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Zusammenfassung

Dielectric Layers of Hybrid Gold@Polystyrene Nanoparticle Inks
von M.Sc. Roman Buchheit

Fin neuartiges hybrides Dielektrikum aus Nanopartikeln mit Goldkernen eines Durch-
messers von 2,9-8,2nm und kovalent gebundenen Thiol-terminierten Polystyrolhiillen
(M, = 5000 und 11000 Da) wird gezeigt. Aus den Partikeldispersionen wurden durch
Rotationsbeschichten dielektrische Filme fiir Diinnschichtkondensatoren mit Metallge-
halten von 5-31vol% prapariert. Die Partikel ordneten sich je nach Polymerhiille in
zufalligen oder kubisch-flachenzentrierten Strukturen an. Filme mit 9 vol% Metall und
2,9nm groflen Kernen hatten Dielektrizitdtskonstanten von 98@1 Hz. Kleinwinkel-Ront-
genstreuung, Transmissionselektronenmikroskopie und Impedanzspektroskopie deuten
an, dass klassische zufallsbedingte Kondensator-Widerstand-Netzwerkmodelle die Ma-
terialien teilweise beschreiben. Die Polymerhiillen ermdglichten hohe Metallgehalte
ohne das Risiko leitender Pfade. Die dielektrischen Eigenschaften hingen vom Met-
allgehalt und der Kerngrofle ab, nicht aber von der Netzwerkstruktur. Die dielek-
trische Polarisation findet priméar an den Grenzflachen statt und wird in den klassischen
Modellen nicht beriicksichtigt. Kleinere Kerne erhchten die internen Grenzflichen bei
ahnlichen Metallanteilen um 46 %, was zu 40 % grofleren Dielektrizitatskonstanten geméaf
dem Maxwell-Wagner-Sillars-Modell fiihrte. Kondensatoren mit einer Kapazitat von
2,0 £ 0,1 nF@10kHz {iber eine Fliche von 0,79 mm? wurden mit Tintenstrahldruck auf
starren Substraten hergestellt; sie blieben auf flexiblen Substraten iiber 3500 Biegezyklen
intakt.






Abstract

Dielectric Layers of Hybrid Gold@Polystyrene Nanoparticle Inks
by M.Sc. Roman Buchheit

A new type of hybrid dielectric based on nanoparticles with gold cores with diameters of
2.9-8.2nm and covalently bound thiol-terminated polystyrene shells (M, = 5000 Da and
M, = 11000Da) is introduced. Particle dispersions were spin coated as dielectric films
of thin film capacitors. The metal contents were 5-31 vol%, and the particles packed ran-
domly or in face-centred-cubic superstructures, mainly depending on the polymer shell.
Films with 9vol% metal and 2.9nm cores had dielectric constants of 98@1 Hz. Small-
angle X-ray scattering, transmission electron microscopy, and impedance spectroscopy
indicate that classical random capacitor-resistor network models partially describe the
hybrid materials. The covalently attached polymer shells enabled higher metal con-
tents than in conventional nanocomposites without the risk of conductive breakdown.
Dielectric properties depended on the metal content and the core size, but not on the
network structure. The frequency-dependent dielectric polarization mainly takes place
at the interfacial areas, but is not considered in the classical models. Smaller core sizes
increased internal interfacial areas at comparable metal fractions by 46 %, resulting in
40 % larger dielectric constants in agreement with the Maxwell-Wagner-Sillars model.
Inkjet-printed capacitors were prepared with a capacitance of 2.0 + 0.1 nF@10 kHz over

2

an area of 0.79mm* on rigid substrates; they retained their functionality over 3500

bending cycles on flexible substrates.

vii






Statement of Contributions and Publication

Report

This dissertation project was performed at the INM - Leibniz Institute for New Materials
in the program division Structure Formation and is based on contributions of many
people from the institute. I want to acknowledge the contributions of these people to

the contents of this thesis.

Chapter 4 The TEM images were taken by Dr. Marcus Koch. The FIB cuts were pre-
pared by Birgit Nothdurft. The Raman measurements were performed by Indra Backes.
The TGA experiments were performed by Robert Drumm. The AFM measurements
were performed by Wiebke Buhrow from the group of Prof. Dr. Roland Bennewitz.

Chapter 5 The contents of Chapter 5 were published in a peer reviewed journal in

reference [1].

Buchheit, R., Kuttich, B., Gonzélez-Garcia, L., Kraus, T., Hybrid Dielectric Films of
Inkjet-Printable Core—Shell Nanoparticles. Advanced Materials 2021, 2103087.

Author contributions:

The AuNP synthesis, preparation, and analysis of the dielectric layers was performed by
Roman Buchheit. Bjérn Kuttich performed and analyzed the SAXS experiments. Ro-
man Buchheit wrote the manuscript with contribution of Tobias Kraus, Lola Gonzalez-
Garcia, and Bjorn Kuttich. The research project was directed by Tobias Kraus and
Lola Gonzalez-Garcia. The authors thank Dr. Marcus Koch and Birgit Nothdurft for
performing the FIB cuts and TEM images of this work, Robert Drumm for performing
the TGA measurements, Prof. Roland Bennewitz and co-workers for the AFM measure-

ments, and Robert Strahl for his support in inkjet printing.

Chapter 6 The TEM images were taken by Dr. Marcus Koch. The FIB cuts were per-
formed by Birgit Nothdurft. The TGA experiments were performed by Robert Drumm.
The AFM measurements were performed by Wiebke Buhrow from the group of Prof. Dr.
Roland Bennewitz. The SAXS experiments were performed by Dr. Bjérn Kuttich and
Dr. Bart-Jan Niebuur. The inkjet printing and bending experiments were performed
with the help of Robert Strahl.

ix






List of Abbreviations and Symbols

AC
AFM
AINP
AuNP(s)

CPB
DC
DLS
DLVO

fce
FET(s)
FIB

h-BN
HPMC
MSA
MWS
OAm
OFET(s)
PDI

PEG
PET
PMMA
povidone
PP

PS
PS-SH
PSs000
PS11000
PVDF
PVDF-TrFE

PVP
PZT
SAXS
SDPB
SEM
TBAB
TEM
TFT(s)
TGA
vdW
WLI
1-D
2-D
3-D

A

alternating current
atomic force microscopy
aluminium nanoparticle
gold nanoparticle(s)

concentrated polymer brush
direct current
dynamic light scattering

Derjaguin, Landau, Verwey, Over-
beek

face-centred cubic
field-effect transistor(s)
focused ion beam

hexagonal boron nitride
hydroxypropyl methylcellulose
mercaptosuccinic acid
Maxwell-Wagner-Sillars
oleylamine

organic field effect transistor(s)
polydispersity index

polyethylen glycol
polyethylene terephthalate
poly(methyl methacrylate)
polyvinylpyrrolidone
polypropylene

polystyrene
thiol-terminated polystyrene
PS with M, = 5000 Da

PS with M, = 11000 Da
poly(vinyliden fluoride)

polyvinylidene fluo-

ride—trifluoroethylene
poly(4-vinylphenol)

Pb(Zr, Ti)Os

small angle X-ray scattering
semidiluted polymer brush
scanning electron microscopy
tetrabutylammonium bromide
transmission electron microscopy
thin film transistor(s)
thermogravimetric analysis
Van-der-Waals

white light interferometry
1-dimensional

2-dimensional

3-dimensional

area

xi

M,
Mps
M AuNP

Morganic

N
Naunp
Nmeasured

Nworking

n
Tmono

nps

Qo
Qr

qx*
qhkl

Tstir

t;
tstir

tTBAB

tan

U

U

Un

Vau
Vaunp
Vba

Ve

w1, W2
Wmax
20,1, 20,2
Xc

Tw,Au

P

number average molecular weight
molar mass polystyrene
mass of gold core

mass of organic shell per nanopar-
ticle

number

number of AuNP

number of measured capacitors
number of working capacitors

refractive index
number of monomers

number of polystyrene ligands per
nanoparticle

dielectric polarization

electric charge

charge of capacitor in vacuum
polarization charge

wavenumber or critical exponent
wavenumber of peak in SAXS

wavenumber of reflections of crys-
tallographic planes

arithmetic average roughness
resistor /resistivity in parallel
radius

hydrodynamic radius

critical exponent

temperature

stirring temperature
thickness or time

thickness of i-th measurement
stirring time

timing of adding reducing agent

dielectric loss

voltage

voltage vector

maximum voltage

volume of gold fraction
volume of gold core
breakdown voltage

volume of thin film capacitor
width of Gaussian peaks
maximal storable energy
position of Gaussian peaks
reactance of capacitor in parallel
gold weight fraction

modulus of admittance of capaci-
tor in parallel

complex admittance of parallel
circuit



Ao
AAuNP

Aint erface

a

Qs interface

c
Co

fv,Au
g1(q,t)?

I(g,t)

Ir

K(q,r,An)
kg

pre-factor
surface of gold core

interfacial area

lattice constant
specific interfacial area

capacitance

capacitance of capacitor in vac-
uum

capacitor/capacitance in parallel
real part of capacitance in parallel

gold concentration

dielectric displacement

average distance between anchor-
ing points

translational diffusion coefficient
centre-to-centre distance

centre-to-centre distance random
particle packing

core diameter
hydrodynamic diameter

surface-to-surface distance

diameter from TEM size his-
togramm

electric field

breakdown field strength
Flory radius

percolation threshold

volume fraction of filler material
gold volume fraction

correlation function

real part of complex current
imaginary part of complex current
current vector

current through capacitor

modulus of current through capac-
itor

maximum current
scattering intensity
current through resistor

modulus of current through resis-
tor

imaginary unit

form factor
Boltzmann constant

xii

Yll

P

Yr

P

mn

Vs
Vsl

Atindividual

Atstdv
An

é
€0

Er

PA ligand
PAu
PPS

o
oM
r
¥

real part of admittance of parallel
circuit

imaginary part of admittance of
parallel circuit

modulus of admittance of resistor
in paralle

complex impedance of parallel cir-
cuit

real part of impedance of parallel
circuit

length of a monomer
surface energy of liquid

surface energy of solid surface

interfacial energy between solid
and liquid

thickness uncertainty due to local
height variation

standard deviation of thickness

scatterling length density differ-
ence

loss angle
vacuum permittivity
dielectric constant

complex dielectric constant

real part of complex dielectric con-
stant

imaginary part of complex dielec-
tric constant

dielectric constant connected to
insulating component

dielectric constant of material 1/2
effective dielectric constant
dielectric constant in static case

dielectric constant at infinite high
frequency

viscosity

scattering angle

wetting angle

wavelength

frequency

ligand density

bulk density of gold

bulk density of polystyrene

width of distribution
conductivity of the matrix
correlation time or relaxation time
phase angle or phase shift

angular frequency or angular ve-
locity

angular acceleration



CONTENT

Zusammenfassung

Abstract

Statement of Contributions and Publication Report
List of Symbols and Abbreviations

1 Motivation

2 Theory and State of the Art

2.1 Basics dielectrics . . . . . . ...
2.1.1 Capacitors . . . . . . ..
2.1.2 Polarization mechanisms in dielectrics . . . . . . .. ... ... ..
2.2 Liquid processing of particle-based inks . . . . ... ... ... ......
2.2.1 Ink-substrate interaction . . . . . . . . ... ... ... ...
2.2.2 Spincoating . . . . . . . . ... e
2.2.3 Inkjet printing . . . . .. .o
2.3 State of the art in liquid processing of dielectric films . . . . . . . . .. ..
2.3.1 Polymer dielectrics . . . . . . .. .. ... Lo
2.3.2  Spin-on dielectrics and sol-gel inorganic dielectric layers . . . . . .

2.4 Structure, theoretical description, and studies on dielectric nanocompos-
itematerials . . . . . . . ..

2.4.1 Type I nanocomposites: particles of high dielectric constant in a
low dielectric constant matrix . . . . . . . ... ...

vii

ix

xi

18

2.4.2  Type Il nanocomposites: conductive particles in an insulating matrix 21

2.5 Type III nanocomposite: hybrid dielectric of Au@PS core-shell particles .
2.5.1 Metal nanoparticles with insulating organic shells . . . . . . . . ..
2.5.2  Shell structure, polymer conformation, and self-assembly of poly-

mer-shell gold nanoparticles . . . . . ... ... ... ........

3 Methods
3.1 Au nanoparticle synthesis . . . . . .. ... o L
3.1.1 Synthesis of Au@QOAm nanoparticles of different core sizes . . . . .
3.1.2 Ligand exchange to polystyrene . . . . . . . . .. .. ... ... ..
3.2 Reference thiol-terminated polystyrene ink . . . . . . ... ... ... ...
3.3 Layer formation by wet processing . . . . . .. .. ... ... ... ..
3.3.1 Substrate preparation . . . ... ... ... ... ...
3.3.2 Spincoating . . . .. ...

23
24



3.3.3 Inkjet printing . . . . .. ... 35

3.4 Ink and layer characterization . . . . . . . ... ... ... .. 36
3.4.1 UV-Vis Spectroscopy . . . . « v v v v v v v v v e e e 36
3.4.2 Thermogravimetric analysis . . . . . . . . ... ... ... ..... 37
3.4.3 Transmission electron microscopy . . . . . . . . . .. ... 38
3.4.4 Dynamic light scattering . . . . . ... ... ... ... ... ... 38
3.4.5 Raman spectroscopy . . . . . . . .. ..o 39
3.4.6 Small angle X-ray scattering . . . . .. .. ... ... ... .. 40
3.4.7 Thickness measurement . . . . . .. ... ... ... ... 41
3.4.8 Dielectric characterization . . . . . . . .. ... oL 43

4 Synthesis and Deposition of Au@PS Nanoparticle Hybrid Dielectric
Ink 47
4.1 Influences on polymer shell by the ligand exchange from oleylamine to

thiol-functionalized polystyrene . . . . . . . .. .. .. ..o 47
4.1.1 Tracking of ligand exchange with UV-Vis and Raman spectroscopy 47
4.1.2  Structure of the polymer shell in dependence of ligand exchange

conditions and ligand length . . . . . . ... ... ... ... 50

4.2  Formation of hybrid dielectric on substrates suitable for thin film capacitors 55
4.2.1 Solvent effects on layer formation . . . . . . .. .. ... ... ... 56

4.2.2 Substrates for thin film capacitors . . . . ... ... ... ... .. 57

4.3 Conclusions . . . . . . . .. 59

5 Variation of Polymer Shell and Printing on Rigid Substrates 61
5.1 Fabrication process for thin film capacitors . . . . .. ... ... ... .. 62
5.2 Variation of Au volume fraction by different ligand densities . . . . . . . . 65
5.3 Dielectric Au@QPS layers with ordered particle packing . . . . . . ... .. 74
5.4 Inkjet printed dielectric layers on rigid silicon substrates . . . . . . . . .. 80
5.5 Conclusions . . . . . . . . . . e e e 81

6 Core Diameter Variation and Printing on Flexible Substrates 83
6.1 Inks with variable core sizes . . . . . . . . . . ... .o 85
6.1.1 Au cores of different sizes . . . . . . . ..o 86

6.1.2 Polymer shells with different core sizes . . . . . . .. ... ... .. 87

6.1.3 Core size effect on ink stability during ligand exchange and ageing 90

6.1.4 Conclusion . . . ... .. . .. ... 94

6.2 Core size effect on particle packing . . . . . . ... .. ... ... ... .. 95
6.3 Dielectric properties of Au@PS hybrids with varying core size . . . . . . . 100
6.3.1 Core size effect on dielectric constant and loss . . . . . . . . .. .. 100

6.3.2 Dielectric strength . . . . . . . ... . L Lo 109

6.3.3 Conclusion . . . .. . .. . ... ... 110

6.4 Inkjet printed dielectric layers on flexible PET substrates . . . . ... .. 111
6.5 Conclusions . . . . . . . . . . .. e 114

7 Conclusion 117
Bibliography 121

Xiv



Additional Data 143

Own Publications 147

XV






CHAPTER 1

MOTIVATION

Printed and flexible electronics has become an interesting area for both academia and
industry in recent years, showing large potential in addition to the current state-of-
the-art silicon-based electronics [2]. Printed electronics enable the cost-effective and
flexible design of “smart devices”. Such devices play an increasingly important role
considering the interconnectivity in technology with more spread usage of automated and
interconnected devices. Printed electronics are a promising solution for the widespread,
cost-effective, large-scale, and yet flexible production of such devices [2]. Improved inks
for printed electronics open up new possibilities in the application of this new technology

and are object of research.

Printing and liquid processing is used for different basic electronic elements such as con-
ductive circuits [3] or dielectric layers for capacitors [4-10]. Furthermore, full devices
or elements of devices have been developed by liquid processing such as transparent
electrodes [11, 12], radio frequency components [13], energy storage devices, e.g. elec-
trochemical capacitors [14], sensors, e.g. for strain [15], or thin film transistors [16-20].
Additionally, printed electronics found applicability in complex devices such as light
emitting diodes [21], photovoltaic cells with solution processed components [22], fully
printed circuits on textiles or skin [23], or in the medical sector such as printed and

customized receiver coils for better magnetic resonance imaging [24].

Dielectric layers are a key component of electronic circuits. Their applications reach
from insulation layers [25], dielectric layers in capacitors [26, 27] to gate dielectrics in
thin film transistors [28]. For capacitors or gate dielectrics, a high dielectric constant of
the dielectric material is desired: the high dielectric constant increases the capacity of a
capacitor while maintaining small sizes [29]. In gate dielectrics of thin film transistors,
the high dielectric constant allows a reduction of the operational voltage and enhances
energy efficient operation of the transistor [30]. For higher effective capacities and small

size of the electronic devices, the dielectric layers should be thin while still reliably
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insulating to prevent failure of the devices. To allow the usage in flexible electronics,
the layers should be mechanically flexible, too. Classical dielectric materials with high
dielectric constants such as ceramics cannot be used because they are brittle. For easy
processing, the inks should be compatible with common printing and liquid processing
methods. Methods such as spin coating, slot-die coating, screen printing, or inkjet
printing have been used. Inkjet printing has recently attracted increasing attention in
research, as it allows the flexible and digital fabrication process that is compatible both
with rapid prototyping and large and cost-effective production while making efficient use
of the used materials [31, 32]. Hence, a liquid processable dielectric layer should ideally
have a high dielectric constant, allow the fabrication of thin layers, and be compatible

with the inkjet printing process.

Flexible solution processed dielectrics can be made from polymers and have been used
as printed dielectric layer in capacitors [5, 33]. These polymer dielectrics are easily
processed by solution techniques and allow the fabrication of flexible layers, but their
dielectric constant is limited due to rather low polarizability of polymers. Hence, dielec-
tric nanocomposites have been investigated in the past decades to combine the flexibility
of polymer layers with a high dielectric constant. First, oxide particles with high di-
electric constants were combined with polymer solutions [34]. These approaches are
limited in filling ratios mainly due to inhomogeneous electric fields: the large contrast
of the dielectric constant of the oxide particles and the polymer matrix causes field in-
tensifications that can lead to dielectric breakdown at much lower electric fields than
the intrinsic breakdown strength of the polymer [29, 35]. Recently, functional inks with
oxide particles that were functionalized with covalently attached polymers have been

used successfully to print dielectric layers in fully inkjet printed capacitors [10].

Another promising approach is the incorporation of conductive particles into an insu-
lating polymer matrix. As predicted by the percolation theory, which was initially used
to analyze the appearance of conductivity in globally connected systems, the dielectric
constant increases dramatically near a critical value of the volume ratio of the conduc-
tive phase in heterogeneous materials with a conductive and insulating component. This
critical value is called percolation threshold and describes the point where a global con-
nection of the conductive phase in the composite is expected. The dielectric constant
increases in a non-linear manner when the volume fraction of the conductive particles
approaches the percolation threshold [36]. The increase of the dielectric constant is
physically explained by the formation of a microcapacitor network, which is formed by
the conductive filler particles that are separated by the insulating matrix [37, 38]. The
high dielectric constant relates to an increased polarization of the composite material
in the electric field of the capacitor. An important polarization mechanism of these

conductor-insulator composites is the interfacial polarization at the interfaces between
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the conductive and the insulating phase, but also at the interfaces to the electrodes [36].
Therefore, nanocomposites with conductive nanoparticles in an insulating matrix are
a promising candidate for this kind of materials as large interfacial areas are formed
between the conductive and insulating component. For instance, gold nanoparticle dis-
persions mixed with polymer solutions have been used to create dielectric layers via spin
coating [39, 40]. The gold volume fraction was limited due to the formation of agglom-
erates and observed failure of the dielectric layer when a conductive path is formed.
Another approach was the creation of aluminium/polypropylene nanocomposites, where
the polypropylene layers were covalently attached on the Al cores and led to effective
insulation of the Al particles to prevent percolation [41]. The catalytic growth of the
polypropylene chains on the Al nanoparticle surface needed the inert environment of
a glove box and the resulting nanocomposite was processed via pressing to dielectric
layers. Thus, this approach was not compatible with liquid processing methods. To the
author’s best knowledge, dielectric layers of conductive particles embedded in insulating
matrix and fabricated by inkjet printing have first been reported in the literature with

the publication of results that form part of this thesis [1].

This thesis extends the concept of hybrid inks of functionalized gold nanoparticle that
has successfully been used before to formulate inks for the printing of conductive layers
without a post-printing sintering step [3, 42, 43]. The thesis is structured as follows:
in Chapter 2, the theoretical background and the current state of the art in liquid
processed dielectric layers and Au nanoparticles are discussed. In Chapter 3, the ex-
perimental methods for the ink synthesis, the layer preparation, and for investigating
the ink and layer properties are described in detail. Succeeding, Chapters 4, 5, and 6
demonstrate and discuss the results obtained in this thesis: dielectric layers based on
gold-polystyrene core-shell nanoparticles (Au@PS NPs) are fabricated by Au@PS hybrid
inks and investigated in a bottom-up approach [44]. In the first results chapter, basic
studies for the usage of Au@PS hybrid inks, such as influences on the ligand exchange
process or suitable substrates, are presented. The second results chapter shows a study
of the dielectric layer properties with constant Au core size but varying organic content
and particle packing due to different ligand density and ligand length. Furthermore,
thin film capacitors with dielectric layers printed on rigid substrates are demonstrated
in this chapter. The last results chapter presents the influence of varying Au core size
on the properties of the Au@PS inks and on the properties of Au@PS dielectric layers.
Additionally, the printing of Au@PS layers on flexible PET substrates is demonstrated.
Finally, Chapter 7 summarizes the main results obtained in this thesis and gives an

outlook for possible future studies.






CHAPTER 2

THEORY AND STATE OF THE ART

In this chapter, the state of the art about the topics important for this thesis is provided.
In the first section, basics about dielectric materials and the common application of di-
electrics in capacitors are presented. Thereafter, examples for liquid processed dielectrics
are given. First, standard dielectrics based on polymers, spin-on, or sol-gel inorganic
materials are presented. Then, the state of the art in dielectric nanocomposites that
combine the advantages of different material classes as well as the new concept of the
hybrid dielectric material, which is investigated in this thesis, are presented. Finally,
the basics of non-polar gold nanoparticles with a polymer-shell that were used in this
work for the hybrid dielectrics are summarized. To this end, their behaviour depending

on the ligand molecules and the solvent is presented.

2.1 Basics dielectrics

Dielectric materials are insulating materials that influence electric fields, e.g. between
the electrodes of a capacitor, by electrical dipoles. Those dipoles can be permanent,
oriented, or induced by electric fields [27]. The important material constants to describe
a dielectric material are the volume conductivity, which is classically below the range
of nSem~! [27], the relative dielectric permittivity &,, which is often called dielectric
constant (in electrical engineering also called k-factor), the dielectric loss tangent tan ¢,

and the breakdown field strength Fjq.

Two main classes of dielectrics are distinguished by comparison with the dielectric con-
stant of SiOs, a very common dielectric material (e, sio2 = 3.9 [30]). “Low-k dielectrics”
or “passive dielectrics” have a dielectric constant below that of SiOy [27, 30, 34] and
are commonly used for the insulation of signal carrying conductors. The low dielectric
constant reduces unwanted parasitic capacitances [34] and can be achieved for instance

by fabrication of porous dielectrics with void volume [45].

5
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“High-k dielectrics” have dielectric constants above that of SiO [30, 34]. These “active
dielectrics” possess a high polarizability of the materials and are used as dielectrics in
capacitors [26], as dielectric gate dielectrics in field-effect transistors (FETs) [28, 46-48],
as ferroelectric materials with permanent polarization [49], and as piezoelectric materials
with conversion between mechanical and electrical signals [50]. Here, high dielectric
constants are important to increase the amount of charges stored in a capacitor at small
geometrical sizes or to obtain a good switching behaviour of field-effect transistors at low
operational voltage (Figure 2.1). Additionally, the leakage currents should be minimal
as they either lead to charge losses in capacitors or increased power consumption in

FETs. This thesis focuses on high-k dielectrics and their usage in capacitors.

Dielectric in capacitor Dielectric in field-
[+ ] o -] effect transistor
+||- +-—+|| -
+ l-le>1 S D
I - gate dielectric
+ - G
il e S |

FIGURE 2.1: Schematic examples for common applications of active dielectrics. Left: In

capacitors, the field that forms due to polarization of the dielectric opposes the external

electric field and more charges are bound on the capacitor plates. Right: In field-effect

transistors, the gate dielectric enhances the field that is created when a switching voltage

is applied at the gate (G). Charges are accumulated in the semiconducting channel and
can flow from source (S) to drain (D).

2.1.1 Capacitors

A capacitor is a passive electrical device that can store electric charge and the related
energies in an electric field. The stored electric charge () depends on the applied voltage

U; the amount of stored charge is then given by the capacitance C' [51]:

Q
C=5 (2.1)

The capacitance of a parallel plate capacitor is given by [51]:

A
C = sosr? (2.2)

where €9 = 8.85419 x 10712 % is the vacuum permittivity [52], &, the dielectric constant
or (the real part of) the relative permittivity of the dielectric between the capacitor
plates, A the area of the capacitor plates, and t the distance between the two capacitor

plates.
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If the space between the capacitor plates is filled with vacuum or air, the capacitance is
only determined by the geometry of the parallel plates. A dielectric material increases

the capacitance due to polarization effects that are discussed in Section 2.1.2.

The maximum energy that can be stored in a capacitor depends on the capacitance and
on the electric breakdown strength, Fy,, the maximum electric field that the dielectric
material of the capacitor can sustain. Exceeding of the electric breakdown strength leads
to a dielectric breakdown, where an electric current will flow through the dielectric, and
failure of the capacitor occurs [27, 53]. The maximum storable energy Wi,y is given
by [26, 51]:

Winax = %505rAtE§r = %C (tEp)? (2.3)

If an alternating current (AC) voltage is applied at an ideal capacitor, the current will
always lead the voltage by the phase shift ¢ = 90° in the current-voltage vector diagram
[27]. The ideal capacitor can release again all the energy of stored charge without any

dissipation effects.

A real capacitor always shows “losses” due to remaining conductance of the dielectric
layer and energy dissipation during the polarization processes. A “lossy” capacitor is
often represented by an equivalent circuit of an ideal capacitor and an ideal resistor
connected in parallel or in series [53]. In this thesis, an equivalent circuit of an ideal

capacitor C}, and an ideal resistor R}, in parallel will be used (Figure 2.2).

FIGURE 2.2: Parallel equivalent circuit with an ideal resistor R, and an ideal capacitor

C} for description of a real capacitor with losses and the corresponding current-voltage

vector diagram (adapted from [54]). If a voltage U is applied, the current through the

ideal resistor I ; is in phase with the voltage and the current through the ideal capacitor

I~ lags behind the voltage by a phase shift of 90°. The vector sum of the two currents

results in I and represents the behaviour of the real capacitor. The phase shift between
voltage and current ¢ < 90° is reduced by the loss angle 4.

The current-voltage vector diagram in Figure 2.2 shows that the phase shift in a real
capacitor will be reduced by the loss angle 0. At every charge/discharge cycle of the

capacitor, some of the energy will be dissipated to heat and cannot be restored. This
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energy loss is often specified by the loss tangent tand [26, 27]

5/, IR
tand = & = — 2.4
E; IC ( )

where £/ and &/ are the imaginary and real part of the complex dielectric constant and
Ir and Io the modulus of the current through the resistor and the current through the

capacitor in an RC parallel equivalent circuit of a “lossy” capacitor.

Equation (2.4) implies that g, is a complex number [55]:
(W) =g (w) —igf (w) (2.5)

with the imaginary unit i. The complex dielectric constant e, is generally dependent on
the angular frequency w of the applied AC voltage, as the underlying polarization mech-
anisms are frequency dependent. In this thesis, the real part of the complex dielectric

constant will generally be noted simply as ¢;.

In short, an effective capacitor should contain a dielectric material, which provides both

a high dielectric constant ¢, and a low dielectric loss tan §.

2.1.2 Polarization mechanisms in dielectrics

The modulus of the homogeneous electric field £ in a capacitor with vacuum between
the electrodes (e, = 1) is caused by the amount of charges ()y stored on the capacitor

plates (see Equation (2.1) and Equation (2.2)):

pU_Q @@= G _ Qo
Ct

= 2.
t Cot EOA ( 6)

In a dielectric material with conductivity o4 = 0 located between the capacitor plates,
the mobile permanent or induced dipoles interact with the external field and will partly
align like it is schematically shown in Figure 2.1 on the left. Additional polarization
charges ()p can be stored at the capacitor plates. The dielectric displacement D is

defined as the charge density with the sum of both charges Qo and Qp [56]:

D

Q _ Qo+Qp
T

-~ (2.7)

The dielectric polarization is defined as the charge density of these additional charges
[56]:

_Qp
P=-F (2.8)
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FicURrRE 2.3: Left: Fundamental polarization mechanisms. Right: Frequency depen-
dency of polarization mechanisms (adapted and reprinted with permission from [57].
Copyright 2012 American Chemical Society.).

The dielectric displacement can be expressed by the sum of the electric field strength

and the polarization [27, 56]
D =c¢pe;tE =¢9gE+ P (2.9)

with e, being the relative permittivity of the dielectric constant.

Because the orientation of the induced or permanent dipoles shows different time charac-
teristics, the four polarization mechanisms show different dependencies on the frequency

(see Figure 2.3).

The first mechanism is electronic polarization caused by a shift of the negatively charged
electron shell around the positively charged atomic core [27, 53, 55]. The second mech-
anism is based on ions that undergo an elastic displacement in the electric field [27, 53].
Both mechanisms show characteristic resonance frequencies where the real part of the
relative permittivity e, changes its sign and the imaginary part &/ has a maximum at
high frequencies of around 1 x 10" Hz for electrons and of around 1 x 10'3 Hz for ions
[53].

The third mechanism is the orientational polarization in materials with permanent
dipoles. The dipoles orient themselves in the electric field, but molecules or segments of
molecules move relatively slowly and the mechanism depends strongly on the tempera-
ture [53]. Entropic reasons however favour a random alignment of the dipoles; therefore,
the orientational polarization is temperature dependent. Furthermore, the orientational

polarization is characterized by a relaxation process [27]. This relaxation is described
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by the Debye equations: the real part of the dielectric constant is given by [53]

8/ /

— &
e = 7{: w;;;" + €1 0o (2.10)

and the imaginary part of the dielectric constant is given by [53]

wT

n__
o = (Grs e T 0

r,s r,00

(2.11)

with the real part of the dielectric constant in the static (or low frequency) case €/ ., the

r,s?

/

real part of the dielectric constant at infinite high frequencies €], .,

the angular frequency
w, and the relaxation time 7. The visualization of Equation (2.10) and Equation (2.11)
is characterized by a drop in the real part of the relative permittivity € and a peak of the
imaginary part €//. The orientational polarization is observed at rather low frequencies

until up to 1 x 109 Hz [53].

In materials with conductive and non-conductive phases, for example nanocomposites,
interfacial polarization can take place [34, 58]. It is also known as space charge polariza-
tion [27] or Maxwell-Wagner-Sillars (MWS) polarization [39, 59-61]. MWS polarization
often is more precisely used for the polarization at interfaces within the dielectric mate-
rial, in contrast to the polarization at the interface of the electrodes and the dielectric
material [57]. The interfacial polarization is observed at low frequencies in the MHz
range or even below [57]. The charge carriers in the conductive areas are accumulated
at the interfaces to the non-conductive areas. This polarization effect depends strongly
on the morphology of the dielectric material. For instance, the conductive phase could
be grains of an polycrystalline materials with insulating grain boundaries [27]. Also,
metallic nanoparticles in an insulating polymer matrix can cause large space charge po-
larization at the large interface between the conductive and non-conductive areas (see
Figure 2.4). As the accumulation of charges is a process that involves the displacement of
charge carriers, it is characterized by a relaxation time that depends on the morphology
and microstructure of the dielectric material [27]. The polarization of composites can be
described by the MWS theory [57, 59]: First Wagner theoretically described the polar-
ization of conductive spheres in an insulating matrix [62] and later Sillars extended this
theory by the inclusion of conductive particles with planar, cylindrical, and ellipsoidal

shape in an insulating matrix [63].

2.2 Liquid processing of particle-based inks

Dielectric layers can be created by easy and cost-effective liquid processing [64], e.g.

layers of polymers, nanocomposites, or ceramics. A liquid precursor of the later solid
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FIGURE 2.4: Schematic mechanism of the increase of dielectric constant by conductive
fillers. An external field moves the free charges in the conductive filler materials to the
interface of the non-conductive matrix and Maxwell-Wagner-Sillars polarization occurs.

dielectric layer or particles dispersed in a solvent are required. In this thesis, spin coating
and inkjet printing of an ink were used for preparation of dielectric layers. Particle-based
inks should be stable against aggregation of solid substances in the ink for a long shelf
life [32]. Sometimes opposing objectives must be considered: a very stable and easily
recoverable ink uses a solvent that possesses low evaporation rates. However, after
the application, the solvent must evaporate to form the dry film [65]. These dry films
should show a sufficient adhesion to the substrate [32]. In the following, the general ink-

substrate interaction and the spin coating and inkjet printing methods will be discussed.

2.2.1 Ink-substrate interaction

The liquid precursors — solutions or dispersions — are generally called “ink”. For a high
wettability, the surface energy (or surface tension) of the ink and the surface energy of the
substrate are important parameters [65]. As a rule of thumb, the wettability improves
with decreasing surface energy of the liquid ink and with increasing surface energy of
the substrate [65]. The thermodynamic equilibrium of a droplet’s wetting is described
by the Young’s equation [66]

cos by = SihmL] (2.12)

n
where Oy is the wetting angle, v5 is the surface energy of the solid substrate surface,
~s1 is the interfacial energy between solid and liquid, and = is the surface energy of the
liquid ink. For good wetting, on the one hand, the surface energy of the substrate can be
increased by wet chemical treatment, e.g. thoroughly cleaning or etching, or by plasma
activation [67]. On the other hand, the surface tension of the inks depends strongly
on the solvent. For instance, water has generally larger surface tension than isopropyl
alcohol that can form the base of an organic ink [65]. Also, for slower evaporation,

solvent mixtures or slow evaporating solvents can be used [68].
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2.2.2 Spin coating

Spin coating is a procedure to coat substrates homogeneously with thin layers by spread-
ing a liquid ink on the substrate via centrifugal forces. The layer thickness depends on
the ink (e.g. on the concentration of the ink) and on the process parameters, mainly
the rotation velocity of the substrate during the coating process. After dispensation of
the ink, the rotation of the substrate causes spreading of the ink. In the first phase of
rotation, a smooth liquid film is formed. Then, the solvent will start to evaporate, which
is mainly influenced by the solvent vapour pressure [69]. When the solvent evaporates,
the liquid film is drying and finally a dry film is formed [70]. As a rule of thumb, the final
film thickness will increase with the concentration of the solid content of the ink and
with the ink viscosity and will decrease with the square root of the rotational velocity
[71].

For the dispensation, the ink is put on a substrate by either a static dispense (on a
not rotating substrate) or by a dynamic dispense (on a rotating substrate). The spin
coating process can be applied with small amounts of ink and smooth surfaces with
homogeneous thickness can be achieved. However, droplets of excess ink fall from the
substrate during rotation and cannot always be retained. In this case, the process wastes

some of the used material.

2.2.3 Inkjet printing

Inkjet printing technology deposits liquid droplets on the substrate [31]. The promising
advantages of inkjet printing are the possibility of automatized layer fabrications, the
easy variance of printing patterns, e.g. for rapid prototyping, and the very economical

usage of the ink that can save costs.

The droplets are either ejected via a “continuous inkjet”, where unprinted drops are
deflected by an electric field and returned for reuse, or in a “drop-on-demand inkjet”,
where droplets are only formed when required [32]. For high precision and reproducibility
of the inkjet printing process, the droplets should be ejected in a controlled direction
and with the right velocity, while the requirements of precision increase with increasing
distance between print head and substrate [32]. In the initial ejection process, the ink
is flowing from a tank to the print head, where the ink is ejected by a piezo crystal
(or by heating in thermal inkjet printing) and an ink ligament leaves the print head
at the nozzle. When the ink ligament breaks down, the droplets are formed. Often,
the ligament not only breaks into large main droplets, but also in several other small

“satellite” droplets [65]. These satellite droplets are usually not desired, as they possess
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rather uncontrollable direction and velocity and reduce the printing quality. The main
material parameter that influences the droplet formation is the surface tension of the
ink: as a rule of thumb, the droplet volume will decrease with lower surface tension of
the ink [72]. Next to the surface tension, other important material parameters are the
ink viscosity, the ink density, and the particle size in particle-based inks. These material
parameters of the ink together with process parameters such as the nozzle diameter or
the droplet velocity of the print head are often combined to dimensionless numbers of
fluid mechanics to predict the “window of operation” of an ink with a certain print head
[73]; the Reynold number, the Weber number, or the Ohnesorge number are often used

in literature [65].

Clogging of the nozzle has to be avoided. As a rule of thumb, particles and particle
agglomerates in the ink should not exceed 1% of the nozzle diameter because large
agglomerates will increase the viscosity of the ink and hinder the flow of ink to the print
head, which can ultimately lead to clogging of the nozzle [65]. Furthermore, the solvent
should not evaporate before jetting. After the droplets hit the substrate, the drying of
the droplets is also important for the layer quality. The so-called “coffee-ring effect”
arises from pinning of the edge of the droplet on the substrate and accumulation of
solid material at the droplet edge during solvent evaporation [74]. As a result, the solid
material in the final dried droplet is more concentrated on the edges than in the centre

of the droplet, causing an inhomogeneous printing result.

2.3 State of the art in liquid processing of dielectric films

Well-established dielectric materials have been prepared by liquid processing methods.
On the one hand, polymer materials have been used that are easily soluble at low
temperatures but have rather low dielectric constants [34]. On the other hand, ceramic
materials were fabricated that have high dielectric constants but require high process
temperatures [34]. Nanocomposites have been developed to combine the advantages
of both material classes. Table 2.1 shows examples of the different material classes
that were processed by inkjet printing (for conductor-insulator composites also by spin
coating or hot pressing), the typical post-treatment temperatures, which influence the
compatibility with substrates, and the resulting layer properties. Details of the different

material classes and their processing are discussed in the following.
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TABLE 2.1: Dielectric layers reported in literature with the respective dielectric constant e, and

respective thickness .

The focussed fabrication method was inkjet printing, conductor-insulator
composites were also prepared by spin coating and hot pressing.’

Material Solvent Processing Post- Dielectr.  Thick- Reference
treatment const. ey ness t
PVP N/A inkjet curing 3.9 70 to [75]
130°C 200 nm
polymethylsilses- alcohol mixture inkjet anneal 3 210nm [76]
quioxane spin-on- 135°C
glass
tantalum-oxide 2-methoxyethanol, glycerol, inkjet anneal 20 60 nm [6]
sol-gel 1,3-propanediol 450°C
Al O3 sol-gel ethanol, 2-methoxyethanol inkjet anneal 6.2 120nm [13]
400°C
Bag.Srg.4TiO3 butanol inkjet anneal 1000 420nm  [77)
sol-gel 1100°C
BaTiOs in epoxy N,N-dimethylformamide inkjet cure resin 70 20pm  [78]
resin 280°C
BaTiOg3 in PVP ethanol inkjet N/A 7.4 1.06 pm [79]
Bap.¢Sr0.4TiOs in  particle dispersion: diglycol, inkjet anneal 28 7.2um  [80]
PMMA solvent of PMMA: butanone 150°C
Bap.6Sr0.4TiO3 in  particle dispersion: butyldigly- inkjet anneal 20-55 =~ 8]
PMMA col, solvent PMMA: butanone 120°C @1kHz 4pm
Bag.6Sr9.4TiO3 in  particle dispersion: butyl diglycol,  inkjet not 40 700nm [10]
PEG diacrylate crosslinker dispersion: isopropanol needed
h-BN propylene glycol, HoO, xan-  inkjet anneal 6.1 3pm [9, 81]
than gum 150°C
h-BN in HPMC H2O with propylene glycol aerosol drying 3.01 2.54pm [82]
inkjet 80°C
Ag@MSA in acetone spin curing 300 10pm  [83]
epoxy coating 160°C
AgQC in epoxy ethylene glycol monomethyl spin drying 400 85um  [84]
ether coating  40°C
Au@C12-SH in chloroform spin baking 13.6 2 pm [39]
SU-8 coating  95°C @1kHz
Au@povidone in N,N-dimethylformamide spin dry 22 N/A [40]
PVDF coating 100°C Q@1kHz
Al@Al>O3 in PP - hot pressing 15.4 10pm  [41, 57]
pressing 130°C

! Abbreviations: poly(4-vinylphenol) (PVP), poly(methyl methacrylate) (PMMA), hexagonal boron ni-
tride (h-BN), hydroxypropyl methylcellulose (HPMC), poly(ethylene glycol) (PEG), polyvinylpyrrolidone
(povidone), mercaptosuccinic acid (MSA), poly(vinyliden fluoride) (PVDF), polypropylene (PP).
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2.3.1 Polymer dielectrics

The first insulating dielectric inks were polymer solutions. Various polymer-based inks
were processed by inkjet printing. This allowed the fabrication of fully printed and
flexible capacitors. For example, SU-8 and poly(4-vinylphenol) (PVP) based dielectrics
for radio frequency capacitors were inkjet printed on polyimide [85]. SU-8 has a dielectric
constant of 3.4 to 4.0 [7], which reduces the achievable capacities in comparison to
capacitors with oxide dielectric layers of the same geometry. To increase the capacity
with polymer dielectrics, very thin dielectric layers can be used. Exploiting the coffee-
ring effect, the thin and homogeneous valley area in the centre of the dried droplets
was used to inkjet print dielectric layers for capacitors and gate dielectrics of thin film
transistors (TFTs) with a PVP based commercial ink [75]. A UV-curable dielectric ink
based on PVP was printed on textile for flexible capacitors in wearable electronics [86].
Another PVP based dielectric ink was used for inkjet printed radio frequency inductors
and capacitors [13] or for inkjet printed capacitors on flexible polyimide substrates [33].
Polymer-based inks are commercially available. Commercial inks containing UV-curable
high resistivity polymers were used in printing of microfluidic devices [87] or in inkjet

printing of capacitive circuits for biosensors [88].

Polymer dielectrics were also used as gate dielectrics in printed and flexible electronics.
A challenge for flexible polymer foil substrates can be high curing temperatures over
200°C after printing for polyimides [76]. In TFT gate dielectric applications, polymer
dielectrics can cause problems due to trap states, especially for n-type semiconductors
[89, 90]. For instance, PVP as dielectric possesses many trap states, which could be
reduced by cross linking of the polymer and improve the performance of an organic

field-effect transistor (OFET) with n-type semiconductor [76].

Higher dielectric constants can be achieved by polymers with permanent dipoles in the
polymer chain, for instance poly(vinyliden fluoride) (PVDF) and derived fluoropoly-
mers [91]. These ferroelectric polymers additionally show a high breakdown strength
and reach high energy densities up to 27Jcm™3 as calculated by Equation (2.3) [29].
PVDF based inks were developed for inkjet printing, but the layers had to be sintered
after printing at 140 °C to form the crystalline S-phase [92], which is the phase with a
spontaneous polarization in a unit cell due to a uniform all-trans conformation of the

molecules [93].
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2.3.2 Spin-on dielectrics and sol-gel inorganic dielectric layers

Solution processed inorganic dielectric layers include spin-on glass materials based on
polysiloxane solutions and sol-gel layers that are printed from precursor inks. The nec-
essary curing step at temperatures ranging from 135°C (spin-on-glass, [76]) to 1100°C
(sol-gel, [77]) after printing can limit the compatibility of the ink with flexible polymer

substrates.

2.3.2.1 Spin-on dielectric layers

Spin-on glass layers can be fabricated with comparatively low curing temperatures and
can be compatible with flexible polymer substrates. For instance, cross linked spin-on
glass layers with few trap states for electrons on a n-type semiconductor channel material
and a low annealing temperature of 135°C allowed OFETSs on flexible polyethylene
terephthalate (PET) foil substrates by inkjet printing [76]. The thickness was 210 nm
and could be tuned by dilution of the ink with solvents.

Cross linked spin-on glass layers were also used as dielectric in fully inkjet printed resis-
tively switching memory cells in a Ag/spin-on-glass/poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate stacking; a curing temperature as low as 200 °C permitted print-
ing on flexible polyethylene naphthalate foil [94]. Resistively switched memory cells in a
Ag/spin-on-glass/Ag stacking were also inkjet printed with an integrated microbattery
[95].

2.3.2.2 Sol-gel dielectric layers

Reports of sol-gel dielectric layers used considerably higher annealing temperatures after
printing of a precursor ink, limiting the compatibility with flexible substrates. Early work
used Bag St 4TiO3 dielectrics for tunable circuits (the capacitance could be reduced
by application of a direct current (DC) bias) from sol-gel precursors, where the layers
were annealed at 1100°C for 3h in Oz on MgO substrates [77]. Other oxides as a
ZrOq dielectric for TET [96], Sr-doped AlyOg layers on inkjet printed channels of TFTs
[18], or ZrO, and Sc1Zr;0, dielectrics for thin film transistors on glass [19, 97] were
also created by inkjet printing or spin coating of precursor inks. However, dielectric inks
were prepared by a top-down approach, too, where ZnO powder was milled until a stable
dielectric ink in ethylene glycol could be achieved that was suitable for inkjet printing
[98]. Arrabito et al. provided a detailed review how to process ZnO nanocrystalline inks

to different electronical devices [99].
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Various groups reported inkjet printed sol-gel layers as dielectric in capacitors. Dielectric
layers for radio frequency capacitor application were inkjet printed with an ink based
on AI(NO3) and a solvent mixture of 2-methoxyethanol and ethanol resulting in AlyO3
films with dielectric constants of 6.2 and a low loss tangent of 0.005 [13]. A mixture of
solvents reduced the coffee ring effect of sol-gel precursor inks to print capacitors with
TayO5 dielectric layers [100]. Also, fully transparent thin film capacitors were inkjet

printed with indium-zinc-oxide electrodes and tantalum oxide as the dielectric layer [6].

Printed sol-gel dielectrics have also been used as gate dielectric. An AlsOg dielectric
was inkjet printed as gate dielectric in TFTs [20]. Finally, also alternative printing
techniques were used for sol-gel based dielectric layers, e.g. slot die coating, to print
organic-inorganic nanohybrid dielectric films as organic TFT gate dielectric on silicon
[101].

2.4 Structure, theoretical description, and studies on di-

electric nanocomposite materials

Composite materials are fabricated from at least two ingredient materials. Furthermore,
dielectric composite materials combine the properties of polymer and inorganic mate-
rials. Dielectric composite materials with particles embedded in a matrix material do
not show interparticle air void volumes, which would lower the dielectric constant and
reduce the breakdown strength [29]. The composite materials are often classified fol-
lowing Newnham et al. as shown in Figure 2.5. Particles (0-dimensional objects) that
are surrounded by a 3-dimensional (3-D) matrix are referred as 0-3 composites, wires
(1-dimensional (1-D) objects) that are surrounded by a 3-D matrix would be 1-3 com-
posites, and a layered material (2-dimensional (2-D) objects separated by a 2-D matrix)

would be a 2-2 composite.

In the following, nanocomposite materials with dielectric particles of a high dielectric
constant (e.g. ceramics) in a dielectric medium (e.g. polymer) are called “Type I”
composites. Nanocomposites with conductive particles (e.g. metals) randomly dispersed
in an insulating dielectric medium are called “Type II” composites. A new type with
conductive nanoparticles that are individually insulated by covalently attached shells is

named “Type III” hybrid. The different nanocomposites are shown in Figure 2.6.
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0-3 composite 1-3 composite 2-2 composite

FIGURE 2.5: Types of nanocomposite materials following the classification of Newnham

[102].
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FIGURE 2.6: Types of particle-based dielectrics and their electrical modelling. a) Type I

composites have dielectric particles in a dielectric medium. b) Type II composites have

conductive particles randomly dispersed in a dielectric medium. ¢) Type III hybrids that

will be studied in this thesis have metal nanoparticles that are individually insulated by

covalently attached polymer shells. Reprinted with permission of Wiley-VCH GmbH,
from [1].

2.4.1 Type I nanocomposites: particles of high dielectric constant in

a low dielectric constant matrix

In Type I nanocomposites, filler materials with a high dielectric constant (e.g. ceramics)
are introduced in an insulating matrix (e.g. a polymer) to combine a high effective
dielectric constant and the easy processing properties of polymers (see Figure 2.6a).
For instance, the nanocomposites can be applied by an ink and much lower annealing
temperatures are needed for drying in comparison to sintering temperatures of a ceramic
material allowing the usage of polymer foil substrates. Additionally, the nanocomposites
can show flexibility for bending or stretching even when ceramic particles are used, which

usually have brittle mechanical properties.

2.4.1.1 Mixing rules and effective medium theories

A linear mixing rule is the simplest approximation to estimate the effective dielectric

constant € .¢ of a Type I composite from the dielectric constant of the matrix e, 1,
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the dielectric constant of the filler material e, 2, and the volume fraction f, of the filler

material [103]:
Ereft = (1 — fv)ern + fuero (2.13)

Because experimental results often deviate from the predictions of the linear mixing
rule, more elaborated mixing rules were developed. The dielectric constant is mainly
increased by a gradient of the electric field at the matrix-particle interfaces [35], which

can be described with the effective medium theory and its extensions [103, 104].

The Maxwell equation assumes a single spherical filler particle surrounded by an infinite

matrix and is therefore often only valid at low filler concentrations [103, 105]:

lgr,2 + 2f':r,l - 2fv(5r,1 - 51‘,2)
" era + 2600 + fulern —er2)

Ereff = Er (2.14)

The Bruggeman model considers the composite materials as repeated unit cells of the
matrix material with a spherical filler particle in the centre [103, 105]. The effective

dielectric constant of such a binary mixture is given by the solution of the equation

[103]:
(1 _ fv) ( Er,1 — Ereff ) + fv ( Er,2 T Ereff ) -0 (215)

€r,1 t+ 25r,cff €r2 + 2€r,cff
2.4.1.2 Printed Type I nanocomposites and their applications

Printed Type I nanocomposites are widely reported in the literature for various applica-
tions. Early works of liquid processed Type I nanocomposites used liquid precursors with
BaTiOg3 particles and epoxy, which were processed by comma roll coating [106], or with
BaTiOg particles and polycarbonate or poly(vinylidenefluoride-co-hexafluoropropylene),
which were processed by spin coating [107]. Furthermore, gravure printed BaTiOg par-
ticles with a sol-gel network as matrix and curing temperatures of up to 160 °C proved

that Type I dielectrics can be compatible with flexible PET substrates [108].

Screen printing as a large scalable printing technique was used for oxide particle-based
dielectrics; e.g. printing of Pb(Zr, Ti)Os (PZT) particles was combined with subsequent
spin coating of the sol-gel precursor solution to densify the dielectric [109] or printed PZT
particles were printed together with a polyvinylidene fluoride-trifluoroethylene (PVDF-
TrFE) matrix [110]. The variance in application of screen printed Type I dielectrics was
shown by layers of BaTiO3 particles together with silica in PMMA and PVDF-TrFE
polymer acting as the gate dielectric of fully printed OFETs [111] or by layers printed
with a BaTiOg ink (Conductive Compounds BT-101) and a UV-curable resin dielectric
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ink (Creative Materials 116-20) that were used as receiver coils for magnetic resonance

imaging [24].

Researchers aimed for inkjet printable Type I dielectrics to increase the flexibility in
the fabrication process. A polymer matrix was used in the work of Lim et al. where
voids between inkjet printed BaTiO3 particles were filled in a second inkjet printing step
with an ink of dissolved epoxy [78]. Kang et al. added BaTiOs and Ni—Zn particles
to a PVP-based insulating ink to inkjet print capacitors and inductors [79]. In another
work, it was shown that AlsOj3 nanoparticles can be inkjet printed in microchannels
on steel when co-solvents and an additional polymer polyethylene glycol are used next
to the aqueous dispersion media to prevent nozzle clogging and coffee ring effect [112].
Mikolajek et al. developed an ink based on Bag gSrg4TiOg3 particles in a PMMA matrix
that allowed inkjet printing of capacitors on flexible substrates [8, 80, 113]. However, the
printed films of these systems were quite thick with various microns, which will reduce
the absolute capacitances. An ink recently reported by Reinheimer et al. with silane-
functionalized Bag ¢Sro 4TiO3 particles that covalently bound to a poly(ethylene glycol)
diacrylate crosslinker after printing reached a sub-micrometer thickness of 700 nm [10].
Oxide particle-based inks are already commercially available, e.g. an ink from Torrecid
S.L. containing HfOs particles was used to inkjet print resistive random access memory
[114].

As mentioned before, the dielectric constant of Type I composites will increase with
the filling ratio of the oxide particles. The high volume ratio of rigid oxide particles
complicate the processability of the inks, e.g. resulting in thick layer thicknesses [34, 115].
Furthermore, strong local field gradients at high filler levels will cause hot spots in the
electric field that reduce the breakdown strength of the dielectric [35]. Finite element
analysis showed that the usage of non-spherical particles in comparison to spherical
particles can reach high dielectric constants at lower volume ratios [34]. Consequently,
atomically flat and insulating 2-D materials such as hexagonal boron nitride (h-BN)
also became interesting candidates for filler materials in Type I dielectrics. Joseph et al.
reported the fabrication of screen printed capacitors with a h-BN ink with polycarbonate
binder [116]. Recently, also inks for inkjet printing could be prepared by exfoliation [81]
and 2-D material graphene/h-BN/graphene capacitors were inkjet printed on paper [9].
A similar h-BN ink was used to create gate dielectrics on flexible Kapton substrate with
printed semiconducting carbon nanotube channels without heating the sample over 80 °C
[82].
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2.4.2 Type Il nanocomposites: conductive particles in an insulating

matrix

Type II nanocomposites use conductive fillers such as metal particles in an insulating
dielectric matrix material (see Figure 2.6b). If the filling ratio of the conductive mate-
rials stays below the percolation threshold, the resulting material is dielectric. Charges
accumulate at the interface of the conductive filler material and insulating matrix and
lead to interfacial polarization [34, 36]. Due to the pronounced effect of the conduc-
tive particles, a strong increase of the dielectric constant can already be achieved with

comparable low filler volumes.

2.4.2.1 Percolation theory and interfacial polarization

Percolation theory originally describes compounds with an insulating and conductive
component and the transition from insulating to conductive behaviour when the volume
fraction of the conductive component f, is increased above the percolation threshold
fe. A good overview about the percolation theory is provided by Kirkpatrick [117].
The theory was extended to dielectric compounds by Dubrov et al. [37] and by Efros
and Shklovskii [38] who introduced a network of resistor-capacitor (RC) elements [37].
The composite only maintains its dielectric behaviour below the percolation threshold;
if the volume ratio of the conductive component reaches the percolation threshold, a
percolating path forms through the compound and leads to dielectric failure. Close
to the percolation threshold, the effective dielectric constant at DC (angular frequency
w = 0) diverges and is described by [37, 38]
€r,0

ereff(0, fv) = AT (2.16)

where €, o is a prefactor connected to the dielectric constant of the insulating component
and ¢ is a critical exponent that depends on the dimensionality of the network and equals
1.3 for 2-D systems and 1 for 3-D systems [38]. The dielectric constant diverges at the
percolation threshold only for ideal insulating matrices without any DC conductivity; in
real dielectric compounds with a small but final DC conductivity of the matrix oy > 0,
the maximum of the permittivity at the percolation threshold at the angular frequency
w is [38]

4 1-s
“‘TM> (2.17)

€r,eff(w7 fc) =¢€r0 (
with s being another critical exponent.

While percolation theory extended for dielectric compounds originated from consider-

ations at DC, it makes reasonable predictions on the dielectric behaviour of Type II
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nanocomposites at low AC frequencies. Moreover, percolation theory predicts that at
large volume fractions with decreasing interparticle distances, conductive clusters get

interconnected and aggregates of particles can behave like a bigger single particle [57].

Percolation theory does not make prediction of relaxations in polarization that must be
considered at high frequencies. The dominant polarization making possible the large
dielectric constants in conductor-insulator composites is the MWS polarization [34].
MWS modelling originates from the Debye formulas (Equations (2.10) and (2.11)) and
from Wagner’s considerations [62] to predict the frequency of the loss factor maximum
[118]. Fredin et al. employed MWS modelling and showed that the formation of particle
aggregates in Type II nanocomposites can, on the one hand, increase the dielectric
constant because of an enhanced MWS polarization response at the larger interface area
of the joint particle surface, and, on the other hand, reduce the relaxation frequency of

MWS polarization leading to a drop of the dielectric constant at lower frequencies [57].

Dang et al. stated that nanoparticle fillers are suitable to increase the polarization and
resulting dielectric constant of nanocomposites while maintaining the facile processabil-
ity and flexibility of the polymer matrix as nanoparticle-based composites possess large
internal surface areas at comparatively low filler ratios [29]. Another advantage of small
nanoparticle fillers is the reduction of hopping currents in the resulting dielectric layer by
exploiting the Coulomb blockade effect, which describes a quantum effect for conductive
nanoparticles creating an additional barrier for a tunnelling electron due to the charging

energy, and thus the decrease of dielectric losses as it was stated by Lu et al. [119, 120].

Inhomogeneous distribution of the filler particles makes prediction of the properties of
Type II nanocomposites difficult. For random distributions, the filler concentration can
vary locally and due to clusters, a percolation path between the electrodes can be formed
at lower filler level than for a composite with homogeneously dispersed fillers [118]. This
causes that the percolation thresholds of Type II dielectrics observed in experiments
varies strongly with the preparation method and shape of the filler particles ranging
from as low as 1% to as high as 17 % [34].

2.4.2.2 Development in preparation of Type II nanocomposites

Pecharromén and Moya reported first experimental proof of large dielectric constants in
Type II insulator-conductor composites with a mullite/Mo functionally graded material
[121]; Pecharromén et al. reported a dielectric compound made up of Ni microparticles
inside of a BaTiO3 ceramic matrix reaching dielectric constants up to €, = 81000@10 kHz
[122]. Dang et al. obtained composite layers of Li-doped NiO in PVDF by sol-gel

reactions [123]. Shen et al. created a dielectric compound of BiaSs nanorods that were
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synthesized by a solvothermal method and that were dispersed in PVDF [124]. Several
groups reported the mixing of Ag [83, 84, 125] or Al [126, 127] metallic particles into
epoxy matrices; Yang et al. studied carbon black and carbon nanotubes in epoxy [128].
Lu et al. formed composites with metallic Ag nanofillers that were formed in-situ from

AgNOj3 precursors in an epoxy polymer [119, 129].

Aggregation and agglomeration of fillers causing a heterogeneous distribution of the
filler material is a common problem in Type II composites. Toor et al. prepared “dielec-
tric inks” from metallic nanoparticles and polymers by solution mixing: colloidal gold
nanoparticles (AuNPs) were mixed with a SU-8 polymer solution [39, 61, 130] and PVDF
polymer solution [40, 61, 131] in the same solvent. Particle agglomerates and voids at
higher filling ratios were observed and the achievable dielectric constant was limited. If
a conductive path is formed by agglomeration in Type II composites close to the per-
colation threshold — where the dielectric constant is greatest — short-circuits lead to
failure of the device. This problem is especially prominent for very thin dielectric layers
were agglomerates at the scale of the layer thickness can easily form. Therefore, Fredin
et al. embedded aluminium nanoparticles in polypropylene shells by in-situ polymer-
ization on the native oxide layer of the aluminium nanoparticles in order to reduce the
risk of short-circuits at the cost of a reduced filling fraction and elaborated preparation

process [41, 57].

In other studies, Type II dielectric composites were also prepared by liquid processing
methods such as spin coating [39, 40, 61, 83, 84] or processes less troubled by agglomer-
ates such as bar coating [127], doctor-blade coating [119, 129], or hot pressing [41, 57],

but not via inkjet printing.

In a summary, conductive filler materials allow the fabrication of dielectric layers with
large dielectric constants. Random mixing of these particles in the matrix can lead to
locally varying filler volume fractions and therefore varying material properties. Individ-
ually insulating shells solve the problem of conductive pathways that can form especially

at high filler ratios or in the presence of agglomerates and were investigated in this thesis.

2.5 Type III nanocomposite: hybrid dielectric of Au@PS

core-shell particles

“Type II1” dielectric hybrid materials contain hybrid nanoparticles with a conductive
core and an individual insulating polymer shell (see Figure 2.6¢). Inks based on these
hybrid particles are suitable for inkjet printing of very thin dielectric layers. In this
thesis, an ink of dispersed hybrid AuNPs with covalently bound polystyrene (PS) will
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be presented and the resulting hybrid dielectric layers will be investigated. The low-
viscosity inks will not contain free polymer, all polymer chains are covalently bound to
the Au cores. The individual polymer shells insulate the particles from each other and

prevent the creation of conductive pathways through the dielectric layer.

In order to understand the properties of such an ink, the basics of AuNPs with insulat-
ing organic shells, their colloidal stability, their optical properties, and the energetically
driven ligand exchange process will be discussed. Concluding, the structure and self-
assembly of polymer-shell AuNPs will be reviewed looking at the conformation of the
polymer ligands and the interaction of polymer molecules with the solvents of the dis-

persion.

2.5.1 Metal nanoparticles with insulating organic shells

In this thesis, metal nanoparticles were selected as conductive phase for the hybrid
dielectric materials for enhanced MWS polarization at internal interfaces and to enable
large dielectric constants. As many synthesis protocols are known for AuNPs and these
particles are stable after synthesis, AuNPs were selected as model for metallic particles.
A functional hybrid ink should contain AuNPs with complete polymer shells to ensure
the individual insulation, possess a long shelf life, and the AuNPs should be stable in the
liquid dispersion without the formation of agglomerates. In the following, the synthesis

of AuNPs and the stabilization mechanisms of AuNP dispersions are presented.

2.5.1.1 Synthesis of gold nanoparticles

Protocols for synthesis of monodisperse Au particles with varying diameter in water
by reduction of gold acid with sodium citrate have been known for a long time. In
Frens’ synthesis, sodium citrate reduces gold acid to metallic gold, forming AuNPs,
and additionally forms a charged surface layer on the AuNP surface [132]. Generally,
nanoparticles in a dispersion tend to aggregate due to Van-der-Waals (vdW) forces at-
tracting the particles to each other. In aqueous polar solvents, the particles get stabilized
by electrostatic forces caused by the present surface charges as described by the DLVO
(Derjaguin, Landau, Verwey, Overbeek) theory [133].

In this work, the synthesis of the gold particles was performed in an organic, non-
polar solvent, due to a larger yield of particles in a synthesis batch, which allows the
preparation of comparably highly concentrated inks, and the solubility of the used PS
polymer ligands in organic solvent. Hence, AuNPs with oleylamine (OAm) ligand shells

were synthesized following a modified synthesis protocol of Wu et al. [134]. During the
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synthesis, gold acid is reduced by a borane complex as a reducing agent in the presence
of oleylamine, which acts as stabilizing ligand shell of the individual particles and the
core sizes are defined by the interaction of the solvent molecules and the oleylamine
ligands [134]. In this thesis, the core size was adjusted with diameters in the range of

2.9nm to 8.2nm by using different solvents during synthesis.

2.5.1.2 Colloidal stability of gold nanoparticles in non-polar solvent

In contrast to the DLVO theory for charged particles in polar solvent, no general theory
for the colloidal stability for particles without surface charges in non-polar solvent exists
[135]. Overall, the elastic deformation of the ligand and the mixing enthalpy between the
solvent and ligand is considered to describe a “sterical stabilization” of the nanoparticles
in the solvent [136]. As the mixing enthalpy strongly depends on the solvent, a strong
dependence of colloidal stability on the solvent was observed. For instance, the agglom-
eration of AuNPs that are capped with alkanethiol ligands and dispersed in a non-polar
solvent can be induced by addition of polar solvent [137, 138]. The role of the ligand
length and of the solvent quality for the stability of nanoparticle dispersions against ag-
glomeration was studied for alkanethiol capped inorganic particles in various non-polar
organic solvents in the literature. It was found by Kister et al. by small angle X-ray
scattering and molecular dynamics simulations for inorganic nanoparticles in non-polar
solvent that the agglomeration is ligand shell-dominated for small cores (diameter 4 nm
to 8nm) whereas it is core-dominated due to vdW forces between the cores for larger
core sizes (diameter above 9nm) [139]. Additionally, Monego et al. found with the same
methods a decrease of colloidal stability with increasing length of the alkanethiol ligands
[140]; this was explained by ordered structures that the short ligand molecules formed
at low temperatures. These ordered ligand molecules influenced the shell-dominated
agglomeration behaviour important for small core sizes and finally caused an increase
of the colloidal stability [140]. This ordered structure of the alkanethiol ligands was
observed to be enhanced when shorter solvent molecules are used like hexane in compar-
ison to hexadecane, which had the same length as the ligands of hexadecanethiol capped
AuNPs that were used in the study [141]. Molecular dynamics simulations showed addi-
tionally that cyclohexane suppresses very effectively the ordering transition in the ligand
shell hindering agglomeration even better than the short linear hexane solvent molecules
[141]. In agreement with this simulation result, Doblas et al. experimentally determined
different solvent qualities by SAXS measurements of hanging droplets of alkanethiol sta-
bilized AuNP dispersions and by determining the stability against agglomeration with
increasing concentration of nanoparticles [142]; they found that the best solvent is cy-

clohexane, before linear alkanes and toluene being the poorest solvent for such particles.
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The insights in the agglomeration behaviour of nanoparticles upon solvent evaporation
was used to improve a nanoimprinting process: shorter ligands like butanethiol lead
to fast agglomeration upon solvent evaporation while longer ligands like dodecanethiol
assured longer stability of the dispersion upon solvent evaporation and better printing

quality of conductive lines [12].

All these insights on the stability of AuNPs capped with short molecules in non-polar
solvent indicate that the stability of AuNPs with a covalently attached polymer shell
also bases on the steric stabilization of the nanoparticles, which is likely to depend on
the polymer shell conformation and the used solvent. These points are discussed later

in this section.

2.5.1.3 Optical properties of gold nanoparticle dispersions

The colloidal gold concentration of the hybrid inks prepared in this thesis were deter-
mined by the optical absorption of the AuNP dispersions. Mie theory can be used to
describe the scattering of light at small particles in the size range of the wavelength of
visible light [143]. Due to collective oscillations of free electrons in noble metals such
as gold, silver, and copper, plasmon resonances with a typical absorption at a certain
wavelength are observed and cause the appearance of characteristic colours for disper-
sions of these metal nanoparticles [144]. The position of the plasmon resonance peak in
the absorption spectrum depends on the complex permittivity of the metal the nanopar-
ticles are made of, the dielectric constant of the solvent, and the size of the particle.
For AuNPs, the position of the plasmon peak in the absorption spectrum is at about
520nm [145]. As the plasmon peak gets generally shifted to larger wavelengths with
increasing particle size [144], colloidal AuNPs can be easily distinguished by the colour
of the dispersions. Particles with diameter in the range of 10 nm appear red, however
in the presence of agglomerates of single nanoparticles the dispersion appears blue, e.g.
when agglomeration is provoked by temperature change [146]. The determination of the
gold concentration can be performed by observing the absorption of the AuNP disper-
sion at 400 nm where both the plasmon peak and the absorption of the solvent have no
influence [147].

2.5.1.4 Energetically driven ligand exchange

In this thesis polystyrene polymer ligands were used to insulate the AuNPs in the hybrid
layers. Polymer ligands can either be applied as complete synthesized macromolecules
(“grafting to” approach) or via polymerization from dissolved monomers on the nanopar-

ticle surface (“grafting from” approach) [148, 149]. To adjust the nanoparticle properties
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for the application in dielectric layers, the original oleylamine ligand after synthesis was
replaced by thiol-functionalized polystyrene ligands in a “grafting to” approach. The
bonding energy of the oleylamine ligand (amine to gold: 0.2eV[150]) is about one order
of magnitude lower than the bonding energy of the thiol-functionalized polystyrene (thiol
to gold: 1.7eV [151, 152]), therefore this ligand exchange is energetically preferred. In
the following, the properties of such polymer-shell AuNPs are presented.

2.5.2 Shell structure, polymer conformation, and self-assembly of poly-

mer-shell gold nanoparticles

In this thesis, polymer ligands were used to obtain a sufficiently insulating shell around
the conductive cores of the metal nanoparticles. As stated above, the ligand shell plays
an important role on the agglomeration behaviour of sterically stabilized AulNPs and
the resulting structures during solvent evaporation. In a dry hybrid dielectric layer with
all polymer covalently attached on the metallic nanoparticle cores, the ligand density
directly influences the volume fractions of the conductive metallic phase and of the
insulating organic phase. Therefore, this section provides an overview on the structure,

stability, and self-assembly of polymer-shell gold nanoparticles.

2.5.2.1 Structure of polymer-shells of gold nanoparticles

Covalently bound polymer molecules on a solid surface, such as the surface of a nanopar-
ticle, form a polymer-shell, which can adopt different structures. The shell structure
is mainly determined by the ligand density of the polymer ligands, which contributes
together with the ligand length to the thickness of the polymer shell, and by the con-
formation of the polymer ligand molecules in the solvent, which in turn depends on the

ligand density.

A systematic study of thiol-functionalized polyethylene glycol ligands used in aqueous
AuNP dispersions was performed by Rahme et al. [153]. The hydrodynamic radius was
found to correlate with the length of the polymer ligand whereas the ligand density was
measured by thermogravimetric analysis (TGA). It was found that the ligand density
depends on the geometrical conditions on the nanoparticle surface: higher curvatures on
the particle and smaller polymer ligands allowed higher ligand densities on the nanopar-
ticle surface. The ligand density decreased with polymer length and increasing core
diameter (see Figure 2.7). Corbierre et al. found that the grafting density of thiol-
functionalized polystyrene ligands was higher on AuNPs than on flat Au surfaces and

that the ligand density decreased with increasing polymer length [154]. A similar trend
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was measured for AuNPs capped with thiolated-polystyrene dispersed in dimethylfor-
mamide, where Sindram et al. recently found a decreasing ligand density with increasing

molecular weight [155].
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FIGURE 2.7: Ligand density of polyethylene glycol (PEG) polymer ligands on AuNPs

as they were measured by Rahme et al. [153]. a) Number of ligands and grafting

density as it was measured by TGA depending on the molecular weight of the ligands.

b) Number of PEG ligands with molecular weight 10 000 Da depending on the diameter

of the AuNP core. Reprinted with permission of The Royal Society of Chemistry, from

[153]. Copyright 2013 The Royal Society of Chemistry; permission conveyed through
Copyright Clearance Center, Inc.

Dukes et al. measured the hydrodynamic radii of polymer capped nanoparticles and ap-
plied the mean field theory of Wijmans and Zhulina [156, 157]. They found a mushroom
ligand conformation for low ligand density and low radius of gyration of the polymer
ligand (Figure 2.8a), a semidilute polymer brush for intermediate ligand density (Figure
2.8b), and a transition to concentrated polymer brush conformation for high ligand densi-
ties (Figure 2.8¢) [157]. In mushrooms, the polymer chains are coiled on the nanoparticle
surface and occupy a large surface area. In brushes, the polymer chains are unfolded
and a single chain occupies much less space on the nanoparticle surface. Sindram et al.
reported a concentrated brush conformation for AuNPs capped with thiol-functionalized
polystyrene (Au core size ~12nm, PS molecular weight from 6500 Da to 33 000 Da) and

with ligand densities in the range of 1nm~2 to 10nm~2 [155].

2.5.2.2 Conformation of dissolved polymers

The geometrical arrangement of the polymer ligand depends on its surface (or grafting)
density and determines the final conformation. The solvent also strongly influences the
conformation of polymer ligands in dispersed polymer-shell nanoparticles. The solvent

effect on the polymer molecules can be studied by polymer solutions as model system.
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FIGURE 2.8: Models of polymer ligand conformation in dependence of the ligand den-
sity on the nanoparticle surface following Dukes et al. [157]. a) Mushroom conforma-
tion at low ligand densities. b) Semidiluted polymer brush (SDPB) at medium ligand
densities. ¢) Concentrated polymer brush (CPB) at high ligand densities. Reprinted
(adapted) with permission from [157]. Copyright 2010 American Chemical Society.

Macromolecule solutions deviate considerably from ideal solutions as the large polymer
molecules displace a lot of solvent molecules [158]. The free energy of mixing of a binary
mixture between a polymer and a solvent can be described by the Flory-Huggins equation
with terms of entropic origin that always promote mixing and a term of energetic origin
[159]. The sign of the energetic term depends on the sign of the Flory interaction

parameter y which is often described by the empirical equation [159]

X(T) = A+ % (2.18)

where A is a parameter that represents the “entropic part” of x, B represents the

“enthalpic part” of x, and T is the temperature.

In the case of x < 0, the solvent and polymer have a net attraction and the solution
is always stable. In the case of y = 0, there is an ideal solution and in the case
of x > 0, the solvent and polymer have a net repulsion, which is observed for many
polymer /solvent systems. There exists an upper or lower critical solution temperature
depending on the sign of the parameter B: for B > 0, an upper, for B < 0, a lower
critical solution temperature can exist. Both exist if B changes the sign with temperature
[159, 160], e.g. for polystyrene in cyclopentane [159]. The theta temperature is a special
temperature, where the steric repulsion between the solvent molecules, causing unfolding
of the polymer chains, is cancelled by the solvent-mediated attraction of monomer units,
causing coiling of the chain. As a result, the polymer chain obtains its ideal conformation

at the theta temperature [159].

A good solvent influences the conformation of the polymer chains towards unfolding
of the chain, whereas a bad solvent drives collapse of the polymer chain to coils [161].
Forster et al. found a less pronounced swelling of polystyrene/polyvinylpyridine diblock
copolymer brushes in cyclohexane in comparison to toluene, which they saw as better

solvent [162]. The coiling of polystyrene in cyclohexane has been observed with dynamic
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light scattering by Yu et al. from its unfolded state at 35°C — the theta temperature
for polystyrene in cyclohexane — to the collapsed state at 29 °C with a reduced hydro-
dynamic radius [163].

Therefore, the used solvent and the solvent temperature are expected to influence the
ligand exchange performed in this thesis from AuNPs capped with oleylamine to thiol-
functionalized polystyrene. For good stability of the final dispersion of polystyrene
capped AuNPs, a good solvent is expected to be beneficial and the unfolded conformation
of the polymer molecules during ligand exchange is expected to result in higher grafting

densities of the polystyrene ligands.

2.5.2.3 Self-assembly of polymer-shell nanoparticles

Simulations showed that the self-assembly of nanoparticles is determined by the balance
of the attractive vdW forces between the particle cores and the energy of mixing and
elastic compression of the particle ligands [136]. Akcora et al. experimentally observed
the different self-assembly of SiO9 nanoparticles with grafted polystyrene ligands in its
matrix [164]. The authors explained the different self-assembly with varying grafted
chain length and varying grafting density by the shifting balance between the energy
gain of the attracting nanoparticle cores and the loss of entropy caused by reduced
freedom for overlapping polymer chains in the shells [164]. Therefore, the interparticle
distance during self-assembly is influenced by the polymer shell. So called “patchy”
particles possess an anisotropic decoration of the particle surface [165], which causes
anisotropic interaction of the nanoparticles and can result in chain or ring like self-
assembly [166]. When the polymer-shell conformation is changed, the self-assembly of
the nanoparticles also changes. For instance, Huebner et al. showed for AuNPs grafted
with a photoresponsive polymer made up of a methacrylate type monomer with an
azobenzene sidechain that a transition of a well dispersed self-assembly to a densely
aggregated self-assembly takes place when the molecules in the light responsive polymer
shell are switched from an elongated trans-state to the collapsed cis-state via UV light
[167]. These studies indicate that the self-assembly of the investigated Au@PS hybrid

nanoparticles in this thesis possibly depends on the polymer shell.
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METHODS

This chapter describes all experimental methods used in this thesis. The synthesis of the
Au@PS NPs, the analysis of the Au@QPS NP dispersions and layers, and the preparation

of thin film capacitors are described.

3.1 Au nanoparticle synthesis

The synthesis of the Au@PS hybrid core-shell nanoparticles was performed in two steps.
First, oleylamine (OAm) capped AuNPs were synthesized in organic solvent using an
adapted method from Wu et al. [134]. The size of the Au cores was tuned by the
selection of the solvent and by the timing of addition of the reduction specious. In a
second step, the ligand OAm was exchanged by thiol-terminated polystyrene (PS-SH)
using a grafting-to approach following Corbierre et al. [154]. Unless noted otherwise, all

chemicals were used without further purification as received from the suppliers.

3.1.1 Synthesis of Au@OAm nanoparticles of different core sizes

The core sizes of AuNPs were tuned by different organic solvents and different stir-
ring times (¢rpap) until the reducing agent tetrabutylammonium bromide (TBAB) was

added. The different core sizes, solvents, and stirring times are listed in Table 3.1.

For the synthesis of gold nanoparticles with oleylamine (OAm) shells (Au@OAm), a
mixture of 20mL filtered OAm (ACROS Organics, USA, C18 content 80 % to 90 %)
and 20 mL of the solvent (see Table 3.1) was prepared. 200 mg HAuCly - 3HyO (ACROS
Organics, USA) were dissolved in 32mL of the OAm-solvent mixture. The solution
turned immediately red and was stirred at room temperature for the time tTpap (see

Table 3.1). Then, a solution of 100 mg tetrabutylammonium bromide (Sigma-Aldrich,
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TABLE 3.1: Parameters for the synthesis of AuQOAm nanoparticles in this thesis. The
core size d.ore depends on the used solvent and the time trgap when the reducing agent

is added.
Name dcore [nm]  Solvent tTBAB
Small AuNP@QOAm ~ 2.9 n-pentane (Sigma-Aldrich, 90 min

USA, 99 % purity)
4.7 n-hexane (aber GmbH, 20min
Germany, 99 % purity)
Large AuNP@QOAm ~ 7.0 benzene  (Sigma-Aldrich,  45s
USA, 99 % purity)

%

Medium AuNP@QOAm

USA) in the remaining 8 mL of the OAm-solvent mixture was added. The solution

turned dark blue and was stirred further for about 1h at room temperature.

All glass vessels were flooded with argon and capped with a lid during the reaction. The

gold acid was pestled to ensured fast dissolution in the OAm-solvent mixture.

The product was purified by adding 50 mL ethanol and 10 mL methanol to 40 mL of the
as-prepared AuNPQOAm dispersion. The mixture changed its colour to blueish due to
particle agglomeration after addition of the polar alcohols. It was distributed in two
centrifuge tubes of 50 mL and centrifuged (Rotanta 460 RS, Hettich, Germany, 1550 rcf,
t = 5min). Then, the clear supernatant was decanted and the NPs redispersed in 40 mL
of cyclohexane (Roth, Germany, 99.9 % purity). The resulting particle dispersion was
mixed with 40 mL ethanol and 20 mL methanol, and the cycle was repeated. Finally, the
Au@OAm NPs were redispersed in 40 mL of the final solvent toluene (Roth, Germany,
99.8 % purity).

One overgrow step was performed to increase the core size and to obtain batches of larger
nanoparticles. To this end, 40 mL of washed AuNPQOAm with core diameter ~ 7.0 nm
dispersed in toluene were stirred on a hot plate at 63 °C. A mixture of 2 mL filtered OAm
(ACROS Organics, USA, C18 content 80 % to 90 %) and 2 mL toluene (Roth, Germany,
99.8% purity) was prepared. 100mg HAuCly-3H20 (ACROS Organics, USA) were
rapidly dissolved in the OAm-toluene mixture by vigorous shaking and immediately
added to the AuNP@QOAm dispersion. The stirring was continued for about 24h at
63 °C. Purification was followed as above. However, for the second centrifugation cycle,
the centrifuge was set to 5230rcf for ¢ = 20min to obtain a clear supernatant. The
overgrown Au@OAm particles with core diameter of ~ 8.2 nm were redispersed in 40 mL

of the final solvent toluene (Roth, Germany, 99.8 % purity).

To store the inks in inert atmosphere, the ink vessels were flushed with argon after each

ink usage.
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3.1.2 Ligand exchange to polystyrene

Thiol-functionalized polystyrene (PS-SH) was grafted onto the gold nanoparticles fol-
lowing Corbierre et al. [154]. The amount of provided polystyrene was estimated con-
sidering the length of the polystyrene chains (larger ligand densities were reported for
shorter polystyrene ligands [154]), the surface area of the Au@QOAm particles, and their

concentration as estimated from the used gold acid in synthesis.

Thiol-functionalized polystyrene with molecular weights M, = 5000 Da (polydispersity
index (PDI) < 1.1, PSs000-SH) and M,, = 11000Da (PDI < 1.1, PSy10900-SH) were
obtained from Sigma-Aldrich, USA. PS-SH (see Table 3.2 for masses) was dissolved in
6 mL toluene with the aid of 3 min of ultrasonication. The PS-SH solution was added to

the Au@OAm nanoparticle dispersions as synthesized above.

TABLE 3.2: Amount of PS-SH used in the ligand exchange reaction of a batch of
Au@OAm particles synthesized from 200 mg gold acid.

Name MPSs000 [ME]  MPS;1000 [ME]
Small AuNP@QOAm with PSsggg 480 -
Small AuNP@QOAm with PS11900 - 500
Medium AuNP@QOAm with PS50 350 -
Medium AuNP@QOAm with PS11900 - 390
Large AuNP@QOAm with PS5gg 236 -
Large AuNPQOAm with PS11000 - 237

Standard ligand exchange was performed by stirring of the mixture on a hot plate at
60 °C for one week. Particles with low and high grafting densities were synthesized by
varying the stirring conditions: Hybrid particles with high grafting density of PSi1000
were obtained by stirring at 20°C for one week, particles with low grafting density of
PS11000 were obtained by stirring at 60 °C for four weeks (additionally for eight weeks
in Chapter 4).

After ligand exchange, the dispersions were centrifuged for purification in an ultracen-
trifuge (Optima XE-90, Beckman Coulter, USA). Medium-sized and large particles were
centrifuged at 174900 rcf and 25 °C for ¢ = 165 min using a SW 32 Ti rotor and 38.5 mL
centrifuge tubes. Small particles were centrifuged at 485 000 rcf and 25 °C for ¢ = 210 min
using a SW 60 Ti rotor and 4.2 mL centrifuge tubes. The clear supernatant was carefully
removed with a pipette and the NPs were dispersed in toluene (or in cyclohexane for
experiments in Section 4.2 of Chapter 4) at the desired concentration with the aid of an

ultrasonic bath.
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3.2 Reference thiol-terminated polystyrene ink

Reference capacitors were prepared with dielectric layers that only contained thiol-
functionalized polystyrene. Inks containing 5wt% PSs000-SH or PS11000-SH were pre-
pared by dissolving the polymer with the aid of an ultrasonic bath in toluene. These

polystyrene solutions were used in spin coating.

3.3 Layer formation by wet processing

3.3.1 Substrate preparation

Rigid samples were prepared on silicon substrates. Silicon <100> wafers (Siegert Wafer,
Germany) with intrinsic SiO9 layers were coated with aluminium layers through mag-
netron sputtering using argon plasma (PVD 3 - Lesker PVD 75 Deposition System, Kurt
J. Lesker Company, USA). The sputter time was adjusted (typically ~ 90 min with 50 W
sputter energy) to reach a layer thickness of (60+14) nm. The substrate was cleaved into
square pieces of 18 mm x 18 mm. The substrates were cleaned in acetone, isopropanol,

and water for 10 min each in an ultrasonic bath.

Flexible samples were prepared on polyethylene terephthalate (PET) foil. PET foil
(Melinex ST504, Piitz Folien, Germany) with thickness 125pum was coated with alu-
minium layers through magnetron sputtering (sputter time 90 min, sputter energy 50 W)
using argon plasma on the non-pre-treated side of the foil. Square pieces in the size of

18 mm x 18 mm were cut and cleaned as above.

For silicon substrates with gold bottom contact (used in Chapter 4) and the top contacts,
gold was evaporated on the samples with a UNIVEX 300 evaporation machine (oerlikon
leybold vacuum, Germany). For evaporation of gold on silicon, a titanium interlayer was
evaporated on the silicon for better adhesion (evaporation rate < 0.01nms~!, thickness
5nm). Gold top contacts were directly evaporated on the hybrid Au@PS dielectric
layers without an adhesion layer. For gold layers, the evaporation rate was set below
0.02nms~! till a layer thickness of 3nm and the evaporation rate was then kept at

< 0.2nms ! until the final thickness of ~ 150 nm.

The surface profiles of the substrates were measured by atomic force microscopy (AFM)
using a NanoWizard 3 device (JPK, Germany). Measurements were performed in tap-
ping mode with a PPP-NCL-50 cantilever (Nanosensors, Switzerland) under ambient
conditions with a resolution of 512 pixels and a line rate of 0.3 Hz. The measured area

was 100 pm x 100 pm for silicon, aluminium coated silicon, and aluminium coated PET
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and 90 pm x 90 pm for silicon substrates with evaporated gold. The Data Processing
Software from JPK was used to calculate the average surface roughness R, from the

surface profiles as the arithmetic average deviation from the best fit plane.

3.3.2 Spin coating

Smooth dielectric layers on rigid substrates were prepared via spin coating in a laminar
flow box with a RC 5/8 spin coater (Karl Suss Technique S.A., France). The cleaned
substrate pieces were fully covered with the liquid ink, accelerated at & = 1000 rpms—!,
and rotated at w = 1000 rpm for 60s. A metallic bottom contact was formed by removing
the dielectric coating with a toluene-soaked cotton bud at one edge of the sample. The
spin coated samples were dried overnight in a vacuum oven at 25 °C to evaporate residual
solvent. Using a shadow mask, Au circular top contacts of diameter 1 mm and thickness
(157 £ 4) nm were evaporated on the sample. One sample thus contained 9 to 16 thin

film capacitors that were contacted for dielectric measurement as shown in Figure 3.1.

Gold top contact
(evaporated, & 1 mm)

Aluminium bottom

contact (sputtered)
AuNP@PS dielectric

Silicon substrate layer (spin coated,
(Size: 18 mm x 18 mm) thickness 16 nm to 135 nm)

FIGURE 3.1: Scheme of a spin coated dielectric sample with 9 to 16 thin film capacitors
that can be contacted via the aluminium bottom and the gold top contact.

3.3.3 Inkjet printing

Thin film capacitors with inkjet printed dielectric layers were prepared on aluminium
coated rigid and flexible substrates. Dispersions of medium-sized Au@PS;1990 particles
in toluene with medium ligand density, which were also used for spin-coating, were used

for printing (see above for synthesis).

The dispersion was filled in the cartridge of a PIXDRO LP50 inkjet printer (S Uss
MicroTec SE, Germany) mounted on a piezo print head (DMC-11610, FUJIFILM Di-
matiz, USA) with nozzle diameter of 21.5um. A single nozzle was used for printing,

where the piezo actuator was driven with a pulse shape waveform (holding voltage 8 V,
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pulse voltage 29 V). The pulse length was set to 9us and the ejection frequency was set
to 1000 Hz. To stabilize droplet formation, a negative pressure of —1 mbar was applied
to the ink vessel. The printing was performed in a temperature and humidity-controlled
laboratory (22°C with 50 % relative humidity). The droplet formation before printing

was observed with a camera and a stroboscope.

For the rigid samples, squares of 10 mm x 10 mm dielectric film were printed with two
passes at a droplet density of 400 DPI on aluminium coated silicon wafers, where the
printing direction in the first pass was orthogonal to the printing direction in the second
pass. To ensure the full evaporation of the solvent, the sample was dried in a vacuum
oven at 25°C and =50 mbar after printing. Thermal evaporation was used to deposit
gold top contacts with circular shapes and diameters of 1 mm as described for the spin

coated samples.

For the flexible samples, squares of 10 mm x 10 mm were printed with two passes at a
droplet density of 500 DPI on aluminium coated PET foil, where the printing direction
in the first pass was orthogonal to the printing direction in the second pass. Once again,
the samples were dried in a vacuum oven after printing. Gold top contacts with circular
shape and diameter of 1 mm were evaporated on top, as described above for the rigid

samples.

Optical micrographs of the inkjet printed samples were obtained in bright field using a
ZEISS Axio microscope (Zeiss, Germany).

3.4 Ink and layer characterization

3.4.1 UV-Vis spectroscopy

UV-Vis spectrograms of the hybrid particle dispersions were recorded with a Cary 300
UV-Vis spectrometer (Agilent Technologies, USA) with dual-beam setup in a wavelength
range from 800 nm to 300 nm in steps of 1 nm and 0.1s per step. The absorption spec-
trum of the pure solvent was subtracted as background. The gold concentrations of
the dispersions were determined by the absorbance at the wavelength of 400 nm after
calibration [147]. Calibration measurements were performed with two different standard
dispersions of “NanoXact” AuNPs capped with citrate (both with gold concentration
0.05mgmL ™!, 5nm and 10nm core diameter) that were obtained from nanoComposiz
(USA). The transmissions of standard solutions were measured in undiluted concentra-
tion and diluted with HoO (volume dilution ratios: 1:1, 1:3, 1:5, 1:9, and 1:11). From

these measurements, a calibration curve of the UV-Vis absorption at 400 nm versus the
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known gold concentration in the (diluted) standard dispersions was obtained. For con-
centration determination of synthesized inks, the calibration curve of the 5nm AuNP
standard dispersion was used for small and medium-sized AuNPs. For large AuNPs, the

calibration curve of the 10nm AuNP standard dispersion was used.

3.4.2 Thermogravimetric analysis

Metal and polymer contents of the dry Au@PS NPs were quantified using thermogravi-
metric analysis (TGA). To this end, approximately 250 pLi of the respective dispersion
were dried in a TGA crucible first on a hot plate at 60°C and then in a vacuum oven
at 30 °C overnight. The solid samples (6 mg to 9mg dry mass) were heated to 1000 °C
in a Netzsch STA 449 F3 TGA (Netzsch, Germany) under Ar gas with a heating rate of
10 Kmin~'. At 1000°C, the gas flow was switched to Oy and the temperature was held
for 10 min for complete oxidation of the organic part. Two TGA measurements were
performed for each prepared ink. As most of the mass loss occurred below ~ 520°C, it
was assumed that that all residual mass at 520 °C was elemental gold; the mean value of
the two measurements for each layer type was used as the measured gold weight fraction

Zw,Au for further calculations.

The fraction of Au in the dry Au@PS samples was calculated from the residual Au mass
under the assumption of compact films. The density of bulk Au (pa, = 19.32gcm™3
[52]) and the mean density of amorphous polystyrene (pps = 1.05gcm™3 [168]) were
used to calculate the volume fraction of Au fy Au:

Tw,Au

Jv.Au =
vt Tw,Au + Z?; (1 - mW,Au)

(3.1)

The ligand density was calculated assuming that all organic molecules in the layer were
bound as ligand molecules and that the organic fraction was only made up by PS ligands.

The mass of the organic shell per nanoparticle morganic Was calculated by

1 4 dcore ’ 1
o IR 1 3.2
Morganic = MAuNP (I'W,Au ) pAu3TE < 2 Tw,Au ( )

where ma,Np is the mass of a single gold core, deqore the core diameter, pa, the gold bulk

density, and xy, Ay the gold weight fraction. The number of PS ligands per nanoparticle

npsg can be calculated using the molecular mass Mpg of the used PS ligand:

nps = morganic/MPS (33)
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Finally, the ligand density pa 1igana Was obtained by dividing the number of PS ligands
per particle by the surface of the gold core Aaunp:
nps nps

Aligand = = 3.4
PA liga Arunp i (%)2 (3.4)

3.4.3 Transmission electron microscopy

Transmission electron microscopy (TEM) was used for imaging of individual Au@PS
nanoparticles using a JEM-2011 and a JEM-2100 LaBg TEM (JEOL, Germany), both
with high-resolution pole pieces at 200kV acceleration voltage. Bright field electron
micrographs were acquired with a Orius SC1000 CCD camera (Gatan, USA). Samples
were prepared by diluting the Au@OAm NP or Au@PS NP inks with toluene and drop-
ping on a carbon TEM grid. A fast Fourier transform of the binary TEM images (using
auto threshold filter) was performed with the Fiji software in order to identify order
in the AuNPs arrangement. The size distribution of particles was determined by TEM
images using the Fiji software: the “analyze particle” function was employed after re-
moving background noise, auto adjusting the brightness and contrast, and using the

auto threshold filter.

Cross sections of thin film capacitors were prepared by covering the samples with a con-
ducting carbon layer (to prevent charging of the samples) and two protecting platinum
layers via electron and ion beam deposition. Thin lamellae were then cut using a focused
ion beam (FIB) of a combined FIB/SEM - dual beam scanning microscope (Versa 3D
Low Vac, FEI Company, USA). The ion current was 7nA for fast cutting and 0.3nA
with beam spot diameter of 0.8 nm for fine cutting. The FIB lamellae were connected
to an Omniprobe nanomanipulator, mounted on a TEM sample holder, and analyzed

using TEM (see above for the instrument).

3.4.4 Dynamic light scattering

Dynamic light scattering (DLS) was performed on ALV/CGS-3 Goniometer System
(ALV GmbH, Germany) using a laser wavelength A of 632.8 nm at room temperature (if
not stated differently), with acquisition times of 180s (600s for particles with small Au
cores), and at scattering angles 6 from 30° to 150° in steps of 10°. At each scattering
angle 8, the wavenumber ¢ follows from the wavelength of the laser A and the refractive

index n of the solvent [169]:
qg=——sin— (3.5)
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The autocorrelation of the measured intensity I(q,t) during the experiment yields the
autocorrelation function g (g, )2 that was fit to a squared exponential function describ-

ing the decay of g1(q,t)? in many applications [169, 170]

autocorrelation —t 2
I(g,t) ™ORN g, (g,0)2 = Ag (eXP [TD (3.6)

yielding the correlation time 7 at this scattering angle (Ag is a pre-factor). The correla-
tion time can be used to determine the diffusion coefficient of the particles that undergo
Brownian motion in the solvent [170]. The plot of 771 versus ¢? yields the translational

diffusion coefficient Diyans as the slope of a linear fit [170]:

1
; = qutrans (37)

Finally, the hydrodynamic diameter d;, and hydrodynamic radius ry were calculated

from Dyyans using the Stokes-Einstein relation [52, 170]:

kT
dyh =2rp, =2—— 3.8
6711 Dt rans ( )
where kg = 1.381 x 10722 JK~! is the Boltzmann constant [52], T the temperature, and

7 the viscosity of the solvent.

In temperature dependent measurements, the sample temperature was set with a ther-
mostat in the range 20°C to 60°C. The system was relaxed for at least 15min at a
specific temperature, before the DLS measurement was started. Temperature dependent
values for the refractive index and viscosity of toluene were taken from the literature
[171, 172].

3.4.5 Raman spectroscopy

Raman spectroscopy was used to identify ligand molecules on Au nanoparticles by its
vibrational modes. Samples were prepared by depositing the AuQOAm NP and Au@QPS
NP dispersions on steel substrates. The solvent was evaporated at room temperature
and a confocal Raman microscope inVia (renishaw, United Kingdom) was used for the
analysis. The excitation laser had a wavelength of 633 nm for Au@OAm NP and Au@PS

NP samples. The spectra were recorded in a range of 100cm™! to 700 cm™!.

For analysis of the Raman spectra, a baseline was subtracted from the raw data. The
Raman intensity was normalized by the highest signal in the recorded spectra. The

peaks in the Raman spectra were related to ligand molecules using the literature.
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3.4.6 Small angle X-ray scattering

Small angle X-ray scattering (SAXS) from Au@PS NP dispersions and dry drop-casted
films was recorded in a Xeuss 2.0 laboratory set-up (Xenocs SAS, France). X-rays at
the copper Ky-line with a wavelength of A = 0.154nm were provided by a GeniX 3D
source (Xenocs SAS, France). Scattered intensities were detected by a Pilatus 3R 1M
detector (DECTRIS, USA) of scattering vectors ¢ = 47\~ !sin between 0.1nm~' and

1

10nm™". Since the scattering from all samples was isotropic, intensities were radially

averaged.

The Au@PS NP dispersions were measured in transmission SAXS experiments using
borosilicate capillaries sealed by epoxy. The spectra were radially integrated with the
Foxtrot software (Xenocs SAS, France). Pure solvent scattering was used as background
and subtracted from the data. The spectra were fitted with the sasfit software to a

spherical form factor model K(q,r, An) given as [173]

sin(gr) — qr cos(qr)
(qr)?

4
K(q,r,An) = gm“gAnS (3.9)
where ¢ is the wavenumber, r = % is the particle radius, and An is the scattering
length density difference between particle and matrix [174]. A Schulz-Zimm distribution
of the particle size distribution was assumed in the fits to consider polydispersity and to
obtain the average particle diameter d.oe and the width of the particle size distribution

g.

Films for SAXS experiments on dried samples were prepared by drop casting Au@QPS
NP dispersions on Kapton foil and evaporation of the solvent at room temperature. The
recorded SAXS transmission spectra were radially integrated with the Foxtrot software.
The SAXS transmission spectrum of the pure Kapton foil was used as background and
subtracted from the data. The structure factor of the drop-casted samples was calculated
by dividing the recorded transmission spectrum by the form factor of the particular
nanoparticle in liquid dispersions. A python script was used where a shifting factor and
interpolation were used to adjust the fit of the form factor in intensity and in g-positions

to the measured transmission spectrum of the drop-casted films.

The centre-to-centre distance d.. of the AuNPs in the drop casted samples follows from
the position ¢* of the first order structure factor peak. In case of random packing [175]:

dp) — 2n

cc %
q

(3.10)
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For ordered particle superlattices, reflections of various crystallographic planes with the
Miller indices h, k, [ are recorded. In a cubic crystal sytem with lattice constant a, the
reflections of these crystallographic planes are seen at the positions gpg; [176]:

2rtv/h? + k% + 12

— 3.11
qhkl a ( )

All these reflections can be observed for a simple cubic structure. Extinction rules apply
for fcc ordered particles and only reflections with h, k, [ all odd or all even can be
measured [176]. The nearest neighbour distance in an fcc structure de. is related to the

lattice constant a by the equation:

a

d(fcc) _ %
cc \/i

(3.12)

The first order structure factor peak ¢* for fcc belongs to the crystallographic planes
(hkl) = (111). The centre-to-centre distance is then calculated using Equation (3.11)
and Equation (3.12):

) _ 2my12+12 412 Vom

( o : (3.13)

The particles’ surface-to-surface distance dg follows for both the random and the ordered

structure from the centre-to-centre distance by subtraction of the core diameter deore:

dss - dcc - dcore (314)

3.4.7 Thickness measurement

The thickness of dielectric layers was measured with white light interferometry and on

TEM cross sections.

3.4.7.1 White light interferometry

Reference samples using the Au@PS NP inks and the PS—SH inks were prepared on
borosilicate glass microscope cover slips (Menzel-Gliser, Germany) of the size 22 mm
x 22mm for thickness measurement via spin coating as described above. The height
was measured with a white light interferometer (Zygo New View 5000 and Zygo New
View 7300, Zygo Corporation, USA) on a cross-like scratch in the layer. Each sample
was measured N = 4 times in 5 mm distance from the centre of the sample (see Figure

3.2, left part). The MetroPro software (Zygo Corporation, USA) was used to extract
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the height histogram of each individual measurement. These height histograms were fit
with two Gaussian peaks; the peak at lower height level corresponds to the substrate,
the peak at higher height level corresponds to the layer. The layer thickness ¢; and its
uncertainty resulting from the i-th measurement was calculated using the positions, x¢ 1

and g 2, and the width, w; and ws, of the Gaussian peaks (see Figure 3.2 on the right):

[177]:
ti £ At; = |xo1 — 02| £ 0.5¢/w} + w3 (3.15)

H - Histogram Data
- | —— Gauss Peak Fit 1
. Xy 4= X
200 Ah —— Gauss Peak Fit 2

----- Accumulated Peak Fit

Scratches
N

150

Counts [-]
3
1

50

Measurement spots

Height [nm]

FIGURE 3.2: Left: Cross-like scratches were created on the spin coated layers on glass

cover slips. The measurements were performed on 4 points (marked with X), which

were located 5mm from the sample centre. Right: The resulting thickness of one
measurement was determined by the distance of the peaks in the height histogram.

To calculate the final thickness of the layer, the arithmetic mean value of the four
measured spots was taken. The uncertainty of the thickness measurements is composed
of the standard deviation of the four thickness values of the measured spots, Atgiqgy;
it reflects the layer thickness variation all over the sample. The second contribution,
Atindividual, Propagates from the error of each of the four individual measurement At;
when calculating the arithmetic mean value from the four measured spots; it reflects the

local height variation, e.g. from the roughness of the sample:

L 2
Atindividual = ) Z At; (3.16)

The overall thickness uncertainty At is then:

individual

At = \/ AtZ ., + At (3.17)
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3.4.7.2 Transmission electron microscopy

The thickness of selected dielectric layers was measured in TEM images of FIB cross
sections of prepared thin film capacitors (see Section 3.4.3). The comparison of the
thickness values from WLI and TEM cross section images in Figure A.1 in the appendix
shows good conformity. The thickness measurement by WLI, covering larger sample
areas and better statistics, was selected as the standard method to determine layer

thicknesses in this thesis.

3.4.8 Dielectric characterization

The dielectric properties of the prepared layers were measured by impedance spec-
troscopy of thin film capacitors, where the dielectric layers were coated on metal-covered
substrates, which formed the bottom contact, and evaporated Au contacts on top (see
Figure 3.3).

FIGURE 3.3: Impedance characterization/spectroscopy of the prepared thin film ca-
pacitors in this thesis in order to determine the dielectric properties of the dielectric
thin films.

3.4.8.1 Impedance spectroscopy

For impedance spectroscopy, an Alpha Analyzer spectrometer (Novocontrol Technolo-
gies, Germany) was employed. A sinusoidal voltage of the form U(w,t) = Uy, sin(wt)
was applied with the maximum voltage U, = 50 mV and covering the frequency range
v = 52 € [1 Hz; 1 MHz] while measuring the resulting current response I = I, sin(wt+¢),

where ¢ is the time and ¢ the phase shift between current and voltage [53, 178]. Micro
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manipulators (DPP105-M-AI-S, FormFactor Beaverton Inc., USA) with feather contact
pins were used to contact the bottom and top contact of the measured samples with the

7G4 test interface of the Alpha Analyzer.

From the measured raw data, the complex impedance Z,, for a parallel circuit of a
resistor R}, and a capacitor Cp, (see Figure 2.2) can then be derived with the equation
[179]:

Zp:U/I’+iU/I”:Rp—i—chp (3.18)

where I” and I” are the real and the imaginary part of the complex current, and X¢, =

Té'p is the reactance of the capacitor [51].

In the parallel circuit, the complex admittance Y, is given by the moduli of the admit-

tance of the resistor Yz, and of the admittance of the capacitor Y¢, [51, 54]:

Yo = er + iYé’ =Yg, +iY¢, = Rlp + inCp = thl) +iwCp (3.19)
Finally, the capacitance in parallel is calculated for each frequency by comparison of the
imaginary parts in Equation (3.18) and in Equation (3.19)
Cp = Y—p” (3.20)
w
and the loss tangent following Equation (2.4) by

"

tand = > (3.21)
Yy

The determination of the capacitance in parallel and the loss tangent, as shown in
Equation (3.20) and in Equation (3.21), were performed with the WinDETA software

(Novocontrol Technologies, Germany).

When the data analysis did not reveal a dielectric behaviour, e.g. because the resistance
in parallel R, was in the {2 range or because the dielectric loss tan ¢ was way above 1,
defects such as pin holes were assumed; in this case the data were disregarded. Before a
sample was measured, both contact pins were connected to the metal coated substrate
that formed the bottom contact and the resistivity was measured to assure good contact
formation between the contact pins and the substrate (R, < 100§2 for a short circuit
with good contact formation). The yield of all measured, valid and disregarded thin
film capacitors with the layers investigated in this thesis is shown in Table A.1 in the

appendix.
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3.4.8.2 Analysis of dielectric properties

The dielectric constant &, of the dielectric layer was extracted from the capacitance in

parallel C, using Equation (2.2):

1t

Er = Cpgz (322)

where A is the area of the top contact and ¢ the dielectric layer thickness.

The arithmetic mean and the standard deviation for e, and the loss tangent tan é of the
measured thin film capacitors were used to determine the dielectric properties of each

sample type.

For layers with larger variation in layer thickness, e.g. the layers with small and large core
sizes in Section 6, a more detailed estimation of the uncertainty of the dielectric constant
was performed involving the thickness variation At (see Equation (3.17)). Given that a
data set of a certain sample type was made up of ¢ samples and in total N capacitors
were measured, the sample has a thickness variation A¢(Y). The uncertainty of the
dielectric constant, Asi"?hickness, of the j-th (j = 1,2,..., N) capacitor that is part of the

i-th sample of one data set is calculated with:

()
) _ O o Ay L Al
Agr?thickness - WAt( ) = Céj)%jAt( ) (323)

This uncertainty propagates to an uncertainty Ae; thickness due to calculation of the

arithmetic mean value from the individual measured capacitors:

N
1 ; 2
AEr,thickness = N g Aglg,]t)hickness (324)
Jj=1

The overall uncertainty in dielectric constant is then determined as the sum of indepen-
dent uncertainties from the standard deviation and the arithmetic mean, which contains

the uncertainty of the thickness variation:

Agr - \/AEE,StdeV + A‘gl?,thickness (325)

3.4.8.3 Dielectric breakdown estimation

The breakdown voltages V},q of two capacitors of each sample type were measured under
DC voltage. Using a Model 2450 SourceMeter (Keithley Instruments, USA), a voltage
ramp starting from 0.01 V with 0.01 V steps in 0.1 s per step was applied and the resulting
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current recorded until the current strongly rose at the breakdown voltage from less
of 10mA to 100mA, which was set as the upper current limit; the measurement was
stopped at the upper voltage in the range 5V to 16.5 V several volts above the determined

breakdown voltage.
The breakdown field strength Fyq was estimated by dividing the breakdown voltage by

the thickness ¢ of the dielectric layer:

Vi
Epq = 4 (3.26)



CHAPTER 4

SYNTHESIS AND DEPOSITION OF
AUQPS NANOPARTICLE HYBRID

DIELECTRIC INK

The formation and modification of the polymer shell of hybrid Au@PS nanoparticles via
the ligand exchange from oleylamine (OAm) to PS are investigated in the first section
of this chapter. The layer formation characteristics of the synthesized Au@PS hybrid
inks, to be suitable as dielectric in thin film capacitors, in dependence on the substrate

and solvent is investigated in the second section.

4.1 Influences on polymer shell by the ligand exchange

from oleylamine to thiol-functionalized polystyrene

The polymer shell plays an important role for the dielectric properties of Au@PS NP
layers. It should be dense enough to provide an effective insulation of the conductive
cores from each other and to prevent leakage currents. The grafting density of the cores
directly influences the Au volume fraction in the final layers under the assumption that
all polymer left after washing is bound to the surface of the Au cores. This section will
show the ligand exchange of AuQOAm to Au@PS nanoparticles and how to modify the

polymer shell via the conditions during ligand exchange.

4.1.1 Tracking of ligand exchange with UV-Vis and Raman spectroscopy

To form the polymer layer, a ligand exchange to thiol-terminated polystyrene (PS-SH)

was performed and was tracked with UV-Vis and Raman spectroscopy.

47



Chapter 4. Synthesis and Deposition of Au@PS Nanoparticle Hybrid Dielectric Ink 48

4.1.1.1 UYV-Vis spectroscopy

After the synthesis, the AuNP are capped with OAm ligand. Typical medium-sized
particles (dcore = 4.7nm) are shown in Figure 4.1. The TEM image indicates that the
particle size distribution after synthesis was monodisperse. The ligand molecules are
bound on the facets of the polycrystalline AuNPs whose individual atomic layers can
be seen at the high zoom level. As the OAm molecules are too short and loosely bound
to the Au cores, they are not suitable to form an effective insulation layer between the
Au cores. The Au@QOAm particles were stirred together with thiol-functionalized PS
(PS-SH) to graft an insulating polymer shell on the Au cores, as stated in the Chapter
3. The Au cores should not be modified in the ligand exchange process to maintain the

controlled AuNP core size from the synthesis.

FIGURE 4.1: Transmission electron micrographs of AuQOAm nanoparticles after syn-
thesis.

Figure 4.2 shows the UV-Vis spectra of a AuQOAm NP dispersion (medium core size,
black curve) and a Au@PSj1900 NP dispersion (medium core size, high ligand-density,
ligand exchange with stirring at 20 °C for 1 week, blue curve). The samples were diluted
for measurement. Both spectra were then normalized in y-direction so that the absorp-
tion intensity at the plasmon peak was the same. The shape of the plasmon peak does
not change, but its position shifted from 517 nm to 508 nm. It is known that ligand ex-
change causes a shift of the plasmon peak position if the dielectric environment around
the Au NP core changes [180]. The shift of the peak position from Au@OAm NPs
to Au@PS NPs indicate the modified dielectric environment due to ligand exchange.
Au@PS NPs with the same medium core size but lower ligand densities (orange and

green curve, see Section 3.1 in Chapter 3 for ligand exchange conditions) or shorter PS
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chains (PS50 ligand) used in the ligand exchange (red curve) did not change the shape
of the spectra. This indicates that the plasmonic properties of the Au particles changed
due to the exchanged PS ligand shell but not with varying ligand length or grafting
density on the Au@PS particles.

The absorption at 400 nm was used to determine the Au concentration in the prepared
inks. At this wavelength neither the plasmon peak nor the solvent has a large influence
on the absorption. After calibration measurements, the UV-Vis absorption was used to

directly derive the Au concentration [147] (see Chapter 3 for details).
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F1GURE 4.2: UV-Vis absorption spectra of Au@PS;;099 nanoparticles dispersed in

toluene with high (blue curve), medium (orange curve), and low (green curve) ligand

density and of Au@PSsq9 nanoparticles (red). The absorption spectrum of AuQOAm

nanoparticles that were used to synthesize the Au@PS;1999 NPs with high ligand density

is shown as the black curve; it was shifted in y-direction so that the absorption intensity
at the plasmon peak was the same as for the blue curve.

4.1.1.2 Raman spectroscopy

A Raman spectrogram of Au@OAm NPs before the ligand exchange and of Au@QPS
NPs after ligand exchange (ligand exchange via stirring for 1 week at 60°C) is shown
in Figure 4.3. The peak at 246 cm™! for AuQOAm was connected to gold-nitrogen
bonds [181]. The origin of the peak at 553 cm ™! has not been reported in literature
but is likely connected to a gold-nitrogen bonding. The Raman spectrum of the NPs
after ligand exchange to Au@PS exhibited none of the peaks observed for Au@OAm.

Instead, a peak at 300 cm ™! emerged; peaks in this region were assigned to the stretching
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of Au-S bonds [182] representing the newly formed gold-sulphur bond. The new peaks
at 259 cm™! and 620cm ™! are connected to the in-plane bending [183, 184] and to the
in-plane vibration [183-188] of the phenyl ring in PS. It has long been known that
the localized surface plasmon resonances of metal nanoparticles enhance the Raman
activity of surface bound organic molecules, permitting the detection of small quantities
of these organic molecules [189]. Because no traces of the AuQOAm peaks were seen in
the spectrum of Au@PS, the Raman measurements indicate that the ligand exchange
protocol effectively replaced the OAm ligand with PS-SH ligand and no considerable

amount of residual OAm is present after ligand exchange.

246 cm™!
Au-N

AuNP@OAM

259 cm~t F2
C-X in-plane bending
of phenyl ring

in polystyrene

-1 300 cm™?
Au-S 620 cm~!
in-plane vibration
of phenyl ring L1

in polystyrene

Normalized Raman intensity [a.u.]
Normalized Raman intensity [a.u.]

200 300 400 500 600 700
Raman shift [cm™1]

FIGURE 4.3: Raman spectra of Au@OAm nanoparticles (black, top) and Au@PS119gp
nanoparticles (blue, bottom).

4.1.2 Structure of the polymer shell in dependence of ligand exchange

conditions and ligand length

The polymer shell of the final Au@PS hybrid particles depended on the ligand exchange
conditions, which influenced the grafting density of the selected polymer on the particle
surface. In this section, the dependence of the polymer shell structure on the stirring
time and solvent temperature during ligand exchange and on the ligand length is inves-
tigated employing DLS measurements to determine the hydrodynamic diameters and

TGA measurements to determine the grafting densities.
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The hydrodynamic diameters gave an indication for the polymer ligand conformation.
The DLS measurements were performed in the temperature range between 20°C and
60 °C for dispersions of Au@PS hybrid particles with ~ 4.6 nm core diameter and for
solutions of PS-SH in toluene, which were measured as a model system. The change
of the polymer conformation depending on the solvent temperature was tracked by
observed changes in the hydrodynamic diameters of Au@PS NPs and dissolved PS-SH.
Representative for all DLS measurements, the data of Au@PSy190990 NPs are shown in
Figure 4.4: the left part shows the correlation functions, which were fit to obtain the
correlation times 7, the right part shows the linear regression of the inverse correlation

1

time 7! versus the squared wavenumbers ¢ (see Chapter 3 for details).
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FIGURE 4.4: Dynamic light scattering and data analysis procedure for Au@PS;1900

nanoparticles with medium ligand density measured at 20°C. a) DLS measurements

provided the correlation functions for measurement angles in the range 30° to 150°. b)

Linear regression of the inverse correlation time 7! versus ¢? provided the hydrody-
namic diameter dy,.

Figure 4.5 shows the temperature-dependent hydrodynamic diameters of various Au@QPS
NP dispersions and of PS-SH solutions. The ligand length of the Au@PS hybrid particles,
the stirring time, and temperature during ligand exchange were varied as indicated in
the legend in Figure 4.5a (see Chapter 3 for details). The changes in the hydrodynamic
diameters are expected to correlate with changes in the polymer shell: Unfolded polymer
chains cause larger hydrodynamic diameters in comparison to collapsed polymer chains.
High grafting densities of the PS ligand with steric interaction between the ligands
cause polymer brushes with unfolded chains, therefore a larger grafting density should

correlate with larger hydrodynamic diameters.

4.1.2.1 Influence of stirring time

Figure 4.5a shows that the hydrodynamic diameters of Au@PS11999 NPs with stirring for
1 week at 60 °C (orange dots, d;, ~ 16 nm@20 °C) are above the hydrodynamic diameters
of Au@PS;1900 NPs with stirring for 4 weeks at 60°C (green dots, dy ~ 12nm@20°C).
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FIGURE 4.5: Temperature-dependent hydrodynamic diameters dj, of a) Au@PS hybrid
nanoparticles (dcore ~ 4.61m) and b) thiol-functionalized polystyrene in toluene. The
ligand exchange for the Au@PS hybrid nanoparticles was performed in toluene with
varying stirring times and solvent temperatures as indicated in the legend. Error bars
indicate the uncertainty of the determined hydrodynamic diameters after linear regres-
sion of the inverse correlation times 7! versus the square of the wavenumber ¢2.

The smaller hydrodynamic diameters of the latter sample at the same core diameter and
ligand length indicated a mushroom conformation of collapsed polymer ligands in the

polymer shell, which is a sign for a lower ligand density [157].

The Au mass fractions determined by TGA measurements of dried Au@PS1199p particles
whose ligand exchange was performed with stirring at 60°C for 1 to 8 weeks allowed
a more direct determination of the ligand density in dependence of the stirring time.
Figure 4.6a shows the mass loss of two samples for each AulNP type during the TGA
measurements. The main mass loss occurred at about 400°C. The temperature of the
thermal decomposition of PS is known to be between the temperature 350 °C to 400°C
[190-192], so this mass loss can be connected with the decomposition of PS. As the
relative mass then hardly changed until 1000 °C or when the atmosphere was changed
to oxygen at 1000 °C, the relative mass at about 520°C was taken as the Au weight

fraction of the dry samples.

Figure 4.6b shows the values of the Au weight fraction of the first and second measure-
ments (crosses) and the mean value of these two measurements (blue circles) in depen-
dence of the stirring time during ligand exchange. The data show that the Au mass
fraction — and hence the ligand density — changed considerably from 1 week (66.5 wt%
Au) to 4 weeks stirring time (83.1wt% Au). Using Equations (3.2) to (3.4), the calcu-
lated ligand densities were 0.4 nm~? after 1 week stirring time and 0.2 nm~2 after 4 weeks
stirring time. Therefore, the longer stirring time led to a reduced ligand density and a

thinner polymer shell. The reason for this could be that with increased stirring time,
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FIGURE 4.6: a) TGA results for hybrid Au@PS;19909 particles with ligand exchange
at 60°C and different stirring times and b) the resulting Au weight fraction z a, in
dependence of the stirring time ty;, by the mean of the TGA measurements.

part of the PS detaches from the Au core again and will be removed in the washing step
after ligand exchange. Such a dynamic behaviour of the sulphur-Au bond is known for
alkanethiol capped Au surfaces, i.e. the desorption of the covalently bound molecules

was observed with the respective activation energies provided [193-195].

The measured Au weight fraction of 81.6 wt% for Au@QPSq10g0 particles with stirring for
8 weeks at 60 °C during ligand exchange did not deviate considerably from Au@QPS11000
NPs with stirring for 4 weeks. Therefore, the ligand density maintained the same value
with increase of the stirring time during ligand exchange from 4 weeks to 8 weeks. It
is assumed that a dynamic equilibrium between desorbed and adsorbed PS-SH ligands

was already reached after 4 weeks.

4.1.2.2 Influence of solvent temperature

Another important parameter to influence the polymer shell during the ligand exchange
is the solvent temperature. To understand this influence of the solvent temperature,
the development of the hydrodynamic diameters of Au@PS hybrid NPs with the solvent
temperature is analyzed. It is seen in Figure 4.5a for all measurements of the Au@QPS
hybrid particles that the hydrodynamic diameter dropped above 45°C. To understand
this observation, the development of the hydrodynamic diameter of PS-SH dissolved in

toluene will be discussed as a model system.

Figure 4.5b shows the hydrodynamic diameters of pure PS5p00-SH with M, = 5000 Da
and PSi1000-SH with M, = 11000Da. Their hydrodynamic diameters decreased at
the temperature of about 45 °C from 3.8 nm to 3.6 nm for PS59p9-SH and from 4.9 nm to

4.6 nm for PSy1900-SH. Toluene is a known good solvent for PS with a theta temperature
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of about 40°C [162]. The polymer chains should be unfolded in a good solvent; at the
theta temperature, the polymer chains should behave like in an ideal solvent. The drop in
the measured hydrodynamic diameters indicated unfolded molecules at low temperatures
that collapsed above 45°C to coils. The reason for the worse solubility of the thiol-
functionalized PS at high temperatures might be the polar nature of the thiol end group

that reduced the compatibility with the non-polar toluene solvent.

As the drop of the hydrodynamic diameters was also observed for the Au@PS nanoparti-
cles, it is assumed that the PS chains also collapse on the AuNP surface at temperatures
above 45 °C while they are unfolded at lower temperatures. Higher ligand densities are
expected for AuNPs where the ligand exchange was performed with unfolded instead
of collapsed PS chains. The decrease in hydrodynamic diameter of the hybrid Au@QPS
NPs upon heating should be more evident for particles with high ligand density than
for particles with low ligand density. Furthermore, the difference of the hydrodynamic
diameters of Au@QPS NPs and the core diameters should increase with ligand density
as more PS is bound around the Au core. Such influences of the solvent temperature
during ligand exchange can be seen by comparing the values of Au@QPS;1999 NPs where
the ligand exchange was performed at 20 °C (blue dots) or at 60 °C (orange dots) (both
with 1 week stirring time). The hydrodynamic diameter at room temperature is higher
for the Au@QPS11000 particles that were stirred at 20°C. Additionally, the reduction of
the hydrodynamic diameter upon solvent heating from ~ 20nm to ~ 10nm is much

more pronounced for these particles implying a higher ligand density.

TGA measurements were used as described above to determine the ligand densities
from the Au weight fractions of dried Au@PS samples. The Au weight fraction of
Au@PS nanoparticles with ligand exchange at 20 °C was 48.6 wt% while it was 66.5 wt%
for Au@PS nanoparticles with ligand exchange at 60°C, indicating ligand densities of
0.7nm~2 and 0.4nm~? (see Figure 5.3 and Table 5.3 in Chapter 5). This suggests that
the unfolded state of the polymer chains during ligand exchange at a solvent temperature
of 20 °C led to a high ligand density, while ligand exchange at higher solvent temperatures
of 60°C caused collapsing of the polymer chains, resulting in a polymer shell with a

mushroom conformation and a lower ligand density.

4.1.2.3 Influence of ligand length

It is expected that the length of the polymer ligands also influences the polymer shell
of Au@PS hybrid nanoparticles. The comparison of the hydrodynamic diameters of
Au@QPS500p and Au@PSy1999 NPs with the same ligand exchange conditions (both stirred
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at 60°C for 1 week) gives a first insight into this influence. Both samples have simi-
lar hydrodynamic diameters (see red and blue circles in Figure 4.5a), although PSs000
ligands are shorter. Therefore, it is assumed that the polymer shell with PSsgqo is
denser than with PS11900 due to a higher ligand density. On TEM images of these par-
ticles dried on a carbon grid, a grey layer around particles close to the edge indicated
the polymer shell. Figure 4.7a shows that the dark Au core of Au@PS5p09 particles is
covered by a homogeneous organic PS shell. Figure 4.7b shows Au@PSy19g0 particles
with a much thinner organic PS shell. This indeed indicates that the ligand density
at the Au@QPSq1999 particles is lower and the polymer shell is less regular than for the
Au@PS50 particles.

As stated before, TGA measurements of dried Au@PS samples were used to determine
the ligand densities. The Au weight fraction of Au@PS nanoparticles with PSsggg shell
was 58.6 wt% while it was 66.5 wt% for Au@PS nanoparticles with PS119gg shell, resulting
in ligand densities of 1.3nm~2 and 0.4nm~2 (see Figure 5.3 and Table 5.3 in Chapter
5). Therefore, the TGA results confirm that shorter PS ligands led to a higher ligand

density, thus favouring a more regular polymer shell.

(A) Au@PSs009 (B) Au@PS11000

FIGURE 4.7: TEM images of Au@PS nanoparticles. a) A Au@PSyoy nanoparticle with

higher ligand density appears completely covered with the grey organic shell. b) In a

TEM image of Au@PS;1999 nanoparticles with lower ligand density, the grey organic
shells are much thinner and less regular.

4.2 Formation of hybrid dielectric on substrates suitable
for thin film capacitors

Layer formation is influenced by the wetting of an ink and depends both on the substrate

and on the solvent (see Equation (2.12)). In this section, the dependence of the formation
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of the hybrid dielectric on the solvent used for the ink and the prerequisites of substrates

used for thin film capacitors are discussed.

4.2.1 Solvent effects on layer formation

The final solvent of the nanoparticle ink is introduced in the redispersion step after
ligand exchange of the oleylamine (see Chapter 3). Cyclohexane is known as good
solvent for alkane-thiol capped nanoparticles [142], while toluene is a good solvent for
PS [162]. These two solvents were selected for inks with Au@QPS nanoparticles to test
the dependence of the layer formation behaviour on the solvents. Due to simplicity, the
pure solvents were used first and the surface profiles of layers fabricated from the inks

were measured by white light interferometry (WLI).

First, a Au@PS dielectric layer was prepared on a silicon/gold substrate via spin coating
of Au@PSs009 NPs dispersed in cyclohexane. The sample had a matte appearance
after spin coating. A surface profile of the sample as measured by WLI in Figure 4.8a
suggests that islands of the solid nanoparticles formed during cyclohexane evaporation
and impeded the formation of homogeneous layers. The reason for this is probably the
high vapour pressure of cyclohexane, causing aggregation of the Au@QPS hybrid particles
in islands during the rapid solvent evaporation and leading to a surface roughness of

R, = 108 nm as determined from the WLI measurements.

I +897.90

nm

-686.55 -35.41

FIGURE 4.8: Surface profile as measured by white light interferometry of a spin coated
layer of Au@PS5qqp dispersed in a) cyclohexane and b) cyclohexane and toluene in a
volume ratio of 10:1 on silicon/gold substrate.

It is known from studies on the coffee-ring effect that drying of functional inks can be
governed by solvent mixtures of a volatile and less volatile solvent: a strong Marangoni
flow is induced that causes a flow of the solvent from the edge to the centre of the
droplet due to thermal gradients, which opposes the coffee-ring effect [196]. In a second
experiment, such a solvent mixture of 200 uL. of the cyclohexane-based dispersion and
20 pL of toluene was used to spin coat Au@PS hybrids on a silicon/gold substrate.

The sample prepared with this solvent mixture had a glossy surface after spin coating.
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The surface roughness as determined with WLI was only R, = 1nm, two orders of
magnitude below that from pure cyclohexane solvent. These results show that the usage
of toluene solvent permitted a regular layer formation of the Au@PS hybrid particles
in spin coating. Due to simplicity, pure toluene solvent was used instead of solvent

mixtures in the studies shown in Chapter 5 and Chapter 6.

4.2.2 Substrates for thin film capacitors

For the dielectric characterization of the Au@QPS hybrids, thin film capacitors were
prepared in this thesis. As the nanoparticles and the thicknesses of the dry dielectric
layers are in the nm range, the substrate should have a smooth surface to fulfil the
assumptions of a parallel plate capacitor with a homogeneous electric field. For good
functionality in the thin film capacitor, the substrate as bottom electrode should have a
high conductivity. Different substrates were investigated for their suitability as a bottom
electrode for thin film capacitors by roughness measurements with AFM, conductivity

measurements, and by the estimation of the layer quality with WLI surface profiles.

Figure 4.9 shows the surface profile from AFM of pristine silicon <110> as received by
the supplier, silicon substrates with aluminium layers sputtered at energies of 50 W or
100 W, and silicon substrates coated with evaporated gold layers. The average surface
roughness values R, were determined as the arithmetic average deviation from the best
fit plane (see Table 4.1). They indicate that the evaporated gold layer had the smoothest
surface, smoother even than for pristine silicon wafers. The aluminium sputtered at
100 W had small “spikes” in the AFM surface profile, possibly due to inhomogeneous
layer growth during sputtering, and a surface roughness that was more than double than
for 50 W. Due to this result, the sputter energy of 50 W was used for the preparation of
the aluminium bottom electrodes of the thin film capacitors in this thesis.
TABLE 4.1: Average surface roughness R, of a) silicon, b) silicon with sputtered alu-

minium (sputter energy 50 W), ¢) silicon with sputtered aluminium (sputter energy
100 W), and d) silicon with evaporated gold as measured with AFM.

Name Preparation method R, [nm]
Si pristine 3.7
Si+Al (50 W) sputtered 3.0
Si+Al (100 W) sputtered 6.5
Si+Au evaporated 0.6

The pristine silicon wafer is not suitable as bottom electrode in thin film capacitors.
The metal of the contact pin and the semiconductor substrate would form Schottky

contacts that complicate the measurements [197]. The metal coated silicon wafers are
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FIGURE 4.9: Surface profiles of substrates from AFM. a) Pristine silicon <110> surface

of silicon wafer as received from supplier. b) Silicon with sputtered aluminium (sputter

energy 50 W). ¢) Silicon with sputtered aluminium (sputter energy 100 W). d) Silicon
with evaporated gold layer (titanium layer as adhesion interlayer).

suitable bottom electrodes when they show metallic conductivity during dielectric char-
acterization. The conductivity of these substrates was measured by connecting both
contact pins to the substrate (short circuit) in the impedance measurement. This re-
sulted in very low values for the resistance parallel to a capacitor in an equivalent circuit
(Rp, < 19Q) for the silicon/gold substrates. The aluminium/silicon substrates showed
in similar measurements a resistance in parallel of R, = 52 to R, = 1002 when the
measurement pins formed good contacts to the substrates. Values of R, > 1M were
observed for bad contacts between pins and substrates. As large contact resistances
between the measurement pin and the substrate falsify the impedance measurements,
the contact pins were placed until good contacts were formed. In short, evaporated gold
coated silicon showed higher smoothness, higher conductivity, and less problems with
contact resistances, probably due to the missing oxide layer that forms on aluminium

coated substrates.

A second requirement for the characterization of the Au@PS hybrids is a complete di-
electric layer without pinholes in the thin film capacitors. Pinholes form due to localized

dewetting, e.g. by the presence of dust particles during layer formation, but possibly
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also by the influence of the surface energy of the substrates, and lead to a short circuit
and dielectric failure. Thin film capacitors were prepared from Au@PS5y99 NP disper-
sion (AuNP core diameter 4.7 nm) via spin-coating on the metal coated substrates. A
cross section of a thin film capacitor on silicon/Au substrate is shown in Figure 4.10a:
the thickness of the dielectric layer was 58 nm, the top contacts were evaporated gold.
However, dielectric spectroscopy of the thin film capacitors on silicon/Au substrates
showed no functional capacitors and all measurements exposed a short circuit. The
WLI measurements of the sample surface revealed pinholes (see surface profile along the
marked line in Figure 4.10b). The origin of the pinholes remained unclear; it could be
due to localized dewetting of the ink caused by the surface energy of gold. Hence, the
silicon/gold substrates were not suitable as substrates for the thin film capacitors in this

thesis.

For Au@PS layers spin coated on silicon/aluminium substrates, these pinholes were not

observed (see results in Chapter 5 and Chapter 6). Therefore, for further experiments

silicon/aluminium substrates were used.

Surface profile
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FIGURE 4.10: a) Transmission electron micrograph of focused ion beam cross-sections

of a thin film capacitor with a spin-coated Au@PSs5p09 hybrid dielectric layer on a

Au/silicon substrate. The top contact is evaporated gold. b) Surface profile as measured

by white light interferometer. The bottom shows the surface profile along the marked
line.

4.3 Conclusions

This section introduced the preparation and processing of the hybrid Au@PS dielectric

ink. Successful ligand exchange from OAm to thiol-functionalized PS was shown via



Chapter 4. Synthesis and Deposition of Au@PS Nanoparticle Hybrid Dielectric Ink 60

UV-Vis and Raman measurements. It was found by DLS measurements that the lig-
and density in Au@PS particles is influenced by the conditions during ligand exchange.
The polymer coils at temperatures of above 45°C and the ligand densities were lower
when the ligand exchange was performed at 60°C than at 20°C. Longer stirring time
decreased ligand density. These insights were used in the Chapter 5 to prepare dielectric
layers with varying gold volume fractions (see Table 5.3). The modification of the poly-
mer shell directly influences the expected properties of the Au@PS hybrid. A reduced
ligand density leads to thinner polymer shells and an increased Au volume fraction, so

higher dielectric constants of the hybrid are expected.

Layers of Au@PS hybrids on silicon/aluminium substrates were prepared. The layer
thickness was in the range of 50 nm while the formed layers on these substrates were dense
enough to prevent short circuits and to be a suitable dielectric for thin film capacitors. To
ensure good dielectric measurements of these thin film capacitors with the homogeneous
electric fields of parallel plate capacitors, lower sputter energy of 50 W was used to
improve substrate smoothness. During impedance spectroscopy, good contact formation
between the contact pins and the silicon/aluminium substrate should be checked via the

measured resistance in parallel when a short circuit on the substrate is applied.



CHAPTER 5

VARIATION OF POLYMER SHELL AND
PRINTING ON RIGID SUBSTRATES

This chapter introduces a new “Type III” class of dielectric hybrid materials that is
suitable for inkjet printing of very thin dielectric layers and based on hybrid nanopar-
ticles with individual, molecular insulating shells. As it was presented in Chapter 2,
Type I (Figure 2.6a) and Type II (Figure 2.6b) dielectric nanocomposites were already
reported in the literature. In this chapter, the preparation of Type III hybrids from
Au@PS functional inks and their application as dielectric in thin film capacitors is
demonstrated. “The low-viscosity inks of Type III dielectrics contain no free polymer;
all polymer is covalently bound to the inorganic cores to maximize the metal content
and, therefore, increase the dielectric constant.”[1] The concept of using polystyrene
of two different molecular weights that is covalently grafted onto nanoscale gold crys-
tals is demonstrated. Core-shell particles (Au@PS NPs) are obtained, which are stable
enough for inkjet printing. “The polymer shells cause filming that aids the formation
of closed films, similar to classical dispersion paints [198, 199], while electrically insu-
lating the metal cores, thus suppressing percolation even in dense packings. Previous
studies on inorganic nanoparticles with polymer shells aimed at electrical conductors,
not dielectrics. Schlicke et al. prepared free-standing films of gold nanoparticles that
were connected by alkanedithiols [200]. Recently, Liu et al. used thin layers of AuNPs
that were separated by entangling covalently bound PS for sensing applications [201].” [1]

Dielectric measurements were not reported.

!Publication note: Following the guidelines for a dissertation at Saarland University, the publi-
cation of partial results of the doctoral thesis in peer-reviewed journals is explicitly desired prior to
submission of the dissertation. Hence, the results presented in this chapter were published in:

Buchheit, R., Kuttich, B., Gonzélez-Garcia, L., Kraus, T., Hybrid Dielectric Films of Inkjet-Printable
Core—Shell Nanoparticles. Advanced Materials 2021, 33, 2103087. https://doi.org/10.1002/adma.
202103087
Copyright (2021) Advanced Materials published by Wiley-VCH GmbH.

With permission of all authors, the figures and tables were reprinted and the text was adjusted to the
form of the monograph and reprinted. Verbatim reproduced text is shown in quotation marks.
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The chapter is structured as follows: “we first describe the synthesis of gold cores and
their covalent grafting with two different thiolated PS types, PS11009 with 11000 Da
average molecular weight and PSspp9 with 5000 Da molecular weight (see Figure 5.1).
The grafting density of the PSy1000 ligand was varied during synthesis in order to further

adjust the composition and structure of the final films.

Dispersions of the particles in toluene were then deposited as dielectric layers by spin
coating. We analyzed their structure using transmission electron microscopy (TEM)
cross-sections and small angle X-ray scattering (SAXS) and found that the polymer
shell affects the order of the films: PSiigp0 led to disordered particle packings in the
film independent of grafting density, while PS5qgo yielded superlattice films with regular
particle packing. The organic content of all dry films was analyzed by thermogravimetric

analysis (TGA) in order to obtain the exact metal content.” [1]

From all films, thin film capacitors were prepared. The thin film capacitors were charac-
terized using dielectric spectroscopy. “Dielectric losses and polarization were quantified
in a frequency range from 1Hz to 1 x 10° Hz and correlated with the metal fractions.
Type III dielectric hybrids with disordered particle packing behaved similar to Type II
dielectric composites, with a non-linear increase of the dielectric constant with the in-
creasing Au volume fraction. Type III hybrids with regular particle packing exhibited

similar dielectric constants but a lower minimum of the loss tangent.”[1]

Finally, a functional capacitor with an inkjet printed Au@PS hybrid dielectric layer of
~ 17nm thickness was built. This demonstrated the printability and reliability of the
material. It is the first demonstration of an inkjet printed capacitor based on core-shell

particles with a conductive core to the author’s knowledge.

5.1 Fabrication process for thin film capacitors

“Thin film capacitors were prepared by spin coating AuNP@PS hybrid particles of var-
ious types on silicon substrates with a sputtered Al layer as bottom contact and an
evaporated Au top contact (Figure 5.1). Additional samples were prepared by inkjet

printing on the same substrate.” [1]

The film structure was tuned by using particles with different ligand densities and ligand
lengths. “Gold cores with increasing PS11000 grafting densities yielded disordered films
with decreasing Au volume fractions (Figure 5.1 on the left), while gold cores with
PSs000 shells yielded films with regular particle packing (Figure 5.1 on the right). The

structures were reproducible and formed upon drying both for the spin coated and inkjet
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FicUure 5.1: Thin film capacitors with hybrid dielectric films of gold nanoparticles
having covalently attached polystyrene shells. We varied the polymer grafting density
to adjust the metal fraction of the films. Films with regular particle packing were
prepared using thin polystyrene shells in order to study the effect of particle packing
on dielectric properties. Reprinted with permission of Wiley-VCH GmbH from [1].

printed samples. In the following, we refer to the different films as Audisordered@ps and

Auordered

0eerec@PS, where 0.xx represents the Au volume fraction in the dielectric layer.

The thickness of the spin coated hybrid dielectric layers was measured by white light
interferometry (WLI). It was homogeneous across the entire sample area and was found
to be in the range of (27.4 £ 2.2)nm to (79.9 & 3.1)nm. The thin dielectric layers
have to be handled with care; they are soft and susceptible to scratches. White light
interferometry was used instead of atomic force microscopy to avoid scratching and
falsification of the thickness values. The dielectric layers in the full capacitor were

protected by the metal electrodes.

Measured dielectric properties of all fabricated thin film capacitors are listed in Table
5.1.7[1] The dielectric spectroscopy measurements were evaluated by representing the
thin film capacitors with an equivalent circuit of an ideal capacitor with capacitance C;,
and an ideal resistor I, representing leakage currents in parallel. “The permittivity was
calculated from the measured capacities assuming a parallel plate capacitor model (see
Equation (3.22)).”[1] The roughnesses of the sputtered aluminium electrodes and of the

dielectric films were measured.

The surface profiles of aluminium electrodes were obtained using AFM in tapping mode.
The surface profiles of the spin coated dielectric layers were measured with WLI. Areas
of 100 pm x 100 pm were numerically analyzed using MetroPro software to obtain the
roughness values listed in Table 5.2. Figure 5.2a and Figure 5.2b show the profiles

of the electrode and of the dielectric layer surface profile of the spin coated sample
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TABLE 5.1: Dielectric properties of thin film capacitors with hybrid dielectric films

of thickness ¢t at 10kHz. C}, is the real part of the capacitance in parallel. Dielectric

constants e, and loss tan § were obtained by dielectric spectroscopy on at least 14 mea-

sured thin film capacitors for the spin coated hybrid dielectric samples and 2 measured

capacitors for the inkjet printed hybrid dielectric sample. Reprinted with permission

of Wiley-VCH GmbH from [1].

Sample label preparation method t [nm] C) [pF] e [—] tand [—]
Augyisordered@pg spin coated 79.9+31  271+£7 31401  0.0247 £ 0.0045
Au§iorderedapg spin coated 511414  654+16  48+0.1  0.0682 = 0.0042
Augisgrderedapg spin coated 274422 8724+170 34.3+0.7  0.0510 £ 0.0048
Augrderedapg spin coated 48.1+ 3.0 490 + 33 3.4+0.2 0.0289 + 0.0550
Audisorderedgpg inkjet printed 16.74£9.8 2021498  48+28  0.0569 4 0.0060
PSs5000-SH spin coated 248.0 £ 6.4 79+4 2.8+0.1 0.0080 £ 0.0037
PS11000-SH spin coated 265.7 £ 7.1 68 + 2 2.6+0.1 0.0094 + 0.0002

Audisordered@pg  which was representative of all spin coated samples. Figure 5.2c shows

the surface profile of the inkjet printed sample. As the roughnesses of the sputtered

aluminium electrodes (R, = 2.96 nm) and of the dielectric films (R, = 0.26nm) are

both considerably smaller than the dielectric film thicknesses, the simplification of the

parallel plate capacitor model is justified.

TABLE 5.2: Average surface roughnesses R, of the aluminium electrode (from AFM)
and hybrid dielectric layers (from WLI). Reprinted with permission of Wiley-VCH
GmbH from the Supporting Information of [1].

Sample label

coating method R, [nm]

Audiserdered@pg spin coated 1.08
Audijordered@pg spin coated 0.26
Audisgrdered@pg spin coated 0.36
Augiseredaps spin coated 0.40
Aug.iigrdered@PS inkjet printed 19.58
Al coated silicon sputtered 2.96

FIGURE 5.2: Surface profile measurements. a) Surface profile of Al coated silicon

from AFM. b) Surface profile of the spin coated sample Au

fol?i(érdered@PS from WLI. C)

Surface profile of an inkjet printed sample Augsord*d@Ps from WLI. Reprinted with
permission of Wiley-VCH GmbH from the Supporting Information of [1].
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The results from impedance spectroscopy were analyzed using the measured thickness
and the contact area of the top contact that was defined in the evaporation process (see

Chapter 3, page 35 and page 41 for details).

5.2 Variation of Au volume fraction by different ligand

densities

The first part of the results presented in this chapter illustrates the effects of varying
the Au volume fraction in the AuNP@QPS dielectric layers by changing the grafting
density of PS;j000 during hybrid particle synthesis (Table 5.3). As it was discussed in
Chapter 4, the polymer shell of the Au@PS nanoparticles can be adjusted by different
conditions during the ligand exchange process. It was found that different stirring times
and stirring temperatures and the selected ligand length had a strong impact on the
polymer shell, mainly due to different grafting densities. Here, we used different ligand
exchange conditions to prepare Au@PS hybrids with the same Au core size but varying
polymer shell structures. Au@PS hybrid particles with medium ligand density (stirring
at 60°C for 1 week) were synthesized with PS11000 and PS5000 ligands, Au@PS hybrid
particles with high grafting density (stirring at 20 °C for 1 week) and low grafting density
(stirring at 60 °C for 4 weeks) were synthesized with PS;1000 ligand (see Table 5.3). The
details of the synthesis and ligand exchange process are described in Chapter 3, page
31 ff. “The Au volume fractions for all films that we report in Table 5.4 were obtained
from TGA data assuming bulk densities for the Au core and the PS ligand shell and
compact film structures.” [1] Two TGA measurements for each prepared ink (Figure 5.3)
indicated main mass losses occurred below the temperature ~ 520°C and all remaining
mass at 520 °C was gold. The grafting densities were calculated assuming that all organic
mass originated from covalently bound PS ligand molecules (see Chapter 3, page 37 for
additional details).

TABLE 5.3: Measured properties of the prepared Au@PS hybrid nanoparticle inks

in this chapter (in toluene) with the stirring time t;, and stirring temperature Tgir

during the exchange of oleylamine with polystyrene, the ligand density pa iigand, the

diameter of the Au cores deore, and the gold concentration in the inks ca,. Reprinted
with permission of Wiley-VCH GmbH from [1].

Ink label Ligand tstir, Lstir PA ligand [Mm™2]  deore [nm]  cay [mg mL_l]
Audiserdered@pg - PSyy090 1 week, 20°C 0.7 4.2 17.7
Audisordered@pg PSyy000 1 week, 60°C 0.4 4.6 34.0
Audisgrdered@ps  PSyy090 4 weeks, 60°C 0.2 4.4 20.1
Augrdered@Pps PSs000 1 week, 60°C 1.3 4.7 12.8
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FIGURE 5.3: TGA results for all dielectric layers prepared for this chapter. The mean
value of two measured samples is reported. Reprinted with permission of Wiley-VCH
GmbH from the Supporting Information of [1].

TABLE 5.4: Experimental results from TGA and SAXS for Au content and surface-
to-surface distance between Au cores for Augsor*d@PpPs with the weight and volume
content Ty oy and fy Ay of gold in the dielectric layers and the characteristic surface-
to-surface distances dl, and d2, of the AuNPs in the dielectric layers. Reprinted with

permission of Wiley-VCH GmbH [1].

Sample name Ty au (W% fyau [VOI%]  di [nm]  dZ [nm]
Audisorderedgpg 48.6 4.9 8.6 1.0
Audisordered@pg 66.5 9.7 6.2 0.7
Audisgrdered@pg 83.1 21.1 22.9 0.8

“The grafting densities affected the distance between the Au cores, which is likely to
change the capacitance between the metal cores and the leakage currents due to tun-
nelling (see Figure 2.6¢). We used SAXS in transmission in order to quantify the particle-

particle spacing.”[1]

We measured SAXS spectra of Au@PS particles drop casted on Kapton foil as described
in Chapter 3 and calculated the effective structure factors from these measurements.
The transmission SAXS of the drop casted films with PSq1g00 shells is shown in Figure
5.4. Broad peaks are found for all layers, indicating disorder. This is consistent with the
disordered particle packing in TEM cross sections of these dielectric Au@PS layers in
Figures 5.5 and 5.6. The brightness in the TEM cross sections correlates with the elec-
tron transparency depending on the thickness of the sample and the electron absorbance,
which is much higher for Au than for the organic fraction. Since the thicknesses of the
TEM lamella were not uniform due to the preparation process, the Au volume fractions

were derived from TGA measurements rather than from the TEM cross sections. For an
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accurate analysis of the particle packing, the recorded transmission SAXS of the drop

casted layers was evaluated using an effective structure factor.
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F1GURE 5.4: Transmission SAXS of drop casted Au@PS hybrid particles films on Kap-

ton foils. The measurements were shifted in y-direction by a multiplication factor. The

solid black line shows the form factor obtained from dispersion, the coloured lines mark

the position of the ¢g-peaks in the dried layers. The broad peaks in the AuNP@QPS119

spectra indicate a random packing of the AuNPs. Reprinted (adapted) with permission
of Wiley-VCH GmbH from the Supporting Information of [1].

We found two peaks in the effective structure factors of all drop casted Audsordered@pg
samples (see Figure 5.7a). “The two maxima at ¢ and ¢5 do not belong to the same
geometrical feature of the film but indicate that two different length scales exist in par-
ticle packing.” [1] Each characteristic length scale in the packing causes a corresponding
maximum in the effective structure factor, whose positions are listed in Table 5.5. Equa-
tion (3.10) and Equation (3.14) were used to calculate the corresponding spacings dss as
listed in Table 5.4.

This detailed analysis using the effective structure factors (see Figure 5.7 and Table
5.5) indicates that the spacings reported in Table 5.4 occurred in the films. “Their
structure was thus characterized by a larger spacing dl, and by a smaller spacing d=..
The overall packing density of the particles (and thus, the Au volume fraction) increased
with decreasing grafting density. The smaller spacing d% remained close to 1nm for all
shells, while the larger spacing dl, more than doubled for the smallest grafting density.

The two values thus do not represent average particle distances in a fully random packing,
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Augi(s)%rdered@ PS Auggﬁordered@ PS

_

FIGURE 5.5: Transmission electron micrographs of focused ion beam cross sections

of thin film capacitors with AuNP@PS;;000 layers of the highest (ligand exchange 1

week, 20°C, left side) and lowest (ligand exchange 4 weeks, 60 °C, right side) ligand

density used. Reprinted with permission of Wiley-VCH GmbH from the Supporting
Information of [1].

TABLE 5.5:  Positions of peaks from the disordered packing of the layers
Augisordered@pg Values are taken from the effective structure factor originating from

the SAXS in transmission in Figure 5.4. Reprinted with permission of Wiley-VCH
GmbH from the Supporting Information of [1].

Sample name ¢ mm™] g5 [nm™!
Audiserderedgpg 0.49 1.21
Audisordered@pg 0.58 1.17
Audisgrdered@pg 0.23 1.21

but structural aspects of the films that are probably connected with chain-like particle
arrangements visible in TEM.”[1] These chain-like particle arrangements can be seen
in Figure 5.8a and in Figure 5.9. “Such chains have been reported previously for the
packing of ‘patchy particles’” with heterogeneous surfaces [165]. It is likely that the
polymer ligand chains fold on the metal core and lead to a ‘patchy’ surface, in particular

at low grafting density, where more space is available.” [1]

As a reference for the dielectric results of the Au@PS hybrid films, capacitors with thin
films of pure thiol-functionalized PS as dielectric layers were prepared via spin coating
of thiol-functionalized PS solutions with a film thickness of ¢ = 248 nm for PSsgpo-SH
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Augﬁ%rdered@ PS Aug'rg%‘red@ PS

FIGURE 5.6: Transmission electron micrographs of focused ion beam cross sections of

thin film capacitors with the AuNPQPS;1gg¢ layers on the left and the AuNP@QPS5qg

layers on the right (ligand exchange 1 week, 60°C). Reprinted with permission of
Wiley-VCH GmbH from the Supporting Information of [1].

and t = 266 nm for PS1199p-SH. Figure 5.10 shows the measured dielectric properties of
the reference devices. The dielectric constants were in the range between 2.6 and 2.9,
where larger values were seen at lower frequencies, slightly above the values reported
for amorphous polystyrene at low frequencies (e, ps = 2.52 [168]). Literature reports
that functional groups such as S—H can be polarised at low frequencies [202], explaining
the larger dielectric constant of the thiol-functionalized polystyrene. The polarization
of the functional group also explains the higher dielectric constant of PSsp00-SH in
comparison to PS11900-SH, because PS5900-SH has a larger fraction of S—H groups. The
measured dielectric loss of the PS-SH layers was at 1 % for the most part of the measured
frequency range, as it was also reported for dielectric layers of pure polystyrene in the
literature [202].

“Figure 5.11 shows the dielectric constants and loss tangents of the hybrid films in
the frequency range 1Hz to 1 x 10°Hz (a,b) and a direct comparison of the change of
dielectric constant with increasing metal fraction (c). The largest dielectric constant of
50 was observed for Audisgrderd@PS at 1 Hz. The dielectric constants for films with low
Au volume fractions below 10 vol% increased almost linearly with Au content, especially
at high frequencies. The relationship became clearly non-linear at higher Au volume

fractions in a way that would be hard to explain with the classical mixing rules used for
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FicUure 5.7: Effective structure factors derived from SAXS measurements of drop
casted samples on Kapton foil. a) Random packed structures are found for
Audiserdered@pg - while b) both feec and random packing is found for Audiered@Pps.
Reprinted with permission of Wiley-VCH GmbH from the Supporting Information of

[1].

Type I composites. In the following, we use a random resistor-capacitor network model

in order to analyze the dielectric properties of our composites.” [1]

The relative dielectric constants e, of Type II composites with different filling ratios f,
are often described by a power law resulting from percolation theory as shown in Equa-
tion (2.16) with a percolation threshold f., the percolation exponent ¢, and a pre-factor
ero. “The underlying model by Efros and Shklovskii assumes a random distribution of
homogeneous particles in a neutral, insulating matrix [38]. The particles in our Type III
hybrids carry covalently attached shells that coalesce and form a ‘matrix’, which in-
troduces a level of order that was not foreseen by Efros and Shklovskii, but does not
invalidate the model. Figure 5.11c shows a fit of the dielectric constants of our films to
Equation (2.16) at 10 kHz, where the dielectric losses were minimal.” [1] For the fit, the
data of Au@PS layers with three different Au volume fractions and of the PSq1999-SH
reference sample without gold was used. This fit using the data of the Au@PS samples
with PSi1900 ligand and three different crafting densities and the data of the reference
sample with PS11000-SH layer returned a percolation threshold of f. = 0.24 and a perco-
lation exponent of ¢ = 1.3. “This threshold is considerably above the value of f. = 0.14
reported by Gaiser et al. for AgNPs in PDMS [203] and the threshold of f. = 0.16
predicted for perfect spheres [29] and measured by Fredin et al. for AINPs in polypropy-

lene [41]. The values that we find are consistent with the existence of permanently
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FIGURE 5.8: Particle packings in films of hybrid particles with different shells. a)
Transmission electron micrographs of Au@PS;1000 (medium ligand density) and b)
Au@PSs5099 from drop casting. The crystalline superlattice of particles with thinner
shells is apparent visually and in the Fourier transform (insets). ¢) Transmission SAXS
of dielectric films (data for Aud5ord°*d@PS multiplied by 100) indicates that the form
factor of the spherical gold cores (black lines) is superimposed by structure factor peaks.
The broad peaks that occurred for particles with PSy1900 shells (medium ligand density)
are consistent with random packing, whereas some of the sharp peaks for PSsggg shells
can be indexed with fcc packing reflexes (solid vertical lines). Reprinted (adapted) with
permission of Wiley-VCH GmbH from [1].

attached shells: random percolation in Type III hybrids is prevented by the individual
insulation and the filling ratio of the conductive component can surpass the value that
would usually lead to DC conductivity (i.e. a short circuit). The exponent ¢ only de-
pends on the lattice type, not the particle shape; the value of ¢ = 1.3 that we found here
is slightly above the value of ¢ = 1 expected for a 3D lattice [38, 117] and consistent with
a certain degree of order due to the permanently attached shell that fixes the particle

spacing in a narrow range.

Fits at low frequencies (e.g. 1Hz) yielded physically unreasonable results with very
high percolation thresholds and percolation exponents, indicating a failure of the model
(see Table 5.6). The Efros-Shklovskii percolation model does not consider frequency-
dependent polarization or relaxation processes and the strongly deviating dielectric con-

stant and loss that we found below 1kHz are consistent with the types of ionic and
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FIGURE 5.9: Transmission electron micrographs of particles dropped on a transmission
electron microscopy grid. a) Aufserder*d@P§ particles obtained after ligand exchange
for 1 week at 20 °C and b) Audisdr*d@pPS particles obtained after ligand exchange for 4
weeks at 60 °C). Reprinted with permission of Wiley-VCH GmbH from the Supporting

Information of [1].
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FIGURE 5.10: Dielectric properties of (a) PSso00-SH and (b) PS11900-SH reference
capacitors with pure thiol-functionalized PS and without gold. The real part of the
relative permittivity e, is plotted on the left axis (blue circles), the loss tangent tan
is plotted on the right axis (orange triangles). The lines are meant to guide the eye.
Reprinted with permission of Wiley-VCH GmbH from the Supporting Information of

[1].

orientational polarization previously reported for polymers by Zhu [204]. The dielectric
constants close to 1 MHz decreased for the largest Au volume fraction; the dielectric
losses at high frequencies increased for all samples. Matavz et al. suggested that a
decrease of the dielectric constant connected with an increase of the dielectric loss at
high frequencies can occur due to the resistivity of the electrodes [6]. Such resistivity
may originate from oxidation of the sputtered aluminium electrode that we used, for

example.

Above results indicate that the permittivity of our Type III hybrids at frequencies around
10kHz can be explained by a network of RC elements [37], where the capacitors are cre-

ated by neighbouring Au cores and the PS shells act as the dielectric. Resistors represent
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FIGURE 5.11: a) Frequency-dependent dielectric constants and b) loss tangents of

Augisordered@pg films with with different ligand densities and of a polymer reference

sample PS11000-SH. ¢) Dielectric constants at selected frequencies as a function of

gold volume fraction from TGA. Reference data for f, oy = 0 was measured on pure

PS11000-SH. The lines are fits with the power law from percolation theory in Equa-
tion (2.16). Reprinted (adapted) with permission of Wiley-VCH GmbH from [1].

the finite tunnel barriers formed by the nanoscale polymer shells. This interpretation is
consistent with the dielectric losses shown in Figure 5.11b, where the minimum of the
loss tangent increases for larger Au volume fractions. The losses are probably caused by
the polarization of the gold-PS interfaces that are larger at higher Au volume fractions.
The resulting trade-off between a high dielectric constant and a low dielectric loss has
been reported for many Type II dielectric films [39, 40, 84, 202, 205-207].

The Efros-Shklovskii model above assumes a network of uniform capacitors and resistors.
Network connectivity increases in a random fashion (that depends on the chosen lattice)
when increasing the filling ratio. In reality, Type Il composites are characterized by wide
distributions of both capacitors and resistors and fractal network structures, because the
spacing between particles varies strongly. The spacing of particles in Type III hybrids

is characterized by the length scales discussed above, which narrows the width of the
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TABLE 5.6: Fit parameters ¢, , f., and ¢ for the experimental dielectric data of the

PS11000-SH reference and Aug_iic;rdQYEd@PS at different frequencies. The value of ¢, for
Audisordered

0.07 @PS was interpolated using these parameters. Reprinted with permission
of Wiley-VCH GmbH from the Supporting Information of [1].

Frequency [Hz| £r,0 fe q er (Audisordered@pg)
fitting parameters
1.0 1.0 x 1018 +00  10.8 +284.3 1.5 x 102 +4.1 x 103 6.8 + 0o
1.0 x 10! 0.14+0.2 0.62 + 0.67 7.04+9.9 5.4+ 58.4
1.0 x 102 0.14+0.1 0.32 +0.08 2.6+ 1.2 4.6+9.8
1.0 x 10° 0.3+0.2 0.26 + 0.03 1.7+£05 4.2 +4.2
1.0 x 10* 0.44+0.2 0.24 +0.01 1.3+0.3 3.8+25
1.0 x 10° 0.5+0.2 0.23+0.01 1.1+£0.2 3.6+1.8
1.0 x 109 0.6 +0.3 0.23+0.02 1.0+04 34+29

distributions of R and C.”[1]

5.3 Dielectric Au@PS layers with ordered particle packing

“The connectivity of the RC network in the composites studied so far was dominated by
random packing and the formation of linear particle chains. It is difficult to model the
effect of such chains. In the following, we study the properties of Type III hybrids with
regular particle packing in order to better distinguish the effects of R/C' distributions

and network structure.”[1]

We prepared hybrid dielectric films with regular “superlattice” particle packings using
the same gold cores as above with shells of PS5gg9 formed by stirring at 60 °C for 1 week.
“The thinner shells provided a balance of mobility and attractive potential that enabled
self-assembly. We thus obtained ordered films with a Au volume fraction of 7vol% and
fabricated capacitors with them.”[1] TEM cross sections showed ordered particle packing
in the dielectric layer in Figure 5.6 on the right. Table 5.7 shows the results of the TGA

and SAXS measurements of Augi ™ d@PS drop casted samples.

TABLE 5.7: Experimental results from TGA and SAXS for Au content and surface-

to-surface distance between Au cores for Augse"*d@PS. Reprinted with permission of

Wiley-VCH GmbH from the Supporting Information of [1].

Sample name Ty, Au [Wt%]  fv.au [VOI%]  qf nm™1] @il nm~Y] af® [nm] dl [nm] dZ [nm]

AuggeredaPps 58.6 7.1 0.68 1.07 10.2 4.5 2.5

The degree of order in the Au@PS5pg layers was analyzed using SAXS and TEM on

drop casted samples. “Figure 5.8 shows the difference between the irregular particle
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packings and the superlattices in SAXS (Figure 5.8c) and TEM (Figure 5.8b).”[1] The
Fourier transform of Au@PSy1909 NPs with medium ligand density dropped on a TEM
grid (inset Figure 5.8a) only shows radial features caused by random packing, while that

of Au@PS5009 NPs (inset Figure 5.8b) shows clear features of an ordered pattern.

The ordered packing was analyzed with SAXS of drop casted films on Kapton foil. Its
SAXS scattering is shown in Figure 5.8¢, the effective structure factor derived from these
SAXS data in Figure 5.7b. “SAXS indicated that the regular films contained disordered
regions: the first peak at ¢} indicates a nearest neighbour distance of dl, = 4.5nm that
does not fit into the reflexes caused by the face-centred cubic (fcc) superlattice with the
expected position ratio of v/3 : v/4 : v/8.”7[1] The ordered and disordered regions cause
different maxima in Figure 5.7b. The areas with random packing cause the maxima
marked with black arrows. The first order scattering on the random packed particles
results in the peak found at ¢}, the second order scattering results in the peak found
at 2¢;. The mean corresponding surface-to-surface spacing dl, was calculated with

Equation (3.10) and Equation (3.14).

The regions with a fcc superlattice cause the three maxima marked with red arrows
in Figure 5.7b. The first peak was indexed as (111) and used to calculate the lattice
constant a'*® using Equation (3.11) with the miller indexes h = k = [ = 1. The surface-
to-surface distance d2, between the particles in ordered packing was calculated using
Equation (3.13) and Equation (3.14). Table 5.7 lists all corresponding values derived
from SAXS.

“The difference in particle packing may be connected to the polymer chain conformation
on the particle surfaces. We analyzed the ligand polymer conformation using the method
of Rahme et al. and compared the polymers’ Flory radii F' to the average distances

between anchoring points (D) [153].”[1] It is

3

F - anélono (51)

for a polymer in a good solvent with the length of a monomer a (aps = 0.25nm)
and the number of monomers npono per molecule [153]. We derived the number of
monomers Nyono = 48 for PS5000 and nyene = 106 for PS11ggg from the atomic weight of
a single repeat unit in a PS molecule (molecular formula CgHg, molecular mass 104 Da),
resulting in the Flory radii F' = 2.55 nm for PS5ggp and F' = 4.10nm for PSy1909. These
values were then compared to the theoretical distance of anchor points (D), for which

we assumed a homogeneous distribution:

<D> _ Asphere,AuNP _ 1 (5 2)
NLigands PA ligand
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where Agphere, Aunp is the surface area of the AuNP, Nygangs is the number of ligands on
a single AuNP, and pa Jigand is the ligand density; the results are listed in Table 5.8.
TABLE 5.8: Estimated Flory radii ' and average ligand anchor point distances (D) for

the different inks. Reprinted with permission of Wiley-VCH GmbH from the Supporting
Information of [1].

Ink label Ligand  nmono [—] F [nm] (D) [nm]
Augisordered@pg  PSyy909 107 4.1 1.2
Augigrdered@PS  PSyig00 107 41 1.6
Audisgrdered@ps  PSyyp0 107 41 2.2
Augigered@Pps PSs5000 49 2.6 0.9

The average ligand anchor point distances were always smaller than the corresponding
Flory radii, “indicating brush conformations of the polystyrene ligands on all hybrid
particles used here. Dukes et al. proposed that polymer brushes form for short polymer
ligands at high grafting densities, with a transition to semidiluted polymer brushes when
the chains are long enough [157]. We conclude that all PS chains used here were short
enough to form brushes, and that the transition from irregular to regular particle packing
is mainly due to the change of interaction and shell mobility that depended on ligand
shell thickness.

The polystyrene ligands efficiently prevented the agglomeration of the dispersed hybrid
particles. SAXS in dispersion did only show little interaction of the hybrid particles”[1]
(Figure 5.12). Some interaction of the dispersed particles caused a slight increase in
intensity in the g-range around 0.25nm~!. All measurements reached a Guinier plateau
at low ¢ values, implying the absence of large agglomerates; strong agglomeration would
cause a considerable increase in intensity at low ¢ values as it was observed by Sindram
et al. for aggregated Au@PS particles [155]. Dynamic light scattering (DLS) measure-
ments of the diluted inks (see Chapter 3 for measurement parameters) indicated hydro-
dynamic diameters of 5.7 nm for Augiserdered@pPs, 10.6 nm for Audisordered@Pps, 9.5 nm for
Audisgrdered@ps | and 16.3 nm for Aud'&d@PS. The DLS measurements did not indicate

substantial agglomerates.

“The particles agglomerated during the drying of the liquid ink on the substrate. Studies
on the agglomeration of similar gold cores with shorter alkanethiol ligands indicated
that the onset concentration of agglomeration depends on the ligand length [12] and
the solvent [142]. It is probably possible to further tune the dielectric layer structure

through the variation of ligand shell thickness and solvent.

Figure 5.13a compares the dielectric constants of a partially ordered hybrid particle

layer Aud§e*d@PS with the interpolated constant of a disordered layer with the same
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FIGURE 5.12: SAXS from dispersions of PS-coated gold cores dispersed in toluene. The
measurements were shifted in y-direction. The form factor scattering did not change
after the ligand exchange, indicating that the ligand exchange did not affect the particle
size and shape. The black lines indicate the form factor fit used to quantify the core
diameters deore and the widths of the core size distributions o. Reprinted (adapted)
with permission of Wiley-VCH GmbH from the Supporting Information of [1].

volumetric gold content that was calculated using Equation (2.16) and the fit in Figure
5.11c.”[1] The power law from percolation theory in Equation (2.16) was used for the
interpolation, which allowed the comparison of Au@PS layers with ordered and disor-
dered particles at the same Au volume fraction to check the influence of the particle
packing on the dielectric properties. Percolation theory does not consider polarization
or relaxation phenomena. Therefore, we limited the interpolation to the frequency of
10kHz. At this frequency, the losses were minimal and the dielectric constants showed

little frequency dependence (see discussion below).

The uncertainties in the interpolated value of a hypothetical sample Aug'ss™d@PS was
estimated using standard error propagation with the uncertainty of the fit parameters

and the corresponding partial derivatives:

e = (25) aczy o (25) gt (2 ag (5.3)
TV \oe,) T o) T ag) ! |

Finally, the interpolated value for a hypothetical sample Audiserdered@pS using Equation

(2.16) and its uncertainty using Equation (5.3) are listed in Table 5.6 in the last column.
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FIGURE 5.13: a) Dielectric constants of ordered superlattice films AuS’oe**?@PS and
interpolated value for a disordered film of the same Au volume fraction. Interpolation
was done using a fit to Equation (2.16) from percolation theory. The error bar shows
the uncertainty of this interpolation. b) Loss tangents of the ordered film Aud'ss™*4@PS
and all disordered films. Reprinted with permission of Wiley-VCH GmbH from [1].

“The relative permittivities that we measured for the ordered films are in the same range
as the one interpolated from the disordered films. The loss tangent (Figure 5.13b) of the
ordered sample had a minimum at ~800 Hz, while all disordered samples had minima

in the range of ~80kHz.

We conclude from the similar dielectric constants of ordered and disordered films that
the increased number of neighbours (12 in the fcc lattice) and thus, network density in
the ordered films affected the permittivity less than the increased gold volume fraction.
This suggests that a denser RC network does not increase the overall permittivity of
the layer if the individual capacitances remain unchanged, which is consistent with the
picture of Efros and Shklovskii. The change in dielectric loss is unexpected, however,

and not explained by current models.

The distances between the AulNPs in an ordered packing are more homogeneous, which
may prevent losses related to very densely spaced particles. Very densely spaced par-
ticles, as they were observed for the disordered samples with the chain-like particle
arrangement, have overlapping electron wave function that can lead to collective exci-
tation and dissipation. Moreover, it is conceivable that Coulomb blockades that depend

on connectivity affect electron hopping and thus, loss currents [119, 120].

The dielectric breakdown of the hybrid dielectric layers was analyzed by steadily increas-
ing the bias on the thin film capacitors.” [1] We performed two measurements per sample
type. Figure 5.14 shows the resulting data. The values of the breakdown strength Fj,q
were calculated using Equation (3.26) from the breakdown voltage V4,4 that was found
in the measurements and the corresponding layer thicknesses ¢ in Table 5.1. “The break-

down strengths consistently were in the range of 39 MV m™"! to 154 MV m~!. We found
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no indications of reduced breakdown strengths at higher Au volume fraction. Detailed

breakdown studies will require an analysis of the mechanism, for example, by imaging

the defects through electron microscopy.
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FIGURE 5.14: Breakdown characteristics of two representative capacitors of each sam-
ple type. The breakdown voltage V4 is marked with an “X”. Reprinted with permission
of Wiley-VCH GmbH from the Supporting Information of [1].

TABLE 5.9: Estimated breakdown strengths Ey,q of the dielectric films. The mean value
of two measurements is reported. Reprinted with permission of Wiley-VCH GmbH from
the Supporting Information of [1].

Name of sample

Epg MV m™]

Aug?(s)%rdered QPS
Augli%rdered QPS
Augli;?rdered @QPS
Augiered@ps

39.1
59.9
115.3
154.3

The analysis of dielectric breakdown indicated reliably insulating properties of the hybrid

dielectric layers below the breakdown voltage. The dielectric losses observed at low

frequencies close to 1 Hz in Figure 5.13b are therefore unlikely to stem from leakage

currents. We observed a similar increase of the dielectric loss with decreasing frequency

in thin film capacitors with purely polymer-based dielectric layers (see Figure 5.10). It

appears likely that the interfaces between metal electrodes and the dielectric layer cause

losses that may be reduced by suitable passivation.”[1]
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5.4 Inkjet printed dielectric layers on rigid silicon sub-

strates

“Type III hybrids are particularly promising for inkjet printing. The polymer shell on
each individual nanoparticle increases the colloidal stability, thus preventing agglomer-
ation and ensuring printability from small nozzles. We printed dielectric layers onto an
aluminium-coated silicon wafer using the Aud5ordr*d@PS ink. Gold top contacts with
diameters of 1 mm were evaporated in order to form capacitors. Figure 5.15 illustrates
the good printability of the ink that yielded a uniform printed layer (Figure 5.16a) after
drying at room temperature. The surface profile of the inkjet printed sample (Figure
5.2¢) shows that overlapping inkjet droplets formed a continuous, insulating dielectric

layer.

v(m/s) V(pl) X(um) Y (um) Angle ()
> 343 +17 708 250 0.19°
> 693  +134 709 431 0.26°

disordered

FIGURE 5.15: Drop formation of ink Aug'jy @PS. Reprinted with permission of
Wiley-VCH GmbH from the Supporting Information of [1].

The capacitance of the inkjet printed devices was (2.2 £+ 0.1) nF with a dielectric loss of
(17.14£6.8) % at 1 kHz. Both capacitance and dielectric loss increased at lower frequencies

just as in the spin coated samples (cf. Figure 5.11).

The dielectric permittivity of the inkjet printed film was calculated based on a thickness
of (16.7£9.8) nm estimated from the TEM cross sections in Figure 5.16b and in Figure
5.17 using Equation (3.22). The uncertainty of the value is due to the variation in film
thickness from the inkjet printing process. The surface roughness of R, = 19.58 nm (see
Table 5.2) exceeds the layer thickness, and we considered the thickness variation as un-
certainty when calculating the dielectric constant (see Equation (3.23)). The uncertainty
of the calculated dielectric constant was estimated with standard error propagation using
Equation (3.23).
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FIGURE 5.16: Inkjet printed capacitor with hybrid dielectric film Audsordered@ps. (a)

Optical micrograph of the film microstructure that was formed by two passes of inkjet

printing. (b) Transmission electron micrograph of a cross-section with the 17nm thick

dielectric hybrid film. (c¢) Dielectric properties of the capacitor. (d) The inset shows a

photograph of an inkjet printed thin film capacitor device. Reprinted with permission
of Wiley-VCH GmbH from [1].
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FIGURE 5.17: Transmission electron micrographs of focused ion beam cross-sections
of the inkjet printed dielectric hybrid film. Reprinted with permission of Wiley-VCH
GmbH from the Supporting Information of [1].

The good film formation properties of our hybrid ink with the covalently attached

polystyrene ligands allows the preparation of very thin inkjet printed dielectric layers.” [1]

5.5 Conclusions

“We prepared capacitors with hybrid dielectric layers of gold-polystyrene core-shell par-
ticles. The dielectrics were deposited from liquid dispersions using spin coating and
inkjet printing. Very thin layers down to 17nm with good dielectric properties were

obtained.
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The covalently attached polymer aided the formation of homogeneous layers with em-
bedded gold cores. We analyzed this novel type of dielectric nanocomposite by varying
the polymer grafting densities on the AuNPs, thus changing the Au volume fractions
between 5vol% to 21 vol%. A non-linear dependence of the dielectric constant on metal
content was explained using random resistor-capacitor network models previously ap-
plied for percolating systems. The strongly attached polymer shells prevented percola-
tion, giving access to high metal filling ratios without the risk of short circuits due to

percolation.

The effect of network structure was analyzed by comparing disordered particle films with
self-assembled superlattices. Order did not change the permittivity much, but shifted the
minimum of the loss tangent to much lower frequencies. The resistor-capacitor network
models currently used for the analysis of dielectric composites with metal particles do
not consider frequency-dependent polarization and relaxation effects. Improved models
that combine nanoscale electron dynamics with electrical network theory are desirable
in order to better connect the molecular structure of the composites with its dielectric
properties. The composites introduced here provide considerable freedom in the chemical
design of the composite; for example, diblock copolymer shells with defined structures
could be covalently attached in order to tune structure and polarizability. Such tuned
structures of AuNPs have been reported recently by the usage of PS block and random
copolymers [208].

Inkjet printed thin film capacitors with a &~ 17 nm thick dielectric layer and a capacitance
of (2.24:0.1) nF@1 kHz over 0.79 mm? were prepared in air at room temperature without
any post-treatment of the dielectric. The polymer shells of the particles were sufficiently

mobile to reliably form insulating layers.

Inkjet printable dielectrics of the type introduced here should find applications in flexible
and printed electronics. We expect that hybrid dielectric films can be inkjet printed on

thin polymer foils in order to form inherently deformable capacitors.”[1]



CHAPTER 6

CORE DIAMETER VARIATION AND

PRINTING ON FLEXIBLE SUBSTRATES

This chapter reports on dielectric layers of hybrid Au@PS particles with varying core
sizes and ligand lengths. Additionally to the effect of the Au volume fraction, which was
discussed in the previous chapter, changes in the dielectric constant with the core sizes
are expected and are discussed in the following. Thiol-functionalized PSsg00 and PS11000
were grafted onto gold cores of small, medium, and large core sizes (deore = 2.9 nm,
4.7nm, and 8.2nm). The resulting layers are denoted AuiZ¢ @PS 000, where size refers
to the Au core, 0.zx represents the volume fraction of gold and 000 represents the molec-
ular weight of the ligand. The results for the medium-sized particles with core diameter
4.7nm are the same as from Chapter 5: Aud&*d@PS, now called Auf'sd"™@P S50, and
Au‘&iigrdered@PS, now called Augfgium@PSllooo. Figure 6.1 shows six different types of
thin film capacitors with interference colours due to varying layer thickness and different

plasmon resonances of the Au nanoparticle cores.

Ligand length
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FI1GURE 6.1: Thin film capacitors based on dielectric layers of Au@QPS nanoparticles
with three different core sizes and two different ligand lengths. The metal fraction of the
films varied with the core size and the ligand length. The photograph shows the spin
coated dielectric layers on aluminium/silicon substrates with evaporated gold contacts.
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The thin film capacitors were fabricated by spin coating the Au@PS particles on rigid
aluminium coated silicon substrates or on flexible aluminium coated PET foil substrates.

An overview of the measured properties of thin film capacitors is given in Table 6.1.

TABLE 6.1: Dielectric properties of thin film capacitors with hybrid dielectric films of

thickness ¢ at 10 kHz with varying core sizes and polystyrene ligand lengths. C}, is the

real part of the capacitance in parallel. Dielectric constants e, and losses tand were

obtained by dielectric spectroscopy on at least 11 measured thin film capacitors for the

spin coated hybrid dielectric samples and 12 measured capacitors for the inkjet printed
hybrid dielectric sample.

Sample label  preparation method t [nm] C;, [pF] er [—] tand [—]

Au(s)r_%%u@PS5000 spin coated 1354+ 7.1 165+ 3 3.24+0.2 0.010 £ 0.003
Au(s)r_l(l)gu@PSHOOO spin coated 68.2 + 2.3 688 + 29 6.7+ 0.4 0.307£0.013
Aug‘lg(%ium@PSg,ooo spin coated 48.1 + 3.0 490 4+ 33 3.4+0.2 0.029 £ 0.055
Augﬁgium@PSHooo spin coated 51.1+1.4 654 + 16 4.8 +0.1 0.068 + 0.004
Au?ﬁe@PSg,ooo spin coated 30.6 £0.9 1107 4+ 55 4.9+0.3 0.023 £ 0.003
Aug’fﬁe@PSHOOO spin coated 15.7+1.0 6039 + 677 13.6+1.6 0.093+0.033
Allg_“legium@Psllooo inkjet printed ~ 25 1316 £ 55 n.a. 0.071 £ 0.006

The dielectric constants of hybrid layers were calculated using Equation (3.22) that
assumes a parallel plate capacitor. To check the validity of this model, the roughnesses
of the substrates and the layers are compared. The spin coated samples had smooth
surfaces with R, values in the range of 0.8 nm to 1.0 nm as measured over a surface area
of 700 pm x 530 pm. The surface profiles were numerically analyzed using the MetroPro
software after subtraction of a plane (for the rigid spin coated samples) or a cylinder
(for the flexible inkjet printed sample) to obtain the roughness values listed in Table 6.2.
Figure 6.2a and Figure 6.2b show representative surface profiles of the dielectric spin
coated samples. The surface roughness of the aluminium/silicon substrate (R, = 3.0 nm,
see Table 4.1 in Chapter 4) and of the aluminium/PET substrate (R, = 4.0 nm, shown
in Figure 6.2c) were both measured over an area of 100 pm x 100 pm with AFM.

The layer thickness of the spin coated samples exceeded the roughness of the substrates
and of the dielectric layers by one order of magnitude, clearly fulfilling the parallel plate
capacitor assumption and were used to determine the dielectric constants. The surface
roughness of the inkjet printed sample was much larger; its effective thickness could only

be estimated by the measured capacitance.

The chapter is structured as follows: First, the synthesis of the different inks and their
stability depending on the core size and the ligand type are investigated and discussed
in Section 6.1. Second, the structures of dried layers containing small and large particles
are investigated by SAXS and TEM in Section 6.2. Third, the dielectric properties of

the different layers with varying core size are presented in Section 6.3. These properties
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TABLE 6.2: Average surface roughness R, of the hybrid dielectric layers (from WLI)
and of the aluminium electrode (from AFM).

Sample label

coating method R, [nm)]

AUB%EII@PSE)OOO spin coated 0.8
Aug3"@PS11000 spin coated 0.8
Aueduim@pSs g, spin coated 1.0
Au$ium@pS; g99 spin coated 1.0
Auﬁgf@PSmoo spin coated 1.1
Augl.ggf@PSllooo spin coated 1.0
AuPsdUm@pS, 009 inkjet printed  110.9
Al coated PET foil sputtered 4.0

| on PE

I
Aug5s @PS 11000

+53.17

large

+79.63

Height (measured)

60

[T 1340m
[130

120

FIGURE 6.2: Surface profile measurements. Surface profiles measured with WLI of a)

A @PS, 19 and b) Auga_ggf@Psnooo. ¢) Surface profile measured with AFM of Al

coated PET foil.

were investigated on rigid samples with spin-coated films on Al-coated silicon. Finally,

the successful preparation of flexible thin film capacitors on an aluminium coated PET

substrate with the hybrid dielectric ink of medium-sized particles is shown in Section

6.4.

6.1 Inks with variable core sizes

Differently to the previous chapters, Au@PS dielectric inks were prepared with different

core sizes but with constant ligand exchange conditions in this chapter. The inks were

prepared in a two step process: first, oleylamine (OAm) capped AuNPs were synthe-

sized in different solvents, then a ligand exchange to thiol-terminated polystyrene was
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performed (1 week stirring at 60 °C) to obtain the final inks with toluene solvent. The
different core sizes are expected to influence the polymer shells and possibly the ink

stabilities during ligand exchange and ageing.

6.1.1 Au cores of different sizes

Au cores with diameters of 2.9nm, 4.7 nm, and 7.0nm were synthesized by the usage
of the solvents n-pentane, n-hexane, and benzene in the synthesis. Wu et al. proposed
that linear solvent molecules such as alkanes allow dense OAm layers resulting in small
particle sizes whereas more bulky aromatic solvent molecules lead to a less dense OAm

protection layer and larger particle sizes [134].

TEM images of the small and large particles are shown in Figure 6.3. For Au%%%ll@PS5000
and AugHal@PS, 1009, two batches of small Au@OAm NPs were synthesized (Figure 6.3a
and Figure 6.3b); for Au})ﬁg?e@PSmoo and Au?gﬁe@PSnooo, one batch of AuQOAm NPs
synthesized in benzene (Figure 6.3c) was overgrown to reach a final core diameter of
8.2nm (Figure 6.3d). The TEM images indicate a monodisperse size distribution of all
the synthesized Au@OAm NPs.

The Au cores should ideally be unaffected by the ligand exchange. The mean and
standard deviation of the core diameters of the Au@QPS NPs that are reported in Table
6.3 were obtained by fitting measured SAXS data of dispersed particles with the form
factor of spheres. The measurements of the medium-sized particles were shown in Figure

5.12 in Chapter 5, those of small and large hybrid particles are shown in Figure 6.4.

Scattering from the large particles fits very well to the form factor of spherical particles;
there is no sign of agglomerates in the ink. The standard deviation o was below 10 %
and the monodispersity of the Au@PS particles is also seen on TEM images (Figure
6.6¢c,d). Therefore, there is no sign that the ligand exchange affected the large Au cores.

For the small particles, the scattering intensity at low g-values is above that expected for
spherical particles. While strongly rising scattering intensities for Au@QPS particles at
low g-values was seen as a sign of particle agglomeration [155], the observed deviation for
Au%‘_%%“@PSmoo and Au%%%“@PSHOOO particles is small and therefore large agglomerates
in the inks are not expected. While for Au%%gu@PSg,oog the particle size distribution
is below 10% and in good agreement with the monodispersity observed in the TEM
images (Figure 6.6a), AufBalQPS;1099 shows a size distribution of 12% indicating a
larger polydispersity. A TEM image of Au%%gn@PSllooo reveals that noticeably larger
particles have evolved during the ligand exchange process (Figure 6.6b). This alteration

of the Au cores during ligand exchange is examined in more detail below.
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(A) Small Au@OAm NPs first batch. (B) Small AuQOAm NPs second batch.

(¢) Large Au@OAm NPs before overgrowth. (D) Large Au@QOAm NPs after overgrowth.

FIGURE 6.3: TEM micrographs of synthesized AuQOAm NPs. a) The first batch
of small AuQOAm NPs was used for Auf)f%gu@PSmoo. b) The second batch of small
Au@OAm NPs was used for AufBa'@PS,100. ¢) The large Au@OAm NPs before

large

overgrowth. d) The large Au@OAm NPs after overgrowth were used for Aug 5 @PS5000
and Auzfg%e@PSllooo.

6.1.2 Polymer shells with different core sizes

As it was shown before for medium-sized Au@PS particles, the resulting polymer shell
structure is influenced by the ligand densities and the ligand length (see Chapter 4,
Subsection 4.1.2). This polymer shell defines the Au volume fraction in Au@PS hybrids.
TGA measurements of solid samples made of the different inks were performed to deter-
mine the gold volume fractions f, A, from the Au weight content zy A, using Equation
(3.1) and the ligand grafting densities pa ligand using Equation (3.4). Figure 6.5 shows

that the main weight loss occurred at about 400 °C, where the thermal decomposition
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TABLE 6.3: Core size data with the mean and standard deviation of the core diameters
deore and o from SAXS, the hydrodynamic diameter dj, from DLS, and the positions of
the peaks drgm,1 and drgwm 2 in the size histogram of TEM image analysis.

Sample name deore [nm] o [%] dy [nm] drem,1 [nm] drem2 [nm]
small Au@OAm 1% batch 2.9 85 654+0.32 28404 3.8
Aug2 @PSs000 2.9 9.0 1204023 3.0+£04 -
small Au@OAm 2°? batch 2.9 100 604053 28405 -
Auga @PS, 1000 2.9 129 11.24+0.15 2.8+0.9 4.8
AuSall@PS,) 109 161 days 2.8 14.4 N/A 26+1.3 4.9
aged

medium Au@OAm 4.7 6.7 7.7+ 0.05 N/A N/A
Aurediim@pg g 4.7 6.6  16.3+0.09 N/A N/A
AufSa™m@PS 109 4.6 7.0  16.240.10 N/A N/A
Large AuQOAm 7.0 10.0 N/A 6.7 +0.7 -
Large Au@QOAm 1x over- 8.2 8.5 11.2 4+ 0.62 7.84+0.6 -
grow

AuE@PS5000 8.2 9.3 203+0.06 7.640.6 -
AuE QPS40 8.2 9.0 194+0.02 7.7406 -

of PS is expected [190-192]. The gold concentrations of the inks after ligand exchange
cau were measured by UV-Vis and were in the range of 12.8 mgmL™! to 34.0 mgmL~!.
The properties of the inks used in this chapter are summarized in Table 6.4, Table 6.5
lists the Au contents in solid layers of these inks as measured by TGA.

TABLE 6.4: Measured properties of the prepared Au@PS hybrid nanoparticle inks in

this chapter with varying Au core sizes (dispersion medium toluene) with the diameter
of the Au cores dcore, the ligand density pa 1igand, and the Au concentration in the inks

CAu-
Ink label deore [nm| Ligand  pa ligand nm™2] ca, [mgmL™!
Auggal@PSs000 2.9 PSs000 1.2 19.8
Auts)%gl_l@PSHOOO 2.9 PSllOOO 0.3 24.7
Aug’s7™™ @PS5000 4.7 PS5000 1.3 12.8
Au?leglum@PSuooo 4.6 PSHOOO 04 34.0
Aug' 7 @PS5000 8.2 PS5000 0.8 23.0
Au%)éggle@PSHOOO 8.2 PS11000 0.2 26.4

The differences of the hydrodynamic diameters measured by DLS, which are listed in
Table 6.3, indicate the effect of the ligand exchange from oleylamine to polystyrene.
For the OAm capped particles, the hydrodynamic diameter is always about 3 nm larger
than the core diameter. This is in the same range as the distance between OAm capped
Au nanowires in different solvents that was determined by SAXS measurements and
molecular dynamics simulations from Gao et al. [209]. The hydrodynamic diameters

were significantly increasing after ligand exchange: for the small particles by 5nm to
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FIGURE 6.4: SAXS measurements of small Au@QPS and large Au@PS particles dis-

persed in toluene after ligand exchange. The measurements were shifted in y-direction

by a multiplication factor. The black lines indicate the form factor fit used to quantify
the core diameters d.... and the widths of the core size distributions o.

TABLE 6.5: Experimental results for layers of Au@PS hybrid particles from TGA and

SAXS. dcore is the Au core diameter, £y a4 and fy ay are the weight and volume content

of gold in dried layers. d., d2,, and d3, are characteristic surface-to-surface distances of

the AuNPs in the dielectric layers. Distances without mark are calculated for random
packing. Distances marked with(f®®) are calculated for fcc packing.

Sample deore (NM] 2y Au [WE%]  fyau [VOI%] di [nm] d% [nm] d3; [nm]
name

Ausal@PS5000 2.9 48.3 4.8 3.5 0.3 -
Aumall@PS, 1990 2.9 65.1 9.9 17.6 97 13
AuPediim@pSso09 4.7 58.6 7.1 4.5 9.5 (fec) _
Auf§gium@PS 00 4.6 66.5 9.7 6.2 0.7 -

Augi@PSso00 8.2 79.2 17.2 42 .80
Au z)aggle@PSuooo 8.2 89.3 31.2 8.0 0.1 -

6 nm, for the medium-sized and large particles by 8 nm to 9nm. This increase was
slightly larger for PSs099 than for PS11000, indicating a denser polymer shell for PSgggp.
The stronger coiling of PS11990 ligand causes a mushroom conformation of the polymer
ligands resulting in less dense shells [157], which are accompanied by measured ligand
densities that are by a factor 3 to 4 lower for PS119g0 than for PSsggp for all core sizes

(see Table 6.4). The ligand densities dropped to about 50 % when the particle size was
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FIGURE 6.5: TGA results for all dielectric layers prepared with variation of Au core
size. The mean value of two measured samples is reported.

increased from medium to large particles, a known effect of reduced curvature of larger
particles [153]. Small particles exhibited 0.1 nm~?2 lower grafting densities compared to
medium-sized particles with the same ligand length; i.e. the trend of increased ligand
density with increased particle curvature was not fulfilled for the small cores. The ligand
densities stayed relatively low considering the high curvature of the 2.9 nm AuNPs, which
was already indicated by the smaller increase of the hydrodynamic diameter after ligand
exchange of only 5nm to 6 nm. These results imply that the polymer shells are less
dense for small cores than for medium-sized and large cores, especially in the case of
PS11000 shells.

6.1.3 Core size effect on ink stability during ligand exchange and age-

ing

Ink stability is a requirement for practical handling of the Au@PS inks. Two different
kinds of stability can be distinguished. The first kind, “ageing stability”, describes
the continuity of the ink properties with shelf life. Triggering influences like heat can
accelerate the degradation of Au cores, e.g. by particle growth via Ostwald ripening.
Theoretical studies have shown that Ostwald ripening occurs more pronounced at small
particle diameters of 3nm and below or at elevated temperatures [210]. The polymer
shells can degrade, too, e.g. by detachment of the polymers or degradation of the

polymer ligand chains. As a consequence, the ink would differ its properties and in the
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FI1GURE 6.6: TEM micrographs of small and large Au@QPS hybrid nanoparticles after
ligand exchange.

worst case, e.g. after considerable degradation of the insulating polymer shell, it would
become impossible to create dielectric layers with such an aged ink. The second kind,
“colloidal stability”, describes the instability of the ink by the formation of particle
agglomerates. This agglomerate formation can be reversible — in this case, particles can
be redispersed, e.g. by ultrasonication — or it can be permanent. Agglomerates can
complicate the processing of the inks, e.g. the formation of nm thin homogeneous layers
is difficult with large agglomerates. Both ageing effects can be hindered by a dense
polymer shell that assures the steric stabilization of the ink. This section investigates
the stability of the hybrid inks during ligand exchange and ageing in dependence of the
Au core sizes, which also influenced the polymer shell grafting densities, as it was stated

above.
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Elevated temperatures of 60°C were applied during the ligand exchange and can po-
tentially accelerate degradation effects, such as the growth of Au cores. To gain further
insight into the extent of this effect, several TEM images of particles with small and large
core sizes before and after ligand exchange were analyzed. The size distributions were
created from various TEM images with the Fiji image analysis software (see Chapter 3
for details) and are shown in Figure 6.7. Both small and large Au@OAm particles had
monodisperse size distributions after the synthesis or overgrow step: the blue curves in
the particle size distribution have peaks at diameters of 2.8 nm for the small particles
(Figure 6.7a,b), the size distribution of the large particles has a peak at the diameter
6.7 nm after synthesis and before overgrowth (brown curve) and at the diameter 7.8 nm
(blue curve) after overgrowth (Figure 6.7c). The ligand exchange did not affect the Au
cores of the large particles: in Figure 6.7c, the peaks of the yellow and green curves of the
Au@PS particles are located at the same position of about 7.7 nm as the peak of the blue
curve of the Au@QOAm particles in the size distribution histogram. Au%%%ll@PS5ooo also
maintained its monodisperse size distribution after ligand exchange at around 3.0nm
(Figure 6.7a). However, a smaller peak at 4.8nm evolved next to the main peak at
2.6nm in the size distribution of Auf%al@PS;0o after ligand exchange. This increase
in the share of larger particles was even enhanced with ageing of the Augall@PS;;000

ink, which is discussed in the following.

In order to investigate the long-time stability, the inks were stored for at least 4 months
(exact values listed in Table 6.6) in the laboratory to investigate changes either by Au
core growth or agglomeration of particles. Aged inks with medium Au cores of 4.7 nm
diameter and large Au cores of 8.2nm diameter maintained their monodisperse par-
ticle size distribution within at least 145 days according to SAXS (see Figure A.2 in
the appendix). For these inks, the PS shells stabilized the inks against agglomeration
and degradation. SAXS of the ink Aug%%“@PSg,goo indicated that this ink maintained
its monodisperse size distribution after 121 days, too (Figure 6.8 on the bottom). The
polymer shell with PSs09p was possibly dense enough to maintain a stable particle size
distribution. SAXS of the ink Au%%gll@Psllooo revealed a significant deviation of scat-
tering intensity at low g-values from the form factor of spheres after 161 days, indicating
a change in the particle size distribution (Figure 6.8 on the top). The particle size dis-
tributions for this aged ink was determined with TEM images (Figure 6.7b, red curve).
While the Au cores were monodisperse after synthesis with mean diameters of 2.8 nm,
larger particles with mean diameter of 4.8 nm appeared after ligand exchange and af-
ter ageing for 161 days the large particles grew further till diameters of up to 14.5nm
(Figure 6.9). It is assumed that Ostwald ripening first caused the appearance of larger
particles during ligand exchange. During ageing, ongoing Ostwald ripening and addi-

tionally the coalescence of small particles, what has been observed for surfactant coated
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FIGURE 6.7: Size distribution from TEM image analysis of particles with small
and large core size. a) Size distribution of first batch of small Au@OAm parti-
cles and AuBf%?,“@PSg,OOO particles. b) Size distribution of a second batch of small
Au@OAm particles and Aug’pa @PSy1000 particles after 161 days. c) Size distribution
of large Au@QOAm particles before and after overgrow step and Au})a_‘lig;@PS5000 and

Au%f;,gle @PS11000 particles.
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particles [211], likely led to the formation of large spheric and elongated particles (Figure
6.9c). These two growth states with Ostwald ripening and a transition to coalescence
of particles at longer ageing times have been reported for alkanethiol capped AuNP in
PMMA layers, which were annealed at 150°C [212]. Moreover, the agglomeration of
dodecanethiol-capped AulNPs that suffered ligand loss during ageing of at least 21 days
in non-polar solvents has been reported in the literature [213, 214]. Consequently, it is
proposed that the low ligand density of the Auf’)%gu@PSnooo particles could not protect
the cores from degradation via Ostwald ripening and coalescence, while the polymer
shells were dense enough to prevent Au core degradation for all other inks within the

observed time frame.

Molecular dynamics simulations showed that adsorption of alkanethiols on gold nanocrys-
tals is different for the different crystalline facets: for smaller Au nanocrystals, less lig-
ands are adsorbed. Additionally, these absorbed ligands have on trend less Au atoms to
be in contact with [215]. The low ligand densities and crystalline facets of the Au cores

in AufBlQPS; 1099 might have favoured the observed particle instability.

TABLE 6.6: Shelf life after synthesis before measurements of aged inks was performed.

Ink label Shelf life [days]
AuRal@PS5000 121
AugBall@PSy 4099 161

Ausduimapsg g, 588

Augfgium@PSHooo 545

Auglﬁe@PS5000 145

Au%fggle@PSH()oo 145

6.1.4 Conclusion

All three particle sizes had monomodal size distributions after synthesis of Au@OAm
particles. The grafting densities for medium-sized particles with core diameters of
4.7nm were larger than for large particles with core diameters of 8.2nm due to in-
creased curvature. Small particles with core diameters of 2.9nm had grafting densi-
ties slightly below the medium-sized particles, despite their larger curvature. Grafting
densities were lower for the PSi19g99 ligand in comparison to the PSs5pg ligand for all
Au core sizes. Particles with core diameters of 2.9nm and PSy1000 shells were unsta-
ble due to growth of the Au cores. The growth Au cores in the ink Auf‘{%%“@PSllooo
started during the ligand exchange where the particles were stirred at 60 °C and further
growth of large particles was later observed during ageing. Ostwald ripening and coa-

lescence are suggested as possible mechanisms for this growth. Higher ligand densities



Chapter 6. Core Diameter Variation and Printing on Flexible Substrates 95

106_
_ 104_
S
5
2
2 102
|5 10° A
<
100_
o AugRe'@PSso00 A AUgTR'@PSsooo aged
0 AugR'@PS11000 A AUgEE'@PS11000 aged
102 : ' T
10-1 10°

Scattering vector g [nm™1]

FIGURE 6.8: SAXS measurements of Au@PS hybrid inks with small core size fresh
after synthesis (circles) and aged after respective shelf life (triangles) as indicated with
the arrows.

i
Augs EAUS%S @PS1000 aged
® 4 |- o

9

at 60°C)

-

FIGURE 6.9: TEM images of a) small AuNP@OAm, b) Aufa"@PS;,000 after ligand
exchange and c) Au%f%%“@PSuooo after ageing of 5 months show the formation of large
AuNPs in the ink with time.

as for the ink Auf)%gu@PSg)ooo or larger particles sizes as in the inks Aug?g‘%ium@Psg,OOO,
Augffgium@PSHogo, Auﬁﬁe@PSmoo, or Au%)a_hgg{e@PSHOOO might have been beneficial for
the ink stability of the Au@PS hybrid particles as particle growth was not observed for

these inks during ageing.

6.2 Core size effect on particle packing

The packing of Au@PS hybrid nanoparticles in dielectric films is affected by core size
and ligand shell. In this section, the packing of Au@QPS particles with different core size
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F1GURE 6.10: Transmission SAXS measurements of drop casted dielectric films on
Kapton foil of Au@PS hybrid particles with a) small and b) large core sizes. The
measurements were shifted in y-direction by a multiplication factor.

and with PSsg0p and PS11000 shells is studied. As in Chapter 5 the packing of medium-
sized cores with 4.7 nm diameter was already discussed, here the packing of small cores

with 2.9nm diameter and large cores with 8.2nm diameter is investigated.

Drop casted layers were prepared on Kapton foil and analyzed by SAXS in transmission
(Figure 6.10) and TEM. All samples except Au?ﬁe@PSmOO had broad peaks indicating
random particle packing; only Au()m{%e@PS5ooo had sharper peaks indicating order. The
structure factors in Figure 6.11 were used to determine the ¢-positions of the peaks in

Table 6.7.

Using Equation (3.10) and Equation (3.14) for the data of AufRal@PS5q00 and AufBall@PS; 1090,
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FIGURE 6.11: Effective structure factors Seg(q) that were determined for the small

and large Au@PS drop casted films measured in SAXS as described in the Chapter

3. While for Aug"&°@PS5000 both a fec and random packing was found, for the other
samples only a random packing was found.

TABLE 6.7: Positions of peaks in the effective structure factors from SAXS of hybrid
dielectric films on Kapton foil with the g-values of the i-th peak corresponding to
random packing ¢ and the first peak and the lattice constant of fcc packings ¢ and

afcc'
Sample name ¢} [nm~!] ¢ [nm~!] a; [nm~!] qlicfl [nm™'] o [nm]
Au2ll@PSs5000 0.97 1.95 — — -
Augall@PS11000 0.31 1.12 1.51 — —
Aug'i5°@PSs000 0.51 — — 0.85 12.8
AufHE°@PS11000 0.39 0.76 — — —

the ¢ positions of the peaks in the structure factors translate into surface-to-surface dis-
tances between the particles as listed in Table 6.5. TEM micrographs of the Au@QPS
NPs dried on a TEM grid show the random packing of small Au@PS hybrid particles

(Figure 6.12a,b); the Fourier transform of the images confirmed random packings.

Both samples are characterized by closer and larger packing distances. Two small
surface-to-surface distances 1.3 nm and 2.7 nm and the larger surface-to-surface distance
17.6 nm were found for Au(s)%gu@PSHOOO. Therefore, the closer packing distance in this
sample is apparently subdivided in two different surface-to-surface distances. This na-
ture of short and long characteristic distances in particle packing possibly corresponds
to chain-like structures of the particles what can be recognized in the TEM picture of

Augal@PSyq900 (Figure 6.12b). Two surface-to-surface distances 0.3nm and 3.5nm
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were found for Au(s)%%n@PSg,ooo but in TEM images of Au%%%u@PSmOO, such chains are

not as clearly seen (Figure 6.12a) as for the medium-sized particles in Chapter 5 (Figure

5.8a). The packing seems to be amorphous.

(A ) Au?)ncl)sl @1?35000 (B) Au ﬁmau@PSuooo

(c) Au Baﬁ @PSs5000 (D) Aug'5°@PS11000

FIGURE 6.12: TEM micrographs of small and large Au@QPS hybrid nanoparticles
dropped on TEM grid and the Fourier transform (insets). The crystalline superlat-
tice of AufE°@PS;000 is seen in c).

The nanoparticles with large Au cores and PSy19gg ligand also showed two broad peaks in
transmission SAXS characteristic for a random particle packing; the Fourier transform
of the TEM image in Figure 6.12d showed no reflexes of an ordered structure. Conse-
quently, the ¢ positions of the two peaks translate in characteristic surface-to-surface
distances of the particle packing 0.1 nm and 8.0nm. These distances are possibly con-
nected to the chain-like structure of the particles as it is seen in Figure 6.12d. The SAXS

data of Augfﬁe@PSmoo showed 4 peaks that were indexed as an fcc packing of ratios
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V3 /4 :1/8: v/11. The characteristic surface-to-surface distance in the fcc packing for
(111) was 0.8 nm (lattice parameter a = 12.8 nm) from Equations (3.12) to (3.14). A
broad peak at ¢ = 0.51 nm~! could not be indexed and was attributed to random pack-
ing (surface-to-surface distance 4.2nm). The Fourier transform of the TEM image in
Figure 6.12c clearly shows the fcc particle packing. A similar mixture of fcc and random

packing was observed in Chapter 5 for medium-sized particles with PSgggg ligands.

TEM images of FIB cross sections of thin film capacitors were evaluated to analyze the
film structure in spin-coated devices. The TEM images for small Au cores of diameter
2.9nm and large Au cores of diameter 8.2nm are shown in Figure 6.13, for medium Au
cores of diameter 4.7 nm see Figure 5.6 in Chapter 5. The TEM confirmed above results:

only Auledum@PpPS;,0 and Aumgf@PSmgo formed ordered particle packings.

It is assumed that the larger ligand density of PS5p09 leads to more homogeneous ligand
shells and therefore an ordered structure can be achieved for medium and large core sizes.
However, Au%‘}l)%u@PSg,ooo particles did not show an ordered particle packing although
when the short ligands were used. Therefore, it is likely that the core diameter indirectly
influences the particle packing, too: for small core sizes the polymer shell was less
dense than for medium-sized particles. Its grafting density was apparently not dense
enough to result in an ordered particle packing and a random packing was observed for
Au%%%ll@PSE,OOO. The lower ligand densities for the PSq100p ligands allow folding of the
ligand on the particle surface and possibly lead to irregular polymer shells with “patchy
surfaces” (compare TEM image in Figure 4.7 of Chapter 4) that stimulate chain-like
particle arrangements. Particles in chain-like formation have been reported for “patchy

particles” with heterogeneous surfaces [165].

AUSR'@PSs000 B AUSTR'@PS 11000 C AUET @PSs000 D AU @PS11000

FIGURE 6.13: Transmission electron micrographs of focus ion beam cross sections of
thin film capacitors with the a) AufT'@PS5000, b) Audeal@PS1 1090, ¢) Au?ﬁe@PSwm,
and d) Au%ﬁggle@PSnooo layers.
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In summary, random packings with two characteristic distances were found for Au@QPS
hybrid particles with small core sizes of diameter 2.9 nm and for Au@QPS;19g0 particles
with large core size of 8.2nm diameter (same as for AuZ$a"m@QPS10go). Aug’fﬁe@PSmoo

and Au{)rfggium@PS5ogo had mixed ordered fcc and random packing.

6.3 Dielectric properties of Au@QPS hybrids with varying

core size

This section reports on the core size effects on the dielectric properties of Au@PS hybrids.
Chapter 5 explained Au@PS hybrids as a resistor-capacitor network as suggested by
Efros and Shklovskii [38] and Dubrov et al. [37]. The individually attached polymer
shells of Au@PS hybrids prevent percolation and enable high metal filling ratios. Here,
the dielectric properties of Au@PS hybrids in dependence on the Au core diameter is

discussed.

In the first section, the frequency-dependent dielectric constants and losses of Au@QPS
hybrids with small, medium, and large Au cores (diameters 2.9 nm, 4.7 nm, and 8.2 nm)
are presented. The results are used to extend the model for Au@PS hybrids by consider-
ing the dependence of internal interfacial areas on the core diameters and the Maxwell-
Wagner-Sillars (MWS) polarization that takes place at these interfaces. Finally, the
effect of ageing of Au@PS samples on dielectric properties was investigated and ana-
lyzed using the extended model. The second section presents the dielectric strengths of

the Au@PS hybrids with varying core sizes.

6.3.1 Core size effect on dielectric constant and loss

Dielectric constants and dielectric losses over the frequency range 1Hz to 1 x 10 Hz
were measured on thin film capacitors with spin coated Au@PS layers on aluminium
coated silicon (Figure 6.14). The dielectric constants were larger for hybrid layers with
PS11000 than PS5ggp ligand at any given core diameter and at 10 kHz, where the dielectric
losses were close to the minimum value (Figure 6.15). The Au volume fraction was
always larger for Au@QPS;19og than for Au@QPSs5009, whereas the latter had higher ligand
densities, and the dielectric constant rises with the Au volume fraction, in accordance
with simple mixing rules, e.g. a linear mixing model. At low frequencies, the largest
dielectric constant of 98.3 was observed for Au%%gu@PSHooo at 1Hz; at 10kHz, the

largest dielectric constant of ~ 15 was found for Au%fg%e@PSHooo.
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FIGURE 6.14: Dielectric constants and losses of Au@PS hybrids with small, medium,
and large AulNP core size and PSggpg or PS11900 ligand.

Figure 6.15 shows the dielectric constants at 10kHz including reference thin film ca-
pacitors with PS-SH dielectric layers and thin film capacitors with hybrids containing
medium-sized Au@PS;199p particles with low and high ligand density (see Table 5.1 in
Chapter 5). The dielectric constant increased non-linearly with increasing Au volume
fraction for all core sizes, showing that the linear mixing rule is not sufficient to predict
dielectric constants. The dashed lines in Figure 6.15 represent a fit to the percolation
function in Equation (2.16) with reference thin film capacitors with PS;1000-SH dielec-
tric layers. Equation (2.16) uses a model following Efros and Shklovskii [38] where the
dielectric is represented by a resistor-capacitor network [37]. The capacitors are formed
between individual Au particles with the polymer shell around the particles acting as
the dielectric. The tunnelling barrier between the Au cores is represented by parallel

resistors that define the leakage currents, which contribute to the dielectric losses in the
Au@PS hybrids.

The gold content in the hybrids strongly influences the resistor-capacitor network and
the resulting dielectric properties. Samples with PS11990 had larger Au volume fractions

than with PS5g00 and showed higher dielectric constants than the samples with PS50
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(Figure 6.14a,c), but the minima of the dielectric losses were also larger (Figure 6.14b,d).
The denser PS5qgg shells of Au@PS5¢00 hybrids decrease tunnelling and losses by leakage
currents. This trade-off between high dielectric constants and low dielectric losses has
been frequently described for Type II composites [39, 40, 84, 202, 205-207].

Chapter 5 showed that the effect of network structure is negligible in comparison to the
Au volume fraction. Fits using Equation (2.16) were used to describe the dependence
of the dielectric constant on the Au volume fraction. The resulting fit parameters for
the hybrids of medium-sized particles (f. = 0.24, ¢ = 1.3, and &, o = 0.4, see Table 5.6)
were already shown in Chapter 5; the values for the hybrids with small particles are
fe=0.10, ¢ = 0.3, and €, 9 = 1.2 and for hybrids with large particles f. = 0.41, ¢ = 1.2,
and ;9 = 0.9. However, the accuracy of the latter fits is lower because only two different
Au volume fractions were available. The percolation exponent found for large particles
of core diameters 8.2nm was ¢ = 1.2, close to the exponent ¢ = 1 of a 3D-lattice [38] and
similar as the exponent found for the medium-sized particles (¢ = 1.3). The values of
the percolation threshold f. for the medium-sized and large particles are clearly above
= 0.16 predicted for perfect spheres [29] and measured by Fredin et al. for aluminium
nanoparticles (AINPs) in polypropylene (PP) [41]. The polymer shells of the Au@PS

hybrids isolate the particles, preventing the formation of conductive pathways.

The fit values for small particles of diameter 2.9 nm were with ¢ = 0.3 and f. = 0.10
smaller than the expected values for 3-D lattices and spheres. Polarization and relaxation
seem to play an important role; these effects are not considered in the model of Efros
and Shklovskii. They can be treated by models based on the Maxwell-Wagner-Sillars

polarization (see below).

The discussions so far compared hybrids with constant Au core diameters and varying Au
volume fractions but not hybrids with different core sizes. When a certain Au concentra-
tion is considered, the dielectric constant of the hybrids with smaller Au cores lay above
the hybrids with larger particles: while Au§Bal@PS;1900 with 2.9 nm cores has a dielec-
tric constant of 6.7 at 10 kHz, it was only 4.8 for Auﬁfgi“m@Psllooo with 4.6 nm cores
at similar Au volume contents of 9vol% and 10vol%. Similarly, the dielectric constant
for Au@QPS19pp hybrids with 4.4nm cores and 21 vol% Au content (e, = 34.3@10kHz,
from Table 5.1 in Chapter 5) is more than double than for Augfﬁe@PSlwoo with 8.2nm

cores and 31 vol% Au.

Decreasing Au core diameters increase the number density of particles at comparable Au
volume fractions. This increases the number of microcapacitors formed between the Au
particles and results in larger dielectric constants, consistently with the Efros-Shklovskii
model. The Efros-Shklovskii model can be expanded to consider the polarization of

interfaces between AuNPs. Maxwell-Wagner-Sillars (MWS) polarization occurs at the
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FIGURE 6.15: Dielectric constants at 10kHz as a function of gold volume fractions
from TGA. Reference data for f, ay = 0 was measured on pure PS;1000-SH layers (see
Table 5.1 in Chapter 5), the dielectric constants for medium-sized particles with high

and low ligand density were taken from the values of the samples Augserd*d@PpPs and

Augisrdered@pg from Chapter 5. The dashed lines are fits to the percolation function

as stated in Equation (2.16).

interface of the conductive Au phase and the insulating PS phase [27, 59, 60]. Larger spe-
cific interfaces in the dielectric thus increase the amount of shifted charges, polarization,

and the dielectric constants.
Consider the specific interfacial area as interface 0f

Ainterface

Qs interface = T (61)

by dividing the interfacial area Ajpterface in the hybrid dielectric of the thin film capacitor
by the thin film capacitor’s volume V. The interfacial area in the hybrid dielectric of
the thin film capacitor is

Ainterface = NAuNPAAuNP = 7AAL1NP == 7AAuNP (62)

with the number of the AuNP Na,np, the AuNP surface area Axunp = 47[(‘10—‘2“6)2, the

4 dCOI’C 3
37(%g)°, the volume of

volume of the Au fraction Va,, the AuNP volume Vaunp =

the thin film capacitor V, and the Au volume fraction f,. The volume of the thin film
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capacitors is
Vo = At (6.3)

where A = 0.79 mm? is the area of the top contact and t the thickness of the respective
dielectric layer. Figure 6.16 shows the measured dielectric constants at 10kHz as a
function of the hybrids’ specific interfacial areas; Table 6.8 summarizes the dielectric
constants at 10 kHz, the Au volume fractions, and the specific interfacial areas of Au@PS

hybrids with varying core diameters.
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X (deore=2.9 nm) A

medium Au@PS
X
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W 25 .~ me 11000
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o
O
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+ b
Q
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Specific interfacial area as, interface [NM?/NM?3]

FIGURE 6.16: Dielectric constants at 10kHz as a function of the calculated specific

interfacial area in thin film capacitors with small, medium, and large AuNPs. The

arrows indicate increasing shell volume and decreasing Au volume fraction at constant
core diameters.

The Au volume fractions and the specific interfacial areas decrease with increasing shell
volume, resulting in decreasing dielectric constants for all core sizes. The Au core size
explicitly influences the interfacial areas: for instance, the interfacial surface area of
Au%‘%%“@PSllooo is 0.19 nm? nm 3 while it is only 0.13 nm? nm~3 for Au{ffgium@PSllooo

at similar Au volume fractions of about 10vol%.

Figure 6.16 shows that the specific interfacial areas are strongly correlating with the
dielectric constants. It is assumed that the specific interfacial area is the dominating
parameter for the resulting dielectric constant in comparison to the Au volume fraction

because MWS polarization takes place at the interfaces. For instance, due to smaller
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TABLE 6.8: Overview of the dielectric constants ¢, at 10 kHz, the Au volume fractions

fv, and the specific interfacial areas as interface for Au@PS hybrids with different core

sizes. Samples marked with * were shown as Aujs24°*d@PS and Aug5y " *@PS in
Chapter 5 (see Table 5.1).

Name Er [_] fv [_] Qs interface [nm2 nmig}
Augnal@P S50 32402 0.05 0.10
Aug3" @PS 11000 6.7+0.4  0.09 0.19
Augsd ™ @PSs5000 34402 0.07 0.09
Auf$aum@PS, g0 48+0.1 0.10 0.13
AU@PSHOOO (deore = 4.2nm, PA ligand = 0.7nm~2)* 3.1+0.1 0.05 0.07
AU@PSHQOO (deore = 4.4nm, pA ligand = 0.2 nm~2)* 34.3+0.7 0.21 0.29
AuE @PS5000 49+03 017 0.13
AuE@PS 1000 13.6+1.6 0.31 0.23

core sizes, Au%%gll@PSllooo has a by 50 % larger interfacial area than Au{fﬁ%ium@PSllooo

without increasing the Au volume fraction and the dielectric constant increased by
40% to & = 6.7@10kHz. Aul$I"™@PS;1909 and Au?ﬁe@PSmOO have both the same
specific interfacial area of 0.13nm?nm™ and about the same dielectric constant of
er ~ 4.9@Q10 kHz, even that the sample with large particles had a considerably larger Au

volume fraction of 17vol% in comparison to 10 vol%.

The Au volume fraction itself provides a minor contribution to the dielectric con-
stant by an increased amount of mobile charges that can be accumulated at the in-
terfaces. For instance, the Au volume fraction of Augf?ium@PSg)ogo is 2% larger than
Au%’%%“@PSmoo and compensated the 9% reduced interfacial area of Au{fggium@PSmoo
than Au%%%“@PSmoo resulting in a similar dielectric constant of €, ~ 3.3@10kHz for
both samples. The MWS polarization at the interfacial areas is dominant and discussed

in more detail in the following.

Fredin et al. successfully applied MWS polarization to describe the relaxation processes
in AINP /PP nanocomposites with Al volume contents up to 12.4vol% in the frequency
range from 1MHz up to 7GHz [41, 57]. Their model employed the Wagner model of
dielectric composites considering conductive spheres in an insulating medium [62], which
was later extended by Sillars [63]. These theories predict a peak of the dielectric loss at
the relaxation frequency together with a drop in the dielectric constant, mostly in the
MHz range. Fredin et al. argued in their MWS model that conductive particles come
close at increased metal volume fractions and behave like single “joint particles” [57].
These joint particles can either form in chain-like structures leading to “prolate ag-
gregates” or they can form planar “oblate aggregates” [57]. In both cases, the MWS
polarization is enhanced: elongated joint particles consist of particles aligned along an

axis and have longer single dipole moments; prolate aggregates consist of particles in
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planar arrangement and have increased interfacial areas where charges accumulate dur-
ing polarization, especially when the axis perpendicular to the plane is aligned along the
electric field [57]. The model was used by Fredin et al. to explain the shift of the relax-
ation frequency for AINP/PP composites with 12.4vol% Al towards lower frequencies
[57]. In the following, we use the MWS model of Fredin et al. in combination with the
model of Efros and Shklovskii [38] based on networks of RC elements [37] to rationalize
the dielectric properties of Au@PS hybrids.

Figure 6.14b,d shows the dielectric losses of Au@PS hybrids that can be used to de-
termine dielectric relaxations. For all samples except AufHal@PS;1ggp, the minimum
of the dielectric losses was between 0.01 and 0.06 and was measured at frequencies
between 1 kHz (Aug_lg(;i“m@PSmoo) and 61 kHz (Aug?‘f‘gi“m@Psllogo). The increase of di-
electric losses towards 1 MHz accompanied by a decrease of the dielectric constant may
be caused by the onset of a MWS relaxation. Such a relaxation around 1 MHz was re-
ported for AINP/PP composites by Fredin et al. [57]. Matavz et al. argued that limited
conduction of the electrodes can cause an additional decrease of the dielectric constant
connected with an increase of the dielectric loss at high frequencies [6]. The sputtered Al
bottom electrodes show a considerable contact resistivity due to an intrinsic oxidation
layer (see Chapter 4, Section 4.2.2) that may contribute to the dielectric loss at high
frequencies. Another increase of the dielectric loss to values in the range from 0.3 to
30 observed towards 1Hz for all core sizes was not connected with a decrease of the
dielectric constant and could be due to losses at the interface of the electrodes and the
hybrids.

The minimum of the dielectric loss did not always increase with increasing dielec-
tric constants: for instance, Au?ggle@PSnooo hybrids had a larger dielectric constant
than Aul$dMm@PS,; 1009, while the minimum of the dielectric loss was only at 0.04 for
Au})%ggle@Psllooo and was 0.06 for Au$d"™@PS;190. This can be explained by the core
size effect: while the specific interfacial area of Augggi“e@PSHooo hybrids was only 20 %
larger than Aug.“fgi“m@PSHOOO, the Au volume fraction tripled. The increased charge
accumulated during MWS polarization causes an increase of the dielectric constant that
is more strongly pronounced than the increase of the interfacial area between AuNPs

and the PS shells, where MWS relaxations contribute to the dielectric loss.

A special case in the measured dielectric loss is the sample Audall@PS;19g9, where a
maximum of the dielectric loss at about 100 Hz coincided with a strong decrease of the
dielectric constant from &, = 98.3 at 1Hz to ¢, = 10.8 at 1kHz. This combination
indicates a MWS relaxation process that was not observed in this frequency range for
the other samples. Following Fredin et al., it is suggested that lowering the relaxation

frequency is connected with an increase of the effective size of “joint particles”, which
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increases both the number of reorganized charges during polarization in the oscillating
field and the necessary reorganization time [57]. For the ink AufBal@PS;;qp0, large
particles that grew after ligand exchange were found and it is presumed that these grown
particles behave like large “joint particles” in the MWS model of Fredin et al.. Hence,
the peak of the dielectric loss and the strong drop of the dielectric constant around the
frequency 100 Hz is probably connected to the presence of large particles from ligand
exchange (see Figure 6.9b) that cause a dielectric relaxation at this low frequency. This
growth of particles during ligand exchange was not observed for the other samples and

no maximum of the dielectric loss at about 100 Hz was observed for these samples.

Figure 6.17 and Figure 6.18 show two different kind of aged hybrids with small (dcore =
2.9nm) and large (deore = 8.2nm) Au@PS particles. Samples were prepared after ink
ageing of about 5 months (triangles) and measurements were performed on aged films

about 6 months after preparation (squares) (storage in vessels at 20 °C in the laboratory).
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FIGURE 6.17: Dielectric constant and dielectric loss of Au@PS hybrids with small Au

core size for freshly prepared samples with freshly synthesized ink (circles) in comparison

to aged samples. Ink ageing (triangles) was investigated on samples that were prepared

with inks with shelf life of about 5 months, film ageing (squares) was investigated on
samples that had been stored for about 6 months.
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FIGURE 6.18: Dielectric constant and dielectric loss of Au@PS hybrids with large Au

core size for freshly prepared samples with freshly synthesized ink (circles) in comparison

to aged samples. Ink ageing (triangles) was investigated on samples that were prepared

with inks with shelf life of about 5 months, film ageing (squares) was investigated on
samples that had been stored for about 6 months.

The inks with large 8.2nm Au cores and medium-sized 4.7nm Au cores and the ink
with small 2.9nm Au cores and PSsggp were stable and the samples Au%f%%“@PSg)ooo,
Auﬁ%e@PSmoo, and Au%fggl"e@PSHooo prepared with aged inks did not deviate from sam-
ples prepared with freshly synthesized inks in the dielectric properties. Au cores in the
ink Au(sf_%gu@PSnOOO grew during ageing, which increased the specific interfacial surface
area and amount of reorganized charge and should reduce the relaxation frequency for
this sample. A reduction of the relaxation frequency, a drop of the dielectric constant,
and a peak in the dielectric loss is indeed seen for the hybrids prepared with the aged
Au%%%“@PSlloog ink at 20 Hz (Figure 6.17¢,d), while the relaxation was seen at about
100 Hz for Au%%%“@PSHOOO hybrids prepared with freshly synthesized Au%%?;“@PSHOOO

ink (see above).

Film ageing experiments can give insights into possible particle densification via the
dielectric results. Film densification is characterized by an approaching of the gold

cores, which is accompanied by a phase separation process. The approaching of the
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cores is driven by Van-der-Waals forces and hindered by the steric repulsion of the
polymer ligands in the insulating shells. Therefore, the strongest densification effect is
expected for Au%fggle@PSHooo, where large Au cores are combined with the less dense
PS11000 shells and the largest Au volume fraction of 31vol% was measured. Indeed,
while the dielectric properties of aged films of all other samples did not deviate from the
freshly prepared films, the aged Augj?ggle@PSHooo film evolved a new peak in the dielectric
loss connected with a drop of the dielectric constant near the frequency 4kHz (Figure
6.18c,d). Particle densification and the connected decrease in tunnelling barriers between
close particles due to phase separation possibly caused the newly evolved relaxation in
the aged Augffﬁe@PSnooo film. Similar densification in the particle packing of layers
made up of conductive Au@QPEDOT:PSS particles [3] was observed by scanning electron
microscopy (SEM) cross sections of particle films after pressing that led to increased
conductivity of the AuNP films [216]. Furthermore, an increase in conductivity was also
seen for AuQPEDOT:PSS particle layers that experienced ageing for 1 year and it is

assumed that this improved conductivity was also caused by decreased AulNP spacing

due to enhanced particle packing density [216].

6.3.2 Dielectric strength

The dielectric strength of Au@PS hybrids with small 2.9 nm and large 8.2 nm particles
was measured by slowly increasing DC bias until a non-linear increase of the current at
the breakdown voltage V},q was observed (see Figure 6.19). The resulting breakdown
strengths Fhq (average of two measurements) were calculated with Equation (3.26) and
found to be in the range of 71.1MVm~! to 158.7MVm~! and are similar to these of
Au@PS hybrids with medium core size particles taken from Table 5.9 in Chapter 5. The
dielectric breakdown strengths with varying core sizes are listed in Table 6.9. There was
no sign of decreased breakdown strength at larger Au volume fractions. The covalently
attached PS shells ensure electric insulation of the hybrid nanoparticles and prevent the
creation of a conductive pathway, with breakthrough voltages around 71.1 MV m™! to

158.7MV m~! even for large 8.2 nm particles with Au volume fractions of up to 31 vol%.

The density of the shells influenced the breakdown strengths that remained below
71.1MVm~! for PSi1000, but exceeded 100.9 MV m~"! for PSspgg shells. Therefore, the
PS5000 shells with the higher ligand densities seem to enable higher dielectric strengths,
especially with values above 150 MV m™! for Aug?ggﬁum@PSmoo and Augﬁe@PSmoo hy-
brids, where an ordered particle packing was found. Regular particle spacings may
reduce locally enhanced fields, which occur when interparticle distance is low and thus
provoke dielectric breakdown. The effect of the polymer shell appears dominant in

dielectric breakdown.
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FIGURE 6.19: Dielectric breakthrough for dielectric layers with small and large gold
cores.

TABLE 6.9: Estimated breakdown strengths Eyq of the dielectric films with Au cores
of various sizes. The mean value of two measurements is reported.

Name of sample  Fpq [MVm™!]

Aug2l@PSs000 100.9
Audall@PS11000 71.1
Auedium@PSso0 154.3
Au§dum@PS 1909 59.9
AugE°@PS5000 158.7
Au{E°@PS11000 71.1

6.3.3 Conclusion

Au core sizes were found to affect dielectric properties of Au@PS hybrids mainly via
the specific interfacial areas between AuNPs and the PS shells. At larger interfacial
areas, the MWS polarization is enhanced leading to increased dielectric constants. For
instance, the interfacial area increased by a factor of 1.5 from Au{f}fgmm@PSnogo to
AuBall@PSy 999 at comparable Au volume fractions and the dielectric constant increased

by 40% to e, = 6.7@10kHz.

Ligand exchange and further ageing caused a growth of the Au cores for Au%‘%?)“@PSHOOO
and a possible densification of the particle packing in films of Au?ggle@Psll()oo. It is pro-
posed that increased particle sizes or very close “joint particles” decrease the frequency
for dielectric relaxation because larger amount of charge has to reorganize in the oscil-

lating electric field during polarization [57]. This caused the appearance of additional
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dielectric relaxation for the Au%%?,“@PSllooo hybrids at around 100 Hz and for the aged
film of Augggle@PSHOOO at around 4 kHz, being identified by peaks in the dielectric losses

connected with a decrease of the dielectric constants.

The polymer shells dominate the breakdown strength of Au@PS hybrids. Higher di-

electric breakthrough voltages were measured for hybrids with PSsg09 with denser poly-

mer shells; ordered particle packing was observed for layers of Aug.lggium@PSLr,ooo and
large

Aug 5 @PSs00p that probably decreases locally enhanced electric fields between neigh-

bouring particles with low interparticle distance.

6.4 Inkjet printed dielectric layers on flexible PET sub-

strates

Au@PS hybrids are promising materials for inkjet printed samples on flexible substrates.
The ink Au$aUm@PS, 1999 was used to inkjet print dielectric layers on aluminium coated
PET substrates and to test the flexibility of the samples in bending tests. Gold top
contacts with diameters of 1 mm were evaporated to form thin film capacitors. An
optical micrograph and WLI surface profile of the inkjet printed sample on PET in
Figure 6.20a,b show the overlapping structure of the dried ink droplets on the substrate
that form an insulating layer. The second layer printed perpendicular to the first layer
is clearly seen. The surface roughness determined from the WLI surface profile over an

area of 700 pm x 530 pm was R, = 110.9 nm.
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FIGURE 6.20: Flexible thin film capacitors on aluminium coated PET substrate and
inkjet printed film Aug’“_‘fgi“m@PSHOOO. a) Optical micrograph and b) WLI surface pro-
file of the film structure that was printed in two passes with 500 DPI resolution. c)
Dielectric properties of the flexible thin film capacitors. d) The inset shows a photo-

graph of the flexible thin film capacitor device.
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The capacitance of the flexible thin film capacitors was (1.30 £ 0.06) nF over an area
of 0.79mm? with a dielectric loss of (0.071 4 0.006) at 10kHz. The development of
the capacitance and dielectric loss was similar to the spin coated samples; both values

increased towards decreasing frequencies.

The absolute capacitance of the inkjet printed thin film capacitors are reported as it
proofed difficult to obtain FIB cuts on the insulating PET substrate to create TEM
samples and measure the layer thickness. Equation (3.22) and the measured dielectric
constant of the spin coated Auf$a"™m@PS; 1090 samples (g, = 4.8+0.1 at 10 kHz) allowed
to estimate an effective thickness of &~ 25nm, slightly above that of the inkjet printed
layers on Al coated silicon (thickness was (16.7 £ 9.8) nm, see Table 5.1).

An inkjet printed sample was taped on a PET foil and bent from the relaxed state to
a maximum bending radius of ~ 8 mm in a bending machine (see Figure 6.21b) over
3500 bending cycles. After a set of 500 bending cycles, the sample was removed and the
dielectric properties were measured. Figure 6.21a shows the dielectric constant and the
dielectric loss at 10 kHz and the yield of the functional thin film capacitors in dependence
on the bending cycles. The capacitance at 10kHz dropped from 1.3nF to 1.2nF after
the first 500 bending cycles and stayed constant until 3500 bending cycles. A plausible
explanation is nanoparticle rearrangement and phase separation in these first bending
cycles, similarly as the ageing with possible film densification and phase separation of the
solid Au%)a_ggle@PSH()oo sample. Such densification of the particle packing was assumed for
Au@PEDOT:PSS films, where an increase of conductivity was observed after bending
of the films [216]. 20% of the thin film capacitors failed after 2000 bending cycles
but the yield then stayed constant. The capacitors did not fail in the dielectric layer
according SEM images (see Figure 6.22b,c). The sequential contacting and measuring
of the samples caused damage on the Au top contacts (see Figure 6.22a) and could
cause short circuits and failure. Since the SEM images show only small sections of the
bent sample, a detailed study of the failure mechanism would require more extensive

statistical data.

The results show that the good film formation of the Au@PS hybrid ink with covalently
attached polystyrene ligands allows the fabrication of flexible samples on PET foil. The

flexible thin film capacitors were functional over up to 3500 bending cycles.
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FIGURE 6.21: Bending study of flexible thin film capacitors on aluminium coated

PET foil with inkjet printed Au{f‘fgi“m@PSHogo dielectric layer. a) Dielectric constant,

dielectric loss, and yield of functional thin film capacitors on the sample measured

after sets of 500 bending cycles until up to 3500 bending cycles. b) The inset shows a
photograph of the sample in the bending machine.

FIGURE 6.22: SEM micrographs of the inkjet printed Auf)rf‘fgi“m@PSllogo film after

bending. a) The contacts showed damage from sequential contacting with the contact

pins. b) Low magnification and c) high magnification micrographs of the film structure
revealed no damage after bending.



Chapter 6. Core Diameter Variation and Printing on Flexible Substrates 114

6.5 Conclusions

The effect of the core size on the properties of Au@QPS hybrids was investigated. To this
end, inks with Au core diameters of 2.9nm, 4.7nm, and 8.2nm were synthesized and
the inks were processed to dielectric films via spin coating and inkjet printing. The shell
density of the prepared Au@QPS core-shell particles depended on the Au core size and
increased for large 8.2nm Au@PS NPs in comparison to medium-sized 4.7 nm Au@PS
NPs due to reduced curvature; for small 2.9 nm Au@PS NPs the ligand densities were by
0.1 nm~? decreased in comparison to medium-sized 4.7 nm particles. The grafting density
for PSs000 was higher than for PSi1g99 for all core sizes. Thin layers with thicknesses
of only up to 16 nm could be fabricated and the insulating polymer shells allowed Au

volume fractions in the range of 5 vol% to 31 vol% while preventing conductive pathways.

A core size effect on the dielectric constant was observed. The dielectric constant rose
with reduced core sizes at comparable Au volume fractions, e.g. AufBal@PS;090 had
40 % larger dielectric constant than Au$d"™@QPS; 199 with comparable Au volume frac-
tions. The dielectric behaviour of Au@PS hybrids was rationalized using the combina-
tion of a resistor-capacitor network with the Maxwell-Wagner-Sillars (MWS) model. A
decrease of core sizes at constant Au volume fractions led qualitatively to an increase
of the number of microcapacitors in the hybrid. This effect was quantified via the spe-
cific interfacial area where the MWS polarization occurs. It was found that increasing
specific interfacial areas correlated with increasing dielectric constants. The contribu-
tion of the increasing specific interfacial areas to increase of the dielectric constants of

Au@PS hybrids is presumed to dominate compared to the contribution of the increased

Au volume fractions.

Ageing of Au@PS hybrids can take place either in the liquid ink by core degradation
or particle agglomeration or in the layer by phase separation. The growth of larger Au
cores was observed for the ink Au%%gu@PSHooo after ligand exchange and during ageing;
ageing of solid Auééggle@PSnooo films occurred probably due to film densification. For
these samples, MWS relaxations were observed between 20 Hz and 4kHz, which were

accompanied by a peak in dielectric loss and a decrease in dielectric constant.

The dielectric breakdown strengths of the Au@PS hybrids were in the range 71.1 MV m~!
to 158.7MV m~! and were dominated by the polymer shells. The highest breakdown
strengths were measured for Aub‘?ﬁ?i“m@PSmoo and Au}fﬁe@PSmoo, where ordered parti-

cle packing reduced the local enhancement of the electric field between nearby particles.

The wide tuneability of the dielectric properties of Au@PS hybrids via Au volume frac-
tion and Au particle size makes them interesting for applications in printed electronics.

Flexible thin film capacitors on aluminium coated PET foil could be fabricated by inkjet
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printing of Aug}fgium@PSHoog particles without post treatment of the dielectric. The
capacitors showed a capacitance of (1.30 £ 0.06) nF over an area of 0.79 mm?, which
indicates an effective layer thickness of about 25nm. The sample could be bent 3500
times over a radius of &~ 8 mm while maintaining its functionality. The Au@PS hybrid

dielectric layers therefore showed capable of potential application in flexible electronics.






CHAPTER 7

CONCLUSION

This thesis reports a new concept for a hybrid dielectric ink based on molecularly insu-
lated Au@PS nanoparticles and its deposition as dielectric layers. The concept enabled
high Au volume fractions while preventing conductive pathways, differently to classical
nanocomposites with conductive particles simply mixed into an insulating polymer ma-
trix. Gold nanoparticles capped with oleylamine (OAm) were synthesized via reduction
of gold acid in organic solvent. The OAm ligand was exchanged by thiol-functionalized
polystyrene in a grafting-to approach. The synthesis protocol allowed the variation of the
diameter of the Au core, which was varied in the range of 2.9 nm to 8.2 nm, the lengths
of the polymer ligand (PS5000-SH with 5000 Da molecular weight and PS11900-SH with
11000 Da molecular weight in this thesis), and the grafting density.

The synthesized Au@QPS hybrid particle inks were thoroughly analyzed. TGA provided
the Au weight content which was used to determine the Au volume fractions in the
dried Au@PS layers and the grafting densities of the polymer ligand. SAXS and TEM
determined the size distributions of the Au cores in the synthesized inks. The grafting
density depended on the conditions during ligand exchange, and DLS showed that the
thiol-functionalized PS coiled at temperatures above 45°C in the used solvent toluene.
Therefore, ligand exchange at 60 °C led to lower ligand densities of the Au@PS particles
and increased Au volume fractions in the layers in comparison to particles where the

ligand exchange was performed at 20 °C.

Thin film capacitors were prepared on rigid and flexible substrates, where the dielectric
layer was prepared via spin coating or inkjet printing. The bottom electrode of the thin
film capacitors was aluminium coated silicon (for rigid samples) or aluminium coated
PET foil (for flexible samples); the top electrodes were evaporated Au. The dielectric
layers were investigated by impedance spectroscopy, TEM cross sections, and dielectric
breakdown estimation. The results indicated that the covalently attached polymer shells

effectively prevented the formation of agglomerates in the ink and in the dielectric. The
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metal cores increased the dielectric constant up to about ten times in the frequency
range 1Hz to 1 x 10°Hz in comparison to pure polystyrene layers. The breakdown
strength of the Au@PS layers was found to be above 39.1 MV m™!, indicating the reli-
able insulation of the Au cores by the covalently attached polymer. Surface profiles of
the layers were created with WLI and AFM. Spin coated layers were much smoother
than inkjet printed layers due to the different processing methods. Flexible thin film
capacitors with an inkjet printed Au@PS dielectric layer on an aluminium coated PET

foil substrate maintained the functionality over 3500 bending cycles.

The dielectric constants of the Au@PS layers mainly depended on Au core size and
Au volume fraction but not on the particle arrangement. The non-linear increase of
the dielectric constant with increasing Au volume fraction within a certain particle size
could be described by the percolation equation, based on a model of a resistor-capacitor
network [37, 38] with percolation thresholds above the value expected for perfect spheres.
The covalently attached polymers form an effective insulating shell that exceeds random
percolation. At low frequencies, fitting the experimental data to the percolation equation
did not lead to reasonable results, because interfacial polarization and relaxations have
to be considered, which are not considered in the resistor-capacitor network model. The
highest dielectric constant measured at the frequency 10 kHz was 34.3 and seen for the
sample Aug?ggrdered@Ps with Au cores of the diameter deore = 4.4nm, PS11000-SH in the

organic shell, and 21 vol% Au.

When core sizes were compared, larger dielectric constants were found for hybrids with
smaller core sizes at comparable Au volume fractions. In the resistor-capacitor model,
this is explained by an increase of the number of microcapacitors forming between the
nanoparticles and resulting in larger dielectric constants. The Maxwell-Wagner-Sillars
(MWS) model was used to describe the MWS polarization taking place at the interfacial
areas between Au and polystyrene, which is defined both by the Au core size and the Au
volume fraction. Increasing specific interfacial areas are seen as the dominant contribu-
tion for the increase of the dielectric constant in Au@PS hybrids, while the increase of
Au volume fraction without increase of specific interfacial areas only provides a minor
contribution. For all dielectric layers, the dielectric losses were seen to increase towards
the highest measured frequencies around 1 MHz and it was assumed that the Au@QPS

layers experience the onset of a MWS relaxation towards the frequency 1 MHz.

Most inks studied in this thesis exhibited good stability during ligand exchange and over
time, only inks with particle diameters of d¢ore = 2.9 nm and a PSq19gg ligand shell with
low grafting density grew during the ligand exchange process at 60 °C and during ageing
of the ink at room temperature within the observed time range of at least 4 months.

Samples with these 2.9nm particles and PSq19gg shells exhibited additional relaxations
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with peaks in the dielectric losses and decrease of the dielectric constant in frequencies
around 100 Hz that were connected with the presence of grown particles. A similar re-
laxation appeared around 4 kHz for aged films containing large particles with diameters
of deore = 8.2nm and the PSy1ggp ligand shell with low grafting density, which was con-
nected to the probable densification of the film and the formation of “joint particles”
[57]. Low ligand densities are seen as a reason for the particle growth or densification
of dry films. Future studies could investigate how the stability of Au@PS hybrid inks
and hybrid layers can be improved and which parameters are most important for good
stability. More insights into the influences of the material composition on the dielectric
properties could be achieved by the development of more elaborated models consider-
ing nanoscale electron dynamics, electrical network theory, and frequency dependent

polarization mechanisms.

The Au@PS hybrid inks presented in this thesis are suitable for application as dielectric
layers in flexible and printed electronics. In future studies, completely inkjet printed
devices such as capacitors with printed electrodes and printed dielectric layers could be
developed. The hybrid concept with insulated conductive particles allowed an increase
of the dielectric constant. Besides, the usage of the Au@PS nanoparticles with core
diameters below 10nm enabled the fabrication of very thin but still insulating layers
with several tenths of nm thickness and allowed the fabrication of thin film capacitors
with a high absolute capacitance, which were compatible with flexible PET substrates.
This thesis can form the starting point for the development of hybrid dielectric inks with
conductive cores of less costly metals than Au that still allow high dielectric constants
and the sinter-free application in printed electronics. Hybrid dielectric films could be
used as sensitive chemical sensors when solvent vapours selectively swell polymer shells,
changing the interparticle distances and dielectric constants. Hybrid dielectric inks could
also find possible application in soft robotics, where dielectric layers with high dielectric
constants and mechanical flexibility could improve the performance of functional ele-
ments such as capacitors, actuators, or thin film transistors in comparison to classical
polymer dielectrics or conventional oxide particle dielectric nanocomposites, which are
not easily printable as very thin films with high filler levels. Furthermore, future work
could investigate whether the plasmon coupling between the Au cores can be altered
by the applied voltage to the layers and whether layers of the here presented Au@QPS

hybrids could possibly serve as electro-optical modulators.
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ADDITIONAL DATA

Comparison of WLI and TEM thickness measurements
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s TEM
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FIGURE A.1: Comparison of the layer thicknesses measured with white light interfer-
ometry (WLI) and with transmission electron microscopy images (TEM) for samples
shown in Chapters 5 and 6. If not labelled differently, the samples had a medium ligand
density pa ligand With ligand exchange at 60 °C and stirring time 1 week; samples with
low and high ligand density pa ligana Were prepared for the study in Chapter 5.
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Yield of measured thin film capacitors

TABLE A.1: Overview of the yield of the prepared thin film capacitors derived from the
number of working capacitors Nyorking and the total number of measured capacitors
Nieasured 1N this thesis.

Name Method Nyorking  Nmeasurea ~ Yield
Au%%%u@PSg)ooo spin coated 16 23 0.70
Au%‘%gu@PSg,ooo ink aged spin coated 10 12 0.83
Au%%gu@PSg,ooo solid aged spin coated 16 20 0.80
Au[s)%gn@PSHooo spin coated 16 21 0.76
AuSBAlQPS) g9 ink aged spin coated 9 16 0.56
Aug{%g“@PSHOOO solid aged spin coated 16 19 0.84
Aug?ggi“m@PS5000 spin coated 19 39 0.49
Aug.llegium@PSnooo spin coated 24 28 0.86
AuSedNmM@PS, 1000 (paligand = 0.70m~2)  spin coated 17 27 0.63
Ausiuim@ps; (PAligana = 0.2nm~2)  spin coated 14 30 0.47
Auiii@PSmoo ' Sp%n coated 11 26 0.42
Au?é%ge@PSmoo mk' aged sp%n coated 12 25 0.48
Au?é%ge@PSmoo solid aged sp?n coated 14 23 0.61
Au?zﬁl @PS11000 ‘ sp?n coated 11 19 0.58
Aug 55°@PSy 1900 ink aged spin coated 6 15 0.40
Augéggle@PSHooo solid aged spin coated 13 17 0.76
PS5000-SH spin coated 12 24 0.50
PS11000-SH spin coated 3 9 0.33
Aug.lfgium@PSnooo on Si/Al inkjet printed 2 4 0.50
Augsduim@ps, 599 on PET/AL inkjet printed 12 15 0.80
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SAXS of aged inks with medium-sized and

large Au@PS

particles
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FIGURE A.2: SAXS measurements of Au@PS hybrid inks with medium (top) and
large (bottom) core size fresh after synthesis (circles) and aged after respective shelf

Scattering vector g [nm™1]

life (triangles) as indicated with the arrows.
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