. Oszajca, N.
Liichinger, M. Rossier, A. Hauser, F. Linardi, J. L. Frieiro, G. Vescio, A.
Cirera, S. Hernandez, B. Garrido EMRS Spring 2021 France (Poster)

o Progress in inkjet-printed lead-free halide perovskites for LEDs G.
Vescio, S. Gonzalez, G. Mathiazhagan, J. Diago, S. Herndndez, A. Cirera.
NanoGe 2021 (Oral)

¢ Photovoltaic response dependence on the resistive switching state of
silicon nanocrystal multilayers; J. Lopez-Vidrier, J. L. Frieiro, S. Gonzalez-
Torres, J. Bertomeu, S. Hernandez, B. Garrido; Poster, 38th European
Photovoltaic Solar Energy Conference and Exhibition, Lisbon (Portugal),
2021.

e Silicon nanocrystal multilayers as active material for electro-optical
resistive switching devices; J. L. Frieiro, J. Lopez-Vidrier, S. Gonzalez-
Torres, O. Blazquez, K. E. Gonzalez-Flores, D. Yazicioglu, S. Gutsch, M.
Zacharias, S. Hernandez, B. Garrido; Oral presentation, EMRS Spring
Meeting, Strasbourg (France), 2020.

o Light effect on the resistive switching properties of ZnO based devices;
O. Blazquez, J. L. Frieiro, F. Bonet-Isidro, S. Gonzalez-Torres, J.
LopezVidrier, C. Guillaume, X. Portier, C. Labbé, P. Sanchis, S. Hernandez,
B. Garrido; Poster, Annual Meeting of the Institute of Nanoscience and
Nanotechnology of the UB, Barcelona (Spain), 2019.

o ITO/ZnO/p-Si resistive switching devices property improvement via

Thb-doping; F. Bonet-Isidro, J. L. Frieiro, O. Blazquez, J. Lopez-Vidrier, S.
Gonzalez-Torres, C. Guillaume, C.; X. Portier, C. Labbé, P. Sanchis, S.
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Hernandez, B. Garrido; Poster, Annual Meeting of the Institute of
Nanoscience and Nanotechnology of the UB, Barcelona (Spain), 2019

o Effect of Tbh-doping on ITO/ZnO/p-Si resistive switching devices; F.
Bonet-Isidro, J. L. Frieiro, O. Blazquez, J. Lopez-Vidrier, S. Gonzalez-Torres,
C. Guillaume, C.; X. Portier, C. Labbé, P. Sanchis, S. Hernandez, B. Garrido;
Poster, EMRS Spring Meeting, Nice (France), 2019

o Light effect on the resistive switching properties of ITO/ZnO/p-Si
devices; O. Blazquez, J. L. Frieiro, F. Bonet-Isidro, S. Gonzalez-Torres, J.
LopezVidrier, C. Guillaume, X. Portier, C. Labbé¢, P. Sanchis, S. Hernandez,
B. Garrido; Poster, EMRS Spring Meeting, Nice (France), 2019.

A.3. Participation in research projects:

e Title: DRop-on demand flexible Optoelectronics & Photovoltaics by means of Lead-Free
halide perovskITes (DROP-IT)

o Program: H2020-EU.1.2.1.

o Grant agreement ID: 862656

o Funding: 3,461,345.00 €

o Duration: 01/11/2019 — 30/04/2023

e Title: Optoelectronica impresa basada en 6xidos metalicos y perovskitas (PRITES)

o Call: PPN2019D

o Official Code: PID2019-105658RB-100
o Funding: 160,000.00 €

o Duration: 01/06/2020 — 31/05/2023

e Title: Computacion en Memoria en soporte flexible: una tecnologia disruptiva para el
empoderamiento ciudadano (FLEXRAM)

o Call: PPN2021I

Program: NTIC

Official Code: TED2021-129643B-100
Funding: 248,300.00 €

o
o
o
o Duration: 01/12/2022 — presently ongoing

e Title: Desarrollo de oxidos de metales de transicion con tecnologia de silicio para

conmutadores electronicos (memristores) y células solares (METALONIC)

o Official Code: TEC2016-76849-C2-1-R
o Funding: 115,500 €
o Duration: 30/12/2016 —29/12/2019
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A.4. Teaching

2022-2023

Forga Docent gr@d: 90

Doceéncia Assignada gr@d: 90

Aquests credits es divideixen en les assignatures de:

e 364289 Disseny digital basic, Grau d’enginyeria electronica: 15

e 360572 Informatica, Grau de fisica: 15

e 364290 Introducci6 als Ordinadors, Grau d’enginyeria electronica: 30
e 360295 Electrotécnia, Grau d’Enginyeria Quimica: 30

2021-2022

Forga Docent gr@d: 60 hores

Docéncia Assignada gr@d: 60 hores

Aquests credits es divideixen en les seglients assignatures:

e 364290 Introducci6 als ordinadors, Grau d’Enginyeria Electronica: 30 hores
e 360295 Electrotecnia, Grau d’Enginyeria Quimica: 30 hores

2020-2021

Forga Docent gr@d: 60 hores

Docencia Assignada gr@d: 60 hores

Aquests credits es divideixen en les assignatures de:

e 364290 Introducci6 als Ordinadors, Grau d’enginyeria electronica: 30 hores
e 360295 Electrotécnia, Grau d’Enginyeria Quimica: 30 hores

2019-2020

Forga Docent gr@d: 60

Docencia Assignada gr@d: 60

Aquests credits es divideixen en les assignatures de:

e 364290 Introduccid6 als Ordinadors, Grau d’enginyeria electronica: 30
e 360295 Electrotécnia, Grau d’Enginyeria Quimica: 30
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Appendix B
Dimatix DMP 2850 printer

FUJFILM Dimatix® Materials Printer
DMP-2850

Dimatix

System Description
* Flat substrate, xyz stage, inkjet deposition system
» Low cost, user-fillable piezo-based inkjet print cartridges
* Built-in drop jetting observation system
» Fiducial camera for substrate alignment and measurement
* Variable jetting resolution and pattern creation PC-controlled with
Graphical User Interface (GUI) application software
* Capable of jetting a wide range of fluids
* Heated vacuum platen
» Cartridge cleaning station
#Includes software

Mechanical System
* Printable area
- Substrate < 0.5 mm thickness: 210 mm x 315 mm (8.27 inx 12.4in)
- Substrate 0.5 - 25 mm thickness: 210 mm x 260 mm (8.27 in x 10.2 in)
* Repeatability: + 25 pm (+ 0.001 in)
* Substrate holder
- Vacuum platen
- Temperature adjustable; ambient to 60° C (140° F)
* System Footprint: 673 mm x 584 mm x 419 mm (26 in x 23 in x 16 in)
* Weight approximately 50.7 kg (111.8 Ibs)
* Power 100-120/200-240 VAC 50/60 Hz 375 W maximum
* Operating range 15-40° C (59-104° F) at 5-80% RH non-condensing
* Altitude up to 2000 m
* Safety and EMC compliance
- Safety: NRTL Certified to EN 61010-1, UL61010-1, CSA 22.2 No. 61010-1
- EMC: EN61326-1 Class A, FCC Part 15 Class A

Fiducial Camera
» Allows substrate alignment using reference marks
= Allows positioning a print origin or reference point to match substrate placement
» Provides measurement of features and locations
* Provides inspection and image capture of printed pattern or drops
# Provides cartridge alignment when using multiple cartridges
» Allows matching drop placement to previously patterned substrate

DMP-2850

Drop Watcher View

Dinfn(s
'Xe_gnng%

Cartridge
* Type: Piezo-driven jetting device with integrated reservoir and heater
 Usable Ink Capacity: Up to 1.5 ml (user-fillable)
* Materials Compatibility: Many water-based, solvent, acidic or basic fluids ‘: i n
» Samba® Cartridge Fiducial Camera View

- 12 nozzles, single row, 75 DPI
- 2.4 pL drop volume, 30 pm dot size (results may vary)

Control PC and Application Software
# Pre-loaded patterned templates
® Pattern preview
# Editors: Pattern, piezo drive waveform,
cleaning cycle, substrate setting
* Bitmap (1 bit) files accepted

Replaceable Items
® Print cartridge with one-time
user-fillable reservoir
# Cleaning station nozzle blotting pad Cartridge

* Drop watcher fluid absorbing pad
. = - e o ‘
Dimatix
Imdimatix.com
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FUJIFILM

Dimatix Materials Printer

DMP-2850

Dimatix

The Dimatix Materials Printer (DMP)

is a benchtop materials deposition
system designed for micro-precision
jetting a variety of functional fluids onto
virtually any surface, including plastic,
glass, ceramics, and silicon, as well as
flexible substrates from membranes,
gels, and thin films to paper products.
A complete turnkey system, the DMP
facilitates developing and testing
manufacturing processes and product
prototypes. It also can be used for
prototyping of products from flexible
circuits, RFID tags and displays to DNA
arrays, and wearable electronics. By
employing inexpensive exchangeable
cartridges that researchers can fill with
their own fluid materials, the DMP
system minimizes waste of expensive
fluid materials, thereby eliminating the
cost and complexity associated with
traditional product development and
prototyping.

The Dimatix Materials Cartridge is a
cartridge-based inkjet printhead used
with the DMP. Based on FUJIFILM
Dimatix’s proprietary Silicon MEMS
technology, the Dimatix Materials
Cartridge is designed for high-
resolution, non-contact jetting of
functional fluids in a broad range of
applications. The cartridge can deposit
features to fabricate products such as
organic thin-film transistors (TFTs) and
printed circuits. In biotechnology, the
Dimatix Materials Cartridge allows
researchers to closely pack large numbers
of elements in DNA arrays, to permit
more accurate and efficient analyses.

Dimatix

Corporate Office: New Hampshire Facility:
FUIIFILM Dimatix, Inc. FUJIFILM Dimatix, Inc.
2250 Martin Avenue 109 Etna Road

Santa Clara, CA 95050 Lebanon, NH 03766
USA USA

Tel: (408) 565-9150 Tel: (603) 443-5300
Fax: (408) 565-9151 Fax: (603) 448-9870
Email: info@dimatix.com Email: info@dimatix.com

Japan Office:
Inkjet Business Division
FUJIFILM Corporation

Europe Office:
Tel: +44 7739 863 505
Fax: +44 870 167 4328

China Office:
FUJIFILM Dimatix China Service Center
Building 30, 1000 Jinhai Road

7-3, Akasaka 9-chome Email: euro@dimatix.com Pudong New Area, Shanghai
Minato-ku, Tokyo 107-0052 Korea Office: China 201206
Japan orea Office: Email: china@dimatix.com

1 Email: mdkorea@dimatix.com
Tel:+81 3-6271-3971 ) SingaporaOffice:
Fax: +81-3-6271-3972 Taiwan Office; Cralh il s it
Email: ff-ijhead@fujifilm.com Email: mdtai {imatix.com & gapore@ .4

www.fujifilmdimatix.com

Copyright © 2021 FUJIFILM Dimatix, Inc. All rights reserved.

DIMATIX and SAMBA are trademarks and registered trademarks of FUJIFILM Dimatix, Inc. in various jurisdictions
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Appendix C
Resum en idioma oficial

Les noves pressions degudes a les tendéncies emergents en la fabricacido de
dispositius estan impulsant els esforcos de recerca sobre nous materials 1 processos de
fabricaci6 per a aconseguir noves combinacions de propietats, incloses capacitats com a
sensors fisics 1 quimics, conductivitat, flexibilitat i transparéncia. Aquestes aplicacions
solen englobar-se al camp de I'Internet of Things (I0oT), i es basen en 11is de dispositius
relativament simples 1 connectats que detecten l'entorn 1 hi interactuen. Per a abordar
aquests reptes, l'electronica impresa, un camp format per tecnologies d'impressio de
grafics 1 text adaptades a la fabricaci6 de productes electronics, és un candidat favorable
per satisfer les noves necessitats en la fabricacio de dispositius, permetent la deposicio de
materials de propera generacido en forma de tinta, a baix cost i amb potencial per a

fabricacio escalable.

La impressio per injeccio de tinta (inkjet), part del camp de l'electronica impresa, és
una tecnologia de deposicid basada en tinta que permet la deposiciéo de multitud de
materials funcionals, incloent-hi aillants, semiconductors i conductors. Gracies a la seva
capacitat de formar patrons digitalment, la geometria de dispositiu es pot definir sense
necessitat de mascara ni processos fotolitografics. Aix0 no només redueix els costos de
fabricacio, sind que també permet la creacié rapida de prototips de dispositius a petita
escala, cosa que proporciona una manera d'optimitzar les iteracions de prototipat a un cost
inicial reduit, amb adaptabilitat per a una fabricaci6 posterior a gran escala. Gracies a la
seva versatilitat en I'eleccid de materials 1 a la fabricacié sense mascares, és possible
fabricar estructures completes de dispositius mitjangant impressi6 inkjet. Tot 1 aixo, la
impressio inkjet també pot servir com a complement de tecnologies més establertes, com
ara els processos complementaris de semiconductors d'oxid metal-lic (CMOS), on pot

complir la funcié de tecnologia per al diposit de materials innovadors.

Aquesta tesi intenta mostrar la versatilitat de la impressié inkjet com a tecnologia de
fabricacié de dispositius per a abordar reptes futurs. Després de 1'estudi i validacio de
materials nanoestructurats de diverses families impresos per inkjet, es fabriquen i

caracteritzen tres tipus diferents de dispositius. Els dispositius demostrats cobreixen

167



Appendix

diversos camps d'aplicacié, que destaquen l'adaptabilitat de la impressid inkjet:
memristors de nanoflakes 2D de h-BN, fotodetectors de nanoparticules d'oxid metal-lic i

diodes emissors de llum (LED) basats en punts quantics (QD) de perovskita.

Els primers experiments d'aquesta tesi tracten de memristors de nanoflakes h-BN 2D
impresos per inkjet per a aplicacions de seguretat de maquinari. Els memristors son una
familia de dispositius, de vegades coneguts com el quart element de circuit passiu junt
amb el resistor, I'inductor i el condensador. La caracteristica principal dels memristors és
la possibilitat d’ajustar-ne la resisténcia eléctrica mitjancant estimuls eléctrics, una
propietat que es pot explotar per a guardar informacio digital. Tot i que resultats
prometedors recents han demostrat el potencial de la integraci6 d'alta densitat per a
aplicacions d'emmagatzematge de dades, amb empreses com HP dedicant esforcos de
recerca en aquest camp, l'aplicabilitat d'aquests dispositius encara esta subjecta a la
repetibilitat limitada entre dispositius 1 entre cicles. En aquesta tesi, s'explota
l'estocasticitat inherent dels memristors per utilitzar-los com a generadors de nombres
aleatoris veritables (TRNG). En particular, es mostra la seva aplicacié6 com a funcions
fisiques no clonables (PUF), que es poden fer servir com a claus digitals d'identificacié

uniques.

A continuacio, es demostren fotodetectors de nanoparticules d'oxid metal-lic
impresos per inkjet. Els oxids metal-lics son una familia de materials que s'estan estudiant
com a materials de bloqueig i transport de carrega per a cél-lules solars 1 LED, i en aquesta
tesi es proposen per al seu us en arquitectures LED com a materials inorganics
processables en solucid. A més, com a materials de bandgap ample, els 0xids metal-lics
poden complir un paper prometedor en fotodetectors ultraviolats selectius de baix cost,
transparents 1 mecanicament flexibles. En aquest context, es fabriquen 1 es caracteritzen

fotodiodes d'unio6 p-n de nanoparticules d'oxid metal-lic p-NiO/n-ZnO impresos per inkjet.

A les seccions finals, s'estudia el camp en rapid desenvolupament dels LEDs de
perovskita (PeLED), centrant-se en la impressio per inkjet de LED de QD de perovskita
inorganics CsPbBr3 per a aplicacions de visualitzacio. En els darrers anys, les perovskites
han mostrat avengos impressionants en 1'emissié de llum i I'eficiéncia fotovoltaica i estan

posicionades per convertir-se en el material actiu de futurs LED 1 c¢l-lules solars. Les
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eficiéncies més altes als LED de perovskita a la literatura generalment s'aconsegueixen
mitjangant nanoestructuracié en QD, que poden sintetitzar-se en dispersid col-loidal
mitjancant processos quimics facils i escalables, com hot injetction, i dipositar-se
mitjangant solution processing. Si bé els esfor¢cos en la literatura sobre PeLED s'han
centrat a obtenir eficiéncies récord mitjangant 1'is de técniques a escala de laboratori, com
ara el diposit per spin coating, pocs investigadors han demostrat tecnologies de fabricacid
escalables per a LED de perovskita processades mitjangant solucid, com la impressio
inkjet. En aquesta tesi, la viabilitat de la impressio per injecci6 de tinta es valida mostrant
PeLEDs completament impresos en substrats flexibles 1 rigids, aconseguint una emissio
verda pura amb un FWHM de fins a 22 nm centrat en 517 nm, que correspon
aproximadament a 0.119, 0.790 a coordenades de color X,y de I’espai de color CIE 1931,
consistent amb els resultats de la literatura de capes de perovskita obtingudes mitjangant
tecniques més establertes, cosa que demostra que les propietats de la perovskita es

mantenen mitjangant el procés de deposicid per inkjet.

S'han obtingut arquitectures PeLED tant totalment impreses per inkjet com mixtes
(amb perovskita impresa per inkjet i capes de transport evaporades/dipositades per spin
coating), obtenint luminancies de fins a 17920 cd/m? per a les mixtes, competitives amb
les estructures de la literatura obtingudes mitjangant meétodes de deposicid més establerts,
i fins a 324 cd/m? per a aquells impresos totalment mitjancant impressi6 inkjet, dins de
les especificacions de la industria de les tecnologies de visualitzacid i dins del rang de
luminancia de moltes pantalles comercials. A més, aquest resultat s'aconsegueix
mitjangant el postprocessament a baixa temperatura de capes de transport d'oxids
metal-lics inorganics, que substitueixen els materials organics coneguts per la seva
estabilitat limitada a llarg termini. Finalment, es demostren PeLEDs quasi totalment

impresos per inkjet en substrats flexibles.

Appendix D
Curriculum Vitae (next page)
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Sergio Gonzalez Torres

Physicist, PhD Candidate

EXPERIENCE
Sept 2018 - Apr 2024 (Est.)

@ Sept 2022 - Sept 2023

I Feb 2016 - Jul 2018

EDUCATION
Sept 2017 - Jul 2018
Sept 2013 - Jul 2017

& Sept 2011 - July 2013

@ SKILLS

Deposition technologies

Characterization experience

(main) e
Data
Programing{ manipulatione
Visualization ¢
@) LANGUAGES
Fluent
Working fluency
Basic
4 PUBLICATIONS

orcid.org/0000-0003-0218-3026

4P SCHOLARSHIPS
Apr 2019 - Aug 2022
Feb 2018 - Jul 2018
Sept 2017 - Jan 2018

Jan 2024
o/ +34 687 451 679
& sergio.gonzh@gmail.com
f] /in/sergiogtorres/

PhD Candidate
Universitat de Barcelona, Spain

Worked in a multidisciplinary international team centered on
the optimization of materials and fabrication processes for
inkjet-printed perovskite LEDs and solar cells.

Participated in 4 publicly funded research projects, including
a highly competitive European Horizon 2020 FET-OPEN
project.

Taught 200+ undergraduate students in Python, 8085
assembly and electrical technology labs over four years.

Associate profesor

Universitat de Barcelona, Spain
Undergraduate research assistant
Universitat de Barcelona, Spain

Master’s degree in Nanoscience and Nanotechnology
Degree in Physics

Universitat de Barcelona, Spain

Bsc. Physics (Discontinued)

University of West Georgia, Carrollton, GA

Inkjet printing, spin coating, electron beam evaporation,
thermal evaporation, sputtering, lithography, LIFT

High precision electrical measurements w/ microscopic probe
station, confocal & interferometric microscopy, FE SEM
(user)

Python, Pandas, numpy, scikit-learn, OpenCV

Matplotlib, seaborn

English (certified C2 Proficiency), Spanish, Catalan
Japanese (certified JLPT N1 = B2+)
German

8 publications in peer-reviewed academic journals
27 contributions to international scientific conferences

APIF predoc scholarship
Beques Col-laboraci6 IN2UB (2017.17.IN2UB. 1)
Beca IN2UB Inici Recerca (2017.3.IN2UB.1)
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