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Abstract

One-dimensional (1D) nanocrystals represent a versatile and functional class of materials
characterized through a high transport efficiency along the long axis, and a confined
cylindrical surface. Silver nanowires (Ag-NWs) are excellent building blocks for 2D
conductive networks, which are used as functional fillers in 3D printing polymer composites.
The morphology of randomly oriented Ag-NWs is studied as a function of concentration, as
well as during external modifications and within a polymer matrix by, inter alia, grazing
incidence X-ray scattering. Flexible and conductive Ag-NW composites are fabricated and
investigated under mechanical stress. Key network properties are revealed by a Monte Carlo
based model. The electrical nanowire network, dominated by the tunneling resistances
between the nanowires, strongly interacts with the supporting polymer matrix. A 3D-
printed flexible capacitor is demonstrated as a prototype for 3D printed flexible electronic
devices. Furthermore, in order to investigate the low-energy excitation spectrum as well
as the interaction between the electronic system with lattice degrees of freedom within
1D nanostructures, Raman spectroscopy is utilized. We developed a Raman microscope
with ultra-small spot sizes down to 200 nm – 300 nm to study local phenomena on the
nanoscale. Surface enhanced Raman spectroscopy (SERS) is used to study a chemical
selective system based on the electronic transitions between semiconducting zinc oxide
nanowires and 4-mercaptopyridine. Plasmonic enhancements of the Raman response are
observed in nanowires of the topological insulator Bi2Se3 as a function of wire diameter.
The modification of the quasi-relativistic surface states by geometrical confinement from
2D to 1D results in a gap opening of the spin-polarized Dirac-states as a consequence of
the formation of a Spin-Berry phase.
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Zusammenfassung

Eindimensionale (1D) Nanokristalle repräsentieren eine vielseitige, funktionale Klasse
nanoskaliger Systeme. Sie zeichnen sich durch ihre Fähigkeit des effizienten Transports
entlang der axialen Richtung, sowie durch eine, durch den Durchmesser in der Ausdehnung
beschränkte, zylindrische Oberfläche aus. Silber Nanodrähte (Ag-NWs) sind hervorragend
als Bestandteile von 2D leitfähigen Netzwerken geeignet. Nanodraht-Netzwerke werden zur
Funktionalisierung von Polymerkompositen für den 3D Druck verwendet. Die Morphologie
der zufällig angeordneten Ag-NWs wird als Funktion der Konzentration, sowie unter
externen Einflüssen und eingebettet in eine Polymer-Matrix untersucht. Dies geschieht
unter anderem mit Röntgenstreuung unter streifendem Einfall. Flexible und leitfähige Ag-
NW-Komposite werden hergestellt und in mechanischen Stress-Tests untersucht. Die Netz-
werkeigenschaften werden mit einem Modell, das auf einer Monte-Carlo-Methode beruht,
erfolgreich beschrieben. Das elektrisch leitfähige Nanodrahtnetzwerk, das durch die Tun-
nelwiderstände zwischen den Nanodrähten dominiert wird, interagiert maßgeblich mit der
Polymer-Matrix. Als Prototyp für ein 3D gedrucktes, flexibles, elektronisches Bauteil, wird
ein flexibler Ag-NW-Kondensator präsentiert. Des Weiteren wird Raman-Spektroskopie
verwendet, um das nieder-energetische Anregungsspektrum sowie die Interaktion zwischen
dem elektronischen System und den Gitterschwingungen im nanoskaligen Festkörper zu
untersuchen. Ein Raman-Mikroskop wird vorgestellt, das einen ultra-kleinen Spotdurch-
messer von 200 nm – 300 nm erreicht. Oberflächenverstärkte Raman-Spektroskopie (SERS)
wird angewendet, um die elektronischen Übergänge zwischen halbleitenden Zinkoxid Nan-
odrähten und 4-Mercaptopyridin zu untersuchen. Plasmonische Verstärkungseffekte der
Raman-Antwort werden in Nanodrähten bestehend aus dem Topologischen Isolator Bi2Se3

als Funktion des Drahtdurchmessers beobachtet. Die Modifikation der quasi-relativistischen
Oberflächenzustände durch ein geometrisches confinement des Festkörpers von 2D nach
1D resultiert in einem Öffnen der spin-polarisierten Dirac-Zustände als Folge der Bildung
einer Spin-Berry Phase.
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1 Chapter 1

Introduction

1.1 Preface

“I would like to describe a field, in which little has been done, but in which an enormous

amount can be done in principle. This field is not quite the same as the others in that

it will not tell us much of fundamental physics (in the sense of, “What are the strange

particles?”) but it is more like solid-state physics in the sense that it might tell us much of

great interest about the strange phenomena that occur in complex situations. Furthermore,

a point that is most important is that it would have an enormous number of technical

applications.”

Richard Feynman in There’s Plenty of Room at the Bottom, 1960.[1]

For a long time people have been dealing with extreme dimensions that cannot be experi-
enced through our senses. In astronomy, one of the oldest sciences, celestial bodies and
phenomena were observed and interpreted from many different perspectives. Democritus of
Abdera (460 - 370 BC) identified the milky way as an assembly of millions of stars.[2] The
development of telescopes, photography, high-performance computers, and space travel
accompanied and enabled the enormous advances in the acquisition and interpretation of
data and knowledge.[3] In the fourth century BC, Democritus began another journey into
unexplored areas and thought about breaking matter into its smallest parts. He coined
the term ‘atom’, the smallest and indivisible particle.[4] With these metaphysical thoughts,
Democritus entered a state of mind that could not be experienced and, from his point of
view, was completely undefined. He represented the idea of matter made up of particles, in
contrast to the idea that matter is a continuum.[5] Today, the nature of particles that form
matter is investigated in particle physics with enormous technical efforts in e.g. particle
accelerators.[6] A huge development of experimental techniques enables us today to be
close to an extremely small world and to recognize phenomena that are different in nature
from our macroscopic world.

On a scale 10-1000 times larger than a single atom, a finite number of atoms form clusters
and structures with a size of up to 100 ·10−9 m. They are studied by nanoscience. In general,
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1 Introduction

nanoscience deals with structures having at least one dimension with a size of between
1 to 100 nm.[7] This field is crossing the borders between physics, chemistry, life science,
biology, and materials science, and offers a great amount of technical applications.[7, 8, 9]

The term nanotechnology is used to refer to any type of technology on the nanoscale with
applications in the everyday world.[10] Nanoscience, therefore, merges with nanotechology
in many cases. There is a large number of nanostructures, many of which are highly
specialized for certain applications, for example solid-state nanoparticles in various forms,
nanoporous surfaces, biomolecules, organic vesicles, and micelles.[11, 12] Today’s fields
in nanotechnology are e.g. paints and coatings, energy storage systems and solar cells,
cosmetics, health care, medicine, functional textiles, and electronic devices like processors,
transparent electrodes, and memory storage.[7, 10] This huge diversity in materials, scientific
fields, and applications makes nanoscience a significant part of modern science.

In this thesis, functional one-dimensional (1D) solid-state nanostructures and their applica-
bility are investigated. The work includes different kinds of materials, which are zinc oxide
nanowire arrays, single bismuth selenide nanowires, and networks from silver nanowires.
This combination makes is possible to observe different applications of 1D nanoscience
phenomena.

1.2 One-Dimensional Nanostructures

One-dimensional (1D) nanostructures have two dimensions in the range between 1 nm and
100 nm and one dimension that is substantially larger, resulting in elongated anisotropic
shapes with high aspect ratios. Analogous to the macroscopic world, 1D structures enable
efficient transport as used in e.g. wiring and pipes in networks or as bridges.[13] 1D
nanostructures are, therefore, excellent building-blocks for functional devices allowing
transport of electrons, excitons, and phonons. The connection of sticks, rods, or wires
to electrical networks represent a very efficient way to build 2D layers with a high sheet
conductivity but low amount of material.[14, 15]

When the dimension of a crystal is large compared to the electron wavelength, electrons
behave like free particles within the crystal. But if the crystal dimensions reach a
small critical size, confinement occurs and electronic, vibronic, and optical properties
change compared to the bulk crystal.[16] Since 1D nanostructures exhibit two confined
dimensions, confinement effects are observed as a function of their diameter.[17] In addition,

2



1 Introduction

nanoparticles exhibit extremely high surface-to-volume ratios compared to macroscopic
objects leading to enhanced surface properties.

Many different 1D materials have been subject of research over the past few decades.
Carbon nanotubes, fibers consisting of graphene with diameters between 1 nm and 50 nm,
have been discovered in 1991 by Iijima and co-workers.[18] Another class of functional 1D
nanostructures is represented by metal nanowires. Many different fabrication processes
have been reported, including wet chemical synthesis (bottom up) with capping agents as
well as lithography (top down).[19, 20] Typical utilized metals are silver, gold, and copper.
Semiconducting materials like zinc oxide, silicon, or gallium arsenide are also often used in
the shape of 1D nanostructures. Other advanced functional properties are magnetizability,
thermoelectricity, and the existence of quasi-relativistic surface states.[21, 22]

In addition to the material, shape and arrangement of nanowires also determine their
functionality. Single nanowires represent a fully ordered system. Modifying the nanowire
surface to e.g. nanobrushes or core-shell structures enables the surface roughness to be
maximized or the surface to be passivated.[23] Nanowire networks combine 2D and 1D
properties in a very efficient way.[14] The nanowires can be orientated randomly or regularly
to form 2D networks. Alignment of nanowires leads to a controlled anisotropy. Arrays of
vertically orientated nanowires represent substrates with giant surface to volume ratios.[24]

1.3 Outline of the Thesis

The thesis is organized as follows. Chapter 2 deals with theoretical concepts for condensed
matter and the interaction of electromagnetic fields with matter. We focus on the material
systems used in this work as well as on the scattering techniques employed. The latter
are primarily Raman spectroscopy and grazing incidence X-ray scattering. In chapter 3,
key experimental techniques are presented including a custom-made micro-Raman setup
with ultra-small spot sizes as well as the development of a stretching setup for flexible
composites. Chapter 4 reports on the conducted experiments. The experiments and results
are described in detail together with respective models and simulations. Section 4.1 is
about the development and application of printable, conductive, transparent, and flexible
silver nanowire composites. Section 4.2 focuses on the application of nanowires for surface
enhanced Raman scattering including quasi-relativistic surface states in bismuth selenide.
The work is complemented by publication reprints, which were created during this thesis.

3



2 Chapter 2

Theoretical Background

2.1 Condensed Matter

Condensed matter exists in different forms, which are divided into crystalline solids like
insulators, metals, and semiconductors, and soft matter such as polymers, liquids, colloids,
foams, and liquid crystals. Crystalline solids have an atomic periodic order that is described
by the Bravais lattices and a basis. Due to the periodicity of the crystal structures, they
can be viewed both in position space and in momentum space, as unit cells that repeat
themselves periodically.[25] Crystal lattices are dynamic. Lattice vibrations are signified
by phonons being the quanta of the oscillation field. Since, viewed from the electronic
system, the atomic core movements are slow, the properties of crystals can be roughly
divided into the properties that are determined by the phonons and the properties of the
electronic system. The occurrence of electron-lattice interactions is considered in terms of
perturbation theory.[26, 27]

In quantum mechanics, the total energy of an electron is given by the Hamiltonian

Ĥ = T̂ + V̂ , (2.1)

with the kinetic energy term T and the potential energy V . For a free or quasi-free particle
with V ≈ 0, the stationary Schrödinger equation (SGE)

ĤΨ(~r) = EΨ(~r) (2.2)

is solved with Ĥ = T̂ = −}2∇2

2m and eigenfunctions Ψ(~r) = exp(i~k · ~r) resulting in the
parabolic energy dispersion relation

E(k) = }2k2

2m . (2.3)

The general relativistic dispersion relation, formulated by Paul A. M. Dirac in 1928, is
given as[28, 29]

4



2 Theoretical Background

E2 = (pc)2 + (mc2)2 (2.4)

where p denotes the momentum, c is the velocity of light and m is the particle’s rest mass.
From equation 2.4 we get two solutions

E =±
√

(pc)2 + (mc2)2 =±mc2
√√√√( p

mc

)2
+1, (2.5)

which can be attributed to the particle and its corresponding antiparticle. For particles
without rest mass like photons, a linear dispersion relation directly results with E =±pc.
By substitution of x= p

mc and using the Taylor series for small x, we can derive for the
non-relativistic limit (p <<m)

E =±mc2
√

1 +x2 ≈ ±mc2
(
1 + x2

2
)

=±
(
mc2 + p2

2m
)
. (2.6)

This corresponds to the typical parabolic dispersion relation for the free particle as shown
in Eq. 2.3. At p= 0 an energy gap ∆E = 2mc2 occurs between particle and antiparticle,
which is proportional to the particle’s rest mass m.

Based on the energy gap and the typical electronic properties, three different classes of
crystalline solids are commonly distinguished: metals, semiconductors, and insulators.
Their typical band structures are shown schematically in Fig. 2.1. The Fermi energy
EF denotes the highest electron energy in the ground state. In insulators, the Fermi
energy lies between the valence (black) and conduction bands (blue) within the band gap.
The valence band is, therefore, completely filled and the band gap has to be overcome
in order to generate free charge carriers in the conduction band.[30] Insulators typically
exhibit band gaps larger than 4 eV. Materials with smaller band gaps (1 eV – 4 eV) are
semiconductors (see Fig. 2.1 (b)).[31, 32] At T = 0, semiconductors behave like insulators.
At a finite temperature, however, charge carriers are excited from the valence band into
the conduction band and enable electrical charge transfer. Narrow-gap semiconductors
with band gaps smaller than 1 eV are sensitive towards lattice defects and doping, can
exhibit ‘non-trivial’ band topology and are prone to develop relativistic states.[33, 34] In
comparison, metals have a half-filled conduction band as illustrated in Fig. 2.1 (c).[30]

This enables the electrons to contribute freely to charge transport.
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2 Theoretical Background

Figure 2.1: Typical schematic electronic band structures of (a) an insulator with large band
gap, (b) a semiconductor with small band gap (gray), and (c) a metal with half-filled conduction
band. The Fermi energy is denoted as EF (red). The dashed line at k = π/a represents the
border of the 1st Brillouin zone.

In the following subsections, basic theoretical concepts for the description and understand-
ing of the relevant materials are presented. Silver nanowires are used as building blocks
for electrical charge transfer in the bulk metallic limit (section 4.1). Semiconducting zinc
oxide nanowires are utilized as substrate for surface enhanced Raman scattering based on
resonant electronic excitation between the semiconductor electronic bands and molecular
orbitals (section 4.2.2). We introduce the tight binding model to understand the formation
of electronic band structures for simple scenarios. The discovery of the quantum Hall
effect and the fractional Hall effect in the 1980s have shown that the classification into
electronic conductors and band insulators is not the entire story.[35] In this work, topologi-
cal insulators represent quasi relativistic states that can exhibit a linear dispersion relation
(section 4.2.3). This leads us to cover basic concepts of topology and the occurrence of
quasi-relativistic quantum states.

2.1.1 Electronic Properties of Metals

In order to describe the basic electronic properties of metals, the valence electrons can be
viewed as a sea of quasi-free electrons, in which the positively charged atomic nuclei are
embedded. Since the electronic wave functions of the valence electrons are expanded, their
behavior is delocalized within the metal crystal leading to a high electrical conductivity
and a high electronic contribution to the thermal conductivity. A simple model derived
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2 Theoretical Background

from this picture is called the jellium model.[36] This model is particularly suitable for
alkali metals and copper, silver, and gold, since here, besides the quasi-free s-electrons, only
electrons are present in completely filled atomic shells. It is assumed that the electrons
are not interacting with the atomic cores or each other. The electrons, therefore, are
considered as free particles trapped in a 3D potential well with infinite walls and a volume
of V . We solve the stationary SGE

ĤΨ(~r) =− }2

2m∇
2Ψ(~r) = EΨ(~r), (2.7)

where Ĥ is the Hamiltonian for a free particle and ~r is the electron position. As eigenfunc-
tions we obtain plane waves

Ψ(~k) = 1√
V

exp(i~k ·~r), (2.8)

where ~k is the wave vector and the wavelength is given as λ= 2π/|~k|. The result is the
dispersion relation of free particles (see Eq. 2.3 and Fig. 2.2 (a)). With periodic boundary
conditions within the given volume V = Lx ·Ly ·Lz the allowed wave numbers are

kx = 2π
Lx
nx, ky = 2π

Ly
ny, kz = 2π

Lz
nz, (2.9)

with the integer quantum numbers nx,ny,nz. With this, the density of states (DOS) D(E)
in the energy space can be calculated as[36]

D(E) = LxLyLz
2π2

(2m
}2

)3/2
E1/2. (2.10)

Fig. 2.2 (a) shows the DOS D(E)∝
√
E and the parabolic dispersion relation. The Fermi

energy is denoted as EF .

In a thin metal film with a thickness d in the nanometer range, the electrons are confined
in z-direction. We, therefore, assume a boundary condition, where only standing waves
with a wavelength of λz = 2d/j can exist in z-direction with j being an integer. This leads
to energy eigenvalues of E(k) = Ej + (}2(kx+ky)2)/2m and a splitting of the dispersion
E(k) in sub-bands as illustrated in Fig. 2.2 (b). A constant DOS D(E) ∝ E0 results
as given in Eq. 2.11.[36] The total DOS is the sum of the DOS of the single sub-bands
as shown in Fig. 2.2 (b). Analogously, a 1D nanostructure with a small rectangular
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2 Theoretical Background

cross-section and a length Lx can be modeled in the same way, resulting in a dispersion
E(k) =Ei,j +(}2k2

x)/2m (Fig. 2.2 (c)) and a density of states proportional to E−1/2 occurs
(Eq. 2.12 and Fig. 2.2 (c)).[36] These confinement effects are expected to be relevant
when the crystal size reaches the average wavelength of the particle.[37] In section 4.1,
silver nanowires are utilized for conductive networks. We use nanowires with an average
diameter of 150 nm to 200 nm to obtain maximum undisturbed electrical conductivity, but
minimum amount of material and high aspect ratios.

2D jellium D(E) = LxLy
2π

(2m
}2

)
E0 = const, (2.11)

1D jellium D(E) = Lx
π

(2m
}2

)1/2
E−1/2. (2.12)

Figure 2.2: (a) Density of states D(E) and dispersion E(k) for free electrons in a 3D jellium
(see Eq. 2.10). EF denotes the Fermi energy. (b) Electronic density of states D(E) (see Eq.
2.11) and dispersion E(k) for a jellium confined in one dimension. (c) Density of states D(E)
and dispersion E(k) in a 1D jellium (see Eq. 2.12).
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2 Theoretical Background

2.1.2 Semiconductors

A semiconductor is characterized by an energy band gap of up to 4 eV.[32] The electrical
properties can be strongly influenced by the size of the band gap, especially in the case of
narrow-gap semiconductors.[33] The resistivity of semiconductors varies from 10−2 Ωcm to
109 Ωcm.[32] There are several types of semiconductors, the most common of which are
classified by the following terms.

Pure element or compound. Pure element semiconductors are e.g. silicon, germanium,
and selenium. Semiconducting binary compounds are also widely used. The most important
compounds are III-V-semiconductors like gallium arsenide (GaAs), gallium nitride (GaN),
indium antimonide (InSb), gallium antimonide (GaSb), and aluminum antimonide (AlSb)
as well as the II-VI-semiconductors like zinc sulfide (ZnS), zinc oxide (ZnO), cadmium
sulfide (CdS), cadmium selenide (CdSe), and cadmium telluride (CdTe).[31]

Direct or indirect. In direct semiconductors, the lower edge of the conduction band
and the upper edge of the valence band are at the same wave vector k. The transition
between valence and conduction band can take place directly at the same point in the
Brillouin zone. Correspondingly, this does not apply to indirect semiconductors.[31]

Intrinsic or doped. In intrinsic semiconductors, free charge carriers are generated
by transport of electrons out of the valence band to the conduction band. The doping
of semiconductors creates electronic states in the band gap and, therefore, enables the
facilitated excitation of electrons from these levels.[31]

To describe the electronic properties of semiconductors it becomes necessary to take the
periodic potential of the atomic cores into account (V (~r) = V (~r+ ~T )). Bloch’s theorem
states that the solutions of the SGE in a periodic potential are plane waves exp(i~k ·~r),
which correspond to the solutions for a free particle, modulated by u~k(~r), which has the
same periodicity as the lattice (u~k(~r) = u~k(~r+ ~T )).[38] Thus, the Bloch-wave function is

Φk(~r) = u~k(~r)exp(i~k ·~r). (2.13)

The tight binding model[39] is a model for calculating band structures based on superposition
of atomic wave functions ΦA(~r), which solve the SGE for the single atom

ĤA(~r− ~R)Φi
A(~r− ~R) = EiAΦi

A(~r− ~R). (2.14)
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2 Theoretical Background

~R denotes the translation vector to the lattice point at which the atom i is located.[30]

The linear superposition of the atomic wave functions leads to

Ψi
k(~r) = 1√

N

∑
~R

exp(i~k · ~R)Φi
A(~r− ~R), (2.15)

with Ψk(~r) complying with Bloch’s theorem. The Hamiltonian can be separated into the
atomic problem and a correction for the periodic lattice potential

Ĥ = ĤA+ Ṽ (~r− ~R), (2.16)

or reformulated for the total potential:

V (~r) =
∑
~R

VA(~r− ~R) = VA(~r− ~R) + Ṽ (~r− ~R). (2.17)

The following assumptions are made. Firstly, strong localization of the wave functions
and small overlap

∫
d3r Φ∗m(~r)Φn(~r− ~R) of the wave functions with its nearest neighbors

are assumed. It is, therefore, reasonable to reduce the sum to the z nearest neighbors.
Secondly, we imagine E(~k) being near the atomic energy EA. Finally, we assume radial
symmetric s-type atomic wave functions. With this, the energy E(~k) can be simplified to

E(~k) = EiA−|A| ·
z∑
i=1

exp(−i~ki · ~Ri), (2.18)

with |A| being the exchange integral.[30]

Considering a typical 3D cubic lattice with opposite neighbors as it is the case for the fcc
lattice, Eq. 2.18 can be expressed as

E(~k) = EiA−|A| ·
z/2∑
i=1

exp(−i~ki · ~Ri) + exp(i~ki · ~Ri) = EiA−|A| ·
z/2∑
i=1

2cos(~k · ~Ri). (2.19)

For small wave vectors, a parabolic dispersion is obtained with cos(x) ≈ 1− x2

2 . This
resembles the result from Eq. 2.6. Furthermore, it becomes clear that the nature of the
dispersion relation depends on the symmetry of the respective lattice type. For cubic
lattices, linear terms contributing to the dispersion relation disappear due to symmetry.
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For e.g. the honeycomb lattice in graphene, this is not the case and linear terms remain.[40]

The comparison of the parabolic dispersion relation for cubic lattices at small wave vectors
derived from the tight binding model (Eq. 2.19) with the classical parabolic dispersion of
a free particle (Eq. 2.3) results in an effective mass m∗ being proportional to |A|−1.

In this work, zinc oxide (ZnO) nanostructures are used as substrate for surface enhanced
Raman scattering (SERS). ZnO crystallizes in the wurtzite structure as demonstrated
in Fig. 2.3 (a).[41] It has a direct and wide band gap of around 3.44 eV at the Γ-point,
which corresponds to the near UV-spectral range. A band structure calculation taken from
Janotti and Van de Walle[41] is shown in Fig. 2.3 (b) as a reference. ZnO exhibits a large
free-exciton binding energy increasing with quantum confinement on the nanometer scale.
The free excitons are significantly confined for films thinner than 20 nm.[42] For nanosized
ZnO crystals with a size of 10 nm - 20 nm, excitonic states at 100meV - 400meV below
the conduction band have been found.[24, 42]

Figure 2.3: (a) Wurtzite structure of the ZnO crystal. Zinc atoms are depicted in gray, oxygen
atoms are illustrated in blue. The lattice parameters a and c are indicated by arrows. (b)
Calculated electronic band structure of ZnO. The maximum of the valence band has been set to
zero. Figure taken from [41]. Copyright 2009 IOP Publishing.

2.1.3 3D Topological Insulators

Topological insulators (TIs) represent a class of Dirac materials that enables fascinating
possibilities for the construction and realization of exotic quantum states and quasi-
relativistic particles. TIs exhibit insulating or semiconducting bulk electronic states and
metallic surface states. The special nature of the TI surface states lies in segments of linear
electronic dispersion and the insensitivity of their electrical conductivity to non-magnetic
defects.[34, 43] The latter can be attributed to a linking of direction of movement and spin
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of the charge carriers in the TI surface states, suppressing back scattering of electrons.
The presence of the surface states has been demonstrated by angle-resolved photoemission
spectroscopy.[44, 45, 46]

In general, phases are defined by symmetry breaking, which occurs at a phase transition
and which changes the characteristic order of a phase. In contrast, topological phases are
defined by a stable topological order. Topology is a concept from mathematics, where
geometrical objects are classified by their topological invariants. In the case of TIs, topology
is used to classify the electronic band structure in terms of the Berry phase. We consider
the adiabatic theorem of quantum mechanics. The Hamiltonian Ĥ(t) undergoes a slow and
cyclic evolution resulting in Ĥ(t) = Ĥ(0). The corresponding evolution of its eigenstate is
|Ψ(t)〉= eiα |Ψ(0)〉. M. Berry[47] has shown that there is, in addition to a dynamic phase
γd, a geometric phase space factor γ(C) (see Eq. 2.20), which is independent of time
and depends only on the closed path C taken in phase space. This phase describes the
evolution of the eigenfunctions. A non-zero difference in this phase, thus, expresses that
the solutions of the Hamilton operator have changed after a closed path in phase space for
non-trivial systems. This geometric phase is called Berry phase.[47]

α = γd+γ(C) (2.20)

The Berry phase for a Bloch state |m(~r)〉= exp(i~k ·~r)um,k(~r) is defined as[47, 34]

γm(C) =
∮
C
〈um,k|i∇~k|um,k〉 d~k =

∮
C

~Am(~k) d~k, (2.21)

where C denotes the cyclic path in momentum space and m is the band index. With
Stokes’ theorem, Eq. 2.21 can be transferred to a surface integral

γm =
∫

S
~Fm(~k) n̂ d2k, (2.22)

where n̂ is the normal on the surface. For closed surfaces, as it is the case for the 1st

Brillouin zone, γm corresponds to the Chern theorem leading to γm = 2π Cm, where Cm
is the integer Chern invariant for the electronic sub band m.[48, 49] ~Fm(~k) is the Berry
curvature given by the curl of ~A as ~Fm =∇× ~Am. The constant Cm is invariant under
smooth adiabatic transformations, and, therefore, classifies the topological order. A
‘trivial’ topology yields ∇× ~Am = 0 and, therefore, Cm = 0. Chern invariants of Cm 6= 0 are
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obtained for ∇× ~Am 6= 0 representing ‘non-trivial’ topological phases in correspondence
with the existence of a vortex field.[48]

An exemplary 3D TI is Bi2Se3, which exhibits a bulk band gap of 0.3 eV and a single Dirac
cone at the Γ-point. The typical band structure of an ‘ordinary’ insulator is schematically
shown in Fig. 2.4 (a), were EF denotes the Fermi energy, and VB and CV are the valence
band and conduction band, respectively. In Bi2Se3, however, band inversion is observed,
which results from strong spin-orbit coupling (SOC) and a small band gap as illustrated
in Fig. 2.4 (a) causing a ‘non-trivial’ topology with a Chern invariant of C = ±1. For
conventional semiconductors, SOC usually causes spin splitting and spin relaxation.[50]

Only in few narrow-gap materials with heavy atoms like Bi2Se3 or HgTe SOC results in
band inversion.[51, 52] Calculations of the band structure for Bi2Se3 with and without SOC
have shown that mostly Bi pz states from the conduction band and Se pz states from the
valence band are inverted.[53]

The TI surface is a boundary between the TI and an ‘ordinary’ insulator like vacuum or air.
Since the topological invariants of the TI and the surrounding medium are different, no
continuous transformation can occur.[34] An intermediary is required whose role is taken
over by the TI surface states. In terms of the relativistic dispersion relation (see Eq. 2.4),
parabolic bands occur with an energy gap of 2mc2 for p <<m as shown in Eq. 2.6. The
energy gap can only be closed when the mass approaches zero yielding a linear dispersion
relation. The relativistic natures of narrow-gap semiconductors has been discussed by
Fradkin and co-workers.[33] The conductive surface states of TIs are usually described by
an adapted Dirac equation[54] and exhibit a linear and spin polarized dispersion at the
Γ-point, which is illustrated by dotted lines in Fig. 2.4. At the TI-vacuum interface, the
local inversion symmetry is broken, but time inversion symmetry (t→−t) is retained,
which can be stated as E(~k,↑) = E(−~k,↓).[49] Dirac cones are known from graphene.
However, the origin is completely different. As outlined in section 2.1.2 geometrical lattice
symmetries lead to parabolic dispersion relations for cubic lattices and, in contrast, linear
terms remain in E(~k) for honeycomb lattices. Furthermore, Dirac cones in 3D TIs exhibit
spin polarization caused by SOC, which is not the case for graphene. In Fig. 2.4 (b)
the TI Dirac cone is schematically represented. The arrows circling around the cone at
the Fermi energy EF illustrate the spins coupled to the direction of momentum of the
electrons moving around the Fermi surface.
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Figure 2.4: (a) Basic electronic band structure (Energy (E) against wave vector (k)) of a trivial
insulator with a topolgical invariant C = 0 (left) and a TI with C =±1 (right). EF is the Fermi
energy. For the TI, band inversion within the bulk electronic band structure is pictorially shown.
Surface states with nearly linear dispersion, where each dispersion branch exhibit opposite spin
orientation (arrows up and down), are depicted by gray dotted lines. (b) Dirac cone in two
dimensions kx and ky for a 3D TI. The spin direction is always coupled to the direction of
movement of the electrons. The red disc represents an exemplary cut of the Dirac cone at the
Fermi energy and the black arrows depict the spin directions.

The above considerations primarily correspond to a 3D TI in a bulk or 2D geometry like
a film or nanoflake with thicknesses above a critical confinement. For ultra-thin films
of thicknesses d < 6 nm splitting of the insulating bulk band due to confinement in one
dimension as well as a gap opening of the surface states is observed due to hybridization
between the top and bottom surface.[55, 56] In the case of circular nanowires, on the other
hand, hollow metallic cylinders are realized, leading to splitting into 1D sub bands.[57] The
main reason for this lies in the curvature of the surface, the available circular path and the
corresponding boundary conditions that occur. The surface electron spin is constrained to
lie in the tangent plane of the nanowire surface, leading to a 2π rotation along the wire
perimeter. This results in an additional π-Berry phase of the Dirac particle. As shown by
theoretical studies[58, 59, 51, 44, 60] the energy dispersion relation for surface states in 1D
circular TI nanowires can be expressed as

E2(k)∝ k2 + n2

R2
0
, (2.23)
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where R0 is the radius of the nanowires. A simple comparison with Eq. 2.4 shows a
correspondence to the Dirac dispersion with a mass increasing with R0→ 0.[44] A dispersion
relation considering the band index m, the wire radius R0, as well as an applied magnetic
flux with the ratio r = Φ/Φ0, and the flux quantum Φ0 = }/2e has been derived by P.
Iorio and co-workers:[58, 59]

E(k) = sC2
√
k2 + (1 + 2m−2r)2∆̃2(R0), (2.24)

with the band gap ∆(R0) = 2C2∆̃(R0) =C1R
−1
0 . C1 and C2 represent the interorbital and

interspin couplings.

Figure 2.5: (a) Spin-polarized surface states in a bulk TI. Spin-momentum locking is indicated
by the blue and red particles moving on the flat TI surface. (b) The morphing of the TI into a
cylinder leads to a curved surface in which the particle spin is tangential and circles around the
perimeter C. The electron wave function picks up a π-Berry phase yielding a gap opening at
the Dirac point and doubly degenerated sub bands. (c) The application of a magnetic field ~B
along the wire axis with odd multiples of Φ/Φ0 = r = 0.5 compensates the Berry phase for the
sub-band of m= 0 leading to a spin-polarized Dirac state.

The application of a magnetic flux through the nanowire results in two main scenarios.
For even multiples of r = 0.5 (incl. 0) doubly degenerated sub bands occur as illustrated in
Fig. 2.5 (b). For odd multiples of r = 0.5 and a sub band index m= 0 Eq. 2.24 develops
to E(k)∝ k and the part corresponding to the mass term becomes zero allowing a state
at the Dirac point. The effect of a magnetic flux on the transport properties of a metallic
surface in the non-relativistic case is described by the Aharonov-Bohm effect.[47] The
electron wave function gets a phase of 2πΦ/Φ0.[61] Thus, a 1D Dirac state is realized at
a magnetic flux of Φ0/2 because this value compensates the curvature induced π-Berry
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phase.[62, 63, 64] Fig. 2.5 shows the helical (spin-polarized) surface states for a bulk TI (a),
the band structure splitting into spin-degenerated sub bands for the TI nanowire with
zero flux (b), and a half flux quantum (c).

In this work Bi2Se3 nanowires are investigated by means of Raman scattering (see section
4.2.3). Bi2Se3 crystallizes in a rhombohedral crystal structure that grows along the c-axis
in multiples of so-called quintuple layers of alternating Bi and Se layers.[65] The structure
is pictorially shown in Fig. 2.6. Four vibrational modes are usually detected by Raman
spectroscopy as indicated in Fig. 2.6.[66] In section 4.2.3 the two high energy modes (E2

g

and A2
1g) are observed.

Figure 2.6: Crystal structure and Raman active vibrational modes of the 3D topological insulator
Bi2Se3. Bismuth atoms are depicted in blue, selenium atoms are shown in green. Quintuple
layers (gray) are stacked along the c-axis. The Raman modes are illustrated on the right, which
have the following order as a function of energy: E1

g , A1
1g, E2

g , and A2
1g.

2.2 Interaction of Electromagnetic Fields with

Matter

Light scattering is a two photon process, where an incidence photon is annihilated and a
scattered photon is created. Scattering can occur without any energy transfer between
the incoming photon and the scattering medium, resulting in an elastic process. Elastic
scattering, therefore, probes the motionless atomic lattice. One differentiates between
coherent and non-coherent scattering. During coherent scattering the incoming and
outgoing wave have a constant phase relationship. If coherent radiation undergoes coherent
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and elastic scattering, the scattered rays can interfere.[25] This phenomenon is usually
called diffraction, and used in e.g. crystal lattice structure elucidation.[67] Crystalline
solids are characterized through their periodicity in lattice distance d. The Laue condition
indicates maximum interference at[25]

~ksc−~kinc = ∆~k = ~Ghkl, (2.25)

where ~ksc is the wave vector of the scattered photon, ~kinc is the wave vector of the incident
photon, and ~Ghkl is the reciprocal lattice vector with

∣∣∣~Ghkl∣∣∣= 2π/d. A measure for the
scattering potential of a crystal basis is the structure factor considering the arrangement
of atoms within the basis and the electron density of each atom. In order to probe atomic
distances in the range of Ångströms, the wavelength of the used radiation has to be in
the size range of the investigated atomic structure. Synchrotrons are excellent X-ray
sources with a wide range of possible wavelength between 0.02 nm (6·104 eV) to 6 nm
(2·102 eV).[68] Synchrotron radiation exhibit high flux, small beam divergence, and a high
level of polarization. A typical X-ray diffraction (XRD) experiment can be carried out
by using a Θ-2Θ stage, where the sample is illuminated with a monochromatic X-ray
beam in reflection mode. The angle of incidence Θ equals the angle of reflection, leading
to an angle of 2Θ between light source and detector. Instead of moving the light source
and detector in equidistant steps, it is common practice to use a static monochromatic
X-ray source and a 2D detector to map the scattering pattern in the reciprocal space of
crystalline powders, nano colloids, or suspensions. Fully ordered systems are investigated
in crystallography, whereas systems with random orientation are studied by e.g. solution
scattering. Small angle X-ray scattering (SAXS) denotes a widely used technique giving
information about the average size, shape and dispersity of nanosized structures.[69] For
measuring SAXS signals, large sample to detector distances (SDD) in the range of up to
1m – 10m are necessary in order to resolve small angles of less than 0.1°.[70]

If we take into account that the atomic lattice at temperatures T > 0 changes over time,
we also observe inelastic scattering processes on the dynamic lattice. Inelastic scattering
leads to a redistribution of the elastic scattering intensity from the Bragg reflex (at T = 0)
to an inelastic background. The Laue condition can be modified to ∆~k = ~Ghkl±~q, where
}~q is the crystal momentum of a vibronic lattice excitation. The scattered photon is then
shifted in energy compared to the incident photon by ω = ω0±ωq, where ωq corresponds

17



2 Theoretical Background

to the energy of the phonon lattice excitation. This results in energy and momentum
conservation for the inelastic scattering process.[25]

The spectral analysis of scattered X-rays by spectroscopy reveals information about the
electronic structure of molecules and solids (RIXS and XAS).[71] However, the relative
change in energy of an X-ray photon scattered at a phonon is very small. We, therefore,
use inelastic light scattering spectroscopy in the visible spectral range to obtain energy
shifts of inelastic scattered photons of 1 to 10 %. Inelastic scattering at optical phonons,
which have high frequencies also at the center of the Brillouin zone, is called Raman
scattering.[72] The following sections provide a basic insight into Raman scattering and
X-ray scattering as used in this work.

2.2.1 Raman Scattering

Inelastic light scattering processes as Raman scattering are two photon processes, where
an incident photon is annihilated and a scattered photon is created. This goes hand in
hand with the generation (Stokes) or annihilation (anti-Stokes) of an excitation within the
investigated medium.[72] The intensities of the anti-Stokes lines are normally significantly
weaker than those of the Stokes lines.

The Raman cross-section, which represents the probability of an interaction between an
incident particle and the scattering medium, is determined by the polarizability of the
medium, its susceptibility.[73] A vibrational state is Raman-active if the medium experiences
a change in polarizability during the vibration.[74, 72] Usually monochromatic light from
lasers in the visible, near-infrared, or near-ultraviolet spectral range are utilized. Since
λinc >> a, where a is the lattice parameter or atomic distance and λinc is the incidence
wavelength, kinc,ksc << π/a. From ~kinc = ~ksc±~q follows, that Raman spectroscopy probes
optical phonons in the center of the Brillouin zone at ∆~k = ~q ' 0.[74] One differentiates
between resonant Raman scattering and non-resonant Raman scattering. In the resonant
case, the incident photon energy equals the transition energy from an initial electronic state
i to a final electronic state f . The scattering intensity in resonant Raman scattering is
enhanced compared to the non-resonant case, and depends strongly on the laser excitation
energy.[75]

This chapter is aimed to give an overview on appropriate quantum-mechanical tools for
describing the Raman scattering process. Initially, the first order perturbation theory
is introduced resulting in Fermi’s Golden Rule for the scattering cross-section. We will
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focus on phononic Raman scattering, which originates from the coupling of radiation
to the electronic system, which is coupled to the phonons by electron-phonon interac-
tion. An overview on radiation-electron interaction and electron-phonon interaction is
presented. The Raman scattering intensity can also be calculated from a Four-Photon
Greens Function.[76] From this, one can often derive semi-phenomenological models for
the Raman response.[27]

First Order Perturbation Theory and Fermi’s Golden Rule.

We consider a quantum mechanical system via

Ĥ(t) |Ψ, t〉= i}
δ

δt
|Ψ, t〉 . (2.26)

with a Hamiltonian Ĥ(t) separated into a time-independent (also called unperturbed)
Hamiltonian Ĥ0 and the so-called interaction Hamiltonian Ĥint(t), which is a time-
dependent perturbation and small compared to Ĥ0. The unperturbed state has a set of
energy eigenvalues E0

n and time-independent eigenvectors Ψ0
n

Ĥ0 Ψ0
n = E0

nΨ0
n. (2.27)

In the following, we will use the interaction picture[77], in which ΨI is defined as

|Ψ, t〉I = exp
(
i
Ĥ0(t− t0)

}

)
|Ψ, t〉 , (2.28)

where exp(−i Ĥ0(t−t0)
} ) |Ψ, t0〉 is the time evolution of the unperturbed system, and t0 is

the point in time at which the perturbation starts. The combination of equation 2.28 and
2.26 leads to[78]

i}
δ

δt
|Ψ, t〉I = exp

(
i
Ĥ0(t− t0)

}

)
Ĥint(t) exp

(
−iĤ0(t− t0)

}

)
|Ψ, t〉I

= Ĥint(t)I |Ψ, t〉I ,
(2.29)

which results in the Neumann series[79, 78] after integration
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|Ψ, t〉I = |Ψ, t0〉I + 1
i}

∫ t

t0
dt′Ĥint(t′)I |Ψ, t′〉I

= |Ψ, t0〉I + 1
i}

∫ t

t0
dt′Ĥint(t′)I |Ψ, t0〉I +(

1
i}

)2∫ t

t0
dt′
∫ t′

t0
dt′′Ĥint(t′)I Ĥint(t′′)I |Ψ, t0〉I + ... .

(2.30)

We are now interested in the probability of a transition from the unperturbed groundstate
|Ψ, t < t0〉 = |n,t〉 to an excited state |Ψ, t > t0〉 = |m,t〉, which is the perturbed system.
The probability amplitude for the transition is given as 〈m,t|Ψ, t〉. With the first order
Neumann series (Eq. 2.30) it becomes

〈m,t|Ψ, t〉= 〈m|
[
|Ψ, t0〉I + 1

i}

∫ t

t0
dt′Ĥint(t′)I |Ψ, t0〉I

]

= 〈m|n〉+ 1
i}

∫ t

t0
dt′ 〈m|Ĥint(t′)I |n〉

= δnm+ 1
i}

∫ t

0
dt′exp(−iωmnt′)〈m|Ĥint|n〉 .

(2.31)

where δnm is the Kronecker delta, and ωmn = Em−En
} .[78] t0 is set to 0 in the third line.

This yields for the transition probability[78]

Pnm ∝ |〈m,t|Ψ, t〉 |2 =
∣∣∣∣∣ 1
i}

∫ t

0
dt′exp(−iωmnt′)

∣∣∣∣∣
2
| 〈m|Hint|n〉 |2. (2.32)

The evaluation of the integral results in an oscillating time dependency of the shape
sin2(ωmn · t/2) ω−2

mn, which has its main contribution at ωmn = 0.[80] We consider the
system to be exposed to the perturbation for a long time t, and, therefore, substitute a
Dirac delta-function δ(Em−En) and obtain the following expression

Pnm = 2πt
}
δ(Em−En)| 〈m|Hint|n〉 |2. (2.33)
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The transition probability per unit time corresponds to Fermi’s ‘Second Golden Rule’ and
is given by Eq. 2.34.[78] ωq is introduced to take energy transfer into account in inelastic
processes.

ρnm = 2π
}
δ(Em−En±}ωq)| 〈m|Hint|n〉 |2. (2.34)

The Process of Phononic Raman Scattering.

In order to understand the nature of the interaction Hamiltonian Ĥint within a phononic
Raman scattering process, we consider the coupling of light to phonons via the coupling
of light to electrons and the electron-phonon interaction. This results for the entire
Hamiltonian in

Ĥ = Ĥ0
elec + Ĥ0

pho + Ĥelec+pho. (2.35)

In a first step, we will pay attention to the interaction between a radiation field and the
electrons of the scattering medium. The free electron propagator is given by[26]

G0(~k,ωelec) = 1
ωelec− εk + iδk

= ωelec− εk
(ωelec− εk)2 + δ2

k

+ i
−δk

(ωelec− εk)2 + δ2
k

(2.36)

where }ωelec is the electronic energy, εk is the respective dispersion relation of electrons
and holes, and δk is the electronic damping. The interaction of a radiation field, expressed
by a vector potential ~A, with an electron with momentum operator p̂j and the position
vector ~rj , can be described by the substitution of p̂j → p̂j + e ~A(~rj). The kinetic energy
term of an electron is given by p̂2/2me. The Hamiltonian, which describes the coupling of
electrons to a radiation field can be written as[72]

ĤeA = ĤA2 + ĤpA = e2

2me

∑
j

~A(~rj) · ~A(~rj) + e

me

∑
j

~A(~rj)p̂j . (2.37)

As result two terms for the perturbation Hamiltonian (ĤpA and ĤA2) are obtained
describing, firstly, the linear interaction between the vector potential of light and electrons,
and, secondly, the quadratic coupling of the vector potential of light to electrons as shown
in Eq. 2.37. The linear term in the vector potential contributes to Raman scattering
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only in second order perturbation theory leading to a resonance denominator resulting
in a scattering intensity, which depends strongly on the laser-excitation energy. In the
non-resonant limit, the linear term can be neglected.[72, 27]

The polarizability of the electronic system, also called polarization bubble π0, consists of a
real part R and an imaginary part ρ.

π2
0 = (R+ iρ) · (R− iρ) =R2 +ρ2. (2.38)

Electron-phonon interaction leads to additional contributions to the electronic propagators,
which are expressed as electron-phonon self-energy contributions. We assume the bare
phonon propagator, which is given as[26]

D0(ω,~k) =
Ω~k

ω2−Ω2
~k

+ iΓΩ~k
(2.39)

with Ω~k being the phonon dispersion relation and Γ being the phonon damping. For
vanishing electron-phonon interaction, this would lead to a Lorentzian line-shape of the
Raman response function. By considering the electron-phonon self-energy corrections in
the metallic limit following the Hartee and Fock corrections[26] it has been shown that the
response function can be derived as[27]

R̃(ω) = T 2
e π0−T 2

e g
2π2

0D
full(ω). (2.40)

Te denotes the photon-electron interaction and g is the electron-phonon coupling constant.
Importantly, it is assumed, that all coupling constants are constant, real, and independent
of the momentum.[27] The intensity I(ω) can be expressed after correction to the scattering
volume and for constant temperatures as I(ω) =−Im(R̃(ω)). With equation 2.38 and

Dfull(ω) = D0(ω)
1 +g2π0D0(ω) =

Ω
[
ω2−Ω2

(
1−g2R

Ω

)
− i(g2ρ+ Γ)Ω

]
[
ω2−Ω2

(
1−g2R

Ω

)]2
+ Ω2(g2ρ+ Γ)2

(2.41)

follows for the intensity I(ω)
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I(ω) =T 2
e

(
ρ+g2 (g2 ρ+ Γ)Ω2[

ω2−Ω2
(
1−g2R

Ω

)]2
+ Ω2(g2ρ+ Γ)2[

(R)2− (ρ)2−2Rρ
ω2−Ω2

(
1−g2R

Ω

)
(g2ρ+ Γ)Ω

])
.

(2.42)

This corresponds to a Fano line-shape as is becomes clear when introducing the Fano
parameter q = R

ρ :

I(ω) = T 2
e

(
ρ+g2 2Ω

(ω2−Ω2)2−4Γ2Ω2

[
q2−1 + 2q(ω2−Ω2)

ΩΓ

])
(2.43)

However, in this expression the electron-phonon coupling constant g can not be determined
anymore as it is a pre-factor, which is not influencing the line shape.[27].

Figure 2.7: (a) Feynman diagram showing the Raman process in the non-resonant limit. The
Stokes process yields for a red shift (left to right), whereas the corresponding Anti-Stokes process
results in a blue shift. The incoming photon is coupled to the electronic system by the quadratic
term (see Eq. 2.37). The electronic excitation is coupled to a phonon ~q by the coupling constant
g(ω,q). (b) Feynman diagram illustrating the resonant Raman process. The green dashed lines
depict the resonance frequency ωres.

A Feynman diagram representing the Four-Photon Greens function of the electron-phonon
Raman process in the non-resonant limit is illustrated in Fig. 2.7 (a).[76] The incoming
light couples to the electronic system via the A2 matrix element (square), inducing the
polarization of the scattering medium. The electron-phonon coupling is depicted as circle,
followed by the phonon propagator as doubled line arrow. The Stokes process, resulting in
a red-shift of the scattered light (left to right in the diagram) as well as the Anti-Stokes
process characterized by a blue shift of the scattered light (right to left) are highlighted in
the figure. The calculation of this Feynman diagram requires some strong simplifications.
The assume all coupling constants to be constant, real, and independent. The Raman
scattering intensity can be approximated by
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Inon−res(ω) =−Im[R̃(ω)] =−Im
[(
TA·Ae

)2
g2π2

0D
0
]
, (2.44)

with TA·Ae being the non-resonant A2 photon-electron matrix element.

Analogously, we can describe the resonant Raman process as illustrated in Fig. 2.7 (b).
The notation equals the notation in (a). In the resonant case, the coupling of the radiation
field to the electrons by the ~p · ~A term is considered yielding a Raman response that
depends on the incidence photon energy }ωinc. If we assume that the phononic excitation
is independent from the electronic susceptibility, and all coupling constants are constant,
real, and independent from the momentum, the response function and can be approximated
by

Ires(ω,ωinc) =−Im[R̃(ω,ωinc)] =−Im
[(
T p·Ae

)4
g2π0(ωinc)2D0

]
(2.45)

with T p·Ae being the resonant ~p · ~A photon coupling. This model is used extensively in
chapter 4.2.2 and Refs. [24] and [22].

2.2.2 X-Ray Scattering of Nanostructures

The characterization and imaging of nanoscale systems is a large field, since characterization
of size, dispersity, composition, and shape is a fundamental prerequisite for the successful
use of nano materials as e.g. porous materials, phase separated block copolymers, nano
colloids, and nanoparticle composites. Monochromatic X-ray scattering results in averaged
structure information in the reciprocal space over a macroscopic sample volume in contrast
to microscopy, which obtains direct but local imaging. Large structures with sizes up to
the nanometer range are examined using small-angle X-ray scattering (SAXS).[69] The
information about the large structures lies in the small scattering angles. Correspondingly,
inter-atomic distances are investigated by wide angle X-ray scattering (WAXS). X-ray
scattering is usually non-destructive and enables the investigation of particles in their
natural solution or matrix environment.[69] This is highly advantageous for the in situ

investigation of reaction and growth kinetics.[81, 82]

In the case of X-ray scattering, the elastic scattering of photons on electrons in the atomic
shell is generally observed. Elastic scattering, also called Thomson scattering, occurs
when electrons are accelerated by the photon field.[83] The emitted radiation has the
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same frequency as the incoming photon. Emitted waves from two neighboring atoms are
coherent, leading to diffraction patterns, which carry structural information about the
investigated particles. Inelastic scattering leads to a background signal without spacial
information. The elastic scattering intensity I(Q) can be defined as the product of the form
factor F (Q) and structure factor S(Q).[69] As form factor we define the Fourier transform
of the electron density distribution within the material or atom. In WAXS, the structure
factor contains information about the arrangement of individual atoms within the basis
of the crystal lattice. In SAXS, the observed size scale is two order of magnitude larger
than for WAXS. We, therefore, can analogously describe the arrangement of neighboring
nanoparticles by the structure factor.[84]

The SAXS experiment in transmission mode is illustrated in Fig. 2.8 (a). The monochro-
matic X-ray beam hits the sample perpendicular. The transmitted direct beam is located
in the center of the resulting scattering pattern, usually blocked by a beam block. The 2D
detector then collects scattered photons, which form Bragg diffraction rings at scattering
angles 2Θ. In the limit of small angles, the scattered angle 2Θ is given as 2Θ = λ/a, where
λ is the wavelength of the probing X-ray beam and a is the dimension of the investigated
objects. In comparison, grazing incidence SAXS (GISAXS) is carried out in reflection
mode under a small incidence angle smaller than 1° as illustrated in Fig. 2.8 (b). A
macroscopic footprint of the incident X-ray beam at the sample surface is obtained, leading
to large statistics and surface sensitivity. In this work, GISAXS is utilized to investigate
2D surfaces of silver-nanowire networks. The following paragraph gives an overview of the
related theory.

GISAXS. In GISAXS the X-ray beam with a wave vector ~ki impinges under a small
angle αi < 1° on the sample surface, which defines the (x,y)-plane with the x-axis in beam
direction (see Fig. 2.8 (b)). The penetration depth can be modified from a few nm to up
to 100 nm by changing the angle of incidence, resulting in low background signal from the
substrate.[85] At the scattering plane ((x,z)-plane), the photons are scattered in the in
plane exit angle αf and an out-of plane angle 2Θ. The scattering vector ~Q is given in Eq.
2.46, where λ is the wavelength of the monochromatic X-rays. The specular reflected signal
appears at Qx =Qy = 0,Qz 6= 0 with a specular peak at αi = αf , which is usually blocked
by a beam block. The depth sensitive information is contained along Qz, whereas Qx and
Qy contain in-plain information of the sample. In GISAXS typically Qx <<Qy,Qz.[70, 85]
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Figure 2.8: (a) Schematic view on the SAXS setup. The X-rays penetrate the sample. Around
the direct beam (DB), which is blocked by a beam block (black), diffraction rings at scattering
angles 2Θ are formed on the 2D detector. The scattering plane is spanned by Qz and Qy.The
distance between sample and detector is denoted as SDD. (b) Grazing incidence SAXS configu-
ration, where the X-ray beam hits the sample in an angle of incidence αi < 1°. The sample is
oriented in the (x,y)-plane and scattered light is emitted with the angle αf in vertical and 2Θ in
horizontal direction. The specular peak at αi = αf and the direct beam (DB) are blocked by
beam blocks (black).

~Q=


Qx

Qy

Qz

= 2π
λ
·


cos(2Θ)cos(αf)− cos(αi)

sin(2Θ)cos(αf)

sin(αi) +sin(αf)

 (2.46)

For X-rays any material is optically thinner than air or vacuum. It is, therefore, possible
to observe total external reflection of the X-rays impinging the sample. The critical angle
αc for total external reflection is specific for the material and given by

αc =
√

2Re(1−n)∝√ρ (2.47)

with n being the refractive index of the material and ρ representing the material electron
density.[70] At αf = αc interference of diffuse scattering leads to an enhanced signal, called
Yoneda peak.[86]

A mathematical description of diffraction in first order can be obtained from the first Born
approximation. In this approximation, we only consider single scattering and neglect all
types of multiple scattering. A fixed phase relationship between incoming and scattered
photons is assumed, leading to coherent scattering. For this scenario, the scattering
amplitude ASc can be expressed as[25]
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ASc(t)∝ exp(−iω0t)
∫
ρ(~r)exp(i(~ki−~kf ) ·~r)d~r. (2.48)

Here, ρ(~r) is the density of scattering centers (electrons), and (~kf −~ki) corresponds to
the scattering vector q. The integration takes place over the whole region involved in the
scattering process. The form factor F in the first order Born approximation is determined
by the shape of the scattering particle and given as[87]

F =
∫
S

exp(−i~q ·~r)d3r. (2.49)

During scattering at interfaces and surfaces, multiple scattering processes and reflection-
refraction effects significantly take place. For this reason, in GISAXS theory the scattering
cross-section is usually calculated within the distorted wave Born approximation (DWBA),
a perturbation formalism that also considers reflection-refraction effects at interfaces.[88]

Fig. 2.9 illustrates four terms of the scattering process included in the DWBA cross section
for clusters on top of a reflecting substrate.[89, 87]

Figure 2.9: Four terms for scattering at clusters (green) on top of a substrate (gray). The first
term corresponds to the first Born approximation.

With this, we can define the form factor corresponding of the displayed sample geometry
consisting of insulated clusters by[87]

F (~q||,kiz,kfz ) = F (~q||,kfz −kiz) +RF (αi)F (~q||,kfz +kiz)

+RF (αf )F (~q||,−kfz −kiz)

+RF (αi)RF (αf )F (~q||,−kfz +kiz),

(2.50)

where RF (αi) and RF (αf ) are the Fresnel reflection coefficients, which weight the terms 2,
3, and 4, respectively.
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3 Chapter 3

Experimental Techniques

3.1 Raman Spectroscopy

In this work, Raman spectroscopy (see section 2.2.1) was carried out at the UT-3 Raman
spectrometer[90], which is located at the Center for Free-Electron Laser Science (CFEL) in
Hamburg. The UT-3 spectrometer is equipped with a fully reflective entrance optics with
a numerical aperture of 0.5, which collects the Raman signal with high efficiency.[90] The
spectrometer itself is an achromatic system based on on- and off- axis parabolic mirrors
and two sets of three holographic gratings each for the visible and the UV. Strong stray
light rejection and high resolution are obtained for wavelength from the deep ultraviolet
(UV) from 165 nm to near infrared (NIR) up to 1000 nm.[90] In order to cover the wide
range of incident energies, two Tsunami Ti:Sapphire laser systems 3950-X1BB (Spectra
Physics Lasers Inc., California) are used. They are pumped with a green Millennia Pro Xs
10sJS and Millennia eV diode laser (Spectra Physics Lasers Inc., California), respectively.
The fundamental laser line of the Tsunami systems can be tuned between 700 nm and
1000 nm. We then frequency double, triple, or quadruple this fundamental line with
second harmonic generation (SHG), third harmonic generation (THG), or fourth harmonic
generation (FHG) (Spectra Physics Lasers Inc., California), respectively. The pulse width
is determined by an auto correlator (APE GmbH, Berlin) and typically around 1 ps. For
measurements in the green, the Millennia laser is directly used for continuous wave (CW)
at 532 nm.

Raman measurements were performed in two principle configurations: macro-Raman[24]

and micro-Raman spectroscopy[22]. In macro-Raman configuration, the incoming laser
beam is widend with a spatial filter and focused at the sample by the parabolic entrance
optics.[90] The back-scattered Raman signal is collected by the entrance optics and coupled
into the spectrometer. In macro-Raman configuration, the spot diameter at the sample
is around 20 µm. We further developed a custom-made micro-Raman setup for Raman
measurements with high local resolution as described in the following subsection. Typically,
micro-Raman spectroscopy is carried out with spot diameters of 1 µm to 1.5 µm.[91, 92] The
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setup described in the following exhibits spot sizes down to 200 nm – 300 nm depending
on the laser energy.

3.1.1 Micro-Raman Setup

Micro-Raman spectroscopy with ultra-small spot sizes of 200 nm – 500 nm enable controlled
measurements of single nanostructures as well as the optimization of sample to substrate
ratio in the scattering volume. For the investigation of single solid-state nanostructures,
we require the following properties and skills. (I) Integrated light microscope with high
resolution for locating sample structures and positioning of the laser spot. (II) Degrees of
freedom for all optical components and the whole setup in order to align the setup to the
spectrometer. (III) Precise movement of the sample position in x, y, and z for scanning
and mapping in the sample plane, and adjustment of the optimum focus position. (IV)
Achromatic optics in a wide spectral range for resonance studies. (V) Microscope objective
with large numerical aperture to collect as much as possible of the weak Raman signal.
(VI) High stability and precision of the overall setup to conduct measurements with local
accuracy of only tens of nanometers.

Fig. 3.1 shows a Computer Aided Design (CAD) drawing of the custom-made micro-Raman
setup. The construction is mounted on a backbone out of aluminum, which ensures the
stability of the setup. The incoming monochromatic laser light enters the setup from the
left, is guided trough a spacial filter, and is focused at the sample by an infinity corrected
microscope objective 50X Mitutoyo Plan Apo HR (NA = 0.75) or 50X Mitutoyo Plan
Apo (NA = 0.5), respectively. The scattered light is focused by the focusing objective
IC50 (Olympus, Japan) to the entrance optics of the UT-3 spectrometer (NA = 0.5). A
white light source QTH10/M (Thorlabs, USA) is mounted at the back of the construction,
and incoupled into the beam path by a beam splitter BS064 (Thorlabs, USA) with 70%
reflection and 30% transmission. The white light is focused at the sample together with
the probe laser light for Raman. A motorized mirror is used to switch between light
microscopy and the Raman mode. With the mirror out, the reflected light is focused at the
CCD camera by an appropriate tube lens. We use a 5 M pixel CCD chip DFK37BUX264
(The Imaging Source, USA) with a pixel size of 3.45 µm × 3.45 µm. With a magnification
of 50 X, the imaged size per pixel equals around 70 nm. With the inserted mirror, the
reflected light is redirected to the spectrometer axis. Fig. 3.2 represents a schematic
illustration of the micro-Raman setup. The beam path of the incoming laser light is
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Figure 3.1: CAD drawing of the micro-Raman setup. The incoming laser light enters from
the left, passing a spacial filter, is focused at the sample by the infinity corrected microscopy
objective (50 X, NA = 0.75/0.5), and exits the setup at the right. The construction is extended
by a 50 X light microscope pathway, starting with a whitelight source, which is incoupled in the
beam path by a beam-splitter cube. The reflected light from the sample is focused on a CCD
camera by a tube lens. A motorized 45° mirror, which can be moved in and out the beam path
by a stepper motor, is used to switch between light microscope and Raman mode. The sample is
located on top of a piezo stage for precise positioning and movement. CAD file provided by L.
Westphal.[93]

depicted in orange. The scattered and reflected light is shown in rainbow colors, indicating
the inelastic scattering process. The setup is mounted on linear micrometer translation
stages for x, y, and z translation degrees of freedom as shown in Fig. 3.1. The optical
elements are mounted with a cage system (Thorlabs, USA). Lense holders contain x, y,
and z translations. Mirror holders contain tip and tilt screws. The black arrows in Fig.
3.2 depict the adjustment degrees of freedom available for each component. The sample is
placed on top of a multi-axis piezo scanner P-517 (PI, Germany), which is controlled by
an E-710.3CD controller (PI, Germany) for precise positioning of the sample with respect
to the laser spot and scanning during the measurements. All used parts, item numbers,
and manufacturers are listed in the appendix (Tab. B.2, B.1, and B.3).

The measurements presented in this work were carried out with an incidence laser energy
of 2.33 eV (532 nm). The maximum power in front of the microscope was 280mW, which
corresponds to a maximum laser power at the sample of around 1.3mW. The loss of laser
power is due to the optical elements in front the sample (spatial filter: 80% transmission,
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Figure 3.2: Schematic representation of the micro-Raman setup. The incoming laser light
(orange arrow left) enters the spatial filter of the setup, consisting of the first lens (25 mm), a 20
µm pinhole and the second lens (75 mm). Two 45° mirrors are used to adapt the beam height
and to introduce additional degrees of freedom for alignment. The beam is reflected at a beam
splitter (BS) with 10 % reflection and 90 % transmission, and focused at the sample by the
Mitutoyo 50 X objective (NA = 0.75/0.5). The reflected light is transmitted through the BS and
reflected by 90° by the motorized mirror. The signal is, finally, focused on the entrance optics of
the spectrometer by an Olympus objective. The black arrows at the individual optical elements
indicate the available degrees of freedom. See Tab. B.2, B.1, and B.3 for details.

beam splitter 1: 30% transmission, beam splitter 2: 10% transmission). The power at the
sample was measured with a power meter with Si photodiode sensor PM160 (Thorlabs,
USA). Measurement on bismuth selenide nanowires were conducted with a laser power at
the sample of 140 µW. The Raman data were normalized to the respective laser power
and integration time. In order to correct the obtained Raman intensities for the scattering
volume, the spot diameter is crucial. For the measurements at 532 nm and the microscope
objective 50X Mitutoyo Plan Apo (NA = 0.5), the spot full width at half maximum
(FWHM) was determined to be (544±13) nm as illustrated in Fig. 3.3.[93, 22] With the 50X
Mitutoyo Plan Apo HR (NA = 0.75), spot sizes of down to 200 nm – 300 nm were found
for laser wavelength of 400 nm – 633 nm. Compared to typical micro-Raman instruments
with spot sizes of around 1.5 µm, the spot diameter is by a factor of 5 smaller, leading to
an area reduced by more than one order of magnitude. With this, the contrast between
sample and substrate for nanosized samples smaller than the spot diameter increases
drastically. With a laser power of 140 µW, power densities between 58×103 Wcm−2 and
101×103 Wcm−2 were reached for the presented experiments. The results obtained by
micro-Raman spectroscopy are discussed in section 4.2.
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Figure 3.3: (a) Light microscopy image of the 532 nm laser spot on a <111> silicon substrate.
The black dashed lines depict the cuts taken for (b)-(d). (b)-(d) Pixel intensity as a function
of distance for the three directions indicated in (a). The FWHM resulting from a Gaussian fit
(black line) is given in the figures. Figure taken from [22] (Supporting Information).

3.2 X-Ray Scattering

Grazing incidence X-ray scattering (GIXS) was carried out at the X-ray scattering beam-
line MiNaXS/P03 at PETRA III (DESY, Hamburg).[94] The beamline P03 provides
endstations for microfocus (Mi) and nanofocus (Na) and is designed for small, ultra-small,
and wide angle scattering experiments in transmission and grazing incidence reflection,
allowing a variety of experimental applications for materials science and time-resolved
studies.[81, 82, 95, 96, 97, 98] In this work, microfocus X-ray scattering is used to obtain large
footprints in grazing incidence for optimum sample statistics from surfaces and interfaces.
Via grazing incidence small angle X-ray scattering (GISAXS) (see section 4.3) the morphol-
ogy of nanowire networks at the interface within 3D printed conductive composites was
investigated.[14, 97] For this, sample to detector distances (SDD) in the range of 3600mm –
4990mm and wavelength of around 0.97Å(12.8 keV) were used. The spot size was around
(20 × 30) µm2. Samples were adjusted in height, tilt, and angle, and were scanned through
the beam in 50 µm steps to avoid radiation damage. For detection, a 2D Pilatus 1M
detector (Dectris Ltd., Switzerland) with a pixel size of (172 × 172) µm2 and an image
size of (981 × 1043) pixels, or a Pilatus 300k detector (Dectris Ltd., Switzerland) with a
pixel size of (172 × 172) µm2 and an image size of (487 × 619) pixels was employed. The
GISAXS data were analyzed using the software package DPDAK.[99]
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3.3 Stretching of Silver-Nanowires Composites

The current section is aimed to give an overview on the experimental setup developed
for mechanical stress tests of silver-nanowire (Ag-NW) composites. Flexible Ag-NW
composites were fabricated as described in section 4.1. Experimental details about the
synthesis and sample preparation are given in text boxes related to the experimental results
in section 4.1. The characterization of the flexible and conductive nanowire composites was
carried out, among other things, by observing the electrical and network properties during
mechanical stress. The setup described below has been developed to measure the electrical
conductivity of flexible and conductive samples during stretching.[100] Furthermore, the
setup is suitable for operando grazing incidence small angle X-ray scattering (GISAXS)
measurements, which provides nano-scale surface sensitive morphological information
(see section 2.2.2), as well as optical microscopy. The stretching setup should meet the
following requirements: (I) Flat design that is compatible with microscopy and X-ray
scattering methods. (II) Ensuring a straight and untwisted sample surface for microscopy
and X-ray scattering in reflection mode. (III) Integrated electrical contacts for four-point
sheet resistance measurements.

Figure 3.4: CAD drawing of the basic stretching setup construction. The baseplate (gray) is
made from aluminum. Two 25 mm translation stages with micrometer drive PT1 (Thorlabs,
USA) are mounted on the base. An adapter is connecting the shaft of the stepper motors with
the micrometer screws. Two limit switches enable an absolute positioning of the stages.

Fig. 3.4 shows a CAD drawing of the custom-made stretching setup, which consists of
an aluminum base plate on which two single-axis translation stages PT1/M (Thorlabs,
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USA) are mounted. Both have a travel range of 25mm with a translation of 0.5mm per
revolution. Each stage is driven by a stepping motor 0.9-NEMA 17 (Nanotec, Germany).
The stepping motors are controlled by a closed-loop-stepping motor-controller SMCI33-2
(Nanotec, Germany) with an encoder controlled guaranteed resolution of 2 µm. The sample
is mounted on two PEEK plates on top of the translation stages (see Fig. 3.5 (c)). The
construction allows the free-standing sample to be investigated by e.g. an X-ray beam
without the influence of a substrate. The used components and devices are listed in Tab.
B.4 in the appendix.

Figure 3.5: (a) Sketch of the stretching setup together with four-point conductivity measurement
configuration. A DC voltage/current source GS200 (Yokogawa, Japan) and a 34401A 6 1/2
Digit Multimeter (Keysight, USA) are controlled via a GPIB connection. A relay card K8090
(Velleman, Belgium) is integrated in order to switch automatically between the two measurement
directions. The numbers in yellow boxes depict the respective relay inputs/outputs. (b) Four-
point conductivity measurement to determine the sheet resistance as shown by Van der Pauw.
The electrical contacts are labeled with the letters A, B, C, and D, corresponding to the labeling
in (a). The two measurement directions (see main text) are denoted by solid and dashed lines.
(c) Sample (red) clamped by polyimide plates containing the gold contacts. PEEK plates are
mounted underneath the sample for an insulating environment. The white arrows depict the
stretching direction.

As shown by Van der Pauw, the sheet resistance ρ of a sample of arbitrary shape can be
determined from two currents and two voltages.[101] The measurement setup is based on
four electrical contacts, which are located at the edge of the sample as shown in Figure 3.5.
A current IAB is driven from contact A to contact B, and the voltage drop VDC between
contact D and contact C is measured (see Fig. 3.5 (b)). We calculate the resistance
RAB,DC as

RAB,DC = VCD
IAB

. (3.1)
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Subsequently, a current ICB is driven from contact C to contact B, and the voltage VDA
between contact D and contact A is measured resulting in the resistance RBC,DA. The
sheet resistance ρsq in Van der Pauw approximation is given by

ρsq = π

ln(2) ·
RAB,DC +RBC,DA

2 ·f, (3.2)

with f being a correction factor for the sample shape, which depends on the ratio
RAB,DC/RBC,DA as given in equation 3.3.[101] The sheet resistance in units Ω/sq does not
depend on the size of the sample area.

cos
(
RAB,DC/RBC,DA−1
RAB,DC/RBC,DA+ 1 ·

ln(2)
f

)
= 1

2 · exp
(
ln(2)
f

)
. (3.3)

Fig. 3.5 (a) illustrates the conductivity measurement setup adapted to our stretching
device. The four contacts A, B, C, and D are made from gold and integrated in a polyimide
plate (MPI for the structure and dynamics of matter, Hamburg), which is used to clamp
the composite samples. A relay card K8090 (Velleman, Belgium) automatically switches
between the two measuring directions. A DC voltage/current source GS200 (Yokogawa,
Japan) and a 34401A 6 1/2 Digit Multimeter (Keysight, USA) are used, which can be
controlled via a GPIB connection. For this, a KUSB-488B USB to GPIB converter
(Keithley, USA) is applied. The devices and stepper motors are controlled by a python 3.8
script.[100] In Fig. 3.5 (c) a sketch of the stretching setup with the four electrical contacts
(gold) and the sample (red) is shown.
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Experiments and Results

4.1 Functional Silver-Nanowire Composites

4.1.1 Introduction

Functional polymer nanocomposites show enormous versatility for a wide variety of
applications.[102] In the case of anisotropic conductive nanofillers like inorganic nano-
wires[103, 104] or carbon nanotubes[105], films of two-dimensional (2D) conductive networks
are of great interest because of various electronic and optical applications in for exam-
ple solar cells, OLEDs, and sensors.[106, 107, 108, 109] Various routes have been developed
for fabricating 1D nanostructures like template-directed syntheses or the assembly of
nanoparticles.[110] Silver-nanowire (Ag-NW) composites offer a process for large scale,
flexible, transparent, and conductive materials, as used in photovoltaics, touch screens,
and flexible electronics.[111, 112, 113, 114, 115] They are a promising alternative to indium
tin oxide.[116] The composites can easily be tailored to their particular application as the
matrix material is interchangeable and tunable, for example in terms of color, optical,
and mechanical properties. By using highly flexible polymers, flexible Ag-NW electrodes
can be produced, which can be used for strain sensors and flexible electronics.[117, 118, 119]

Flexible electrodes for foldable touch displays are some of the most demanding applications
of these materials.

In addition to the network and material properties, the manufacturing processes for
industrial applications also play a decisive role. The embedding of nanowires in a printable
polymer matrix allows rapid prototyping and high design flexibility. Additive manu-
facturing and functional printing of components have developed to be important and
innovative industrial processes.[120, 121] Photopolymers have tunable viscosities, are curable
by illumination with UV-light, and are well suited to create three dimensional structures
and functional devices via layer by layer additive manufacturing.[122] Thus, in this work,
silver-nanowire-photopolymer composites are used to manufacture highly conductive,
transparent, and flexible electrodes by printing methods.
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In order to achieve a conductive 2D nanowire network, a percolation of the metal nanos-
tructures within the polymer is necessary. If fillers with high aspect ratio are used, the
percolation threshold is reached even at low nanomaterial concentrations. A conductive
network of anisotropic nanowires is characterized by a high surface coverage, which leads
to high optical transparency. Hence, we focus on the optimization of nanowires with
ultra-high aspect ratio.

In the following sections, the investigation of Ag-NW networks and composites for func-
tional printing and flexible electronics is reported from different points of view. First,
the synthesis of Ag-NWs as well as the fabrication of Ag-NW networks are explained.
Experimental details of the synthesis and the fabrication steps are given in separate text
boxes. The Ag-NWs are synthesized by a polyol route (section 4.1.2) and characterized
by scanning electron microscopy (SEM), grazing incidence small angle X-ray scattering
(GISAXS), and conductivity measurements as a function of the Ag-NW concentration
(section 4.1.3). The sections 4.1.4 and 4.1.5 present a Monte Carlo simulation together with
a percolation model for Ag-NW networks.[15] The experimentally observed concentration
dependence of the electrical properties is successfully reproduced by this model. Section
4.1.6 then reports on the controlled modification of Ag-NW networks by atmospheric
plasma treatment combining in situ grazing incidence X-ray scattering studies with a
Monte Carlo simulation of nanowire networks upon plasma treatment.[97] In section 4.1.7,
the fabrication of Ag-NW polymer composites is reported and in section 4.1.8 flexible
Ag-NW composites are investigated in detail under mechanical stress. During stretching,
conductivity measurements and light microscopy are utilized to monitor changes in the
network functionality and morphology.[15] The applicability of the Ag-NW composites as
strain sensors is demonstrated over several stretching cycles.[123] A Monte Carlo simula-
tion dominated by the quantum mechanical tunneling of the electrons at the nanowire
junction is used to understand the network behavior upon mechanical strain. The Ag-NW
composite material is applied as a transparent top contact on top of a solar cell and a
flexible capacitor (section 4.1.9).[14]

4.1.2 Synthesis of Silver Nanowires

In 2002, Y. Sun et al. demonstrated a simple but effective wet chemical method for
the synthesis of silver nanowires.[19] The polyol method is based on the reduction of the
precursor silver nitrate (AgNO3) by glycol aldehyde in the presence of polyvinylpyrrolidone
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(PVP) as a capping agent. Ethylene glycol is typically used as solvent, which is oxidized
to glycol aldehyde by the oxygen in air at temperatures between 140°C and 160°C.[124]

In the early stage of the reaction, nuclei consisting of a few silver atoms are formed,
which develop to seeds with a five-fold twinned structure. The seeds are assemblies of
five tetrahedral single crystals with a surface consisting of {111}-facets. In {111}-facets
the surface coverage is maximal and the total free energy is low, which makes them
kinetically favored.[125] However, five tetrahedrons, each with an angle of 70.53° between
two sides, only fill 5 ·70.53° = 352.65°, and a gap of 7.35° occurs. This gap is compensated
by internal lattice strain.[126] From a critical seed size, the internal strain can no longer be
compensated by the low free energy of the {111}-facets. For this reason, structural control
can be achieved during the synthesis by controlling the size of the seeds and, accordingly,
the number of free zero-valent silver atoms. The addition of chloride ions (Cl−) leads to a
lower reduction rate caused by the reaction with silver ions to silver chloride (AgCl). This
results in small seeds with a stable five-fold twinned shape.[125, 127] Oxygen from air is also
oxydizing zero-valent silver atoms back to silver ions. In oder to avoid this uncontrollable
oxidative etching process, redox active metals salts like CuI/CuII are typically added to
the synthesis.[125, 127] Experimental details of the Ag-NW synthesis are given in the text
box below (Experimental Details 4.1). The used chemicals are listed in the appendix (Tab.
B.5). The synthesis results in nanowires with a pentagonal shape as shown in Fig. 4.1
(a).[14] Fig. 4.1 (b) and (c) show the length and diameter distribution of an exemplary
batch.[97] Most of the wires exhibit lengths between 5 µm and 20 µm. Much longer wires
with length up to 160 µm are also present. The diameters are normal distributed and a
mean diameter of around 212 nm is observed for this exemplary synthesis.[97] Average aspect
ratios for polyol syntheses performed with same experimental parameters between 86 and
197 have been found.[128] During the growth process, the capping agent PVP passivates
the {100}-facets and enables one-dimensional growth at the {111}-facets.[129, 125] The
final silver nanowires, therefore, exhibit a stabilizing but insolating PVP shell. A washing
procedure with acetone and isopropanol is used to remove remaining and redundant PVP
from the nanowire suspension as outlined below (Experimental Details 4.2). The washing
procedure leads to a decrease in sheet resistance of drop-casted nanowire networks by a
factor of about 10.
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Figure 4.1: (a) SEM image of silver nanowires. Adapted from [14]. Licensed under CC BY,
https://creativecommons.org/licenses/by/4.0/. (b) Exemplary length histogram of Ag-NWs
measured by SEM. The inset shows schematically the pentagonal shape of the nanowires. (c)
Diameters of Ag-NWs for an exemplary batch. The mean diameter is 212 nm. Adapted with
permission from [97]. Copyright 2021 Elsevier.

Experimental Details 4.1.

Synthesis. An oil bath was heated up to 155°C. 6mL ethylene glycol were filled
into an unsealed vial and heated for 50min in the preheated oil bath. A copper
chloride (CuCl2) solution was prepared by adding 0.018 g CuCl2 ·2H2O to 2mL
ethylene glycol (c = 0.0519mol L−1). A solution consisting of 3mL ethylene glycol,
0.03 g PVP 55000 (n = 0.00055mmol), 0.06 g PVP 360000 (n = 0.00017mmol)
and 3 µL of the CuCl2 solution (n = 0.000156mmol) was prepared and added to
the preheated solvent after 50min. The resulting solution was heated for further
15min and stirred at 600 rpm. A silver nitrate (AgNO3) solution consisting of 0.03 g
AgNO3 (n = 0.18mmol) and 2mL ethylene glycol was filled into a syringe, which
was controlled by a neMESYS syringe pump (Cetoni, Germany). The magnetic
stir bar was removed and the injection of the AgNO3 solution was started after
65min with a flow rate of 1.88mL/h. The synthesis was quenched after 235min by
immersing the vial in 16°C water.[128] See also Tab. B.5.

Experimental Details 4.2.

Washing. After the synthesis, the Ag-NW suspension was washed successively
twice with isopropanol, twice with acetone, and twice with isopropanol. After
each washing step, the suspension was centrifuged at 2000 rpm for 10min. The
supernatant was removed and replaced with fresh solvent.
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4.1.3 Silver-Nanowire Networks

Ag-NW networks are easy to fabricate by drop-casting of a Ag-NW suspension on a flat and
clean surface from silicon or glass (Experimental Details 4.3).[14, 130] The Ag-NWs are stored
in isopropanol, which evaporates at room temperature in a few minutes, resulting in a dried
Ag-NW network. Drop-casting leads to networks of randomly distributed and orientated
nanowires as shown in Fig. 4.2 (a) and (b).[128] Above a critical concentration, these
networks have an electrical sheet conductivity due to percolation even with small amounts
of silver, which makes them promising candidates for transparent electronics.[14] This is
a consequence of the high aspect ratio of the used nanowires. Compared to composites
of spherical fillers, anisotropic sticklike fillers reach the percolation threshold at a lower
amount of the filler material, since the percolation threshold is decreasing with increasing
aspect ratio (length/diameter).[131, 132, 133, 134, 135, 136] In the case of anisotropic nanowires,
the network resistance decreases exponentially with nanowire concentration.[14, 15, 137, 138]

Sheet resistances for several samples with nanowire concentrations between 25 µg cm−2

and 80 µg cm−2 are shown in Fig. 4.2 (c).[14] An exponential curve is used as guide to the
eye.

Figure 4.2: (a) SEM image at low magnification showing a Ag-NW network with a concentration
of around 100 µg cm−2. (b) SEM image of the same network at higher magnification. (c) Sheet
resistance for several samples as a function of Ag-NW concentration. Please note the critical
behavior at around 25 µg cm−2. The top axis denotes the experimentally determined optical
transmission at 700 nm corresponding to the network concentration.[14, 128]

On the top axis in Fig. 4.2 (c), the optical transmission of the Ag-NW networks at 700 nm
is shown. The transmission was measured in the optical spectral range (400 nm to 900 nm)
through silver nanowire networks deposited on glass substrates (see also Fig. 4.20 (b) and
appendix A for more details). The substrate transmission is subtracted from the sample
transmission. A linear behavior of the transmission as a function of nanowire concentration
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has been observed.[14, 128] Reproducible sheet resistances of (17.5 ± 8.1)Ω/sq are obtained
at 86% transmission at 700 nm with a Ag-NW density of 65 µg cm−2, which is comparable
to those of ITO.[128, 116]

Grazing incidence small angle X-ray scattering (GISAXS) is a surface sensitive method
which enables the investigation of the nanowire morphology within the network with high
statistics (see section 2.2.2). Fig. 4.3 summarizes the GISAXS results obtained from a
Ag-NW network deposited on a silicon wafer as reference substrate.[14] Details on the
measurement procedure and parameters are given in section 3.2 and Tab. B.7 in the
appendix. Two intensity flares with an angle of 36° to the vertical can be clearly seen
in the 2D GISAXS pattern presented in Fig. 4.3 (a). This key feature is simulated in
Fig. 4.3 (b) by using the software IsGISAXS (V 1.6).[87] An anisotropic pyramid with an
aspect ratio of 10:1 and a radius of 60 nm is assumed as the scattering object in order to
model the surface of the nanowires facing the beam. The facet angle with respect to the
sample surface is 36° in agreement with the pentagonal structure of the nanowires with
a facet angle of 36° as shown in Fig. 4.3 (c).[14] The object is aligned with its long axis
along the beam. By using the distorted-wave Born approximation (DWBA) reflection and
refraction effects were also included (see also section 2.2.2).[14, 96]

Figure 4.3: (a) 2D GISAXS pattern of a Ag-NW network with a concentration of 58 µg cm−2

deposited on a silicon wafer. (b) Simulation of the key features observed in (a) via IsGISAXS. (c)
Pentagonal shape of the investigated nanowires, which causes the intensity flares at 36° to the ver-
tical. Adapted from [14]. Licensed under CC BY, https://creativecommons.org/licenses/by/4.0/.

Experimental Details 4.3.

Drop-Casting. The Ag-NW suspension (Ag-NWs in isopropanol, c = 2g L−1) was
dropped on a cleaned substrate (silicon or glass). The substrates were cleaned by
solvents (acetone, isopropanol, destilled water). In order to define the drop-casted
area, a template with a size of (1.5 x 2) cm2 was used. The suspension spread
homogeneously over the substrate and the solvent evaporated.
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4.1.4 Percolation Theory

Networks of randomly oriented 1D particles like carbon nanotubes and metal nanowires
are of great interest in various fields such as electronics and sensors. The most important
property of these networks is their electrical or thermal conductivity, as it determines
the network functionality for many applications. The dependence of the conductivity
on the network density is, therefore, a central question for material development. The
conductivity of a 2D or 3D nanowire network correlates strongly with the interconnectivity
of the network.[15] A percolation model is needed to model and understand the functional
properties of these networks. Percolation denotes the formation of connected clusters
in a random network of particles.[139] When two points, areas, or boundaries A and B
of a network sample are connected through paths and clusters formed by the particles,
a percolation is obtained. The so-called percolation threshold determines the critical
density at which percolation is statistically reached.[140] There are a lot of scenarios that
can be well described by percolation theory like epidemics and forest fires. In each case,
a percolation model has to be created, which represents the physical properties of the
scenario. An exact solution has only been found for a few special cases.[141, 142] Mostly
Monte Carlo methods are used as approximation methods for calculating the percolation
behavior.[131, 132, 143, 144, 145]

Most percolation problems are based on randomly or regularly distributed sites in 2D
or 3D space that are connected to one another in a certain way. A binding criterion is
needed that determines which sites are connected.[139] Fig. 4.4 illustrates three steps of a
percolation model. In Fig. 4.4 (a) 7 sites are randomly positioned in a 2D area with the
coordinates xi and yi. In Fig. 4.4 (b) each site is assigned a radius Ri that defines a circle
around the site. We can now define the following bonding criterion: If the distance dij
(see Eq. 4.1) between sites i and j is smaller than the sum of the radii Ri and Rj , the
particles are bonded. This is a suitable model for spherical or disc like particles.[146]

dij =
√

(xi−xj)2 + (yi−yj)2 (4.1)

In order to define anisotropic particles like sticks and wires, a further parameter for its
orientation has to be introduced. The angle Θi describes the angle of the stick to the
vertical. We can now use the criterion above to test whether an intersection comes into
question: If the distance dij (Eq. 4.1) between sites i and j is larger than the sum of the
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radii Ri and Rj , a bonding can be excluded. Furthermore, a second criterion is needed.
The distances Ai and Aj are calculated (see Eq. 4.2 and Fig. 4.5 (d)).[143, 147, 132] If
Ai ≤ Li/2 and Aj ≤ Lj/2, an intersection between the wires i and j is found.

Ai = dij

∣∣∣∣ cos(θi+γ)
sin(θj− θi)

∣∣∣∣ ; Aj = dij

∣∣∣∣ cos(θj +γ)
sin(θj− θi)

∣∣∣∣ ; γ = arctan
[
yi−yj
xi−xj

]
(4.2)

Figure 4.4: (a) Sites with random position xi and yi. (b) Each site is assigned a radius Ri that
defines a circle around the site. Two clusters (blue and red) are formed by intersecting discs. (c) For
sticks and wires, the angle Θi denotes the angle of the stick i to the vertical. Four groups (blue, red,
yellow, green) of intersecting wires are present. (d) Pictorial description of geometrical quantities,
which were used in Eq. 4.2 to check whether two wires i and j are intersecting.[131, 132] Image (d)
adapted from [15]. Licensed under CC BY-NC https://creativecommons.org/licenses/by-nc/3.0/.

4.1.5 Monte Carlo Simulation

The pioneers of Monte Carlo methods are Enrico Fermi, Nicholas Metropolis, Arianna
W. Rosenbluth, Marshall N. Rosenbluth, and Augusta H. Teller.[148, 149, 150, 151] Shortly
before the start of World War II, Enrico Fermi researched the diffusion of neutrons. He
used Monte Carlo methods that enabled him to perform statistical sampling even before
the term ‘Monte Carlo’ was coined. The name ‘Monte Carlo’ later served as a code name
to keep this valuable calculation method, which finally led to Hiroshima, a secret.[151, 152]

The development of Monte Carlo simulation went hand in hand with the development
of the first electronic and programmable digital computers. In 1953, Metropolis et al.

published a fundamental work on the calculation of the state equation of a 2D system
of rigid spheres by means of Monte Carlo integration, which was carried out at the Los
Alamos MANIAC.[148]

Monte Carlo methods are based on a large number of random experiments. They are used
to numerically solve problems that cannot be solved analytically.[153] When considering
nanowire networks, a single nanowire cannot represent the properties of a complete network.
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Even a collection of several wires can only reflect the network properties to a limited
extent. It is necessary to consider a large number of nanowires that form a network in
order to compensate for statistical fluctuations and to map the properties of the network
and not the individual wires. According to the law of large numbers, a large number of
random experiments enables isotropic samples to be generated from random anisotropic
wires.

The following describes a model using a Monte Carlo method for Ag-NW networks and
their electrical properties. Basic parts of the used python code are shown in the gray
parts of the text. The presented simulation method is finally used to model the sample
properties with regard to the concentration dependence of the network resistance (Fig. 4.7),
plasma treatment of Ag-NW networks (section 4.1.6), and stretching of flexible Ag-NW
composites (section 4.1.8 and section 4.1.9).

Simulation of Ag-NW networks. Considering a network made from randomly orien-
tated nanowires, each single nanowire i that is located on a sample with the size x×y is
determined by the following parameters: Its length Li, the positions of its center (xi, yi),
and the orientation of the wire, which is determined by the angle θi, the angle between the
wire and the vertical (see Fig. 4.4). These parameters are illustrated in Fig. 4.5 (a). For
the Monte Carlo simulation, the position xi, yi, and the orientation angle θi are determined
by using a random generator. The allowable interval for the wire position is the sample size.
In order to create an isotropic network, a value between −90° and 90° is chosen randomly
for the orientation angle.[131] The experimentally used nanowires exhibit a specific length
distribution, which was determined by SEM evaluation (see Fig. 4.1). Thus, a histogram
of the nanowire lengths is given and each individual length is drawn randomly from this
histogram. By this, an array is generated containing a list of parameters for each nanowire,
namely the positions xi and yi, the length Li, the orientation angle θi, and a wire number
for future identification. This array can be graphically represented by plotting all wires as
a vector in a two-dimensional field as shown in Fig. 4.5 (b). A sample of 350 µm × 350 µm
with a nanowire concentration of 10 µg cm−2 consisting of 1000 wires is shown. For later
network simulations samples with 4000 to 10000 wires were used.[15] Fig. 4.5 (c) shows a
sample in which the individual clusters formed by intersecting wires are shown in different
colors. The centers of the wires are marked with dots. One can see a dominant cluster
that is highlighted in light blue. This cluster is in contact with all four sides of the sample
and, thus, achieves percolation as shown in Fig. 4.5 (d). Below is a Python code using the
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Monte Carlo method to create a nanowire sample as described above. The result is an
array that lists all of the parameters required for all wires.

Figure 4.5: (a) A single nanowire is represented by the following parameters: The position of
its center (xi, yi), its length Li, and its orientation, which is determined by the angle θi. (b) An
exemplary simulated nanowire network. The sample size determines the interval, in which the
nanowire positions are determined randomly. Adapted from [15]. Licensed under CC BY-NC
https://creativecommons.org/licenses/by-nc/3.0/. (c) A simulated network where the individual
clusters were identified using the bonding criterion described above and marked in different
colors. (d) The light blue cluster reaches percolation from the left to the right and from the
bottom to the top of the sample.

import random

# Initialization #
N = 10000 # Number of wires
size_x = 500 # Sample size x = 500 µm
size_y = 500 # Sample size y = 500 µm

# Create Array for wire parameters #
dtype = [(‘x’, float), (‘y’, float), (‘L’, float), (‘Theta’, float), (‘WireNo’,
int)]
Sample = np.array([ ], dtype = dtype)

# Length distribution in 10 µm intervals, first class starts at 5 µm #
His = np.array([0.35, 0.18, 0.12, 0.09, 0.07, 0.06, 0.05, 0.03, 0.03, 0.02])
Histogram = His*N

for i in range(N):
# Define wire number, wire position, and orientation angle #
Wire = i
x = random.random()*size_x
y = random.random()*size_y
Theta = random.random()*180-90

# Choose length out of length distribution #
Counter = 0
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Found = 0
while Found == 0 and Counter < 1000:

Class = random.randrange(0, (len(Histogram)-1), 1)
if int(Histogram[Class]) > 0:

Histogram[Class] = Histogram[Class]-1
Length_Class = Class*10+5
L = random.random()*10+Length_Class
Found = 1

Counter += 1
if Found == 0:

print(‘No length was found for wire’, Wire)
L = 27 # The mean length is 27 µm #

values = [(x, y, L, Theta, Wire)]
Parameters = np.array(values, dtype = dtype)
Sample = np.append(Sample, Parameters, axis=0)

# => return array ‘Sample’ #

Figure 4.6: (a) Network of 14 wires and 2 contact wires (red). The resistance will be calculated
between the contact wires 1 and 16. (b) Resistor network corresponding to the network shown in
(a). Every node (numbered) represent a wire and every resistor (black squares) depict a tunneling
junction. Adapted from [15]. Licensed under CC BY-NC https://creativecommons.org/licenses/by-
nc/3.0/.

In order to calculate the electrical resistance of the simulated networks, they are translated
into resistor networks consisting of nodes and resistors. Since silver is an excellent conductor,
the resistance of a Ag-NW network is mostly dominated by the tunneling junctions between
the nanowires. Therefore, each node represents a nanowire and each resistor represents
a nanowire-nanowire junction.[140, 147, 143] Fig. 4.6 (a) and (b) show a nanowire network
and the corresponding resistor network, respectively. Two permanent contact wires (1 and
16 in Fig. 4.6) are used to contact the two dimensional sample.[15] In order to translate a
simulated Monte Carlo network into the corresponding resistor network, the wire-to-wire
junctions within the network must be found. For this purpose, the two binding criteria
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introduced in section 4.1.4 (see Fig. 4.4) are used. The corresponding Python code is
shown below. It is used to find all tunneling junctions within a network. If an intersection
is found, the wire numbers for the two wires i and j are listed in a new array. By this,
the procedure results in an array containing all combinations of intersecting wires. The
functions ‘Calc_dij’ and ‘Calc_Aij’ represent Eq. 4.1 and 4.2, respectively.

import numpy as np

def Calc_dij(x_i, x_j, y_i, y_j):
dij = np.sqrt(((x_i-x_j)**2+(y_i-y_j)**2))
return dij

def Calc_Aij(dij, Theta_i, Theta_j, x_i, x_j, y_i, y_j):
alpha = np.arctan((y_i - y_j)/(x_i - x_j))*(180/np.pi)
denominator = np.sin((Theta_j-Theta_i)*(np.pi/180))
Ai = dij*np.sqrt((np.cos((Theta_j+alpha)*(np.pi/180))/denominator)**2)
Aj = dij*np.sqrt((np.cos((Theta_i+alpha)*(np.pi/180))/denominator)**2)
return Ai, Aj

# Find all junctions #
N = len(Sample) # Sample = array with wire parameters
dtype = [(‘Wire1’, int), (‘Wire2’, int)]
Intersections = np.array([ ], dtype = dtype)

for i in range(N):
x_i = sample[i][‘x’]
y_i = sample[i][‘y’]
L_i = sample[i][‘L’]
for j in range(i+1, N):

x_j = sample[j][‘x’]
y_j = sample[j][‘y’]
L_j = sample[j][‘L’]
dij = Calc_dij(x_i, x_j, y_i, y_j)
if i != j and dij < (L_i/2 + L_j/2):

Theta_j = sample[j][‘Theta’]
Theta_i = sample[i][‘Theta’]
Ai, Aj = Calc_Aij(dij, Theta_i, Theta_j, x_i, x_j, y_i, y_j)
if Ai <= L_i/2 and Aj <= L_j/2:

# An intersection is found! Save the combination i,j #
Junction = [(i,j)]
values = np.array(Junction, dtype = type)
Intersections = np.append(Intersections, values, axis = 0)

# => return array ‘Intersections’ #
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In a next step, the network resistance has to be calculated. A normalized quantum-
mechanical tunneling resistance rij = 1 of the junction between the wires i and j is
assumed, resulting in a conductance of cij = r−1

ij = 1. The resistance between wires that
are not intersecting is infinity resulting in a conductance of 0. With Vi being the electric
potential at the i-th wire and Ii being the current flowing in the system at the i-th wire,
Kirchhoff’s Law can be written as[154]

L~V = ~I (4.3)

where L is the Laplace matrix as given in Eq. 4.4. The matrix elements cij are 0 when
the wires i and j do not intersect and 1 when the wires intersect. The diagonal elements
(i= j) are given as cii =∑N

j=1 cij .[154]

L=



c11 −c12 · · · −c1N

−c21 c22 · · · −c2N
... ... . . . ...

−cN1 −cN2 · · · cNN


(4.4)

The network resistance can now be calculated by a Greens function method reported by F.
Y. Wu.[154] The resistance between two nodes i and j is given by Eq. 4.5, where ψi are
the eigenvectors and λi are the eigenvalues of L. By using contact wires as shown in Fig.
4.6, the resistance between two sides of the network is calculated.

Rαβ =
N∑
i=1

1
λi

∣∣∣ψiα−ψiβ∣∣∣2 (4.5)

A Python routine that creates the Laplace matrix L is shown below. We use a N ×N
matrix where N is the number of wires in the network. The matrix is filled with the help
of the previously created list of all wire-to-wire junctions.
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# Sample = sample parameter array #
# Intersections = list of junctions #

N = len(Sample)

# Create N x N Matrix #
Zeile = [ ]
for j in range(0, N):

Zeile.append(0)
Matrix = np.array([Zeile])

for i in range(1, N):
Zeile = [ ]
for j in range(0, N):

Zeile.append(0)
Zeile = np.array(Zeile)
Matrix = np.append(Matrix, [Zeile], axis = 0)

for n in range(len(Intersections)):
i = Intersections[n][‘Wire1’]
j = Intersections[n][‘Wire2’]
Matrix[i][j] = -1
Matrix[j][i] = -1
Matrix[i][i] = Intersections(Matrix[i][i]+1)
Matrix[j][j] = Intersections(Matrix[j][j]+1)

We determine the eigenvectors and eigenvalues of the Laplace matrix by using the numpy
function numpy.linalg.eigh.[155] The resistance is calculated according to Eq. 4.5.

# Calculate resistance #

StartPoint = 0
EndPoint = len(Sample)-1
N = len(Matrix)
ew,ev = linalg.eigh(Matrix)
ew_abs = np.abs(ew)
ew_sort = sorted(ew_abs)

R = 0
for i in range(0, N):

if ew_abs[i] != ew_sort[0]:
Phi = np.abs(ev[StartPoint][i]-ev[EndPoint][i])
R += 1/ew_abs[i]*(Phi)**2

# => return R #
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We are now able to simulate the electrical resistance of networks with different nanowire
concentrations. Fig. 4.7 (a) shows in green the experimental data, which was already
discussed in Fig. 4.2 (c). The simulated resistances are presented in blue.[14, 15] The
nanowire concentration used for the experiment is shown on the upper axis and the
concentration used for the simulation, called the effective concentration, is shown on
the lower axis. The experimental concentrations are by a factor of four higher than the
corresponding effective concentrations used for the simulation.[15] The latter corresponds
to the concentration of Ag-NWs that effectively contribute to the conductive network and
is lower due to the effective distribution of nanowires within the sample. A small amount
of side products (particles and rods) in the Ag-NW suspension further reduces the effective
concentration. In addition, the drop casting of nanowires results in a coffee ring with more
concentrated areas at the edges of the samples, which were removed before the samples
were measured. These effects lower the effective concentration of the remaining network.

Fig. 4.7 (b) shows the network interconnectivity as a function of nanowire concentration.
We define interconnectivity CInter as the number of junctions within the network divided
by the total number of wires making up the network. A linear function CInter = f · ceff
was fitted to the data, where ceff denotes the effective concentration, resulting in a
proportionality factor of f = (0.24242±0.000232) cm2µg−1.

Figure 4.7: (a) Electrical resistance of Ag-NW networks as a function of nanowire concentration.
The experimental data are shown in green and are plotted against the left and the bottom axis.
The simulated data are shown in blue and plotted against the right and the top axis. The
black dotted line denotes an exponential guide to the eye. (b) Interconnectivity as a function of
nanowire concentration. The interconnectivity denotes the average number of intersections per
wire. A proportionality factor of f = (0.24242±0.000232) cm2µg−1 was found.
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4.1.6 Atmospheric Plasma Treatment of Ag-NW Networks

Plasma denotes a mixture of ions and free electrons, which is also described as ionized gas.
Plasma cleaning procedures are used to clean surfaces from organic residues, waste, and
contamination.[156] C. C. Wu and co-workers demonstrated the chemical modification of
indium tin oxide surface layers by oxygen plasma treatment leading to drastic improvements
for organic light emitting diodes.[157] Furthermore, plasma treatment is often used as pre-
treatment to activate polymer, ceramic, or glass surfaces for bonding and coating.[158, 159]

This versatility leads to a variety of industrial applications.[160]

Plasma treatment often takes place in chambers, which are evacuated and filled with the
appropriate gas at a specific pressure for the treatment. In comparison, atmospheric plasma
denotes plasma that is created in air without any vacuum and pressure control. Therefore,
atmospheric plasma can be easily integrated into existing manufacturing processes. For
example, the usefulness of plasma treatments for the pre-treatment of polymers in 3D
printing processes have been demonstrated.[161, 162] In the past two decades, many handheld
pencil-like plasma torches have been commercialized.[163, 164] They convince with their
simple and flexible handling and the possibility of treating surfaces locally.

By using local atmospheric plasma treatment, the Ag-NW network morphology, chemical
composition, and electrical resistance can locally be modified. In combination with the in-
tegrability of atmospheric plasma devices in printing and additive manufacturing processes,
this paves the way for a printing technology with which complex electronic structures
and devices can be produced in multiple dimensions. We experimentally investigated
the impact of atmospheric plasma treatment on Ag-NW networks by conductivity mea-
surements, scanning electron microscopy (SEM), operando granzing incidence small angle
X-ray scattering (GISAXS), grazing incidence wide angle X-ray scattering (GIWAXS),
and X-ray photoelectron spectroscopy (XPS).[97] In the following, the experimental results
of L. O. Akinsinde et al. are briefly summarized. In this thesis, the electrical properties
of Ag-NW networks during atmospheric plasma treatment are modeled using the Monte
Carlo method presented above considering a constant plasma etching rate.

Experimental observations. Fig. 4.8 (a)-(f) show SEM images of Ag-NW networks
for different atmospheric plasma treatment times.[97] The samples have been fabricated as
described in section 4.1.3 with a nanowire concentration of 26 µg cm−2. After the first
4 s of plasma treatment, only small changes in the nanowire shape can be observed like
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Figure 4.8: (a)-(e) Exemplary SEM images for Ag-NW networks with a concentration of 26 µg
cm−2 after different plasma treatment times (0 s, 4 s, 6 s, 10 s, 26 s). Please not that different
areas of the same sample are shown. (f) SEM images at high magnification for different plasma
treatment times. (g) Normalized amplitude obtained by evaluation of the SEM images with the
FINE algorithm for the isotropic fiber family (red) and the anisotropic fiber family (blue) as a
function of plasma treatment time. Reprinted with permission from [97]. Copyright 2021 Elsevier.

rounding of the pentagonal tips as shown in Fig. 4.8 (f) (4 s). Longer treatment times (>
6 s) lead to fragmentation of nanowires and the formation of particle-like structures (see
panel for 10 s in Fig. 4.8 (f)). After 26 s plasma treatment, large bright shaded areas are
observable (see 4.8 (e)), which are characterized by fragmented and melted nanowires and
debris (see panel 26 s in (f)). In order to obtain a quantitative measure for the changes in
network morphology upon plasma treatment, the Fiber Image Network Evaluation (FINE)
algorithm was employed.[165, 166] Based on SEM images the FINE algorithm determines
the number of fiber families, their amplitudes, mean orientation, and dispersion, based on
the cumulative angular orientation distribution. Nanowires contribute to an anisotropic
class of fiber families. Spherical and particle-like structures are detected as an isotropic
fiber family. The obtained amplitudes for isotropic and anisotropic fiber families are shown
in Fig. 4.8 (g). Sigmoidal curves are used as guides to the eye. An increase in the isotropic
family and a corresponding decrease in the anisotropic fiber family can be observed after
6 s plasma treatment indicating a sharp transition from small changes on the nanowire
surface to drastic morphological changes due to destruction, fragmentation, and melting
of nanowires.
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The observed morphological changes have a strong influence on the interconnectivity of
the network and, thus, on the electrical network resistance (see Fig. 4.7). The network
resistance was measured in an operando experiment in combination with GISAXS and
GIWAXS.[97] Via GISAXS, the Ag-NW shape can be monitored. As discussed in Fig. 4.3,
the pentagonal Ag-NWs show strong intensity flares at 36° to the vertical, which stem from
the reflection at the <100> facets of the nanowires.[14] In situ GISAXS measurements
show the decrease of the flare signal with increasing plasma treatment time (see Tab. B.7
for details).[97] This can be attributed to a rounding of the nanowires in the first seconds of
plasma treatment. Together with the results from SEM, an initial treatment phase (phase
I) between 0 s and 6 s plasma treatment can be tracked down. In addition, the oxidation of
silver (Ag) to silver oxide (Ag2O) is observed by GIWAXS. The Bragg signal intensity for
Ag2O is increasing as a function of plasma treatment time following a sigmoidal shape. In
phase I, oxidation is weak. Between 6 s and 16 s plasma treatment, a strong increase in the
intensity of Ag2O is observed. Between 16 s and 26 s, the Ag2O intensity is saturated. This
observation indicates a third phase starting at 16 s plasma treatment. XPS measurements
confirm the oxidation of Ag to Ag2O in phase II.[97] Furthermore, the transformation to
AgO is detected in phase III.[97] In summary, three characteristic phases have been found
for Ag-NW networks upon plasma treatment. In phase I, small morphological changes,
rounding of Ag-NWs, and weak oxidation occurs. In phase II, silver is oxidized to silver
oxide and fragmented and disconnected nanowires were found. phase III is characterized
by the destruction of the nanowire networks and final oxidation to AgO. The resistance is
depending exponentially on the plasma treatment time in the first two phases, but with
different rates of resistance change upon treatment (see Fig. 4.11 (f)).[97] This makes it
possible to engineer the resistance by means of atmospheric plasma treatment.

Monte Carlo simulation. During atmospheric plasma treatment, an interplay be-
tween morphological changes and oxidation processes takes place, which leads to three
characteristic phases. The observed network changes result in a reduction in network
interconnectivity, which is modeled in the following. Considering a constant etching rate,
each nanowire exhibit an individual life time according to its thickness. The thickness
distribution of the used nanowires was measured by SEM and is presented in Fig. 4.11
(a). The black solid line represents the sum of two Gaussian functions fitted to the data.
A critical nanowire thickness of rcrit,i = 0.5r0,i is assumed at which the nanowire i is not
conductive anymore, corresponding to a critical mass of mcrit,i = 0.25m0,i = 0.25ρπr2

0,i ·Li,
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Figure 4.9: (a)-(d) GISAXS images of Ag-NW network with a concentration of 26 µg cm−2 for
different atmospheric plasma treatment times (0 s, 6 s, 8 s, 26 s). (e)-(h) GISWAXS pattern
of the same Ag-NW sample for the same plasma treatment times. (i) GISAXS flare intensity
representing the pentagonal shape of the nanowires (red), and GIWAXS Ag2O Bragg intensity
(blue) as a function of plasma treatment time. Three characteristic phases are indicated by
dashed lines. Phase I: 0 s - 6 s, Phase II: 6 s - 16 s, Phase III: > 16 s. (j) Schematic view on
the experimental operando GISAXS, GIWAXS, and conductivity setup. For more experimental
details see Ref. [97]. Reprinted with permission from [97]. Copyright 2021 Elsevier.

where rcrit,i and r0,i are the critical and the initial radii of the nanowire i, respectively,
and Li is the length of the wire i. Fig. 4.10 shows an exemplary nanowire network created
by the Monte Carlo method described in section 4.1.5 for different plasma etching times.
Conductive wires are depicted in blue and destructed wires are shown in orange. More
and more wires are switched off on a time axis from 0 s to 20 s plasma treatment.

The simulation was carried out with an effective concentration of 11 µg cm−2. By
calculating the network resistance and fitting the simulation results to the experimental
resistance data, a constant etching rate of 570 ng s−1 cm−2 was found. For an exemplary
nanowire with a length of 25 µm and a radius of 100 nm, this etching rate corresponds
to 2.4 ·109 atoms per second. Fig. 4.11 (e) shows the normalized number of conductive
wires (blue) and the normalized number of intact nanowire junctions (red) as a function
of plasma treatment time. The corresponding mean network resistances during plasma
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Figure 4.10: Monte Carlo simulated nanowire network for different plasma treatment times.
With increasing plasma treatment time, more and more nanowires are disconnected from the
network. Disconnected wires are depicted in orange.

treatment together with the experimental data are presented in Fig. 4.11 (f). The error
bars denote the standard deviation obtained from five Monte Carlo simulations. The
results agree in all three plasma treatment phases with the experimental data.[97] This
experiment and simulation provide a basic understanding of nanowire network tuning in
terms of electrical resistance as a function of network connectivity.

4.1.7 Silver-Nanowire Composites

Nancomposites are multiphase solid materials, which have one constituent that has at
least one dimension in the nanometer range.[167] Nanocomposites, in general, offer a great
potential as functional and advanced materials for miscellaneous applications.[168] One
class of nanocomposites are polymer nanocomposites, in which a filler material with a size
in the nanometer range is embedded in a polymer matrix.[169] Polymer nanocomposites are
characterized by their adjustable properties, which can be attributed to the adaptability of
the polymer matrix. The use of filler nanoparticles leads to a high matrix-filler interface, and
enables the improvement of e.g. mechanical and optical properties, flamability resistance,
thermal performance, electronic as well as membrane characteristics, and polymer blend
compatibility.[170, 102] Metal nanofillers are very suitable to tune the electrical and thermal
conductivity as well as optical properties.[171, 172, 173]

Printing of polymer nanocomposites in three dimensions enables the combination of
the multitude of functions that composites offer with a manufacturing process that is
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Figure 4.11: (a) Radii of 83 Ag-NWs measured by SEM. (b) Length of 564 Ag-NWs measured by
SEM. (c) Exemplary Monte Carlo simulated nanowire network based on the length distribution
shown in (b). (d) Schematic illustration of a nanowire network translated into a resistor network.
(e) normalized number of conductive wires (blue) and intact nanowire junctions (red) as a function
of plasma treatment time. (f) Normalized electrical resistance during plasma treatment. The
experimental data is shown in green, the simulated results are depicted in blue. The simulation
was carried out with an effective concentration of 11 µg cm−2. The error bars result from five
Monte Carlo simulations (n = 5). Reprinted with permission from [97]. Copyright 2021 Elsevier.

characterized by high design flexibility and rapid prototyping.[174] Additive Manufacturing
(AM) starts with a 3D computer-aided design (CAD) model of the object, which should
be created. The 3D model is then sliced into 2D layers, which will be printed layer by
layer.[175] The AM of polymer nanocomposites holds great potential for the production of
multifunctional and multidimensional objects.[176] Photopolymers are suitable as matrix
material because they can be cured by illumination layer by layer in controlled shapes
using e.g. a digital mirror device (DMD).[177] Photopolymers are light sensitive polymer
materials, whose polymerization process is initiated by illumintion with light, mostly in
the UV range. Usually, a radical or cationic initiation starts the polymerization process.
This allows high control on important parameters during device fabrication like the time
of polymerization and the shape of the cured area.[178]

An often used photoinitiator is phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO).
BAPO derivates show a maximum absorption in the range between 365 nm and 416 nm.[179]
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Illumination with UV light causes the molecule to split into two radicals. The radicals
attack monomer molecules and both together form active chains, which exhibit a radical
chain end. By this, the polymer chains are able to grow following the photopolymerization
route.[180] Crosslinker molecules with more than one functional group can be used to
cross-link the individual polymer chains and to built a network. A typical monomer is
1,6-hexanediol diacrylate (HDDA), which can be used in combination with the cross-linker
dipentaerythritol penta-/hexa-acrylate (DPPHA).[181] A recipe for the HDDA-based pho-
topolymer resin used in this work is given in Experimental Details 4.4.

Experimental Details 4.4.

Transparent Photopolymer. 3mL (n = 0.013mol) of 1,6-hexanediol diacry-
late (HDDA, monomer) were mixed with 0.33 g (n = 0.789mmol) phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO, initiator) and stirred at 40°C for 15min.
Subsequently, 5mL (n = 0.011mol) dipentaerythritol penta-/hexa-acrylate (DPPHA,
cross-linker) were added and the mixture was stirred until a homogeneous resin was
obtained. See also Tab. B.6.

Here, 2D nanowire networks are produced by drop casting (see section 4.1.3) and embedded
in a photopolymer matrix.[14, 15, 123] For this purpose, a layer of photoresin is applied to
the nanowire networks using a doctor blade. After curing with UV light, the composite
sample can be peeled of the substrate. The resulting sample comprises a composite top
layer with a thickness of the order of 1 µm consisting of the embedded nanowire network
and a pure polymer layer underneath. Experimental details regarding the curing and
coating processes are given in Experimental Details 4.5 and 4.6. By using the transparent
HDDA-based photopolymer, transparent and conductive Ag-NW composites are fabricated
(see section 4.1.9).[14] A flexible photopolymer (Flexible, Formlabs) is utilized to produce
flexible Ag-NW electrodes (see section 4.1.8).[14, 15, 123]
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Experimental Details 4.5.

Doctor Blading. Doctor blading was used to fab-
ricate photopolymer layers with constant thickness.
A blade made from aluminum was moved over the
sample with a constant distance to the sample sur-
face. For positioning and movement of sample and
blade, micrometer translation stages PT1 (Thor-
labs, USA) were used. The final layer thickness
was evaluated by light microscopy of cross-sections
of the cured layers. Layer thicknesses between
100 µm and 500 µm were fabricated in a controlled
fashion. Image taken from [128].

Experimental Details 4.6.

Exposure. A laser driven light source (LDLS) EQ-99X (Energetiq, USA) was
used as UV light source to cure the photopolymer. The LDLS exhibit a continuous
emission spectrum betweeen 170 nm and 2100 nm.[182] A homogeneous light pattern
with a size of (12 × 12) mm2 was obtained at the sample holder by the illustrated
illumination setup. The samples were illuminated for 100 s at 25mWcm−2. Image
taken from [128].

4.1.8 Stretching of Flexible Ag-NW Composites

The question of the behavior of flexible and conductive Ag-NW electrodes under mechanical
strain is crucial for their applications in flexible electronics. The matrix material largely
determines the mechanical properties of the composite, whereas the electrical properties
of the composite are exclusively due to the Ag-NW network. The interaction between
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the flexible polymer matrix and the Ag-NW network, therefore, determines how the
electrical material properties change during stretching. To understand this, a combination
of optical imaging measurements, their quantitative analysis, electrical measurements, and
simulations of network morphology and resistance were performed and are presented in
the following.[15] Furthermore, studies over several stretching cycles were carried out and
the applicability of the material as a strain sensor is demonstrated in section 4.1.9.[123]

This section also reports on the printing of a flexible Ag-NW capacitor and a transparent
top contact.[14]

Light microscopy and resistance. A sketch of the conducted experiment is shown in
Fig. 4.12 (a). A custom-made stretching setup consisting of two motorized linear translation
stages is utilized (see section 3.3 for details).[100] The flexible composite samples (see section
4.1.7) are fixed with two polyimide plates, each containing two gold contacts, which enable
electrical conductivity measurements in a four-point measurement mode during stretching.
Of the 12mm × 12mm samples, an area of 3mm × 12mm is stretched. The samples
are optically observed with a custom-made 50X light microscope (see section 3.1.1). In
order to observe morphological changes within the nanowire network as well as changes
in electrical conductivity during stretching, the samples are stretched step by step, while
conductivity and light microscopy measurements are carried out between the stretching
steps. Exemplary light microscopy images for elongations of 3%, 13%, and 23% are
shown in Fig. 4.12 (d)-(f). The white arrows denote the stretching direction. In Fig. 4.12
(c) a SEM image of the investigated nanowires is shown. The nanowires form a flexible
network by randomly lying above and below one another without being welded or bonded.
Fig. 4.12 (b) illustrates the nanowires embedded in the polymer matrix. As described in
section 4.1.7, the nanowires were first dropped onto a glass substrate, and then coated
with polymer resin. This fabrication process results in a nanowire composite layer that
extends up to approximately 1 µm inside the sample. The total sample thickness is 150 µm.

Fig. 4.13 (a) shows the line resistance in stretching direction for three composite samples
with a nanowire concentration of 40 µg cm−2, 80 µg cm−2, and 120 µg cm−2, respectively.[15]

The resistance is increasing with elongation following a sigmoidal curve for all samples.
The lower the nanowire concentration, the higher the relative change in resistance. This
can be attributed to the nanowire network interconnectivity, which is propotional to the
network concentration (see Fig. 4.7 (b)) and which has a direct and strong influence on
the network stability. Fig. 4.13 (b) shows the data presented in (a) normalized to the
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Figure 4.12: (a) Representation of the experimental setup. The flexible composite sample is
electrically contacted with two polyimide boards and stretched by two motorized linear translation
stages. A light microscope is installed above the sample. The inset shows the clamped sample in
stretching mode. The white arrows indicate the stretching direction. Of the 12mm × 12mm
samples, an area of 3mm × 12mm is stretched. (b) Sketch of nanowires embedded in a polymer
matrix. (c) SEM image of nanowires forming a network. (d) - (f) Micrographs of a composite
sample with a concentration of 120 µg cm−2 for three exemplary elongations as indicated in the
figure. White arrows indicate the stretching direction. Reprinted from [15]. Licensed under CC
BY-NC https://creativecommons.org/licenses/by-nc/3.0/.

resistance value at 3.33 % elongation. Since flat and even samples surfaces are necessary
for microscopy studies, the samples were pre-stretched to 3.33 %. In the following, all data
are normalized to this value. In order to track changes in the mean nanowire orientation,
the micrographs obtained from each stretching step were analyzed by using the Fiber
Image Network Evaluation (FINE)[166] algorithm. The FINE algorithm determines the
number of fiber families, their orientation and distribution based on a cumulative angular
distribution.[165, 166] In Fig. 4.13 (c) the Orientation Index (OI) for the three samples
shown in (a) and (b) is presented as a function of elongation. For the 80 µg cm−2 and the
120 µg cm−2 samples (high concentrated samples), the OI stays constant over stretching.
Only for the low concentrated sample (40 µg cm−2), a slight increase in OI was detected.
Overall, all measured orientations correspond to isotropic samples for all concentrations
and elongations.[15]

In the following paragraph, the resistance change during stretching is modeled based
on Monte Carlo simulations. The simulations lead to a physical model that considers
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the interaction between the polymer matrix and the tunneling resistances at nanowire
junctions.[15] We will further examine how changes in orientation of the nanowires affect
the network resistance, and show that alignment effects are small compared to the
experimentally observed changes in resistance.

Figure 4.13: (a) Line resistance in stretching direction as a function of elongation of three
samples with a Ag-NW concentration of 40 µg cm−2 (red), 80 µg cm−2 (blue), and 120 µg cm−2

(green). The resistance measurements were carried out after each stretching step (3.3% relative
elongation). The dashed line is a sigmoidal guide to the eye. (b) Same experimental data
shown in (a) normalized to the value of the pre-stretched sample at 3.3% elongation. (c)
Orientation index of the same samples shown in (a). Adapted from [15]. Licensed under CC
BY-NC https://creativecommons.org/licenses/by-nc/3.0/.

Simulation of Ag-NW networks upon mechanical strain. As reported in section
4.1.8, no remarkable alignment of the nanowires is observed during stretching. In the
following, simulations are reported in order to confirm that alignment of the nanowires is not
the primary effect observed in the experiment. Fig. 4.14 (a) to (d) show simulated nanowire
networks with an effective nanowire concentration of 20 µg cm−2 and different degrees of
orientation. First, an isotropic nanowire network (Fig. 4.14 (a)) is created by a Monte Carlo
simulation as described in section 4.1.5. A virtual alignment of the wires during stretching
is simulated by changing the x-component dxi of a wire i according to the respective
elongation E[%] to dx̃i = dxi · (1 +E[%]/100). The orientation angle Θi is then adapted
by cos(Θi) = dx̃i/Li, where Li is the length of the wire i. In accordance to the change in
sample elongation, the positions of the wires are also adapted by x̃i = xi · (1 +E[%]/100).
Fig. 4.14 (b) to (d) show the resulting images for 3.3 %, 13.3 %, and 23.3 % elongation.
Again, the FINE algorithm[165, 166] is employed (see section 4.1.8). As demonstrated in
Fig. 4.14 (e) we find two fiber families, one isotropic and one anisotropic, which is in
contrast to the results from the experiment. For the isotropic network (Fig. 4.14 (a)), the
amplitude of the isotropic family is 1.0 whereas the amplitude of the anisotropic family
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is 0.0. The virtual alignment causes in a co-existence of the isotropic and anisotropic
family with a ratio of 1:1 at 23 % strain. In Fig. 4.14 (f), the orientation index as a
function of strain is shown increasing up to 0.5 for 23 % elongation. The impact of fiber
alignment on the network resistance is investigated by calculating the network resistance
of the simulated networks as described in section 4.1.5. Fig. 4.14 (g) shows the normalized
network resistance as a function of elongation for two scenarios. Scenario I (blue) only
takes into account the change in the wire position according to the sample elongation
(x̃i = xi · (1 +E[%]/100)), while scenario II (red) also takes into account the alignment as
shown in Fig. 4.14 (a)-(d). Both only lead to an increase in resistance by a factor of
between 2.2 and 2.4, which is much lower than the experimentally observed increase in
resistance by a factor of around 300 (see Fig. 4.13 (b) for an experimental concentration
of 80 µg cm−2). This results confirm that alignment of nanowires does not lead to the
observed two orders of magnitude increase in resistance, and is not the primary effect
observed in the experiment.

Figure 4.14: (a) Simulated nanowire network with a size of 400 µm × 400 µm, an effective
nanowire concentration of 20 µg cm−2, and random nanowire positions and orientations. (b)-(d)
The same network shown in (a) for the exemplary virtual stretching steps. The positions and
orientations of the wires change in accordance with the elongation of the stretched sample. (e)
Amplitudes of the two fiber families found by the FINE algorithm. (f) Orientation index for the
simulated networks. (g) Normalized network resistance during stretching of simulated networks.
For the blue curve only the change in wire position during stretching was considered. For the red
curve also the change in alignment was taken into account. Figure adapted from [15] (Supporting
Information). Licensed under CC BY-NC https://creativecommons.org/licenses/by-nc/3.0/.

According to Hooke’s Law F = k ·∆x[183], the local elongation ∆xij at a nanowire junction
ij is proportional to the force Fij acting on the nanowire junction. A distribution of
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local force constants within the polymer matrix is considered, determining the local
elongation and, thus, the shifting of the individual nanowires during stretching. For this,
we calculate the local elongation ∆xij as the relative movement of the nanowires i and
j ∆xij = |xi1−xj1|− |xi0−xj0|, where xij0 is the initial x-position of the wires i or j
and xij1 is their x-position after stretching. In agreement with other works, the cut-off
distance for the tunnel current between the nanowires is taken to be 1 nm.[112, 184, 185]

Different classes of local force constants can be assumed according to the chemical nature
of the polymer matrix material, which serves as the force acting component. Small local
force constants lead to large local elongations and, therefore, correspond to physically
bonded elastomeric polymer chains (hydrogen and Van-der-Waals bonds). Large local force
constants, in contrast, correspond to small local elongations, and are due to chemically
bonded short polymer chain elements with less elasticity.[186] Since the nanowires are not
welded, a full recovery of the nanowire junctions after relaxation of the material can be
assumed.[187]

The flow chart in Fig. 4.15 demonstrates the operating principle of a program that
was written to model the behavior of Ag-NW composites upon mechanical stress. In
step 1, a Monte Carlo nanowire network is created as described in section 4.1.5. The
necessary input parameters are denoted in blue. For creating a nanowire network, the
nanowire concentration, which can be calculated by the number of nanowires and the
sample size, and the length distribution of the nanowires has to be given. In step 2,
the nanowire junctions are found, which represent the quantum mechanical tunneling
resistances of the corresponding resistor network. To each nanowire junction a local force
constant is then assigned (step 3). The force constant distribution is defined previously
according to the respective physical model of the matrix. In order to calculate the electrical
network resistance, the Laplace Matrix (Eq. 4.4) is created in step 4, and the resistance is
calculated as defined in Eq. 4.5 (step 5). In step 6, local elongations are determined for
each nanowire junction in agreement with the respective relative local force constant. If
the local elongation is within the cut-off distance for the tunneling current, this junction
is counted as intact (step 7). Otherwise, the junction is not counted as a network’s
connection. With this, the program returns to step 4, and a new Laplace Matrix is created
to calculate the network resistance. This process continues until the maximum stretch is
reached. As a result, simulated resistance curves are obtained from a random nanowire
network during stretching.
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Figure 4.15: Flow chart of the conducted simulation. (1) A random nanowire network is
simulated by a Monte Carlo method. The nanowire concentration as well as the length distribution
are input parameters (blue). (2) The junctions between the wires are found and saved in an array
that contains the two wires for each junction. (3) A critical force is assigned to each junction. A
critical force distribution is given as input parameter. (4) The Laplace matrix is created. (5)
The resistance is calculated according to the work of F. Y. Wu.[154] (6) The sample is stretched
by a specific elongation in x-direction. The x-positions of all wires change accordingly. (7) All
junctions are rechecked according to their respective force constants. The program returns to
step (4).

In Fig. 4.16 (a) the experimental resistance data as a function of elongation for the
80 µg cm−2 (orange) and the 120 µg cm−2 sample (red) are shown. The results obtained
from the Monte Carlo simulation are presented in turquoise (ceff = 18 µg cm−2), light blue
(ceff = 20 µg cm−2), blue (ceff = 22 µg cm−2), and dark blue (ceff = 30 µg cm−2) by lines
and markers. As mentioned in the previous sections, the effective concentration (ceff)
is by a factor of around 4 lower than the experimental concentration (see Fig. 4.7).[15]

The blue arrow on the right shows the direction of increase in the effective nanowire
concentration. The resistance for all curves is normalized to the respective value at 3.33 %
elongation. For the simulation, four classes of local force constants are assumed, which
are randomly assigned to the nanowire junctions of the network. The values for the
relative local force constants and their incidences have been determined by fitting of the
simulation results to the experimental data. In relation to the weakest class (class I = 1),
the relative local force constants are: class II = 1.5, class III = 3.5, and class IV = infinity.
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The corresponding incidences of the four classes are pI = 75%, pII = 14%, pIII = 4%,
and pIV = 7%. This corresponds to three classes of weak and physically bound polymer
chain segments, which have a high degree of elasticity and can rearrange themselves in
an energetically preferred position while stretching.[186] The forth class represents short
and strained polymer chain segments, which are chemically bonded to their neighbors and
exhibit less elasticity.[186] High local force constants kij →∞ have been chosen for this
class, which lead to small local elongations ∆xij → 0. Over the observed stretching range
between 0 % and 23.3 %, all junctions related to class IV remain intact. The simulated
resistance curves show good agreement with the experimental data with regard to the
curve shape and the concentration dependent increase in resistance. Fig. 4.16 (b) shows
the number of intact junctions (left axis) and the normalized number of wires, which are
not connected to the conductive network anymore (right axis), as a function of elongation.
The data correspond to the simulated resistance curves illustrated in (a). We observe the
number of conductive junctions within the network, which is directly correlated with the
connectivity of the network, increasing linearly with the effective nanowire concentration
(compare Fig. 4.7 (b)). The curves as a function of elongation are fitted by y = y0 +Ax−1.3,
where y represents the number of junctions on the y-axis, y0 is an offset caused mainly
by the junctions assigned to class IV, A is a concentration dependent scaling factor, and
x is the elongation. On the right axis of Fig. 4.16 (b), the number of wires, which do
not have any conductive connection the network, are plotted. The curves are fitted by
y = y0 +Bexp(−αx), where y is the number of detached wires, y0 is a constant background
of 0.5, B is a concentration dependent scaling factor changing gradually from -0.6 for the
lowest concentration to -0.55 for the highest concentration, and α is the decay constant
changing from 0.055 for the lowest concentration to 0.025 for the highest concentration.
As long as the network connectivity is high (high concentrations/low elongations), large
changes in network connectivity cause small changes in network resistance. As soon as the
network connectivity approaches the percolation threshold, small changes in the network
lead to large changes in the resistance. This leads to a drastic stress sensitivity of the
networks. We further observe a flattening of the resistance curves between 20% and 23%
strain, which can only be explained by a class of highly durable nanowire junctions held
together by the polymer matrix (class IV).
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Figure 4.16: (a) Simulation of the experimental data together with the experimental data.
The curves were normalized to the resistance of the pre-stretched sample at 3.3 % elongation.
The simulation parameters for the critical force distribution are the relative force constants
class I = 1, class II = 1.5, class III = 3.5, class IV = infinity, with their incidences pI = 75%,
pII = 14%, pIII = 4%, and pIV = 7%. The simulated effective concentrations are 18 µg cm−2,
20 µg cm−2, 22 µg cm−2, and 30 µg cm−2. The blue arrow depicts the direction of increasing
concentration. (b) Number of tunneling junctions and amount of detached wires (wires without
undamaged junctions to other wires) for the simulations shown in (a). The curves were fitted by
y = y0 +Ax−1.3 (number of junctions) and y = y0 +Bexp(−αx) (disconnected wires). Adapted
from [15]. Licensed under CC BY-NC https://creativecommons.org/licenses/by-nc/3.0/.

4.1.9 Functional Printing Applications

Functional printing in two and three dimensions has generated great interest in recent years,
and is now one of the most promising and revolutionary manufacturing techniques.[188]

The smart printed devices can easily be tailored to the respective application due to rapid
prototyping. Portable and flexible electronic devices can interact with the human body in
a simple manner. Highly sensitive strain sensors that are attached directly to the human
body are suitable for motion detection and health monitoring.[118, 189] Different kinds
of modern biocompatible sensors have been reported, which are based on nanomaterial
fillers and polymers as flexible and stretchable support materials.[190, 191, 192, 193] In the
following, Ag-NW composites are utilized and investigated as strain sensors with tunable
sensitivity to strain. The strain-resistance relation as a function of stretching cycle is
modeled by a Monte Carlo method that considers the local force constant distribution
within the polymer matrix as well as the tunneling resistances between the nanowires. We
use the same material to print a flexible Ag-NW capacitor as a prototype for a 3D printed
functional electronic device. A transparent and conductive cover layer is applied to a solar
cell by introducing a transparent and rigid composite.
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Composite strain sensor. In this section, the flexible Ag-NW composite studied above
is utilized as printable strain sensors. The samples are fabricated as descried in section
4.1.7. Three different nanowire concentrations are reported, leading to different network
sensitivities to strain: 40 µg cm−2, 80 µg cm−2, and 120 µg cm−2.

Figure 4.17: (a) Normalized line resistance in stretching direction as a function of elongation for
samples with a Ag-NW concentration of 40 µg cm−2, 80 µg cm−2, and 120 µg cm−2, respectively.
The resistance was measured over 5 stretching cycles, and normalized to the pre-stretched value
at 6.66 % elongation of the first cycle. The inset shows the first stretching (dark blue) and
relaxation (light blue) of the 80 µg cm−2 sample. (b) Resistance at 23 % elongation normalized
to the respective resistance at 6.66 % elongation of the first stretching cycle as a function of
cycle. The data is shown for the same samples presented in (a). (c) Normalized resistance for
the three investigated samples during the 5th stretching cycle. Data recorded during stretching is
depicted with filled markers, blank points represent the resistances during relaxation. (d) Gauge
factor [(R23%−R6%)/R6%]/[(L23%−L6%)/L6%] as a function of stretching cycle. The solid lines
are linear fits to the data. Figure reprinted with permission from [123]. Copyright 2021 IOP
Publishing.

The samples consist of a flexible polymer layer with a thickness of 150 µm and a Ag-NW
network embedded in the top side of the polymer resulting in a conductive composite
top layer with a thickness of the order of 1 µm (see also section 4.1.8).[15, 100, 123] By
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using the custom-made stretching setup (see section 3.3), strain-resistance measurements
have been carried out for 5 stretching cycles. The normalized resistance as a function
of elongation is shown in Fig. 4.17 (a). The data is normalized to the pre-stretched
resistance value at 6.66% elongation of the first stretching cycle, respectively. The lower
the nanowire concentration, the larger is the relative change in resistance due to stretching,
which can be attributed to a higher sensitivity of the network because of a lower network
interconnectivity.[15] The inset in Fig. 4.17 (a) shows the resistance data of the 80 µg cm−2

sample during the first stretching cycle. A hysteresis between stretching and relaxation
is reproducibly observed, in which the resistance is lower during relaxation than during
stretching. Sigmoidal fits to the data are used as guides to the eye. Fig. 4.17 (b) shows the
normalized resistance values at 23% elongation as a function of stretching cycle. For all
three nanowire concentrations, the resistance decreases with stretching cycle. In contrast,
the gauge factor, which is an often used measure for the sensor sensitivity[189], is increasing
as a function of stretching cycle as illustrated in Fig. 4.17 (d). This makes clear that
the resistance for all measured elongations between 6.66% and 23.33% is decreasing with
stretching cycle, whereas the relative resistance change is increasing. The gauge factor
(GF) is defined as the slope of the change in electrical resistance or capacitance divided by
the applied strain or relative change in elongation[189]

GF = (R−R0)/R0
(L−L0)/L0

, (4.6)

where R and L denote the resistance and length of the strained sample and R0 and L0 are
the resistance and length of the unstrained sample, respectively. Nano-composite based
strain sensors have been reported with a wide range of GFs. Ag-NW PDMS composites
have been demonstrated having GFs between 2 and 14.[118] Crack-induced Ag-NW strain
sensor with a GF of 30 at 100 % strain and nanobrush zinc-oxide nanowire polystyrene
composites with a GF of 116 have been reported.[194, 195] In order to fabricate ulta-sensitive
strain sensors with GFs > 1000, graphene thin films polymer composite have been used.[196]

In the case of nanowire composite strain sensors, the sensitivity to strain can be tuned by
the nanowire concentration.[189] In this work, GFs between 10 and 500 at 23 % strain were
found depending on the nanowire concentration and stretching cycle. This covers a wide
range of sensitivities from weakly to ultra-sensitive sensors.

Fig. 4.17 (c) shows the resistance data obtained during the 5th stretching cycle. The
resistances during stretching (filled data points) and relaxation (blank data points) are
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almost identical showing no hysteresis any more.[100] A linear strain-resistance relation in
the so-called sensor region between 6.66% elongation and 23.33% elongation is found for
all three nanowire concentrations.

Figure 4.18: (a) Exemplary nanowire network created by a Monte Carlo simulation. The inset
shows two schematic nanowires i and j forming a tunneling junction. (b) Histogram of relative
local force constants within the polymer matrix used for the simulation. Physical bonds exhibit
small local force constants (blue) which change with stretching cycle due to rearrangement of
chain elements. Chemical bonds are characterized by large local force constants (green). (c)
Experimental normalized resistances at maximum elongation (23.33 %) as a function of stretching
cycle (green, blue, red) together with the results from the Monte Carlo simulation (gray). The
error bars in the simulated results stem from 5 independent Monte Carlo simulations (n= 5).
(d) Hysteresis modeled by Monte Carlo simulation for a sample with an effective concentration
of 22 µg cm−2. To model the resistance drop during relaxation, the mean local force constant of
class I was increased by a factor of 1.5. (e) Normalized number of tunneling junctions within the
network during stretching and relaxation for the same sample shown in (d). Figure reprinted
with permission from [123]. Copyright 2021 IOP Publishing.

Fig. 4.18 summarized the results from a physical model based on the Monte Carlo method
described in section 4.1.8. Fig. 4.18 (a) illustrates a 2D simulated nanowire network. The
inset shows two intersecting nanowires i and j. The nanowire networks are translated
into resistor networks, where each nanowire junction represents a tunneling resistor, and
each nanowire is a node. A local force constant is assigned to each nanowire junction,
which determines the local elongation at the respective position. In order to model the
experimentally observed resistance behavior as a function of stretching cycle, two local force
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constant classes are applied. The first class characterizes weak physical bonds between the
polymer chains of the matrix, whereas the second class corresponds to the chemical bonds
within the polymer network. Since, in this experiment, stretching was conducted in the
elastomeric regime of the matrix material and no irreversible deformation of the material
occurred, chemical bonds are assumed to stay intact, and the relative local force constant
is taken to be infinity. By fitting the simulation results to the experimental data, class
I is assigned to 87% of all junctions and class II to the remaining 13%. The observed
decrease in network resistance as a function of stretching cycle can now be modeled by a
re-arrangement of physically bonded polymer chains leading to an increase in the mean
local force constant of class I. This is illustrated in Fig. 4.18 (b). The results obtained
from the simulations are presented in Fig. 4.18 (c). The green, blue, and red curves are the
experimental data (see Fig. 4.17 (b)). The simulated resistances are depicted in gray for
several effective concentrations between 17 µg cm−2 and 40 µg cm−2. As discussed before,
the effective network concentration is by a factor of about 4 lower than the experimental
concentration (see Fig. 4.7 (a)).[15] Fig. 4.18 (d) shows the hysteresis observed for the
first stretching cycles, simulated by the same model. The simulated effective concentration
is 22 µg cm−2, according to an experimental concentration of around 80 µg cm−2. The
hysteresis is modeled by shifting the mean local force constant of class I by a factor of
1.5 to higher values. The number of tunneling resistors within the network also behave
hysteretic as shown in Fig. 4.18 (e). The results indicate that an aging of the polymer
matrix due to re-arrangement of physically bonded polymer chains leads to the observed
changes in resistance as a function of stretching cycle and elongation.

Transparent top contact. By using the transparent HDDA-based photopolymer
(see Experimental Details 4.4 and Tab. B.6), printable and transparent electrodes are
fabricated.[14] First, the influence of the polymer coating on the network morphology and
resistance has been studied. The GISAXS pattern of the uncoated Ag-NW network on
silicon is shown in Fig. 4.19 (a), as it was also discussed in section 4.1.3. A bare HDDA
polymer layer on silicon results in a GISAXS pattern as shown in Fig. 4.19 (b) without
any horizontal scattering features. Fig. 4.19 (c) shows the result obtained from a Ag-NW
polymer composite with a concentration of 7 µg cm−2. We can clearly observe the same
intensity flares at 36° to the vertical as for the bare Ag-NW network, stemming from the
pentagonal nanowire structure. Horizontal cuts at qz1 = 0.63nm−1, qz2 = 0.78nm−1, and
qz3 = 0.96nm−1 for the three samples are presented in Fig. 4.19 (d), (e), and (f).[14] The
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intensity peak stemming from the pentagonal nanowire shape is highlighted by arrows.
The shift on the qy axis corresponds to the facet angle.[128] The polymer coating results in
a decreased scattering contrast with regard to the Ag-NW contribution in the composite.
See Tab. B.7 in the appendix for measurement parameters.

Figure 4.19: (a) 2D GISAXS pattern from Ag-NWs on silicon (58 µg cm−2). See also Fig.
4.3. (b) Bare UV-cured HDDA polymer on a silicon substrate. (c) Ag-NWs (7 µg cm−2) coated
with the UV-cured HDDA polymer layer. The intensity scale bar is shown on the left side.
Intensity flares at 36° ± 2° are indicated by dashed lines in (a) and (c). (d) Horizontal cuts of
the intensity (I(qy, qz1 = 0.63nm−1)), (h) I(qy, qz2 = 0.78nm−1), (i) I(qy, qz3 = 0.96nm−1). All
cuts are normalized to the intensity at I(0, qz1,2,3), correspondingly. The color code corresponds
to the colors indicated in (a) to (c). Intensity flares are highlighted by black arrows. Adapted
from [14]. Licensed under CC BY, https://creativecommons.org/licenses/by/4.0/.

It is known, that the photoresin shrinks during photocuring.[197] The sheet resistances (see
section 3.3 and appendix A) for the three Ag-NW concentrations 26 µg cm−2, 39 µg cm−2,
and 65 µg cm−2 are shown in Fig. 4.20 (a). For each concentration, three samples are
presented, which show different resistances due to statistical deviations. The same samples
have been coated with HDDA photoresin and cured by illumination with UV light (see
Experimental Details 4.6). After curing, the sheet resistance of all samples is reduced
(red data points) due to compression of the Ag-NW networks by the polymer. This
is in agreement with our simulation model (see section 4.1.8) based on Hooke’s law
determining the tunneling distance, which directly influences the network resistance. We
further investigate the optical transmission through the Ag-NW networks and composites
as illustrated in Fig. 4.20 (b) (see also appendix A). The spectra were corrected by
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the transmission through the used glass substrate. Solid lines represent the pure Ag-
NW networks as well as the pure polymer. Dashed lines depict the corresponding Ag-
NW composites for nanowire concentrations of 26 µg cm−2, 39 µg cm−2, and 65 µg cm−2,
respectively. An increased transmission for the composites compared to the bare Ag-NW
networks with the same concentration can be observed between 600 nm and 900 nm. Also,
the pure polymer layer shows a transmission higher than 100% in this spectral range. We
attribute this effect to a better refractive index matching of the polymer compared to
the glass substrate. In Fig. 4.20 (c) layer thickness and mean surface roughness of the
HDDA-based samples are presented as determined by profilometry (see appendix A). The
three samples are a pure polymer layer, a Ag-NW composite and a polymer - Ag-NW -
polymer multilayer structure. The surface roughness is between 110 nm and 160 nm for
the composite materials, which is primarily determined by the roughness of the polymer.
For all samples, we obtain a thickness to roughness ratio of about 1000.

For the purpose of transparent and conductive printable layers, the influence of a Ag-NW
coating, a polymer coating, and a Ag-NW-polymer composite top layer on the functionality
of a solar cell was investigated. Photographs and micrographs of the solar panels are
shown in Fig. 4.20 (d)-(g). The coated solar cells are exposed with an Ulbricht sphere of
calibrated spectral characteristics (DKD, Gigahertz Optik) and the obtained photocurrent
is indicated in the figure. For the blank solar cell, as reference, a current of (650± 3) µA
was measured. A Ag-NW coating with a nanowire concentration of 26 µg cm−2 results in a
decrease of the current to (613± 3) µA. The polymer coating leads to almost no decrease in
transmission and a current of (649± 3) µA can be obtained. The application of a composite
consisting of a Ag-NW layer coated with polymer results in a current of (626± 3) µA.
Overall, the use of a Ag-NW-polymer electrode on top of the solar cell results in a 4%
decrease of the measured current. This corresponds to a transmission of about 95%,
which is in agreement with the transmission measurements for the composites presented in
Fig. 4.20 (b).[14] The sheet resistance of the applied Ag-NW network was determined to
be (75.2± 1.7)Ω/sq and of the composite (63.0± 3.5)Ω/sq. Again, the polymer coating
results in an decrease in sheet resistance due to compression of the nanowire network as
also shown in Fig. 4.20 (a) and as expected by our models.

Flexible capacitor. Fig. 4.21 (a) shows a schematic view on the cross section of a
printed flexible Ag-NW capacitor consisting of two conductive Ag-NW composite layers
and an insulating polymer layer in between.[14] A photograph of the capacitor is shown in
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Figure 4.20: (a) Sheet resistance of Ag-NW networks with nanowire concentrations of 26 µg cm−2,
39 µg cm−2, and 65 µg cm−2. For each concentration, three samples were measured, showing
different sheet resistances due to statistical deviations. All samples were measured before (black)
and after coating with a transparent HDDA-photopolymer resin (red). The sheet resistance is
decreasing for all samples after curing of the polymer with UV-light. (b) Optical transmission
measured through Ag-NW networks and HDDA-composites deposited on glass substrates. The
spectra are corrected by the transmission through the pure glass substrate. The solid lines
depict the pure Ag-NW networks and the pure polymer. The dashed lines represent the
corresponding composite samples. (c) Layer thickness and mean surface roughness for a pure
HDDA photopolymer layer, a composite sample and a polymer-Ag-NW-polymer sandwich sample.
(d)-(g) Photographs (top) and micrographs (bottom) of a (d) blank solar cell, (e) a solar cell
coated with Ag-NWs (26 µg cm−2), (f) a solar cell coated with HDDA photopolymer, and (g) a
solar cell coated with a Ag-NW composite (26 µg cm−2). The respective photocurrents obtained
from the samples are given in the upper part of the images. Reprinted from [14]. Licensed under
CC BY, https://creativecommons.org/licenses/by/4.0/.

Fig. 4.21 (b). In order to demonstrate its flexibility, the capacitor was bent over a glass
rod as shown in Fig. 4.21 (c). The layer thickness of the intermediate polymer layer is
(210 ± 5) µm. Fig. 4.21 (d) presents a cross-sectional microscopic view of the intermediate
polymer layer with embedded Ag-NWs at the surface. The capacitance of the device can
be estimated according to

C = εrε0 ·
A

d
(4.7)

where εr is the vacuum permittivity, εr is the polymer permittivity, A is the area of the
capacitor, and d is the thickness of the insulating intermediate layer.[198] A dielectric
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constant of about 4.5 results in an estimated capacitance of 5 pF. In good agreement with
the calculation, a capacitance of 7.0 pF and 7.5 pF was measured at 1 kHz and at 100 kHz,
respectively.[14] Details on the measurement are given in appendix A.

Figure 4.21: (a) Schematic cross-section of the printed and flexible Ag-NW capacitor. The
capacitor was printed on top of a glass substrate, and consist of a Ag-NW layer, an insulation
polymer layer, and a second Ag-NW layer on top. (b) Photograph of the capacitor with a
total size of (10 × 10) mm2. (c) Ag-NW capacitor bend over a glass rod. (d) Micrograph of a
cross-section of the capacitor (see dashed line in (b)) with the Ag-NWs embedded in the polymer.
Reprinted from [14]. Licensed under CC BY, https://creativecommons.org/licenses/by/4.0/.

4.1.10 Summary

Networks and composite materials made of silver nanowires (Ag-NWs) were produced
and investigated in detail with regard to their application for 3D printing and flexible
electronics. The material can be easily manufactured and designed, and is suitable for
additive manufacturing. The pure Ag-NW networks have been fabricated by drop casting
of a Ag-NW suspension. Due to high mean aspect ratios of the nanowires between 90 and
200, the percolation threshold is low (around 20 µg cm−2)[14], and only small amounts of
silver are needed to create conductive networks. This makes the process highly efficient,
and also enables the electrodes to be transparent. At an optical transmission of 86%, sheet
resistances of (17.5±8.1)Ω/sq were found for networks with a nanowire concentration of
65 µg cm−2.[14] The transmission depends linearly on the nanowire concentration, whereas
the network resistance shows an exponential dependency on the concentration, becoming
infinity at the percolation threshold. Grazing incidence small angle X-ray scattering
(GISAXS) and scanning electron microscopy (SEM) show that the morphology of the
randomly oriented nanowires within the network is pentagonal.[14] Furthermore, during
synthesis, a shell of polyvinylpyrrolidone (PVP) is formed around the nanowires as a
protecting ligand shell.[129, 125] This insulating shell leads to a substantial tunneling current
between intersecting nanowires. Using the Monte Carlo method, a model is developed that
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describes the properties of the electrical network based on the tunnel resistances between
the nanowires. For this, resistor networks are created by random positioning and alignment
of virtual nanowires resulting in an exponential dependence of the electrical network
resistance on the concentration as also observed in the experiment. The interconnectivity
of the networks was found to be a key parameter determining the electrical properties.[15]

In order to develop a post-treatment to modify the electrical network properties, atmo-
spheric plasma treatment was applied.[97] Local etching by atmospheric plasma treatment
leads to morphological and chemical changes within the nanowire network, reducing the
network interconnectivity. The electrical resistance was tuned over three phases up to a
factor of 40. A model that is based on the same Monte Carlo method used before describes
plasma etching by considering the individual life times of the nanowires during etching
based on their thicknesses. A constant plasma etching rate of 570 ng s−1 cm−2 was found,
fitting to the experimental resistance data.[97]

To implement functional devices, a matrix is required that contains and supports the
network. Silver-nanowire photopolymer composites were fabricated by embedding a
drop-casted 2D nanowire network inside a polymer matrix. The nanowire networks were
coated with polymer by doctor blading resulting in 150 µm thick samples with a 1 µm
thick composite top layer. Different polymer matrix materials with different mechanical
and optical properties were utilized. A flexible polymer matrix leads to stretchable and
flexible electronic devices and sensors.[14, 15] A transparent polymer matrix enables the
production of transparent and conductive top layers.[14] The flexible composite properties
upon mechanical stress were investigated by stretching the composites with a custom-made
stretching setup, including four-point resistance measurements and light microscopy.[15] The
network resistance in stretching direction increases by a factor of up to 350 at an elongation
of 23% strain, depending on the nanowire concentration. The resistance as a function of
elongation follows a sigmoidal curve. We found, that the nanowire orientation within the
matrix stays constant during stretching, and no alignment or formation of anisotropy was
detected.[15] For this, the obtained micrographs during stretching were analyzed by the
FINE algorithm.[165, 166] A physical model based on the Monte Carlo method was derived
reproducing the experimentally observed resistance change upon stretching. The model
considers a local distribution of force constants within the polymer as well as the tunneling
resistances between the nanowires dominating the network resistance.[15] The change in
network resistance according to the sensitivity to strain can be tuned by means of the
network concentration. We use one-dimensional nanostructures that form two-dimensional
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networks without welding of the nanowires. This technique results in flexible networks with
excellent sensor properties. A Ag-NW strain sensor was studied over 5 stretching cycles. A
hysteresis between the resistances measured during stretching and relaxation was observed,
which vanishes completely after the 4th cycle. In the 5th cycle, linear strain-resistance
relations occur, the slopes of which depend on the nanowire concentration. Gauge factors
between 10 and 500 were obtained depending on the nanowire concentration and stretching
cycle. Furthermore, a resistance decrease as a function of stretching cycle was observed
and modeled by using the Monte Carlo method. Our model takes into account an increase
in the mean local force constants of weakly physically bonded polymer chains, according
to a re-arrangement of physically bound polymer chains due to stretching. Finally, the
same material was used to print a flexible Ag-NW capacitor by a layer by layer method.
This flexible capacitor with a capacitance of 7 pF serves as a prototype for 3D printed
flexible electronic devices based on Ag-NW photopolymer composites.

In this work, the production of a silver-nanowire composite material, the tuning of its
electrical and optical properties as well as its applicability with regard to 3D printing
and flexible electronics were investigated. In agreement with the experimental data, a
physical simulation model was developed, which provides deep understanding for different
modifications of the electrical nanowire network properties like change in nanowire con-
centration, atmospheric plasma etching, and the application of mechanical strain. The
following publications are attached to this chapter:

(I) Akinsinde, L. O. et al. Surface Characterization and Resistance Changes of Silver-
Nanowire Networks upon Atmospheric Plasma Treatment. Applied Surface Science 2021,
550, 1493262.

(II) Glier, T. E. et al. Electrical and Network Properties of Flexible Silver-Nanowire
Composite Electrodes under Mechanical Stain. Nanoscale 2020, 20, 23831-23837.

(III) Glier, T.E. & Betker, M. et al. Conductance-Strain Behavior in Silver-Nanowire
Composites: Network Properties of a Tunable Strain Sensor. Nanotechnology 2021, 32,
365701.

(IV) Glier, T. E. et al. Functional Printing of Conductive Silver-Nanowire Photopolymer
Composites. Scientific Reports 2019, 9, 6465.
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4.1.11 Outlook

Networks of 1D structures offer great advantages, as individual nanowires can be produced
in large quantities using e.g. wet chemical processes, and the networks finally formed in the
composite enable a minimum material density with maximum crosslinking, surface coverage,
and sheet functionality. Polymer nanowire composites exhibit a large number of possible
modifications leading to different functionalities. For example, the network orientation and
morphology can be varied. With the aim of ease of manufacture, printability, scale up, and
isotropic surfaces, we created random networks. Aligned nanowire arrays and networks
offer further potential for specific applications and customized electrical anisotropy.[199]

However, the controlled alignment of individual nanowires is a challenge for printing
processes. As demonstrated in this thesis, the polymer matrix is interchangeable leading
to different mechanical and optical properties. It also interacts in a relevant manner
with the effective filler network. On the other hand, the targeted replacement of the
nano-filler is particularly promising. The use of a combination of different functional fillers
in a layer by layer printing process results in multifunctional materials. For example,
composites of semiconducting nanowires can be used for light sensors.[200] The 3D printing
p- and n-doped nanowire composite layers is a promising technology towards printed solar
cells.[201, 202] Flexible and 3D printed thermoelectric nanogenerator are also subject of
nanowire composite research.[203] In general, for various future printed smart electronic
devices Ag-NW composites represent a versatile conductive and transparent building block.

With these multifunctional applications in mind, we place a number of requirements on the
printing technology. In the past, the processing of nano-composites via stereolithography
has been reported several times.[204, 205] In most cases, however, stereolithography is not
considered a suitable method for making multifunctional parts, because the use of multiple
materials leads to contamination of the individual components.[206] Inkjet printing, in
comparison, is a material-friendly technology, with which different materials can be printed
in one process.[207] However, the physical properties of the ink used, in particular its
viscosity and surface tension, must be adapted to the printing process. Furthermore, in
the case of nanocomposites, the risk of agglomeration and blockage of the nozzles is high.
A future technology, which enables the combination of different filler particles with one
polymer matrix in a precise layer by layer printing process would lead to a new era of
printing technology.
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A B S T R A C T   

Highly conductive silver-nanowire (Ag-NW) networks are used in composite materials as conductive channels. 
Their resistance tuning can be accomplished by changing the Ag-NW concentration, and, therefore, changing the 
network structure. In this study, an alternative pathway to resistance engineering of conductive Ag-NW networks 
by local atmospheric plasma treatment is employed. The corresponding changes in nanowire network 
morphology and crystallinity as a function of plasma etching time are investigated by time-resolved grazing- 
incidence X-ray scattering, field-effect scanning electron microscopy, and X-ray photoelectron spectroscopy. 
Three characteristic etching phases are identified. The first two phases enable the controlled engineering of the 
electrical properties with different rates of resistance change, which results from changes in nanowire shape, 
network morphology, and different oxidation rates. Phase III is characterized by pronounced fragmentation and 
destruction of the Ag-NW networks. These results show the feasibility of atmospheric plasma treatments to tune 
the local electrical properties of conductive Ag-NW networks. Furthermore, we present a physical Monte Carlo 
model explaining the electrical network properties as a function of plasma etching time based on the network 
connectivity and a constant plasma etching rate of 570 ng s− 1 cm− 2.   

1. Introduction 

Nanoparticles and nanowires in metal-polymer composite films have 
interesting and fascinating physical properties [1–4]. Their outstanding 
material elasticity, high durability, controllable size, and shapes 
contribute to their uniqueness [2,5]. The optimization of their synthesis 
as well as their characterization are highly important to tailor their 
electrical properties in a controlled fashion. Conductive electrodes 
consisting of nanowire network composites are used in enhancing the 
performance of organic light-emitting diodes (OLEDs), solar cells, 

memory devices, sensors, touch screen devices and opto-electronics 
[6–14]. In addition, nanowire composites with a printable polymer 
matrix enable additive manufacturing and, therefore, high design flex
ibility and rapid prototyping [15]. By using a flexible polymer, flexible 
and bendable electrodes can be fabricated [15,16]. They represent a 
competitive counterpart to the existing materials of choice comprising 
mainly of indium tin oxide (ITO) or doped compounds of tin oxide [6,7], 
due to their attractive material properties including mechanical flexi
bility, low sheet resistance, and high optical transparency. 

Networks made of silver-nanowires (Ag-NWs) with a well-defined 
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shape, morphology, good crystallinity, and high aspect ratios (length to 
diameter ratio) of up to 1000 are excellent candidates for modern 
composite materials with tailored electrical properties [17–19]. Bulk 
silver exhibits a high electrical and thermal conductivity at room tem
perature [5,18]. Several publications have highlighted the fabrication of 
large scale Ag-NW networks by adopting simple and cost-effective 
chemical methods [17,19–24]. Recent publications show continuous 
improvements in the optimization of Ag-NW networks and transparent 
electrodes [13–15,25]. Also, current research focuses on the modifica
tion and tailoring of the electrical properties of Ag-NW networks using 
various techniques such as high-temperature thermal annealing [26], 
induced current flow [13], washing with solvents [15], mechanical 
pressing [13,14], and plasma treatment methods [13,25]. A common 
route to fabricate silver nanowires is the polyol method, which is asso
ciated with the formation of a polymer ligand shell (poly
vinylpyrrolidone – PVP) around the nanowires [5,17]. The PVP layer has 
a detrimental effect on the electrical properties of the Ag-NW networks, 
as it forms an isolating layer at the wire-wire junctions. We, therefore, 
use a washing procedure with acetone and isopropanol, which causes an 
improvement in conductivity by a factor of around 100 and, therefore, 
reduces the PVP layer significantly [15] (see experimental section). In 
this way, highly conductive nanowire networks with initial sheet resis
tance in the range of 10–15 Ω/sq. at an optical transmittance of 90% are 
produced [15]. 

Traditionally, plasma treatment has been adopted to optimize the 
conductivity of Ag-NW networks due to the removal of PVP insulating 
layer as well as to study the degradation mechanism of Ag-NW elec
trodes [13,25]. Furthermore, several groups have reported on the 
deterioration phenomena in Ag-NW based electronic devices due to 
corrosive environment, elevated annealing temperature [14,26], long 
UV light irradiation exposure [26], induced electrical current [27,28] 
and humidity [12,29,30]. Here, an atmospheric plasma pen [31–35] is 
utilized as a versatile, simple, and direct tool to control the electrical 
properties of polyol grown and washed Ag-NW networks with high 
conductivities. The local manipulation of Ag-NW networks can enable 
future complex resistor designs within a premanufactured composite 
structure. The crystalline nanowires are monitored through a combi
nation of time-resolved grazing-incidence small-and-wide-angle X-ray 
(GISAXS and GIWAXS) scattering methods during the atmospheric 
plasma treatment. Moreover, the effects of the applied plasma on the 
sample morphology are investigated using field-effect scanning electron 
microscopy (FESEM). The chemical surface composition upon plasma 
treatment is measured by X-ray photoelectron spectroscopy (XPS). A 
physical model that explains the electrical network properties as a 
function of plasma etching time based on the network connectivity is 
presented. The model is based on a Monte Carlo simulation considering 
the experimental thickness and length distribution of the nanowires at a 
constant plasma etching rate and the tunneling resistances at the 
nanowire junctions. 

2. Experimental section 

2.1. Materials 

〈100〉 monocrystalline boron-doped silicon wafers (Si-Mat) with the 
dimension of 15 × 15 mm2 were used as substrates, which were acidly 
cleaned in 1:2 mixture of sulfuric acid (H2SO4, 96%, Carl Roth) and 
hydrogen peroxide (H2O2, 30%, Carl Roth) according to the RCA-1 
cleaning procedure [36]. More detailed information is given in the 
supplementary information (SI) S1.1. 

The Ag-NWs were synthesized via a polyol wet chemical method at a 
temperature of 155 ◦C and a reaction time of 3 h. The precursors used 
were commercially purchased and comprise the following: silver nitrate 
(AgNO3, 99.9%, Sigma Aldrich), polyvinylpyrrolidone (PVP, molecular 
weight, Mw = 55 kg mol− 1, Sigma Aldrich, and PVP Mw = 360 kg mol− 1, 
Carl Roth), anhydrous ethylene glycol (EG 99.8%, Sigma Aldrich) and 

copper chloride (CuCl2 99.999% purity, Sigma Aldrich). A detailed 
description of the synthesis is given in Ref. [15]. 

After synthesis, the Ag-NW suspension was consecutively washed 
twice with isopropanol (99.5%, Sigma Aldrich), twice with acetone 
(99.8%, VWR), and finally again twice with isopropanol to eliminate 
remaining precursors and PVP from the synthesis. After each washing 
step, the suspension was centrifuged at 2000 rpm at 20 ◦C for 10 min. 
The final product was stored in isopropanol (99.5%, Sigma Aldrich). The 
synthesis yields silver nanowires with pentagonal cross-sections and 
were analyzed via TEM verifying the pentagonal shape [17] as well as 
the crystallinity as displayed in Figure S2 in the SI. 

2.2. Ag-NW network preparation 

20 µl of the Ag-NW suspension were drop casted on a 15 × 15 mm2 

clean 〈100〉 monocrystalline silicon substrate at room temperature 
leading to a network of silver nanowires with a density of around 26 µg 
cm− 2. After 5 min the solvent was evaporated. The film thickness of each 
sample is estimated to be approximately 1 µm and typically averaged 
initial line resistances of (1.3 ± 0.5) Ω mm− 1 are found. A commercial 
hand-held atmospheric plasma pen device (Plasma Wand, Plasma Etch, 
Inc.) was adopted to treat the samples with varying treatment times 
from 0 s to 26 s (see SI S1.2). The plasma pen uses a piezo crystal to 
create very high voltages and is driven by a 30 W plasma generator with 
an integrated power supply ionizing surrounding gas. We use air from 
the surrounding atmosphere. Since the plasma temperature is smaller 
than 50 ◦C, ozone (O3) predominantly contributes to the plasma etching 
[private communication Plasma Etch Inc.] [37]. The setup enables 
various types of materials to be locally modified in the sub-micrometer 
to millimeter range. The treatment area is determined by the nozzle 
diameter, which was 10 mm for the presented experiments. For enabling 
the electrical discharge from the atmospheric plasma to attain the 
sample surface, a nozzle-to-sample height (NSH) of (10.5 ± 0.5) mm was 
used. 

2.3. Grazing-incidence small-and-wide-angle X-ray scattering 

For the structural investigation and the verification of the Ag-NW 
oxidation, in situ GISAXS/GIWAXS experiments were conducted at the 
Micro-and-Nanofocus X-ray scattering (MiNaXS) beamline P03 of the 
high-brilliance light source PETRA III at DESY, Hamburg [38]. We used 
an X-ray beam with a wavelength λ = (0.965 ± 0.002) Å and a focus size 
of around 20 × 30 µm2. The sample-to-detector distance (SDD) for 
GISAXS was (4380 ± 2) mm and for GIWAXS (116.5 ± 0.5) mm. The 
incident angle was αi = 0.425◦. A Pilatus 300 k detector (Dectris Ltd.) 
with an image dimension of 487 × 619 pixels and a pixel size of 
172 × 172 µm2 was used. GIWAXS data were acquired with a LAMBDA 
750k detector (X-Spectrum GmbH) yielding an image dimension of 
512 × 1536 pixels and a pixel size of 55 × 55 µm2. Lateral y-scans with a 
scan rate of 100 ms, step-width of 100 µm and an overall length of 7 mm 
were carried out. In situ GISAXS and GIWAXS scans were carried out 
simultaneously on the sample before and after each atmospheric plasma 
treatment step. 

2.4. Field emission scanning electron microscopy 

The morphology of the Ag-NW networks (treated and untreated 
sample) and the shape of the nanowires were investigated by a field 
emission scanning electron microscope setup (Zeiss company) at an 
accelerating voltage of 3 kV and a focus distance of 7 mm. 

2.5. X-ray photoelectron spectroscopy 

The chemical surface composition was measured by using an X-ray 
photoelectron spectroscopy (XPS) with a hemispherical electron 
analyzer SES2002 (Scienta) measuring system. 
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2.6. Resistance measurements 

After each atmospheric plasma treatment step, in situ GISAXS/ 
GIWAXS scans and electrical resistance measurements using a Keithley 
2000 multimeter (Tektronix) in a two-point resistance configuration 
were carried out [39]. The effects of the contact resistances of the 
electrical cables on the measured line resistances were considered. For 
the measurements, two coaxial cables with an insulating shield were 
connected to a lithographically patterned pad structure with gold con
tacts with a distance of 10 mm. Pieces of indium foil (max 1 × 1 mm2) 
were utilized to obtain a gapless contact between the Ag-NWs and the 
gold contacts. At least 10 data points were recorded for each atmo
spheric plasma treatment time and averaged. 

3. Results and discussion 

In order to obtain a direct overview of the Ag-NW network changes 
upon atmospheric plasma etching, SEM images were recorded for 
different plasma treatment times. In Fig. 1 exemplary FESEM images of 
Ag-NW networks with a concentration of 26 µg cm− 2 after different at
mospheric plasma treatment times are shown. An untreated (pristine) 
Ag-NW network (0 s) consisting of pentagonal nanowires with aspect 
ratios of up to 1000 can be observed in Fig. 1a. Small treatment times 
lead to marginal changes in the nanowire morphology like rounding of 
the nanowire facets as shown in Fig. 1b and 1f. Here, the robustness of 
the Ag-NW networks can be attributed to a strong wire-wire inter
connectivity within the percolation network of the Ag-NWs [16,40–42]. 
However, for longer treatment times, enhanced destruction and frag
mentation of the Ag-NW networks is observable [26,28] as shown in 
Fig. 1c − 1f, which finally leads to the failure of the conductive Ag-NW 
networks. The degradation observed with longer treatment times is 
caused by mechanical ablation induced by the atmospheric plasma pen 
(see Fig. 1f (26 s)). In comparison, Li et al. [25] reported a low energy 
(45 W) plasma treatment in argon inert gas resulting in a decrease in Ag- 
NW network resistance due to the removal of PVP and welding of 

nanowires in the first 20 min. A degradation of the Ag-NW electrode 
occurred after a prolonged treatment time of more than 20 min. Kim 
et al. [13] also used argon inert gas to treat Ag-NW networks at a power 
of 200 W, resulting in a rapid decrease in resistance after 2 min, which 
can be attributed to welding of the nanowires. Atmospheric plasma, 
however, is known to generate reactive oxygen species (ROS) [31–35] 
after air ionization and is also very versatile in applications for com
posite 3D printing. Here, the plasma treatment of the network can be 
used to manipulate the electrical properties locally. ROS enable ultra- 
fast morphological changes as well as surface oxidation that can be 
observed already after 10 sec treatment time. 

In order to obtain a measure of the morphological network changes 
during plasma treatment, the Fiber Image Network Evaluation (FINE) 
algorithm [16,43,44] was used. Based on the SEM images for different 
plasma treatment times, the FINE algorithm determines the number of 
fiber families, their amplitudes, mean orientation, and dispersion, based 
on the cumulative angular orientation distribution (see SI S2.5 for de
tails). Nanowires contribute to an anisotropic class of fiber families, 
whereas particle-like structures are detected as an isotropic contribu
tion. Therefore, the FINE algorithm is a relevant tool for the quantitative 
analysis of the destruction, fragmentation, and melting of nanowires. 
The results are shown in Fig. 1g, where the amplitude of the isotropic 
fiber family is displayed in red. Blue denotes the amplitudes of the 
anisotropic class. Sigmoidal curves are used as guides to the eye. After 6 
s plasma treatment, a clear increase in the isotropic family and a cor
responding decrease in the anisotropic fiber family can be observed. This 
indicates a transition from slight changes on the nanowire surface to 
stronger morphological changes including an onset of fragmentation 
and melting of the nanowires. These morphological changes have a 
strong influence on the interconnectivity of the network and, thus, on 
the electrical network resistance. 

Fig. 2a and b show exemplary XPS spectra of oxygen (O 1 s) and 
silver (Ag 3d) for plasma-treated Ag-NW networks. For a treatment time 
of 0 s and 6 s, the Ag 3d spectra display two characteristic peaks at 
(368.4 ± 0.2) eV and (374.4 ± 0.2) eV, which correspond to the Ag 3d5/2 

Fig. 1. (a)–(e) Exemplary scanning electron microscopy images of the investigated Ag-NW sample with a nanowire concentration of 26 µg cm− 2 after different 
atmospheric plasma treatment times (0 s to 26 s). Please note that different areas of the same sample are shown. Longer treatment times (>8 s) lead to enhanced 
fragmentation, melting, and destruction of the Ag-NWs. (f) Collage of six SEM images at high magnification for a plasma treatment time of 2 s, 4 s, 6 s, 8 s, 10 s, and 
26 s, respectively. After 2 s, the pentagonal shape of the wires can still be observed. After 4 s, rounding is visible on individual wires. Further changes in the nanowire 
shape are observable after 6 s. After 8 s, welding of the nanowire junctions occurs and local destruction is already visible after 10 s. After 26 s, parts of the network are 
completely destroyed. (g) Amplitudes for the isotropic (red) and the anisotropic fiber family (blue) determined by the FINE algorithm based on the SEM images. 
Sigmoidal curves are guides to the eye. A clear increase in the isotropic particle class (particle-like structures, fragmented and melted nanowires) after 6 s plasma 
treatment (phase I) and a corresponding decrease in the anisotropic class can be observed. 
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and 3d3/2 binding energy of metallic Ag0 (orange line) [45]. After 8 s 
treatment, peaks at (368.8 ± 0.2) eV and (374.7 ± 0.2) eV are observed 
and are attributed to oxidized species Ag2O (see red arrows in Fig. 2b) 
[45–47]. This oxidation process indicates the crossover between two 
characteristic phases induced by the atmospheric plasma treatment. 
Phase I lasts up to 6 s, where phase II begins. This also correlates strongly 
with the observation from the SEM analysis (see Fig. 1g). 

Similarly, the O 1s spectra displayed in Fig. 2a exhibit three different 
oxygen species with peaks at (532.0 ± 0.2) eV, (533.6 ± 0.2) eV, and 
(535.0 ± 0.2) eV, which we attribute to C=O, C-O, and H2O [48–53], 

respectively. These peaks are not unambiguous and presumably contain 
overlapping hydroxides or carboxyl groups from the PVP precursor 
[46,52,54]. Above 8 s treatment time, a peak at (531.0 ± 0.2) eV is 
observed and is attributed to Ag2O [46,49,55]. The further shift in the O 
1s spectra to lower binding energies at 26 s prolonged treatment time 
confirms the formation of AgO, which is characteristic for phase III of 
the treatment [48,49,55,56]. This view is also supported by an enhanced 
shoulder seen in Fig. 2b after 26 s treatment [46,47]. A detailed infor
mation on the XPS experimental information is given in the SI and also, 
an overview of all the identified elements as well as the Carbon 1s 
spectra are shown in Figure S6. 

Surface-sensitive X-ray scattering using high flux X-ray beams en
ables time-resolved measurements and, thus, allows in-depth observa
tion of morphological and nanostructural changes in a variety of 
processes [57–60]. In order to observe morphological and crystallinity 
changes, as well as changes in electrical properties of the Ag-NW net
works during plasma treatment, operando GISAXS, GIWAXS and resis
tance measurements were carried out. The used measurement setup is 
illustrated in Fig. 3j. Further detailed experimental information is given 
in the experimental part and in the SI in Fig. S1. 

GISAXS pattern of Ag-NW networks during atmospheric plasma 
treatment for exemplary treatment times are shown in Fig. 3a–d. The 
GISAXS pattern of the untreated Ag-NW network (Fig. 3a) is dominated 
by intensity streaks at around (36 ± 2)◦ starting from the direct beam as 
a consequence of the pentagonal shape of the Ag-NWs [15]. Upon 
plasma treatment the intensity of these streaks decreases monotonically. 
The streaks vanish completely after 8 s treatment time as shown in 
Fig. 3c and d. This indicates the rounding of the pentagonal Ag-NWs in 
the initial phase of the plasma treatment (phase I). Long treatment times 
(16 s – 26 s, Phase III) lead to melting, fragmentation, and degradation of 
the Ag-NWs as observed in Fig. 1, which is contributing to increased 

Fig. 2. Exemplary XPS spectra of the Ag-NW sample highlighting the charac
teristic oxygen (O 1s) (a) and silver (Ag 3d3/2 and Ag 3d5/2) (b) peak positions 
for a plasma treatment time of 0 s, 6 s, 8 s, and 12 s, respectively. 

Fig. 3. (a)–(d) 2D GISAXS pattern for 
(26 µg cm− 2 Ag-NW concentration) 
exemplary atmospheric plasma treat
ment times of 0 s, 6 s, 8 s, and 26 s. The 
position of the line cuts is shown in (a) 
as a white line for the horizontal line cut 
I(qy) at qz = 0.885 nm− 1. (e)–(h) 
GIWAXS data showing the reciprocal 
space maps (RSM) [61] for a (26 µg 
cm− 2 Ag-NW concentration) plasma 
treatment time of 0 s, 6 s, 8 s and 26 s, 
respectively. The characteristic face- 
centred-cubic (fcc) silver (111), (200) 
Miller’s indices and oxidized Ag-NWs 
(Ag2O) reflections are indicated. The 
white arrow in (f) indicates the Bragg 
peak corresponding to the Ag2O dif
fractions [62–64]. (i) Normalized com
parison of the Ag-NW flare intensity 
obtained by GISAXS (red), and the Ag2O 
Bragg intensity obtained by GIWAXS 
(blue) as a function of atmospheric 
plasma treatment time. Three charac
teristic phases can be observed as 
marked in blue in the upper part of the 
figure. (j) Schematic view on the exper
iment showing the operando atmo
spheric plasma pen above the Ag-NW/ 
SiOx sample. The incident X-ray beam 
with an incident angle αi, the scattered 
X-ray beams in GIWAXS geometry 
(dashed line) and GISAXS mode (solid 
line) with a scattering angle αf, as well as 
two exemplary detector images for 
GIWAXS and GISAXS are shown. The 
digital multimeter represents the in situ 

two-point resistance measurements.   
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diffuse scattering based on pronounced surface roughness as shown in 
Fig. 3d. 

The reciprocal space maps (RSM) shown in Fig. 3e–h for different 
atmospheric plasma treatment times were obtained from the GIWAXS 
measurements. The original GIWAXS scattering patterns were trans
formed using the GIXSGUI [61] software. The pristine Ag-NW sample 
shown in Fig. 3e exhibit two anisotropic Bragg diffraction peaks stem
ming from X-ray diffraction at the characteristic face-centered-cubic 
(fcc) crystalline lattices of silver (111) and (200), respectively. After 
6 s of atmospheric plasma treatment, the intensity of those two key 
features reduces gradually and the evolution of a crescent-like isotropic 
Bragg peak corresponding to the Ag2O diffraction (see white arrow in 
Fig. 3f) can be observed. This observation indicates the more significant 
oxidation of Ag to Ag2O in phase II in line with the XPS data (see Fig. 2) 
[62–64]. 

In Fig. 3i, the extracted amplitudes (see Fig. S3 in the SI for details) 
representing the streak intensity and corresponding pentagonal shape of 
the Ag-NW from GISAXS (red), and the Bragg intensity corresponding to 
the Ag2O signal obtained by GIWAXS (blue) of the Ag-NW sample upon 
atmospheric plasma treatment are shown. The extracted amplitudes are 
normalized to the maximum values, for GISAXS (0 s Fig. 3a) and 
GIWAXS (26 sec, Fig. 3h). In phase I rounding of the nanowires occurs 
resulting in a decrease of the GISAXS flare intensity with treatment time. 
These small changes in nanowire morphology as well as a weak oxida
tion (GIWAXS Ag2O) hardly affect the interconnectivity of the network 
and, thus, the electrical resistance (see Fig. 4f). The Bragg intensities for 
Ag2O determined by GIWAXS (blue curve) follow a sigmoidal shape 
with only small changes in phase I, drastic changes in phase II, and 
attaining a saturation in phase III. Phase III represents the destructive 
melting and pronounced fragmentation of the Ag-NW network upon 
atmospheric plasma treatment (see Fig. 1). The XPS and GIWAXS data 
show that this phase is characterized by the enhanced oxidation of Ag to 
Ag2O. The analyzed data show that the most relevant effect of the 

atmospheric plasma treatment is the etching of the silver nanowires 
from the surface to the core and selective oxidation of the nanowires 
[65]. Since the nanowires are thoroughly washed and highly conductive 
(see experimental section), no notable influence of a ligand layer (PVP) 
can be observed. Thus, we do not observe any increase in conductivity 
for short plasma treatment times, which is typically observed to the 
removal of a PVP ligand shell [13,25]. 

4. Electrical resistance & Monte Carlo simulation 

The electrical behavior of Ag-NW networks can be simulated using a 
Monte Carlo method, in which the network resistance is calculated 
considering the tunnel resistances between the nanowires [16]. Fig. 4(a) 
shows the experimental radii of the Ag-NWs measured by SEM. The data 
are fitted using two Gaussian functions. In Fig. 4(b) the length distri
bution, also measured by SEM, is shown. Due to the high aspect ratio of 
the used nanowires, the lengths of the nanowires strongly dominate the 
network connectivity and the percolation threshold, while the exact 
thickness distribution of nanowires is not significant for the network. 
Atmospheric plasma etching, however, has a direct impact on the 
nanowires as shown earlier in the previous section. It can be assumed 
that the durability of a single nanowire during plasma treatment cor
relates strongly with its thickness. We, therefore, adopt a simplified 
model for simulating the electrical resistance of Ag-NW networks that is 
based on the lifetime of the nanowires during plasma treatment as a 
function of their thickness. For this, a constant plasma etching rate REtch 
is given, which indicates the etched mass of silver per unit of time t and 
sample area ASample. In order to calculate the life time of a wire upon 
plasma etching, a critical wire radius is required, from which the wire is 
counted as no longer functional. For the following simulation, the crit
ical radii of all wires are assumed to be ri,crit = 0.5r0,i according to a 
critical mass of mi,crit = 0.25m0,i = 0.25ρπr2

0,i∙Li, where Li is the length 
of wire i and r0,i and m0,i are the radius and mass of wire i at the time t =

Fig. 4. (a) Radii of 83 Ag-NWs 
measured by SEM and represented as a 
histogram. The black solid line shows 
the sum of two Gaussian functions that 
were fitted to the data. (b) Length dis
tribution of 564 Ag-NWs measured by 

SEM. The data was fitted by y0 +

Aexp
(
− (ln(x/x0)∙1/width )2

)
(solid 

line). (c) Exemplary Monte Carlo simu
lated nanowire network with an effec
tive concentration of 11 µg cm− 2 and a 
sample size of (400 × 400) µm2. The 
nanowire lengths correspond to the 
length distribution shown in (b). (d) 
Translation of a nanowire network 
(blue) into a resistor network (gray). 
Every wire is a node (circles), and every 
nanowire junction is a tunnel resistor 
(black squares). (e) Normalized number 
of intact wires (blue) and nanowire 
junctions (red) during plasma treatment 
obtained from Monte Carlo simulations 
for an etching rate of 570 ng s− 1 cm− 2 

and Ag-NW concentration of 11 µg 
cm− 2. It is assumed that 28% of all wires 
are not affected by plasma etching. The 
number of intact wires as a function of 
plasma treatment time results directly 
from the radius distribution shown in 
(a). (f) Normalized resistance as a func
tion of plasma treatment time. The 

experimental data is shown in green and the simulated results are given in blue (n = 5). The dashed lines denote the three characteristic plasma treatment phases. An 
etching rate of 570 ng s− 1 cm− 2 was used with an effective Ag-NW concentration of 11 µg cm− 2.   
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0, respectively. We also assume that each unit length element of the 
wires in the network is etched at the same rate. The rate for etching an 
individual wire can therefore be expressed as REtch∙ASample∙LiL− 1

ges , where 
Lges is the sum of the lengths of all wires. This leads to Eq. (1), which 
determines the critical live time of wire i. 

ti,crit =
(mi,0 − mi,crit)∙Lges

REtch∙Li∙ASample
=

0.75ρπr2
0,i∙Lges

REtch∙ASample
(1) 

Fig. 4(c) shows an exemplary Monte Carlo nanowire sample with an 
effective nanowire concentration of 11 µg cm− 2 and a sample size of 
(400 × 400) µm2. The effective concentration of nanowires, which 
contribute to the final network, is lower than the experimentally used 
concentration due to side products and the effective distribution of the 
nanowires [16]. In the case of drop-cast nanowires on a silicon surface, 
the effective concentration was found to be by a factor of around 2.4 
lower than the experimental concentration. In addition to the nanowire 
lengths and concentration, the position and orientation of the nanowires 
are important parameters for defining a sample, as shown in Fig. 4(c). 
The positions are determined randomly within the size of the sample and 
the orientations are randomly distributed between − 90◦ and 90◦ in 
order to create an isotropic network. To determine the electrical 
network resistance, the nanowire networks have to be translated into 
resistor networks as illustrated in Fig. 4(d). For this, every wire is 
considered as a node and every wire junction presents a tunneling 
resistor with a unit resistance of rij = 1 [16]. The resistance of a resistor 
network between two nodes can now be calculated as shown by F.Y. Wu 
[16,66]. 

Fig. 4(e) shows the normalized number of wires that were stable to the 
atmospheric plasma and the number of tunnel junctions within the 
network as a function of the plasma etch time. The number of intact wires 
as function of time results directly from the thickness distribution shown 
in Fig. 4(a). The presented simulation was carried out with an effective 
Ag-NW concentration of 11 µg cm− 2, which corresponds to the used 
experimental concentration of 26 µg cm− 2. In order to model the residual 
conductance in phase III, we assume that 28% of all wires remain 
conductive. The corresponding change in network resistances of the 
Ag-NW sample upon atmospheric plasma treatment together with the 
experimental data are shown in Fig. 4(f). By fitting the simulation results 
to the experimental data, an etching rate of 570 ng s− 1 cm− 2 was found. 
For an exemplary nanowire with a mean radius of 100 nm and a mean 
length of 25 µm, this etching rate corresponds to 2.4 ∙ 109 atoms s− 1. The 
simulated resistances and its error bars result from five Monte Carlo 
simulations (n = 5). 

Overall, we can identify three characteristic phases as indicated by 
nearly linear slopes on a logarithmic scale outlining exponential growths 
of the resistance as a function of plasma treatment time as highlighted in 
Fig. 4f. The initial phase I with relatively small resistance changes 
lasting until 6 s and exhibits a typical slope of the order of Ω s− 1. In phase 
II the resistance change upon plasma pen treatment time is approxi
mately one order of magnitude larger than in phase I. Thus, in phase I 
and phase II it is possible to build a voltage divider with an exemplary 
voltage ratio of Uin:Uout = 3:2 after 10 s treatment. After 16 s of atmo
spheric plasma treatment (phase III), an extreme increase in resistance 
can be observed, leading to a nearly infinite resistance and subsequent 
breakdown and failure of the Ag-NW network for treatment times 
beyond 26 s. The theoretical data show a strong match with the exper
iment for the analyzed resistance of the Ag-NW networks. The ultra-fast 
fragmentation and degradation observed in the giant resistance with the 
longer treatment at time scale above 16 s is attributed to aggressive 
etching mechanism induced by the reactive oxygen species (ROS) 
generated by the plasma during the treatment. 

5. Conclusions 

The effect of atmospheric plasma treatment on the electrical and 

structural properties of highly conductive silver-nanowire (Ag-NW) 
networks as a function of treatment time was investigated. The results 
obtained provide a strong correlation between the changes in electrical 
resistance of the Ag-NW networks during plasma treatment and the se
lective oxidation of the Ag-NWs as well as the morphological network 
changes. Phase I (0 s to 6 s atmospheric plasma treatment) is charac
terized by the rounding of the pentagonal nanowires and by small and 
controlled changes in resistance. XPS and GIWAXS data confirm a pro
nounced evolution of silver oxide (Ag2O) in phase II (6 s to 16 s atmo
spheric plasma treatment), which is correlated with drastic but 
controllable resistance changes. Thus, phase I and II allow a controlled 
manipulation of the network resistance with an exponential dependence 
between resistance and atmospheric plasma treatment time with 
different rates of resistance change upon etching. After 16 s, phase III 
leads to an enhanced oxidation, fragmentation, and destruction of the 
Ag-NW network as validated by FESEM, XPS, GIWAXS and GISAXS. For 
the presented study, Ag-NWs were thoroughly washed before use lead
ing to a nearly ligand free suspension and correspondingly low re
sistances of the untreated samples. We, therefore, observe no decrease in 
resistance upon plasma treatment according to a removal of an isolating 
ligand shell. In contrast, we initiate a controlled oxidation of our wires 
and offer an alternative approach to manipulate the local resistance of 
Ag-NW networks at a controllable rate for technological applications 
such as sensors, transparent electrodes, and integrated circuits. We 
simulate the electrical properties of the investigated nanowire networks 
upon plasma etching by a Monte Carlo method resulting in a physical 
model explaining the dependence between network resistance, con
nectivity, and etching rate. 

Author contributions 

MS, LOA, TEG, SVR and MR designed the study and supervised the 
project. MB, LOA, and TEG fabricated the samples. MB, TEG, MS, MG, 
BG-L, LOA, SVR and MR conceived the experiment and facilitated the in 
situ conductivity setup. MB, LOA, MS, MG, and AC conducted the 
GIWAXS and GISAXS measurements. XPS measurements and data 
analysis were done by MN, IB and MM. SS, CN and LOA carried out 
FESEM studies on the samples. TEM studies and analysis were done by 
US, TD, and LK. MW and FF conducted FINE analysis. TEG conducted the 
Monte Carlo simulations. TEG, LOA and MR analyzed the data and wrote 
the manuscript. All authors contributed to the preparation of the 
manuscript. All authors have approved the final version of the 
manuscript. 

Funding 

This work was supported by the Deutsche Forschungsgemeinschaft 
(DFG, German Research Foundation; grant number MA2561/6-1) and 
the Helmholtz society through DESY. This work was funded by the 
BMBF via 05K19GU5. 

Declaration of Competing Interest 

The authors declare no competing financial or conflict of interest. 

Acknowledgements 

The authors would like to thank Jan Rubeck, Anca Ciobanu, Milena 
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Flexible and conductive silver-nanowire photopolymer composites are fabricated and studied under

mechanical strain. The initial resistances of the unstretched flexible composites are between 0.27 Ω mm−1

and 1.2 Ω mm−1 for silver-nanowire concentrations between 120 µg cm−2 and 40 µg cm−2. Stretching of

the samples leads to an increased resistance by a factor of between 72 for 120 µg cm−2 and 343 for 40 µg

cm−2 at elongations of 23%. In order to correlate network morphology and electrical properties, micro-

graphs are recorded during stretching. The Fiber Image Network Evaluation (FINE) algorithm determines

morphological silver-nanowire network properties under stretching. For unstretched and stretched

samples, an isotropic nanowire network is found with only small changes in fiber orientation. Monte-

Carlo simulations on 2D percolation networks of 1D conductive wires and the corresponding network re-

sistance due to tunneling of electrons at nanowire junctions confirm that the elastic polymer matrix under

strain exhibits forces in agreement with Hooke’s law. By variation of a critical force distribution the resis-

tance curves are accurately reproduced. This results in a model that is dominated by quantum-mechani-

cal tunneling at nanowire junctions explaining the electrical behavior and the sensitivity of nanowire-

composites with different filler concentrations under mechanical strain.

Introduction

Functional polymer composites have caught the attention of
materials science and industry due to their enormous versati-
lity for applications in e.g. medicine, electronics, and func-
tional printing.1–3 Conductive films are of great interest
because of their various electronic and optical applications in
solar cells and OLEDs.4–6 Silver-nanowire polymer composites
are a promising alternative to indium tin oxide. They offer a
scalable process for large scale, flexible, conductive materials,
as used in integrated photovoltaics, touch screens, and flexible
electronics.7–11 Furthermore, the embedding of metal nano-
particles in a printable polymer matrix enables a fabrication

process with a high design flexibility and allows rapid proto-
typing. Additive manufacturing of components has developed
over the last 25 years to be an important and innovative part of
the industrial process.12–14 As a matrix material, photopoly-
mers have tunable viscosities, are curable by illumination with
UV-light, and are well suited to create three dimensional struc-
tures via layer by layer additive manufacturing. For example, a
flexible silver-nanowire composite capacitor was built and
demonstrated recently.15 Due to the fact, that the matrix
material of the composite is exchangeable and tunable in e.g.
color, optical, and mechanical properties, the composites can
easily be tailored to their respective application.15 Bending
and stretching of silver nanowire composite electrodes have
been investigated from many different perspectives.16–22

Flexible electrodes as used in foldable touch displays are some
of the most demanding applications of these materials.

We have investigated flexible electrodes, which are based on
silver nanowires embedded in a flexible and photocurable
polymer matrix. In order to test their deformation and dura-
bility, we performed mechanical strain tests, in situ conduc-
tivity, and light microscopy measurements. The conductivity
measurements monitor the functionality of the films. By light
microscopy, the nanowire network morphology was observed.

†Electronic supplementary information (ESI) available: Analysis of light
microscopy images and Monte-Carlo simulated nanowire networks using the
FINE algorithm. See DOI: 10.1039/d0nr05734g
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In order to obtain quantitative information on the network
structure change upon stretching, the Fiber Image Network
Evaluation (FINE) algorithm was employed.23,24 Based on the
micrographs, the FINE algorithm determines the number of
fiber families, their amplitudes, mean orientation and dis-
persion, based on the cumulative angular orientation distri-
bution. Monte-Carlo simulations on the nanowire networks
and the corresponding network resistance confirm that the
elastic polymer matrix under strain exhibits forces acting on
the nanowire junctions in agreement with Hooke’s law. The
experimental data were reproduced by variation of a critical
force distribution leading to a model explaining the electrical
behavior of nanowire-composites with different concentrations
under mechanical strain.

Experimental part
Sample preparation

Ag NWs were synthesized as described in ref. 15. After the syn-
thesis, the Ag-NW suspension was washed successively twice
with isopropanol, twice with acetone and twice with isopro-
panol. After each washing step, the suspension was centri-
fuged at 2000 rpm for 10 min. The supernatant was removed
and replaced with fresh solvent. No further post-processing or
welding was carried out to ensure a flexible nanowire network.
The resulting Ag-NW isopropanol suspension was drop-casted
on a solvent-cleaned glass substrate using a 3 cm2 template.
The dried Ag-NW networks were coated with the liquid
polymer resin Flexible (Formlabs, USA) by using a doctor
blade, which was moved over the sample in a defined distance
to the glass substrate. The polymer layer with a thickness of
around 150 µm was cross-linked with a laser driven UV light
source EQ-99X (Energetiq, USA) for 100 s. Remaining resin was
removed after the curing process with isopropanol and
acetone. Finally, the samples were removed from the substrate.

Characterization and stretching

For scanning electron microscopy measurements, a commer-
cial field emission scanning electron microscope (FE-SEM
Zeiss, Germany) was used. For conductivity measurements a
DC voltage/current source GS200 (Yokogawa, Japan) and the
34401A 6 1

2 Digit Multimeter (Keysight, USA) were used. A con-
stant current of 0.6 mA was applied to the nanowire composite
samples and the voltage drop across the sample in stretching
direction was measured. This measurement mode allows the
measurement of line- and sheet resistances without the influ-
ence of the contact resistance. The resistance measurements
were carried out after each stretching step (3.3% relative
elongation). The time between each stretching step was
10 min. Light microscopy was carried out using a custom-
made microscope with a magnification of 50× consisting of
the infinity corrected 50× objective Plan Apo NA = 0.55
(Mitutoyo, Japan) in combination with the MT-40 accessory
tube lens (Mitutoyo, Japan), a color industrial camera DFK
37AUX264 (The Imaging Source, Germany), and a LED lamp

QTH10/M (Thorlabs, USA). The stretching-setup consists of an
aluminum base plate on which two single-axis translation
stages PT1/M (Thorlabs, USA) are mounted. Both have a travel
range of 25 mm with a translation of 0.5 mm per revolution.
Each stage is driven by a stepping motor 0.9-NEMA 17
(Nanotec, Germany). The stepping motors are controlled by a
closed-loop-stepping motor-controller SMCI33-2 (Nanotec,
Germany) with an encoder controlled guaranteed resolution of
2 µm.

Results and discussion

Fig. 1(a) shows the experiment. Flexible silver-nanowire (Ag-
NW) composite films were clamped in a stretching setup,
which is based on two linear translation stages motorized with
two stepper motors. Two isolating polyether ether ketone
(PEEK) base plates were mounted on top of the linear trans-
lation stages. The composite samples, behaving like thin
rubber like foils, are placed on the PEEK plates and clamped
on each site with a small polyimide plate, which contains two
gold electrodes. By doing so, the electrical conductivity of the
samples can be measured in a four-point geometry.

The samples consist of Ag-NW networks, which were
embedded in a flexible photopolymer matrix as described in
the Experimental section. The samples have a size of 12 mm ×
12 mm and a total thickness of 150 µm. The embedded nano-
wires extend up to 1 µm into the polymer matrix, resulting in a
conductive composite layer at the top site of the sample, which
is shown in Fig. 1(b). In Fig. 1(c) a SEM image of Ag NWs drop-
casted on a bare silicon wafer is shown. One can see how the
nanowire networks are formed and how the thinner wires are
flexibly above and below other wires. Nanoparticles (spheres,
triangles and plates) arise as marginal side products during
the synthesis. The Ag NWs were synthesized by a polyol route
and have a pentagonal cross section as discussed in detail in
ref. 15. The Ag-NW networks are produced by drop-casting of a
Ag-NW suspension on a clean and smooth substrate like
silicon or glass. Homogeneous networks of randomly orien-
tated nanowires are formed, which show high conductivities
even at small amounts of silver.15 This is a consequence of a
percolative process, which is determined by the high aspect
ratio of the used wires. Compared to composites of spherical
fillers, anisotropic sticklike fillers reach the percolation
threshold at a lower amount of the filler material, decreasing
with increasing aspect ratio (length/diameter).25–28

Furthermore, by using one-dimensional (1D) structures, con-
ductive pathways with a minimum number of terminations
can be obtained, which minimizes the influence of the tunnel-
ing resistance on the total resistance of the system. Therefore,
1D nano-structures with high aspect ratio are highly desirable
for the formation of conductive 2D films. In addition, the
small amount of necessary conductive filler material facilitates
the fabrication of transparent and conductive composites.15 In
order to fabricate the composites, the drop-casted networks
were coated with a photocurable resin. After curing the
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polymer layer with UV-light, the composite film can be
detached from the substrate and subsequently investigated in
our stretching setup. Fig. 1(d) shows three micrographs of a
Ag-NW composite film during stretching at different
elongations. The stretching direction is horizontal and the
width of the images corresponds to the relative lengthening of
the film during stretching.

In Fig. 2(a) the line resistance of three samples with nano-
wire concentrations of 40 µg cm−2, 80 µg cm−2, and 120 µg
cm−2 are shown. The line resistance was measured along the
stretching direction and the measured values were divided by
the length of the sample, respectively. The initial resistances of
the unstretched flexible composites are (0.269 ± 0.002) Ω

mm−1 for the 120 µg cm−2 sample, (0.387 ± 0.001) Ω mm−1 for
the 80 µg cm−2 sample, and (1.193 ± 0.002) Ω mm−1 for the
40 µg cm−2 sample. The samples were stretched stepwise. Each
stretching step corresponds to a relative elongation of 3.3%.
One can observe an increase in line resistance for samples
with lower Ag-NW concentrations. The increase in resistance
during stretching follows a sigmoidal shape with a higher rela-
tive increase for lower nanowire concentrations. All curves are
saturated after 20% stretching. Since optical measurements
require flat sample surfaces, pre-stretching of the samples by
3.3% elongation was necessary. In the following, we, therefore,
analyze all our data normalized to the pre-stretched value at
3.3% elongation. The line resistance upon stretching for the

Fig. 1 (a) Representation of the experimental setup. The sample is fixed and contacted with two circuit boards and stretched by two motorized
linear translation stages. A custom-made light microscope is installed above the sample. The inset shows the clamped sample in stretching mode.
Of the 12 mm × 12 mm samples, an area of 3 mm × 12 mm is stretched. (b) Sketch of Ag NWs, which are embedded in the polymer matrix. (c) SEM
image of drop-casted Ag NWs on a silicon wafer without polymer matrix. (d)–(f ) Excerpts from light microscopy images of a Ag-NW composite with
a Ag-NW concentration of 120 µg cm−2 for 3 exemplary stretching steps at 3%, 13%, and 23% elongation, respectively. The elongation is given in
relative units (distance of the translation stages after stretching divided by initial distance). The stretching direction is depicted as white arrows.

Fig. 2 (a) Line resistance in stretching direction as function of elongation of three samples with a Ag-NW concentration of 40 µg cm−2 (red), 80 µg
cm−2 (blue) and 120 µg cm−2 (green). The resistance measurements were carried out after each stretching step (3.3% relative elongation). The
dashed line is a sigmoidal guide to the eye. (b) Same experimental data shown in (a) normalized to the value of the pre-stretched sample at 3.3%
elongation. (c) Orientation index of the same samples shown in (a). The data was normalized to the value of the pre-stretched sample at 3.3%
stretching.
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samples shown in Fig. 2(a) normalized to the resistance value
at 3.3% are shown in Fig. 2(b). For the 120 µg cm−2 sample, an
increase by a factor of 72 after stretching by 23% elongation in
relation to the value of the pre-stretched sample at 3.3%
elongation was observed. A sample with a Ag-NW concen-
tration of 80 µg cm−2 shows an increase by a factor of 262 and
the resistance of the 40 µg cm−2 sample was increased by a
factor of 343.

For each stretching step, a light microscopy image was
recorded as shown in Fig. 1(d)–(f ). These images were analyzed
using an algorithm that determines the number of fiber
families, their amplitudes, mean orientation and dispersion,
based on the cumulative angular orientation distribution, the
FINE algorithm.23 The analysis clearly shows that the nanowire
networks consist of one isotropic fiber family (see ESI SI 1† for
details). Upon stretching, changes in the overall network mor-
phology are observed by the orientation index as shown in
Fig. 2(c).29 The orientation index represents the degree of fiber
orientation in the angular distribution function. A completely
isotropic distribution leads to a vanishing orientation index,
while a full alignment of the fibers yields an orientation index
of one.23,29 Samples with high concentrations (80 µg cm−2 and
120 µg cm−2) show no remarkable changes in orientation,
whereas for the 40 µg cm−2 sample a change in orientation
index by a factor of 4.5 was observed. However, no emerging
anisotropic fiber family could be found by the FINE algorithm
(see ESI†). The lower the concentration, the greater the impact
of individual changes and alignments within the network.
Overall, the orientation indices for all samples and all stretch-
ing conditions are small (≤0.1) and in the isotropic region.
From these results, it becomes clear that changes in network
morphology and mean fiber orientation are not the primary
effect leading to the observed drastic resistance changes of
several orders of magnitude depending on the Ag-NW
concentration.

When considering a percolation of randomly orientated 1D
wires, the position of the wires, their length, number and
orientation, as well as their length distribution are critical
parameters. The behavior of a percolation network during
stretching conditions can be calculated by a Monte-Carlo
simulation on the resistor network formed by overlapping
wires in a 2D network. In Fig. 3(a), a sample (350 µm ×
350 µm) with a typical length distribution corresponding to
the synthesized nanowires and a concentration of 10 µg cm−2

is shown. The orientation of the wires was chosen randomly
between −90° ≤ θi ≤ 90°, which results in an isotropic sample.
Intersections of the wires were found by using two criteria: if
the distance between the centers of two wires i and j is larger
than the sum of half the length of wire i and wire j (eqn (1)),
an intersection can be excluded. If eqn (1) is fulfilled, the dis-
tances Ai and Aj were calculated (see eqn (2) and Fig. 3(b)).25,26

If Ai ≤ Li/2 and Aj ≤ Lj/2, an intersection is found.

dij ¼ ½ðxi � xjÞ2 þ ðyi � yjÞ2�1=2

dij ,
Li
2
þ Lj

2

ð1Þ

Ai ¼ dij cosðθj þ γÞ= sinðθj � θiÞ
�� ��

Aj ¼ dij cosðθi þ γÞ= sinðθj � θiÞ
�� ��

γ ¼ arctan½ðyi � yjÞ=ðxi � xjÞ�
ð2Þ

Due to the fact, that the Ag NW itself is an excellent conduc-
tor, the tunneling junctions between the wires determine the
total resistance of the network. A sample consisting of N wires
(see Fig. 3(c)) can be considered as a resistor network with N
nodes and the quantum-mechanical tunneling resistance rij of
the resistor connecting nodes i and j (see Fig. 3(d)).30–33 For
the simulation all tunneling resistances rij of intersecting
wires were assumed to be equal to 1, resulting in a conduc-
tance of cij = rij

−1 = 1. The resistance between wires, which are
not intersecting, is infinity resulting in a conductance of 0.
With Vi being the electric potential at the i-th node and Ii
being the current flowing in the system at the i-th node,
Kirchhoff’s Law can be written as

L~V ¼~I ð3Þ
where L is the Laplace matrix as given in eqn (4):30

L ¼
c11 �c12 � � � �c1N
�c21 c22 � � � �c2N
..
. ..

. . .
. ..

.

�cN1 �cN2 . . . cNN

0
BBB@

1
CCCA: ð4Þ

According to the method presented by Wu et al.30 the resis-
tance of a resistor network between two nodes can be calcu-
lated by eqn (5), where ψi are the eigenvectors and λi are the
eigenvalues of L.30

Rαβ ¼
XN
i¼1

1
λi

ψ iα � ψ iβ

�� ��2 ð5Þ

Wires representing the contacts at the left and the right
side of the sample were assumed spanning the whole length of
the simulated width. Fig. 3(e) shows the resistance as a func-
tion of Ag-NW concentration. The concentration was deter-
mined by calculating the silver mass per square centimeter
using a mean wire diameter of 200 nm and a silver density of
10.49 g cm−3. The resistance shows an exponential depen-
dence on the concentration, as discussed in previous simu-
lations and experimental studies.15,16,34 The red solid line
depicts an exponential curve as guide to the eye. For an experi-
mental realization of a Ag-NW network, Ag-NW concentrations
of 40 µg cm−2–120 µg cm−2 were used. These experimental
concentrations are by a factor of about 4 higher than the
corresponding effective concentrations used for the simu-
lation. We have benchmarked the effective concentration
against the silver nanowire concentration observed in the
experimental micrographs. The effective concentration of
silver that contributes to a conductive percolation network of
nanowires is lower due to side products (particles and rods,
see Fig. 1(c)) in the Ag-NW suspension used for the experi-
ments and its effective distribution in the composite.

In order to simulate the fiber morphology during stretching
of a composite material, one has to consider that the distances
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between the filler particles in the stretching direction become
larger, based on the assumption that the particles follow the
matrix. This aspect was simulated by changing the positions of
the wires according to the respective elongation. Thus, an
increase in resistance by a factor of between 2 and 2.5 was
reproducibly observed at an elongation of 23%, see Fig. 3(f )
for an exemplary sample with an effective concentration of
20 µg cm−2. In a second step, the impact of wire alignment
during stretching was investigated. For this purpose, the
x-component dx of the vector that describes a wire was
adapted in accordance with the respective elongation to dx̃ =
dx(1 + E[%]/100). The orientation angle of the wire θi was then
adapted by cos(θi) = dx̃/Li, where Li is the fixed length of a wire
i. With these assumptions, the simulation results, in contrast
to the experiment, in the formation of an anisotropic fiber
family upon stretching as analyzed by the FINE algorithm (see
ESI SI 2†). The initial, unstretched samples consist of a single
isotropic fiber family and have an orientation index of smaller
than 0.05. After stretching, an anisotropic fiber family with
orientation in stretching direction is formed, resulting in an
orientation index of around 0.5. Both, the isotropic and the an-

isotropic fiber families co-exist with equal amplitudes. The red
curve in Fig. 3(f ) represents a sample for which the stretching
conditions were simulated by the described changes in terms
of position and alignment. We can conclude, that an align-
ment of the wires in stretching direction does not lead to the
drastic resistance changes observed in the experiment.
Furthermore, the findings obtained from the microscopy
images clearly show, that the simulated alignments are much
higher than the observed alignments in the experiment.

The force F used to stretch an elastic polymer matrix can be
described by Hooke’s law F = k·Δx, where k is a constant factor
characteristic for the elastic polymer matrix and Δx is the
elongation. This force acts on the nanowire tunneling junc-
tions yielding a strong dependence of the resistance on the
quantum-mechanical tunneling matrix element. In order to
explain the drastic increase in resistance during stretching
observed in the experiments, a critical force at which the indi-
vidual junctions break and disconnect was introduced imply-
ing that the tunneling matrix element becomes infinitesimal
small. Considering two wires with the x-positions (x is stretch-
ing direction) x0i and x0j before stretching and the positions

Fig. 3 (a) Exemplary two-dimensional nanowire network with a size of 350 µm × 350 µm and a concentration of 10 µg cm−2. The wires have
random angles and positions. The lengths of the wires follow the length distributions that was determined by the analysis of SEM images of real
samples. (b) Geometrical quantities, which were used in eqn (1) and (2) to check whether two wires i and j are intersecting. (c) Network of 14 wires
and 2 contact wires. The resistance will be calculated between the contact wires 1 and 16. (d) Resistor network corresponding to the network shown
in (b). Every node (numbered) represents a wire and every resistor (black squares) depict a wire-to-wire junction with the tunneling resistance rij. (e)
Simulated resistance as a function of nanowire concentration. Each datapoint is the average of 16 simulated samples with a size of 200 µm ×
200 µm. (f ) Resistance change during simulated stretching conditions based on morphological changes, for elongations between 0 and 23% and a
nanowire concentration of 20 µg cm−2. The wire positions were changed according to the changed sample dimensions during stretching. For the
red curve, an alignment of the wires was considered. (g) Simulation of the experimental data (circular points in cyan to dark blue) together with the
experimental data (yellow squares and red triangles). The curves were normalized to the resistance of the pre-stretched sample at 3.3% elongation.
The simulation parameters for the critical force distribution are kij(A) = 200 N nm−1, kij(B) = 300 N nm−1, kij(C) = 700 N nm−1, kij(D) = 50 000 N nm−1,
and pA = 75%, pB = 14%, pC = 4%, and pD = 7%. The simulated effective concentrations are 18 µg cm−2, 20 µg cm−2, 22 µg cm−2 and 30 µg cm−2. The
blue arrow depicts the direction of increasing concentration. (h) Number of tunneling junctions and amount of detached wires (wires without unda-
maged junctions to other wires) for the simulations shown in (g). The curves were fitted by y = y0 + Ax−1.3 (number of junctions) and y = y0 + B exp
(−αx) (disconnected wires).
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after stretching x1i and x1j , the acting force F is proportional to
the relative movement of the wires, or rather the distance
change F ∝ Δxij = |x1i − x1j | − |x0i − x0j |. The proportionality con-
stant is the force constant kij. The critical force for each nano-
wire tunneling junction should depend on the embedding
polymer matrix of the two intersecting nanowires. The top
nanowires at the surface of the sample are not completely
covered with polymer resulting in a weaker connection to the
matrix and the wires embedded in it. The simulated results
together with the experimental data for different concen-
trations are shown in Fig. 3(g). For the simulation shown in
Fig. 3(g), a force constant kij normalized to a critical distance
Δx = 1 nm from four junction classes A, B, C, and D with the
frequencies pA, pB, pC, and pD was assigned to each wire-wire
junction. They represent the critical forces required to break
the respective tunneling junction. The qualitative behavior of
the experimental data such as the increase in resistance and
the shape of the curves was successfully simulated with kij(A) =
200 N nm−1, kij(B) = 300 N nm−1, kij(C) = 700 N nm−1, kij(D) =
50 000 N nm−1, and pA = 75%, pB = 14%, pC = 4%, and pD = 7%
(see Fig. 3(g)). We can not only describe the shape of the resis-
tance curves upon stretching but also its change upon concen-
tration and stretching. The simulated networks consist of a
total number of wires between 4400 wires for the lowest con-
centration and 7350 wires for the highest concentration, result-
ing in an effective concentration between 18 µg cm−2 and
30 µg cm−2 and a number of tunneling junctions of the wires
between 21 700 and 60 500. The number of effectively func-
tional tunneling junctions as well as the normalized number
of completely disconnected wires with vanishing tunneling
probability (wires that no longer have undamaged connections
to other wires) for the simulations in Fig. 3(g) are shown in
Fig. 3(h). The number of tunneling junctions was fitted by y =
y0 + Ax−1.3 with the same decay constant of −1.3 for all nano-
wire concentrations. The variable x is the elongation. The
lower the nanowire concentration, the lower is the number of
junctions in the network resulting in a respective change in
offset y0 and amplitude A. The number of detached wires was
fitted by y = y0 + B exp(−αx), where y0 is a constant background
of 0.5 and x is the elongation. The amplitude B changes gradu-
ally from −0.6 for the lowest concentration to −0.55 for the
highest concentration. The decay constant α is also changing
from 0.055 for the lowest concentration to 0.025 for the
highest concentration.

These results demonstrate and explain the strong concen-
tration dependence and sensitivity of the investigated nano-
composite material under stretching conditions. The decrease
of the number of tunneling junctions in the network results in
an enhanced sensitivity towards mechanical strain. Even small
changes in the number of connections at high elongations
lead to large changes in resistance. The observed saturation in
the resistance curves can be explained by the existence of a
class of tunneling junctions with an infinitely high critical
force constant (class D), representing wire-wire connections,
which are well embedded in the polymer matrix and highly
durable. The lower the concentration, the lower is the number

of tunneling junctions of an individual wire to other wires,
which is a measure for the connectivity of the network. By
looking at the relative number of wires without undamaged
junctions to the nanowire network after 23% stretching, we
found a linear decrease of this number with increasing con-
centration. This linear decrease in connectivity leads to drastic
changes in the resistivity as shown in Fig. 3(g) and (e).

Conclusions

In conclusion, we have shown that the electrical behavior of
Ag-NW networks in flexible polymer composites can be con-
trolled by the Ag-NW concentration and lead to resistance
changes of up to three orders of magnitude upon stretching.
The samples were investigated by an integrated light
microscopy setup that allows to image the Ag-NW composite
during stretching. The micrographs were analyzed in terms of
changes in network morphology and fiber orientation.
Furthermore, we were able to model the composite conduc-
tance as a function of concentration and stretching by a
Monte-Carlo simulation that considers a resistor network con-
sisting of the resistances resulting from the tunneling junc-
tions between the wires. Moreover, we model and quantitively
reproduce the experimentally observed resistance changes
upon stretching by means of the interaction between the nano-
wire network and the polymer matrix. For this, Hooke’s Law
and a critical force distribution of the nanowire junctions
within the composite were derived.
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Abstract 

Highly flexible and conductive nano-composite materials are promising candidates for 

stretchable and flexible electronics. We report on the strain-resistance relation of a silver-

nanowire photopolymer composite during repetitive stretching. Resistance measurements 

reveal a gradual change of the hysteretic resistance curves towards a linear and non-hysteretic 

behavior. Furthermore, a decrease in resistance and an increase in electrical sensitivity to 

strain over the first five stretching cycles can be observed. Sensitivity gauge factors between 

10 and 500 at 23 % strain were found depending on the nanowire concentration and stretching 

cycle. We model the electrical behavior of the investigated silver nanowire composites upon 

repetitive stretching considering the strain induced changes in the local force distribution 

within the polymer matrix and the tunnel resistance between the nanowires by using a Monte 

Carlo method. 

 

Keywords: silver-nanowire composite, strain sensor, strain-resistance behavior, flexible electronics, functional printing, 

Monte Carlo simulation 

 

1. Introduction 

Flexible electronic devices are subject of recent research as 

they can be used in a wide spectrum of applications such as 

displays[1–3], piezoelectric generators[4], energy storage 

devices[5], in various fields like health care[6], and renewable 

energy[7]. The combination of flexible substrates like PDMS 

or PET with conducting/semiconducting nanomaterials such 

as silicon, graphene, or metallic nanotubes, -dots, and -wires 

is a promising way to manufacture flexible and conductive 

composites.[8,9] Silver-nanowire (Ag-NW) networks have 

proven to be a suitable conductive filler due to their excellent 

conductivity, high transparency, and potential to develop 

flexibility.[10,11] High aspect ratios are advantageous for a high 

network connectivity and a low percolation threshold and, 

therefore, enable 2D network properties even with a small 

amount of material.[12,13] A 3D printable polymer matrix 

enables functional additive manufacturing of these 

materials.[14] However, the resilience of elastomeric nanowire 
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polymer composites is still crucial for the later performance. 

The embedding of 2D nanowire networks in a polymer matrix 

leads to highly conductive and thin composite layers. For this 

purpose, the nanowires are usually applied from a suspension 

to an auxiliary substrate, then covered with a liquid polymer 

resin, and peeled off after curing.[15–17] In nanowire networks 

without post-treatment, the nanowire junctions remain flexible 

when stretched and the network conductivity recovers after the 

material has been relaxed.[18] During the wet-chemical and 

scalable Ag-NW synthesis, a stabilizing polymer ligand shell 

around the nanowires is created.[19] Thus, no direct contact 

between nanowires within the network can be achieved and 

the tunneling resistances between the nanowires dominate the 

network conductivity.[20] Great efforts have been made to 

produce modern strain sensors based on carbon nanotubes or 

metal nanowire composites with high sensitivity, 

biocompatibility, ease of manufacture, and high stability.[17,21–

27] The gauge factor (GF), which is defined as the slope of the 

change in electrical resistance or capacitance divided by the 

applied strain, is an often-used measure for the sensitivity of a 

strain sensor. Nano-composite based strain sensors exhibit 

GFs in a wide range. Typical Ag-NW PDMS composites have 

been reported to have tunable GFs in the range of 2-14.[17] In 

general, the GFs are controlled by the density of the used 

nanowire networks.[21] Crack-induced Ag-NW strain sensors 

with GFs of 30 at 100 % strain have been reported.[22] For zinc 

oxide (ZnO) nanowire polystyrene composites with 

nanobrush ZnO-NWs a GF of 116 has been found.[28] Ultra-

sensitive strain sensors with GFs > 1000 have been fabricated 

based on graphene thin film polymer composites.[29] 

In this article, we report on the strain-resistance 

performance of highly conductive, flexible and printable Ag-

NW photopolymer composites with different nanowire 

concentrations (40 µg cm-², 80 µg cm-², and 120 µg cm-²) 

under repetitive strain by using a customized stretching-setup. 

The composites consist of drop-casted Ag-NW networks, 

which are embedded in a flexible and printable polymer 

matrix.[14,20] Our composites show a gradual change of the 

hysteretic resistance curves to a linear dependence and an 

improved conductivity after 5 stretching cycles. GFs between 

10 and 500 at 23.33 % strain were found depending on the 

nanowire concentration. We model the strain-resistance 

behavior of the Ag-NW composites based on the local force 

distribution within the polymer matrix and the tunneling 

resistance between the nanowires by a Monte Carlo method. 

2. Materials and Methods 

Figure 1(a) shows a thin layer of Ag-NWs drop-casted on a 

silicon wafer forming a nanowire network with a 

concentration of around 50 µg cm-2. The Ag-NWs were 

synthesized via a polyol route and stored in isopropanol with 

a concentration of 2 g L-1.[14,19,20,30] By stepwise washing with 

acetone and isopropanol remaining educts, mainly 

polyvinylpyrrolidone (PVP), were removed from the 

nanowire reaction solution.[14,20] Initial sheet resistances of the 

drop-casted nanowire networks in the range of 10 – 15 Ω/sq at 

an optical transmission of 90 % have been obtained without 

further post-treatment.[14] Figure 1(b) shows nanowires of the 

same synthesis batch shown in (a) at a higher magnification. 

Networks are formed by nanowires laying above and below 

each other without welding or bonding between nanowires. 

This allows flexible sliding of the nanowires during stretching 

and a full recovering of the network resistance after 

relaxation.[18]  

 

Figure 1. Stretching of Ag-NW composite samples. (a) Scanning electron micrograph of Ag-NWs deposited on a silicon wafer 

(before coating with polymer, cNW ≈ 50 µg cm-2). (b) High magnification scanning electron micrograph of Ag-NWs deposited 

on a silicon wafer. (c) Cross-sectional schematic view on the composite samples. The samples exhibit a total thickness of 

around 150 µm with a 1 µm composite top layer. (d) Sketch of the stretching experiment. The sample is clamped by two 

electrodes for conductivity measurements. Uniaxial strain is applied by two stepper-motor driven translation stages. 
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The overall sample structure used in our experiments is shown 

in Figure 1(c). The nanowire suspension was first drop-casted 

on an auxiliary substrate like silicon or glass to create two-

dimensional nanowire networks. In a next step, these networks 

were coated with a liquid urethane-acrylate based 

photopolymer resin (Formlabs Flexible). A constant layer 

thickness was obtained by using a doctor blade, which was 

moved over the sample in a defined distance to the substrate. 

The polymer layer was cured by illumination with UV light 

(laser driven light source EQ-99X Energetiq) for 100 s and the 

sample was peeled off from the substrate resulting in a 

conductive composite top layer with a thickness of around 

1 µm. The total sample size was (12 x 12) mm2. More details 

are given in the supporting information (SI 1 and SI 2). The 

use of the flexible and 3D printable polymer matrix (Formlabs 

Flexible) enables functional printing of the investigated 

material as already demonstrated in [14] by printing a flexible 

Ag-NW capacitor. 

A sketch of the used stretching setup is illustrated in Figure 

1(d). The samples were clamped between the gold contacts of 

polyimide plates for conductivity measurements. The free-

standing sample area between the two clamps had a size of (3 

x 12) mm2. Uniaxial strain was applied to the sample by two 

encoder-controlled stepper-motors (0.9-NEMA 17, Nanotec) 

driving micrometer translation stages (PT1/M, Thorlabs). The 

composites were stretched uniformly from both sides in 

100 µm steps up to a maximum elongation of 23.33 %. 

Subsequently, the composites were relaxed in 100 µm steps 

back to the starting position (see SI 3). After each step the 

electrical resistance was measured (see SI 4 for details) by 

using a DC voltage/current source (GS200, Yokogawa Japan) 

and a digital multimeter (34401A 6 12, Keysight USA). A 

constant current of 0.6 mA was applied to the nanowire 

composite samples and the voltage drop across the sample in 

stretching direction was measured. 

For scanning electron microscopy measurements, a 

commercial field emission scanning electron microscope (FE-

SEM Zeiss, Germany) was used. 

3. Results 

3.1 Experimental Results 

Figure 2(a) shows the line resistances in stretching 

direction for five stretching cycles as a function of elongation 

for three samples with a nanowire concentration of 40 µg cm-

2, 80 µg cm-2, and 120 µg cm-2, respectively. The initial 

resistances of the investigated samples before stretching are 

0.9 Ω mm-1 (RSheet = 31.9 Ω sq-1) for a concentration of 

40 µg cm-2, 2.9 Ω mm-1 (RSheet = 67.4 Ω sq-1) at 80 µg cm-2, 

and 0.7 Ω mm-1 (RSheet = 21.7 Ω sq-1) at 120 µg cm-2. The 

deposition of the nanowires and, thus, the network formation 

is a stochastic process and the initial network resistances are 

distributed for different samples of the same concentration.[14] 

However, the qualitative behavior of the samples during 

stretching and relaxation was reproducible for more than 30 

individual samples. We, therefore, normalize the data to the 

resistance values of the pre-stretched samples at 6.66 % 

elongation of the first stretching cycle. The detailed shape of 

a single stretching curve of the same material has been 

analyzed and modelled in [20]. 

The inset in Figure 2(a) shows the first stretching cycle of 

the 80 µg cm-2 sample, which exhibits a hysteresis between 

the resistance curve upon stretching (dark blue) and relaxation 

(light blue), respectively. The solid lines depict sigmoidal fits 

to the data. In Figure 2(a), the hysteresis can also clearly be 

seen in the non-symmetrical shape of the resistance curves for 

all three concentrations in the first two stretching cycles. We 

observe a decrease in hysteresis for all samples as a function 

of stretching cycle up to the fifth cycle (see SI Table S1 and 

Figure S3 – S5), resulting in a symmetric stretching and 

relaxation after 4 cycles. Beside the decrease of the hysteresis 

width, the resistance values itself are decreasing 

systematically as a function of stretching. Figure 2(b) shows 

the resistances at 23.33 % strain depending on concentration 

normalized to the respective resistance of the pre-stretched 

samples at 6.66 % of the first cycle. Samples with a lower 

concentration show a higher sensitivity of the network and 

correspondingly a higher change in resistance upon stretching 

due to the lower network connectivity. The resistance recovers 

after a full relaxation for all three concentrations as shown in 

Figure 2(a).  

In Figure 2(c) the normalized line resistances as a function 

of elongation during the fifth stretching cycles of the three 

samples are shown. The data are normalized to the initial pre-

stretched line resistance at 6.66 % elongation of the first 

stretching cycle. During further stretching and relaxation a 

transition is observed, where the resistance changes are 

concentration dependent. In this so-called sensor region, the 

line resistance of each sample increases and decreases 

linearly. Their slopes increase with decreasing Ag-NW 

concentration. A measure for the sensitivity of a strain sensor 

is the Gauge Factor (GF), which is defined as 

𝐺𝐹 =
(𝑅 − 𝑅0)/𝑅0

(𝐿 − 𝐿0)/𝐿0

   , (1) 

where R and L denote the resistance and length of the strained 

sample and R0 and L0 are the resistance and length of the 

unstrained sample, respectively. Figure 2(d) shows the GF for 

the resistance and length at 23 % elongation in respect of the 

resistance and length at 6.66 % strain. The GF is increasing 

for all three samples as a function of stretching cycle, which 

is attributed to the stronger decrease in resistance at small 

elongations compared to the decrease in resistance at 23 % 

elongation. During the first stretching cycle, the GF scales 
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with the silver nanowire concentration linearly with an 

increased GF for lower network density. For additional 

stretching cycles, a clear cross-over between the high-

concentration sample (120 µg cm-2) and samples with lower 

concentration (40 µg cm-2 and 80 µg cm-2) can be observed. 

The high concentration sample has a GF of 7.8 for the sample 

in the first stretching cycle and 31 in the fifth cycle. However, 

the low-concentration samples (40 µg cm-2 and 80 µg cm-2) 

converge at cycle 4 with a mean GF of around 450. Thus, we 

can conclude that the composite resistance is decreasing over 

multiple stretching cycles. Their hysteretic behavior is 

reduced over the first five stretching cycles and the sensitivity 

is increased. 

 

3.2 Numerical Modeling 

In the following, the electrical properties of Ag-NW 

composites upon stretching are simulated by a Monte Carlo 

method. For this purpose, networks of randomly oriented 

nanowires (-90° ≤ θ ≥ 90°) with a random position (xi, yi) 

within a certain sample size and a length L according to the 

length distribution determined by SEM analysis (see [20]) are 

created as illustrated in Figure 3(a). In a next step, these 

networks are translated into resistor networks, where each 

nanowire is a node and each nanowire junction is a tunnel 

resistor with a normalized tunneling resistance of rij = 1, 

resulting in a conductance of cij = rij
-1 = 1 (see Figure 3(a)). 

The tunneling resistance between all wires, which are not 

intersecting, is infinity resulting in a conductance of zero.

 

Figure 2. (a) Normalized line resistance in stretching direction as a function of elongation for five stretching cycles. Three 

samples with Ag-NW concentrations of 40 µg cm-2 (green), 80 µm cm-2 (blue), and 120 µm cm-2 (red) are shown. The inset 

shows the line resistance during the first stretching (dark blue) and relaxation (light blue) of the sample with a nanowire 

concentration of 80 µg cm-2. (b) Amplitude (max. resistance) as a function of stretching cycle for the same samples shown in 

(a). (c) Normalized line resistance for the three samples during the fifth stretching cycle. Filled markers depict the data during 

stretching and blank markers represent the data during relaxation. Linear fits (solid lines) between 6.66 % strain and 23.33 % 

strain are used as guide to the eye. (d) Gauge factor as a function of stretching cycle for the three investigated nanowire 

concentrations. The gauge factor is defined as [(R23%-R6%)/R6%]/[(L23%-L6%)/L6%]. The solid lines represent linear fits to the 

data. 
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Since silver is an excellent conductor, the resistance of the 

nanowire itself can be neglected and accordingly the tunnel 

resistance between the nanowires dominate the network 

resistance. The network resistance of the random resistor 

network is calculated as demonstrated by Wu et al..[31] More 

detailed information on the simulation principle is given in [20]. 

 
 

Figure 3. (a) Illustration of Monte Carlo simulated Ag-NW networks. Nanowires with random positions, random orientations, 

and lengths randomly drawn from a given length distribution are forming a 2D network. Each nanowire junction ij represents 

a tunnel resistor as shown in the inset. (b) Local force constant histogram. Class I (87 %) represents the class of weak bonds 

within the polymer matrix (hydron bonds). Class II (13 %) is taken to be infinity representing chemical bonds. The mean force 

constant of class I is shifting to higher values as a function of stretching cycle (black arrow). (c) Resistance at 23.33 % strain 

normalized to the resistance value of the first stretching cycle at 6.66 % as a function of stretching cycle for different nanowire 

concentrations. The filled markers (red, blue, and green) depict the experimental data (see Figure 2(b)). Simulated results (n = 

8) are presented in gray for effective concentrations between 17 µg cm-2 and 40 µg cm-2 (see right axis). (d) Simulated 

normalized resistance as a function of elongation during stretching and relaxation, demonstrating the hysteretic behavior (see 

Figure 2(a) inset). (e) Normalized number of intersections within the simulated sample shown in (d). 

 

In order to model the change in network resistance upon 

stretching, the corresponding changes in network connectivity 

have to be considered. First, each individual nanowire junction 

of the initial Monte Carlo simulated network is identified. We 

consider a distribution of local force constants within the 

polymer matrix, determining the local elongation and, thus, 

the local shifting of the nanowires upon stretching. For two 

intersecting wires i and j with the positions 𝑥𝑖 and 𝑥𝑗, the local 

elongation Δ𝑥𝑙𝑜𝑐𝑎𝑙  at the nanowire junction is defined as the 

relative movement of the nanowires Δ𝑥𝑖𝑗 = |𝑥𝑖
1 − 𝑥𝑗

1| −

|𝑥𝑖
0 − 𝑥𝑗

0|. Here, 𝑥𝑖𝑗
0  is the initial x-position of the wires i and 

j, respectively, and 𝑥𝑖𝑗
1  is the respective x-position after 

stretching. In agreement with other publications, the cut-off 

distance for the tunnel current was taken to be 1 nm.[21,32,33] 

We assume two classes of local force constants: Class I is 

characterized by elastomeric polymer chains bonded 

physically by hydrogen and Van-der-Waals bonds. Class II 

represents short chain elements with less elasticity dominated 

mainly by chemical bonds between the chain elements and, 

therefore, exhibits a much higher local force constant. In order 

to simulate the network properties within the polymer matrix, 

the nanowire junctions are randomly assigned to the two force 
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constant classes. The higher the local force constant at a 

nanowire junction, the lower the local elongation following 

Hooke’s law Fglobal = klocal ∙ Δxlocal. As a consequence, 

nanowire junctions of class II remain intact over the complete 

stretching. This is the reason why the mean force constant of 

class II is set to infinity. Nanowire junctions of class I easily 

exceed the cut-off distance (Fglobal/klocal = Δxcrit = 1 nm) at a 

certain elongation making the network less connected and 

conductive. This approach allows a local mapping of the 

matrix force distribution on the scale of the nanowire network 

junctions. The lack of welded intersections leads to the 

elasticity of the network allowing us to assume a full recovery 

of nanowire junctions after relaxation, which agrees with the 

experimental data. In contrast to this, it is assumed that the 

polymer matrix ages upon stretching. Mechanical stress can 

lead to a rearrangement of physically bound polymer chains 

and, thus, to changes in the local force distribution.[34–36]  

The force constant distribution is illustrated in Figure 3(b). 

The mean force constants of the two classes, which were used 

for the simulation, are depicted as blue bars. The dashed line 

represents a possible force distribution in class I for the first 

stretching. A shift in the mean force constant with stretching 

cycle can be attributed to a rearrangement of polymer chains, 

in which strong bonds remain and weak bonds are 

energetically unfavorable and are changed during stretching. 

As can be seen in Figure 3(c), we can successfully model the 

concentration dependent resistance change as a function of 

cycle number and, therefore, the aging of the polymer matrix. 

The relative distribution of class I to class II was 87 % to 13 %. 

The mean force constants of class I normalized to the first 

cycle are 1.3 for the second cycle, 1.6 for the third cycle, 1.8 

for the 4th, and 2.0 for the 5th cycle. On the right axis, the 

effective nanowire concentrations used for the simulations are 

given. As shown in [20], the effective concentrations are by a 

factor of about 4 lower than the experimental concentrations. 

The different concentrations for experiment and simulation 

can be attributed to a small amount of side products like silver 

particles in the reaction solution, the effective distribution of 

the nanowires in the composites as well as a coffee ring at the 

edge of the auxiliary substrate after drop-casting of the Ag-

NW suspension. In Figure 3(d), we model the hysteretic 

resistance curve for a sample with an effective concentration 

of 22 µg cm-2, corresponding to the experimental 

concentration of 80 µg cm-2. We can model the hysteretic 

behavior after stretching by shifting the mean force constant 

of class I by a factor of 1.5 (see Figure 2(a)). This leads to the 

corresponding hysteretic number of intersections in the 

simulated network normalized to the number of intersections 

of the pre-stretched sample at 6.66 % strain as shown in Figure 

3(e). These results indicate an aging in the polymer matrix due 

to the weak physical bonds. This behavior explains the 

changes in both, the network properties upon repetitive 

stretching cycles and the hysteretic behavior. 

4. Discussion 

Stretching and relaxation of Ag-NW polymer composites 

affect their electrical properties depending on the Ag-NW 

concentration. This can mainly be attributed to the 

connectivity of the networks, since the nanowire junctions are 

the dominant resistors. The inter-connectivity, which we 

define as the mean number of junctions per nanowire, is 

therefore an important measure for the network resistance.[20] 

In order to understand the percolative properties of networks 

of 1D nano-structures, Monte Carlo methods have been used 

in many studies.[37–40] It is also known that the tunnel 

resistance at the nanowire junctions dominate the network 

resistance in most cases.[32,41] 

The comparison of our experimental data with other studies 

shows that both, the nanowire network and the polymer matrix 

have a major influence on the electrical behavior under 

mechanical stress.[15,16,21,42–46] The matrix material strongly 

interacts with the network during stretching, since it is the 

force-acting component. Many different mostly macroscopic 

models exist on the stress-strain behavior of polymers and the 

influence of nanofillers.[47,48] The model used in this work 

offers a combination of matrix and filler network properties, 

explaining the influence of the local force distribution within 

the polymer matrix upon stretching, which has a direct impact 

on the network inter-connectivity. The respective change in 

the force constant distribution as a function of the stretching 

cycle, therefore, depends on the properties of the matrix 

material. The 3D printable photo-resin used in this study 

enables the unique property that upon repetitive stretching the 

network resistance decreases and the electrical sensitivity to 

strain increases. Our results demonstrate prototypes for a 

tunable 3D printable strain sensor with tailored sensitivity. 

Furthermore, we are able to understand this behavior due to 

the combined properties of the Ag-NW composite under 

mechanical strain.  
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Functional Printing of Conductive 
Silver-Nanowire Photopolymer 
Composites
Tomke E. Glier   1, Lewis Akinsinde   1, Malwin Paufler1, Ferdinand Otto1, Maryam Hashemi1, 
Lukas Grote   1, Lukas Daams1, Gerd Neuber1, Benjamin Grimm-Lebsanft   1,  
Florian Biebl   1, Dieter Rukser   1, Milena Lippmann   2, Wiebke Ohm2, 
Matthias Schwartzkopf   2, Calvin J. Brett   2,3,4, Toru Matsuyama5,  
Stephan V. Roth   2,6 & Michael Rübhausen   1

We investigated the fabrication and functional behaviour of conductive silver-nanowire-polymer 
composites for prospective use in printing applications. Silver-nanowires with an aspect ratio of up to 
1000 were synthesized using the polyol route and embedded in a UV-curable and printable polymer 
matrix. Sheet resistances in the composites down to 13 Ω/sq at an optical transmission of about 90% 
were accomplished. The silver-nanowire composite morphology and network structure was investigated 
by electron microscopy, atomic force microscopy, profilometry, ellipsometry as well as surface sensitive 
X-ray scattering. By implementing different printing applications, we demonstrate that our silver 
nanowires can be used in different polymer composites. On the one hand, we used a tough composite 
for a 2D-printed film as top contact on a solar cell. On the other hand, a flexible composite was applied 
for a 3D-printed flexible capacitor.

Functional printing of films and additive manufacturing of components have developed over the last 25 years 
to be an important and innovative part of the industrial process1. From a scientific point of view, the limited 
physical properties of polymers used mainly for 3D printing represent one of the largest challenges2. For elec-
tronic applications, conductive layers with good printability are of key importance. Conductive polymers such 
as PEDOT:PSS have been used for conductive layers3–5. Functionalized composite resins are an important alter-
native as they are also photopolymers and therefore 3D-printable. In this case, the polymer matrix determines 
the structural and mechanical properties that can be tuned e.g. from tough to flexible. Composites of spherical 
nanoparticles have to overcome the tunnelling resistance when electrons move from one metallic nanoparticle 
to the next. Hence, previous approaches to establish resins with good conductivity based on spherical nanopar-
ticles suffer from problems of agglomeration and strong photon absorption at high nanoparticle concentrations. 
Therefore, they are often unsuitable for optical applications requiring transparent contacts6,7.

Nanowires offer an alternative approach, which circumvents the tunnelling resistance in the direction 
of the wire. Silver-nanowire (Ag-NW) electrodes can be realized by various routes, including printing and 
spray-coating8–11. Ag-NW composites offer a scalable process for large scale, flexible, conductive media, as used 
in e.g. integrated photovoltaics, touch screens, and flexible electronics12–19. The plasmonic effects of metallic nan-
oparticles and nanowires render them useful as advanced optoelectronic devices and biosensors20–25. The sheet 
resistances of spray-coated Ag-NW layers are between 10 Ω/sq and 30 Ω/sq at transparencies of around 90%10,26. 
Thus, they are potential candidates for replacing indium tin oxide in, for example, solar cells27. Due to their high 
aspect ratio, ordered arrangements are possible, leading to an anisotropic conductive behavior28,29. Furthermore, 
the development of flexible electronics based on silver nanowires is progressing30–34. Printable flexible Ag-NW 
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composites enable the fabrication of flexible electronic devices with complex geometric shapes, rapid proto-
typing, and high design flexibility due to additive manufacturing1,35. Therefore, we study photopolymer-based 
silver-nanowire composites. For characterization, we utilized grazing incidence small angle X-ray scattering 
(GISAXS), scanning electron microscopy (SEM), profilometry, optical transmission, electrical conductivity meas-
urements, energy dispersive X-ray spectroscopy (EDX), atomic force microscopy (AFM), and ellipsometry. By 
using a tough and a flexible polymer matrix, we demonstrate the application of our Ag-NW composites as a solar 
cell top contact and as a 3D-printed flexible capacitor.

Results and Discussion
We demonstrate the application of our Ag-NWs within a tough polymer matrix as transparent and conductive top 
contact in Fig. 1. Figure 1(a) shows the conductivities of the Ag-NW networks and the corresponding composites 
after photopolymerization. The samples were prepared by coating of an Ag-NW layer with 1,6-Hexanediol dia-
crylate (HDDA) based resin (see Supplementary Information S1.4) and curing with UV-light (see Supplementary 
Information S1.5). The HDDA-based polymer matrix has a resistance of above 1 MΩ. We synthesized the 
Ag-NWs via the polyol route36,37 resulting in nanowires with high aspect ratios (length/diameter) between 100 
and up to 1000. The influence of the polymer layer on the conductivity of the nanowire network is shown in 
Fig. 1(a). The Ag-NW network alone has a decreasing sheet resistance with increasing nanowire concentration 
from about 500 Ω/sq at 26 µg/cm2 down to 13 Ω/sq at 65 µg/cm2. The polymer deposition and cross-linking have a 
positive impact on the conductivity. It is known that resins compress during the curing procedure38,39. Shrinking 
of the polymer matrix presumably also compresses the nanowire network upon polymerization. This decreases 
the sheet resistance close to the critical nanowire concentration by a factor of about 2–5 as can be seen in Fig. 1(a). 
The impact of the compression decreases with increasing nanowire concentration from several 100% at 26 µg/cm2  
to a few percent at 65 µg/cm2. The reason is the already enhanced nanowire density resulting in higher conduc-
tivities at higher concentrations. Reducing the nanowire density leads also to a higher sensitivity on how the 
nanowires connect to form a conductive network (see Supplementary Fig. S9).

Figure 1.  Characterization and 2D printing of the tough Ag-NW-polymer composite. (a) Impact of the 
polymer crosslinking on the Ag-NW composite conductivity by comparing the sheet resistances of Ag-NW 
networks (black dots) and Ag-NW composites (red dots) for 3 different Ag-NW densities (26 µg/cm2, 39 µg/cm2 
and 65 µg/cm2). At high Ag-NW densities, the reproducibility of the measured sheet resistances is enhanced, 
but the impact of the polymer coating on the conductivity is reduced. (b) Transmission of visible to near 
infrared light through Ag-NWs and Ag-NW composites. Solid lines indicate pure polymer or Ag-NW films, 
whereas dashed lines indicate Ag-NW composites. The transmission is larger than 87% for all composites 
between 600 nm and 800 nm normalized to a bare glass substrate. The polymer coating decreases scattering 
and reflection at the glass interface resulting in an enhanced transmission compared to a bare glass slide. (c) 
Exemplary layer thickness and roughness of the produced polymer samples: pure polymer layer, Ag-NW 
(7 µg/cm2) composite and polymer-Ag-NW (22 µg/cm2)-polymer multilayer sample. Please note that layer 
thicknesses between 20–300 µm represent typical thicknesses in functional printing. The thickness to surface 
roughness ratio is >1000:1. (d) Photograph and optical microscopy image of a blank solar cell (monocrystalline, 
60010, Sol-Expert). A photocurrent I of 650 µA was measured during exposure with an Ulbricht sphere. (e–g) 
Photographs, optical microscopy images and measured photocurrents of coated solar cells ((e) Ag-NWs, (f) 
polymer, (g) composite).
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The transmission spectra of bare Ag-NW networks and Ag-NW composites in reference to a bare glass sub-
strate are shown in Fig. 1(b). At a nanowire concentration of 26 µg/cm2 of the composite, we find a transmission of 
94% at 700 nm and a sheet resistance of up to several 100 Ω/sq. At 65 µg/cm2 the transmission drops to about 90% 
and the sheet resistance decreases down to 13 Ω/sq. These results are compatible with previous studies40–43. Due 
to its intermediate refractive index, the bare polymer already enhances the transmission through the glass sub-
strate. As expected, we observe a reduced transmittance with increasing nanowire concentration. The relevance 
of optimizing the conductivities at relatively low nanowire concentrations, where the compressive effects of the 
composite are the largest, becomes apparent. This indicates the delicate interplay between the optimization of the 
polymer matrix and the Ag-NW network when an application is intended as a transparent top contact.

The typical layer thicknesses used in our study are in agreement with typical layer thicknesses used for func-
tional printing ranging between 20 and 300 µm. For optical applications, a control of the surface roughness is of 
high relevance. Figure 1(c) depicts the layer thickness and surface roughness as determined by profilometry of the 
polymer, the Ag-NW composite, and a multilayer structure. The latter serves as model for 3D-printed multilay-
ers, which places an Ag-NW layer between different polymer layers. Remarkably, the surface roughness is about 
110–160 nm for the Ag-NW composite materials, which is primarily determined by the roughness of the polymer. 
The thickness to surface roughness ratio is about 1000. Thus, we can expect reduced losses due to diffuse scatter-
ing effects. These results show that the composite Ag-NW-polymer materials can act as competitive materials for 
conducting and light-transparent electrodes.

In order to demonstrate an application of the composite as potential top contact we have printed a conductive 
Ag-NW composite film (26 µg/cm2) on top of a monocrystalline solar cell. For comparative purposes, we have 
also printed a bare polymer layer and a bare conductive Ag-NW-network. Figure 1(d–g) shows the blank solar cell 
(d), the Ag-NW coated solar cell (e), the polymer coated solar cell (f), and the solar cell coated with the Ag-NW 
composite (g) with their corresponding photocurrents under identical illumination conditions. The photocurrent 
decreases only slightly from the blank solar cell ((650 ± 3) µA) to the Ag-NW composite ((626 ± 3) µA). The com-
posite showed a better transmission than the pure Ag-NW layer due to better phase index matching according to 
Fig. 1(b). Overall, the use of an Ag-NW-polymer electrode on top of the solar cell resulted in a 4% decrease of the 
measured current. The sheet resistance in the particular configuration of the Ag-NW network was (75.2 ± 1.7) Ω/sq  
and of the Ag-NW composite was (63.0 ± 3.5) Ω/sq, also in agreement with Fig. 1(a).

In order to characterize the Ag-NW composites we apply grazing incidence small angle X-ray scattering 
(GISAXS). GISAXS enables the investigation of structural properties of the Ag-NW network embedded in the 
HDDA-based polymer matrix with statistical relevance. The results are summarized in Fig. 2 and the following 
samples were investigated: Ag-NWs (Fig. 2(a)), the Ag-NW composite (Fig. 2(b)), and the pure polymer layer 
(Fig. 2(c)). As reference substrate, a silicon wafer was used. The polymer pattern of Fig. 2(c) is essentially fea-
tureless. In Fig. 2(a) and (b) two intensity flares with an angle of around 36° to the vertical direction can be seen 
outlining a contribution from the Ag-NWs. Figure 2(g–i) depict horizontal cuts at different qz positions for the 
different samples (green polymer, blue Ag-NW network, and red Ag-NW composite, compare Fig. 2(a–c)) as 
indicated by the white lines in Fig. 2(a). A side maximum in the region 0.4–0.8 nm−1 occurs when a flare is present 
in the GISAXS pattern (labelled with an arrow in Fig. 2(g–i)). The shift corresponds to the facet angle of around 

Figure 2.  Two-dimensional (2D) GISAXS pattern from the samples. (a) Ag-NWs (58 µg/cm2). (b) Ag-NWs 
(7 µg/cm2) coated with UV-cured polymer layer. (c) Bare UV-cured polymer. Intensity scale bar is shown on the 
right side. Clear flares at 36° ± 2° (indicated by red lines) stemming from the facets of the pentagon morphology 
starting from the sample horizon are visible for (a,b). (d) Simulation of the key scattering features of Ag-NWs. 
(e) SEM image of Ag-NWs on a silicon substrate (Ag-NW density around 120 µg/cm2). (f) Sketch of the faceted 
Ag-NW (adapted from44,45). (g) Horizontal cuts of the intensity (I(qy,qz1 = 0.63 nm−1)), (h) I(qy,qz2 = 0.78 nm−1), 
(i) I(qy,qz3 = 0.96 nm−1). All cuts are normalized to the intensity at I(0,qz1,2,3) correspondingly. The colour code 
corresponds to (a–c).

107



4Scientific Reports |          (2019) 9:6465  | https://doi.org/10.1038/s41598-019-42841-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

36°. The polymer coating decreases the scattering contrast between the Ag-NWs and the surrounding medium, 
thus at higher qz the peak of the Ag-NW polymer composite appears smaller.

To understand the origin of the flares, Fig.  2(f ) depicts a sketch of the Ag-NW with pentagonal 
cross-section44,45. Ag-NWs, synthesized via the polyol method, exhibit a pentagonal structure. In the early state 
of the synthesis, five-fold twinned seeds are formed, which grow in <110> direction46. The pentagonal structure 
and fivefold twinned tip of our Ag-NWs were also verified by SEM studies (Fig. 2(e)). However, SEM studies 
are not applicable to the composite. The pentagonal morphology is confirmed by simulating the key features of 
the observed GISAXS pattern using the software IsGISAXS47 (for details of the modelling, see Supplementary 
Information S2.6), as shown in Fig. 2(d). The deduced angle of the intensity flares is 36° and compares well with 
the facets of the pentagonal morphology. Additionally, the enhancement of the diffuse scattering around the 
Yoneda peak (αc = 0.14° for Si) can also be reproduced.

The further development of the 2D functional printing into the third dimension is fairly straightforward and 
can be accomplished within a 3D printing process. A capacitor consisting of Ag-NWs and a flexible photopolymer 
(Flexible, Formlabs) was prepared in order to demonstrate the feasibility of our approach for 3D-printed flexible 
electronics. It also highlights the relevance of the polymer of composite for improving the functional properties 
of the printed object. In order to print the capacitor, six layers along the third dimension were used. A glass slide 
was coated with resin. The resin and the composite were illuminated and cured by using a combination of three 
proximity illumination patterns with an area of 10 × 10 mm2. The remaining uncured resin was washed off with 
acetone and isopropanol. An illustration of the cross-section and a photograph of the resulting capacitor with 
two conductive Ag-NW composite plates and a resin dielectric are shown in Fig. 3(a,b). In order to contact the 
capacitor two silver-lacquer contacts were applied. The produced capacitor is made up of two 5 × 5 mm2 Ag-NW 
layers with an Ag-NW density of about 100 µg/cm2. In Fig. 3(c) a photograph of our stripped off capacitor bent 
over a glass rod is shown in order to demonstrate its flexibility. A total layer thickness of the intermediate polymer 
layer of (210 ± 5) µm was found by optical microscopy. Figure 3(d) shows an optical microscopic cross-sectional 
view of the capacitor with Ag-NWs at the surface.

The capacitance was estimated according to Eq. (1), where ε0 is the vacuum permittivity, εr is the polymer 
permittivity, A is the area of the capacitor and d is the layer thickness of the intermediate polymer layer. The 
estimated capacitance is 5 pF taking the dielectric constant to about 4.5. In good agreement with the estimation, a 
capacitance of 7.0 and 7.5 pF was reproducibly measured at 1 kHz and at 100 kHz, respectively.

ε ε= ×C A
d (1)r0

Experimental Section
Synthesis.  We synthesized the Ag-NWs via the polyol route36,37. The used chemicals are listed in Table 1. 
Initially, an oil bath was heated up to 165 °C or 155 °C. In an unsealed vial, 6 mL of ethylene glycol (EG) was 
heated for 50 min in the oil bath and stirred at 600 rpm. In the meantime, 0.03 g silver nitrate (AgNO3) was added 
to 2 mL EG and polyvinylpyrrolidone (PVP) (0.03 g PVP 55000 + 0.06 g PVP 360000) was dissolved in 3 mL EG. 
After complete dissolution of the PVP, 3 µL copper(II) chloride (CuCl2) solution (c = 0.0519 mol/L containing 
CuCl2 ∙ 2H2O + 2 mL EG) was added to the PVP solution. After 50 min preheating, PVP in solution was added 
to the preheated EG and was heated further for 15 min. The solution was stirred at 600 rpm. The AgNO3 solution 
was injected into the reaction solution using a syringe pump (neMESYS, CETONI GmbH) and a flow rate of 
1.88 mL/h. No stirring was applied during the addition of AgNO3. The reaction was quenched with 16 °C water 
after 180 min (165 °C) or 235 min (155 °C). After synthesis, the Ag-NWs were washed consecutively three times 
with acetone and three times with isopropanol. The suspension was centrifuged at 200 rpm at 20 °C for 20 min 
each time.

Sample preparation.  For the sample preparation, cleaned substrates either of silicon or glass (see 
Supplementary Information S1.1) were used. Pure Ag-NW networks were fabricated by deposition of a drop 
of nanowire suspension in isopropyl alcohol leading to randomly orientated Ag-NWs forming a percolation 

Figure 3.  Flexible Ag-NW composite capacitor. (a) Illustration of the cross-section of the capacitor. (b) 
Photograph of a produced Ag-NW capacitor (10 × 10 mm2). The dashed white line depicts the position of 
the cross-section, which is presented in (a). (c) Photograph of the capacitor bent over a glass rod in order to 
demonstrate its flexibility. (d) Cross-sectional view of the lower part of the stripped off capacitor with Ag-NWs.
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network with a nanowire surface density between 6.5–120 µg/cm2 (see Supplementary Information S1.2). To 
fabricate the polymer films, 10 µL of a 1,6-Hexanediol diacrylate (HDDA) based resin (see Supplementary 
Information S1.4) or a flexible resin (Formlabs) was dropped on the surface of a cleaned substrate. The resin was 
cross-linked by illumination with a laser diode (λ = 405 nm, see Supplementary Information S1.5) for 10 min. The 
fabrication process of a composite sample combines the Ag-NW network and a polymer layer. Firstly, an Ag-NW 
network was produced. Secondly, the Ag-NWs were coated with resin, which was finally cured with UV-light. 
Multilayer structures were fabricated by a three-step process with an Ag-NW layer between two polymer layers. 
A summary of the composite materials and their key properties is given in the Supplementary Table S2.

Characterization methods.  For scanning electron microscopy measurements, a commercial field emis-
sion scanning electron microscopy (FE-SEM) equipment (Zeiss, Germany) was used (see Supplementary 
Information S2.1). Resistivity was determined in Van der Pauw48 geometry by utilizing a four probe measurement 
setup with DPP 105-M/V-Al-S positioners (CascadeMicrotech, USA) (see Supplementary Information S2.3). 
Transmission spectra were recorded with an Ulbricht sphere of calibrated spectral characteristics (DKD, 
Gigahertz Optik) coupled to a QE65000 spectrometer (Ocean optics, USA) in a spectral range between 400 nm 
and 900 nm. In order to measure the photocurrent of a coated solar cell, the same light source was used. A circular 
area with a diameter of approximately 5 mm was exposed with a power of about 20 mW/cm2, and the setup was 
sealed off from ambient light. The photocurrent was measured with a digital multimeter (Voltcraft, VC 850). 
Profilometry measurements were performed with a Dektak XT equipment (Bruker, USA). The capacitance of 
our flexible capacitor was experimentally determined with a programmable HM8118 LCR bridge (Rohde & 
Schwarz, Germany). GISAXS49–51 measurements were performed at the beamline P03 at PETRA III @ DESY52 
with a wavelength of 0.972 Å. The sample-to-detector distance (SDD) was SDD = (4990 ± 1) mm calibrated using 
silver behenate, and the beam size (horizontal × vertical) was 25 × 15 µm2. The polymer sample was measured at 
an SDD of (3600 ± 1) mm with a beam size of 30 × 36  µm2. For detection, a 2D Pilatus 1 M (Dectris Ltd.) detec-
tor was used (981 × 1043 pixels, pixel size 172 µm). The flight path between sample and detector was evacuated 
to reduce scattering. An incident angle of around 0.5° was chosen (see Supplementary Information S2.5). Data 
reduction was performed using the software package DPDAK53. Our methods were selected such that the nano-
wire network in functional polymer-Ag-NW composites can be studied towards its critical parameters, namely 
network interconnectivity, optical transmission, sheet resistance, as well as thickness, and roughness.

Conclusion
We have manufactured conductive silver-nanowire (Ag-NW) networks with use in functional printing. By apply-
ing two different polymers, we have fabricated composites with different properties that were tested for two spe-
cific applications. Firstly, we have optimized Ag-NW composites for use as transparent top contacts by tuning the 
Ag-NW concentration within a tough and transparent HDDA-based polymer matrix. We have accomplished a 
sheet resistance of 13 Ω/sq and a corresponding transmission at 700 nm of 90%. Secondly, we have used a flexi-
ble polymer matrix in the composite for a 3D-printed flexible capacitor. The capacity of around 7 pF agrees well 
with the estimated value of about 5 pF. Our characterization involves GISAXS, which enables the investigation 
of embedded nanostructures and interfaces with high statistical relevance. This shows that GISAXS can develop 
further to an excellent technique for the investigation of embedded nanostructures in 3D-printed and technically 
relevant films.

Data Availability
The data of this study are available within the article and its Supplementary Information.
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4 Experiments and Results

4.2 Quantum Confinement in 1D Nanostructures

studied by Surface Enhanced Raman Scattering

4.2.1 Introduction

Surface-enhanced Raman scattering (SERS) is an effect that occurs in a variety of sample
systems, with the common property of increasing the Raman intensity at an interface.
The origin of enhancement can be completely different. There are many studies following
SERS of single molecules[24, 208, 209] as well as SERS of solids[22, 210]. SERS describes the
enhancement of the often weak Raman cross-section, leading to an enhanced Raman signal,
which can be used for fingerprinting of single molecules and the observation of single
layer adsorbates on surfaces.[211, 212] SERS is of great interest in analytical chemistry and
biological physics, and is used, for example, in the sensing of molecules, medicine, and
forensics.[213] The first observation was made by Fleischmann et al. in 1974 investigating
pyridine deposited on rough silver electrodes.[214] According to today’s understanding,
there are two main routes of SERS: plasmonic enhancement and chemical SERS.[215, 216]

Both variants place special requirements on the respective SERS substrate. In chemical
SERS, charge transfer resonances between the molecule and a semiconductor or insulator
representing the substrate are used. This process is highly chemically selective, as electronic
transitions between occupied and unoccupied states take place. A high surface roughness
enables a maximum SERS active area. In this work, chemical SERS of 4-mercaptopyridine
on nanostructured zinc oxide microrod arrays is studied (section 4.2.2).[24] For plasmonic
SERS, metallic nanostructures are typically used. Here, the nanostructure size and shape
play a decisive role as surface plasmons of the SERS substrate enhance the excitation of
the Raman process. In section 4.2.3, plasmonic enhancement of the Raman intensity in
1D confined surface states of the topological insulator bismuth selenide is investigated.[22]

4.2.2 Chemical SERS of 4-Mercaptopyridine on Nanostructured

ZnO Micro-Rods

Experiment. Fig. 4.22 (a) represents the used sample system for chemical SERS in a
schematic view.[24, 217, 218] Zinc oxide (ZnO) micro-rods are arranged in 8 × 8 arrays (see
Fig. 4.22 (b)). Each square array has a size of (60 × 60) µm2. The micro-rods have an
inner nano-needle structure, which leads to a large surface roughness and a corresponding
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large SERS active area (see Fig. 4.22 (c)). The underlying substrate is silicon, covered with
a multilayer graphene layer. A SiO2 growth mask depicted in gray enable the patterned
growth.[217, 218] The outer diameter of the single microrods is 4 µm and their relative
height to the SiO2 layer is 5 µm. A monolayer of 4-mercaptopyridine (4-Mpy) molecules is
applied to the ZnO substrate by immersing the substrate into a solution of 4-Mpy. More
experimental details are given in Experimental Details 4.7.

Figure 4.22: (a) Sketch of the sample system. 4-mercaptopyridine (4-Mpy, orange) is adsorbed
on nanostructured ZnO micro-rod arrays (black). (b) SEM image of the SERS substrate at low
magnification. A pattern of regularly arranged micro-rod arrays can be seen. Each array has a
size of 60 µm × 60 µm consisting of 8 × 8 micro-rods. (c) High magnification SEM image of the
micro-rods, showing their internal nanostructured nature. Reprinted with permission from [24]

(Supporting Information). Copyright 2019 American Chemical Society.

Experimental Details 4.7.

ZnO micro-rod arrays. Zinc oxide (ZnO) SERS substrates made from nanostruc-
tured ZnO micro-rod arrays were obtained from J. Kim, N.-J. Kim, H. Kim, and S.
Yoon (Seoul).[217, 218] They have been grown on chemical vapor deposition (CVD)
graphene films through a catalyst-free CVD process. An silicon dioxide growth mask
was used to obtain position-controlled patterned micro-rod arrays.[217, 218] A mono-
layer of 4-mercaptopyridine (4-Mpy) molecules was applied to the ZnO substrate by
immersing the substrate into a solution of 4-Mpy in methanol (c= 10−4 M) for 2 h.
The sample was subsequently washed with deionized water.[24]

Raman measurements were carried out with different excitation wavelengths from the deep
UV (220 nm) to the visible (633 nm). The UT-3 spectrometer was used in macro-Raman
configuration (see section 3.1).[90] The laser spot at the sample had a diameter of around
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20 µm, illuminating a quarter of one micro-rod array. For the measurements, the laser
spot was positioned in the middle of a micro-rod array.

Results and Model. Exemplary Raman spectra of a monolayer of 4-Mpy adsorbed
on the nanostructured ZnO substrate for 8 excitation wavelength out of 15 covering the
UV and visible spectral range are presented in Fig. 4.23.[24] The raw Raman spectra are
corrected for the spectral response of the Raman spectrometer and normalized to the used
laser power and integration time. Since a monolayer of molecules is sampled, the obtained
Raman intensity directly corresponds to the Raman susceptibility, since no corrections
have to be made for the scattering volume. We observe the 4-Mpy ring-breathing mode
at around 1000 cm−1, marked by the gray dashed line.[219] Modes stemming from the
substrate are highlighted by blue dashed lines. The 4-Mpy breathing mode is clearly
enhanced at an excitation energy of around 5.14 eV (241 nm). Other modes from the
sample can be observed in the visible, but, in the UV, only get weakly enhanced, outlining
a mode selective enhancement of the chemical SERS effect.

Figure 4.23: (a) UV Raman spectra of a monolayer of 4-Mpy deposited on nanostructured ZnO
rods. Spectra are shown for four exemplarily laser energies in the deep UV range as indicated in
the figure (I)-(IV). The gray dashed line highlights the breathing mode of the pyridine ring at
around 1000 cm−1[219], which is strongest enhanced at 5.14 eV (241 nm). Blue dashed lines show
modes stemming from the substrate. (b) Raman spectra of a monolayer of 4-Mpy deposited on
ZnO rods for excitation energies covering the mid UV to visible spectral range. Reprinted with
permission from [24]. Copyright 2019 American Chemical Society.
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In order to understand the observed Raman intensity as a function of incidence laser energy,
we consider the resonant Raman process as a Four-Photon Greens Function following the
work of A. Kawabata[76] (see also section 2.2.1). Fig. 4.24 shows the respective Feynman
diagrams for the resonant Raman process. We illustrate two processes, as two major
electronic transitions are expected. The first is the transition from the valence band (VB)
from the ZnO to the lowest unoccupied molecular orbital (LUMO) of the 4-Mpy. The
second transition corresponds to crossing from the highest occupied molecular orbital
(HOMO) to the ZnO conduction band (CB). The combination of the sample molecule
with a chemical SERS substrate, in this study, enables the enhancement of the Raman
cross-section by cross transitions between molecule and semiconductor yielding resonances
in the spectral range used for resonant Raman spectroscopy.

Figure 4.24: Feynman diagrams representing the Four-Photon Greens Function for the resonant
SERS Raman process. Incident photons with frequency ωinc and wave vector ~kinc couple to
the electronic system via the p̂ · ~A matrix element depicted as square (see Eq. 2.37). Circles
denote the electron-vibration coupling constants. The molecular vibration is shown in the middle
of the diagram as wavy line and arrow. (a) shows the resonance in the UV corresponding
to the electronic transition between the HOMO and the CB. The dashed lines represent the
resonance frequencies. (b) represents the VIS resonance from the VB to the LUMO. Adapted
with permission from [24]. Copyright 2019 American Chemical Society.

As introduced in section 2.2.1 we use a semi-phenomenological model for calculating
the Raman response as a function of laser excitation energy. For this, we assume the
vibrational excitation to be independent of the electronic susceptibility and the coupling
constants to be real, constant, and independent of the momentum.[24] It follows for the
scattering intensity corrected to the scattering volume and for constant temperatures

I(ω,ωinc) =−Im(R̃(ω,ωinc)) =−Im(T 4
e g

2π0(ωinc)2D0) (4.8)

where Te is the photon-electron coupling via the p̂ · ~A matrix element, g is the electron-
vibration coupling constant, π0 is the polarization bubble, and D0 is the vibration
propagator.[24] D0 can be expressed by the phonon propagator as given in Eq. 2.39
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(see section 2.2.1). π0, the electronic susceptibility, can be expressed by a real (R(ωinc))
and imaginary part (ρ(ωinc)), which are plotted in Fig. 4.25. The polarization of the
electronic system can be understood as a collective excitation between the HOMO and CB,
and the VB and LUMO, respectively. The molecule represents discrete molecular states,
which are considered by a constant polarization C. For the VB and CB, we use the free
electron propagator as introduced in Eq. 2.36. This results in the following relationship
for the scattering intensity

I(ω,ωinc) =
∑
i

αi · [R2
i (ωinc) +ρ2

i (ωinc)] ·
2Γvibω

(ω2−ω2
0)2 + (2Γvibω)2 , (4.9)

with αi = T 4
e,i g

2
i C

2
i and Eq. 4.10 and 4.11 for the real and imaginary part of the polarization

bubble. The inverse electronic lifetime is denoted as Γe and also indicated in Fig. 4.25.[24]

R2(ωinc) =
(

(ωres−ωinc)
(ωinc−ωres)2 + Γ2

e

)2
(4.10)

ρ2(ωinc) =
(

Γe
(ωinc−ωres)2 + Γ2

e

)2
. (4.11)

Figure 4.25: Real (R2(ωinc), red) and imaginary part (ρ2(ωinc), blue) of the electronic polariz-
ability, and the sum of both parts (green) as a function of energy. The green curve represents
the resonance enhancement of the Raman susceptibility. Γe/}ωres was set to 0.02. Adapted with
permission from [24]. Copyright 2019 American Chemical Society.

The Raman susceptibility determined from the experiment as a function of incidence
photon energy is shown in Fig. 4.26 (a).[24] Strong fluorescence between 2.7 eV - 3.7 eV
superimposes the Raman signal leading to no reasonable data in this range. As expected, we
observe two main resonances, one in the visible and one the UV spectral range. Surprisingly,
the data show an additional sharp resonance in the UV, which peaks at around 400 meV
below the ZnO conduction band. We fitted our model (Eq. 4.9) to the data. The result is
represented as dashed line in Fig. 4.26 (a). The three resonance energies, determined from
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the fit, are at (5.152±0.0068) eV, (5.551±0.053) eV, and 2.435 eV. The visible resonance
is supported by literature.[217] Further fit parameters are listed in Tab. 4.1. An energy
model corresponding to our experimental findings is illustrated in Fig. 4.26 (b). The sharp
resonance with a damping of only 0.0967 eV located 400meV below the CB can be related
to an excitonic state. As shown by A. A. Mosquera et al., the bulk ZnO excitonic level
is shifted from 50meV below the CB to up to 400meV due to confinement within the
nanostructures.[42] This excitonic resonance surprises with its high intensity enhancement,
which is by a factor of 15 higher than the resonance in the visible. This knowledge leads
to new possibilities in optimization of the chemical SERS to detect single molecules or
molecule monolayers on ZnO substrates.

Figure 4.26: (a) Raman susceptibility derived from the experiment (black data points) together
with the fit corresponding to Eq. 4.9 (dashed line) as a function of excitation energy }ωinc. Three
resonances are observed and highlighted in red, green, and blue. The fit parameters are listed in
Tab. 4.1. (b) Energy model according to the experimental data presented in (a). The discrete
molecular energy level (left) and the VB and CB of the ZnO (right) are schematically shown. The
resonances observed in the Raman measurements are highlighted by red, green, and blue arrows.
Most importantly, we assign the UV resonance at 5.15 eV to an excitonic state 400meV below
the conduction band. Adapted with permission from [24]. Copyright 2019 American Chemical
Society.

Table 4.1: Fit parameters corresponding to Fig. 4.26 and Eq. 4.9. UV 1, UV 2, and Vis denote
the three observed resonances.

}ωres (eV) }Γe (eV) α̃

UV 1 5.152 ± 6.76×10−3 0.09667 ± 1.15×10−2 4.433×10−3 ± 0.487×10−3

UV 2 5.551 ± 53.1 ×10−3 0.2500 7.046×10−3 ± 0.565×10−3

Vis 2.435 0.09282 ± 1.16 1.636×10−3 ± 8.92×10−3
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4.2.3 Topological Insulator Nanowires

Bismuth selenide (Bi2Se3) is one of the most frequently studied 3D topological insulators
(TIs) with a single Dirac cone at the Γ-point (see section 2.1.3). Bi2Se3 crystallizes in a
rhombohedral crystal structure that grows in multiples of so-called quintuple layers of
alternating Bi and Se layers (see Fig. 4.27 (b)).[220, 66] For crystals of Bi2Se3 with 3D and
2D geometry (thin films, nanoflakes), surface states with spin polarized linear dispersion
branches are observed.[34] The confinement of a TI into a 1D cylinder, however, results in
a band gap opening and splitting of the surface state band structure into sub-bands with
spin degeneration (see section 2.1.3). The opened band gap is inversely proportional to
the wire diameter.[59] The cross-over from a 2D to a 1D geometry of the TI crystal results
in a Spin Berry Phase induced by the curved surface (see also section 2.1.3).[61] This cross
over is investigated in the following by means of micro-focus Raman scattering on single
Bi2Se3 nanowires with diameters ranging from 40 nm to 400 nm.

Experiment. Bi2Se3 nanowires are synthesized based on a vapour liquid solid (VLS)
method by using a two-zone tube furnace. Details are given in the Supporting Information
of Ref. [22]. The nanowires are grown on silicon <100> substrates, and are single crystalline
with a growth direction of [11-20] as determined by transmission electron microscopy
(TEM).[22] We further observe an amorphous oxide shell with a thickness of 1-2 nm around
the nanowires, protecting the TI surface states. The amorphous shell can clearly be seen
in Fig. 4.27 (c) and is investigated in detail in the Supporting Information of Ref. [22].
The diameters of the synthesized and investigated nanowires range from 40 nm to 400 nm.
Their quintuple layer stacking is schematically shown in Fig. 4.27 (b).

The nanowires are studied by Raman spectroscopy using the UT-3 spectrometer as well
as the custom-made micro-Raman setup (see section 3.1). The micro-Raman spot size of
around 540 nm enables ultra-high local resolution and an optimized sample to substrate
ratio in the obtained Raman spectra. For the measurements, the spot was positioned on
the nanowires by using the integrated light microscope (see section 3.1 and Fig. 4.27 (a)
and (b)). In order to avoid sample damage due to heating of the wires, scanning along
the wire axis is employed by using a piezo stage. The nanowires are aligned parallel to
the polarization of the incident laser. An incidence laser energy of 2.33 eV (532 nm) and a
power of 140 µW at the sample are used. In Fig. 4.27 (d) and (e) light microscopy images
taken with the integrated light microscope of two investigated wires with diameters of
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Figure 4.27: (a) Sketch of the conducted experiment. Bi2Se3 nanowires with different diameters
are studies by micro-Raman spectroscopy. The laser spot is focused on the wire using a microscope
objective (see also section 3.1). Two permanent magnets are used to apply a constant magnetic
field along the wire axis. (b) Experiment configuration showing the quintuple layer stacking
within the Bi2Se3 crystal. The probe laser has a wavelength of 532 nm and a spot width (FWHM)
of (544 ± 13) nm. (c) HRTEM image of an exemplary nanowire with a diameter of 42 nm
along the [11-20] direction. The quintuple layer stacking with a spacing of 0.95 nm can be
seen. (d) Light microscope image of the 411 nm wire together with the laser spot (green). (e)
Light microscopy image of the 73 nm wire together with the laser spot. (f) SEM image of an
exemplary wire (316 nm diameter). (g) AFM measurements showing the cross sections of the
wires exemplary shown for a 80 nm and a 140 nm wire. The shape can be approximated by circles.
Figure adapted from [22].

411 nm and 73 nm together with the green laser spot are shown. An SEM image of an
exemplary Bi2Se3 nanowire is also presented in Fig. 4.27 (f). The wires appear circular,
which is also indicated by the AFM measurements as shown in Fig. 4.27 (g).

Results. Fig. 4.28 summarizes the Raman results as a function of wire diameter. In
Fig. 4.28 (a) the Raman spectra for 8 nanowires with diameters between 42 nm and
411 nm are shown. The spectrum of a 2D Bi2Se3 nanoflake is shown for comparison. We
observe the E2

g and the A2
1g modes at Raman shifts of around 130 cm−1 and 170 cm−1,

respectively.[220, 66] The Raman spectrum obtained from the 411 nm wire and the 2D
nanoflake are comparable and can be considered as the 2D or bulk limit.

With decreasing wire diameter a clear decrease in mode intensity can be observed, which
can be attributed to the decrease in scattering volume. At 200 nm diameter, the Raman
signal completely vanishes. Surprisingly, the signal increases again with further decrease
in wire diameter. A maximum intensity at 60 nm diameter is observed. The difference
between the positions of the E2

g and the A2
1g modes on an energy scale are plotted in Fig.

4.28 (b) clearly indicating a shift of the modes to each other from a diameter of 100 nm to
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smaller wire diameters. Fig. 4.28 (c) and (d) show the intensities of the E2
g mode and the

A2
1g mode corrected by the scattering volume scaling with the square of the wire diameter,

normalized to the 411 nm wire. The enhancement of the Raman susceptibility clearly
peaks for the E2

g mode at 55 nm, which is also highlighted by a Lorentzian fit (dashed line).
For the A2

1g mode a Lorentzian with a maximum at 36 nm is plotted as guide to the eye.

Figure 4.28: (a) Raman spectra for 8 Bi2Se3 nanowires with diameters ranging from 42nm
to 411 nm and an exemplary 2D flake. Between 411 nm and 200 nm, the signal decreases with
decreasing diameter according to the decrease in scattering volume. From 100 nm, the signal
starts to increase again peaking at 60 nm diameter. (b) Difference in mode position of the E2

g
mode and the A2

1g mode as a function of wire diameter. The energy difference obtained from a
2D flake is depicted as dashed line. (c) Susceptibility enhancement for the E2

g mode as a function
of wire diameter. The mode intensities from (a) were normalized to the respective scattering
volume and the susceptibility of the 411 nm wire. A Lorentzian with its maximum at 55 nm is
fitted to the data. (d) Susceptibility enhancement for the A2

1g. A Lorentzian with maximum at
36 nm is used as guide to the eye. Figure taken from [22].

As outlined in section 2.2.1, the line-shape of phonon modes can be described either with
a Lorentzian or a Fano profile.[27] In the case of interaction of phonons with plasmonic
excitations for smaller wire diameters, one would expect the formation of an asymmetric
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Fano line-shape. For this reason, we carried out a line-shape analysis for the signals with
the highest intensities and fitted a simplified Fano profile[221] to the data, which is given as

I(ω)Fano = CFano
(q+ ε)2

(1 + ε2) , (4.12)

with ε= ω−ω0
Γ . q represents the Fano parameter, ω is the scattering frequency, ω0 is the

phonon frequency corresponding to the mode positions, and Γ denotes the phonon damping.
Two exemplary fits for the 411 nm and the 50 nm wires are shown in Fig. 4.29. The 411 nm
wire, which we define as the 2D limit, shows sharp and symmetric phonon modes. We
found Fano parameters of -67 and 109 for the E2

g mode and A2
1g mode, respectively. In the

limit of large Fano parameters, this indicates Lorentzian line-shapes for the 2D samples.
For the 1D wires (50 nm and 60 nm), we observe clear asymmetry in the E2

g mode resulting
in a decrease in Fano parameter down to -10.3 and -11.6. We further observe changes
in the phonon width and frequency, which is also expected from the phonon self-energy
corrections resulting from the interaction with plasmonic excitations.[27] All fit parameters
are listed in Tab. 4.2. Data with low intensity and accordingly high signal to noise ratio
allow no reasonable Fano fit which is the reason why we limit the line-shape analysis on
the spectra with high intensity. Please also note that we use a simplified Fano for this
analysis, which is aimed to give an indication on the existence of plasmonic excitations
within the TI surface states. A detailed analysis of the Fano line shape would require
high signal to noise ratio since the parameters CFano and q are coupled. In this study, the
signal to noise ratio is limited due to very small scattering volumes.

Table 4.2: Wire diameter and Fano fit parameters of the samples with the strongest signal.

Wire diameter (nm) E2
g mode fit parameters A2

1g mode fit parameters

411 nm (2D) q =−67.0±0.009 q = 109.3±0.005
ω = 125.3±0.005 cm−1 ω = 166.99±0.004 cm−1

Γ = 5.07±0.005 cm−1 Γ = 6.2±0.004 cm−1

60 nm (1D) q =−11.6±2.52 q = 140±286
ω = 127.04±0.24 cm−1 ω = 168.6±0.29 cm−1

Γ = 5.5±0.247 cm−1 Γ = 7.3±0.28 cm−1

50 nm (1D) q =−10.30±1.9 q = 156±338
ω = 126.27±0.23 cm−1 ω = 167.51±0.22 cm−1

Γ = 5.5±0.236 cm−1 Γ = 6.98±0.23 cm−1
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Figure 4.29: Raman intensity as a function of Raman shift for the 50 nm and the 411 nm wire.
The data are fitted by a simplified Fano profile (Eq. 4.12). The obtained Fano parameters q are
given in the figure. Figure taken from [22] (Supporting Information).

Discussion and Model. For the interpretation of the experimental data, we consider
the Raman process to be in the non-resonant limit and the coupling constants to be
enhanced by plasmons at the TI surface. Plasmonic SERS can enhance the Raman
response by factors of 102 to 109 if the Raman process takes place in the plasmon
resonance of metallic nanoparticles.[222] However, since the frequency of optical phonons
and the plasmon frequency of the TI are expected to differ by two orders of magnitude,
a non-resonant picture is reasonable for this experiment. Fig. 4.30 shows a Feynman
diagram representing the Four-Photon Greens Function[76] for a non-resonant phononic
Raman process as introduced in section 2.2.1.

Figure 4.30: Feynman diagram representing the Four-Photon Greens Function for a Raman
process in the non-resonant limit.

The incident photon with frequency ωinc and wave vector ~kinc couples to the electronic
system via the A2 matrix element (see Eq. 2.37). We consider a plasmonic excitation
leading to a local field enhancement. This is expressed by an enhanced coupling called
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A2
local, which we assume to be of the order of 10 A2.[22] For the plasmonic excitation, the

polarization bubble in Fig. 4.30 denotes the plasmon susceptibility, which can be written
as[26]

χPlas(R0) = 1
ω2− (2εk,m,r(R0))2 + 2i εk,m,r(R0)

τk

= χRe
Plas + i ·χIm

Plas, (4.13)

where R0 is the wire radius, and τk denotes the plasmonic tife time. εk,m,r is the electronic
dispersion relation, which has been introduced by Iorio and co-workers for TI cylinders
as[59]

εk,m,r(R0) =±C2
√
k2 + (1 + 2m−2r)2∆̃2(R0), (4.14)

with k being the momentum and m the sub-band index. r equals to the ratio between a
magnetic flux applied to the sample Φ and the quantum flux Φ0 = }/2e. ∆̃(R0) denotes
the electronic band gap, which is proportional to R−1

0 .[59]

∆̃(R0) = C1
C2

1
2R0

= α

d
(4.15)

C1 and C2 represent the inter-spin and inter-orbit couplings, respectively, which are
identical for exact particle-hole symmetry.[59] d= 2R0 is the wire diameter.

The coupling of the plasmonic excitation to a phonon excitation is considered by means of
a constant coupling constant g. Since a Raman probe at q ≈ 0 is utilized, we view the
process in the q = 0 limit. The phonon propagator can be descried by the following Greens
Function

χpho(ω) = 1
ω2−Ω2

0 + 2iΓ . (4.16)

From the Feynman diagram in Fig. 4.30 we get with a semi-phenomenological approach
(compare section 2.2.1)

I(ω,R0) =−Im[R̃(ω,R0)] =−Im
[(
A2

local
A2

)2
g

2
χ2

plas(R0) χpho

]
. (4.17)

In Fig. 4.31 (a), the square of the plasmonic susceptibility according to Eq. 4.13 corrected
by the scattering value scaling with R2

0 is plotted as a function of energy (ω in Raman shift).
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Figure 4.31: (a) Plasmon susceptibility χ2
plas(R0,ω) as a function of Raman shift for different

wire diameters between 40 nm and 80 nm. The Bi2Se3 E2
g mode and the A2

1g mode are marked as
dashed lines. (b) Calculated Raman intensity as a function of energy for different wire diameters
between 40 nm and 70 nm. The E2

g mode peaks at around 50 nm, whereas the A2
1g mode is most

enhanced for smaller diameters. Figure adapted from [22].

A plasmonic life time of 500 ps was estimated. For the dispersion relation εk,m,r(R0) (Eq.
4.14) m was set to 0 (first sub band), α was 0.866, and a finite momentum k = 0.0005Å−1

was used, which is compatible with the averaged photon momentum transferred to the
electrons along the wire axis.[22] The positions of the E2

g mode and the A2
1g mode are

marked on the same energy axis as dashed lines. This clearly indicates a maximum
plasmonic enhancement for the E2

g mode at a wire diameter of around 50 nm. For the
A2

1g mode, the plasmon energy matches the phonon energy for a wire diameter of less
than 40 nm (see also Fig. 4.32 (a)). The Raman intensity of the two phonon modes are
calculated in Fig. 4.32 (b) according to Eq. 4.17.

Figure 4.32: (a) Plasmon energy as a function of wire diameter. The curves are shown for
different magnetic flux ratios r. The critical value corresponds to r = 0.5. The phonon energies
of the E2

g mode and the A2
1g mode are marked by dashed lines. (b) Plasmon susceptibility as a

function of energy for a 50 nm diameter wire for different magnetic flux ratios. (c) Simulated
Raman spectra for a 60 nm wire for a magnetic flux ratio of 0 (blue) and 0.13 (red). Figure
adapted from [22].
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Fig. 4.32 (a) represents the dispersion relation εk,m,r(R0) for the first sub band (m= 0)
and finite momentum k = 0.0005Å−1 as a function of wire diameter. Curves for varying
magnetic flux ratio r between 0 and 0.5 are shown. The figure illustrates the sensitivity
of the electric dispersion relation to the magnetic flux, yielding a flat line for r = 0.5.
This value corresponds to the magnetic phase shift canceling the π-Berry phase of the
cylinder.[62, 63, 64] Dashed straight lines mark the phonon energies. For wire diameters
smaller than 100 nm, the electronic band gap opens, and the phonons interacting with
surface plasmon excitations get enhanced. This SERS effect is completely quenched for
r = 0.5. For further illustration, χ2

Plas(R0) is shown as a function of Raman shift for
different values of r in Fig. 4.32 (b) assuming a plasmon lifetime of 500 ps. The dashed
lines depict the positions of the Raman modes observed in the experiment. The calculated
Raman modes for a magnetic flux ratio of r = 0 compared to r = 0.13 are presented in Fig.
4.32 (c) for an exemplary nanowire diameter of 60 nm.

Figure 4.33: (a) Exemplary Raman spectra (50 nm wire) representing the fitting of two
Lorentzians to the data. The fit parameters are given in the figure. (b) Obtained Raman
susceptibility enhancement (see also Fig. 4.28 (c) and (d)) together with the calculation (solid
line) as a function of wire diameter. (c) Raman intensity of a 62 nm diameter wire without
magnetic field (blue), with magnetic field in wire direction (80mT) (red), and again without
magnetic field (green). Figure adapted from [22].

In order to fit the Raman spectra, which, to some extent, exhibit low intensity due to very
small scattering volumes, Lorentzians are fitted to the data (compare Fig. 4.29 for a Fano
analysis). Fig. 4.33 (a) shows an exemplary fit of two Lorentzians to the Raman spectrum
for the 50 nm diameter wire. The fit parameters are given in the figure. In Fig. 4.33 (b)
the susceptibility enhancements (see also Fig. 4.28 (c) and (d)) are shown together with
the calculation (solid line) for m= 0 and r = 0. Our simplified model is in good agreement
with the experimental data. Finally, the quenching of the SERS signal by the application
of a magnetic flux along the wire axis is presented in Fig. 4.33 (c). The measurement has
been conducted on a nanowire with a diameter of 62 nm, representing a diameter in the
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range of maximum plasmonic enhancement. The Raman spectrum of the sample without
magnetic field is shown in the first row (blue). In a next step, a magnetic field of 80mT
corresponding to a magnetic flux ratio of r ≈ 0.23 was applied by using two permanent
magnets (see Fig. 4.27 (a)). With this, the Raman signal completely disappears within
the noise (red). The magnets have been removed in a third step resulting in a recovery of
the Raman signal in a third measurement (green). A similar result has been obtained for
a nanowire with a diameter of 90 nm (r ≈ 0.45).[22] This experiments proof the existence
of a non-trivial spin-Berry phase within the topological insulator surface states of the 1D
nanowires, which is compensated by magnetic flux as theoretically predicted.[59, 62, 63, 64]

4.2.4 Summary

Two main effects of quantum confinement in 1D nanostructures were studied by surface
enhanced Raman scattering (SERS). Chemically selective SERS of 4-mercaptopyridine
(4-Mpy) deposited on nanostructured zinc oxide (ZnO) substrates was observed showing
resonances for excitation energies in the visible (2.43 eV) and in the UV (5.15 eV and
5.55 eV). The resonances can be attributed to the cross transitions from the ZnO valence
band to the 4-Mpy lowest unoccupied molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) to the conduction band, respectively. A sharp resonance was
found in the UV, which is located 400meV below the ZnO conduction band corresponding
to an excitonic state in the quantum confined ZnO and which is by a factor of 15 stronger
than the resonance in the visible. The Raman susceptibility enhancements as a function
of excitation energy were modeled by a semi-phenomenological model based on a Four-
Photon Greens Function method. Chemical SERS represents a route for detecting very
few amounts of molecules. The results presented here show new opportunities for the
optimization of molecule detection in the UV.

The investigation of Bi2Se3 topological insulator nanowires as a function of wire diameter
by micro-Raman spectroscopy revealed confinement of the quasi-relativistic surface states
on the curved nanowire surface leading to a Spin-Berry phase. We observe plasmonic
enhancements of the Bi2Se3 Raman signal at the cross-over from the 2D limit to the 1D
geometry at nanowire diameters of 100 nm, as well as the quenching of the SERS due to a
magnetic flux along the wire axis. The maximum susceptibility enhancement of a factor of
53 compared to the 2D limit was measured for a wire diameter of 50 nm. The key features
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of the experiment were successfully modeled by the coupling between spin-polarized 1D
plasmons of the TI with phonons.

In conclusion, one-dimensional nanostructures as examined in this thesis, lead us to
investigate the consequences of anisotropy in nanosciences and nanotechnology. The
formation of conductive networks under different conditions was discussed in section 4.1.
In addition, surface effects such as the confinement of topological insulator surface states
in a cylinder are of essential importance for the characterization of 1D nanostructures.
Overall, it becomes clear that the applicability of individual nanowires can be completely
different depending on their composition, arrangement and environment. In addition,
it is of great importance to find suitable experimental characterization methods. The
high aspect ratios of nanowires do not make this easy, as the observable sizes are in
different orders of magnitude. This leads to a wide range of experimental techniques in
the research community, which are presented in this work by (I) a Raman microscope with
diffraction-limited spot sizes of down to 200 nm - 300 nm to resolve the weak inelastic light
scattering signal of small scattering volumes and (II) the use of surface-sensitive X-ray
scattering to study random networks within a large sample area. Appropriate models
have been found that lead to physical pictures understanding the key properties of the
investigated systems.

The following publications are attached to this chapter:

(V) Kim, J. & Glier, T. E. et al. Quantum Confinement Induced Excitonic Mecha-
nism in Zinc-Oxide-Nanowalled Microrod Arrays for UV-Vis Surface-Enhanced Raman
Spectroscopy. Journal of Physical Chemistry C 2019, 123, 24957-24962.

(VI) Nweze, C. & Glier, T. E. et al. Quantum Confinement of the Spin-Berry Phase on
1D Topological Surfaces of Single Bi2Se3 Nanowires. Submitted to Nano Letters.

4.2.5 Outlook

Surface enhanced Raman scattering has great potential to become a substantial part
in sensors for medicine, forensics, and analytical chemistry. Chemical selective SERS is
molecule specific, and, therefore, of high interest for chemical industry.

With regard to the fundamental research of the low-energy excitation spectrum of condensed
matter, SERS is also a seminal technique. Huge interest is attracted by the different
types of Dirac materials, from graphene to Weyl semi-metals, realizing quasi-relativistic
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electronic states within a crystal lattice. The manipulation of the topological insulator
surface states by geometrical confinement and external fields was outlined in this thesis by
means of Bi2Se3 nanowires. 2D Bi2Se3 nanoflakes represent a suitable system for studying
the thickness dependency of a 3D topological insulator in a 2D geometry with two opposite
surfaces.[66, 220, 223] Local manipulation of the surface states by single metal nanoparticles
leading to local charge transfer and plasmonic effects will be of high interest.[224] Magnetic
nanoparticles also represent a promising way to manipulate the spin-polarized surface
states with a local magnetic field. The ultra-small diffraction limited spot sizes of the
presented Raman-microscope enable the investigation of local and nanoscale phenomena
in the low-energy excitation spectrum, as well as the interplay between excitations of the
electronic system with the crystal vibrations.
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ABSTRACT: We studied surface-enhanced Raman spectroscopy (SERS) in 4-
mercaptopyridine (4-Mpy) deposited on zinc oxide (ZnO) nanostructures, by using
resonance Raman scattering covering a range of incident photon energies from 1.7 to
5.7 eV. We investigated all primary routes of the energy-specific resonances that are
associated with the electronic transitions between the ZnO valence band (VB) to the
lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular
orbital (HOMO) to the ZnO conduction band (CB), respectively. Two resonances at
5.55 and 5.15 eV in the ultraviolet (UV) spectral range can be associated with
transitions into the CB and most importantly into an excitonic-related state below the
ZnO CB, respectively. The energy difference between the UV resonances is 0.4 eV corresponding to the excitonic binding
energy as a result of excitonic quantum confinement in the 10−20 nm thick ZnO nanowalls. The observed excitonic SERS
resonance enhancement of the ring-breathing mode of 4-Mpy is about 15 times stronger than for the VB resonance observed at
2.43 eV and free of luminescence background. Hence, we outline new pathways of improving the detectability of molecules by
chemical SERS due to tuning of the quantum confinement in the excitonic resonance enhancement.

■ INTRODUCTION

Since its first observation, surface-enhanced Raman scattering
(SERS) has been widely used to enhance the often relatively
weak Raman cross section.1−12 SERS has been a subject of
intense research in various disciplines such as nanoscale
physics, analytical chemistry, and biological physics.13−15 Very
importantly, its extremely high sensitivity makes it possible to
realize Raman fingerprinting of a single molecule.16 This makes
SERS a very attractive technique, which can be applied to
diverse areas including pharmacy, biological sciences, and
forensics.17,18 However, SERS involves light−matter inter-
action on a small scale, where quantum mechanical confine-
ment effects could be important.19 It is generally accepted that
there are two main pathways to apply SERS.
Plasmonic SERS involves surface plasmon resonances

yielding an electric field enhancement in metallic nanostruc-
tures of, e.g., silver and gold, leading to typical enhancement
factors (EF) of 106.7−9,20 The near-field enhancement is
strongly associated with the shape of the nanoparticles9 and
their geometric arrangement, leading to the strongest enhance-
ment when the gap between the nanostructure reaches

molecular dimensions.21 It is reported that the EF can reach
giant values as high as 1012 in some cases.13

The other pathway is associated with a resonance enhance-
ment mechanism. In general, this effect is the result of charge-
transfer resonances between a molecule and a semiconductor
or insulator. Since these resonances have to occur between
occupied and unoccupied states, they are chemically highly
selective, coining the term chemical SERS.22,23 This effect has
no specific constraints regarding the arrangement of the used
nanostructures. Here, the nanostructuring is known to enhance
the SERS active area.22−25 Moreover, since substrates for
chemical SERS are not metals, there is no intense heating of
the nanostructure due to light absorption during the Raman
measurements.26,27

There are two charge-transfer processes between a molecule
and a semiconductor that can lead to resonance Raman
enhancement. The first process is associated with transitions
between the valence band (VB) of the semiconductor and the
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lowest unoccupied molecular orbital (LUMO). The second
process occurs between the highest occupied molecular orbital
(HOMO) and the conduction band (CB) of the semi-
conductor. Moreover, it is known that particularly sharp in-gap
excitonic states show strong resonance Raman enhance-
ments,28 making them prime candidates for enhancing the
chemical SERS effect. Excitonic states are also subject to many
interesting design options to change their properties that
relate, e.g., to doping, to the size of the nanostructure,
especially quantum confinement, and to external parameters
such as temperature.29

Within this Article we report on the nature of the expected
charge-transfer resonances between a molecule and a nano-
structured semiconductor substrate in chemical SERS. For the
case of 4-mercaptopyridine (4-Mpy) on zinc oxide (ZnO) one
would expect the VB to LUMO resonance in the visible, which
is commonly used in many studies25 and the HOMO to CB
resonance in the deep ultraviolet spectral range, which has not
been utilized before. Most importantly, we identify a novel
contribution to the UV resonance that can be tracked down to
excitonic states. These states can be tuned by the thickness of
the ZnO. Due to quantum confinement in the 10−20 nm thick
ZnO nanowalls the expected exciton binding energy is shifted
from 50 meV in the bulk to 400 meV below the band gap, as
also seen in photoluminescence spectra.30 In order to study all
resonance pathways, we utilize a unique resonance Raman
setup that is equipped with a fully reflective parabolic entrance
objective and a broad range of 15 different laser energies
covering the visible to UV spectral range.31−33

■ EXPERIMENTAL METHODS
For the nanostructured ZnO SERS substrates, position-
controlled ZnO microrod structures with nanowalls inside
were grown on chemical vapor deposition (CVD) graphene
films through the catalyst-free CVD process. We obtained ZnO
nanowall growth selectivity by depositing an SiO2 growth mask
on the graphene films. The SiO2 growth masks were prepared
by plasma-enhanced CVD (PECVD). Dimensional parameters
including the height and diameter of the obtained microrods
can be controlled by modifying the lithographic pattern mask
or varying the growth parameters of the catalyst-free CVD
process. In this work, highly oriented and ordered ZnO
mircrorods with an outer diameter of 4 μm and a height of 5
μm were typically employed. The detailed process for growing
ZnO nanostructures is described in previous reports.23,34,35

For molecule deposition, we immersed the substrates in a 4-
Mpy molecular solution (c = 10−4 M in methanol) for 2 h and
subsequently washed the samples with deionized water.
Raman measurements in the UV and visible spectral range

were obtained by the UT-3 Raman spectrometer,31 which is
equipped with a fully reflective custom-made entrance
objective allowing an all achromatic focusing of light in the
studied spectral range. A Tsunami Ti:sapphire laser system,
model 3950-X1BB (Spectra Physics Lasers Inc., California),
which was pumped with a green Millennia Pro Xs 10sJS diode
laser (Spectra Physics Lasers Inc., California) was used as
primary laser source. The fundamental laser line was frequency
doubled, tripled, or quadrupled with second harmonic
generation, third harmonic generation or fourth harmonic
generation (Spectra Physics Lasers Inc., California), respec-
tively. The pulse width of the laser was monitored with an auto
correlator (APE GmbH, Berlin) and around 1.7 ps. A gray
filter unit enables power reduction of the laser. The laser beam

was widened with a spatial filter and then focused on the
sample by the main parabola of the objective also collecting the
backscattered Raman signal. Measurements at 532 nm were
carried out by using a green CW Millennia laser.
For Raman measurement in the visible, we used two

additional setups. Measurements at 488 nm (diode laser) and
532 nm (diode-pumped solid state (DPSS) laser) were carried
out by using a McPherson 207 spectrometer equipped with a
nitrogen-cooled charge-coupled-device (CCD) array detector.
A LabRam HREvo 800 spectrometer and a helium−neon laser
were used for the 632.8 nm measurement. The excitation
power was less than 0.2 mW to avoid laser heating.
The raw Raman spectra were corrected for the spectral

response of the Raman spectrometer and normalized to the
used laser power and integration time,31 yielding the Raman
susceptibility. The measured intensity of 4-Mpy deposited on
ZnO-rods directly represents the Raman susceptibility since a
monolayer of molecules was measured.

■ RESULTS AND DISCUSSION
Figure 1 shows measured corrected Raman intensities (see
Experimental Methods for details) of a monolayer of 4-Mpy

adsorbed on nanostructured ZnO-rods for eight exemplarily
selected excitation energies out of 15 from 1.96 to 5.64 eV.
These excitation energies cover both expected resonances from
the molecular HOMO level to the semiconductor CB (deep
ultraviolet (UV) spectral range) and the semiconductor VB to
the molecular LUMO (visible). In Figure 1a we can observe
that the 4-Mpy ring-breathing mode at around
1000 cm−1 23,36,37 is strongly enhanced when tuning the
incident photon energy from 4.96 to 5.14 eV, showing an
extremely sharp resonance directly below the CB minimum. At

Figure 1. (a) Raman spectra of a monolayer of 4-Mpy deposited on
nanostructured ZnO rods for four exemplarily laser energies in the
deep UV range between 5.64 eV (220 nm) and 4.96 eV (250 nm).
Around 1000 cm−1, the breathing mode of the pyridine ring can be
observed. The maximum measured Raman response of this mode was
reached at 5.14 eV (241 nm). Other modes only get weakly enhanced,
outlining the mode selective enhancement of the chemical SERS
effect. (b) Raman spectra of a monolayer of 4-Mpy deposited on ZnO
rods for excitation energies covering the mid UV to visible spectral
range, i.e., of 3.76 eV (I), 2.54 eV (II), 2.44 eV (III), and 1.96 eV
(IV). At 3.76 eV, no 4-Mpy mode can be observed, but at 2.54, 2.33,
and 1.96 eV, it can be observed.
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even higher incident photon energies up to 5.64 eV, we still
find a substantial resonance enhancement of this mode due to
transitions into the continuous CB states. In Figure 1b
resonance of the ring-breathing mode in the visible can be
observed. At 3.76 eV (330 nm), i.e., in the mid UV, no 4-Mpy
mode can be detected, while the ZnO mode is resonant
according to the expected VB-CB transition close to 3.4 eV
(see also Figure 3).30 However, concomitantly with the
proximity to this interband transition, we observe enhanced
fluorescence making Raman measurements between 330 and
488 nm very difficult or even impossible. At 488 nm we can
already observe the 4-Mpy modes, which get slightly further
enhanced toward 532 nm and then again strongly suppressed
at 633 and 704 nm (not shown). Therefore, the maximum
Raman response of the ring-breathing mode in the visible can
be estimated to be around 2.4 eV. Note that the visible and the
UV resonance have different mode-selective couplings since for
the UV the coupling to the molecular vibration occurs through
the molecular HOMO, whereas the visible resonance occurs
through the molecular LUMO. When comparing Figure 1a,b
one can also observe a significant line width broadening in the
UV, which is attributed to the difference in coupling between
HOMO and LUMO states, respectively. It is also noteworthy
to mention that the measurements in the UV are highly
reproducible due to the lack of any fluorescence backgrounds.
In order to discuss the resonance Raman effect that is
responsible for the chemical SERS effect, we utilize a simplified
Feynman diagram approach of Kawabata.38

The Feynman diagram in Figure 2 illustrates the resonant
Raman scattering process due to molecular vibrations. For the
UV resonance shown in Figure 2a, the light couples to
electrons via the p Â ·1 matrix element of a photon with energy
ℏωinc and momentum ℏkinc, exciting an electron from the 4-
Mpy HOMO to levels near the ZnO CB. The holes of the
HOMO in turn couple mode selectively to molecular
vibrations. After recombination of the electrons with the
holes in the HOMO, photons with ωsc and ksc are emitted.
Equivalently, Figure 2b shows the transition of electrons from
the VB to the LUMO, which also couple mode selectively to
the molecular vibrations of 4-Mpy. The resonance energies are
determined by the transitions between HOMO and CB and
between VB and LUMO, respectively (see Figure 3b).
The measured intensity of the scattered light I(ω) is

proportional to the imaginary part of the Raman response
function R̃(ω). For resonance Raman scattering the response
function depends on the incidence photon energy ℏωinc. After
correction for the scattering volume and for a constant
temperature, we can calculate the scattering intensity as31

I R( , ) Im( ( , ))inc incω ω ω ω= − ̃ (1)

We can express eq 1 in terms of the Feynman diagram
representing the four-photon Green’s function, as shown in
Figure 2a,b as a resonant Raman response function.38 In order
to derive a simple expression for the modeling of our results,
the Feynman diagram can be approximated with the following
simplifying assumptions:

• The vibrational excitation itself is independent of the
electronic susceptibility requiring that the energy scales
of electronic degrees of freedom (a few eV) are
decoupled from the molecular vibrational degrees of
freedom (smaller than 0.1 eV).

• Couplings are constant, real, and independent of the
momentum.

Then, we can simplify the Feynman diagram to the following
expression

where Te is the photon−electron interaction, gep denotes the
electron−phonon coupling constant, D0 is the vibrational
excitation, and denotes the electronic polarizability. Since gep
represents the coupling between an electronic state and
molecular vibration, mode selective enhancement can be
induced by this factor. The vibrational excitation D0 with an
eigenfrequency of ω0 and a damping Γvib, consisting of an
imaginary part D0

Im and a real part D0
Re is given by eq 3. The

electronic polarizability consists of imaginary and real parts as
shown in eq 4, where ωinc is the frequency of the incident
photons.

D D D
1

2i
i0 2

0
2

vib
0
Re

0
Im

ω ω ω
=

− + Γ
= +

(3)

Figure 2. Feynman diagram illustrating the four-photon Green’s
function of the resonant Raman scattering process coupling electronic
states to vibrations. (a) shows the UV resonance occurring between
the molecular HOMO level and the semiconductor CB, whereas (b)
shows the visible resonance occurring between the semiconductor VB
and the molecular LUMO. Both resonances are denoted as dotted
lines. Squares depict the photon−electron interaction, where p Â ·1

denotes the matrix element that is linear in the vector potential A1.
Photons are represented by wavy lines. The electronic transitions
occur between occupied states (solid lines, HOMO, VB) and
unoccupied states (dashed lines, CB, LUMO). Circles represent the
coupling between electrons and the molecular vibration, which is
shown in the middle of the diagram as a wavy line with a rightward
arrow. (c) Representation of the squared real part R2(ω) (red) and
the squared imaginary part ρ2(ω) (blue) of the polarization as
expressed in eqs 4, 7a, and 7b. The sum of both parts shown in green
represents the resonance enhancement of the Raman susceptibility.
We have set Γe/ℏωres equal to 0.02.
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After substitution eqs 4 and 3 into eq 2 and calculating the
imaginary part to obtain the scattering intensity according to
eq 1, we find the following expression:

I T g R( , ) ( ) ( )

2
( ) (2 )

inc e
4

ep
2 2

inc
2

inc

vib
2

0
2 2

vib
2

ω ω ω ρ ω

ω
ω ω ω

= ·[ + ]·

Γ
− + Γ (5)

In order to find an expression for the polarization, we have
to understand it as a collective excitation between the HOMO
and CB, or VB and LUMO, respectively. In discrete molecular
states, the polarization is given by a constant Cmax. The general
form of the propagator in the CB or VB is given in eq 6, where
εk is the respective dispersion relation of electrons and holes in
the semiconductor, ωelec is the electronic energy, and δk
represents the electronic damping.

G k( , )
1

ik k
0 elec

elec
ω

ω ε δ
=

− +
1

(6)

The real part R(ωinc) and imaginary part ρ(ωinc) of the
polarization (see eq 4) can now be written as shown in eqs 7a
and 7b. From eq 6 we can derive that the maximum
contribution to the transition within the semiconductor occurs
at the top of the VB and the bottom of the CB. Note that with
the experimentally observed lifetime of the electronic states
and the small energy difference between ingoing and outgoing
resonances, as shown in Figure 2 as dotted lines cannot be
resolved. Hence, we set the resonance energy as simply EHOMO
− ECB,min = ℏωres (see also Figure 3b).

39 The inverse lifetime of
this electronic excitation is denoted as Γe. Figure 2c shows the
square of the real and imaginary parts of the electronic
susceptibility, R2(ωinc) and ρ2(ωinc), to which the phonon
couples, respectively. The sum of both parts yields the
resonance enhancement factor, R2(ωinc) + ρ2(ωinc). We use
this for fitting the resonance profile, as shown in Figure 3a. It is
interesting to observe that the enhancement gets significantly
widened by considering the real part of the electronic
susceptibility and that this is also generating the dominant
“off-resonance” contribution.

i
k
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In the case of several resonance levels, a simple super-
position of the Feynman diagram in Figure 2 leads after a
similar calculation to eq 8, where α̃i = Te,i

4gep,i
2Cmax,i

2.
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ω
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= ̃ ·[ + ]·

Γ
− + Γ (8)

Our model is in agreement with the approach by others
representing the effective resonance process as product of
electronic and vibrational wave functions.39,40

Figure 3a shows the results of our fit to the vibrational
intensities, i.e., the resonance Raman profile of the 4-Mpy ring-
breathing mode according to the resonance enhancement
factors in eq 8. As expected we observe two main resonances,
which we can attribute to transitions from the molecular
HOMO to the CB in the UV and from the semiconductor VB
to the molecular LUMO in the visible. Surprisingly, the UV
resonance consists of two contributions. The initial resonance
at 5.15 eV is very sharp and responsible for the strong
resonance enhancement observed at 5.14 eV in Figure 1a.
Above 5.25 eV we observe a shoulder with substantial
scattering intensity, as evidenced by the 5.64 eV measurement
in Figure 1a. The fit of these resonance levels shows that they
are split by about 400 meV. This corresponds in good
agreement to the energy difference between the CB and the
quantum confined excitonic state in 10−20 nm thick ZnO.30

As shown in Table 1, the excitonic state exhibits a long lifetime
resulting in a damping of only 0.0967 eV, leading to a
surprisingly sharp resonance. It is shifted from 50 meV to
about 400 meV below the band gap due to confinement effects
in thin films. In our case the internal structure of the
nanowalled microrods is about 10−20 nm, leading to an
enhanced binding energy and stabilization of the exciton.29,30

Since ZnO has a polar termination surface, one would expect
that the direct interface of ZnO is passivated by environmental
gases such as H2O and CO2 adsorbed directly after the
manufacturing process, which prevents the formation of hybrid
states with the adsorbed molecule.30

Thus, the sharp resonance enhancement in the deep UV is
dominated by the presence of an excitonic state induced by the

Figure 3. (a) SERS Raman susceptibility (intensity of the Raman
response of a 4-Mpy monolayer on ZnO rods) of the mode at 1000
cm−1 plotted against the excitation energy. We found a resonance at
2.43 eV and two further resonance levels in the ultraviolet spectral
range at 5.15 and 5.55 eV. The resonance profile was fitted by eq 8
(detailed information in the text). (b) Pictorial energy model of the
investigated system, outlining the observed resonances in (a) due to
the indicated optical transitions. The intrinsic resonance transition of
4-Mpy from HOMO to LUMO (4.1 eV) and the band gap of ZnO
(3.4 eV) are shown in violet.
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quantum confinement of the 10−20 nm thick ZnO. In the
visible the resonance is by a factor of 15 weaker and occurs due
to the transition between the semiconductor VB and molecular
LUMO without the involvement of any excitonic states. The
competing resonance phenomena are summarized in Figure
3b. The red arrow shows the transition at 2.43 eV between the
VB and the LUMO, whereas the green and blue arrows denote
the deep UV transitions from the HOMO to the excitonic
states and the CB. However, it is also clear that the deep UV
excitation energies are above the intrinsic “bulk” resonance
energies in 4-Mpy, specifically the HOMO to LUMO
transition. In Figure 3b the energy splitting of both the
molecular HOMO−LUMO levels that is expected to be
around 4.1 eV and the ZnO CB to VB splitting that is expected
to be around 3.4 eV are shown in violet.30 The mid UV
resonance enhancement of the ZnO modes can be exemplarily
seen in Figure 1b for the measurement at 3.76 eV. The
presence of intramolecular resonances and charge-transfer
resonances between molecule and semiconductor will modify
the nominal SERS enhancement factor. Details on the SERS
enhancement can be found in the Supporting Information.

■ CONCLUSION
We studied the SERS effect of 4-mercaptopyridine adsorbed
on an array of nanostructured zinc-oxide microrods by
resonance Raman spectroscopy in the ultraviolet and visible
spectral range. We described the observed resonances by using
a phenomenological model based on a four-photon Green’s
function calculation of the Raman intensity. Two resonances in
the UV at 5.15 and 5.55 eV as well as one resonance in the
visible at around 2.43 eV were observed. The strongest
resonance is found in the UV at 5.15 eV and results from
transitions into an excitonic-related state below the ZnO CB.
This excitonic resonance is the result of quantum confinement
effects in the 10−20 nm thick ZnO nanowalls and the signal
enhancement exceeds the visible resonance by a factor of 15.
Our results lead to a better detectability and new opportunities
to optimize the chemical SERS effect of molecules adsorbed on
semiconductor nanostructured rods.
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Topological insulators (TIs) exhibit unconventional quantum phases that can be tuned by external 

quantum confinements. The geometrical crossover from 2D to 1D in a TI results in a novel state 

with a Spin Berry Phase (SBP). We use Raman scattering on single crystalline Bi2Se3-TI nanowires 

to track the geometrical crossover from quasi 2D to quasi 1D. It is marked by the sudden 

appearance of plasmonic surface-enhanced Raman scattering (SERS) in nanowires below 100 nm 

diameter. A magnetic field applied along the wire axis results in a quenched SERS, providing clear 

evidence that spin-polarized plasmonic excitations of the SBP dominate the electronic excitation 

spectrum. 
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Topological insulators (TIs) exhibit Dirac cones, segments of nearly linear dispersion, where 

both dispersion branches have opposite spin orientation.1–3 The spin-polarized bands make TIs 

interesting candidates for many applications such as room-temperature spintronics, quantum 

computing, and thermoelectric generators.4 Experimental studies report on the investigation of 

electrical transport properties from nano-ribbons.5–11 TIs offer an exciting avenue to study physical 

anomalies and unconventional states in matter.6 In particular, geometric quantum confinement 

leads to exciting effects. For instance, morphing a 3D TI such a Bi2Se3 into a 1D cylinder leads to 

a splitting of the 2D conical Dirac band structure of the SS into 1D discrete subbands.12,13 As a 

consequence, 1D plasmonic bands are formed with gaps in the electronic excitation spectrum due 

to self-interference of the electronic wave functions around the cylinder perimeter. These gaps are 

inversely proportional to the wire diameter.12,14 Electronic bands of the TI are spin-polarized and 

consequently a Spin Berry Phase (SBP) is formed. The application of a magnetic field along the 

wire axis adds an additional phase shift to the electronic wave function yielding a high sensitivity 

to small magnetic fluxes and as a consequence the restoration of the Dirac cone for magnetic fields 

of the order of a single flux quantum.12,14,15 

In 3D TIs with planar geometry, such as 2D-flakes and thin films, optical studies of plasmons 

have provided a deep insight into their electronic structure.16–22 Raman scattering on TIs has 

revealed the thickness-dependent quantum confinement of phonons in Bi2Se3 flakes and thin 

films.20–23 Plasmonic excitations at surfaces can enhance the Raman scattering cross-section by 

surface-enhanced Raman scattering (SERS).24,25 Thus, Raman scattering is a powerful tool to study 

the low-energy excitation spectrum, which is determined by novel plasmonic states, and to 

understand the coupling between spin, charge, and lattice degrees of freedom in TIs. 

Low-energy 1D plasmonic excitations of TIs have an energy scale of the order of 10 meV.12,13 

Direct absorption measurements of the plasmonic excitations will fail, as these low energies 

correspond to electromagnetic wavelengths of more than 100 µm exceeding the nanowire diameter 

by far. In this letter, we report on the study of single nanowires in a diameter range suitable to 

study the geometrical crossover from 2D to 1D TI SS and provide evidence for the presence of a 

SBP in nanowires with a diameter below 100 nm. We have designed a micro-Raman setup26 that 

uses a circular diffraction limited spot with a diameter of (544 ± 13) nm within a magnetic field 

provided by two permanent magnets (Fig. 1(a) and (b), see SI 4). The heating of the wire even for 

powers of 140 µW from a 532 nm diode laser, was mitigated by scanning along the nanowire axis 

(see Fig. 1(a)). We have synthesized circular Bi2Se3 nanowires with lengths from 5 µm to 35 µm 

(see Fig. 1(d)-(f)) and diameters ranging from 22 nm to 800 nm (see SI 2). Bi2Se3 nanowires with 

diameters down to 42 nm together with the laser focus were observed in the custom-made optical 

microscope, enabling a precise control of the scanning procedure (see Fig. 1(d)). The cylindrical 

shape of the nanowires is demonstrated by scanning electron microscopy (SEM) and atomic force 

microscopy (AFM) images (Fig. 1(e) and (f), see SI 2). High-resolution transmission electron 
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microscopy (HRTEM) confirms the single crystallinity of the wires and a 1D wire growth 

perpendicular to c-axis direction along the [11-20] axis (Fig. 1(c)) in agreement with previous 

growth mechanisms.8,27 The wires exhibit an amorphous oxide shell as can be seen in Fig. 1(c), 

which is also evident in energy filtered TEM maps of the Oxygen-K edge (see lower inset and SI 

2). Energy-dispersive X-ray spectroscopy (EDX) studies shown in the SI (SI 2) support the 2:3 

(Bi:Se) stoichiometry. The wire, its quintuple layers, and orientation during the experiment are 

shown in Fig. 1(b) with the c-axis being perpendicular to the wire axis. We expect a Raman 

spectrum of phonons that is essentially comparable to that of a conventional 2D-flake of 

Bi2Se3.
23,28 Magneto-transport measurements on devices as shown in Fig. 1(g) obtained from a 

260 nm diameter wire reveal the presence of metallic SS. Weak anti-localization effects prove the 

strong spin-orbit coupling, which is prerequisite for the band inversion and the formation of Dirac-

like SS. The measurements show a magnetic field-dependent crossover between 2D- and 1D-

electrical transport in agreement with previous observations.29–31 From the transport measurements 

the Fermi vectors can be estimated to be kF = (1.24 ± 0.42) ∙ 10-2 Å-1 leading to an effective carrier 

concentration n = (kF)2/2π = 4.9 ∙ 1011 cm-2 in good agreement with the 2:3 stoichiometry. More 

details are given in SI 8.  

 

Figure 1. Experimental setup and sample characterization: (a) Sketch of the experimental Raman setup. A 

532 nm diode laser beam is focused on a single Bi2Se3 nanowire. The scan direction along the wire axis is 

shown (white arrow). A magnetic field can be applied along the wire axis. (b) Schematic illustration of the 

quintuple layers and the wire growth in relation to the Raman experiments. (c) HRTEM micrograph of a 

wire (42 nm diameter). The wire is viewed along [2-1-10] showing the quintuple layer stacking. The FFT 

shown in the upper inset reveals a growth direction of [11-20] orthogonal to the c-axis. The lower inset 

presents an exemplary EFTEM elemental map of the O-K edge at approx. 530 eV. (d) Microscopy image 

of a wire with 73 nm diameter and the laser spot (green). (e) SEM image of a 316 nm wire. (f) Cross-

sections as determined by AFM on wires with 80 nm and 140 nm diameter, respectively. The shapes are 

approximated by circles. (g) Device for transport measurements. The SEM image shows the 260 nm wire 

connected to the Cr contacts. 
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The results of the Raman measurements as a function of nanowire diameter are shown in Fig. 2. 

In Fig. 2(a) we observe the E2
g- and A2

1g-modes of the Bi2Se3 phonons characteristic for the 

structure building quintuple layers.32 The measurements of the 2D flake and the 411 nm nanowire 

show nearly identical phonon modes, which is in agreement with the stacking of the quintuple 

layers perpendicular to the wire elongation. The observed Raman intensity decreases proportional 

to the square of the wire diameter reflecting the decreased scattering volume. Finally, at around 

200 nm, the signal strength of the nanowires is lost. Four nanowires with diameters between 

180 nm and 225 nm were measured confirming this result. Surprisingly, the intensity of the Raman 

signal from wires smaller than 100 nm starts to increase again, peaking around 60 nm. This 

observation marks a clear crossover from a 2D to a 1D behaviour. In order to model the 

contributing phonons, the line shape can be described by Lorentz- or Fano-profiles.33–36 The details 

of the line shape analysis are given in SI 6. For the sake of clarity, we fit Lorentz-profiles to the 

phonons.  In Fig. 2(b) we plot the energy difference between the E2
g- and A2

1g-modes, which is 

reduced by about 0.3 meV as the wire diameter is decreased. The simultaneous changes in intensity 

and relative phonon position point clearly towards the interaction of the phonon with an electronic 

mode that is characteristic for a 1D confined TI (see SI 7). The intensities of the E2
g- and A2

1g-

modes divided by the square of the wire diameter and normalized to the susceptibility of the 

411 nm wire are plotted in Fig. 2(c) and (d). While the E2
g-mode intensity peaks at a wire diameter 

of 55 nm the A2
1g-modes intensity continues to rise indicating that the highest intensity of the A2

1g-

mode occurs below 40 nm. These results suggest a coupling of these phonons to an electronic low-

energy excitation with an excitation energy depending on the diameter of the wire.  

For circular 3D TIs, surface charges build up with decreasing wire diameter.12 The resulting 

electric field can couple to the photon field in Raman scattering. Surface enhanced Raman 

scattering (SERS) shows Raman enhancements between 102 and 109 in resonance with surface 

plasmons of metallic nanoparticles.24,25 Since the frequency of the optical photons and the 

frequency of the plasmons in TIs are expected to be different by two orders of magnitude, we adopt 

a non-resonant picture of the Raman process. This assumption is supported by the fact that the 

spectra in the 1D regime reveal the same contributing phonons that are present in the 2D limit, 

suggesting that a local field enhancement effect amplifies the conventional response. This 

mechanism is pictorially shown in Fig. 3(a). For 3D TI SS that are confined in 1D a photon excites 

plasmons and the phonons coupling to them get enhanced. In this context, the phonons act as low-

energy probe of the electronic excitation spectrum. The energies of the E2
g-mode and the A2

1g-

mode are 15.6 meV and 20.86 meV matching the expected energy scale of the plasmon in the 1D 

confined SS.12 The largest effect is expected when the energy of the plasmon matches the phonon 

energy. Note, the same plasmon that is responsible for the enhancement of the Raman process also 

interacts with the phonon so that we would expect changes in the phonon frequencies as observed 

in Fig. 2(b). As shown in SI 6, the Eg
2-mode exhibits a distinctive enhancement of the Fano-
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parameter at smaller NW diameter concomitantly with an enhanced width (broadening) and shift 

in mode frequency (hardening) clearly indicating the presence of a novel low-energy mode.33–35 

 

Figure 2. Experimental Raman data: (a) Raman spectra of Bi2Se3 nanowires with diameters from 411 nm 

to 42 nm, as well as from a Bi2Se3 flake with a thickness of 10 nm. (b) Energy difference between the E2
g- 

and the A2
1g-modes as function of wire diameter. The dashed line guides the eye. (c) Raman susceptibility 

of the E2
g-mode and (d) Raman susceptibility of the A2

1g-mode as function of wire diameter. Curves were 

normalized to their respective susceptibilities at 411 nm. A Lorentzian with a maximum at a wire diameter 

of 55 nm models the E2
g-mode susceptibility. (d) A Lorentzian with a maximum at 36 nm was added as 

guide to the eye. 

A novel quasi-particle excitation in an unconventional quantum state reveals itself by its 

dispersion relation. Experimentally, one would vary the momentum to probe the dispersion 

relation. However, the plasmonic dispersion relation depends strongly on the wire diameter. 

Therefore, our study on single nanowires as a function of wire diameter is suitable to track the 

dispersion of electronic excitations in the SBP. The dispersion relation of electronic states of a 1D 

cylinder in a magnetic field is given by12,37, 
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𝜀𝑘,𝑚,𝑟(𝑅0) = ±𝐶2√𝑘2 + (1 + 2𝑚 − 2𝑟)2 ∆̃2(𝑅0)   , (1) 

with a gap opening in the electronic excitation spectrum that is inversely proportional to the wire 

diameter 

∆̃(𝑅0) =
𝐶1

𝐶2

1

2𝑅0
=

𝛼

𝑑
   . (2) 

C1 and C2 are the inter-spin and inter-orbital coupling constants. R0 and d are the radius and 

diameter of the wire, respectively. k is the momentum, m is the sub-band quantum number, and r 

is the magnetic flux ratio along the wire axis in units of an elementary flux quantum. We take the 

following values. m = 0 assuming that only one sub-band is occupied. This is motivated by the 2:3 

stoichiometry (see EDX analysis in SI 2) and transport studies (see SI 8).  k = 0.0005 Å-1 is 

compatible with the averaged photon momentum transferred to the electrons along the wire axis. 

From Ref. 12 one obtains C2 = C1 = 3.33 eV Å. However, we have obtained  = 0.866 leading to 

C1 = 2.88 eV Å. With these parameters, we plot the electronic energies of the first sub-band as a 

function of wire diameter in Fig. 3(b). The energies of the E2
g- and A2

1g-phonons are marked by 

straight lines. Two essential conclusions can be made: Firstly, the impact of the cylindrical 

quantum confinement becomes relevant for wire diameters below 100 nm and, secondly, the 

energies of E2
g-mode and the A2

1g-mode match the excitation energies of the 1D plasmon at 

slightly different wire diameters of 55 nm and 36 nm, respectively. Both observations are well in 

line with the key findings in our experiment (Fig. 2(c) and (d)), strongly suggesting that the 

phonons couple to the photons by means of the electronic SS of the cylindrical TI. Note, with 

increasing magnetic flux parallel to the NW axis, it is possible to quench these plasmonic 

excitations, which vanish for a fractional magnetic flux quantum of r = 0.5.12 Since the topological 

properties are dominated by the centre of the Brillouin Zone and as we apply a q ≈ 0 Raman probe, 

we will evaluate the Feynman diagram in the k = q ≈ 0 limit. From the Feynman diagram shown 

in Fig. 3(a)38 we obtain: 

𝐼(𝜔, 𝑅0) = −Im[𝑀0
2 𝜒Plas

2 (𝑅0) 𝜒Phon]  , (3) 

where 𝑀0
2 = |

𝐴local
2

𝐴2 |
2

𝑔2, with A2 being the first order non-resonant term of the light-matter 

interaction to a free electronic particle and g being the electron-phonon coupling constant. 𝐴local
2  

is representing the local field enhancement, which we estimate to be of the order of 10 A2. The 

plasmonic susceptibility depends now critically on R0 due to the dispersion relation (equation (1)). 

The real and imaginary parts of the plasmonic susceptibility can be modelled by39 

𝜒Plas(𝑅0) =
1

𝜔2 − (2𝜀𝑘,𝑚,𝑟(𝑅0))
2

+2𝑖 
𝜀𝑘,𝑚,𝑟(𝑅0)

𝜏𝑘

  , (4) 

with τk being the plasmon lifetime. The phonon susceptibility is given by 
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𝜒Phon(𝜔0, 𝛤) =
1

𝜔2 − 𝜔0
2 + 2𝑖𝛤

  . (5) 

The observed Raman intensity depends on the radius of a nanowire via the dispersion relation 

(equation (1)) in the susceptibility of the 1D-plasmon. The required input parameters were fixed 

in the following way. The bare phonon frequencies ω0 and damping constants  for both phonons 

were taken from the 2D limit, i.e. fits to the phonon spectrum of the flake. The dispersion in 

equation (4) was identical to the one shown in Fig. 3(b). The only unknown parameter is the 

plasmon lifetime. It determines the width of the resonance as a function of wire diameter. For the 

calculations shown in Fig. 3(c) we have assumed an interaction of both phonons with one and the 

same plasmonic excitation and an estimated plasmon lifetime of 500 ps. When comparing Fig. 2(c) 

and (d) with Fig. 3(d), it is evident that our simplified calculation can reproduce the experimentally 

derived different resonance behaviours of the E2
g- and A2

1g-modes by considering a single 

plasmonic mode that obeys the dispersion relation of equation (1) with m = 0 and r = 0 (for more 

details see SI 7). 

If these plasmons originate from the proposed SBP they should be very sensitive to the 

application of even small magnetic fields, as indicated by the sensitivity of the dispersion 

(equation (1)) to an applied magnetic field (see Fig. 3(b)). The critical value is half a flux 

quantum.12 For wires of 90 nm and 62 nm diameter this corresponds to magnetic fields of about 

165 mT and 350 mT, respectively. We have applied a field in axial geometry as outlined in 

Fig. 1(a). The results are shown for a 62 nm wire in Fig. 3(e) with a field of 80 mT corresponding 

to r = 0.13 in equation (1). The effect was reproduced for a wire with a diameter of 90 nm (see SI 

4). The SERS is completely quenched with an applied magnetic field and recovers to the original 

results without field. This behaviour is even more dramatic than anticipated by our model. The 

calculation in Fig. 3(f), performed with the same parameters as the calculations in Fig. 3(c), would 

indicate a strongly suppressed E2
g -mode but only a 40 % suppression on the high energy A2

1g-

mode. Yet, we could not find any sign of the A2
1g-mode in magnetic field measurements on wires 

with diameters of 62 nm and 90 nm. The extraordinarily strong magnetic field suppression clearly 

supports the presence of the SBP in 1D quantum confined TIs. Furthermore, the strong dependence 

suggest that magnetic fields applied along the wire axis influence parameters such as the ratio  

indicating changed inter-spin or inter-orbital coupling constants. 
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Figure 3. Simulation of the Raman data: (a) Feynman diagram showing the Raman process for phonons. 

(b) Dispersion εk,m,r(R0) for m = 0 (first sub band) of a cylindrical nanowire for finite momentum k = 

0.0005 Å-1 as a function of wire diameter with α = 0.866 and ratios r of the magnetic flux quantum (r = 0 

to r = 0.5). Dashed straight lines mark the phonon energies. As the gap opens, the surface plasmons interact 

with the phonons and enhance the observed Raman phonon intensities. (c) Calculated non-resonant SERS 

of the 1D TI nanowires for different wire diameters. The E2
g-mode at 15.6 meV goes into resonance for 

larger wire diameters as compared to the A2
1g-mode at 20.86 meV. (d) Calculated (solid line) and 

experimentally observed (markers) susceptibility enhancement of the E2
g- and A2

1g-mode. The Raman 

susceptibilities were normalized to the susceptibilities at 411 nm. (e) Experimental Raman spectra of a 

62 nm wire without, with, and again without magnetic field of 80 mT (see SI 4). (f) Simulated Raman 

spectra as a function of magnetic field. 

In conclusion, we have shown the geometrical crossover from a 2D to 1D confined topologically 

protected SS below a critical nanowire diameter of about 100 nm. The 1D TI SS exhibits SERS 

that is strongly dependent on the diameter of the nanowires. We attribute these effects to novel 

spin-polarized plasmonic excitations within the SBP. We support this assignment by the observed 

SERS signal and the signal quenching induced by very small magnetic fluxes along the wire axis. 

The basic features of our experiments could be understood by modelling the coupling between 

spin-polarized 1D plasmons of the TI with the phonons. The 1D plasmons obey the expected 

dispersion relation and the only free parameters used in our model are  and  representing the 

ratio between inter-spin to inter-orbital coupling strengths and the plasmon lifetime, respectively. 

Thus, we have provided clear evidence that spin-polarized plasmonic excitations of the SBP 
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dominate the electronic excitation spectrum and we have established a new route to study low-

energy excitation spectrum of 1D TI nanowires by means of Raman scattering.  
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A Appendix A

Further Methods

Atomic force microscopy (AFM) was conducted with a commercially available AFM
Q-Scope 250 model with (40 × 40) µm2 scan head, a lateral resolution of 0.6 nm, and a
vertical resolution of 0.05 nm. During the measurements, the cantilever was in intermittent
contact and scanned along the x-axis (horizontal scan mode).[22]

Optical transmission measurements (silver nanowires on glass) were carried out with
an Ulbricht sphere of calibrated spectral characteristics (DKD, Gigahertz Optik) coupled
to a QE65000 spectrometer (Ocean optics, USA) in a spectral range between 400 nm and
900 nm.[14]

The photocurrent of a composite coated solar cell was measured with a digital multimeter
(Voltcraft, VC 850). The samples were illuminated with an Ulbricht sphere of calibrated
spectral characteristics (DKD, Gigahertz Optik). An area with a diameter of approximately
5mm was exposed with a power of about 20mWcm−2.[14]

For resistivity measurements in four-point geometry at static samples (no stretching)
DPP 105-M/V-Al-S positioners (CascadeMicrotech, USA) were used together with a DC
voltage/current source GS200 (Yokogawa, Japan) and a 34401A 6 1/2 Digit Multimeter
(Keysight, USA).[14]

Scanning electron microscopy (SEM) measurements were conducted to determine
the shape and size of silver nanowires and Bi2Se3 nanowires. The measurements were
performed with a commercial field effect SEM (FESEM) equipment (Zeiss, Germany).
Acceleration voltages of up to 15 kV were used. For high resolution, the in-lens detector
and voltages of 1 kV to 8 kV were employed. Furthermore, the setup is equipped with an
EDX system using a silicon drift detector (remX GmbH).[14, 15, 123, 22]

Profilometry measurements were performed with a Dektak XT equipment (Bruker,
USA).[14]

A programmable HM8118 LCR bridge (Rohde & Schwarz, Germany) was used to determine
the capacitance of our flexible capacitor at 1 kHz and at 100 kHz.[14]
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Tables

Tab. B.2, B.1, and B.3 list all parts utilized for the micro-Raman setup (see section 3.1.1).
The parts were purchased from Thorlabs Inc. (Newton, New Jersey, USA), Newport (Irvine,
California, USA), Edmund Optics (Barrington, USA), The Imaging Source (Charlotte,
North Carolina, USA), Olympus (Tokio, Japan), Physik Instrumente (PI, Karlsruhe,
Germany), and Nanotec (Feldkirchen, Germany).

Tab. B.4 contains the parts used for the stretching setup (see section 3.3). The parts
were purchased from Conrad Electronics (Hirschau, Germany), Nanotec (Feldkirchen,
Germany), and Thorlabs Inc. (Newton, New Jersey, USA).

The chemicals used for the silver nanowire synthesis (see section 4.1.2) are listed in Tab.
B.5. Furthermore, Tab. B.6 contains information about the compounts used for the HDDA
photoresin. Chemicals were purchased from Sigma Aldrich (St. Louis, Missouri, USA)
and Carl Roth (Karlsruhe, Germany).

Tab. B.7 summarizes the measurement parameters of presented GISAXS measurements on
silver nanowire samples on silicon substrates (silicon wafers from Si-Mat, <100>, p-type,
doped with boron).[14, 128, 97]
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Table B.1: Translation and piezo stages, and kinematic mounts used for micro-Raman.[93]

Name & Function Model Company

XYZ linear stage, dovetail, 14mm XY, 5mm Z M-DS40-XYZ Newport
25.0mm translation stage with standard micrometer PT1/M Thorlabs
XY translating lens mount for �1” optics CXY1 Thorlabs
XYZ translation mount for �1/2” optics CXYZ05M Thorlabs
SM1-threaded kinematic mount KC1-T/M Thorlabs
Right-angle kinematic mirror mount KCB1C/M Thorlabs
Right-angle kinematic elliptical mirror mount KCB05E/M Thorlabs
Gimbal mirror mount KC45D Thorlabs
Cage cube precision kinematic rotation platform B4CRP/M Thorlabs
Multi-axis piezo scanner P-517 PI
Piezo stage controller E-710.3CD PI
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Table B.2: Parts used for the micro-Raman construction based on the Thorlabs cage system.[93]

Name & Function Model Company

Aluminum breadboard, 200mm × 200mm MB2020/M Thorlabs
Optical rail PRL-12 Newport
Optical rail carrier M-PRC-3 Newport
Cage assembly rod ER05 Thorlabs
Cage assembly rod ER1.5 Thorlabs
Cage assembly rod ER6 Thorlabs
Cage assembly rod ER18 Thorlabs
Swivel coupler C2A Thorlabs
Cage cube C4W Thorlabs
Blank cover plate for cage cube B1C/M Thorlabs
Cage cube connector C4W-CC Thorlabs
SM1-threaded standard cage plates CP33/M Thorlabs
SM1 lens tube spacer, 1” long SM1S10 Thorlabs
SM1 lens tube, 2” SM1L20 Thorlabs
SM2 lens tube, 3” SM2L30 Thorlabs
SM1-threaded adapter AD11F Thorlabs
SM2 coupler, external threads SM2T2 Thorlabs
SM1 coupler, external threads SM1T2 Thorlabs
Adapter; external SM1 and internal SM2 SM1A2 Thorlabs
Adapter: external SM1 and internal M26 × 0.706 SM1A27 Thorlabs
Adapter: external M26 × 0.706 and internal SM1 SM1A28 Thorlabs
Mitutoyo to C-mount extension tube 56-992 Edmund Optics
Stepper motor ST4118M1804-B Nanotec
Closed-loop stepper-motor controller SMCI33-2 Nanotec
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Table B.3: Optical components used for the micro-Raman setup.[93]

Name & Function Model Company

Cage iris diaphragm CP20S Thorlabs
SM1 lever-actuated zero aperture iris diaphragm SM1D12SZ Thorlabs
Mounted pinhole, 20 ± 2 µm pinhole diameter P20D Thorlabs
Protected silver mirror PF10-03-P01 Thorlabs
1/2” broadband dielectric elliptical mirror BBE05-E02 Thorlabs
Lens f = 25mm, �1/2”, ARC: 400 - 1100 nm AC127-025-AB Thorlabs
Lens f = 75mm, �1/2”, ARC: 400 - 1100 nm AC127-075-AB Thorlabs
Plano-convex lens, 2”, f = 60mm, AR Coating LA1401-A Thorlabs
Plano-convex lens, 1”, f = 25mm, AR Coating LA1951-A Thorlabs
Non-polarizing beamsplitter cube, 70:30 (R:T) BS064 Thorlabs
Non-polarizing beamsplitter cube, 10:90 (R:T) BS043 Thorlabs
N-BK7 ground glass diffuser DG10-1500 Thorlabs
Quartz tungsten-halogen lamp QTH10/M Thorlabs
Collimated laser for adjustment (635 nm, 1.2mW) CPS635R Thorlabs
50X Mitutoyo Plan Apo 46-146 Edmund Optics
50X Mitutoyo Plan Apo HR 58-237 Edmund Optics
MT-40 accessory tube lens 83-911 Edmund Optics
Focusing objective IC50 Olympus
USB 3.1 color industrial camera DFK37BUX264 The Imaging Source

Table B.4: Parts used for the stretching setup.[100]

Name & Function Model Company

25.0mm translation stage PT1/M Thorlabs
Power supply NTS-24V-5A Nanotec
Stepper motor 0,9°NEMA 17 ST4209S1006-B Nanotec
Closed-loop stepper-motor controller SMCI33-2 Nanotec
Capacitor 4700 µF Z-K4700/50 Nanotec
D-SUB 90◦ 9 pin female terminal DSUB09F-10TB-2 Conrad Electronics
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Table B.5: Chemicals for silver nanowire synthesis.[128, 14]

Name Information Company Amount

Ethylene glycol (EG) anhydrous, 99.8 %
purity

Sigma Aldrich 11 mL, 0.20 mol

Silver nitrate (AgNO3) >99.9 % purity Carl Roth 0.03 g, 0.18 mmol
Polyvinylpyrrolidone
(PVP)

55000 MW Sigma Aldrich 0.03 g, 0.55 µmol
360000 MW Carl Roth 0.06 g, 0.17 µmol

Copper(II) chloride di-
hydrate (CuCl2 · 2 H2O)

99.999 % purity Sigma Aldrich 3 µL of solution (c
= 0.0519 mol/L),
0.156 µmol

Table B.6: Chemical compounds of the HDDA-based resin.[128, 14]

Name Function Company Amount

HDDA monomer Sigma-Aldrich 3 mL, n= 0.013 mol
BAPO initiator Sigma-Aldrich 0.33 g, n= 0.789 mmol
DPPHA cross-linker Sigma-Aldrich 5 mL, n= 0.011 mol

Table B.7: GISAXS measurement parameters (angle of incidence αi, wavelength λ, and sample
to detector distance (SDD)) for silver nanowire (Ag-NW) samples.[14, 97, 128]

Sample αi λ SDD

Ag-NWs on Si 0.527◦ 0.972 ± 0.002Å 4990 ± 1mm
(Fig. 4.3(a) & Fig. 4.19(a))
Ag-NWs on Si in situ plasma treatment 0.425◦ 0.965 ± 0.002Å 4380 ± 2mm
(Fig. 4.9(a)-(d))
HDDA photopolymer on Si 0.527◦ 0.972 ± 0.002Å 3600 ± 1mm
(Fig. 4.19(b))
HDDA Ag-NW composite on Si 0.462◦ 0.972 ± 0.002Å 4990 ± 1mm
(Fig. 4.19(c))
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Eidesstattliche Erklärung

Hiermit versichere ich an Eides statt, die vorliegende Dissertationsschrift selbst verfasst
und keine anderen als die angegebenen Hilfsmittel und Quellen benutzt zu haben.

Die eingereichte schriftliche Fassung entspricht der auf dem elektronischen Speichermedium.

Die Dissertation wurde in der vorgelegten oder einer ähnlichen Form nicht schon einmal in
einem früheren Promotionsverfahren angenommen oder als ungenügend beurteilt.
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