
Morphology, Performance, and Stability

of Flexible and Transparent Electrodes

Imprinted from Gold Nanowires and -spheres

Dissertation

zur Erlangung des Grades

des Doktors der Ingenieurwissenschaften

der Naturwissenschaftlich-Technischen Fakultät

der Universität des Saarlandes

von

Lukas F. Engel
(M.Sc.)

angefertigt am

INM - Leibniz-Institut für Neue Materialien gGmbH

Saarbrücken

2024



Tag des Kolloquiums: 21.01.2025

Dekan: Univ.-Prof. Dr.-Ing. Dirk Bähre

Berichterstatter: Prof. Dr. Tobias Kraus

Priv.-Doz. Dr.-Ing. habil. Guido Falk

Vorsitz: Prof. Dr. Karen Lienkamp

Akademischer Mitarbeiter: Dr.-Ing. Andreas Tschöpe

i



„Das Wichtigste ist, dass man nicht aufhört zu fragen.”

— Albert Einstein
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Abstract

Flexible transparent electrodes (FTEs) were prepared from gold nano-
spheres and ultra-thin gold nanowires with oleylamine ligand shell and
characterised. Their colloidal inks were patterned using direct nano-
imprint lithography at different particle concentrations in cyclohexane
on polyethylene terephthalate substrates with a patterned polydimethyl-
siloxane stamp. The wire inks agglomerated upon dilution, while sphere
inks did not undergo this entropy-driven mechanism. At the highest
printed concentration they were still well dispersed. Plasma sintering
converted the imprinted grids into conductive electrodes, but only par-
tially removed the ligands. The sintered lines consisted of a hybrid core
and a thin conductive metal shell. Wire-based shells had a coarse surface
microstructure and pronounced porosity. This rendered the wire-based
FTEs instable. Spheres formed smooth shells with little or no porosity,
enabling a beneficial ageing process. Immediately after plasma sintering,
the ratio of optical transmittance to electrical resistance for wire-based
FTEs exceeded that of sphere-based FTEs. Ageing reversed this order.
The instability of wire-based FTEs was overcome by PEDOT:PSS coat-
ings.
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Kurzfassung

Flexible transparente Elektroden (FTEs) wurden aus Goldnanokugeln
und aus ultradünnen Goldnanodrähten mit Oleylamin-Ligandenhülle her-
gestellt und charakterisiert. Ihre kolloidalen Tinten wurden durch direkte
Nanoprägelithographie bei verschiedenen Partikelkonzentrationen in Cy-
clohexan auf Polyethylenterephthalat-Substraten mit einem eine Präge-
struktur aufweisenden Polydimethylsiloxan-Stempel strukturiert. Die
drahtbasierten Tinten agglomerierten beim Verdünnen. Kugelbasierte
Tinten unterlagen dem Entropie getriebenen Mechanismus nicht. Sie
blieben auch bei der höchsten geprägten Konzentration dispers verteilt.
Plasmasintern überführte die geprägten Gitter in leitfähige Elektroden,
entfernte die Liganden dabei aber nur teilweise. Die gesinterten Linien
bestanden aus einem hybriden Kern und einer dünnen leitenden Metall-
schale. Die Schalen auf Drahtbasis hatten eine grobe Oberflächenmik-
rostruktur und eine ausgeprägte Porosität. Dies machte die Draht-FTEs
sehr instabil. Kugeln bildeten glatte Schalen mit wenig oder keiner Poros-
ität. Sie sind die Basis für eine vorteilhafte Alterung. Direkt nach der
Plasmabehandlung übertraf das Verhältnis von optischer Transmission
zu elektrischem Widerstand bei Draht-FTEs jenes von Kugel-FTEs. Al-
terung kehrte diese Reihenfolge um. Die Instabilität der Draht-FTEs
wurde durch eine PEDOT:PSS Beschichtung überwunden.
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Chapter 1

Introduction

Transparent electrodes (TE) are fundamental components of opto-electronic
devices that absorb or emit light while current is generated or a potential
difference is applied. [4,5] Examples of such devices are solar cells, light-
emitting diodes, regular displays, and touch screens.

Only few materials offer both a high optical transmittance and a high
electrical conductivity. The classic example of a transparent conductor,
and at the same time the industrial benchmark, is tin-doped In2O3 (ITO).
It has a high transmittance in the visible range (> 80%) and a low sheet
resistance (Rsh) of < 15Ωsq when sputtered thinly onto a glass substrate
at elevated temperatures. [5,6]

In modern consumer electronics, however, the trend goes towards
bendable devices [5,7] such as foldable smartphones, requiring flexible trans-
parent electrodes (FTEs) typically applied to equally flexible and trans-
parent polymer substrates such as low-cost polyethylene terephthalate
(PET) [8], which are usually temperature sensitive [5,8]. This prevents the
use of ITO due to its brittleness [9,10] and high temperature processing [11].

An alternative approach to finding a material that is electrically con-
ductive, optically transparent, and flexible, is to look for a material that
is conductive in bulk, but not necessarily transparent and flexible, and
to arrange it such that the resulting system combines the three desired
properties. [12]

At room temperature, the ductile [13] and malleable [14] metals silver
(Ag), copper (Cu), and gold (Au) exhibit the highest conductivities (des-
cending in that order) [15,16]. But they are opaque in bulk. [17] Properly
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CHAPTER 1. INTRODUCTION

structured at the nanoscale, however, the resulting structure can be both
transparent and flexible, with sufficiently low sheet resistance. [4,18] Such
structures may be disordered (random) networks or regular grids. Both
gain transparency from the areas where no metal is deposited (aper-
tures) [19] and flexibility from their geometric and material nature.

Compared to random networks, regular grids provide predictable charge
transport pathways. [20] They offer a better reproducibility and can be eas-
ily customized as their Rsh and optical transmittance are defined by the
grid geometry and vary systematically with pattern, pitch, and conductor
cross-section. [21,22]

Various methods have been reported to fabricate metal grids with
nanoscale resolution: for instance, electron beam lithography (EBL) [23]

or photolithography with subsequent metal evaporation and lift-off pro-
cesses [24], as well as direct metal deposition and patterning via focused
ion beam (FIB) lithography [25]. The lithographic processes are, however,
expensive, and both EBL and FIB time-consuming [26] and incompatible
with high throughput roll-to-roll (R2R) processing.

Printing techniques have been reported to improve fabrication speed.
But the lines of such grids are several microns wide [19,27–32], necessitat-
ing large pitches to attain reasonable transparency. Such printed FTEs
do not allow for ultra-high resolution displays. Other methods require
multiple processing steps [33] and may be limited to a specific grid geo-
metry [34].

Recently, an efficient two-step-route to grids with arbitrary geometry
and line widths w down to below 1 µm was developed, combining direct
nanoimprint lithography with self-assembly. [35–41] In the first step, metal-
lic nanostructures (building blocks) dispersed in an organic solvent (ink)
are imprinted with a patterned polymer stamp by putting it into contact
with a substrate pre-wetted with the ink. The solvent of the ink, which
is being confined in the stamp’s cavities, permeates the stamp, causing
the nanostructures to concentrate and increasingly self-assemble. This
results in percolating lines being deposited onto the substrate, replicating
the stamp pattern. The imprinting step can be performed under ambient
conditions, e.g. on flexible polymer foils, and is R2R compatible. [42,43]

Typically, colloidal metal nanostructures are capped with organic lig-
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ands, which prevent their agglomeration but insulate them electrically.
They have to be removed in a second step, e.g. via plasma sintering,
which turns the imprinted grid into a conductive metal electrode while
retaining the overall structure and without damaging the polymer sub-
strate (soft plasma sintering). [35]

Considering its high cost, limited abundance, and it being only the
third most conductive element [18], Au appears less attractive for FTE
production when compared to Ag and Cu [11]. However, the superior
chemical inertness [11], including oxidation resistance in air (even at the
nanoscale) [44–46], and its biocompatibility [47,48] make up for its deficien-
cies and render Au nanostructures attractive building blocks for FTE
production - in particular with regard to wearable opto-electronics [49].

Maurer et al. [42] and Kister et al. [43] nanoimprinted FTEs with varying
grid geometries onto PET foil using ultra-thin Au nanowires [42] and Au
nanospheres [43] as building blocks with alkylamine (≥ C12) ligand shells
and dispersed in cyclohexane. After imprinting, the grids were plasma
sintered in a 5% H2 in 95% Ar (H2/Ar) atmosphere. They reached Rsh of
106 to 168Ωsq and transmittances in the visible range ≥ 90%. The wire-
based electrodes were even shown to surpass the mechanical flexibility
of commercial FTEs made of tin-doped indium oxide (ITO). Their basic
functionality was demonstrated by integrating them into capacitive and
resistive touch devices.

Using a simple model which assumes the grid lines as opaque rect-
angles of line width w such that the uncovered surface fraction corres-
ponds to the optical transmittance, the experimentally determined trans-
mittances could be satisfactorily approximated. [35] This was not the case
for the sheet resistances Rsh. [35,42]

Kirchhoff’s circuit laws were applied to calculate theoretical resist-
ances assuming a perfect grid, based on the resistivity of bulk gold at
room temperature (2.44× 10−8Ω ·m) and the line geometry (w being in
the range of 0.91 to 1.7 µm and maximum line heights hmax in the range
of 60 to 76 nm). The measured resistances were 13 to 24 times above
the calculated values [42] although both hmax and w were well above the
electron mean free path length of λe

Au = 37.7 nm [50]. This discrepancy
suggests that the structure-property relationship between the morpho-

3



CHAPTER 1. INTRODUCTION

logy of metal conductors formed by nanoimprinting (including plasma
sintering) and the electrodes’ opto-electronic performance was not yet
fully understood.

In this dissertation, I study the opto-electronic performance of such
FTEs immediately after plasma sintering and after storage under ambient
conditions and correlate it with the conductor morphology. I investig-
ate the effect of geometry and concentration of the imprinted Au nano-
particles colloidally dispersed in cyclohexane (ink), and of superstructure
formation during the imprinting process on the electrode morphology and
performance, both after plasma and after ageing during storage.

My results show that the wire inks used for imprinting undergo an un-
usual type of colloidal instability that does not exist in the sphere-based
inks and which has not been observed in any other nanoparticle system
so far. While the spheres were still well dispersed at the highest im-
printed concentration (30mg/mL), the majority of the wires was already
bundled at the lowest concentration (1mg/mL) used for imprinting. This
dissertation also contributes to the exploration and understanding of this
phenomenon.

4



Chapter 2

State of the Art

2.1 Opto-electronics and transparent electrodes (TEs)

The term opto-electronics refers to the combination of optical and electri-
cal components, and comprises all devices or processes involving electrical-
to-optical or optical-to-electrical transducers. [51–53] A key element in mod-
ern opto-electronics such as flat-screen TVs, e-readers, smartphones, liquid-
crystal displays, photovoltaics, smart glasses, touch screens, electronic
skins, organic light-emitting diodes (OLEDs), and touch sensors are con-
ductive transparent electrodes (TEs). [4,6,12,18,54,55]

To convert electrical into radiation energy or vice versa, opto-electronic
devices or processes make use of the photovoltaic effect: [56] the photon-
induced creation of excitons in active materials such as a Si p-n junc-
tion [57,58] or a copper phthalocyanine/perylene tetracarboxylic derivative
interface [59], which was the first organic active material. It also works
in reverse as excitons (electron-hole pairs) recombine. Examples of such
opto-electronics are solar cells that convert solar power into electricity [60],
and light-emitting diodes (LEDs) where the recombination of electrons
and holes produces photons [61].

TEs ensure that light, within the spectral range of interest, can leave
or reach the active material of these devices. Simultaneously, they serve
to inject or extract the required charge carriers. [5] Common is a sand-
wich structure: [62–64] an active material layer between two conductive
electrodes, at least one of which must be transparent.

The most important performance metric for solar cells is efficiency,
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defined as the ratio of the electrical output power to the incident op-
tical power. This efficiency is directly correlated with the performance
of its transparent conductive electrode [64] which affects the cells’ core
processes, namely light absorption, and charge extraction. High op-
tical transparency (transmittance) and high electrical conductance are
required to maximize the light absorption in the active material layer (to
minimize optical losses) and to restrict the potential difference needed to
make electricity flow.

According to Hu et al. [4], competitive LEDs and solar cells require
TEs with a transparency ≥ 90% in the visible range and a sheet resist-
ance Rsh ≤ 10Ωsq. The resistance requirements in other opto-electronic
devices vary by several orders of magnitude. For example, 400 to 1000Ωsq

are sufficient for voltage-driven applications [65] such as touchscreens. [4]

However, high conductivity and high transmittance are difficult to re-
concile within the same material, as they are conflicting properties. [12,65]

Crystalline materials which are either transparent but barely conductive
(semiconducting metal oxides) or highly conductive but opaque in bulk
(metals), are common. [17] The introduction (doping) of small amounts
of extrinsic atoms (electron donors, n-doping, or electron acceptors, p-
doping) into the crystal lattice of such metal oxides allowed to increase
their conductivity and essentially retain their transparency. Thin films of
such doped metal oxides are transparent conductive electrodes suitable
for opto-electronic purposes. [66]

2.1.1 Transparent conductive metal oxides

In an isolated atom, quantum mechanics only permits discrete electron
energy states. In crystalline materials large numbers of energy states
are allowed, and quasi-continuous energy bands form. [67–70] The highest
energy band occupied by electrons is the valence band, the next higher
energy band, normally unoccupied, is the conduction band. The size
of the energy gap between them renders the material a conductor, a
semiconductor, or an insulator. [67–70]

In a metal, valence and conduction bands overlap. Electrons in the
conduction band are highly de-localized and lead to the reflection of
visible light, which renders metals opaque in bulk. [67–70]
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Transparent crystalline semiconducting metal oxides have band gaps
above 3.1 eV and typically below 6 eV. [15,71] At room temperature, most
electrons remain in the occupied valence band. Thus, they cannot appre-
ciably reflect visible light and render the semiconductor barely conduct-
ive. Since absorption can only occur for photons with energies at least
as high as the band gap (> 3.1 eV), these materials are highly trans-
parent in the visible spectral range (≈ 400 to 800 nm, corresponding to
≈ 3.1 to 1.55 eV).

A way to change conductivity is doping which is limited by the solu-
bility of the dopant in the host.

Indium(III) oxide (In2O3) is a semiconducting metal oxide with a band
gap of ≈ 3.7 eV. [6,15] It crystallizes in a cubic bixbyite lattice which can
be described as face-centered cubic (fcc) In3+ lattice, in which O2– anions
occupy three fourths of the tetrahedral sites. [6] In2O3 is susceptible to
doping with tin(IV) oxide (SnO2), [72] a n-dopant, [6] because tin has one
valence electron more than indium. Sn substitutes some In in the cubic
bixbyite lattice (In2–xSnxO3: ITO) [73] without changing the lattice struc-
ture. The excess electron does not participate in bond building for the
host lattice structure. It remains bound to the dopant atom and features
an energy slightly lower than the edge of the conductance band. [68]

With sufficient doping, the energy states of the dopant sites form a
dopant band close to or even overlapping the host conduction band. At
room temperature, thermal excitation lifts dopant electrons into the con-
duction band of the host lattice. These excited electrons render ITO elec-
trically conductive and reflective in the IR range, while the band gap of
the host material and thus the high transparency in the visible range re-
main almost unchanged. [74–77] Doping of In2O3 with SnO2 achieves charge
carrier densities in ITO of up to 1020 cm−3, keeping the plasma frequency
in the IR. Therefore, ITO does not reflect visible light. [77]

A typical ITO film of 100 nm thickness, deposited on glass, using
sputter-deposition and elevated substrate temperature [78], has a sheet
resistance of 15 to 20Ωsq

[17] and a high broadband transmittance within
the whole visible wavelength range [79] with an average visible trans-
parency > 85% [17]. This meets most of the application specific opto-
electronic device requirements. The extraordinary combination of optical
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and electrical properties renders ITO the most widely used TE in today’s
industry. [8,15,78,80] The ability to deposit thin ITO films by different meth-
ods like sputtering or chemical vapor deposition [66,74] with controlled film
thickness and controlled doping concentration on transparent glass sub-
strates has additionally contributed to its widespread application. [6,81]

A variety of transparent conductive n-doped metal oxides which con-
tain less or no indium at all [6,17], include aluminum doped zinc oxide
(AZO) and fluorine doped tin oxide (FTO) as most promising mater-
ials. [6,15] But all of them possess significantly higher resistivities than
ITO. [17] This is even more true for p-doped metal oxides due to the re-
stricted hole mobility in the valence band of the host material. [66,68,82]

A major common drawback of all metal oxide-based TEs is their brit-
tleness [83] and processing at high temperatures [6,74]. Amorphous ITO,
deposited near room temperature, exhibits a significantly reduced con-
ductivity compared to crystalline ITO of the same thickness. [84] This
limits the compatibility with low cost, temperature sensitive transparent
polymer substrates (e.g. PET) and their compatibility with the next-
generation opto-electronic wearables based on organic semiconductor act-
ive material layers on flexible substrates. [62] Such products require TEs
that are mechanically flexible (FTEs), lightweight, cheap, and compatible
with efficient large scale manufacturing methods (roll-to-roll processing)
on temperature sensitive polymer substrates. [17,81]

2.1.2 Metal-based flexible transparent electrodes (FTEs)

A resistivity of 10−4Ω · cm is often quoted for optimized films of brittle
ITO. [15,85–87] The ductile, [13] malleable, [14] and most conductive metals
silver (Ag: 1.6 µΩ · cm), copper (Cu: 1.7 µΩ · cm), and gold (Au: 2.4 µΩ · cm),
exhibit bulk resistivities in the range of 1.6 to 2.4 µΩ · cm. [15,16] This is
roughly two orders of magnitude below that of ITO.

According to the Lambert-Beer law, the transmittance of a material
layer, excluding any surface or interface effects, increases with decreas-
ing layer thickness. [62] The layer’s sheet resistance Rsh increases concur-
rently. [62] Thus one may apply these metals sufficiently thin to become
transparent while still maintaining practicable Rsh. [17] This could make
such layers suitable transparent, conductive, and flexible electrodes for
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next-generation opto-electronics.
Sheet resistances and transmittances of ultra-thin Au films were meas-

ured by Wilken et al. [88]. Au films with a thickness > 20 nm had a Rsh

of < 5Ωsq. Rsh increased to > 50Ωsq (> 100Ωsq) for Au films with
thicknesses < 10 nm (< 5 nm). For a 7 nm thick Au film, the maximum
transmittance was about 70% at a wavelength of λ = 500 nm, which
decreased to < 60% for a 12 nm thick film. The transmittance exhibited
a wavelength dependence. For the 7 nm thick film it was only 50% at
λ = 700 nm. Lemasters et al. [89] report similar results.

Xiong et al. [90] prepared and measured ultra-thin Cu films. The films
exhibited a wavelength dependent transmittance. Rsh increased signific-
antly with decreasing layer thickness. For the 10 nm film the measured
values were 10.2Ωsq and transmittances of T400 ≈ 70%, T600 ≈ 84%, and
T800 ≈ 75%. The 4 nm film exhibited a Rsh > 10 000Ωsq.

Zhang et al. [91] produced ultra-thin Al doped Ag films. The 11 nm

thick film had a Rsh ≈ 15Ωsq and transmittances T400 ≈ 85%, T600 ≈
65%, and T800 ≈ 50%. At 6 nm thickness the sheet resistance was ≈
70Ωsq and transmittances increased to T400 ≈ 87%, T600 ≈ 78%, and
T800 ≈ 70%.

According to Hecht et al. [92], metal films must be thinner than 10 nm

(“ultra-thin”) to be useful as “transparent” electrodes. Films of Ag, Al,
and Au, prepared with thicknesses of 10 nm and above, had sheet resist-
ances equal to or better than ITO. [93] Below 10 nm the metal resistivities
increased steeply with decreasing thickness. [93] In case of nickel films the
resistivity increase was two orders of magnitude as the film thickness de-
creased from 10 nm down to 2 nm. [92] Sondheimer [94] reports that surface
electron scattering increases resistivities of metal films significantly when
their thickness becomes appreciably smaller than the mean free path of
electrons: at room temperature ≈ 53 nm (Ag), 39 nm (Cu), and 38 nm

(Au) [16,50]. Grain boundary scattering, [16] the surface morphology, [16] and
the substrate roughness [92] further contribute to scattering of electrons
and decrease the conductivity.

Metal film build-up with physical vapor deposition is often done by
sputtering and thermal evaporation; pulsed laser ablation is gaining im-
portance. [17] According to Lemasters et al. [89] and Zhang et al. [91], the
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deposition of continuous ultra-thin Au and Ag films is a challenge. Isol-
ated metal island formation during film growth is common. With increas-
ing thickness, they eventually connect to a conductive film. The critical
thickness leading to conductance is defined as percolation threshold, e.g.
10 to 20 nm for Ag. [91] The deposition of a thin and wetting auxiliary ma-
terial layer before the metal deposition reduced the percolation threshold,
but increased optical losses. [91]

The transmittance in the visible range of metal (e.g., Ag, Cu, and Au)
films with thicknesses ≥ 10 nm remains limiting for high performance
devices. [62] This limitation is largely due to reflection. [16] For films with
thicknesses < 10 nm, the limiting feature becomes Rsh. Thin silver films
have the best trade-off between optical transmittance and Rsh. [84,91,93]

The US Company CP Films (Virginia) sells silver film products having
Rsh between 4.5 to 8Ωsq with an average visible transmittance of about
75%. [92]

Randomly or periodically distributed holes are a promising strat-
egy. [12,62,79,92] A hole is 100% transparent across the entire optical spec-
trum. Metal micro meshes have been achieved by properly arranging
metal nanowires into random network layers. [4,62,92]

2.1.3 Random metal nanowire networks

Suitable dispersants (capping agents) allow metal nanowires to be dis-
persed in water or alcohols. Percolating random nanowire networks can
then be obtained by depositing such inks on a substrate and drying.
Many liquid-based processing techniques such as slot-die coating, drop
casting, spin coating, inkjet printing, bar coating, spray coating, Mayer
rod coating, brush painting, doctor blade coating, dip-coating, screen
printing or vacuum filtration have been used to fabricate films of ran-
domly distributed and intersecting nanowires, also designated as random
metal nanowire network layers. [47,62,95,96] The majority of these processes
are compatible with R2R [47,96] and temperature sensitive polymer sub-
strates.

Charge transport within random metal nanowire networks occurs along
the wires. [4] The electric performance of such a network thus depends on
the wire dimensions and the metal, and on the wire morphology. Mono-
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crystalline metal nanowires [4,12,97], so without grain boundaries [98], in-
crease electrical conductivity [99]. In general, the network conductance
increases with the length L and the diameter D of its nanowires. [62,100] A
low D reduces the fraction of scattered photons [62] and the roughness of
the network films [101]. For most opto-electronic applications, the rough-
ness should be low to avoid shorts between top and bottom electrode, [62]

especially when thin active material layers are involved [95].
Network conduction requires uninterrupted (continuous) conduction

paths between the measuring electrodes, i.e., a network above the per-
colation threshold. To provide many percolating pathways, the network
has to be dense enough. The network density N is defined as the number
of nanowires per unit area and can be controlled by the wire concentration
of the ink used for depositing the network. Increasing N improves percol-
ation and conductance, whereas the optical transmittance of the network
decreases with the areas in-between the wires. The critical network dens-
ity Nc is defined as the density N at which the occurrence probability
for the percolation of one-dimensional sticks amounts to 50%. [4,95] As Nc

is inversely proportional to the square of the wire length L, [4,95,101] Nc

decreases substantially with increasing L, which increases optical trans-
mittance. If L is doubled, the new critical network density is less than
the former Nc/2.

The electrical resistance of nanowire networks is often high due to
poor contacts between the dispersant-capped wires. Various methods
have been developed to join or weld the wires at the junctions. Most of
these methods involve the use of heat and/or light. Examples are an-
nealing, electrochemical annealing, laser sintering, mechanical pressing
or plasmonic nano-welding. [4,95,102] Activated surface diffusion processes
lead to local sintering at the high curvature junctions between intersect-
ing wires. The junction resistance is key for the conductance (sheet res-
istance) of a well-percolating network as the intrinsic metal conductivity
is usually high. [95,102] An increasing wire length L minimizes the number
of wire-to-wire junctions [103] while the transmittance remains similar. [100]

Wires with high aspect ratios (length/diameter = L/D = AR) and
D above 50% of the mean free path of the electrons in bulk metal are
considered advantageous [95,103] and improve the mechanical stability of
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random network films. [6,104] The availability of synthesis protocols for
defined metal nanowires is therefore a prerequisite for producing trans-
parent electrodes made of random metal nanowire networks that exhibit
the desired trade-off between sheet resistance and transmittance. [95,103]

Protocols for Ag and Cu are available, [6,47,96,101,105,106] even for wires with
monocrystalline structure [97]. The length of the nanowires produced is in
the range of 1 to 50 µm, [62] typical diameters range from 20 to 150 nm [95].
Longer wires tend to break during the dispersion and deposition pro-
cess. [62]

Ag nanowires are commonly synthesized through the reduction of sil-
ver nitrate in the presence of poly(vinyl)pyrrolidone (PVP) as polymeric
capping agent and hot ethylene glycol as reducing agent (the polyol pro-
cess), [4,101,107] or a salt mediated variant thereof. [96] The dimensions of
the resulting wires can be kinetically controlled by temperature, seeding
conditions, and the ratio between PVP and AgNO3. [96] Cu nanowires can
generally be obtained in solution by reducing copper ions in the presence
of an aliphatic amine as capping agent. [47,101] The slow reduction of Cu
ions (e.g., by hydrazine or glucose), together with appropriate capping
ligands such as ethylendiamine or hexadecylamine, forms metal seeds
which grow into nanowires. [101,108]

Consequently, reports on flexible transparent random Ag/Cu nanowire
network electrodes with a similar opto-electronic performance to ITO,
but a superior mechanical stability, are common. De et al. [54] used
aqueous dispersions of silver nanowires of a length and diameter close to
6.5 µm and 85 nm to prepare thin, random network FTEs. The nanowire
films exhibited no change in Rsh over > 1000 bending cycles. The best
films on PET substrate had an optical transmittance of 85% and a sheet
resistance of 13Ωsq, at a film thickness of 107 nm. Lee et al. [104] en-
hanced the conductance of Ag nanowire electrodes by using extra-long
Ag nanowires (diameter of 100 to 150 nm) of up to 500 µm length. Wires
were produced in a former stage and used as seed in a subsequent stage.
They demonstrated that the opto-electronic properties of such Ag wire
electrodes (Rsh = 9Ωsq at 90% transmittance) were maintained despite
stretching them up to 250% elongation. Seo et al. [109] give a review on
the improved mechanical stability of silver nanowire networks compared

12



2.1. OPTO-ELECTRONICS AND TRANSPARENT ELECTRODES (TES)

to ITO films. Celle et al. [110] produced copper nanowire-based (length
≈ 33 µm and diameter ≈ 15 nm) transparent electrodes on poly(ethylene
2,6-naphthalate) substrate (PEN) with Rsh = 33Ωsq and a transmit-
tance of 88%. Mayousse et al. [111] produced Cu nanowire-based FTEs
on PEN with Rsh = 55Ωsq and a transmittance of 94%. The wires had
diameters in the range of 50 to 400 nm and lengths up to hundreds of mi-
crons. The FTEs were used to produce transparent flexible touch sensors.
Scardaci [102] reports that the resistances of Cu nanowire networks hardly
change during bending.

The fabrication of high opto-electronic performance random Au nanowire
network FTEs from synthesized wires has challenges: synthesis protocols
for Au nanowires with a high aspect ratio and diameters ≥ 20 nm are
scarce and usually result in polycrystalline [13] wires. A synthesis proced-
ure that allows a systematic variation of L/D does not appear available
for Au nanowires. [18,47,103]

One of the few reports on TEs based on Au nanowire networks is
given by Morag et al. [112]. A mixture of chloroauric acid and potassium
thiocyanate was incubated for 24 h in a solution of water and dimethyl
sulfoxide. Upon gradual evaporation of the solvent, films of Au nanowire
networks were obtained. To enhance the electrical conductivity, they
were plasma sintered. The wire diameter was around 300 nm and the
lengths amounted up to hundreds of µm. The optical transmittance
(glass substrate) was 75 to 80%, Rsh was 70Ωsq. Another report on
Au electrodes based on random nanowire networks is given by Takane
et al. [113]. The Au nanowires were synthesized by water-phase reduction
of HAuCl4 with ascorbic acid, [114] yielding wire lengths of ≈ 17 µm and
diameters of ≈ 57 nm. After synthesis, the Au nanowire dispersion was
vacuum filtered using a membrane filter. Subsequently, the formed net-
work was transferred to a perylene substrate by pressing the filter to the
substrate. The electrode was then used to produce a flexible organic thin
film transistor. The electrode is described as mechanically flexible and
stretchable, with an excellent conductance.

Protocols for the synthesis of single-crystalline ultra-thin gold nanowires
with aspect ratios >1000 and diameters below 2 nm are readily avail-
able. [115] However, the small diameters not only render the wires prone
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to the Rayleigh-Plateau instability [116], but also limit their conductivity
as the diameters are well below the mean free path of electrons (≈ 38 nm

at room temperature for Au [16]). For instance, at room temperature the
electrical resistivity of a monocrystalline silver nanowire with a 30 nm dia-
meter is already 25% higher than with a diameter of 100 nm [117] (mean
free path length of Ag at room temperature ≈ 53 nm [16]). Moreover, these
ultra-thin gold nanowires tend to bundle in organic solvents. [35,118] Xie
et al. [119] attributed the outstanding performance of their silver nanowire
networks to them being agglomeration free.

Ag and Cu FTEs based on random nanowire networks have the ad-
vantage of low Rsh and high optical transmittance combined with good
mechanical stability as well as roll-to-roll compatibility, but involve ran-
dom network specific disadvantages. The random deposition of the metal
nanowires allows only for limited control of the network geometry and the
resulting properties. The average network density N can be tuned, but
not the deposition/position of individual wires. Fine-tuning the opto-
electronic film properties for a particular application is therefore as chal-
lenging [21] as the reproducibility [47].

Wires are deposited where they do not contribute to performance.
There are insulated wires or dangling wire parts that reduce transmit-
tance, but do not actively participate in current transport. [120] The irreg-
ular wire deposition also causes an inhomogeneous texture of the network
film. [20] An inhomogeneous layer can lead to thermal hot spots in a trans-
parent heater. [95]

The size and spacing of the nanowires in the network led to wide angle
light scattering causing haze, [92,95,121,122] which is undesirable in many
display applications. [17,101] Haze increased with the network density N

and decreased with the wire diameter. [21]

Nanowire network surfaces have a roughness of at least two times
the nanowire diameter [101], while ITO films present a smooth and con-
tinuous surface that makes them compatible with thin layers of active
material. Such roughness is easily on the order of the thickness of the
active material layers used for OLEDs or solar cells (typically ≈ 100 to
200 nm [123]), often causing short-circuiting [96,124] between top and bot-
tom electrode. [125] The high aspect ratio nanowires in the network are
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sensitive with regard to thermal failure due to the Plateau-Rayleigh in-
stability [126,127], e.g., by Joule heating or elevated ambient temperature
as well as electromigration-induced failure [62,92] due to momentum trans-
fer between electrons and the nuclei of the metal atoms caused by high
density current flow through the narrow wire junctions [17,126,128].

The disadvantages of Ag-, Cu-, and Au-based random metal nanowire
network electrodes outlined above may be overcome by fabricating ordered
(regular) metal grids instead. Their regular and easily adjustable aper-
tures allow for an improved transmission of light. [101] Since width and
thickness of metallic grid lines may be larger than the diameter of indi-
vidual wires (line widths below 10 µm are invisible, as they are beyond
the human eye’s resolution limit [22,27]), electron scattering looses import-
ance, so that resistivities may be closer to bulk values. [4] Unlike random
nanowire networks, regular grids do not suffer from contact resistance at
wire-to-wire junctions or from high haze. [21] One of the remaining chal-
lenges is to avoid costly and time-consuming fabrication processes which
are not roll-to-roll compatible. [21] Another persistent challenge is the sus-
ceptibility to corrosion of nanostructures of the metals silver and, in par-
ticular, copper [17,91], as explained in the example of random nanowire
networks in the next section.

2.1.4 Metal corrosion

The chemical stability of Ag- and Cu-based random nanowire networks
remains a key challenge. [17,47,65,92,95,101,102,110,126,129–132] Random nanowire
networks are even more susceptible to this problem than the correspond-
ing bulk material [133–136] as the methods applied for network produc-
tion preserve the individual high aspect ratio nanowires. These have
an increased fraction of surface atoms [137] whose “dangling” unsaturated
chemical bonds [131] give them a higher reactivity (chemical instability)
compared to atoms in the bulk to reduce the surface energy. [38,138]

Cu nanowires are susceptible to chemical degradation due to forma-
tion of less conductive oxides through reaction with atmospheric oxygen
during storage or with dissolved oxygen during synthesis. [102,110,126,131]

Sunlight exposure, and especially humidity, accelerate such degradation.
According to Celle et al. [110], the decay in electrical performance of Cu-
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based random nanowire network electrodes through the combination of
atmospheric oxygen and humidity is so fast, even at room temperature,
that it prevents any industrial use of such electrodes.

As a noble metal, Ag typically corrodes less quickly in ambient atmo-
sphere than Cu [101]. It has a lower affinity for oxygen than Cu. [135,136]

Therefore, the corrosion product during long term storage under am-
bient conditions is usually not an oxide, but the sulfide [135] which is
less conductive than Ag [101]. It is formed through reaction with trace
amounts of hydrogen sulfide (H2S) and/or carbonyl sulfide (OCS: the
most abundant sulfur species in the atmosphere [139]) which are ubiquit-
ous in the atmosphere [92,140]. The presence of water, O2, NO2

[126,136,139]

or intense light [126,130,136] can accelerate corrosion. Another route for
chemical degradation of Ag nanowires is oxidation promoted by acidic
conditions. [126,141] The outdoor corrosion products are generally more
complex than their indoor counterparts and may, in addition to Ag2S,
also include oxides, chloride, carbonate, and sulfate. [132,135] Corrosion de-
grades the junctions between wires, [17] which increases Rsh appreciably
over time, [17,47,92] even when the Ag-wires are coated with a protective
layer [136].

Au does not suffer from chemical instability, [11,103,129] even when mini-
aturized to nanowires [47,113]. It is biocompatible [47,113,142] and can be used
in wearable skin-like devices or implantable biomedical electronics [12,47].
As a material involving a high work function, [143] the minimum thermo-
dynamic work or energy needed to remove an electron from a solid to a
point in the vacuum immediately outside the solid surface (Au: 5.22 eV,
Cu: 4.65 eV, and Ag: 4.0 eV) [144,145], Au is particularly well suited for
flexible transparent anodes in OLEDs. [143] According to Keast [132], Au
remains the material of choice despite being more expensive than Ag
and Cu. This also applies to FTEs based on regular metal grids.

2.1.5 Regular metal grids

Compared to random metal nanowire networks, metal grids with regu-
lar unit cells and periods provide uniform charge transport pathways. [20]

Material is only placed where it is needed. The main parameters affecting
the grid properties are the height or thickness and the width of the metal-
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lic grid lines (i.e. the line cross-section), the pitch (a measure [146] for the
spacing between the lines), and the geometry of the unit cell (the grid
pattern). [22,146] This geometry can consist of, for example, two straight
parallel lines, a regular triangle, a square, or a regular hexagon. [22,42,146]

Usually, the unit cells of metal grids are small compared to the dimensions
of the grid and the line width is much smaller than the pitch. [22,42,146] The
grid’s optical transmittance was found to be proportional to the percent-
age of the grid area not covered by grid lines which reflect the light. [16,92]

The sheet resistance of metal grids scales systematically with the grid
geometry (Kirchhoff’s circuit laws applied): [147] Rsh is a function of line
width and pitch. Increasing the line width and/or decreasing the pitch
decreases the transmittance and Rsh. Broader and/or more lines per unit
area provided more conductive material for the electron transport.

The opto-electronic trade-off for ordered grids can be partially resolved
via the line height, [143] which, if increased, lowers the resistance while
keeping the transmittance largely unaffected. [148,149] Kang et al. demon-
strated that the deposition of a thicker Au grid reduced Rsh by a factor of
three, the optical transmittance, however, by only 7%. [22,144] The height
increase did not change the opening ratio of the grid. Kang et al. [144]

also showed that the optical transmittance of Ag grids is lower than that
of geometrically identical Au and Cu grids due to the optical dispersion
properties of Ag. Lee et al. [22] give an overview on the opto-electronic
properties of transparent Ag/Cu grid electrodes differing in geometry and
fabrication method. The parameters range from Rsh = 0.3 to 60Ωsq, op-
tical transmittance T550 = 71 to > 90%, line width = 120 nm to 132 µm,
pitch = 50 to 3000 µm, and height = 40 nm to 10 µm. A disadvantage
of an increased line height is a higher surface roughness. [92] For applic-
ations that require smooth FTEs, thin conductive polymer layers such
as PEDOT:PSS can be applied as overcoating. [22,92] Alternatively, the
electrodes can be embedded into a plastic substrate. [125] This also helps
to overcome fabrication problems resulting from the height increase. [23,92]

In one single case of the overview given by Lee et al. [22], the line width
was < 1 µm. Indirect metal nanoimprint lithography was used for the
fabrication. [22,143]

Next generation opto-electronic applications such as displays for vir-
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tual and augmented reality use densely packed and very small (O)LEDs. [150]

To operate such LEDs, one pre-condition are transparent, squared grid
electrodes having a line width equal to or smaller than the size of the
LED pixel (< 1 µm) [151] to achieve a maximum optical transmittance. A
more narrow (sub-µm) width enables a smaller pitch without deteriorat-
ing optical transmittance and conductance. This ensures uniform charge
injection into the active material layer of an OLED. [143] Sub-wavelength
line widths minimize light scattering. [92]

Narrow grid lines with a small pitch are also advantageous in solar
cells. [92] In case of a too large pitch, excitons generated in the active
material layer of a solar cell will not be efficiently collected from the
active material which is located within the grid voids. If the diffusion
pathways to the closest grid line are too long, exciton recombination
losses are favored.

Therefore, there is a strong interest in efficient and economic fabrica-
tion processes for transparent metal grid electrodes with sub-µm, nano-
scale line widths. [150] Various methods have been reported for fabricating
such metal grids. Metallic nanogrids can be patterned by electron beam
lithography (EBL) [23] or optical lithography with subsequent metal evap-
oration and lift-off processes [24]. Direct metal deposition and patterning
with focused ion beam (FIB) lithography is another approach. [25] All
these methods can lead to high resolution grids (sub-µm line width) with
low Rsh. The lithographic processes are, however, expensive and, in the
case of EBL and FIB, also particularly time-consuming. [26]

Higher throughput printing techniques have been reported, such as
electrohydrodynamic jet printing [27], a combination of an inkjet-printed
dot array as sacrificial layer and a thermal metal evaporation lift-off pro-
cess [19], a combination of electric-field-driven microscale 3D printing and
hybrid hot embossing [28], a combination of ultra-fast laser direct writing
and physical metal deposition [29], a combination of lithography and elec-
troplating without high temperature [30], template-less inkjet printing [31],
and screen printing of ultra-long silver wires [32] to improve fabrication
speed. The metal lines of such printed grids were several microns wide.
Other methods require at least three consecutive processing steps [33] and
may be limited to a specific grid geometry [34]. Sub-µm metal line widths
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have not been achieved yet in a simple, R2R compatible process. A
method to produce material structures from the micro- to the nanometer
scale with high throughput is direct nanoimprint lithography.

2.2 Fabrication of nanoscale structures by direct nano-

imprint lithography (NIL)

Direct nanoimprint lithography (NIL) is a method to create micro- and/or
nanometer scale structures (patterns) in a material by physical deform-
ation. This is achieved by replicating the negative surface pattern (relief
features) of a prefabricated template (the stamp or mold) in the ma-
terial surface. The material is deposited on a substrate (e.g., by spin
coating) as a thin, soft, and deformable layer: the resist. Examples
are a thermoplast above its glass-transition temperature, a melt, or a
liquid of monomers. The resist is shaped by mechanical deformation
through contact with the nanostructures (e.g., trenches and/or ridges in
the desired dimension [39]) on the surface of the harder mold and three-
dimensional material displacement. The mold is pressed into the resist
with an adequate pressure and the viscous resist flows into the cavities of
the mold. The shaping is followed by the solidification (hardening) of the
deformed resist. This can be caused by simple cooling (thermal NIL or
hot embossing lithography) or photoinitiated polymerization (UV-NIL;
a transparent mold enables UV exposure of the deformed resist). The
mold is then removed from the hardened resist, revealing a positive of
the mold pattern on it. [152–157]

Often, an anisotropic etching process follows to remove any residual
resist in areas where it was not fully displaced as desired during imprint-
ing, e.g. by reactive ion etching. The hardened resist may already be the
desired functional material itself or can act as an etching mask or lift-off
layer for transferring the imprinted pattern into the substrate underneath
or into another material. [152–157]

NIL is a direct structure transfer. The mold is therefore required to
exhibit the features to be transferred 1:1. As NIL relies on direct mech-
anical deformation, the ultimate resolution of a structure produced by
NIL is limited by the minimum template feature size that can be fabric-
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ated. Another major influence is the capability of the resist to fill the
cavities of the template. [155,158–160] All features, including defects and sur-
face roughness, are replicated with high precision. The manufacturing of
the template is usually expensive, as sophisticated fabrication techniques
such as deep-UV photolithography, electron-beam lithography, and react-
ive ion etching are used. [155–158]

A major advantage of NIL is the simplicity of the printing process.
It requires no expensive optics, ultra-high vacuum, electron beams or
excimer lasers. The template can be adapted for R2R manufacturing,
thus reducing the cost of fabrication, and increasing throughput. [161–163]

Mass replication by NIL alleviates the initial capital investment for the
template considerably.

Various substrates, including silicon wafers, glass plates, flexible poly-
mer foils, and even non-planar substrates, can be used for NIL. [164] The
mold materials are classified according to their Young’s modulus (E). [165]

Elastomeric molds made of materials with E < 2MPa such as polydi-
methylsiloxane (PDMS), are referred to as soft molds. Molds made of
materials like silicon, quartz, silicon nitride, or nickel with E > fewGPa

are so called rigid molds. In general, a rigid mold ensures a better resol-
ution. Flexible molds, on the other hand, ensure conformal contact with
the substrate and are compatible with plastic substrates which may be
damaged by rigid molds.

NIL allows for structures from the micron to the nanometer scale with
high fidelity and throughput, at low cost, and with good reproducibil-
ity. [166] Unfortunately, NIL is not compatible with the fabrication of metal
grid-based FTEs with nanoscale line widths from metal melts. This is due
to the high melting temperatures of Ag (1235K), Au (1338K), and Cu
(1358K), [167] and the low thermal stability (low melting point and low
glass-transition temperature Tg) of mechanically flexible, light weight,
and low cost polymer substrates typically used in FTE production [80].
Tg of PET, depending on the foil thickness fth, is in the range of ≈ 45 ◦C

at fth ≈ 20 nm to ≈ 74.5 ◦C at fth > 160 nm. [168]

Alternatively, metal nanoimprinting was carried out indirectly using
a structured polymer (produced by NIL) as a mask for metal etching
or metal lift-off. [157] Kang and Guo [143] used this approach for indirect
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nanoimprinting of Cu-and Au-based transparent metal grid electrodes
on glass substrates. They transferred parallel channels with rectangular
cross section to a thermoplastic polymer resist on a substrate. Standard
residual resist etching followed. Metal vapor deposition metallized the
hardened thermoplast. The lift-off of the thermoplast from the substrate
by dissolving it with an organic solvent ended the process. With a line
width of 120 nm, a period of 700 nm, and a line thickness of 40 nm, the
average optical transmittance (400 to 800 nm) was in both cases ≈ 76%,
with a Rsh of ≈ 11.7Ωsq (Au) and ≈ 14.9Ωsq (Cu). [143] The main disad-
vantages of indirect metal nanoimprinting are the multiple and expensive
process steps, chemical demands on the polymer substrate, and temper-
atures and pressures exceeding the substrate capabilities. [36,38]

2.2.1 Thermal NIL of Au nanoparticle inks

The door to the fabrication of flexible regular metal grid electrodes with
ultra-high resolution through direct nanoimprinting was opened by Ko
et al. [38]. They used thermal NIL for the fabrication of nanoscale elec-
tronics from an 80 ◦C warm Au nanoparticle ink containing α-terpineol
(b.p. ≈ 218 ◦C [169]) as the solvent and Au nanospheres with a diameter
in the range of 1 to 3 nm and a self-assembled monolayer of hexanethiol
(b.p. ≈ 153 to 154 ◦C [170]) of 10wt% Au content. An imprinting stamp
made of polydimethylsiloxane [171,172] was used as template. PDMS [172]

was chosen for its high permeability to organic solvents [39,173,174] and their
vapors [173,175]. It also has a low surface energy and is suitable for reusable
molds since other materials adhere only weakly to its surface. This en-
ables easy material transfer to temperature- and pressure-sensitive poly-
mer substrates. [92] A PDMS mold’s excellent conformal contact with the
substrate reduces the amount of residual resist. [38,176]

The substrate was a rigid and highly doped p-type silicon wafer with
100 nm thick SiO2 layer. The imprinting pressure was only 5 psi (≈
34.5 kPa). The hardening of the patterned feature was caused by evapor-
ation/permeation of the α-terpineol through the mold during imprinting
at elevated temperature, and cooling to room temperature afterwards.
This prevented the imprinted structure from collapsing during the de-
molding step. The imprinted micro-/nanostructures were sintered for
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two hours [177] at 140 ◦C [38,177] to render them conductive because metal
nanoparticles show a pronounced melting temperature depression [138,178].
Compared to the melting point of bulk Au (1063 ◦C), [178] 2 to 3 nm sized
Au nanospheres start already to melt at around 130 to 140 ◦C. [36,38] Ko
et al. [38] fabricated a variety of micro-/nanoscale structures. The prac-
tical usefulness of high-resolution electrodes thus produced was demon-
strated by using them for the fabrication of organic field effect transistors.

Park et al. [177] report similar results for direct imprinting of a separate
resist. The 3 to 7 nm diameter Ag spheres were coated with dodecylamine
and dispersed in a mixture of α-terpineol and toluol. The sintering tem-
perature was 180 ◦C. Park et al. [36] repeated the NIL experiments of Ko
et al. [38], but used flexible polyimide substrates, shortened the sintering
time to 10min, and the Au particle diameter was 2 to 3 nm. They determ-
ined the resistivity ρ as an average of 53 single line conductors (width:
4 to 8 µm, length: 200 µm, height: ≈ 300 nm) through ρ = (R · A)/L,
with R the resistance (measured with a micro needle probe station [38]), A
the cross-sectional area (from AFM scanning data [38]), and L the length
(AFM topography images [38]). Despite all geometrical features being well
above the mean free path of electrons (at room temperature ≈ 38 nm for
Au [16]), the result 1.99× 10−7Ω · cm was about 8 times higher than that
of bulk Au (2.4 × 10−8Ω · cm [36]), but still sufficiently conductive for
high-performance electronics. [36] Analysis with SEM-EDX and XPS re-
vealed [36] that after thermal annealing significant amounts of carbon and
sulfur from hexanethiol remained in the film, which were suspected of
acting as an insulating dielectric layer between Au particles.

In summary, Ko et al. [38] and Park et al. [36,177] have demonstrated that
direct nanoimprinting of metal (e.g., Au) nanoparticle inks to metal grids
has the potential for the fabrication of high performance, low cost, and
large area flexible electronics: it enables low-temperature, low-pressure
as well as high-resolution metal patterning on flexible substrates.

2.2.2 Direct nanoimprinting of inks of self-assembling Au nan-
oparticles

Kister et al. [43] refined the approach of Park et al. [36] and produced
metal grid FTEs by direct nanoimprinting of inks of self-assembling

22



2.2. FABRICATION OF NANOSCALE STRUCTURES BY DIRECT
NANOIMPRINT LITHOGRAPHY (NIL)

metal nanoparticles. The Au nanospheres used had a mean diameter
of 3.2 nm ± 8.7% and were thus of comparable size to those used by
Park et al. [36]. Particles < 2 nm would require an increased amount
of ligand for stabilization, [38] and particles > 4 nm likely cause cracks
and pores during sintering. [39] Furthermore, the melting temperature
depression [138,178] decreases with increasing diameter. The low-boiling
(b.p.= 351.65K [179]) and low–viscosity (1029.7 µPa · s at 0.1MPa and
290K [180]) solvent cyclohexane enabled the imprinting at room temper-
ature and the use of flexible PET substrate. [43] PET foils are low–cost [8]

substrates with high transparency, good mechanical strength, flexibility,
and resistance to many chemicals. [181] The glass-transition temperature
is below 75 ◦C. [168] PET is well renew- and recyclable. [182,183]

The application of an alkylamine instead of an alkylthiol allowed
Kister et al. [43] for sintering at room temperature in form of a soft
(gentle) low-pressure plasma (5% hydrogen in 95% argon: H2/Ar) in-
stead of thermal sintering, which is quite demanding in terms of temper-
ature. [36,43] The amine–Au bond is considerably weaker than the corres-
ponding thiol–Au bond. This likely reduced the ligand shell density and
facilitated the ligand removal. Sulfur atoms might remain bonded in the
case of thiols even if (part of) the alkyl chain has been removed by a
plasma. [43] In contrast, O2–plasma had led to high resistances, probably
due to oxidation of the thin lines. [43]

Continuous (percolating) grid lines formed only when particle agglom-
eration was suppressed until the very end of solvent absorption during
imprinting. Dodecylamine, with its not too short alkyl chain, provided
sufficient stability and allowed for ligand removal without destroying the
imprinted submicron lines, creating grids that were considered to be fully
metallic. The Au concentration of the imprinted inks was only 0.64%, [43]

limiting premature particle agglomeration during imprinting, [43] and en-
abling the imprinting of larger areas than in Park et al. [36].

To demonstrate the R2R compatibility of the method, Kister et al. [43]

used a semi-continuous setup also used in this dissertation. The applied
imprinting stamps (3.5×7 cm2) were made of PDMS (Sylgard™ 184 from
Dow Corning [171] as in Park et al. [36]). A stamp carried an array of
square–shaped pillars with a pitch of 19.5 µm, a pillar spacing of 1.8 µm,
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and a pillar height of 4 µm. For imprinting, a stamp was attached to a
steel roller mounted on a film applicator as carrier. The linear movement
of the carrier was translated into a rolling motion of the roller across
the substrate onto which the ink had been dispensed. The roller speed
balanced imprinting and solvent absorption by the stamp to ensure the
integrity of the grid which formed via self-assembly of the ligand coated
nanospheres prior to the stamp loosing contact. The obtained electrodes
with squared Au grids had line widths < 1 µm, transmittances (at 500 nm
wavelength) > 90%, and Rsh = 150Ωsq. [43] The latter value is sufficient
for applications such as touch sensors. [4,43]

High aspect ratio wires percolate easier than spheres (see section
2.1.3 herein). Maurer et al. [35,42] used colloidally dissolved ultra-thin Au
nanowires capped with an oleylamine (OAm) ligand shell [184] as an ink.
These wires had diameters of ≈ 1.6 nm and aspect ratios “length/diameter”
above 1000. Solvent, stamp material, basic imprinting technique, flex-
ible substrate material, and sintering were as in Kister et al. [43]. The
imprinted patterns were of square, hexagonal, or line-like geometry. An
increase in ink concentration increased width and height of the imprinted
grid lines. The result for cAu = 4mg/mL at varying stamp pattern were
FTEs [42] with line widths of 0.91 to 1.7 µm, line heights of 60 to 76 nm,
Rsh of 106 to 196Ωsq, and transmittances > 92% over the entire visible
range. Electrodes [35] printed at cAu = 8mg/mL (4mg/mL) had 600 nm

(250 nm) width, 45 nm (15 nm) height, 29Ωsq (227Ωsq) sheet resistance,
and 68% (92%) transmittance at 500 nm wavelength. The electrodes’
mechanical stability (determined via Rsh during cyclical bending) was
significantly better than for a commercial ITO-coated PET foil. Building
capacitive and resistive transparent touch sensors proved the electrodes’
applicability.

The experimental transmittances agreed well with the free surface
fractions of the FTEs. [35] The measured resistances differed from the
values calculated for a perfect Au grid with experimentally determined
FTE grid dimensions and the resistivity of bulk Au. They were about one
order of magnitude larger [35,42] and explained by imperfections in the Au
lines. [35,42] Similar discrepancies have been reported for square patterned
Ag grids of similar feature size, fabricated by e-beam lithography using
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vapour deposition and explained by defects, too. [147]

In summary, the potential of the optical properties of nanoimprinted
flexible metal grid electrodes appears fully realized, but electrical proper-
ties are lacking. Gaining a better understanding thereof, is an objective
of this dissertation. The efficient synthesis of suitable metal nanoparticle
inks is a condition sine qua non.

2.3 Synthesis and self-assembly of Au nanoparticles

with alkylamine ligand shell

The term self-assembly covers any spontaneous and autonomous organiz-
ation of small material sub-units (building blocks) which can move with
respect to one another to form larger ordered material units without
the formation of covalent chemical bonds. [185,186] Directed self-assembly
makes use of external forces such as electric and magnetic fields. [186] There
are two main kinds of self-assembly: static and dynamic. [185] Static self-
assembly is an equilibrium process. Once formed and equilibrated, the
individual and the assembled units are in a thermodynamic equilibrium
without dissipating any energy. [185] In dynamic self-assemblies, however,
the underlying interactions only occur if the system is dissipating en-
ergy. [185] In the context of this dissertation, self-assembly means the static
variant only.

The thermodynamics of self-assembly can be expressed in terms of
the Gibbs free energy: [187] ∆GSA = ∆HSA − T · ∆SSA. ∆HSA is the
enthalpy change during self-assembly. ∆SSA is the change in entropy
associated with the building of the larger units, and ∆GSA is the change
in the Gibbs free energy. If ∆GSA is negative at the respective absolute
temperature T , self-assembly occurs spontaneously. Minimization of the
system’s Gibbs free energy is the ultimate driving force for self-assembly.

2.3.1 Au nanoparticles

The term “nanoparticle” is a combination of the Greek word “inanosi”
(dwarf) and the Latin word “iparticulumi” (particle). [188] It denotes an
object having at least one of the three dimensions in the range of 1 to 100 nm. [189]
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Some scientists classify nanomaterials based on the number of their di-
mensions outside the nanoscale range (> 100 nm). [190] Accordingly, a Au
nanosphere is a 0D nanomaterial, whereas ultra-thin Au nanowires [184]

are 1D nanomaterials.
For the synthesis of Au nanoparticles two basic strategies are used:

a) “top-down” and b) “bottom-up”. [191,192] The top-down approach refers
to synthesis methods that start from bulk material and break it down
into nanoparticles. [188,193,194] Such methods include electron beam litho-
graphic methods, laser-based ablation, ion sputtering, UV, and IR ir-
radiation. [191,192] In contrast, the bottom-up approach synthesizes the
Au nanoparticles from the atomic/molecular level by chemical reaction
and self-assembly processes. [185,191,193,194] Solution-phase syntheses (“wet”
chemical processes) are convenient, versatile, and form nanoparticles in
polar or non-polar solvents through chemical reaction. [193,195]

A common synthesis route for the production of Au nanoparticles
is the reduction of tetrachloroauric acid (H[AuCl4]) [196] with reducing
agents such as borohydride, amines, triisopropylsilane [35,42], alcohols, tert-
butylamine borane [43] and other aminoboranes [192], formaldehyde, carboxylic
acids, sugars, hydrazine, sodium citrate, or ascorbic acid in the liquid
phase. [192,196,197] Organic molecules (ligands) or polymer protective col-
loids are added to the system as capping agent for steric shielding to coun-
teract the attractive Van der Waals forces between nanoparticles. [191,196,197]

Agglomeration of the metabstable Au nanoparticles can thus be preven-
ted. [189]

Au nanoparticles typically come as a colloidal dispersion in a liquid
solvent. [198] Since hydrophobic PDMS stamps are permeable to water
vapor, but not to liquid water [172], non-polar organic solvents are often
used to synthesize printable inks. Due to the ample surface energy of
nanoparticles and spheres having the smallest surface-to-volume ratio
of all geometric bodies, the easiest Au nanoparticle to synthesize is the
sphere [199] or quasi-sphere [192]. In favorable cases, it is sufficient to com-
bine the solvent, HAuCl4, and the capping and reducing agents (isotropic
growth on Au nuclei) for the synthesis of Au nanospheres. Depending
on the molar ratio of HAuCl4 and the reducing as well as the capping
agent, the sphere size can be adjusted. [194,200–202] In case of a hydro-
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phobic organic solvent, the capping agent is mostly an alkylamine (e.g.,
≥ C12) or an alkanethiol. The alkyl group enables the compatibility
with the solvent and the functional group the attachment to the spheres’
surfaces. The capping agent can simultaneously be used as a reducing
agent. [197,199,202] An example is oleylamine (OAm). [43,202]

Other shapes are more difficult to synthesize since they require an-
isotropic growth on the Au nuclei. [191] Different methods have been de-
veloped to this end. Some of the most popular ones are syntheses in hard
(e.g., pores in a metal oxide layer [203]) or soft (e.g., micelles [192]) tem-
plates, seed-mediated growth in solution [191,194,204], and non-seeded [204]

growth in solution.
The seed-mediated growth route uses a two-step (two-phase) pro-

cess. [191,192,204] In the first step, spherical Au seeds are synthesized which
have a uniform size. In the second step, the seed acts as a template on
whose surface newly reduced Au0 is deposited to form particles of larger
size. The new capping agent can be chosen such that it promotes the
anisotropic growth. The new reducing agent is relatively weak since the
Au seed acts as catalyst and additional nucleation is not desired. Con-
sequently, Au+3 is only reduced on seed particles and new particle nuc-
leation does not occur. The seed-mediated growth method is favorable
for the preparation of monodisperse nanospheres due to a better control
of particle size. [192,194,204] Non-seeded methods lead to the nanoparticles
in a single phase. [204]

Before using a colloidal solution created by a wet chemical process for
any purpose such as nanoimprinting, the Au nanoparticles contained in
it are usually separated from excess reducing and capping agents and sol-
uble by-products of the synthesis by precipitation, sedimentation, cent-
rifugation, filtering, and/or washing. [42,43,184,205] The particles can be re-
dispersed in different solvents, and the stabilizing ligands may be ex-
changed. [197,206]

2.3.2 Au nanowires

Initial attempts to synthesize Au nanowires yielded mostly comparat-
ively thick (> 10 nm) and polycrystalline, rigid (stiff) wires with a large
surface roughness and up to tens of micrometers in length. [203,207–212] In
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many cases, the synthesis was carried out in water with hydrophilic dis-
persants. [207,210,213]

For direct nanoimprinting with hydrophobic PDMS stamps that ex-
hibit curved microscale features, however, aqueous colloidal inks of long
stiff [35], brittle [214,215] nanowires with hydrophilic dispersants are not suit-
able. Colloidal inks of mechanically flexible ultra-thin Au nanowires in
hydrophobic solvents are better apt in this regard. [35,216] Mobility, flex-
ibility, and hydrophobicity are favorable for the filling of the stamp’s
cavities. [42]

2.3.3 Ultra-thin Au nanowires - AuNWs

The pioneering syntheses yielding ultra-thin Au nanowires [211,217–220] used
oleylamine (OAm) as essential component and proceeded in organic solvents.
These synthesis processes were comparatively inefficient. They required
reaction times of up to several days [219,220] and partly led to low yields
due to nanosphere by-production [217]. The procedure of mixing tetra-
chloroauric acid in n-hexane with OAm, adding triisopropylsilane (TIPS),
and then allowing to react at room temperature (RT) without stirring,
developed by Feng et al. [184], finally yielded ultra-thin Au wires within
4 to 5 h. Nouh et al. [206] improved the efficiency of the Feng process by
increasing the concentrations of each constituent in the reaction mixture
by a factor of about seven and by extending the reaction time to 24 h.
This procedure, including the purification by addition of ethanol for wire
precipitation, accelerated sedimentation in a centrifuge, discarding the
supernatant, and re-dispersion in n-hexane, was also used in this disser-
tation. The purification step was repeated once. The final re-dispersion
occurred in cyclohexane, which swells PDMS less than n-hexane [221].
The obtained colloidal stock solution contained ultra-thin gold nanowires
(“AuNWs”) with uniform (core) diameters of ≈ 1.6 nm [206,222] at lengths
of several micrometers (AR > 1000) [223], which were OAm-capped.

The mechanism underlying the formation of AuNWs has not been
fully understood. [222–224] However, considering the overall studies that
have been conducted [184,206,211,212,217–220,222,224–226], including one of the
most thorough studies recently conducted by Pschunder et al. [223], the
following findings appear reliable.
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HAuCl4·3H2O dissolves in n-hexane at RT by the addition of oleylam-
ine [184,206,222–225] under formation of an orange [223,224] colored coordina-
tion complex of presumably square planar geometry [223]. After addi-
tion of TIPS the formation of AuNW’s in the solution proceeds at RT
via two successive reduction steps. [217,218,220,223–225] OAm [211,217–220] and
TIPS [184,206,222,225] both [223,224] act as reducing agent. Their difference
in reduction efficiency is not due to differences in reduction potentials
but due to kinetic limitations (e.g., steric reasons). [223] In the first, rel-
atively fast [217,220,223,224] (≈ 3 h [223]), reduction step, primarily OAm [223]

reduces Au3+ to Au+. Au+ forms slightly yellow-colored complexes [223,224]

in which Au+ coordinates to one chloride ion and one OAm molecule [223].
The linear Au(I) complexes and other constituents of the reaction mix-
ture (e.g., n-hexane), driven by aurophilic interaction [217], self-assemble
to cylindrical structures with a diameter of 2.6 nm and a length in the
range of 1 to 1.25 nm. [223]

In the second, considerably slower (> 10 h [223]), reduction step, mainly
TIPS [223] reduces Au+ to Au0. The wire formation does not proceed via
Au nanospheres as intermediate. [223] As the reduction of Au+ to Au0 pro-
ceeds, the diameter of the cylindrical structures continuously shrinks to
about 1.6 nm and a continuous increase in length is observed, indicating
the formation of AuNWs. [223] The AuNWs form almost in the absence of
other Au by-product nanoparticles such as spheres or rods. [118,223]

The AuNWs form self-assembled extended bundles exhibiting a reg-
ular hexagonal arrangement in which the Au cores are separated by a
bilayer of OAm molecules. [206,222,223] The OAm layer closest to the Au sur-
face is predominantly protonated to oleylammonium due to the presence
of an acid proton in the Au precursor HAuCl4·3H2O, [206,222,223] and the co-
ordinating group at the Au surface is mainly the chloride anion [206,222,223].
About 40% of the AuNWs are embedded within the hexagonal phase and
60% are “free” in the equilibrium state. [222]

The co-use of TIPS not only significantly speeded up the overall reac-
tion, [184,222,223] but also improved the yield of wires [223]. Diluting the reac-
tion mixture with n-hexane improved the yield of wires, too. [118,206,217,225]

Reiser et al. [118] verified the relevance of n-hexane on the growth of
the AuNWs by replacing it with n-octane, cyclohexane, cyclooctane, ben-
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zene, and toluene. While the linear n-alkanes enhanced the growth of
AuNWs, the cycloalkanes and arenes impaired (appreciable higher by-
production of spheres and irregularly shaped wires), but did not prevent
it entirely. [118] A similar observation was made by Lu et al. [217] when
replacing the solvent n-hexane with chloroform. Instead of wires, only
spheres were formed. Apparently, n-hexane does not only act as a solvent
for the TIPS mediated AuNW synthesis, but also aids in the formation
of the wire structure.

OAm is a widely used ligand in nanoparticle synthesis, [212] whose ver-
satility [227] is also exploited in the AuNW synthesis. There it acts as:

• solvent for HAuCl4·3H2O,

• coordinating ligand for Au3+ and Au+,

• reducing agent for Au3+,

• anisotropic growth (shaping) agent for the AuNWs,

• capping agent to prevent AuNW precipitation, and

• AuNW self-assembly promoting agent.

Its high boiling point (≈ 350 ◦C) [227] and liquid state at room temper-
ature [227] enables the removal of free OAm by applying the purification
protocol of Nouh et al. [206] to the product mixture. The binding of OAm
to the Au surface is strong enough to provide long-term colloidal sta-
bility to the AuNW inks, but weak enough to allow the full removal of
OAm from the AuNWs by soft (H2/Ar) plasma sintering [228]. The use
of alkylamines for the synthesis may yield nanoparticles with different
morphology and crystallinity since the characteristic feature of a C=C
double bond in the center is missing. [227]

2.3.4 Properties of ultra-thin Au nanowires

The OAm-capped, highly anisotropic ultra-thin Au nanowires have core
diameters below 10 nm (“ultra-thin”) and ultra-high aspect ratios AR
(length/diameter) above 500. [184,206,211,217–220,223] They exhibit a relatively
smooth wire surface [211] and are monocrystalline with a face-centered cu-
bic (fcc) structure (111-type lattice fringes with a spacing of 0.23 nm) [211,229].
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The wire cross-section was suggested to be hexagonal. [222,230] The high
aspect ratio reduces the percolation threshold of AuNWs to lower Au con-
centrations. [231] The hydrophobicity of the OAm coating of the as-made
AuNWs renders them readily dispersible in non-polar organic solvents [220]

such as cyclohexane.
The diameters of AuNWs below the electron mean free path in bulk

Au (≈ 38 nm [16]) intensify surface electron scattering that increases such
a wire’s resistivity compared to Au in bulk. [232] The “mirror-like”, atom-
ically smooth surface which increases the fraction of elastic electron scat-
tering [232], and their lack of grain boundaries [16,98] in the monocrystalline
structure, have a dampening effect [99,230] in this regard. With a diameter
of 7 nm, the resistivity of ultra-thin Au nanowires was 292.6Ω · nm [233]

compared to 24Ω · nm for Au in bulk [15,16].
In transmission electron microscopy (TEM) images, AuNWs are fre-

quently looped or bent, just like a human hair - a clear indication that
they are highly flexible. [220,229] Bending radii down to 20 nm, without
breakage of the wires, were observed. [228] The ultra-thin Au nanowires
are mechanically robust [229] and have a tensile strength of ≈ 600MPa [233]

which is six times that of bulk Au (≈ 100MPa [233]). Wu et al. [234] related
that to a reduced number of defects in the wires.

The reported core wire diameters in the range of 1.6 to 2 nm (as thin
as double-stranded DNA [235]), correspond to 6 to 7 Au atoms only. Con-
sequently, 70% of such a wire’s atoms are on its surface. [13] The resulting
lowering of the wire melting temperature enables cold-welding close to
room temperature within seconds by mechanical contact alone, and by
applying relatively low pressure. [233] Mechanically assisted, thermally ac-
tivated (diffusion barrier < 1 eV [233]) surface atom self-diffusion is likely
the welding mechanism. [233] Rubbing the OAm-capped wires against each
other before welding had removed [233] the weakly bound (binding energy
of ≈ 10 kcal/mol [218]) OAm ligand shells. Welding did not affect the
monocrystal structure or the electrical or mechanical properties signific-
antly. [233]
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2.3.5 Self-assembly of OAm-capped AuNWs

The ability of oleylamine (OAm) capped AuNWs to assemble into elong-
ated bundles with line contact between parallel aligned wires, was no-
ticed first when they were precipitated (Lu et al. [217]) or dried (Feng
et al. [184]) from their colloidal solution. A SAXS analysis of the as syn-
thesized AuNW dispersion by Loubat et al. [222] revealed the formation
of superlattices by AuNW self-assembly [222] in the liquid phase for the
first time. The peak positions in the reciprocal space indicated a regular
2D hexagonal order comprising 7 to 100 parallel wires per bundle [236] in
the plane normal to the wire bundles [222]. From the lattice parameter
(≈ 9.7 nm) and the wire diameter (≈ 1.7 nm), Loubat et al. [222] determ-
ined an interwire distance di (surface-to-surface) of ≈ 8.0 nm. The large
spacing was explained [222] by a parallel assembly of AuNWs coated with
an oleylammonium/OAm bilayer, since the OAm length is ≈ 2.05 nm in
its fully stretched conformation. [227,237]

Reiser et al. determined di for their as synthesized AuNW dispersion
as ≈ 7.5 nm. [118] An in-situ measurement during synthesis by Pschunder
et al. yielded a di of ≈ 7.3 nm [223]. The differences in di were likely due
to slightly different concentrations of free OAm in the respective product
dispersion.

Because OAm is used in excess during the AuNW synthesis, [118] the
addition of OAm to an as synthesized dispersion raises the concentration
of free OAm whereas the addition of n-hexane reduces it. Reiser et al. [118]

found that by adding OAm to an as synthesized AuNW dispersion, di

decreased progressively, while it increased through addition of n-hexane.
Overall, the two measures allowed to vary di continuously in the range
of ≈ 8.5 to 5.8 nm. They interpreted this finding as the result of a
progressive interdigitation of the OAm molecules tethered to the surface
of adjacent AuNWs, driven by the osmotic pressure of the solute free
OAm molecules.

Purifying as synthesized AuNWs twice by precipitation through ad-
dition of ethanol, sedimentation by gravitation [118] or centrifugation [238],
removal of the supernatant, re-dispersion in the solvent, and final re-
dispersion in n-hexane, decreased di to ≈ 3.8 nm while the hexagonal ar-
rangement of the bundling remained. [118,238] This distance is roughly two
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times the OAm length, and consistent with AuNWs coated by a single
OAm ligand shell. [238] Apparently, the purification process removes all
OAm not directly bound to a wire surface. [118] For the remaining OAm
residue, X-ray photoelectron spectroscopy (XPS) revealed the presence
of Cl– ions and nitrogen in -NH2 as well as -NH3+ environment. [238] In
the absence of an excess of free solute OAm, the ligand shells of adjacent
wires barely overlap.

Drying a droplet of a suspension of twice-purified AuNWs in n-hexane
deposited on a silicone substrate yielded a hexagonally ordered assembly
of AuNWs which exhibited a di of only ≈ 2.4 nm. [206] This value is con-
sistent with an almost full interdigitation of the relevant OAm molecules.
Reiser et al. [239] and Gao et al. [236] both found the same tight bundles
for twice purified AuNWs in poorly [236] polar solvents such as methanol,
ethanol, and n-propanol with a uniform di of ≈ 2.41 nm. Apparently,
the (polar) solvents were completely expelled from the interface between
two adjacent AuNWs, similar to the case of the evaporation of the non-
polar solvent. Such super-lattice formation is enthalpy driven [186] and
caused by the direct interaction between the hydrocarbon chains of the
surface-bound OAm ligand molecules of adjacent wires [236,240].

In contrast, and contrary to intuition [118,222], computer simulations of
a suspension of twice purified AuNWs (“ex-situ” AuNWs) in n-hexane,
using molecular dynamics, suggest that the observed hexagonal bundling
of the OAm-capped AuNWs in suspension is entropy driven. [236] Adja-
cent AuNW ligand shells do not interdigitate. [236] The space in-between
suffices to hold one layer of n-hexane molecules, as their shape is similar
to the alkyl tail of OAm ligands. In the bulk solvent, n-hexane molecules
are randomly oriented. They can penetrate the OAm ligand shell and
align with the ordered ligand environment, normal to the wire surface.
Such ordering causes a loss in entropy. If all AuNWs would remain dis-
persed in the solution, the solvent molecules in the immediate vicinity
around each wire would be ordered, and the solution’s associated en-
tropy loss would be proportional to the number and length of the wires
present. This entropy reduction creates a driving force for the AuNWs
to bundle. [236]

By self-assembling into bundles with a hexagonal lattice, two adjacent
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wires reduce the number of ordered n-hexane molecules and thus the
associated loss of entropy. Aligning solvent molecules simultaneously to
two ligand shells is achieved by molecules bridging the two shells over the
line contact. [236] The two shells are virtually “stapled” together through
these n-hexane bridges, along a length of several microns. [236] Thus,
n-hexane serves as an auxiliary agent enabling AuNW self-assembly for
the TIPS mediated AuNW synthesis.

This explains why re-dispersion of AuNWs surrounded by an OAm
monolayer in n-pentane (di = 3.72 nm) [236] and n-heptane (di = 3.82 nm) [236]

also led to hexagonal super-lattices, while re-dispersion in cyclohexane,
-heptane, and -octane did not. [118,236] n-Heptane and n-pentane can re-
place n-hexane almost equally, while their cyclic counterparts cannot.
Cyclic alkane molecules have a more limited shape than linear alkanes
due to restricted C-C bond rotations, which is not compatible with the
ordered wire ligand shell. [118] They cannot intercalate into OAm ligand
layers without disturbing the order of the layers. [118,205] Such disordered
ligand shells without a preferential alignment are most likely unable to
order solvent molecules in their vicinity. [118]

Bundling of AuNWs with a single OAm shell in n-hexane is a slow
process. At RT, this transformation from fully dispersed to equilibrated
lasts a few hours. [118,222] Semi-continuous direct nanoimprinting rapidly
transforms a fully dispersed colloidal solution of OAm coated AuNWs in
cyclohexane into a dried feature, exhibiting the Bragg peaks of crystal-
lized hexagonal bundles of such AuNWs. [35,42]

Based on the properties outlined in sections 2.3.3 to 2.3.5 herein, col-
loidal solutions of ex-situ AuNWs that bundle in cyclohexane would be
appealing inks for direct nanoimprinting of FTEs.

2.3.6 Au nanospheres

Bare metal nanospheres do not form stable suspensions in apolar solvents
since London dispersion forces cause attraction and thus their agglomera-
tion. [241,242] Metal nanospheres formed during synthesis in apolar solvents
are therefore coated with dense layers of molecules having an apolar chain
and a binding group with an affinity for the nanospheres’ surfaces [242].
In case of Au, they often contain nitrogen, e.g., in alkylamines, [43,243] or
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sulfur, e.g., in alkanethiols, [43,244] to bind to the Au. [242]

London dispersion forces are typical short-range attractive forces. Their
origin lies in induced dipole-dipole attraction which decays rapidly with
increasing distance. [198,245,246] The syntheses of metal nanospheres are
therefore typically performed at low metal concentrations. [247] They ag-
glomerate when a certain threshold concentration clim is exceeded.

clim depends on the solvent, the ligand, and the core size. [242,247–250] Do-
blas et al. [247] demonstrated that Au nanospheres, with a core diameter
of ≈ 3.4 nm and an octanethiol ligand shell, agglomerate in cyclohexane
at concentrations clim which are two orders of magnitude higher than in
other non-polar solvents such as heptane, nonane, decane, and toluene.
Kister et al. [43] systematically varied the alkyl chain length of alkanethiol-
and of alkylamine-stabilized Au nanospheres in cyclohexane, with a core
diameter of ≈ 3.2 nm, and found that clim increased with the length of
the alkyl chain.

Kister et al. [43] systematically studied the influence of the alkyl chain
length of the 3.2 nm sized alkanethiol-/alkylamine-stabilized Au nano-
spheres in cyclohexane regarding their performance during direct nanoim-
printing. They found that the imprinting quality improved with increas-
ing clim. Disconnected agglomerates (≤ C8 alkyl) that prevented mac-
roscopic conductivity, changed to continuous, percolating lines for do-
decanethiol and -amine. The binding group had only a minor influence
on clim and the imprinting quality. Continuous lines formed when ag-
glomeration was suppressed until the very end of solvent absorption. [43]

Consequently, colloidal solutions of such gold nanospheres with OAm lig-
and shell in cyclohexane should be well suited as inks for direct nanoim-
printing of FTEs.

2.3.7 OAm-capped AuNPs

Wu et al. [205] observed a remarkable solvent effect on the single-phase syn-
thesis of oleylamine (OAm) capped Au nanospheres by reducing HAuCl4·H2O
with a tert-butylamine-borane complex (TBAB) in apolar solvents. If lin-
ear alkanes such as n-hexane were used as solvent, monodisperse Au nano-
spheres were obtained. The size of the nanospheres could be controlled by
tuning the ratio of TBAB to HAuCl4·H2O. Increasing the ratio decreased
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the size and vice versa. Precipitation and washing with ethanol and sub-
sequent re-dispersion in n-hexane to the desired concentration (typically
≈ 5mg/mL) yielded the final colloidal solution of monodisperse OAm
coated Au nanospheres with tunable size of 3 to 10 nm. Drying a droplet
of the solution on a TEM grid resulted in a self-assembled, hexagonally
arranged monolayer of nanospheres. [205]

In contrast, when cyclohexane was used as solvent for the synthesis,
nanospheres with a broad size distribution were obtained. [205] Wu et al. [205]

attributed the difference in synthesis outcome to a different influence of
the respective solvent on the configuration of the Au spheres’ ligand
shells. Together with the OAm ligands, n-hexane molecules likely form
uniform hydrophobic protection layers on the Au surfaces. The cyclohex-
ane chairs disturb the ligand layers. [118,205] This leads to irregular gaps
in the individual ligand shells, from which different growth rates and fi-
nally the polydispersity arises. A feasible route to colloidal solutions of
monodisperse OAm-capped Au nanospheres in cyclohexane is the syn-
thesis of the particles in n-hexane, and, after subsequent purification as
described, their re-dispersion in cyclohexane.

Kister et al. [43] refined the synthesis protocol of Wu et al. [205]. In-
stead of n-hexane, they used n-pentane as solvent and a seed mediated
two-phase process. In the first step, HAuCl4·H2O was reduced at room
temperature by OAm dissolved in n-pentane. In the second step, a solu-
tion of tert-butylamine borane-complex in a mixture of n-pentane and
OAm was added. This synthesis protocol was also used in the scope of
this dissertation. After purifying the synthesis product twice and then
re-dispersing it in cyclohexane, a stock solution was obtained. This solu-
tion was diluted with cyclohexane to obtain nanoimprintable inks with
varying contents of the OAm-capped Au nanospheres with a core size of
≈ 3.7 nm (“AuNPs”).

2.4 Sintering of grids made of ligand coated metal

nanoparticles to form conductive electrodes

A colloidal metal ink contains the respective metal in elemental form and
solvent removal forces the suspended metal nanoparticles closer together.
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Nevertheless, drying such an ink usually does not render it electrically
conductive. [251,252] Insulating organic ligands remain on the surface of
the particles and separate them. Good conductivity, however, requires
sound metallic contacts between the particles and a percolating network
throughout the printed structure, enabling electrons to move easily from
one particle to another. [252] A common way of achieving electrical con-
ductivity is sintering: thermal energy is applied that removes the ligands
from the particles’ surfaces and merges the nanoparticles. [253]

Ingham et al. [254] investigated dried droplets of a colloidal ink con-
taining OAm (b.p. of OAm ≈ 350 ◦C [227]) capped Au nanospheres (mon-
odisperse, 10 nm in diameter) in toluene. They found that temperatures
in the range of 150 to 165 ◦C, well below the OAm desorption temper-
ature [254], led to conductivity, while temperatures below 150 ◦C did not.
Melting ligands detached from the Au surface and acted as a quasi-liquid
solvent, in which the Au spheres moved and coalesced. [251] “Melting” of
the OAm was enough to expose the particles’ Au surface. [254] Since the
particles were closely packed, they quickly began interacting and aggreg-
ating, even in the presence of OAm ligands. [254] A sintering temperat-
ure of 250 ◦C was required to achieve appreciable neck formation and
eventual merging to a dense metal layer with low resistance. [254] Volk-
man et al. [255] made similar observations for dodecanethiol-stabilized Ag
nanospheres (monodisperse, 3 nm in diameter). Apparently, for sinter-
ing, the lowest temperature at which printed features become conductive
(the percolation temperature [251]) is distinct from the lowest temperat-
ure required for obtaining the lowest possible resistance. [252] Sintering in
the presence of the dispersant is known from welding metal nanowires at
their junctions in random metal nanowire networks, too. [127]

The complete removal of all organic ligands through sintering gener-
ally requires temperatures well above 200 ◦C. [251,252] The conductivities
reached are typically less than one tenth of the respective bulk conduct-
ivity [36,255] (an overview is given by Maurer et al. [35]). Only costly or
barely flexible polymer substrates such as polyacrylate, poly(ether ether
ketones), poly(ether sulfones), and polyimides can withstand such high
sintering temperatures. Affordable and particularly flexible polymers like
poly(ethylene terephthalate), poly(ethylene naphthalate), and polypro-
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pylene, with glass transition temperatures below 150 ◦C or even less than
100 ◦C, cannot. [251,252]

Many research groups tried to reduce the required sintering temper-
ature by reducing the particle size or ligand amount or through tailoring
of the ligand. [251] Bare metal nanoparticles show a significant melting
temperature depression compared to the respective bulk metal, which
increases with decreasing particle size. [138,256,257] Yet, metal nanoparticles
do not fully melt at the typical sintering temperatures. [251] Their coales-
cence is rather based on surface melting and diffusion of surface atoms
from one particle to another. Accordingly, sintering cannot occur below
the temperature at which the ligand bonds to the particle surface are
broken, [251] irrespective of any further reduction in particle size. Further-
more, the total area to be protected by ligands increases with decreasing
particle size. [251] Ligands which adsorb only weakly impair the stability
of the colloidal ink during synthesis and printing, [252] as does a lower
ligand amount [251].

2.4.1 Chemical sintering

Chemical sintering processes attempt to destabilize the particle/ligand
system after printing with the aid of chemical agents, [251,258] often at
room temperature [253]. Examples are ligand exchange, dissolution of the
ligand in a solvent, and ligand modification such as neutralization of
charges. [251] The compatibility of the substrates with the agent used is
an issue, as are agent residues in the printed features, and the method is
often limited to specific particle/ligand/agent combinations. Fafarman
et al. [259,260] reported the exchange of long-chain OAm ligands on spher-
ical Au nanocrystals by short NH4SCN. They observed a clear dielectric-
to-metal transition after OAm was replaced by ammonium thiocyanate
in spin-coated particle layers. Attempts by Maurer et al. [115] to apply
this approach to a random network of OAm coated AuNWs were not
successful.

2.4.2 Photonic sintering

Temperature-sensitive substrates may also be protected by heating the
printed features only locally. [251] Photonic sintering allows such selective
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heating. [251] It is based on the exploitation of the photothermal effect [261]

at wavelengths at which the dried ink has a high absorption and the
substrate has not. [216,251] For example, nanoparticles of the metals Ag,
Au, and Cu exhibit strong surface plasmonic resonance absorption in the
visible range, whereas transparent flexible polymer substrates like PET
have their intense absorption bands in the UV range. [251] Several photonic
sintering processes have been developed comprising near infrared and
ultraviolet light, either applied through conventional illumination or laser
irradiation of the printed structures. [262]

Since the absorption spectra of printed colloidal metal nanoparticle
inks depend on their specifications such as metal type and shape, size,
distribution, and ligand ligation of the particles, each ink has its own
process parameter (e.g. wavelength and power density) space. [216,251] As
photonic sintering progresses, the printed feature’s specification and con-
sequently its absorption behavior continuously changes, too. [253,261,263]

This is disadvantageous as the set sintering parameters fit less and less
with the feature’s increasingly changing absorption characteristics. That
often slows the sintering kinetics. [216,251] Also, the generated temperatures
inside the ink can dissipate into the substrate and deform the polymer
foil. [264]

2.4.3 Plasma sintering

Plasma sintering attempts to destabilize the post printing particle-ligand
system at low temperature by a discharge [265,266] plasma. It can be cre-
ated by applying a breakdown voltage between two spaced electrodes
in a cell filled with the discharge gas (feed gas). [251,265,267] The plasma
formed comprises reactive species such as excited atoms and molecules,
electrons, ions, neutral radicals as well as UV-radiation and visible light
(glow). [253,268]

During plasma exposure of a printed sample, the organic ligands are
degraded (covalent bonds are cleaved) via bombardment with the highly
reactive and energetic plasma species. Their resulting low molar mass
fragments are normally easier to remove from the nanoparticle surfaces,
enabling direct contact of particles. [251] Plasma species impinging on the
particle surfaces cause momentum transfer involving some heating. [269]
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This and the inherent high surface energy of the small particles cause
surface and grain boundary diffusion, which, together with crucial im-
pingement driven surface sputtering [228] finally yields a conductive ma-
terial. [216,264,270]

Paschen [251,271] found that low temperature plasma can be generated
at low and at standard pressure. The breakdown voltage [272] and the
chemical nature [251] of the plasma - reducing, inert or oxidizing - depend
on the feed gas.

Kister et al. [43] report that low-pressure (0.3mbar) O2 plasma sinter-
ing of an ordered grid with sub-µm line width and nanoimprinted from
dodecanethiol-capped Au nanoparticles, led to a high sheet resistance
in the kΩsq range. This was attributed to the oxidation of the thin
lines which induces stress and interrupts conductive pathways. Maurer
et al. [115] report on the low-pressure (0.3mbar) plasma sintering of ran-
dom network layers of OAm-capped AuNW bundles. The AuNWs were
deposited from their inks in n-hexane by repeated dip-coating on silan-
ized glass substrates (layer thickness ≈ 10 nm). They found that O2

plasma drastically altered the morphology and attributed that to oxida-
tion. Fuchs [273] noticed that low-pressure oxygen plasma cleaning of Au
resulted in the formation of a surface layer of Au2O3.

Noble gas plasma is better in this respect. [253,270] Ar (15.76 eV) has
the lower ionization potential compared with He (24.48 eV) and is read-
ily available at a low price. [274] According to Pappas [267], oxygen is almost
always present in plasma generation processes even when the chosen pro-
cess gas is different from O2 as most experimental systems are not fully
sealed. Mixtures of Ar/H2 (e.g., 5% H2) can be a preventive counter-
measure [115]. With increasing share of the low molecular weight H2, the
sputtering effect of the plasma decreases [274]. Ar/H2 containing 5% H2

was also used as plasma feed gas in the scope of this dissertation.
Wünscher et al. [270] compared low and atmospheric pressure Ar plasma

sintering on inkjet printed Ag nanosphere inks. The inks were stabilized
by unspecified dispersants and varied in Ag content, sphere diameter of
up to 50 nm, and solvent. There was a distinct dependency of the res-
ulting resistivities on the nature of the individual ink used. The highest
conductivity was 12% of that of bulk Ag and was obtained at normal
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pressure on a line printed with the lowest height (260 nm) from relatively
large (30 nm) spheres. This delta was mainly attributed to the presumed
onset of physical etching [275] of the top metallic layers before the lower
layers were fully sintered. Decomposition products of the dispersants
likely remained in the sintered structure and limited conductivity, too.
Electron microscopy micrographs of cross-sections of lines sintered at nor-
mal pressure consistently showed uniform sintering from top to bottom.
The morphology at low pressure was not studied.

Atmospheric pressure plasma achieved conductivities in a fraction of
time (a few minutes) of that required at low pressure (a few tens of
minutes). This was attributed to the higher energy delivery at normal
pressure per area and time. At atmospheric pressure, physical etching of
the polymeric substrates was negligible due to short exposure times. At
low pressures, a physical etching rate of 0.26 to 0.32 µm/h was observed
for PET substrates.

Reinhold et al. [276] used a low pressure Ar plasma to sinter Ag nano-
sphere (5 to 10 nm in diameter, unspecified dispersant) tracks of unspe-
cified height and printed with the same ink on glass and polymer sub-
strates to reach conductivities of up to 30% of that of bulk Au. Appar-
ently, the low pressure favored the evaporation of the low molar mass dis-
persant fragments. They demonstrated that plasma sintering of thicker
lines, which they obtained by printing multiple tracks on top of each
other, can be limited by a skin effect. Top layers of the printed feature
sintered first to a conductive skin layer (a crust) whose thickness grew
with plasma exposure time, but hindered fast and sufficient sintering of
the material beneath. Interestingly enough, the best conductivities res-
ulted from tracks printed on glass. This was attributed to the lower heat
dissipation which caused higher substrate temperatures of 81 ◦C on glass
versus 71 ◦C on the polymer foils at the end of the plasma treatment.

Ma et al. [277] also noticed a skin effect while studying low pressure
Ar plasma sintering at three different rf (13.56MHz) powers (100, 500,
and 900W) on two different Ag nanosphere films of 1 µm thickness. The
films were drop casted with different aqueous colloidal inks onto glass.
The inks had the same metal content and protective colloidal coating,
but particles differing in core size (23 nm vs. 77 nm).
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The Rsh of all plasma sintered films decreased with increasing sintering
time by more than six orders of magnitude. Prolonged plasma exposure
always continued to decrease Rsh, but at increasingly lower rates. For
any given treatment time and core size, larger power yielded lower Rsh.
IR spectroscopy of the films’ surfaces indicated the removal of the pro-
tective colloid. After 60min of treatment time, substrate temperatures
had increased by up to 125 ◦C, with the lower temperature for the lower
plasma power. Remarkably, for a given plasma power and treatment
time, smaller spheres always resulted in higher Rsh.

The same films were subjected to a purely thermal sintering process
in Ar that followed the substrate temperature profile measured during
plasma sintering. For a given treatment time, the thermal effect com-
pared to the effect of plasma sintering was negligible. However, consistent
with the expectation that smaller spheres sinter more easily, [252,270,277] the
smaller spheres now always resulted in the smaller Rsh. Top view and
cross-sectional images of two film samples made of the differently sized
spheres and treated at 900W for 60min revealed that only a top crust
with a thickness of just under twice the sphere diameter had coalesced
Ag nanospheres. The lower Rsh was with the thicker crust resulting from
the larger spheres.

Wünscher et al. [264] inkjet printed Ag spheres with diameters of 30

to 50 nm to lines of 360 nm height on PEN foil (Tg = 120 ◦C) and
sintered them with normal pressure Ar plasma. At 25 ◦C substrate
temperature, 15 s of plasma sintering were required to yield a resistiv-
ity of 90.6 µΩ · cm [264,270] and 2min for 16.1 µΩ · cm. With a substrate
temperature of 110 ◦C (70 ◦C), 15 s were sufficient to reach 10.4 µΩ · cm
(35.5 µΩ · cm). This corresponds to a conductivity of 15.3% of that of
bulk Ag. Thermal sintering at 110 ◦C for periods of 2min had no ef-
fect. With plasma sintering, the authors found the stabilizers detaching
from the particle surfaces well below their decomposition temperature of
≥ 200 ◦C. [264] The relationships found at normal pressure also persisted
for low-pressure Ar plasma sintering. [264] Even moderate post-plasma
substrate heating led to an additional reduction in resistivity. [264]

Wünscher et al. [264] related their findings to those of Volkman et al. [255],
who suggested that sintering can occur in the presence of dispersants (sta-
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bilizers). Prior stabilizer removal is favorable, but not a pre-requisite.
Rather, the “melting” of the stabilizer is already sufficient. However, it is
more conceivable that stabilizers which have been partially fragmented
by plasma exposure, exhibit a significantly lower melting off temperat-
ure and perhaps may even exert a melting off temperature lowering effect
on stabilizer portions that have not yet been fragmented. Both would
promote the sintering effect noticeably due to the warmed substrate and
would likely improve the post-plasma homogeneity within the printed
structure.

Plasma sintering has both advantages and disadvantages compared
to classic sintering. Ligand decomposition promotes ligand detachment
from the particle surfaces at low temperature. [251,264] Depending on the
kind of plasma, the treatment can be time consuming and cause sub-
strate matting due to physical etching. [270] Low pressure plasma sinter-
ing is hardly R2R compatible [264,270], but can achieve complete ligand re-
moval from the sintered feature [276,277]. Due to the skin effect, the plasma
sintering depth can be limited. [276,277] Supporting substrate heating can
counteract problems resulting from the skin effect. [264] Contrary to the
knowledge that small diameter particles sinter more easily due to their
intrinsically better activated surface diffusion, [252,270,277] features printed
from the smaller spheres may exhibit the higher post plasma resistivities
in case skin formation limits the sintering depth. [277]

A particularly well activated surface-atom self-diffusion at RT result-
ing in a pronounced lowering of their melting temperature is inherent
to AuNWs. [233] However, in case of a narrowly limited sintering depth,
plasma sintering for grids printed from ligand coated AuNWs would be
inadequate.

The following informs on sintering depths reported in literature for
low pressure plasma sintering of features based on OAm ligated AuNWs
in 5% H2/95% Ar atmosphere.

2.4.4 Plasma sintering depths

Maurer et al. [115,228] and Gonzalez-Garcia et al. [278] sintered random net-
work layers of densely packed, hexagonal bundles of OAm-stabilized
AuNWs (diameter ≈ 1.6 nm) through low pressure plasma treatment
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in 5% H2/95% Ar atmosphere. The layers were deposited on silanized
glass from their colloidal solution in n-hexane by repeated dip coating
with a thickness of ≈ 10 nm. Freshly deposited layers exhibited a Rsh

> 40MΩsq. The average transmittance in the visible range was ≈ 70%.
Plasma exposure of 15min was sufficient to reduce Rsh to 50Ωsq, a value
similar to that of a sputtered Au layer, with a thickness of ≈ 15 nm, while
essentially retaining the optical transmittance. [115] Further plasma expos-
ure did not yield any further significant improvement. [115] Raman spec-
troscopy indicated that the OAm could be fully removed by the plasma
that obviously penetrated the layer in its entire thickness. [228]

According to Maurer et al. [228], the H2/Ar plasma sintering likely star-
ted by removing OAm through the plasma and the low pressure. The thin
(≈ 1.6 nm) metal cores with their low surface-to-surface spacing [115,118,206]

came into direct contact. Templated by their arrangement within bundles
and bundle-like superstructures formed during drying, they then fused
into thicker wires [233], retaining the overall percolation of the deposited
film layer and exhibiting enhanced conductance.

Reiser et al. [239] spun AuNWs coated with a single OAm layer from
their colloidal solution in cyclohexane via controlled coagulation in eth-
anol (a solution spinning process) into free-standing macroscopic fibers.
These could be dried and mechanically tested. The diameter of the spun
fibers increased monotonously with the AuNW volume fraction in the
cyclohexane solution to values above 10 µm. The authors investigated the
influence of low-pressure H2/Ar plasma treatment on the tensile strength
of as spun, hanging fibers. Optical microscopy revealed that the fibers did
not shrink during plasma sintering. Cross-sections of a plasma-treated
fiber (diameter ≈ 10.8 µm) prepared with a focused ion beam and the
increased conductivity (800 S/cm; approximately 500 times below that
of monocrystalline bulk Au [239]) of the initially insulating fiber suggested
that plasma sintering had penetrated ≈ 600 nm into the fiber and formed
a moderately porous ≈ 600 nm thick electrically conductive Au shell by
OAm removal and coalescence of the exposed nanowires. The fiber’s core
appeared to contain unaffected or only partially sintered Au wires with
several pores. Some organics from the core flowed through the pores and
accumulated at the bottom of the hanging fiber. Assuming that the core
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is electrically non-conductive, the derivable conductivity of the Au shell
is still roughly 100 times lower than that of bulk Au.

Kister et al. [43] and Maurer et al. [35,42] used low-pressure H2/Ar plasma
to prepare ordered metal grid FTEs with varying patterns and self-
assembled from dodecylamine-capped Au nanospheres (3.2 nm size) or
from AuNWs with a monolayer of OAm dispersed in cyclohexane by
direct nanoimprinting. The thicknesses (heights) of the imprinted lines
were in all cases < 100 nm (e.g., 15 nm). The line widths ranged from
sub-µm (e.g., 250 nm) to 1.70 µm. Due to the plasma sintering, sheet res-
istances dropped to practically useful values ranging from 29 to 227Ωsq.
The soft sintering step removed ligand barriers, but retained the im-
printed structure. Resistivities of the sintered lines, calculated from
their geometries and sheet resistances using Kirchhoff’s rules, [35,42] were
about one order of magnitude above the resistivity of bulk gold. [35,42]

The scale of this deviation corresponded to that known for electrodes
based on thermally sintered metal nanoparticle inks [27,35,279–281] or based
on e-beam lithography using metal vapor deposition. [42,147] It was there-
fore conclusive that fully sintered lines of metallic gold were obtained,
exhibiting conductivities limited by combinations of structural grid de-
fects, grain boundary scattering, nanopores, and line width and height
variations. [35,42]

2.5 Stability of sintered TEs based on metal nano-

particle inks

Transparent electrodes based on sintered metal nanoparticle inks ex-
hibit a strongly improved conductance immediately after sintering. How-
ever, only few authors report on whether this improvement is perman-
ent. [16,126,228]

To convert percolating random layers of metal (e.g., Ag) nanowires
into conductive electrodes, it is sufficient to fuse the junctions locally. [127]

Complete dispersant removal is not required. Since junctions are regions
of high curvature, such sintering occurs typically at temperatures [282] at
which the wires do not spheroidize [126,127].

The stability of random silver nanowire network electrodes sintered
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that way has been studied extensively. [126,136,141,283–286] It is known that
their conductance is sensitive to UV light and to chemical corrosion
by sulfides, oxygen, and acids. The individual nanowires are suscept-
ible to the thermally activated Plateau-Rayleigh instability [283] and elec-
tromigration [126,283]. The stability can be improved by protective coat-
ings [126] that hinder corrosion, slow down surface diffusion, and reduce
the Plateau-Rayleigh instability.

Few studies exist on the stability of electrodes based on AuNWs
covered with a monolayer of OAm ligands. Maurer et al. [115,228] and
Gonzalez-Garcia et al. [278] prepared electrodes through low pressure H2/Ar
plasma sintering of random metal nanowire network layers dip-coated
from colloidal solutions of such AuNWs in n-hexane (see section 2.4.4
herein).

According to Maurer et al. [228], it is likely that plasma sintering (15min)
thoroughly removed the OAm (b.p. ≈ 350 ◦C [227]) to below its detec-
tion limit in a first step. The remaining gold cores fully merged [233]

into thicker polycrystalline bulk “wires” (wire-like superstructures vis-
ible in TEM) while maintaining the film layers’ overall percolation. [228]

Isolated AuNWs fragmented during plasma sintering. [228] Bundled, ultra-
thin gold nanowires in freshly prepared layers fragmented into nano-
spheres within few days at room temperature [115] (Plateau-Rayleigh in-
stability [116]). Bundled wires of short-term (1min) plasma sintered layers
fragmented within a few hours. [115] For 15min plasma sintered layers were
free of OAm and not only had a significantly reduced Rsh, but were stable
and retained Rsh for months under ambient conditions. [115,228] Annealing
of the fully sintered layers did not cause Plateau-Rayleigh spheroidiza-
tion anymore, but de-wetting and an increase in Rsh which accelerated
with increasing temperature and decreasing film thickness. [228]

These observations are consistent with the following hypotheses. The
OAm ligands stabilize bundled AuNWs. [115,116] Partial ligand removal
after 1min of sintering still did not allow for direct inter-wire contact
and prevented the wires’ rapid subsequent fusion into more conductive
and geometrically stabilized thicker structures (pinch-off faster than sin-
tering [287]).

Due to the observed fragmentation of solitary (unbundled) wires caused
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by plasma sintering [228], both the wires’ being self-assembled into crys-
tallized, close-packed hexagonal bundles as well as their superstructures
and a fast, complete OAm removal by the plasma, appear pivotal for suc-
cessfully plasma sintering AuNW-based features into stable conductors.

The findings by Maurer et al. [115,228] should also apply similarly to
AuNW-based plasma sintered FTEs from direct nanoimprinting. [35,42] If
low pressure H2/Ar plasma sintering removes the OAm ligands through
the entire depth of the imprinted lines, the FTEs’ Rsh should be stable for
months and the FTEs should neither show any signs of Plateau-Rayleigh
instability nor of de-wetting when stored under ambient conditions.

2.5.1 Plateau-Rayleigh instability

Surface atoms (molecules) have fewer neighbours than bulk atoms (mo-
lecules), which lends surface atoms and molecules a higher energy. [288]

This gives condensed matter a tendency to minimize its surface area, [288]

such that, e.g. cylinder-like shapes, with a length longer than their cir-
cumference, are inherently unstable [289]. J. A. F. Plateau used a static
energy analysis to show that such a liquid cylinder fragments into a row
of spherical droplets with the same total volume, but a smaller total sur-
face area (the ratio of the sphere to cylinder radius exceeds (3π/2)1/3 [287])
and hence, surface energy. [288,289] J. W. S. L. Rayleigh used a dynamic
stability analysis to predict the final drop size. [289]

The Plateau-Rayleigh instability also occurs in solid materials at suf-
ficiently small cylinder diameters. [290] For a long wire with an isotropic
surface energy, the critical diameter dm can be approximated as dm =

2σS/σY, [290,291] where σS is the surface tension, and σY the yield force.
Using bulk values, this results in dm = 14.8 nm (Ag), 14.2 nm (Cu),
and 26 nm (Au) at normal conditions. [290,291] In solids, the yield force
is orders of magnitude larger than in liquids. That explains the ubi-
quity of the Plateau-Rayleigh instability in liquids and its limitation in
solids to small structures. [292] The Plateau-Rayleigh instability is not re-
stricted to nanowires with a cylindrical cross-section. [293] It is triggered
by tiny perturbations of the geometry, caused by e.g., thermal fluctu-
ations in the material. [294,295] The anisotropic surface energy of crystal-
line nanowires, [296] the contact angle between wire and substrate, [297]
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impurities, strain, and temperature may either enhance or inhibit the
instability.

F. A. Nichols and W. W. Mullins extended Rayleigh’s theory to solid
cylinders. [298] Their pinch-off time scales with the cylinder radius to the
fourth power, [116,299] and shortens with increasing temperature [116,297].
Solid cylinders with isotropic surface energy and initial radius r eventu-
ally break up into solid spheres with a diameter of d = 3.78 · r. [300] Ultra-
thin metal nanowires are already unstable at room temperature. [115,287,297,301]

At 200 ◦C, OAm-capped AuNWs fragmented into small spheres within
seconds [278] by surface diffusion [116].

Xu et al. [302] studied the instability of bare ultra-thin gold nanowires
with 5.9 nm diameter and a single crystalline structure in the [111] direc-
tion. The two wire ends were supported by a carbon film and the middle
part was free standing. Heating with an electron beam to temperatures
well below 100 ◦C (estimated from the energy-loss spectrum) through
momentum transfer showed, via in situ high-resolution TEM, that the
wires’ evolution in shape was governed by atomic surface diffusion.

Karim et al. [297] studied the morphological changes of bare polycrys-
talline Au nanowires with 25 nm diameter and several µm length during
isothermal annealing for 30min at 200 to 500 ◦C on SiO2 wafer pieces
in an evacuated furnace. At 200 ◦C, they observed no morphological
changes even after annealing for several hours. At 300 ◦C, the wires
fragmented into sections of varying length. At 400 ◦C, they broke into
peanut-shaped fragments. Annealing at 500 ◦C caused spheroidization
of the wires into spheres, with diameters larger than those predicted for
materials with isotropic surface energy. Wires with 50 nm and 100 nm

diameter remained intact after 30min of annealing. The 100 nm wires
developed axial perturbations only after annealing at 500 ◦C for 70 h.
These results confirm the powerful interplay between pinch-off time and
diameter in the Plateau-Rayleigh instability of solid cylinders predicted
by F. A. Nichols and W. W. Mullins. [116,298,299]

Bettscheider et al. [116,287] analyzed the break-up of a nanowire, coated
with an organic ligand shell, into discrete droplets due to the Plateau-
Rayleigh instability. A perturbation analysis indicated that the break-up
of AuNWs is delayed by an OAm ligand shell. This is consistent with the
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stability observations made by Maurer et al. [115,228] after partial removal
of OAm from thin layers of AuNW bundles through plasma sintering.
Bettscheider et al. [287] investigated the impact of the self-assembly of
AuNWs into crystalline hexagonal bundles on the wire Plateau-Rayleigh
instability, both experimentally and theoretically. In-situ SAXS of 60 ◦C

colloidal solutions in n-hexane/cyclooctane with ex-situ TEM of dried
solution drops revealed that bundling delays the break-up. An analytical
model indicated that bundle formation can render the wires geometrically
stable.

Ostwald ripening may follow the Plateau-Rayleigh fragmentation of
ultra-thin gold nanowires. [115,228] It results from the dissolution of small
crystals or sol particles and their re-deposition onto the surface of larger
crystals or sol particles. Smaller particles have the higher specific surface
energy (and hence for equal total volumes the higher Gibbs energy),
giving rise to a higher solubility. [303,304]

2.5.2 Solid-state de-wetting

Thin metal films [305,306] that are forced [307] onto non-wetting [308] sub-
strates are thermodynamically un- or metastable [299]. This is mainly due
to the resulting relatively high surface and interfacial energies. [309] De-
fect energies and grain boundary energies may contribute, too. Such
films tend to de-wet and transform into arrays of isolated metal islands
(droplets or particles) with lower total energy [309] when activation energy
is provided, e.g., by thermal annealing, electron beam, ion beam, or laser
irradiation. [299] The driving force of the transformation [308,309] is primar-
ily the minimization of the total metal-substrate interface and the metal
surface [307,310]. It increases with decreasing film thickness due to the in-
creasing surface-to-volume ratio of thinner films. [299] The final shapes of
the islands may be caps or beads [305], exhibiting a wetting angle (contact
angle) > 0◦ [310]. The de-wetting process can proceed even in the solid
state [299,305] and is then referred to as “solid-state de-wetting” [309].

It is well-accepted that the dominating mass transport mechanism of
solid-state de-wetting in metal films is atomic surface self-diffusion. [311,312]

However, grain boundary and interfacial diffusion can also play a crucial
role. [311,312] Typically, all of them accelerate exponentially with temperat-
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ure. [299] Grids with sub-micron line width, imprinted from dodecanethiol
coated Au nanospheres (3.2 nm in diameter), de-wetted during thermal
sintering at 200 ◦C and lost conductivity within minutes. [43]

The nucleation mechanism of solid-state de-wetting is still under de-
bate. [309] Contrary to a thin metal cylinder, where small amplitude fluc-
tuations in the diameter cause the cylinder to evolve into a row of beads
(Plateau-Rayleigh instability) [291,297,300,305], a plane metal surface does
not exhibit inherent instability. [305] Small fluctuations in the planar sur-
face of an infinite, defect-free, and zero-stress film with isotropic surface
energy will not grow, regardless of their wavelength. [299,305,313] The pro-
cess of de-wetting either occurs at pre-existing holes that fully protrude
through the film’s thickness (voids), at film edges, or requires the forma-
tion of such new holes. [299] Thus, very thin, porous films are particularly
prone to solid-state de-wetting.

In void-less films, a sufficient stage in the initiation of solid-state de-
wetting is the formation of a pinhole. Such hole formation is usually
discussed in terms of random heterogeneous nucleation at defect sites
and around impurities, at grain boundaries of polycrystalline films, or at
pre-existing pores at the film-substrate interface. [299,307,309] An example
are film thickness fluctuations large enough to penetrate the film, which
can occur at grain boundaries and finally result in hole formation. [305]

Once the hole reaches the super-critical size, its further growth becomes
energetically favorable. [309] Grown voids tend to have complicated shapes
(e.g., can have the appearance of a snowflake [310]). [305] The film becomes
discontinuous when voids impinge and islands of material form. [307] These
evolve into their stable shapes (spherical caps, beads), [305] exhibiting a
wetting angle of > 0◦. During this transition, finger-like features can
form. [299] No appreciable exchange of mass is observed for islands that are
disconnected from any other remaining film area. [311] A suitable measure
for suppressing solid-state de-wetting is the hindrance of surface diffusion
either with an adsorbate layer or with a capping layer. [299] The references
listed below confirm and illustrate the relevance of the relationships out-
lined above for thermally activated gold films of varying thinness.

In the work of Magnozzi et al. [314], the temperature-induced solid-
state de-wetting of thin Au layers on Si wafers, covered by a native oxide
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layer, were investigated (layer thickness 20 nm: sample 1, 11 nm: sample
2, and 8 nm: sample 3) in a vacuum chamber. The samples were heated
at a rate of 5 ◦C/min up to 350 ◦C and thereby annealed. No de-wetting
was observed for the 20 nm sample. In case of sample 2, the Au film de-
wetted only partly, exposing 15% of the substrate surface. For the 8 nm

sample, complete de-wetting was achieved. Formation of isolated gold
particles with different shapes (typical size around 100 nm) occurred. In
case of samples 2 and 3, a de-wetting threshold temperature could be
established at about 200 ◦C.

Kwon et al. [310] studied the de-wetting behavior of Au films with a
thickness of 5 nm, deposited on thermally grown SiO2 by dc magnetron
sputtering. Annealing of the films at 300 ◦C for 15min in a hydrogen
environment achieved complete de-wetting. The average size of the Au
islands was about 110 nm. The particle density was ≈ 30/µm2. Increas-
ing the annealing time did not alter the results significantly. Further
coalescence was too slow at 300 ◦C.

Gadkari et al. [307] studied the thermal stability and de-wetting beha-
vior of Au films with thicknesses in the range of 10 to 100 nm, deposited
on a thermally grown and 100 nm thick SiO2 layer on a Si substrate, using
ultra-high vacuum dc magnetron sputtering. The films were annealed in
a 3% H2 in Ar gas mixture at 1 atm and temperatures in the range of
100 to 1000 ◦C for 30min. The evaluation criterion was the lowest tem-
perature required for layers to turn non-conductive end to end due to
islanding. For a film thickness of 10 nm, that occurred at 150 ◦C, in the
case of 20 nm at 350 ◦C, and for 50 nm (100 nm) at 540 ◦C (790 ◦C). The
thicker films required the higher annealing temperature to achieve the
same extent of agglomeration within the same time. The agglomeration
for all films followed the two-step process of void nucleation and void
growth. Voids in all films were typically observed to grow in a branched
manner, described as fractals. An encapsulation layer on 20 nm and
50 nm thick Au layer samples of 3 nm and 10 nm thick SiO2 slowed the
void nucleation kinetics. The thicker overlayer had the stronger effect.
Otherwise, void growth progressed similarly to that of the bare films.
This result hinted at a mechanical hindrance of void initiation at the
film surface rather than a surface chemistry effect that modifies the mass
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transport on the film top surface.
In summary, the de-wetting studies indicate that smooth gold films

with a thickness ≥ 5 nm are likely stable at room temperature. It was
shown that encapsulation layers can be effective means to stabilize thin
gold films from de-wetting.

2.6 Opto-electronic performance of TEs

The opto-electronic performance of transparent electrodes can be as-
sessed through their two main functional properties: sheet resistance
Rsh and transmittance T in the visible range (400 to 800 nm). It is de-
sirable to have a low Rsh with a high T , but Rsh and T can typically not
be adjusted independently of each other, resulting in a trade-off: a lower
Rsh leads to a lower T and vice versa. [6,148,315]

2.6.1 Sheet resistance

A transparent electrode can be formed from a metal grid on a transparent
substrate. The TEs’ resistance R is measured between two opposite, par-
allel contacts of equal length, running perpendicular to the current flow
and depends on the dimensions of the TE size. The sheet resistance Rsh

characterizes the TE’s resistance opposing the current flow independent
of size. Rsh can be calculated as the product of R and the ratio of the
TE width W (perpendicular to the current direction) to the TE length
L (parallel to the current direction): Rsh = R ·W/L. [316] The sheet res-
istance can be measured on representative square areas of the TE. For
rectangular areas, the resistance measurement has to be corrected based
on width and length of the rectangle. Rsh is measured in ohms (Ω). To
avoid confusion with volume resistances, Rsh is expressed in “ohms per
square” (Ωsq, or Ω/sq, or Ω□, or Ω/□). This reflects that Rsh corresponds
to the resistance R of any representative square TE surface section. [317,318]

2.6.2 Transmittance

Light can be transmitted, reflected, and absorbed by the TE. The ex-
tent of each process is quantified by transmittance T , reflectance R, and
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absorbance A. These numbers refer to the respective ratio of the trans-
mitted (PT), reflected (PR) or absorbed (PA) radiant power (radiant en-
ergy per time) to the incident radiant power (radiant flux) P0. Due
to energy conservation, T + R + A = 1. If there is a wavelength (λ)
dependence, the adjective “spectral” is added (e.g., the spectral trans-
mittance T (λ)). [319] The percentage transmittance (T in %) is obtained
as T (%) = (PT/P0) · 100%.

If the incident and exiting light are rays of parallel light, the mater-
ial exhibits regular transmittance (Treg). [320] If the transmittance results
from forward scattering of such incident flux as it travels through the
material, the transmittance is referred to as diffuse (Tdiff). [320] Snellius’
law [321] then no longer applies, and the unidirectional incident beam is
deflected into many directions. Often both types of transmittances occur
simultaneously such that the complete or total transmittance T consists
of two parts: T = Treg + Tdiff.

Haze (H) is defined as the ratio of TH
diff to the total transmittance T ,

with TH
diff being defined as the Tdiff deviating more than 2.5◦ from the flux

undergoing regular transmittance. [101,322] TEs with high haze values can
cause blurriness if used as transparent electrode in displays. [121,323] The
haze of touch screens should thus be less than 1%. [101] TEs with higher
haze can be advantageous for the performance of solar cells: scattering
of incoming photons increases their optical path lengths in the active
material layer and thus the probability for absorption. [101,323,324]

Spectral transmittances T (λ) of the FTEs in this dissertation were de-
termined as the ratio of the radiant power PT(λ), received at the detector
of the spectrophotometer with an FTE sample in the beam path, to the
radiant power P0(λ), received without a sample in the beam path. [325]

Baselines of the bare substrates were recorded as reference. A mask with
a circular aperture with a diameter of 5mm ensured that a defined and
representative part of the FTE was measured.

2.6.3 Figure of merit (FOM)

A figure of merit (FOM) is a useful indicator of a TE’s opto-electronic
performance and allows for a direct comparison with other TEs. [317]

Fraser and Cook [326] were the first to use the ratio of T500 (%) to
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Rsh(Ωsq) as a figure of merit, with 500 standing for a wavelength λ of
500 nm: FOM = T500(%)/Rsh(Ωsq). Later, T550 was often used in lit-
erature instead of T500, since the human eye has its highest sensitivity
at a wavelength λ = 550 nm. [6,22,317,323] The FOM according to Fraser
and Cook [326] is particularly apt when comparing electrodes of the same
design. That is the case, for example, in metal nanogrid electrodes which
have the same pattern, but different line dimensions and morphologies.
For commercial applications, a TE is typically required to exhibit at least
T > 90% and Rsh < 100Ωsq. [22] That corresponds to a minimum FOM

of 0.9%/Ωsq.
Sometimes, the limitation to a single wavelength does not meet the

need for high transmittance across a certain range of λ. [6,317] In such a
case, an averaged value (e.g., T 400-800) over the respective wavelength
range (e.g., the visible range of 400 to 800 nm) may be used for the
calculation of the FOM . [16] This is particularly useful when the TE’s
dispersion T (λ) in that range is not pronounced. Examples for such a
case in the visible range are FTEs obtained by direct nanoimprinting of
colloidal gold inks. [35,42,43]

2.7 Scope and objectives of this dissertation

The understanding of the electric performance of transparent (regular)
metal grid electrodes which are based on sintered colloidal metal inks
is still deficient. Unpatterned (plain) metal film electrodes require low
thicknesses (< 10 nm) to achieve reasonable transmittances. [4] This comes
at the price of a significant increase in Rsh due to strong electron scatter-
ing. [4] Unlike plain metal films, metal grid electrodes ensure high trans-
mittances through their voids. Thus, the dimensions of their grid lines
can be above the mean free path of electrons in bulk metal (λe

metal)
without suffering a significant loss in transmittance. [4] For Au, λe

Au is
≈ 38 nm at RT. [16] Consequently, such “highly transmissive” metal grid
electrodes should allow resistivities/conductivities close to those of the
bulk counterpart.

The potential of transparent metal grid electrodes, based on sintered
metal nanoparticles, has not been fully exploited yet. [35,36,38] This also ap-
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plies for the readily percolating grids imprinted from AuNWs capped with
OAm monolayers and dispersed in cyclohexane solvent, even if sintered
in low pressure H2/Ar plasma rather than thermally. [35,42] Experimental
transmittances could be modeled sufficiently well when assuming the grid
lines as opaque rectangles. In contrast, Rsh, calculated based on Kirch-
hoff’s circuit laws, the determined grid line geometries, and the resistivity
of bulk gold, were up to above an order of magnitude smaller than what
was measured, despite all dimensions of the grid lines being well-above
λe

Au. [35,42]

This discrepancy indicates that the structure-property relationship
governing the electric performance of nanoimprinted and plasma sintered
metal conductors is not yet well understood. That is, however, a major
piece of the puzzle to change the fabrication of metal grid FTEs via
direct nanoimprinting of colloidal gold nanoparticle inks such that they
maintain their high transmittance while improving their Rsh. Gaining
this understanding is the first objective of this dissertation.

To that end, FTEs were nanoimprinted as grids of straight, parallel
lines from OAm-stabilized AuNWs/AuNPs dispersed in cyclohexane, us-
ing the same PDMS stamp. The inks were systematically varied in their
gold concentration cAu. Printed grids were converted into metal lines by
low pressure H2/Ar plasma sintering. Due to different concentrations cAu

and/or particle geometry, the sintered lines varied in width w and max-
imum height hmax at a pitch p. The FTEs’ opto-electronic performance
was quantified by measuring T 400-800, Rsh, and calculating their ratio
(FOM). Small-angle X-ray scattering (SAXS) revealed the structural
arrangement of the Au nanoparticles within the pre-plasma lines right
after imprinting as well as the colloidal state of order and the size of
the Au nanoparticles in the inks. Additional pre- and post-plasma top-
view scanning electron microscopy (SEM) images of the imprinted grids,
transmission electron microscopy (TEM) images of dried ink droplets and
of cross-sections of pre- and post-plasma lines as well as the electrodes’
surface topographies and conductor geometries in the sintered state, ob-
tained via confocal laser scanning microscopy (CLSM), revealed the grid
morphology. The comparison of morphology with performance, both as a
function of nanoparticle shape and cAu, led to the desired understanding.
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The stability of nanoimprinted, plasma sintered TEs is another know-
ledge gap in the state of the art. In case of such pure gold electrodes,
with all dimensions of their grid lines > λe

Au, the morphology and thus
the performance was expected to be stable, at least during storage under
ambient conditions. The clarification of the stability issue was the second
objective of this dissertation. The strategy followed here was to use the
same kind of FTEs imprinted as described above to unravel structure-
property relationships. Monitoring their relevant opto-electronic per-
formance parameters during storage at ≈ 22 ◦C and ≈ 55% rH in the
dark and observing the grid morphology by SEM and TEM, revealed
changes that could then be correlated. In the event of unforeseen in-
stability, overcoming it was an additional objective. The strategy was
to slow down the kinetics of the underlying mechanism. Of particular
interest was whether the difference in particle geometry (spheres versus
ultra-thin, high aspect ratio wires) is noticeable in the opto-electronic
performance and ageing behavior of the imprinted FTEs.

A further knowledge gap concerns the bundling of AuNWs coated by
a single OAm ligand shell. Such bundling is known to occur in n-alkanes
like n-hexane and is well understood, [118,236] but has not been observed yet
in cycloalkanes such as cyclohexane [118,236]. The concentration-dependent
agglomeration of such AuNWs in the solvent cyclohexane, leading to the
formation of crystalline hexagonal wire bundles at low Au concentrations
only, was first observed during the course of this dissertation.

Kister et al. [43] found that longer-chain alkylamine ligands allow Au
nanospheres (3.2 nm in diameter) in cyclohexane to agglomerate only at
high Au concentrations. This proved essential for the formation of con-
tinuous lines when nanoimprinting from such colloidal solutions. Simil-
arly, Doblas et al. [247] found that the agglomeration concentration clim

of gold nanospheres (size 3.4 nm) with an octanethiol ligand shell is two
orders of magnitude higher when dispersed in cyclohexane than in
n-heptane. Maurer et al. [42] assumed that cyclohexane keeps AuNWs
with OAm ligand shell similarly dispersed.

The third objective of this dissertation is thus to understand the pe-
culiar behavior of the above colloidal solutions of AuNWs in cyclohex-
ane: what differentiates the solvent n-hexane from cyclohexane, and
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the spheres capped with longer-chain alkylamine ligands from OAm-
capped AuNWs? This matters since the tendency of nanoparticles to
self-assemble within colloidal inks can significantly affect the imprinting
of transparent electrodes from such inks. [35,42,43] Two characterization
methods are of importance in that regard: thermogravimetry (TGA) of
dried AuNW/AuNP inks which allows to measure the amount of OAm
ligand in the ink, and SAXS which can be used to determine the colloidal
state of order of the dispersed AuNWs/AuNPs.
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Chapter 3

Results

3.1 Publication 1

Reprinted with permission from

S. Bettscheider, B. Kuttich, L. F. Engel, L. González-García, and T.
Kraus: “Bundling of Nanowires Induced by Unbound Ligand”.
J. Phys. Chem. C, 2021, 125, 6, 3590–3598.
DOI: 10.1021/acs.jpcc.0c10919.

Copyright 2021 American Chemical Society.
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ABSTRACT: We report on the dilution-induced agglomeration of
ultrathin gold nanowires (AuNWs) into regular bundles. Wires with a
metal core diameter of 1.6−1.7 nm surrounded by a ligand shell of
oleylamine formed stable colloids in n-hexane and cyclohexane. Dilution
with pure solvent induced the self-assembly into bundles with a regular,
hexagonal cross-section. Small-angle X-ray scattering and thermogravi-
metric analysis indicated that bundles formed only if the ligand shell was
sufficiently sparse. Dilution with pure solvent shifts the chemical
equilibrium and reduces the ligand density, thus enabling agglomer-
ation. We show that agglomeration is driven not by van der Waals forces
but by the depletion forces of linearly shaped molecules. Linear solvent
molecules or small amounts of unbound ligand align normal to the
nanowire if the ligand shell is sparse. The resulting reduction in entropy creates a driving force for the AuNWs to bundle such that
the low-entropy domains overlap and the overall entropy is increased. Dilution-induced nanowire bundling is thus explained as a
combined effect of ligand desorption and destabilization by depletion.

■ INTRODUCTION
Ultrathin nanowires are chemically synthesized, solid objects
that form colloidal dispersions in suitable solvents. Such wires
can be several micrometers long but a few nanometers in
diameter, mechanically flexible, and mobile enough to align
laterally. Attractive forces that act along the length of two
adjacent wires can lead to unusual colloidal properties. Even
weak attractive forces accumulate and lend the wires a strong
tendency to assemble into elongated bundles. The colloidal
stability of ultrathin nanowires thus differs from that of spheres
with similar molecular structures and diameters.
Here, we discuss an unusual agglomeration mechanism of

ultrathin gold nanowires (AuNWs) in alkanes. The wires
agglomerate and form bundles upon dilution, a type of
colloidal instability that has not yet been observed in other
nanoparticle systems. For example, spherical nanoparticles with
nonpolar ligand shells agglomerate at increasing particle
concentrations with a solubility that depends on the solvent.1

Apparently, the colloidal stability of AuNWs cannot be
understood in similar terms.
We link the dilution-induced destabilization of AuNWs to

the depletion of unbound ligand molecules. Such unbound
(also called “free” or “solvated”) ligands are in a dynamic
equilibrium with adsorbed (“coordinated” or “bound”)
ligands.2,3 The number ratio between unbound and adsorbed
ligands depends on the adsorption energy of the ligand, among
other factors. Their role in the colloidal stability of ultrathin
nanowires has not yet been discussed.
Ultrathin gold nanowires can be synthesized by reducing

chloroauric acid in the presence of the ligand oleylamine. This

route was pioneered by Halder and Ravishankar in 20074 and
advanced by several research groups in 2008.5−8 The resulting
nanowires consist of a gold core of diameter of 1.6 to 1.7 nm
(corresponding to 6 to 7 gold atoms along the diameter)
surrounded by an organic ligand shell of oleylammonium
chloride of similar thickness. The wires reach typical lengths of
4 μm,5,6 although up to 6.4 μm long wires have been
observed.9

Large aspect ratios above 1:103 and their electrically
conductive cores make AuNWs appealing as nanoscale
building blocks. For example, Gong et al.10 created monolayers
of AuNWs on polydimethylsiloxane in order to create flexible
electrodes for supercapacitors. Porter et al.11 used striped
phases of phospholipids to precisely align individual wires over
micrometer-wide areas. Roy et al.12 demonstrated that AuNWs
are suitable as chemical sensors to detect CO, CH3NH2, and
CH3CHO. Reiser et al.13 spun AuNWs into free-standing
macroscopic fibers with a mechanical strength that could be
tuned by varying the alignment of the AuNWs. Many
applications require control over nanowire bundling. For
example, our group reported that the printing of AuNW
meshes for flexible and transparent conductive electrodes
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requires that the wires bundle inside the structuring stamp and
not earlier.14

The formation of AuNW bundles has already been reported
in the first synthesis papers,6,15 and some of its mechanisms are
well understood. As-synthesized AuNWs carry a double layer
of oleylammonium chloride/oleylamine and arrange into
bundles with two-dimensional hexagonal packing cross-section
at a center-to-center interwire distance of 9.5 nm.16,17

Purification decreased the interwire distance to 5.5 nm for
AuNWs in n-hexane.17 No bundles were observed for AuNWs
redispersed in cyclohexane.17 Tighter bundles form in polar
solvents such as ethanol in order to reduce the AuNW−solvent
interfacial area.18 The lattice constant of bundles has been
tuned by modifying the ligand shell. For example, Nouh et al.
reduced the center-to-center distance from 5.5 to 3.8 nm by
replacing oleylamine with the shorter trioctylphosphine.
Molecular dynamics simulations showed that the driving
force for bundling in linear alkanes such as n-hexane is
entropic:18 solvent molecules close to the ligand shell align
normal to the nanowire surface and lose entropy. Bundling
excludes (“depletes”) solvent molecules from the ligand shells
and decreases the loss in entropy.
In the following, we focus on the unexpected bundling of

nonpolar AuNWs upon dilution. We find that AuNWs remain
dispersed in nonpolar solvents at large nanowire concen-
trations but form bundles at smaller concentrations, whereas
most colloidal systems become more stable at lower
concentrations. Small-angle X-ray scattering and thermogravi-
metric analysis were used to assess the role of the amount of
ligand present in the system. Our results indicate that a
combination of ligand desorption and the depletion of
unbound ligand can initiate bundling.

■ METHODS
Synthesis of Ultrathin Gold Nanowires. Materials.

Hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O) was
synthesized following Schubert et al.20 and was dried for at
least 30 min on a Schlenk line (<1 mbar). Oleylamine (OAm),
80−90% C18, was purchased from Acros Organics and filtered
with a syringe filter (Millex, 0.45 μm, hydrophobic PTFE). All
other chemicals were used as received. Triisopropylsilane
(TIPS), 98%, and n-hexane, ≥99%, were obtained from abcr.
Absolute ethanol (EtOH), ≥ 99.8%, was provided by Fisher
Scientific. Cyclohexane, ≥99.9%, was received from Carl Roth.
Synthesis. AuNWs were synthesized under ambient

conditions using the protocols of Feng et al.15 and Nouh et
al.19 For a typical synthesis, 60 mg of the dry precursor
HAuCl4·3H2O was quickly weighed into a 50 mL glass snap-on
vial preflushed with Ar, and the sample was immediately
covered with 9.9 mL of the solvent n-hexane. Then 2.04 mL of
the ligand OAm was added, and the resulting mixture was
thoroughly vortexed for 5 min (both under Ar) to achieve
complete dissolution of the precursor. Subsequently, 3.06 mL
of the reducing agent TIPS was added, and the obtained
mixture was vortexed for 30 s (both under Ar). The solution
was then kept still under Ar at 25 °C for 24 h without stirring.
As the reaction progressed, the solution’s color evolved during
the first hours from orange to bright yellow to pitch black as
the precursor was being reduced, the AuNWs grew and
consequently the light scattering changed.
Purification. Three different purification protocols were

used (see main text), differing in the number of carried out
cycles and whether precipitation was accelerated by

centrifugation. Each purification cycle consisted of adding
two volumes of ethanol, precipitating the AuNWs either by
sedimenting for 10 min or by centrifuging at 100 rcf for 1 min,
followed by removal of the supernatant and resuspension in
the desired solvent.

Transmission Electron Microscopy. Samples for obser-
vation in transmission electron microscopy were prepared by
diluting the dispersion of AuNWs to a concentration of
approximately 0.05 mg/mL and drying an amount of 3 μL on a
carbon-coated copper grid (Plano, Germany). The samples
were observed at an acceleration voltage of 200 kV in the JEM
2010 microscope (JEOL).

Thermogravimetric Analysis. Samples for thermogravi-
metric analysis were prepared by drying an amount of 1 mL of
a dispersion of AuNWs at 2 mg/mL in a crucible made from
aluminum oxide. To remove any moisture, the samples were
dried in a vacuum oven overnight before being placed in the
analyzer (Netsch STA 449 F3 Jupiter). The samples were
heated from room temperature to 1000 °C at a rate of 10 °C/
min under argon followed by an isothermal stage of 10 min
under oxygen while the mass of the samples was continuously
recorded.
The ratio of ligand molecules to gold atoms and the grafting

density were determined assuming that the residual mass was
pure gold and the loss pure oleaylammonium chloride. We
assumed an AuNW core diameter of 1.65 nm, consistent
without our SAXS measurements and literature.5,7,16

Small-Angle X-ray Scattering. The colloidal state of
AuNWs was observed by small-angle X-ray scattering (SAXS).
Samples were let rest at least 16 h before being filled into glass
capillaries with an inner diameter of 1.5 mm for the SAXS
measurement. The scattering setup (XEUSS 2.0, XENOCS,)
used a Cu Kα source, and the scattered beam was captured by
a detector (PILATUS3 R 1 M DECTRIS) at a distance of
approx. 550 mm from the sample. The exact sample-to-
detector distance was calibrated with a standard of silver
behenate prior to each measurement. If not noted otherwise,
each sample was measured for a total duration of 25 min. The
two-dimensional scattering images were azimuthally integrated
with the software Foxtrott (Synchrotron Soleil) to obtain
scattering curves. To correct for the background, the respective
solvent was subtracted from all scattering curves.
The (center-to-center) interwire distance d in bundled

AuNWs was determined following Förster et al.21 using

q
d

h hk k4
3hk

2 2π= + +
(1)

where qhk is the value of the q-vector of the Bragg scattering
peak of two-dimensional hexagonal lattice with the Miller
indices h and k.21

Analysis of the Ratio of Bundled and Dispersed
Nanowires. The ratio of bundled and dispersed nanowires
was obtained form small-angle X-ray scattering data using a
scattering model. The scattering of single, well-dispersed
nanowires can be approximated by the form factor of a
cylinder with a variable diameter. Polydispersity is taken into
account by convolution with a Schulz−Zimm distribution. The
length of the cylinder is too large to be resolved by our SAXS
instrument and will be assumed to be infinity, resulting in a
power-law decay of intensity at the lowest measured scattering
vectors q which is proportional to q−1.16,22,23 Scattering from
bundled nanowires was modeled by multiplying the cylindrical
form factor with the structure factor of a 2D hexagonal lattice,
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which is the sum of Lorentzian functions at the respective
positions of the Bragg-peaks. Disorder of the lattice due to
thermal fluctuations for example was taken into account by a
Debye−Waller factor.16,22,23 Concurrent scattering from both
dispersed and bundled nanowires was modeled by a weighted
sum in scattered intensity of both dispersed and bundled
contributions, with the weighting factor allowing to determine
the dispersed/bundled ratio.

■ RESULTS
Ultrathin gold nanowires with uniform core diameters and
oleylamine (OAm) shells were prepared using a well-
established synthesis in n-hexane, purified, and redispersed in
cyclohexane.15,19 The resulting wires had diameters in the
range of 1.6−1.7 nm and lengths exceeding 427 nm according
to transmission electron microscopy (TEM); see Figure 1A.
Small-angle X-ray scattering (SAXS) indicated full dispersion
in cyclohexane (Figure 1B), without signs of bundling at large
gold concentrations of [Au] ≳ 5 mg/mL (2.5 times above that
during synthesis). Dilution of the dispersion with pure
cyclohexane to concentrations ≲ 4 mg/mL led to scattering
peaks with a hexagonal arrangement (see Figure 1C) that have
been reported for bundled AuNWs previously.13,16,17,19 Here,
the center-to-center distance was 5.9 ± 0.2 nm.
Dilution reduces the concentration of both wires and OAm

in the dispersion. Since a dynamic equilibrium exists between
adsorbed and unbound OAm,2,3 diluting will affect the ratio of
adsorbed and unbound ligand and will decrease the ligand shell
density (see illustration in Figure 2A). Oleylamine-coated gold
nanowires are colloidally stabilized by the interactions between
solvents and OAm shells.17 Changing the ligand density can
therefore affect their stability, too. A rigorous analysis of the
destabilizing mechanism of dilution requires the analysis of
both OAm concentration in the solvent and ligand shell
density.
The amount of OAm in freshly prepared AuNW dispersions

depends on the purification protocol. The literature contains
different approaches to remove the excess OAm after
synthesis; they involve precipitation by ethanol (sometimes
with the aid of centrifugation), removal of the supernatant, and
resuspension. We used three different protocols to purify
AuNWs after synthesis (Figure 2B): one cycle of centrifugation

at 100 rcf for 1 min (sample 1), two cycles of sedimentation
for 10 min (sample 2), and two cycles of centrifugation at 100
rcf for 1 min (sample 3). Appropriate dilution ensured that the
AuNW concentration remained constant for all three samples.
The three resulting dispersions were then dried and analyzed
for their organic content.
Thermogravimetic analyses in Figure 2C and Table 1

indicated distinct, but quantitatively different mass losses
between 140 and 470 °C in argon and after oxygen
introduction for all samples. The greatest loss of 52.2 ±
5.2 wt% was observed for sample 1 (Figure 2B). It is
reasonable to assume that all losses were due to the
decomposition of OAm, which implies a ratio of 0.708 ±
0.148 ligands per gold atom, far below the 40 ligands per gold
atom used in synthesis.15,16,24 This corresponds to a nominal
ligand density of 17.3 ± 3.6 ligands/nm2, far above the values
around 4−6 ligands/nm2 that are often reported for gold
nanoparticles.25 Thus, sample 1 must have contained
considerable amounts of unbound ligand. Sample 2 contained
0.216 ± 0.013 ligands per gold atom corresponding to an
intermediate nominal density of 5.3 ± 0.3 ligands/nm2, while
sample 3 only contained 0.183 ± 0.002 ligands per gold atom,
corresponding to 4.5 ± 0.1 ligands/nm2 (Figure 2B). It is not
possible at this stage to differentiate unbound from adsorbed
OAm. It is clear, however, that samples 1−3 contained
different total [OAm] values, and it is very likely that both the
ligand density and the unbound OAm concentration were
different for each sample.
We split and diluted the three samples 1−3 to observe the

effects on colloidal nanowire stability. Each sample was split in
eight aliquots, and pure cyclohexane was added to create series
with gold concentrations [Au] in the range of 1 to 8 mg/mL.
We let the samples equilibrate for at least 16 h and then used
SAXS to detect bundling for the full series (Figure 2D−F).
Clear scattering peaks from the diluted samples with the
smallest [OAm]/[Au] = 0.18 (Figure 2D) indicated
considerable bundling of up to 75% of AuNWs, while the
samples with the greatest [OAm]/[Au] = 0.71 had no
bundling visible in SAXS; see Figure 2F (we estimate the
limit of detection for bundles at approximately 5 %). Bundling
in the sample with intermediate [OAm]/[Au] = 0.22 began at

Figure 1. (A) Transmission electron micrograph (TEM) of ultrathin gold nanowires. (B) Radially integrated small-angle X-ray scattering (SAXS)
curves of ultrathin gold nanowires in cyclohexane at different concentrations. The tuples indicate a two-dimensional hexagonal lattice; curves were
shifted vertically for visibility. (C) Schematic of the hexagonal packing and center-to-center distances with mean and standard deviations of 82
samples.
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a dilution of [Au] ≈ 4 mg/mL and increased upon further
dilution.
These results indicate a stabilizing effect of OAm that is

reduced by dilution. We further investigated this correlation by
adding pure OAm to the dispersions. Sample 2 was enriched
with 1 mol of OAm for every mole of gold in order to reach
[OAm]/[Au] = 1.2 at [Au] = 6 mg/mL. This did not initiate
any bundling visible in SAXS (see Figure S3 in the Supporting

Information). Sample 3 was diluted to 2 mg/mL with pure
cyclohexane, which initiated bundling. Subsequent addition of
0.031 to 2.0 mol OAm per mol gold led to deagglomeration of
the AuNWs according to SAXS (Figure 3B).
We quantified the stabilizing effect of OAm using a SAXS

scattering model (Figure 3B).16,22,23 The model fits provide
the ratio of bundled and dispersed AuNWs (Figure 3C), the
diameter of the bundles’ cross sections (Figure 3D), and the

Figure 2. (A) Dilution and purification of AuNW dispersions shifts the adsorption equilibrium between free and adsorbed ligands to fewer
adsorbed ligands and “removes” ligands from the particles into the solvent. The extent of removal depends on the exact protocol. (B) Purification of
the as-synthesized samples involved precipitation by ethanol, removal of the supernatant, and resuspension. We tested three purification protocols
that differed in the number of purification cycles and use of centrifugation. (C) Thermogravimetric analysis (TGA) of dried AuNWs prepared with
different purification protocols indicated differences in organic content. The shaded areas indicate ±1 standard deviation of three independently
prepared samples. (D−F) Strong peaks in SAXS of sample 3 indicate that the AuNWs with the smallest OAm content agglomerated into hexagonal
bundles (see inset) at all concentrations. Sample 2 did not exhibit such peaks until diluted to approximately 4 mg/mL. Sample 1, with the highest
OAm content, did not agglomerate even upon maximal dilution. (The SAXS curves are shifted vertically for better visualization.)

Table 1. Amount of Ligand in the Three Different Samples as Obtained from the Thermogravimetric Analysis

sample name purification protocol residual mass (wt %) amount of ligand ([OAm]/[Au]) nominal density (ligands/nm2)

sample 1 centrifuged once 47.8 ± 5.2 0.708 ± 0.148 17.3 ± 3.6
sample 2 sedimented twice 75.0 ± 1.1 0.216 ± 0.013 5.3 ± 0.3
sample 3 centrifuged twice 78.0 ± 0.2 0.183 ± 0.002 4.5 ± 0.1
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number of nanowires per bundle (Figure 3E) as a function of
[OAm]/[Au]. Small changes in [OAm] strongly affected
bundling: increasing [OAm]/[Au] from 0.168 to 0.231
reduced the fraction of bundled AuNW from 0.7 to 0.39.
The exchange between adsorbed and unbound oleylamine is

fast (on the millisecond time scale) so that AuNW dispersions
rapidly reach an equilibrium.26,27 The maximum ligand shell
density of AuNW and the change of shell density with [OAm]
is presently unknown. The following considerations provide
useful estimates. We purified as-synthesized AuNWs three

times by centrifugation and determined [OAm]/[Au] for each
purification cycle. The ratio dropped from 40 ligands per gold
atom to 0.708 ± 0.148 ligands per gold atom in the first
purification cycle, then to 0.183 ± 0.002, and, finally, to 0.178
± 0.008 ligands per gold atom (see Figure S1 in the
Supporting Information), which corresponds to 4.5 ligands/
nm2. This provides an upper limit for the ligand shell density of
the AuNWs. A dense alkanethiol monolayer on a flat gold
surface has been reported to contain 4 ligands/nm2.28

Thermodynamic data indicates a free energy of adsorption

Figure 3. (A) Adding pure OAm ligand to AuNW dispersion shifts the equilibrium and leads to denser ligand shells. (B) Degree of bundling in
sample 3 at a gold concentration of 2 mg/mL decreased upon addition of pure OAm. The black solid lines show fits based on a scattering model for
bundled cylinders.16,22,23 The scattering curves (with the exception of that for [ΔOAm/Au] = 2.0) are shifted for better visualization. (C) Ratios of
bundled and dispersed AuNWs as obtained by the fits in part B. Error bars equal ±1 standard deviation from three independent experiments. (D)
Average lateral sizes of AuNW bundles and (E) average number of AuNWs per bundle as a function of [OAm]. The dashed lines are exponential
fits.
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for OAm on Au of ΔGads = −8.1 kJ/mol (see details in the
Supporting Infomration).19,28−34 Assuming equilibrium be-
tween unbound and adsorbed OAm and using the above
numbers suggest that agglomeration was induced at a grafting
density of about 90% corresponding to 4.1 ligands/nm2.
Dilution-induced agglomeration of AuNWs apparently

requires an incomplete ligand shell. The sparse shell induces
enthalpic and/or entropic attraction between the wires.
Temperature-dependent stability data can help in distinguish-
ing enthalpic from entropic mechanisms. We diluted sample 2
to [Au] = 4 mg/mL and observed bundling with SAXS at
temperatures between 25 to 65 °C. Each temperature was held
for 15 min to ensure thermal equilibration. The fraction of
bundles at 25 °C was minute; it increased to 45% when
increasing the temperature to 65 °C. The center-to-center
distance slightly increased from 5.9 to 6.1 nm. Given that
Brownian motion increases with temperature, this result clearly
suggests an entropic origin of dilution-induced AuNW
agglomeration.
Finally, we tested whether bundle formation upon dilution is

unique to cyclohexane or occurs in other solvents, too. To this
end, AuNWs were synthesized and purified as for samples 1
and 3 but were redispersed in n-hexane instead of cyclohexane.
We diluted the new samples with n-hexane and detected
bundling via SAXS as shown in Figure S4 in the Supporting
Information. The results were qualitatively similar to the
situation in cyclohexane: scattering peaks indicative of bundles
were only present at small [OAm]. The transition occurred at
[OAm] ≈ 14.2 mmol/L, which was far above that for
cyclohexane (≈ 3.2 mmol/L).

■ DISCUSSION
The aim of the following discussion is to identify the most
likely mechanism of dilution-induced bundling in AuNWs.
First, we discuss and rule out well-known agglomeration
mechanisms. An entropic model based on the depletion of
unbound ligand is then introduced and shown to be consistent
with the experimental results.
Solid particles in nonpolar dispersions attract each other due

to dispersive van der Waals (vdW) forces. Stability requires
opposing them with repulsive interactions; these are often
entropic or “steric” forces caused by the overlap of ligand
shells.35−37 The magnitude of such repulsive forces depends on
the length of the ligands and their grafting density. Shorter
ligands and smaller grafting densities reduce repulsion.38−41

Reducing the grafting density of ligands on AuNWs by
dilution could induce bundling by reducing steric repulsion so
that vdW forces become dominant. However, several
experimental observations are inconsistent with this idea.
First, bundling driven by vdW forces should lead to
compressed ligand shells. The measured interwire distance
(center-to-center) in cyclohexane was 5.9 ± 0.2 nm, above the
distance of 5.5 nm reported for neighboring nanowires whose
ligand shells no longer touch.18 Second, the vdW interaction
energy between two parallel gold cylinders with a diameter of
1.7 nm at a distance of 5.9 ± 0.2 nm in alkanes is very likely
too small to cause agglomeration. An estimate using standard
expressions (eq S2 in the Supporting Information; see, for
example, Parsegian42) indicates an interaction energy of
approximately 1.245 × 10−3 kBT/nm of wire contact, below
the thermal energy even if two AuNWs formed contact over
several hundred nanometers. Third, raising the temperature
increased bundling, which indicates an entropic rather than an

enthalpic mechanism (see Figure 4). Note that increasing
temperature may affect the ligand shell density by shifting the

adsorption equilibrium. However, we found that AuNW
spacing increased with temperature and conclude that an
entropic destabilization mechanism is at play.
The bundling of AuNWs in linear alkanes has recently been

explained with the depletion of ordered solvent molecules in
the direct vicinity of the ligand shell.18 Dense wire packing
reduces the loss in rotational entropy of solvent molecules,
because the bundled wires share domains of ordered solvent.
The resulting entropic force is attractive (on the order of
0.2 kBT/nm of wire contact) and leads to bundling. Our
experiments show that this mechanism can be induced by
dilution, because it requires sufficiently sparse ligand shells
(Figure S4 in the Supporting Information). Could this entropic
mechanism explain the effect of dilution-induced bundling in
cyclic alkanes, too?
The entropic mechanism requires solvent molecules that

align in the ligand shell. The structure of cyclohexane makes it
difficult for the molecule to align in a way that markedly
reduces entropy. The linear ligand molecule OAm, in contrast,
readily aligns and is known to interdigitate into the ligand
shell.43 It is very likely that unbound OAm plays the role of n-
alkanes in entropic bundling18 for the case of dilution-induced
bundling in cyclohexane. Unbound OAm that interdigitates in
the shell of bound OAm loses entropy (upper part of Figure
5B). When AuNWs bundle, they can share ordered OAm
molecules so that the low-entropy domains overlap and some
of the entropic losses are avoided (lower part of Figure 5B).
Dense ligand shells prevent preferential alignment of unbound
OAm and remove the driving force for bundling (Figure 5A).
It is instructive to compare this mechanism to the action of

the well-known “depletion forces” that can initiate agglomer-
ation of colloidal particles. Depletion forces can occur if a
colloid contains smaller particles or molecules (the “deple-
tants”) that cannot enter the liquid volumes in the immediate
vicinity of the larger particles. The resulting gradients in
depletant concentration give rise to an osmotic pressure that
pushes the larger particles together.36,37,44 The concentration
gradient can be due to steric limitations or (for anisotropic
depletants) entropic constraints. For example, rod-shaped
depletants that orient parallel to the surface of the larger
particles lose rotational entropy and thus form a concentration

Figure 4. Temperature-dependent SAXS on sample 2 at
[Au] = 4 mg/mL. Increasing temperatures led to additional bundling
as visible in the growing structure peaks.
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gradient.45−51 One may argue that the mechanism above
involves a depletion force that is caused by alignment of the
depletant OAm normal to the AuNW surface in the sparse
ligand shell.
The role of unbound molecules in nonpolar dispersions has

recently attracted interest more broadly. Current reports
indicate that the formation of nanoparticle superlattices from
nonpolar solvents can be tuned by adding unbound oleic acid
or oleylamine to the dispersion, where they act as
depletants.43,52−55 Winslow et al.43 used molecular dynamics
simulations to show that free oleic acid preferably interdigitates
into ligand shells and associated this ligand shell swelling with
a change in the crystal structure from bcc to fcc. Baranov et
al.52 assembled semiconductor nanorods covered by phospho-
nate and trioctylphosphine oxide into hexagonal arrays by
adding oleic acid and other macromolecules. These reports
highlight the role of unbound ligands and similar molecules as
destabilizing agents.

■ CONCLUSIONS
We studied the agglomeration of AuNWs into crystalline
bundles upon dilution. Only AuNWs with sufficiently sparse
ligand shells exhibit this unusual type of self-assembly. We
show evidence for an entropy-driven self-assembly mechanism
based on the depletion of linear molecules. Linear solvent or
unbound ligand molecules initiate bundling when they
interdigitate into the ligand shell and lose some of their
rotational entropy.
Note that unbound ligands are in a dynamic equilibrium

with the adsorbed ligands on the particles. It is thus impossible
to completely remove the destabilizing agent. Few cases of
agglomeration by unbound ligand have been reported in

literature, possibly because it is often difficult to conclusively
identify the depletant that causes entropic attraction. Note that
the mechanism described here is not unique to ultrathin gold
nanowires and likely to operate in other nanowires or
nanoparticle dispersions with ligands of linear shape.
Our findings have several implications. First, bundling can

be turned on and off by controlling the number of adsorbed
and excess ligands in the system. This could be of interest for
processes that require switching between dispersed and
assembled AuNWs such as stamp imprinting AuNWs into
transparent conductive electrodes.14 Second, the ligand
grafting density is of importance to colloidal systems beyond
the “simple” task of stabilizing a colloid against the van der
Waals attraction. Molecular dynamics simulations by Gao et
al.18 indicate that the interaction energies caused by the
proposed mechanism are small (on the order of 0.1 to 1 kBT/
nm) and can induce bundling only because the attraction
accumulates along an elongated contact line of several 10 to
100 μm. Equally large contact areas might be formed between
assembled nanosheets or nanoplatelets56−58 and between
larger spherical nanoparticles. In such systems, future research
may have to pay more attention to grafting densities and the
chemical equilibria between adsorbed and unbound ligand.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10919.

Additional figures on the grafting density and AuNW
dispersions with added oleylamine and in n-hexane and
additional data and rationale on the adsorption energy,

Figure 5. Illustration of the proposed mechanism. (A) Dense ligand shells preclude interdigitation of unbound ligand into the shell. (B) Sparse
ligand shells provide gaps where unbound ligand can interdigitate and orient. The associated decrease in entropy is minimized if nanowires form
bundles to share domains of ordered ligands (shaded area). The drawings are approximately to scale and show the cross sections of a 1 nm-long
wire segment with a shell denser (4.5 ligands/nm2) (A) and sparser (3.6 ligands/nm2) (B) than the measured threshold for bundling
(4.1 ligands/nm2).
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as well as calculations on the van der Waals interaction
energy (PDF)
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Flexible and transparent electrodes imprinted from
metal nanostructures: morphology and opto-
electronic performance†

Lukas F. Engel, b Lola González-Garćıa *b and Tobias Kraus *ab

We directed the self-assembly of nanoscale colloids via direct nanoimprint lithography to create flexible

transparent electrodes (FTEs) with metal line widths below 3 mm in a roll-to-roll-compatible process.

Gold nanowires and nanospheres with oleylamine shells were imprinted with soft silicone stamps,

arranged into grids of parallel lines, and converted into metal lines in a plasma process. We studied the

hierarchical structure and opto-electronic performance of the resulting grids as a function of particle

geometry and concentration. The performance in terms of optical transmittance was dominated by the

line width. Analysis of cross-sections indicated that plasma sintering only partially removed the insulating

ligands and formed lines with thin conductive shells and a non-conductive core. We provide evidence

that the self-assembly of high-aspect nanowires can compensate for defects of the stamp and substrate

irregularities during imprinting, while spheres cannot. The wire-based electrodes thus outperformed the

sphere-based electrodes at ratios of optical transmittance to sheet resistance of up to z 0.9% Usq
!1,

while spheres only reached z 0.55% Usq
!1.

1 Introduction
Solar cells, light-emitting diodes, and other devices that convert
between photons and excitons require transparent conductive
electrodes. They are oen based on thin lms of noble metals,
indium tin oxide, semiconductor polymers or hybrids, networks
of graphene or carbon nanotubes, metal nanowires, or metal
grids.1,2 All of them can be used to create exible transparent
electrodes (FTEs) on thin, exible and transparent polymer
substrates, with performances that depend on the material and
the layer morphology.

Metal grids are particularly cost-effective transparent elec-
trodes that can be customized:3 their sheet resistance and
optical transmittance are dened by the chosen grid geometry
and vary with pattern, pitch, conductor width, and conductor
thickness.4 Foldable high resolution displays, for instance,
require FTEs with a large density of separate, parallel conduc-
tors to control the individual pixels. This can be realized with
a dense grid of very narrow lines that provide high optical
transmittances. The thickness of the lines can be tuned to
achieve a conductive cross section that yields an acceptable

sheet resistance. Both requires a process that can pattern dense,
narrow lines.

E-beam lithography offers the necessary resolution but has
a low throughput.5 Printing techniques have been reported to
improve fabrication speed. Many are limited to line widths
above several micrometers, requiring large pitches to attain
transparency. Zhu et al.6 combined an electric-eld-driven
microscale 3D printing technique with a hybrid hot-
embossing process to fabricate Ag-based square grid FTEs
with sheet resistances of 0.75 Usq and optical transmittances of
T500 z 85.79% at a line width of 10 mm and a pitch of 1000 mm.
Wang et al.7 report sheet resistances of 0.86 Usq and optical
transmittances of T500 z 91.26% at a line width of 18 mm and
a pitch of 800 mm for their Ag-based square grid FTEs fabricated
via ultra-fast laser direct writing. Le Zhao et al.8 demonstrate
FTEs based on Cu/Ni square grids, fabricated using lithography
and electroplating. They achieved sheet resistances of 0.13 Usq

and optical transmittances of T500 z 86% at a line width of 8
mm and a pitch of 170 mm. Zhou et al.9 inkjet printed Ag-based
square grid FTEs with sheet resistances of 9.56 Usq and optical
transmittances of T500 z 64.05% at a line width of 46.2 mm and
a pitch of 200 mm. Li et al.10 screen printed Ag-based honeycomb
FTEs with sheet resistances of 27Usq and optical transmittances
of T500 z 67% at a line width of 200 mm and a pitch of 1040 mm.
Scraping is an alternative 5-step process where the electrode
material is spread across a previously prepared substrate pre-
patterned with recesses and can yield 3 mm wide lines, for
example.11
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Nanoimprinting combined with self-assembly provides an
efficient 2-step route to grids of sub-micron metal lines.12–18

Dispersions of metallic nanocolloids (colloidal inks) can be
imprinted under ambient conditions in a roll-to-roll compatible
process with a patterned polymer stamp that is being rolled over
the substrate.19,20 The colloidal ink is conned in the stamps'
cavities and the solvent permeates through the polymer. The
dispersed particles self-assemble into features dened by the
stamp. Particle geometry and concentration can be tuned to
affect self-assembly and the resulting structures.20 Metallic
nanocolloids oen carry organic ligand shells that prevent
agglomeration and have to be removed aer imprinting, for
example in a plasma.21

Maurer et al.19 nanoimprinted self-assembling Au nanowires
with a core diameter of 1.6 nm, an aspect ratio on the order of
103, and an oleylamine ligand shell. The wires self-assembled
into bundles inside the square grid dened by the stamp. The
resulting grid was sintered using a low-pressure, room
temperature plasma treatment that retained the overall geom-
etry and did not damage the thin polymer substrate. The
resulting FTEs had sheet resistances of 128 Usq/196 Usq (in
printing direction/perpendicular) and optical transmittances of
T500 z 86% at line widths of 1.41 mm/0.91 mm and a pitch of
19.5 mm.19 Kister et al. imprinted Au nanospheres with a core
diameter of 3.2 nm and C4-, C8- or C12-thiols or amines. Both
reports used the same printing method that we study here, but
different process parameters and particle ligands. The best-
performing FTEs formed from particles with dodecylamine
ligand shells and had sheet resistances of 150 Usq and optical
transmittances of T500 z 91% at line widths < 1 mm and a pitch
of 19.5 mm.20 The basic functionality of such nanoimprinted
electrodes was demonstrated by integrating them into capaci-
tive and resistive touch devices.19 Other examples for the inte-
gration of nanoimprinted electrodes into functional devices
include organic eld effect transistors,13,15 nanobatteries22 and
exible organic light-emitting devices.23

The structure–property relations between the morphology of
metal conductors formed during nanoimprinting and the opto-
electronic electrode performance are not fully understood.
There are, however, some studies on spin-coated, inkjet-printed
and drop-casted nanoparticle assemblies and the effect of
plasma sintering on their morphology and/or sheet resistance.
Shaw et al.24 investigated crack formation in spin-coated
assemblies of ligand-capped colloids (varying in composition,
shape, size and ligand as well as the used solvent) on Si
substrate during drying, O2 plasma-induced ligand removal,
and thermal sintering. They found that close-packed and
ordered particle packing always led to cracking, while disor-
dered particle lms with thicknesses up to 440 nm remained
crack-free. Reinhold et al.25 studied the effect of Ar plasma
sintering on the morphology and resistivity of inkjet printed
tracks (Ag nanoparticles with a diameter of 5 to 10 nm in tet-
radecane) on polymer substrates. They report the formation of
a conductive Ag skin layer and a non-conductive core. The skin
layer thickness was independent of the printed layer thickness
and increased with plasma treatment time before saturating.
Ma et al.26 investigated the effect of Ar plasma sintering on the

morphology of drop-casted layers of Ag nanoparticles (gum
arabicum capped, 23 nm and 77 nm in diameter, dispersed in
DI water) on glass and the resulting sheet resistance. Plasma
sintering converted discrete particles to a more continuous lm
with time, and increasing RF power accelerated this transition.
A simple parallel circuit model was formulated based on a fully
sintered skin layer and a less or non-conductive core. Assuming
a non-conductive core, the calculated skin layer resistivities
matched the morphological development with increasing
plasma sintering time and increasing RF power well.

Here, we study the effects of particle shape and superstruc-
ture formation on the conductor morphology and opto-
electronic performance. Au nanowires (wires) and Au nano-
spheres (spheres) were imprinted as grids of parallel lines with
a width of about 1.6 mm and a pitch of 19.5 mm at different Au
concentrations cAu on polyethylene terephthalate (PET) foil. The
lines underwent H2/Ar plasma sintering. We quantied the
performances of the resulting transparent electrodes using
a gure of merit (FOM) and compared them to the electrode
morphologies before and aer plasma sintering. We found that
wires form lines with a coarse surface microstructure and
pronounced bleeding, while spheres form smooth lines with
less bleeding. The plasma formed a conductive shell and a non-
conductive core for both particle types, with the thicker shell in
case of the spheres. Electrode performance was dominated by
defect densities, where wires outperformed spheres because
they better bridged stamp and substrate irregularities during
imprinting. The FOM always increased with increasing cAu,
but the FOM with wires was at least 3.4 times higher at any
given cAu.

2 Materials and methods
2.1 Synthesis of Au nanowires/-spheres

2.1.1 Chemicals. Tetrachloroauric(III) acid trihydrate
(HAuCl4$3H2O) was synthesized according to Schubert et al.,27

oleylamine (Acros Organics, C18 content of about 80–90%) was
purchased from Fisher Scientic GmbH (Schwerte, Germany)
and ltered with a 0.45 mm Rotilabo-PTFE syringe lter from
Carl Roth GmbH + Co. KG (Karlsruhe, Germany) prior to each
usage to remove any oxidized residues, triisopropylsilane (95%)
and n-hexane (at least 99% p.a.) were obtained from abcr GmbH
(Karlsruhe, Germany), pentane (Sigma Aldrich, for HPLC,
$99%) and borane tert-butylamine complex (Sigma Aldrich,
97%) were obtained from Merck KGaA (Darmstadt, Germany),
cyclohexane (ROTISOLV $ 99.9%, GC Ultra Grade) was bought
from Carl Roth GmbH + Co. KG (Karlsruhe, Germany) and
absolute ethanol (99.8%, analytical reagent grade) was procured
from Fisher Scientic GmbH (Schwerte, Germany). All chem-
icals were used without further purication unless explicitly
mentioned.

2.1.2 Syntheses. Ultrathin nanowires (AuNW) with a gold
(Au) core and an oleylamine (OAm) ligand shell were syn-
thesised according to Nouh et al.,28 a route based on the original
research by Feng et al.29 Nanospheres (AuNP) with Au cores and
OAm ligand shells were synthesised according to Kister et al.,20

a route based on the original research by Wu et al.30

© 2022 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2022, 4, 3370–3380 | 3371

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 0
5 

Ju
ly

 2
02

2.
 D

ow
nl

oa
de

d 
on

 7
/2

1/
20

24
 3

:2
3:

41
 P

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.
View Article Online



In a typical AuNW synthesis, 60 mg of HAuCl4$3H2O (10mM)
were weighed into a disposable 50 mL glass snap-on vial from
Carl Roth GmbH + Co. KG (Karlsruhe, Germany). Then, 9.9 mL
of n-hexane and 2.04 mL of oleylamine (400 mM) were added.
The mixture was vortexed for 1 min to fully dissolve the Au acid.
Then, 3.06 mL (1 M) of triisopropylsilane (TIPS) were added as
reducing agent. The solution was vortexed for 30 s and kept in
an oven at 25 "C for 24 h without any mechanical agitation.

The highly hygroscopic HAuCl4$3H2O was weighed in dry in
a glove box from SylaTech GmbH (Walzbachtal, Germany)
because the presence of water results in shorter wires.31 The
reaction vessel was lled with dry Ar. OAm acts both as ligand
and as reducing agent, albeit weaker than TIPS. OAm and TIPS
were added in that order using a 5 mL pipette. The interval
between injections was minimized to avoid reduction in the
absence of TIPS.

In a typical AuNP synthesis, 200 mg of HAuCl4$3H2O were
weighed into a disposable 100 mL glass snap-on vial from Carl
Roth GmbH + Co. KG (Karlsruhe, Germany) under ambient
conditions because the synthesis is less water sensitive. Then,
16 mL of pentane and 16 mL of OAm were added. The mixture
was stirred at 500 rad min!1 and room temperature for 45 min
(solution A). In the meantime, 80 mg of tert-butylamine borane
were dissolved in a mixture of 4 mL pentane and 4 mL OAm
(solution B). Aer precisely 45 min (the waiting time determines
the sphere diameter), solution B was added to solution A and
the color turned immediately dark brown. Then themixture was
stirred for another 60 min with a loose lid.

2.1.3 Purication, dilution, and storage. Aer synthesis,
AuNW were puried by adding twice the reaction volume of
absolute ethanol and shaking the snap-on vial. Sedimentation
occurred in a Rotanta 460 RS centrifuge from Andreas Hettich
GmbH & Co. KG (Tuttlingen, Germany) with a swing-out rotor at
110 rcf for 2 min and the slowest possible deceleration. The
supernatant was discarded and the wires were re-dispersed in
an amount of n-hexane corresponding to the original reaction
volume. The purication procedure was repeated before re-
dispersing the wires in cyclohexane to obtain a stock disper-
sion of cAu z 10 mg mL!1 (estimated based on HAuCl4$3H2O
weighed in and 100% yield).

The purication of AuNP was similar, but with centrifuga-
tion at 3435 rcf and 5 min for the rst and 3435 rcf and 60 min
for the second step. The AuNP were re-dispersed to cAu z 30 mg
mL!1.

Other ink concentrations were produced through dilution of
the respective stock dispersion. AuNW inks were stored in
a fridge at 5 "C, AuNP inks were stored at room temperature for
16 h before usage.

2.2 Small-angle X-ray scattering (SAXS)

Sphere diameter and dispersion state were characterized via
SAXS. The dispersion was transferred to glass mark-tubes from
Hilgenberg GmbH (Malfeld, Germany) with an inner diameter
of 1.5 mm. The tubes were sealed with a fast-curing two-
component epoxy from R&G Faserverbundwerkstoff GmbH
(Waldenbuch, Germany) to prevent solvent evaporation.

The scattering setup, a Xeuss 2.0 HR SAXS/WAXS instrument
from Xenocs SAS (Grenoble, France) used a Cu Ka source and
a detector PILATUS3 R 1 M from DECTRIS AG (Baden, Swit-
zerland) at a distance of about 550 mm from the samples. The
distance was calibrated with a Ag behenate sample before each
measurement. Each sample was measured for a total of 30 min.
The two-dimensional scattering images were azimuthally inte-
grated with the soware Foxtrot from Synchrotron SOLEIL
(Saint-Aubin, France) to obtain the scattering curves. The
solvent background was measured separately and subtracted.
To determine the average sphere diameter, tting of the scat-
tering curves was performed with the soware SASt from the
Laboratory for Neutron Scattering at Paul Scherrer Institute
(Villigen, Switzerland).

2.3 Nanoimprinting

2.3.1 Substrate cleaning. PET substrates of type Melinex
401 CW from DuPont Teijin Films UK Ltd (Redcar, United
Kingdom) with a thickness of 0.75 mm were cleaned using an
ultrasonic bath in a custom-made cleaning rack using the
following sequence of solvents: 5 min acetone, 5 min ethanol,
and 5 min Milli-Q ultrapure water. The substrates dried for
30 min at 60 "C, just below their glass transition temperature of
70–80 "C. Acetone removed any grease residues, ethanol and the
ultrapure water removed acetone and increased polarity, the
ultrapure water dried without residues.

2.3.2 Polydimethylsiloxane (PDMS) imprinting stamp
fabrication. PDMS imprinting stamps were fabricated in a two-
step-moulding process. First, a PDMS master was moulded off
a silanized silicon master from AMO GmbH (Aachen, Germany)
with a pattern of parallel line channels (patterned area Az 7 cm
# 7 cm, pitch p z 19.5 mm, channel width wc z 1.6 mm and
channel depth dc z 4.2 mm). The imprinting stamp was moul-
ded off the silanized master stamp.

Silanization was performed directly on the silicon master
and aer plasma activation of the PDMS master for 1.5 min
using an oxygen plasma at 0.3 mbar in a low pressure plasma
reactor of type Pico from Diener electronic GmbH & Co. KG
(Ebhausen, Germany). Silanization took place inside a conven-
tional glass desiccator with a snap-on vial cap containing 30 mL
of (tridecauoro-1,1,2,2-tetrahydrooctyl)trichlorosilane from
abcr GmbH (Karlsruhe, Germany). The vial was shielded from
the masters to increase uniformity. The desiccator was ushed
with Ar, evacuated to 3 mbar, and disconnected from the
vacuum pump. Aer 30 min, the desiccator was slowly venti-
lated with air.

PDMS base and curing agent, Sylgard 184 from Dow Inc.
(Midland, USA), were mixed in a 10 : 1 (w/w) ratio and degassed
in a Speedmixer DAC 600.2 VAC-P from Hauschild GmbH & Co.
KG (Hamm, Germany) at a speed of 2350 rpm and a pressure of
1 mbar for 3 min. The mixture was poured onto the respective
master with a Teon spacer ring (2 mm thick) and a glass plate
as top sealing. The PDMS was fully cured at 80 "C for 3 h and the
replica were carefully peeled off along the stamp channels.

Imprinting stamps were cut into two parts with an area of
3.5 cm # 8 cm of which 3.5 cm # 7 cm were patterned. Larger
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areas can be printed using the complete imprinting stamp.19

The at 3.5 cm # 0.5 cm at either end of the stamp served as
run-in and run-out areas during imprinting.

2.3.3 Nanoimprinting. Nanoimprinting was carried out
using a modied TQC Sheen automatic lm applicator from
Industrial Physics Inks & Coatings GmbH (Hilden, Germany),
equipped with a custom-made 3 kg steel cylinder (8 cm in
diameter and height) that was moved at a constant speed of
4 mm s!1. The PDMS stamps were attached to the steel cylinder
using a double-sided tape from tesa SE (Norderstedt, Germany).
Immediately before imprinting, 60 mL of ink were injected
directly into the gap between the PDMS imprinting stamp and
the PET substrate using a pipette. Continuous processing is
possible e.g. using a syringe pump for the ink. Aer imprinting,
ink residues on the PDMS stamp were removed using Scotch
Magic Tape from 3 M Deutschland GmbH (Kleinostheim, Ger-
many). There was no degradation of the stamps apparent from
the geometry of the prints aer using the same stamp for 60
prints. A detailed, illustrated description of the nanoimprinting
process is included in Section 1 of the ESI.† Note that nano-
imprinting is sensitive to humidity and has to be carried out
well above the dew point to avoid capillary condensation. We
typically imprinted at 22 "C and 55% rH at a dew point of
12.5 "C.

2.4 Plasma sintering

Plasma sintering was performed in a low pressure 13.56MHz RF
plasma reactor of type Pico from Diener electronic GmbH & Co.
KG (Ebhausen, Germany) immediately aer nanoimprinting.
Ar/H2 (95% Ar and 5% H2) was used as process gas. The
procedure was carried out at room temperature andz 0.3 mbar
for 20 min with 100 W RF power.

2.5 Sheet resistance measurements

Sheet resistances were determined in a 2-point-probe congu-
ration using a multi-channel multi-meter (DAQ6510 data
acquisition logging multi-meter system) equipped with multi-
plexer cards (7702 40-channel differential multiplexer module
with screw terminals) from Keithley Instruments GmbH (Ger-
mering, Germany). The electrodes were contacted using a fast
drying Ag paste ACHESON Ag DAG 1415 from Plano GmbH
(Wetzlar, Germany) and AGF 1 miniature crocodile clamps from
SKS Kontakttechnik GmbH (Niederdorf, Germany). Ag paste
was applied in two parallel lines, each 1.5 cm long and spaced
1.5 cm apart, resulting in a square measurement eld. The
determined resistances corresponded directly to the desired
sheet resistances.

2.6 UV-vis spectroscopy

The optical transmittance of the electrodes was determined
with a Cary 5000 UV-vis-NIR spectrophotometer from Agilent
Technologies Deutschland GmbH (Waldbronn, Germany) with
a tungsten halogen light source for the visible range and
a deuterium arc light source for the UV range. The samples were
mounted behind blackened metal masks with circular aper-
tures (5 mm in diameter). Measurements were performed in

double-beam mode against air at scan rates of 600 nm min!1.
The samples were placed such that the blank sides were in
contact with the mask to prevent any damage to the electrodes
on the other side. Baselines of bare PET substrates were recor-
ded as references.

2.7 Confocal laser scanning microscopy (CLSM)

The electrodes' surface topographies were characterized using
a MarSurf CM explorer from Mahr AG (Thalwil, Switzerland) at
100-fold magnication, which corresponded to a measuring
eld of about 161 mm by 161 mm. The vertical resolution was
2 nm, the lateral resolution 320 nm, effectively allowing for data
points every z 130 nm. For a single topography map, 1240
equidistant height traces across eight parallel conductor
segments were acquired. Data analysis was performed with
Python (Anaconda distribution) as described below. Note that
CLSM overestimates the height of the material at the edge of the
lines, blurring the edge. We thus detected the edge with a slope-
based (m) termination criterion (absolute values of m: jmwiresj#
0.03 and jmspheresj # 0.06) for both S-shaped sides of the
Gaussian conductor prole.

2.8 Cross-sectioning via focused ion beam (FIB)

The conductor cross sections were prepared using a FEI Versa
3D DualBeam from Thermo Fisher Scientic GmbH (Schwerte,
Germany). The conductors were protected by subsequently
deposited layers of Pt using the electron beam rst, then the ion
beam.

2.9 Transmission electron microscopy (TEM)

Dry particle samples were prepared by diluting AuNW and AuNP
dispersions to concentrations of approximately 0.1 mg mL!1

and drop-casting 3 mL on a carbon-coated copper grid from
Plano GmbH (Wetzlar, Germany). All samples were character-
ized at an acceleration voltage of 200 kV in a JEM 2010 from
JEOL GmbH (Freising, Germany).

2.10 Scanning electron microscopy (SEM)

Scanning electronmicrographs were recorded using either a FEI
Quanta 400 ESEM or a FEI Versa 3D DualBeam from Thermo
Fisher Scientic GmbH (Schwerte, Germany) with secondary
electron detectors. The electrodes for SEM were imprinted onto
polished, p-type silicon wafers from Siegert Wafer GmbH
(Aachen, Germany).

3 Results and discussion
Fig. 1 illustrates the trade-off between electrical resistance R and
optical transmittance T of metal grid-based FTEs. We prepared
grids of parallel lines using gold nanosphere (AuNP) and gold
nanowire (AuNW) colloids with increasing concentration cAu
(three samples per concentration), plasma-sintered them, and
compared their average transmittances T400!800 in the visible
range (from 400 nm to 800 nm) to their sheet resistances Rsh. It

© 2022 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2022, 4, 3370–3380 | 3373
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is convenient to express the overall performances using the
Figure of Merit developed by Fraser and Cook,32

FOM ¼ T400!800$R
!1
sh ; (1)

that compares the ratio of the mean optical transmittance
T400!800 and the sheet resistance Rsh.

The concentrations of the colloids were varied in the range of
1–10 mg mL!1 for the wires and 3–30 mg mL!1 for the spheres.
The lower limit was set by percolation; the upper limit was set by
requiring a minimum optical transmission of 85%. Darker
colors in the plots indicate larger concentrations.

Sheet resistance and optical transmittance decreased with
increasing cAu for both wires and spheres, but wires always had
lower T400!800 and Rsh for a given concentration. Functional
electrodes could be made from both wires and spheres in the
range cAu˛ 3 to 10 mgmL!1. The FOM for wire-based electrodes
in this range was at least 3.4 times larger than that of sphere-
based electrodes. Resistances were more sensitive to cAu than
transmittances, and the FOM increased with cAu for both
nanocolloids. FTEs with the same optical transmittance always
had lower Rsh when made from wires. Interestingly, dFOM/dcAu
for wire-based electrodes abruptly decreased at cAu z
5 mg mL!1 to 75%. The highest FOM z 0.9% Usq

!1 of all FTEs
in this study was for AuNW at cAu ¼ 10 mg mL!1.

In the following, we analyze the effect of particle shape on
grid morphology, starting with nanowires. The wires (Fig. 2A)
had a core diameter dw of 1.7 nm28 and lengths lw between
2 mm33 and 6.4 mm34 (aspect ratio on the order of 103). Previous
studies have shown that 70% of the wires at the concentrations
used here are part of dispersed bundles.35

Fig. 2 shows top-view electron micrographs of grids
imprinted from wire dispersions with cAu ¼ 6 mg mL!1 on
doped Si before (B) and aer (C) plasma sintering. Approxi-
mately 90% of the wires were concentrated and aligned in lines
of width wc, the rest exceeded the boundaries (bleeding) and
was only partially aligned. A sharp ridge formed in the center of

the line. Plasma sintering partially removed the oleylamine and
blunted the ridge. The wires in particularly thinly covered areas
of the bleeded part fragmented, rendering them non-
conductive. Fig. 2D shows the prole of a plasma-sintered line
on PET foil obtained from CLSM. The wires formed a at,
Gaussian prole that was wider than the stamp feature, prob-
ably because the material owed when the stamp was removed.

Bundling wires form extended networks.12,19,36 We propose
that they are gel-like and cannot be easily displaced by the
stamp, which causes further bleeding (Fig. 2B and C). Defects in
the conformal stamp-substrate contact due to edge imperfec-
tions and reduced contact pressure around the channel edges
aggravate the effect.37

Fig. 2E is a transmission electron micrograph of a plasma-
treated line on a silicon substrate. The change of the cross-
sectional prole during plasma sintering was minor. Only the
outermost part of the conductor was fully sintered, resulting in
a structure with ametallic Au shell (average thickness tshell¼ 5.7
% 1.1 nm) and a hybrid, probably less conductive core. The
plasma did not fully penetrate the deposited material, probably
because shell formation is self-limiting. This explains why
extended plasma sintering barely lowered Rsh. The cross section
conrms that material beyond wc contributes to conductivity
and suggests that CLSM overestimates the height of the non-
conductive areas next to the conductor. The shell of the center
part was porous asmarked in Fig. 2E, probably due to the AuNW
bundle superstructure.

Compare, now, the wire-derived lines to samples formed
from spheres. We imprinted Au cores with diameters dsp of
about 3.7 nm that were coated with a dense shell of OAm (shell
thickness approximately 2 nm) as seen in Fig. 3A. They were
fully dispersed according to Small Angle X-ray Scattering (Fig. S3
of the ESI†). Fig. 3 shows top-view electron micrographs of
imprinted grids formed at cAu ¼ 30 mg mL!1 on doped silicon
before (B) and aer (C) plasma sintering. The lines were sharply
delineated with little bleeding and a homogeneous surface

Fig. 1 (A): Sheet resistances Rsh and optical transmittances T400!800 for wire- and sphere-based electrodes directly after plasma sintering. Data
for electrodes with Rsh that exceeded the scale are not included (Section 2 of the ESI† has the complete data set). (B): Dependence of
FOM ¼ T400!800$R!1

sh with concentration cAu. All graphs show average values from three measurements, the standard deviation, and a fit (dashed
lines). Light colours represent the lowest and dark colours the highest Au concentrations in the printed colloids.
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Fig. 2 Typical morphological features of lines printed from AuNW at cAu ¼ 6 mg mL!1 before and (purple flash) after plasma. (A): TEM image of
dried and self-assembled wires. (B): SEM image (top-view) of a printed line. (C): SEM image (top-view) of a printed, plasma-sintered line; the white
arrow indicates one of the typical crack-like defects which start forming at 6mgmL!1 in the bleeded parts. (D): Height trace of a printed, plasma-
sintered line. (E): TEM image of a cross-section of a printed, plasma-sintered line. Inset: A shell formed by the plasma. The red dashed circles
indicate gaps within the shell.

Fig. 3 Typical morphological features of lines printed from AuNP at cAu ¼ 30 mg mL!1 before and (purple flash) after plasma. (A): TEM image of
dried and self-assembled spheres. (B): SEM image (top-view) of a printed line. (C): SEM image (top-view) of a printed, plasma-sintered line. (D):
Height trace of a printed, plasma-sintered line. (E): TEM image of a cross-section of a printed, plasma-sintered line. Inset: A shell formed by the
plasma.

© 2022 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2022, 4, 3370–3380 | 3375
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microstructure. The difference to wires is probably due to the
spheres' excellent dispersion state even at high cAu towards the
end of the printing process. A ridge formed along the centre that
was blunted by the plasma sintering and is no longer visible
aer plasma sintering. The center line microstructure remained
homogeneous aer plasma; coalescence and island formation
beyond the dened feature did not contribute to conductivity.

Fig. 3D shows the CLSM prole of a plasma-sintered line on
PET with a similar Gaussian prole as for nanowires above.
Fig. 3E depicts the core–shell structure with a shell thickness
tshell ¼ 8.1 % 1.4 nm, slightly above that for wires, and a non-
porous structure. Lines printed at cAu ¼ 12 mg mL!1 had
similar features. At lower concentrations, closer to the perco-
lation threshold, pores and disconnected segments formed
(Fig. S7 in the ESI†).

In the following, we analyze the effect of particle concen-
tration on the geometry of the printed, plasma-sintered grids.
Confocal metrology provided a total of twenty height proles
measured on PET – one at each of the respective ten cAu for both
wires and spheres. Fig. 4A and B show topography maps of
selected conductor segments, Fig. S4 and S5 of the ESI† show
larger areas for the lowest and highest cAu. We detected the
edges of printed lines using a slope-based termination criterion
(see Materials & Methods Section on CLSM). The cross sections
of the shells were calculated by multiplying the average tshell

(Section S6 in the ESI†) with the outer contour length. Themean
values of w, hmax and Ashell as a function of gold concentration
are shown in Fig. 4C, D and E.

The width and height of wire-derived imprinted lines
increased with cAu (Fig. 4A). The height of sphere-derived
imprinted lines increased with cAu, while their width was
maximal at the lowest concentration and minimal at
12 mg mL!1. The difference between wires and spheres is likely
due to the different agglomeration mechanisms. A considerable
fraction of wires at cAu ¼ 1 mg mL!1 is bundled,35 while spheres
are still well dispersed at 30 mg mL!1 (Fig. S3 in the ESI†).

The variation of dw/dcAu for spheres is likely connected to ink
viscosity and agglomeration. Low-concentration inks tend to
have low viscosities, low contact angles, and longer drying
times. They can easily migrate beyond wc before complete
solvent evaporation. Higher concentrations increase the
viscosity and agglomeration rate, reducing w to below wc. A
small fraction of the ink still bleeds, and the highest concen-
tration leads to a perceptible amount of metal deposited beyond
wc.

For wires, dhmax/dcAu showed an increase at 3 mgmL!1 which
roughly coincided with w reaching wc. This suggests that at
lower concentrations, particles can freely assemble into
increasingly wide lines. When w reaches wc, additional particles
add to the thickness or cause bleeding, and w/hmax drops

Fig. 4 Topography maps of (A) wire- and (B) sphere-based printed lines after plasma sintering. White arrows indicate defects similar to those in
Fig. 2C. (C) Average conductor width w, (D) maximum conductor height hmax and (E) cross-sectional area Ashell as a function of gold
concentration cAu. Standard deviations are indicated as error bars, the dashed lines are fits by linear regression to better illustrate the (piece-wise)
linear behaviour.
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steadily at 4 mg mL!1 and above (Fig. S9 in the ESI†). A similar
change of dhmax/dcAu for spheres at 9 mg mL!1 coincided with
the w ¼ wc, too, suggesting the same mechanism.

The cross-sectional area Ashell was almost proportional to w
for both wires and spheres (Fig. 4E). This is because tshell is set
by the plasma process and practically independent of cAu. The
conductor width w [ hmax dominates the product tshell $ w.

For wires, percolation and electrical conductivity occurred at
2 mg mL!1; crack-like defects appeared at 6 mg mL!1 (white
arrows in Fig. 4A), and became denser with increasing cAu. They
did not affect w and Ashell but affected the conductivity sshell,
which changed sign and slope at 6 mg mL!1 (Fig. 5C).

With CLSM, the sphere-derived lines appearedmostly defect-
free (due to the limited resolution and eld of vision) as shown
in Fig. 4B. A detailed analysis indicated, however, that lines
formed at low concentrations (3 to 9 mg mL!1) contained large
discontinuous segments and exhibited numerous pores (Fig. S7
of the ESI†). Additionally, we found imprinting defects (Fig. S8
in the ESI†) due to tapered or clogged stamp channels and
stamp irregularities. They appear less frequently than the cracks
in wire-based lines but reduce sshell more drastically because
they oen affect the entire width of the line and render it non-
conductive. We propose that small, dispersed spheres are more
susceptible to such defects because their superstructures are
more easily disrupted than network-forming, bundling wires.
Increasing cAu increases the probability that irregularities are
bridged by a thicker particle layer.

The measured macroscopic sheet resistance Rsh of the
transparent electrodes is due to the parallel conductivity of 750
parallel printed lines of length l¼ 1.5 cm. If we assume that only
their shells with cross-sectional areas Ashell conduct, the overall
sheet resistance is

R!1
sh ¼ R!1 ¼ G ¼ sshell$

750$Ashell

l
0sshell ¼ G$

l

750$Ashell

; (2)

and we can calculate conductivities of the shell material sshell as
shown in Fig. 5C. We test this assumption below.

The shell conductivities sshell universally increased with
increasing cAu. They remained below one third that of bulk Au

(sAu z 4.52 # 107 S m!1).38 The most conductive shells had
1.39 # 107 S m!1 for wire-based and 1.02 # 107 S m!1 for
sphere-based line arrays, in the range reported for ultra-thin
polycrystalline Au lms with thicknesses of 5.5 to 8.0 nm,39

below the electron mean free path of lAu z 37.7 nm.40 This is
consistent with a shell-dominated conductivity.

The change of dsshell/dcAu at 5 mg mL!1 for wire-based lines
is due to the line width w that exceeds wc (Fig. 4C), accompanied
by an increasing number of crack-like defects in the shell as
discussed above (Fig. 4A).

The wire-based lines outperformed the sphere-based lines at
every cAu despite a thinner (5.66 nm vs. 8.07 nm), porous shell. A
possible explanation is the increased defect density in sphere-
based lines. It does not affect w, hmax and Ashell, but can
render entire lines non-conductive so that they contribute
nothing to sshell. A second difference are grain boundary
densities in the shells. The wires are micrometer-long single
crystals29 and largely oriented in imprinting direction. Their
crystallinity may be at least partly retained during plasma sin-
tering,41 while spheres are likely to create small grains. Thirdly,
the likelihood that the only partially sintered line core also
contributes to conduction, is higher in case of the high aspect
ratio wires than in case of the spheres (lw [ dsp).

In summary, the electrical properties of both electrode types
were dominated by the core/shell structure of its conductors.
Defects within the conductor shell and concentration inde-
pendent shell thicknesses below lAu prevented sshell from
reaching bulk Au conductivity. The wires' ability to self-
assemble into percolating superstructures even at the lowest
concentration used is the basis for the superior performance of
wire-derived electrodes.

The printed lines reduce the optical transmittance mainly by
masking parts of the substrate. The change in optical trans-
mittance dT400!800=dcAu was always negative for both wires and
spheres (Fig. 6A and B). The value was constant for spheres; it
changed at 6 mg mL!1 for wires, close to where w exceeded wc

(Fig. 4C). Wire-based electrodes had lower optical trans-
mittances; all were above z 85% and thus practically useful.

Fig. 5 Effect of particle concentration cAu on (A) the conductance G of a representative square electrode sub-section, (B) the cross-sectional
area Ashell and (C), the shell conductivity sshell. Standard deviations are indicated as error bars, the dashed lines are fits by linear regression to
better illustrate the piece-wise linear relations.

© 2022 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2022, 4, 3370–3380 | 3377
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We approximated the metal lines as rectangles of width w at
pitch p using data from CLSM measurements (the stamp pitch
was p ¼ 19.5 mm). The PET substrate was taken to be trans-
parent and the rectangular lines as opaque. This yields a model
transmittance Tmodel (Fig. S10 of the ESI†) of

Tmodel ¼
!
1! w

p

"
$100% (3)

The experimental T400!800 for wire-based lines were above
Tmodel. (Fig. 6A) up to cAu ¼ 3 mg mL!1. The lines at such low
concentrations were narrow but thin (Fig. 4C and D) and likely
not fully opaque over the entire width. The lines formed above
4 mgmL!1 had w > wc (Fig. 4C) and became increasingly thicker
(Fig. 4D and S9 in the ESI†). This increased their opacity and
improved the match between model and experiment in the
range 4 to 10 mg mL!1.

The experimental T400!800 for sphere-based lines exceeded
Tmodel for 3 to 9 mg mL!1. The lines were broad (Fig. 4C) and
thin in this range, only growing in thickness at 9 mg mL!1 and
above (Fig. 4D and S9 in the ESI†). In contrast to wires, we found
that Tmodel ! T400!800 . 0 above 12 mg mL!1, probably because
the metal that was deposited beyond w (Fig. 3C) caused strong
diffuse scattering.

In summary, sphere-based outperformed wire-based elec-
trodes in optical transmittance. Lines formed from spheres at
low concentrations were more transparent; lines formed at
higher concentrations were narrower. This is likely a direct
consequence of the bundling wires' lower percolation threshold
that enabled signicant material deposition beyond wc, which
more than compensated for the increasing bleeding of spheres
at high concentrations.

Considering both optical and electrical properties, cAu
affected optical transmittance much less than Rsh for both wires
and spheres (Fig. 5A). The overall FOM was dominated by the
sheet resistance, which explains the better performance of wire-
based electrodes (Fig. 1).

4 Conclusion
Flexible transparent electrodes were imprinted from AuNP or
AuNW at different concentrations and treated with plasma that
partially removed the oleylamine ligand. We found strong
correlations between the geometry of the nanocolloid, the
concentration used for imprinting, the resulting post-plasma
grid morphology, and the opto-electronic performances.

Plasma sintering led to a conductor structure with an outer
gold shell that covered a hybrid core. The imprinted lines'
average conductivity sshell depended on the density of defects in
the shell that changed depending on concentration and particle
type and rendered some lines discontinuous. Wire-based inks
were less prone to such discontinuities and thus outperformed
the sphere-based inks. The wires' aspect ratios of above 1000
facilitated their self-assembly into percolating superstructures
that bridged stamp and substrate irregularities. This result is
interesting for industrial processes that require a robust
printing of lines. At concentrations$ 6 mg mL!1, an increasing
number of crack-like defects occurred within the bleeded parts
of wire-based conductors and impaired sshell.

The optical transmittance of wire-based electrodes made
with concentrated inks followed a simple model that assumes
opaque lines. T400!800 of sphere-based electrodes made with
concentrated inks was more strongly affected by bleeding that
led to areas of partial transmittance. Nevertheless, sphere-based
outperformed wire-based electrodes due to a better denition of
geometry at high concentrations (7–10 mg mL!1) and due to
more transparent lines at lower concentrations (3–6 mg mL!1).

For both wires and spheres, concentration affected T400!800

much less than Rsh. The FOM was thus dominated by Rsh, and
wire-based electrodes that reached signicantly lower Rsh at the
same Au content performed better than sphere-based
electrodes.

Both wire- and sphere-based electrodes had relatively large
non-conductive parts. Their fraction may be reduced by tuning
the ligand chemistry and the plasma process. It should be

Fig. 6 Development of the optical transmittance T400!800 for (A) wire- and (B) sphere-based electrodes (experiment and model) with
concentration cAu, the belonging standard deviation and a data fit (dashed lines).

3378 | Nanoscale Adv., 2022, 4, 3370–3380 © 2022 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 0
5 

Ju
ly

 2
02

2.
 D

ow
nl

oa
de

d 
on

 7
/2

1/
20

24
 3

:2
3:

41
 P

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.

View Article Online



possible to deposit lines that are thin enough to be entirely
converted into metal, for example, if the plasma step is opti-
mized such that it does not degrade their continuity.

An important aspect that has not been covered here is the
stability of printed conductors. Thin metal lms are prone to
slow de-wetting42 and electromigration.43 Wire-based electrodes
with their pores and large, crack-like defects at higher concen-
trations are particularly vulnerable to such mechanism. Their
relevance will be discussed in a forthcoming manuscript.
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J. M. J. Fréchet, E.-S. Lee and J.-H. Jeong, Adv. Mater., 2008,
20, 489–496.

14 F. McGrath, J. Qian, K. Gwynne, C. Kumah, D. Daly,
C. Hrelescu, X. Zhang, D. M. O'Carroll and A. Louise
Bradley, Appl. Surf. Sci., 2021, 537, 147892.

15 S. H. Ko, I. Park, H. Pan, C. P. Grigoropoulos, A. P. Pisano,
C. K. Luscombe and J. M. J. Fréchet, Nano Lett., 2007, 7,
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Flexible and transparent electrodes imprinted from
Au nanowires: stability and ageing†

Lukas F. Engel, a Lola González-Garćıa *a and Tobias Kraus *ab

We study the stability of flexible transparent electrodes (FTEs) that were self-assembled from ultra-thin gold

nanowires (AuNW) by direct nanoimprinting of inks with different particle concentrations (1 to 10 mgmL!1).

The resulting lines were less than 3 mmwide and contained bundles of AuNWwith oleylamine (OAm) ligand

shells. Small-angle X-ray scattering confirmed a concentration-independent bundle structure. Plasma

sintering converted the wire assemblies into lines with a thin metal shell that contributes most to

electrical conductivity and covers a hybrid core. We studied the relative change in sheet resistance and

the morphology of the FTEs with time. The sheet resistance increased at all concentrations, but at

different rates. The metal shell aged by de-wetting and pore formation. The hybrid core de-mixed and

densified, which led to a partial collapse of the shell. Residual organics migrated through the shell via its

pores. Lines formed at low concentration (cAu ¼ 2 to 3 mg mL!1) contained less residual organics and

aged slower than those formed at high cAu $ 5 mg mL!1. We passivated the conductive shell with thin,

adsorbed layers of PEDOT:PSS and found that it decelerated degradation by slowing surface diffusion

and hindering further rupture of the shell. Thick capping layers prevented degradation entirely and

stopped pore formation.

1 Introduction
Ultra-thin gold nanowires (AuNW) have core diameters dw z
1.7 nm,1 a shell of oleylamine (OAm), and lengths around lwz 3
to 6 mm.2,3 They are suitable as building blocks of exible and
transparent electrodes (FTEs).4,5 The wires form in a simple one-
pot synthesis,6 and have a conductive7 and chemically inert8 Au
core and a low percolation threshold9 due to their high aspect
ratio lw : dw > 103. Purication and re-dispersion of the AuNW in
cyclohexane provides colloidal inks of varying Au concentration
cAu (AuNW inks) in which >70% of the wires self-assemble into
bundles even at low cAu ¼ 1 mg mL!1.10 Maurer et al.5 showed
that direct nanoimprinting of AuNW inks leads to the self-
assembly of AuNW bundles on exible, transparent poly-
ethylene terephthalate (PET) foils.

Transparent electrodes are key components11 in opto-
electronic devices12 to collect charges from layers, e.g. in solar
cells, or to supply layers with charge carriers, e.g. in light-
emitting diode displays.13 Transparent electrodes for light and
exible devices14 should provide low sheet resistance, high
optical transmittance, good mechanical exibility, and long

term stability. Thin metal grids have the potential to combine
these characteristics.

Grids with arbitrary geometry and sub-micron line width
are attainable under ambient conditions in an efficient roll-to-
roll compatible process using a so silicone elastomer stamp
as described by Maurer et al.5 The ink is conned in the
stamp's cavities and the solvent (cyclohexane) permeates
through the silicone. Ligand-dominated supra-molecular
interactions cause the wires to bundle into hierarchical,
percolating superstructures in the stamp's features. A so
plasma sintering step in a 5% H2 in Ar (H2/Ar) atmosphere
removes insulating OAm ligands while retaining the overall
imprinted structure and turns the grid into a conductive
electrode. Maurer et al.5 nanoimprinted FTEs with square,
hexagonal, and line-like features on PET and found optical
transmittances $90% over the entire visible range and sheet
resistances Rsh ranging from 106 to 168 Usq with better
mechanical exibility than commercial electrodes based on
tin-doped indium oxide (ITO).

In our previous work,15 we studied the effect of the grid line
morphology of AuNW-derived FTEs on their opto-electronic
performance as a function of gold concentration cAu and
found that plasma sintering removed the insulating OAm
ligands only partially. The plasma-sintered lines have thin
conductive Au shells covering an insulating hybrid core. The
thickness tshell of the porous shell is virtually independent of cAu
(tshell ¼ 5.66 # 1.06 nm). Thin, porous metal lms are prone to
de-wetting,16 and AuNW are prone to the Rayleigh–Plateau
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instability,17–19 which raises the question of stability for elec-
trodes imprinted from AuNWs.

The stability of random silver nanowire (AgNW) network
electrodes has been studied extensively.13,20–25 They were found
to be sensitive to UV light, chemical corrosion by suldes,
oxygen, and acids; the wires undergo thermally activated
spheroidization due to the Rayleigh–Plateau instability and can
fail through electromigration. Stability was improved by coat-
ings that protect the metal surface from corrosion or reduce its
diffusivity.

Few studies exist on the stability of AuNW based electrodes.
Maurer et al.26 prepared z10 nm thick, disordered layers of
AuNW on glass via dip-coating at cAu z 2 mg mL!1, subjected
them to plasma sintering in O2 or H2/Ar for different periods,
and investigated their stability under ambient conditions.
Untreated AuNW layers were non-conductive and fragmented
within one week. Plasma sintering for 1 min led to conductive
layers whose Rsh exceeded the measurable range aer 4 h. The
AuNW fragmented into spheres with diameters above those
expected for the Rayleigh–Plateau instability, suggesting
subsequent Ostwald ripening. Plasma sintering for 5 min or
15 min led to conductive layers that were stable for at least 4
months. Maurer et al.26 concluded that OAm slows wire frag-
mentation, whereas partial OAm removal accelerates it.

In a different study, Maurer et al.27 prepared z3 nm and
z9 nm thick disordered AuNW layers on glass by dip-coating at
cAu z 3 mg mL!1 and investigated their stability at 120 $C,
180 $C, and 250 $C with and without plasma sintering in H2/Ar.
Unsintered AuNW fragmented within 30 min of annealing,
followed by a ripening process. Annealing of sintered layers
caused de-wetting that accelerated with increasing temperature
and decreasing lm thickness. We are not aware of any studies
on the stability of structured AuNW layers.

Here, we report on the stability of grid-like FTEs imprinted
from AuNW. Arrays of about 1.6 mm wide, parallel lines with
a pitch of 19.5 mm and heights of up to z275 nm were
imprinted with inks of different cAu on PET foils as in Engel
et al.,15 analyzed with small-angle X-ray scattering (SAXS), and
sintered in H2/Ar plasma. Their Rsh was monitored during
storage under ambient conditions in the dark and correlated
with the grid morphology from scanning (SEM) and trans-
mission electron microscopy (TEM). The sheet resistance Rsh

increased at all cAu, but the rates depended on cAu and the line
height. The decisive factor was the fraction of residual organics
in the partially sintered cores. We adsorbed thin layers of
PEDOT:PSS and found that it slowed electrode degradation. A
thick capping layer of PEDOT:PSS prevented degradation and
resulted in a slow decrease of Rsh during z3.5 months.

2 Materials and methods
2.1 Synthesis of Au nanowires

2.1.1 Chemicals. Tetrachloroauric(III) acid trihydrate
(HAuCl4$3H2O) was synthesized according to Schubert et al.,28

oleylamine (Acros Organics, C18 content of about 80–90%) was
purchased from Fisher Scientic GmbH (Schwerte, Germany)
and ltered with a 0.45 mm Rotilabo-PTFE syringe lter from

Carl Roth GmbH + Co. KG (Karlsruhe, Germany) directly before
use, triisopropylsilane (95%) and n-hexane (at least 99% p.a.)
were obtained from abcr GmbH (Karlsruhe, Germany), cyclo-
hexane (ROTISOLV $99.9%, GC Ultra Grade) was bought from
Carl Roth GmbH + Co. KG (Karlsruhe, Germany), and absolute
ethanol ($99.8%, analytical reagent grade) was procured from
Fisher Scientic GmbH (Schwerte, Germany). All chemicals
were used without further purication unless explicitly
mentioned.

2.1.2 Synthesis. Synthesis of the ultrathin nanowires
(AuNW) having a gold (Au) core and being capped with an
oleylamine (OAm) ligand shell followed a protocol of Nouh
et al.,1 which was based on the original research by Feng et al.6

For a typical synthesis, 60 mg of HAuCl4$3H2O (10 mM) were
placed in a disposable 50 mL glass snap-on vial from Carl Roth
GmbH + Co. KG (Karlsruhe, Germany), followed by 9.9 mL of n-
hexane and 2.04 mL of oleylamine (400 mM). The resulting
mixture was vortexed for 1 min to obtain a solution. To the
solution, 3.06 mL (1 M) of triisopropylsilane (TIPS) were added
as reducing agent. The mixture was vortexed for 30 s and then
le to itself in an oven at 25 $C for 24 h.

The weighing of the very hygroscopic HAuCl4$3H2O was
carried out in a glove box from SylaTech GmbH (Walzbachtal,
Germany) since the presence of water causes shorter wires.29

The glass snap-on vial was pre-ushed with dry Ar. OAm and
TIPS were added with a 5 mL pipette in the given order and
immediate succession.

2.1.3 Purication, dilution and storage. Aer synthesis,
the AuNW were precipitated by adding twice the reaction
volume of absolute ethanol and gently shaking the snap-on
vial. Sedimentation was accelerated in a Rotanta 460 RS
centrifuge from Andreas Hettich GmbH & Co. KG (Tuttlingen,
Germany) with a swing-out rotor at 110 rcf for 2 min and the
slowest possible deceleration. The supernatant was removed
and the wires were re-dispersed in an amount of n-hexane
corresponding to the initial reaction volume. This washing
step was repeated once before re-dispersing the wires in
cyclohexane to obtain a stock dispersion of cAu z 10 mg mL!1

(estimated based on HAuCl4$3H2O weighed in and 100%
yield). By diluting the stock dispersion, the other concentra-
tions of the AuNW inks applied were prepared. Aer synthesis
and dilution, all dispersions were stored in a fridge at 5 $C for
16 h before use. Note that the storage time of the ink can affect
the wire bundling as reported by Gong et al.30 and Reiser et al.31

for AuNW dispersed in n-hexane as well as by Bettscheider
et al.10 for AuNW dispersed in cyclohexane, and is thus an
important parameter.

2.2 Nanoimprinting

2.2.1 Substrate cleaning. The PET substrates were of type
Melinex 401 CW from DuPont Teijin Films UK Ltd (Redcar,
United Kingdom) and had a thickness of 0.75 mm. They were
pre-cleaned in ultrasonic baths using a custom rack and
according to the following sequence: 5 min acetone, 5 min
ethanol, and 5minMilli-Q ultrapure water. Then the substrates,

© 2022 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2022, 4, 3940–3949 | 3941
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which have a glass transition temperature of 70–80 $C, were
dried at 60 $C for 30 min.

2.2.2 Polydimethylsiloxane (PDMS) imprinting stamp
fabrication. The PDMS imprinting stamps were manufactured
in a two-step process. In the rst step, a PDMS master was
moulded off a silanized silicon master from Amo GmbH
(Aachen, Germany) carrying a pattern of parallel line channels
(patterned area A z 7 cm % 7 cm, pitch p z 19.5 mm, channel
width wc z 1.6 mm and channel depth dc z 4.2 mm). In the
second step, the PDMS imprinting stamp was moulded off the
silanized PDMS master.

Silanization of the silicon master was directly performed,
while silanization of the PDMS master was performed aer its
plasma activation for 1.5min using an oxygen plasma at 0.3mbar
in a low pressure plasma reactor of type Pico from Diener elec-
tronic GmbH & Co. KG (Ebhausen, Germany). Silanization of
each master was performed by vapour phase deposition inside
a conventional glass desiccator with a snap-on vial cap contain-
ing 30 mL of (tridecauoro-1,1,2,2-tetrahydrooctyl)trichlorosilane
from abcr GmbH (Karlsruhe, Germany). The snap-on vial cap was
shielded from the masters to achieve uniform silanization. The
desiccator was ushed with Ar, evacuated to 3 mbar, and
disconnected from the vacuum pump. Aer 30 min, the desic-
cator was slowly ventilated with air.

The pre-polymer and the cross-linker of a PDMS kit, Sylgard
184 from Dow Inc. (Midland, USA), were mixed in a 10 : 1 (w/w)
ratio and degassed in a Speedmixer DAC 600.2 VAC-P from
Hauschild GmbH & Co. KG (Hamm, Germany) at a speed of
2350 rpm and a pressure of 1 mbar for 3 min so that no air
bubbles remained. This mixture was poured onto the respective
master. A Teon ring (2 mm thick) which was sealed at the
edges with add-i-gum light N from DE Healthcare Products
(Gillingham, UK) and on top with a glass plate, was used as
a spacer to ensure uniform thickness. Before carefully peeling
off the replicate along the stamp channels, the PDMS was cured
at 80 $C for 3 h.

The replicates of the PDMS masters were cut into two halves,
each constituting an imprinting stamp. Both had an area of
3.5 cm % 8 cm of which 3.5 cm % 7 cm were patterned and
3.5 cm % 0.5 cm at either end were not. The latter were run-in
and run-out areas during imprinting.

2.2.3 Nanoimprinting. Nanoimprinting was performed
using a modied TQC Sheen automatic lm applicator from
Industrial Physics Inks & Coatings GmbH (Hilden, Germany).
It was equipped with a custom-made 3 kg steel cylinder (8 cm
in diameter and height) onto which a single PDMS stamp was
attached using a double-sided tape from tesa SE (Norder-
stedt, Germany). Such an equipped steel cylinder was moved
at 4 mm s!1 during imprinting. 60 mL of ink were injected
directly in-between imprinting stamp and PET substrate
using a pipette, right before imprinting. Ink residues
adhering to the PDMS stamp aer imprinting were removed
using Scotch Magic Tape from 3 M Deutschland GmbH
(Kleinostheim, Germany) before re-use. A comprehensive
description of the imprinting process is given in Maurer
et al.5 The process is sensitive to humidity and must be per-
formed above the dew point to prevent capillary

condensation. Imprinting was typically carried out at 22 $C
and 55% rH (dew point of 12.5 $C).

2.3 Plasma sintering

Plasma sintering was performed in a low pressure 13.56MHz RF
plasma reactor of type Pico from Diener electronic GmbH & Co.
KG (Ebhausen, Germany) right aer imprinting. A mixture of
5% H2 in Ar was used as process gas. The sintering conditions
were: room temperature and z0.3 mbar for 20 min with 100 W
RF power.

2.4 Small-Angle X-Ray Scattering (SAXS)

The structural arrangement of the wires within the pre-plasma
lines was studied in transmission via SAXS on PET right aer
imprinting. Any inuence of applied vacuum was avoided by
performing the measurements in air at room temperature.
Background scattering due to the substrate was measured
separately as reference. The scattering instrument was a Xeuss
2.0 HR SAXS/WAXS instrument from Xenocs SAS (Grenoble,
France) with a Cu Ka source. The detector was a PILATUS3 R 1M
from DECTRIS AG (Baden, Switzerland) which was set up at
a distance of z550 mm from the samples. The distance was
precisely calibrated with a Ag behenate sample prior to each
measurement. Samples were measured for a total of 2 h each.
The 2D scattering images were azimuthally integrated over an
angular sector at 90$ and an aperture angle of 10$ (to take the
anisotropy due to the alignment of wires in imprinting direction
into account) with the soware Foxtrot from Synchrotron SOL-
EIL (Saint-Aubin, France) to obtain the scattering curves.

2.5 Sheet resistance measurements

Electrical resistances were measured in 2-point-probe congu-
ration using a multi-channel multi-meter (DAQ6510 data
acquisition logging multi-meter system) equipped with multi-
plexer cards (7702 40-channel differential multiplexer module
with screw terminals) from Keithley Instruments GmbH (Ger-
mering, Germany). Electrodes were contacted by applying a fast
drying Ag paste ACHESON Ag DAG 1415 from Plano GmbH
(Wetzlar, Germany) and AGF 1 miniature crocodile clamps from
SKS Kontakttechnik GmbH (Niederdorf, Germany). The Ag
paste was deposited in two parallel lines, each 1.5 cm long and
spaced 1.5 cm apart, yielding a square measurement eld. This
caused the measured resistances being equal to the desired
sheet resistances. Measurements were automatically recorded
every 10 min during storage under controlled ambient condi-
tions (T z 22 $C, rH z 55%) in the dark. Light was excluded to
avoid e.g. radiation heating.

2.6 Dip coating

Electrodes were dip coated in an aqueous PEDOT:PSS disper-
sion of type Clevios™ P fromHeraeus Deutschland GmbH & Co.
KG (Hanau, Germany) right aer plasma treatment (taking
advantage of the plasma's hydrophilising effect) and the
subsequent preparation for contacting. For contacting
purposes, a fast drying Ag paste ACHESON Ag DAG 1415 from

3942 | Nanoscale Adv., 2022, 4, 3940–3949 © 2022 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
9 

Ju
ly

 2
02

2.
 D

ow
nl

oa
de

d 
on

 7
/2

1/
20

24
 3

:2
6:

50
 P

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.

View Article Online



Plano GmbH (Wetzlar, Germany) was applied as described in
the section above. The contacted electrodes were slowly dipped
into the dispersion and were then immediately pulled out again
slowly. Excess PEDOT:PSS was either allowed to drip off
(capping layer) or was washed off (adsorbate layer) in deionised
water by carefully moving the electrode up and down until no
more PEDOT:PSS residues were visible (PEDOT:PSS is deep
blue) and presumably only a thin layer of chemisorbed
PEDOT:PSS remained (Au–S bond). Such coated electrodes were
then dried for 15 min in a drying oven at 50 mbar and room
temperature. Aerwards, for the electrodes from which the
excess PEDOT:PSS only dripped off, the Ag paste contacting was
gently freed from the PEDOT:PSS capping layer using mini head
clean room polyester swabs moistened with deionised water.

2.7 Cross-sectioning via Focused Ion Beam (FIB)

Cross-sections of printed and of sintered lines were prepared
using a FEI Versa 3D DualBeam from Thermo Fisher Scientic
GmbH (Schwerte, Germany). The surfaces of the lines were
protected by Pt-layers rst deposited by an electron beam, then
with an ion beam.

2.8 Transmission Electron Microscopy (TEM)

All TEM lamellae from FIB cross-sectioning were imaged at an
acceleration voltage of 200 kV in a JEM 2010 from JEOL GmbH
(Freising, Germany).

2.9 Scanning Electron Microscopy (SEM)

Scanning electron micrographs were taken with a FEI Quanta
400 ESEM or a FEI Versa 3D DualBeam from Thermo Fisher
Scientic GmbH (Schwerte, Germany) using the secondary
electron detectors. For better imaging, the grids were imprinted
onto polished, p-type Si wafers from Siegert Wafer GmbH
(Aachen, Germany).

3 Results and discussion
We prepared inks from oleylamine-covered gold nanowires and
printed grids at different nanowire concentrations on exible
polyethylene terephthalate (PET) foils using the same stamp. All
grids underwent plasma sintering to obtain electrically
conductive FTEs. We monitored the change in their sheet
resistance Rsh over a storage period of 14 days at a constant
temperature Tz 22 $C and a humidity of rHz 55% in the dark.
Fig. 1 shows the change in Rsh as a function of the ink
concentration. The lowest concentration of cAu ¼ 2 mg mL!1

was the minimum to achieve sufficient percolation and
reasonable conductivities. The highest cAu ¼ 6 mg mL!1 marks
the concentration from which on ageing became concentration-
independent.

The sheet resistances of all electrodes increased with time.
The rate of increase was much larger for electrodes imprinted at
5 mg mL!1 than at 3 mg mL!1. The resistance of electrodes
imprinted at 3 mg mL!1 increased by z30% within 14 days of
ageing; electrodes imprinted at 5 mg mL!1 became non-
conductive within 8 h.

Fig. 2 and 3 show electron micrographs of the surfaces and
cross-sections of relatively stable grid lines imprinted at
2 mg mL!1 (“low cAu”) and highly unstable lines imprinted at
6 mg mL!1 (“high cAu”), respectively. Images were taken directly
aer imprinting, aer plasma sintering, and aer 24 h of
storage under ambient conditions (Tz 22 $C, rHz 55%) in the
dark. Plasma sintering led to a structure with a thin shell,
a coarsened core, and a loss in height (compare panel A with C
and B with D). Height loss continued during ageing with the
core further densifying (compare panel C with E and D with F).
At high cAu, ageing also caused de-mixing inside the core
(Fig. 3F) and rupture of the shell (Fig. 3E). This is consistent
with the illustrations in panels G–I, which illustrate the asso-
ciated change in the line structure: orange depicts gold wires or
shells, with the wires arranged in hexagonal bundles (dotted
black lines); green indicates oleylamine ligand molecules and
their fragments (residual organics).

We rst consider lines printed at low cAu in more detail
(Fig. 2). The pre-plasma lines (Fig. 2A) contained AuNW in
hexagonally packed bundles. They are visible in the TEM cross-
section in Fig. 2B and caused peaks in SAXS (Fig. S2 in the
ESI†). The bundle packing was noticeably denser than inside
the ink, with a center-to-center distance ac–c ¼ 4.22 # 0.04 nm
versus ainkc–c ¼ 5.9 # 0.02 nm in liquid.10 The surface-to-surface
distance of the gold cores was as–s z 2.52 nm. as–s is only
z23% above the length of an OAm molecule (lOAm z 2.05 nm
(ref. 32)), probably due to a zipper-like interdigitation of the
OAm shells.31

Most of the wires were well aligned in lines that were nar-
rower than the channel width of the imprinting stamp. Some
wires bleeded beyond the channel width; these were only
partially aligned in imprinting direction (Fig. 2J). The surface of
the freshly printed lines exhibited a ridge that is visible as
a bright area in Fig. 2J. Fig. 2G shows an illustration of the
rough surface of the lines before plasma sintering that is caused
by the bundled wires.

Plasma sintering formed a thin metal shell around a hybrid
core (Fig. 2C and D). The surface of the sintered line appears
coarse, the ridge is blunted (Fig. 2K), and the wire bundle

Fig. 1 Relative change in sheet resistance (Rsh,t ! Rsh,t0)Rsh,t0
!1 ¼

DRsh,tR
!1
sh,t0 after time t for electrodes imprinted at different ink

concentrations cAu. The results of repeated experiments and additional
concentrations are shown in Fig. S1 in the ESI.†

© 2022 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2022, 4, 3940–3949 | 3943
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structure is lost (Fig. 2D). The shell was porous and has holes
indicated in Fig. 2D. Shell porosity likely results from the
bundle-induced roughness. Wires may partially fragment
before they sinter.18 Thin layers of sparse AuNW adjacent to the
main line fragmented, probably due to the Rayleigh–Plateau
instability.17–19 They formed nger-like structures that indicate
solid-state de-wetting.16

The morphology of the core (Fig. 2B) visibly coarsened
during sintering (Fig. 2D) through its entire thickness (Fig. S3 in
the ESI†) of up to hmax ¼ 68 # 14 nm.15 A relevant fraction of
OAm has apparently been removed. This likely turns the core
partially porous, too. The initial OAm content was z87 vol%10

(see Section 2.2 in the ESI†). The plasma's kinetic ions remove
the ligands and enhance the Au surface mobility,33–37 which
renders the wires highly susceptible to the Rayleigh–Plateau
instability.26 There probably exists a gradient in the residual
organic concentration from the shell (Fig. 2H, very light green)

towards the substrate (Fig. 2H, darker green), as the plasma
sintering attacks from the outside.38

We stored the samples for 24 h and analyzed morphological
changes. The core appeared denser (Fig. 2C–F), probably
because the cores' pores began to close, and the maximum line
height hmax decreased (compare Fig. 2C and E). Small pores
appeared on the surface. They are clearly visible in the SEM top
view (Fig. 2L) but not in the cross-sectional TEM (Fig. 2E and F)
that show lamellae with a thickness on the order of z200 nm.
The pores probably form by solid-state de-wetting and the
shrinkage of the core that compensates for the loss of OAm.
Solid-state de-wetting starts at pre-existing holes (visible in
Fig. 2D) in the thin shell. De-wetting requires diffusion and is
faster for decreasing shell thicknesses.16 A continuous, z6 nm
thick Au lm does not de-wet at room temperature during
24 h.16 It is thus likely that the compacting core is more
important for the ageing of the line. This is consistent with the
unchanged microstructures on both sides of the printed lines

Fig. 2 Cross-sections and surfaces of lines imprinted at 2 mgmL!1 before (A, B and J), immediately after (C, D and K), and one day after (E, F and
L) plasma sintering. They show the core–shell structure after plasma sintering (C and D), the densifying (A, C and E) and coarsening (B, D and F)
core, and the coarse surfacemorphology with small pores in the shell (from K to L). The illustrations in panels (G–I) illustrate the overall structure.
Orange depicts gold wires or shells, green indicates oleylamine ligand molecules and their fragments (residual organics). The wires are arranged
in hexagonal bundles (dotted black lines) in (G). They form porous shells in (H), and the bundles loose their order. The pores in (I) have gently
grown by surface diffusion and the densifying core causing the shell to collapse.
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(Fig. 2L versus Fig. 2K) that did not de-wet. The increase in shell
porosity increased Rsh by only 7.3% within 24 h. Apparently, the
pores were small in size, and relaxation effects aer plasma
sintering that release stress and lattice distortions39 in the shell
counteracted a larger increase in Rsh. Compared with Fig. 2H
and I shows an illustration with a slightly thicker shell, an
increased pore size and due to the shrinking core a lower
height. As the core has densied, the residual organics are now
distributed within a smaller volume (represented by a slightly
darker shade of green in Fig. 2I).

We now consider the lines printed at high particle concen-
tration in more detail (Fig. 3). Before plasma-sintering, SAXS
conrmed the same 2D hexagonal arrangement of the AuNW as
observed at low concentrations (Fig. S2 in the ESI†). The
morphology seen in TEM cross-sections appears unchanged,
too (Fig. 3A and B). SEM top-views show wider lines with w > wc

(Fig. 3J), but the surface morphology appears similar to that
seen at 2 mg mL!1 (Fig. 2J). The most relevant change in line
morphology before plasma sintering seems to be the increased
height (compare Fig. 3A and 2A).

Plasma sintering yielded the same core–shell structure as
described above. The pores in the shell are not visible in the
TEM images (Fig. 3C and D) but have been identied in our
previous work.15 A pronounced gradient in core density that
decreased towards the substrate was visible in the cross-
sections (compare Fig. 3B with D). We did not observe such
strong gradients at lower concentrations, probably because
those lines were thinner. The gradient likely results from partial
removal of OAm that is more efficient close to the shell. The
overall morphology of the sintered lines did not change with ink
concentration and remained as shown in Fig. 2H, but with
adjusted height and structural gradient (Fig. 3H).

Fig. 3 Cross-sections and surfaces of lines imprinted at 6 mgmL!1 before (A, B and J), immediately after (C, D and K), and one day after (E, F and
L) plasma sintering. They show the core–shell structure after plasma sintering (C and E), the densifying (A, C and E) and coarsening (B, D and F)
core, and the coarse surface morphology with growing pores (from K to L). The illustrations in panels (G–I) illustrate the overall structure. Orange
depicts gold wires or shells, green indicates oleylamine ligand molecules and fragments. The wires are arranged in hexagonal bundles (dotted
black lines) in (G). They form porous shells in (H), and the bundles loose their order. The pores in (I) have grown prominently by surface diffusion
and by the both de-mixing and densifying core causing the shell to collapse.

© 2022 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2022, 4, 3940–3949 | 3945
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Ageing for 24 h caused the shell to become increasingly
porous (Fig. 3E). The density of pores was similar to that at
2 mg mL!1, but the pores were larger (compare top view SEM
images in Fig. 3L versus Fig. 2L). Some of the pores joined into
large cracks that revealed the fragmented wires of the core. The
hybrid core appeared heterogeneously densied and de-mixed
(Fig. 3E and F); metallic gold accumulated on the fragmented
shell. The metal-rich volumes appear to contain larger spheres,
possibly formed by wires undergoing Rayleigh–Plateau frag-
mentation,17–19 and possibly growing by Ostwald ripening.40

Fig. 3I shows an illustration of the de-mixing core–shell
structure.

These results suggest that the same mechanisms are
responsible for the ageing of sintered lines printed at
2 mg mL!1 and 6 mg mL!1, but that they operate at larger rates
for the higher concentration. The reason likely is the increased
fraction of residual organic molecules in the cores of sintered
lines printed at high concentration. Inks with high cAu form
thicker lines that are not fully penetrated by the plasma and
thus remain richer in OAm and its fragments. The low binding
energy of Au–NH2,41,42 the partial fragmentation of OAm, and
the low viscosity8 of OAm at room temperature increase the
mobility of the core components43–45 and accelerate ageing. This
effect apparently saturates at high fractions of residual organics
reached at 6 mg mL!1.

We conclude that some of the advantages that AuNWs have
for the nanoimprinting of conductive structures limit the
stability of the resulting structures. The wires' mechanical
exibility and high aspect ratio promote percolation but lead to
coarse surface microstructures of the unsintered lines (see
Fig. 2J and 3J), causing pores in the conductive shell which
foster solid-state de-wetting aer plasma sintering. The wires'
small diameters make them susceptible to the Rayleigh–Plateau
instability,17–19 which renders only partially sintered line cores
unstable; the weakly bound OAm shell41,42 that occupies
approximately z87 vol%10 of the pre-plasma solid turns the
sintered parts of the line core porous, and its residues accelerate
de-mixing.43–45

Lines printed at low ink concentrations are comparatively
thin, and the OAm is largely removed from them during plasma
sintering. This slows solid-state de-wetting of the shell and
makes the electrodes comparatively stable. Lines printed at
high concentrations are thicker, remain rich in OAm and its
fragments aer sintering. They age faster so that electrodes fail
in less than 24 h. The transition from comparatively stable to
highly unstable electrodes coincides with the concentration at
which the line width w reaches the channel width wc of the
imprinting stamp (4 mg mL!1). Above this concentration, the
maximum line height hmax increases faster than the line
width.15

How can we stabilize AuNW electrodes? Full sintering of the
printed lines would reduce mobility and thus obviate several
ageing mechanisms identied above. Plasma sintering of
AuNW grids is self-limiting,38 however, and excludes full sin-
tering of the thick lines imprinted at high cAu that have the best
performance.15 The shell shields the core from the plasma and
contains the (partially fragmented) OAm. We are not aware of

any other existing sintering technique that could retain the
structure of the printed lines but remove all organic content.

An alternative approach is to stabilize the conductive shell.
Metal thin lms can be stabilized using adsorbates that prevent
or slow the diffusive processes underlying solid-state de-
wetting.16 A promising material for that purpose is PEDOT:PSS,
a mixture of the positively charged poly(3,4-
ethylenedioxythiophene) and the negatively charged poly-
styrene sulfonate. There is evidence that polythiophenes bind
covalently to Au via sulphur.46,47 Their molecular conguration
depends on the crystallographic orientation and the curvature
of the Au surface.48

We used the commercial PEDOT:PSS aqueous dispersion
Clevios™ P that contains swollen, gel-like PEDOT:PSS particles
of diameter d50 ¼ 80 nm at a PEDOT : PSS weight ratio of 1 : 2.5
and a pH of 1.9 without any additives.49,50 While its acidity is
harmful for AgNWs,24 it does not etch AuNWs. Dried lms of
Clevios™ P exhibit conductivities of 5 S cm!1,50 ve orders of
magnitude below that of the Au shells.15 We used dip-coating to
prepare electrodes with adsorbate layers of PEDOT:PSS. Excess
PEDOT:PSS was removed by washing in water to retain only the
adsorbed lm; some samples were not washed to retain
a thicker capping layer aer drying. Note that rough and porous
Au surfaces improve the bonding of PEDOT:PSS.51 The samples
were then stored under ambient conditions (T z 22 $C, rH z
55%) in the dark and we analyzed their ageing.

Fig. 4 shows the relative change in sheet resistance of elec-
trodes imprinted at 6 mg mL!1 for different coatings (A–C) and
the reconstructed morphology illustrations (D–F). Bare elec-
trodes deteriorated fast (ve-fold increase of Rsh in roughly 7 h)
and became insulating in less than 1 day. Their relative change
in Rsh increased exponentially (Fig. 4A). The resistance of elec-
trodes with a PEDOT:PSS adsorbate layer initially decreased by
up to z16% and then slowly increased with an almost linear
trend, so that Rsh quintupled aer 62 days (Fig. 4B). It is likely
that the adsorbed PEDOT:PSS layer prevents a fast rupture of
the shell but cannot entirely suppress diffusion at the shell's
Au–air and neither at the core's Au–OAm residue interfaces. It
cannot fully stabilize the shell mechanically when the hybrid
core shrinks.

A thick PEDOT:PSS capping layer caused an initial increase
in Rsh of about +14% within z7 days and a subsequent slow,
almost linear decrease by 20 percentage points down to z94%
of the initial Rsh before saturating aer 100 days (Fig. 4C). We
think that the initial increase in Rsh is due to residual water at
the Au-PEDOT:PSS interface which evaporates only slowly and
drives de-wetting. At the same time, the thick capping layer
prevents the shell from collapse and apparently slows de-
mixing, probably by restricting material displacements
through the shell. The decrease in Rsh by 20 percentage points
suggests that it may even be possible to direct the remaining
mobility such that the conductive cross-section of the shell
grows with time.

In summary, we nd that PEDOT:PSS adsorbate layers can
slow electrode degradation noticeably, but cannot fully prevent
it. A defect-free metal shell proves to be a key element of stable
electrodes. PEDOT:PSS capping layers permanently patch the

3946 | Nanoscale Adv., 2022, 4, 3940–3949 © 2022 The Author(s). Published by the Royal Society of Chemistry
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porous shells and prevent degradation. The patched shell
directs the demixing of the core such that a larger fraction of the
imprinted Au reduces the electrodes' Rsh.

4 Conclusions
Flexible transparent electrodes were imprinted from OAm-
coated AuNW at different wire concentrations and plasma sin-
tered, partially removing the OAm ligands. We found strong
correlations between the cAu used for imprinting, the resulting
morphology of the FTEs aer plasma sintering, and their ageing
during storage under ambient conditions in the dark. The sheet
resistances of all FTEs increased at rates that strongly depended
on the ink concentration cAu. Electrodes printed at low cAu of 2
to 3 mg mL!1 increased their Rsh by z30% within 14 days,
whereas electrodes printed at high cAu $ 5 mg mL!1 lost all
measurable conductivity within less than 1 day.

We demonstrated that the degradation is due to the micro-
structure of the printed lines aer sintering. Plasma sintering
yielded a porous, conductive Au shell around a core that con-
tained a hybrid, nanostructured mixture of Au and OAm resi-
dues. We identied three ageing mechanisms: solid-state de-
wetting of the shell, de-mixing inside the core, and partial
collapse of the shell. The rates of solid-state de-wetting and de-
mixing strongly depended on the fraction of residual organics

in the core that changed the overall microscale mobility. At low
cAu, most of the OAm was removed from the core, which slowed
de-mixing and degradation. At high cAu, thicker lines formed
that were not fully penetrated during plasma sintering and
retained a larger fraction of OAm and its fragments, resulting in
less stable electrodes.

Degradation could be slowed and even inhibited by coating
the conductive lines with PEDOT:PSS. Thin, adsorbed layers of
PEDOT:PSS reduced the degradation rate by slowing de-wetting
and hindering a fast rupture of the shell. Thicker layers pre-
vented conductivity losses up to at least 120 days and led to
a decrease in Rsh of 6% aer 100 days. The layer changed the
degradation mechanism, activating paths towards a slow
growth of the conductive shell. This hints at a possible “ageing
design” through coatings that direct the transport of the metal,
similar to known self-healing concepts.52

The importance of microstructure for degradation that we
observed here suggests that the geometry of the colloid used for
imprinting will affect ageing mechanisms, too. Spheres, for
example, have been shown to yield lines with a smoother
surfacemorphology than wires that form a thinner, porous shell
aer plasma sintering.15 Larger spheres reduce the fraction of
OAm that affects the mobility of the core. The effect of another
particle geometry is currently under investigation and will be
the topic of a forthcoming manuscript.

Fig. 4 (A–C): Relative change in sheet resistance (Rsh,t ! Rsh,t0)Rsh,t0
!1 ¼ DRsh,tRsh,t0

!1 after time t for electrodes imprinted at 6 mg mL!1 with
different coating finishes. (D–F): illustrations of the apparent microstructures.

© 2022 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2022, 4, 3940–3949 | 3947
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Consolidation and performance gains in plasma-
sintered printed nanoelectrodes†

Lukas F. Engel, a Lola González-Garćıa *ab and Tobias Kraus *ac

We report on the unusual, advantageous ageing of flexible transparent electrodes (FTEs) that were

self-assembled from oleylamine-capped gold nanospheres (AuNPs) by direct nanoimprinting of inks with

different particle concentrations (cAu = 3 mg mL−1 to 30 mg mL−1). The resulting lines were less than

2.5 mm wide and consisted of disordered particle assemblies. Small-Angle X-ray Scattering confirmed

that particle packing did not change with ink concentration. Plasma sintering converted the printed

structures into lines with a thin, electrically conductive metal shell and a less conductive hybrid core. We

studied the opto-electronic performance directly after plasma sintering and after fourteen days of

storage at 22 °C and 55% rH in the dark. The mean optical transmittance !T400–800 in the range from

400 nm to 800 nm increased by up to z 3%, while the sheet resistance Rsh strongly decreased by up to

z 82% at all concentrations. We correlated the changes with morphological changes visible in scanning

and transmission electron microscopy and identified two sequential ageing stages: (I) post-plasma

relaxation effects in and consolidation of the shell, and (II) particle re-organization, de-mixing,

coarsening, and densification of the core with plating of Au from the core onto the shell, followed by

solid-state de-wetting (ink concentrations cAu < 15 mg mL−1) or stability (cAu $ 15 mg mL−1). The plating

of Au from the hybrid core improved the FTEs' Figure of Merit FOM = !T400–800$Rsh
−1 by up to z 5.8

times and explains the stable value of z 3.3%$Usq
−1 reached after 7 days of ageing at cAu = 30 mg mL−1.

1. Introduction
Flexible and transparent electrodes (FTEs) are indispensable
components of modern opto-electronics such as foldable
smartphones or wearables.1 Metal grids with (sub-)micron line
widths allow to combine mechanical exibility and optical
transparency with electrical conductance.2 Micron-scale
conductive metal lines are sufficiently conductive for many
applications at areal fractions that let most light pass through. A
useful gure of merit of such an electrode is the ratio between
optical transmittance and sheet resistance.3 It can be tailored to
the application by varying the grid pattern, line dimensions, or
metal type, for example.4

Direct nanoimprinting of colloidal metal inks is an estab-
lished route to metal grid FTEs.5 Printing is feasible in a single,
roll-to-roll-compatible step under ambient conditions.6 It is
possible to print at the sub-micron resolution required for ultra-

high denition displays.7 Advanced printing processes use
a patterned polydimethylsiloxane (PDMS) elastomer stamp that
patterns a colloidal metal ink when it meets the substrate. The
stamp absorbs the solvent and/or its vapors, the colloids
concentrate and self-assemble inside the stamp's cavities, and
percolating networks form that follow the stamp's features.8

Ko et al.9 and Park et al.10 used such a process and nano-
imprinted Au nanospheres with a core diameter of dc z 1 nm to
3 nm and strongly bound hexanethiol ligands, dispersed in a-
terpineol. Kister et al.7 employed Au nanospheres with dc z
3.2 nm and weakly bound dodecylamine (C12) ligands,
dispersed in cyclohexane. Maurer et al.8 imprinted ultra-thin Au
nanowires with dc z 1.6 nm, lengths above 1.6 mm, and
a weakly bound oleylamine (OAm, C18) ligand shell, dispersed
in cyclohexane. Park et al.11 worked with Ag nanospheres with
a core diameter of dc z 3 nm to 7 nm and dodecylamine (C12)
ligands, dispersed in a mixture of toluene and a-terpineol.
Agrawal and Garnett12 used Ag nanocubes with a core edge
length ofz75 nm and a polyvinylpyrrolidone (PVP) ligand shell,
dispersed in ethanol, to form monocrystalline structures.13

Nanoimprinting is usually followed by a densication step.
For example, colloidal metal typically contains electrically
insulating ligands that have to be removed aer imprinting.14

Thermal, photonic, or plasma-based processes are commonly
used for ligand removal and sintering.15 Nanoscale colloids can
be plasma-sintered at temperatures far below the melting point
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of the bulk metal.16 Plasma sintering avoids soening of the
polymer substrate, e.g. polyethylene terephthalate (PET) with Tg
z 75 °C.17 Oxygen-containing plasma removes organic ligands
primarily through oxidation, while inert plasma acts by sput-
tering.18 Both accelerate surface diffusion on metals and cause
sintering.19 Shaw et al.20 showed that low-pressure O2 plasma
penetrates 440 nm thick layers of ceramic nanospheres (ZrO2,
core diameter dc z 3.7 nm, trioctylphosphine oxide ligand
shell) and removes virtually all organics while retaining the
individual nanospheres. Reinhold et al.21 and Ma et al.22

provided evidence for the formation of a conductive Ag shell
around an insulating core in a low-pressure Ar plasma for lms
of printed and drop-casted Ag nanospheres (e.g., dc z 23 nm
with a gum arabicum ligand shell). Engel et al.23 reported the
formation of a conductive gold shell on top of an oleylamine-
gold core for nanoimprinted lines of ultra-thin Au nanowires
(AuNWs, dc z 1.7 nm) or of Au nanospheres (AuNPs, dc z 3.7
nm) in a low-pressure H2/Ar plasma.

The last three reports nd a strongly improved conductance
immediately aer plasma treatment. Few authors report on the
stability of this improvement or on the efficiency of metal use. It
is known that thermally annealed random networks of Ag
nanowires degrade as a function of temperature, humidity,
light, and electric current.24–29 Such electrodes may fragment
into spheres upon heating due to the Rayleigh–Plateau insta-
bility30 and are prone to failure due to electromigration. They
are susceptible to UV light and chemical corrosion (suldes,
oxygen, and acids), which can be prevented by protective coat-
ings that reduce surface diffusivity and the Rayleigh–Plateau
instability. Maurer et al.31,32 reported that dip-coated layers (up
to 10 nm thick) of AuNWs on glass substrate degraded within
hours at room temperature, unless they were coarsened by a H2/
Ar plasma. Annealing resulted in de-wetting, which accelerated
with growing temperature and decreasing lm thickness. Engel
et al.33 examined the stability of grid-like FTEs (up toz 275 nm
thick) imprinted from AuNWs at different Au concentrations cAu
on PET foil and identied ageing by solid-state de-wetting of the
shell, de-mixing of the hybrid core, and collapse of the shell. All
reports indicated a degradation with time that has to be pre-
vented via additional coatings or other stabilizing measures.

Here, we show that the degradation of plasma-treated metal
grid FTEs is connected to the porosity of the conductive shell
and the residual organics inside their hybrid core. We printed
FTEs using gold nanospheres (AuNPs) at different concentra-
tions to obtain parallel lines. Their structures were analyzed via
Small-Angle X-ray Scattering (SAXS) and the lines were sintered
in a H2/Ar plasma. Electron microscopy (SEM/TEM) before and
aer sintering indicated the formation of increasingly smooth
lines with growing gold concentration. The mean optical
transmittances (!T400–800) increased by up to z 3.17% within 14
days aer sintering, while the electrical resistance Rsh strongly
decreased by up to z 82.2%, depending on the particle
concentration. Detailed analyses of the morphological changes
indicated that compact, stable shells formed during plasma
sintering. They covered hybrid cores that de-mixed aer sin-
tering such that additional metal was plated onto the shell,
increasing conductance.

2. Materials and methods
2.1. Synthesis of Au nanospheres

2.1.1. Chemicals. Tetrachloroauric(III) acid trihydrate
(HAuCl4$3H2O) was synthesized according to Schubert et al.,34

oleylamine (Acros Organics, C18 content of about 80–90%) was
purchased from Thermo Fisher Scientic GmbH (Schwerte,
Germany) and ltered with a 0.45 mm Rotilabo-PTFE syringe
lter from Carl Roth GmbH + Co. KG (Karlsruhe, Germany)
prior to each usage to remove any oxidized residues, pentane
(Sigma Aldrich, for HPLC, $99%) and borane tert-butylamine
complex (Sigma Aldrich, 97%) were obtained from Merck KGaA
(Darmstadt, Germany), cyclohexane (ROTISOLV $99.9%, GC
Ultra Grade) was bought from Carl Roth GmbH + Co. KG
(Karlsruhe, Germany), and absolute ethanol ($99.8%, analyt-
ical reagent grade) was procured from Fisher Scientic GmbH
(Schwerte, Germany). All chemicals were used without further
purication unless explicitly mentioned.

2.1.2. Synthesis. Nanospheres (AuNPs) having a gold (Au)
core and an oleylamine (OAm) ligand shell were synthesised at
ambient conditions according to Kister et al.7 using an adapted
protocol from Wu et al.35 In a typical synthesis, 80 mg of tert-
butylamine borane were dissolved in a mixture of 4 mL pentane
and 4 mL OAm to obtain a solution A. Then, 200 mg of
HAuCl4$3H2O were given into a disposable 100 mL glass snap-
on vial from Carl Roth GmbH + Co. KG (Karlsruhe, Germany).
16 mL of pentane and 16 mL of OAm were added and the
resulting mixture stirred at 500 rad min−1 for 45 min to obtain
a solution B. Precisely at the end of the 45 min (the waiting time
determines the sphere radius), solution A was added into
solution B (the color turned immediately dark brown). Then the
mixture was stirred for further 60 min.

2.1.3. Purication, dilution and storage. Aer synthesis,
the AuNPs were precipitated by adding twice the reaction
volume of absolute ethanol and gently shaking the snap-on vial.
Sedimentation was forced in a Rotanta 460 RS centrifuge from
Andreas Hettich GmbH & Co. KG (Tuttlingen, Germany) with
a swing-out rotor at 3435 rcf for 5 min. The supernatant was
removed and the spheres were re-dispersed in n-hexane, in the
amount which corresponded to the original reaction volume.
The precipitation procedure was repeated once, followed by
forced sedimentation, but this time for 60 min at 3435 rcf,
before the spheres were re-dispersed in cyclohexane to obtain
a stock dispersion of cAu z 30 mg mL−1 (estimated based on
HAuCl4$3H2O weighed in and 100% yield). By diluting the stock
dispersion, the other concentrations cAu of the AuNP inks were
prepared. Aer synthesis and dilution, all dispersions were
stored for 16 h at room temperature before use.

2.2. Small-angle X-ray scattering (SAXS)

The AuNP core size dsp and the colloidal state of order in the
dispersions were determined via SAXS. The respective disper-
sion was lled into a glass mark-tube from Hilgenberg GmbH
(Malfeld, Germany) with an inner diameter of 1.5 mm. The tube
was sealed with a fast-curing two-component epoxy from R&G
Faserverbundwerkstoffe GmbH (Waldenbuch, Germany) to
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exclude solvent evaporation. Each sample was measured for
a total of 30 min. The solvent's background was accounted for
by measuring its scattering curve separately and subtracting it
from the sample curves. To determine dsp, tting was per-
formed using the soware SASt from the Laboratory for
Neutron Scattering at Paul Scherrer Institute (Villigen,
Switzerland).

The spheres' structural arrangement within the pre-plasma
lines was studied in transmission right aer imprinting on
PET. Measurements were performed at room temperature on
ambient air to prevent any inuence from drawing vacuum.
Each sample was measured for 120 min in total.

The scattering setup consisted of a Xeuss 2.0 HR SAXS/WAXS
instrument from Xenocs SAS (Grenoble, France) with a Cu Ka
source and a detector PILATUS3 R 1 M from DECTRIS AG
(Baden, Switzerland) which was placed at a distance of about
550 mm from the samples. Precise calibration of this distance
was ensured using a standard of Ag behenate before each
measurement. Through azimuthal integration, the scattering
curves were obtained from the two-dimensional scattering
images using the soware Foxtrot from Synchrotron SOLEIL
(Saint-Aubin, France).

2.3. Thermogravimetric analysis (TGA)

The sample for TGA was prepared by drying 0.360 mL of
a 20 mg mL−1 AuNP dispersion in a crucible made from
aluminum oxide. To remove any solvent and moisture, the
sample was dried in a drying oven for 16 h at 30 °C and 50 mbar
before being placed in an analyzer of type STA 449 F3 Jupiter
from NETZSCH-Gerätebau GmbH (Selb, Germany). The sample
was heated from room temperature to 1200 °C at a rate of
10 °C min−1 in synthetic dry air while the mass was continu-
ously recorded from 50 °C onward.

2.4. Nanoimprinting

2.4.1. Substrate cleaning. PET foil of type Melinex 401 CW
from DuPont Teijin Films UK Ltd. (Redcar, United Kingdom)
with a thickness of 75 mm was employed as imprinting
substrate. This type of foil has one pure PET side and one which
has been treated to slipmore easily. We imprinted onto the pure
PET side. Prior to use, the PET foil was cleaned in an ultrasonic
bath in a custom-made cleaning rack, applying the following
sequence of solvents: 5 min acetone, 5 min ethanol, and 5 min
Milli-Q ultrapure water. The cleaned substrate was dried for
30 min at 60 °C, just below its glass transition temperature of
70–80 °C. Acetone removed greasy residues, ethanol and ultra-
pure water removed acetone (thereby increasing polarity); the
ultrapure water dried without any trace.

2.4.2. Polydimethylsiloxane (PDMS) imprinting stamp
fabrication. PDMS imprinting stamps were fabricated in a two-
step moulding process. In the rst step, a lithographically
produced silicon master from AMO GmbH (Aachen, Germany),
carrying the desired pattern of the nal imprinting stamp
(parallel line channels, patterned area Az 7 cm× 7 cm, pitch p
z 19.5 mm, channel width wcz 1.6 mmand channel depth dcz
4.2 mm), was used as a mould for a rst PDMS replicate. This

replicate was then used in a second step as themaster mould for
the actual imprinting stamp.

Both masters had to be silanized prior to the moulding
procedure. Silanization of the silicon master was carried out
without pre-treatment, while silanization of the PDMS master
was performed aer its plasma activation for 1.5 min using an
oxygen plasma at 0.3 mbar in a low pressure plasma reactor of
type Pico from Diener electronic GmbH & Co. KG (Ebhausen,
Germany). Each silanization was performed inside a conven-
tional glass desiccator with a snap-on vial cap containing 30 mL
of (tridecauoro-1,1,2,2-tetrahydrooctyl)trichlorosilane from
abcr GmbH (Karlsruhe, Germany). The snap-on vial cap was
shielded from the respective master to achieve uniform silani-
zation. Firstly, the desiccator was ushed with Ar (the silane is
sensitive to humidity), evacuated to 3 mbar, and disconnected
from the vacuum pump. Aer 30 min at room temperature, the
desiccator was slowly ventilated with air.

The pre-polymer and the cross-linker of a PDMS kit, Sylgard
184 from Dow Inc. (Midland, USA), were mixed in a 10 : 1 (w/w)
ratio prior to degassing in a Speedmixer DAC 600.2 VAC-P from
Hauschild GmbH & Co. KG (Hamm, Germany) at 2350 rpm and
1 mbar for 3 min. The resulting mixture was poured onto the
respective master which carried a Teon ring (2 mm thick) as
spacer, sealed at the edges with add-i-gum light N from DE
Healthcare Products (Gillingham, UK), and a glass plate as top
sealing to ensure uniform thickness. The PDMS was cured for
3 h at 80 °C before carefully peeling off the replica along the
stamp channels.

The replica of the PDMS master was cut into two equal
halves, each being an imprinting stamp with an area of 3.5 cm
× 8 cm of which 3.5 cm × 7 cm were patterned and 3.5 cm ×

0.5 cm at either end were not. The latter served as run-in and
run-out areas during imprinting. Larger areas can be printed
using the complete replicate.8

2.4.3. Nanoimprinting. For nanoimprinting, a patterned
PDMS stamp was attached to a custom-made cylindric steel
roller (3 kg, 8 cm in diameter and height) with a double-sided
tape from tesa SE (Norderstedt, Germany). The weight of the
roller provides the pressure needed for imprinting. We moun-
ted the steel roller onto a modied TQC Sheen automatic lm
applicator from Industrial Physics Inks & Coatings GmbH
(Hilden, Germany) which served as carrier. Right before
imprinting, 60 mL of ink were injected directly in-between the
attached PDMS stamp and the PET substrate using a pipette
(continuous processing is possible e.g. with a syringe pump for
the ink). During imprinting, the linear movement of the carrier
(4 mm s−1) in direction of the stamp's parallel line-like channels
is translated into a rolling motion of the steel roller over the
substrate. A detailed description of the imprinting process is
given in Maurer et al.8 and Kister et al.7 Before its reuse, ink
residues adhering to the PDMS stamp aer imprinting were
removed using Scotch Magic Tape from 3M Deutschland GmbH
(Kleinostheim, Germany). There was no degradation of the
stamps apparent from the geometry of the prints aer using the
same stamp 60 times. To avoid capillary condensation during
imprinting, it has to be executed well above the dew point.
Typically, we imprinted at 22 °C and 55% rH (dew point of 12.5 °
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C) and stored the electrodes under the same conditions in the
dark.

2.5. Plasma sintering

Plasma sintering was performed within a low pressure 13.56
MHz RF plasma reactor of type Pico from Diener electronic
GmbH & Co. KG (Ebhausen, Germany) right aer nano-
imprinting. A mixture of 5% H2 in 95% Ar (H2/Ar) served as
process gas. Plasma sintering was carried out at room temper-
ature for 20 min at z 0.3 mbar with 100 W RF power.

2.6. Sheet resistance measurements

The electrodes' sheet resistances Rsh were determined in 2-
point-probe conguration with a multi-channel multi-meter
(DAQ6510 data acquisition logging multi-meter system) which
was equipped with multiplexer cards (7702 40-channel differ-
ential multiplexer module with screw terminals) from Keithley
Instruments GmbH (Germering, Germany). A fast drying Ag
paste ACHESON Ag DAG 1415 from Plano GmbH (Wetzlar,
Germany) and AGF 1 miniature crocodile clamps from SKS
Kontakttechnik GmbH (Niederdorf, Germany) were used for
contacting. The Ag paste was deposited as two parallel lines,
each 1.5 cm long and spaced 1.5 cm apart, forming a square
measurement eld. The measured resistances corresponded
directly to the desired sheet resistances. Measurements were
automatically recorded every 10 min during storage under
ambient conditions (Tz 22 °C, rHz 55%) in the dark to avoid
e.g. radiation heating.

2.7. UV-vis spectroscopy

The electrodes' optical transmittances were determined using
a Cary 5000 UV-vis-NIR spectrophotometer from Agilent Tech-
nologies Deutschland GmbH (Waldbronn, Germany) having
a tungsten halogen light source for the visible and a deuterium
arc light source for the UV range. The respective electrode on
PET was mounted behind a blackened metal mask with circular
aperture (5 mm in diameter). Measurements were carried out in
the range 400 nm to 800 nm in double-beammode against air at
scan rates of 600 nmmin−1. A PET substrate with the imprinted
electrode on top was placed such that the blank side was in
contact with themask to prevent any damage to the electrode on
the other side. Baselines of the bare PET substrates were
recorded, too, as references.

2.8. Cross-sectioning via focused ion beam (FIB)

Cross-sections of printed and of sintered lines were prepared
with a FEI Versa 3D DualBeam from Thermo Fisher Scientic
GmbH (Schwerte, Germany). The surfaces of the lines were
protected by layers of Pt which were rst deposited using the
electron beam, and then with an ion beam.

2.9. Transmission electron microscopy (TEM)

All FIB cuts were characterized at an acceleration voltage of
200 kV in a JEM 2010 from JEOL GmbH (Freising, Germany).

2.10. Scanning electron microscopy (SEM)

For SEM imaging, either a FEI Quanta 400 ESEM or a FEI Versa
3D DualBeam from Thermo Fisher Scientic GmbH (Schwerte,
Germany) with secondary electron detectors was used. Instead
of PET, polished p-type silicon wafers from Siegert Wafer GmbH
(Aachen, Germany) were used as substrate for better imaging.

3. Results and discussion
Fig. 1 illustrates the performance of freshly prepared (purple)
and aged (orange) metal-grid FTEs printed using inks with
different gold concentrations cAu (denoted in the gure with the
color gradient, where the intensity of the color indicates higher
concentrations). We printed grids from oleylamine-capped gold
nanospheres (AuNPs), plasma-sintered them, and compared
their mean transmittances !T400–800 in the visible range to their
sheet resistances Rsh immediately aer plasma sintering and
two weeks later. Sheet resistances Rsh and optical trans-
mittances !T400–800 consistently decreased with increasing
concentration cAu in the range of 3–30 mg mL−1. Lower
concentrations were insufficient to form percolating, conduc-
tive lines; higher concentrations led to optical transmittances of
below 85%. The gure of merit according to Fraser and Cook,3

FOM = !T400–800$Rsh
−1, (1)

compares the ratio of !T400–800 and Rsh at different concentra-
tions cAu; it increased with cAu.

Resistances were more sensitive to cAu than transmittances,
and the FOM of aged electrodes was more sensitive to cAu than
that of freshly sintered ones. During 14 days of ageing, !T400–800

(Fig. S3 and S4 in the ESI† show the averaged optical trans-
mittance spectra for all concentrations immediately aer
plasma sintering and 14 days later) always increased (by up toz
3.17%) while Rsh always dropped (by up to z 82.2%), which
increased the FOM up toz 5.8 times. This is in stark contrast to
the situation for metal grid FTEs printed with oleylamine-
capped ultra-thin gold nanowires (AuNWs). Their sheet resis-
tances increased by z30% in 14 days for concentrations up to
3 mg mL−1, and they became non-conductive within 8 h for cAu
$ 5 mg mL−1.33

We studied the ageing mechanisms to optimize the stability
and performance of the affected FTEs. In the following, we give
an overview of the resistances' temporal evolution, compare it to
structural analyses, and develop mechanistic hypotheses.

The relative change in sheet resistance (Rsh,t − Rsh,t0)$Rsh,t0
−1

= DRsh,t$Rsh,t0
−1 at time t progressed in two sequential stages.

Their exact progressions depended on cAu, but the
qualitative features were similar for all concentrations.
Differences between the stages were particularly distinct for
cAu = 30 mg mL−1, the case shown in Fig. 2. An initial expo-
nential decay (stage I) was followed by a reversed S-curve (stage
II). We analyzed the morphological evolution of the lines and
correlated it with the change in their resistance (Fig. 3).

The printed structure initially consisted of randomly and
densely packed nanospheres. Small-angle X-ray scattering
(SAXS, Fig. S6 of the ESI†) conrmed that the printed particles
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with a core diameter of dsp = 3.7 ± 0.37 nm packed with
a center-to-center distance of ac–c= 5.61± 0.07 nm (Sections 3.1
and 3.2 in the ESI†). The surface-to-surface distance of the Au
cores of as–s z 1.91 nm was about the length of an oleylamine
(OAm) molecule (lOAm z 2.05 nm (ref. 36)), probably due to
interdigitation of the OAm shells.37

The printed lines were slightly narrower than the stamp
feature wc = 1.6 mm and had triangular cross-sections with
a central ridge that appears as a bright center (Fig. 3A). Limited
bleeding formed a sub-mono AuNP layer barely visible in the
cross-section of Fig. 3E.

Plasma sintering blunted the ridge (Fig. 3B), reduced its
height, and formed a conductive line with a Gaussian prole
(Fig. 3F). Gold and OAm were moved or removed during plasma
sintering. The outermost particles were sintered and formed
a thin Au shell with a thickness of tshell = 8.07 ± 1.36 nm.23 This

shell was slightly thicker than that reported for plasma-sintered
AuNW lines.23

Ageing stage I (Fig. 2) was not accompanied by visible
morphological changes (Fig. 3M–O). The resistance in Fig. 2
indicates that ageing started immediately aer plasma sinter-
ing, but there were no changes visible in electron microscopy
(EM) that would explain the initial drop in Rsh during stage I.
The unchanged microstructure and the time scale suggest that
stage I is dominated by stress relaxation that reduces atomic
lattice distortions in the metal shell.38 Slow consolidation
processes likely close small pores in the shell, and metal grain
sizes increase. The overall process can be likened to the nal
stage of ceramic solid-phase sintering.39 It is interesting to
compare it to the ageing of AuNW grids at high cAu. These
rapidly age and degrade aer plasma sintering by fast de-mixing
and compaction of the hybrid core, processes that damage the
conductive shell and are clearly visible in EM.33 We nd that
plasma-sintered spherical nanoparticles form a thicker,23 less
porous shell that shields the hybrid core from the plasma. This
limits the removal of OAm and fragments thereof from the core
that dominates the ageing of AuNW-derived structures.33

Ageing stage II was characterized by a reversed S-curve
course that can be divided (Fig. 2) into an initial, an interme-
diate, and a nal phase. The decrease of Rsh started slowly,
accelerated, and nally stabilized. This may be compared to
powder sintering with a liquid phase due to a low-melting
secondary powder component, where most of the densica-
tion occurs quickly in the intermediate phase, too.39 A similar
liquid phasemay form in the hybrid core due to ”melting” of the
ligand shells that are partially degraded by plasma sintering.

The decrease of resistance in stage II suggests coordinated
particle movement inside the core rather than the motion of
single particles that ll gaps. This is consistent with the average
particle spacing from SAXS as–s that isz48% below the particle
diameter dsp and would not allow single particles to move inside
packing. Instead, collective particle motion caused morpho-
logical changes that were clearly visible in electron microscopy

Fig. 1 (A) Sheet resistances Rsh and mean optical transmittances !T400–800 for electrodes directly after plasma sintering and fourteen days later.
(B) Change of the figure of merit FOM = !T400–800$Rsh

−1 with gold concentration cAu for new and aged samples. All graphs show averages and
standard deviations from three samples, and the corresponding fits (dashed lines). Fig. S1 in the ESI† has the complete data set and the fitting
details for (A). Light colours represent lower cAu.

Fig. 2 Stages I and II of electrode ageing: (I) post-plasma relaxation
effects in and consolidation of the shell, (II) particle re-organization,
de-mixing, coarsening, and densification of the core with Au plating
onto the shell, followed by stabilization or (for cAu < 15 mgmL−1) solid-
state de-wetting. Stage II can be split into an initial phase a, an inter-
mediate phase b, and a final phase c.

4128 | Nanoscale Adv., 2023, 5, 4124–4132 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3D, H and L. The hybrid core had densied signicantly,
conrming the removal of a relevant fraction of OAm during
plasma sintering. The surface of the lines had visibly coarsened
aer 14 days and pores were visible (indicated by red circles).
We found that these pores appeared in lines printed at the same
ink concentrations at similar densities, with spacings of at least
1 mm. This may indicate a “depletion” volume that forms below
the pores. Metallic Au apparently migrated to the shell and
increased its thickness from tshell = 8.07 ± 1.36 nm (ref. 23) up
toz 100 nm (Fig. 3H and L). This migration probably decreased
Rsh and stabilized the aged lines against solid-state dewetting.40

The shell thickness was surprisingly uniform across the entire
width, indicating uniform plating from the core onto the inside
of the shell. The aged lines appeared slightly wider than before,
probably because the core partially collapsed in height with an
intact shell. This reduced optical transmittance, an effect
overcompensated by coalescence of the spheres in the thin
layers surrounding the lines (Fig. 3D). This coalescence reduced
optical scattering and probably explains the 3.17% increase in
optical transmittance. Larger Au spheres formed in the core,
probably by Ostwald ripening.41

The ageing of lines printed at lower cAu was qualitatively
similar (Fig. 4A–C). At cAu = 6 mg mL−1 to 12 mg mL−1 (Fig. 4A),
stage I was unchanged, but the intermediate phase of stage II
started earlier than at cAu = 30 mg mL−1 and caused a smaller
relative decrease in Rsh.

Previous studies reported that lines printed at low cAu were
up to z 41% wider, lower in height, more porous, and
had disconnected gold parts that did not contribute to
conductance.23 Lines printed at higher cAu had smoother
surfaces and were higher and narrower (minimum width at
cAu = 12 mg mL−1, Fig. 4B). Our recent results suggest that
porous, at, wide lines age unfavorably. The conductance
decrease in stage II at cAu = 6 mg mL−1 strongly reminds of the
ageing of wire-based electrodes33 imprinted at low concentra-
tions that have a rough, porous surface and slowly degrade due
to solid-state de-wetting.40

Lines printed at cAu = 12 mg mL−1 to 24 mg mL−1 (Fig. 4B)
aged in similar ways. Stage II lasted longer with increasing cAu.
The (stable) resistance in its nal phase consistently decreased
with increasing cAu, while its relative change increased due to
the growing Au fraction in the hybrid core. The initial steep
drop in relative Rsh remained unchanged, consistent with
a relaxation mechanism. It is conceivable that the thin and wide
lines that form at cAu # 9 mg mL−1 (ref. 23) promote the re-
arrangement of particles in the hybrid core, obscuring the
initial phase of stage II. A higher fraction of fragmented ligands
may reduce viscosity and increase mobility.

Lines printed at cAu = 24 mg mL−1 to 30 mg mL−1 (Fig. 4C)
had similar stages I and II, but the length of the initial phase of
stage II decreased with cAu. It appears likely that the residual
organics inside the hybrid core reach a critical concentration as

Fig. 3 Surfaces and cross-sections of lines imprinted at 30 mg mL−1 before (A, E, I, M), immediately after (B, F, J, N), two days after (C, G, K, O),
and fourteen days after (D, H, L) plasma sintering. They show the smooth line surface flanked by a thin layer of bleeded spheres (A) and the
amorphous sphere arrangement in triangular shape (E, I and M) before, the now Gaussian-shaped core–shell structure (F, J and N) right after and
(G, K and O) two days after as well as the densified core (H and L), the coarsened surface with occasional pores (red circles) and the coalesced
bled spheres (D) fourteen days after plasma sintering. Note that each TEM image was taken from an individual TEM lamella. We prepared lamellae
from different locations of the same FTE sample.
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the line height grows linearly with cAu, while the plasma pene-
tration depth is limited. The low binding energy of Au–NH2,42,43

the partial fragmentation of OAm during plasma sintering, and
the low viscosity44 of OAm at room temperature increase the
mobility of the core components45–47 such that particle re-
orientation accelerates. This is consistent with FTEs imprin-
ted from AuNWs, where the fraction in residual organics inside
the hybrid core controlled the ageing rate.33

The ageing mechanisms discussed above explain the evolu-
tion of the FOM with cAu aer 14 days shown in Fig. 1B. The
increase in the gold fraction of the compact shell with cAu
increased the overall conductance. The change in the slope

dFOM/dcAu at 21 mg mL−1 (“kink”) indicates that a larger frac-
tion of the AuNPs within the core migrated to the conductive
shell for cAu > 21 mg mL−1 than for cAu # 21 mg mL−1, probably
due to their larger residual organic content that facilitates de-
mixing. The kink in Fig. 1B coincides with the decreasing
duration of the initial phase of stage II at approximately 21 mg
mL−1.

The effect of the residual organic concentration inside the
hybrid core plausibly explains why ageing in stage II consis-
tently accelerates, too. Any Au plated from the core onto the
shell increases the fraction of residual organics in the core.
Mobile gold in hybrid phases that enables low-temperature
annealing has been previously reported, including the
mobility-increasing effect of plasmas.48–50

4. Conclusions
Flexible transparent electrodes were imprinted from AuNPs at
different particle concentrations and plasma sintered, partially
removing the OAm ligands. We found strong correlations
between the ink concentration, the electrodes' ageing, and the
resulting opto-electronic performance.

Plasma sintering formed conductive lines with an outer Au
shell that covered a hybrid core. Organic residues in the core
caused it to re-organize, de-mix, coarsen, and compact. The
shell thickened as metallic gold from the hybrid core deposited
on it. Residual organics facilitated de-mixing and enabled
further densication of the core.

The change in resistance during ageing was characterized by
two sequential stages at all ink concentrations. Stage I
comprised post-plasma relaxation in and consolidation of the
shell. Stage II comprised the re-organization, de-mixing,
coarsening, and densication of the core as well as Au plating
from the core onto the shell. It ended with a stable resistance at
cAu $ 15 mg mL−1 or solid-state de-wetting that degraded lines
printed at lower concentrations.

Ageing in stage I was largely concentration independent,
while stage II was clearly dependent on cAu but always followed
an inverted “S” shape. The largest relative decrease in Rsh within
its intermediate phase of 40% to 50% within 2 to 3 days
occurred at cAu > 12 mg mL−1. The evolution is consistent with
a liquid-like organic phase in the hybrid core not unlike the
liquid phase in powder sintering aer the liquefaction of a low-
melting secondary powder component.39 The organic phase
promoted plating of metallic Au onto the shell. This thickened
the shell up to 100 nm and caused the FOM in the aged state to
increase rapidly: dFOM/dcAu increased, reaching the highest
FOM z 3.32%$Usq

−1 at cAu = 30 mg mL−1. Ink concentrations
of 6 mg mL−1 to 24 mg mL−1 yielded thicker lines. This
decreased the fraction of low-viscosity ligand fragments,
increasing the duration of stage II.

The results conrm the importance of a robust shell during
ageing. The concentration of residual organics and the ratio
between particle spacing and core diameter set the kinetics of
gold plating on the shell. Future studies could assess whether
temperature can be used to control the ageing kinetics, and
whether an optimal ratio of particle diameter to spacing exists.

Fig. 4 (A–C) Effect of ink concentration cAu on the two ageing stages I
and II. Relative changes in sheet resistance during fourteen days of
storage under ambient conditions in the dark are shown. The different
concentrations were distributed over three plots for improved read-
ability. Figure S2 in the ESI† illustrates the repeatability and the result
for cAu = 3 mg mL−1.
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ACS Appl. Mater. Interfaces, 2018, 10, 6079–6083.

8 J. H. M. Maurer, L. González-Garćıa, I. K. Backes, B. Reiser,
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Chapter 4

Discussion

This dissertation investigates

• the bundling mechanism of OAm covered AuNWs in their colloidal
solution in cyclohexane,

• the structure-property relationship of FTEs produced by direct nanoim-
printing of OAm-stabilized gold nanoparticles, and

• the stability of such FTEs and their stabilization.

Direct nanoimprinting of colloidal solutions of ligand ligated metal
nanoparticles creates material features during drying within the channels
defined by the stamp pattern. If the particles in the colloidal solution
already self-organized into assemblies, these are the building blocks. Un-
derstanding the AuNW bundling in cyclohexane allows for a better con-
trol of the building blocks and of the FTE morphology after imprinting.
Publication 1 studied the mechanism of bundle formation for colloidal
solutions of AuNWs in cyclohexane with different gold and OAm concen-
trations and at varying temperatures, mainly using SAXS and TGA.

The microstructures of conductive FTEs develop during low pressure
plasma sintering from the FTEs’ morphology as printed and determine
the electrodes’ opto-electronic performance. Publication 2 investigated
the pre- and post-plasma microstructures and the performance of elec-
trodes right after their manufacture. They were printed from colloidal
inks containing AuNPs/AuNWs at different gold concentrations cAu in
cyclohexane and treated with H2/Ar plasma to remove the OAm ligands
and merge the self-assembled Au cores. The imprinted Au grids consisted
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CHAPTER 4. DISCUSSION

of straight parallel lines. The measurement quantities and methods used
were Rsh and T 400-800 (for the performance) and SAXS, SEM, TEM, and
CLSM (for the morphology).

The opto-electronic performance of instable FTEs changes during stor-
age. Publication 3 and Publication 4 studied post-plasma performance
and morphology during ageing. Stabilization via slowing surface atom
self-diffusion was investigated.

4.1 Bundling mechanism of OAm-stabilized AuNWs

in cyclohexane

AuNWs with a monolayer of oleylamine (OAm) ligands tethered to their
surface can self-assemble into elongated, close-packed hexagonal bundles
(e.g., in n-hexane) or remain stable as individual, fully dispersed nanowires
(e.g., in cyclohexane). [118] Computer simulations indicate [236] that bund-
ling in n-hexane is entropy-driven. The line contact between OAm ligand
shells of parallel wires allows linear n-hexane molecules to simultaneously
solvate two adjacent ligand shells. Compared to freely dispersed wires,
the entropy gains of solvent molecules imply a reduced Gibbs free energy
of the system that bears the formation of bundles. Cyclohexane cannot
form such bridges. This explains the fully dispersed AuNWs in cyclo-
hexane. [118,236] Publication 1 investigated why and when such bundles
can nonetheless form in cyclohexane after diluting such a fully dispersed
solution.

Insight 1: In cyclohexane, unbound OAm ligands bridge adja-
cent OAm ligand shells within AuNW bundles.

Bundles in cyclohexane formed upon dilution to cAu ≈ 4mg/mL or less
and had an interwire distance di of 4.2 nm. Diluting at steadily increas-
ing temperatures resulted in a significantly increased bundle fraction, as
shown by the continuously growing SAXS structure peaks. Slight bund-
ling was achieved at 25 ◦C, and a 45% bundling fraction at 65 ◦C, while di

increased from 4.2 to 4.4 nm. This suggests that adjacent ligand shells in
the bundles did not touch (the OAm length in its fully stretched conform-
ation is ≈ 2.05 nm [227,237]), and that solvent was always present between
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4.1. BUNDLING MECHANISM OF OAM-STABILIZED AUNWS IN
CYCLOHEXANE

neighboring ligand shells. Based on [187] ∆GSA = ∆HSA − T ·∆SSA (see
section 2.3 herein), these findings indicate an entropic rather than an
enthalpic bundling mechanism.

Unbound OAm and OAm bound to the wire surfaces are in a dynamic
equilibrium. [327,328] Dilution should shift the adsorption equilibrium to-
wards fewer adsorbed ligands and an increased number of unbound lig-
ands. Unbound OAm molecules can intercalate into adjacent ligand shells
within the hexagonal wire bundles, analogous to the bridging by linear
n-hexane molecules. Dilution releases previously adsorbed OAm ligands,
turning them into free OAm molecules. The associated entropy gain
bears the bundling. A similar interplay between ligand shells and un-
bound ligands, in the context of self-assemblying colloidal nanocrystals,
is suggested in the literature for a system of PbS nanocrystals, toluene
solvent, and oleic acid ligand. [329]

Insight 2: Entropy drives bundling only for sufficiently sparse
ligand shells.

Many authors prepare AuNW dispersions following a protocol of Nouh
et al. [206] that is based on a protocol of Feng et al. [184] (see section 2.3.3
herein). It uses n-hexane as solvent and OAm as auxiliary agent. An indi-
vidual purification cycle to remove excess OAm involves the precipitation
of the AuNWs by addition of ethanol, sedimentation of the precipitate
by gravity [118] or centrifugation [238], removal of the supernatant, and re-
dispersion of the wires in the desired solvent at the desired concentration
cAu. The amount of OAm in the resulting colloidal cyclohexane solution
could be tuned at a constant cAu (8mg/mL) by varying the purifica-
tion protocol. The dense ligand shells in the sample with the highest
OAm content prevented agglomeration even at maximum dilution. The
sample with a lower OAm content agglomerated from a medium dilution
onwards, and the sample with the least OAm coverage of its wires exhib-
ited wire bundling at all concentrations across the entire dilution range
(8 to 1mg/mL). After its dilution to 2mg/mL, the degree of bundling
declined when adding OAm.

In summary, a dense ligand shell appears to prevent unbound ligands
from intercalating it, thus preventing the entropic mechanism and hence
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CHAPTER 4. DISCUSSION

the wire bundling. Bundling in the inks to be imprinted not only favors
the percolation of the printed lines, but also the lines’ plasma sinter-
ing as bundles serve as self-templates [228] that keep [228,287] AuNWs from
fragmentation during sintering.

Bundling in n-hexane also required a sparse ligand shell. Apparently,
however, the intercalation of linear n-hexane molecules into the ligand
shell started at higher OAm surface densities than the intercalation of
unbound ligand in cyclohexane. Re-dispersion in n-hexane initially res-
ulted in a fully dispersed solution, with bundling over a period of two to
three hours [118,222].

A corresponding entropy-driven agglomeration of OAm coated AuNPs
in n-hexane/cyclohexane is geometrically excluded since the sphere-sphere
contact area is three orders of magnitude smaller than for AuNWs. [239]

Consequently, the agglomeration with such AuNPs in cyclohexane only
occurs at very high particle concentrations, favorable [43] for the percola-
tion of lines nanoimprinted with such inks.

4.2 Morphology and opto-electronic performance of

printed metal grid electrodes

FTEs based on highly conductive metals cannot be produced by direct
nanoimprinting of the metals’ high-temperature melts due to the low
thermal budget of flexible transparent substrates. Direct nanoimprinting
of colloidal metal inks overcomes this dilemma at the price of sintering
to remove the insulating ligands which stabilized the ink. The optical
transmittances of the resulting metal grid electrodes meet expectations,
their electrical properties do not. [35,42,43] Sintering apparently does not
convert the printed lines into a perfect gold grid.

To better understand the structure-property relations of the sintered
lines, Publication 2 studied the effects of particle shape and superstruc-
ture formation on the interplay between morphology and opto-electronic
performance of metal grid electrodes imprinted from colloidal inks spe-
cified in Insight 2 herein and based on OAm, cyclohexane, and either
AuNPs or AuNWs which exhibit a very contrasting geometry.

In solution, the AuNPs were coated with shells of OAm with a thick-
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PRINTED METAL GRID ELECTRODES

ness of about 2 nm, [227,237] which likely had irregular gaps [205]. The
AuNWs were coated with a sparse OAm monolayer. Within the whole
cAu range studied, the AuNPs were fully dispersed whereas at least 70%
of the AuNWs were part of dispersed bundles. The necessity of percol-
ation and the demand for functional transmittances limited the feasible
cAu ranges.

PET foil was used as substrate. Plasma sintering applied a low pres-
sure H2/Ar plasma. The pattern of the PDMS imprinting stamp con-
sisted of parallel, line-like channels. Quantitative details are specified in
Publication 2. The performance of the resulting FTEs was quantified
using a figure of merit and compared to the FTE morphologies before
and after sintering.

Insight 3: Plasma sintering is self-limiting and forms core-shell
structures.

The printed FTE lines contained AuNWs in tight, hexagonally packed
bundles and AuNPs as randomly densely packed assemblies. The wire
surface-to-surface spacing was smaller (di ≈ 2.52 nm) than in the ink
(di ≈ 4.2 nm). The di of the AuNPs, which showed only short-range
order in the printed lines, was about the length (2.05 nm) of an OAm
molecule. TEM images of cross-sections of the plasma sintered FTE
lines revealed that plasma only sintered the outermost part of the prin-
ted lines for both AuNWs and AuNPs. Apparently, plasma sintering was
self-limiting, proceeding from the outside to the inside, so that the plasma
could not fully penetrate the deposited material. For both particle types,
the cross-sections exhibited a thin, conductive metal shell that covered a
thicker hybrid and probably significantly less conductive core. The shell’s
average thickness tshell was practically independent of cAu and well be-
low λe

Au (≈ 38 nm [16]). Both particle types yielded lines with a Gaussian
cross-section. This core/shell structure explains the high, but still prac-
tically useful sheet resistances reported [35,42,43] for nanoimprinted gold
electrodes. Such FTEs exhibit competitive opto-electronic properties,
e.g. for transparent sensors where high transmittance has priority over
low Rsh

[42].
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Insight 4: Defects in the printed line dominate the conductivity.

The shells’ mean conductivities σshell increased with cAu, but remained
below one third of the bulk gold value (σAu = 4.52× 107 S/m [330]). The
most conductive Au shells had a σshell of 1.39× 107 S/m (AuNW-based)
and 1.02×107 S/m (AuNP-based), in the range reported [331] for ultra-thin
polycrystalline Au films with thicknesses of 5.5 to 8 nm. However, at the
same cAu, the thicker AuNP-based shells always exhibited the lower σshell.
This appears contradictory as the resistivity of metal films decreases
with thickness. [92] Tapered or clogged stamp channels as well as stamp
or substrate irregularities cause defects in the printed lines. Although
rare, these defects interrupt the lines not just locally, but across their
entire width and thus render them entirely non-conductive such that
they cannot contribute to σshell. Lines imprinted from fully dispersed
spheres are more susceptible to these defects as they percolate less easy
than the pre-bundled, µm-long, flexible AuNWs.

Consistent with this view, percolation occurred already at
cAu ≈ 1mg/mL in case of the wires and only at ≈ 3mg/mL in case of
the spheres. With rising cAu, i.e., increasingly distant from the respect-
ive percolation threshold, the probability grows that irregularities may be
bridged. This is the main cause for the improvement of σshell with cAu.
Before sintering, the imprinted µm-long single crystalline AuNWs are
likely largely aligned in imprinting direction. Compared to the AuNPs,
this may implicate a lower grain boundary density in the shell after sinter-
ing [233] and some conduction in the hybrid core (see section 2.1.3 herein).
Both contribute to δσshell/δcAu. Above 5mg/mL, this slope turns neg-
ative in case of the wires, likely due to crack-like defects that formed at
the edges of the sintered lines.

Insight 5: AuNWs percolate easier than AuNPs and yield FTEs
with the better FOM.

The figure of merit FOM = T 400-800/Rsh, developed by Fraser and
Cook [317,326], compares the mean optical transmittance to the sheet res-
istance of FTEs. The plasma sintered printed lines of the FTEs reduce
T 400-800 mainly by the opacity of their metal shells. Accordingly, the av-
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erage transmittance was dominated by the mean width w of the sintered
lines and decreased in case of both nanoparticle types with cAu. At the
same cAu, wire-based electrodes had the lower T 400-800.

Rsh was roughly inversely proportional to w · σshell, where σshell is the
mean conductivity of the plasma sintered gold shells of the imprinted
lines (see Insight 4 herein). With increasing cAu, σshell increased more
than twenty-fold for both particle types. At the same cAu, the wire-
based lines exhibited the higher σshell and at higher concentrations also
the higher w. Accordingly, the Rsh decreased with cAu for both particle
types, and the wire-based Rsh was always lower.

Overall, the concentration dependence of the FOM was dominated
by the increase of σshell with cAu. The wire-based FTEs outperformed
the sphere-based FTEs at FOMs of up to ≈ 0.9%/Ωsq while spheres
only reached ≈ 0.55%/Ωsq. The ability of the mechanically flexible, high
aspect ratio (> 1000) wires to self-assemble into percolating, flexible
superstructures of its in solution pre-built bundles that could withstand
stamp and substrate irregularities better than the sphere-based lines, is
the basis for their superior σshell and hence their superior FOM .

4.3 Morphology and stability of metal grid electrodes

Post-plasma, the AuNW-based FTEs had conductive lines with thick-
nesses in the range of ≈ 60 to 275 nm and thin (≈ 5.7 nm), rough, porous,
and conductive Au shells around an insulating hybrid core. The cores
likely contained AuNWs from which the OAm was partially removed.
The OAm removal rendered the core porous, likely with a gradient from
the shell to the substrate. Ultra-thin, porous Au shells tend to de-wet
even at moderate temperatures (see section 2.5.2 herein). Ultra-thin
AuNWs, especially those with a partially degraded ligand shell, are sus-
ceptible to the Plateau-Rayleigh instability even at RT (see section 2.5.1
herein).

Publication 3 reports on the relative change in sheet resistance and
the morphology of the AuNW-based FTEs over time when stored under
ambient conditions (T ≈ 22 ◦C, rH ≈ 55%) in the dark. It introduces
measures to stabilize morphology and performance.
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FTEs imprinted from AuNPs in cyclohexane had post-plasma lines
with thicknesses of ≈ 100 to 240 nm. The conductive gold shells were
≈ 8.1 nm thick, ≈ 40% above that of AuNW-based FTEs. The sphere-
based Au shells were smoother and less porous than the wire-based ones,
and, with increasing cAu, porosity even decreased. Such thicker and less
porous shells were less susceptible to solid-state de-wetting (see section
2.5.2 herein), and better shielded the hybrid cores underneath the shells
from the plasma and its low pressure compared to the wire-based situ-
ation. During sintering, this did not only limit the OAm removal from
the cores more effectively, but also of its low-boiling fragments in com-
parison to the wires. The AuNPs in the hybrid cores were more stable
than the Plateau-Rayleigh instable AuNWs (see section 2.5.1 herein).
TEM images of post-plasma cross-sections of sphere-based cores neither
showed coarsening nor relevant loss in height. Publication 4 studied pos-
sible implications on FTE stability. It reports on the morphology and
opto-electronic performance of the FTEs imprinted from the colloidal
AuNP inks during a 14 d period of storage after plasma sintering.

Insight 6: De-wetting shells cause FTE ageing.

The Rsh of all AuNW-derived FTEs increased with the duration of stor-
age. The rates δRsh/δt were strongly dependent on the ink concentration
cAu used for imprinting: the Rsh of FTEs printed at cAu = 2 to 3mg/mL

increased within 14 d by about 30% whereas FTEs printed at cAu ≥
5mg/mL became insulators within less than 24 h. Pre-plasma SAXS pat-
terns and electron micrographs taken of the surfaces and cross-sections
before, immediately after, and 24 h (1 d) after plasma sintering revealed
solid-state de-wetting of the thin, porous Au shell, fragmentation and
spheroidization of AuNWs within the core due to the Plateau-Rayleigh
instability, followed by Ostwald ripening [303,304] and finally de-mixing,
leading to a coarsening and densification of the core, compensating for
the OAm removed by the plasma, along a loss of line height (thickness),
and, at high cAu, the rupture of the conductive shell within less than one
day.
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Insight 7: Stable shells and ageing of the hybrid core lead to
performance gains of AuNP-based electrodes.

The AuNP-derived FTEs exhibited an unusual, because advantageous,
ageing: a rapid exponential decrease of Rsh was followed by a decrease
that always started slowly, accelerated, and finally either stabilized for
high cAu or re-increased for low cAu. The stabilized Rsh consistently
decreased with cAu and the associated change in Rsh increased with cAu

by up to 82%.
The initial exponential decay is likely due to consolidation mechanisms

that proceed in the shell: rapid stress relaxation [332] and the closure of
pores and grain growth. Similar consolidations occur in the final stage
of ceramic solid-phase sintering. [333]

The decrease in Rsh, following the exponential decay, was associated
with the re-organization of the particles in the hybrid core, detectable in
electron micrographs of cross-sections of conducting lines. It involved de-
mixing, coarsening, and densification of the core, as well as deposition of
Au from the core to the underside of the shell. The Au deposition likely
caused the decrease of Rsh with increasing duration t of ageing. Au
migration from the core to the shell increases the organics concentration
in the core. Apparently, such increase favored the ageing kinetics in the
core and accelerated the decrease of Rsh with t.

The Au plating increased tshell with cAu up to ≈ 100 nm. The thicker
shell and the at higher cAu lower shell porosity stabilized the shell against
solid-state de-wetting. Compared to FTEs from AuNWs, the core and
the surrounding shell shrank in height without rupture of the shell. From
cAu > 9mg/mL onward, the stable shell caused Rsh to stabilize in the
final ageing phase at a consistently decreasing value with increasing cAu,
reflecting the increasing tshell.

The shrinkage of the conducting lines in height widened the lines
slightly, yet the optical transmittance increased by up to 3.17%. AuNPs
which bled beyond the lines during imprinting coalesced and reduced op-
tical scattering during ageing. This overcompensated the effect of the
widening.

At cAu ≤ 9mg/mL, the conductance decreased in the final ageing
phase due to solid-state de-wetting. Towards the percolation threshold,
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the aged Au shells are increasingly thinner, rougher, and more porous
than the ones at cAu > 9mg/mL. This is similar to the post-plasma
situation of AuNW-based FTEs at low cAu. They also had a thin, rough,
and porous shell and slowly degraded due to solid-state de-wetting.

Insight 8: Bundles of AuNWs form thin, porous, unstable shells.

Pre-bundling of the ultra-high aspect ratio AuNWs in their colloidal inks
is beneficial for achieving a low Rsh after plasma: the superstructures
built from the bundles favor percolation. However, I found that it is a
serious handicap in terms of ageing. The same superstructures account
for the porosity of the plasma sintered shells which contributes signific-
antly to the shells’ solid-state de-wetting (see section 2.5.2 herein) and
the final collapse of the shells during storage of high cAu FTEs.

Plasma sintering of the thin top layer of the AuNW network super-
structures likely follows the mechanism outlined by Maurer et al. [228] for
the plasma sintering of comparatively thin, dip-coated layers of similar
superstructures, also built from bundles of OAm-capped AuNWs (see sec-
tion 2.5 herein). Gold wire strands that are thinner than the bundles and
thicker than the ultra-thin wires form. [228] Remarkably, the wire-based
tshell is approximately equal to the diameter of an individual, hexagonally
arranged bundle of seven bare ultra-thin gold nanowires. The plasma in-
duced OAm removal leads to pore formation. A porous gold shell is also a
prominent feature of the plasma sintered microfibres produced by Reiser
et al. [239] from precipitates of OAm covered AuNWs through spinning.

Insight 9: AuNPs form thicker, less porous, stable shells.

OAm-stabilized AuNPs in cyclohexane form continuous lines of disordered
particles. Their percolation is prone to nanoimprinting defects caused
by tapered or clogged stamp channels as well as stamp or substrate ir-
regularities (see Insight 4 herein). On the other hand, the disordered
arrangement of AuNPs results in a smooth surface. Plasma sintering
preserves the shell’s smoothness with little porosity. The larger sphere
diameter led to a greater thickness of the sintered shell as noted earlier
by Ma et al. [277]. A greater thickness and fewer pores make a gold layer
more resilient against solid-state de-wetting (see section 2.5.2 herein).

112



4.3. MORPHOLOGY AND STABILITY OF METAL GRID ELECTRODES

Insight 10: Coating electrodes with PEDOT:PSS stabilizes them.

Coating AuNW-derived, sintered high cAu lines with PEDOT:PSS slowed
their ageing. The conductance initially improved during storage, prob-
ably from fast relaxation effects within the stabilized shell. The stabiliz-
ation is likely due to a slowing self-diffusion of Au surface atoms as poly-
thiophenes can bind covalently to Au via sulfur. [334,335] It prevents rough
and porous surfaces that favor the binding of PEDOT:PSS layers. [336]

Compared to thin, adsorbed layers, thicker layers prevented conductance
losses up to at least 120 d and even led to a decline of 6% in Rsh after
100 d, possibly due to a mechanical hindrance of material displacements,
similar to the effect of SiO2 overlayers reported in literature [307]. The
capping layers also restrict the migration of residual organics from the
core through the pores of the shell. The decline in Rsh after 100 d may
indicate the migration of Au from the core to the bottom side of the
shell.

Insight 11: Larger organic fractions accelerate ageing in the
cores and the de-wetting of porous shells.

FTEs based on AuNWs at cAu > 2mg/mL or on AuNPs at cAu >

9mg/mL have line thicknesses (heights) that increase with increasing
cAu. Both the penetration depth of the accelerated plasma ions and the
time for the formation of the thin metal shell are, however, limited. Thus,
the hybrid core of a thicker line is less affected by the plasma, and the
total post-plasma fraction of residual organics in the core increases with
cAu, too.

Once formed, the shells shield the hybrid core from the plasma. The
thinner, porous wire-based shells shield the core from plasma particles,
but not from the plasma’s low pressure, whereas the thicker and largely
non-porous AuNP-based shells shield from both. This limits the removal
of OAm and its fragments from the sphere-based core. The organics frac-
tion in AuNP-based cores should thus be lower-boiling, lower-viscosity,
and lower molar mass than in the AuNW-based cores. With increasing
cAu, the proportion of organics in the cores increases. For the wires, it
always consists mainly of OAm, whereas for the spheres, its fraction of
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OAm fragments decreases with cAu, reducing its fluidity.
The less porous shells of AuNP-based FTEs imprinted at cAu > 9mg/mL

largely resist de-wetting during the 14-day storage period and retain their
integrity. It is conceivable that the effect of cAu on the composition of the
organics in their hybrid cores affects ageing kinetics. This possibly dom-
inates the pronounced cAu dependence of the inverted “S” sections in the
ageing curves of sphere-based electrodes, plotted as the relative change in
Rsh,t, normalized to Rsh,t0 over the storage time t (where t0 corresponds
to t = 0d): ∆Rsh,t/Rsh,t0 (see Fig. 4 on page 4130 of Publication 4).

The largest relative decrease in Rsh occurred consistently in the inter-
mediate section of the inverted “S”. At cAu ≥ 12mg/mL, it amounted
to 40 to 50% within 2 to 3 d. This resembles the densification curves
in powder sintering with a liquid phase, where most of the densifica-
tion also occurs within a short time in the intermediate phase. [333] The
ligand shells that were partially degraded and fragmented during sinter-
ing may detach from the AuNP surfaces at ambient temperature and
form a comparable liquid which promotes the microscale mobility in the
core. [254,255,264] At RT, OAm is a low viscosity liquid. [330]

As the line height increases, a decreasing fraction of low molar mass
fragments in the post-plasma ligand shells of the core conceivably decel-
erates the organic shells’ detachment and increases the lubricant’s vis-
cosity. Consistent with that, the total ageing time t (until a stable Rsh,t)
increased from ≈ 4 to 9 d when the sphere concentration cAu increased
from 12 to 24mg/mL. In the lines imprinted at cAu = 24 to 30mg/mL,
the ageing time t to reach a stable Rsh,t decreased again from ≈ 9 to 7 d.

The high average rate δ(∆Rsh,t/Rsh,t0)/δt in the intermediate section
of the reversed “S” curve likely results from coordinated particle move-
ments in the core. At a surface-to-surface spacing between AuNPs which
is ≈ 48% less than the AuNP size, such movements are more plausible
than movements of individual particles to fill free space.

At cAu ≤ 9mg/mL, thin and wide lines formed and facilitated the
re-arrangement of the particles in the hybrid core, supported by a higher
proportion of the low-viscosity OAm fragments. Therefore, the initial
decrease of Rsh,t after its exponential decay accelerates with decreasing
cAu. With increasing duration of the ageing process, Rsh,t increases be-
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cause the porosity and the density of defects in the shell increases. They
facilitate the de-wetting of the shell which develops into the dominant
mechanism as ageing proceeds.

With increasing cAu, AuNW-based FTEs become thicker. They have
thinner, more porous shells with more defects than AuNP-based FTEs.
Crack-like defects formed at the edge of the sintered lines with grow-
ing density as cAu increased and the line width exceeded the width of the
stamp channels. Due to the pores in their shells, the low pressure plasma
during and after the shell formation does not only remove of the com-
paratively high boiling OAm, [228] but also of its low boiling fragments
produced by the plasma. With increasing cAu, the faster line height
growth, when compared to the spheres, also results in a faster growth
of the concentration in residual organics corg (mainly OAm) within the
sintered cores.

SEM and TEM images of surfaces and cross-sections of AuNW-based
sintered lines imprinted at different cAu, taken at different storage times,
suggest that always the same mechanisms caused the FTEs ageing seen
in ∆Rsh,t/Rsh,t0 , but that these operated at higher rates for higher cAu.
This acceleration is likely due to three reasons. First, the higher corg of
post-plasma FTEs printed at the higher cAu accelerates the kinetics of the
de-mixing in the core. Second, as cAu increases, the growing defective-
ness of the thin, porous Au shell and an increasing migration of organics
from the core through the pores onto the shell accelerate solid-state de-
wetting of the shell. Third, as corg increases, the core’s compaction, which
compensates for the core’s loss in organics during plasma treatment and
which links the de-wetting shell with the de-mixing core, accelerates, too.
Hence, both the core and the surrounding shell shrink in height and, as
the shrinkage exceeds a critical level, the degraded shell ruptures (frag-
ments) and the wire-based FTEs loose measurable conductivity. Metallic
Au accumulates on the ruptured shell. The growth of the shrinkage rate
approaches saturation as cAu exceeds 5mg/mL. The loss of conductivity
then occured as of that concentration onward within less than 1 d of stor-
age time. At wire concentrations of 2 to 3mg/mL, the moderate increase
in ∆Rsh,t/Rsh,t0 is mainly due to solid-state de-wetting of the shell and
post-plasma relaxation effects which release stress and Au-lattice distor-

115



CHAPTER 4. DISCUSSION

tions in the shell, thus counteracting a larger rate δ(∆Rsh,t/Rsh,t0)/δt.

Insight 12: AuNP-based FTEs stored at ambient conditions
surpass AuNW-based FTEs in FOM.

After fabrication, the Rsh of an FTE is strongly influenced by the density
of defects in the sintered lines that render individual lines discontinuous.
These defects result from stamp and substrate irregularities during im-
printing. The AuNWs and their bundles self-assemble into superstruc-
tures during nanoimprinting and bridge the irregularities better than
the amorphous self-assemblies of the AuNPs. For both nanostructures,
bridging improves with cAu. Wire-based electrodes thus outperform the
sphere-based ones in the ratio of mean optical transmittance to sheet
resistance with up to ≈ 0.9%/Ωsq (with increasing cAu), while spheres
only achieved ≈ 0.55%/Ωsq.

During 14 d of storage under ambient conditions in the dark, the Rsh

of all AuNW-based FTEs increased significantly. The underlying ageing
mechanisms accelerated with cAu due to the growing defectiveness of the
shell and the increasing proportion of organic residues in the core of
the increasingly thicker lines. At cAu ≥ 5mg/mL, the wire-based FTEs
lost all measurable conductance within less than 1 d of ageing and the
associated FOM dropped to 0%/Ωsq.

FTEs built from AuNPs have more stable conductive Au shells and
stability improves with cAu. The thick, stable shells divert the migration
of Au from the core onto themselves during aging. This likely reduced
Rsh and further improves the stability of the shell; to a larger extent
for higher concentrations, as the residual amount of Au in the hybrid
core growths with rising cAu. The associated FOM in the aged state in-
creased rapidly with cAu, reaching the highest value of ≈ 3.32%/Ωsq

at cAu = 30mg/mL. After 14 d of ageing at ambient conditions in
the dark, all AuNP-based FTEs imprinted in the concentration range
of 12 to 24mg/mL achieved the minimum requirements published [22] in
literature for industrial/commercial viability: T 400-800 > 90%; Rsh <

100Ωsq; and FOM > 0.9%/Ωsq.
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Conclusion and Outlook

In this dissertation, flexible and transparent regular gold grid electrodes
(FTEs) were prepared. The fabrication method was direct nanoim-
print lithography of self-assembling colloidal Au nanoparticles dissolved
in cyclohexane, combined with low-pressure H2/Ar plasma sintering for
oleylamine (OAm) ligand removal. Two distinctly contrasting Au nano-
structures were imprinted using the same stamp to investigate the in-
terplay between microstructure and performance of the FTEs and them
ageing. Spheres of 3.7 ± 0.37 nm (core) diameter (AuNPs) and wires of
uniform 1.6 to 1.7 nm diameter at lengths around 2 to 6 µm (AuNWs)
were compared. The study was carried out at different particle concen-
trations cAu (mg/mL), which enabled printed lines of varying thickness
(height) and width.

The nanostructures had different agglomeration states within the inks
that were retained during printing: crystalline, hexagonally bundled
superstructures for the AuNWs and amorphous arrangements for the
AuNPs. When imprinted, the OAm ligand shells interdigitated and
caused a denser packing than in the ink. The volume fractions of OAm
in the lines were similar: ≈ 87 vol% for the wires, and ≈ 81 vol% for the
spheres. At the same cAu, the wire-based lines had the larger volume.
For the wires the surface-to-surface distance di of adjacent particles (≈
2.52 nm) was noticeably (about a third) larger than for the spheres (≈
1.91 nm). However, for AuNWs di was significantly larger than the wire
diameter (≈ 1.6 nm), while for AuNPs it was the other way around
(≈ 3.7 nm diameter). The line widths were in the range from 1 to 3 µm.
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The heights ranged from ≈ 60 to 275 nm.
The experiments confirmed that OAm can be completely removed

from the particle surfaces through plasma treatment. However, in con-
trast to published hypotheses, the relatively compact imprinted lines did
not sinter through. For both nanostructures, sintering progressed top-
down in a self-limiting manner. Thin conductive Au shells were on top
of insulating hybrid cores. In both cases, the average shell thickness tshell

was virtually independent of cAu and smaller than the mean free path of
electrons in bulk gold (λe

Au ≈ 38 nm, tshell = 5.7 ± 1.1 nm for the wires
and 8.1± 1.4 nm for AuNPs).

These findings suggest a sintering mechanism as suggested by Maurer
et al. [228] (see sections 2.4.4 and 2.5 herein) for the plasma sintering of
dip-coated layers of OAm-stabilized AuNWs. In a first step, the plasma
removes OAm from a top layer of the printed nanoparticles. In case of
the crystallized AuNWs, it likely has the thickness of the crystals’ unit
cell. The remaining bare gold cores merge quickly [233] into a fabric-like
superstructure with a thickness that roughly equals the thickness of the
hexagonal arrangement of seven bare wires: 3×1.7 nm = 5.1 nm ≈ tshell =

5.7± 1.1 nm.
In case of the amorphous sphere assembly, the relevant layer after

OAm removal likely has the thickness of two layers of bare spheres on
top of each other. The lower layer closes gaps between adjacent spheres
of the layer above for the plasma. Compared to the AuNWs, adjacent
AuNPs fuse slower [282] and into a Au skin. Its thickness roughly equals
two sphere diameters: 2× 3.7 nm = 7.4 nm ≈ tshell = 8.1± 1.4 nm.

The gold shells formed from the pre-bundled AuNWs resulted in por-
ous shells with a rough surface. They originated from a “randomly”
self-assembled wire bundle network layer (see section 2.1.3 herein). At
cAu > 5mg/mL, the widths of the wire-based lines exceeded the width
of the imprinting stamp channels. This caused small cracks in the shells
at the line edges. Their density increased with cAu. Less porous shells
with smooth surfaces formed from the AuNPs and the density of pores
decreased in these shells with cAu.

Localized defects had a minor impact and impaired the mean conduct-
ivity σshell only moderately. Less common, severe defects are likely to be
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extrinsic in nature and caused by tapered or clogged stamp channels or
irregularities in the substrate or stamp. They turn the respective line
into an insulator not contributing to σshell. Apparently, AuNP assem-
blies are more susceptible to these severe defects. This would explain
why at any cAu, contrary to expectations, the more porous, rougher, and
thinner AuNW-based shells exhibited the greater σshell.

With increasing cAu, the likelihood of severe defects decreases, since
higher concentrated inks are better in bridging irregularities. Thus, σshell

increased for both particle types with cAu. Above 5mg/mL, the peri-
pheral crack-like defects reversed this trend in case of the wires. Both
the defectiveness and thinness of the shells prevented σshell from reach-
ing bulk Au conductivity. However, consistent with the assumption of a
non-conductive core as basis for the determination of σshell, the mean con-
ductivities of the best conducting shells were in the range of the conduct-
ivity values reported for ultra-thin polycrystalline Au films with similar
thinness as the shells.

The mean width w and the average maximum height hmax of the FTEs’
lines generally increased with cAu for both nanostructures. In case of both
w and hmax, wires had the larger value at the same cAu and the difference
in height increased significantly with increasing cAu. Together with the
shell conductivities, this explains why Rsh decreased with cAu for both
particle types, and why Rsh was always lower in case of the wires at a
given cAu.

The opacity of the sintered lines and their contact area with the poly-
ethylene terephthalate (PET) substrate reduced the mean optical trans-
mittance T 400-800 of the FTE. δT 400-800/δcAu was always negative for both
wires and spheres. At the same cAu, wire-based electrodes exhibited the
lower optical transmittance.

In case of both nanoparticles, cAu affected T 400-800 much less than
Rsh. Consequently, the figure of merit (FOM) increased for both FTE
types with cAu. At the same Au concentration, the wire-based FTEs
outperformed the sphere-based FTEs by at least 3.4 times in terms of the
ratio T 400-800/Rsh. The highest post-plasma FOM of all FTEs prepared
in the scope of this dissertation amounted to ≈ 0.9%/Ωsq for AuNWs at
cAu = 10mg/mL, while AuNPs only achieved 0.55%/Ωsq at 30mg/mL.

119



CHAPTER 5. CONCLUSION AND OUTLOOK

The electrodes derived from AuNWs were not stable post-plasma.
Their performance deteriorated during storage at ambient conditions in
the dark. The dependence of the aged FOM on cAu was pronounced for
both imprinted nanostructures, the FOM ranking of the two FTE types
reversed.

While the FOM of wire-based FTEs imprinted at cAu > 5mg/mL

dropped to 0%/Ωsq within less than 24 h, each AuNP-derived FTE im-
proved its post-plasma FOM during the storage period (14 d) to a higher,
largely stable value when imprinted at cAu > 9mg/mL. The best FOM

achieved was ≈ 3.32%/Ωsq for cAu = 30mg/mL. All aged AuNP-based
FTEs imprinted at 12mg/mL ≤ cAu ≤ 24mg/mL had transmittances
> 90% and a FOM > 0.9%/Ωsq, the minimum values required [22] for
practical use.

As with the freshly prepared FTEs, cAu influenced mainly the elec-
trodes’ aged electrical performance. The different sign of this influence
for spheres and wires correlated well with the different post-plasma mi-
crostructures of the conductor shells and the resulting difference in evol-
ution during storage, including the difference in interplay with the ageing
cores.

Three ageing mechanisms dominated the development of Rsh,t during a
storage time t for both FTE types. These mechanisms were a) solid-state
de-wetting of the shell, b) de-mixing in the hybrid core, and c) shrinkage
of the core and the shell in height due to compaction of the core during
de-mixing. Solid-state de-wetting preferably starts at pre-existing voids
(holes) and is faster for the thinner shell as it requires surface atom
self-diffusion. De-mixing is largely triggered by partial sintering. It is
favored by a high fraction of organic residues in the post-plasma core.
The densification of the core compensates for losses of organics during
plasma sintering which rendered the core porous. Such loss is high in
case of a porous shell, which, even when formed quickly, cannot shield
the core well from the plasma.

With increasing cAu, the AuNW-based FTEs aged faster. They formed
≈ 40% thinner, pronounced porous, and otherwise increasingly defective
shells. At cAu = 10mg/mL (≈ 275 nm), the height of their conductive
line was greater than that in case of the spheres at cAu = 30mg/mL
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(≈ 240 nm). At cAu = 10mg/mL, the wire-based height exceeded that of
the spheres by more than 100%. The porous shell implied a greater loss
of organics during sintering. At the same time, the significantly greater
height likely ensured a larger post-plasma organic residue fraction in
the core. The AuNW’s being prone to the Rayleigh-Plateau instability
and a surface spacing di of adjacent wires in the core that was greater
than their ultra-thin diameter, additionally favored de-mixing of the core.
Migration of organics from the core through the voids in the shell possibly
promoted de-wetting, too.

The decisive mechanism that linked de-wetting of the shell and de-
mixing of the core was the densification of the core. Compaction of
the core was more extensive in the FTEs with the porous shell due to
the higher loss in organics during sintering. Here, it additionally met
with the greater conductor height. For the AuNW-based FTEs, this
entailed a pronounced shrinkage in the height of the core and of the thin
shell which, at the same time, degraded substantially through de-wetting.
From cAu > 5mg/mL onwards, it jointly led to a loss of conductivity
within less than 1 d due to a rupture of the sagging shell and rendered
any determination of the optical transmittance obsolete.

In the AuNP-based FTEs with the almost pore-free, less defective,
and thicker shells, the shrinkage in height of core and shell as well as the
degradation of the shell by de-wetting, were less pronounced. The shell
extended slightly in width during height shrinkage, but remained intact.
Au migrated from the core to the lower side of the shell. This thickened
the shell up to 100 nm depending on cAu, further fostering its resistivity
to de-wetting, and increasing its conductance. From cAu > 12mg/mL

onwards, the 14 d storage ended with a lowered and stable Rsh which
decreased by up to 82% due to the growing Au reservoir in the core with
increasing cAu.

The effect of the slight extension in width of the sphere based shells on
the transmittances of the FTEs was overcompensated by reduced optical
scattering in bleeding areas of the printed lines so that T 400-800 slightly
increased with cAu by up to 3.17%.

The highly instable FTEs imprinted at high cAu from AuNWs could be
stabilized by PEDOT:PSS layers, which slowed or largely prevented the
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processes underlying solid-state de-wetting. PEDOT:PSS adsorbate lay-
ers did not entirely prevent the relevant diffusion processes, but hindered
the rapid rupture of the shell. This was revealed by a slight decrease
of Rsh,t at the beginning of the storage. It was attributed to relaxation
effects within the shell which released stress and lattice distortions after
plasma sintering and which improved the mean shell conductivity σshell.
Thicker capping layers of the same material prevented the shell from col-
lapsing. A such stabilized shell has likely successfully caught gold from
the core on its bottom side, leading to a visible reduction in Rsh.

The differences in FTE performance and ageing are based on the same
origin: the ultra-high ratio of length to diameter for the ultra-thin wires
versus the minimal ratio for the spheres. It enables a deeper OAm-OAm
interdigitation for adjacent AuNPs in printed lines and the huge contact
area of aligned AuNWs which, despite the stronger particle curvature, is
three orders of magnitude larger than the AuNP-AuNP contact area. [240]

This lends the OAm-capped ultra-thin wires a tendency to self-assemble
into hexagonal bundles even in the good solvent cyclohexane, and to build
well-percolating network-like superstructures during imprinting. These,
on the one hand, protect the conductor lines during imprinting from
severe defects which are likely extrinsic in nature. On the other hand,
they are the cause of the formation of conducting shells as ultra-thin,
distinctly porous, and in other ways defective layers covering the thicker,
non-conductive hybrid cores comprising intact, yet instable wires. The
fragmentation of such shells, already during ambient storage, and thus
the failure of the FTE, is inherent. In contrast, the thicker, robust, and
isotropic gold spheres, and their disordered assembly in both cyclohexane
and the imprinted lines even at high cAu, entail a shell-core design of the
sintered electrode that inheres a self-healing concept. After production, it
diverts Au from the core to the shell, at RT, to “repair” the self-limitation
of the plasma sintering.

Prior to this dissertation, it was generally accepted knowledge that
AuNWs, coated by a single layer of oleylamine (OAm) ligands, agglom-
erate into elongated hexagonal bundles after dispersion in n-hexane, but
remain freely dispersed in cyclohexane. In the scope of this dissertation,
it was observed that such AuNWs can also self-assemble into elongated
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hexagonal bundles in cyclohexane: dilution with the solvent shifts the
equilibrium to the side of the bundles. This was surprising since Au
nanospheres typically remain dispersed at smaller and only agglomerate
at higher concentrations. In the case of Au nanospheres with a diameter
of 3.2 nm and coated with long-chain alkylamines, the agglomeration
threshold is even particularly high in cyclohexane.

The divergent findings could be reconciled by the observation that the
bundling of the OAm-stabilized AuNWs requires in both n-hexane and
cyclohexane sparse ligand shells, the required degree of depletion being
higher in cyclohexane. The respective sparsity of the ligand shell had
been implicitly set during the post-synthesis purification of the AuNWs
which removed unbound OAm.

A depleted shell in the solvent n-hexane appears to cause solvent mo-
lecules, and in the solvent cyclohexane unbound ligands to align with the
OAm ligand shell. By assembling into hexagonal bundles, a n-hexane or
an unbound OAm molecule can simultaneously align with two ligand
shells of adjacent AuNWs by bridging them. This limits the loss of en-
tropy resulting from the alignment and drives the bundling.

For the purpose of this dissertation, the colloidal solutions of sparsely
OAm-coated AuNWs in cyclohexane combined both the advantages of
bundled AuNWs in n-hexane and of fully dispersed AuNWs in cyclohex-
ane, and at the same time avoided the disadvantages of these colloidal
solutions:

• at least 70% of the AuNWs contained in an imprinted ink were
pre-bundled;

• the imprinted inks involved a lowered OAm content;

• unlike n-hexane, cyclohexane was also well suited for direct nanoim-
printing of OAm coated AuNPs; and

• cyclohexane swelled PDMS stamps less than n-hexane [221].

This enabled nanoimprinting of FTEs from colloidal gold inks which
differed basically only in the geometry of the dissolved nanoparticles.
That provided an ideal basis for the comparative study of the interplay
between morphology, performance, and stability of FTEs imprinted from
different colloidal Au particles carried out in this dissertation.
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As the most important result, this dissertation shows that the com-
bination of direct nanoimprinting of metal nanoparticle inks with core
diameters well below λe

metal into lines with thicknesses well above λe
metal

and low-pressure H2/Ar plasma sintering, does not use the invested metal
efficiently for the resulting FTE’s electrical performance. After plasma
sintering, the conductance is significantly improved. However, the elec-
tric performance of the fabricated FTEs remains well below the potential
of the amount of metal processed, since the plasma only sinters outer nan-
oparticle layers of a printed line to a thin, electrically conducting metal
shell. The remaining thicker hybrid core underneath the shell remains
largely non-conductive. Imprinting defects within the metal shell, inher-
ent to the combination of the process and the selected nanoparticle or
extrinsic in nature, further limit conductivity.

The material (Au) efficiency can be considerably improved by anneal-
ing the fabricated FTE. The remaining ligands/fragments then de-couple
from the surface of the metal nanoparticles and the hybrid cores de-mix,
depositing additional metal from the cores onto the shells such that Rsh

de- and the stability of the shells further increases.
If the inherent stability of the shell is insufficient, it can be reinforced

prior to annealing with a coating (e.g., PEDOT:PSS) that bonds to the
metal.

A low binding energy between the ligands’ terminal functional group
and the metal particles as well as partial fragmentation of the ligands by
the plasma, aid in lowering the required annealing temperature. In case of
the OAm-stabilized AuNWs and AuNPs imprinted for this dissertation,
room temperature was sufficient. Similar mobilization of metal in hybrid
phases by low temperature annealing, including the supportive plasma
effect, has previously been noticed. [254,255,264,276]

The results of this dissertation suggest that the following approach
leads not only to practically useful [22] FTEs with transmittances > 90%

and a stable FOM > 0.9%/Ωsq, but also to an increased material (Au)
efficiency:

• FTE production as described in Publication 2, but

• imprinting the lines with a thickness in the range of 60 to 150 nm

only,
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• use of a semi-crystalline PET [276] or of a PEN [264] substrate with Tg

up to 120 ◦C,

• use of monodisperse Au nanospheres with a core diameter in the
range of 5 to 10 nm (preferably thicker spheres and imprinted into
the thinner lines), and

• applying the plasma sintering jointly with (preferred) or prior to a
moderate thermal annealing at 30 ◦C < T < Tg − 10 ◦C.

As the sphere size increases, it may be necessary to lengthen the
tail group of the alkylamine ligand to counteract premature agglomer-
ation during imprinting for percolation reasons. [43,248] The use of sub-
strates and imprinting stamps that are and remain poor in irregularities
and tapered/clogged stamp channels, would further improve the FTEs’
FOM .
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1 Ligand grafting density and the free energy of ad-

sorption

In order to determine the grafting density of a monolayer ligand shell, we purified a dispersion

of AuNWs several times (see main text). The results are shown in Fig. S1.

Besides the grafting density, we intend to approximately quantify the adsorption equi-

librium between a gold surface and oleylammonium chloride. To this end, we estimate the

order of magnitude of the free energy of adsorption based on data from the literature and

use this value to calculate a Langmuir adsorption isotherm. Following classic adsorption

isotherms,1,2 we expect some ligands to desorb when the amount of ligand is reduced from

28 mmol/L to 0.9 mmol/L. We further know from the experiments discussed in the main text
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Figure S1: Amount of ligand in the system and nominal grafting density for an increasing
number of purification cycles as obtained by TGA. The error bars display ± the standard
deviation of measuring three independent batches of AuNWs. For 2 and 3 purification cyles,
the error bars are within the size of the marker. The dashed line is only a guide to the eye.

that the transition from dispersed to bundled AuNWs occurs at a ligand concentration of

ca. 4.4 mmol/L. Above this threshold, the AuNWs are dispersed. Below, they are bundled.

We start by assessing a better-known system: the adsorption of alkanethiols onto gold.

From experimental data by Karpovich and Blanchard and by Schessler et al., we know

that the free energy of adsorption for octadecanethiol onto gold at room temperature is

∆Gads = −5.5 kcal/mol, the enthalpy is ∆Hads = −20 kcal/mol, and the entropy is ∆Sads =

−48 cal/(mol K).

We now estimate the free energy of adsorption for oleylammonium chloride adsorbing onto

a gold surface. For the enthalpic part of the free energy, we know from DFT calculations5

that the enthalpy of adsorption for an amine is−23.4 kcal/mol and for an ammonium chloride

end group −40.1 kcal/mol. It is difficult to directly compare these values to experimental

data but we can compare to DFT values of alkanethiols. There, the reported adsorption

enthalpies are on the order of −50 kcal/mol.6–10 This means that the adsorption enthalpy of

the ammonium chloride group is 20 % smaller than the one of a thiol group.

For the entropic part of the free energy, we make the very crude assumption that the

change in entropy due to adsorption for oleylammonium chloride is the same as for 1-

S2



octadecanethiol.3,4 Both molecules possess the same chain length of 18 carbon atoms. They

differ in their functional group, which will not influence the entropy fundamentally, and in

the double bond at the center of oleylamine. This latter difference most likely influences

the entropy of adsorption since it will influence the packing of a monolayer. For the present

order-of-magnitude estimation, we ignore this difference.

Given these estimates for the enthalphy and entropy of adsorption of oleylammonium

chloride, we obtain the adsorption isotherm depicted in Fig. S2B with a free energy of

adsorption of ∆Gads = −1.9 kcal/mol = −8.1 kJ/mol. This should be interpreted as an

estimate and not as an accurate account of the adsorption isotherm of oleylammonium

chloride onto a gold surface.
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Figure S2: A Schematic of the adsorption equilibrium between free and adsorbed ligands
and the influence of diluting a dispersion. B Estimated adsorption isotherm with an free
energy of adsorption

S3



2 Addition of oleylamine to dispersed AuNWs
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Figure S3: SAXS curve of AuNWs dispersed in cyclohexane at 6 mg/mL (blue) and the same
sample with 1 mol of the ligand oleylamine added per mole of gold (orange).

S4



3 Bundling in dependence of amount of ligand in linear

alkanes
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Figure S4: SAXS scattering curves of AuNWs in n-hexane with different amounts ligand
(see Table 1 in the main text for ligand quantities) and at different nanowire concentrations.
A In the sample centrifuged once with the larger amount of ligand, distinct scattering peaks
are present in the curves with smaller nanowire concentrations of 1 to 3 mg/mL, indicating
AuNWs assembled in elongated bundles. For larger concentrations, no scattering peaks can
be found indicating that the AuNWs are completely dispersed. B In the sample centrifuged
twice with the smaller amount of ligand, distinct scattering peaks indicative of bundles are
present at all concentrations.

4 The van der Waals interaction between two gold

cylinders

In the following, the vdW interaction is approximated by pairwise summation with the

Hamaker-Lifshitz theory neglecting for retardation screening. The equations are summarized

in11 and.12 The interaction energy G is given by

G = −2A

3z

∞∑

i,j=1

Γ2(i + j + 1
2
)

i!j!(i− 1)!(j − 1)!

(
R1

z

)2i(
R2

z

)2j

, (S1)
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where A is the Hamaker constant, Γ is the Gamma function, R1 and R2 are the radii of the

cylinders, and z is the distance between the centers of the cylinders. In our case, R1 = R2 = R

so that

G = −2A

3z

∞∑

i,j=1

Γ2(i + j + 1
2
)

i!j!(i− 1)!(j − 1)!

(
R

z

)2(i+j)

. (S2)

The Hamaker constant for a body of material 1 interacting through medium 3 with a body

of material 2 can be approximated by

A123 = (
√
A1 −

√
A3)(

√
A2 −

√
A3), (S3)

which simplifies to

A121 = (
√
A1 −

√
A2)

2 (S4)

in our case where a cylinder of material 1 interacts with another cylinder of the same ma-

terial through medium 2. The resulting vdW interaction energy, with Hamaker constants

of 1.96× 10−19 J for gold and 4.69× 10−20 J for the hydrocarbons from Ref. 11 p. 64, is

plotted in Fig. S5. At an interwire distance of 5.9 nm as measured in the AuNWs bundled

in cyclohexane, the interaction energy due to van der Waals forces is 1.245× 10−3 kBT/nm.
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Figure S5: The van der Waals interaction between two parallel cylinders of diameter of
1.7 nm made from gold across alkanes. The marked distance of 5.9 nm is the one found in
bundled AuNWs in cyclohexane. To calculate the interaction energy, Hamaker constants of
1.96× 10−19 J for gold and 4.69× 10−20 J for hydrocarbon from Ref. 11 p. 64 were used.
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1 Nanoimprinting method

The nano-objects were assembled into the desired structure using direct nanoimprinting. We

illustrate the method using the example of AuNW and a hexagonally patterned stamp be-

cause spherical particles and other stamp patterns do not change the procedure. A patterned

PDMS stamp (1) was attached to a steel cylinder and rolled over a substrate that carried a

sessile droplet of the AuNW ink (2). The ink is confined by the stamp’s cavities, the solvent

permeates the PDMS, particle concentration slowly increases, the AuNW self-assemble into

larger bundles (3) and finally percolate. The resulting structures (4) closely follow the stamp

features.1

A B C

25 nm	25 nm	

Figure S1: A: Nanoimprinting with (1) a hexagonally patterned PDMS stamp attached to
a steel cylinder, (2) the AuNW-based ink confined between PET substrate and stamp, (3)
AuNW self-assembly upon solvent permeation through the stamp, and (4) the resulting Au
grid. Figure adapted from Maurer et al..1 B: SEM micrograph of a AuNW-based line grid
electrode imprinted at 6 mg/mL on Si, after plasma sintering. C: SEM micrograph of a
AuNP-based line grid electrode imprinted at 30 mg/mL on Si, after plasma sintering.

The imprinting stamps had an area of 3.5 cm x 8 cm, of which 3.5 cm x 7 cm were pat-

terned. The flat 3.5 cm x 0.5 cm at either end of the stamp served as run-in and run-out

areas during imprinting. The stamp pattern consisted of parallel, line-like channels with a

pitch p ⇡ 19.5 µm, a channel width wc ⇡ 1.6 µm and a channel depth dc ⇡ 4.2 µm.
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2 Fitting the opto-electronic trade-off

Sheet resistance Rsh was determined as the resistance R of a square electrode section of edge

length l = 15 000 µm, contacted with Ag paste and miniature crocodile clamps in two-point-

probe configuration. Such a sub-area comprised 750 conductive lines and had an anisotropic

sheet resistance of

R�1
sh = R�1 = G = �shell · 750 · Ashell

l
, (S1)

measured parallel to the lines, where G is the overall conductance of 750 parallel lines.

To reduce the weight of the Rsh data points at the lowest concentration cAu (which were

off-the-charts) during fitting of the trade-off between sheet resistance and optical transmit-

tance, we thus used the relation above to fit R�1
sh = G vs. T 400�800 nm rather than Rsh vs.

T 400�800 nm. The fits in Fig. S2B are therefore the inverse of the linear fits in Fig. S2A.

A B

Figure S2: Trade-off between (A) conductance G = R�1
sh and optical transmittance

T 400�800 as well as (B) between sheet resistance Rsh and optical transmittance T 400�800

for both AuNW and AuNP based electrodes directly after plasma sintering. Data points
for cwires

Au = 1 mg/mL and cspheres
Au = 3 mg/mL have been omitted in B due to off-the-chart

high Rsh (up to two orders of magnitude higher). | All graphs show average values from
three measurements each and the belonging standard deviation. The colour gradient reflects
the concentration gradient, with light colours representing the lowest and dark colours the
highest concentration.
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3 Spherical gold nanoparticle dispersion

SAXS measurements were carried out to determine the average AuNP diameter dsp and to

study the AuNP agglomeration state over the entire concentration range used for imprinting.
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Figure S3: Radially integrated and fitted SAXS curves of the AuNP used for nanoimprinting
at both the lowest (3 mg/mL) and the highest concentration (30 mg/mL). No agglomeration
peaks are visible. The core size is dsp = 3.7 nm ± 10 %.
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4 Morphology of plasma-sintered electrodes

4.1 Electrode topography

CLSM was used to characterize the electrode topography and to derive the conductor geom-

etry thereof. Each topography map consisted of 1240 equidistant height traces across eight

parallel conductor segments.
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Figure S4: Exemplary CLSM topography maps of AuNW-based electrode sections after
plasma sintering for the lowest (1 mg/mL) and the highest (10 mg/mL) concentration cAu.
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Figure S5: Exemplary CLSM topography maps of AuNP-based electrode sections after
plasma sintering for the lowest (3 mg/mL) and the highest (30 mg/mL) concentration cAu.
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4.2 Determining the average conductor shell thickness

To determine the average conductor shell thickness tshell, TEM images were taken after

plasma-sintering from FIB cross-sections which had been thinned out strongly to reveal

the true shell thickness (Fig. S6). In particular the such revealed shell morphology of the

AuNW-based electrodes was compared with SEM surface images to rule out the possibility

that the observed holes (blue arrows) were due to the FIB milling. The shell thicknesses (in

nm) were measured in ten approximately equidistant locations each and were then averaged.
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Figure S6: (A) shows a part of a AuNW-based conductor cross-section (6 mg/mL) with
tshell = 5.66 ± 1.06 nm and (B) depicts a part of a AuNP-based conductor cross-section
(30 mg/mL) with tshell = 8.07 ± 1.36 nm. So both shell thicknesses were well below the
electron mean free path of bulk Au which amounts to �Au ⇡ 37.7 nm at room temperature.2
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4.3 Defects in sphere-based conductors after plasma sintering

Subtle defects occurring at concentrations close to the percolation threshold could be revealed

with SEM (Fig. S7).

1.6 µm

22 1

Figure S7: Exemplary post-plasma electrode conductor surface morphology (high-
magnification SEM top view) on Si substrate at the lowest concentration cAu (3 mg/mL)
used for nanoimprinting with AuNP. (1) designates the conducting part and (2) the non-
conducting edges. The dashed circles indicate pores exemplary. | Note that the scale bar
has the width wc of the stamp’s channel.

Severe defects could be detected with CLSM. They were less common and thus harder

to find, but were present even at high cAu (Fig. S8).

20 25 30 35
x in µm

65

70

75

80

85

90

y
in

µm

24 mg/mL

40 45 50 55
x in µm

0

5

10

15

20

25

y
in

µm

24 mg/mL

0.0

0.1

0.2

0.3

z
in

µm

A B

Figure S8: A: Fully interrupted conductor (white arrow). B: Interrupted conductor with
bypasses on either side (white arrows) effectively resulting in a line tapering.
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4.4 Post-plasma conductor aspect ratios

The conductor aspect ratios illustrate how conductor width w and maximum conductor

height hmax develop in relation to each other with increasing concentration cAu (Fig. S9).

Figure S9: Evolution of the conductor aspect ratios with concentration. The graph shows
average values and the belonging standard deviation. The colour gradient reflects the con-
centration gradient, with light colours representing the lowest and dark colours the highest
concentration.
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5 Electrode model unit cell: optical transmittance

An electrode unit cell was used to model the electrodes’ optical transmittance under the

assumption of completely opaque conductors (Fig. S10).
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Figure S10: Scheme of the electrode model unit cell.
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1 Ageing of AuNW electrodes

We monitored the sheet resistance of AuNW electrodes imprinted using ink concentrations

between 1 mg/mL and 10 mg/mL on PET foil to study their ageing behaviour. Note that

imprinting at 1 mg/mL led to structures that were close to the percolation threshold so that

their initial sheet resistance was too high for FTEs.
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Figure S1: Relative change in sheet resistance (Rsh, t � Rsh, t0) · R�1
sh, t0

= �Rsh, t · R�1
sh, t0

after
time t for three electrodes each, imprinted at the respective same concentration cAu.
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2 AuNW properties

2.1 Wire arrangement and inter-wire distance within printed lines

SAXS measurements were carried out to determine the wires’ arrangement within lines

imprinted at cAu = 2 mg/mL and 6 mg/mL. The peak positions q(1,0) and q(1,1) ⇡
p

3 · q(1,0)

indicate the same 2D hexagonal wire arrangement with a core center-to-center distance of

ac�c = 4.22 ± 0.04 nm for both concentrations, according to Förster et al.:1

ac�c =
4⇡p

3
· q�1

(1,0) = 4⇡ · q�1
(1,1) = 4.22 ± 0.04 nm (S1)

ac�c in TEM appears smaller because a) the wires do not always run straight, but overlap

and intertwine, and b) a TEM lamella has a finite thickness and multiple wires overlap.
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Figure S2: Integrated SAXS scattering of grids imprinted at 2 mg/mL (relatively stable elec-
trode) and 6 mg/mL (highly instable electrode) on PET as well as of bare PET as reference
(the Kapton® peak stems from the Kapton® window used to separate the sample from the
evacuated scattering path | scattering curves have been shifted for better visibility).
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2.2 Organic content: volumetric fraction

The volumetric fraction of OAm in printed lines was estimated from the organic content of

AuNW that had been purified twice and analyzed via thermogravimetric analysis (TGA) in

a previous publication:

fV, OAm =
fw, OAm · (⇢OAm)�1

fw, OAm · (⇢OAm)�1 + fw, Au · (⇢Au)
�1 · 100 % ⇡ 87.05 vol% (S2)

with fV, OAm the volume fraction of OAm, fw, OAm ⇡ 22 wt% the mass fraction of OAm

(determined via TGA by Bettscheider et al.2), fw, Au ⇡ 78 wt% the mass fraction of Au,

⇢OAm = 0.81 g/cm3 the density of OAm3 and ⇢Au = 19.3 g/cm3 the density of Au,4 both at

room temperature.

3 Sintered line morphology in cross section at 2 mg/mL

Transmission electron microscopy (TEM) was used to test the effect of plasma sintering on

the inner morphology of the printed lines. For grids imprinted at 2 mg/mL, plasma sintering

visibly coarsened the inner morphology down to the substrate.

Si

core

Ptelectron

Figure S3: TEM close-up of the inner line morphology directly after plasma sintering for
grids imprinted at 2 mg/mL on a Si wafer. White arrows indicate the sintered shell. The
white dashed oval marks a porous part of the shell.
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1 Comparing optical transmittance and electric conduc-

tance of different grids

We determined the sheet resistance Rsh as resistance R of a quadratic electrode section with

edge length l = 15 000 µm, used Ag paste for contacting and miniature crocodile clamps

for two-point probe measurements. The square area contained 750 conducting lines. Its

anisotropic sheet resistance was

R�1
sh = R�1 = G = �shell · 750 · Ashell

l
, (S1)

measured parallel to the lines, with G being the conductance of the 750 lines in parallel.

To restrict the influence of Rsh data points at the lowest concentration cAu (they were

off-the-charts) when fitting the trade-off between sheet resistance and optical transmittance,

the relation above was used for fitting R�1
sh = G vs. T 400�800 nm instead of Rsh vs. T 400�800 nm.

Thus, the fits in Fig. S1B correspond to the inverse of the linear fits in Fig. S1A.

A B

Figure S1: Trade-off between (A) conductance G = R�1
sh and optical transmittance T 400�800

as well as (B) between sheet resistance Rsh and optical transmittance T 400�800 for electrodes
right after plasma sintering (initial state) and fourteen days later (aged state). The data
points for cAu = 3 mg/mL have been omitted in B due to off-the-charts high Rsh. | The
graphs show averaged values from three measurements each, the corresponding standard
deviation as well as a fit (dashed lines). Light colours indicate lower cAu.
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2 Quantification of electrode ageing

We tracked the sheet resistance of AuNP electrodes imprinted at ink concentrations ranging

from 3 mg/mL to 30 mg/mL on PET foil over time to investigate their ageing behaviour.

Nanoimprinting at 3 mg/mL resulted in structures near the percolation threshold, exhibiting

initial sheet resistances which were too high for FTEs.
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In addition, we measured the optical transmittance spectra of the FTEs immediately

after plasma sintering and 14 days later for all concentrations.
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Figure S3: Optical transmittance spectra of the FTEs immediately after plasma sintering.
Each graph shows the average from measurements on three FTEs imprinted at the same
concentration cAu as well as the standard deviation.
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Figure S4: Optical transmittance spectra of the FTEs 14 days after plasma sintering. Each
graph shows the average from measurements on three FTEs imprinted at the same concen-
tration cAu as well as the standard deviation.
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3 Sphere properties

3.1 Core sizes and dispersion states

SAXS was employed to study the AuNP dispersion state within the whole concentration

range used for nanoimprinting and to determine the average AuNP core diameter dsp.
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Figure S5: Radially integrated, fitted SAXS curves of the AuNPs used for nanoimprinting
at both the highest (30 mg/mL) and the lowest concentration (3 mg/mL). The fits yield a
core size of dsp = 3.7 nm ± 10 %. Agglomeration peaks are not present.

3.2 Core center-to-centre distance and sphere arrangement after

imprinting

Small-Angle X-ray Scattering (SAXS) was employed to study the spheres’ structural ar-

rangement within lines nanoimprinted at cAu = 3 mg/mL and 30 mg/mL. The single peak

position q⇤ suggests an amorphous sphere arrangement. Based on the Ehrenfest relation,1,2

the core center-to-center distance for spheres with a short range order (amorphous arrange-

ment) corresponds to:

aamorph
c�c =

2⇡

q⇤
· 1.23 = 5.61 ± 0.07 nm (S2)
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Figure S6: Radially integrated SAXS curves of electrodes nanoimprinted at 30 mg/mL (high-
est concentration) and 3 mg/mL (lowest concentration) on PET as well as of the bare PET
as reference (the Kapton® peak is due to the Kapton® window separating sample and evac-
uated scattering path | scattering curves are shifted for improved visibility).

3.3 Organic content

The organic content of the synthesized and twice-purified Au nanospheres was determined

with Thermogravimetric Analysis (TGA) and amounted to 16.98 wt% (see Fig. S7). This

corresponds to a volume fraction of:

fV, OAm =
fw, OAm · (⇢OAm)�1

fw, OAm · (⇢OAm)�1 + fw, Au · (⇢Au)
�1 · 100 % ⇡ 80.79 vol% (S3)

with fV, OAm the volume fraction of OAm, fw, OAm ⇡ 15 wt% the mass fraction of OAm,

fw, Au ⇡ 85 wt% the mass fraction of Au, ⇢OAm = 0.81 g/cm3 the density of OAm3 and

⇢Au = 19.3 g/cm3 the density of Au,4 both at room temperature.
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Figure S7: TGA of the synthesized and twice purified AuNPs.

References

1. Guinier, A.; Fournet, G. Small-Angle Scattering of X-Rays ; John Wiley & Sons, Inc.:

New York, 1955.

2. Feng, R.; Stachurski, Z. H.; Rodriguez, M. D.; Kluth, P.; Araujo, L. L.; Bulla, D.; Ridg-

way, M. C. X-ray scattering from amorphous solids. Journal of Non-Crystalline Solids

2014, 383, 21–27, DOI: 10.1016/j.jnoncrysol.2013.04.070.

3. Oleylamine, approximate C18-content 80-90%: SDS. 2009; https://www.fishersci.

de/store/msds?partNumber=10400380&productDescription=100ML+Oleylamine%2C+

approximate+C18-content+80-90%25&countryCode=DE&language=de.

4. Haynes, W. M., Ed. CRC Handbook of chemistry and physics: A ready-reference book of

chemical and physical data, 97th ed.; CRC Press: Boca Raton and London and New York,

2017.

7


	Abstract
	Kurzfassung
	Publications and contributions
	Acknowledgements
	List of abbreviations
	Introduction
	State of the Art
	Opto-electronics and transparent electrodes (TEs)
	Transparent conductive metal oxides
	Metal-based flexible transparent electrodes (FTEs)
	Random metal nanowire networks
	Metal corrosion
	Regular metal grids

	Fabrication of nanoscale structures by direct nanoimprint lithography (NIL)
	Thermal NIL of Au nanoparticle inks
	Direct nanoimprinting of inks of self-assembling Au nanoparticles

	Synthesis and self-assembly of Au nanoparticles with alkylamine ligand shell
	Au nanoparticles
	Au nanowires
	Ultra-thin Au nanowires - AuNWs
	Properties of ultra-thin Au nanowires
	Self-assembly of OAm-capped AuNWs
	Au nanospheres
	OAm-capped AuNPs

	Sintering of grids made of ligand coated metal nanoparticles to form conductive electrodes
	Chemical sintering
	Photonic sintering
	Plasma sintering
	Plasma sintering depths

	Stability of sintered TEs based on metal nanoparticle inks
	Plateau-Rayleigh instability
	Solid-state de-wetting

	Opto-electronic performance of TEs
	Sheet resistance
	Transmittance
	Figure of merit (FOM)

	Scope and objectives of this dissertation

	Results
	Publication 1 - Bundling of Nanowires Induced by Unbound Ligand
	Publication 2 - Flexible and Transparent Electrodes Imprinted from Metal Nanostructures: Morphology and Opto-Electronic Performance
	Publication 3 - Flexible and Transparent Electrodes Imprinted from Au Nanowires: Stability and Ageing
	Publication 4 - Consolidation and Performance Gains in Plasma-Sintered Printed Nanoelectrodes

	Discussion
	Bundling mechanism of OAm-stabilized AuNWs in cyclohexane
	Morphology and opto-electronic performance of printed metal grid electrodes
	Morphology and stability of metal grid electrodes

	Conclusion and Outlook
	Bibliography
	Supporting Information (SI) to Publications 1-4
	SI to Publication 1
	SI to Publication 2
	SI to Publication 3
	SI to Publication 4


