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Abstract

This thesis firstly describes the synthesis and characterisation of carbon nanotubes
(CNTs). We focused our research on the growth conditions of CNTs synthesized by chemical
vapour deposition (CVD). In particular, the effect of the support surface structure,
composition and size of the catalyst precursor, relation of catalyst size with the size of its
precursor and the diameter of synthesized CNTs, as well as CNTs diameter distribution were
investigated. It was found that the support surface structure strongly influenced the size,
shape and chemical composition of the catalyst precursor. Moreover, the size of the catalyst
was found to be not always dependent on the size of the catalyst precursor. The best
graphitized CVD CNTs were produced from the completely amorphous catalyst precursor in
the form of micrometer-sized lumps. Thus, it was found that the growth of CVD CNTs
proceeds from the in-situ formed catalyst grains, which were often found unrelated with the
support due to the precursor large size and lack of available support’s surface sites
favourable for the precursor binding. We optimized the CVD CNTs synthesis method
towards CNTs diameter controlled growth. Furthermore, well-structured CNTs comparable
with arc-discharge CNTs were synthesized for the first time by the CVD method. In
particular, catalyst particles were not found in such CNTs which were closed on both ends.
CNTs, few-layered graphene and graphene were successfully synthesized by the CVD
method without the presence of the transitional metal catalyst. We developed the method
of controlled cutting of CNTs to the prescribed length by the planetary ball milling.

The second part describes preparation and physical characterisation of the
composite made of the SU8 polymer and CVD CNTs previously optimized for this purpose.
At first, we have optimized the preparation conditions (including the appropriate solvents,
surfactants and all steps of the preparation process). CNTs dispersion in the SU8 matrix was
characterized by the transmission electron microscopy (TEM) of the microtome composite
and by the impedance measurements. The homogeneous CNTs-SU8 composites have been
obtained and the results of the mechanical (hardness and Young’s modulus), electrical (four-
point measurement and resistivity as a function of temperature) and thermal
characterization (thermal conductivity and thermo power) of the prepared composites were
measured. The increase in hardness of 122% and in the Young’s modulus of 56% (for 0.8
wt% of CNTs in SU8) and thermal conductivity of 3.7 times (for 10wt% of CNTs in SU8) was
achieved for composites containing randomly oriented CNTs. Moreover, all prepared
composite samples were electrically conductive.

In the third part, processing of the obtained composites was successfully optimized
for the ink jet printing process, photolithography and screen printing. Especially, photo-
patterning was optimized at each processing step in order to minimize their drawbacks.

Keywords: carbon nanotubes, catalyst precursors, chemical vapour deposition, growth mechanism,
graphene, composites, electrical and mechanical characterisations, photolithography processing






Zusammenfassung

Die vorliegende Doktorarbeit beschreibt zum einen die Synthese und die
Charakterisierung  von Carbon Nanotubes (CNTs). Hierbei standen die
Wachstumsbedingungen von CNTs, welche durch chemische Gasphasenabscheidung (CVD)
synthetisiert wurden, im Mittelpunkt unserer Forschungsbemiihungen. Die Arbeit
untersucht dabei im Besonderen den Effekt der unterstiitzenden Oberflachenstruktur, die
Zusammensetzung und die Grosse des Katalysatorvorlaufers, das Verhaltnis zwischen
Katalysator- und Vorldaufergrosse und den Durchmesser synthetisierter CNTs, sowie deren
Durchmesserverteilung. Hierbei konnte festgestellt werden, dass die unterstiitzende
Oberflachenstruktur massgebend Grosse, Form und chemische Zusammensetzung des
Katalysatorvorlaufers beeinflusst. Ferner konnte festgestellt werden, dass die Grosse des
Katalysators nicht zwangslaufig von der Grosse des Katalysatorvorldufers abhangt. Die
besten graphitisierten, durch chemische Gasphasenabscheidung synthetisierten CNTs
wurden mittels vollstandig amorpher Katalysatorvorlaufer in Form von mikrometergrossen
Klimpchen hergestellt. Demzufolge konnte festgestellt werden, dass das Wachstum von
CVD CNTs von in-situ geformten Katalysatorkdrnchen ausgeht, bei welchen vielfach
festgestellt werden konnte, dass sie unabhangig von Support aufgrund von der Grosse des
Vorlaufers und einem Fehlens von vorhandener Oberflaichenunterstiitzung, welche sich
glnstig auf Vorlduferbindung auswirken. Hierbei wurde die CVD CNTs-Synthesemethode
hinsichtlich eines kontrollierten Wachstums der CNTs-Durchmesser optimiert. Fernerhin
wurden gutstrukturierte CNTs, vergleichbar mit Bogenentladungs-CNTs, erstmalig mittels
der CVD Methode synthetisiert. In den auf diese Weise synthetisierten CNTs wurden keine
Katalysatorteilchen gefunden, die an beiden Enden geschlossen sind. CNTs, mehrlagiges
Graphen und Graphen wurden erfolgreich mittels der CVD Methode ohne das
Vorhandenseins von Ubergangsmetallkatalysatoren synthetisiert. In der vorliegenden Arbeit
wurde hierfiir eine Methode entwickelt, mit der CNTs mit Hilfe einer planetarischen
Kugelmiihle in einer vorher bestimmten Lange kontrolliert geschnitten werden kénnen.

Im zweiten Teil der vorliegenden Doktorarbeit wurde die Herstellung und
physikalische Charakterisierung eines Verbundwerkstoffs aus einem SU8 Polymer und CVD
CNTs, welche zuvor hinsichtlich ihres Zwecks optimiert wurden, dargestellt. Zuerst wurden
hierfir die Herstellungsbedingungen optimiert (einschliesslich geeigneter Losungsmittel,
Surfactante und allen Stufen des Herstellungsprozesses). Die CNTs Dispersion in der SU8
Matrix wurde mittels des Transmissionselektronenmikroskops (TEM) und mittels
Impedanzmessungen charakterisiert. Homogene CNTs-SU8 Verbundwerkstoffe konnten
dadurch hergestellt werden. Die Ergebnisse von mechanischer (Harte und Young’s modulus),
elektrischer (Vierleitermessung und Resisitivitdt als Funktion der Temperatur) und
thermischer Charakterisierung (Warmeleitfahigkeit und Thermoelektrizitdt) dieser
Verbundwerkstoffe wurden gemessen. Ein Harteerhéhung von 122% und eine Erhéhung des
Young’s modulus von 56% (fir 0.8 wt% an CNTs in SU8) und eine 3.7 fache
Warmeleitfahigkeit (fir 10wt% an CNTs in SU8) konnte hierbei fiir Verbundwerkstoffe,
welche willkiirlich ausgerichtete CNTs beinhalteten, erzielt werden. Ferner waren samtlich
hergestellte Verbundwerkstoffsproben elektrisch leitfahig.

Im dritten Teil dieser Arbeit wurden die hergestellten Verbundwerkstoffe erfolgreich
fir eine Anwendung in Tintenstrahldruckern, in Photolithographie und in Siebdruck
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optimiert. Vor allem wurde hierbei das Photopatterning in jeder Prozessstufe optimiert, um
zwangslaufig aufkommende Hemmnisse zu minimieren.

Schlisselworter: Carbon Nanotubes, Katalysatorvorlaufer, chemische

Gasphasenabscheidung, Wachtumsmechanismus, Graphen, Verbundwerkstoffe, elektrische
und mechanische Charakterisierungen, Photolithographie
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Chapter 1

Introduction

The new advanced technologies need new materials with improved characteristics,
like lower weight, higher resistance to environmental exposures, lower production costs,
higher strength and durability. In order to fulfil these requirements, scientists strive to find
solutions among more sophisticated materials, i.e. composites. Composites are systems
“composed” of two or more physically distinguishable components that combine the
individual properties of their constituents and yield new features and better performances
(1). For example, many flexible composite materials with high strength are composed of stiff
fibres embedded in a lower stiffness (usually lightweight) matrix. Alignment of these fibres
provides maximum stiffness in the direction of the alighment. One of the most common
examples of the naturally-occurring fibrillar composites is wood, which consists of cellulose
fibres bonded together with lignin (2). Human and animal bones are also composite
materials made of organic fibres of collagen and small rod-shaped inorganic crystals of
hydroxyapatite (2). In addition to naturally occurring composites there are synthetic man-
made composites. In one of the earliest man-made composite materials, straw and mud
were mixed to form bricks. This ancient brick-making process can still be seen on Egyptian
tomb paintings. Another well known composite construction material is concrete which
consists of gravel and sand held together by cement (2). Clearly, synthetic man-made
composites overwhelm our everyday life.

Although the concept of composite materials has been known for thousands of
years, recent advances in this field are particularly appealing. The origin of the renascence
of composites lies in the progress of the synthesis of nanoparticular materials as fillers,
resulting in new properties. Therefore, the today’s composites offer a great variety of
properties and find numerous applications in various industrial branches, including:
aerospace, automotive, electronics, construction, energy, bio-medicine, just to name a few
of them. Furthermore, composite materials have improved the properties of a plethora of



everyday products. Recently, flexible roll-printed solar cells for using solar energy
(NanoSolar Inc., CA, USA) have become commercially available (Fig. 1.1 (a)). Bicycles and
tennis rackets became lighter due to carbon fillers. The running shoes “Lone Star” from
Adidas AG were the first-ever to use carbon nanotubes (CNTs) (Fig. 1.1 (b)) - reinforced
plates, thus reducing their thickness and weight, by about 30 and 50 percent, respectively
(Fig. 1.1 (c)). Moreover, CNTs increased the structural integrity and durability of plates (3; 4).

(b

Figure 1.1: (a) Flexible roll-printed solar cells developed by NanoSolar Inc. (From the ref. (5)). (b)
High resolution electron microscopy image of the carbon nanotube (CNT), a very popular
component of new class of composites. (c) Spike running shoes (model “Lone Star”) with
the first-ever CNTs-reinforced full-length continual plate brought to the market by Adidas
AG (From the ref. (3)).

The synthesis and applications of new nanostructured materials, which could be
embedded into matrices to give new composite materials, were the actual inspiration of this
thesis. Clearly, the emerging field of nano-structured composites represent now attractive
basic and applied research directions. This rapidly moving interdisciplinary field is also
particularly interesting since development of composites requires expertise from various
domains. In addition, for a physicist, “nanoworld” is motivating for studying the physical
phenomena atypical for macroscopic world. The world “down there” on the nanoscale level
has become accessible due to the development of electron microscopy (6), scanning probe
microscopies (7; 8), and microfabrication techniques (9). Consequently, different nano-
objects become accessible for observation, study and even manipulation.

This thesis relies on breakthrough developments in nano-scale science and
technology of the last decades. Synthetic routes towards obtaining the composite material
based on SU8 epoxy and CNTs, as well as its thorough characterisation were the main goals
of this thesis. SU8 epoxy is a well-established polymer which is massively used in
lithography, whereas CNTs, nanoscale carbon cylinders, represent a whole number of
extraordinary physical properties. In particular, SU8 is a negative tone, epoxy functional
near-UV photoresist, which, upon exposure to near-UV light, polymerises via cationic ring-
opening polymerisation and forms highly stable bonds, thus providing outstanding chemical
stability. This allows structuring of SU8 into highly complex patterns, which can be 2 or 3
dimensional, deposited on substrates or even free standing (Fig. 1.2).



A further advantage of SU8 is that it can be used for ultra-thick layer deposition and
structuring. All these properties have led to significant interest in SU8 for the use in
microfabrication applications. Besides these attractive features, SU8 has few drawbacks: it is
an electrically-insulating material, with very low thermal conductivity, and it is also quite
brittle. Clearly, for a number of applications, good electrical and thermal conductivities are
often necessary. Therefore, it would be desirable to synthesise the SU8-based composite
material without these drawbacks. In order to achieve this, our strategy was to prepare SU8
composite with CNTs.

(a) (b)

Figure 1.2: Various structures made of SU8 photoresist. High aspect ratio structures with curved
vertical side walls (a) (From the ref. (10)) or with rounded lines in 3D (b) (From the ref.
(11)). 3D square spiral structure (c) (From the ref. (12)) and wire frame written in SU8 (d)
(From the ref. (13)).

CNTs are considered as the most suitable candidates to reinforce composites,
especially polymer composites. This is because of their outstanding electrical, mechanical,
thermal and optical properties together with their extraordinary chemical stability, low
density and very high and tuneable aspect ratio. This is the reason why composite materials
containing CNTs have recently attracted so much attention. Such composite materials are
expected to have improved mechanical strength and become electrically conductive owing
to the inherent high electrical conductivity of CNTs.



This project was full of challenges, like, e.g. how to control properties of produced
nanoscopic objects (CNTs), how to design novel composite materials with a prescribed set of
properties, how to study and understand physical parameters, or how to process the
composite for specific applications.

The specific goal of this thesis was to produce a new photosensitive CNTs-SU8
composite material, which would be electrically and thermally conductive in combination
with improved mechanical properties, high flexibility, good adhesion to a large variety of
substrates, tuneable transparency, and, at last but not least, with the well-preserved
abilities of SU8 epoxy for facile processing and photo-patterning.

The dissertation is structured as follows. After this general introduction, a more
detailed introduction to the subject of the constituents of the composite material (i.e. the
matrix and the filler) is given in Chapter 2. Experimental techniques used in this study are
presented in Chapter 3. Optimization of the crucial technological parameters of CNTs
synthesized by chemical vapour deposition (CVD), i.e. their diameters and lengths is
presented in Chapter 4. Chapter 5 describes the fabrication and characterization of CNTs-
SU8 composites. In particular, in this chapter, different factors influencing the dispersion of
CNTs in SU8 are discussed. This discussion is then followed by an overview of the physical
properties of the prepared composites. The study of the electrical and thermal transport
properties is given in detail, as well as the results of the mechanical characterisation of the
composites prepared by different solvents and/or with different CNT load. Finally,
processing of the obtained composites by customized standard microtechnical techniques,
like photolithography, inkjet, and screen printing, are presented in Chapter 6. Conclusions
and outlook are given in Chapter 7.
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Chapter 2

Materials

Composite materials are mixtures of two or more physically distinct components (1;
2). More precisely, composites can be defined as “multiphase materials obtained through
the artificial combination of different materials in order to attain properties that the
individual components by themselves cannot attain” (3). Composites differ from other
multiphase materials that reveal naturally formed multiple phases, resulting from chemical
processes or phase transformations, like, e.g. alloys (2; 3). The properties of composites can
be tailored by the adequate choice of components. In this work, as constituents of the
composite material, we have chosen an epoxy-based polymer (SU8) as the matrix and CNTs
as the filler. In the following sections, a more detailed insight into the properties of the
composite’s components, SU8 and CNTs, will be given.

2.1SU8

SU8 is epoxy-based, negative-tone, near-UV-sensitive photoresist. The development
of this material was related to the rapid progress in micro-engineering in the second half of
the 1980s and the early 1990s, which required high aspect ratio (HAR) thick film resist.
Today, SUS8 is considered as the most suitable photoresist for HAR lithography (4; 5). In
recent years, broad applications of SU8 in the field of UV- photolithography are extended
into other domains, like X-ray or E-beam lithography. SU8 is the most widely utilised
photoresist in low-cost LIGA microengineering processing (6). (The acronym LIGA originates
from the German name of the processes: Lithographie, Galvanoformung, Abformung;
means: Lithography, Electroplating, and Molding.) LIGA is a fabrication technology that is
commonly used to create HAR microstructures (7). SU8, due to its high thermal stability of a
fully cross-linked polymer, can be used as a mask for prolonged reactive ion etching, thus



yielding HAR patterning with vertical sidewalls (8). Moreover, rather high chemical and
mechanical stabilities of the fully cross-linked SU8 allows for its applications as a direct
template in LIGA-based electroplating of metals (9; 10). In addition, SU8 can be exploited in
soft lithography in conjunction with thermosetting elastomers, like PDMS (11; 4). In the next
section of this Chapter, we will briefly present, in chronological order, the most important
events which brought SU8 to the industrial stage.

2.1.1 Historical background

In order to apply a polymer in microengineering, the key requirement is the
possibility to tailor it into desired shapes. Therefore, two conditions are prerequisite: (i) the
polymer has to be in the liquid state to be spreadable as a layer, and (ii) the polymer has to
be processable to allow for selective hardening.

Clearly, the first condition (fluidity at room temperature) can be easily fulfilled for
various epoxy polymers. The major difficulty is related to the second condition (hardening
processing). In the ‘60s, after more than three decades of using the traditional thermally
cured, solvent-based, electrically insulating enamel, scientists tried to find an alternative.
Firstly, Licari and Crepeau (12), followed by the work of Schlessinger (13), had shown that
aryldiazonium salts could be used as photoinitiators for the cationic ring-opening
polymerisation of epoxides (14). In spite of the promising beginning, aryldiazonium salts
could never be industrially used because of their intrinsic thermal instability and the
generation of nitrogen gas as a product of the photolysis reaction (14). An alternative way to
photochemically induce cationic polymerisations by generating either cationic species
directly or indirectly, was found by J. V. Crivello (15; 16) in the form of onium salts (17; 18).
The first synthesised onium salts were iodonium salts reported in 1894 by Hartmann and
Meyer (19; 20). In 1965, Ptitsyna et al. first observed that diaryliodonium salts are
photosensitive (21). This inspired Crivello (14) who first patented triarylsulphonium salts as
photoinitiators (15; 16). Almost at the same time, Smith patented photoinitiators based on
diaryliodonium salts (22; 23). Finding of the appropriate polymerisation mechanism was
then followed by an intensive search for a suitable polymer, weakly absorbing UV light and
providing a large number of epoxy groups per monomer. Such a combination was necessary
to strengthen the cross-linking density and make possible patterning structures with vertical
walls. In 1980, Skarvinko patented the first epoxy molecule with 8 epoxy groups per formula
under the name of EPI-REZ SU8 as a possible candidate for photosensitive patternable
coatings (24). The final composition of the photo-patternable SU8 was developed in the end
of the ‘80s and in the early ‘90s, by the group of J. D. Gelorme at IBM-Rueschlikon (25; 26;
27). They introduced SU8 to the scientific community as a negative tone photoresist (28;
29). The IBM team continued the further characterisation of this new material in
collaboration with the group of Prof. Philippe Renaud from the Ecole Polytechnique in
Lausanne (30; 31). In particular, in 1998, Hubert Lorenz from this latter group completed his
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PhD thesis on fabrication of SU8-based microstructures (32). Commercially available
photosensitive formulation based on SU8 epoxy resin products were introduced for the first
time by MicroChem in 1996 (4). The further development of SU8 photoresist and
broadening of its applications still continues.

2.1.2 Overview of SU8 processing techniques

Nowadays, SU8 is well-established as an engineering material for microfabrication.
One of the biggest advantages of SU8 is that it can be processed towards obtaining 3D
submicron HAR patterns. The most common process of fabrication of HAR patterns is UV-
assisted photolithography. This fabrication consists of a combination of thermal- and UV-
curing. The process flow includes the following steps: substrate pre-treatment, coating, soft
baking in order to remove the solvent, UV exposure, post-exposure baking to continue
curing and development, rinsing, drying and hard-baking. The specificities of all
technological steps will be considered in details in Chapter 6 and Appendix 2. By careful
optimization of UV lithography conditions, the aspect ratio up to 40 was achieved (4; 33).
The actual limitation of the aspect ratio in this case was due to the diffraction effects and
broadening of the UV light beam within the air gap between the mask and photoresist.
Compensation of the air gap can, in principle, be achieved by a perfect match of the
refractive index of the liquid placed in the gap separating the mask and the SU8 photoresist.
In fact, the practically achieved compensations of the diffraction effects enabled one to
fabricate structures with an impressive aspect higher than 190 (Fig. 2.1) (34). The relatively
high aspect ratios of up to 100 were also obtained by X-ray exposure (35). In particular, the
X-ray exposure method is convenient for HAR structures with vertical sidewalls because X-
rays penetrate deeply into SU8 due to their short wavelengths, 7-12 A. The practical
applications are rather seldom because the availability of the X-ray photolithography
equipment is limited (4).

Although initially developed for optical lithography, SU8 is more and more used as a
highly sensitive negative-tone E-beam resist for nanopatterning (4). In comparison to other
E-beam resists, SU8 has usually 150 times higher sensitivity and hence shorter exposure
times than standard PMMA-based E-beam resists (36). The low energy of electrons restricts
E-beam patterning on the resist layers of a thickness up to 200 nm, which limits the aspect
ratio of the structures (4). Scattering of the impinging electrons causes loss of resolution of
E-beam patterning (so called ‘proximity effect’). Although this electron scattering
theoretically limits the attainable resolutions to >10 nm, in practice line widths of 75 nm
with a pitch of 300 nm in a 200 nm thick SU8 layer were obtained (37). The lowest achieved
line width was of 24 nm for lines with a pitch of 300 nm patterned with 100 kV E-beam
lithography in 99 nm thick SU8 (38).
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Figure 2.1: 1150 um high microcylinders of SU8 obtained using different matching refractive
index liquids for gap compensation (4). (a) 10 um wall thickness and 45 um internal
diameter obtained using a filtered light source and no gap compensation. (b) 8 um
wall thickness and 30 um internal diameter obtained using broadband exposure
and glycerin gap compensation. (¢) 6 um wall thickness and 20 um internal
diameter obtained using PMMA filter and gap compensation with optical index
matching liquid. As the wall thickness is reduced, the physical strength becomes
too low to maintain the freestanding positions (From the ref. (34)).

Recently, a new direct writing lithographic technique was developed. This technique,
called proton beam lithography, is using the ability of high-energy ions, such as Ga*, H" or
He®, to deeply penetrate a resist without any significant deviation in their trajectory.
Structures with well-defined smooth side walls can be directly patterned when the focused
MeV proton beam is scanned over the layer of SUS resist (39).

View direction

LPE = 0.88 nJ/pulse
20 pm IBM Zurich 10 pm

Figure 2.2: (a), (b) 3D constructs prepared from SU8 with HAR values up to 50 obtained by
two-photon near-infrared photopolymerisation (40); (c) SEM image of photonic
spiral structures obtained by direct laser writing using SU8 with a 180° phase shift
between adjacent spirals (41) (From the ref. (4)).

The particularity of SU8 is certainly its ability to perform direct three-dimensional
(3D) lithography patterning. Several lithography-based methods for fabrication of 3D
structures have been developed including: layer-by-layer multiexposure, inclined/rotated
lithography, modulated exposure, holographic lithography (or interference lithography),
stereolithography of resist multilayers, and laser scanning of single resist layers (4) (Fig. 2.2).
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Clearly, the design of all these impressive constructs (shown in Fig. 2.2) was possible due to
the exceptional physical and chemical properties of SUS.

2.1.3 Physical properties

The physical properties of SU8 are listed in Table 2.1. The richness of data shown in
Table 2.1 clearly points to the fact that SU8 has been a very comprehensively investigated
material. In addition to the listed properties, SU8 has a good stability at elevated
temperatures and resistance to moisture and solvents. Thus, SU8 has unusually high glass
transition and degradation temperatures (the latter being of ~380°C) (8). Resistance to
moisture and solvents means that the polymer should not swell, dissolve, or in no way
degrade in solvents exposing environments (42). Moreover, SU8 has good impact and
scratch resistance, as well as excellent adhesion properties typical for an epoxy (43).

Table 2.1: Summary of the most important properties of SU8

Property Value Conditions Ref.
997.8kg/m’> raw SU8 (44)
Density 1190kg/m? raw SU8 (45)
1218kg/m’> fully cross-linked (46)
Epoxide Equivalent
P 'q (195 - 230)g/eq raw SUS8 (44)
Weight
Melting Point 82°C raw SU8 (44)
Polymer shrinkage 7.5% during cross-linking (47)
~50°C unexposed resin (8)
Glass transition .
>200°C fully cross-linked (8)
temperature
194°C fully cross-linked (44)
Degradation .
~ 380°C fully cross-linked (8)
temperature
Coefficient of postbaked at 95°C (48)

) (52.045.1)ppm/K
thermal expansion hardbaked at 150°C (49)
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Thermal

o (0.2-0.3)W/mK hardbaked at 150°C (49)
conductivity
0.059 Pa s 40wt% solid SU8 + GBL
Dynamic viscosity 1.5Pas 60wt% solid SU8 + GBL (50)
15 Pas 70wt% solid SU8 + GBL
1.668 unexposed at A=365nm (34)
1.650 unexposed at A=405nm (34)
Refractive index
0.8 postbake 100°C, KOH, 520um thick; 0.1THz | (51)
0.7 postbake 100°C, KOH, 520um thick; 1.6THz | (51)
Absorption ~2cmt postbake 100°C, KOH, 520um thick; 0.1THz
- (51)
coefficient ~ 40cm’® postbake 100°C, KOH, 520um thick; 1.6THz
Volume resistivity | (1.8-2.8)x10*Qm hardbaked at 150°C (49)
Surface resistivity (5.1-18)x10™Qm hardbaked at 150°C (49)
2.8 postbake 100°C, KOH, 520um thick; 0.1THz | (51)
3 postbake 100°C, KOH, 520um thick; 1.6THz | (51)
Relative dielectric
4 postbake 100°C; (20-40)GHz (52)
constant
3.2-4.1 hardbaked at 150°C; 1GHz (49)
5.07 hardbaked at 150°C; 1MHz (44)
(1.25-3.89)GPa (75pum thick) postbaked at 95°C (53)
(1.6-2.6)GPa postbake at 95°C (4 durations) (54)
(3.23-3.57)GPa (200um thick) postbaked at (95-105)°C (55)
4.02GPa postbaked at 95°C (30)
Young’s modulus
(3.2%£0.2)GPa 30um thick layer (46)
2.0GPa hardbaked at 150°C (49)
2.7GPa hardbaked at 200°C (54)
(4.95+0.42)GPa hardbaked at 200°C (56)
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Bi-axial modulus of
elasticity (5.8+0.89)GPa postbaked at 95°C (48)
Tensile Strength 51MPa fully cross-linked (44)
Film stress (16-19)MPa postbaked at 95°C (48)
Maximal stress 34MPa hardbaked at 200°C (56)
Maximal strain 0.009 hardbaked at 200°C (56)
Poisson coefficient 0.22 postbaked at 95°C (45)
Friction coefficient 0.19 postbaked at 95°C (30)
Elongation at break (4.8-6.5)% hardbaked at 150°C (49)

2.1.4 Composition

The SU8 photoresist consists of three main components: 1) Bisphenol A Novolak
epoxy oligomer, 2) appropriate organic solvent in order to dissolve solid SU8 resin, and 3)
the photoinitiator (Pl) to cross-link SU8. Usually, Pl compounds used in the context of SU8
processing are from the triarylsulfonium salts family.

Bisphenol A Novolak epoxy oligomer (EPON™ Resin SU-8, also known as EPIKOTE™
157) (44) is commercially available in the granular form and manufactured by Momentive
Specialty Chemicals Inc. (previously by Shell Chemical and Hexion Specialty Chemicals Inc.
(57).

The thickness of the processed SU8 layer depends on the viscosity of the SU8
formulation, which can be adjusted by changing the weight ratio of the solid SU8 and
solvent. In particular, while using a wide range of the commercially available SU8
formulations, thin film coatings in the thickness range from 200 nm to 350 um can be
obtained in a single coating process (58), or up to 3 mm by multicoating processes (59).

The molecular structures of the SU8 monomer (i.e. the epoxy oligomer, Bisphenol A
Novolak SU8) before and after cross-linking are shown in Figure 2.3 (a) and (b), respectively.
The number ‘8’ in the polymer’s name (SU8) can be assigned to the number of epoxy groups
in the oligomer (Fig. 2.3 (a)). The original definition of SU8 by its manufacturer, Momentive
Specialty Chemicals Inc., clearly points to this fact: “EPON™ Resin SU-8 is a polymeric solid
epoxy novolac resin possessing average epoxide group functionality around eight” (44). This
high number of reactive epoxy functional sites per each monomer molecule allows a high
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degree of cross-links after photoactivation (4). As a result, cross-linked SU8 has high stability
and satisfactory industrially-important properties (see Table 2.1).
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Figure 2.3: Molecular structures of the SU8 monomer (Bisphenol A Novolak SU8 epoxy
oligomer) (a) and the monomer unit in the cross-linked SU8 polymer (b) (From the
ref. (60)).

2.1.5 UV-induced cationic ring opening polymerisation

Although, SU8 can be cross-linked by different technological routes (see section 2.1.2
of this Chapter), the key mechanism is UV-induced cationic ring opening polymerisation and
will be discussed in more details below.

In general, the process of photolithography is based on the transfer of a suitable
pattern onto a photosensitive polymer by selective exposure to a radiation source, such as
light. The selective illumination initiates photochemical processes in the photoresist, thus
resulting in the predominantly chemical differentiation of the exposed areas. Therefore, in
the subsequent development step, the exposed areas can also be physically differentiated.
If polymer structures remaining after the development step match the areas exposed to
irradiation, the obtained image is called negative-tone image. In the opposite case, a
positive-tone image is obtained. Thus, the corresponding photosensitive polymers can be
classified as negative- or positive-tone photoresists. The final result of the development is
the pattern on the resist layer which corresponds to the image geometry of the mask
utilized during illumination (4).
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If the polymer contains certain types of molecular structures, like epoxy rings, then
the polymerisation process proceeds by ring-opening polymerisation. In polymer chemistry,
ring-opening polymerisation is a form of chain-growth (addition) polymerisation, in which
the terminal end of a polymer acts as a reactive center, where further cyclic monomers join
to form a larger polymer chain through ionic propagation. The treatment of some cyclic
compounds with catalysts induces cleavage of the ring followed by polymerisation to yield
high-molecular-weight polymers. When the reactive center of the propagating chain is a
carbocation or carbanion, the polymerisation is called cationic or anionic ring-opening
polymerisation, respectively. If cationic ring-opening polymerisation starts with UV-induced
protonation of the monomer, then we speak about UV cationic ring-opening polymerisation,
which is a type of photopolymerisation.

The term photopolymerisation refers to a process of a rapid transformation of liquid
monomers into a solid polymer induced by UV light. Essential steps in photopolymerisation
are: 1) absorption of light by a mixture of monomers and photoinitiators (Pls); 2) bond
cleavage in the Pl (generation of reactive species); 3) addition of reactive species to
monomers (initiation of polymerisation); 4) chain growth (propagation of polymerisation),
and finally 5) termination of the polymerisation process, which results in a cured polymer
(Fig. 2.4) (14; 61).

Oligomer Photoinitiator

\/

UV Radiation

i

l Reactive Specie ‘

v

I Cured Polymer \

Figure 2.4: Schematic representation of the basic steps in the photopolymerisation process.

Cationic polymerisations are considered as “the most versatile of all addition-type
polymerisations” (62), because nearly every type of known cationically polymerisable
monomer can be polymerised with some cationic Pls. The most effective known cationic Pls
are onium salts due to their strong absorption in the short-wavelength UV region (63).

In order to choose an appropriate Pl among numerous onium salts, certain criteria
have to be put forward. Crivello, who identified these salts as Pls, established the following
criteria (61): 1) the Pl should be completely stable by itself and toward spontaneous
polymerisation when dissolved in reactive monomers; 2) when irradiated, the Pl should
undergo photolysis with high quantum efficiency and without the liberation of by-products
that either inhibit polymerisation or degrade the quality of the final product; 3) the
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synthesis of the Pl should be simple and inexpensive, and 4) the Pl should have as low
toxicity as possible.

Simple synthesis, excellent photosensitivity and excellent stability are characteristics
of the two classes of Pls (61): diaryliodonium (Ar,I"MtX,) (22) and triarylsulphonium
(ArsS'MtX,) (15; 16) salts (Fig. 2.5), where Ar stands for an aryl group (functional group or
substituent derived from a simple aromatic ring), Mt stands for metal or metalloid, X is a
halogen, and n is a number which has typical value of 4-6. Group MtX, is a nonnucleophilic
and photostable anion such as for example tetrafluoroborate (BF4), hexafluoroantimonate
(SbF¢’) or hexafluorophosphate (PFg) (14). These compounds are considered as nearly ideal
Pls. In particular, they reveal a high degree of photosensitivity in combination with an
excellent thermal stability. In addition, the processes of photolysis of these salts are not
affected by radical inhibitors or the presence of air or oxygen (61).

@ S*+ MtX,
A

M‘f’f MtX
)

Figure 2.5: Generalised structure of some of the possible Pls for cationic polymerisation of
SU8: (a) diaryliodonium salt and (b) triarylsulphonium salt.

(a

(b)

hy

Y hy
Arlt MtX, — [Arl" MtX, ]* ArsS" MtX, — [ArsS" MtX,]* (2.1)
[Arl" MtX,]* — (Arle)" MtX, + Are [ArsS" MtX,]* — (Ar.Se)" MtX, + Are (2.2)

(Arle)" MtX, + R-H — Arl*-H MtX, + Re  (Ar,Se)" MtX, + R-H — Ar,S™-H MtX,, + Re (2.3)
Arl*™-H MtX,” — Arl + HMtX,, Ar,S™-H MtX,, — Ar,S + HMtX,, (2.4)
Scheme 1 Scheme 2

Figure 2.6: The major process by which diaryliodonium and triarylsulphonium salts undergo
photolysis is depicted in schemes 1 and 2, respectively (adopted from the ref. (61)).

The mechanism of the UV-induced photolysis of diaryliodonium and
triarylsulphonium salt Pls is complex and is depicted in an abbreviated form in schemes 1
and 2, respectively (Fig. 2.6). The mechanism can be explained by the example of one type
of salts due to obvious analogy in their processes. Initially, photoexcitation of salt molecule
forms highly reactive species (Eq. 2.1) which undergoes cleavages of the carbon-iodine (or
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carbon-sulphur) bond to produce a radical /cation-radical pair (Eq. 2.2). The cation-radical
abstracts hydrogen from its environment (which can be solvent, monomers, impurities or
some other substance with a labile hydrogen) giving the species Arl*-H MtX, (Ar,S™-H MtX,)
(Eq. 2.3), which quickly disintegrate to generate the aryl iodide (or sulphide) and the stable,
long-lived, strong solvated protonic or Brgnsted acid HMtX, (Eq. 2.4). The strength of
produced acids depends on the starting anion, such as BF4, PFs, AsFg, and SbFs, and these
acids have Hammett acidity functions (Hy) ranging usually from -15 to ~ -30 (64). (Hovalues
are used to express the acidity of very concentrated solutions of strong acids.) These strong
Brgnsted acids, HMtXn, are the predominant initiators of cationic polymerisation, which
starts with direct protonation of the monomer, M, (initiation step, Eqg. 2.5) to form cationic
species (M"). The following step, propagation of polymerisation, takes place by the stepwise
addition of monomers to the growing cationic chain end (propagation step, Eg. 2.6). On the
other hand, aryl radicals, Are, generated via the photolysis of the onium salts (Eq. 2.2) can
also interact with the monomer. In fact, there are two possible interactions: (a) the aryl
radical can be added to an unsaturated monomer (Eq. 2.7) or (b) the radical can abstract a
hydrogen atom from the monomer (Eq. 2.8). Radical species, Ar-Me and Me, created this
way, can be oxidized by the diaryliodonium or triarylsulphonium salts (Eq. 2.9) to vyield
carbocations. The formed diaryliodine or triarylsulfin free radicals (Eq. 2.10) undergo
subsequently irreversible fragmentation to form iodoaromatic or sulfoaromatic compounds
and new aryl radicals (14; 61; 65).

HMtX, + M — H-M* MtX,, (2.5)
H-M* MtX, + pM — H-(M),M* MtX,, (2.6)
M + Are — Ar-Me (2.7)

M-H + Are — Me + Ar-H (2.8)

(Me +Ar,l" MtX, — M* MtX, + Arale) or (Me +ArsS" MtX, — M* MtX, + ArsSe) (2.9)
(Aryle —> Are + Arl) or (ArsSe — Are + Ar,S) (2.10)

A very important aspect of this polymerisation mechanism is a phenomenon of
chemical amplification. Namely, a single photo-event initiates formation of various
compounds and ionic and radical species, followed by a cascade of subsequent chemical
reactions (7). Therefore, the photolysis is actually amplified with respect to the number of
produced initiating species (65). Another significant feature of this polymerisation is the
complex role of the monomer in the overall mechanism. A monomer usually provides only
polymerizable functional groups, but in this mechanism the monomer additionally provides
either a site of unsaturation (Eq. 2.7), which reacts further, or an abstractable proton (Eq.
2.8). This implies a large impact of the monomer on the overall efficiency of polymerisation
(65).
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Ledwith et al. (66; 67) first demonstrated that photochemically and thermally
induced free-radical decompositions of onium salts take place through a very similar
mechanism to the presented one proposed by Crivello (61; 65). Therefore, the onium salts
can be used to thermally initiate cationic polymerisation (68; 69). However, this cannot be
used for micro- and nano-fabrication patterning application but it is worth to mention it.
Actually, the temperature of the initiation process can be tuned by additives and lower to
even room temperature (70). The major difference between temperature- and light-
initiated cationic polymerisations consists in the way of excitation of salt molecules (Eq. 2.1),
that is by heat and light, respectively. The subsequent steps, i.e. initiation, propagation and
eventual termination processes, are the same (61).

The molecular structure of the onium salts (photoinitiators), especially the structure
of cation and anion portions of these salts, determines their functions and influences the
photo-polymerisation process (Fig. 2.7). The light-absorbing fragment of onium salts is
cation. Hence, the cationic portion determines the photochemical pathways and controls
the UV absorption characteristics and the overall photosensitivity (quantum vyield). The
cationic portion also influences the thermal stability of the salt and the rate of acid
generation (14; 61). Therefore tuning of the spectral response of the onium salts-based
photoinitiators, that is absorption wavelength, absorption coefficient, quantum vyield,
photosensitivity and thermal stability can be achieved via an appropriate modification of the
structure of the aromatic groups in the cationic portion (71).

I* MtX -

CATION ANION
- Determines photochemistry - Determines polymer chemistry
- Amax - Acid strength
- Molar absorption coefficient - Nucleophilicity (ion pairing)
- Quantum yield - Anion stability
- Photosensitisation - Initiation efficiency
- Thermal stability - Propagation rate constantes

Figure 2.7: Schematic representation of the molecular structure of an onium-salt
photoinitiator (adopted from the ref. (14)).
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On the other hand, the polymer chemistry is determined by the anion. The structure
of the anion determines the type and strength of the acid formed during photolysis and its
corresponding initiation efficiency. The nature of the anion also determines the character of
the propagating ion pair, which directly influences the rate of polymerisation and whether
termination can occur by anion-splitting reactions such as shown in Eq. 2.11 (71):

~ CH, —CH" BF; — ~ CH, — CH — F + BF3 (2.11)

I I
R R

In fact, the character of the anion has a major influence on the rate and extent of the
polymerisation (its initiation, propagation and termination). For instance, if anions are
strongly nucleophilic, such as I', CI" or Br, polymerisation fails because these anions are
successfully competing with all cationically polymerizable monomers for the active cationic
species. The anions of intermediate nucleophilicity, such as HSO,4 , FSO3 or NOs', show less
interfering in the polymerisation process than previous ones. Yet, onium salts containing
non-nucleophilic anions, like ClO4, BF4, AsFg, PFs, and SbFg, are capable of polymerizing
“virtually all known types of cationically polymerizable monomers” (61). A study of the
photoinitiated bulk polymerisation induced by triphenylsulfonium salts containing SbFg,
AsFg, PFg and BF4 anions shows that the reactivity rates of these salts are: SbFg > AsFg >
PFe > BF, (Fig. 2.8 (a)) and that a very rapid polymerisation occures in the case of the
triphenylsulfonium SbFg salt (61). In addition, the rates of polymerisation are highly
sensitive to the light intensity, but they are limited at both high and low light intensities. In
fact, the limiting factor at low intensities is “the competition of terminating impurities
present in the system for the available cationic centres” (61). On the other hand, the rate of
polymerisation at high intensities is limited by the absorptivity and the concentration of the
photoinitiator. Further, acceleration of the polymerisation rate can be generally achieved by
increasing the temperature of a ring-opening photo-polymerisation (14; 61).

A very important feature of photoinitiated cationic ring-opening polymerisations is
“dark” curing. Namely, light is required in the photo-polymerisation process only in amounts
sufficient to generate trace quantities of an acid while the polymerisation itself continues in
the dark in the absence of terminating impurities (61). In fact, this polymerisation is a type
of “living” polymerisations (that is processes without chain-breaking reactions) (71). The
"living" character of this polymerisation can be seen in Figure 2.8 (b), which shows that the
polymerisation continued in the absence of light, after the UV lamp was turned off (the data
point marked by the arrow). In the same manner, cationic polymerisations of epoxide which
are photoinitiated by triarylsulfonium salts containing the SbFg’, AsFs, PFs , BF4 anions also
demonstrate a "living" behaviour manifested in the "post cure" observed in these systems.
In fact, directly after UV exposure (normally at room temperature), an epoxy resin is
incompletely polymerised. Sample heating for a certain period of time induces further
polymerisation, ideally until complete conversion (14; 61). This property of “dark” curing is
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usually considered as the sharpest distinction between photoinitiated cationic and radical
polymerisations. In fact, the latter ones stop immediately at the end of illumination. The
other difference between these two types of photo-polymerisations is the pronounced
temperature dependence of the reaction rates for cationic-driven processes (71).

60
90
!_O[
®
80 - sol #
70 .
60 B 40k @
- Ast =
S o]
2 50 . g
u 2 3o
= o
S 40 . g
o =]
30 r PFGV — 20
20 =1
of
10 = LAMP OFF
BF“
0 . : '
0 5 o 15 0 60 20 0 240
(a) IRRAD. TIME (min.) (b) TIME (MIN.)

Figure 2.8: (a) Photoinitiated polymerisation of styrene oxide using 0.02-M (CgHs)sS™ MtX,,"
as photoinitiators, where the anion, MtX,, is indicated on the graph; (b)
Photoinitiated polymerisation of tetrahydrofuran using 5x10>-M triphenyl
sulfoniumhexafluorophosphate as photoinitiator (adopted from the ref. (61)).

One of the major advantages of photoinitiated cationic polymerisations is the lack of
inhibition by oxygen. Thus, this polymerisation type is not affected by the presence of
atmospheric oxygen or other radical scavengers. Nevertheless, bases exert a strong
inhibiting effect. Moreover, water, alcohols, and other hydroxyl-containing compounds due
to the relatively high nucleophilicity of the HO- group, behave as chain transfer agents
having the effect of reducing the molecular weight. Therefore, high humidity which results
in high localized concentration of water at a surface of an epoxy coating should be avoided,
since it inhibits cationic curing of epoxides. Furthermore, the presence of water is an
important factor for the initiators as well, because triarilsolfonium and diaryliodonium salts
are sensitive to humidity. This is considered as one of the disadvantages of cationic photo-
polymerisation, besides of their slow rate of polymerisation (slower than the radical one)
and the presence of strong Bronsted acids (which corrode metal substrates and cause
difficulties in establishing control over cationic polymerizations) (71; 14; 61).

A summary of discussed factors which affect the efficiency and speed of cationic
ring-opening UV polymerisation is given in Figure 2.9.
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Figure 2.9: Factors which affect the efficiency and speed of cationic UV curing (Adopted from the ref.

(72)).
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2.1.6 Problems related with SU8

From the stand point of practical applications, high internal stress and cracks
formation represent the major drawback of SU8. Additionally, quite a number of
applications require easy removal of SU8 from the substrate. This reveals quite often to be
difficult, even with the employment of ‘sacrificial’ inter-layers (5). On the other hand, a
better adhesion towards a much larger variety of substrates still remains a necessity. From
the industrial point of view, the application field of SU8 can still be expanded by adding new
functionalities to SU8 formulations. Especially, one of the desired new SU8 functionalities
would be its electrical conductivity with preserved processability (4). Other properties, like
thermal conductivity and mechanical properties need also be improved for a further
broadening of SU8 applications.

2.2 Fillers

Besides the matrix, composites always contain fillers, which are often considered as
reinforcement, because they reinforce or enhance the properties of the matrix. Most often,
fillers enhance the mechanical properties on the host matrix (43). However, the electrical
and thermal characteristics may also be improved. Indeed, the simultaneous improvement
of several characteristics of the matrix by given filler would be ideal. Quite often, fillers are
object having at least one ‘small’ dimension, e.g. of the order of few nanometres to
hundreds of micrometers (2). It is clear that a number of composite’s properties, including
the mechanical ones, depend on the size, shape and orientation of the filler as well as on its
interaction with the matrix. According to shape, fillers are classified as particulate and
fibrous (Fig. 2.10).

Figure 2.10: Schema of (a) particle- and (b) fibre-reinforced composites (from ref. (73)).

The particulate fillers are these having approximately equal dimensions in all
directions, regardless the exact shape, which can be spherical, cubic or any other geometry.
The particles’ arrangements in the composite may have ‘preferred’ or ‘random’ orientations
(Fig. 2.11). In the great majority of cases, however, ‘random’ orientations are encountered

2).
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Composite materials

Particle reinforced composites Fibre reinforced composites
(particle composites) (fibrous composites)
Random Preferred
oriented gricnted Single-layer composites Multilayered composites
Laminates Hybrids
Continuous fibre Discontinuous fibre
reinforced composites reinforced composites

Unidirectional Bidirectional Random Preffered
reinforcement reinforcement oriented oriented

Figure 2.11: Classification of composite materials according to fillers (From the ref. (2)). Blue-green
colour indicates types of composites which are compatible with CNTs-SU8 composites.

Fibrous fillers exhibit a high aspect-ratio, thus having a much greater length than
their cross-sectional dimensions. The fibre-reinforced composite can be in form of single-
layer or multilayered composites. The last ones are classified as laminates (i.e. sheets made
by stacking layers in specified sequence) or hybrids (composites with mixed fibres or
containing mixtures of fibrous and particulate fillers) (2). On the other hand, single-layer
composites may contain continuous fibres in one (unidirectional) or two (bidirectional)
preferred orientations (2). The fibres are considered as continuous if the length of the fibres
corresponds to one of the dimensions of the composite layer. Except for being continuous,
fibres can also be discontinuous or short and their orientation can be preferred or random.
Actually, continuous fibres have much more influence than short ones on the overall
composite’s properties, especially mechanical, electrical and thermal properties (3). Clearly,
the unidirectional alignment of continuous fibres is unavoidably associated with anisotropy,
which might limit certain applications. In fact, the frequently required isotropy of the
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composite system can be obtained either by equiaxed particles or by random orientation in
the case of reinforcement with unequal dimensions (2).

In the context of the polymer composite chosen for this study (CNTs-SU8), most
commonly used fillers are particles or short fibres. The fabrication of such composite usually
proceeds by mixing the filler with a liquid resin. In the case of thermoplastic polymers the
liquid resin is the molten polymer or the polymer dissolved in a solvent. In any case, the
physical and chemical properties of the resin and fillers should be carefully adjusted in order
to avoid floating or sinking of fillers (3).

Since the most significant improvements of the composite materials have been
achieved via fibre reinforcement (2), for the purpose of this study, we also chose fibrous
fillers.

2.3 CNTs

Since the beginning of the "90s, the scientific society was preoccupied by the ‘re-
discovery® of “new” carbon allotrope, that is all-carbon-atoms-based molecular structures
having cylindrical (hollow) symmetry with lengths of up to several micrometres and
diameters in the nanometer range (74). In the ‘90s, these new carbon-based molecules,
having walls consisting of one or more coaxial carbon layers, were named CNTs (3). The next
part of this Chapter will focus on CNTSs.

2.3.1 Basic morphologies of CNTs

From the structural point of view, CNTs can be considered as being made of rolled-
up graphitic sheets (i.e. sheets of graphene). CNTs are classified according to the number of
rolled-up graphene sheets which form concentric cylindrical carbon-layered walls. Thus,
CNTs can be single-, double- or multi-walled.

A single-walled CNT (SWCNT) is the simplest basic form of CNTs, consisting of a single
rolled-up graphitic sheet (Fig. 2.12 (a)). CNTs often bundle in the form of crystalline “ropes”
(75), Fig. 2.12 (b), where the ropes or bundles are built of SWCNTSs held together by van der
Waals interactions. Example double-walled CNTs formed by rolling-up two graphitic sheets
is shown in Fig. 2.12 (c).
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Figure 2.12: Basic morphologies of CNTs with corresponding schematic drawings. (a) The TEM image
and a schematic drawing of: (b) a bundle or rope of SWCNTs and (c) a double-walled CNT.
(d) The TEM image and (e) a schematic drawing of a MWCNT.

Multi-walled carbon nanotubes (MWCNTs), which were actually first discovered,
consist of several rolled-up graphene sheets. The interlayer spacing in MWCNTSs can range
from 0.342 to 0.375 nm, depending on the diameter and number of shells comprising the
tube (76). This interlayer spacing is larger than in graphite (0.335 nm), thus pointing to a
relatively weak interaction between individual shells, which was also confirmed by studies
of mechanical and electronic properties of CNTs.

2.3.2 Historical background

The modern CNTs revolution started in 1991 with the publication of Sumio lijima
(77), who published clear TEM images of multi-walled CNTs (Fig. 2.13 (a)). This seminal
Nature paper, is often considered as an advent of CNTs. It is worth mentioning, however,
that there were previous documented TEM observations of CNTs reported by Endo in 1976
(78) (Fig. 2.13 (b)), and also followed by lijima in 1980 (79).

Thus, although most of CNTs-related publications start with the following phrase:
“the discovery of CNTs by lijima in 1991. . .”, Sumio lijima is not necessarily accepted as the
discoverer of CNTs by the entire scientific community. The question about the first
observation of CNTs was posed in 1997 by the Boehm (80), a former editor of the journal
“Carbon”, without receiving too much attention from the researchers active in the field,
especially newcomers. The article of Monthioux and Kuznetsov published in 2006 (81) had
bigger impact, but still not enough to make the scientific community aware of the past
research. Therefore, in the following, we will briefly discuss the advent of the CNTs’ topic.
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Figure 2.13: (a) The TEM image of S. lijima often considered as the “discovery” of CNTs (From the
ref. (77)). (b) TEM image from the PhD thesis by Endo pointing to a possible observation of
SWCNT (similar TEM image was also published in (78)) (From the ref. (81)).

=7 ——

Figure 2.14: Examples of TEM images of CNTs published in the ref. (82).

Due to the fact that CNTs are nanometre-sized objects, they could not be observed
before the advent of the transmission electron microscopy (TEM). In fact, the TEM systems
become commercially available only in the end of the 1930s (the first TEM systems were
commercialized by Siemens) (81). Concerning the first reported observations of CNTs,
Kuznetsov recently emphasised: “The first TEM evidence for the tubular nature of some
nano-sized carbon filaments is believed to have appeared in 1952 in the Journal of Physical
Chemistry of Russia” (81). The referred TEM evidence is given in Figure 2.14, where hollow
tubular structures can be seen, but without clear distinction of the walls due to the early
stage of TEM characterisation. Kuznetsov also expressed himself regarding dimensions of
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these carbon structures: “Despite the fact that there is no scale bar, the indicated
magnification value allows one to calculate (from the original journal issue) that the
diameters of the carbon tubes imaged are in the range of 50 nm, i.e., definitely nano-sized.”
(81). According to Kuznetsov, the fact that the article was published in Russian “... may
explain why the related papers are not well known and cited. Due to the cold war, access to
Russian scientific publications for Western scientists was not easy at that time, and the use

of the Russian language was pretty discouraging anyway!” (81).

However, one can argue with that this Russian publication remained unknown to the
rest of the scientific community. For example, in an American study from 1955 (83), the
article of Radushkevich was cited among the other Russian works. This study, gave as well, a
brief overview of Radushkevich’s work on elongated thread-like shapes of carbon formed by
decomposition of carbon monoxide on an iron catalyst. This would mean that the American
scientific community in the fifties was actually aware of the work from Russia despite the
ongoing Cold War. Interestingly, the American group studied “the carbon deposits formed
by the action of carbon monoxide on iron, cobalt and nickel” (83). The results were: “These
deposits are in the form of filaments from 0.01 to 0.2 um in diameter. These filaments of
the deposits on iron are single solid strands. The carbon deposits on nickel seemed to
consist almost entirely of either tubules or, less likely, of untwisted bifilaments. The deposits
on cobalt exhibit both the form of solid filaments and of tubules or bifilaments.” (83). And
the so called “bifilaments” are tubular structures. Moreover, "Most of these filaments
contain dense nuclei of about the same diameter as the diameter of the filaments in which
they lie” (83).

The Russian work from 1952 was not only known to the American scientists, but also
to the Western European scientific community. For instance, in the article “The structure of
graphite filaments” (84) published in 1958 in “Zeitschrift flr Kristallographie”, the authors,
Mats Hillert and Nils Lange, also quoted the article of Radushkevich among other Russian
works. Their article was about the examination of graphite filaments, where “... Very
straight threads have been observed with a diameter ranging from 100 A to 0.15 mm.” (84).
Interestingly, Hillert and Lange started their article with following statement (84):
“Filamentary growth of graphite was observed long ago™? and has recently been discovered
again and examined by a great number of research workers®™, usually as a result of
decomposition of a carbon-rich gas (e.g. carbon monoxide, methane, cyanogen, benzene,
cyclohexane, propane, butane, ethylene, acethylene) in the presence of some solid material
(e.qg. iron, cobalt, nickel, iron ore, silica, firebrick) at a temperature ranging from 400 to
2.000°C.” The great number of examinations cited as references 3-15 originate from 1944 to
1958. This would actually mean that in 1991 the scientific community ‘re-discovered’
carbon hollow structures for the second time and under a different name, while reporting
the results of experiments where the same catalysts and carbon-rich gases were used as in
experiments ca. 50 years ago!
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Interestingly, numerous statements in the article of Hillert and Lange published in
1958 look like comments from the today’s CNTs publications: “It seems to be generally
accepted that the solid material acts as a catalyst, absorbing carbon from the gas and
depositing it as graphite. ... Electron micrographs have also shown that some thin threads
are either hollow or consist of two remarkably parallel filaments. ... Furthermore, the end of
each thread is always spherical. ... When material from a zone of lower temperature was
examined in an electron microscope very thin threads were found, some of them irregularly
bent and as thin as 100 A, others exceedingly straight and at least 0.1 mm long although as
thin as 800 A. ... All the filaments were found to be hollow tubules, the diameter of the hole
varying appreciably... dark circles, often with a light centre, are frequently observed in the
middle of irregularly bent filaments and they provide good evidence that these filaments are
in fact hollow tubules with circular cross sections. ... Result of electron diffraction...
indicating that the thin graphite threads are also built up of lamellar units bent into
cylinders.” (84).

This raises the question, how it is possible that CNTs are for most of the scientists
discovered in 1991, besides all known research on the hollow filamentous carbon containing
concentric graphite sheets and having diameters in the nanometres range. One of the
possible answers is that these filaments were: “investigated by material scientists, whose
main goal was to understand the growth mechanisms so that they could prevent their
formation in coal and steel industry processing” (81). In line with this, there is an interesting
Canadian study by Watson and Kaufmann from 1946 (85). They studied cuprene, a well-
known pipe-clogging product of pyrolysis in the acetylene industry, which was extracted
from “... clogging deposits taken from acetylene lines. This is illustrated by a deposit taken
from a reactor used in the process of hydrogenation of acetylene to ethylene.” (85). The
observed products were “... composed of hollow fibers characterized by both longitudinal
and transverse structure ... showing a fine fiber of diameter 170 A” (85). Was then this
finding of fibres with diameter in nanometres and with longitudinal and transverse
structures the true discovery of CNTs?

After all, it seems that the scientific community before the ‘90s was still not ready to
think “nano”. After the famous Feynman’s lecture “There's Plenty of Room at the Bottom”
in 1959, the overall research minds were already directed towards nanotechnology. The
open-mindedness in the ‘90s can definitely be attributed to the appearance of STM and
AFM in the ‘80s (86; 87), which finally fully opened the door to fruitful “nano” investigations

to the scientific community already prepared by Feynman for the upcoming “new
dimension of the world.

Besides the intriguing and obviously irresolvable debate “who did discover CNTs”,
there is an even more intriguing, but still unanswered question raised recently in Nature
Nanotechnology, that is: “Do single-walled carbon nanotubes occur naturally?” (88).
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2.3.3 Synthesis of CNTs

There are several methods of CNTs synthesis. Three of them, i.e. arc-discharge, laser
ablation and catalytic chemical vapour deposition (CCVD), are the mainstream of the CNTs
production. Therefore, in the following, we will give a short overview of these three
methods. The first two methods, arc-discharge (89) and laser ablation (75), are based on
cooling of carbon plasma generated by the evaporation of solid carbon sources. The third,
and by far the most used technique, CCVD (90), is based on the vapour-phase carbon source
which is decomposed chemically.

2.3.3.1 Arc-discharge growth

Arc-discharge synthesis method of CNTs is the earliest one, although initially used for
production of fullerenes (91). It is based on cooling of carbon plasma generated by an
electric arc between two graphite rods placed in an inert atmosphere (helium or argon).
Carbon evaporation is ignited by a high-intensity electric current (of ca. 100 A) (92) passing
through the two rods, which are just gently touched to initiate the arc. Because of this high
current density, the temperature in the arc can reach 3000°C (74) and thus, the electrodes
evaporate and their length decreases. In order to keep the current between the electrodes
constant, the distance between them has to be kept constant, and hence, the cathode is
moved downwards during the reaction (Fig. 2.15). The evaporated carbon condenses upon
cooling, forming the deposits on the chamber-walls and the cathode (77). The deposits
contain CNTs, but also by-products, like multilayered graphitic particles, fullerenes and
carbon soot. CNTs have to be separated from the impurities present in the high percent.
This separation requires excessive purification, thus making the arc-discharge method
inconvenient for large scale CNTs synthesis.
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Figure 2.15: (a) The arc-discharge method. MWNTs are produced when using pure graphitic

electrodes, whereas SWNT ropes are formed when using electrodes containing a small
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amount of catalyst particles. (b) One of the first images of a MWNT (77). (c) One of the
first reported images of SWNT ropes (93) (From the ref. (92)).

2.3.3.2 Laser-ablation method

Another way of producing high quality CNTs from carbon plasma is by the laser
ablation method where intense laser pulses ablate a carbon target (75). The target is placed
into a furnace heated to 1200°C and for SWCNTs growth it contains 0.5% of nickel and
cobalt (74). During the laser ablation, a flow of inert gas (helium or argon) is passed through
the chamber, carrying the ablated carbon towards a cold collector (Fig. 2.16 (a)). Upon
cooling, the carbon atoms from the vapour quickly condense into large clusters. In this way
produced SWNTs are mostly in form of bundles (ropes) consisting of several SWNTs closely
packed into hexagonal crystals and held together by van der Waals interactions (Fig. 2.12 (a)
and (b), Fig. 2.16 (b)), with a typical inter-tube distance of 0.33 nm (94).

This synthesis method is similar to arc-discharge compared to the applied high
temperature required to bring the solid carbon source to a vapour phase (74). In general,
these both methods produce high quality CNTs; however, in very small quantities and
without the possibility of scaling-up to industrial production.

furnace

collector

nanotubes
target
(a) laser beam (b)

Figure 2.16: (a) Synthesis of CNTs by laser ablation of a graphitic target. SWCNT bundles, like the one
on (b), are collected on the cooled collector (75) (From the ref. (74; 92)).

2.3.3.3 CVD growth

Over the last few decades, the CCVD (also called catalytic CVD) has become a well-
established technique for synthesis of carbon fibres. This synthesis method essentially
consists of two steps: a) the catalyst preparation and b) the carbon-catalyst reaction, i.e. the
actual synthesis of CNTs. The second step, CNT growth, involves the flow of a hydrocarbon
gas through a tube over a catalyst material in a heated furnace (Fig. 2.17) (95).

The CVD CNTs growth is controlled by: the carbon source, gas flow rate and ratio,
catalyst, support and growth temperature (96; 97). A commonly used carbon source is a
hydrocarbon gas, (C,Hn), such as acetylene (C;H;) or methane (CHy) (98). CNTs grow from
the catalysts particles, such as particles of Fe, Co, Ni or their alloys, dispersed on a support
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material e.g. silicon, alumina or zeolite. The support can be powder or in the form of flat
solid film. In the first case, CVD synthesis can easily be scaled-up, but the control over the
CNTs properties is rather difficult and requires further research. On the contrary, in the
second case, the control over the diameter of both SWCNTs and MWCNTSs can be achieved
by careful catalyst preparation and precise setting of the growth conditions. Moreover, by
patterning the catalyst, this method enables the control of the position of CNTs growth (99).
Therefore, this method is more suitable for producing nano-structured constructs with
integrated CNTs. The growth of CNTs in a desired direction by bridging prefabricated
structures on substrates can be achieved by the application of an electric field (100) or by
the fine control over the gas flow (Fig. 2.17 (b)) (101).

The main advantages of this method are: scalability up to an industrial production,
controllable growth on flat support, existence of many variations of the method, among
which plasma-enhanced CVD allows low temperature synthesis at only 120°C. This latter
feature of the CVD technique enables one to grow CNTs on even plastic surfaces (102).
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Figure 2.17: (a) The furnace for CVD based growth of carbon nanotubes over the catalyst particles

placed in a quartz boat (From the ref. (74)). (b) gas flow alignment of growing nanotubes
between prefabricated pillars (101) (From the ref. (92)).

The main disadvantages of CVD methods are: a) difficulties to control CNTs growth
from the powder form of catalyst-support system what is important for the large scale CVD
synthesis aiming industrial applications and b) the higher concentration of defects than in
the case of arc-discharge or laser ablation growth methods, which can significantly diminish
the mechanical and transport properties of CNTs (103).

In particular, the CVD technique was used for the CNTs growth study in this work.
Therefore, it will be discussed in detail in Chapter 4, together with other experimental
results.
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2.3.4 Theory of catalytic growth of CNTs

Despite many uncertainties concerning CNTs growth mechanism, there are some
general features related to all catalytic processes. In particular, in CCVD processes catalysts
are always required, whereas in the case of arc-discharge and laser ablation, only SWNT
production requires catalyst, while MWNTSs can be grown without it. In this latter case, two
pure graphite electrodes or graphite targets are sufficient for MWCNTSs growth.

The catalysts used for CNTs growth are usually transitional metals, like Fe, Co or Ni.
The catalysts are deposited on a graphite target (for arc discharge and laser ablation
synthesis methods) or on a support, which can be powder or in form of a solid film (for CVD
synthesis). In the following, we will give a brief overview of the global picture of the CNTs
growth. In brief, when a catalyst is placed into a high temperature environment enriched
with carbon in a vapour-phase, an unsaturated catalyst particle absorbs carbon, what is a
highly exothermic process. The absorbed carbon subsequently starts to diffuse into the
metal. However, the catalyst particles are asymmetrically adsorbing-emitting carbon and
carbon diffusivity is not the same over the catalyst cross-section. Saturation of the catalyst
particle with carbon, leads to endothermic carbon segregation on catalyst’s surface. In order
to form an energetically favourable atomic configuration (i.e. avoid dangling bonds on the
surface of the carbon), the carbon atoms assemble in a sp2 structure at a less reactive facet
of the particle. The size of catalyst particles is a crucial parameter, since it can be correlated
with the CNT’s diameter.

Figure 2.18: Schematic drawing of: (a) the tip and (b) the bottom growth models of CNTs. Depending
on the adhesion force between the particle and the substrate, the catalyst can be pushed
up by the growing CNT (a), tip growth, or the carbon diffusion continues from the bottom
(b), bottom growth (From the ref. (74)).

A simple model, presented in Figure 2.18 describes the growth with a catalyst
particle at the top or bottom of the CNT. In principle, both cases are the same, but in the
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case of bottom growth (Fig. 2.18 (b)), the catalyst adhesion to the substrate surface is
stronger than in the top growth case (Fig. 2.18 (a)). If the adhesion force is not high enough
to attach the catalyst particle to the surface, the catalyst can be either lifted up or sucked
into the tube, as is can be frequently seen in TEM images of CVD grown CNTs.

2.3.5 Properties of CNTs
2.3.5.1 Electronic properties and chirality of CNTs

Electronic properties of CNTs are primary determined by the CNTs chirality. In fact,
each SWCNT can be described as a single sheet of graphite (graphene nano-ribbon), rolled-
up into a cylinder (Fig. 2.19), with diameter between few Angstroms to tens of nanometres.

Graphenenanoribbon rolling

single-walled carbon nanotubes (SWCNT)

Figure 2.19: Schematic diagram of nanotube formation by “rolling-up” a graphene sheet.

A graphene sheet is shown in Figure 2.19 together with the unit vectors and of the

hexagonal lattice. The “rolling-up” is described by a chiral vector 5h, whose length
corresponds to the tube’s circumference. The chiral vector is expressed as:

C, = nd, + md, = (n,m) (3.1)
where integers n and m represent the chiral indices while d; and d, are those unit vectors
which span the unit cell of the hexagonal lattice. The atomic structure can be classified
according to the chiral vector or chiral angle 9, since both of them describes the “twist” in
the CNT lattice. The chiral angles are in the 0 to 30° interval, where the limits are referred to
“zigzag” (n, 0) and to “armchair” (n, n) nanotubes, respectively.

The diameter d of the nanotube is given by the equation: d = L/, where L is the
length of the chiral vector or the circumference of the CNT:

L= |5h| =avn? + m? + nm (3.2)

where a = 2.49 A is the lattice constant of graphite. The nearest neighbour distance
between carbon atoms in graphite is 1.42 A.
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The chirality of CNTs has a significant influence on their properties. Electronic
properties can be semiconducting or metallic, depending on the chirality and even a small
change of diameter can drastically alter their conductivity from metallic to semiconducting
(104). This interesting electrical property of CNTs is due to the peculiar electronic structure
of the graphene and it can be deduced by taking into account the confinement of the
electrons around the circumference of the CNT.

MWCNTs contain several coaxial cylinders, each cylinder being a SWCNT.
Consequently, each carbon shell of MWCNT can have different electronic character and
chirality. In general, MWCNTs are considered as metallic because at least one of the
MWCNT’s walls should be metallic. However, studies of MWCNTSs revealed that electrical
transport is dominated by outer-shell conduction (105).

2.3.5.2 Mechanical properties

Concerning mechanical properties, both theoretical (106) and experimental (107)
studies have shown that CNTs can undergo enormous bending deformation and recover
elastically (108; 109). One of the first theoretical studies on the elastic properties of CNTs
was published by Lu (94). This study estimated the Young’s modulus of CNTs to be of 0.97
TPa, being practically independent of the tube’s chirality and diameter (in the range of
0.68-27 nm). The measurements of the Young’s modulus values of CNTs have confirmed the
theoretical expectations (107; 110). These values have been found similar to that of in-plane
modulus of graphite. In fact, the mechanical properties of CNTs are closely related to those
of graphite: strong sp2-hybridized in-plane o-bonds of 1.42 A, give them a remarkably high
Young’s modulus. On the other hand, m-bonds out of the graphite plane are responsible for
the weak, van der Waals interlayer binding.

Furthermore, recent studies in our group showed that the CNTs growth method
significantly influences CNTs’ mechanical properties (111). Actually, all arc-discharged CNTs
have Young’s modulus above 600 GPa, whether they are MWCNTSs (110) or SWCNTs (107).
In contrast, CVD-grown CNTs have the diameter-dependent Young’s modulus, with higher
Young’s modulus values for lower-diameter CNTs (112; 113). These measurements have also
pointed out that CVD-synthesised CNTs may have high Young’s modulus values only for
CNTs which are defect-free, because structural defects are considerably reducing their
mechanical properties (112; 113; 111).

2.3.5.2.1 Defects and deformations in CNTs

Depending on the synthesis method, but especially for CVD growth, CNTs usually
depart from the ideal structure and contain numerous defects. The defect density also
depends on the growth conditions and the most commonly observed types of defects are
point- or planar ones. In fact, a defective structure can easily be created by simply replacing
hexagons in graphitic structure with pentagons or heptagons, which can even close the CNT
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if they are abundant. The most frequent point-defects are pentagon-heptagon defects
(Stone-Wales transformations (114)), which appear in the sidewall of the CNT.

Figure 2.20: TEM micrographs of different MWNT caps published in the paper of lijima (115).

The positions of the pentagons at the tips vary from one tube to another (Fig. 2.20).
Moreover, wedges in the sidewall heptagons cause a negative inclination, thus resulting in a
saddle-like structure of the tube (Fig. 2.21) (116).

Figure 2.21: Pentagon and heptagon deformations in the hexagonal lattice indicated by letters P and
H (115) (From the ref. (74)).

The bending of CNTs can be completely reversible up to angles in excess of 110°
despite the formation of complex kink shapes (Fig. 2.22), as shown experimentally and
theoretically by lijima et al. (117).

Figure 2.22: (a) The TEM micrograph (117) and (b) the molecular dynamics simulation of a buckled
CNT (106).
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Consequently, electrical and mechanical properties of CNTs heavily depend on
defects and deformations caused by structural inhomogeneities and imperfections created
during or after the growth process.

2.3.6 Potential applications

CNTs comprise a unique combination of properties, like small size, low density
(similar to that of graphite), high stiffness, high strength and a broad range of electronic
properties from metallic to semiconducting p or n doped (92). The rich interplay between
the geometric and electronic structures of CNTs has already given rise to many interesting,
new physical phenomena. Owing to such extraordinary properties of CNTs, they can be
employed in many different fields of applications where high strength, low weight, high
elasticity and high durability are required. In fact, CNTs discovery opened new avenues of
research in physics, chemistry, and material, micro-nano-engineering and bio-medical
sciences.

Batteries and
supercapacitors
7%

Other
3%
Synthesis and
processing
1%

Electron emission 8
25%

Sensors and probes
3% Electronics Hydrogen Composites

6% storage 9%

Figure 2.23: Patent filings and issuances for the CNTs field, divided according to the main area of the
invention (From the ref. (118)).

The field of their potential proposed applications is enormous (Fig. 2.23), including:
“conductive and high-strength composites; energy storage and energy conversion devices;
sensors; field emission displays and radiation sources (Fig. 2.24); hydrogen storage media”
(118). CNTs are widely considered as highly promising candidates for reinforcement in
composite materials, where electrical conductivity, high strength and low weight are
necessary.

Besides the already mentioned applications related to the industrial domain, CNTs
can also be implemented as “small X-ray sources, ultra-sharp and resistant AFM tips with
high aspect ratios, gas sensors, as components of future nanoscale electronics” (92) and
“nanometer-sized semiconductor devices, probes, and interconnects” (118). Moreover,
CNTs are suitable systems for studying fundamental physical phenomena on the nano-scale.
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Anyhow, current and future advances in production and processing of CNTs, will enable
their integration into many devices that we use in our everyday life (118).

Figure 2.24: Single CNT grown inside a gated silicon cavity as a field electron emitter (119) (From the
ref. (120)).

2.3.6.1 Problems related to CNTs

Concerning SWCNTs, one of the main problems is their purity, because their
synthesis is always followed by impurities in form of fullerenes, amorous carbon and/or
catalytic particles, what requires extensive purifications. Another drawback is that SWCNTs
often bundle up in ropes during the production, where single tubes are held together by
weak van der Waals interaction (75). The separation of SWCNTs from the bundles is very
difficult. In fact, the separation of bundles often results in tubes breaking.

On the other hand, MWCNTs are not bundling, but they are associated to some
other problems. The main one is their quality. MWCNTSs produced by arc-discharge and laser
ablation method are well graphitised and possess good mechanical properties (111), but
their production cannot be scaled-up. However, CVD synthesised MWCNTs can be easily
scaled-up, but their quality is often far beyond the quality of MWCNTs produced by the
other two methods (111). This is the main reason why CVD-MWCNTs-based composites
yield mechanical properties far below expectations. The other reason is insolubility of CNTs
in most of the common solvents (although dissolution in limited number of cases has been
obtained (121)) what prevents homogeneous dispersion of CNTs in the host matrix. The low
solubility, along with intrinsic entanglement of CVD CNTs leads to their unavoidable
aggregation. Since the behaviour of CNTs is different when they aggregate comparing to
individual CNTs, lots of physical properties may be changed or degraded. Consequently, lots
of efforts have been put into the dispersion of CNTs in various media (122). Unfortunately,
there is no single solution, since each system is unique and has to be treated separately.

Finally, for potential industrial applications, CNTs should have outstanding, high-
quality properties, even while produced on a large scale. Since the synthesis process affects
the properties of CNTs, which in turn affects the properties of composite materials, our first
goal was to optimize CVD CNTs synthesis to yield high-quality CNTs. Furthermore, we aimed
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to optimize large quantity synthesis of CNTs with good control over their properties,
particularly of their diameters and lengths, in order to facilitate their dispersion in the SU8
matrix, and hence obtain homogeneous composites with superior properties.
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Chapter 3

Experimental techniques

This Chapter presents as an overview of the experimental techniques and
technological pathways used in this work to obtain CNTs-SU8 composites.

The first part of this Chapter describes the experimental techniques related to CNTs,
including: the choice and preparation of catalyst supports and precursors, the processes of
CNTs synthesis, and, finally, the CNTs post-synthesis treatment. The second part of this
Chapter focuses on preparation pathways and characterisation of the three types of CNTs-
SU8 composites. The third part of this Chapter deals with processing of CNTs-SU8
composites with particular stress on the photolithographic, inkjet printing and screen-
printing processes.

3.1 CNTs

3.1.1 Supported catalyst precursor for CVD MWCNTs synthesis

3.1.1.1 Catalyst support
Preparation

The commercially available Calofort U calcite powder (Specialty Minerals Lifford) and
mechanically treated Fluka 21060 calcite (Sigma-Aldrich Chemie GmbH) were used as
catalyst support. Mechanical treatment was carried out in a planetary ball mill (Retsch Ball
Mill Type PM 100; Schieritz & Hauenstein AG) with zirconium oxide balls (3mm @, Schieritz
& Hauenstein AG) in distilled water (Aqua purificata Ph. Eur. Reactolab SA). More precisely,
the zirconium oxide impregnated jar container having 250 ml volume was firstly filed with
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270 g of zirconium oxide balls, then with 28.5 g of calcite powder and finally with 100 ml of
distilled water. The treatment was performed at 400 rpm and run continuously for 12 h.

Characterization

X-ray Powder Diffraction (XRPD) is the most commonly used tool to determine the
composition of powders, because each crystalline solid has its unique characteristic XRPD
pattern. For obtaining crystallographic phase content we used XRPD (Kristalloflex 805,
Siemens, using a copper electrode with Ax;=1.54060 A and Ay,=1.54443 A). The XRD peak
broadening allows us to determine the size of the primary crystallite using the Scherrer
equation (Eq. 3.1) (1). The instrumental peak broadening was determined using a calcium
carbonate powder with a large crystal size (>1 um, Fluka).

K
Oy =——=— (3.1)
B, cos(0)
where K is a numerical factor referred to as the crystallite-shape factor and frequently

assumed to be equal to 1, Ay is the X-ray wavelength, and [ is the peak width at half

intensity, calculated using = \/ﬂszample ~ i -

Transmission electron microscope (TEM). Philips CM 20 operated at 200 kV was
used in conventional mode to measure the primary particle sizes of calcite powders
(Calofort U and ground Fluka). In order to prepare samples for TEM imaging, calcite powders
were firstly dispersed in the water by sonication. A drop of obtained suspension was put on
a copper grid covered with holey carbon film.

Lased diffraction particle size analyzer (Malvern Mastersizer) uses the technique of
laser diffraction based on the principle that particles passing through a laser beam will
scatter light at an angle that is directly related to their size: large particles scatter at low
angles, whereas small particles scatter at high angles. The secondary particle size
distribution of the calcite powders was measured by dynamic light scattering (DLS) in water
with using Malvern Mastersizer S, with the following parameters, material’s density p = 2.71
g/cm3, material’s refracting index n = 1.596 (2).

The specific surface areas for the precipitates, Sger (m?/g), were obtained by
nitrogen absorption using Brunauer-Emmett-Teller (BET) approach (3) and using BET-
measuring device, Gemini 2375, from Micromeritics.

Scanning electron microscopy (SEM) (high-resolution and low-kV SEM at small
working distances FEI XL30-SFEG and high-resolution field emission SEM Zeiss NVision 40
CrossBeam) were used to assess surface morphology of calcite powders.
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3.1.1.2 Catalyst precursor
Preparation

The catalyst was synthesized using the following procedure. Metal salts
(cobalt(ll)nitrate hexahydrat 99,999% metals basis, Aldrich and iron(lll)nitrate nonahydrate
99.99+%, Sigma-Aldrich) were mixed in stoichiometric amounts corresponding to Fe to Co
ratio of 2:1, dissolved in distilled water and subsequently added in a previously prepared
suspension of CaCO3; powder in distilled water. The total amount of metals corresponds to 5
wt% relative to the net mass of metals and calcium carbonate. The precipitation of Fe and
Co salts was induced by instantaneously adding of weak base to the solution. As a base we
used ammonia, ammonium hydrogen carbonate (99%, Aldrich) or triethylamine.

Drying of supported catalyst

We employed two drying processes of the supported catalyst: by heat treatment or
by freeze drying. The suspension of CaCOj3 particles and Fe, Co salts is dried under vigorous
stirring on a hot plate on temperature of 100°C (hereafter as dry on a hot plate). The second
process, freeze drying, is based on the sublimation of the solvent. The suspension is frozen
by dropping into liquid nitrogen. Once collected, it is subsequently placed in homemade
freeze drying chamber. According to the phase diagram of water, sublimation of ice occurs
by raising the temperature while the vapour pressure remains below 5 mbar.

Characterization

TEMs (Philips CM 20 and Philips CM 300, the latter used in high-resolution mode
operated at 300 kV) were used to determine size and shape of catalyst precursor and its
relation with support.

Energy dispersive X-ray spectroscopy (EDX) is an analytical method which was used
for the chemical characterization of supported catalyst precursors.

3.1.2 CVD MWCNTs synthesis
3.1.2.1 Furnace

For CVD synthesis of MWCNTs we used a tube-type heating furnace containing 80
mm OD quartz tube and having a 750-mm long heating zone. The furnace was set in the so-
called fixed-bed operating conditions, meaning:

- before synthesis, typically 3 g of supported catalyst were placed directly in the middle zone
of the quartz tube (without quartz boat);

47



- the ends of the quartz tube were then connected to the gasses inlet and outlet,
respectively;

- during the typical 2-hours-long synthesis, quartz tube remains in the horizontal position, as
at the beginning of the synthesis. In the middle of the synthesis, after 1 h, the quartz tube
was manually rotated by 180° in order to facilitate exposure of catalyst to the carbon
source.

3.1.2.2 Synthesis conditions

After the gasses inlet and outlet were connected to the quartz tube’s ends, the
quartz tube (containing in its middle part supported catalyst) was heated from room
temperature to 640°C. After 2 h, the heating was switched off and the furnace was left for
about half of a day to cool down to the room temperature. Afterwards, the connections for
gasses were removed from the ends of the quartz tube. Subsequently, the quartz tube was
taken out of the furnace and turned aside in order to collect synthesis product in a beaker.

All CVD MWCNTSs synthesis processes performed in this work were carried out in a
flow of acetylene and nitrogen, with flow rates of 45 L/h and 50 L/h, respectively.

3.1.3 CNTs post-synthesis treatment

Purification: Raw MWCNTs are purified by 1 day stirring in non-oxidizing acid (=1M
hydrochloric acid, HCI), filtered and washed with distilled water. CNTs dispersion in diluted
HCl was accompanied with remarkable CO, gas release, what indicates that CaCOs; did not
decompose during the CNTs synthesis.

Drying: We employed two drying processes of purified CNTs: by heat treatment or
by freeze drying. The wet CNTs were dried overnight by heating on 100°C. The second
process, freeze drying, is based on the sublimation of the solvent. The wet CNT were dilute
with water and shortly sonicated. The suspension was subsequently frozen by dropping into
liquid nitrogen and placed in homemade freeze drying chamber. CNTs dried by heating were
used for preparation of composites 1 (see below), while freeze dried CNTs were used for
preparing composites 2 (see below).

Characterization of CNTs after drying: TEM (Philips CM 20) was used for MWCNTSs
characterization and for determination of their diameters.

Functionalization (used only for preparation of Composites 1F - see below):
MWCNTSs surface is functionalized with -COOH groups by 8 h stirring in diluted mixture of
sulphuric and nitric acids (volume ratio 3:1).
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Cutting (used only for preparation of composites 2C, see below, especially designed
for inkjet printing applications, but tested also for photolithography): CNTs grinding
experiments were carried out in a planetary ball mill apparatus (Retsch Ball Mill Type PM
100). In the case of planetary ball milling, which is usually used for mechanical alloying of
materials in powder form in dry environment, compact layers of powders are often formed
on the balls and the jar walls (4). Therefore, we choose to grind CNTs in the liquid
environment. We choose low energy ball milling and a ball from zirconium oxide with a 3
mm radius to avoid the influence of increase of balls temperature which is increasing with
ball diameter and rotational speed. For example, from the study of Kwon et al. can be
derived that 3 mm iron balls with a rotational speed from 200 rpm to 500 rpm may have a
temperature from about 30°C to 50°C while 5 mm steel balls under the same speeds may
have approximately two times higher temperature (5). The capacity of the zirconium oxide
impregnated jar container was 250 ml. We have processed standard batches consisting of 3
mm zirconium oxide balls, distilled water (Aqua purificata Ph. Eur. Reactolab SA) and CNTs in
40:20:1 mass ratio in 250 ml zirconium oxide-lined jars. Volume of liquid in the milling jar
was kept constant, as well. The diameter of zirconium oxide balls (Schieritz & Hauenstein
AG) were chosen to be 3 mm also in order to increase balls’ surface and to maximize the
number of contacts between balls and CNTs and enhance grinding efficiency. Milling times
were varied between 1 to 6 h and the speeds between 200 to 600 rpm.

Characterization of CNTs after cutting: The effect of ball milling on the CNTs length
was analysed by Scanning Electron Microscopy (SEM, Philips XL 30 FEG operated at 30 kV).
The length distributions of CNTs upon grinding were derived from SEM micrographs. CNTs
characterization was performed by Transmission Electron Microscopy (TEM, Philips CM20
operated at 200 kV), while the tube ends morphology of ball milled CNTs was studied by
high resolution TEM (HR TEM, Philips CM300).

Raman spectroscopy: The quality of CNTs upon cutting was studied by Raman
spectroscopy. It was performed using the 488 nm line of an Ar ion laser (Koheras GmbH) as
an excitation source. The laser beam was focused onto the sample by a long working
distance objective (20X Mitutoyo Plan Apo SL Infinity-Corrected). The same objective was
used to collect the Raman backscattered light which was then coupled to an optical fibre
connected to the input of a MicroHR spectrometer (HORIBA Jobin Yvon). A holographic
notch filter (Kaiser Optical Systems) was placed between the fibre end and the spectrometer
entrance slit to block out the Rayleigh scattered light. All of the spectra were collected at
ambient temperature. The spectra were recorded using the Synerl]Y software (HORIBA Jobin
Yvon) with the cosmic-spikes-removal routine enabled. Three consecutive acquisitions for
each spectrum were performed in order to filter out the cosmic spikes. Several spectra at
different positions were recorded for each sample in order to minimize the effects of
structural inhomogeneities. The spectra were then normalized to the G-band (~ 1580 cm™)
peak intensity and averaged.
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3.2 CNTs-SU8 composites

3.2.1 Composites 1
Preparation

At room temperature, Epon™ Resin SU8 (manufactured by Hexion Specialty
Chemicals) is in the form of solid chunks with sizes up to one centimetre. Dissolution of SU8
is often very slow due to the large size of SU8 solid pieces. Therefore, in order to facilitate
dissolving of SU8, we have mechanically ground SU8 until powder. In order to obtain fine
powder with more uniform particle size, the ground SU8 powder was sieved through
colanders with 500 um, 300 um and finally with 150 um mesh. In this was we had SU8
powder of size less than 150 um.

In order to find solvents that can dissolve SU8, we have tested eight solvents:
gamma-butyrolacton (GBL), propylene glycol methyl ether acetate (PGMEA), methyl-ethyl
ketone (MEK), acetone, benzene, 1-methyl-2-pyrolidone (1M2P), N,N-Dimethylacetamide
(NNDMAA), and distilled water. From tested solvents, five were found to be suitable for
Sus.

For the composites preparation, CNTs were first dispersed in solvents followed by
48h vigorous stirring. The quantity of MWCNTs in composites 1 was fixed at 5 wt% in
respect to SU8. Afterwards, small quantities of fine SU8 powder were added regularly under
vigorous stirring. After dissolving all SU8, the photoinitiator (Pl) for the polymerisation from
the family of triarylsulfonium salt (Dow Chemical) was added to the suspension of CNTs in
SU8 and solvent, in order to obtain UV photosensitive composite materials. The schema of
preparation of CNTs-SU8 composites 1 is given in Figure 3.1.

CNTs SU8 powder Photoinitiator (PI)
N \
P @ z /\ 4 L Z 7
/ - / = , —
‘@ ¢ ! \ g \ / \
€ ‘¥ - "y = v, =
@ @ € AN / \ / N\ |
Solvent Sonication of CNT- CNTs dispersed in Slow adding Qf
solvent solution solvent SU8 powder with
long stirring

Figure 3.1: Schematic drawing of preparation of CNTs-SU8 composites 1.

All the Composites 1 were prepared by using the above-presented procedure. Two
types of CNTs were implemented: (a) purified and dried by heating and (b) purified,
functionalized and dried by heating. In the following, the first and the second group of
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composites 1 will be referred to as composites 1IN (non-functionalized CNTs) and
composites 1F (functionalized CNTSs), respectively.

3.2.1.1 Characterization of composites 1
(A) Samples preparation for indentation testing and microtome

The first step in sample preparation was pouring composite into suitable molds,
followed by soft baking on a hot plate at 95°C for 24 h in order to evaporate the solvent.
Polymerization was achieved by thermal cross-linking by heat treatment at 150°C. For the
nanoindentation measurements, samples were finally polished to the final thickness of
more than 100 um - to avoid substrate effect in indentation. The non-reinforced SU8 sample
(control) was prepared using the same procedure.

Samples characterization

Nanoindentation: Since SU8 is mostly used in the form of thin films in the field of
microengineering, we focused on mechanical properties of the SU8 surface. The Young’s
modulus (Ey) and hardness (H) were deduced from nanoindentation measurements using XP
(Nanolnstrument Inc.) in the conjunction with the specialized software, TestWorks®4. The
technique is based on pushing an indenter tip into the tested material, where both elastic
and plastic deformations occur. When the indenter is withdrawn from the material, the
elastic deformation is recovered. The loading and unloading force on the sample can be
plotted as a function of displacement into the sample’s surface. This kind of plot, usually
called load-displacement curve, allows the determination of Ey and H of the material using
the Oliver-Pharr theory (6). The XP indenter used in this measurement operates in the
continuous stiffness measurement (CSM) mode. A Berkovich-type three-sided diamond
pyramidal tip is used. The force and displacement resolutions are 50 nN and 0.02 nm,
respectively. The maximal displacement was 2000 nm. The mechanical uniformity of the
samples was tested by 25 indents for each material.

Microtomy: In order to characterize homogeneity of the composites, thin slice (40-
80 nm) were prepared by room temperature ultra microtome (Diatome diamond knife ultra
45°). Microtome slice were placed on the TEM grid and afterwards studied by TEM (Philips
CM20 operated at 200kV).

The structural characterization of the composites was performed on the fractured
samples by HR SEM.

(B) Samples preparation for other characterizations

Composites were spin-coated on float glass wafer cleaned by oxygen plasma
treatment. To evaporate solvent we perform soft baking on a hot plate at 95°C. Afterwards
samples were exposed to UV light to induce polymerization, which was completed by a
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post-exposure baking at 95°C. The photo-patterned structures were then developed and
lifted-off by dipping in PGMEA solution. Finally, lifted samples were hard bake at 150°C.

Samples characterization

Impedance: Composites homogeneity was characterized by impedance
spectroscopy using a precision impedance analyser (Agilent 4294A) operating in the
frequency range from 40 Hz to 110 MHz. The samples had area about 2 cm?.

Resistivity as a function of temperature: Resistivity was measured in a standard 4-
point configuration using Keithley K2400 current sources and K2182 nanovoltmeters. The
sample current was adjusted during the measurement in order to minimize Joule heating.
Current reversal was used to counter thermoelectric or other parasitic effects. The
resistivity measurements were carried out in a He bath cryostat in the 4.2-300 K range.

Thermoelectric power as a function of temperature: For the measurement of the
Seebeck coefficient we glued two ends of the sample on SMD chip resistances, which were
used as heaters, mounted on thick copper wires at a distance 1 mm from each other. AN E-
type differential thermocouple was glued to the two heating elements in order to determine
the temperature difference. Different currents were applied to the heaters, and two
Keithley K2182 nanovoltmeters measured the thermal voltage on the sample and the
differential thermocouple. Linearity was verified and the thermoelectric power of the Au-
sample-Au thermocouple was determined from the slope of the thus obtained curve. It
must be noted that at signal levels our samples produce, it was necessary to correct
measured values for the absolute thermoelectric power of the measuring wires. The latter
was determined by measuring the thermopower of a known standard, a high purity lead
sample. Data evaluation was done using the statistical package R. The thermoelectric power
measurements were carried out in a He bath cryostat in the 4.2-300 K range. The
thermopower was measured in a closed cycle refrigerator with minimum temperature 12 K.
Cooling rate was 0.5 K/min, controlled by a Lakeshore 331 controller.

3.2.2 Composites 2
Preparation

Preparation of CNTs-SU8 composites 2 is a simple 3-steps process which is given as
schematically drawing in Figure 3.2. Firstly, CNTs and surfactant were added in SU8 solution.
Subsequent sonication with the use of a high-energy sonication finger yielded well dispersed
CNTs in the SU8-solvent-surfactant solution. At the end, as the 3" step, Pl was added into
the previously obtained CNTs suspension to obtain the final formulation of the
photosensitive composite.
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In order to disperse CNTs in SU8 solution, several different surfactants having
different concentrations were tested [MM1]. The best results were obtained for two of
them, herein referred to as surfactant 1 and 2. This technology is now the subject of patent
application. Therefore, more technological details concerning the procedure for dispersing
CNTs can be obtained from the Technology Transfer Office of EPFL.

Moreover, we also tested two types of Pls, i.e. in the liquid and solid state. The PI
containing mixed Triarylsulfonium hexafluoroantimonate salts in propylene carbonate,
referred to as “old PI”, is the most often used Pl for SU8 cross-linking. Therefore we also
decided to use it for CNTs-SU8 composites. Since the overall curing process is mostly
affected by the Pl and its nature (see Chapter 2), we decided to test the photolithographic
process of CNTs-SU8 composites with the recently developed PI, Tris-[4-(4-acetyl-
phenylsulfanyl)-phenyl]-sulfonium-tris (trifluoromethanesulfonyl) methide, referred to as

I”

“new P1”, which has not been used for processing of SU8 resin until now. The particularity of
this new Pl is that it is available in solid form without any additional solvents and does not
contain antimony, which is a toxic chemical element. This latter feature might be very

important for some applications, in particular bio-medical ones.

Any modification of dispersion and any interaction of Pl with other components in
the composite may easily influence and even prevent polymerization. With the liquid “old
PI” polymerization was possible with surfactant 1. With the solid “new PI”, polymerization
was possible with both surfactants, 1 and 2.

CNTs + PI
surfactant
N\
@ ’
P = -/ a
<
ap ¢ , N
@ ¢« P ;-
P P A !
Sonication of CNT- CNTs dispersed in
SU8 in solvent SU8-solvent- SU8-solvent-
surfactant solution surfactant solution

Figure 3.2: Schematic drawing of preparation of CNTs-SU8 composites 2.

Especially for the inkjet printing applications, composites 2 were prepared with cut
CNTs and these composites are in this thesis denoted as composites 2C (meaning
composites 2 with cut CNTs).

53



3.2.2.1 Characterization of composites 2
(A) Samples preparation for microtome and thermal conductivity

The first step in sample preparation was pouring composite into suitable moulds,
followed by soft baking on a hot plate at 95°C over 24 h in order to evaporate solvent.
Polymerization was achieved by thermally cross-linked by heat treatment at 150°C.

Microtomy: In order to characterize homogeneity of the composites, thin slice (40-
80 nm) were prepared by room temperature ultra microtome (Diatome diamond knife ultra
45°). Microtome slice were placed on the TEM grid and afterwards studied by TEM (Philips
CM20 operated at 200kV).

The structural characterization of the composites was performed on the fractured
samples by HR SEM.

Thermal conductivity as a function of temperature: Figure 3.3 shows the
experimental setup for measurements of thermal conductivity of small samples. The heater
was connected to one end of the sample, whereas the differential thermocouple was
positioned on the sample to determine the heat-flow-induced temperature gradient. The
biggest challenge is the precise determination of the latter since although the power
dissipated in the heater can be measured with precision, there are several parallel paths for
the heat to be dissipated. To minimize the error, we connect a stainless steel slab between
the sample and the heat sink, and measure the temperature gradient on it as well.

Assuming that the heat flow is same across the sample and the reference (stainless
steel), we can determine the thermal conductivity of the sample, k sampie, With the formula:

AT steel Gsteel
K =K . . 3.2
sample steel ATsample Gsample ( )
where Ggeel and Gsample denote the respective geometrical factors. This method gives much
more reliable results than the direct & sample Calculation based on the heat dissipated in the
resistor, which combines the measured temperature gradient with the sample’s geometry:
AQ1 x

Ksample = 3 2 a7 (3.3)
The reason is that the electrical connections to the resistor form a parallel heat conduction
pathway, thus leading to a wrongly inflated thermal conductivity of the sample. This can
lead to incorrect data, as illustrated by the two figures given in Figure 3.4.
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Figure 3.3: Photograph of the experimental setup for thermal conductivity measurements of small

samples.
stee,
= [To)
o
o Q| ' i
q AN | 3
~ O —~ L]
X Y o *
E E 5 .
~ 1 ~ ® -
B 2ol %
2 5 § AP
a4 2 .
e ! o _|
- ™ -
S+ ¢ ——
© w _|
? ~ g
T T T T T T T T T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Temperature (K) Temperature (K)

Figure 3.4: The left panel shows the thermal conductivity of a CNTs-SU8 composite with non-
oriented tubes calculated by the differential method. The right panel shows the thermal
conductivity obtained for the same dataset, using the direct calculation. The huge
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apparent increase around 30 K is due to the increase of heat loss via the copper leads of
the heater resistor.

(B) Samples preparation for other characterizations

Composites were deposited on glass slides by pulling the “doctor blade” over the
substrate surface (Fig. 3.5 (a)). Glass slides were previously cleaned by sonication (sonication
bath). Firstly, cleaning was performed in ethanol, then, in acetone, and finally in
isopropanole, which was removed by a stream of nitrogen from the nitrogen gun. To
evaporate the solvent, we performed soft baking on a hot plate at 95°C (Fig. 3.5 (b)).
Afterwards samples were polymerized, either by heat treatment at about 150°C or by
exposure to UV light, followed by subsequent post-exposure baking at 95°C in order to
complete the UV light-initiated polymerization (Fig. 3.5 (c)). In the first case, obtained
samples were thin films deposited on glass with typical dimensions 2x1 cm (Fig. 3.5 (d)). In
the second case, the photo-patterned structures were developed and lifted-off by dipping in
PGMEA solution. Finally, lifted samples were hard baked at 150°C.

doctorblade
\."

(a) Composite glass substrate '-composite
deposition : Pl (c) Polymerisation ——

(heat or UV+heat)
SRR I O N O S A

heating
(b) Solvent

evaporation Test sample
FLiibd3tgqg e y

heating

Figure 3.5: Schema of the sample preparation for characterization of composites 2.
Samples characterization

Nanoindentation: As already mentioned, SU8 is mostly used in the form of thin films
in numerous domains of microengineering. Therefore, we focused on mechanical properties
of the SU8 deposits on flat surfaces. The Young’s modulus was deduced from
nanoindentation measurements carried out on the same apparatus and in the same way like
explained above for nanoindentation of the composites 1.

Four Point Resistivity Measurements: In order to measure the electrical properties
of CNTs-SU8 composites 2, we did 4-point resistivity measurement using the setup shown
schematically in Figure 3.6. In this way, resistivity can be measured by passing a current
through the outer probes and measuring induced voltage between the inner probes.

In order to observe if there is some change in the CNTs network rearrangement
during the standard photolithography processing steps (see following), 4-point resistivity
measurement was done before and after SU8 polymerization. We also performed 4-point
measurement for the composites 2, which were prepared with and without PI. All these
measurements were carried out at room temperature.
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Figure 3.6: Scheme of the setup for four-point resistivity measurements.

Resistivity as a function of temperature: Resistivity was measured as previously
explained for composites 1.

3.2.3 Composites 3

Preparation

For preparation of composites 3, CVD grown oriented CNTs were used in the as-
height corresponds to the

”

grown form of “carpets” having ~250 um height (the “carpet’s
CNTs length). Impregnation of the “carpet” by SU8 was obtained using traditional drop-wise
method at room temperature by adding SU8 (GM1040 from Gersteltec) containing 40 wt%
of SU8 and 60 wt% of solvent. Subsequently, impregnated carpets were soft-baked at 95°C
over at least 10h, followed by baking for 2h at 120°C to 150°C in order to cross link SUS8.

Characterization

Structural homogeneity of samples, and distribution and alignment of CNTs in the
composites 3 were characterised by SEM, HR SEM and TEM. The samples for TEM were
prepared by room temperature ultra microtome (Diatome diamond knife ultra 45°).

Thermal conductivity as a function of temperature: The thermal conductivity was
measured in the direction of the CNTs alignment and perpendicular on it. The measurement
was performed as previously explained for the composites 2.

Resistivity as a function of temperature: Resistivity was measured in the direction of
the CNTs alignment and perpendicular on it, in the same way as previously explained for
composites 1.

3.3 Processing techniques

3.3.1 Photolithography

Photolithography process for patterning of composites 2 and 2C was carried out in
Clean room at Centre for Micronanotechnology (CMI, EPFL, Lausanne) as follows:

1- substrate wafer (quartz, float and Pyrex) cleaning by oxygen plasma etching (Tepla 300)

2- spin-coating on manual coater for negative resists (Sawatec LMS200)
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3- soft baking at 95°C on hot plate (Accu-Plate)
4- UV-exposure (Siiss MA6/BA6, double side mask aligner and bond aligner)
5- post-exposure bake at 95°C on hot plate (Accu-Plate)

6- development first in PGMEA bath, followed by isopropanol (IPA) bathe and drying (Plade
Solvent, photolithography wet bench)

Stripping has additional processing steps. Before composite spin-coating, sacrificial
layer (special product provided by Gersteltec) was deposited on (previously cleaned) wafer
by spin coating (Siss RC8). After subsequent soft baking (Siiss RC8), standard
photolithographic steps (from 2 to 6) were carried out. In the last step, development,
composite structures were lifted of from the supporting wafer, due to desolving of sacrificial
layer. Free stending stractures were carefully collected from the solution, deposited
between two previously cleaned glass slides and then baked in order to dry them.

In order to optimize some processing steps (soft baking, UV-exposure and post-
exposure bake) we needed to perform following measurements:

Thermogravimetric analysis (TGA): This technique measures the change in weight of
a sample corresponding to the change of temperature or to the isothermal process. In our
study we focussed on the thermal process which consisted of heating from room
temperature to 95°C (what is the standard SB temperature for SU8 formulations with GBL as
a solvent), isothermal process on 95°C for 30 minutes, followed by heating up to 600°C. All
TGA measurements (Mettler Toledo TGA/SDTA 851e) were performed in air.

Differential scanning calorimetry (DSC): This method vyields peaks related to
endothermic and exothermic transitions and shows changes in heat capacity. The DSC
method consists in supplying energy at a varying rate to the sample and the reference, but
in such a way that their temperatures stay equal. The output of DSC measurements is the
supplied energy as a function of temperature. The peaks enables finding of the glass
transition temperature, T, which is taken as the temperature at which half of the increase
in heat capacity has occurred. Moreover, the areas under the peaks can be directly related
to the enthalpic changes quantitatively.

Ultraviolet and visible (UV-vis) absorption spectroscopy: This method measures the
absorption as a function of the wavelength in the ultraviolet-visible spectral region.

3.3.2 Inkjet printing

Inkjet printing of composites 2C was carried out at LMIS1 lab (EPFL).

Inkjet Setup: The inkjet console consisted of a JetDrive Il inkjet controller, a
pneumatics console (CT-PT-01), and the JetServer software interface (Microfab Inc., Plano,
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TX). All equipment was obtained from and integrated by Microfab’s European distributor:
Altatech Semiconductor (Montbonnot-Saint-Martin, France).

Inkjet Nozzle: The CNT-SU8 was printed with an 80 um diameter microfab inkjet
nozzle (MJ-AT-01-080, Microfab Inc.). The nozzle was heated to 70 °C to reduce the viscosity
of the SU8 sufficiently for printing. A back pressure of 1.4 psi was applied using the
pneumatics console to prevent the CNT-SU8 meniscus from wetting the entire surface of the
nozzle. Before and after use, inkjet nozzles were cleaned in an ultrasonic bath while filtered
acetone was aspired through the nozzle. Before use, the inkjet nozzle was dried by passing a
constant stream of filtered air through it from the pneumatics console.

Waveform: A biphasic trapezoidal waveform was used for the SU8 printing. The
following time and voltage coordinates denote the 6 key vertices of the waveform [us, V]:
[0,0] [3,80] [12,80] [18,-70] [58,-70] [61,0]. Printing was stable at frequencies from 1 — 10
Hz, as well as 50, 100, and 200 Hz.

Patterning: Collections of single droplets and lines were printed by moving a
substrate under the fixed inkjet head. The X and Y motions were provided by two motorized
Thorlabs MTS50/M stages (ThorLabs GmbH, Germany). The stages were moved at a
constant speed of 1 mm/sec, with droplet spacing being controlled by the print frequency.
In order to print lines, the stage was heated to 100 °C to enhance solvent evaporation and
prevent axial liquid transport along the line, which resulted in the formation of beads. Glass
microscope slides were used as a printing substrate. All slides were rinsed with isopropanol
and dried in an N2 stream to ensure cleanliness. Overhead transparencies were cleaned
under an N2 stream and used as flexible plastic substrates (3M Inkjet printing transparency
film CG3460, 3M Suisse SA, Ruschlikon, Switzerland). The inkjet printed SU8 patterns
(droplets and lines) were imaged using a Nikon Eclipse L200 microscope under 5x, 10x, or
20x maghnification (Nikon AG, Switzerland). Images were acquired using a Nikon Digital Sight
DS-5M camera and Nikon Digital Sight DS-L1 viewing screen (Nikon AG, Switzerland).

Characterization

Contact Angle Measurements: Contact angle measurements were performed by
micropipetting 1 to 5 pL volumes of the desired liquid sample onto a glass microscope slide.
The edge of the droplet was imaged in diascopic illumination with a machine vision camera
(Toshiba Teli CS8630Ci CCD camera, Tokyo Electronic Industry Co. Ltd., Japan) with a 5x lens.
Using a frame grabber, Images were saved as .bmp files for subsequent analysis. Over 12
measurements were made for each liquid, and the contact angles measured did not vary
with the hand-pipetted volume. The contact angles were measured from the .bmp files
using the DropSnake contact angle measurement plugin for ImageJ (7). The plugin uses a B-
spline snake approach (active contours) in which the user defines the initial contour of the
droplet. Through supervising student researchers, the measurement variability between
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users was estimated at up to 3°. The measurement errors calculated by the individual
researcher analyzing the contact angles in this work were consistently under this value.

Sheet resistance: For our one layer inkjet-printed structures, the sheet resistivity
was determined by the 4-contact Van der Pauw method, since the samples could be
considered as two-dimensional (i.e. much thinner than wide). The measurement was done
on circular drops using a probe station with 4 metallic needles, at first touching the native
surface, then polishing the sample surface to expose the bulk. About ten samples were
measured in top-contact geometry for each CNTs concentration.

3.3.3 Screen printing

The screen printing process was carried out using a homemade setup and as well a
commercial machine for standard fabrication (LPM lab at EPFL; the machine model: Aurel
C900 Mod; the machine type: semi-automatic, with optical positioning and manual
adjustment knobs). Standard screen printing was performed on an alumina substrate with
composites 2 containing 3 wt%, 5 wt% and 10 wt% of CNTs in SU8 under different squeegee
force and printing speed. In order to print on nonstandard substrates the homemade set-up
was used. To be precise, rod coating of composite pastes through the stencil pattern was
carried out on glass slides, on commercial Xerox paper (80 g/m?) or on absorbent fabric
(standard cleaning tissue in chemistry labs). Printed composite layers were dried on 90°C,
followed by SU8 cross linking (by UV exposure and baking at 120°C or by thermal treatment
at 150°C).
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Chapter 4
Optimization of properties

of CVD-synthesised CNTs

4.1 Optimization and insight into the CVD synthesis of CNTs

Over the last two decades, CNTs have become a subject of extensive research
because of their very attractive electrical, mechanical and thermal properties (1). However,
even today, the detailed mechanism of their growth is not fully understood. Elucidating the
growth of CNTs still remains the challenge and necessity for the scientific community and
the industry. To increase industrial applications of CNTs, the mass production of high-quality
CNTs (with the precise control of their diameter, chirality and length) is urgently needed.
One of the techniques which are considered as suitable for such large scale production is
CVD (see Chapter 2). The CVD synthesis method uses the decomposition of a carbon-
containing gas over a supported catalyst. Large scale production of CVD CNTs for possible
wider applications can be made from powders of supported catalysts, which consist of a
high-surface-area material that serves as a support on which an active catalyst is deposited.

Since the CVD synthesis enables large-scale production of CNTs, CVD-synthesised
CNTs are often considered to be the best candidates for reinforcement of polymers (2), with
the aim to improve their electrical, thermal and mechanical properties. However, the
properties of CNTs strongly depend on their quality. Moreover, better mechanical
properties of CVD-synthesised CNTs are observed for CNTs with smaller diameter (3). In fact,
CNTs produced by CVD with diameters below 11 nm reveal the elastic modulus close to the
“ideal” value of 1TPa, which was found for CNTs synthesized using the arc-discharge method
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(3). Therefore, one of the aims of this work was to tune the CVD CNTs synthesis towards
high structural quality and enhancement of CNTs fraction with smaller diameter.

Over the last twenty years, many studies have been made on the different aspects of
the CNTs growth. Theoretical studies of Bolton’s group showed that the catalysts’ metal
cluster size determines the diameter and quality of tubes (4). The characteristics of CNTs
critically depend also on the synthesis temperature (5). Moreover, the nature (composition)
of metal clusters determines the chirality distribution of tubes (6) and the type of growth
(either ‘bottom’ or ‘tip’), throughout the diffusion rate of carbon and carbon-metal
adhesion, respectively. Lots of studies were done in order to determine factors that define
CNTs diameters. In particular, it was shown that CNTs’ diameters depend on the catalyst size
(7; 8) and/or on the flow rate of hydrocarbon (9). The CNT growth and quality are strongly
influenced by the catalyst chemical state, morphology and catalyst-substrate interaction
(10). The role of precursor gases on the catalyst behaviour and activity was studied as well
(9; 7; 11). Due to development of the characterization techniques in recent years, especially
electron microscopy, more studies have been made on catalyst dynamics during synthesis
(12) and state of the catalyst during tube growth (13). Majority of these experimental
studies were done on flat substrates as a support, facilitating the study on size and structure
of catalyst precursors by means of surface experimental techniques.

Supported catalysts suitable for mass CVD synthesis are usually in powder form. It is
generally considered that catalyst metal nanoparticles are generated on the support by in-
situ reduction of the appropriate metal salts, which serve as the catalyst precursor. The
preparation of such a precursor is usually from a solution containing transitional metal salts,
base and support (typically alkaline or rare earth alkaline metal oxide) in a powder form or
by sol-gel methods (14). In other words, the catalyst precursor is prepared through ‘wet’
chemical process by nucleation and precipitation from solution. Under such preparation
conditions we may have very large variation in size and chemical composition of the catalyst
precursor depending on small changes of process parameters. This fact is very important
since size and composition of the precursor directly determine size (and composition in the
case of bimetallic catalysts) of the final catalyst formed in situ. This means that to be able to
control the quality and diameter of mass produced CVD tubes, we need to understand the
process of precursor formation and how the support’s nature influences this process. Most
of the modern surface techniques cannot be applied to the study of the precursor for
supported powder catalysts because of the support’s particulate nature, required for large
scale production, and the low content of metal (typically a few weight percent with respect
to the support). That is one of the main reasons why there is a lack of studies on the real
CVD catalyst precursor preparation with powder support.

Therefore, in this work, we studied the influence of support’s nature on structure
and size of the catalyst precursor. Additionally, we investigated how small changes in some
parameters (temperature, basic environment, duration of the treatment and drying process)

62



influence the formation of the CVD catalyst precursors on the powder support. As a
support, we used CaCOs, since it was previously shown in our group that this support
enables simple, one-step purification process with non-oxidizing acid and thus, prevents
CNTs from damage of and surface modifications in purification steps (14). Quite a number of
studies have shown that bimetallic catalysts exhibit higher reactivity towards CNTs synthesis
(15). Furthermore, a previous study in our group demonstrated that for iron-cobalt bimetal
system, the iron to cobalt stoichiometric ratio of 2:1 showed the highest activity (16).
Consequently, in this work, we studied: (i) the CaCOs catalyst support, (ii) the methods for
preparation of the Fe-Co catalyst precursor, (iii) the obtained catalyst precursor size and
morphology, and (iv) their correlation with the catalysts drying methods (i.e. freeze drying
and drying on a hot plate). Moreover, we finally characterized the obtained CNTs to assess
their diameter distributions and quality, as well as the correlation of CNTs diameters with
catalyst precursor sizes. We observed significant variations of sizes and structures of the
catalyst precursor and tried to understand the reasons of these phenomena.

4.1.1 Support

The main function of CaCOs is to serve as a support for the catalyst precursor, thus
providing separation of the latter in the particulate form (instead of films on the flat
substrate supports). The catalyst precursor is prepared through ‘wet’ chemical process by
nucleation and precipitation from solution. Generally, it is preferred that these processes
occur on the surface of the calcite support. However, the non-prepared calcite surface is not
really suitable for docking iron or cobalt. In fact, for the CaCOs3 polycrystalline powder, the
usually exposed facets are neutral, like (1 0 4), shown in Figure 4.1 (a). Clearly, these facets
are not good docking surfaces. The best docking surfaces of calcite are the completely
positively or negative charged surfaces (0 0 1), that are shown in Fig. 4.1 (b) and (c),
respectively. Looking at the unit cell, there is also another such polar surface: (-1 0 2).
Nevertheless, this surface is less preferred than (0 0 1) because of the tilted carbonate.
Analogous situation occurs also for the polar facet (0 1 2). All the other calcite surfaces are
less polar and not good for docking metals. Unfortunately, the preferred charged (0 0 1)
surface for docking is not usually exposed, and thus, has to be “created”, e.g. by grinding.

Therefore, we ground Fluka calcite powder to “create” polar surfaces suitable for
docking of metals. We also wanted to test if the creation of polar CaCOs; surfaces plays a
significant role in catalyst precursor precipitation onto calcite powders. To this end, we used
additional calcite powder (Calofort U), without any mechanical modification of its surface.
Thus, we used two calcite powders, with different surface properties: ground Fluka and
Calofort U. To eliminate the influence of the specific surface area (Sger — determined via the
BET method), Fluka calcite, with an intrinsically low specific surface area (Sger < 1 m?/g), was
ground under such conditions that both calcite powders revealed comparable specific
surface areas. Thus, the final Sget values were of ~18 mz/g for both calcite powders.
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(b) (c)

Figure 4.1: The usually exposed (1 0 4) surfaces of calcite are neutral (a). The completely positively
Ca’*- terminated (b), or completely negatively COs* -terminated (c), charged (0 0 1)
surface of calcite. The yellow dotted lines on the top of each figure indicate surface, while
Ca, C and O atoms are marked in blue, white and red, respectively.

(b)

Figure 4.2: HR SEM micrographs of two calcite powders: Calofort U (a) and ground Fluka (b), pointing
to the different surface morphologies: smooth for Calofort U (a), and with steps and kinks
for ground Fluka (b).

The HR SEM micrographs of Calofort U calcite (Fig. 4.2 (a)) and ground Fluka calcite
(Fig. 4.2 (b)) can give information about powders surface structure and shape. Calofort U
with more regular shape and surface did not show defects observable with this technique.
By grinding the Fluka calcite we introduce local surface distortion visible in HR SEM
micrographs as defects, steps and kinks (Fig. 4.2 (b)). This distortion of the lattice and
extended defects represent localized charge imbalances and highly reactive sites. In
addition, probably therefore surface of ground Fluka in aqueous solution hydrate
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(CaCO3xnH,0) what makes it unstable under the first electron beam exposition, while

Calofort U appears to be rather stable under the same conditions.

el R I T —— T

Figure 4.3: Scanning electron micrographs of the Fluka calcite: ‘as received’ (a) and after grinding in

a planetary mill (b). The size reduction by grinding can be seen.

Figure 4.3 shows that the particle size has been efficiently reduced by grinding. The

primary particle sizes of the calcite powders were derived from TEM micrographs. Example
TEM micrographs are shown as inserts in Fig. 4.4. As can be seen in Figure 4.4(a), the
ground Fluka CaCOs; had average particle sizes around 50 nm, with a narrow size
distribution. In contrast, as can be seen in Fig. 4.4 (b), Calofort U calcite had primary particle

sizes slightly larger than Fluka powder, with a broader size distribution.
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Figure 4.4: The primary particle size distribution of the calcite powders: ground Fluka CaCOs; (a) and
Calofort U (b), ((b) was reproduced from the MSDS of Calofort U calcite). The inserts show
example TEM micrographs of the corresponding calcite powders.
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The secondary particle size distribution of calcite powders was measured in aqueous
suspension by DLS. The first measurement was done immediately after preparation. The
particle size distribution of the calcite powder agglomerates (depicted by the red curves in
Fig. 4.5) indicates that the Calofort U calcite has wider distribution (Fig. 4.5 (b)) than the
ground Fluka calcite (Fig. 4.5 (a)). The second measurement, performed five minutes after
the first one, showed that the size distribution changed for the Calofort U calcite, while it
remained almost the same for the ground Fluka calcite (depicted by the blue curves in Fig.
4.5). Results show that the ground Fluka calcite powder in agqueous suspension is stable
against further agglomeration, while the Calofort U calcite is unstable under the same
conditions. Such differences might influence catalyst precipitation and the catalyst-
precursor-preparation process longer then few minutes.

ground Fluka
calcite (- gl

Number distribution

0.1 1 10 100
(a) Parlicle diameter (um)

CalofortU
calcite

Number distribution

T T T T T T L | T T T

01 1 10 100
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Figure 4.5: Secondary particle size distribution obtained by laser diffraction for the calcite powders:
ground Fluka (a) and Calofort U (b). The inserts show HR SEM micrographs of the
corresponding agglomerates. The size distributions measured immediately and five
minutes after sample preparation are depicted by red and blue curves, respectively.
Results suggest that the ground Fluka calcite is rather stable against further
agglomerations (a). In contrast, Calofort U calcite reveals a strong tendency towards the
further agglomeration (b).
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Figure 4.6: The XRD spectra of the calcite powders used as a support. The results for the ground
Fluka and Calofort U, are depicted by blue (upper) and red (lower) curves, respectively.

Crystallite size by Scherrer Crystallite size by Williamson- Strain
method [nm] Hall method [nm] [%]
grund Fluka 42.0 57.7 0.66
calcite
Calofort U 62.9 69.8 0.24
calcite

Table 4.1: Crystallite size in (1 0 4) direction calculated by Scherrer method and volume - averaged
crystallite sizes and strains obtain from the XRD data by Williamson-Hall method. The big
difference in the strain values for two calcites points to big differences in their local
deformations. These local deformations are particularly high for the ground Fluka calcite.
Distortions present in the ground Fluka calcite are also indicated by a difference in
volume-averaged crystallite size (the second column) and primary crystallite size in (1 0 4)
direction (the first column).

Powder XRD was used to characterize the crystallographic structure, crystallite size
(grain size), and preferred orientation in powdered solid samples (17). XRD data obtained
for the calcite powders is shown in Figure 4.6 and point to the calcite structure for both
powders. The Scherrer equation (Eq. 3.1) was used to determine the mean crystallite size of
the primary crystallite of calcite in the characteristic (1 0 4) direction (see Fig. 4.1 (a)). The
following mean crystallite sizes were found: 42.0 nm for the ground Fluka calcite and 62.9
nm for the Calofort U calcite (see Table 4.1). Volume-averaged crystallite sizes and strain,
measured by the Williamson-Hall method (17) are respectively 57.7 nm and 0.66% for
ground Fluka calcite, and 69.8 nm and 0.24% for Calofort U calcite. Since strain scales with
the deformation, our results show that the ground Fluka calcite was significantly locally
deformed by grinding. In contrast, marked distortions of the crystal lattice were not
observed for the Calofort U calcite.
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4.1.2 Supported catalyst precursor and synthesized CNTs

4.1.2.1 Fe and Co salts in calcite aqueous suspensions

Chemistry of Fe and Co salts in aqueous solution is considered as extremely complex
due to an enormous number of possible compounds which can form (18). Any additional
component, like support and base, would complicate even more the already complex
system by introducing additional uncertain reaction products. However, even under such
complex conditions, it is necessary to precisely control the precipitates.

In this work, we mixed aqueous nitrates of Fe and Co with the calcite aqueous
suspension and simultaneously added base in quantities required for: either neutral pH or
pH 10, in the case when ammonia and ammonium hydrogen carbonate or triethylamine
were used, respectively. Simultaneous adding of base is essential to avoid calcite
dissolution, because the water solution of iron nitrate is acidic (19). The addition of base and
metal salts to the calcite suspension did not result in the visible release of carbon dioxide
due to possible calcite decomposition.

It is well known that with an increase of pH, the aqua-ions of metals that have basic
or amphoteric oxides generally undergo polymerization and precipitation (20). The most
common example of inorganic polymers are complex polymers formed by Fe(lll) ions, which,
in aqueous solutions, exists as octahedral hexaaqua ions [Fe(OH,)e)** (18). These complexes
appear as monomers, dimers and linear polymers, containing about 90 Fe atoms (20). In
solution with pH>4, at room temperature, this complexes precipitate as gelatinous hydrous
oxides:

[Fe(OH,)e)**(aq) + (3 + n) H,0(I) = Fe(OH); - nH,0(s) + 3 H30*(aq)

The precipitated polymers are often of colloidal dimensions (20). These amorphous
polymers very slowly crystallize to form stable mineral forms. The study of interactions of
calcite in various salt solutions showed that when aqueous solution of iron salt interacts
with a carbonate, the calcite surface become less smooth due to the deposition of
amorphous iron compounds (21). More general behaviour of Fe octahedral hexaaqua ions,
[Fe(OH,)e]**, is the formation of rusty-brown hydroxide precipitate which is forming in the
presence of base, carbonate and ammonia:

30H(aq) 3H,0 (1)
[Fe(OH,)e)**(aq) + <3COs*(aq) Fe(OH)s - nH,0(s) + B H,0(l) +3CO,(g)
3NHs(aq) 3NH,"(aq)

Situation is equally complex for the Co salt as for the presented Fe ones, due to their
almost equal ionic radius. Co salts in calcite aqueous suspension may form various
compounds (22), but in Cobalt (ll) agueous solutions predominantly formed species is the

68



pink octahedral hexaaqua cobalt (II) ion which precipitate in the form of hydroxide. In the
excess of NHs(aq), some hydroxide may dissolve because ammonia substitutes as a ligand
forming yellow-brown octahedral [Co(NHs)g]**(aq) ion, which is unstable and easily becomes
red-brown [Co(OH2)6]3+(aq) (since air oxidises Co(ll) to Co(lll)). Study of adsorption of
divalent metals on calcite showed that 100% of Co could not be absorbed onto the calcite
surface under the studied conditions (pH from 7 to 10) and that maximal Co adsorption onto
calcite surface was about ~75% at pH8.5 (22).

It appears extremely difficult to simultaneous precipitate both Fe and Co at the same
pH value in the calcite aqueous suspension. The recent study of Dr. Stéphane Casimirius
showed that the best results were obtained with triethileamine as the base (unpublished
data of the former member of our research team). Even in this study, however, a slight
partial phase separation was noticed in the form of clear pink liquid traces, which indicated
the presence of Co hydrated ions (Co complex with 6H,0 molecules in the solution). Rarely
observable, opaque pink liquid indicated CoCO; precipitates onto the CaCOs surface, which
was formed due to the Co®" - Ca*" exchange. The other possible complexes of Co with -OH
and H,0, usually recognisable by typical strong azure blue colour, were not observed.

4.1.2.2 Obtained precipitates, their characterisation and synthesized CNTs

Without support: The catalyst precursors were firstly synthesized without support in
order to observe whether the presence of the latter would influence the formation, size and
composition of CNTs. Figure 4.7 shows the catalyst precursor prepared by drying on a hot
plate under the continuous stirring (a), and freeze dried catalyst precursor without support
(b). The latter were amorphous, what was confirmed by lack of diffraction pattern (insert in
Fig. 4.7 (b)).

(a) &

Figure 4.7: TEM micrographs of the catalyst precursor without support obtained by drying on a hot
plate (a) or by freeze drying (b). The insert in (b) is the diffraction pattern of the sample in
micrograph (b) which shows amorphous structure of freeze dried catalyst precursor.

With support: Seven support catalyst precursors, prepared with different supports,
bases, metal salts and drying processes, are all listed in Table 4.2. In order to compare the
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catalyst precursor with corresponding synthesised CNTs, the size and the stoichiometry of
the catalyst precursor are indicated together with the percent of corresponding CNTs up to
11 nm and 15 nm.

CNTs %
ith
, Ctalyst A."erage W
Calcite . diameter | diameter
Cat. base Fesalt | Cosalt | Drying | precursor
support size of CNTs up to
(nm) 11 15
nm | nm
few nm -
1 Calofort ammonia nitrate | acetate hot few 100s 12.8 47 73
U plate
nm
o | Calofort |\ hcos | nitrate | nitrate | Te€2€ | ~S0nmto | o, 31 | 70
U drying ~1 pum
round hot few 10s
3 g ammonia nitrate | acetate nm - few 13.9 35 65
Fluka plate
100s nm
round freeze few 10s
4 gFIuka ammonia nitrate | acetate drvin nm - few 13.7 24 56
ying 100s nm
round 5(?°hc+ few 10s
5 g NH4HCO3 nitrate nitrate nm - few 13.3 40 68
Fluka freeze
. 100s nm
drying
round freeze few nm -
6 g NH4HCO3 nitrate nitrate . few 10s 115 52 75
Fluka drying
nm
7 ground 3 . nitrate | nitrate fre(?ze 21 pum 13.3 35 68
Fluka ethylamine drying

Table 4.2: The table of supports, bases, metal salts and the drying methods of seven studied
supported catalyst. The catalyst precursor sizes vary from nanometres to microns, while
corresponding CNTs have average diameters from 11.5 nm to 13.9 nm (measured for ca.
1300 CNTs per sample). Clearly, the size of the catalyst precursor does not determine the
diameter of corresponding CVD synthesised CNTs. The highest fraction of CNTs with small
diameters (up to 11 nm) was obtained for the catalyst 6, but very similar value was also
obtained for the catalyst 1.

Catalyst 1

Calofort U calcite was used as support for the precursor precipitation from Fe nitrate
and Co acetate induced by ammonia. Sample was dried on a hot plate under the continuous
stirring. The obtained catalyst precursor appears as non-amorphous with particle sizes,
which vary from few nanometres up to few hundreds of nanometres (Fig. 4.8 (a)). Most of
the support’s surface was not covered with the catalyst precursor. The CNTs produced by
this supported catalyst precursor can be seen in Figure 4.8 (b). Catalyst can be seen in Figure
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4.8 (c), as well as amorphous carbon which was covering surface of some CNTs in the form
of additional layer on their surface.

Figure 4.8: TEM micrographs of the catalyst 1 precursor (marked in red) (a), corresponding CNTs (b)
and their catalyst, marked by blue arrows (c). Scale bars are: 20 nm (a) and 50 nm (b), (c).

Catalyst 2

Figure 4.9: TEM micrographs of: the catalyst 2 precursor (marked in red) in (a) and (d),
corresponding CNTs (b) and (e), and their catalyst (marked by blue arrows) (c) and (f).
Some of the CNTs looked well structured (b), but we also noticed and curved and bamboo
tubes (e) and amorphous carbon as well (e). The catalyst particles of irregular shape and
up to hundred nanometres in size could be seen, (c) and (f). Scale bars are: 20 nm (a), (f);
50 nm (b), (c), (d); 0.2 um (e).
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For the catalyst 2, the Calofort U calcite was used as a support for the precursor
precipitation from Fe and Co nitrates induced by ammonium hydrogen carbonate, followed
by subsequent freeze drying. The obtained catalyst precursor showed the lack of diffraction
patterns in TEM micrographs (Fig. 4.9 (a) and (d)), thus pointing to its amorphous nature.
The precursor appears as lumps with sizes ranging from hundred nanometres (Fig. 4. 9 (a)
and (d)) up to micrometers. These lumps were always attached to the support surface by a
very small contact area, suggesting unsuitableness of the calcite surface for docking of Fe-Co
compounds. Some supports were found without any catalyst precursor on their surfaces.
The CNTs produced by this supported catalyst precursor were often quite well-structured
(Fig. 4.9 (b)), but, occasionally, the bamboo — like forms and deformed CNTs were also
noticed, together with amorphous carbon (Fig. 4.9 (e)). Among the catalysts, examined after
the synthesis, catalyst particles with irregular (f) and regular (c) shape and up to hundred
nanometres large could be noticed.

Catalyst 3

Figure 4.10: TEM micrographs of the catalyst 3 precursor (marked by red), (a) and (d), corresponding
CNTs, (b) and (e), and their catalyst, marked by blue arrows, (c) and (f). The synthesised
CNTs were often quite well structured (b), sometimes also big and deformed (e). The
catalytic particles were with different shapes and sizes (c) and (f).

The ground Fluka calcite was the catalyst precursor support prepared with Fe nitrate,
Co acetate and ammonia, followed by drying on a hot plate, under the continuous stirring.
Similarly to the catalyst 1 precursor, this catalyst precursor on the support surface showed a
grain-like structure and visible diffraction contrast with size varying from few nanometres
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up to few hundreds of nanometres (Fig. 4.10 (a) and (d)). Still, the support’s surface without
the catalyst precursor could often be noticed. The CNTs produced by this supported catalyst
precursor were often quite well-structured (Fig. 4.10 (b)), occasionally, however, also big
and structurally deformed (Fig. 4.10 (e)). We also observed large variations of the catalyst
particle sizes (Fig. 4.10 (c) and (f)).

Catalyst 4

Ground Fluka calcite was used as support for the catalyst precursor prepared by
mixing Fe nitrate, Co acetate and ammonia with calcite suspensions, followed by
subsequent freeze drying. The obtained catalyst precursor on the support surface was
difficult to notice due to the poor diffraction contrast (Fig. 4.11 (a) and (d)). The catalyst
particle sizes were in the range from few tens to hundreds of nanometres (Fig. 4.11 (a) and
(d)). The CNTs produced by this supported catalyst precursor were sometimes well-
structured (Fig. 4.11 (b)) and sometimes structurally deformed (Fig. 4.11 (e)). CNTs often
contained more than one catalytic particle (Fig. 4.11 (c) and (d)).

20nm

Figure 4.11: TEM micrographs of the catalyst 4 precursor (marked in red) (a) and (d), corresponding
CNTs, (b) and (e), and their catalyst, marked by blue arrows, (c) and (f). Besides well
structured CNTs (b), some deformed CNTs could be seen as well (e). CNTs were often
containing more than one catalyst along the CNTs’ length (c) or on the CNTs bottom (f).
Scale bars are: 20 nm (a), (d); 50 nm all others.
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Catalyst 5

The precursor of catalyst 5 was prepared by mixing Fe and Co nitrates with
ammonium hydrogen carbonate with the ground Fluka calcite suspension, followed by
continuous stirring at 50°C for 4 h and subsequent freeze drying. The obtained catalyst
precursor often showed the grains typical for samples exposed to long-lasting heating (Fig.
4.12 (a)) but also amorphous nature, like freeze dried samples, (Fig. 4.12 (d)). The CNTs (Fig.
4.12 (e)) were produced in parallel to the by-products which appeared in the form of pallets
and whiskers (Fig. 4.12 (e)). Catalyst was not observed on the top of the CNTs, like usually,
but rather along the tube’s length (c) and (f).

Figure 4.12: TEM micrographs of the catalyst 5 precursor (marked in red), (a) and (d), corresponding
CNTs, (b) and (e), and their catalyst, marked by blue arrows, (c) and (f). Besides CNTs (b),
we observed the synthesis by-products in the form of pallets and whiskers (e). Catalytic
particles were always observed along the CNTs (c) and (f). Scale bars are: 20 nm (a), (d); 50
nm (b), (c), (f); 200 nm (e).

Catalyst 6

The catalyst 6 precursor was prepared by mixing Fe and Co nitrates with ammonium
hydrogen carbonate in the suspension of the ground Fluka calcite. Mixture was freeze-dried
for few minutes after the preparation. As a result, the support was uniformly covered with
the catalyst precursor particles having sizes in the range of 2-10 nm (Fig. 4.13 (a)). The lumps
having sizes of 50-100 nm were very rarely observed (Fig. 4.13 (d)). Numerous CNTs
produced using this catalyst precursor, were well structured (Fig. 4.13 (b)), but some were
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quite deformed and showed the diameter deviation. This was especially visible for CNTs
with smaller diameters. Furthermore, CNTs with small diameters often formed big
entanglements. In addition, some tubes were covered with an amorphous layer or
imbedded in amorphous carbon (Fig. 4.13 (e)). Considering size of the catalyst precursor
(Fig. 4.13 (a) and (d)), the catalyst size was rather large (Fig. 4.13 (c) and (f)).

Figure 4.13: TEM micrographs of the catalyst 6 precursor (marked in red), (a) and (d), corresponding
CNTs, (b) and (e), and their catalyst, marked by blue arrows, (c) and (f). Small particles of
catalyst precursor, typically few nanometres, were uniformly covering support’s surface
(a); (d) is the only noticed example of precursor larger than few nanometres. Besides CNTs
(b), we observed the synthesis by-products in the form of amorphous carbon (e). Catalytic
particles were mostly observed along the CNTs (c) and (f), occasionally on the CNTs’ tops
(c). Insert in (f) shows HR TEM micrograph of catalyst 6 inside the top of CNT even after
standard HCl purification, drying and 6 h grinding at 400 rpm in planetary ball mill followed
by drying and sonication. Scale bars are: 10 nm for insert in (f); 20 nm (a); 50 nm (b), (c),
(d), (e) and (f).

Catalyst 7

The Ground Fluka was the support for the catalyst 7 precursor. The catalyst 7 was
prepared from Fe and Co nitrates and triethileamine, followed by freeze-drying of the
mixture for few minutes. In fact, the only difference between the catalysts 6 and 7 was in
the base used to induce precipitation of Fe and Co compounds. Surprisingly, the resulting
catalyst 7 precursor formed amorphous lumps having microns sizes (Fig. 4.14 (a)).
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Moreover, the catalyst support was either immersed in that lumps (Fig. 4.14 (a)) or having
no contacts with the catalyst precursor (Fig. 4.14 (d)).

Figure 4.14: TEM micrographs of the catalyst 7 precursor (marked in red), (a) and (d), corresponding
CNTs, (b) and (e), and their catalyst, marked by blue arrows, (c) and (f). The parts of
support agglomerates are often completely immersed in amorphous lumps of catalyst
precursor having microns sizes (a) ((a) shows just a part of one typical catalyst precursor
lump), while some support agglomerates are not at all in contact with the catalyst support
(d). Besides CNTs, usually very straight (b) and (e), we did not observe any synthesis by-
products. Catalytic particles were always observed on the bottom of the CNTs (c) and (f).
Scale bars are: 50 nm (c), (e); 100 nm (a), (d), (f); 200 nm (b).

Judging from the TEM observations of CNTs produced from all seven presented
catalyst precursors, the best CNTs were synthesized with the catalyst 7, when the applied
base was triethileamine, and the metal precipitation was maximal. The majority of CNTs
produced from the catalyst 7 were rather straight as compared with typical CVD CNTs (Fig.
4.14 (b) and (e)). Surprisingly, the catalyst size was up to tens of nanometres (Fig. 4.14 (c)
and (f)), what was significantly different than the precursor size (in microns).

Nucleation and precipitation of Fe-Co compounds

Nucleation and precipitation of Fe and Co species may occur on the calcite surface or
in the solution. In particular, the surface of the ground Fluka calcite (Fig. 4.2 (b)) revealed
irregularities (defects, steps and kinks), that exposed metal atoms with low coordination
numbers. These highly exposed, coordinatively unsaturated sites, appear to be particularly
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reactive (20). Significant local distortions of the lattice also imply the localized charge
imbalances. Furthermore, grinding could easily create usually unexposed calcite surfaces
among which could be charged surfaces, like (0 0 1) (Fig. 4.1). As a result, the different sites
on the surface may provide different conditions for precipitation process. Therefore, the
ground Fluka calcite (Fig. 4.2 (b)), with the surface structure significantly different from
Calofort U calcite (Fig. 4.2 (a)), provided convenient conditions for observing the substrate
influence. As expected, the TEM examination of the catalyst precursors revealed that the
contact area between the support and precursor was maximized in the case of the ground
Fluka calcite (Fig. 4.13 (a)) and minimized for the Calofort U calcite (Fig. 4.9 (a)).

Processes of nucleation from pre-existing seeds, nuclei growth, aggregation and
precipitation are classically governed by the energy reduction. Moreover, heterogeneous
nucleation is energetically more favourable then the homogeneous one. If support surfaces
contain surface defects favourable for docking, than precipitation of Fe and Co complexes
on these sites require less energy than their aggregation in the solution. In this case, the
energetically favoured process will be precipitation of metal complexes on the support’s
surface. In other words, if the difference of surface free energy of support and precipitant is
smaller than the difference of surface free energy of solvent and precipitant, precipitation
will be on the supports surface because this reaction would be determine by surface free
energy reduction, or minimization of interfacial energy with solvent in this case. On the
other side, seed growth stage throughout nuclei aggregation requires overcoming a
considerable lower energy barrier then independent generation of free-standing metal
cluster in the solution (23). This goes along with qualitative explanation on the basis of
equilibrium thermodynamics by entropic solvent effects. The release of water molecules
from the hydration layer of ions, caused by cluster formation, result in an increase of
solution’s entropy.

Especially in the case of the catalyst 6, the surface of support’s particles was covered
with catalyst precursor clusters (Fig. 4.13 (a)), what suggests immediate precipitation before
calcite agglomerates emerge. Pre-existing seeds are low molecular weight species
precipitated onto the support’s surface. Nucleation and precipitation onto support are
followed by nuclei growth stage. But, instantaneous freeze drying allows just beginning of
clusters growth without further enlargement and that is the reason for observed small
cluster size (Fig. 4.13 (a)). In the case of ground Fluka dried on a hot plate (Catalyst 3)
smaller cluster species could still be detected, although bigger cluster appeared due to
nuclei growth stage (Fig. 4.10 (a) and (d)). This suggests that during drying on a hot plate
nucleation takes place through cluster aggregation on the precipitated nuclei.

In the case of Calofort U calcite as a support the nucleation and precipitation process
is different. For the freeze-dried sample, the catalyst precursor is of irregular shape, large
size has a tendency to minimize the surface contact area with support along with interfacial
energy (Fig. 4.9 (a)). The size and the shape of precipitant, which matches with precursor
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formed without support (Fig 4.7 (b)), suggest homogeneous nucleation. That would imply
pre-existing seeds growth to clusters, the clusters form aggregates and nucleation takes
place via aggregation of clusters. This process requires lower energy barrier than clusters’
precipitation onto crystalline surface of Calofort U calcite with normally exposed neutral
surfaces unfavourable for docking. Aggregates can still precipitate onto rare defects present
even on so crystalline solid (20). This is going along with the observation that most of the
Calofort U calcite particles are without any precipitant (Fig. 4.9 (d)). This is not the case for
Calofort U calcite dried on a hot plate where size and shape of precursor resemble the case
of ground Fluka calcite under the same drying conditions, what was not expected. To be
precise, larger particles are energetically favoured over smaller particles due to the lower
fractional surface energy (24), but their formation is governed by clusters mobility which
depends of surface structure and temperature. If the surface structure would be
predominant cause, the substrate with relatively rough surface, like ground Fluka calcite,
would likely stabilize metal nanoparticles and prevents their coalescence. Particles would be
then protected from fusing together into bulk metal by surface defects and precursor
particle size would be preserved. Since this is not observed, the major effect on precursor
size and shape in the case of drying on a hot plate has temperature and not support’s
surface structure. Presence of catalyst precursor cluster on most of the support’s particle
suggests that instability against agglomeration, characteristic for Calofort U calcite (Fig. 4.9
(a)), does not affect precursor formation.

The difference in sizes of the catalyst precursors observed while using the ground
Fluka (for freeze- and hot-plate-dried preparations) requires more refined study. It was
necessary to separate influence of temperature on precursor formation from full process of
drying on a hot plate, which includes the changing of concentration from diluted to
oversaturated solution. This is important since the degree of hydratation and
polymerization of Fe (lll) depends on the concentration of the dissolved metal salts and
decrease of the relative amount of water (25). At this point, TEM micrographs of the
precursor of the catalyst 5 indicate that the precursor structure changed towards the
structure observed for drying on a hot plate (Fig. 4.12 (a)). Size of the precursor became
much larger comparing to the precursor of catalyst 6 (without heating) due to particle
coarsening, since their mobility increased with temperature.

Stoichiometry of precipitated Fe-Co precursors

Comparison of the precursors with and without support showed that chemical
structure of catalyst precursor is significantly affected by support’s presence.

The drying method of catalyst precursors with and without support appears to be
important as well. In fact, all freeze dried samples of catalyst precursors with and without
support show the same shape and lack of diffraction contrast (and pattern) suggesting
amorphous or gel-like nature of catalyst precursor. This is compatible with previously
mentioned expected formation of metal hydrous polymers. With such a structure we would
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expect that precipitation have nonuniform distribution of metals stoichiometryc ratio, since
it consists of polymer chains. In order to verify this, the energy dissipative X-ray
spectroscopy (EDX) of catalyst precursors with and without support was performed in the
TEM microscope operating in scanning mode (STEM). Samples without support and with
Calofort U calcite as a support show the same precursor composition, either around Fe;Co;
or around FeCo,. However, for precursor on ground Fluka calcite as a support, Fe:Co
stoichiometryc ratio differs from 0 to 4.

Samples dried on a hot plate show the same shape. The structures observed by TEM
looks the same, but EDX data reveals that catalyst precursor composition on both supports
is the same, around approximately Fe,Co, while without support metal stoichiometryc ratio
vary and consist from approximately Fe;Co,, Fe,Co, FeCo and FeCos.

Inhomogeneity of the chemical composition of the obtained catalyst precursors can
be explained in the fallowing way. As mentioned in section 4.1.3.1, Fe and Co do not
precipitate in calcite aqueous solutions at exactly the same pH values. Therefore, it might be
expected that Fe and Co do not form the stoichiometric Fe,Co compound, even though their
salts were initially introduced in 2:1 ratio. Additional problem in forming Fe,Co present the
fact that Fe-Co phase diagram (26) do not show possibility of formation of Fe,Co compound
in the range of conditions used in our experiments (see Chapter 3). Moreover, Ustinovshikov
et al. (27) studied Fe-Co compounds and showed strong tendency towards phase separation
in their alloys. In fact, Fe and Co ratio of 2:1 was chosen for this study only because one
previous study (16) of CVD CNTs synthesis on these metals showed that the largest CNTs
yieald can be obtained if Fe and Co are introduced in the support suspension in ratio 2:1.
Unfortunately, this study examined only the chemical composition of the catalyst precursor
in the absence of the catalyst support (16). Thus, these findings cannot be associated with
the formation and chemical composition of the catalyst precursor formed in the presence of
calcite support.

Why would Fe-Co bimetallic catalyst be better than monometallic Fe or Co?

The overall catalytic behaviour Fe and Co with respect to CNTs growth seems to be
quite similar. These both metallic catalysts reveal only slightly different carbon-metal bond
strengths and dissociation energies for CNTs from catalyst particles to the capped CNTs’
ends (6). Yet, their combination yields a much higher catalytic activity and more efficient
CNTs synthesis as compared to individual metal catalysts (16). Here, we propose an insight
into this phenomenon, which is based on the compostion nonhomogeneity of the biphasic
catalyst. In fact, we suggest an analogous approach to the so-called multiphasic (28) or
multicomponent (29) catalysts, which contain multiple phases. In such systems, the
different phases “.... cooperate, thus enhancing the catalytic performance with respect to
each component phase....” (29). The different phases might have complementary functions
and activities as reference to various reaction steps (29). In the same manner, our in-situ
formed Fe-Co catalyst might locally form Fe- and Co-rich nano-clusters. These clusters may
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have slightly different functions, due to the small but possibly not negligible differences in
carbon-metal bond strength, support-metal interactions, dissociation energies, diffusion and
precipitation of carbon. As a result, one metal can be more preferential for sorption and
diffusion of carbon, while the other enables carbon precipitation on the catalyst surface and
tubes formation. In this way, the biphasic system, consisting of bimetallic catalyst, would
have higher efficiency than the monometallic catalysts.

Figure 4.15: TEM micrographs of: (a) Fe polymers and the corresponding diffraction pattern pointing
to their amorphous nature (insert); (b) crystalline Co compound surrounded with Fe
polymers and the diffraction pattern from the marked area (insert) (b).

In particular, Kanzow and Ding pointed out on the condition for CNT formation, “...
the effective average kinetic energy Ei, stored per carbon atom on the carbon-metal
interface in one degree of freedom must be greater than the work of adhesion per carbon
atom W,y in the graphitic sheet” (30). On the other hand, the adhesion energies of the pure
metals are temperature dependent (they increase with the temperature increase).
Moreover, the difference between the adhesion energies of Fe and Co increases with the
decrease of carbon fraction in iron group metal carbides, and also with the decrease of
temperature. For example, when the carbon atomic fraction is of 0.50 at 1000°C, the
adhesion energy of Fe is almost zero, while it is ~0.7 J/m? for Co (30). If the carbon atomic
fraction is of 0.75 at the same temperature, the Fe and Co adhesion energies are around 0.1
J/m? and 0.4 J/m?, respectively. Judging from the linear dependence of the adhesion energy
on temperature, at synthesis temperature of our study, 640°C, this difference in Fe and Co
adhesion energies is even more pronounced. Consequently, the effective average kinetic
energy Eyi, stored per carbon atom on the carbon-metal interface in one degree of freedom
would be much greater than the work of adhesion per carbon atom Wy, in the graphitic
sheet in the case of Fe as comparing to Co. That means that CNTs would growth easier from
the Fe clusters than from the Co ones. To test this assumption we performed the following
experiments. Fe and Co nitrates (aqueous) were mixed at room temperature and freeze-
dried. TEM micrographs showed formation of amorphous Fe polymers (Fig. 4.15 (a)) and
crystalline Co compound (Fig. 4.15 (b)).
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On the other hand, the catalyst precursor with the maximum simultaneous Fe and
Co precipitation (obtained with triethileamine as a base) showed pink traces. This pointed to
the presence of Co hydroxide and thus, partial phase separation of metals. Consequently,
such supported catalyst precursor was the ideal candidate to study expected differences in
Fe and Co catalytic activity. We performed rapid, 30-second synthesis processes on such
supported catalyst precursor. As a result, we observed preserved crystals of Co precursor
while CNTs were already growing from Fe catalyst (Fig. 4.16(a), which shows Co precursor
similar to that shown in Fig. 4.15 (b)). Figure 4.16 also shows a rare example of observation
of the graining process of Co precursor on its edges, which is then followed by Co catalyst
formation and subsequent CNTs growth (Fig. 4.16 (c)).

Figure 4.16: TEM micrographs of CNTs obtained after 30 seconds of the synthesis process. (a) The
unchanged Co precursor (like before the CNT synthesis and similar to that shown in Fig.
4.15 (b)). In contrast, the growth of CNTs was already initiated from Fe catalyst. (b) The
edges of Co precursor appear intact, with no traces of CNTs growth, even after 30 sec of
the synthesis process. (c) In the upper left edge, marked by blue arrows, catalyst formation
and activation of CNTs growth can be seen.

Overall, these experiments confirmed different functions of Fe and Co precursors,
thus pointing to the fact that if they form bimetal catalysts, their nano-clusters behave
differently with regard to the CNTs growth. This is similar, in fact, to multiphasic catalysts
where different phases might have complementary functions. Consequently, bimetallic
catalysts can have higher catalytic activity than their monometallic counterparts.

CVD CNTs growth

In Figures 4.8 to 4.14 we have already shown the catalyst particles after the CNTs
synthesis on seven different catalyst precursors. TEM micrographs revealed that majority of
the catalyst particles were either on the top of the CNT or in their middle zone. Surprisingly,
we did not find straightforward correlations between the precursor grain sizes and the final
catalyst grain sizes. For example, the smallest catalyst precursor (few nanometres to few
tens of nanometres) was prepared for the catalyst 6, while the particle size of the catalyst
located inside the CNT was even of 150 nm. On the other hand, the catalyst 7 precursor
was in the form of micron-size lumps, whereas the catalysts particles found inside CNTs had
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sizes around ten nanometres. This unexpected lack of direct correlations between the sizes
of precursors and catalysts point to a more complex CNTs growth mechanism than just a
simple statement that the smaller catalyst precursors vyield smaller catalysts, and
consequently, narrower tubes. To get a better insight into this phenomenon, we thoroughly
studied the catalyst 7. As mentioned before, we reported the biggest discrepancy between
the precursor and catalysts sizes for this catalyst. Thus, we additionally performed the
synthesis of CNTs on the catalyst 7, with the process duration times of 6 min, 4 min, 1 min,
41 sec, 14 sec and 8 sec, with the aim to gather information on the catalyst formation
mechanism. However, this approach appeared to be a quite challenging task due to the very
high CNTs growth rate. In fact, after only 8 sec of synthesis, the burst of CNTs growth could
be observed (Fig. 4.17). Notwithstanding, it was still possible to find some areas with a lower
CNTs density, where the CNT growing root could be observed (Fig. 4.18).

Figure 4.17: TEM micrographs of CNTs after 8 sec (a) and after 1 minute (b) of synthesis on the
catalyst 7. Scale bars are: 50 nm (a) and 0.2 um (b).

Figure 4.18 (a) shows that some of the catalyst particles, although small, were not
consumed for the CNTs growth, but were covered by amorphous carbon. Concerning
relation between the catalyst sizes and CNTs diameters, interesting phenomenon was
noticed in Figure 4.18 (b), where the huge discrepancy between the catalyst size and to the
CNT. Interestingly, both types of the CNT growth mechanisms i.e. “bottom” (Fig. 4.18 (d))
and “tip” (Fig. 4.18 (e)), were simultaneously observed. Surprisingly, in both cases, the
catalyst particles were separated from the support. Sometimes we could also observe
isolated catalyst grains grouped together and separated by carbon or more encapsulated by
carbon, while CNTs were growing from some of them (Fig. 4.18 (d)).
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Figure 4.18: TEM micrographs of: (a) the catalyst 7 particles (marked by blue arrows) embedded into
amorphous carbon; (b) catalyst particle having much larger size than the diameter of the
corresponding CNT; (c) agglomerate of calcite powder (inside the area marked by yellow
line) without catalyst and separate of it are catalyst particles and CNTs; (d) enlarged part
of (c) (marked by green rectangle), where bottom growth of CNTs can be observed; yellow
arrow indicate tip of the growing CNT; (e) tip growth of CNTs, where blue arrows indicate
catalyst particle on the tip of CNTs. Scale bars are: 100 nm (a), (d); 200 nm (c); 0.2 um (b),
(e).

Figure 4.19: TEM micrographs of CaCOs support after 2 h synthesis at 640°C on the catalyst 7. Scale
bars are: 50 nm (c); 1 um (a), (b).

While comparing the TEM images of the catalyst 7 precursor (Fig. 4.14 (a)), occurring
in the form of micrometer-sized amorphous lumps, partially covering calcite agglomerates,
with the TEM images of CNTs grown on this catalyst (Figure 4.18), one can conclude that
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during the CNTs growth process the amorphous precursor mass starts to form grains which
melt and form nucleation sites for the CNTs growth. The above-mentioned grains were
often observed without any connection to the support (Fig. 4.18 (b) and (d)). On the other
hand, very often, there was no connection between the support and the catalyst (Fig. 4.18
(c)). The same happened also after a standard 2 h synthesis at 640°C, when we observed the
completely preserved calcite (Fig. 4.19). As mentioned in Chapter 3, the dispersion of CNTs
in diluted HCl (during purification) was accompanied by a marked release of CO,. This
indicated that CaCOs; did not decompose during the CNTs synthesis.

In conclusion, there are two main mechanisms which proceed during the growth of
CNTs:

(1) the CNTs growth proceeds from the previously formed precursor grains (if the catalyst
precursor is dried by heating and its grains are formed prior to the CNTs growing process);

(2) firstly, the CNTs growth proceeds through the stage of in-situ catalyst grain formation,
which is then followed by the direct CNTs growth from these grains (if the catalyst precursor
did not pass heat treatment (lyophilisation only), and it was in amorphous phase prior it has
been introduced into furnace).

Diameter distribution of obtained CVD CNTs

The CNTs’ diameter is a very important parameter of the CVD-grown CNTs. In fact, it
was recently shown in our group (3) that the elastic modulus of CVD CNTSs strongly depends
on their diameter (see Chapter 5). Moreover, it has been found that CVD CNTs have the
elastic moduli below 100 GPa for the diameters above 15 nm, while tubes with diameter ca.
11 nm have, in average, the elastic moduli of ~600 GPa. Clearly, the highest possible elastic
modulus of CNTs is prerequisite for applications of this material in reinforcement of polymer
composites. Therefore, for each of seven CNT samples, diameters of around 1300 CNTs from
100-200 randomly taken TEM micrographs were measured. The average diameters and the
percent of CNTs having diameter below 11 nm and below 15 nm are given in Table 4.1. One
can see that CNTs with the largest fraction of small diameters are the ones grown on the
catalyst 6. Actually, from all the CNTs synthesized on this catalyst, 52% had diameters up to
11 nm, while ~75% had diameters below 15 nm.

Therefore, we can conclude that fine tuning of the catalyst support, base used for
the precursor formation/precipitation, and the precursor drying process, all together, can
provide good control over the diameter of large scale CVD synthesised CNTs.

Furthermore, the above-discussed results point to the lack of correlations between
the diameter of CNTs and the sizes of the catalyst precursor. One exception from this
statement, to the certain extent, were CNTs grown on the catalyst 6, for which some
correlation between the catalyst precursor size and CNT diameter was found.
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Concerning the quality of the synthesized CNTs, the best CNTs were grown on the
uniformly amorphous precursor of the catalyst 7. Interestingly, in this case, the average
diameter of CNTs was 13.3 nm, which could not be correlated with the micrometer-range
sizes of the catalyst precursors.

4.2 CVD - towards high-quality CNTs, graphene...

In the above-presented study (section 4.1), the calcite from Fluka was ground to
create charged surfaces on the calcite support powder, thus enabling docking of the catalyst
precursor. Moreover, the grinding process reduced the grain sizes of this powder to be
comparable with those of Calofort U calcite. The grinding of the calcite powder from Fluka
revealed a big impact on the catalyst precursor formation and composition, as well as on the
CNTs growth. Thus, we explored the possibility of working with the calcite powder having
its primary particle sizes even smaller than the original Calofort U calcite. It is also worth
noting that the Calofort U calcite powder was actually more crystalline than the one from
Fluka.

Figure 4.20: TEM micrographs of the supported catalyst precursor prepared by mixing Fe and Co
nitrates and ammonium hydrogen carbonate with the ground Calofort U calcite
suspension. Scale bars are: 20 nm (a), (b), and 50 nm (c).

The catalyst precursor was prepared in the same way as the catalyst 6 (see section
4.1), with the only difference in that, instead of the Fluka calcite, we ground the Calofor U
calcite. It is also worth mentioning that the precursor of the catalyst 6 had typically few
nanometres in size and it was uniformly covering the support’s surface (Fig. 4.13 (a)). Due to
the same support treatment, preparation procedure, chemicals and drying process, one
could expect the same or similar final properties. Surprisingly, the obtained catalyst
precursor had the form of amorphous lumps of up to few hundred microns size (Fig. 4.20),
thus much more resembling the precursor of the catalyst 7 (Fig. 4.14 (a)), which yielded
CNTs of the best quality.

85



4

Figure 4.21: TEM micrographs of the synthesis products obtained by using the catalyst whose
precursor is shown in Figure 4.20. (a) CNTs, (b) tubular graphitic structures, (c) rods, (d)
whiskers, (e) onions, and (f) completely straight CNT and amorphous carbon. Scale bars
are: 50 nm (b), (c), (e), and 100 nm (a), (d), (f).

The obtained catalyst precursor was used in a standard 2-h long CNTs synthesis.
Figure 4.22 (a) shows the produced CNTs, which were quite often well-structured and rather
rarely deformed. The TEM examination of this sample (by Dr. Duncan Alexander, CIME/EPFL,
unpublished data) revealed also other carbon structures as by-products of the synthesis (Fig.
4.22 (b) to (f)). In particular, as can be seen in Figure 4.22, besides CNTs, highly curved
tubular graphitic structures (b), rods (c), whiskers (d), onions (e), amorphous carbon and
especially interesting very straight CNTs were found (f).

Figure 4.22: TEM micrographs of the well-graphitized, perfectly straight and unusually long CVD
CNTs (a) and shorter ones (b, c). It can be seen that all CNTs do not contain any catalyst
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particles trapped inside the tubes (either at tubes edges or along the tube). Scale bars are:
20 nm (a), (b), and 100 nm (c).

The closer observations of very straight CVD CNTs revealed that all straight tubes
were completely empty inside, without any catalyst particles inside the tubes, either at their
edges or attached to the tube walls (Fig. 4.22). HR TEM detailed study of these CNTs
revealed that their structure over the whole CNT’s length corresponds to the high-quality
CNTs synthesized by the arc-discharge method. We observed well graphitized edges (Fig.
4.23 (a) and (b)), as well as the main body of the CNTs (Fig. 4.23 (c) and (d)). Thus, we
observed high-quality, perfectly straight CVD CNTs, which looked like the CNTs prepared by
the arc-discharge method and which did not contain any catalyst particles. Analogously to
the arc-discharge synthesis, various by-products of synthesis were observed, like onions
(Fig. 4.23 (e)). Furthermore, the sample areas, which in standard TEM images looked like
amorphous or graphitized carbon, upon the observation with HR TEM, showed well-
graphitized structures (Fig. 4.23 (f)).

Figure 4.23: HR TEM micrographs of: (a, b) edges and (c, d) the main body of well-graphitized
perfectly straight CVD CNTs which look like obtained by the arc-discharge method; (e)
onions and (f) well graphitized carbon structures. All scale bars are 5 nm.
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Figure 4.24: TEM micrographs of the product of CVD synthesis on the calcite powder without
transition metal catalysts: CNTs (a), few layers of graphene either free standing (b) or
bound to the calcite (c); (d) is enlarged insert from (c) (marked by green rectangle in (c))
and insert in (d) shows the diffraction pattern from area in (d), which confirm crystalline
structure of few layers graphene. Graphene was usually in the form of free standing flakes
(e). Scale bars are: 100 nm (a), (d); 0.2 um (e); 0.5 um (c); 1 um (b).

Upon reported observation, it was evident that the graphitization could occur also
without catalyst particles. Therefore we prepared Calofort U calcite like in previous cases, by
grinding and subsequent freeze-drying, which was then followed by the synthesis in
standard conditions. However, this time, no transition metal catalyst precursors added. In
brief, the obtained powder was placed into the quartz tube and heated up to 640°C with the
flux of nitrogen. Synthesis was performed over 2 h at 640°C with acetylene, followed by
natural cooling of the system. Obtained products were afterwards collected from the quartz
tube and examined by TEM. We rarely saw CNTs (Fig. 4.24 (a)), but we very often observed
few layers of graphene. These layers were either free standing (Fig. 4.24 (b)) or, surprisingly,
bound to the calcite surface with the very small contact area (Fig. 4.24 (c)). Graphene was
usually observed growing over the bigger surfaces as free standing flakes (Fig. 4.24 (e)).
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Figure 4.25: TEM micrographs of products of CVD synthesis on the calcite powder mixed with
ammonium hydrogen carbonate, in the absence of transition metal catalysts: CNTs (a, b),
amorphous carbon (b), rods (c, d), whiskers (f) and few layer graphene (f). Scale bars are:
20 nm (a), (b); 100 nm (c), (d), (f), and 0.2 um (e).

Similar experiment with the ground Calofort U calcite was performed while mixing
this calcite powder with the base, ammonium hydrogen carbonate. This attempt was done
to study the role of the base, since it was present in the first prepared sample with the
metal salts and yielded tubes without trapped catalyst particles. The synthesis vyielded,
although rather rarely, besides CNTs, also short CNTs (Fig. 4.2.5 (a) and (b)), amorphous
carbon (Fig. 4.25 (b)), rods (Fig. 4.25 (c) and (d)), whiskers (Fig. 4.25 (e)) and very rarely few
layers graphene (Fig. 4.2f (f)).

Besides numerous resent reported metal-free CNT synthesis (31; 32), CNTs
formation without any catalyst and closed from the both sides was noticed in counter-flow
oxygen enriched methane diffusion flames during the study of soot generation from
hydrocarbon flames (33). On the other hand, Rimmeli et al. reported formation of few
graphitic layers over the nanocrystals of various oxides (34). Interestingly, they explained
their results by a mechanism of formation of primary soot particles in hydrocarbon flames.
These primary soot particles originate from the polycyclic aromatic hydrocarbons, which
serve as nuclei for soot formation (34). In general, these polycyclic aromatic hydrocarbons
are easily formed from small hydrocarbon species under the standard CNTs synthesis
conditions in which formation of bigger hydrocarbon molecules is much more energetically
favourable.
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Among numerous hydrocarbon molecules used for CNTs production, acetylene is
especially studied as a source of carbon atoms for the CNTs synthesis processes. In fact, it
was found already in the 50’s that the acetylene may undergo two different mechanisms: its
ionization will lead to the polymerization process, while electronic excitation leads to
cyclisation (35). The first cyclotrimerization of acetylene to benzene was reported already in
1866, but the process needed to find alternative due to its high temperature and the
presence of different hydrocarbon species, including mixed products of the cyclisation
reaction (36). In principle, in exactly the same way, our high-quality CNTs and graphene
could be synthesized. The obvious question arises: why we did not produced such structures
in the case of metal-catalysed CVD synthesis? In the presence of metal, the cyclisation
reactions are catalysed by the metal in the same manner like that reported by Reppe (36). In
fact, Reppe’s synthesis was found as an alternative for the earlier high temperature (less
than 400°C) cyclisation without metal which was followed by various reaction by-products
(36). The lack of the catalytic active metal surface lead to poly-cyclisation or/and
polymerisation in the gas phase enriched in highly concentrated reactive carbon species.
Clearly, this might explain the CNTs formation which we observed. However, the graphene
growth mechanism might be different.

Some insight can come from the observation that the produced structures of single-
and few-layered graphene were often found to be attached (by a small surface area) to the
ground calcite support. Nowadays, the growth of graphene is achieved using the following
approach based on searching for: (i) a surface (substrate), which could provide graphene
growth onto that surface, and (ii) a technological process of removal of the produced
monolayer from the growing substrate. In this work, we have proposed a completely
different approach. Instead of a substrate having the whole surface suitable for absorption
of carbon species, we have suggested using modified substrates, with rarely present active
sites. Then, the growth of carbon-based structures would be only initiated on the limited
area suitable for the absorption of carbon atoms, while the growth itself could proceed in
the lateral direction. In such way, graphene can grow radially from the seed on the surface
of the substrate. Consequently, graphene-substrate contact area can be dramatically
reduced comparing to the direct growth on the whole metal surfaces.

In conclusion, we noticed that under the certain experimental conditions, CVD
synthesis yielded well-graphitized, perfectly straight CNTs, which resembled CNTs obtained
by the arc-discharge method. Further study of this phenomenon and its better
understanding might open the possibility for large scale synthesis of arc-discharge-like CVD
CNTs, thus overcoming the challenging problem of scalability of high-quality CNTs.
Moreover, we synthesized single- and few-layered graphene by the CVD method in the
absence of transition metal catalysts or specially prepared highly crystalline metal surfaces.
Purification process did not require oxidizing acides and thus, graphene surface could be
preserved without altering its properties. The reported graphene synthesis method is very
simple, scalable and inexpensive.
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4.3 Optimization of the lengths of CVD CNTs

Numerous applications require short CNTs with a determined length and open ends.
This is because some properties of CNTs are strongly affected by their length, for instance
the electron transport properties. In particular, Onoa et al. emphasised (37): “... transport
through short (<300 nm) CNT is free of acoustic phonon scattering and thus favours ballistic
transport, which is highly desirable for memory and logic devices...”. Thus, the fabrication of
uniformly short CNTs might enable high-performance CNTs based electronics. Indeed, one
of the most promising applications of short CNTs with open ends is in achieving an
enhanced field emission (38; 39; 40). Moreover, the open ends CNTs enable processes
necessary for certain applications. If necessary, these ends can be afterwards closed by high
temperature annealing (41). For instance, short CNTs with open ends facilitate molecular
gas diffusion and thus, they are favourable for hydrogen absorption (e.g. for hydrogen
storage) (42). As a support for platinum catalyst in fuel cells, short CNTs were much more
suitable than the long ones (43). CNTs shortening by cutting also facilitate the selective
chemical functionalization of the ends with targeted groups (44), often necessary for
altering CNTs’ dispersion properties. Moreover, short CNTs with open ends showed much
better properties than long ones, when used as electrode material in Li-ion batteries (43).
For some type of applications length of CNTs play an important role (see section 6.2).

There are various methods to produce CNTs (see Chapter 2). However, for large scale
synthesis, the CVD method is the most commonly used. In that case, catalyst support is
often in powder form what limits the control of catalyst size (see section 4.1) and its
uniformity of exposure to the carbon-containing gas. Consequently, the growth rate is not
the same for all CNTs, resulting in the lack of the precisely controlled length of CNTs grown
from catalyst on powder support. In fact, in that case the CNTs length can range from a few
microns to millimetres, but cannot be tuned to be for instance 200 nm.

Although there were reports on direct synthesis of short CNTs (43; 45), shortening of
initially long growth CNTs is still considered to be an easier process than the controlled
growth of short CNTs, probably owing to the numerous methods developed for cutting
CNTs. The most frequently used methods are: sonication-induced scission, chemical
treatment and different milling methods.

Cutting of CNTs by sonication-induced scission is a simple and easy to use method
(46; 47). However, the considerable disadvantage of cutting CNTs by ultrasound is a
decrease of their quality. Actually, the study of mechanical damage of CNTs by ultrasound
showed that this treatment considerably increased disorder of carbon structures (48).

Another method frequently used for larger scale cutting is chemical treatment,
which is usually carried out in oxidizing acids (41; 49), which are cutting CNTs by attacking
the point-defects on their surface. In fact, the first CNTs cutting method reported by
Smalley’s group (41) was a combination of sonication induced scission and chemical
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treatment in oxidizing acids. However, as a result of chemical oxidation, it was found that
the ends and often the sidewalls of treated CNTs were covered with oxygen containing
groups (50). This is not suitable for most applications, which require a preserved nature of
CNTs surface.

Mechanical milling is another possibility, often used to process powders. From
various milling methods of CNTs cutting, the vibration ball milling method was most studied
for large scale CNT cutting (51; 52). The major disadvantage of this method is related to the
process lengths (up to 200 h). Moreover, there is no unique conclusion concerning the time
evolution of CNTs average length as a function of the process parameters. The two-roller
milling method was also used, but in order to pass through the roll miller, CNTs needed to
be imbedded in the polymer, which had to be chemically removed afterwards (53).
Planetary ball milling was used for cutting of cup-stacked CNTs resulting in a uniform
decrease of CNTs lengths with increasing milling time (54). Moreover, this method was also
used for cutting of CVD CNTs, but the authors presented only results of a short CNTs
application, without the characterisation of cut CNTs (42).
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Figure 4.26: Schematic drawing of: (a) working principle of a planetary ball milling apparatus (From
the ref. (55)); (b) the rotational movement of the grinding jar and the sun wheel (From the
ref. (56)).

To summarize, one can conclude that there is a lack of detailed studies concerning
cutting methods of CNTs. Therefore, in this study, we tried to check which parameters for a
chosen cutting method should be tuned to obtain desired average CNTs lengths. To this end,
we studied milling conditions and their outcomes for the planetary ball milling. The working
principle of this cutting method is schematically shown in Fig. 4.26. According to one of the
producers of planetary ball milling machines (Fritsch), this method can be described as
follows (57): “....The material is crushed and disintegrated in a grinding bowl by grinding
balls. The grinding balls and the material in the grinding bowl are acted upon by the
centrifugal forces due to the rotation of the grinding bowl about its own axis and due to the
rotating supporting disc. The grinding bowl and the supporting disc rotate in opposite
directions, so that the centrifugal forces alternately act in the same and opposite directions.
This results in, as a frictional effect, the grinding balls running along the inner wall of the
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grinding bowl, and impact effect, the balls impacting against the opposite wall of the
grinding bowl. ... ”

Till present, the application of this cutting method for CNTs has not been very
extensively reported. This is probably due to the fact that planetary ball milling is a complex
stochastic process depending on a number of technological parameters. In order to acquire
a better understanding of this complex process, we aimed to find the correlation between
average length of the cut CNTs and the ball milling process parameters. We studied the
influence of the rotational speed (rpm) and the process duration on the length distribution
of CNTs.

4.3.1 Results and discussions

Starting material

The starting material was CVD CNTs (Fig. 4.27) with known diameter distribution
previously optimized to contain 75% of CNTs with a diameter up to 15 nm (see section 4.1
and the ref. [MM18]). The length of CNTs before grinding was around 10 um.

| }‘\ R W
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Figure 4.27: (a) The low-magnification TEM micrograph and (b) SEM micrograph of CVD CNTs which
were used as a starting material for ball milling study. Scale bars are: 2 um (a) and 5 um

(b).
Results of Raman spectroscopy

Upon employing different grinding conditions, we studied the quality of the final
products by Raman spectroscopy (Fig. 4.28). The spectra of all CNT samples investigated in
this study display a similar Raman fingerprint, as shown in Figure 4.28. The three well-
known Raman bands - the tangential G band (at ~ 1580 cm™), the defect induced D band (at
~ 1350 cm™), and its overtone, the 2D or G’ band (at ~ 2690 cm™) — were clearly observed.
The G band in the spectra of CNTs corresponds to the in-plane optical phonon mode of
graphite and graphite-like materials (58). The D band is associated with the in-plane
breathing of the hexagonal carbon rings (59) and signifies the presence of defects, such as
vacancies, heptagon—pentagon pairs, and carbonaceous impurities with sp®> bonding (60;
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61). The 2D peak originates from a two-phonon second order scattering process (62) and
indicates the presence of long-range order (61). A well-defined 2D peak is absent in
amorphous carbon materials (59).

before cutting: R = 0.63
=== cut 6h at 400 rpm: R = 0.68

=== cut 6h at 500 rpm: R =0.75

Intensity [arb. units]

’

1000 1500 2000 2500 3000
Raman shift [ em-']

Figure 4.28: Raman spectra of different CNTs samples investigated in this study.

Raman spectroscopy is often used to compare the quality of different CNTs samples.
This is usually done by calculating the D band to G band peak intensity ratios (lp/lg) for the
investigated samples, where a high ratio indicates a sample of lower quality. Recent
experiments have shown (61; 63; 64; 65) that in order to perform such a quality comparison
the relative intensity of the 2D peak should also be considered. In fact, Larouche and
Stansfield (66) have argued that the Ip/lg ratio alone is not sufficient to adequately
characterize the quality of graphitic materials, since it does not take into account the
possible curvature and connection of the crystalline layers. They derived a new Raman index
in order to properly assess the quality of these materials. This index can be expressed as the
ratio of the integrated areas (A) of the 2D and D bands: R = A(2D)/A(D), where a high R
indicates higher crystalline quality (66).

Figure 4.28 shows that there are only very small differences in the Raman spectra of
CNTs before and after cutting. We can confirm this by comparing the integrated area ratios
for the spectra of these samples. The ratios were obtained by fitting single Lorentzians to
the D and 2D peaks. The relatively small differences between these ratios for CNTs before
cutting (R = 0.63) and CNTSs after cutting (R = 0.68 for 6h at 400 rpm and R = 0.75 for 6h at
500 rpm) indicate that the quality of the CNT samples did not decrease during cutting.
Surprisingly, the spectra show even a trend of increasing R as the degree of cutting
intensifies. This might suggest that the quality of cut samples could be even higher than for
pristine CNTs. The possible explanation of this trend could be associated to the removal of
the trace amount of amorphous carbon during ball milling and / or to the decrease of initial
defects due cutting ‘through the defects’.
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Length distributions and their analysis

Upon grinding, obtained CNTs lengths were measured from SEM micrographs (see
Figure 4.29 for example SEM micrographs). We performed the statistical analysis of the
length distributions for the obtained samples (see Appendix 1). As a result, we noticed that
the location parameter, which is the mean of the logarithm of the lengths, linearly
decreases with ‘RPM*grinding time’ until the product reached value of 2400, what can be
seen in Fig. 4.30. For ‘RPM*grinding time’ value larger than 2400, like for instance for 3000,
the observed dependence was not valid. This would suggest existence of upper limit for the
conditions for CNTs cutting by ball milling. Previous studies of ball milling cutting of CNTs
showed that after a certain time of cutting, a further increase of milling duration either did
not change CNTs average length (51) or the relation between the milling time and the CNTs
length became undefined (42). A study of Zhang et al. (38) showed that CNTs length
decreased as a function of time until a certain period after which a disorder and a defect
density of CNTs were increased and amorphous carbon appeared. These all studies also
indicate the existence of an upper limit for the product ‘RPM*grinding time’. Such behaviour
was also observed for other CNTs cutting methods, like for sonication-induced scission (47).

Figure 4.29: Example SEM micrograph used to measure the CNTs length after cutting (see the ref.
[MM15]). Scale bar is 2 um.
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Figure 4.30: The linear dependence of the location parameter (mean of the log(/length)) as a function
of the product ‘RPM*grinding time’. The dotted lines delimit the 95% confidence interval
for the fitted line (see the ref. [MM15]).

Figure 4.31: SEM micrograph of pieces of zirconium oxide balls found in the sample of CNTs milled
for 6 h at 500 rpm. Scale bar is 20 um.

However, in our study the upper ‘RPM*grinding time’ limit of 2400 cannot be
attributed to the carbon amorphisation what was confirmed by the Raman study (Fig. 4.28).
On the other hand, under this grinding condition with ‘RPM*grinding time’ of 3000, serious
damage and mechanical degradation of zirconium oxide milling balls was observed. In fact,

96



pieces of zirconium oxide with sizes up to tens of micrometers were found in the samples
ground for 6 h at 500 rpm (Fig. 4.31). Such large mechanical degradation of milling balls
changed the effective contact surface of the balls. As a result, the grinding process became
less efficient than with the balls having intact surfaces. Thus, the product ‘RPM*grinding
time’ of 3000 was found unsuitable, due to the deterioration of the milling balls.

CNTs used for all presented results were (as mentioned in Starting material) CVD
MWCNTSs with average diameter 11.5 nm (75% of these CNTs had diameters below 15 nm)
(see section 4.1 and the ref. [MM13]). Since we previously concluded that any hit of the ball
cuts under all studied milling conditions, one could argue that this conclusion is valid only
for the specific CNTs which were used here. In fact, it is known that CNTs diameter is related
to the mechanical properties of CVD synthesized CNTs, particularly to the elastic modulus
(3). Therefore, different energies would be required for braking CVD CNTs with different
diameter. In order to check if our conclusion was affected by the CNTs’ diameter, we used
CNTs also produced by CVD method, but with average diameter 22 nm (for the details of
diameter distribution and synthesis conditions see reference (2)). For the CVD CNTs with
diameter of 11.5 nm and 22 nm, the corresponding elastic moduli are ~600 GPa and ~20
GPa, respectively (3). If CNTs cutting depended on the mechanical properties of CNTs used,
the location parameter should be significantly different if we grind these two types of CNTs
under the same grinding conditions. In order to check this possibility we ground CNTs with
average diameter of 22 nm on the “edge” grinding conditions where the difference in
obtained results should be the most noticeable. This conditions corresponds to grinding on
500 rpm over 6h, what is ‘RPM*grinding time’ value of 3000. The obtained location
parameter for CNTs with average diameter of 22nm was 7.0, what is not significantly
different then value of 6.8 for CNTs with average diameter of 11 nm ground under the same
grinding conditions. As a result, our previous conclusions were independent of the diameter
of CVD CNTs and thus, of their mechanical properties.

Cutting mechanism

All previous studies of CNTs cutting by ball milling (67; 68; 51; 52) were explaining
CNTs cutting with essentially the same mechanism. Pierard et al. (51) stated that CNTs
cutting occurs at places of structural defects such as curvatures and that breaking by
compression occurs at “partly discontinuous” junctions of straight tube’s segments.
Moreover, CNTs held in matrix after dehydration break because they cannot absorb
elastically the mechanical constraints like the tubes whose end is moving freely (51). Later
Konya et al. performed detailed study of end morphology of ball milled CNTs and they
observed closed and open tube’s ends which were either symmetric or asymmetric, what
they supported by following argumentations (67). Kukovecz et al., from the same research
group, in the later study (52), explained the appearance of the closed CNTs ends by the
following reasoning: CNTs ends which were opened in the beginning of milling, were
afterwards multiple times hit by the balls what initiated end closure. The recent study (68)
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of Tucho et al. goes along with the study of the Hungarian group (67; 52). Before accepting
or rejecting these opinions, it would be useful to firstly discuss some of the important
aspects of this problem.

Actually, there is an interesting argument in the study of Konya et al. (67) that the
pressure generated during the ball milling process often reaches 2-6 GPa (where the two
references given in this article just stated these pressure values without any explanation),
but that these pressures are still not enough to break the CNTs by direct impact because the
measured compressive strength of MWCNTs was beyond 5.3 GPa. Therefore, the authors
concluded that CNTs are breaking in the points of kinks. We tried to go beyond this
conclusion and to elaborate it further.

The first important point is contact area of ball impact. Considering ball impact by
the Hertzian contact of a sphere and jar’s wall or another sphere (69), for the ZrO, balls of 3
mm in diameter and the speeds used in this study, the contact area can be estimated to be
even hundreds of pm?. Since initial CNTs length was about 10 um and it was shorter with
the milling duration, as a consequence, there can be lots of CNTs whose whole length could
be covered by the area of single ball impact. If the impact energy, or the pressure generated
during the impact of the ball would be high enough to break a CNTs, than whole CNTs’
length in an impact cross-section would be smashed. This would rapidly create large
quantities of amorphous carbon easily detectably by Raman measurement or by electron
microscopy if amorphisation is substantial. Such behaviour was already observed by Tucho
et al. They ball milled CVD MWCNTs for 1.3 h at a speed of 720 rpm with steel balls (10 mm
in diameter) and CNTs were entirely changed into amorphous material, while at 520 rpm for
different times, CNTs were transformed into nanoparticles and their tubular properties were
almost gone (68). As a conclusion we think that the ball impact energy is not high enough to
break the CNTs directly as long as carbon amorphisation is not observed.

Secondly, we took into consideration CNTs failure stress in order to relate CNTs
breaking with the pressures generated during the ball milling process. Instead of searching
the results of measurement of mechanical properties performed on other types of CNTs, we
use data measured on CNTs produced in our labs and thus, compatible with starting
material of this study. The average failure stress, measured in our group (70), for the CVD
MWCNTs with diameter of 11 nm was ~140 GPa. Since our starting material are CVD
MWCNTs with average diameter of 11.5 nm, the measured value of failure stress can be
taken as a reasonable value for the CNTs used in this study. Since such high pressures are
not developed during the ball milling process, we can consequently conclude that the ball
impact cannot “directly” cut the CNTSs.
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Figure 4.32: Schematic drawing of milling ball (brown) which is impacting CNTs aggregate. The red
dotted lines indicate sliced layers of CNTs aggregate with the thickness roughly
corresponding to the CNTs diameter. Scale bar on TEM micrograph is 200 nm.

As the last point, we considered more carefully “what is ground”. Simple
consideration that the milling ball is impacting a few CNTs certainly cannot be accepted,
because CVD CNTs are strongly entangled and aggregated. In Figure 4.27 (a), which shows
typical image of CVD CNTs prior to cutting, we can see CNT aggregates of irregular shape
with few micrometers wide spatial dimensions. Apparently, the milling ball is impacting
aggregates and not few nicely separated CNTs. In this case, the impact can be seen like
schematically presented in Figure 4.32.

Namely, the ball contact area is directly touching only surface layer of CNTs
aggregate and this layer have roughly thickness of the order of diameter of CNTs. From this
first layer, pressure generated by the ball milling impact is carried forward to the next layer
which is beneath the first one. Only this time, the connections between the two adjacent
layers are point contacts between the tubes’ segments from these two layers. Therefore,
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the load transfer from each layer to the following one is carried by the tube-tube point
contacts. Thus, all stress is concentrated at significantly smaller contact area of these points,
comparing to the contact area of the first layer of aggregate (for which we assumed that
approximately corresponds to the cross-section of the ball impact with the solid surface). It
seems logical to assume that the tubes are cutting each other at these points of contact and
that balls are actually cutting tubes “indirectly” over load transfer through significantly
reduced area.

The proposed cutting mechanism by tube-tube cutting initiated by the ball impact
can proceed in different ways. More precisely there are two possibilities of CNT-CNT cutting
as schematically depicted in Figure 4.33: [a] one tube cut the other (which is suspended in
CNTs network) and the segments of these two tubes are under the angle a (0° < a £ 90°) in
the point of their crossing, and [b] two tubes (t, and t3) are crossing over the segment of
third tube (t;) which get cut. In the second case the sum of the angles between tubes, a and
B (like indicated in Figure 4.33 (b)) is less than 180°.

[a] [b]

t3

Figure 4.33: Schematic drawing of the proposed CNTs cutting mechanism where tube 1 (t,),
subjected to cutting, can be cut by: [a] the other tube (t;) under the angle a in the crossing
point, or [b] the other two tubes, t, and ts, forming the angles a and B, respectively.

Study of the edges of cut CNTs by HR TEM clearly confirmed our proposed theory of
the CNTs cutting mechanism. Figure 4.34 shows HR TEM micrographs of cut CNTs edges as
an example for the case that cutting proceeds by the mechanism [a], one tube cut the other
under the angle a; the micrographs are sorted out that the first shows an example of a = 90°
(Fig. 4.34 (a)), followed by the decrease of the angle (Fig. 4.34 (b)). The rarely observed
examples of CNTs cut by the same mechanism [a], but with even lower values of angle a
(~30° and less), can be seen in Figure 4.34 (c). From that figure is obvious that values of
a—0° are supporting appearance of gliding and hence, they are unfavourable for “clear”
and good cut without tube’s damage.
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Figure 4.34: HR TEM micrographs of cut CNTs edges as an example for the case that cutting proceeds
by the mechanism [a] where one tube cut the other under the angle a, starting with a =
90° (a) followed by the decrease of the angle (b) and (c). (d) An example of CNTs cutting by
the mechanism [b]. Angles ‘a’ and ‘B’ are marked by red and green, respectively. Scale
bars are: 5 nm (a); 10 nm (b), (c), (d).

The curvature on the edges of cut CNTs obviously suggests the cutting mechanism in
which CNTs cut each other (Fig. 4.34 (c) and (d)). Many tube ends are not cut straight, but
rather seem to have been impressed by objects of similar curvature as the CNTs. Thus, our
proposed cutting mechanism, that the tubes that are caught in between colliding balls or
ball and wall of the milling jar, cut each other, naturally leads to the observed damage
pattern, without invoking very complicated defect formation mechanism.

Furthermore, if the proposed cutting mechanism is correct, it should be possible to
find the CNTs which were cutting some other tubes, but simultaneously they remained un-
cut. In such case, it would be expected that these tubes would have remaining fingerprints
of cutting in the form of side-wall dents with profile corresponding to the other tube
subjected to cutting. Indeed, such tubes were observed as it can be seen in Figure 4.35,
where red arrows point out to the dents on the surface of the unsuccessfully cut tubes
which were probably cutting the other tubes.
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Figure 4.35: HR TEM micrographs of CNTs after the ball milling. The red arrows point out to the
dents on the surface of the uncut tubes which were probably cutting the other tubes.
Scale bars are 10 nm.

4.3.2 Conclusions

We studied which parameters influence the average length of ground CNTs for the
cutting process by planetary ball milling. Average length of CNTs ground by planetary ball
milling is not a function of energy and CNTs mechanical properties, but only is a function of
the number of hits defined as the product of the grinding time and rpm. In conclusion, the
required CNT’s length can be achieved by simple choosing the value of the product
‘RPM*grinding time’ for the planetary ball milling process according to the dependence
presented in Figure 4.30. The only limitation found for this process was the rpm value of
400, above which degradation of the employed milling balls took place.
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Chapter 5

CNTs-SU8 composites and
their properties

CNTs are considered to be the most suitable reinforcing fibres in polymer-based
composites, where they lead to dramatic improvement of electrical, thermal and
mechanical properties (1). However, the design of polymer and CNTs-based composites
remains a big challenge. It is well known that CNTs have a strong tendency to aggregate and
their homogeneous dispersion in the great majority of media is extremely difficult. The
major reason for this is the strong hydrophobic character of CNTs. In colloidal suspensions
CNTs, large, fiber-like and hydrophobic macromolecules are thermodynamically instable and
require stabilization (2). Indeed, CNTs are difficult to dissolve or disperse in most organic or
inorganic solvents because of their stable, long structure consisting exclusively of carbon
atoms. Inter-tube interactions within the CNTs are dominated by van der Waals interactions
of high cohesive energy (3). Therefore, CNTs have a tendency to aggregate due to extremely
high surface energy, which is, e.g. of 123 mJ/m? at 37°C for multi walled CNTs (4). Clearly,
such strong aggregation of CNTs results in their low solubility and low dispersability. This
may affect the mechanical and electronic properties of the composites, and thus, represents
a serious difficulty in designing CNTs-based composites.

All CVD produced CNTs have defects, what leads to local fluctuations of charge
density that may cause interaction of different segments of one CNT or between different
CNTs. Since the overall shape (macroconformation) of CNT depends on inter- and intra-
molecular interactions, which can be short- and long-range, the CNTs defects can
significantly influence final CNT’s shape often vyielding significantly entangled and curved
structures (Fig. 5.1 (a)).
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There are several possible routes towards the surface modification of hydrophobic
molecules to suppress aggregation. The most important are: chemical modification of the
molecule’s surface (Fig. 5.1 (b) A) (5; 6) and adsorption of surfactants (Fig. 5.1 (b) B) (7; 8; 9).
However, both methods involve some disadvantages. Surface modification of CNTs means
covalent bonding of functional groups to CNTs surface. Such covalent modification of CNTs
often leads to impairing of their mechanical and electrical properties (10), and to a change
in the electronic structure (5). The methods based on surfactants are either restricted to low
concentrations of CNTs (7) or they can induce additional problems, due to the chemical
interactions with some of the components in a complex chemical systems, like for example
photosensitive composites.
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Figure 5.1: (a) TEM micrograph of CVD CNTs (scale bar is 2 um). (b) Two possible routes to avoid
aggregation of strongly hydrophobic macromolecules in colloidal suspensions: by chemical
modification of surface (A) and by adsorption of surfactants (b) (from the ref. (2)).

At this point, we need to focus on a very important detail. In particular, in the field of
composites, it is often claimed that simultaneous “good dispersion” of the filler and the
“low filler percolation threshold” are prerequisite for obtaining good electrical conductivity.
These statements might lead to some misinterpretations. In fact, “good dispersion” means
that the fillers are so far away of each other that they do not “feel each other” or in other
words, there are no any interactions among them, meaning distribution without
agglomeration and aggregation. In contrast, having “percolation threshold” means that the
fillers are touching each other (aggregation). Therefore having a good dispersion means no
percolation threshold, and thus, no electrical conductivity. What might be then behind this
‘misunderstanding’?

Clearly, to obtain composites with good electrical conductivity, the CNT fillers
aggregation must be controlled. Probably the best approach is to have them firstly very well
dispersed. But, when a suspension with well dispersed objects is exposed to a change of
certain parameters, like temperature, volume or pressure, the objects will undergo
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aggregation. Then, the main point is to establish the actual mechanism of aggregation
occurring between the fillers particles or their clusters that is: the Eden model, ballistic and
diffusion-limited aggregation (DLA) (11). The basic forms of these aggregation types are
shown in Figure 5.2. The Eden model aggregation type apparently cannot provide
percolation with low concentration, while the other types can, with differences in the
necessary fillers fractions.

In principle, aggregation can provide touching of CNTs in such a way that they provide
conductive path for the current. Therefore, if one aims to make electrically conductive
composites from the suspensions, the way to do it is by destabilizing the initially good
dispersion by altering it towards aggregation. This should result in formation of numerous
electrical contacts, which are necessary for achieving percolation. In the case of our
composites, destabilisation of the dispersion can be due to the change in temperature
(followed by volume change), or by the induced 2D or 1D confinement, by making thin
layers or by passing the suspension through the cables and nozzle of an inkjet system,
respectively. Consequently, while preparing CNTs-SU8 composites, we firstly need to well
disperse CNTs in the solution containing all the components, i.e. SU8, the solvent of SUS, the
Pl, and the solvent for the Pl. The above-mentioned destabilization of such a well-dispersed
CNTs suspension should result in the desired aggregation type, thus, leading to the
formation of percolating CNTs network.
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Figure 5.2: Aggregation types: (a) the Eden model, (b) ballistic and (c) diffusion limited (from the ref.
(11)). All images are given for the 2D aggregations, what corresponds to our system,
because composite samples were prepared in the form of thin films.

It needs to be pointed out that conditions for percolation threshold for enhanced
electrical, thermal and mechanical properties are not necessarily the same. In fact, the
electrical conductivity can be obtained by aggregation of fillers in a randomly oriented
network (like in Fig. 5.2 (c)) with good intertube contacts. On the other hand, perfect filler
alignment is favourable for thermal conductivity, but is not prerequisite for achieving good
electrical and mechanical properties. In order to enhance mechanical properties one would
need a network of interconnected fillers and good CNTs-matrix interface. Since we aimed to
achieve enhancement of all three above-mentioned properties, we needed to optimally
balance the aggregation type of CNTs. Therefore, to transfer the advantageous properties of
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CNTs on the final composite and achieve simultaneous enhancement of thermal and
electrical conductivity and improvement of mechanical properties, we needed to assembly
CNTs in networks. In such inter-connected network systems, CNTs were contacting each
other by overlapping and crossing. Final films of composite containing CNTs and SU8 is both
physically interlocked (CNTs) and chemically cross- linked (SU8) non-regular network.

5.1 CNTs-SU8 composites 1

5.1.1 Dispersion of CNTs in SU8

In order to suppress CNTs aggregation we firstly tried chemical modification of the
CNTs’ surface by covalent functionalisation with carboxyl groups (-COOH). We also studied
the influence of solvents used for composite preparation on the formation of CNTs networks
within the composite materials, because it is well known that in a good solvent CNTs would
be elongated (stretched) and in a bad one squeezed in a coil-shaped structure.

The solubility of SU8 was tested in 8 solvents (Table 5.1). SU8 was insoluble in NN-
dimethylacetamide and water. The solution prepared by dissolving SU8 at 50°C in 1-methyl-
2-pyrolidone was not stable and therefore not suitable to prepare homogeneous
composites. Complete dissolution of SU8 was achieved with five other solvents: GBL,
PGMEA, MEK, acetone and benzene (Table 5.1). Susequently, they were employed to
prepare SU8-CNTs composites with 5 w% of CNTs. After CNTs dispersion in the solvent, SU8
and Pl were added followed by vigorous stirring (see Chapter 3).

Solvent SU8 solubility Solution Stability
GBL yes yes
PGMEA yes yes
MEK yes yes
acetone yes yes
benzene yes yes

becomes murky upon

1M2P yes above 50°C )
cooling
N,N-DMAA no
distilled water no

Table 5.1: SU8 solubility test in different solvents.
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5.1.2 Nanoindentation

The mechanical uniformity of the composites was tested by nanoindentation. This
technique is the usual way to characterise films by providing information about the
mechanical response (see Chapter 3) at the surface and in the vicinity of surface, what is
often important for the materials in the form of films.

For structurally homogeneous samples the load-displacement curves for 25 indents were
overlapping, while for the inhomogeneous ones a noticeable scattering was recorded. The
scattering in the data points depended on the solvent and not on the functionalization of
the CNTs. For example, the composites prepared with MEK as a solvent for both types of
CNTs, the load-displacement curves superpose (Fig. 5.3) indicating the homogeneous
structure of the samples. For composites prepared with other solvents, load-displacement
curves have shown scattering. This suggests a strong influence of the solvent on the
structural and mechanical uniformity of the composites.

25

Load on sample (mN)

0 500 1000 1500 2000

Displacement into surface (nm)

Figure 5.3: Load-displacement curves for samples prepared with MEK with not functionalized CNTs.
For the visibility only five representative curves are shown (out of 25 curves recorded),
since all curves were overlapping.

Nanoindentation allows the measurement of the Young-modulus as a function of
penetration, thus allows assessment of the uniformity. Figure 5.4 shows Ey versus
penetration depth into the surface deduced from the load-displacement curves. Usually, the
steep variations below 200 nm are considered as artifacts of surface imperfections and they
are omitted. In most of the cases a decrease of Ey with the indentation depth was observed.

Our working hypothesis is that the strong depth dependence of the mechanical response is
due to solvent remaining trapped in the composite. It is known that solvent can remain even
in the non-reinforced SU8 matrix upon polymerization (12). The mechanism is the following:
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the solvent leaves the surface of the composite rapidly, and allows a quick polymerization of
SU8 at the surface. This dense network would block the evaporation of the solvent
molecules from the bulk, trapping them inside the material. This is the case for all solvents,
and the behaviour of the trapped solvent determines the properties of the polymer, leading
to a gradient of the Young’s modulus in the cross section of the sample, like it was observed
by nanoindentation (Fig. 5.4). The quantity of the remaining solvent depends on many
parameters like the thickness of the SU8 layer, heating rate, process temperatures, the
solvent type and the volume percentage of the polymer with respect to the solvent.
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Figure 5.4: General trend of the variation of Ey as a function of the displacement into the surface of
the MWCNTs/SU8 composites prepared for various solvents denoted in the figures. Blue
and red curves are representative for composites prepared with non-functionalized and
functionalized MWCNTs, respectively.

One can see that only for the samples prepared with GBL Ey increases with the
penetration depth. It is known from the literature that SU8 cross-linking process is very
different with and without the presence of GBL. Zhang et al. (13) have found that GBL
copolymerizes with SU8 to bridge two neighbouring epoxy groups leading to longer aliphatic
segments in the network and better mechanical response. Complete conversion of SU8 was
achieved when the content of GBL with respect to the SU8 was 33 wt%. Below this
percentage the non-polymerized molecules of SU8 weaken the material. The critical
concentration is 15 wt % of GBL, which gives only 63£6% of SU8 conversion (13; 14). Taking
this into account one can explain the increase of Ey with an increase of distance from the
surface of the samples prepared with GBL. In the case the final weight fraction of GBL is
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more than 33 wt%, the SU8 conversion is still 100% but the fraction of GBL surpassing 33
wt% acts as a plasticizer. This would be lead to a decrease in Ey with a penetration depth.
We did not observe such a behaviour which means that there is no excess unpolimerised
GBL in the SU8 network after SU8 cross-linking.

The other three solvents (PGMEA, MEK and acetone) do not copolymerise, they only
remain in the structure and weaken it. Consequently, for these samples Ey decreases with
penetration depth (Fig. 5.4).
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Figure 5.5 Enhancement of Ey by MWCNTSs reinforcement with respect to the non-reinforced epoxy.
Values for non-functionalized and functionalized MWCNTSs are denoted on the plot.

The relative increase of Ey in MWCNTs/SU8 composites normalized to the non-
reinforced epoxy (E° = 3.7 GPa) is presented in Figure 5.5. Values for Ey are taken at 200 nm
depth to avoid influence of surface imperfections. The highest relative increase of 100% is
achieved for samples prepared with acetone as solvent. Taking into account the high
Young’s modulus of ~500 GPa (15) of our CVD grown CNTs this is a modest increase of the
mechanical response. However, the intrinsic properties of CNTs cannot be translated onto
composites properties, because composite 1 have random CNTs network, which cannot
carry the load. Furthermore, for a good reinforcement one needs an efficient load transfer
from the matrix to the CNTs and the formation of an interlocked network of epoxy and
CNTs. In principle, -COOH functionalized CNTs can chemically bind to the epoxy rings of the
SU8 molecules what might by though leading to good load-transfer. If this were the case, we
should have observed difference between the results for composites reinforced with
functionalized or native CNTs. This was not the case; the results are essentially the same,
except when using GBL as solvent, where the performance of the functionalized CNTs is
clearly worse. The reason is probably the following: the presence of hydroxyl end groups
leads to a softer polymer network in the cationic curing process, because the mechanism of
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polymerization changes from a typical active chain-end mechanism to an activated
monomer mechanism (16).

5.1.3 Microscopy

In order to test the dispersion of CNTs in the SU8 matrix, samples of composites 1
were cut by microtome and characterized by electron microscopy. SEM images of the
composites surface, presented in Figure 5.6, clearly show large aggregates of CNTs in SU8
matrix (dark areas) alternating with bright areas of SU8 rich areas. The size of these bright
areas was about 5-10 pm? clearly indicating phase separation at the surface of composites
1, which all showed the same structure.

Figure 5.6: SEM micrographs of composites surface with two different magnifications. SU8 is an
insulator and therefore, it appears as bright areas in SEM micrographs. Scale bars are: 2
um (b); 10 um (a).

Figure 5.7: Representative TEM micrographs of microtome sections of composite 1 samples, which
surprisingly all looked the same with the SU8 rich areas (a) and CNTs rich areas (b, c).
Scoping lines visible in (a) and (b) are artefacts of microtome cutting. Voids in (c) can be
artefacts of microtome cutting or areas inside the CNTs aggregates where SU8 could not
penetrate. Scale bars are: 100 nm (c); 0.2 um (a), (b).

TEM studies of the composites samples, prepared by microtome (Figure 5.7), reveal
that the bulk material is the same as the surface for all composites 1. Regions rich in SU8
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(Fig. 5.6 (a)) or in aggregates of CNTs (Fig. 5.6 (b) and (c)) were often seen in all composites
1.

5.1.4 Impedance spectroscopy

We further characterized the composites by means of impedance spectroscopy,
measurements of the frequency dependent conductivity. Results were interpreted the
following way. Below the percolation threshold, one can define CNTs rich areas, having a
resistance Ra. They are surrounded by areas of almost pure polymer which represent low
conductivity gaps expressed by a resistance (Rc) in parallel with a capacitance (C).
Consequently, the real part (Z') of frequency (w) dependent the complex impedance of the
composite has the form:

Rc
Z'=|Ra+————
et )

Above the percolation threshold, well dispersed CNTs are in contact and form conduction
paths through the polymer matrix. In this case, Z’ is frequency-independent having a simple
form:

Z'=(Ra+Rc)

This means that the frequency dependence of Z’' can be used as a tool to determine the
distribution of CNTs within the composite.

In Figure 5.8 (a), Z' is plotted as a function of the frequency for composites 1N. Z’ is
clearly frequency dependent. In addition, Z’ values are very close for all five composites
produced as well as for unloaded SU8 (in particular for frequency higher than 100 kHz).
Therefore the frequency dependence of Z’ for SU8 composites loaded with 5w% of CNTs is
ascribed to a poor CNTs distribution within the polymer matrix. An influence of the solvents
used to disperse pristine CNTs as well as to dissolve the SU8 cannot be clearly drawn.

When CNTs surface is functionalized with -COOH groups, Z’ is frequency independent
(Fig. 5.8 (b)) suggesting the creation of Ohmic materials which possess well connected
network of CNTs. In addition, it has to be noted that the Z’ values are 2 or 3 order of
magnitude lower in the case of -COOH functionalized CNTs than for non-functionalized CNTs
what also reflects the improved dispersion in the first case. In fact, the carboxyl groups on
the CNT surface can participate in the opening reaction of the epoxy rings, resulting in the
formation of an ester bond and an -OH group (17). Consequently, CNTs could be covalently
bonded to SU8 molecules what could reduce CNTs aggregation during the composite’s
processing.
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Figure 5.8: Evolution of the real part (Z’) of the complex impedance as a function of frequency for

dark blue curves in Fig 5.8 (b)). The most common SU8 solvent is GBL but some applications
require a suitable alternative for GBL. Consequently, PGMEA could be the most suitable

Z'(Q)
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Furthermore, it has to be noted that Z’ values obtained for composite 1F prepared
with PGMEA are much lower than for composites 1F MEK, acetone and benzene as solvents
and Z’ for composite 1F with PGMEA is very close to that prepared with GBL (see red and
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alternative of GBL for preparing composites with —COOH functionalized CNTs.
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5.1.5 Resistivity as a function of temperature

We measured resistivity as a function of the temperature for the composites 1N (Fig.

5.9 (a)) and 1F (Fig. 5.9 (b)) prepared with five different solvents.
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Figure 5.9: Resistivity as a function of the temperature for composites 1N (a) and composites 1F

(b). (c) Resistivity of the composites 1IN and 1F, normalized to the room temperature
conductivity in log(R/R(292)) vs. 1/VT representation. The straight line fits can be explained
in the framework of Coulomb interaction limited variable range hopping model. The
legend indicates the solvent and CNTs type (non-functionalized and functionalized CNTs

are indicated by “notF” and “fun”, respectively) used for composites 1 preparation.

Resistivity of the CNTs-SU8 composites 1 normalized to the room temperature value

show essentially no dependence on the solvent (Fig. 5.9 (a) and (b)). The same data in log(R)
vs. 1/VT representation are straight (Fig. 5.9 (c)). This indicates hopping conduction (18). The
essential part of this is that electrons hop from one conducting entity to another one which

is separated by insulating polymer. In such a model, the slope of the curves is proportional
to the barrier height. The fact that the slope is smaller for the functionalized CNTs (Fig. 5.9
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(c)) indicates better inter-tube contacts. Generally for composites 1, we can conclude that
the resistivity is dominated by hopping mechanism between the well-conducting entities.

5.1.6 Thermoelectric power as a function of temperature

The thermopower was measured for the CNTs-SU8 composites 1 prepared by five
different solvents, except for composites 1N prepared with benzene and GBL, we were
unable to determine their thermoelectric power due to the high resistivity. However, all
measured curves of thermopower vs. temperature showed the same behaviour, all were
strikingly linear. The Figure 5.10 shows an example of these results. The overall shape of the
curves is very similar to the measurements on pure CNTs (not embedded in the polymer).
The values of S(T) are all comparatively low and close to that of good metals. Such metallic
thermoelectric power is surprising considering that the resistivity is largely nonmetallic.
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Figure 5.10: Temperature dependence of thermoelectric power composites 1F prepared with five
different solvents (indicated in the legend).

According to the model for conducting polymers (19), the thermoelectric power
should be more metal-like than the resistivity. When several materials are connected in
series, such as bundles of CNTs in a polymer matrix, the defects and disordered regions
between them form electrical barriers. The resistivity is dominated by electric field gradient
across the material, as the electrons need to hop between different bundles. This leads to a
non-metallic dependence of p(T). On the contrary, thermoelectric power is measured in a
zero-current configuration. Therefore it is governed by the temperature difference rather
than by the presence of electrical barriers, consistently with the metallic behaviour we
observed. This picture suggests that in these samples there is no percolation among
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individual CNTs, but rather that the CNTs form agglomerates which are touching or which
are separated by the polymer, what goes along with the results of microscopy and
measurement of resistivity as a function of the temperature.

Interestingly, the nonlinearity often observed in the thermopower of free-standing
buckypaper and even in polymer-CNTs composites, and interpreted as a phonon-drag peak
(19) is absent. The thermopower is positive, except at very low temperature, where it
crosses zero at 15 K. In order to extract the Fermi-energy, the obtained curves can be fitted
with the straight line of the form:

S(T)=-tk’T/2eE;

which allows the determination of the Fermi energy, yielding Er = 0.7 eV.

5.2 CNTs-SU8 composites 2

Besides presented composites with five different solvent and 5 wt% of CNTs, we
prepared the same formulations but with 1 wt% of CNTs to follow the aggregation type and
to observe if there were differences in solvent-related aggregation mechanisms.
Surprisingly, all samples revealed aggregations having the same morphologies and sizes,
thus being independent of the solvent (Fig. 5.11 (a)). Therefore, the actual mechanism of
aggregation and clustering was governed by the intrinsic properties of CNTs. In particular,
as produced CVD-made CNTs are known to form strongly aggregated structures, like those
shown in Figure 5.11 (b) which depicts CNTs before dispersion into the SUS8 resist.
Therefore, we put forward the idea that the improvement could be achieved by freeze-
drying of CNTs (see Chapter 3) in order to minimize strong CNTs aggregations even before
CNTs were inserted into the resist. The obtained CNTs powders using freeze drying were
finer and more voluminous, providing good starting material for the CNTs dispersion.

a}:;g
r

Figure 5.11: (a) Optical image of composite 1N prepared with acetone and 1 wt% of CNTs. (b) TEM
micrograph of purified CVD MWCNTs after heat drying (scale bar is 0.2 um). (c) Schematic
drawing of CNT with non-covalently bonded surfactant molecules given in orange.
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5.2.1 Dispersion of CNTs in SU8

As we mentioned, CNTs are hydrophobic and thus, their solutions are
thermodynamically instable and require stabilization by surface modification, like all
hydrophobic molecules. Since surface functionalization of CNTs did not result in good
dispersion in the SU8 network, we tried surfactants. Surfactants are molecules with two
parts (head and tail) having distinctly different properties (hydrophilic, hydrophobic, liophilic
etc.). This enables uniform orientation (with only head or tail) of surfactant molecules
towards surface of the dispersed objects (Fig. 5.11 (c)). There are thousands of surfactants
available and most of them are of unknown composition due to the protection of the
producer. Therefore, it was very difficult to find the appropriate surfactant. We were
searching for surfactants which are suitable for dispersion of organic molecules in organic
medium, then the search was further refined to those which are suitable for dispersion of
carbon black and for use in epoxy (as a medium of dispersion).

We tried different surfactants in different concentrations. Two of them showed good
results, hereafter denoted as surfactant 1 and 2 (see Chapter 3). We also had to try 2 Pls -
liquid and solid (see Chapter 3). Any modification of components or their ratios leads to
destabilization of the dispersion. The interaction of the surfactant and PI can easily prevent
polymerization. Indeed, with liquid old Pl polymerization is possible only with 1 surfactant.
With a solid new Pl polymerization is possible with 2 surfactants.

5.2.2 Microscopy

Distribution of CNTs inside the SU8 network for the composites 2 was characterized
by electron microscopy. The result showed that CNTs are not entangled into the big lumps
like after the synthesis and like in composites 1. HR SEM micrographs of fractured surface of
composite 2 with surfactant 1 showed well dispersed CNTs even for the sample containing 3
wt% of CNTs in SU8 (Fig. 5.12).

Figure 5.12: HR SEM micrographs (with different magnification) of composites 2 with surfactant 1
with 3 wt% of CNTs in SU8. Scale bars are: 500 nm (b); 1 um (a).
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Figure 5.13: TEM of microtome cut composites 2 with surfactant 1 containing (a) 0.2 wt%, (b) 0.5
wt% and (c) 1.4 wt% of CNTs in SU8. Scale bars are 200 nm.

TEM micrographs of the microtome cuts of composites 2 with different CNTs
concentrations also showed well dispersed CNTs (Fig. 5.13).

5.2.3 Thermal conductivity as a function of temperature

We measured the thermal conductivity of composites 2 as a function of CNTs’
concentration and temperature. Figure 5.14 shows results of thermal conductivity
measurement as a function of temperature in the temperature range from 4.2K to 300K.
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Figure 5.14: Thermal conductivity of CNTs-SU8 composites 2 as a function of temperature.

We can see that composite 2 with 2wt% of CNTs in SU8 have the same or even lower
thermal conductivity than the unloaded SU8. With increase of CNTs content, the epoxy
conversion is decreasing and thus, in composites 2 with 2 wt% of CNTs in SUS, it is possible
that there is still no well-connected network of CNTs, while the SU8 network is already
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heavily degraded by the presence of CNTs. Actually, studies of Sangermano et al. (20)
showed that, with an increase of CNTs content, the epoxy conversion decreases; 0.1 wt% of
CNTs reduced the epoxy conversion by 16%. Clearly, further increase of CNTs content might
induce dramatic changes in the overall epoxy conversion. The composite with the highest
CNTs content which we studied for applications in the photolithographic processing was of
1.6 wt%, which is 16 times more than in the study of Sangermano (20).

However, the composites with 5 and 10wt% of CNTs in SU8 showed the increase of
thermal conductivity. By making composite with randomly oriented CNTs the thermal
conductivity was increased up to 3 times. The thermal conductivity at room temperature
(what is usually the most important information for the applications) grows from 0.3 W/mK
for the unloaded SUS8 (at zero CNTs concentration) to 1.1 W/mK at 10 wt% of CNTs in SU8
(Figure 5.15).
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Figure 5.15: Thermal conductivity at room temperature of CNTs-SU8 composites 2 as a function of
CNTs concentration.

5.2.4 Nanoindentation

As mentioned in section 5.1.2, nanoindentation is the common technique to
characterize films. Therefore, we used it to determine hardness and Young’s modulus (see
Chapter 3). Composites 2 were prepared with CNT concentrations ranging from 0.1 wt% to 5
wt%. Obtained values for hardness and modulus are given in Figure 5.16. We can see that 3
fold increase in hardness was achieved with only 0.8 wt% of CNTs, while the Young's
modulus increases from 4 GPa for unloaded SU8 to 6.2 GPa for the same composite.

Mechanical properties of the composites are usually estimated by using the
simplified rule of mixtures. According to it, the maximal value of the Young’s modulus of the
composite which can be obtained is (21):

Ecomp =EcntVent +Ematrix(1 —Venr) (5.1)
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where Ecomp, Ecnt, and Ematrix are, the Young’s modulus of the composite, the modulus of
pure CNTs, and the modulus of the non-reinforced SU8 (see Chapter 2), respectively, and
Vent is the volume fraction of CNTs (in the case of CNTs used in this study calculation
showed no significant difference between the weight and volume fractions).
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Figure 5.16: Hardness (upper panel) and modulus (lower panel) of CNTs-SU8 composites 2 (prepared
with surfactant 1) as a function of CNTs concentration.

Due to the big difference between the modulus of polymer matrix and the CNTs
(which can be a few orders of magnitude bigger), it is very important to estimate CNTs
modulus correctly. Usually, CNTs reinforced composites show final modulus much below the
values estimated by the mixture formula (5.1) and the main reason for the big discrepancy is
the assumption that the modulus of CNTs is about 1TPa. In fact, most of the CNTs used for
polymer reinforcement are produced by the CVD synthesis method. The modulus of CVD
CNTs is proven to be strongly diameter dependent (Fig. 5.17). The average diameter of CNTs
used for preparation of these composites is 13 nm and thus, from the graph in Figure 5.22
we can estimate that their modulus is around 300 GPa. Concerning unloaded SUS8, there are
very big differences among the reported modulus values (see Chapter 2). Moreover, when
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the filler is introduced into the SU8 network the total polymer conversion is lower than for
the unloaded SU8, meaning that the elastic modulus of SU8 decreases with the increase of
the CNTs concentration. Taking into account the values of Young’s modulus of the
constituents, the SU8 matrix as we measured 3.95 GPa and the CNTs filler 300 GPa, by
applying formula (5.1) for the 0.1 wt%, 0.2 wt%, 0.5 wt% and 0.8 wt% of CNTs calculated
composite modulus are 4.2 GPa, 4.5 GPa, 5.4 GPa and 6.3 GPa what pretty much
corresponds to the experimentally obtained values (Figure 5.16). For 0.9 wt% and higher
CNTs concentrations, theory did not match the experimental results. The reason can be
higher CNTs fraction that means larger excluded volume and beginning of overlapping
concentration, what leads invariably to aggregation of CNTs.
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Figure 5.17: Elastic modulus of CVD CNTs shown by filled black circles (From the ref. (15)). The values
of the Young’s modulus of CVD CNTs having diameters of 11 nm and 15 nm are indicated
by green and blue dotted lines, respectively.

5.2.5 Four Point Resistivity Measurements

Electrical percolation curves (dashed lines are guide for the eyes) for the composites
with and without Pl show significant differences (Fig. 5.18). The presence of Pl enables
lower resistance due to the SU8 crosslinking which brings tubes closer and fixes them into
their position. In other words, with Pl intertube contacts are better (CNTs and SU8 form
interlocked network). It was very difficult to determine the value of percolation threshold,
because the composite 2 with the lowest CNTs concentration was already electrically
conductive. This also shows good dispersion of CNTs in composites 2. Percolation was
estimated where resistance decreased by 4 orders of magnitude with respect to pure SU8.
Thresholds determined by this criterion are around 0.4 wt% of CNTs in SU8 (for composites
2 without PI) and around 0.1 wt% (for composites 2 with PI). Moreover, we achieved more
than 10 orders of magnitude decrease of the initial SU8 polymer matrix resistance with
CNTs’ load of 3 wt%.
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Figure 5.18: Electrical resistance of the composite (prepared with surfactant 1) as a function of CNTs
concentration.

Electrical properties for the composite 2 prepared with surfactant 2 are given in
Figure 5.19.
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Figure 5.19: Electrical resistance of composite (prepared with surfactant 2) as a function of CNTs
concentration.
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Furthermore, we compared results for two series of composites at appropriate
processing steps (Fig. 5.20) and have found no major difference between electrical
properties of composites 2 prepared with surfactant 1 and 2. Hence, we can conclude that
surfactants used in this study do not affect the electrical properties of composites 2. We
achieved electrical percolation with around 0.1 wt% of CNTs in composites 2 with PI.
Difference in electrical percolation curves for the composites prepared with and without PI
indicates a better dispersion of CNTs and better inter-tube contact when SU8 was cross-
linked.
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Figure 5.20: An example of comparison of electrical resistance of composites 2 (prepared with
surfactant 1 and 2) after the last processing step as a function of CNTs concentration.
Apparently, there is no significant difference among the corresponding electrical
resistance of composites 2 prepared with two surfactants (measured values for 4 wt% and
5 wt% of CNTs in SU8 are completely overlapping).

5.2.6 Resistivity as a function of temperature

We measured resistivity as a function of temperature for the composites 2 prepared
with surfactant 1. Figure 5.21 shows resistivity of a sample containing 3 wt% of CNTs in SUS,
normalized to the room temperature value. The same data in log(R) vs. 1/VT representation
is straight (insert in Fig. 5.21). This indicates hopping conduction, like for composites 1 (see
section 5.1.5).
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Figure 5.21: Resistivity of composite 2 containing 3 wt% of CNTs in SU8 (normalized to the room
temperature resistivity value, Ry) as a function of temperature. Insert shows the same
result in log(R/Rg) vs. 1/VT representation. The straight line fits can be explained in the
framework of hopping model.

5.3 CNTs-SU8 composites 3

Impregnation of CNT carpets was obtained by capillary-driven wetting using the
traditional method of dropwise adding low viscosity SU8 (standard 1040 formulation
without dilution) at room temperature to an oriented CNT mat grown on a substrate (21)
(see Chapter 3). The aim of the experiment was to analyze whether the electrical and
thermal conductivity of composites 3 depends on the orientation of the CNTs inside the
composite. Therefore the measurements were performed both along the CNT direction and
perpendicular to it. In a composite 3, both electrical and thermal conductivity should be
greater along the CNTs direction, since they are electrical conductors. That alone explains
the difference in electrical conductivity, but can be applied to thermal conductivity as well, if
we suppose that most of the heat is transported by the electrons or phonons of the CNTSs.

5.3.1 Microscopy

Important factors for obtaining material with superior properties are: (i) good carpet
wetting in the whole volume without presence of voids or inclusions and (ii) preserved CNTs
alignment in the final composite. To assess good wetting over the whole carpet volume and
over the whole CNTs length, we have studied CNTs—SU8 composites 3 by SEM. SEM
micrographs (Fig. 5.22 (a)) have shown that we obtained uniform carpet impregnation in all
regions from CNTs’ top to the bottom. We did not observe voids or inclusions. On the same
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micrograph, alignment of CNTs in composite seems preserved. In order to verify whether
the CNTs alignment in carpet’s inner structure is well-maintained, we have performed TEM
observation on ultramicrotome section of composite 3. The results confirmed alignment of
CNTs in composite 3 (Fig. 5.22 (b) and (c)). Alignment of CNTs in final composite 3 is
essential for using CNTs as “direct thermal conductor” from heat source to the sink, what
was our aim. Therefore, we additionally checked CNTs alignment by HR SEM, what revealed
that some CNTs are curved and deformed (Fig. 5.23).

Figure 5.22: a) SEM micrograph of impregnated carpet’s cross section confirming uniformity of
carpet’s impregnation with SU8 from top to the bottom (SU8 appears as white on the SEM
micrograph since it is an insulator); b) TEM micrograph of ~40 um thick microtome
composite’s sample showing preserved MWCNTs alignment in the carpet upon
impregnation with SU8. Scale bars are: 0.2 um (b), (c); 100 um (a).
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Figure 5.23: HR SEM micrographs of impregnated carpet showing lots of aligned CNTs (a) and parts
without preserved tubes alignment (b). Both images were taken on the outer surface of
the impregnated carpet and not in its cross-section like given in Figure 5.2 (b) and (c). Scale
bars are 2 um.

5.3.2 Thermal conductivity as a function of temperature

The thermal conductivity (k) of the nanotube carpet has been determined between
4K and 300 K. The sample space was kept under dynamic vacuum to reduce parallel heat
conduction by residual gas. The result is shown in Figure 5.24.
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Figure 5.24: Thermal conductivity of aligned CNT carpet/SU8 composite sample along (red dotes)
and perpendicular (green dots) to the direction of the CNTs. The inset shows the
anisotropy of the thermal conductivity (the ratio of previous two thermal conductivities).

The anisotropy of k is more than 10 at room temperature, with the perpendicular
conductivity barely higher than that of the pure epoxy. The value of the parallel heat
conductivity is about 4 W/mK. Although not as high as the results published for aligned,
high crystallinity carbon nanotubes (22), there are several reasons not to expect such
outstanding results. Firstly, the fraction of the CNTs in the composite is estimated to be only
about 5 wt%, the rest is low-thermal-conductivity epoxy resin. Secondly, there are no
continuous tubes running from one end of the sample to the other. This means that no
matter whether electrons or phonons are the dominant contributors to the thermal
conductivity, hopping from one tube to the next limits transport.

5.3.3 Resistivity as a function of temperature

We have also measured the electrical conductivity and its anisotropy as a function of
temperature. Figure 5.36 shows the result. The resistivity has similar temperature

dependence, in both directions it varies as R=R0exp((T0/T)%), a behavior often

observed in granular metals, carbon aerogels, activated carbon fibers or assemblies of
graphitic particles, where this kind of temperature dependence was attributed to Coulomb-
interaction limited hopping conduction (18). The very same behavior as in the case of the

other two types of composites studied.

The anisotropy of the electrical conductivity at room temperature is smaller than
that of the thermal conductivity. This suggests that the dominant contribution to the heat
conduction comes from phonons, not from electrons, as is the case for simple metals.
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Figure 5.36: Resistivity of aligned CNTs in the direction of the alignment (red dots) and perpendicular
to the alignment (green dots) as a function of temperature. Insert shows the ratio of
previous two resistivities.

5.4 Conclusions

| have used different mechanical, electrical and thermal measurements, as well as
electron microscopy to study CNT/SU8 composites prepared by different methods.

Nanoindentation of CNTs-SU8 composites 1 (native or functionalised CNTs mixed
with SU8 epoxy) showed modest increase of mechanical properties (enhancement of Ey by
100%) with respect to unloaded SU8, due to the random CNTs network and poor dispersion
which cannot carry the load. Impedance measurement showed presence of percolating
CNTs network in composites 1F. However, microscopy and measurement of resistivity and
thermopower as a function of temperature revealed presence of CNTs aggregates separated
by SU8 rich areas. Therefore, electrical conduction was limited by inter-tube hopping.

| tried to improve CNT dispersion by using surfactants. Microscopy of these samples
showed well dispersed CNTs for different CNTs concentrations, what was confirmed by four-
point resistivity measurements which have shown percolation already around 0.1 wt% of
CNTs in SU8. Threefold increase of thermal conductivity, with respect to the unloaded SUS,
was achieved for composites 2 with 10 wt% of CNTs in SU8. Threefold increase of hardness,
with respect to the unloaded SU8, was achieved for composites 2 with only 0.8 wt% of CNTs
in SU8. However, measurement of resistivity as a function of temperature still indicated
hopping mechanism meaning that CNTs were still separated by the polymer or in this case,
by the surfactant molecules.
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For the composites 3, consisting of oriented CNT carpets impregnated with SU8 we
obtained an increase of the room temperature thermal conductivity almost 13 times by
alignment of CNTs inside the composite, which was achieved by simple impregnation of
CNTs carpets. Due to the high anisotropy of CNTs-SU8 composites, we can tailor material’s
functionality in the required dimension.
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Chapter 6

CNTs-SU8 composites
processing

The SU8 resist can be processed with a number of patterning and processing
techniques (1), what makes it very attractive for industrial applications and scientific
research. In this work we focussed on three specific processes which are considered as the
most important ones from the industrial perspective. These processes are: inkjet printing,
photolithography and screen printing.

The overall goal was to optimize the listed processing techniques towards obtaining
CNTs-SU8 composite films that would possess advantageous properties, thus leading to
well-defined, electrically conductive patterns, flexibility, tuneable transparency,
processability with good adhesion on various substrates, as well as revealing substantial
chemical resistance and stability in various environments.

6.1 Photolithography

Photolithography is one of the most important and most frequently used techniques
for the patterning of microsystems. In photolithographic processes patterns (designs) are
copied from templates (masks) into thin UV-light sensitive polymeric films (photoresists).
Photoresists come in two tones: positive and negative. The negative tone photoresist yields
final structures that match areas exposed to irradiation (2). Taking into account that SU8 is a
negative tone photoresist, in the following, we will focus on the photolithographic processes
of such resins. The processing steps that represent the standard SU8 lithographic procedure
are schematically illustrated in Figure 6.1. A detailed description of each step is given in
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Appendix 2. Moreover, potential technical difficulties and shortcomings of these
technological steps, especially in the context of CNTs-loaded SUS8, as well as possible ways to
overcome them, will also be discussed in detail in Appendix 2.

(a) Spin-coating \}‘/ pipette (d) Post-exposure bake
composite

] I B B B =
< >

/

solvent evaporation

b8 L bndug B S TS

(b) Soft baking (e) Development
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(c) UV-exposure UV light mask (f) Hard bake
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Figure 6.1: The scheme of basic photolithographic steps for processing of a negative tone
photoresist, like, e.g. the SU8 epoxy resin and CNTs-SU8 composites.

In the spin-coating step (Fig. 6.1 (a)), a certain predetermined amount of relatively
viscous liquid solution of photoresist is firstly deposited at the centre of the wafer.
Subsequent spinning of the wafer induces radial spreading of the photoresist and coating of
the surface of the wafer with the resist layer. Some difficulties may accompany the spin-
coating step and one of them is the appearance of beads formed by a build-up of the
photoresist on the wafer’s edges on the front or back (or both) side of the wafer. Moreover,
the planarization, which is the key issue for photolithography process, may easily be
disrupted, for instance by the edge beading. Additional problem may present the
aggregation of CNTs due to their exposure to the gradient of velocity and shear stress, what
leads to the unwanted inhomogeneous composite film. Careful optimization of coating
parameters (see Appendix 2) was done in order to minimize CNTs aggregation, planarization
problem and edge beading.
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After the spin-coating step, the substrate and the deposited resist layer are baked on
a hot plate in order to remove the solvent in so called “soft baking” (SB) step (Fig. 6.1 (b)).
The solvent removal in the SB step is usually followed by the volume shrinkage of the resin
layer. This induces stress in the photoresist film and aggregation of the filler. The
appropriate duration of the SB step (sufficient for the solvent removal), is determined by
the thickness of the resist layer, which is in turn determined by the parameters of the
previous processing step, i.e. spin-coating. The over- and under-baking have to be avoided,
and thus, the SB duration has to be carefully chosen. In this work, the SB duration was
optimized according to the thermogravimetric analysis (TGA) (see Appendix 2).

The structuration (patterning) of composites is provided by their exposure to UV
light through a mask with a pattern (Fig. 6.1 (c)). The exposure initiates cross-linking of SUS.
The exposure wavelength has to be carefully chosen to simultaneously correspond to the
emission of the light source, the absorption of the Pl and the transparency of the light
source. The last was tested by UV-vis spectroscopy (see Appendix 2).

The previous UV-exposure step just defines the starting points of a chemical reaction
that is actually driven by temperature in the subsequent step of post-exposure baking (PEB)
(2) (3), (Fig. 6.1 (d)). Optimization of the PEB was done according to the results of TGA and
DSC measurements (see Appendix 2).

The cross-linked SUS8 is stable against dissolutions in the subsequent development
step (Fig. 6.1 (e)), which have to be perform in such way that avoids structure’s cracking,
collapse or detachment (see Appendix 2).

The hard baking (Fig. 6.1 (f)) is optional and it can be important for specific
applications (see Appendix 2).

6.1.1 Results of CNTs-SU8 composite photolithography

Application of presented processing procedure yielded the most successful photo-
patterning of composite films of different thicknesses when composites were containing the
new Pl and surfactant 1 (Fig. 6.2). The presence of CNTs in different concentrations did not
disable photo-patterning, as it can be seen in the images in Figure 6.3.

However, as it has previously been mentioned, some problems may occur during the
photolithographic processing of the CNTs-SU8 composites. For the composites prepared in
this work, one of these frequently occurring problems, i.e. the lack of adhesion between the
substrate and the composite film was not observed, even on Pyrex substrates known to be a
‘difficult’ substrate for SU-8 epoxy resin.

Another possible problem, i.e. formation of voids was noticed on the surface of the
composites film deposits with 1.2 wt% and 1.6 wt% of CNTs in SU8 (Fig. 6.3 (c) and (d)).
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Figure 6.2: An example of photo-patterned structures of CNTs-SU8 composite containing 0.4 wt% of
CNTs in SUS.

(a) (b)

Figure 6.3: Photo-patterned structures of composites containing: (a) 0.4 wt%, (b) 0.8 wt%, (c) 1.2
wt% and (d) 1.6 wt% of CNTs in SUS.
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Figure 6.4: (a) Magnified edges of the composite deposit with 0.8 wt% of CNTs in SU8 show
occasional edges imperfections; (b) dimensions of pattern of composite with 0.4 wt% of
CNTs in SUS8.
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During curing, one of the major concerns is the internal stress, which can impair the
final quality of the film’s surface. This can be seen in the form of micro-cracks, which were
occasionally noticed on the edges of the patterns, as shown in Figure 6.4 (a). This Figure
depicts the magnified edges of the structure deposited using the composite containing 0.8
wt% of CNTs. Another problem relates to the deviation from the designed pattern
dimensions, like in the structure shown in Figure 6.4 (b), with the final dimensions of: 69.44
um, 227.91 um, 1679.66 um and 1680.07 um, instead of expected ones: 70 um, 230 um,
1680 um and 1680 um, respectively. This deviation of dimensions can be negligible for some
microengineering applications, but it also might jeopardize the dimensional stability in some
other applications, like, e.g. in nano/micro-fluidics.

In the case when the surface of the composite film deposit is not perfectly planar,
light diffraction may cause problems (4), like, e.g., broadening of lateral dimensions of
structures or traces of the resist (or composites in our case) outside the pattern edges. The
example images of such shape distortions for the structures prepared on the same wafer (all
structures were processed in the same way), with different distances from the centre of the
wafer, are shown in Figure 6.5.

--
--

Figure 6.5: Images of the CNT-SU8 thin film structures deposited on the same wafer, but at different

distances from its centre. The images of: (a) the structure deposited within the inner circle
with the diameter of one half of the wafer’s diameter; (b), (c) and (d) the structures
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deposited outside of the inner circle towards the wafer’s edge (the closest to the edge is
image (d)). The deviation from the surface planarity causes light diffraction in the
photolithographic process. This results in broadening of lateral dimensions of the
composite outside the pattern edges. These effects are more pronounced with an
increase of the distance from the centre of the wafer (from (a) to (d)).

Studies of Sangermano et al. (5) showed that, with an increase of CNTs content, the
epoxy conversion decreases; in fact 0.1 wt% of CNTs reduced the epoxy conversion for 16%.
Clearly, any further increase of CNTs content might induce dramatic changes in the overall
epoxy conversion. The composite with the highest CNTs content which we studied for
applications in the photolithographic processing was of 1.6 wt%, which is 16 times more
than in the study of Sangermano (5). To a great extent, for thick deposits, an uncompleted
SU8 conversion would certainly be visible in the form of a strong deviation from planarity of
the surface. Indeed, this was observed for a portion of composite deposits with 1.6 wt% of
CNTs, as shown in Figure 6.6.

Figure 6.6: Images of the CNTs-SU8 thick film structures having 1.6 wt% of CNTs in SU8. Uncross-
linked SU8 was removed in the development step, leaving a non-planar film surface.

6.1.1.1 Results of cut CNTs-SU8 composite photolithography

The photolithographic processing was also studied for composites prepared with cut
CNTs (composites 2C, see Chapter 3). The main difference between composites prepared
with cut CNTs and the ones with standard long CNTs is the strong probability of clustering of
cut CNTs. Such aggregative behaviour could be expected due to the reduced size of CNTs
and their higher mobility, which usually aids diffusivity. In this manner, the shear- induced
aggregation would be facilitated. Moreover, objects with smaller size have higher surface
area and higher surface free energy, and therefore, strongly tend to aggregate (3; 6).
Indeed, the final structures of composite 2C showed very strong aggregations of cut CNTs
where aggregates size exceed even few hundreds of micrometers, like it can be seen in
example in Figure 6.7.
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Figure 6.7: Example of the strong aggregation of the cut CNTs in the thin film deposits of CNTs-SU8
composite 2C containing 0.8 wt% of cut CNTs.

Figure 6.8: Structures of the CNTs-SU8 composite 2C containing 0.4 wt% of cut CNTs, where the
lower image shows the magnified part of the upper one (marked by the green rectangle).
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Numbers visible in the lower image (35, 40 and 45) indicate the line/space width in
micrometers of the vertical and horizontal lines and spaces in the direction of the number.

Composites 2C were also photo-patternable with the use of the above-presented
processing procedure and vyielded structured films (Fig. 6.8 (a)). In spite of the strong
aggregation of the cut CNTs, these composites yielded quite good resolution, typical for
SU8-based thin film deposits (Fig. 6.8 (b)).

(a)

Figure 6.9: Photo-patterned structures based on CNTs-SU8 composites 2C containing: (a) 0.4 wt%,
(b) 0.8 wt%, (c) 1.2 wt% and (d) 1.6 wt% of cut CNTs in SUS.

In the case of composites 2C, the presence of cut CNTs in different concentrations
did not prevent photo-patterning what can be seen in the images in Figure 6.9. However,
the surface roughness of obtained structures was significant already for composite films
with the cut CNTs content of 0.8 wt%. This can be clearly seen in Figure 6.9 (b), (c) and (d).
The same images show also the formation of voids, as a natural consequence of the high
surface roughness.

As already mentioned, for composites 2, the adhesion problem did not appear. In
contrast, composites 2C surprisingly often showed poor adhesion, even on quartz
substrates. De-bonding of the edges of the structures was mostly observed for composites
containing 0.4 wt% (Fig. 6.10 (a)) and 0.8 wt% of cut CNTs, while a more marked effect of
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peeling at the ends of the structures was observed for composites with 0.4 wt% of cut CNTs
(Fig. 6.10 (b)). The origin of such behaviour is probably due to the mechanical stress
accumulation in the deposits of CNTs-SU8 composites containing cut CNTSs.

Concerning transparency of the films, composites 2C showed higher transparency
than composites 2, which were prepared with the same concentration of CNTs (Fig. 6.11).

Figure 6.10: De-bonding of the edges (a) and peeling of the structures (b) of thin film deposit of
CNTs-SU8 composites 2C containing 0.4 wt% of cut CNTs.

=

Figure 6.11: Structures formed from CNTs-SU8 composites having the same content of 0.4 wt% of
CNTs, shown on the left and the right side of the image, for the cut CNTs and long CNTs,
respectively. A higher transparency of the composite film on the left side can be seen.
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6.1.1.2 Stripping

There are a lot of ways to lift-off SU8 deposits (7). In this work, the problem of the
SU8 deposits lift-off (stripping) was solved by using a method of sacrificial layer. In general,
this stripping method consists of depositing a sacrificial layer on the wafer before the
deposition of the resist. After all standard UV-lithography processing steps previously listed,
the wafer with the structured resist is dipped in the solution which can dissolve the material
of sacrificial layer, but which, at the same time, does not react with the cross-linked resist.
To this end, we made use of special products, usually employed for SU8 processing, as a
sacrificial layer and its developer (provided by Gersteltec (1)). As a result, composite
structures were successfully lifted-off from the substrates (quartz, float glass and Pyrex) (Fig.
6.12). However, stripping could be achieved only with the use of a mild sonication (in the
ultrasonic bath), which accelerated the developer diffusion. Interestingly, lifted-off free
standing composite structures showed substantial flexibility (Fig. 6.13).

Figure 6.12: Rectangular and dog-bone structures lifted-off from the wafer after photo-patterning.

“
I

Figure 6.13: Flexibility of the CNTs-SU8 composites structures prepared by photolithography and
lifted-off from the substrates.
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6.1.2 Conclusions

As explained by Nouzille (8; 3), the development of an efficient, radiation-cured ink
relies on numerous factors, which include the type of the printing facility, curing equipment
and physical properties of the photosensitive ink. When the photosensitive ink is a
composite material, the corresponding formulations comprise at least three components:
epoxy (SU8), photo-initiator (PI), and filler (CNTs). In general, epoxy contributes to the
majority of final properties of the cured film, while Pl activates the polymerisation reaction
and influences the surface curing, through cure and total degree of polymerisation. On the
other hand, fillers provide with useful (required) complementary properties. In the case of
UV-curing, the fillers greatly influence the ability of UV radiation to penetrate the ink film.
Therefore, from the formulation standpoint, the major factors determining printability are:
the material chemistry and presence of filler, that is, in our case, of CNTs. In fact, the
optimisation of photosensitive formulations and their photolithographic processing is quite
difficult due to the complex influence of various parameters. The optimisation of
photosensitive formulation consists mostly of finding the best compromise between the
cure speed, printability, adhesion and physical properties (8; 3). In this thesis, we report on
the successful optimisation of thermo- and UV-curable CNTs-SU8 composite formulations,
where the best photo-curable properties showed composites containing new PI, surfactant
1 and standard long CNTs.

In this work, by applying the state-of-the-art photolithographic processing, photo-
patterned films of CNTs-SU8 composites 2 suitable for various applications were obtained.
These films offer a plethora of tuneable features, including transparency, flexibility,
electrical conductivity and variable mechanical properties.

6.2 Inkjet printing of CNTs-SU8 composites

In inkjet printing process, a sudden reduction of the chamber volume triggers the
ejection of a fixed quantity of ink thorough a nozzle connected to this chamber. The ejected
drop falls on the substrate, where it dries due solvent evaporation (9). In order to print
patterned structures (drops or lines) by inkjet technique, firstly the appropriate ink
formulations have to be prepared (see Appendix 3). To this end, in this work, we especially
elaborated composites 2C (see Chapter 3). To achieve stable conditions for drop formation,
applied voltage and the pulse shape have to be adjusted. Moreover, wetting of the nozzle
surface have to be avoided (see Appendix 3). Ink-jetting of stable drops (Fig. 6.14 (a)) was
followed by contact angle measurement (see Appendix 3) and printing of drops (Fig. 6.14
(b)) and lines (Fig. 6.14 (c)).
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Figure 6.14: (a) Stroboscopic image of stable drop formation without wetting of nozzle faceplate. (b)
Microscope image of CNT-SU8 droplets printed on a glass substrate. The droplet diameter
is roughly 150um and the distance between the centres of the droplets is 400 um (zoom
out and zoom in images); (c) Optical microscope image of a CNT-SUS8 ink-jet printed stripe
on glass surface. The droplet spacing was set to 200 um, which resulted in a continuous
130-pum wide stripe (The lighter line in the middle of the zoom out and zoom in images is
the reflected light from the crest of the stripe) (see the ref. [MM13]).

6.2.1 Inkjet printing of CNTs-SU8 composites 2C inks onto flexible
polyester substrates

Obtaining stable and precise patterns of desired structures is not the only
requirement for successful inkjet printing. One of the key requirements for inkjet-printed
structures is also a strong adhesion to the substrate. This latter feature is often difficult to
achieve without substrate’s surface modification by chemical treatments. Additional
difficulty arises when flexible polymeric substrates are to be used. These are the most
difficult ones for adhesion because the low surface energy of the polymers makes the
wetting less favourable. When ink is printed onto a non-adsorbing surface, it will tend to
bead up rather than form a uniform layer. In printing on polymer flat sheets
(transparencies), adhesion can be obtained by the use of a swelling the polymer layer,
adding a transparent but porous layer or via surface roughening (10). For instance, upon
printing colloidal platinum suspension onto polyester transparencies, layers peeled off from
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various coated and uncoated transparencies. In order to obtain good adhesion and stable
not peeled off printed layers, transparencies had to be etched in sodium hydroxide (10).
Another possibility is to tune the particles’ surface properties by adding appropriate
surfactants. This poses a problem because surfactant removal often involves extensive
washing and/or special chemical treatments. This might induce separation of the printed
structure from the substrate (11). On the other hand, if the surfactant is not removed from
printed structures, their conductivity might be impaired. Additional adhesion promoters
destabilize particle dispersion in the ink solution and may also significantly decrease desired
electrical conductivity (11). Therefore, we inkjet-printed our CNTs-SU8 composite inks onto
polyester transparencies without the use of additional adhesion promoters. Since CNTs-SU8
composites were inkjet-printed onto a mechanically flexible substrate, in our case polyester
transparencies, printed structures had to be flexible as well. The bending of the substrate
implies the need for toughness in the material of inkjet-printed patterns (10). It is observed
that the film of CNTs-SU8 composite ink remained strongly attached to the surface of
polyester transparencies. The adhesion between the wire and the substrate was excellent,
and no delamination occurred even at repeatable, high mechanical deformations (Fig. 6.16).

b oo < M

Figure 6.16: Photographs of inkjet-printed SU8-CNT wire on flexible polyester transparencies (see
the ref. [MM13]).

6.2.2 Resistivity measurements

To adjust proper conditions for inkjet printing of CNTs-SU8 composites and good
adhesion to various substrates, printed structures need to be electrically characterized. In
the case of composite polymer materials containing elongated objects, like CNTs, a very
important aspect is related to inter-chain interactions. These inter-chain interactions affect
the printability, final morphology and transport properties of printed films (12). The degree
of inter-chain interactions in CNTs-loaded inkjet inks can be significantly influenced by the
presence of defects on CNTs’ surface, by CNTs concentration and CNTs interactions with the
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substrate and other components of composite. Additional problem is related to the well-
known extreme difficulty achieving uniformly dispersed high fractions of CNTs in organic
solvents. In such systems, due to aggregations, CNTs tend to form non-conductive mixtures.

Numerous research groups inkjet-printed solutions containing CNTs with aim to
obtain electrically conductive structures. The results concerning the lowest obtained
resistances are listed in the following.

Carboxyl functionalized SWCNTs (4-5 nm diameter and 0.5-1.5 um long) mixed with
PEDOT:PSS were inkjet printed on photo paper and sheet resistance of printed structures
was ~115 kQ/o. Bare nanotubes on PET substrate showed poor adhesion and high sheet
resistance (>4 MQ/a) (13).

Carboxyl functionalized CVD MWCNTs (10-70nm diameter and 1-5 pum long) - based
aqueous ink was used to print patterns on paper and plastic surfaces. Electrically conductive
patterns were obtained after 30 overprints. The sheet resistivity dropped to 40 kQ/o after
90 overprints (14).

Electrically conductive patterns were also obtained with SWCNTs of 5nm diameter and
10um length dispersed in dimethylforamide. The inkjet-printed line with a width of 1.3 mm,
corresponding to 8 overwriting steps, had a resistance of 5.7 kQ (15).

Inkjet printing of the water soluble MWCNTs-polyaniline composite with a 32% content of
MWCNTSs resulted in conductive structures: 3 overprinted layers had sheet resistivity of ~1.1
kQ/o (16).

Our result for the evolution of sheet resistance (Ry) for CNTs-SU8 composite 2C thin
film deposits as a function of CNT content is plotted in Figure 6.17. The results are plotted in
the form of a box plot, where thick black line correspond to the median values, the boxes
indicate the interquartile ranges (IQR), with the bottom and the top of the boxes
corresponding to the lower (cuts off lowest 25% of data) and upper (cuts off highest 25% of
data) quartiles, respectively, whiskers denotes the resistance ranges, which included 99.3%
of data, and the circles indicate outliers. From the presented data it is possible to conclude
that the electrical resistance decreases drastically with the increasing CNT content, as
compared to film deposits of the same thickness prepared from unloaded SU8. The
corresponding sheet resistance for such unloaded SU8 films could be of 1x10" - 1x10*®
Q/0, since the surface resistivity of SU8 is of ~ 10" Om (17). It can be noticed that for the
content of 0.8 wt% of CNT, the surface resistance decreased by ten orders of magnitude as
compared to the unloaded SU8, which points to a percolation phenomenon.

Generally, materials can be classified concerning their electrical properties as follows
(18): insulating materials are defined as those that have a surface resistance of at least
1x10™ Q/o, conductive materials are those that have a surface resistance of less than 1x10*
/0, and the materials that have a surface resistance of greater than or equal to 1x10* Q
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sq’, but less than 1x10'" Q/o, are classified as dissipative materials. The CNTs-SU8 inks with
various CNTs contents studied in this work fall in the latter category. These materials are
very important when static electricity dissipation is required (5). The results of electrical
characterisation of the inkjet-printed structures showed that our composite ink is indeed
suitable for applications that require the control of electrostatic discharge. Actually, adding
of only 0.8 wt% of CNTs was enough to obtain a composite ink suitable for applications that
require electrostatic discharge.

(a) (b)
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Figure 6.17: Sheet resistance of the native (a) and polished (b) surfaces of CNTs-SU8 inkjet-printed
structures as a function of CNTs concentration (CNTs weight percent) (see the ref.
[MM13]).

For 0.8 wt% and 1.2 wt% CNTs content an insulating layer of polymer forms on the
top of the droplets, as observed by several samples to have resistivity above 200 MQ in the
native state. For the highest concentration batch, only one sample had such a high
resistance. Removing the insulating layer has dramatically decreased the measured
resistance of the samples with 0.8 wt % and 1.2 wt% of CNTs for two orders of magnitude.
In contrast, the sample with 1.6% CNT content did not show any significant change upon
removal of the insulating layer (Fig. 6.17).

The obtained values for sheet resistivity were higher than expected. The reasons
could be numerous. In particular, since the CNTs suspension is stabilised by surfactant, the
necessary inter-tube contact required for high conductivity is precluded by the presence of
surfactant layers on the surface (10). Another reason for the obtained high sheet resistance
might be due the observed phase separation, which was inferred from the difference in
sheet resistance of the top-most and polished surfaces (see Fig. 6.17). In principle, one
cannot exclude that similar phase separated regions do exist in the bulk on a very fine scale.
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They are certainly not predominant, because the overall resistance has considerably
decreased upon CNTs loading.

Surprisingly, in some applications, the appearance of the phase separation in inkjet-
printed structures and devices might be considered as an advantage. Therefore it is very
important to know which parameters induce phase separation and change printed
structures. In fact, besides the drying temperature, which is known to affect mechanism of
phase separation in printed structures, also the heating rate is very important (19). It was
found that rapid drying of the inkjet-printed structures also resulted in a fine phase
separation. The devices obtained this way showed better performances than the devices
prepared by other printing techniques, because the fine phase separation resulted in
formation of smaller domains than the practical sizes of the printed droplets or lines (19).
This approach, in combination with the elevated substrate temperature, yielded 2D features
of hundreds of nanometres in size (19). Clearly, the films produced in this way may suffer
from a non-uniform thickness (12).

Our mono-layered inkjet-printed constructs showed semiconductor behaviour and
fine phase separation. They might find applications in various types of devices, where
semiconducting active layers are required. An additional advantage is the difference in sheet
resistivity between the topmost layer and the bulk of printed features. This could give rise to
new possible applications as encapsulated semiconductors, what would eliminate the need
to protect and insulate printed semiconductors. Moreover, the actual size of a
semiconducting element printed this way would be smaller than the printed structure itself,
because of the phase-separated-insulating-topmost layer.

6.2.3 Conclusions

We successfully prepared CNTs-SU8 composite 2C ink by the choice of the
appropriate solvent, surfactant and CNTs. The ink with optimized parameters is highly
suitable for inkjet printing on various substrates. Straight flexible conductive lines and
regular arrays of 150 um dots were successfully printed, with sheet resistances
corresponding to the class of dissipative materials. The printed structures showed excellent
adhesion to glass and even to unmodified polyester sheets (transparencies). The highest
processing temperature used during the entire process was of 95°C, which is low as
compared to the temperatures used in standard inkjet processes aiming to create
conductive structures by sintering of metallic particles. Fully processed printed composite
structures are flexible and show good performances at elevated temperatures (SUS8 itself
can be heated up to 250°C, during which its chemical resistance further increases). The
printed structures are not subject to chemical modification or degradation upon exposure to
harsh chemicals like hydrofluoric acid. This is in contrast to organic conductive polymers and
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metallic nanoparticles known to be unstable in most environments, even at atmospheric
conditions, such as moisture or oxygen.

6.3 Screen printing

Over the last decades, the technologies of printing have been rapidly developing.
Notwithstanding, the further improvement of printing techniques, with the aim of bringing
new functions to the materials, still remains in the focus of interests of industrial and
scientific communities. For applications on the industrial scale, screen printing is often
considered as the most suitable printing technique because of many advantages, like low
cost mass production and simplicity of the process. Furthermore, the screen printing
method is one of the most effective techniques for rapid covering of large surfaces. In the
context of printing applications, the most remarkable ones are related to the development
of patterned electronic circuits with new functions, like flexible electronics, low cost
conductors, sensor properties and smart materials. These new exciting properties do not
arise from the printing technique itself. In fact, they are also consequences of new ink
generations especially designed to have desired properties by adding nano-sized fillers into
polymers. The vast majority of the reported results in this field are related to composite
pastes where CNTs are used as filler (20; 21; 22; 23; 24; 25; 26; 27). The screen printing
method enables us to cover large surfaces with CNTs where other deposition methods
cannot be used (like the electrophoresis which cannot be used for rapid large scale coverage
and direct CNTs’ carpet growth which is unsuitable for most of the processes owing to the
growth temperatures above 150°C).

The screen printing of pastes containing CNTs is facing several difficulties in
achieving a bigger outcome. One of the main shortcomings of screen-printed CNTs-based
pastes is the weak adhesion of CNTs to a substrate (21). Some attempts to overcome this
problem are accomplished through a special thermal treatment in controlled atmosphere
(22), which is not suitable for all kind of substrates and processes. Other solutions to better
fix CNTs to a substrate consist on adding binding materials. These latter methods have also
some drawbacks, including:

- binders require sintering at temperatures above 350°C (20; 21; 22; 23; 24; 25; 26),

- out-gassing of the binders’ components cause undesirable effects in certain applications
(24; 26)

- binders often cover the surface of printed CNT films after sintering and might degrade the
film properties.

In order to remove these residuals, different methods were used (like mechanical rubbing of
surface (22), adhesive taping (24) or crushing the printed film by mechanical pressure (25)).
Unfortunately, all these methods are causing secondary contamination and damage of the
film. Another problem of the screen printing technique is a limitation in resolution of
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printed structures, which is related to the rheological properties of the paste (24). This
problem can be overcome by the use of photosensitive CNT paste in conjunction with a
photolithographic process (26; 27; 28). Consequently, suitable pastes for advanced
applications would be photosensitive ones.

6.3.1 Process description

The screen printing process involves using of screens, inks, squeegees and substrates
(Fig. 6.18). In simple terms, the screen printing process consists of placing substrate under
the printing screen and forcing ink to pass through the screen mesh with a squeegee (Fig.
6.18 (a)).

(a)

SCREEN
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Sereen
- ® e o ® © @ O EEETEETE
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Figure 6.18: Screen printing set-up (a) and process (b), (c) and (d), (From the ref. (29)).

The screen, one of the most important components of screen printing, is a complex
system for itself and has to be prepared prior to the printing process. The screen consists of
a stencil which defines the pattern to be printed, a mesh which carries the stencil and a
frame which holds the mesh. The screen printing process is illustrated in Figure 6.18. In the
first step, the ink has to be placed on the upper surface of the screen which is parallel to the
substrate at the “snap off” distance (Fig. 6.18 (b)). Subsequently, the squeegee travels over
the screen and presses it down in order to obtain contact with the substrate (Fig. 6.18 (c)).
Simultaneously, the ink, a thick film paste, is forced to pass through the holes of the screen
by pressure of the squeegee. After the squeegee passed over the screen, the deposited
paste wets the substrate’s surface (Fig. 6.18 (d)). In such a way, desired shapes can be
obtained on diverse substrates.

6.3.2 Results and discussions

Our CNTs-SU8 composites could successfully be prepared in form of a paste that was
suitable for screen printing applications, if the weight percent of CNTs was of 3 wt% or
higher. Standard screen printing was performed on an alumina substrate with composites
containing 3 wt%, 5 wt% and 10 wt% of CNTs in SU8, under different squeegee force and
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printing speed. Changes of printing speed did not influence printing outcome, but squeegee
force appeared to be a crucial printing parameter. In fact, higher pressures enabled
structures with well defined edges without blurring.

The rod coating of composite pastes through the stencil pattern was carried out on
glass slides, on paper or on absorbent fabric. Obtained structures were very well defined
without blurred edges. Excellent adhesion was achieved for all used substrates, which
confirmed that the usual screen-printing problems of fixing CNTs to a substrate have been
solved.

The important difference between printing onto fabric, paper and plastic foil is in
that fabric is more absorbent then paper, while plastic foil is not absorbent at all. This would
mean that, when we pass a squeegee over fabric, it will absorb ink more than paper. In
contrast, plastic foil would tend to let ink segregate on top of it. Absorption of ink into the
printing substrate is essential for the quality. Namely, if the ink cannot be absorbed at all or
if it is absorbed too intensively by the substrate, the printed design might be blurred. In
order to avoid this problem, printing is usually done “off-contact”. This means that the
screen and the substrate are separated by the “snap off” distance (Fig. 6.18 (b)). We could
print our CNTs-SU8 composites both “in contact” and “off-contact”. Surprisingly, printing “in
contact” on a plastic foil (a non-absorbing substrate) resulted in printings, which were not
blurred (Fig. 6.19 (a) and (b)).

Screen printing of CNTs-SU8 composites on a standard white paper was expected to
have problems of blurring, because the liquide phase of a composite system can be very
easily absorbed by the paper substrate, which would leave traces around printed structures.
Unexpectedly, however, printing on paper substrate resulted in structures with very well
defined edges (Fig. 6.19 (c) and (d)). There were no traces of composite’s liquide phase
absorbtion (or/and drying) outside of structures’ edges.

For printing on a fabric, an absorbent fabric was intentionally chosen. This type of
fabric, due to its strongly absorbing properties, corresponds to the most difficult conditions
for successful screen printing. Moreover, for such sort of a fabric, with very high surface
roughness, one could expect difficulties in achieving printed structures with defined edges.
Astonishingly, as can be seen in Figure. 6.19 (e) and (f), the printed composites’ structures
were without blurred edges.

Additionally, it is worth of noting that all our screen-printed deposits showed
considerable flexibility (Fig. 6.19 (b), (d) and (e)). CNTs-SU8 composite layers were flexible
regardless of the layer thickness. We also found excellent adhesion of these deposits to
atypical substrates, like plastic foils, paper or fabrics. Adhesion and flexibility of composite
layers are preserved even in the case of layers deposited on flexible substrates.
Furthermore, no case of cracking or fracture formation on CNTs-SU8 layers could be
observed, even after numerous bending of the substrate.
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Figure 6.19: Example results of CNTs-SU8 composites 2 screen-printed on: (a, b) a plastic foil, (c, d)
paper and (e, f) fabric. Printed structures did not have blurred edges. Moreover, traces of
solvent spreading into absorbing substrates (paper (c) and fabric (e)) put aside of the
pattern were not observed. Interestingly, all printed structures showed considerable
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flexibility and preserved adhesion, without cracks formation, even after multiple bending
(b, d, f).

The overall results indicate that composites obtained in this work could find
attractive applications in flexible electronics. Moreover, it could be very promising to have
electric circuits printed on a standard paper, which would make electronics even lighter and
cheaper. Another fascinating application would be to make sensors directly printed on
cloths in order to monitor desired performance, like, for instance, the heart beat or
temperature. The obtained results are already good achievement, but the big potential
applications have to be checked.
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Chapter 7

Conclusions

In this work | have studied the synthesis of CNTs, their chemical and physical
modification with the aim to prepare CNT-SU8 composites with good electrical and thermal
conductivity, as well as improved mechanical properties.

From the study of preparation and treatment of supported catalysts and CVD
synthesis conditions, we concluded that fine tuning of the catalyst support, the base used
for the precursor formation and precipitation, and the precursor drying procedure, all
together, can provide a fairly good control over the diameter of large-scale CVD synthesised
CNTs. Furthermore, we could see that the diameter of produced CNTs cannot be correlated
with the size of the catalyst precursor with the exception of catalyst 6 (see Chapter 4).

Considering the quality of synthesized CNTs, the best graphitized CNTs were
obtained from the uniformly amorphous precursor of catalyst 7. Interestingly, in this case
the average diameter of CNTs was 13.3 nm, which could not be correlated with the
micrometer-range sizes of the catalyst precursors.

Considering the CNTs growth mechanism, we concluded that there were two main
mechanisms related to the growth of CNTs: (i) the CNTs growth proceeds from the
previously formed precursor grains (if the catalyst precursor is dried by heating and its
grains are formed prior to the CNTs growing process), and (ii) the CNTs growth proceeds
firstly through the stage of in-situ precursor grain formation, which is then followed by the
direct CNTs growth from these grains (if the catalyst precursor did not pass heat treatment
(lyophilisation only), and it was in amorphous phase prior it has been introduced into
furnace). Moreover, our experiments confirmed different functions of Fe and Co
precursors, thus if they form bimetal catalysts, their nano-clusters differently respond in
CNTs growth. This is similar, in fact, to multiphasic catalysts where different phases might
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have complementary functions. Consequently, bimetallic catalysts can have higher catalytic
activity than their monometallic counterparts.

We noticed that under the certain experimental conditions CVD synthesis yielded
well graphitized, perfectly straight CNTs, which resembled CNTs obtained by the arc-
discharge method. Further study of this phenomenon and its better understanding might
open up new avenues for large-scale synthesis of arc-discharge-like CVD CNTs, thus
overcoming the challenging problem of scalability of high-quality CNT production. We also
synthesized single- and few-layered graphene by CVD method in the absence of transition
metal catalysts or specially prepared highly crystalline metal surfaces. Purification process
did not require oxidizing acids and thus, the graphene surface could be preserved without
altering its properties. The reported graphene synthesis method is very simple, scalable and
inexpensive.

We studied which parameters influence the average length of ground CNTs for the
cutting process by planetary ball milling. Average length of CNTs ground by planetary ball
milling was found to depend only on the number of hits defined as product of grinding time
and rpm. As a result, the required length can be achieved by simple choosing the value of
‘RPM*grinding time’ for the planetary ball milling process according to the dependence
presented in Figure 4.30. The only limitation of this process was found to be 400 rpm above
which degradation of the employed milling balls takes place.

Composites were prepared by three different methods. First, native and
functionalized CNTS were dispersed in different solvents and mixed into SU8 (composites 1).
In order to improve dispersion, surfactants were used and compatible photoinitiators
selected to make composites 2. Finally, oriented carpets of CNTs were impregnated in order
to archive best possible electrical and thermal conductivity in a preferential direction. We
refer these systems as composites 3.

Nanoindentation of CNTs-SU8 composites 1 showed a modest increase of
mechanical properties (an increase in Ey of ~100%) with respect to unloaded SUS8, due to the
random and strongly clustered CNTs network which cannot carry the load. The impedance
measurement showed the presence of percolating CNTs network in composites 1F.
However, microscopy of microtome composites and measurement of the resistivity and
thermopower as a function of temperature revealed presence of CNTs aggregates separated
by SU8 rich areas. Therefore, conduction is limited by inter-tube hopping.

Microscopy on microtomy slices of composites 2 showed well-dispersed CNTs for
different CNTs concentrations, what was confirmed by four-point resistivity measurement
which has shown percolation for the CNTs content of ~0.1 wt%. Threefold increase of
thermal conductivity, with respect to the unloaded SU8, was achieved for composites 2 with
10 wt% of CNTs in SU8. Threefold increase of hardness, with respect to the unloaded SUS,
was achieved for composites 2 with only 0.8 wt% of CNTs in SU8. However, measurement of
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the resistivity as a function of temperature pointed to the mechanism of hopping
conduction, thus meaning that CNTs were still separated by the polymer and/or by the
surfactant molecules.

For the composites 3, room temperature thermal conductivity parallel to the
orientation of the CNTs was found to be 13 times higher than that of SU8. Due to the high
anisotropy of CNTs-SU8 composites, we can tailor material’s functionality in the required
direction.

In this thesis, we report on the successful optimisation of thermo- and UV-curable
CNTs-SU8 composite formulations, where the best photo-curable properties showed
composites 2 containing new PI, surfactant 1 and standard long CNTs. In this work, by
applying the state-of-the-art photolithographic processing, photo-patterned films of CNTs-
SU8 composites 2 suitable for various applications were obtained. These films offer a
plethora of tuneable features, including transparency, flexibility, electrical conductivity and
variable mechanical properties.

We successfully prepared CNTs-SU8 composite 2C ink by the choice of the
appropriate solvent, surfactant and CNTs. The ink with optimized parameters is highly
suitable for inkjet printing on various substrates. Straight flexible conductive lines and
regular arrays of 150 pm dots were successfully printed, with sheet resistances
corresponding to that of the class of dissipative materials. The printed structures showed
excellent adhesion to glass and even to unmodified polyester sheets (transparencies). The
highest processing temperature used during the entire process was of 95°C, which is low
compared to the temperatures used in standard inkjet processes aiming to create
conductive structures by sintering of metallic particles. Fully processed printed composite
structures are flexible and show good performances at elevated temperatures (SUS8 itself
can be heated up to 250°C, during which its chemical resistance increases even further). The
printed structures are not subject to chemical modification or degradation upon exposure to
harsh chemicals like hydrofluoric acid. This is in contrast to organic conductive polymers and
metallic nanoparticles known to be unstable in most environments, even at normal
moisture or oxygen levels.

The overall results indicate that composites obtained in this work could find
attractive applications in flexible electronics. In particular, a possibility of using CNTs-SU8
composites for printing electronic circuitry on fabrics or a standard paper, to make
electronics lighter, cheaper and user-friendly, sounds very appealing. Another fascinating
application would be to design sensors deposited directly on cloths to perform bio-medical
sensing, like, for instance, the heart beat or temperature.

The obtained results in this work are already good achievement, but the big potential of
CNTs-SU8 composites for further applications remains to be explored.
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Appendix 1

Statistical analysis of the
length distributions of cut
CNTs

This Appendix presents the statistical analysis of the length distributions for cut CNTs
(see Chapter 4). From each batch, we have usually manually determined the lengths of 1000
tubes (from SEM micrographs like the one shown in Figure 4.27 (b)). Observation of the raw
data histograms (Fig. Al1.1) shows that the tubes get shorter if ground at higher rpm-s (Fig.
Al.1 (a)) or for longer times (Fig. A1.1 (b)). In order to go beyond this trivial observation and
to quantify the size reduction we have searched for an adequate distribution and tried to
determine the evolution of its parameters with the physical variables like the grinding time
or the speed of the mill.

Very often particle size distribution of powders (1), and cut CNTs as well (2), follows
Weibull law. However, particle sizes in powders can also follow the log-normal distribution
(1). Densities of these distributions are very similar, thus one cannot tell which one suits
better only looking at the histograms of the measured data (Fig. 4.1). This is why we tested
these two possibilities by the following graphical techniques.

The most powerful methods for deciding whether a given dataset follows a certain
distribution are graphical techniques, where suitable transformation of the data yields a
straight line plot is the data follow that particular law. Then, by Gan and Koehle (3): “the fit
of the hypothesized model is assessed by judging the degree of linearity of the plotted
points”. Furthermore, stronger deviations from straight line signify bigger inadequacy of the
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tested distribution. This allows comparing different potentially fitting distributions, like log-
normal or the Weibull distributions here. We will give a short overview of these methods
and for detailed information see (4) or (5).

Two of the possible tools are quantile plots and probability plots. The probability
density, f(x), means the probability that the random variable, x, takes a value between x and
x+dx is equal to f(x)dx (Fig. A1.2 (a)). Several techniques exist to approximate the probability
density, for example histograms or kernel density estimators.
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Figure Al1.1: Histograms of raw data for CNTs length after ball milling under the five different
conditions: (a) for fixed time, 6h, and three different speeds and (b) for fixed speed and
three different times (all five distributions were for 1000 CNTs).

The probability that the value xg is smaller than x is given by the function P(xy<x),
which is just the integral of the probability density from minus infinity to x. By nature of its
definition, P(x) takes values between 0 and 1, and is monotonically increasing. This function
is shown in Figure A1.2 (b). The advantage of it is that it can be inverted to yield the quantile
function (Fig. A1.2 (c)). For experimental data, the quantile function can be approximated by
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plotting the values against the empirical probabilities, which is determined from the rank of

I . 5 i—a -
the point j and the total number of observations n: P(x0 < x) =123 The constant a is
n+1-2a

between 0 and 1, and its exact value depends on the distribution one wants to test for. For
large number of data points its actual value is quite irrelevant.
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Figure A1.2: (a) The normal probability density (the “bell” curve), (b) the normal probability function
P(xo<x) and (c) the normal quantile function, the inverse of the one shown in (b).

We have used the probability plot to decide whether the Weibull law describes the
length distribution of our tubes. The Weibull probability is given by P(x0 < x)=1—e_[;j ,

what after rearrangement can be written in a more convenient form:

In (—In (1— P(x0 < x))) =klInx—kInA. As x variable we use the ordered observed lengths,

A i—0.3
and as probability the empirical probability P(X0 < X) = 04 suggested in the literature.
n+

We plot its transformed values against In(x), and if this plot shows a straight line, we know
that the data follow the Weibull distributions, and the slope and the intercept of the straight
line fit allow the determination of k, the shape parameter, and A, the scale parameter. On
the other hand, if the points show systematic deviation from the straight line, we can be
certain that our data do not follow this law. As an illustration of the procedure, Figure A1.3
(a) shows the Weibull plot for 1000 simulated variables following this law. One can see that
the bulk of the data are on a straight line, and shows what sort of deviations from linearity
we should be prepared for, even if our data follow this law.

The other practical tool is the quantile-quantile plot, also called qqg-plot, where the
observed values are plotted against the theoretical quantiles calculated at the empirical
probabilities. This test is particularly efficient for the normal distribution, since if the
observed values follow a normal distribution, and we plot them against the quantiles of the
standard normal distribution, we will observe a straight line, independently of the mean and
the standard deviation of the actual dataset. To illustrate this, the Figure A1.3 (b) shows the
normal qq plot of 1000 simulated normally distributed points with mean=2, sd=3. The data
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are on a straight line, and the intercept and the slope of a straight line fit could give an
estimation of the mean and the standard deviation of the underlying distribution.
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Figure A1.3: (a) The Weibull plot and (b) the normal qqg plot of 1000 simulated variables following
the respective laws.

We have made the Weibull plots and normal qqg-plots of the logarithm of the tube
lengths for all of our datasets. As an example, Figures Al.4 (a) and Al.4 (b) shows one of the
pairs of plots for the same dataset (time and rpm). While the Weibull plot is curved,
indicating the inadequacy of this model, the points of the normal qg-plot follow rather
closely a straight line. Although some points deviate from the distribution along a straight
line, essentially all of them are within dashed lines delimiting the 95% confidence interval
(Fig. Al.4 (b)). Consequently, our data can be adequately described by lognormal
distribution and we will use it in further analysis. In this sense, we followed the argument of
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W. Weibull: “the only practicable way of progressing is to choose a simple function, test it

empirically, and stick to it as long as none better has been found” (6).
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Figure Al.4: (a) The Weibull plot of one of the data sets. If the data followed the Weibull-
distribution, the set of data points would be distributed along a straight line, whose slope
and intercept would yield the two parameters of the distribution. (b) Normal quantile-
quantile plot of the logarithm of tube lengths for the dataset shown in panel (a). The
points follow rather closely a straight line, and essentially all of them are within the
dashed lines delimiting the 95% confidence interval. This shows that the length
distribution of the original data can be modeled by log-normal law.

As the next step of our analysis we have determined the location and scale
parameter of the lognormal distribution (which is the mean and standard deviation of the
logarithm of the lengths, noted by meanlog and sdlog), and made linear regression on them
using the grinding time, the rpm, the product of the two and the square of rpm as
explanatory variables. The choice of the first two is natural as the preliminary histograms
(Fig. A1.1) have already shown that the average length decreases both with increasing
grinding time and increasing rpom. The product ‘RPM*grinding time’ was chosen because this
is proportional to the total number of collisions (ball-wall and ball-ball) the material is
subjected to. We can see that the probability densities presented in Figure Al.5, are
grouped by the product ‘RPM* grinding time’, what also indicates the importance of this
variable.

The square of the rpm was included because in ball milling the energy of ball
collisions is proportional to it (7; 8). Possible correlation of this variable with the others
could reveal if there is threshold energy in the cutting process within the studied range of
variables.
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Figure Al1.5: Kernel density estimates of the measured tube lengths. As it can be seen, the data are
grouped according to the product ‘RPM*grinding time’, to which the total number of

grinding events is proportional.

As a first attempt, we have plotted sdlog and meanlog against the prospective
explanatory variables. Figure A1.6 shows these plots for scale parameter (the variance of
the the logarithm of the lengths). No systematic dependence could be noticed, and thus,
the variance seems to be independent of any of the assumed explanatory variables.

We have also checked whether there is any correlation between the two parameters
of the log-normal distribution. The corresponding graph is shown on the fifth panel of Figure

Al.6. The data show no correlation.
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Figure Al.6: Scale parameter of the distributions as a function of the different independent
variables. The scattering of the parameter is too big to show any significant dependence

on any of studied variables.

The location parameter, which is the mean of the logarithm of the lengths, is shown
on Figure Al1.7 as a function of the different independent variables. Clearly, there is no
dependence on the RPM or the square of the RPM. There is correlation between the length
and the grinding time, however, data points collect at 6h grinding time where several
experiments were done with very different RPMs. The use of the product ‘RPM*grinding
time’ allows separating them, and yields a rather straight line, as shown on the third panel
of Figure A1.7 (the third panel) and Figure 4.30 where the linear decrease of the location
parameter with the product ‘RPM*grinding time’ is obvious. We have systematically tested
possible linear models consisting of more than one explanatory variable but it did not bring
about any significant increase in the fit quality.
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Figure A1.7: The location parameter (the mean of the logarithm of the lengths) as a function of the
different independent variables.

Neither of the parameters shows systematic dependence on the speed of the grinding
(RPM) or its square, i.e. the energy of grinding. This shows that there is no explicit energy
dependence in the range of RPMs we have studied. In other words any hit of the ball cuts,
regardless of the rpm, meaning that there is no threshold energy value. This is in line with
the fact that we did not find the Weibull distribution for lengths since this usually arises
from models where the failure is due to the breaking of the weakest link.

In conclusion, we have studied CVD CNTs cut in a planetary ball mill using a wide range of
different cutting times and speeds. SEM images were used to determine the length
distribution of the cut CNTs, which was found to be lognormal. The location parameter was
found to vary linearly with the product ‘RPM*grinding time’, which is proportional to the
number of ball-wall and ball-ball collisions. The scale parameter of the distribution did not
show any significant systematic variation with any of the tested independent variables.
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Appendix 2

Optimization of
photolithography processing
of CNTs-SU8 composites 2
and 2C

This Appendix deals with a detailed description of each step of the photolithographic
process. In particular, in the following, we will discuss both difficulties in processing CNTs-
loaded SU8 composites as well as possible ways to overcome them.

A2.1 Spin-coating

In the spin-coating step, a certain predetermined amount of relatively viscous
solution of the photoresist is firstly deposited in the centre of the wafer. Subsequent
spinning of the wafer induces radial spreading of the photoresist and coating of the surface
of the wafer with the resist layer. The resist’s spreadability on a given substrate depends on
the wetting properties of the substrate by that resist. This, in turn, is determined by the
substrate surface energy or the contact angle of the liquid on the particular substrate (1). In
general, poor wetting, that is low surface energy and high contact angle, results in formation
of beads and leads to discontinuity of the film thickness. On the other hand, good wetting
and low contact angle provide continuous and uniform coating, even for layers with a lower
thickness (2). We studied the wetting mechanisms of glass substrates by SU8 and CNTs-SUS8
composites having different CNTs concentrations and we found that CNTs loading does not
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change the wetting properties of these composites (see Appendix 3). In fact, it was found
that the CNTs-SU8 composites have the same contact angles as the unloaded SUS.
Consequently, our composites can be deposited on all commonly used substrates for
processing of the unloaded SU8 resin. Therefore, in this study, we used quartz, Pyrex and
float glass as substrates for the photolithographic processing of CNTs-SU8 composites.

The main goal of the spin-coating step is to obtain a composite layer with the
required uniform thickness. The overall thickness of the obtained layer is determined by the
spin-coating parameters, such as speed/time of spinning and plateau’s
acceleration/deceleration, as well as by the properties of the photoresist. Moreover, for
thick layers, the thickness is also determined by the amount of the resist initially placed on
the substrate (3). Therefore, the quantities of the deposited composites were the same for
all coated samples (they were controlled by a graduated pipette).

Some difficulties may accompany the spin-coating of SU8 on substrates. One of them
is connected to the appearance of beads formed by a build-up of the photoresist on the
wafer’s edges. If beads are formed on the back side of the wafer (the side without spin-
coated layer), they can be easily removed by a stream of solvent, like, e.g. acetone, in the
case of SU8. Nowadays, systems with new spinning technologies are designed to minimize
undesired effects of coating resulting in improved uniformity of SU8 layers. In this study, we
used one of such systems, a Sawatec LMS200 coater for negative resist, which has a closed
chamber around the chuck of the spin coater resulting in more uniform coatings. Yet, even
while using such spin-coating system, the deposited films can have edge beads on the front
side of the wafer (side with spin-coated layer). This represents a serious problem, which
might lead to the planarization defects. Other possible shortcomings are: unintentional tilt,
dirt particles, curvature of the substrate, etc., which contribute to a reduced surface flatness
of the coated layer. This might result in a cross-section profile given by a black marked curve
presented in Figure A2.1. Surface unevenness appears to be bigger if the viscosity of resist is
higher (3), which was typical for our composites. The common way to partially solve this
problem is by leaving the coated layer to relax in a very flat-levelled position for several
minutes to several hours (depending on the viscosity of coated liquid). This enables the
liquid deposit reflow (in the case of low viscosity) and yields thinner layers. Otherwise, edge
beads need to be removed by solvent spraying, which is neither always possible nor
recommended (1). For unloaded SUS, typical flatness errors, reported to appear in this way,
are 10% (1) or 20% (3) in resist thickness on the distance 2R/3 from the centre of the wafer,
where R is the radius of the wafer (Fig. A2.1) (3).

In the case of spin coated CNTs-SU8 composites, obtained layers have a thickness
profile which corresponds to the unloaded SU8 in the outer region of the wafer. However, in
the central region of the coated wafer a hill-like feature appeared which was not reported
for spin-coated unloaded SU8. A series of attempts has revealed that the height of the hill in
the middle of the wafer corresponds fairly to the height of the initially deposited composite
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on that place. In fact, prior to spin-coating, the height of the composite is quite large in the
wafer centre. For the composite spin-coating step, this has to be avoided in order to prevent
a hill-like formation in the middle of the wafer. To avoid formation of hill-like structures,
while working with CNTs-SU8 composites, we tried different ways of deposition. It turned
out that the best thickness profile could be obtained when we deposited the composite by
slowly forming a spiral from the centre of the wafer towards the outer edge of the wafer.

Non-planarity of hot plate - - - - _

Circular excess of coated material

* 3

Thickness

0 R/3 2R3
Diameter of a wafer R

Figure A2.1: Influences of the possible non-planarity of the hot plate and the excess of the coated
material in form of a ring on the edge of the wafer on the thickness profile (the black
marked curve) of the SU8 spin-coated layer on the wafer’s surface (From the ref. (3)). In
the case of CNTs-loaded SU8 additional deviation in planarity of coated composite layer
appeared in the centre of the wafer. Typically obtained thickness profile of a CNTs-SU8
composite layer in the central region of wafer is indicated by the red dotted line.

In this way, a formation of a hill-like structure in the middle of the wafer was avoided or
markedly diminished, in the case of composites with CNTs concentrations up to 1.2 wt% or
above, respectively. Regardless of the concentration, the planarization of the surface of the
composite layer appeared to be significantly improved by the new deposition method which
could be used for all resist formulation with high viscosity.

The noticed phenomena of the formation of hill-like profile can be understood as a
natural consequence of rotation. Namely, if a disk rotates around an axis perpendicular to
the disk and passing through the centre of the disk, every point on the disk has the same
angular velocity. Clearly, the tangential velocity in each point of the disk is a function of its
distance from the axis of rotation and linearly increases with the distance from the centre of
the disk (Fig. A2.2 (a)). Therefore, a highly viscous resin with a great thickness in the centre
of the rotating disk cannot move from its initial position, leaving behind a hill-like thickness
profile in the middle of the wafer.

The described motion additionally gives rise to entanglement and aggregation of
CNTs in the plane of rotation (Fig. A2.2 (b)). Namely, CNTs have a finite size which causing
that a CNT is not in all its points in the same distance from the centre of wafer. Therefore,
different parts of a CNT are exposed to different tangential velocities.

Moreover, in the plane perpendicular to the wafer, spreading of the liquid composite
from the centre of the wafer towards edges causing CNTs entanglement and aggregation in
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this plane, as well. This is a consequence of the spreading process itself. To be precise,
according to fluid mechanics when liquid spreads over the solid surface, velocity of liquid is
not the same over the cross-section of the layer. In general, a velocity profile of the
spreading liquid in the cross-section of the liquid in the plane perpendicular to the surface of
stationary wafer is given in Figure A2.3. Without going too much into details, it should be
mentioned that the substrate movement and the presence of solid objects (CNTs) in the
progressing fluid induce complex changes in the given velocity profile, yielding a quite
complicated picture. Simultaneously, the shear rate and the shear stress are also evolving
over the cross-section of the progressing resist layer, and the liquid moves much faster in
the upper parts of the layer than towards the bottom (Fig. A2.3). In fact, this enables
spreading of the resin on the surface of the wafer in such a way that the top of the obtained
layer is flat and uniform. Nevertheless, gradient of velocity simultaneously induces CNTs
entanglement, because different CNTs segments are exposed to different velocity and shear

stress.
(a) K (b)

Figure A2.2: (a) The intensity of tangential velocities of points A, B and C (V4, V, and V3, respectively)
is increasing towards the outer edge of the disk, e.g. Vi <V, < V3; (b) When exposed to the
rotational motion, CNTs, as high aspect ratio objects, undergo orientation and
entanglements in the direction of motion (From the ref. (4)).

Velocity Shear rate Shear stress

Figure A2.3: Velocity, shear rate and shear stress profiles for liquid flow over the solid surface (From
the ref. (2)).

In fact, during spin-coating, CNTs are simultaneously exposed to the tangential
velocity gradient in the plane of the wafer, due to the rotation, and to the velocity gradient
in the plane perpendicular to the wafer, due to the fluid progressing over the solid surface.
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The combination of these exposures unavoidably yields in a shear induced aggregation
typical for this type of system, i.e. filler-loaded dissolved polymer (5). CNTs tend to
aggregate rapidly also in the absence of flow. On the other hand, the effect of shear on
colloidal stability in the presence of inter-particle interactions is poorly understood. The
existing theory (5) predicted a dependence of the aggregation rate upon the size of the
colliding bodies, but this dependence is highly nontrivial and not applicable to all possible
interactions and systems. In any case, aggregation is considered as typical for strongly
anisotropic building blocks suck as rod-like fillers, like CNTs.

In order to minimize shear induced aggregations we studied the influence of spin-
coating parameters, speed and time on the plateau and acceleration/deceleration. The
standard SU8 process parameters are 40 s time on the plateau and 100 rpm/s for
acceleration and deceleration (6). At first, for composite coating, we kept these standard
values constant for the SU8 processing and we changed only the spin-coating speed on the
plateau from 500 rpm to 2000 rpm. The result was clearly noticeable macroscopic
aggregations of CNTs for all obtained composites layers, regardless of the coating speed.
The outcome indicates that time on the plateau or acceleration/deceleration, rather than
speed on the plateau, has bigger influence on the filler aggregation. When only time on the
plateau was changed, CNTs aggregation became more pronounced with the increase of time
on the plateau, while it showed a reducing tendency in the opposite case. The change of
only acceleration/deceleration towards lower values resulted in a more obvious
aggregation, whereas higher values yielded aggregation decrease. Combined change of the
coating parameters gave us information that the crucial parameter which influences filler
aggregation is the total duration of coating and not the coating speed on the plateau. As a
result, the final optimal parameters for significant diminishing of filler aggregation during
spin-coating processing step are:

(1) acceleration and deceleration have to be higher than the standard 100 rpm/s and at
least 500 rpm/s for speeds on the plateau higher than 1500 rpm, but the value should be
adjusted according to the hereby experimentally obtained rule that duration of acceleration
part of the coating should not longer than 5 s;

(2) the time on the plateau has to be approximately from 1 s to 5 s, depending on the
formulation viscosity, where a lower viscosity composite requires a shorter period, but the
period should just exceed the time which is required to cover the entire wafer surface by
the composite;

(3) in this study the experimentally obtained rule is that the total duration of spin-coating
(what includes the period of acceleration, time of the plateau and period of deceleration)
should not exceed 10 s. The latter point is an advantage for industrial applications where
the efficiency of the process is crucial.
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As an example, optical microscope images of one composite spin-coated using two
different protocols are shown in Figure A2.4, where the right image is spin-coated under the
previously described ‘good conditions’ and under the coating conditions which are
‘standard’ for SU8. The images show clearly a strong influence of this processing step on the
final morphology of the CNTs-SU8 composite layers due to the possible shear stress-induced
aggregations of CNTs.

Figure A2.4: Optical microscope images of square structures of composite 2 spin-coated using two
different spin-coating protocols. (a) Protocol (i): distinct, shear stress-induced
aggregations of CNTs (dark regions) and SU8 rich (bright regions) can be seen. (b) Protocol
(ii): homogeneous structures.

A2.2 Soft baking

After the spin-coating step, the substrate and the deposited resist layer are baked in
order to remove the solvent in the SB step. SB has to be performed on a hot plate, because
in the case of SB in convection ovens or lyophilisation, a ‘skin’ forming on the surface of the
resist layer prevents solvent evaporation, and thus prevents the inner part of the composite
layer from complete drying (7). Therefore, the only recommended way to remove the
solvent is by heating on a hot plate under a good temperature control and uniform heating
over the whole surface of the hot plate.

The usual temperature for SB of unloaded SU8 formulations containing GBL solvent
is of 95°C (6). This temperature is much higher than the glass transition temperature of SU8
(~50°C (8)). Therefore, at the beginning of the SB process SU8 can reflow. This reflow can
reduce the edge beads on the outer perimeter of the resin layer, as well as any other
surface unevenness which is a consequence of the spin-coating step. Obviously, in this
context, the flatness of the hotplate is crucial for obtaining films with uniform thickness and
smooth surface (9). Hence, SB is typically performed on a well levelled hotplate. For certain
more viscous SU8 formulations, SB has to be performed on higher temperature, typically at
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120°C (6). However, the increase of the SB temperature has to be done with precaution,
because higher SB temperatures can initiate thermal cross-linking (see Chapter 2).

The duration of SB which is sufficient for the solvent removal, is determined by the
thickness of resist layer, which is in turn determined by the parameters of previous
processing step, spin-coating. For instance, SB for 6 min is sufficient for 5 um thick SUS,
while 200 um thick SU8 requires 3 h of SB (9). However, SU8 can be used for ultra high
aspect ratio structures, what implies quite thick SU8 layers. In such a case, for a SU8 layer of
thickness for example from 1mm to 3 mm, the required minimum period of SB is from 30 h
to 45 h, respectively (1). Even then, the remaining solvent content is around 12% (10). The
duration of SB itself has strong impact on further processing steps and thus, on the
properties of the final structures. Although some experiments showed that over-baking is
much less critical than under-baking (9) both cases can induce further problems. For
instance, over-baking can induce crack formation (Fig. A2.5), while under-baking leaves
higher solvent content which provides higher mobility of initiator species during the
exposure and post-exposure bake and hence, causing widening of the cross-linked area
comparing to the UV-exposed area. Moreover, the excess of solvent on the end of SB can be
partially removed during the post-exposure bake and then induce high stress in the
obtained structures resulting again in cracks (Fig. A2.5 (b)). Furthermore, simultaneously,
bubbles are very likely created (Fig. A2.5 (b)). An additional problematic consequence of the
higher solvent content is the reduced mechanical stability often resulting in a collapse of the
final structures. In that sense, the SB processing step has a strong influence on the layer
adhesion. Taking into account all above, the SB procedure has to be carefully optimized for
each resin thickness and application, and especially for each filler concentration, since the
last one can have huge impact on the solvent removal process.

(a) {b)

Figure A2.5: (a) Cracks or (b) bubbles and cracks formed on the surface of composite layer (spin-
coated using inappropriate coating conditions) due to the (a) over-baking or (b) under-
baking in the SB processing step.
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The solvent removal in the SB process is naturally followed by volume shrinkage of
the resin layer that is causing film stress. Barber et al. show that the thickness of the resin
layer has the greatest impact on internal stress (11). Moreover, internal stress increases
with the increase of layer thickness and can be even so high to induce de-bonding of the
resist film from the substrate (1). From the perspective of SU8 processing, studies show that
SB has the largest contribution of all processing steps to the overall film stress with even
50% (11). Additionally, the heating and cooling rate can significantly contribute in building
up film stress and even induce crack formation. Therefore, in order to minimize crack
formation and to reduce internal stress, very slow progressive heating and cooling down is
showen to be necessary (9).
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Figure A2.6: Composite’s volume shrinkage and possible accompanying processes during soft baking

step of the photolithography (From the ref. (12)).

Besides internal stress, the volume shrinkage can additionally induce some
undesired consequences, like, for instance, phase separation or coalescence of the filler in
the case of composites (Fig. A2.6). Moreover, the presence of reinforcement elements in
composites, as well as a rigid substrate, represent constrains for shrinkage. Therefore, these
factors contribute to an increase of the overall internal stress in the film coating (12).

In order to optimize the SB process for CNTs-SU8 composites, we had to study the
influence of all composite components on the solvent removal. To facilitate
photolithography processing, we studied CNTs-SU8 composites 2 with different
compositions (surfactant 1 and 2; ‘old’ and ‘new’ PI; see Chapter 3). All composites contain
the same ratio of SU8 and GBL, but not the same ratio of volatile parts, since ‘old’ Pl and
both surfactants contain solvents. For details about compositions see the reference [MM1].
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Figure A2.7: TGA curves for: (a) unloaded SU8 samples differing with respect to Pl and (b) CNTs-SU8

composite samples prepared with different surfactants and PI.

A study was performed by TGA (see Chapter 3). As a reference, we firstly monitored
the change in weight of the unloaded SU8 samples: without any PI, with old Pl and with new
PI (Fig. A2.7 (a)). This was done in order to test if new PI influences the process of solvent

179



evaporation. From the Figure A2.7 (a) we can see that the dynamic of solvent evaporation
follows the same pattern in the presence of both Pls. However, weight loss after the
isothermal part is higher for the samples with new PI, what can be related to the presence
of propylene carbonate (boiling point 240°C (13)) in the old PI and thus, higher content of
volatile components in the overall weight.

TGA of CNTs-SU8 composite samples prepared with new Pl and surfactant 1, and
with old Pl and surfactants 1 and 2 is given in Figure A2.7 (b). The tendency which could be
observed for unloaded SU8, that sample with new Pl have lower solvent content after
isothermal bake, can also be seen for the composite sample. However, TGA of samples with
old Pl and with different surfactants show no essential difference due to the surfactants’
nature. Therefore, an important conclusion is that these two surfactants do not significantly
influence the solvent removal process.

In order to clearly see the influence of CNTs, we plotted together the results for all
samples containing old PI, that are unloaded SU8 prepared with old Pl, and CNTs-SU8
composites with old Pl and two surfactants (Fig. A2.8 (a)). Weight loss for both samples with
CNTs, which is fairly the same, is obviously much lower than for the unloaded SU8 until
260°C. At higher temperatures, it is the opposite. TGA curves for all samples prepared with
new Pl are given in Figure A2.8 (b). Comparing to the unloaded SU8 sample containing new
Pl, weight loss of the sample with CNTs and new PI is higher at lower temperatures up to
195°C, but lower afterwards.

Temperature (°C) Char
Sample Content
10% wl | 20% wl | 30% wl | 40% wl | 50% wl | 60% wl | 70% wil (%)
W'tslo ut | g5 95 133 207 389 437 561 26.52
W'tEIO'd 95 95 95 139 384 415 471 1.56
with
95 95 95 95 162 388 419 0.33
new Pl
Old I, 95 128 187 224 282 396 447 5.15
surf. 2
Old Pl, 95 117 186 237 266 355 426 4.43
surf. 1
New PI,
95 95 95 147 186 281 405 4.42
surf. 1

Table A2.1: TGA data of unloaded SU8 and CNTs-SU8 composites.

Besides the graphs presented in Figures A2.7 and A2.8, TGA values for the 10% up to
70% weight loss and for the char content are reported in Table A2.1. The data quantitatively
support our previous conclusions. It is interesting to observe that a sample containing only
SU8 and GBL (in Figure A2.7 and Table A2.1 this sample is denoted as “without PI”) is
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showing a higher thermal stability above 400°C than all other samples, including SU8 with PI
or composite samples. Moreover, char content at 600°C is surprisingly high 26.52% and for
even an order of magnitude higher than for all other samples. Simultaneously, weight loss
up to 350°C is higher for the SU8 with PI than for SU8 without PI.

100 —

old Pl
%0 Old P, surfactant 1

—=—O0Id PI, surfactant 2

80 -

70 A

Weight loss (%)

20 ~

10 1

0 100 200 300 400 500 600

Temperature (°C)

100 v+—

new P|

New PI, surfactant 1

80 -

70 A

60

50 1

Weight loss (%)

40 -

30 A

20 ~

10 A

0 100 200 300 400 500 600

Temperature (°C)

(b)

Figure A2.8: TGA curves for: (a) samples with old Pl without and with CNTs (with two surfactants)
and (b) samples with new Pl without and with CNTs.
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Figure A2.9: Weight loss rate of: (a) unloaded SU8 samples differing with respect to Pl and (b) CNTs-
SU8 composite samples prepared with different surfactants and Pl (the green dotted line
indicate end of the isothermal part of the heating process).

Weight loss from the beginning of the TGA measurement until the weight loss
corresponding to the solvent content (see the ref. [MM1]), is actually the solvent weight
loss. This as a function of time could be seen as solvent removal rate. Therefore, curves of
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weight loss as a function of time for all samples are given in Figure A2.9. Comparing the SU8
samples with different surfactants (Fig. A2.9 (a)) we can see that the rate of solvent removal
is almost the same during the first 25 minutes. The end of this period corresponds to 30% of
weight loss. After that, solvent removal is faster in the presence of new PIl. If we compare
the samples containing CNTs (Fig. A2.9 (b)) it is clear that the fastest solvent removal is for
the sample with new PI, while for samples with old Pl and CNTs and just changed surfactant
a significant difference cannot be noticed. This again confirms that there is no influence of
the nature of surfactants on the general dynamic of solvent weight loss for the composites
containing old Pl. Based on this results and data in Table A2.1 and Figure A2.7 (b), we can
see that from all formulations containing CNTs, composites containing surfactant 1 and new
Pl responded the best on SB, meaning that the solvent removal was the most efficient in
that case.

The overall conclusion related to SB is that the presence of CNTs slowed down
solvent removal, like it was expected. However, this can be overcome by increasing the
duration of SB for the composite comparing to the unloaded SU8 sample of the same
thickness containing the same PIl. Simultaneously, the isothermal part of SB of the
composites can remain at the same temperature as for the unloaded SU8 containing the
same solvent.

A2.3 UV-exposure

After the solvent removal by SB, obtained composite films had to be structured in a
form of predetermined pattern. The structuration (patterning) is provided by exposure to
UV light through a mask, which is basically a square glass plate having a metallic film with a
pattern on one side. The main exposure methods are: contact, proximity, and projection
(Fig. A2.10).

CONTACT PROXIMITY PROJECTION
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Figure A2.10: Schemes of the three methods of mask alignment based on (a) contact, (b) proximity
and (c) projection exposure (From the ref. (14)).
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In contact printing, a resist film is placed into the direct physical contact with the
mask. This exposure method is widely used because of the possibility to obtaining a high
resolution. However, this method is followed by problems induced by the direct contact
itself. Actually, the simultaneous contact of the complete surface of resist and mask is
almost impossible because the resist surface is never perfectly flat. Moreover, any surface
unevenness can very easily damage the mask and cause defects on the patterned structures
(14). In a typical direct contact of mask and resist, the gap nonuniformity of 10-100 um is
very common for the unloaded resist due to the unevenness of the surface of the film
caused by spin-coating (15). This variation of the mask-to-resist distance, as well as the
thickness of the resist between the mask and the wafer, may significantly influence
patterning.

The proximity printing is quite similar to contact printing except the difference that
mask and resist film are now on a distance of 10-25um during exposure. This gap reduces
the damage of the mask, but does not eliminate it. The biggest drawback of this method is
the problem of diffraction due to the gap (16).

The projection printing is a method where the pattern on the mask is projected in
decreased dimensions onto the layer of resist, which is at a centimetre distance away.
Comparing to this method, in previous two modes (whether a mask and resist layer are in
direct contact or on a proximity gap) the image on the mask is reproduced on the resist
without reduction in size of the features.
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Figure A2.11: (a) Single-slit diffraction; (b) Light intensities of three single-slit diffractions for 1-mm
slit width, and (c) at 436-nm wavelength (From the ref. (17)).
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Regardless of which exposure method is used, light has to pass through the mask in
order to obtain a patterned film. While UV light is passing through the transparent openings
of the mask during exposure, they behave like a slit causing light diffraction (the bending of
waves around obstacles) just as a Young’s single-slit diffraction. In fact, according to the
Huygen’s principle every point on a wave front acts as a source of tiny wavelets which
interfere with each other, causing variations of light intensity through maxima and minima
visible as bright and dark fringes (Fig. A2.11 (a)) (17). The angle of each dark fringe relative
to the source (8, the diffraction angle of light passes through the slit) can be determined by
the equation:

sind=mA/d, m=1,2,3,... (A2.1)

where A is the wavelength of light, and d is the width of the slit. Therefore, the diffraction
angle &, which signify the spread or expansion of light, is a function of wavelength and the
width of the slit is in such a way that a narrower distribution of diffraction can be obtained
with a shorter wavelength light (Fig. A2.11 (b)). However, for a fixed A, the spread of light is
wider for the smaller slit (Fig. A2.11 (c)) meaning that the obtained image occupies a much
larger area than the original features of the mask. Consequently, if two of such slits are
placed on the mask close to each other, their images can merge and become irresolvable. In
general, the minimum resolvable detail of two images is, by the Rayleigh criterion,
diffraction-limited when the first diffraction minimum of the image of one light spot
coincides with the maximum of another light spot image (Fig. A2.12 (a)). If the distance
between two adjacent light spots is greater than that, the two points are well resolved
otherwise points are unresolved (17). In the case of single slit, according to the Eq. A2.1, the
angle at which the first minimum intensity at the image plane occurs (9z), depends on the
wavelength (A) and the diameter of the circular aperture (a) as expressed by the equation:

sin (0g) =A/a (A2.2)

Then, the minimum separation of the two images (Fig. A2.12 (a)), would be half of the
distance between the two minimums of the diffractive image of the single spot. This would
mean that the resolution limit (R) for single slit is given by the equation:

R =0.5A/sin (9) (6.2.3)

In optical projection lithography there is a more general expression for the resolution of a
lens at the diffraction limit:

R = ki A/NA (6.2.4)

where NA is and numerical aperture of the exposure tool (proportional to the index of
refraction of the medium and the sine of half the angle of the image-forming cone of light at
the image), and k; is an empirical constant related to a specific imaging process (k; < 1). The
value of k; is known for well defined theoretical systems, like 0.61 for the diffraction

185



through a circular aperture, and 0.5 for the single slit (Eq. A2.3). In reality, k; depends on
lots of parameters, like lens aberrations, illumination conditions, mask, geometrical shapes,
exposure tool conditions, resists, process and operator (18). From Eq. (A2.4) apparently
follows that a shorter wavelength results in a narrow distribution of light diffraction, like we
can see in Figure A2.11 (b) (17). Moreover, besides shortening the exposure wavelength, the
resolution can be also improved by increasing the numerical aperture and by decreasing the
value of kj.

In standard photolithography the light passes through the mask’s features which
have to be separated enough that their images are resolvable. In the case of imaging high
density features of the periodically repetitive pattern of equal-line-and-space features, the
half-pitch (which is equal to the linewidth) is considered to be the minimum feature which
can be imaged (17). The light intensities (so called “aerial image’) of two-line features
having 0.2 um linewidth on a mask, as a function of their separation is given in Figure A2.12
(b). When the separation is half of the linewidth or “half-pitch”, (what is in this example
D=0.1 um) line features are becoming irresolvable (17). Generally speaking, for the resist of
thickness t, which is on certain distance from the mask (air gap is s), exposed to the light of
the wavelength A, the theoretical resolution (Rmin) of line/space is given by the equation
(15):

Rimin = = |2 (s + %t) (A2.5)

which provides simple practical calculation of the resolution.

0.6
I 5
057 AY S [RA YA VI
III. il:\- | },\If ]: D=06um
A
5 041 N A )
g {/ JI|' \;, | \\‘ ;,' -,r:‘l./l'lr_g_ D=04pm
S S R AR
o | | \ ] b =02um
= 02! II'[,”‘.\\;’ r'll‘\i.il
/ 'II ] ,J\ ]'. | /'ﬂH—D:n_.pun
o1 f.-" Iy l\, \ / )l:ll' "‘\\ I\
0.0 em——— L wl/ \\_>C >/ \‘\-v\-f\'ﬁx_"‘-._h—
_ HE F =10 =05 0.0 0z 10
(a)_ —_— e = 1 F S e e (b) Lateral spread (um)

Figure A2.12: (a) Light intensities of diffraction from separated slits giving resolvable image. (b) The
images of two separate lines (D is the separation distance between the centres of two-line
opening) (From the ref. (17)).

Besides resolution, another important requirement for high-quality optical
lithography is the depth of focus (DOF), or depth of field, expressed by equation (18):
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A k, R?

DOF = kzm = k_127 (A2.6)
where k, is an empirical constant determined for each tool in practice (k, < 1) related to a
specific lithography system and photoresist process. The DOF is extremely shallow because
of its inverse square dependency on NA. Therefore, the use of high-NA lenses for an
improved resolution is followed by very small DOF, what means that the optical imaging
would only be in focus in a very small range of height variations. This is one of the reasons
for the strict requirement for planarization of surface of resist film. In practice, an absolutely
flat surface cannot be obtained and thus many places on a wafer would not be in focus
because of the surface irregularities, usually coming from spin-coating, presence of filler or
wafer bowing. The effect would be more pronounced on the larger size wafers, used for
industrial applications where DOF is thus actually one of the most important lithographic
parameters (17).

The exposure can provide structuration of the resist by initiating its cross-linking in
the predetermined regions. The most common way to cross-link SU8 is by exposure in the
near—-UV range, due to its quite high transparency in that region. In fact, SU8 shows much
higher absorbance at shorter wavelengths (below ~ 400 nm) than for longer wavelengths.
Consequently, the exposure wavelength has to be chosen according to the SU8
transparency. The SU8 exposure in our experiments was performed with MA6 containing a
mercury lamp which has the strongest emission in the required spectral range with peaks at
wavelengths of 365nm, 404nm and 435nm, corresponding to i-, h- and g- lines, respectively
(3). Indeed, the choice of exposure wavelength is crucial for the optimisation of all
lithographic parameters, like resolution and DOF, for which it is necessary to use light with a
lower wavelength. Besides this influence of light wavelength on mentioned parameters of
lithography, there is an additional influence on the cure depth. This arises from the resist’s
UV absorption at the exposure wavelengths and thus a non-uniform light intensity
distribution across the resist film. Therefore, the photo-initiated curing process follows a
surface to depth gradient due to the limited penetration of light in the resist layer. In fact,
the intensity (/) at a certain distance in the vertical direction from the film’s surface (z) is
given by the Lambert-Beer’s law of absorption (15):

I=l,e™ (A2.7)

where a is the absorption coefficient and I, is the intensity of incident light. The
transmission is then defined as (15):

T=1/lp=e™ (A2.8)
and the absorbance would be:

A=-In(l/1p) =az (A2.9)
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Thus, due to the light absorption by SUS, the light intensity gradually decays as a function of
the coating’s thickness. Therefore, the coating layers oriented towards the incident light are
more exposed than the deeper ones (15). Clearly, the UV-exposure induces structural
changes in the SU8 material due to the photoactivation of photoinitiator and initiation of
the polymerisation process. This, in turn, changes locally the absorption coefficient of the
resist, and SU8 becomes less transparent in the required spectral region (1). In addition, this
change of the local absorption coefficient during the UV-light exposure will affect more the
thicker coatings. Since SU8 can be used as a layer of thickness in the range of three orders of
magnitudes (from less than 100 nm to more than 1 mm), the absorption of light with the
increased thickness is becoming crucial for thick layers. The light transmission through SU8
is also wavelength dependent. Yang et al. measured transmission of light as a function of
thickness of unexposed SU8 for the two different wavelengths and showed that the
intensity light of shorter wavelengths (i-line) decayed significantly faster with the coating
thickness (15). This means that the light with the longer wavelength can penetrate deeper
into the resist and expose the thicker layers. Moreover, also the unexposed SU8 is more
transparent for light of longer wavelengths.

However, the exposure to light of longer wavelengths is accompanied by problems
of decreased resolution (Eq. A2.5) and decreased DOF (Eq. 6.2.6). But definitely the most
problematic consequence of choosing longer wavelength light is the diffraction effect (Eq.
A2.1) which is important, because the edges of the aerial image of patterns are defined by
the edges of diffraction pattern. The diffraction effects are even more pronounced for the
exposure with air gap between the mask and the resist, which as we said, can be significant
due to the surface imperfection and unevenness caused mainly by the standard spin-
coating. An additional factor which can significantly increase surface roughness is the
presence of the filler in the case of composites, like we have. By increasing gap distance
notable T profiles could be seen, because the pattern edges were irradiated with higher
doses resulting in pattern enlargement at the top of the features making T-profile instead of
vertical walls. Simultaneously, the diffraction effects are becoming more pronounced with
increasing resist thickness and gap distance at a fixed exposure dose. The T-profile sidewalls
can be partially compensated by an increase of the exposure dose, but in that case with the
drawback of widening the lateral dimensions of the final structures comparing to the
dimensions of pattern on the mask.

For the exposure of our CNTs-SU8 composites we chose i-line (365nm) dominant
lithography, because the shorter wavelength light (i-line), which is usually recommended for
the advanced optical lithography (19), is less affected by diffraction and favourable for a
good resolution and DOF. On the other hand, the light intensity in that case drops too fast
with the depth what could cause a difficulty in cross-linking the composite at the film’s side
opposite to the incident light. Moreover, the shorter wavelength light is mostly absorbed by
the surface part of SU8 film oriented towards incident light, causing over-exposure of that
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part of the film (15). This could result in pronounced T-profiles and non-vertical sidewalls,
due to the irradiation of the one part of the resist with higher dosage (1).

@ ™ ) (b)| .
C Tobil L ol
. - - X ! N5
( .

F
/\/3 /w2 i}.'l/’F \
_/_ | _/ . /\'I'“\F‘ s ; .
8 . - F \ Voo . Q

N\
u)"
~ ]
J
\:/
_J‘T\T-n
Absorbance

- o F _ ] :
(L
O o2 T v

5 SbF, —>é+ + H'SbF;

320 340 360 380 400 420 440
Hanometers

oo
=
3
[
-
E=2
N
@
=
w
k=2
=)

Figure A2.13: Chemical structure (a) (From the ref. (20)) and UV absorption spectra (b) (From the ref.
(21)) of usually employed SU8 PI containing mixed Triarylsulfonium hexafluoroantimonate
salts in propylene carbonate. (c) Generalised basic schema of protolysis of these salts
which generates an acid that induces the cross-linking (From the ref. (9)).

The irradiation itself or the UV exposure processing step has the main function to
initiate polymerisation of negative tone polymers, in this case of SU8, in the regions
determined by the openings of the patterns on the mask. In fact, upon irradiation, the PI
decomposes to form a Brgnsted acid (in the case of SU8 usually hexafluoroantimonic acid),
which act like a catalyst for the initiation of the cross-linking reactions (see Chapter 2). In
order to successfully proceed with UV exposure, the first requirement is that the spectral
absorption range of Pl has to fit the spectral range of the light source. Therefore we need PI
which absorb in the near-UV range where the mercury lamp has its strongest emission,
especially in the i-line (365nm) dominant range which we chose. The second requirement is
that Pl should be a combination of different PI. This is necessary for a simultaneous surface
and in-depth curing needed for successful cross-linking of SU8 films of different thicknesses
(22). Due to suitability to both listed requirements (Fig. A2.13), the Pl containing mixed
Triarylsulfonium hexafluoroantimonate salts in propylene carbonate (‘old’ Pl), is the most
often used Pl for SU8 cross-linking (23; 24). Especially important is that this Pl does not have
too large light absorption at 365nm (Fig. A2.13 (b)) because SU8 patterning requires a very
good compromise between cure speed and cure depth. Hence, the main requirement for a
Pl to be compatible with SU8 is “not to have excessive absorption at 365nm” (25).
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Figure A2.14: UV absorption spectra of: (a) unloaded SU8 with the old and new PIs and (b) CNTs-SU8
composites prepared with different surfactants and the old and new Pls.

Besides the mentioned requirement for photopatterning of the resist that the
emission spectra of the light source correspond to the absorption of the PI, an unexposed
resin has to be simultaneously transparent in this spectral range. In other words, the only
absorbing species of the exposure wavelength should be PI, while all other components in
the resin formulation should ideally be completely transparent for that wavelength (here
365nm). Therefore we measured the absorption by ultraviolet and visible (UV-vis)
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absorption spectroscopy. The spectral region of interest for this work was around 365 nm
and up to 440 nm in order to indentify if the choice of exposure wavelength is also suitable
for the composites. Absorption measurement results in that range are presented here. All
samples for this measurement were prepared in the same way (spin-coating and soft baking
on a quartz wafer). Initially, we measured the absorption of unloaded SU8 prepared with old
and new PI (Fig. A2.14 (a)) in the concentrations (see the ref. [MM1]) which were previously
experimentally determined to be sufficient for the cross-linking of unloaded SU8 with the
standard exposure doses (6). The results showed a 9.4 times higher absorption at 365 nm by
old PI comparing with new PI, while at g- line (435 nm) samples showed the same trend just
with a lower ratio of absorbance (3.9). This would make the new Pl more suitable for cross-
linking of unloaded SUS8 at i-line (365 nm) dominant range.

In order to observe the influence of the other components of CNTs-SU8 composites,
we measured the absorbance of three types of composites containing 1.2 wt% of CNTs in
SU8, but prepared with different surfactants and Pl (Fig. A2.14 (b)). It is evident that
composites prepared with old Pl had almost the same absorption over the wavelength
range of interest, meaning that surfactant’s nature did not significantly influence the
absorption properties of composites and that Pl has a dominant effect. The same conclusion
as the last one can be drawn from the comparison of two composites prepared with the
same surfactant (here surfactant 1) and with two different PI (Fig. A2.14 (b)), where the
sample with the new Pl had two times higher absorption than the one with the old PI.

Furthermore, we were especially interested in the influence of CNTs on the
composite overall absorption, since it is known that in UV curing the presence of fillers can,
besides providing complementary properties, significantly influence the ability of UV rays to
penetrate the composite film (22). Hence, we measured the absorbance of the composite
containing only SU8, GBL and CNTs without adding any PI or surfactant (Fig. A2.15). The
result was an almost constant absorbance in the spectral range of interest for this work. This
result was firstly compared with the absorbance of unloaded SU8 with new Pl and with the
composite containing new Pl and surfactant 1 (Fig. A2.15 (a)). The comparison showed that
the absorbance at 365nm of the composite containing new Pl and surfactant 1 is just the
sum of the individual absorbances of the composite containing only SU8, GBL and CNTs
(without Pl and surfactant) and with the sample of unloaded SU8 with new PI, like it was
expected. The result was secondly compared with the absorbance of the composite
containing old Pl and surfactant 1 or 2, and with unloaded SU8 with the same PI (Fig. A2.15
(b)). On the contrary, the absorbance of the final composites with Pl and CNTs was not the
sum of the constituents, like it would be expected, because absorbance is additive.
Surprisingly, the absorbance of final composites with Pl and CNTs was lower than each of
both absorbances of the constituents or in other words, the sample become more
transparent when we added CNTs, what is contra intuitive. This showed a significant
influence of CNTs-old PI combination on the overall composite absorption, what could lead
to the problem with the initiation process.
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Figure A2.15: UV absorption spectra of the composite containing CNTs without any PI or surfactant
and: (a) samples with the new PI with and without CNTs (b) samples with the old PI, with
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Based on presented results for the absorbance of all samples, the conclusion is that
composites prepared with new Pl and surfactant 1 are most appropriate for the cross-
linking initiation by UV exposure in i- line dominant range. Whereas composites containing
old Pl and CNTs showed interference of effects of individual components, resulting in a
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complex and unpredictably response of these composites on the exposure step.
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Figure A2.16: Schematic representation of the back side exposure mode and in that case obtained
final structures depending on the exposure dose.

Upon conforming that composites can be exposed at chosen wavelength, we needed
to establish an exposure dose, which is actually threshold energy necessary to cure SU8
inside the targeted region. The exposure dose in general has to be found for each particular
resist thickness and CNTs concentration, because it depends on the quantity of SU8 which
changes with the thickness and with filler concentration. The standard way to find the
exposure dose for one specific thickness is to expose the layer of such thickness with
different doses by slowly increasing the exposure dose. This has to be done in so called
“back side” exposure mode, where the exposure is in such a way that incident light enters
the resist layer on the resist-wafer interface (Fig. A2.16). It means that light is passing
through the mask and the quartz wafer and then through the resist layer. Naturally, incident
light can be scattered on the interfaces, what can be an additional reason for the
broadening of the aerial image of pattern comparing to the original dimensions of pattern
on the mask. This exposure mode is particularly convenient for finding the appropriate
exposure dose because the thickness of the cross-linked resist layer gradually increase with
the increase of the exposure dose (under-exposure), until the entire resist thickness is
cross-linked in the ideally exposed resist layer (Fig. A2.16). A further increase of the
exposure dose (over-exposure) cannot result in a thickness increase, but can induce
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significant deviation of structures’ walls from the vertical side profile (Fig. A2.16). Therefore
the standard curve of cross-linked resist thickness as a function of exposure dose in back
side mode is showing a linear increase followed by the saturation plateau when full
thickness is reached.

We followed the presented standard procedure which is necessary to obtain the
appropriate exposure dose for different thicknesses of composite layers and different CNTs
concentrations. All samples used in this study were prior to this spin-coated on quartz
wafers of 100 mm diameter and soft baked under appropriate conditions (for the details see
ref. [MM1]). All samples were exposed to a gradual increase of the exposure dose, where
step size was tuned according to the thickness of the composite layer. Surprisingly, the
expected standard curve of thickness of the cured composite as a function of the exposure
dose could not be observed for any of treated samples. In fact, in many cases, the thickness
of the composite layer was even decreasing at the beginning of the increase of the exposure
dose, while a further dose increase had almost no effect on it. Unexpectedly, if the layer was
under-exposed surface roughness was dramatically high varying from almost bare wafer to
the thickness of overexposed layers. On the other hand, if the layer was over-exposed, the
aerial dimensions of the projection image were rapidly spreading resulting in a widening of
the structures comparing to the patterns on the mask. Therefore, the right exposure dose
was established as the value in between these two regions. However, the full thickness of
the composite layer could not be cured in this exposure mode, no matter how high the
exposure dose was chosen. Actually, from a certain exposure dose, the exposure through
the mask resulted in a continuous layer like in the exposure without any mask, and an even
further increase of the dose did not result in an increase of the cured thickness. Hence, the
full thickness of the exposed layer could not be cross-linked in the back-side exposure mode
regardless of the exposure doses.

Besides the back side exposure mode, the resist layer can be exposed in the front
side mode, when incident light is entering the resist layer on the resist-air interface (Fig.
A2.17). This exposure mode is not usually used for finding the exposure dose appropriate
for a certain thickness of the resist layer. Namely, under-exposure of the resist layer means
that the light intensity is lower than the threshold energy required for cross-linking the full
thickness of the exposed resist layer. Moreover, in the front side exposure mode, this means
cross-linking of the topmost part of resist layer, while the bottom part of the same layer
underneath remains uncured (Fig. A2.17). As a result, such under-exposed structures would
be washed out during the development step, because the bottom of the layer would not be
cross-linked. Therefore, in the range of under-exposure doses, a gradual increase of the
exposure dose can bring an increase of cured thickness but that effect on thickness cannot
be registered because all of these under-exposure doses would appear exactly the same
after the development step; they would be all washed out. For that reason, it does not make
sense to study the dependence of the cured thickness on the exposure dose, like for the
back side exposure mode. On the contrary to the under-exposure, when resist layer is
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exposed to the ideal exposure dose, which would correspond to enough energy to cross-link
throughout the entire thickness of the exposed layer, final structures would remain on the
wafer surface after the development step. A further increase of thickness would not be
possible. Consequently, a further increase of the exposure dose or over-exposure, would
appear in the same way like over-exposure in the back-side exposure mode, by inducing
deviation of walls of the structures from the vertical side profile (Fig. A2.17).

UV light

scattering on iterfaces
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Figure A2.17: Schematic representation of the front side exposure mode and the resulting structures
as a function of the exposure dose.

All samples which were previously exposed in the back side mode were also exposed
in the front side exposure mode with the same exposure doses, in order to verify our
previous choice of the appropriate exposure doses. On that way obtained ideal exposure
doses were approximately the same like in the back side exposure mode. However, a slight
difference could be noticed in the broadening of the edges of the structures which appeared
to be more rapid with the dose increase than in the back side exposure mode. This could be
attributed to the expected diffraction problem. Namely, the exposure in front side mode
was performed either through an air gap of 25 um or through direct contact of the mask
and the surface of the composite film. In both cases, diffraction could be caused by surface
roughness resulting from the spin-coating induced surface imperfections and unevenness
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(see section about spin-coating) or from higher CNTs concentrations what goes along with
shear induced aggregation and hence higher surface roughness.

A2.4 Post-exposure baking (PEB)

A strong acid that is generated in low concentrations by UV-exposure, acts as a
catalyst in the successive cross-linking process, which is activated by heating in the
subsequent step of PEB (1). In principle, the UV-exposure step just defines the starting
points of a chemical reaction that is actually driven by temperature (26). The cross-linking is
initiated by the cationic ring opening of epoxy groups by the acid. In fact, in the presence of
a photo-generated acid, the ring-opening polymerisation of epoxides proceeds through the
oxonium ion (26):

hv

Pl —> wu*

H H H—C'——,C—ﬂ'
H* + H—C‘\—.—/C—R' —_— o+

In order to provide propagation of polymerisation, reactive species have to be mobile
enough to diffuse in regions with uncross-linked SU8. However, considering the size of
active species, anions are quite large comparing to tertiary oxiranium ion what can affect
their diffusion in the CNTs-SU8 network. When the new monomer adds to the oxonium ion
in propagation of polymerisation, the anion flows to the new position. In the case of our
composites, the CNTs network could reduce mobility of active species and thus affect the
propagation step of polymerisation.

The propagation occurs by the reaction of protonated oxonium ions with neutral
epoxides in a series of cross-linking reactions activated by the heat (1). The final result of the
cross-linking process is a dense, stable network where each SU8 oligomer is connected to 7
others on the average (9).

All PEB were performed under the same ambient conditions in clean room (CMI,
EPFL) with 45% (+ 1 point) of relative humidity. This is important because the relative
humidity has strong influence on the cationic polymerisation by decreasing the
polymerisation rate and inducing loose of physical properties (22). In fact, in the cationic
curing the presence of groups containing a hydroxyl end groups (-OH) leads to a softer
polymer network because the mechanism of polymerization changes from a typical active
chain-end mechanism to an activated monomer mechanism (27).

In essence, cross-linking implies that intermolecular bonding, hydrogen bridges and
van der Waals forces are replaced by covalent bonds (22). As a result, during PEB the
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properties of the resist film change. Firstly, shrinking necessarily occurs because of the
densification of SU8 network trough the cross-linking. In addition, shrinkage in PEB is
enhanced also by outgassing of the remaining solvent (9). This volume shrinkage induced by
cross-linking is significant and therefore contributes a lot to the overall internal stress of the
film with 45% (30% originate in the exposure and 15% in the post-exposure bake) (1). On
the other hand, the positive side of shrinkage during polymerisation is induced excess free
volume which allows a redistribution of the reactive species within the system and hence
diffusion of Pl into regions of uncleaved bonds (22). In fact, as the cross-linking further
proceeds, the shrinkage is no longer able to keep up with conversion. In this way resulting
excess volume allows additional mobility of the reactive species. Hence, a higher
polymerization rate creates more temporary excess volume, resulting in higher crosslink
densities and final maximum conversions (12). Besides shrinkage which is induced by
chemically reactions, the overall internal stress can be also significantly influenced by
exposure to an elevated temperature in PEB followed by thermal contraction during cooling
down (12). Therefore, in order to minimize the internal stress in the PEB step, it is necessary
to heat up the wafer very slowly from room temperature until PEB temperature, which is
typically 95°C, and to “naturally” (without employment of cooling systems) cool the wafer
back to room temperature.

The presence of CNTs can influence the volume shrinkage during PEB since CNTs can
by themselves be an obstacle for SU8 oligomers to approach close to each other in order to
cross-link. Consequently, this could reduce cross-link density and hence, epoxy conversion,
what was confirmed experimentally (28). Simultaneously this could create additional excess
free volume comparing to the usual one, which would provide even higher mobility of the
reactive species. Accordingly, Pl could easier diffuse into the unexposed regions of the
composite causing broadening of aerial dimensions of the structures. The other problem
which may appear due to the presence of CNTs is the formation of cracks on the topmost
composite layer. The reason can be surface roughness of the obtained films which can be
significant (see Chapter 6) and which increases with the increase of CNTs concentration, due
to the shear induced aggregation. The edges of bumps and dents of the surface roughness
are prone to cracking, because of the stress concentration in these points (Fig. A2.18).
Therefore, composite films with high surface roughness, what would mean composite with
high CNTs concentration and/or spin-coated under inappropriate coating conditions, could
have poor mechanical properties.
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Figure A2.18: Schematic view of bumps and dents which may lead to stress concentration and thus,
to cracking of the top-most composite layer (From the ref. (2)).
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In order to study thermal behaviour and to observe if cross-linking of SU8 can
proceed in the presence of CNTs in composites, we used DSC. In our DSC study the most
important parameter is temperature from which start the appearance of the exothermal
peak or to be more precise, from which stops the endothermal slope. The appropriately
long PEB at this temperature is considered as suitable for the cross-linking. It is very
important to observe the lowest possible temperature, because on higher temperatures the
cure speed would be too high for patterning. Consequently, in the case of chemically
amplified resist, such as SU-8, pattern broadening would occur as a consequence of the
diffusion of the PI during PEB (1). Therefore, for each specific application, the best
compromise must be found between the cure speed and depth (26).

A technique often related to DSC, is the already mentioned technique of TGA, where
the weight of the sample is recorded continuously as the temperature is raised. By this
technique chemical reactions related to weight change, like volatilization, dehydration or
oxidation can be recorded (4). On the other hand, simple transitions are missed, because
they are not followed by weight changes, but they are followed by changes in heat capacity
what can be seen by the results of DSC measurement. For that reason, TGA and DSC are
often combined due to the complementary information which they can give. This
combination is especially important for detecting transitions like cross-linking, which would
appear as an exothermic peak on the DSC curve, but which would simultaneously not
appear as a weight loss on the TGA curve.
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Figure A2.19: DSC and TGA curves of the previous SB SU8 samples with or without solvent (EPON),
but with different Pls (old or new) or without PI.
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Firstly, we measured TGA and DSC curves for the SU8 samples without CNTs, as a
reference (Fig. A2.19). DSC of samples with Pl shows clearly exothermic peak between
around 200°C and 300°C, which is not followed by weight loss in the corresponding TGA
curves. Since these samples were only soft baked and not exposed, observed peaks are
confirming that the polymerisation is thermal cross-linking. In the case of the SU8 sample
with old PI, the lowest temperature where exothermic slope start to occur is at 150°C, what
correspond to PEB temperature used for thermal cross-linking for this reason. In the case of
SU8 with PI, this value is higher, 170°C. To confirm that the noticed peak originates from the
cross-linking reaction, we measured DSC of the SU8 resin without Pl and of the SU8 without
any solvent or Pl (in the form of pure EPON) (Fig. A2.19). Both DSC curves show the first
exothermic peak at around 380°C, what matches with SU8 degradation temperature (see
Chapter 2) followed by expected dramatic weight loss on the corresponding TGA curves. The
last degradation stage of all samples occurs at around 550°C, but surprisingly the SU8 resin
with new Pl shows a much lower degradation rate above 500°C, comparing to the other
samples. This is most obvious in the high char content of this sample, which is at 600°C
unexpectedly high, 27%.

In order to observe the influence of CNTs presence in composites, we measured TGA
and DSC of the composites containing one of the two surfactants and old or new PI (Fig.
A2.20). All samples were SB, like the previously examined samples (showed in Fig. A2.19).
Comparing the DSC results for SU8 (Fig. A2.19) and composite (Fig. 6.2.20 (a)) both
containing new PI, we can see that thermal cross-linking starts at lower temperature (at
150°C) in the presence of CNTs. However, the previously observed high char content for the
SU8 sample with new PI did not appear on the TGA curve of the composite (Fig. A2.20 (b)).
On the contrary, the char content was only 1.1% of initial sample’s weight. This indicates
that simultaneous presence of CNTs and surfactant 1 together with new Pl and SU8
supports high temperature thermal decomposition of the composite. Moreover, weight loss
noticed on the TGA curve of SU8 with new PI (Fig. A2.19) in the region from 100°C to 250°C
which corresponds to evaporation of remaining traces of solvent, did not appear in the case
of a composite with new PI (Fig. A2.20 (b)), signifying that solvent was surprisingly easier
removed from the composite with CNTs than from unloaded SU8 alone.

Considering the DSC results of all SB samples with the old PI, which are SU8 and
composites with two different surfactants, a significant difference in the region of interest
was not noticed. Nevertheless, TGA curves of these samples show a difference in the
temperature range from 95°C to 250°C, where remaining solvent which continued to
evaporate can be seen (Fig. A2.20 (b)). Corresponding weight loss is 18% of the weight at
the beginning of the TGA measurement, but this is equivalent to 10% weight loss normalised
to the sample weight before SB (the last can be seen in the Figure A2.20 on the curves
marked with “relative” indicating weight loss relative to the sample weight before SB).
Accordingly, in the composites containing old Pl, CNTs interfered in the solvent evaporation
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by being an obstacle to solvent removal from the network of CNTs and SU8, regardless
which surfactant was used.
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Figure A2.20: (a) DSC and (b) TGA curves of CNTs-SU8 SB composites with different Pl and

surfactants. TGA curves marked as “/relative” indicate the same measurement just with all
weight losses expressed relative to the samples weight before SB.
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Figure A2.21: (a) DSC and (b) TGA curves of CNTs-SU8 composite samples with different PI and
surfactants. All samples were first SB and then UV-exposed (exp). TGA curves marked as
“/relative” have the same meaning as on previous Figure.

On the other hand, for the PEB itself it is of particular importance to combine the
interpretations of the DSC-TGA curves of the composites which were UV exposed after the
SB (Fig. A2.21). At first, we compared the results for the samples with old PI, because this PI
is a commonly used SU8 Pl with well known properties. For SU8 containing standard PI, PEB
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is usually performed at 95°C (6). Fortunately, the composite samples with old PI (Fig. A2.21
(a)) both showed that PEB temperature can be kept as in the standard SU8 processing, what
was also confirmed experimentally in this study. Additionally, UV exposed composites with
old PI (Fig. A2.21 (b)) showed higher thermal stability comparing to the same samples which
were just SB (Fig. A2.20 (b)).

In contrast, DSC of composite with new Pl after UV exposure (Fig. A2.21 (a)) showed
that PEB in that case have to be performed at 120°C what was experimentally confirmed to
be the appropriate PEB temperature, while TGA (Fig. A2.21 (b)) showed a retained thermal
stability of this type of composites.

Commonly, at the beginning of the standard PEB process, the image of the patterns
from the mask was very rapidly becoming visible on the surface of the SU8 film, if the
exposure dose was appropriate for the exposed SU8 thickness and the PEB temperature was
suitable for SU8 cross-linking. The same phenomenon remains to appear in the case of PEB
of CNTs-SU8 composites, regardless of employed PI, surfactants, exposure mode or CNTs
concentration.

The main consequence of PEB is cross-linking in the previously UV exposed regions
what makes them stable against the action of solvents during the subsequent development
step (1).

A2.5 Development

In the case of negative tone resists, like SU8, the function of the development step is
to remove non-illuminated regions of SU8, since its UV light-exposed parts become
insoluble in the developer after PEB (26). Removal of the non-exposed SU8 is initiated by
diffusion of the developer molecules into the regions composed of non-cross-linked SUS8.
This process is then followed by solvation of the polymer chains into the developer solution
(1). The SU8 development is usually performed by immersing the wafer with SU8 film in
PGMEA, used as SU8 developer, at room temperature. Subsequent rinsing in isopropanol
(IPA) can yield a clear solution indicating that all unexposed SU8 is removed. On the
contrary, a blurry isopropanol bath or the presence of whitish traces signify non terminated
SU8 development and thus, the wafer has to be again immersed in a PGMEA bath until the
complete removal of unexposed SUS.

The duration of development, if possible at all, can be from a few minutes to many
hours. Such a broad possible time interval of development originates in the complex
influence of lots of processing parameters, like “the exposure dose, soft-baking time and
temperature, the temperature and agitation during development and the geometry of the
pattern” (1). Longer development times are normally needed for structures with high aspect
which are more difficult to develop or in the case of composites, where the filler may have
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stronger adhesion towards substrate than the bare resist. On the other hand, the long-
lasting development process may induce substantial damage of structures, especially fine
features, due to swelling of cross-linked regions or debonding of the resist (1). The
developing time can be reduced by agitation and stirring of the PGMEA solution during the
development (9). This can enhance diffusion of the developer molecules, resulting in a
faster and more efficient development. But, a drawback of the stirring is the pressure
gradient which may cause structures’ deflection, collapse, deformation or even debonding
and pattern loss (1). Additional improvement of the development can be achieved by the
downward orientation of the wafer during stirring (29). In this downward-development
process, established by Chang et al. removal of development products is accelerated via a
gravity-induced pulling force and better convective transport (29).

In the case of our composites containing old Pl and surfactant 2, the study showed a
surprising adhesion towards substrate and that unexposed regions could not be removed
even after the quartz wafer was 17 hours immersed in the PGMEA bath. Nevertheless, the
uncross-linked composite with old Pl and surfactant 1 could be removed after 30 minutes to
2 hours (depending on the thickness of composite film) immersion in PGMEA bath
accompanied by agitation and manual stirring, and followed by PGMEA spraying. However,
the most efficient development was achieved with a composite containing new Pl and
surfactant 1. In that case the development was terminated after only a few minutes
(between half minute and 5 minutes, depending on the thickness of composite film) of
immersion in PGMEA bath accompanied by manual stirring, and subsequent PGMEA

spraying.

One of the possible problems which may appear in this processing step is the
collapse of the structures during rinsing (30), which could have two sources. Most
commonly, this appears as a consequence of the capillary forces during drying after PGMEA
and isopropanol baths (31). Namely, during solvent evaporation its volume decreases and
drying front shifts from the top of the structures. Accompanying surface tension at the
resist—liquid interface pulls against any structure in contact with liquid causing the collapse
of the photoresist features (1). Capillary forces which act on the resist walls during drying
increase with increased wetting of the resist by the liquid. Therefore, one of the possible
ways to avoid structure collapse in development is to use a liquid which is not wetting well
SU8 (32) (what is not compatible with all processes and system components) or to use
freeze drying with the disadvantage of long processing time (33).

The other possible reason for pattern collapse can be the stronger adhesive forces
between the features in contact rather than the forces required for bending them. In this
case the pattern collapse depends on Young’s modulus of the resist material, its surface
energy and the pattern geometry (aspect ratio, lateral size and distance between structures)
(34). Therefore, increasing Young’s modulus of the SU8 may prevent the collapse of the
pattern. As presented in Chapter 5, the presence of CNTs in the composite significantly
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increases Young’s modulus of composites, even with very low CNTs concentrations.
Consequently, we could expect that Young’s modulus enhancement can enable avoiding of
structure collapse. The experiments confirmed our expectation and we did not observe any
collapsed features, regardless of the composite type (different Pl and surfactants). Drying of
all samples was performed in a wet bench with an appropriate air flow which promoted
liguid removal. In this regard, we do not recommend nitrogen blow-drying, because the
detachment of some features was noticed under such drying conditions.

A2.6 Hard baking

The function of the hard baking is to: achieve complete cross-linking (9), remove
residual solvents, restore adhesion after development and increase resistance to etchants
by film hardening (26). This processing step is optional and is usually recommended if
obtained structures are a part of a final device (1). This step is especially important if the
structures have to be exposed to thermal treatment during the operation of a device, where
the structures are going to be integrated. In that case, the hard baking should be done at a
10°C higher temperature than the operating temperature of the device (7). Still, the
temperature range for hard baking is from 150°C to 250°C (for 5 to 30 minutes), depending
on the degree of cure required (7). In the case of CNTs-SU8 composites, the hard baking can
be performed, if necessary, up to 300°C, without SU8 degradation (see Fig. A2.20 (b) and
A2.21 (b)). Moreover, the hard baking can be used for removal of small cracks (<5 um) by
annealing (6). The main restriction for hard baking is that it can be done only for thin layers
(<10 pm), because of easy structure detachment from the wafer. This is due to the
temperature-induced stress resulting from the difference between thermal expansion
coefficients of the wafer and the already structured resist (9).

A2.7 Conclusions

All photolithographic processing steps and their parameters were optimised to yield
planar, well photo-patterned, composite films with tuneable transparency, flexibility,
electrical conductivity and mechanical properties. In summary, the optimised processing
steps for photolithography of CNTs-SU8 composites 2 with the use of the new PI and
surfactant 1 are:

(1) spin-coating: - the most critical processing step. The minimization of aggregation of
CNTs can be achieved by employment of all listed instructions (the procedure can
be applied for all composites containing any filler, when these composites have to
be spin-coated): (a) composite deposition have to be done by slowly forming spiral
from the centre of the wafer towards the outer edge of the wafer and the
composite amount should be enough that the spirally deposited composite
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uniformly covering a circle with the radius of at least the half of the wafer’s radius;
(b) acceleration and deceleration have to be higher than the standard 100 rpm/s
and at least 500 rpm/s for speeds on the plateau higher than 1500 rpm, but the
value should be adjusted according to the here experimentally obtained rule that
the duration of acceleration part of the coating is not longer than 5 s; (c) the time
on the plateau have to be approximately from 1 s to 5 s, depending on the
formulation viscosity, where a lower viscosity composite requires a shorter period,
but the period should just exceed the time which is required to cover the entire
wafer surface by the composite; (d) the experimentally obtained rule in this study
was that the total duration of spin-coating should not exceed 10s (this time
includes period of acceleration, time on the plateau and the deceleration time).

(2) soft baking: the SB temperature of the composites can remain the same as for the
conventional SB processing of SU8 with the same solvent. However, while keeping
all other technological parameters (i.e. solvent, deposit’s thickness) the same as for
the conventional SB processing of SU8, the duration of the process has to be
longer.

(3) UV-exposure: CNTs do not considerably interfere in the initiation of the polymerisation,
and thus, transparency of composite films is not significantly affected by CNTs
presence within the range of exposure. However, the exposure doses for thick
films have to be higher than the ones needed for the SU8 films of the same
thickness.

(4) post exposure baking: the recommended PEB temperature is of 120°C, while using the
post exposure baking time on the plateau of 15 min (the same as for conventional
processing of SUS8).

(5) development: standard PGMEA bath with downward wafer orientation accompanied by
stirring for 0.5 to 5 minutes (depending on the deposit thickness), followed by
obligatory PGMEA spraying, isopropanol bath and natural drying in the laminar
flow box (not by nitrogen blow-drying).
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Appendix 3

Optimization of inkjet
printing of CNTs-SUS8
composites 2C

Inkjet printing is considered as a material-conserving deposition technique used
predominantly for liquid phase materials. These materials are inks consisting of a solute
dissolved or dispersed in a solvent. Basically, the process involves the ejection of a fixed
quantity of ink from a nozzle in a chamber through a sudden reduction of the chamber
volume. The ejected drop falls governed by gravity and exposed to air resistance until it
impinges on the substrate and spreads under momentum acquired in the motion (1).
Surface tension supports flow along the surface and finally, the drop dries through solvent
evaporation (2).

Inkjet printers operate either in a continuous or in a drop-on-demand (DOD) mode
(3). Continuous inkjet printers appeared first on the consumer markets (in the late 1970s).
They used electrostatic plates to deflect the motion of drops (4). In the continuous printing
mode a stream of drops is ejected under pressure through a small nozzle. In order to direct
and position these drops, the nozzle is maintained at a potential which passes on a small
charge on each drop as it is formed. Individual drops in the stream are directed by applying
a further potential to deflector plates. A schematic diagram of continuous inkjet printing is
shown in Figure A3.1 (left panel). Diameters of formed drops are generally larger than the
nozzle diameter (5). In the continuous mode, ink is pumped through a nozzle to form a
continuous stream of liquid drops, even when no printing is required. Unwanted drops are
deflected by the electric field to a gutter, from where the unused ink can in principle be
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recycled (Fig. A3.1, left panel). However, ink recycling is done in rare cases. In fact, exposure
to the environment can easily contaminate the ink, which thus cannot be reused. Therefore
continuous inkjet printing is usually considered as a wasteful process (5).
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Figure A3.1: Schematic diagram showing the operating principles of continuous and drop-on-
demand (DOD) inkjet printing systems. In DOD systems drops are ejected by a pressure
pulse generated (a) by a vapour bubble (thermal inkjet) or (b) from a piezoelectric
transducer (piezoelectric inkjet) (From the ref. (5)).

Compared to continuous inkjet printing, the DOD printing mode is more efficient in
using of ink because DOD inkjet systems print individual drops only when it is required (5).
Prior to drops ejection, the printer nozzle can be manually positioned over any location on
the substrate, above required landing place. In the beginning of the DOD process, fluid ink in
a reservoir behind the printing nozzle is exposed to pressure pulse. Propagation of pressure
pulse causes formation and ejection of an ink droplet through the nozzle. When printing is
not required, pressure pulse is not applied. Consequently, liquid is not ejected and it is kept
static by surface tension at the nozzle. The pressure pulse that promotes drop formation
and ejection can be generated by two methods, either thermally or piezo-electrically (5).

In thermal DOD printing, a thin film heater is placed in the fluid reservoir (Fig. A3.1
(a)). The heater’s temperature rises to about 300°C when current passes through it (4). As a
consequence, the fluid ink which is in direct contact with a heater is heated to above its
boiling temperature to form a vapour bubble. The formed vapour bubble rapidly collapses if
current is not passing through the heater. The pressure pulse is formed by this rapid
expansion and collapse of the vapour bubble (5).

In piezoelectric DOD inkjet printing, the pressure pulse is generated by deformation
of a piezo-electric membrane (Fig. A3.1 (b)) (5). More precisely, voltage applied on the
piezoelectric actuator causes sudden volume change which is forming the pressure pulse.
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The pressure waves propagate throughout the capillary and in this way push fluid outwards,
thus causing drop ejection (6). If the pressure pulse is sufficient and well-shaped, liquid can
be ejected from the nozzle and a drop can be generated (7).

A3.1 Applications and related problems

Over the last two decades inkjet printing became one of the key technologies in the
field of defined material deposition (3). In particular, it became a main technological
approach in a number of manufacturing processes, such as micro-engineering, lubricants
delivery to micromechanical parts or dispensing of UV-curable resins for the fabrication of
micro-optical parts (4). Different inkjet printing modes support a variety of applications.
Continuous inkjet printing allows for high speed printing. Therefore, it is widely used in
industrial branches where speed is essential, like coding, marking and labelling (3).
Nevertheless, drawbacks of this printing mode are: wasting of ink and inability to employ
particle suspensions in volatile solvents which are very sensitive to even slight changes of
concentration.

In contrast, major activities in nowadays inkjet printing are poised towards the DOD
mode because of its numerous advantages (efficient ink using, smaller drop size, higher
accuracy, and less restrictions on ink properties) (3). Thermal DOD printers are widely used
as desktop or domestic printers, but they are not that often used for industrial applications.
The main reason is the limitation of solvents which can be used. In other words, to create
vapour bubbles necessary for thermal DOD printing, only fluids with a high vapour pressure
under ambient conditions can be used (5). Therefore, thermal DOD is mostly restricted to
water as a solvent. This, in turn, severely limits the number of polymers and solutes which
can be used (3). Another crucial problem presents clogging of the nozzle by dried ink (4). In
contrast, piezoelectric DOD technology is commonly used in industrial printers and it is
subject of the majority of scientific studies (5). Popularity of this technology originates in the
possibility to use a variety of solvents (3) and to control drop size and velocity (5).

Piezoelectric DOD inkjet printing already became a fabrication tool for a wide range
of materials science applications, like in ceramic component manufacture (8), polymer
electronic devices (3) or organic transistors (4). Inkjet printing of polymers and metal
particles is particularly attractive due to growing research efforts into the development of
plastic electronic devices. Major advantages of these devices are flexibility, low weight,
easiness to process them and low manufacturing costs (6). Tunable electrical conductivity of
such devices is essential for various applications. Conductivity of inkjet-printed structures is
usually obtained by using ink solutions or suspensions containing conductive particles or
polymers (9; 10). However, the inkjet printing process with such inks encounters numerous
difficulties and we will mention in brief the most important ones.
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The most crucial part of inkjet printing technology is probably the ink and its physical
properties (11). In particular, the surface tension should be high enough to prevent dripping
of the ink from the nozzle (3). The viscosity must also be sufficiently low to allow the
channel to be refilled fast (4). Therefore, inks containing polymers and/or particles have to
be in form of a dilute solution or a colloidal dispersion (4). Studies showed that the main
factor that appears to affect printability of inks is their vapour pressure (not viscosity or
surface tension) (6). The solvent volatility should be sufficiently low in order to avoid
clogging of the print head nozzle (3). Given that inkjet printing is very susceptible to
blockage due to solvent drying, printing of inks with rapidly evaporating solvents is
considered as being essentially impossible (4).

An additional problem related to solvents appears during drying of a droplet.
Namely, solvent evaporation induces flow formation in the droplet, hence controlling
morphology of the dried droplet (Fig. A3.2) (10). Due to the surface tension gradient
between the edge of the drop and its centre, the solvent evaporation proceeds faster at the
droplet’s edges. As a result, a convective flow is established from the centre toward the
drying edge of the droplet (10). On the other hand, this surface tension gradient creates also
an opposing Marangoni flow, which results in recirculation of the solvent in the droplet (10).
These flows are not in balance. For that reason, inkjet printing frequently leads to the
formation of ring stains, i.e. the familiar “coffee ring” effect. Some studies showed that the
formation of ring stains can be eliminated by using a two-solvent system where one of the
solvents has a much higher boiling point than the other (2). However, this might be
problematic in general applications since both the choice and the exact ratio of solvents
needs to be optimized for each particular system (6).
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Figure A3.2: Flow directions in the drying droplet induced by solvent evaporation (From the ref. (2)).

Another problem concerning particle-based inks is related to particles size. In order
to avoid particles’ sedimentation particles size should be well below a micrometer (4). To
obtain reliable jetting of the printing head and more stable particle dispersion, as small as
possible particles have to be used. For instance, Kodak Research Labs reported that
commercially available pigmented inks contain pigments with an average particle size in the
range of 100-200 nm (12). Bigger particles lead to channel or nozzle clogging (12). On the
other hand, when very small (<100 nm) particles are used, the maximum particle volume
fraction is strictly limited to very low values due to the increase of viscosity (4). Therefore,
the particles in the ink must be very well dispersed to avoid any agglomeration and
aggregation that would additionally increase viscosity (4).
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The processing temperature appears very often as a problem in inkjet printing
whose aim is obtaining electrically conductive structures. In order to provide electrical
conductivity of printed features, ink solutions containing various particles (usually metal
nanoparticles) or organic conductive polymers have been used. It is also possible to form
conductive structures by printing a solution of a metal precursor. This process is then
followed by conversion of metal precursors to metal. This latter technological step, usually
based on thermal treatment, is also the main challenge in printing metal-containing inks (6).
Typically, the temperatures required for sintering can be higher than 500°C (4). The lowest
sintering temperature of 200°C (for an hour) was reported for silver (13). Therefore, the
sintering step is incompatible with printing structures on polymers or organic materials-
containing substrates. Laser densification is possible, but it is often too slow for large area
printing (4). For that reason, research in the field of conductive inkjet printing is focused on
lowering the temperature needed to convert the metal precursor to metal, thus allowing for
application of polymeric substrates (6).

In other words, the main goal of this field is to obtain conductive features on flexible
polymeric substrates. Therefore, the thermal stability of the substrate has to be matched
with the effective sintering temperature of the ink (6). Moreover, when metal nanoparticles
are used for conductive inks, an additional problem appears due to the surface oxidation of
metal particles. In principle, due to marked influence of surface oxides on conductivity,
particles with the thinnest possible oxide layers are required. An additional difficulty stems
from the prevention of post oxidation during post synthesis processes, such as ink
preparation, printing and annealing during sintering (14). Oxidation stability could be in
principle achieved by introducing shell layer around metal nanoparticles, but such layers are
unstable under the elevated temperatures required for the sintering process (14).

In order to avoid the sintering problem, several strategies were tried. On the one
hand, a polymer solution could be printed onto a solid substrate and then externally doped.
On the other hand, a polymer could be printed onto a layer of a dopant to induce
conductivity (4). The general drawback of these strategies consists of chemical treatment
(like dipping or rinsing with aggressive solutions) which is usually incompatible with most of
the substrates and processes (10).

All mentioned problems with metal containing inks or doped polymers can be
overcome by using organic conductive polymers inks to obtain conductive structures. But,
this may pose other problems. They are often unstable towards atmospheric moisture,
intolerant for wide temperature range and they can be expensive due to the complex multi-
step synthesis whose product is in the form of salt (what is reason for very limited solubility)
(4). The best results with conductive polymers are obtained by surface-energy-assisted
inkjet printing. This type of printing is based on the dewetting of solute-containing inks of a
repulsive surface-energy barrier (15). The difficulties of this process are its high complexity
and requirement for careful controlling of ink concentration and viscosity, surface-energy
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contrast and the amount of deposited liquid (15). Moreover, the required temperatures
were not favourable for some flexible substrates and supplementary solution needed to be
used, which led to an inhomogeneous thickness and non uniform lines (6).

A3.2 Inkjet printing process optimization

In order to inkjet print CNTs-SU8 composite inks we needed to obtain at first drops
at the nozzle tip. For inkjet inks other than standard inks, especially for nanoparticles loaded
inks, the whole process of drop formation and impaction is particularly important since the
ink’s properties and behaviour are very different from usual inks (7). This process involves
much more than simply ejection of liquid from the nozzle exit. The DOD drop formation
process is significantly influenced by pulse properties (e.g. amplitude of the major pulse of
driving signal), liquid properties (e.g. surface tension, viscosity, presence of additives),
geometry of printing head (chamber and nozzle) and the interaction of liquid and the
nozzle's walls (7).

Thus, due to the complexity of the whole process of the drop formation and
impaction during DOD printing, we needed to optimize conditions for inkjet printing of
CNTs-SU8 composites.

Ink

In order to prepare composite ink suitable for inkjetting we had first to choose
appropriate ink components which could fulfil the requirements for successful inkjet
printing.

One of the necessary conditions for inkjet inks is low viscosity (6). This is typically
fulfilled by adding solvents in order to obtain a sufficiently diluted liquid. However, this
cannot be applied in the case of nanoparticle loaded inks because suspensions are normally
stable in a very narrow range of concentrations and conditions. Therefore, any change in
concentration of components could significantly affect or even completely eliminate a good
dispersion. This poses a serious problem for nanoparticle loaded inkjet inks, since such inks
are generally very viscous. Our CNTs-SU8 composite inks undergo the same problems. In
other words, we had very viscous inks whose properties varied rapidly with the
concentration of components and therefore lowering inks’ viscosity could not be achieved
by simple dilution. Consequently, we had to find the other possible solution. Besides
dilution, the other ways to lower ink viscosity are the choice of an appropriate solvent and
heating of the nozzle.

The class of solvents which can be used for inkjet printing are restricted to low
viscosity solvents. Therefore, water is used very often as solvent for inkjet inks (water
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viscosity at 25°C is of 0.454 cp). Other frequently used solvents are organic ones, like
chloroform, xylene or toluene, (9; 6) but they are highly toxic. Thus, we had to choose the
SU8 solvent which has high solvency, low cost, low toxicity and low viscosity. Therefore, we
chose GBL, having viscosity of 1.738 cp at 25°C. Note, that the GBL’s viscosity markedly
depends on temperature and drops to 0.951 cp already at 70°C (16). Therefore, we used the
strategy to heat up the nozzle to 70°C, in order to sufficiently reduce the viscosity of the
CNTs-SU8 composite inks to enable drops ejection. However, heating of ink was followed by
so-called the “first drop problem” (FDP), caused by the evaporation of ink at the nozzle exit
(7). Such ink evaporation can prevent stable printing or can even cause nozzle clogging. The
FDP is considered as serious for inks whose properties vary rapidly with the concentration of
suspended materials (7), like in our case. This is why we tried to avoid long lasting jetting
interruptions. It is worth to mention that the drop formation process was not possible when
nozzle was at the room temperature, even when voltage of 120 V was applied.

Another solvent’s property crucial for the inkjet printing process is vapour pressure.
Specifically, solvents with a very high vapour pressure are quickly evaporating leaving fillers’
particles to block the printer’s nozzle, so these solvents easily clog the nozzle. An additional
problem which is usually caused by high vapour pressure is the appearance of the “donate”
cross-section profile of printed droplets. When a droplet evaporates most of the solute is
deposited as a perimeter ring. In such cases, uniform deposition could be obtained by using
very low vapour pressure solvents (9). At this point, the second advantage of choosing GBL
as a solvent for our composite would be its very low vapour pressure of only 0.3 mmHg at
25°C (17).

Upon choosing appropriate solvent for our polymer, we had to examine the filler.
CNTs synthesised with an average length of ~10 micrometers cannot be used for inkjet
printing because commonly used nozzles are up to 100 um. Even in the cases when particle
size becomes of the order of 1 um, problems with inkjet printing start to occur and
printability limit is usually reached (9). In order to meet this requirement we decided to
work on printability limit by choosing CNTs with average length of 1 um as filler in CNTs-SU8
composites 2C especially designed for inkjet printing applications. Using of CNTs much
shorter than 1 um would require very high CNTs concentration to obtain conductive
structures. But, a higher concentration means higher viscosity and therefore a lower
possibility for inkjet printing of such inks.

Applied voltage and the pulse shape

Due to above-mentioned disadvantages of the continuous and thermal DOD inkjet
processes we decided to use the piezo-driven DOD mode for inkjet printing of CNTs-SU8
composites 2C.
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At the beginning of inkjet printing we needed to optimize applied voltage what
included the choice of maximal voltage and appropriate waveform. In fact, creating an
appropriate pulse which provides stable drop ejection for a particular ink is regarded as
critical know-how (5). For instance, even slight variations in a driving signal wave form may
result in a significant change in the DOD drop formation (7). Studies have shown a
significant effect of pulse voltage on droplet morphology, drop velocity, droplet breakup
time from the nozzle and droplet size (10). It was demonstrated that higher voltage is
required for inkjetting of more viscous particle loaded inks (18). This requirement is
explained by Tsai et al. (18) in the following way. During the flow the particle interactions
influence interparticle distances and consequently frictional forces and viscosity (19).
Therefore, a lot of energy dissipates by suspended particles as the wave propagates in the
printhead and flow during the droplet formation. As a result, a higher driving pulse voltage
is required to extrude a liquid column and to form droplets for the particle suspension (18).
This could be as well applicable for our CNTs-SU8 composites because of their high viscosity.
Indeed, for our inks, stable condition with single droplet jetting was obtained for a
maximum voltage of 80 V. At such a high voltage splitting up of the liquid column into two
and formation of the main droplet and a satellite is typically observed in nanopartcile
loaded inks (10). In the case of silver nanoparticles-loaded ink the occurrence of satellite
formation was observed above 44 V (18). We did not observe such satellite drop formations.
This can be explained by the presence of elongated tubular CNTs which increase ink
viscosity. In this way, propagation of residue waves is eliminated and a stable printing
process is obtained. The optimum operation range of the single droplet was only 1 V. This
was not surprising, because a similar behaviour was observed for other nanoparticle loaded
inks (10; 18).
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Figure A3.3: A schematic diagram of a biphasic trapezoidal pulse waveform used for stable inkjet
printing of CNTs-SU8 composite inks (see the ref. [MM13]).

In order to obtain stable single drop printing conditions we used a customised
waveform, which had a maximum voltage of 80 V and a pulse width of 61 ps. A schematic
diagram of a typical bipolar pulse waveform employed in this study is shown in Figure A3.3.
The biphasic trapezoidal pulse waveform was set to be 3 us for rise time, 9 pus for dwell time
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(first plateau in the diagram), 6 us for fall time, 40 us for echo time (the second plateau in
the diagram), and 3 us for final rise time. Initially, the voltage increases, causing the ink to
retreat from the nozzle. The voltage subsequently decreases which causes ink to move
towards and through the nozzle. In order to force our inks to move through the nozzle, we
had to use pulse with rather large width of 61 ps. Such large width of the pulse was
obtained by extension of the echo time, which is typically of few microseconds in standard
inkjet printing conditions. In fact, the echo time was set to such a high value in order to push
ink forward through the nozzle. This necessity appeared due to the high viscosity of inks and
elongated shape of fillers in our inks. These are as well the reasons for the very high
maximal voltage used because the voltage magnitude must be adequate to generate droplet
ejection. In fact, droplet ejection and formation are quite complex processes. The key issues
which influence droplet formation and resultant morphology are solvent choice and
polymer or/and additive concentration (6). They have to be optimized, because above a
certain concentration of polymers or/and additives, the capillary force is not able to break
the filament and to overcome the decelerating action of ambient air, so the ejected droplet
retracts back into the nozzle (6). We faced the problem of the droplet retraction for the
maximal voltage values below 80 V and for pulses shorter than 61 us. However, when
excessive waveform voltages, like 80 V, are used drop ejection becomes chaotic. Since the
liquid drips from the printhead due to gravity, a back pressure of 9.65 Pa was applied using
the pneumatic console to control ejection of the liquid. In the same way we could control
the liquid level near the orifice and prevent the CNTs-SU8 ink meniscus from wetting the
nozzle.

Wetting of the nozzle surface

Wetting the surface of the nozzle by ink is a typical problem when nanoparticles-
loaded inkjet inks are used (10). Namely, good dispersion without particle aggregation is
very difficult to obtain for most of the particles and macromolecules. Their suspensions are
likely to be unstable in most solvents. Hence, chemical functionalisation of particles or
adding of stabilizers are required. The use of surfactants, however, frequently causes
wetting the faceplate around the nozzle by ink (4). This can prevent the formation of a
stable droplet stream due to the presence of residual liquid on the nozzle plate (Fig. A3.4
(a)). For standard inkjet inks, the liquid column broke up into a liquid droplet at the exit of
the nozzle (Fig. A3.4 (b)). However, for the nanoparticle suspension the particles often
adhere on the nozzle plate in form of a residual liquid layer. When the next liquid column
extrude, the residual liquid layer cannot be extracted back to the liquid column. Therefore,
the separation of the liquid column occurs below the nozzle (Fig. A3.4 (c)) and the
separation time from the nozzle is prolonged (18). The unwanted residual liquid is formed
because of local wetting around the nozzle exit (18). Since our composite inks contain
surfactant, it was likely that we could face the common problem of nozzle wetting. As
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expected, during the printing process, wetting of the jetted liquid on the surface of the
nozzle around the orifice could be observed. This ink flow on the nozzle plate of inkjet
printhead was extensively studied (18; 20). The origin of such behaviour was found to be the
actuation of the piezoelectric printhead (20) in addition to the presence of the surfactant in

inkjet ink (4).
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Figure A3.4: (a) A schematic illustration of the residual liquid layer due to the local wetting of the
jetted liquid on the nozzle plate. (b) A schematic illustration of a liquid column breaking up
at the nozzle if ink does not contain nanoparticles. (c) A schematic illustration of the liquid
column of the nanoparticles suspension breaking up below the nozzle (From the ref. (18)).

Besides standard expected symmetrical wetting of the nozzle faceplate,
asymmetrical wetting often appeared (Fig. A3.5 (a)). At first, this could be attributed to
printing under ambient conditions in the box with one open side, what could induce air
flow. Actually, asymmetrical wetting was usually on the same side of the nozzle (opposite to
the open side of the printing box) indicating strong influence of ambient conditions on
printing possibilities. Some studies have shown that even the air flow induced by the jet
itself can cause lateral deviations of horizontal moving droplets (20). We could observe the
same behaviour when the printing box was closed from all sides. In that case ambient flow
could be excluded as a reason for deviations in droplet trajectory (Fig. A3.5 (b)). Stable
drops were formed even under the condition of asymmetric wetting of nozzle faceplate (Fig.
A3.5 (c) and (d)). In our case, the control of ambient conditions in combination with the
choice of appropriate back pressure (9.65 Pa) enabled us to prevent wetting of the nozzle
surface by the CNTs-SU8 ink meniscus. In this way we could obtain stable droplet ejection
without deviations in droplet trajectory and without wetting of the nozzle (Fig. A3.5 (e) and

(f)).
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Figure A3.5: Stroboscopic image of CNT-SU8 droplet being ejected from the 80 um diameter inkjet
nozzle: a) and b) drop deviations from the vertical trajectory when ink locally wetting the
nozzle faceplate; stable drop formation: (c) and (d) even under the asymmetric wetting
and (e) and (f) when wetting of nozzle faceplate was prevented by choice of appropriate
beck pressure and by controlled ambient conditions (see the ref. [MM13]).

Drop formation

In general, the drop formation process consists of pushing the liquid out of nozzle,
necking of the liquid column near the nozzle until the surface tension cannot longer sustain
the liquid column. At the end, the free liquid column contracted to form microdroplets. If
inkjet ink contains polymers or macromolecules, this process is influenced by their
molecular weight, their concentration and structure (6). In fact, polymer segment length,
which is directly related to molecular weight and, hence, viscosity, has a critical impact on
ink flow properties in inkjet printing (10). The most common fluid behaviour during the
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inkjet printing of polymer and macromolecule solutions is non-Newtonian. Typically, a
droplet of solution remains attached to the nozzle by an elongating filament (6). This often
encountered behaviour is additionally influenced by the shape of the polymers and
additives. For instance, elongated linear shape of molecules gives rise to substantially long
filaments (6). For all these reasons, during drop formation of the nano-suspension inks, the
liqguid column broke up far away below the nozzle (18). This behaviour of polymer and
macromolecule solutions is attributed to the elastic stresses associated with extensional
flow in the nozzle (6). Due to the commonly present particle interaction, the nano-
suspension inks favour to expand more in the axial direction than the radial direction. Since
the nanoparticle suspensions usually have a relatively low surface tension, relatively small
energy it required to form the extra surface. Consequently, particle interactions can be
considered as responsible for the formation of the long and thin liquid column (18). Our
composite inks contains SU8 polymer which is a very rigid high molecular weight molecule
and CNTs which are elongated linear macromolecules with very high aspect ratio. Therefore,
we could suppose that elongating filaments can appear during inkjetting of our inks. As
expected, a considerably long filament was following each droplet formation (Fig. A3.5 (e)
and (f)).

The drop formation process is followed by impaction on the substrate surface. The
impaction of a liquid drop on a solid surface is controlled by numerous physical processes
and can be driven by inertial forces, capillary forces and gravitational forces (5). The initial
impact stage is governed by kinematic behaviour followed by impact-driven spreading,
recoil and oscillation. The surface tension forces and the capillary forces become more
important in controlling behaviour during spreading. The viscous forces damp the spreading
and oscillations until the system approaches true equilibrium (5). Furthermore, drop volume
and velocity in impacting can be significantly influenced by acoustic resonances from the
fluid-filled chambers used to generate drops (5). Therefore, the shape and amplitude of the
actuating pulse can also in this way considerably influence printing behaviour.

The impaction of a liquid drop on a substrate

The impaction of a liquid drop on a substrate and the spreading of the printed drop
strongly depend on the wettability of the substrate and the interaction of ink components
and the material of the substrate surface (10). In general, wetting is the ability of a liquid to
establish contact with a solid substrate surface. In order to obtain good coating uniformity,
the coating liquid must to wet well the substrate surface and to spread uniformly.
Wettability or spreading of a liquid over a flat rigid solid surface is determined by the
interaction of the cohesive and adhesive forces as described by Young in 1805 (21). The
cohesive or adhesive forces are attractive intermolecular forces between like or unlike
molecules, respectively. Wetting of the solid surface by a liquid takes place if the adhesive
forces at the liquid-solid interface are stronger than the cohesive forces. This would mean
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that the molecules of the liquid have a stronger attraction toward the molecules of the solid
surface than toward each other. Otherwise, if the cohesive forces are stronger than the
adhesive forces, that is to say the liquid molecules are more strongly attracted toward each
other than toward the molecules of the solid surface, the wetting of the solid surface does
not occur (21).

One of the methods to quantify wettability of certain solid surface by certain liquid is
to measure contact angle 6 at the point of interface of three phases: liquid, solid and gas
(Fig. A3.6 (a)) (22). Than contact angle correspond to the angle between solid surface and
the tangent line on the liquid-gas interfacial line in the point of three phase contact. The
contact angle is always measured from the liquid side and can have value from 0° to 180°.
Generally, a liquid wet the solid surface if the contact angle has value less than 90° and such
liquids are termed hydrophilic. Otherwise, liquids are hydrophobic for the contact angles
higher than 90°. Examples of good wetting liquid and poor wetting liquid are given in Figure
A3.6 (b) and (c), respectively (23).

Gas(air) Am

(a)

) (b) (c) 0
Good wetting Poor wetting
-small conta.ct angle 0 - large contact angle
-low drop hight -large drop hight

Figure A3.6: (a) Contact angle, 6, of a liquid droplet of substance 1 wetting a flat rigid solid surface of
substance 2. (b) Generalised example of good and (c) poor wetting (From the ref. (23; 24)).

In fact, contact angle examine from the qualitative point of view provides
information of the interfacial energies between phases. Due to the presence of three
phases, three interfacial energies have to be taken into account: liquid-gas interfacial energy
v1 (i.e. surface tension of liquid, that is force involved in stretching the liquid interface for
the unit length), solid-gas interfacial energy vy, (usually termed surface energy, that is work
involved in increasing the surface by the unit area) and solid-liquid interfacial energy y1,
(Fig. A3.6 (a)). The relation between these energies and the contact angle is defined by
Young’s equation:

Y2=7y12+7y1C0s0 (A3.1)
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In this sense, the good wetting requirement to have contact angle lower than 90° can be
understood as requirement that the force to the right in Figure A3.6 (a) (the surface tension
or the surface energy of the solid) should exceed the sum of forces to the left, the solid—
liquid interfacial tension plus the liquid surface tension times the cosine of the contact angle
(23).

In order to quantitatively relate contact angle with the adhesion (24), we can first
describe work of cohesion of a single substance in the terms of interfacial energies defined
according to Dupré as (Fig. A3.7):

Wi=y1+y1-0=2y (A3.2)
In the same way, the work of adhesion between two substances is (Fig. A3.8):
Wp=y1+y2— 712 (A3.3)

Substituting equation (A3.1) into equation (A3.3) one can obtain the Young - Dupré equation
(22):

Wy, = Y1 (1 + COS 6) (A34)

Zisman (25) used this relation and studied wetting of various liquids on the one solid
surface. Resulting “Zisman plot” presents cos 8 as a liner function of the surface tension of
liquids. Consequence of this empirically found connection is that different liquids with the
same contact angles on the same solid substrate have the same surface tension ;.

Work of cohesion

Work of adhesion

Figure A3.7: Schematic representation of work of adhesion and cohesion (From the ref. (24)).

In order to obtain information on wettability of our inks, upon obtaining stable
droplet ejection we measured a contact angle of CNTs-SU8 composite inks on the glass
substrate. Particular importance was devoted to substrate cleaning, because some studies
showed a significant influence of surface cleaning techniques on the contact angle
behaviour (26). First, we measured the contact angle of the SU8 solution with the same
concentration of photo-initiator, surfactant and SU8 in GBL like in CNTs-SU8 composite inks.
In that case, the equilibrium contact angle measured on the glass slide was (49.4£1.7)°,
which was then used as a reference for the other contact angle measurement. Afterwards
we measured the contact angles for the CNTs-SU8 composite inks with four different CNTs
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concentrations: 0.4, 0.8, 1.2 and 1.6 wt% of CNTs in SU8. Figure A3.8 shows optical
microscopy images of the representative contact angles of CNTs-SU8 composite drops on
the previously cleaned glass slide surface. AlImost no difference was observed between the
samples. Therefore, we could consider the contact angle of CNTs-SU8 composites inks as
constant and independent of CNTs concentration. This can be interpreted in the framework
of the already mentioned Zisman’s plot.

SU8 - 0% wt. CNT ' S5U8 - 0.4% wt. CNT 8 - 0.8% wt. CNT

SUS8 - 1.2% wt, CNT SUS8 - 1.6% wt. CNT

Figure A3.8: Optical microscope images of the contact angles of CNTs-SU8 composites. CNTs
concentration of each sample is indicated above the drop on each image (see the ref.
[(MM13]).

Taking into account that all CNTs-SU8 composite inks have almost the same value of
contact angle on the glass slide substrate we can conclude that they all have the same
surface tension. That would mean that the surface tension of composite inks is independent
of the CNTs concentration. This can be understood by comparing the composites’ contact
angles with the value of contact angle for the SU8 formulation without CNTs. All these
values are the same indicating partial SU8 rich phase separation on the air side (i.e. the side
of the drop in the contact with air), that is to say partial CNTs rich phase separation on the
glass side (i.e. the side of the drop in the contact with the glass substrate). Observed
behaviour pointed out a distinctive compositional modification of the external layers of the
drops. This kind of phenomenon is typical for polymer and surfactant containing solutions.
In fact, polymers and surfactants are usually absorbed on the solid/liquid (and/or on the
liquid/gas) interface governed by the difference in their surface tensions (22). Even from the
seminal work of Gibbs it is known the reduction in surface tension in polymer solution is
caused by the polymer adsorption to the surface (27).

We can examine our system from the perspective of surface tensions. Firstly, our
glass substrate is considered as a relatively high energy substrate because of its surface
tension of ~1 J/m? (28). In contrast, all the CNTs-SU8 composites’ components have surface

223



tension of the same order of magnitude, being two orders of magnitude lower than that of
glass. The corresponding surface tensions are: ~47 mJ/m? for epoxy resins (28), 27.04 - 45.3
mJ/m? for CVD MWCNTSs (29; 30), and 35.4- 43.44 mJ/m” for GBL (31; 16). Due to the
relatively similar values for the surface tensions of ink components (compared to the
surface tension value for the glass substrate), there should not be an ink component with
the dominant surface tension, capable of driving the phase separation. Therefore, the most
probable phase separation would occur for these two components: CNTs and SU8
molecules. Clearly, even if there is no considerable difference in the surface tensions of
these components, there is certainly a significant difference in their molecular size. This
might govern the surface activity of SU8, thus allowing for easier surface migration of the
smaller SU8 macromolecule in the liquid state of the composite. Therefore, after cross-
linking and solidification, the previously occurred surface segregation might become
permanent. This leads to increased SU8 content on the air side surface of the final
composite films. In the same time, longer molecular structures with high aspect ratio, like
CNTs, are usually associated with the reduced mobility and higher propensity to self
organisation (32). Actually, the latter tendency often leads to a partial or full phase
separation of CNTs. As a result, the selective migration of the SU8 toward the air interface
allowed us to keep the same properties of the pure resin on the outer side of printed
composite inks. This fact is very important from the point of view of applications, because
coating lines are usually designed and optimized for a particular substrate. Our finding
enabled us to print CNTs-SU8 composite inks on all type of substrates commonly used for
SU8 ink without any substrate modifications. Therefore, our CNTs-SU8 composite inks can
be used in all inkjet processes, like standard SU8, without the need to physically or
chemically modify the surface of the substrate. This represents a great advantage for future
applications of our composites, since they can be easily integrated in existing processes.

The next step in the inkjet printing process was the achievement of patterns formed
from directional and controlled drop arrangement. Therefore, in order to print collections of
single droplets and lines, substrate was continuously moved under the fixed inkjet head.
This allowed successful printing of single droplet groups with a very well defined droplet size
and spacing. An example is shown in Figure 6.14 (a) in Chapter 6.

The reproducibility of the inkjet-printed drops strongly depends on the
reproducibility of the drop impaction and formation processes (7). Due to the obvious
complexity and impossibility to fully control the influence of all process parameters, the
successful printing reproducibility is achieved in practice by establishing satisfactory
experimental printing conditions (7). In this manner, we achieved a number of inkjet-printed
single droplets with very good reproducibility. In particular, we could obtain a group of
single droplets which were extending over relatively long distances. Moreover, we could
observe that these single droplets were perfectly aligned along one direction. An example of
such printing over the length of more than a millimetre is shown in Figure A3.9.
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Figure A3.9: Optical microscope image of inkjet-printed collections of single droplets with very good
control of printing direction over a half millimetre length. Yellow line passing through the
centres of printed droplets indicating their uniform alignment.

Another factor which affects the reproducibility of the drop impaction process is the
flatness of the substrate. Since the substrate is moved to provide a fresh surface, the
substrate’s vertical coordinate varies within the space where the drop impacts (7).
Additionally, reproducibility can be affected by the substrate wettability. The inkjet printing
process is often not totally reproducible because the wettability of substrates varies from
impact to impact (7). Therefore, variations of the substrate’s vertical position and of the
wettability of the substrate could affect printing reproducibility. This was observed in rare
cases during inkjet printing of our CNTs-SU8 composites, like the one shown in Figure A3.10
(a). Even still rarer, we could observe satellite drops beside the main drop on the substrate
(Fig. A3.10 (b)). This was surprising because no satellite drops were visible during the drop
formation and falling. In addition, the diameter of satellite drop was notably smaller than
the diameter of the main drop. Consequently, we assume that impaction on the substrate
surface was responsible for the small satellite drop formation and not the usual splitting of
the liquid column.

fa) (b)

100 D 0000000

Figure A3.10: Optical microscope images of inkjetted droplets (the droplet diameter is of 150 um)
show: a) irregularities in the droplets’ shape and deviation from the directional printing in
the collections of single droplets and b) satellite drop formed beside the main drop.

During stage movement, the droplet spacing was controlled by print frequency.
Lower frequencies lead to lower droplet ejection rate. This enables better drop positioning,
but result in a decrease of production efficiency. However, operating piezoelectric DOD
printheads at high frequencies result in chaotic droplet ejection. The reason for this ejection
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is an interaction of earlier pressure waves which have not decayed completely, with the
next generated pressure waves (6). The decay time of residual waves depends on ink’s
composition and in this way on ink viscosity (6). Inks with higher viscosity have a greater
damping effect (6). Therefore, due to the high viscosity of our CNTs-SU8 composite inks, we
expected that chaotic droplet ejection at high frequencies can be suppressed. Indeed, inkjet
printing of our inks was stable at high frequencies up to 200 Hz, as well as at low
frequencies from 1 — 10 Hz. However, in some cases in DOD systems resonances within the
chamber behind the nozzle are observed (5). These resonances strongly influence pressure
pulse propagation and drop generation (5). We did not notice such a resonance.

Upon obtaining very well controlled collections of single droplets we aimed to print
lines. Inkjet printing of thin lines is limited by the size of the drop (10). Intuitively smaller
nozzle would promote formation of the smaller droplets. But smaller nozzles have tendency
to clog easier, thereby reducing the reliability and repeatability of the jetting process (10).
This is especially the case if inkjet ink contains suspended particles. Both experimental and
theoretical investigations have shown that droplet size does not depend only on the
printhead’s nozzle diameter (6). In fact, drop size additionally depends on jetting conditions
(e.g. driving voltage), ink (e.g. viscosity), surface energy of the substrate and printhead
geometry (e.g. the length of the fluid cavity) (10; 6). The major influence on drop size has
definitely the process of DOD drop formation which has even recently been termed “black
magic” (7). In reality, general rules which would relate the optimal operating performance
with driving signal, liquid properties and printhead geometry are not available. Currently,
finding satisfactory working conditions is a trial-and-error process (7), even though
considerable research has been performed into understanding how the droplet ejection
process works and how to tailor droplet size (6). As previously mentioned, the droplet forms
from an initial liquid column, that thins to define a leading droplet and the elongated tail.
The rupture of the elongated tail can lead to the formation of satellite drops. These drops
may catch up and merge with the leading drop in flight. To facilitate drop merging in flight
and to avoid satellite drops formation, it is usual to print at a stand-off distance from the
substrate which is typically 2-3 mm. This can considerably influence drop placement
accuracy because drag from air currents in the printing environment can deviate drops from
their desired trajectory (5). To minimize this effect, the stand-off distance was set at the
minimum value of 0.5 mm.

The process of line formation by inkjet printing typically passes through following
phases. If the drops are inkjet-printed at large values of drop spacing, where no overlap of
the spread drop footprint occurs, a train of discrete droplets can be observed (Fig. A3.11 (a)
and (e)). If the spacing between the printed drops is slightly smaller than the diameter of the
footprint, drop coalescence can be observed, but the resulting liquid line does not show
parallel sides (Fig. A3.11 (b)). At slightly smaller deposited drop spacing, a stable liquid line
with smooth parallel sides can be found (Fig. A3.11 (c) and (f)). At final stage when the drop
spacing is too small, bulging instability occurs (Fig. A3.11 (d) and (g)) (5). As we can see in
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Figure A3.11 (from (e) to (f)), line printing with our CNTs-SU8 composite inks went through
the characteristic phases of inkjet lines formation.

.:F I l
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Figure A3.11: From (a) to (d) is shown typical way how a liquid line can form when a row of spread
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drops coalesce (From the ref. (5)). From (e) to (g) our printed lines are shown. (a) and (e)
Drop spacing is too large for drop coalescence. (b) Initial coalescence leads to a line with a
periodic irregularity. (c) and (f) After a sufficient overlap a parallel-sided line occurs. (d)
and (g) If drop spacing is too small, a bulging instability forms.

Inkjet printing of drops or lines which starts with stable drop ejection followed by
the liquid drop impact on a substrate, ending with phase change which transforms the liquid
into solid. This phase change generates the final desired product. The mechanisms of solid
formation through evaporation from a solution are of particular importance, especially for
inkjet printing of nanoparticle suspensions in order to obtain conducting and
semiconducting structures (5). Namely, the shape of a printed drop can be strongly
influenced by solute distribution during drying through the well-known coffee stain effect,
when solute strongly segregates to the initial contact line (5). In brief, the rate of solvent
evaporation is higher toward the contact line because of an easy vapour transport in the
surrounding “dry” substrate (33). Therefore, precipitation occurs first at the contact line and
fluid flow occurs from the centre of the drop to replace the evaporating fluid from close to
the contact line (33). This peripheral flow continuously feeds the solidification at the contact
line, and the final deposit will show a characteristic ring where the solute has segregated
during the drying process (33). This phenomenon of an unequal distribution of dried solute
called coffee staining is often reported for inkjet printing of polymers and macromolecules
loaded inks. Moreover coffee staining is considered as a typical problem of printing on
unmodified substrates (6). Some studies have shown that for inks which display coffee
staining after printing on a low-temperature substrate, the staining effect could be
eliminated by a higher-temperature substrate, even though evaporation of solute occurred
at a greater rate (5). Therefore, to print onto a heated substrate is considered as a strategy

227



to minimize or eliminate the coffee staining effect. However, this approach only works for
certain systems and it runs the risk of causing nozzles to clog as a result of radiant heat
arising from the substrate (6).

Considering that we print nanoparticle loaded polymer suspension onto an
unmodified substrate, we needed to prevent the very probable appearance of the coffee
staining effect. Additionally, we had to take into account that our nanoparticles are CNTs
with all their specificities. In that sense, quite useful was research of Song et al. who studied
morphology of inkjet-printed CNTs as a function of drying conditions. Namely, SWCNTs of
5nm diameter and 10um length, dispersed in dimethylforamide were inkjet-printed on
substrates with various drying conditions. It was shown that faster drying (60 °C vs. room
temperature) enabled a more even density distribution of the CNTs (34). Consequently, we
used the strategy of printing onto a heated substrate. In order to print lines, the stage with
substrate was heated up to 100°C. With this approach we could successfully obtain a
straight line (Fig. A3.12 (a)). The pattern resolution is limited by the extent to which a liquid
drop spreads on a substrate and how spreading changes with the overlap of adjacent drops
to form continuous features (5). In fact, the side alignment, resolution and accuracy of
printed lines are strongly affected by the interactions between individual drops and the
substrate as well as between adjacent drops (5). These interactions can be influenced and
even tuned in the desired direction by temperature. Heating of the substrate enhanced
solvent evaporation and additionally prevented axial liquid transport along the line, which
resulted in the rare formation of beads (Fig. A3.12 (b)). Sporadic beads formation could be
also caused by jetting conditions and properties of the ambient which affect falling of the
drops (10).

Droplet volume reduction and phase separation

The transition from a liquid ink to the final desired solid material in the final step of
the printing process is almost always accompanied by a reduction in volume (5). In the cases
when solidification occurs by solute evaporation, the volume change can be considerable
because only low viscosity inks, that would mean only dilute solutions of polymers and low
volumes of particles in suspension, are normally inkjet printable (5). Volume change in
general, in particular drastic volume change, can strongly affect final morphology of printed
structures. This volume change can even completely deform printed features. Taking into
account that in our inks solvent content is always more than half of the volume, volume
shrinkage due to solvent evaporation during solidification must be significant. Indeed, we
could notice surface structuring of printed lines which appeared after solidification by
solvent evaporation (Fig. A3.12 (c)). In fact, such behaviour is also observed in other inkjet
inks. Actually, Singh et al. studied the drying conditions of nanoparticle loaded ink droplets
and morphological properties of films in order to determine the critical drying temperature
for optimal film formation (10). It was found that by increasing the drying temperature, film
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formation changed from hill-like to ring profile resulting in poor film quality. It appeared
that the parameter which has the strongest impact on the critical drying temperature is the
volume of the drop (10). In fact, the critical drying temperature increases with volume
increase. Our results are in agreement with these studies.

(a) l (b) , e} '

Figure A3.12: Optical microscope images of inkjet-printed linear patterns on the substrate preheated
to 100°C. Most of the printed lines were straight even after drying (a), but rare deviations
and bead formations could be observed as well (b). A closer look on the line’s surface (c)
showed clear signatures of volume-shrinkage-induced surface deviations. The line width
was 130 um. Droplet spacing was set at 200 um.

0.5mm
e

Figure A3.13: Phase separation of CNTs and SU8 could be noticed on inkjet-printed objects of large
size after solidification by solvent evaporation.

Since solidification of inkjet-printed ink occurs after deposition, the printed pattern
must remain stable in the liquid state prior to solidification (5). Moreover, the increased
likelihood for phase separation of nanoparticles is the reason why they behave differently
from polymers during printing (10). For instance, in some cases larger particles can pack
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closer to the centre of the droplet when the contact angle is high, while smaller particles
under the same conditions can migrate closer to the contact line at the edge of the droplet
(10). This kind of packing of nanoparticles strongly depends on lots of parameters, like
nature of the substrate and particle surface, ambient conditions or process temperature
(10). Moreover, capillary forces can be considerable during the drying of nanoparticle
suspensions. Particularly, it was shown that CNTs are strongly affected by fluid flows within
drying drops that are causing CNTs phase separation (5). CNTs in our study undergo the
same type of behaviour (Fig. A3.13). Namely, phase separation of CNTs and SU8 could be
noticed on inkjet-printed lines after the solidification process through solvent evaporation.
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Figure A3.14: (a) Schematic presentation of general influence of various parameters on polymer
solution viscosity and shear rate (From the ref. (23)). (b) The effect of velocity (and shear
rates) gradient on CNTs chain rotation (adopted from the ref. (35)).

The origin of this partial CNTs phase separation can be in numerous possible
processes which are part of overall inkjet printing process. The most probable one is related
to the fluid flow in the inkjet tube before drops are ejected. Generally, in the case of
unidirectional flows of solution in the capillary tube, the flow rate is different depending on
the distance from the edge of the capillary. Consequently the shear rate and the shear
stress are also changing over the perpendicular cross section of the capillary tube.
Commonly, velocity profile of a liquid in a capillary is in the shape previously shown in the
Figure A2.3 in Appendix 2. Situation becomes much more complicated in the presence of
polymer molecules, surface active agents and additives or fillers. For instance, surfactants
often change interaction of liquid with the capillary walls. The effects of factors such
molecular weight, pressure, filler and temperature on viscosity related to shear rate are
summarized in Figure A3.14 (a). Naturally, increase of temperature decreases both viscosity
and shear rate. On the other hand, polymer molecule with high molecular weight, high
pressure or presence of the filler can significantly increase viscosity and shear rate. Our
CNTs-SU8 composite inks are exposed to all listed parameters which result in increase of
shear rate. This is greatly affecting properties of inkjetted inks, mainly because any finite
size object in the capillary tube would “see” a different shear rate in its different parts (Fig.
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A3.14 (b)). Presence of shear rate gradient results in an increase in the frictional drag and
rotational forces on the molecule. This would more affect bigger size objects, especially
flexible fibrous ones with high aspect ratio, like CNTs. In this way, CNTs in tube exposed to
the frictional drag and rotational forces are becoming more and more entangled by passing
through the capillary tube of usually macroscopic length (more than few centimetres).
Overall process yield in pronounced CNTs entanglement, aggregation and very probable
phase separation towards middle zone of the cross section of the capillary tube (23; 35).

Furthermore, phase separation could also appear due to other process conditions.
For instance, when the droplet hits the substrate, it expands with an accompanying swift
fluid flow, which is radially outwards, and in the end the fluid comes to rest after an initial
rebound and a series of inertial oscillations that are dampened by viscous dissipation (6).
This rebounding and oscillations of the liquid on the substrate can induce phase separation
in nanoparticle suspensions. Another reason for observed phase separation could lie in
possible traces of acetone. To be precise, before and after use, inkjet nozzles were cleaned
in an ultrasonic bath while filtered acetone was aspired through the nozzle. Before using,
the inkjet nozzle was dried by passing a constant stream of filtered air through it from the
pneumatic console. If there were any traces of acetone remaining in the system tubes, this
would strongly destabilize our composite inducing phase separation.

A3.3 Conclusions

All inkjet printing processing steps and its parameters were optimised to yield
patterned composite films with tuneable transparency, flexibility, electrical conductivity and
mechanical properties.
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