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Abstract

Transparent electrodes (TEs) are key components of modern optoelectronic devices like
touch screens, solar cells, and OLEDs, but an inherent trade-off between high electrical
conductivity and optical transparency limits the available material range. Indium tin
oxide (ITO) has been dominating the market, but cannot provide the mechanical flexi-
bility that novel devices based on polymer substrates require; high process temperatures
required for high-grade ITO exceed the thermal budget of many polymers. Solution-
processed metal grids from nanoscale building blocks are a promising alternative
providing superior mechanical flexibility at cost-effective and scalable fabrication with
low thermal budget.

For this dissertation, ultrathin gold nanowires (AuNWSs) from wet-chemical synthesis
were explored as novel base material for TEs. Plasma sintering was shown to ameliorate
the wires’ high contact resistances and poor stability. A novel nanoimprinting process
was developed to pattern AUNWSs into grids. The method relies on the large flexibility
of the AUNWSs and their ability to self-assemble into continuous hierarchical superstruc-
tures in the cavities of a pre-patterned elastomeric stamp. The process yielded ordered
grids with submicron linewidth at low thermal budget, thus going beyond state-of-the-
art printed grids. The grids also showed competitive optoelectronic properties and supe-
rior mechanical flexibility to the incumbent materials and were applied as TEs in touch

Sensors.






Zusammenfassung

Transparente Elektroden (TE) sind Schlisselbauteile moderner optoelektronischer Gera-
te wie Touchscreens, Solarzellen oder OLEDs. Es besteht jedoch ein intrinsischer Ziel-
konflikt zwischen elektrischer Leitfahigkeit und optischer Transparenz, was die Aus-
wahl an verfligbaren Materialien stark eingrenzt. Indium-Zinn-Oxid (ITO), welches bis
heute den Markt dominiert, kann die mechanische Flexibilitat neuer Geréte basierend
auf Polymersubstraten nicht gewahrleisten; die fiir hochwertiges ITO bendtigten Pro-
zesstemperaturen Ubersteigen oft die thermische Bestandigkeit vieler Polymere. Nassbe-
schichtete Metallgitter aus nanoskaligen Bausteinen sind eine vielversprechende Alter-
native: sie weisen hohere mechanische Flexibilitat auf und kénnen durch kosteneffizien-

te und skalierbare Prozesse bei niedrigen Temperaturen hergestellt werden.

In der vorliegenden Dissertation wurden ultradiinne Gold Nanodréhte (AuNWS) aus
nasschemischer Synthese als neuartige Bausteine fur TE untersucht. Durch Plasmasin-
tern konnten die hohen Kontaktwiderstande und geringe Stabilitat der AUNWSs verbes-
sert werden. Ein neuartiger Nanoprége-Prozess wurde entwickelt, um AuNWs zu Git-
tern zu strukturieren. Die Methode beruht auf der hohen Flexibilitat der AUNWs und
deren Fahigkeit sich zu kontinuierlichen, hierarchischen Uberstrukturen in den Zwi-
schenrdumen eines vorstrukturierten Stempels selbst anzuordnen. Mit dem Prozess
wurden geordnete Gitter mit Linienbreiten unter einem Mikrometer unter geringer
thermischer Einwirkung hergestellt. Die Gitter haben konkurrenzfahige optoelektroni-
sche Eigenschaften zu den vorherrschenden Materialien bei Uberlegener mechanischer
Flexibilitat und wurden als TE in beriihrungsempfindlichen Sensoren verbaut.
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1 Introduction and motivation

1 Introduction and motivation

Since the first iPhone was introduced in 2007 by Apple, smartphones have become an
integral part of our daily life. A recent study in the United Kingdom revealed that we
spend on average 3 hours and 16 minutes per day with our smartphone." An essential
component for the human-machine interaction is the touch-sensitive display, which acts
as user interface in many other devices, too, including tablets, e-book readers, or car
entertainment systems. Integral parts of the touch screens are “transparent electrodes™:
materials that conduct electricity, but are at the same time transparent to visible light.?
Such materials are also prerequisites for the functionality of numerous other optoelec-
tronic devices such as organic light-emitting diodes and solar cells (section 2.1.1).

The range of available materials that combine high optical transparency and good elec-
trical conductivity is limited because both properties are connected: materials with good
electrical conductivity like metals, for instance, are usually opaque in bulk state because
high carrier concentrations imply strong optical absorption (section 2.1.2). Doped metal
oxides represent a unique class of materials that combine transparency and conductivity.
In particular, tin-doped indium oxide (ITO) evolved into the predominantly used mate-

rial for transparent electrodes today (section 2.1.3).3

The trend towards flexible and organic devices based on polymer substrates sets new
challenges: foldable displays, wearable touch screens, and bendable solar cells require
transparent electrodes to be mechanically flexible, and their fabrication must not exceed
the thermal budget of polymer substrate. ITO and other transparent oxides do not meet
these requirements due to their ceramic brittleness and the often high process tempera-
tures. Many alternatives to ITO have been proposed including conductive polymers,
carbon materials, and metal grids, among others (section 2.1.4). Bottom-up fabrication,
where conductive nanostructures (e.g. metal nanoparticles) get deposited from liquid
dispersions (“inks”) have been reported as a promising approach: solution-processing
allows for cost-effective and scalable fabrication at low thermal budget; additive deposi-

tion of particles reduces the required amount of material.* In particular, random metal
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1 Introduction and motivation

nanowire networks (section 2.1.4.1) and ordered metal grids (section 2.1.4.2) made
from nanoscale building blocks are potential competitors for ITO, combining high elec-

trical conductivity, optical transparency, and mechanical flexibility.®

Bottom-up fabrication of electronic features from metal nanoparticle inks usually in-
volves two steps:

(1) Controlled deposition of the particles: Precise patterning is important for device per-
formance, but deterministic assembly of individual particles is challenging due to their
nanometer-size. Novel methods have been developed to precisely deposit conductive
patterns from nanoparticle inks following the concepts of traditional printing (“printed
electronics™) (section 2.2).

(2) Sintering to reduce contact resistances: After synthesis, nanoparticles are generally
capped by organic molecules, which lend them the necessary colloidal stability in dis-
persion, but at the same time provoke high contact resistances between individual nano-
particles. Hence, nanoparticle layers usually have to be annealed after deposition to re-

move the ligands or modify them (section 2.3).

Today’s inks prevalently consist of spherical metal nanoparticles that provide high par-
ticle mobility and good printability. Anisotropic particles with high aspect ratios could
ease percolation and reduce the number of insulating junctions at particle-particle inter-
faces. Stiff wires impede printing, however. Commercially available silver nanowires,
for instance, are usually randomly dispensed to form networks like “pick-up sticks”,

which provides only little control over the network geometry.

Ultrathin gold nanowires (AuNWSs) that have recently become available from wet-
chemical synthesis are an alternative base material: they combine ultra-high aspect rati-
0s (> 1000) with high particle mobility and mechanical flexibility through their small
diameter (< 2 nm) (section 2.4). The initial publications on AuNW thin-films showed
their ability to form highly transparent thin films, but insulating oleylamine ligand shell
caused high contact resistances between the individual wires; sheet resistances in the
MQ range were reported. Their small diameter makes them susceptible to fragmentation

by the Rayleigh instability, too.



1 Introduction and motivation

In this thesis, | explore the use of AuNWSs as building blocks for the fabrication of
transparent electrodes addressing the two steps for bottom-up fabrication:
(1) Sintering to reduce contact resistances between wires and increase the stability of

AUNW thin films (publications A and B).
(2) Patterning of the wires into high resolution metal grids (publications C and D).
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2 Theory and state of the art

2.1 Transparent electrodes®

Early scientific reports on ultrathin transparent and conductive metal films can be found
at the end of the 19™ century.® Applications of transparent electrodes (TEs) appeared
first with the advent of the electronics industry during World War Il. Transparent con-
ductive oxides were used as transparent heaters for the de-icing of cockpit windows.? In
the following centuries, consumer electronics and energy applications stimulated the
research on TEs with the emergence of flat-panel display technology and solar cells.
Doped oxides, particularly ITO, were shown to uniquely combine transparency and
conductivity and became the leading material. In the last decades, TE development has
been fueled by the growing market of modern optoelectronic applications like
smartphones, smart TVs, thin-film organic solar cells, and large-area organic lighting.?
Novel solution-based TEs are challenging the incumbent ITO that struggles with the

requirements of future flexible, polymer-based devices.

2.1.1 Modern applications and requirements

In this section, the role of TEs in the four most relevant modern optoelectronic devices
will be discussed and the respective requirements deduced. Figure 1 shows schematic
diagrams of the basic device architectures of resistive and capacitive touch sensors,
organic solar cells (OSCs), and organic light emitting diodes (OLEDS).

The field of touch sensors is a rapidly growing market for TEs. The applications range
from consumer electronics including mobile phones, notebooks, and tablets to house-
hold electronics like coffee makers, microwaves, or home entertainment systems that

more and more get equipped with touch-sensitive screens. Market forecasts predict that

# Many terms have been used to describe materials with concomitant optical transparency and electrical
conductivity, including “Transparent Conductive Materials (TCMs)”, “Transparent Electrodes (TEs)”,
“Transparent Conducting Films (TCFs)”, “Transparent Conductive Electrodes (TCEs)”, and “Transpar-
ent Conducting Coatings (TCCs)”, amongst many others. Each term emphasizes slightly different as-
pects. In this thesis, the term “Transparent Electrodes (TEs)” will be solely used as it appears to be the
most common.

-5-
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the surface area of worldwide produced touch screens will double between 2014 and
2025, reaching more than 80 km? in 2025.”

(a) resistive touch sensor (b) capacitive touch sensor

flexible foil spacer dots glass separator

B X

v\transparent\‘ ===
/ electrodes\

«— Substrate —

(c) organic solar cell (d) organic light-emitting diode

| T |
I

~— |

electron transporting layer

active layer emitting layer

transparent electrode

i

Figure 1: Schematic diagrams of (a) a resistive touch sensor, (b) a capacitive touch sensor, (c) an
organic solar cell, and (d) an organic light-emitting diode.?

transparent electrode

Touch screens are generally composed of a visual display and the actual touch sensor
layered on top of it. The touch sensors can be subdivided into resistive and capacitive
touch sensors with multiple different variations. In the simplest case, a resistive touch
sensor consists of two TEs, one of which has to be flexible and is usually deposited onto
a polymer foil (see Figure 1a). The two electrodes are separated by “spacer dots” that
are usually between 10-100 pm in radius and 1-2.5 mm apart. When pressing the upper
electrode down, the two TES come into contact and act as voltage divider at this posi-
tion. By measuring the voltage changes at the edges of the electrodes, the x-y position of
the touch point can be determined. Capacitive touch sensors (mutual capacitance) usual-
ly consist of two separated TEs that are patterned to form an x-y matrix (Figure 1b).

When touching the sensor with a finger or a conductive pen, the change in capacitance

# The schemes present simplified architectures and should only serve as models to understand the funda-
mental concepts and the role of TEs in the devices.

-6-



2 Theory and state of the art

at each electrode is measured and the exact touch position can be determined. Future

trends include large-area and flexible touch screens, as well as high resolution screens.?

Though still limited in efficiency and lifetime, organic solar cells (OSCs) have gained
interest due to their potential to be fabricated on flexible substrates and large-areas by
cost-effective roll-to-roll solution-phase processing.” The basic architecture of organic
solar cells (Figure 1c) consists of two electrodes that enclose an active layer in which
light energy is converted into electricity by the photovoltaic effect. The active layer may
be a single layer, bilayer, or a bulk heterojunction, amongst others.'® The electrode fac-
ing the sun light should have minimum photon absorption to increase the efficiency of
the cell. The second electrode can be intransparent and is usually made from metals like
Al, Mg, or Cu. For solar cells, correct adjustment of the work functions of the different
layers is indispensable for an efficient operation.'! Future visions include fully transpar-
ent, flexible solar cells that are fabricated by wet methods and can be coated on win-
dows and curved polymer substrates.

Organic light emitting diodes (OLEDSs) outperform conventional liquid crystal dis-
plays (LCDs) regarding brightness, efficiency, contrast, and, important for novel de-
signs, mechanical flexibility."? The general architecture of OLEDs is akin to solar cells:
an active layer is sandwiched between two electrodes, one of which has to be transpar-
ent (Figure 1d). While in solar cells electron-hole pairs are created in the active layer,
OLEDs rely on their recombination to create photon emission. The active layer is often
a multilayer system composed of a hole transporting layer, an emitting layer, and an
electron transporting layer. Photon emission out of the device requires a transparent
electrode.*® Future trends comprise all solution-processed large-area lighting (wallpaper

displays or curtains), as well as rollable and portable displays.
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Requirements for transparent electrodes

Transparent electrodes are primarily evaluated by two major properties: optical trans-

mittance T (%)® and electrical sheet resistance Rs (€/sq)°. The requirements for both

properties strongly depend on the specific application.* A rough classification has been
reported by Hu et al.:*®

— The optical transmittance should generally be > 90% in the visible range for all de-
vices. For comparison, values are usually given for a specific wavelength (mostly at
500 or 550 nm). High optical transmittance is needed to ensure bright display images
in touch screens, increased power conversion efficiency in solar cells and high exter-
nal quantum efficiency in OLEDs.

— The required sheet resistances (Rs) vary by several orders of magnitude: For touch
screen applications, a sheet resistance in the range of 400-1000 Q/sq is sufficient for
operation. A highly uniform electrical response of the TE must be guaranteed for ac-
curate touch sensing. OLEDs and solar cells require lower sheet resistance
(Rs< 10 Q/sq). High resistance would cause resistive heating and a non-uniform
emission in OLEDs; solar cells would suffer from decreased efficiency as their per-
formance relies on effective carrier collection before recombination and low cell se-

ries resistance.'® 18

Several criteria (figures of merit) have been proposed to compare the performance of
TEs from different materials systems and processes regarding transparency and conduc-
tivity.!® Most used today is a metric based on the theory of Glover and Tinkham that

describes the transmittance T as a function of the sheet resistance R by

-2
T — 1+iﬂ
2Rs O-dc

# The total optical transmittance Ty is defined as the ratio Ty, = I+/l, of the intensity of light transmitted
through a material (1) to the intensity of the incident light (lp) and is usually given in %
(%T = I4/1y x 100). The total transmittance Ty, can be subdivided into the ballistic transmittance T, that
accounts for the light transmitted parallel to the incoming beam and the diffuse transmittance Ty that
accounts for the diffuse transmitted light (T = Tua + Tgir). For TES, the ballistic optical transmittance is
the most relevant parameter. It is usually simply given as “(optical) transmittance T” in literature, which
has been adopted for this thesis, unless stated explicitly otherwise.

® The sheet resistance has been introduced as a measure of resistance for thin films with homogeneous

thickness and is defined as Ry = %with the resistivity p and the film thickness t. See section 8.2 for fur-
ther information.
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with Z, (= 377 Q) being the vacuum impedance and ogy; and oo the optical and dc con-

ductivities of the material.>>?? The transmittance T is measured in the visible wave-

length range and mostly given at 2 = 550 nm. The ratio oyc/oqp Serves as figure of merit.

The theory of Glover has been extended and refined for specific systems in recent stud-

1es

19,23

Other important properties include:

The “haze”, which quantifies the fraction of transmitted light scattered at wide an-
gles and is usually defined as the ratio between diffuse and total transmittance.* The
required haze value strongly depends on the application: Touch screens, for example,
require low haze (< 3%) to avoid blurred viewing of the display.**** On the contrary,
electrodes with high haze may enhance the performance of solar cells: greater scat-
tering of the incoming photons increases their optical path length and thus the proba-
bility of absorption, which is important especially for thin film solar cells.?>?’

The mechanical flexibility, which has recently become important and is challenging
the state-of-the art materials (see section 2.1.4). The trend for novel flexible devices
on polymer substrates requires electrodes with high electrical stability upon bending
and folding to turn visions like rollable displays or wearable solar cells into reality.
While electrical resistance and optical transmittance are well defined parameters and
standardized test methods are available, there is no standard for measuring the bend-
ing stability of TEs (yet). Most commonly used in scientific publications is the rela-
tive change in resistance (R—Ro)/Ro as a function of bending cycles. The bending ra-
dius is usually chosen between 1-20 mm. Many publications also report the change
in resistance as a function of the bending radius. The specific requirements again
strongly depend on the application.

The surface roughness: In particular for multilayer thin film devices like OLEDs
and OSCs, the surface roughness must be below the thickness of a typical active lay-
er (often ~ 50-100 nm) to avoid short circuiting of the device.?%

The work function of the layers (important for OLEDs and solar cells).?
The adhesion of the film to the substrate.*

The electrical long-term stability with humidity and temperature.™

 According to ASTM D1003, the haze of a material is defined as the fraction of light that is scattered at

angles greater than 2.5° in forward direction.
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2.1.2 Transparency-conductivity trade-off
The conductivity o of solid materials can be described in first approach by the Drude

model?;

, N
o=enu=er-—;
m

with e the elementary charge, n the carrier concentration, p the carrier mobility, z the
scattering time (time between scattering events), and m” the effective carrier mass.* To
obtain high conductivity, high carrier concentrations n and/or high carrier mobility
(high scattering time 7 and low effective mass m’) are required.’

The optical behavior is determined by two barriers: the free carrier reflection edge
(represented by the plasma energy) and absorption by interband transitions (represented
by the band gap).*

The free carrier reflection edge depends on the plasma energy

with & and & the vacuum and relative permittivity.® At frequencies below wp, delocal-
ized electrons screen the electric field of the incoming light and reflect it; at frequencies
above wp, light is transmitted because the electrons cannot follow the oscillation of the
incident electromagnetic wave.*® To obtain transparency in the visible range, the plasma
energy should be minimized (at least to below the visible spectrum, < 1.75 eV). Hence,
n should be small and/or m” large.

Photon absorption by interband transitions can further influence the optical response of

materials in the visible range. Gold and copper, for instance, have interband transitions

# Drude initially proposed the model to describe the electrical transport in metals. Free (valence) electrons
move randomly inside the crystal (no net velocity). Under the influence of an external electrical field,
the electrons get accelerated until they collide with the positive lattice ions or lattice defects (described
by the scattering time). The theory has been extended by Lorentz (Drude-Lorentz model) and later by
Sommerfeld and Bethe including quantum mechanics (Drude-Sommerfeld model).
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with energies in the visible spectrum that cause the characteristic coloring. In semicon-
ductors with high energy band gaps (> 3 eV) interband transitions occur above the visi-

ble spectrum.®*

In summary, the ratio of the carrier concentration and the carrier effective mass (n/m’) is
the key factor for the design of transparent conductors, which simultaneously reveals
the trade-off between conductivity (n/m” should be maximized) and transparency (n/m"
should be minimized)® high carrier concentrations and low effective carrier mass re-
quired for high conductivity will shift the free carrier reflection edge into the visible

range and thus cause reflectivity of the material.*

Metals, the best electrical conductors,
have high carrier concentrations (n >> 10% cm™) and thus a plasma edge in the deep-
UV spectral range.” A successful strategy for TE design is to use materials with limited
carrier concentrations, but increase the mobility of the charge carriers (see next sec-

tion).>

2.1.3 Transparent conductive oxides

Transparent conductive oxides (TCOs) were the first TE-materials applied in optoelec-
tronic devices and are still major players in the field of TEs.> Their unique balance of
transparency and conductivity follows from wide-bandgap n-type semiconductors with
low electron effective mass (In,O3, ZnO, SnO,) doped to increase carrier concentra-
tion.>3* The high energy band gap ensures that absorption by interband transitions is
shifted above the visible spectrum (> 3 eV). The intrinsically low carrier concentration
can be increased by doping, limited by the dopant’s solubility in the host material.” As
the attainable carrier concentrations are still relatively low compared to metals (about a
factor of 50-100), the plasma energy is still far below the visible spectrum and light is
transmitted in this wavelength range.®> The limited carrier concentration requires high

mobility of the charge carriers to obtain high conductivity. The mobility x = ez/m’ is

& Precisely only holds for homogeneous materials.

® Recently, Zhang et al. reported transparent conductors based on correlated metals, which combine high
carrier concentrations with low plasma energies because strong electron-electron interactions result in a
high effective electron mass.*

° Doping of the host material also influences the width of the band gap.?*?* Two mechanisms compete:
(1) band gap widening by the Burstein-Moss effect: doping leads to population of states within the con-
duction band, which increases the Fermi level. (2) band gap narrowing by many-body effects: electron-
electron scattering and electron-impurity scattering causes valence and conduction band to shift. For
doped In,0;, the interplay of both mechanisms result in a net increase of the gap.”®®
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determined by the scattering time 7 (should be maximized) and effective carrier mass m”
(should be minimized). The scattering time is intrinsically limited by scattering at ion-
ized impurities caused by the dopant. Additional scattering at crystallographic defects
(dislocations, grain boundaries, etc.) can be reduced by appropriate deposition and an-
nealing. Thus, high-temperature post-processing steps are often necessary for TCOs
with high-end performance.®** The second important parameter is the effective mass,
which should be reduced to increase mobility®. In particular, oxides of the post-
transition metal cations (“TCO cations™) Zn?*, Cd®*, In®*, Sn** show small electron ef-
fective masses as their overlapping s-orbitals form broadly dispersed conduction
bands.>**%" ZnO:Al", SnO,:F*/Sb*, and In,03:Sn (ITO) are the most prominent materi-
als owing to their large bandgap (> 3 eV) enabling the use in the visible and near-
infrared (NIR) range.® Among all, ITO shows the best performance and has been almost
exclusively used in optoelectronic devices; mobilities up to 100 cm?V™'s™ result in resis-
tivities down to 1-2-10™ Q-cm.* Sputtered ITO coatings (on glass) usually have a trans-
mittance about 90% at a sheet resistance > 10 Q/sq, which serves as benchmark for new

technologies (see next section).>

2.1.4 Solution-based transparent electrodes for flexible devices

Though still more than 90% of the entire TE market is dominated by ITO, several limi-
tations and undesirable properties have led to a copious research interest to replace ITO
in the last decade.>® Commonly stated motivations include the scarcity of indium and
the accompanying high raw material price; the concentration of production to few coun-
tries (China, Japan, Canada, etc.) and the concomitant strategic dependence further mo-
tivated the search for alternatives (particularly in Europe and the United States). Limited
resources of indium certainly conflict with the strongly increasing demand for optoelec-
tronic devices, but it should be noted that the cost of raw indium constitutes only 2% of
the total costs for ITO production. The major cost drivers are the slow and inefficient”
sputter process in vacuum and subsequent high-temperature post-processing steps re-

34,35

quired for high-grade ITO (see section 2.1.3).

2 As n is still rather low, a decrease in m* (thus, an increase in n/m") can be tolerated without shifting the
plasma energy in the visible range.*
® Large fractions of the sputtered target end up at the walls of the chamber.®
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Nevertheless, cost arguments (raw material prices, process costs) are always subject to
fluctuations and should not be considered a single exclusion criterion. Raw indium pric-
es have significantly fallen in the last 2 years and leading ITO suppliers have recently
slashed their prices, which is impeding the replacement of ITO in established devices

and processes.***

Novel flexible devices based on polymer substrates entail new requirements that signifi-
cantly impede (if not exclude) the use of ITO: (1) ITO shows only limited bendability
due to its ceramic brittleness. Cracks form already at low strains and lead to a sharp
increase in resistance. (2) High-grade ITO requires processing at elevated temperatures

exceeding the thermal budget of many polymer foils.>*3*3

Hence, new materials with optoelectronics properties comparable to ITO (T > 90%,
Rs <10 Q/sq) that can be processed at low temperatures and are flexible enough to
withstand repeated bending cycles at low bending radii have been the focus of intense
research in the last decade. The search for ITO replacement materials has been accom-
panied by the wish to replace vacuum technology as a major cost driver by solution-
phase processing. Solution-phase processing has the potential to coat large areas (sever-
al meters wide) at high speeds (up to 100 m/min), while having lower capital and
maintenance costs than vacuum processing.>** The following sections will solely focus

on alternatives that can be coated from solution.

Conductive polymers were among the first alternatives in the late 20" century.? Poly-
mers can be coated from solution and are mostly flexible. The prevalent polymers are
polythiophene derivatives like PEDOT:PSS?, which is often used as hole injection layer
for OLEDs.*** High optical transmittance (T > 90%) can be obtained, but relatively
high sheet resistances (Rs > 100 Q/sq) and limited stability under exposure to high tem-
perature, humidity, and UV radiation impede the use of conductive polymers in certain

applications.> >

The second major class comprises carbon materials, including carbon nanotubes
(CNTs) and graphene. CNTs have been considered a promising alternative since their

discovery in the 1990’s because of their outstanding electrical properties: individual

# poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
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CNTSs have high carrier mobilities exceeding 100 000 cm?/Vs and can reach conductivi-
ties up to 200 000 S/cm.? Transparent films were fabricated from CNT inks by solution-
based deposition processes including spray coating®’, Meyer rod coating*, and dip coat-
ing.”® The expectations on CNT-based TEs were reduced by the difficulty to achieve
CNTs with high purity in large amounts and the limited conductivity of CNT thin films

due to large contact resistances between the individual CNTs.?

Considered the “rising star” in materials science, graphene is a promising candidate for
transparent electronics, too, based on its outstanding electrical (ultrahigh mobilities) and
optical (only 2.3% loss in transmittance per single layer) properties.’®>! However, TEs
from solution-processable inks based on graphene flakes underperformed the theoretical
expectations facing the same problem of large contact resistances as observed for CNT

inks.? High-end TEs were reported only by chemical vapor deposition (CVD).>*°

Metals, the best electrical conductors, are opaque in bulk: high carrier concentrations,
which enable the superior electron transport, imply high reflectivity in the visible range
(see section 2.1.2). Metal films can become optically transparent when they are thin
(usually less than 10 nm), but discontinuous growth impedes the fabrication of such
layers and electron surface scattering will limit the electrical conductivity at this thick-

ness.>®

A second strategy can overcome these limitations: use thin metal
(nano)structures that carry the electrical current but are sufficiently small to avoid
strong light scattering in the visible range and separate them by voids that account for
the transmission of light. The transparency/conductivity ratio depends on the area frac-
tion that is covered by the material. First approaches included metal microgrids based
on “top-down” vacuum processing. Today, “bottom-up” approaches where metal
nanostructures are deposited from liquid dispersions reduce the required amount of ma-
terial and simplify the deposition process.* Two main classes can be distinguished: ran-

dom nanowire networks (section 2.1.4.1) and ordered metal grids (section 2.1.4.2).

2.1.4.1 Random metal nanowire networks
Solution-phase synthesized metal nanowires with diameters between 20-150 nm and
lengths of 50-200 um are dispensed onto a substrate in a random arrangement. At cer-

tain area fraction, the interconnected wires percolate and form a continuous electrical
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pathway. For applications as TEs, nanowire densities above the percolation threshold

are required.’
The optoelectronic properties of the layers are primarily set by the area fraction
AF=N-L-D

with N the number of nanowires per unit area, the wire length L, and the diameter D>
The transmittance of random networks can be estimated by

—_AF _Cext

T=e ‘P

with the extinction cross-section Cey; that is the amount of light absorbed and scattered

by a single nanowire.”

The resistance for N above percolation can be estimated in first approximation by

poo'pNW

s m/ A

where p,, (Q:m) is the bulk resistivity of the material, pnw (kg:m™) is the nanowire den-
sity in the film, and m/A (kg-m?) is the mass of the nanowires per unit area.” The equa-
tion, however, disregards two fundamental characteristics of nanowire networks:
(1) The resistivity of a nanowire is always higher than the bulk resistivity due to elec-
tron surface scattering.®® (2) Contact resistances between the individual wires play a
major role and determine the overall sheet resistance of the film.>"*® After synthesis,
nanowires are typically surrounded by a polymeric ligand shell (e.g. polyvinylpyrroli-
done (PVP)) that stabilizes the wires in solution, but provokes high resistances at the
wire-wire junction.”” Two complimentary approaches can be applied to improve the
overall conductivity of a metal nanowire network: reduce number of interfaces or re-
duce electron barrier at the interfaces. At a fixed area fraction, increasing wire length
will reduce the number of interfaces for a given distance, which motivates the use of
ultrahigh aspect ratio wires.>® In contrast to carbon materials (see section 2.1.4), metal
nanostructures can be welded together by a sintering treatment. Removal of ligands and
subsequent formation of direct metal-metal contact significantly reduces the contact

resistances (see also section 2.3).
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The best-studied wire-based TEs are silver nanowires (AgNWSs). During the last 5-10
years, a large number of articles has been published on AgNW networks and even vast
amounts of reviews exist®.>***® Various wet-coating methods have successfully been
applied to fabricate TEs based on AgNW networks, including drop casting,>® spray-
coating,” rod-coating,®* spin-coating,®” and vacuum filtration with subsequent
transfer.®*% Large-area TEs with optoelectronic properties comparable to 1TO
(T >90%, Rs < 10 Q/sq) but with superior mechanical flexibility were reported in litera-
ture. Several companies were founded (many as university spin-offs) focusing on syn-
thesis and/or application of AgNWs including BlueNano, Seashell technologies, Cam-
brios, C3Nano, among others.

Second major player are copper nanowires (CuUNWSs).%>®" Copper is 6% less conduc-
tive than silver, but 1000 times more abundant and significantly cheaper. TEs of
CuNWs with comparable properties to AQNW networks and ITO have been reported in
literature, but copper’s high susceptibility to oxidize limits the long-time stability of
CuNW films. Novel approaches are trying to circumvent this drawback by overgrowing

the copper core with oxidation-resistant metals, for instance.®>®

Although random nanowire networks are close to application, there is still no commer-
cial breakthrough.®® Apart from business arguments, several technological issues may
cause the sluggish replacement of ITO:
- Random deposition allows only for limited control of the network geometry. The
nanowire density can be tuned, but not the position of individual wires.
- Haze values of several % impedes the use in high-end touch screens.**™
- High surface roughness of the lose nanowire networks challenges the fabrication of
multilayer thin-film devices like OLEDs.?® Recent studies reported ultra-smooth

AgNW films by mechanical pressing or polymer coating.?%>%%*

2.1.4.2 Ordered metal grids
Grids with controlled geometry have shown the potential to outperform ITO with regard

to electro-optical properties and mechanical flexibility.”* Several advantages over ran-

dom nanowire networks exist: Control over the grid’s microstructure enables the specif-

# Literature search on web of science (accessed Feb 20™ 2017) yielded 567 publications and 15407 cita-
tions for the combination “silver nanowire AND transparent electrode”.
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ic tuning of the properties for a particular application. Material is only placed where it is
needed; no isolated wires or dangling wire parts exist that reduce transmittance but do

not actively take part in the current transport.”

The main parameters affecting the grid properties are the linewidth w, the pitch p, the
line height h, and the grid shape (see Figure 2). Linewidth and pitch of the grid deter-
mine the ratio between optical transmittance and electrical conductivity and have to be
mutually adjusted according to the desired properties: increasing the linewidth and/or
decreasing the pitch will increase the conductivity, but decrease optical transmittance,
and vice versa.”*™ Increasing the line height lowers the resistance, but keeps the trans-
mittance largely unaffected and is thus an efficient way to reduce the trade-off between
transparency and conductivity.”>’® The grid geometry can affect the device perfor-
mance, too (see below); common designs for TEs include linear, square, hexagonal, or

triangular grids.

. p-w
linewidth w
. _ Y Y: Y
T-P(P-wW_, W r_(p=W 7= (=W’
p p p p

Figure 2: Top view of the unit cells of ordered grids with (a) linear, (b) square, and (c) hexagonal
geometry and corresponding equations to calculate the optical transmittance T considering the
clear aperture, where w is the linewidth and p the pitch of the grid.

The optical transmittance of grid structures can be approximated considering the clear
aperture of the grid, which is defined as the area not covered by material.”""® Figure 2
gives an overview of the three major grid designs (lines, squares, and hexagons) and the
corresponding equations to calculate the theoretical transmittance based on the clear

aperture.

The clear aperture serves as a good approximation of the grid’s transmittance, but ne-
glects the influence of light scattering and plasmonic effects.”””® For instance, grids

with sub-wavelength structures can have complex optical responses; strong coupling of
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surface plasmons in nanohole meshes has been reported to induce extraordinary trans-

mission, for example.2*®

The sheet resistance of a metal grid can be estimated using Kirchhoff’s law.”” For a

square nanowire network, the sheet resistance is

N N p-L

TN TN Iwon

with the resistivity p, the wire length L (equals the network pitch p), the linewidth w,
and the line height h. For large networks, the first term is close to unity, which leads to
(with L = p):
PP
"~ wh
The ratio between transparency and resistance is not the only factor affecting device
performance. For instance, Neyts et al. studied the voltage loss in metallic grids used for
OLEDs with different shapes (triangular, square, or hexagonal).” Grids with identical
conductivity and transmittance were shown to have different voltage losses for different
geometries: a hexagonal mesh had 6% lower loss than a square grid. Solar cell perfor-
mance has been reported to depend on the geometry of grid-based TEs, t00.2%%® The
influence of grid geometry on device performance underlines the superiority of grids

with controlled and tunable geometry over random meshes.

The fabrication of ordered metal grids started with established “top-down” processes:
lithographically prepared grids served as mask for subsequent metal evaporation. The
number of processing steps, waste of excess material, and complex vacuum technology
limit the cost-efficiency of this technology. In recent years, “bottom-up” processes that
additively deposit material from liquid dispersions have been shown to increase struc-
tural flexibility, reduce complexity, require fewer processing steps, and reduce the

waste of material (see next section).®
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2.2 Patterning of nanoparticle inks for electronics

A variety of technologies has been used to print defined structures from liquid inks con-
taining nanomaterials.** Metal nanoparticle inks are usually dispersions of nanoparticles
with diameters below 100 nm and a metal content between 10 and 70%.%* The liquid
phase is usually a mixture of multiple solvents to adjust wetting, evaporation, etc.**%
In the following section, the most relevant techniques for the fabrication of ordered
transparent metal grids will be discussed. Section 2.2.2 will introduce the novel concept

of direct nanoimprinting for high-resolution patterning of nanoparticle inks.

2.2.1 Fabrication of transparent metal grids from nanoparticle inks
Ahn et al. introduced the concept of direct writing of nanoparticle inks.®> A concentrat-
ed silver nanoparticle ink (mean particle size: 20£5 nm; solid content: 78 wt%) was
extruded through a tapered cylindrical nozzle that was translated using a three-axis ro-
botic motion stage. Square silver grids with a linewidth of 9 um and height of 3 um
were prepared with a varying pitch from 100-400 um. Thermal annealing at 200°C for
2 h after printing yielded grids with resistivities down to 3.64:10° Q-cm. Grids with a
pitch of 400 um showed a transmittance of 94.1%.

Electrohydrodynamic (EHD) jet printing increases the resolution of inkjet
printing.%*®" Droplets much smaller than the actual nozzle diameter can be ejected by
applying a high electric field that stretches out the meniscus on the tip of the nozzle.
Jang et al. used a commercial silver ink (ENJET; solid content: 70 wt%) to print grids
with a linewidth of 7.53 um, a height of 1.46 um and a pitch between 50-300 um from a
nozzle with an inner diameter of 100 um. Grids with 150 um pitch had an optical
transmittance of 81.75% and a sheet resistance of 4.87 Q/sq after annealing at 200°C
under near-infrared light.®® Schneider et al. increased the resolution of the method in a
process called NanoDrip printing (droplet diameter: < 100 nm; nozzle diameter:
1 um).®® They printed silver and gold nanogrids from commercial nanoparticle inks with
linewidths from 80 to 500 nm, heights between 200 nm and 1.5 um, and pitches of
10-20 um. The grids exhibited superior optoelectrical properties (Rs = 8-20 Q/sq,
T = 94-97%) after thermal annealing at 150-250°C at low printing speeds of ~ 30 min
for the patterning of 100 pm?.
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1.8 and Lee et

The fabrication of grids by laser sintering was introduced by Hong et a
al.®®. Both fabricated transparent metallic grids on flexible substrates using selective
laser sintering of metal nanoparticle inks. Nanoparticles in suspension were first spin-
coated onto a substrate. A focused laser acted as local heat source sintering the particles
selectively to conductive microlines. Patterning and sintering were performed in a sin-
gle step (see also section 2.3.1). The applied laser power determined the temperature
distribution and thus, the structure of the sintered lines. Unsintered particles were re-
moved by a subsequent washing step. The resulting grids showed high transmittance
(> 85%) and low sheet resistance (30 /sq). Laser sintering, as maskless direct writing
methods, allows for the fabrication of arbitrary structures and flexibility of the process.
Drawbacks of the method are limited resolution (linewidth 10-30 um) and waste of the

unsintered parts of the ink layer.

Layani et al. introduced a printing process based on the combination of inkjet printing
and the coffee ring effect.’® Particles inside sessile suspension droplets are known to
assemble at the perimeter of the contact line upon evaporation if it is pinned, well-
known as coffee ring effect.®? Layani et al. ink-jetted drops of a silver nanoparticle ink
(mean particle diameter: 20 nm; solid content; 0.5 wt%) in a 2D-array. The particles
assembled into dense interconnecting metallic rings that had a linewidth of 10 um, a
height < 300 nm, and a “hole” of 150 um in average.” The process yielded TEs with a
transmittance of 95% and a sheet resistance of 4 Q/sq after annealing in HCI vapor (see
also section 2.3.2). The concept was extended by Zhang et al. who ink-jetted linear lig-
uid patterns (arrays of drops) of a silver nanoparticle ink.*** Upon evaporation, the
silver nanoparticles aggregated at the three-phase contact line and formed two parallel
lines. The distance between two parallel lines was 60-80 um and the distance between
each set of double lines was set to 800-900 pum. They achieved square grids with a lin-
ewidth of 5-6 pum and a height of 0.3-0.4 um on hydrophilic glass substrates. The result-

ing grid had a transmittance of 93.6% and a sheet resistance of 30 Q/sq.

Higashitani et al. described a process named “evaporative lithography” yielding or-
dered metal grids based on AuNPs by templated evaporation.®> A gold nanoparticle dis-
persion (mean particle diameter: 10 nm; solid content: 2 wt%) was dropped on a stain-
less steel mesh that had been placed on top of a plasma-treated glass substrate. The so-

lution spread over both, mesh and glass substrate. During evaporation, the liquid flowed
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towards the bars of the steel mesh, forming a grid with open spaces. After drying, the
steel mesh was removed to obtain gold grids with a linewidth of 4 um, a height of
80 nm, and a pitch of 100 um. Sintering at 425°C for 20 min was necessary to remove
the organic ligands and to turn the grid conductive. The resulting grids showed transmit-
tance of 82% at a sheet resistance of 20 Q/sq. Layani et al. extended the method to heat-
sensitive substrates using metallic nanoparticle inks that can be sintered at room-
temperature.” Silver nanoparticles with polyacrylic acid as electro-steric stabilizer co-
agulated when exposed to HCI vapors (see section 2.3.2).%” The grids had an average
linewidth of 5.7 um, a height of 1.1 um, and a pitch of 50 pm. The optical transmittance
was 77% at a sheet resistance of 9 Q/sq.

The concept of flow coating is based on the convective assembly of nanoparticles into
dense lines: a droplet of the nanoparticle dispersion is confined between an angled plate
and the substrate by capillary forces and forms a meniscus. Analogue to the coffee ring
effect described above, solvent evaporation at the three-phase contact line induces a
convective flux of solvent from the droplet that carries the nanoparticles to the contact
line, where they get deposited on the substrate.”® Linear movement of the plate stretches
the meniscus until the contact line slips to a new position. Repeated movement of the
plate after certain waiting times creates dense lines with defined spacing.”® Park et al.
reported the fabrication of transparent metallic grids by flow-coating of silver nanopar-
ticles.!® They prepared square grids with a linewidth of 7-10 um, a height of 60 nm,
and a pitch of 200 um. The grids had optical transmittances between 70-88% at sheet
resistances in the range of 132-332 Q/sq. Flow coating is a simple method and does not
require a complex printing setup, but is limited regarding grid geometry. On unpat-
terned surfaces, only straight lines (parallel to the meniscus) can be prepared; intercon-

necting grids (like the square grids reported by Park et al.) require two step processing.

In nanosphere lithography, monolayers of polystyrene (PS) spheres serve as mask for
the fabrication of honeycomb meshes by deposition of material in the gaps between the
spheres, first with material deposition based on evaporation.**%? Kwon et al. were the
first to report a fully solution-based process.%*'% They prepared silver meshes by coat-
ing a monolayer of PS spheres with a commercial silver ink (TEC-1J-010, Inktec; solid
content: 11.5 wt%) using a Meyer rod. After curing the ink (5 min at 100°C then 10 min

at 140°C), the PS spheres were removed by sonication yielding conductive honeycomb
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meshes with linewidths between 0.03-0.5 pum, a height of 70-200 nm, and a pitch that
was dependent on the sphere diameter (600 nm, 3 um, and 10 um). Parasitic islands that
degraded the transmittance near the mesh lines were eliminated by wet etching. The
meshes had transmittances between 35-88% and sheet resistances ranging from 20 to
2000 €/sq.

Limitations

The described methods suffer from two common drawbacks: limited resolution and the
need for sintering at elevated temperatures.

Metal lines with several micrometer width do not guarantee the invisibility of the grid,
which limits the applicability as front electrode of displays, for example. The limited
resolution requires large separation of the lines (large pitch) to achieve high optical
transmittance. TEs with such large non-conductive holes do not perform well with de-
vices like OSCs or OLEDs.>"% Surface roughnesses in the micrometer range make
thick metal grids incompatible with multilayer thin-film devices like OSCs or OLEDs.
The need for smaller linewidths has been pointed out by IDTechEx® as a major issue:
“The battle between metal mesh suppliers will be fought on narrowing the linewidth and
improving throughput and yield (biggest cost unknown/driver).”106

In many cases, high temperature sintering is necessary to obtain low resistivity, which
exceeds the thermal budget of many polymer substrates and thus impedes the use of
such metal grids in the fabrication of modern flexible devices. Section 2.3 will discuss
the effects of sintering treatments on nanoparticle inks and present novel sintering tech-

niques.

2.2.2 Direct nanoimprinting of nanoparticles

Nanoimprint lithography (NIL) has become a powerful alternative to photolithogra-
phy for patterning materials with high resolutions (down to nm) at high throughput and
low costs.’*"'% while in photolithography photons induce the patterning (e.g. develop
photo resist), NIL relies on direct mechanical deformation that does not have diffraction
limitations. A pre-patterned template, usually referred to as “stamp” or “mold”, is

109

pressed into material and replicates the patterns of the stamp.” Many different types of

® IDTechEx provides market research and business intelligence with a strong focus on novel technologies
including Printed Electronics, 3D printing, RFID, wearables, etc.
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nanoimprint lithography have been developed over the years, some with resolutions in
the nanometer range and a vast field of applications.*® Usually, a thin polymer film or
resist is patterned, which is either directly used as a material (e.g. as diffraction gratings
or microfluidic devices) or serves as a mask for further processing steps like wet etching
or metal evaporation, for instance. To ensure a complete filling of the mold and a high
fidelity of pattern replication, the viscosity and surface tension of the imprinted material
need to be considered.'®® The mold materials are usually classified regarding their
Young’s modulus (E):**

- rigid molds (E > few GPa): silicon, SiOg, glass, silicon nitride, nickel
- soft molds (E < few MPa): PDMS, polyurethane

- rigiflex molds (few MPa < E < few GPa): fluoropolymers

In conventional NIL, the stamp is placed in full contact with the substrate to imprint the
pattern (batch process), which limits the application for large-area patterning: large con-
tact areas require very large forces for high-resolution patterning; high adhesion forces
impede the stamp release without pattern destruction. In addition, long processing times
(few min or longer per wafer) interfere with the demand of high-throughput for practical
applications. For high-resolution and high-throughput patterning, the group of L. Jay
Guo investigated the transfer of NIL to roll-to-roll (R2R) processing.****** They at-
tached the stamp (flexible or rigiflex) onto a cylindrical roller and incorporated it into a
R2R setup enabling the imprinting of foils. As the effective imprinting area (contact line
transverse to web moving direction) is small, less force is necessary for successful pat-
terning and reduced adhesion forces facilitate the stamp release. Today, first commer-

cial R2R-NIL systems are available.!*®

The use of elastomers has several advantages over rigid molds: elastomers can make
conformal contact with substrates and allow for an easy release from rigid masters, even
for complex structures. The beneficial properties provoked the development of several
unconventional printing methods based on soft molds, grouped under the term “soft
lithography”."**''" Soft lithography generates patterns with feature sizes between
30 nm and 100 pm by pre-patterned elastomeric stamps. The most commonly used
stamp materials are polydimethylsiloxanes (e.g. Sylgard 184) that has a low interfacial
free energy (~21.6-10" N/cm), good chemical stability, thermal stability, gas permea-

bility, and optical transparency down to 300 nm.''® Stamp fabrication comprises the
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molding of PDMS by drop-casting onto a master with relief structures (e.g. lithograph-

£.118 Micromold-

ically patterned silicon wafers or nickel shims), curing, and peeling of
ing in capillaries (MIMIC) has been used for the patterning of nanoparticle inks. In
MIMIC, a PDMS stamp is placed in contact with a planar substrate creating capillary
channels by the groves in the PDMS. A drop of the nanoparticle ink is placed at the
ends of these channels. Capillary forces induce liquid filling of the cavities. After drying
or curing of the material, the PDMS stamp can be removed. The method is applicable to
a broad material range (liquid resist, nanoparticle solution, etc.) and enables the fabrica-
tion of features in the sub-100 nm scale.™*!?° Duan et al. reported the fabrication of thin
metal lines and grids (feature size down to 40 nm) by molding of gold nanoparticles
(mean diameter: 3.5 nm).*** The capillary filling, efficient and fast over short distances,
is significantly slowed down with increasing distance due to viscous drag of the liquid,
which impedes the fabrication of large-area TEs.'? Small cross-sectional areas, re-

quired for high resolution, will further reduce the filling rate.**°

In 2007, Ko et al. pioneered a process to fabricate metal structures with high resolution
that combines elements of classical nanoimprinting and soft lithography using nanopar-
ticle inks.*?® The process is based on direct nanoimprinting of a nanoparticle ink by a
pre-patterned PDMS stamp and the subsequent sintering of the nanoparticles to a bulk
material. Direct patterning eliminates the need for intermediate mask steps and requires
only moderate temperatures and contact forces. The process consisted of several steps:
AuNPs (mean particle size: 1-3 nm; ligand: hexane thiol) were dispersed in a-terpineol
and dispensed onto a silicon substrate. A pre-patterned PDMS stamp was pressed into
the solution under the pressure of 5 psi (~ 0.35 bar) at 80°C; nanoparticles filled the
cavities, replicating the structure of the stamp. After solvent evaporation, the stamp was
removed and the particles were sintered on a hot plate at 140°C. The temperature during
printing affected the viscosity of the NP solution and had to be balanced for optimal
printing results: increased temperature decreased the viscosity of the solvent; at the
same time, increased temperature accelerated solvent evaporation and thus increased
viscosity. Ko et al. successfully printed test structures (lines, dots, etc.) with high reso-
lutions (feature size down to 100 nm) and tested the applicability of printed nanowire
resistors in organic field effect transistors. Only small areas in the range of 30 um were

structured.
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The work of Ko et al. was followed by many derived processes to fabricate plasmonic
metallic structures. Liang et al. reported the fabrication of plasmonic metallic
nanostructures in a similar process and studied the influence of printing temperature and
pressure.’** A temperature of 60°C was not sufficient to ensure complete filling of the
cavities due to high viscosity; at 80°C, deformation of the stamp features was observed,
which the authors attributed to accumulation of solvent vapor in the cavities. The ap-
plied pressure was adjusted between 3-6 bar: increasing the pressure decreased the
amount of residual layer; at 6 bar, deformation of the stamp features led to poor pattern
fidelity. Fafarman et al. prepared subwavelength arrays of nanopillars, nanowires, and
nanoholes by direct nanoimprinting of a AuNP dispersion in hexane (mean particle di-

ameter: 10 nm; particle concentration: 18 mg/mL).*%

Direct nanoimprinting of electronic materials has been largely restricted to the fabrica-
tion of electrodes for field-effect transistors (FETS). Park et al. reported printing of gold
source-drain electrodes for OFETs on polyimide using the same protocol (AuNPs in
a-terpineol; mean particle size: 1-3 nm; solid content: 10 wt%).%® The average resistivi-
ty of the printed structures was 1.99-10~" Q-m, which is about 8 times the resistivity of
bulk gold. Hu et al. extended the method to silver inks (AgNPs in a-terpineol; mean
particle size: 10 nm, solid content: up to 15%). They fabricated organic FETs on flexi-
ble substrates using nanoimprinted silver electrodes and semiconducting polymers.*?’
Yu et al. engineered the ligand shell of gold nanoparticles (mean particle diameter:
2.5nm) to provide imprintability.'*® The ligand consisted of a thiol-group bonding to
the gold surface, a stabilizing alkyl chain, and a tetra(ethylene glycol) segment with a
cyclohexylammonium end-group that suppressed crystallization. In this way, they were
able to print conductive patterns with feature sizes down to 40 nm without solvent or

polymer additives.

In summary, direct nanoimprinting of colloidal nanoparticle dispersions is a suitable
method to create metal structures with nm resolution at low processing temperatures
(<80°C), compatible with flexible polymer substrates. The scalability of classical NIL
suggests the potential of direct nanoimprinting to be transferred to large-area R2R pro-
cesses, too. Successful application to large-scale electronics will greatly depend on the
ability to ensure electrical connectivity over macroscopic distances. High pattern fideli-

ty and percolation of the particles will be key aspects.
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2.3 Sintering of nanoparticle inks for electronics

Electronic structures based on nanoparticle inks suffer from an inherent dilemma: ligand
molecules on the particles’ surface usually impede the electron transport between the
particles and limit the conductivity of the printed features.*”® Nanoparticles from wet-
chemical synthesis are usually capped by organic molecules (ligands) that tune the par-
ticle size and shape during synthesis and inhibit particle agglomeration in dispersion by
electrostatic, steric, or electrosteric stabilization.**® Conductive metal inks with high
particle loads usually rely on steric stabilization by surfactant- or polymer-like am-
phiphilic organic molecules that bind to the nanoparticle surface via carboxyl, carbonyl,
amine, or thiol moieties.3*8

After deposition and drying of the ink, the organic stabilizers remain in the layer and act
as dielectric tunneling barriers provoking high contact resistances at the particle-particle
interfaces. To enable continuous electron transport between the particles, the insulating
ligands have to be removed in a post-treatment. A common approach is to apply thermal
energy by conventional methods like hot air in a convection oven or IR irradiation to
decompose the organic material. Typical sintering temperatures are 150-350°C with

processing times of 10-60 min.*

Novel concepts of “sintering-free” inks with conductive ligand shells that render the
sintering step obsolete are currently under scientific discussion, but only few publica-
tions exist. As an example, a novel sintering-free hybrid-ink has been developed by
Reiser et al., co-authored by the author of this dissertation.™*! Gold nanoparticles were
capped with conjugated, electrically conductive polymers (PTEBS, PEDOT:PSS) that
simultaneously provided colloidal stability and enabled electron transport from particle
to particle. Printed lines were conductive (resistivity down to 0.04 Q/sq/mil) after depo-

sition without additional sintering.

Sintering of nanoparticle inks commonly occurs in two stages: (1) removal of ligands,
(2) coalescence of the nanoparticles.®* After ligand decomposition or detachment, un-
protected particles coalesce by surface melting and diffusion of metal atoms from one
NP to another (high surface mobility), driven by the reduction of the free surface ener-
gy.® The fusion of particles occurs at temperatures far below the melting point of bulk
gold (1064°C), a phenomenon called “melting point depression”.**> Atoms at surfaces
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have fewer bonds and thus lower cohesive energy than atoms in bulk; less energy is
necessary to move them. Nanoscale objects have large surface-to-volume ratios, which
increase with decreasing particle size and lead to a size-dependent melting point.}3*1%
Consequently, the required sintering temperature of small NPs is often set by the ligand

removal rather than by the actual melting point of particles.

The high temperatures that are required to remove the stabilizers from NP inks (in the
range of 150-400°C) require substrates like glass or silicon, but exclude most polymer
substrates. Standard polymer foils have low thermal stability with glass transition tem-
peratures on the order of 150°C; extended sintering at temperatures above will lead to
severe foil deformation.* Novel sintering technologies should minimize the thermal
impact on the substrate, but retain fast sintering for high throughput processing. Among
many other publications, | would like to highlight the review of Schubert et al., which
presents a good summary of novel concepts for sintering of NP inks.?* Three of the
most relevant technologies are based on photonic sintering (section 2.3.1), chemical

sintering (section 2.3.2), and plasma sintering (section 2.3.3).

2.3.1 Photonic sintering

The basic idea of “photonic sintering” is to selectively heat the ink by the photothermal
effect at wavelength where the ink has high absorption but the substrate has not. Metal
nanoparticles commonly show strong surface plasmon resonances in the visible range,
while substrate like glass and polymer absorb mostly in the UV range. Since the absorp-
tion characteristics change with the specification of the ink (base material, particle dis-
tribution, etc.), the process parameters (spectrum, power density) have to be adjusted for

each system. Several technologies based on “photonic sintering” have been developed:

Near-infrared (NIR) sintering

Most polymers do not have strong absorbance in the NIR range (700—-1500 nm). Irradia-
tion in this wavelengths range will selectively sinter the ink and limit the energy input
on the substrate minimizing substrate deformations.’*® NIR sintering is scalable and
suitable for high-throughput R2R processing, commercial systems are readily availa-
ble.’¥" As the timescale of sintering is in the order of seconds, heat transfer from metal
ink into substrate cannot be fully neglected, which makes NIR more suitable for sub-
strates like paper than for ultrathin PET foil.** In the course of the process, the absorp-
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tion behavior of the ink constantly changes as particle size and shape change upon sin-

tering.2* Hence, the sintering characteristics change and kinetics are often slowed-down.

Intense pulsed light (IPL) sintering

Continuous irradiation with light will heat up the particles, but the need to attain thermal
equilibrium with the substrate will cause heat transfer to the substrate within millisec-
onds. Intense pulsed light with a pulse duration (tpuse) much shorter than the time to
achieve thermal equilibration between ink and substrate (zsusstrate) heats the particles (by
light absorption) locally before they can transfer the heat to the substrate.**® For a
homogeneous sintering, the pulse duration should be longer than the thermal equilibra-
tion time of the ink (zink). While zini is of the order of one microsecond or below, zsypsirate
is at least several tens of milliseconds, which opens a window for the pulse duration
(Tink < touise < Tsubstrate). The high energy density leads to locally high process tempera-
tures, which reduces the processing time and thus increases throughput. Most common-
ly used are xenon stroboscope lamps with irradiation at wavelengths between 200 and
1200 nm. Appropriate conditions (pulse length, pulse intensity, flashing frequency, etc.)
have to be chosen for each ink/substrate combination.®*

IPL treatment has been successfully used for sintering of copper inks*3%!%

AgNWs'"14 “and silver inks.****** Several commercial systems are available from

Novacentrix (Pulse Forge series) and Heraeus noble light.14>4

Sintering by pulsed light is a cheap and energy efficient technique (30% of electrical
energy converted into radiation, no complex optics necessary as for laser).**” It is easily
scalable and can be integrated into R2R systems.**® For certain ink formulations, the
high surface temperatures reached can lead to oxidation of the ink material under air;

foil deformation has been observed after multiple flashing.'*°

Laser sintering

Nanoparticles absorb the photons emitted from a laser, heat up by the photothermal ef-
fect, and sinter together. Controllable parameters are power output, writing velocity,
wavelength, and operation mode (continuous wave or pulsed), which have to be chosen

carefully to minimize the heat dissipation into the substrate material.

Ko et al. reported on the selective laser sintering of inkjet-printed microlines from gold

nanoparticles.*®® The ink was dried and then locally sintered by scanning with a focused
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Ar-ion laser (wavelength: 514.5 nm); unsintered nanoparticles were removed with or-
ganic solvents. Laser sintering can be used as a direct structuring method as well: metal-
lic grid transparent conductors have been prepared by laser sintering of spin-coated par-

ticle suspensions on flexible substrates (see also section 2.2).%%%

Laser sintering is versatile, arbitrary patterns can be sintered in a mask-less process.
Locally high temperatures can cause damage to the substrate and to the ink (ablation of

metal). Spot sizes of only a few mm leads to long processing times for large areas.

2.3.2 Chemical sintering
Chemical sintering involves the destabilization of the particle/ligand system by decom-
position or exchange of the organic ligand molecules in the presence of a sintering

agent.

One approach is the chemical decomposition of the ligands. Magdassi et al. showed
that AgNPs capped with negatively charged poly(acrylic acid) (PAA) spontaneously
coalesce when coming into contact with the oppositely charged polyelectrolytes
poly(diallyldimethylammonium chloride) (PDAC).” The degree of coalescence can be
tuned by the ratio between silver and PDAC. The PDAC was added by inkjet printing
on top of the silver array. The process yielded highly conductive (5 times the resistivity
of bulk silver) traces at room temperature, though many voids were present between the
sintered zones. The Magdassi group further showed that PAA-stabilized AgNPs can
undergo self-sintering in the presence of CI~ ions as destabilizing agent.** CI™ ions re-
place the carboxylate anchoring groups of the PAA, which subsequently detaches from
the nanoparticles' surface and enable particle coalescence at room temperature. NaCl
solution or HCI vapor were applied as ClI" source. Sintered lines had a resistivity of
3.84:10° Q-cm (~2.5 times the resistivity of bulk silver).

Other approaches involve the exchange of long stabilizing ligands by short ligands after
layer deposition. Reduced inter-particle spacing eases the electron transport from parti-
cle to particle and enhances conductivity.® Fafarman et al. reported the exchange of
long-chain OAm ligands on AuNPs by the short inorganic ammonium thiocyanate
(NH,SCN).}1%2 The resistance of spin-coated AuNP layers dropped by 10 orders of

2 The tunneling rate increases exponentially with decreasing separation between the NPs.**°
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magnitude upon the ligand exchange. The layers were simply dipped into the thiocya-

nate solution (1 wt% NH;SCN in acetone) after deposition.

Chemical sintering is often done at room temperature and minimizes the thermal input
on ink and substrate, but compatibility of the substrates with the used solvents has to be
guaranteed. Chemical reactions are often limited to specific ligand systems, which re-
stricts the range of application. Post-treatment of printed layers in liquids can influence
the stability of the layers; Fafarman et al. had to pre-coat the substrates by a mercapto-

propyltrimethoxysilane (MPTS) layer to avoid particle desorption, for instance.'*®

2.3.3 Plasma sintering

lonized gasses formed by applying large energy (thermal, electric current or electro-
magnetic irradiation, etc.) are referred to as plasmas.2* Plasma interacts with materials
in several ways: highly reactive species (radicals, low-energy ions, and electrons) in-
duce chemical reactions; the impingement of particles causes sputtering of the surface
by momentum transfer and some heating of the material.*>® Together, they lead to the
decomposition of organic material, e.g. by chain scission. The resulting low molar mass
compounds are generally volatile and can be easily removed, especially at low pres-
sures. Hence, plasma treatment is used as a standard method to remove organic residues
from substrates.>® Plasmas can be oxidizing (oxygen, air), reducing (hydrogen), or inert
(noble gases, nitrogen). The ability to decompose organic material at low thermal budg-
et makes plasma sintering an interesting approach to decompose and remove organic
ligands.™* The resulting highly reactive free metal surfaces can coalesce as described

above without further temperature treatment.

Reinhold et al. treated inkjet-printed silver nanoparticle inks (roughly one micrometer
thick) on common polymer foils by low-pressure argon plasma. Under the influence of
the plasma, the silver particles coalesced into clusters as confirmed by XRD. The resis-
tivity of the printed line was less than one order of magnitude above that of bulk
silver.™® Pronounced coalescence of the particles (as in the case of Reinhold) will de-
stroy the nanoparticle size-dependent properties. Ozin and Cademartiri introduced a
novel concept named “nanocrystal plasma polymerization” (NPP).*® A soft, low-energy

plasma treatment only partially removed the ligand shell while preserving the size-
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dependent properties of the nanoparticles. An inorganic matrix connecting the particles

enables the fabrication of mechanically stable and free-standing 3D architectures.

Plasma sintering has several advantages and disadvantages over traditional thermal sin-
tering. Ligand decomposition does not require high temperatures, which limits the
thermal budget of the method and makes it compatible with fragile substrates. The pro-
cess is limited in depth by a phenomenon called “skin effect”: during plasma treatment
a sintered top crust is formed, which prevents the plasma from penetrating the material.
Depending on the choice of plasma, the treatment can be time-consuming (Reinhold
reports treatment times of up to 1 h).™® Long processing times will also affect the sub-

strate, which can be detrimental for multilayer systems.™’
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2.4 Ultrathin gold nanowires (AuNWS)

One-dimensional nanostructures (nanowires) with diameters in the nm range and aspect
ratios (length to width) > 100 show prospects as nanoscale building blocks for “bottom-
up” fabrication of electrical contacts in nanoelectronics.*®® Nanowires made from gold
combine high electrical conductivity—gold is the third most conductive element after
silver and copper—with superior chemical inertness. Various protocols have been re-
ported for the synthesis of anisotropic gold nanostructures based on particle assem-

160,161 162183 " or physical deposition.’®*

bly™°, surfactant mediation , template assistance
The protocols generally yielded polycrystalline wires with diameters > 10 nm and high
surface roughness. Since 2007, single crystalline gold wires with ultrathin diameter
(between 1.6—2 nm) have become available from wet-chemical synthesis. The wires are
grown along the <111> direction and exhibit ultra-high aspect ratios > 1000

(see Figure 3).

Figure 3: Transmission electron micrograph of as-synthesized AUNWSs.

The next section will give an overview of the various protocols for the synthesis of ul-
trathin AUNWSs and the hypothesis on their growth mechanism.

2.4.1 Synthesis and growth mechanism

Synthesis

The chapter of ultrathin AUNWSs was opened with the first synthesis by Halder et al. in
2007.'% Chloroauric acid (HAUCI,-3H,0) was mixed with oleylamine and oleic acid in
toluene to form in a first step gold nanoparticles with a diameter of around 2 nm. After
the addition of ascorbic acid as reducing agent, the solution was aged for several hours

to few days yielding wires with a diameter of around 2 nm and a length of about 1 um.
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In 2008, several papers on the synthesis ultrathin AUNWSs were published in a very short
time frame* by groups around the major players in the field of colloidal
nanomaterials.*®®*®° The synthetic protocols vary slightly, but follow the same concept:
OAm acts as reducing agent and structure-directing agent at the same time. Because
OAm is a liquid at room temperature it can be the solvent, too. The syntheses comprise
the dissolution of chloroauric acid in OAm in the right stoichiometry and subsequent
aging. As no additional reducing agent is used, the synthesis required long reaction
times (4-5 days) and elevated temperatures (35-80°C). Only Lu et al. added AgNPs as
reducing agent, but the reaction still required several days of ageing.’®® The protocols
consistently yielded wires with diameters between 1.6-1.8 nm; only Wang et al. showed
diameters between 3-9 nm.'®® The length of the wires was estimated to be in the range

of 1-4 um, although no direct experimental proof has been reported.

Feng et al. accelerated the reduction process by adding triisopropylsilane (TIPS) as ad-
ditional reducing agent.!® In their protocol, 3 mg HAuUCI, were mixed with 100 mL
OAm and 2.5 ml n-hexane, followed by the addition of 150 mL TIPS. The solution was
kept undisturbed (no stirring) at room temperature for several hours until a gradual color
change from yellow to dark red was observed. The protocol yielded wires with 1.8 nm
in average diameter in a fast and robust synthesis and served as basis for many publica-

tions, including this thesis.

After synthesis, washing of the wires removes unreacted educts and excess oleylamine.
Although slightly different protocols have been reported, the fundamental concept stays
the same: addition of a polar solvent (usually ethanol or mixtures of ethanol and the
respective solvent of the synthesis) induces agglomeration of the wires into macroscopic
bundles, which precipitate (often assisted by centrifugation). After removal of the su-
pernatant, the precipitated wires can be redispersed in the desired solvent; alkanes (hex-
ane, octane, etc.), cycloalkanes (cyclohexane, cyclooctane, etc.), arenes (benzene, tolu-

ene), tetrahydrofurane (THF), and chloroform have been reported.

# submitted between 6" and 30" of May 2008
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Growth mechanism

The exact growth mechanism of AuNWs is still matter of scientific debate. Two main
models are discussed (with several variations): “oriented attachment” and “micellar
growth”. Both follow from the strong differences in the binding energy of OAm on dif-
ferent crystal facet of gold. Density functional theory (DFT) predicts an adsorption en-
ergy of amine groups on the {100} surfaces of a gold crystal that is roughly two times
higher than on the {111} surfaces.’"* ' Hence, OAm will preferentially adsorb onto

{100} facets and preferentially be removed from {111} facets.

Halder et al. described the formation process of nanowires as “oriented attachment” of
spherical particles.’® The facet-dependent amine binding energy favors the fusion of
two {111} facets and thus leads to anisotropic growth. After attachment, surface diffu-
sion smoothens the particle junctions to a nearly circular wire cross section. Halder et
al. based their theory on the fact that the final wire diameter is almost identical to the
diameter of the nanospheres formed at the early stage of the synthesis and the fact that

lattice defects (twin boundaries, stacking faults) can be observed in the nanowires.

Later publications explained the synthesis by a concept referred as “micellar growth”.
Wang and Pazos-Pérez et al. proposed a mechanism similar to the reported mechanism
for FePt nanowires: elongated inverse-micelle structures are formed by the self-
assembly of OAm, within which elongated polyhedral gold nuclei are formed.*%:18:174
Different OAm densities on the different crystal facets of the initial gold nuclei lead to
directed growth into direction with low OAm packing density, <111> (see above).!’*
Huo and Lu et al. proposed a slightly different mechanism.'®"*® They believe that after
partial reduction of Au®* to Au*, Au* species is complexed by OAm to form ordered
mesostructures due to strong interactions of the OAm side chains. Slow reduction of the

gold ions inside the mesostructures results in anisotropic gold wires.

The growth mechanisms in the original publications on nanowire synthesis were merely
based on theoretical assumptions and ex-situ TEM observations, Loubat et al. were the
first to study the growth mechanism of AuUNWSs in-situ.'” They used small-angle X-ray
scattering (SAXS) to detect the fractions of spheres and wires during synthesis using a
protocol by Feng et al. with modifications. They found that the volume fraction of

spheres varied only slightly in the beginning of the synthesis and stayed almost constant
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after 20 min, the time when first nanowires were detected. This is not expected for
growth by oriented attachment, where spheres should be consumed during the formation
process of the wires. They conclude that the concept of “micellar growth” is the preva-

lent mechanism underlying the anisotropic growth.

The theory of “micellar growth” has been further supported and extended by a recent
theoretical study on the role of amine surfactants in the synthesis of anisotropic gold
nanocrystals.'”? You et al. studied the absorption characteristics of amine molecules
(including OAm) on different facets of noble metals by MD simulations and DFT calcu-
lations and proposed a detailed growth mechanism of AuNWSs. Their results indicate
two major features of OAm affecting the anisotropic growth of gold nanocrystals:
(1) Different adsorption energies cause different OAm packing densities on the {100}
and {111} facets of gold crystals. (2) Strong interactions between the carbon-chains of
self-assembled OAmM molecules prevent the diffusion of metal ions through them and
inhibit their subsequent incorporation into the nanocrystal. The efficiency of the block-
ing decreases with decreasing density of OAm molecules and thus changes with the
different facets. Based on their observations, they proposed a multi-step growth mecha-
nism of AuNWs: In a first step, the Au*/Au**-ion/OAm complex forms a micellar struc-
ture due to the self-assembly of OAm (see Huo and Lu et al.**"*®%)_ Inside the micelles,
Au ions are partially reduced to Au atoms that form a first nucleus. By addition of Au
toms, the nucleus growths into a nanocrystal (1-2 nm in diameter) bounded by {100}
and {111} facets (see Halder'®, Wang'®® and Pazos-Pérez et al.'®®). In a last step, the

nanocrystals grow along the <111> direction yielding highly anisotropic nanowires.

At about the same time as You et al., the group of Peidong Yang published a high-
resolution TEM (HRTEM) study of ultrathin AUNWSs providing a detailed real space
analysis of the wires’ atomistic structure and growth.'”® They imaged single wires (syn-
thesized according to the protocol of Feng et al.) by aberration-correction HRTEM and
analyzed the stacking sequences of atomic planes. A large number of stacking faults
suggested that beside the commonly accepted concept of “micellar growth™, oriented
attachment can play a role in the wire formation, too: shorter nanowire may merge and

form a single nanowire.
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2.4.2 Self-assembly

First statements on the self-assembly of AUNWSs were based on TEM observations.
Halder and Feng et al. found closely packed bundles of parallel wires with a characteris-
tic distance of around 2 nm after evaporation of a AuNW drop.**>*® Several groups
reported the assembly of wires into monolayers at liquid-air interfaces. Sanchez-Iglesias
et al. prepared densely aligned monolayers of AuNWSs at a diethyleneglycol-air inter-
phase.'’” The wire arrays were transferred to glass substrates and showed an average
interwire separation of around 3 nm. Depending on the functionality of the glass, the
wires preserved the self-assembled structure (glass with hydrophobic coating) or
grouped into larger bundles (unmodified glass). Chen et al. reported the formation of
“giant superlattice nanomembranes” made of AuNWs.”® AuUNWs dispersed in chloro-
form were carefully spread onto a water surface in a Langmuir-Blodgett trough. Dense
monolayers formed, which they attribute to strong hydrophobic interactions between
OAm ligands.

Loubat et al. studied the self-assembly of AuUNWs in liquid phase by SAXS.'™ They
observed well-resolved Bragg peaks indicative of hexagonal nanowire superlattices few
hours after synthesis. The lattice parameter was 9.7 £ 0.1 nm, which corresponds to an
interwire distance of 8 nm considering a wire diameter of 1.7 nm. The interwire dis-
tance equals approximately four times the length of oleylamine (2.1 nm), which led to
the model of a parallel assembly of wires separated by an oleylamine bilayer. The do-
main size was estimated to be around 70 nm based on the width of the Bragg peaks. An
isotropic SAXS pattern indicated that the self-assembly occurs randomly in dispersion,
which supports the theory of homogeneous nucleation of the self-assembly in liquid
phase, rather than at the container’s wall. The commonly reported wire-wire distance of
2-4 nm in case of dried AuNW thin films can be explained by an OAm monolayer on
the wires’ surface after washing and the partial interdigitation of the OAm alkane

chains.t”

2.4.3 AuNWs for transparent electronics
Their self-assembly sets AUNWSs apart from stiff AgNWs or CuNWs, which form net-
works resembling “pick-up sticks”. The ultrathin wires’ high mechanical flexibility and

their high aspect ratio enable the formation of line contacts between the wires. Multiva-
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lent supramolecular interactions between the OAm ligand molecules lead to bundling of

the wires upon drying rather than forming networks of interconnected single wires.!"

In 2014, the application of AuNWSs for electronics was largely restricted to sensing.
Wearable sensors from the group of Wenlong Chen were reported based on thick ran-
dom AuNW films with sheet resistances in the MQ range.*®* %2 Sanchez-Iglesias et al.
were the first to report AUNWS for transparent electronics. They prepared thin films of
densely aligned AuNWSs by self-assembly at a liquid-air interface (see section 2.4.2)."’
The monolayers were manually transferred to glass substrates. The layers exhibited out-
standing transmittance (T = 96.5%), but the sheet resistances remained rather high
(Rs = 400 Q/sq)®. Limited stabilities of the layers at elevated temperatures (150°C, 1 h)
were pointed out as a major drawback by the authors. Chen et al. fabricated AUNW

178 Mono-

mono- and multilayers by a Langmuir-Blodgett technique (see section 2.4.2).
layers exhibited optical transmittances of up to T=97% at sheet resistances of
Rs ~ 1.1 MQ/sq. Increasing the number of layers decreased sheet resistance at the price
of reduced transmittance: for 10 layers, the transmittance dropped to T = 37%, and the

sheet resistance decreased by one order of magnitude.

The reported studies demonstrated AUNW layers with superior optical properties, but
high sheet resistance and poor stability remained limiting. As-prepared AuNW films
generally exhibit high sheet resistance (in the MQ range) which is sufficient for sens-
ing applications but impedes the use as TE, where tens of Q/sq are required for reliable
operation (see section 2.1.1). The limited conductivity of AUNW films can be attributed
to two intrinsic effects: (1) The insulating OAm ligand shell impedes electron transport
from wire to wire resulting in large contact resistances (see also section 2.3).781% (2)
The ultrathin nature of the wires (only ~ 8 atoms in diameter) implies significant elec-
tron scattering at the nanowire surface as the wire diameter is significantly smaller than
the mean-free pathlength of electrons in gold (around 40 nm).>%78:184

Ultrathin gold nanowires are highly prone to fragmentation by the “Plateau-Rayleigh

b”

instability™”. More than 150 years ago, Joseph Plateau predicted that liquid cylinders

are unstable to radius perturbations with a wavelength larger than the circumference of

# The sheet resistance was measured between evaporated gold electrodes with a very small spacing of
only 100 um. Sheet resistances of macroscopic areas were not reported.
® Often named only “Rayleigh instability*.
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the cylinder.’® The cylinder will fragment into a row of spherical droplets decreasing
the total energy while conserving the volume. Plateau’s theory was further promoted by
the analytical work of Lord Rayleigh on the instability of liquid jets.*®® In the 1960,
Nichols and Mullins extended the concept to solid cylinders where mass transport is
dominated by surface diffusion®'®” Experimental studies on the stability of gold and
copper nanowires (diameters between 25 and 100 nm) revealed their fragmentation at
elevated temperatures (400-600°C) and its dependency on annealing time, temperature,
and wire diameter.’®' Increasing the temperature accelerated diffusion and conse-
quently, the fragmentation process. Thinner wires fragmented faster because atom dif-
fusion is proportional to the gradient of the mean curvature of the wire surface.’® The
strong dependency on the wire diameter already hints that ultrathin gold nanowires with
diameters below 2 nm will severely suffer from fragmentation by Rayleigh instability.
In 2013, Xu et al. showed that AUNWSs tend to transform into spheres even at room
temperature.® They investigated the fragmentation of AuNWs inside block copoly-
mer/AuNW hybrid cylindrical micelles and inside liquid dispersions by UV-vis spec-
troscopy and TEM analysis®. AuNWs dispersed in THF transformed into spherical
nanoparticles already after 18 h at room temperature; a temperature increase to 50°C
accelerated the process to 5 min. Fragmentation by the energy input of an electron dur-

ing electron microscopy analysis was also reported by several groups. 17619

& Cylinders with initial radius r and a sinusoidal perturbation r = rg+Ary-sin(2nx/A) become unstable if the
wavelength of the perturbation is larger than the rod circumference 2xr.

® They made use of the Rayleigh instability to create rows of spherical nanoparticles with defined diame-
ter and spacing.
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3.1 Publication A: Sintering of Ultrathin Gold Nanowires for
Transparent Electronics.

(DOI: 10.1021/acsami.5b02088)
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3.2 Publication B: Ultrathin Gold Nanowires for Transparent
Electronics: Soft Sintering and Temperature Stability.

(DOI: 10.1002/pssa.201532874)
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3.3 Publication C: Templated Self-Assembly of Ultrathin
Gold Nanowires by Nanoimprinting for Transparent
Flexible Electronics.

(DOI: 10.1021/acs.nanolett.5004319)
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3.4 Publication D: Direct Nanoimprinting of a Colloidal Self-
organizing Nanowire Ink for Transparent, Flexible

Electronics.

(DOI: 10.1002/admt.201700034)
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4.1 Sintering of AUNWSs

AUNWSs have unusual properties (small diameters, high aspect ratios, mechanical flexi-
bility) that make them interesting as building blocks for TEs, but two limitations are
commonly reported in literature: high electrical resistance and poor stability (see section
2.4.3). The same limitations were observed in this work: dip-coated layers of densely
packed AuNWSs on glass (see Figure 1 in publication A) exhibited sheet resistances
larger than 40 MQ; after storage of 1 week at room temperature, pronounced fragmenta-
tion of the wires into spheres was observed (see Figure 4 in publication A). The most
common approach to reduce contact resistances and improve conductivity in nanoparti-
cle layers is a post-deposition sintering treatment that removes the organic ligand shell
and induces coalescence of the nanoparticles (see section 2.3). Established thermal sin-
tering techniques did not perform well with ultrathin wires: the Rayleigh instability
(already present at room temperature) is significantly accelerated with increasing tem-
perature (see section 2.4.3). The high boiling point of OAm (> 350°C) requires high
sintering temperatures for ligand removal. Wires disintegrated into unconnected spheres
before conductive pathways were obtained.’®* Alternative sintering approaches that
were reported in literature to effectively sinter nanoparticle inks without thermal impact
include chemical (see section 2.3.2) and plasma sintering (see section 2.3.3). Both were

examined for sintering AUNW layers in publication A.

For chemical sintering, the specific anchoring group of the ligand molecule to the parti-
cle surface plays a crucial role. AUNWSs are capped by OAm, which binds with its
amine moiety to the gold surface. Fafarman et al. reported a protocol to replace insulat-
ing OAm tethered to spherical gold nanoparticles by the short inorganic ammoniumthi-
ocyanate (see section 2.3.2).% They observed a clear insulator-to-metal transition upon
ligand exchange. AUNW layers treated by the same ligand exchange protocol increased
conductivity, too, but the sheet resistance remained in the MQ range (see publication

A). SEM analysis revealed obvious changes in the layer morphology (see Figure 2 in
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publication A). The wires apparently became mobile in the solution and agglomerated.
Deterioration of the protecting OAm ligand shell during the dynamic ligand exchange

process probably destabilized the wires leading to destruction of the film.

Plasma treatment in H,/Ar atmosphere was shown to successfully sinter ultrathin wires
and significantly improve the conductivity and stability of AUNW layers (see publica-
tion A). The process is operating at room temperature and is compatible to a variety of
substrates like glass or polymer foils. Several papers adapted the procedure to turn
AuNW films conductive.***% The following hypothesis explains the efficient sintering
in the plasma atmosphere: In the reactive plasma atmosphere, OAm is decomposed and
removed; the unprotected metal cores of the wires then fuse together by surface diffu-
sion, probably assisted by soft sputtering processes (see section 2.3.3). Wires with
ultrathin diameter have high surface to volume ratios and, thus, a high driving force to
reduce free surface energy. Therefore, the unprotected wire surfaces already fuse with-
out additional thermal impact that may cause fragmentation into spheres (see section
2.3). The hypothesis is supported by experimental results (see publication B): Raman
spectroscopy indicated the thorough removal of oleylamine after sintering; characteris-
tic peaks of OAm vanished below the detection limit (see Figure 3 in publication B).
Electron microscopy proved the fusion of single wires into larger superstructures (see
Figure 2 in publication A and Figure 2b in publication B); XRD measurements revealed
an increase in crystallite size (see Figure 2c in publication B). Plasma sintering induced
defects, too. Nanopores and grain boundaries (see Figure 2b in publication B) were re-
sponsible for the deviation from the bulk resistivity of gold.

The formation of larger superstructures is beneficial in two ways: (1) Enhanced electron
transport: The sintered superstructures provide a larger wire cross sectional area reduc-

ing the contribution of electron surface scattering.>®*%*

(2) Increased stability: Rayleigh
instability is less effective for larger structures (see section 2.4.3). Sintered layers in
publication A were stable for at least 2 years. Interestingly, short plasma treatments of
1 min that largely retained the initial structure of the layer decreased the resistance, but
accelerated the fragmentation process; already after few hours, a clear color change in-
dicated a fragmentation into spheres (see Figure 4 in publication A). It is likely that
OAm was only partially removed during the first minute without significant coalescence

of the wires (see Figure 2 in publication A). Apparently, OAm is protecting the wires
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and inhibiting Rayleigh instability. The hypothesis has been supported by a recent study
of Takahata et al. who investigated the fragmentation of ultrathin gold nanorods (1.6 hm
diameter, 20 nm length) in dispersion by time-resolved optical spectroscopy.'®® They
point out the specific role of the OAm ligand shell on the surface diffusion of Au atoms
and the associated influence on stability: high OAm densities impede the migration of
Au atoms and can slow down the fragmentation process.*>!%

On the other hand, larger structures should also cause more optical scattering.”” The
haze was, however, consistently found to be less than < 2% for dip-coated layers (see
publication B). Electron microscopy proved that sintering of the wires occurred locally
at the nanoscale and the overall morphology of the layer remained virtually unchanged

at the length scale that dominates optical scattering.

The optoelectronic performance of the dip-coated layers presented in publication A and
B was limited by their morphology (homogeneous AuNW thin films with sparsely dis-
tributed unconnected nanowire bundles on top, see Figure 1b in publication A). Layers
in publication A with an average thickness of ~10 nm had an average transmittance of
only T =66% at a sheet resistance of Rs = 50 Q/sq after Hy/Ar-plasma sintering. Simply
reducing the layer thickness did not improve the layer performance. Thinner layers with
transmittances T > 90% showed poor electrical conductivity and stability. SEM analysis
revealed partial decomposition of the thinner layers during plasma sintering (probably
due to sputtering effects) and dewetting upon storage at room-temperature similar to
thin evaporated metal layers.**" % Elevated temperatures accelerated the dewetting pro-
cess (see publication B).? Interestingly, thicker wire bundles that were deposited on top
remained stable and conductive (see Figure 5 in publication B).” The results indicate a
“critical wire density” necessary to effectively fuse the wires and create stable super-
structures. This intrinsically limits the performance of homogeneous AUNW thin films:
to achieve high transmittances the layers have to be very thin (i.e. mono or double

178

layer=""), but structural decomposition will limit the electronic performance. Significant

electron surface scattering further impedes the electron flow in ultrathin layers.

# The described degradation processes should not be confused with the fragmentation by Rayleigh insta-
bility discussed for single wires. Both occur at different length scales.

® Because the wire bundles were unconnected in the dip-coated layers, the overall electrical response of
the dip-coated layers was mainly determined by the dense wire layers.
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Patterning into grids could solve this problem (see also section 2.1.4): thicker wire bun-
dles® that are separated by voids could combine high stability and superior electrical

transport with high optical transmittance.

4.2 Patterning of AUNWSs

Printing ordered grids from nanoparticle inks has been largely restricted to spherical
particles (see section 2.2).%® Anisotropic particles could reduce the number of high-
ohmic wire-wire contacts and improve conductivity, but stiff wires like AQNWs do not
easily bend around the large curvatures of small grids. Their limited mobility will im-
pede printing. AUNWSs behave differently: their geometry lends them high mobility and

mechanical flexibility (see Figure S1 in publication C).

The novel imprinting process introduced in publication C relies on the high mobility
and flexibility of the wires. Dispersed wires follow the grid structure of a pre-patterned
elastomeric stamp. During imprinting, the solvent evaporates through the stamp and the
nanowires are deposited. The process resembles classical nanoimprinting, but differs in
the way material is patterned: in classical nanoimprinting, the material is in full contact
with the stamp immediately before peeling so that the stamp’s features are precisely
replicated; in the process developed in this work, an ink is patterned with a solid content
far below 100%. A gold concentration of 4 mg/mL is equivalent to only 0.25 vol% of
solid content, for example (see publication D). Hence, there is no direct contact between
stamp and printed material after solvent evaporation, which eases the peeling of the
stamp. The low solid content, however, entails also challenges: it has to be ensured that
the wires form defined lines (high pattern fidelity) and are electrically connected over
macroscopic areas (low sheet resistance). Key role for the successful printing plays the
self-assembly® of the wires into hierarchical bundles upon solvent evaporation: (1) Line
contacts between the wires provoke well-defined bundles of parallel wires, which ac-
cumulate all metal. The size of the bundles and thus the linewidth can be tuned by the

wire concentration in the ink. Linewidths down to 250 nm could be achieved with a pil-

® Bundles provide critical wire density - sintered structures are stable against fragmentation and
dewetting; enhanced electron transport due to larger wire cross sectional area.

® In publication D, we used the term “self-organization” to stress the interplay between wire self-assembly
and liquid motion.
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lar spacing of 1 um. (2) Percolation over macroscopic distances: The wires intercalate
inside the bundles like wool fibers inside yarn and form an interconnected network over
the whole grid at low gold concentration. Spherical particles at low concentrations tend

to form unconnected clusters rather than a continuous network.

The plasma sintering protocol (15 min treatment in Hy/Ar plasma) was successfully
applied to the printed grids, too. The self-assembly of the wires into bundles ensured
locally a critical wire density and a successful sintering into conductive superstructures.
Conductive meshes were obtained with properties (T = 92%; Rs = 227 Q/sq) that fulfill
the requirements for touch screen applications (see section 2.1.1). The grids had better
bending stability than commercial ITO; their sheet resistance changed less than 6% after
450 bending cycles at a bending radius of 5 mm. The grids outperformed unpatterned,
homogeneous layers with comparable transmittance regarding conductivity and stabil-
ity. Printing defects that locally caused a reduced wire density and unconnected wire
bundles (e.g. by insufficiently filled stamp cavities, impurities, stamp defects, etc.) led
to dewetting at these spots after plasma sintering (see previous section). The overall

resistance increased over time for such samples as percolating pathways got interrupted.

The process described in publication C (batch process; stamp in full contact with sub-
strate) is limited regarding throughput and patterned area. Scale-up by simply using
larger stamps did not result in homogeneous and successful printing. Significant swell-
ing of the PDMS stamp by the organic solvents of the ink impeded conformal contact
and homogeneous contact pressure. A thorough search for appropriate stamp materials
that combine high solvent permeation and low swelling revealed that both properties are
mutually dependent.?®® The semi-continuous rolling configuration in publication D
solved this issue in a different approach: in the rolling configuration, the effective ink-
stamp contact area and time are decreased, which enables sufficient solvent evaporation
throughout the stamp at limited swelling rate. The process was used to fabricate grids
with different geometries (squares, lines, hexagons) on large areas up to 30 cm?. Grids
were successfully printed on a variety of substrates (glass, PET foil, cling wrap, paper)
with high pattern fidelity. The resulting layers showed optoelectronic properties compa-
rable to ITO (T > 92%, Rs down to 106 Q/sq), but superior mechanical flexibility (see
Figure 5 in publication D) and were applied in capacitive and resistive touch sensors

(see Figure 6 in publication D). The larger linewidths obtained in publication D (0.9-
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1.7 um) compared to publication C (0.25-0.6 um) are a result of the larger pillar spacing
of the master (publication D: 1.8 um, publication C: 1 um) and different drying behav-
ior caused by the process: in the rolling configuration, solvent uptake by the stamp is
strongly influenced by the movement of the roller and the resulting flow characteristics
of the ink inside the cavities (see sections 2.1 and 2.3 in publication D)

The combination of nanoimprinting and self-assembly makes “active” use of the colloi-
dal properties of the nanoparticles. Particle interactions at the nanoscale control the
formation of the final macroscopic structure. The self-assembly is key to achieve grids
with superior resolution compared to established printing processes of nanoparticle inks,
which usually have linewidths of several micrometer (> 5um) and require large separa-
tion of the lines (~ several hundreds of um) in order to obtain high transmittance (see
section 2.2 and Table 1, publication C). A pitch of 4 um was sufficient to obtain
T =92% at a linewidth of 250 nm (publication C). Direct nanoimprinting of AUNWS is
versatile, arbitrary structures can be printed by appropriate stamp design. The process
does not require complex printing setup and allows for fast patterning; 30 cm? could be
printed in 12 seconds (publication D). Larger stamps could further speed up the process.
The complete process (patterning + sintering) is performed at room temperature, which
reduces the thermal budget and makes it compatible with soft substrates like polymer

foils or paper.
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Ultrathin AuNWSs have been introduced

properties for the bottom-up fabrication

as promising base material with outstanding

of transparent electrodes, but also with many

trade-offs. Table 1summarizes the various characteristic properties of the wires and the

corresponding effects on the performance

Table 1: Properties of AUNWSs for transparent

as building blocks for transparent electronics.

electronics

AuUNWs for transparent electronics

Opportunities

Challenges

smal

+ flexibility
+ less scattering = high transmittance

| diameter

— electron surface scattering > resistivity

— fragmentation by Rayleigh instability

— high surface to volume ratio

-> large organic fraction - contact resistance

+ eases percolation
+ enables line contacts between wires
- self-assembly

high aspect ratio

— needs to be bend to fit into features

OAmM

+ enables self-assembly

ligand shell

— high contact resistances

+ chemical inertness
+ low diffusivity

material: gold

— price®

In this thesis, a complete process was developed to apply AuNWSs in TEs making use of

the beneficial properties of AUNWSs and

addressing the limiting factors. Several post-

deposition sintering treatments were investigated to reduce the large contact resistances

and increase the stability of AUNW layers. H,/Ar-plasma treatment was found to effi-

& Metal costs usually play a smaller role in the total costs of production.
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ciently remove the oleylamine ligand shell and fuse the wires into larger superstructure
that resisted fragmentation by Rayleigh instability. The resistance of dip-coated AUNW

layers decreased by 6 orders of magnitude after plasma treatment.

Patterning AuNW layers further enhanced the optoelectronic performance for TEs and
increased layer stability. A novel nanoimprinting process was developed to pattern
AUNWS into grids with superior resolution (linewidths down to 250 nm) to most of the
state-of-the-art grids printed from nanoparticle inks. The developed process made use of
the specific wire properties at the precise moment during the process enabling the fabri-

cation of high-end metal grids for TEs:

The wires can be
shaped with high
resolution during
nanoimprinting and
follow even smallest
features of the
stamp.

In the dispersed state,
the wires are highly
= mobile and the ultrathin
diameter lends them
great mechanical
flexibility.

solvent evaporation

NS

Self-assembly by ligand-
ligand interactions
causes bundling into
larger superstructures;
the high aspect ratio
- enables the formation

of line contacts.

Defined lines are
formed that percolate
over macroscopic areas.
Bundling ensures a local
critical wire density for
efficient sintering.

Conductive grids are
obtained. The sintered
structures are more
—_ stable against Rayleigh
instability and provide a
larger wire cross-section
for the electron flow.

Plasma sintering
removes oleylamine
and sinters the wires to
larger superstructures.

The obtained grids showed competitive optoelectronic properties to ITO (T >92%
and R down to 106 Q/sq), while fulfilling the requirements of novel polymer-based
devices: mechanical flexibility and low temperature processing.
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6 Outlook

Transparent electrode materials other than ITO are expected to represent a major part of

the entire TE market in the next decade.

201 Although metal grids and metal nanowire

networks were shown to reach competitive properties to ITO, their breakthrough will

probably depend on how fast new applications like flexible devices that do not perform

with ITO will enter the market.

This thesis proved the usability of AUNWSs as nanoscale building block for the fabrica-

tion of transparent and flexible metal grids. Future work could include:

Transfer the nanoimprinting process to continuous roll-to-roll processing. Ac-
companied with that, in-line sintering of the wires (for instance by atmospheric
plasma) would have to be investigated.

The combination of direct nanoimprinting and self-assembly of ultrathin wires is
not restricted to gold. The pivotal properties for the process are not intrinsic prop-
erties of gold, but are determined by the geometry and the specific ligand interac-
tions of the wires. Thus, exchange of the core material should not significantly af-
fect the printing process and could open up new opportunities.

The method could be extended to novel nanoparticle inks that are responsive to
external stimuli like light, magnetic fields or temperature in order to specifically
trigger the assembly during the imprinting process.

Future hierarchical printing processes could combine local nanoscale patterns (to
tune the material properties) with macroscopic circuit patterns in a single stamp.
Patterned electrodes, as required for capacitive touch screen, for instance, could
be fabricated in a single step. TEs like ITO or random AgNW layers have to be
patterned after layer deposition in an additional process step.
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8 Appendix

8.1 List of abbreviations and symbols

AFM Atomic force microscope

AgNP(s) Silver nanoparticle(s)

AUNP(s) Gold nanoparticle(s)

AgNW(s) Silver nanowire(s)

AUNW(s) Gold nanowire(s)

CuNW(s) Copper nanowire(s)

GISAXS Gracing-incidence small-angle X-ray scattering
h Planck'’s constant

ITO Indium tin oxide

LED Light-emitting diode

NIR Near-infrared

NM Nanomesh

NP(s) Nanoparticle(s)

OAmM Oleylamine

OLED(s) Organic light-emitting diode(s)

OSC(s) Organic solar cell(s)

PDMS Polydimethylsiloxane

PEDOT:PSS Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
PET Polyethylene terephthalate

PTEBS Poly[2-(3-thienyl)-ethyloxy-4-butylsulfonate]
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R2R
RS) RD

RF

uv
UV-vis

XRD

Resistivity (Q'm)

Roll-to-roll

Sheet resistance (Q/sq)

Radio frequency

Conductivity (S/m)

Small-angle X-ray scattering
Scanning electron microscopy
Ballistic optical transmittance (%)
Diffuse optical transmittance (%)
Total optical transmittance (%)
Transparent electrode(s)
Transparent conductive material(s)
Transparent conductive oxide(s)
Transmission electron microscope
Ultraviolet

Ultraviolet-visible

X-ray diffraction
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8.2 Sheet resistance

The electrical sheet resistance has been introduced as a measure of resistance for thin
films with homogeneous thickness. For a three-dimensional conductor, the resistance of
a material is determined by the resistivity p (in Q-m, intrinsic material property) and the

geometry (cross-sectional area A = w-t, length | between contacts):

I
R: ¢ —_ = - —
P A r w-t

For thin films, the resistivity divided by the thickness is defined as “sheet resistance” R,

which is independent of the measured area:

S

R =2
t

The unit of the sheet resistance is ohm, but usually given as “ohm per square” (€2/sq,

Q/n) to distinguish from the resistance.

The resistance of a thin film is then related to the sheet resistance by:

R_P.

L
t w

S

I
w

t] A

Figure 4: General geometry of a resistor with relevant parameters that affect the resistance.
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