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ABSTRACT

INVESTIGATION OF THE ELECTROMAGNETIC PROPERTIES OF SINGLE
WALLED CARBON NANOTUBE THIN FILMS

Kiiciikyildiz, Seyda
M.Sc., Department of Metallurgical and Materials Engineering
Supervisor: Assoc. Prof. Dr. Arcan Fehmi Dericioglu

Co-Supervisor: Assoc. Prof. Dr. Hiisnii Emrah Unalan

July 2013, 82 Pages

The work presented in this thesis can be divided in two parts. First part discusses the
dispersion and deposition routes of single walled carbon nanotube (SWNT) thin films. Two
different types of SWNTs and several dispersing agents were examined to achieve a
homogeneous SWNT solution. A tip-sonicator and an ultrasonic bath was compared and it
has been found that tip-sonicator increases the efficiency of SWNT dispersions. Vacuum
filtration and spray coating techniques were utilized for the deposition of SWNT thin films.
Optoelectronic properties of the films were examined for different SWNT densities.
Moreover, SWNT thin film functionalization with acid treatment was investigated in order to
improve the electrical conductivities of the thin films. Centrifugation of SWNT solutions
provided higher optical transmittance at a given wavelength of 550 nm and lower sheet
resistance values. It has also been found that, 150 /o sheet resistance can be achieved at an
optical transmittance of 90 % for SWNT thin films on glass substrates that were deposited
via vacuum filtration method. The second part investigated the electromagnetic interference
shielding properties of the SWNT films. For this purpose, glass fiber woven fabrics were
coated with SWNT thin films by spray coating method. Different densities of SWNT films
were investigated and the electromagnetic wave reflection and transmission values were
analyzed through the utilization of free-space method within a frequency range of 18 — 40
GHz. Our results indicated that the electromagnetic wave reflection properties of the samples
were not satisfactory despite their conductivities within the investigated frequency range.

Keywords: single walled carbon nanotube thin films, spray-coating, vacuum filtration
method, free-space method, glass fiber woven fabrics.
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KARBON NANOTUP iNCE FILMLERIN ELEKTROMAGNETIK
OZELLIKLERININ INCELENMESI

Kiigiikyildiz, Seyda
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi Bolimii
Tez Yoneticisi: Dog. Dr. Arcan Fehmi Dericioglu

Ortak Tez Yéneticisi: Dog. Dr. Hiisnii Emrah Unalan

Temmuz 2013, 82 Sayfa

Bu tez ¢alismasi iki béliimden olusmaktadir. Ik boliim, tek duvarli karbon nanotiip (KNT)
¢oOzeltilerinin hazirlanmasi ve tek duvarli KNT ince filmlerin olusturulmasini incelemektedir.
Homojen bir KNT c¢ozeltisi elde edebilmek igin, iki farkli tip tek duvarli KNT ve farkli
yiizey aktif madde kombinasyonlari denenmistir. Ug tipi karistirici ve ultrasonic banyo
yontemleri karsilastirilmis ve ug¢ tipi kanstirictnin KNT ¢ozelti kalitesini  arttirdigt
gozlenmistir. KNT ince filmlerin iiretiminde vakum filtrasyon ve sprey kaplama yontemleri
kullanilmistir. Farkli KNT yogunluklarinda hazirlanan filmlerin optoelektronik &zellikleri
incelenmistir. Bunlara ek olarak, asit banyolarmin KNT ince filmlerin elektriksel
iletkenliklerine olan etkisi aragtirilmustir. Santrifiij uygulann KNT ¢ozeltileri ile hazirlanan
filmlerin 550 nm dalga boyunda daha diisiik diizlemsel diren¢ degerlerine karsilik daha
yiiksek optic gecirgenlik sagladigi gozlenmistir. Cam altlik iizerine vakum filtrasyon
yontemi ile kaplanan bir KNT ince film % 90 optik gegirgenlikte, 150 Q/o diizlemsel direng
degerine sahiptir. Vakum filtrasyon ve sprey kaplama yontemlerinin her ikisi de, farkh
altliklar lizerinde genis yiizey alanlarinin kaplanmasinda kullanilmigtir. Bu ¢aligmanin ikinci
amaci, tek duvarli KNT ince filmlerin elektromagnetik 6zelliklerinin incelenmesidir. Sprey
kaplama yontemi kullanilarak, cam fiber dokumalarin yiizeylerinde KNT filmler
olusturulmustur. Farkli yogunluklarda hazirkanan KNT filmlerin elektromagnetik dalga
yansitma ve gecirim Ozellikleri serbest uzay yontemi kullanilarak 18 — 40 GHz frekans
araliginda incelenmistir. Sonuglara gore, elektriksel iletkenliklerine ragmen KNT film
kaplanmis cam fiber dokumalarin elektromagnetik dalga yansitma dzellikleri gelismemistir.

Anahtar kelimeler: tek duvarl karbon nanotiip ince filmler, sprey kaplama yontemi, vakum
filtrasyon yontemi, serbest-uzay yontemi, SiC-bazli dokumalar.
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CHAPTER 1

INTRODUCTION

Nanomaterials have received a lot of interest due to their novel properties and application
areas, in the last decades. Among nanomaterials, single walled carbon nanotubes (SWNTS)
are one of the most promising candidates. They possess unique physical, mechanical and
chemical properties. SWNTs can be utilized individually or in a network form. A two
dimensional (2D) network which is composed of randomly distributed metallic and
semiconducting SWNTSs are novel materials for many electronic device applications. They
exhibit high optical transmittance and electrical conductivity depending on the SWNT
density and the network continuity. Depending on the film thickness (density), application
areas show variety. They can be used in many electronic devices such as supercapacitors,
organic photovoltaic devices, field emission displays or conductive composites.

Fabrication of SWNT thin films can be done by direct growth or solution based deposition

techniques such as vacuum filtration, spin coating, dip coating or spray coating. Solution
based deposition techniques are cheaper and applicable over large areas and various
substrates. However, those deposition techniques require homogeneous SWNT dispersions.
SWNTs have large aspect ratio; thus, they can easily agglomerate in the form of cylindrical
bundles under van der Waals forces. In order to separate SWNTS, anionic, cationic and
non-ionic surfactants or organic solvents are being used. These surfactants provide an
electrostatic repulsion at the outer surface areas of the SWNTSs and keep them apart from
each other. It is important to utilize an effective and nondestructive surfactant at the same
time. Removal of the surfactant from the deposited SWNT thin films is also a critical point,
which is directly proportional to the improvement in the quality of the optoelectronic
properties of the thin films. Dispersion process includes sonication steps for surfactant
aided SWNT solutions. Sonication activates the unzipping behavior of the SWNT bundles.
However, sonication type, time and power can damage and shorten SWNTs due to heat
generation. Optimizations of sonication and dispersion parameters directly affect the
stability of the dispersion and the SWNT thin film quality.

Optoelectronic properties of the SWNT thin films can be improved by functionalization.
Acid functionalization is a very common post deposition technique, which removes the
residual surfactant from the SWNT side walls. Nitric acid (HNOs) baths increase the
electrical conductivity of the SWNT thin films. Additional acid treatments such as thionyl
chloride (SOCI,) can also be utilized for reducing the sheet resistance of thin films.

Transparent and conductive electrodes are being utilized in solar cells, organic light
emitting diodes (OLEDS), touch panels and many other optoelectronic devices. Among
them indium tin oxide (ITO) is one of the most common materials. However, flexible, cost
effective, conductive and robust SWNT thin films can be preferred as an alternative to ITO
electrodes. In addition, SWNT thin film coating process does not need a vacuum system



that can be applied at low temperatures via all solution based methods on several substrates
over large areas. Spray coating method, especially, is the most suitable deposition
technique for larger area applications. SWNT thin films can easily be scaled up by utilizing
a practical spray coating setup for making transparent electrodes or thick SWNT layers for
other applications.

Chapter 2 investigates SWNT thin film fabrication from many aspects including dispersion,
deposition and post-deposition procedures in detail. Optoelectronic properties of the SWNT
thin films were altered and examined for various SWNT densities. Effects of the sonication,
SWNT type, surfactant and centrifugation were discussed. Furthermore, SWNT thin films
were also applied over larger areas on both glass and polyethylene terephthalate (PET)
substrates. Mechanical stability of the films, which were deposited on flexible PET
substrates, was also evaluated.

Chapter 3 shifts the focus to discuss the electromagnetic wave properties of SWNT film
coated glass fiber woven fabrics. Electromagnetic wave absorption, reflection and
transmission measurements and analysis were done by utilizing a free-space method within
18 — 40 GHz frequency range. Electromagnetic interference (EMI) has been a common
problem for many industries in the recent years. Increasing usage and pervasiveness of the
electromagnetic wave based devices cause electromagnetic wave interference and results in
electromagnetic radiation leakage. This leakage can harm human health or cause
information and quality loss in various engineering applications. Therefore, EMI shielding
material design became a new and mandatory research area. The main mechanism of
shielding depends on reflection. Conductive materials like metal sheets or grids were
widely utilized in EMI shielding designs. However, conductive polymers and other carbon-
based alternatives also became popular alternatives due to their light weights. Carbon
nanotubes (CNT) were utilized as conductive fillers in various composites and CNT thin
films EMI shielding properties were investigated through different frequency ranges before.
It is found that, shielding effectiveness (SE) is frequency dependent. Higher frequencies
cause larger skin depths and penetration; thus, thickness of the shielding material needs
extra layers in order to maintain the same SE. EM wave absorbing materials are also very
common in military applications for radio detection and ranging (RADAR). Therefore,
suppressing the EM energy and controllable energy storage is another challenge for
researchers.

To sum up, in this thesis, first the fabrication and characterization of the SWNT thin films
were achieved. Then, the EM wave properties of the films on glass fiber woven fabrics
were examined and analyzed using a network analyzer and a free- space method at a given
frequency range.



CHAPTER 2

SINGLE WALLED CARBON NANOTUBE THIN FILMS

2.1. INTRODUCTION

2.1.1 Carbon Allotropes

Carbon can have very different and important properties depending on its bonding structure
and possible atomic configuration. Each carbon atom has six electrons, which are
occupying 1s%, 2s? and 2p? orbitals. Electrons which are strongly bounded by the core, fill
the 1s? orbital, thus the remaining four electrons in the valence orbitals are relatively
weaker. Because of these four valence electrons occupied at 2s® and 2p® orbitals, several
covalent bonds can be easily formed. The combination of these atomic orbitals is called
hybridization, where that the mixing of a 2s electron with one, two or three 2p electrons is
called sp" hybridization with n=1, 2, 3 [1, 2]. Common carbon allotropes such as diamond,
graphite, nanotubes or fullerenes have different bonding structures due to these hybrids as
shown in Figure 2.1.

sp® hybrid structure demonstrated in Figure 2.1 (a) has a tetrahedral geometry and
composed of three p orbitals and the s orbital, making strong covalent sigma (c) bonds
between them. sp? hybridized atoms shown in Figure 2.1 (b) have trigonal geometries
combining the s orbital with two of the p orbitals and making ¢ bonds. Rest of the p
orbitals, can make 7 bonds, which are weaker than ¢ bonds. sp hybrid structure is a
combination of the s orbital and a p orbital that has a linear geometry as shown in Figure
2.1 (c). sp hybridized atoms also have 7 bonds in addition to ¢ bonds.

(a) 109.5° (b)

Figure 2.1 (a) sp, (b) sp? (c) sp hybridized carbon atoms.



In diamond, carbon atoms having four valence electrons occupy the sp® hybrid orbital so
that hybridized atoms make strong covalent o bonds with neighboring atoms through a
tetrahedral geometry as shown in Figure 2.2 (a). Diamond is the hardest naturally occurred
material because of this firmly constructed arrangement. Diamonds are electrical insulators
because electrons are tightly held within the covalent ¢ bonds. On the other hand, unlike
most electrical insulators diamonds are good thermal conductors.

Graphite is another carbon allotrope, which consists of the sp? hybridized atoms. In each
carbon atom, three of the four outer shell electrons are hybridized to sp? orbitals and form
strong covalent ¢ bonds with the three neighboring carbon atoms [3]. The remaining
valence electron in the m orbital provides the electron band network that is largely
responsible for the charge transport in graphene [4]. This bonding structure forms a planar
hexagonal network like a honeycomb as shown in Figure 2.2 (b). Monolayer is called a
graphene sheet and layers are held together by van der Waals forces. The spacing between
two graphene layers is 0.34 nm. Graphite conducts both electricity and heat due to its
bond electrons, which are free to move. Owing to its weak 7 bonds and the van der Waals
interaction between the layers, graphite is a perfect lubricant hence the graphene sheets are
able to glide away [5]. A spherical fullerene molecule, Cg, is demonstrated in Figure 2.2
(c). Cso molecules are composed of 20 hexagons and 12 pentagons forming a stable football
like structure. The coordination at every carbon atom in fullerenes is not planar, they have
curvatures with some sp® character present in the essentially sp® hybridized carbons [6].
They have novel properties and so far utilized in electronic, magnetic, optical, chemical,
biological and medical applications.

Figure 2.2 Models of carbon allotropes: (a) diamond, (b) graphite, (c) single walled carbon
nanotube and (d) Cg fullerene [3].



CNTs are cylindrical microstructures and formed by rolling the graphene sheets. They can
be open ended or their ends may be capped with bisected of fullerene as shown in Figure
2.2 (d). The sp® hybridization, which is the characteristic bonding of graphite, has a
significant effect on the formation of the CNTs. Bonding in CNTs fundamentally depends
on the sp® hybridization, which makes them stable; whereas, the hallow cylindrical part is
more strong than the ends of the CNTs due to the presence of sp® bonding in the end caps

[2].

2.1.2 Carbon Nanotubes

In 1991, CNTs were described as “helical microtubules of graphitic carbon” by S. Iijima [7]
for the first time and then they became one the most important materials in nanotechnology.
Over the last two decades, owing to their unique properties, CNTs have attracted a lot of
interest from researchers over interdisciplinary fields. Two years after the discovery of
multi walled carbon nanotubes (MWNTS), single walled carbon nanotubes (SWNTS) were
also observed [8].

In addition to these two forms, double walled carbon nanotubes (DWNTSs) are also
observed as the third type with the properties of both MWNTs and SWNTSs [9]. CNTs have
the electrical and mechanical properties of graphene due to their bonding nature. The
bonding structure of CNTs, as mentioned in 2.1.1, is generally composed of sp? bonds and
they are found to have many extraordinary properties. CNTs have diameters within the
nanometers range; but, they can be up to hundreds of micrometers long [2]. The difference
gives them high aspect ratios, which could be as much as 1000:1.

Figure 2.3 Quantized and the continuous electron wave vectors, k, and k;, adapted from
[10].

Although CNTs are closely related to a two dimensional (2D) graphene sheet, the
cylindrical symmetry that they have and the quantum confinement in the peripheral
direction makes them different from the graphene sheets. Electron wave number Kk is
quantized unlike the wave vector, which is parallel to the tube axis. Wave vectors around
the nanotube are shown in Figure 2.3. Electrons propagate only along the tube axis and
electron transport takes place on this axis because of the quantum confinement. Thus, the
electronic properties of the CNTSs are originated from their 1D nature [11].
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2.1.2.1 Multiwalled Carbon Nanotubes (MWNTS)

CNTs are cylindrical forms that can be obtained from wrapping graphene layers. A MWNT
can be regarded as a concentric assembly of these cylinders, one within another as shown in
Figure 2.4 (a). The spacing between the cylinders and the separation between the graphite
layers are approximately the same as can be expected and it is 0.34 nm. MWNTSs can have
external diameters that range from a few nanometers to tens of nanometers, as shown in
Figure 2.4 (b), typically larger than SWNTs. The length of MWNTs can be several
micrometers or even centimeters.

Electrical conductivity of the MWNTSs could be comparable to that of graphite. They can
conduct electrical current as good as metals. In graphite, electrical current is transmitted by
the 7 orbitals within the graphene sheets. The external sheet conductance is higher than the
internal sheets. Similar to graphite, MWNTs show smaller resistivity through their outer
shells than the intershells due to overlapping of the m orbitals between the graphene sheets.

Figure 2.4 (a) Schematic of a MWNT, (b) a transmission electron microscopy (TEM)
image of MWNTSs [4, 12].

2.1.2.2 Single Walled Carbon Nanotubes (SWNTSs)

The individual shells of a MWNT can be named as SWNTs. SWNTs have a single
cylindrical wall, which was created by rolling a graphene sheet as shown in Figure 2.5 (a).
A SWNT can be formed along different rolling directions. These different rolling
directions, named chirality, impact their electronic properties and make SWNTSs interesting
electrical materials. SWNTSs can be either semiconducting or metallic due to their chirality.
A chiral vector along the circumference, C,, can be used to determine the possible
wrapping angles. There are two integers, n and m, which are used as indices to describe C.



The definition of Cy is given as,

Ch = nd; 4+ md, = (n, m) (2.1)

where a; and a, are the graphene lattice vectors and C,, is a linear combination of these unit
vectors as demonstrated in Figure 2.5 (b). n and m are making a positive set of integers,
which satisfies that n>m. Basically, C,, makes a connection between two sites of the
graphene sheet. Chiral angle, 0, is the angle between a; and Cy,. T is the translational vector
along the tube axis. Chiral vectors of SWNT models are shown with the dark lines in
Figure 2.5 (b). In a zigzag SWNT, m is zero because the chiral vector is parallel to a; so the
integer set will be always (n, 0). On the other hand, the chiral vector of an armchair model
is the sum of a; and a, that makes the integers equal (h=m) and the set will be like (n, n).

Possible chiral vectors are given with their integer couples (n, m) and shown on a
honeycomb graphene lattice in Figure 2.6 (a), which confirm the zigzag structure has the
integer pairs as (n,0) and the armchair structure is formed by the specified (n, n) pairs. All
other tubes (n, m) are classified as chiral. Atomic structures of zigzag, armchair and chiral
SWNTs are shown in Figure 2.6 (b). (n, m) indices determine whether SWNTSs are metallic
or semiconducting, as well as their energy band gaps. If the difference between m and n is
equal to the multiples of three, the nanotube is metallic [13]; otherwise the tube is
semiconducting and has a band gap value of 0.4 - 0.7 eV [14].

SWNTs can be labeled by their diameters and chiral angles, too. Generally they have
diameters on the order of nanometers and can take 6 values between 0 ° to 30 °. 0 is defined

by
v3n

(2m+n)

6 =tan"? | 2.2)

Since Cy defines the circumference of a SWNT, diameter of the tubes can be calculated
from the equation below

d=Cy/m=a/m(m?>+mn+ n2)'/2 (2.3)
The lattice constant a is given by
a=.3a,_.=+v3x0.123=0.246n (2.4)

According to (d, 6) notation for zigzag nanotubes, 6 equals to 0 and for armchair nanotubes
0 equals to 30 °.
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Figure 2.5 Schematic representations of a SWNT and a chiral vector: (a) Graphene sheet
rolled into a seamless tube [2]. (b) Illustrating the vectors a; and a,, the chiral vector C;
shown as OA, the translation vector T is shown as OT which is perpendicular to C,and the
wrapping angle 0. Also possible zigzag and armchair patterns are demonstrated [10].

(b)

(12,0) zigzag (6,6) armchair (6,4) chiral

Figure 2.6 (a) Graphene network showing all the possible indices [15]. (b) Atomic
structures of zigzag, armchair and chiral SWNTSs. Taken from reference [16].



The resulting electron band structures for 3 different SWNTs are shown in Figure 2.7.
Fermi energy can be defined as the energy of the highest state that an electron can occupy,
at a temperature of absolute zero. The energy distribution curves show significant
differences at the Fermi energy. Armchair SWNTSs, which show metallic behavior, have
energy distribution curves like the one in Figure 2.7 (). In this case, a conduction band and
a valence band intersect at the Fermi energy. On the other hand, there is a remarkable
energy gap between the valance and the conduction bands in the zigzag SWNTSs, which are
semiconducting as shown in Figure 2.7 (b). Another energy distribution of a zigzag SWNT
is given in Figure 2.7 (c) that is classified as metallic with an energy gap equal to zero.
Such behaviors are possible in SWNTSs and also depend on their diameters. The relationship
between the energy gap (Ey) and the nanotube diameter is given by the equation: [17]

Eg~1/4 (2.5)

(a) (b) ()

I
Conduction band

Valence band

Figure 2.7 Band structures of SWNTSs with indices of (a) (5, 5), (b) (10, 0) and (c) (9, 0)
(derived by zone-folding of the band structure of the graphene sheet) [3].

As the CNT diameter increases, the band gap decreases. Larger nanotubes are more
graphene like structures so the electronic transition increases [18].



2.1.3 SWNT Synthesis

Three basic methods are used to synthesize SWNTSs. These are arc discharge [19], laser
ablation [20] and chemical vapor deposition (CVD) [21]. The details of the SWNT
synthesis methods are described below.

2.1.3.1 Arc Discharge

Arc discharge is the most common technique for the synthesis of high quality SWNTs.
Both SWNTs and MWNTSs can be synthesized by this method. Synthesis of SWNTSs is
done by applying a high direct current (dc) through the graphite rods, which are utilized as
electrodes. Both of the electrodes are graphitic; but, the anode is a graphite-metal
composite. Various elements have been used to prepare the composite mixture, including
molybdenum (Mo), cobalt (Co), yttrium (Y), iron (Fe) or nickel (Ni). These catalysts
facilitate the synthesis of SWNTSs. A schematic representation of the process setup is shown
in Figure 2.8.

Vacuum

Jtl
Anode ,
Cathode

Il

Inert gas

¥ l'
Figure 2.8 Schematic representation of an arc discharge set-up [19].

In anode, the metal catalysts and graphite evaporate due to the elevated temperatures
generated by the arc discharge. SWNTSs are deposited on the cathode.

Researchers have ben using this method since 1993 [8] for the synthesis of SWNTs in large
guantities. Quality of the SWNTs depend on the type of the utilized catalyst metal [19],
inert gas [22, 23] and the gas pressure [24]. Preheating the catalyst [25] improves the yield.
In this thesis, all the experiments were carried out with SWNTSs that were synthesized
through arc-discharge.

2.1.3.2 Laser Ablation

In 1995 Guo et al. found an alternative method for the synthesis of SWNTs [26]. Laser
ablation is an expensive technique that requires large amounts of energy. Process involves
the vaporization of a graphite target, which is consisting of 0.5 at % Ni and Co. The target
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is placed inside a furnace that is maintained at 1200 °C, as shown in Figure 2.9 and an inert
gas flows through the furnace during the process. The laser source vaporizes the target.
Finally SWNTSs develop, merge and condense. Laser ablation synthesis of SWNTs can be
done at lower temperatures than the arc discharge method and the final product is very
clean [20, 26].

Laser beam —> ——> Graphite — 7 Water-coole
— & ]
T —> target ——~4 \_Cu collector

1200°C furnace

Figure 2.9 Schematic representation of a laser ablation set-up [20].

The properties and the quantities of SWNTs depend on the process parameters like source
intensity and pulse width [27], target composition [28, 29], temperature [30], carrier gas
type and pressure [20].

2.1.3.3 Chemical Vapor Deposition (CVD)

The CVD technique differs from the other two SWNT synthesis techniques. CVD method
involves the degradation of hydrocarbons at temperatures between 750 and 1000 °C [3, 31].
Hydrocarbons including methane [31, 32, 33], carbon monoxide (CO) [33] and ethylene
[31] can be used for CNT synthesis among others. The main parts of the CVD set-up are
shown in Figure 2.10. Decomposition takes place in the furnace and the metal catalyst
nanoparticles absorb the carbon. CNTs are formed subsequently [34]. The catalysts are
generally Fe, Co or Ni.

CnHm ’ ..-.‘.‘s‘..\‘-‘s.‘ Catalyst
500 -1000 °C
CvD

Figure 2.10 Schematic representation of the experimental set-up for CVD process [36].
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Arc-discharge and laser ablation methods can synthesize SWNTSs in the powder form. In
contrast to these techniques most of the SWNTSs synthesized by CVD are in the shape of
individual ropes [35]. CVD method has some other advantages like diameter and alignment
control. In addition, direct growth of SWNTSs on various substrates can be achieved through
the CVD method.

2.1.4 Potential Applications of SWNTSs

Two decades ago, many enticing opportunities for CNT applications were predicted
because of their novel structure, extraordinary topology and nanoscale dimensions. This
valuable combination makes CNTs one of the most promising and exciting nanoscale
materials in the field of nanotechnology. CNTs have found many application areas, such as
electronic devices, conductive composites, sensors, energy storage devices and field
emission displays. CNTs can be synthesized both in large quantities and good qualities.
However, CNT applications have not achieved the predicted commercial success yet in the
marketplace [15].

The discovery of the field emission properties of MWNTSs showed the advantage of their
high aspect ratio. For field emission measurements, a low voltage is applied between the
emitting surface and the anode. The emitted current depends on the electric field at the
emitting surface and MWNTSs have high emission current densities due to their small
diameters, which make them perfect field emission cold cathode materials. In polymer
composites, MWNTs are used to impart conductivity and found that only very little
addition allows percolation. MWNTSs are more favorable than SWNTSs due to their low cost
[38, 39]. Another application of MWNTS is using them as atomic force microscope (AFM)
cantilever tips [40, 41]. This application not only depends on their high aspect ratios; but,
also on their high strength.

SWNTSs can be either semiconducting or metallic depending on the wrapping angle. These
different electronic abilities make SWNTs useful for various applications. Semiconducting
SWNTs can be utilized in field effect transistors (FET) by making a connection with
conductive electrodes [42, 43]. On the other hand, their metallic characteristics and the
large current density conduction capabilities make them attractive for reducing the scale of
electronic devices. It has been found that SWNTs can resist current densities up to 10°
Alcm?, surpassing Cu by a factor of 1000 [44], which make them functional in electronic
circuits. SWNT network applications and thin film fabrication will be discussed in the
following sections. The word ‘thin film’ will be used instead of ‘network’ for the remainder
of this chapter.

2.1.5 Properties of SWNT Thin Films

CNTs have been widely investigated for their physical, chemical and mechanical properties
since their discovery. Their device integration possibilities have also been studied and
finally their network performances have drawn a lot of attention due to their new unique
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properties and better reproducibility of the devices. This two dimensional network
arrangement shows an average assembled behavior, which can be regarded as a new
material for nanotechnology [45, 46, 47, 48, 49].

SWNTs can show either semiconducting or metallic properties due to the folding angle as
discussed before. The random network of SWNT thin films is a collective mixture of this
varying electronic structure and they may exhibit a metal-semiconductor transition
depending on the density of the nanotubes in the thin films [50, 51]. SWNT thin films have
important optoelectronic, mechanical and chemical properties. Their transport properties
are also remarkable. Because of the large aspect ratio (1:1000) of SWNTSs, percolation
threshold is significantly low [52]. Crossing tubes in the network have different chiralities
and only 1/3 of the SWNTSs in the network are metallic, so that SWNT thin film consists of
heterojunctions. These heterojunctions have significant effects on the electrical
conductivities of the SWNT thin films [53]. SWNT thin films are thin scattered networks
and they are optically transparent in the visible portion of the electromagnetic spectrum
(400-700 nm) [15, 37, 54, 55].

SWNT thin films optical transmittance properties are comparable to other transparent and
conductive thin films and coatings [56]. In addition, SWNT thin film transmittance is
almost independent of the wavelength when compared to indium tin oxide (ITO) [15]. ITO
is opaque to ultraviolet (UV) region, where SWNT thin films are still transparent. SWNT
band gaps lie in between 0.4 - 0.7 eV for SWNTs with diameters of 1 - 1.5 nm [36] that is
smaller than many semiconductor oxides, which have band gaps larger than 3 eV [57].

Figure 2.11 (a) shows the optical transmittance of SWNT thin films in the visible range. As
the film thickness increases, optical transmittance of the film decreases. On the contrary,
increasing film thickness increases the density within the network become denser so that
the conductivity of the film increases. Figure 2.11 (b) shows the relation between the sheet
resistance (R;) and the film transmittance at a specific wavelength of 550 nm.
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Figure 2.11 (a) Optical transmittance versus wavelength in the visible region. The inset
shows a SWNT thin film on a flexible substrate. (b) Sheet resistance versus optical
transmittance at 550 nm wavelength for different nanotube densities [37].
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SWNTs have outstanding mechanical properties depending on their large aspect ratios and
the strong bonding nature. Their flexibilities and the elastic properties under various
loadings have been examined and reported by many researchers [58, 59]. SWNT thin films
also show superior stretchability, flexibility and useful mechanical properties. For flexible
transparent electronics such as flexible displays and solar cell electrodes, SWNT thin films
are found to be very useful. SWNT thin films are bendable, while ITO on PET substrates
fail to do so. Figure 2.12 (a) shows the comparison of the bending test results. Tensile
testing of SWNT thin films have been studied by Luo et al. and it is found that the films
have an elastic behavior up to 5 % tensile strains. After 5 % strain plastic deformation of
the PET substrate starts. Figure 2.12 (b) shows that the ITO film fails nearly at 2 % tensile
strain [61]. Furthermore, due to ITO’s vacuum requirements for deposition, chemical
instabilities and high cost, SWNT thin films became the strongest alternative to industrial
standard ITO.
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Figure 2.12 Bending (a) and tensile (b) test results comparing SWNT thin films and ITO
on PET substrates [60].

Thin film stability is another important issue for their use in electronic devices. Thin films
should be stable when exposed to chemicals during device fabrication. Optical
transmittance of SWNT thin films was found to be insensitive to chemical exposure. In
addition, sheet resistance of the SWNT thin films was found to be insensitive to common
organic solvents used for device processing; however, solvents were found to tune the sheet
resistance of the thin films [60].

SWNT thin films are one of the most promising candidates for the replacement of ITO.
Their transparent conductive electrode characteristics show that SWNT thin films have
many advantages over other transparent conductive coatings. Table 2.1 makes a clear
comparison of various types of transparent electrodes and summarizes their overall
properties. Although Ag nanowire (AgNW) networks have higher conductivities than
SWNT thin films at the same optical transmittance, these materials have poor adhesion to
underlying substrates [61] and high roughness values.
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Table 2.1 The comparison between ITO and other alternative transparent conductors
including CNT thin films [61].

ITO CNT Graphene PEDOT:PSS Silver AgNWs
erid film
Scalable PVD Spray Spray Spray Printing Spray
Fabrication Printing Printing Printing Printing
Optoelectronic  Excellent  Median Median  Median Excellent Excellent
performance 330 35 11 450
(highest value
of opclaop)
High NIR No Yes Yes No Yes Yes
transparency
Flexibility No Yes Yes Yes Yes Yes
Abrasion Yes Yes Yes No Yes Yes
resistance
Wark Function 47 47-51 4647 5.0 426 426-5.1°
(eV)
Surface Excellent =~ Median  Excellent  Excellent Poor Excellent
roughness
Thermal Excellent  Excellent  Excellent Median Excellent  Excellent
stability
Chemical Excellent  Excellent  Excellent Median Median Median
stability

2.1.6 SWNT Thin Film Fabrication

Fabrication of SWNT thin films can be done by two major methods that are direct growth
of CNTSs on substrates and solution based deposition. SWNTSs can be grown on substrates
both in a random or aligned fashion by CVD method. Aligned growth of SWNT thin films
have appreciable benefits to high mobility devices and electronics. However, it is easier to
synthesize randomly distributed SWNT films.

Directly grown SWNT thin films can be produced nearly defectless and these films have
higher conductivities. On the other hand, CVD method requires very high vacuum and
temperature conditions unlike the solution based method.

Solution based deposition is a common practical method. It has significant advantages. First
of all, it is a low temperature process. Generally, process occurs at temperatures below 100
°C. Secondly, in solution based deposition, no vacuum is needed and this property makes
solution based deposition a low cost technique. Finally, this method can be applied on any
substrate including PET unlike the CVD method. There are several deposition routes and
each of them has their own advantages and disadvantages. The most preferred methods can
be listed as, vacuum filtration, spray coating, spin coating and dip coating. To achieve the
best available thin film quality, well purified CNTSs are needed.

15



Another important factor that affects the thin film quality is the SWNT dispersion.
Dispersion step and the deposition methods will be discussed in detail. This thesis focuses
on SWNT thin films, which were fabricated by solution based depositions; namely by
vacuum filtration and spray coating methods.

2.1.6.1 Dispersion

Dispersion of SWNTSs has been investigated by many researchers since the separation of
CNTs is of crucial importance for the thin film quality. SWNTSs are dominated by van der
Waals forces due to their large surface area. Van der Waals attractions cause SWNTSs to
stick together. This flocculation forms SWNT bundles, which could decrease the optical
transmittance of the SWNT thin films. It is also important not to destroy SWNTs during
their dispersion for the conservation of the electronic properties of the films. One has to be
careful since, harsh conditions utilized during debundling of the SWNTSs could deteriorate
the electronic properties of the thin films.

There are three prominent categories for the preparation of SWNT dispersions namely:
surfactant aided dispersions, polymer aided dispersions and dispersion of SWNTSs directly
in organic solvents. Anionic, cationic or nonionic surfactants can be used for surfactant
assisted dispersion. This type of dispersion is commonly used for SWNT thin film
fabrication. It is a favorable method for the fabrication process because of the noncovalent
interactions between the surfactants and SWNTs. This interaction provides the
functionalization of SWNTs without causing any change in the chemical bonding. The
surfactants also prevent SWNTSs from re-aggregation by creating an electrostatic repulsion
around them. In addition, utilized surfactants can be easily rinsed off after the deposition
process without altering optoelectronic properties of SWNT thin films.

Sodium dodecyl sulfate (SDS), sodium dodecylbenzene sulfonate (SDBS) and triton X-100
are the most widely used surfactants. Figure 2.13 (a) shows the adsorption of various
surfactants on the surfaces of SWNTSs.
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Figure 2.13 (a) Schematic representation of how surfactants may adsorb onto the SWNT
surface [62]. (b) Hemispherical adsorption of surfactant micelles on energetically favorable
positions on the SWNT. Additional schematic representation shows the hydrophilic and
hydrophobic ends [66]. (c) Aqueous dispersions prepared by SDS, Triton X-100 and
NaDDBS [62].

The hydrophilic heads of surfactants merge into the water and the hydrophobic tails attach
onto the SWNT surfaces, as shown schematically in Figure 2.13 (b). It is revealed that the
CNTs are stabilized by those hemispherical micelles, which are lying on the SWNT surface
as a sheath [62, 66]. NaDDBS has shown the best performance among the other surfactants.
Figure 2.13 (c) exhibits the SWNT dispersions in NaDDBS, SDS and Triton X-100 after 2
months and 5 days, respectively. It is obvious that the NaDDBS dispersed SWNT solution
is homogeneous unlike the others. Dispersing capabilities of surfactants depends on the
alkyl chain lengths and head group sizes. These properties affect the strength of their
interactions with the CNT surfaces and this is the reason why Triton X-100 dispersed
SWNT solutions have worse attainments than the others [62]. There are many studies on
both SWNT and MWNT dispersion, which compare surfactant performances. Prior
comparative test results have revealed and affirmed that Triton X-100 is the least dispersive
surfactant [62, 63, 64, 65, 66, 67, 68].

In order to determine the most efficient SWNT concentration for dispersion, several SWNT
solutions have been prepared. SWNTs have a tendency to agglomerate at higher
concentrations. The optimized concentration of SWNTSs in surfactant assisted dispersions is
typically less than 1 mg/ml [72]. Another important parameter for improving the SWNT
dispersion is sonication. Sonication is particularly necessary for the surfactant aided
dispersions. High power sonication, such as tip sonication or ultrasonic bath sonication, can
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easily disperse purified SWNTs into solvents for the following processing. Figure 2.14
shows schematics of the individualizing process including sonication and surfactant
adsorption on the SWNTs. Estimating the sonication type, the sonication time and the
sonication power is important to achieve a stable SWNT dispersion. Energy, which is
imparted to the SWNT solution, has to be enough for breaking apart the SWNT bundles.
Redundant energy may cause defect formation on SWNT walls so sonication has to be done
without damaging or shortening SWNTSs. Vichchulada et al. has prepared SDS dispersed
SWNT solutions using a tip-sonicator and tried different sonication powers for obtaining
high aspect ratio SWNTs [69]. Too high sonication power can also increase the
temperature of the SWNT dispersion and affect the dynamics of the ultrasonic system.
Longer sonication time can increase the individually dispersed SWNT concentration in the
solution. However, SWNT solution may still have large bundles. De-bundling of the
SWNTs has to be done without shortening or breaking them. Otherwise, percolation
threshold can increase and the conductivities of the deposited films could decrease [70].
Following the ultrasonication, in most cases SWNT solutions are centrifuged to remove the

remaining large SWNT bundles [71, 72].
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Figure 2.14 Schematic representation of the debundling process via sonication and
surfactant adsorption. Adopted from reference [68].

SWNT dispersions can be also prepared by utilizing organic solvents such as N-
dimethylformamide (DMF) [68, 73], N-methyl 2-pyrolidone (NMP) [83] and dimethyl
acetamide (DMAC) [68]. However, these solvents are not desired due to their high
flammability and toxicity. Besides, they can lead to mechanical damage and electrical
degradation of the SWNTSs during sonication.

Polymer aided CNT dispersions are not commonly used for the deposition of thin films;
because, it can be difficult to remove the insulating polymers after the deposition process.
In other words, polymer assisted dispersions are not practical for SWNT thin film
applications [74].
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2.1.6.2 Deposition

A stabilized SWNT dispersion provides the basis for the fabrication of randomly distributed
SWNT thin films. Solution based deposition of SWNTs onto various substrates can be
achieved by several techniques such as dip coating [75], spin coating [76], spray coating
[77], vacuum filtration [15], electrophoretic deposition [78], gel coating [79], transfer
printing [48,49,80] and Langmuir-Blodgett [81]. Achieving a uniform network can be
challenging and depends on many parameters like dispersion and SWNT solution- substrate
interaction. Each of these methods has their own requirements that can be considered as an
advantage or a disadvantage. The basic concepts of the deposition techniques above will be
discussed in detail. In addition to this information, some major figures of merit, which are
used to investigate SWNT thin films like optical transmittance and sheet resistance, will
also be discussed.

2.1.6.2.1 Dip Coating

Dip coating method is a simple implementation of scaled SWNT coatings. It is a practical
and cost effective technique. On the other hand, SWNT solution viscosity, SWNT ink-
substrate interaction, coating speed and the drying conditions are important parameters that
can easily affect the SWNT thin film quality. A schematic of the dip coating process is
shown in Figure 2.15 (a). Dip coating method has been utilized to fabricate SWNT thin
films on various substrates for different applications [75, 82]. Ng et al. used
aminopropyltriethoxysilane (ATPS) to improve the adhesion between the SWNTs and the
substrate [75]. After this pretreatment, substrates were dipped into SWNT solutions, which
were prepared using different surfactants and solvents. Finally coated substrates were dried
in ambient conditions. Optical image in Figure 2.15 (b) shows the SWNT films after
several numbers of coatings. Since each dipping cycle increases the thickness of the film,
optical transmittance values at a given wavelength decrease. In other words, each dipping
cycle decreases the R; of the film. Figure 2.15 (c) shows the change in their Rs values and
their optical transmittance at 550 nm. Triton X-100 dispersed SWNT solution was
compared to NMP based and SDS dispersed SWNT solutions. Samples that were immersed
into a Triton X-100 solution have the lowest Rs at the highest transmittance. Thus, they
have the highest yield [75]. Recently, other studies have been revealed that Triton X-100 is
the best surfactant for fabricating uniform SWNT thin films by dip coating because of its
higher viscosity [75, 82]. To sum up, dip coating is a simple and low cost method; but, it
has a lot of stringent requirements and it is not suitable for large scale applications.
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Figure 2.15 (a) Schematic illustration of the dip coating process. (b) Photograph of SWNT
thin films after 1, 3, 5 and 10 dipping cycles. (c) Variation in optical transmittance and
sheet resistance as a function of the number of coatings. Green line shows the results from
NMP-SWNT solution, red line belongs to SDS aided SWNT dispersion and the black line
represents the Triton X-100 dispersed SWNT solutions. Adopted from [75].

2.1.6.2.2 Spray Coating

Spray coating is another solution based deposition method for the fabrication of SWNT thin
films. Unlike the high vacuum and time consuming processes, spray coating is a simple and
low cost technique. In addition to these advantages, spray coating is the most suitable
method for large area applications. Large, flexible substrates can be coated very quickly
and SWNT thin film conductivity can easily be tuned by different coating steps. Spray
coating procedure starts with the dispersion step. Following the preparation, SWNT
dispersion is sprayed onto a substrate, which is usually fixed on a heated stage. The stage is
heated to avoid the formation of large droplets. Spraying can be done using an air-brush
pistol, which is illustrated in Figure 2.16 (a) or an atomizing nozzle. In both cases, a
pumping or a steering unit is needed to carry the solution to the heated substrate with a
constant flow rate. Through the utilization of a well dispersed SWNT solution and multiple
coating steps a successful deposition can be achieved.
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Many researchers have used spray coating for the deposition of SWNT networks [76, 77,
84, 85, 86, 87, 88, 89, 90]. Especially in fabricating large area flexible electronic devices,
spray coating has obvious advantages over other techniques. Recently, it has been observed
that spray coated SWNT thin films can have sheet resistances less than 400 Q/o at a
transmittance of 90 % [88]. Film thickness is directly proportional to the number of
spraying cycles. Figure 2.16 (b) shows the tunable film thickness and optical transmittance
(at 550 nm) of the SWNT networks [77]. At higher transmittance values, films thickness is
much lower as can be expected. In contrast, the sheet resistance of the film decreases with
increasing SWNT density. At a constant transmittance level, conductivities of the spray
coated SWNT thin films are comparable to that of ITO. Figure 2.16 (c) shows the
difference between various SWNT thin films and ITO coated plastic substrates on a
resistivity versus transmittance plot. These comparisons clearly prove that the SWNT thin
films are the best candidates to replace ITO as transparent conductive electrodes for many
applications. Furthermore, it is possible to improve the conductivities of the films by
various acid treatments.
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Figure 2.16 (a) Schematic illustration of the spray coating set-up. (b) Film thickness versus
optical transmittance plot of spray coated SWNT networks [77]. (c) Resistivity versus
optical transmittance plot for spray coated CNT networks and ITO [77]. (d) Spray coated
SWNT thin film on glass substrate [77].
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SWNT suspensions can be prepared by utilizing several surfactants. SDS and SDBS are
commonly used surfactants for dispersing SWNTs; but, sodium carboxymethyl cellulose
(CMC) can also be used for spray coating. It has been reported that extremely uniform
SWNT thin films can be produced by spray coating using CMC dispersed SWNT solutions
[90]. Figure 2.16 (d) shows a glass substrate spray coated from a CMC dispersed SWNT
solution.

Spray coating technique has many advantages over other solution based deposition
methods. However, the disadvantages arise from optimizing the set-up properties such as
stage scan speed, substrate temperature and flow rate. Maintaining the film homogeneity is
another challenge due to the apparent fine droplets so the spraying conditions and the
SWNT dispersions should be well optimized before starting the spraying process.

2.1.6.2.3 Spin Coating

Spin coating is a widely used well known technique utilized to form monolayer films on
flat substrates. Process starts with dropping a small amount of SWNT solution to the
substrate. In order to avoid coating discontinuities, sufficient amounts of SWNT solution
should be placed on the surface of the substrate. Deposition step subsequently continues
with a high-speed rotating step, which spreads the solution homogeneously over the
substrate. Following spinning the solution between 2000 and 8000 rpm centrifugal forces
are removed and a thin layer occurs on the substrate. Finally, for obtaining the final thin
film, remaining excessive solution is evaporated on a hot plate. Figure 2.17 schematically
summarizes the spin coating process.

SWNT thin film thickness, conductivity and the optical transmittance values can be
controlled by the number of coating cycles. A well dispersed SWNT solution is required for
achieving a transparent SWNT thin film [91]. Dichloroethane (DCE) is preferred to prepare
SWNT dispersions for spin coating due to its volatility [92]. Surfactant assisted SWNT
dispersions can also be utilized in spin coating. However, during the spin coating process,
methanol is added to surfactant-assisted dispersions to improve the surfactant removal [93].
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deposition spin-up evaporation

Figure 2.17 Schematic illustration of spin coating process.

Spin coating method is not suitable for many SWNT thin film applications. It requires
multiple coating cycles to make a uniform film and it cannot be scaled-up.
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2.1.6.2.4 Vacuum Filtration

Vacuum filtration, utilized for the fabrication of SWNT thin films first by Wu et al., is a
simple deposition technique. It consists of a vacuum-induced flow of SWNT dispersion
through the mixed cellulose ester filter membranes (MCE) [94]. Transparent and
conducting SWNT thin films can then be transferred onto various substrates by a simple
stamping method.

Vacuum filtration process starts with the preparation of SDS dispersed SWNT solution.
After dispersing nanotubes, SWNT solution is filtered through a vacuum filtration
apparatus (Millipore) that is shown in Figure 2.18 (a). SWNT solution directly filtered onto
a MCE membrane, which has 220 nm pore size. As the dilute solution of SWNTs sifts
through the MCE membrane, SWNTs start to form a network. Accumulation of the
nanotubes on particular areas impedes the over flowing and blocks redundancy. Thus, less
covered areas can be compensated easily by the permeation rate of the SWNT solution and
get thicker. In other words, process consistency provides an improved uniformity and
reproducibility. An illustration of the vacuum filtration process is shown in Figure 2.18 (b).
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Figure 2.18 (a) Photograph of the filtration set-up utilized for the fabrication of SWNT thin
films. (b) Schematic illustration of vacuum filtration process.

After filtering the SWNT suspension through the porous membrane, in order to remove the
residual surfactant, the membrane can be washed with several milliliters of deionized (DI)
water prior to the film transfer step. The rewashed porous membrane is placed on the
substrate as shown in Figure 2.19 and then dried with the help of drying papers, under
compressive loading on a hot plate. Transfer of the SWNT film onto various substrates is
achieved through the dissolution of MCE membrane in acetone. For the removal of MCE
membranes from the substrate surface, multiple acetone baths are applied. Finally, the
remaining product forms the SWNT thin film on the substrate.
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Figure 2.19 Illustration of the film transfer process.

Film thickness can be tuned by the volume of the filtered SWNT solution and thin film
density (SWNT/um?) can easily be controlled by the SWNT concentration [15]. SEM
images of the SWNT networks in Figure 2.20 prove the ability for controlling the film
density by applying various SWNT solution concentrations and filtration volumes. R and
the optical transmittance values of the films can also be controlled using vacuum filtration
method. As the film density increases, both Rs and the optical transmittance decrease.
SWNT thin films with R of 250 Q/o and 80 % optical transmittance at 550 nm wavelength
were carried out [95]; but, better results have been reported in many studies [96]. SWNT
thin films with sheet resistance of 30 Q/o and transmittance of greater than 70 % over the
visible range were fabricated by Wu et al. and these films still have one of the best reported
optoelectronic properties in the literature [94].

Vacuum filtration is a well controllable method to fabricate homogeneous SWNT thin films
and it can also be applied over larger areas with larger filtration set-ups and MCE
membranes. However, process needs an additional transfer step, which makes the technique
not an ideal candidate for devices necessitating really large areas.

24



Filtrate volume

20 ml 40 ml ~ eoml

Concentration

0.2 mg/L

1 mg/L

Figure 2.20 SEM images of the SWNT thin films deposited on silicon substrates utilizing
various concentrations and filtration volumes [15].

2.1.7 Applications of SWNT Thin Films

SWNTSs are unique one dimensional structures, which have shown fascinating capabilities
of forming large area, transparent and conductive networks on various substrates. SWNT
thin films are amenable for many applications due to their mechanical flexibility and
uniformity. These remarkable properties make them good alternatives to brittle 1TO in
organic electronics. Since ITO is an oxide material, it suffers from instability. In other
words, ITO film properties differ in different environmental conditions [97]. Furthermore,
ITO films requires high cost processing, while SWNT thin films can be fabricated by low
cost, solution based deposition methods that can be performed at room temperature.

SWNT films fabricated by CVD method have fewer defects than the solution deposited
counterparts due to their longer nanotube lengths and individually grown patterns absence
of a surfactant. These enhanced optoelectronic properties make them more suitable for
small scale devices like thin film transistors [49, 93]. However, there is a necessity for cost
effective large area SWNT thin films and thus, films deposited through solution processes
are preferred in many electronic applications. SWNT thin films can be used in various
applications as transparent electrodes in several devices such as organic light emitting
diodes (OLEDs) [37], solar cells [98], electrochromic devices [101] and photodetectors
[54,102] depending on their outstanding optoelectronic and chemical properties [37, 54].
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SWNT thin films include both semiconducting and metallic nanotubes because of their
nature. SWNT thin film transistors (TFTs) utilize semiconducting SWNT networks [42]. It
has been studied that the transparent SWNT TFT performance is limited by the metallic
SWNTs, even below their percolation threshold [99]. Solutions, which are enriched by
semiconducting nanotubes, can lead to improved TFT performance [100].

Another important application area of SWNT thin films is their use as electrodes in energy
storage devices such as supercapacitors and batteries. Their nanoporous structure makes
them useful for supercapacitors. There are several studies on these flexible and transparent
porous nanotube electrodes. SWNT thin film applications such as field emission displays
and interconnects in microelectronics are also possible.

SWNTs offer numerous unique properties and networks are promising for a wide range of
applications. In this thesis another particular application, the use of SWNT thin films for
EMI shielding is investigated and will be discussed in detail.

2.2. EXPERIMENTAL DETAILS

2.2.1 SWNT Thin Film Fabrication

The methods utilized in this study for fabricating SWNT thin films are vacuum filtration
and spray coating. Vacuum filtration method requires a subsequent film transfer step as
mentioned earlier. Post-deposition acid treatments and centrifugation have also been
applied to improve the film quality and optoelectronic properties. The details of these
methods and processes are described and illustrated step by step in Figure 2.21.

2.2.1.1 Substrate Cleaning

Before starting the experiments, all glassware such as beakers, petridishes etc. were
cleansed with water and a powder detergent (Alconox). After washing, they were immersed
into an acidic solution prepared with nitric acid (HNO3) and then put into pure water to
remove this acidic solution from their surfaces. Finally a dilute basic solution prepared with
sodium hydroxide (NaOH) was utilized and they were rinsed with pure water again to
remove all the residuals. All the chemicals used in this study were purchased from Sigma-
Aldrich and utilized without further purification. In addition, all glasses used as substrates
were respectively sonicated in acetone (99.8 %), isopropanol (99.8 %) and deionized (DI)
water (18.3 MQ) for 5 minutes each. Flexible polyethylene terephthalate (PET) substrates
were only subjected to isopropanol bath for 20 minutes.
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2.2.1.2. Vacuum Filtration Method
2.2.1.2.1. Dispersion of SWNTs

In this work, a simple vacuum filtration method which was originally introduced by Wu et
al. was used to form homogeneous SWNT thin films [94]. Process starts with the
preparation of a stable SWNT dispersion. Arc-discharge synthesized and purified SWNTSs
(P2 and P3 types) were purchased from Carbon Solutions, Inc. and a sodium dodecyl
sulfate (SDS) assisted SWNT dispersion was prepared in deionized water (DI, 18.3 MQ).
The concentrations of SWNTs were ideally 2 mg/L. SWNT solution was sonicated for 5
minutes using a 20 kHz tip-sonicator (Figure 2.21 (a)). The tip-sonicator (Sonopuls, HD
2070) was operated at 90 % for an approximate sonication power of 70 Watts. After
sonication, the homogeneity of the SWNT dispersion can be seen from Figure 2.21 (b).
Centrifuge step was used to enhance the dispersion by eliminating large SWNT bundles. As
prepared SWNT solution was then centrifuged at 5500 rpm (Cence, TG16-VS) for 20
minutes and the supernatant solution was used for further process.

2.2.1.2.2. Deposition process

Following the dispersion step, different volumes of SWNT solution was filtered onto 200
nm mixed cellulose ester (MCE) membranes (Millipore) (Figure 2.21(c)). MCE membranes
with 25, 47 and 90 mm diameters were used during the experiments. All membranes were
washed with several milliliters of water to remove the surfactant residuals that were left on
their surfaces. Afterwards, MCE membranes were transferred onto glass and PET
substrates, dried at 80 °C for 2 hours on hot plate under 40 g/cm? load (Figure 2.21 (d)).
Applied force contributes adhesion of SWNTS to the substrates. Finally, membranes were
etched in consecutive acetone (99.8 %) and isopropyl alcohol (99.8 %) washings (Figure
2.21 (f)).

2.2.2. Post-deposition acid treatments

Following the deposition process, the functionalization treatments were carried out by
dipping the SWNT films into a nitric acid (HNO3, 69.7 %) bath for 3 hours. After they
were completely dried with nitrogen flow, an additional treatment was subsequently done
to improve their conductivities. SWNT thin films were immersed into a thionyl chloride
(SOCl,, 97 %) bath for 2 hours and dried with a gentle nitrogen flow. All the
functionalization processes were performed at room temperature.
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Figure 2.21 SWNT thin film fabrication process. (a) Sonication process. (b) SWNT
solution after the dispersion step. (c) Vacuum filtration set-up and the SWNT network on
MCE membrane. (d) Film transfer process. (¢) Removal of the MCE membrane with
acetone (f) SWNT thin film deposited on glass substrate.
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2.2.3 Spray Coating Method

Spray coating was used as an alternative deposition technique in this study for large area
applications. Spray coating process can be summarized in three steps. First step is the
dispersion of SWNTSs in aqueous solutions at a concentration of 10 mg/L with 1 wt %
SDBS. After mixing, SWNT solution was sonicated for 5 minutes with tip-sonicator.
Second step is the ultrasonic spray deposition. Substrates, that had been cleansed, were
placed onto a stage capable of moving in two dimensions which was maintained at 200 °C
to avoid fine droplets. SWNT thin films were spray coated onto 10 x 10 cm? glass
substrates. Spraying conditions were optimized to reach the best film performance. The
distance between the nozzle and the substrate was 8 cm and the stage scan speed was
controlled with a software. Last step is the removal of surfactant. Spray coated samples
were dipped into DI water for 3 h and then dried on a hot plate for 1 h at 80 °C.

Figure 2.22 SWNT thin film spray coating process.

2.3. SWNT THIN FILM CHARACTERIZATION METHODS

2.3.1. Scanning Electron Microscope (SEM)

Homogeneity, density and morphology of the fabricated SWNT thin films were analyzed
by field emission scanning electron microscopy (FE-SEM, Nova NanoSEM 430). The
operating voltage was between 10 and 15 keV. Since the SWNT thin films were
conductive, no further gold/carbon coating was utilized.
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2.3.2. Optical Transmittance Measurements

Transmittance measurements of the SWNT thin films were all performed at room
temperature using a UV-Vis spectrometer (Varian-Cary 100 Bio) within the range of 300-
800 nm wavelengths. A clear bare glass slide was used for the baseline correction.

2.3.3. Sheet Resistance Measurements

Sheet resistance values of SWNT thin films were measured using a two probe measurement
set-up, as shown in Figure 2.23 Gallium-indium (Galn) alloy (99.99 %, SigmaAldrich) is
utilized as contacts for the sheet resistance measurements. Keithley 2400 sourcemeter was
used as the voltage source. Contact diameters (D) were 1.5 mm and the distance (L)
between them was equal to 3 mm. The given formula was used to calculate the sheet
resistance (€/o0) and the measured value from Keithley was put in the equation as
resistance (R).
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Figure 2.23 Schematic of the two probe sheet resistance measurement set up.
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2.4 RESULTS

2.4.1. Effect of Sonication

Sonication process is an important parameter for obtaining stable SWNT dispersions due to
the agglomeration tendency of the SWNTs into large bundles. Ultrasonic bath and tip
sonicators were utilized during the dispersion processes. Both sonication types were
examined and the final SWNT solutions were compared. There was a significant difference
between the solutions. Figure 2.24 shows photographs of those two different SWNT
solutions prepared at the same concentration. SWNT solution which was bath sonicated for
3 hours is shown in Figure 2.24 (a). It can be clearly seen that the dispersion of SWNTSs is
still poor even after 3 hours of sonication. Agglomerated SWNTs were found to float in the
suspension. On the other hand, Figure 2.24 (b) shows a homogeneous SWNT solution,
which was sonicated using a tip sonicator for 5 minutes. Only after 5 minutes, a
homogeneous and stable SWNT dispersion was obtained. In addition, the dispersion
remained completely aggregation free for a week. Sonication times utilized in this thesis
varied from 5 minutes to 15 minutes for tip sonication and 3 hours to 24 hours for
ultrasonic bath sonication.

Figure 2.24 Photographs of the SWNT solutions after (a) 3 hours of ultrasonic bath
sonication and (b) 5 minutes of tip-sonication. Red circle on (a) indicates the aggregates
formed by SWNT bundles.

Tip sonicator has enough energy to break apart the SWNT bundles without shortening
them. Hence, utilizing a tip sonicator increase the concentration of the unbundled SWNTs
in the solution and the dispersion quality. In addition, the time required for the dispersion
process significantly decreases through the use of a tip sonicator.
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2.4.2. Effect of SWNT Type

Two different types of SWNTs (P2 and P3) were purchased in powder form. Both types
were arc-discharge. The average diameter and lengths of the SWNTs were 1.4 nm and 1
um, respectively. The metal catalyst impurity contents of both P2 and P3 SWNT powders
are reported as 5-8 wt % by the vendor. The carbonaceous purity of the SWNT powders, in
other words, the SWNT ratio as a percent of all carbonaceous materials were higher than 90
%.

SWNT thin films were fabricated utilizing both P2 and P3 SWNTSs. In order to evaluate the
effect of the SWNT type on the film performance and to compare their optoelectronic
properties, two different sets of samples were prepared using vacuum filtration method.
Figure 2.25 summarizes the film performances with a sheet resistance vs. optical
transmittance (at 550 nm) plot. The data points of each set correspond to SWNT thin films
with different densities. P3 type SWNT thin films have shown a better performance
compared to P2 type. Measured optical transmittance values were similar; however, their
sheet resistance values were found to be different.

P3 SWNTs were functionalized, which were purified with HNO;. On the other hand, P2
SWNTs were purified by air oxidation so they were resembling the pristine state with low
functionality and chemical doping. P3 SWNTSs contained 1 - 3 atomic % of carboxylic acid
groups. These carboxylic acid groups were attached to SWNT surfaces and created a
negative charge on them. Therefore, those negatively charged SWNTs were hydrophilic.
The high percentages of the functional groups in P3 SWNTs reduced the interaction
between the SWNT side walls and overcome bundling. As a result, higher conductivity
values were obtained from the thin films fabricated using P3 SWNTSs.
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Figure 2.25 Sheet resistance vs. optical transmittance plot for P2 and P3 SWNT thin films.
Lines are for visual aid.
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2.4.3. Effect of Density

Optoelectronic properties of the thin films deposited on glass substrates using vacuum
filtration method at a SWNT solution concentration of 2 mg/L and different filtration
volumes (2.5 — 12.5 ml) were investigated. Figure 2.26 shows a photograph of SWNT thin
films with different densities. METU logo behind the thin films was evident even for the
highest filtration volume, clearly showing the transparency of the films. SWNT thin film
densities were calculated using a simple relation. SWNT amount in every filtered volume is
directly proportional to the solution concentration so that the amount per film area was
calculated. SWNT thin film densities are 1.24x10™* mg/mm?, 9.95x10"° mg/mm?, 7.46x107
mg/mm?, 4.97x10° mg/mm? and 2.48x10™° mg/mm? for the filtration volumes of 12.5, 10,
7.5, 5and 2.5 ml, respectively.

12.5ml 10 ml 7.5ml 5ml 2.5 ml

() METU

Figure 2.26 Photograph of SWNT thin films deposited on glass substrates by vacuum
filtration method at the same concentration and five different filtration volumes.

Figure 2.27 (a) and (b) shows the SEM images of SWNT thin films prepared with filtration
volumes of 2.5 and 12.5 ml, respectively. Individual SWNTs and the underlying glass
substrate is evident for the SWNT thin film prepared with a filtration volume of 2.5 ml.
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Figure 2.27 SEM images of the SWNT thin films prepared from filtration volumes of (a)
2.5mland (b) 12.5 ml.

Figure 2.28 (a) shows the optical transmittance versus wavelength data for the films
prepared with different filtration volumes. The plot proves the influence of film density on
the film transmittance and as expected, optical transmittance decreases with the film
density.

Figure 2.28 (b) shows the correlation between the sheet resistance and transmittance of
SWNT films at a wavelength of 550 nm. Transmittance decreases with the film density.
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However, increasing SWNT density decreases the sheet resistance of SWNT thin films due
to an increase in the number of conducting pathways along the network.
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2.4.4. Effect of Surfactant

SWNT dispersions with three different surfactant types were prepared and compared. All
solutions were sonicated using a tip sonicator for 5 minutes. Figure 2.29 shows a
photograph of the vials containing (left to the right) SDBS, SDS and Triton X-100 assisted
SWNT dispersions at the same concentration. It can be seen that the SDS dispersed SWNT
solution is homogeneous; whereas the SDBS and the Triton X-100 dispersed SWNT
solutions contain SWNT bundles following the sonication process. Aggregation free
SWNT solutions were obtained at longer sonication times for SDBS and Triton X-100
assisted dispersions.

Figure 2.29 Photograph of vials (10 ml) containing SDBS, SDS and Triton X-100 assisted
SWNT dispersions taken 5 minutes after sonication.

Vacuum filtration method was utilized for the deposition of the SWNT thin films and their
optoelectronic properties have been investigated. Figure 2.30 shows the sheet resistance
versus optical transmittance plot for SWNT thin films prepared from dispersions of SWNTs
with different surfactants. It is found that the films fabricated from SDS dispersed SWNT
solutions show the best optoelectronic performance. SDS provides the best dispersion due
to the strong electrostatic attraction of its own molecules with the nanotube surfaces. As a
result they have lower sheet resistance values under similar transmittance values.
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Figure 2.30 Sheet resistance vs. optical transmittance plot for the SWNT thin films
prepared with different surfactants. Lines are for visual aid.

2.4.5. Effect of Post Deposition Treatments

In order to improve the conductivity, SWNT thin films were immersed in an acid bath
followed by thionyl chloride (SOCI,) immersion. It is found that sheet resistance of the
SWNT thin films can be decreased by a factor of 5 after these treatments. It can be seen
from Figure 2.31 that the sheet resistance decreases by a factor of 3 after the initial 3 h
nitric acid (HNOs) treatment. An additional 3 h SOCI, bath provides a further decrease in
the sheet resistance of thin films. Optical transmittance values of the films were not affected
by those treatments. These results were in agreement with the literature [98].
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Figure 2.31 Sheet resistance vs. optical transmittance plot for post deposition treated acid
functionalized SWNT thin films. Lines are for visual aid.

Following post deposition treatments, SWNT thin films exhibited improved optoelectronic
properties. Lower sheet resistance values were achieved at high transmittance levels. All
SWNT thin films, even the untreated ones obtained in this work, are comparable to the
reported ones in literature. Thin films with a sheet resistance of 180 /o was obtained at a
transmittance of 91%. In the densest films, which were prepared using a filtration volume
of 12.5 ml, sheet resistance values were lower than 40 Q/o.

The enhancement in electrical conductivity of the films depends on two factors. One of
them is the removal of the insulating residual surfactant. Residual SDS on the SWNTSs
sidewalls cannot be washed away completely during the vacuum filtration process and limit
the interaction between nanotubes. The other factor is the increased charge carriers due the
p-type doping effect. P3 SWNTSs with 1-3 % of carboxylic acid groups were utilized during
the experiments. After immersing the films into a SOCI, bath those carboxylic acid groups
were substituted with acyl chloride groups. These groups contribute holes to the SWNTs
and improve the overall conductivity of the films.

2.4.6. Effect of Centrifugation

Experimental results revealed that an additional centrifuge step following the sonication
process was effective in enhancing the performance of SWNT thin films. Removing large
SWNT bundles from the dispersion increase the transmittance of the SWNT thin films by
increasing the void fraction of the films. Figure 2.32 shows the transmittance versus
wavelength plot for SWNT films deposited using centrifuged solutions. Four different
filtration volumes were examined.
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Centrifugation forces eliminate the undispersed and heavy SWNT bundles including the
remaining residual impurities in the SWNT solution. As a result, sheet resistance values of
the SWNT films show a significant decrease. This means that, higher filtration volumes
should be utilized for the deposition of SWNT thin films with low sheet resistance values.
Figure 2.33 shows a clear comparison in optoelectronic properties of SWNT thin films
deposited using regular and centrifuged solutions. For comparison, data for post deposition
functionalized SWNT thin films were also provided on the same plot. SWNT thin films
deposited using centrifuged solutions exhibited the best performance.
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Figure 2.32 Improved optical transmittance data of the SWNT films deposited after
centrifugation for four different filtration volumes.
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Figure 2.33 Sheet resistance vs. optical transmittance plot for various SWNT thin films.
Lines are for visual aid.
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SEM images in Figure 2.34 reveal the difference between SWNT thin films deposited using
regular and centrifuged solutions. SEM images in Figure 2.33 (a) and (b) belongs to the
thin films prepared with regular and centrifuged solutions, respectively. A filtration volume
of 10 ml has been used for the deposition of both films. Individual SWNTSs that are free of
bundles are evident for the thin film deposited using centrifuged solution.

Figure 2.34 SEM images of the SWNT thin films deposited by vacuum filtration on glass
from (a) centrifuged SWNT solution and (b) regular SWNT solution.

2.4.7. Large Area Applications

Vacuum filtration method can be scaled-up and used for large area applications. Figure 2.35
(@) and (b) shows photographs of the large area, transparent and conducting SWNT films
on glass and PET substrates, respectively. These films were fabricated using larger
filtration set-ups and 90 mm MCE membranes. Similar to the thin films fabricated so far,
high quality and uniform SWNT thin films were deposited over large areas. A low sheet
resistance value of 150 Q/o with 83 % transmittance (at 550 nm) was measured for the
films deposited over large areas.
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Figure 2.35 Photographs of SWNT thin films deposited on 10 cm x 10 cm (a) glass and (b)
PET substrates using vacuum filtration method.

Spray coating method was also utilized, for the fabrication of SWNT thin films. Figure 2.36
shows photographs of the SWNT thin films that were spray coated on 10 x10 cm glass
substrates at a SWNT solution concentration of 10 mg/L and different volumes (20 — 70
ml). Transmittance decreases with the film density. Minimum sheet resistance value for the
spray deposited SWNT thin film was measured as 1 kQ/o.

Since spray coating is a fast and easily scalable technique, it is preferred for large area
applications. However, optoelectronic properties of the spray deposited SWNT films did
not show the same performance with the films deposited using vacuum filtration method.
Spray coating parameters such as stage scan speed, ultrasonic nozzle frequency and
substrate temperature should all be individually controlled to prevent droplet formation on
the film surface. Therefore, the film uniformity could not be easily maintained like in
vacuum filtration process.

Spray coated SWNT thin films were found to flake-off easily from the substrates. In
addition, removal of the surfactants was also a problem. Following spray coating, SWNT
thin films were only dipped into DI water in order to remove the residual surfactant.
Nevertheless, DI water was not effective as acetone or isopropyl alcohol and surfactant
could be removed from the SWNT thin films. Due to residual surfactant, sheet resistance of
the spray deposited SWNT thin films were higher than the ones deposited through vacuum
filtration method on glass substrates.
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Figure 2.36 Photographs of SWNT thin films deposited on 10 x 10 cm glass substrates
using spray coating method.

2.4.8. Mechanical stability of SWNT thin films

Unlike ITO thin films, SWNT thin films are well suited for flexible electronic applications.
SWNT thin films have excellent mechanical properties. In order to evaluate their
mechanical stability, electrical measurements were conducted while the SWNT films
deposited on flexible PET substrates were bent to different radius of curvatures. Results are
shown in Figure 2.37 (a) As-deposited and post-deposition functionalized SWNT thin films
were used for these measurements. Data for ITO thin films deposited onto PET substrates,
obtained from literature was also plotted on the same figure for comparison. Up to a
bending radius of 10 mmi neither SWNT films nor the ITO shows a significant change in
sheet resistance. However, after a bending radius of 10 mm, ITO fails due to crack
propagation, while the sheet resistance of SWNT thin films were unaffected.
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Figure 2.37 Mechanical stability of SWNT films on PET substrates. (a) Sheet resistance vs.

bending radius plot. ITO data was obtained from [103]. (b) Photograph of a flexed SWNT
thin film deposited on PET substrate.
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CHAPTER 3

CHARACTERIZATION OF ELECTROMAGNETIC PROPERTIES OF SINGLE
WALLED CARBON NANOTUBE THIN FILM COATED GLASS FIBER WOVEN
FABRICS

3.1. INTRODUCTION

3.1.1. Electromagnetic Waves

Electromagnetic theory was first presented by James Clerk Maxwell and a set of equations
named as Maxwell’s equations were used to describe the electromagnetic (EM) phenomena
by relating both electric field and magnetic field. From Maxwell’s equations, it is deduced
that an oscillating electric field can generate an oscillating magnetic field and in the same
manner a magnetic field with an altering magnitude can generate an alternating electric
field. Following generation, as shown in Figure 3.1 (a), EM waves propagate in the form of
closed loops at the near field of an AC source. Contrary to this, EM wave propagation
becomes planar as shown in Figure 3.1 (b) at the far field. Directions of the electric and
magnetic fields are perpendicular to each other and they are also perpendicular to the
direction in which the waves propagate. Figure 3.1 (c) shows both the oscillating electric
and magnetic field components of an EM wave, which is travelling outwards from the
source [104].

EM waves can travel on self-propagation through the space at the speed of light (3 x 108
m/s). The equation 3.1, shows the relation between the speed of light (c), wave frequency
(f) and wavelength (A).

c=Af (3.1)
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Figure 3.1 Propagation of an EM wave at (a) near field and (b) far field. (c) Representation
of transverse oscillating EM wave with the electric and magnetic field components [104].

An electromagnetic spectrum is constituted to exhibit and elaborate the relation between
frequency and wavelength as shown in Figure 3.2.
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Figure 3.2 Electromagnetic spectrum [105].

According to the spectrum, it is obvious that, as the frequency increases, wavelengths of the
EM waves decrease. In other words, there is an inverse proportion between them as shown
in equation 3.2. In addition to that proportion, higher frequencies increase the energy of EM
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waves. All of these parameters are important in determination of the utilization of EM
waves in engineering applications.

E=hf="2 (3.2)

EM waves interact with objects as they interact with each other. For the first case, EM
wave interaction with materials is being used to detect objects through a large scale by
several methods. The latter case is about another distinctive characteristic of EM waves.
EM waves can interact with each other and depending on the conditions, superpositions,
intensifications or cancellations can occur. Those constructive and destructive interferences
of EM waves are utilized in several areas such as wireless communications and
broadcasting [107]. In atmospheric circumstances, progressive EM waves can also interact
with the constituents, which are naturally found in the atmosphere. Figure 3.3 shows a plot
of the opacity of atmospheric media to a broad-spectrum of various wavelengths of EM
waves [106]. According to Figure 3.3, gamma rays, X-rays, Ultraviolet (UV) and infrared
wavelengths are absorbed by the atmosphere, while visible light and radio waves are

observable.
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Figure 3.3 Atmospheric window [106].

In the recent years, electronic systems and devices have gone under rapid and also
consistent development. Thus, with increased usage of devices in commercial, industrial or
defense sectors, EM radiation has became a potential danger for human health and created
some functional problems. In addition, EM wave interactions can also cause
misinterpretations of the data and quality losses. In many cases, electromagnetic
interference (EMI) leads to loss of time, money or life [108].
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In the view of such information on EM wave interactions, electromagnetic interference
(EMI) is an inevitable, undesired problem for many applications in engineering. Therefore,
EMI shielding materials, composites and EM wave absorbing structures are being used to
avoid health problems or the information loss due to EM wave interactions. In order to
provide a sufficient, feasible and also cost effective shielding, shielding material should
either have charge carriers or dipoles that are interacting with both electric and magnetic
field components of the EM wave.

3.1.1.1. Microwave Band Applications

Microwave radiation occupies a position which lies between infrared and radio waves;
corresponding to wavelengths from 1 mm to 1 m. In other words, microwave band covers
the frequencies from 300 MHz to 300 GHz, throughout the EM spectrum. There are a lot of
applications that can be operated at frequencies within the 1 to 40 GHz range in
engineering. Table 3.1 shows a brief summary of the radar bands and their general
application areas. Microwave radiation offers distinct advantages in various application
areas, such as communication, navigation, cooking, medical diagnostics, defense
applications etc. Microwaves travel without bending by the ionosphere, so they provide
higher capacities in communication when compared to low frequency techniques. In
medical diagnostics, their insensitivity to high impedance makes their penetration profile
deeper. Moreover, in defense applications, detection of physical objects with low radar
cross-section can be done by radars that are operating at higher frequencies. However,
besides their advantages, for the applications requiring short wavelengths, manufacturing
and designing microwave components can have some disadvantages due to their small sizes
[109].
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Table 3.1 Radar bands and their application fields [109].

Radar Frequency Bands and General Usages
Des?;r?;tion Fr;(;trf];r;cy General Usage
VHF 50 - 300 MHz Very Long-Range Surveillance
UHF 300 - 1000 MHz Very Long-Range Surveillance
L 1-2GHz Long Range Surveillance, Enroute Traffic Control
s 2 -4 GHz Moderate Range ?_lj)rr\]/geiggggi,v'l\'/ee;rmgsl Traffic Control,
C 4-8GHz Long Range Tracking, Airborne Weather Detection
X | somom | SR kg Wi Cudce Miping
Ku 12 - 18 GHz High Resolution Mapping, Satellite Altimetry
K 18 - 27 GHz Little Used (Water Vapor Absorption)
Ka 27 - 40 GHz Very High Resolution Mapping, Airport Surveillance
Millimeter 40+ GHz Experimental

According to Table 3.1 microwaves can be separated into multiple bands some of which are
very common in daily life. Systems operating at high frequencies bring along problems in
EMI. In order to sort out this problem and satisfy the needs, development of EMI shielding
materials is essential. In this chapter, EMI shielding properties and characterization of
SWNT thin films will be discussed for frequencies within 18 - 40 GHz.

3.1.2. Electromagnetic Wave— Matter Interactions

EM waves primarily travel through an atmospheric media after they emitted from an
electronic source as mentioned in Section 3.1.1. As they go further from the source, power
of the EM waves weakens. EM wave interactions with materials also accelerate the degree
of this power attenuation. When EM waves encounter materials along their pathway, EM
energy transfer takes place.
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Loss of EM energy depends on the electromagnetic characteristics of the matter and the
environment. EM energy can be reflected, scattered in different directions, transmitted
through the material or absorbed by the material as represented in Figure 3.4. The sum of
all the reflected (Pr/ Py), transmitted (P+/ Py) and absorbed (Pa/ Po) power fractions must
be equal to 1 as shown in the formula below, according to energy conservation principle,
where Py, represents the power of the incident wave emitted from the source ignoring
scattering.

Pp Pr | Pa
Po  Po Py

1= (3.3)
Depending on a direct proportion, maximizing the reflection and absorption, minimizes
other power losses caused by transmission.

3.1.2.1. Shielding Theory

EMI can be shielded by a material that is capable of reflecting and absorbing EM radiation.
In other words, EMI shielding material should provide a barrier for reducing the EM
radiation across the bulk material. Shielding effectiveness and EMI attenuation depends on
many parameters, such as the distance between the EM source and the shielding material,
the frequency, the thickness of the shielding material and the intrinsic impedance matching
between the media and the material.

Shielding effectiveness (SE) is expressed in decibels (dB). It represents the total loss as a
function of logarithm of the intensity ratios of the initial and final electric and magnetic
fields as given by the equations 3.4 and 3.5 [110,111]:

SE(dB) = 20log(Ey/E;) (3.4)
SE(dB) = 20log(Hy/H,) (3.5

There are three main mechanisms that are contributing to the SE. As shown in Figure 3.4,
reflection of the incident beam (R.ss), absorbed part of the incident beam by the shielding
material (ALess) and the second reflection comes from the rear surface of the shielding
material could affect SE depending on the phase difference between the incident EM wave
and the reflected or absorbed EM waves. Therefore, SE of the material can be expressed as
the sum of the reflection and absorption factors.

SE(dB)=R+A+b (3.6)

If the absorption loss is less than 10 dB, the correction factor that represents the multiple
reflections at several surfaces or interfaces within the shielding material, b, can be counted
and contributed to the total loss. Otherwise, b can be neglected. Figure 3.4 represents the
shielding mechanism in detail.
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Figure 3.4 Interaction of electromagnetic radiation with the shielding material. Adopted
from [112].

3.1.2.2. Electromagnetic Loss Mechanisms

There are 2 main mechanisms for EMI shielding. First one is the reflection mechanism.
Shielding materials reflect the incoming EM wave via their mobile charge carriers, such as
electrons and holes that interact with the EM radiation. The secondary mechanism is
absorption which transfers the incident EM wave energy to the material. EM wave
absorbing materials are capable of storing substantial amount of energy that is carried by
the EM waves. Hence alternating magnetic and electric fields are related to each other, one
causes the other and vice versa. In order to maintain a significant absorption, the absorbing
material should simultaneously suppress both the electric and magnetic field components of
the incident EM wave [104, 107].

Atomic structure, electron-hole pairs, dipoles and bonding characteristics of the material
affect the absorbed and reflected amounts of the EM radiation. EM loss mechanisms are
also expressed in dB similar to SE.

3.1.2.2.1. Dielectric Loss

Insulating materials that are capable of polarization in the presence of an applied electric
field are defined as dielectric materials [113]. Electric charges do not flow freely within
such poor conductors (less than 10™° Q™m™) named as dielectric materials.
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However, when they are placed in an electric field, positive and negative charges are
displaced slightly from their initial positions under a polarization vector. Separation of
equal but opposite charges can be considered as dipoles. Due to the dielectric polarization,
positive charges shift toward the applied electric field, while the negative charges migrate
in the opposite direction as shown in Figure 3.5.

(a) (b)

> m

Figure 3.5 (a) Polar dipoles and (b) their polarization in the presence of an electric field.

Redistribution of the charges creates an internal electric field, leading to an overall electric
field change within the dielectric material. Depending on the dielectric constant, reaction of
the dielectric materials differs. This constant is related to the polarizability. Polarization
takes place, due to the ability of the dipole to align with an alternating electric field. This is
called as dipole rotation. Weakly bonded molecules become polarized, which is the
alignment of their symmetry axis by reorientation. Moreover, ionization and thermal
changes can also affect polarization.

Permittivity (€) is a measure of the encountered resistance that occurs during the formation
of an electric field within a dielectric medium. It can be shown as a constant of
proportionality and can be written as [114]:

D= €E (3.7

where, D is the electric displacement field, which is about the dipole reorientation and
charge migration caused by an electric field E and it is related to the polarization density.
Permittivity increases with electric polarization. The ratio of total dielectric permittivity
(€) to the permittivity that is in vacuum or free space (€, = 8.854 X 10712 farads/meter)
gives relative permittivity, (e,) :

€& =— (3.8)

€o

Frequency dependent relaxation takes place, in the presence of an alternating electric field.
Dipole reorientation and rotation due to polarization, affect the degree of relaxation in

homogeneous dielectric materials [115]. Frequency dependent permittivity is shown in
Figure 3.6.

52



e=€ —je" = (e —jer (3.9)

The equation above consists of a real part, the dielectric constant and a complex part.
Complex permittivity is utilized to express the dielectric loss. The ratio between those real
and complex parts gives the power loss tangent:

n

tan§, = i—, (3.10)

Alternating current (AC) frequency limits the relaxation time (t) and if the oscillation rate
of electric field is faster than the relaxation time <, the polarization cannot catch up with the
AC frequency. As a result, energy absorption occurs and dielectric material dissipates the
energy as heat.
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Figure 3.6 Dielectric constant and loss dispersion of dielectric materials with respect to
frequency [116].

Dielectric loss can be summarized as the energy dissipation due to the dipole movement in
an alternating EM field as polarization switches in direction. All of the parameters
mentioned above can change dielectric loss. Nevertheless, it can be controlled and managed
by resonance loss, conductance loss and dielectric relaxation loss [107].

Relaxation and resonance frequencies increase the dielectric loss depending on the
polarization lagging. When the incident EM wave frequency and the oscillation frequency
of the atoms in the material becomes the same, resonance loss appears. Resonance loss is
also emitted as heat similar to dielectric loss.

Dielectric relaxation loss depends on the relaxation time, thus, increasing frequency limits
relaxation loss. An energy transfer occurs between the EM energy and the mechanical
energy, while dipoles are reorienting. Therefore, polarization mechanism cannot keep up
with the alternating electric field [107, 117].
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Free electrons and charges that flow through the matter in conductive materials can gain the
electric field component of the EM wave. Conductive materials absorb the energy, which is
occurred by heating. However, the energy of the incident EM radiation is mostly reflected
by conductive materials, only a little part of the energy is absorbed [118]. In this thesis
study, conductive SWNT thin films were coated onto glass fiber woven fabrics. As the
thickness of SWNT thin film layer or the applied surface area increases, conductance loss
increases due to resistance decrease.

3.1.2.2.2. Magnetic Loss

As detailed in section 3.1.1, EM waves have both electrical and magnetic field components.
Dielectric or conductance loss is caused by the interaction between electrical field
component of the incident EM wave and the materials. On the contrary, magnetic loss
originates from the interaction between magnetic field component of the EM wave and the
magnetic materials. Magnetic dipoles in paramagnetic materials can be aligned in the same
direction of the applied magnetic field whereas diamagnetic materials repel the magnetic
field [113, 117]. Figure 3.7 represents the initial and the final states of both paramagnetic
and diamagnetic materials in the presence of an applied magnetic field.
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Figure 3.7 Dipole configurations in the existence of an external magnetic field (H) for (a)
diamagnetic and (b) paramagnetic materials.

Magnetic field strength (H) represents the magnetic field produced by the electric current
flow. When a magnetic material encounters an external magnetic field, it gives a response.
Permeability is a measure of that response. Magnetic permeability («) is defined as the ratio
of magnetic flux (B), which is the actual magnetic field within the material per unit cross
sectional area, to H.

B =uH (3.11)

Relative permeability (u,.) is the ratio of total magnetic permeability u to the permeability
that is in free space conditions (uy = 47 x 10~7 henrys/meter).

pe =+ (3.12)



Permeability can be defined by complex numbers under alternating magnetic field
strengths, just like frequency dependent permittivity. In the equation below, power loss is
represented by the imaginary part, while stored energy is shown by the real part [119].

p=p —ju’ = polur —jur) (3.13)

Unlike diamagnetic materials, ferromagnetic materials have magnetic domains that give
them unique permanent magnetic properties. Under an applied magnetic field,
ferromagnetic materials can be permanently magnetized. Thus, they can store energy.
These magnetic properties make ferromagnetic materials useful in EMI shielding [120].
Eddy-current loss and magnetic hysteresis loss can also contribute to magnetic loss.

Electrical currents which are induced within conductive materials by changing the magnetic
field are called Eddy-currents. This electron flow and current circulation leads to loss of
electromagnetic energy. Conductive materials can easily be induced through the application
of alternating magnetic fields; thus, power loss occurs. Strength of the field, electrical
conductivity of the material and the rate of change within the magnetic field affect the
Eddy-current loss [119]. Magnetic domain movements and magnetic dipole rotations can
also cause magnetic hysteresis loss [117].

3.1.2.2.3. Reflection Loss and Absorption Loss

EM waves can be refracted, diffracted or reflected when they interact with physical objects
during their travel. According to these interactions and the intrinsic impedance of the
medium in which they travel, some power loss occurs. Homogeneous materials can be
characterized by intrinsic impedance. The symbol n is utilized to express the intrinsic
impedance and it is denoted in units of ohms (), where @ is angular frequency and ¢ is the
electrical conductivity of the material.

_ , jop
n= o+jw€ (3'14)

Intrinsic impedance can be defined as the ratio of permeability (u) to permittivity (€) for
dielectric materials [121, 122]. For an EM wave that is travelling through the free space,

wave impedance equals to the intrinsic impedance of the free space (no = 120 = 377Q)
[42].

n= g (3.15)

Incident EM wave changes within a medium that has different intrinsic impedance. In other
words, depending on the encountered material and the refractive index of the medium (n),
EM waves can change their direction. Refractive index of the medium is represented as in
the equation below and varies with relative permeability (u, ) and relative permittivity as

(€).

n=.uc€; (3.16)
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Refraction brings out reflection. Some of the EM wave power is reflected and the
remaining EM wave power is absorbed or transmitted. Low reflection loss can be achieved
by obtaining high EM power absorption. The reflection loss is proportional to the relative
impedance mismatch between the shielding material surface and incoming wave.
Reflectivity coefficient (/) can be calculated from the characteristic impedance of the

obstacle(z = /u./€;) as given below;
==— (3.17)

In order to maximize the absorption, reflectivity coefficient should be minimized. From the
equation given above, characteristic impedance, z, should be equal to 1 to obtain zero
reflectivity coefficient. In other words, intrinsic impedance values of the material and the
free space should be similar. Magnetic materials that have appropriate electrical properties
can be good candidates for efficient EM wave absorption, due to their high €, and low u,
[125,126]. High conductivity and high s, is required for achieving sufficient absorption.

Skin depth is another important parameter for EM wave-material interactions as shown in
the shielding theory (in Figure 3.4). It represents the penetration depth of the EM radiation
into the material. The depth from the surface of the material where the amplitude of the EM
wave attenuates to 37 % of its initial value is named as the skin depth. Equation below
shows the skin depth (8) and the related parameters such as angular frequency (o = 2xf),
electrical conductivity (o) [109,122].

5, = | (3.18)

wuo

Increasing ¢ reduces the &; hence conductive materials behave reflective to EM radiation.
Conductive surface modifications and coatings provide the same effect. If the thickness of
the shielding material is much less than &, reflection loss is the main source of the
attenuation. Attenuation due to absorption can be negligible. On the contrary, especially at
higher frequencies, if the thickness of the shielding material is more than &, attenuations
can be caused by both absorption and reflection [129]. In this study, SWNT thin films were
utilized as conductive surface modifications and their effects on EM wave shielding
properties of the glass fiber woven fabric layers were investigated.

3.1.3. Characterization Methods for the EMI Shielding Effectiveness

EMI shielding effectiveness and EM wave absorption properties of the materials can be
analyzed and investigated through several characterization methods. The most appropriate
method is determined by the physical structures and characteristic features of the materials.

Waveguide method, coaxial air line method and free-space method are the most common
techniques for the investigation of the shielding properties of the materials. In this study,
free-space method was utilized for the analysis of EM reflection and EM transmission
properties of the samples.

EM characterization of SWNT thin film coated glass fiber woven fabrics should be
characterized by a non-destructive, contact free technique [107, 116, 127].
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Therefore, free-space method is the most suitable and effective method. In order to analyze
the complex EM behavior of the samples by free- space measurements, a set-up which is
similar to the one schematized in Figure 3.8 was utilized.

Horn Lens Specimen Lens Homn
Antenna Antenna
Port1 Port 2

Coaxial
cable

Network Analyzer

Figure 3.8 Schematic free-space method set-up.

Free-space measurement set-up depends on a basic condensing lens system including two
antennas that are fixed and aligned on a stage. Network analyzer generates the power and
transfers it via coaxial cables. EM waves that are emitted through the antennas, focused on
the specimen surface by condensing lenses. Condensing lenses, specimen and the antennas
are all aligned in the same axis. Evaluation of the transmitted and reflected EM power is
done by a network analyzer depending on an EM circuit theory.

Free-space measurement technique can be regarded as a suitable method for many samples
including inhomogeneous composite materials. However, there are some environmental
requirements and regular calibration methods that provide accurate measurements [128]. In
order to obtain stable and accurate results, losses originated from electronic devices,
characteristic impedances and coaxial junction cables should be decimated by the
calibration methods, which are explained below.

3.1.2.1. SOLT (Short — Open — Load - Thru) Calibration

The aim of the SOLT calibration is to define a reference point for the measurements and the
calibrations that will be done afterwards. SOLT calibration introduces the apertures to the
network analyzer before measurements. This calibration technique is composed of two
resistances and an open circuit. Calibration depends on short, open, load and thru standards
and has to be done using the network analyzer.

3.1.2.2. Thru - Reflect - Line (TRL) Calibration

TRL calibration method is the general name of calibrations involving two transmission and
one reflection references. This calibration is done following SOLT calibration in order to
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provide the reference values for the measurement setup. TRM (Thru — Reflect — Match),
LRM (Line-Reflect-Match) and LRL (Line-Reflect-Line) calibrations can all be included in
TRL calibration.

TRL calibration utilizes the zero-length thru (test ports are directly connected together),
reflection and line standards. However, when non-zero length thru (short length of
transmission line between the ports) is used instead of zero length thru, the calibration
becomes LRL. Moreover, calibration technique which uses the zero length thru, reflection
and match standards is named as TRM. In the case of using non-zero length thru, the case is
called LRM. TRM and LRM calibrations are more suitable for low frequencies. TRL and
LRL calibrations are capable of determining the phase difference caused by the changes in
wavelength. Thus TRL or LRL calibrations are more suitable for composite or multilayered
specimen analysis. Furthermore, these calibration techniques are more applicable in non-
coaxial areas like free-space when compared with other calibration methods.

As it is shown in Figure 3.9, focal length is the distance between a lens and the specimen
holder (focal plane). The thru standard is applied by maintaining the distance between two
horns equal to twice of the focal distance. The reflect standard is obtained by putting a
metal plate at the focal plane and the line standard is achieved by placing the focal plane at
a quarter of the wavelength of the free-space.
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Figure 3.9 TRL calibration method (a) thru, (b) reflect and (c) line standards adopted from
[130].
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3.1.4. EMI Shielding Materials

Recently, widespread use of electronic devices and the rapid growth of the industry have
led to EMI problems. All of the electronic equipment in the industry emits EM radiation in
various energy levels and frequencies [131]. To give an example, EM radiation especially
at microwave frequency range that effused from mobile phones provides EMI with
electronic devices and as a result undesired electronic problems occur. Awareness of the
EMI problem has made the manufacturers of many sectors including communication,
medicine and military sources to comply with the shielding requirements [91].

The reflection mechanism is the most basic one for EMI shielding. Sheet metals, metal
screens or grids are the most common materials that are being used for reflection. Shielding
material should not have any holes larger than the EM wave’s wavelength. A continuous,
enduring conductive layer can increase the shielding effectiveness. Shielding material
design, modifications and novel composites have caught the attention of researchers. In the
recent years, shielding materials, which are effective and also flexible and light-weight
become quite popular. Conductive polymer coatings [91], composites with conductive
fillers, textile based composite materials [91, 130], carbon-based materials such as graphite
or carbon fibers [91] are some of the good EMI shielding materials.

Among all the shielding materials, CNTs appear to be one of the most promising
candidates. Both MWNTs and SWNTs were utilized in several shielding applications in
literature. Efficiency of a composite material can be improved with high intrinsic
conductivity, high aspect ratio or high mechanical strength. All of these properties make
CNTs excellent for EMI shielding [131]. Polymer matrices filled with MWNTSs
investigated in a frequency range of 8.12 — 12.4 GHz and provide 20 dB of SE with 7 %
nanotube loading [132,133]. In addition highly conductive SWNT - polymer composite was
achieved a 49 dB SE at 10 MHz for 15 % loading [133].

SWNT films have been widely used and studied by many researchers as transparent
electrodes due to their high conductivities and transmittance at visible and infrared
wavelengths [134]. Especially for transparent EMI shielding material designs, SWNT thin
films can be regarded as an ideal option. SWNT films with 80 % optical transmittance has
shown 33 dB SE at 10 GHz and 46 dB at 10 MHz, which satisfy the requirements of an
efficient shielding for commercial applications such as mobile phones. Furthermore, 80 %
transparent, another frequently used shielding material ITO, has 30 dB SE at 1 GHz, while
SWNT thin film was 36 dB at the same frequency [135]. In this study, SE properties of
SWNT film coated glass fiber woven fabrics were investigated between the frequency
range of 18 — 40 GHz.

3.1.5. EM Wave Absorbing Materials

EM wave absorbing materials have been widely used in many areas. EMI problems led to,
false imaging, insufficient performance, unwanted noise and increased clutter on radar
systems. Especially microwave absorbing materials help to eliminate or reduce these
problems. Development and enhancement of EM wave absorbing materials have attracted
researchers’ attention and increased their utilization areas.
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Many industries including military and civilian purposes are designing materials or
coatings to improve the absorbing efficiency. An EM wave absorbing material should have
altered electrical and magnetic properties providing broadband frequency absorbance.
These materials reduce the reflected and transmitted EM radiation and provide an increase
in the absorption. EM energy transfers into internal energy within the material.

Recently, development of both certain frequency and broadband radar systems become very
popular. Multi-frequency absorbing systems require novel material designs that could avoid
extra weight due to increased thickness [119]. Therefore, intrinsic properties of the EM
absorbing materials should be simultaneously modified and improved.

According to the utilized loss mechanism, EM wave absorbing materials can be classified
into a few groups [115]. Salisbury Screen absorbers are one of the most common products
in this era which works with a principle of quarter wavelength (1) resonance. System
consists of a resistive sheet/film that is placed A/4 away from a metal block/surface as
represented schematically in Figure 3. 10 (a). Incident EM wave is partially reflected from
the thin resistive sheet and partially transmitted through the metal sheet. Transmitted EM
wave that remains in between the resistive sheet and the metal sheet is reflected back from
the metal surface. Internally reflected EM wave and EM wave reflected from the resistive
sheet have equal amplitudes and A/2 phase difference resulting in a destructive interference.
Therefore, zero reflection and transmission takes place due to the metal sheet, while
absorption quality is enhanced. Figure 3.10 (b) illustrates the whole system. Dallenbach
layers that are shown in Figure 3.10 (c), are very similar to Salisbury screens, where the
only difference between them is the dielectric filling. Space between the resistive film and
metallic plate is filled with a homogeneous lossy media. They are favorable for composite
materials in the sandwich structure. Salisbury screens and Dallenbach layers are the most
basic and common types of EM wave absorbing systems. However, they are inconvenient
in broadband applications [109, 119].

Jaumann absorbers are developed in order to obtain the minimum reflection loss for
optimum bandwidth. They are basically composed of multi-layered Salisbury sheets and
dielectric fillers. As the number of layers increase, reflection loss decreases at a range of
frequency values rather than at an individual frequency as shown in Figure 3.10 (d). They
have many advantages; but, adding layers increases their thickness and weight
consecutively [6].
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Figure 3.10 Schematic of electromagnetic wave absorbing materials (a) Salisbury screens,
(b) Dallenbach layer, (c) Jaumann absorbers and (d) performance of multi-layered Jaumann
absorbers Adopted from [119].

Utilization of magnetic absorbers, especially magnetic ceramics is another common
technique for EM wave absorption. Ferrite layers in polymer composites, ferrite grids
[115], cobalt (Co), nickel (Ni) or iron (Fe) ferromagnetic particles [139] can be used in EM
absorption. Various metallic geometries and textures such as grids, loops and crosses can
be utilized as a filter for certain frequencies [109].

EM wave absorbing polymeric materials, on the other hand, are light-weight and are widely
used in automotive, marine industry, consumer goods, civil or aerospace applications
including others. Glass fiber reinforced plastics (GFRP) are composite materials that can
effectively satisfy many absorption requirements. They are cost effective insulating
materials with superior mechanical properties [139].

GFRPs can be produced in two main forms as chopped-strand glass fibers and glass fiber
woven fabrics [140]. Weaving textures of the glass fiber woven fabrics, as shown in Figure
3.11, can change the ductility and load carrying capacity of the GFRP composites due to
their anisotropic mechanical properties.
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(a) (b) (c) (d)

Figure 3.11 (a) Uniaxial, (b) + 90 biaxial, (¢) + 45 biaxial and (d) quadraxial weaving
textures in glass fiber woven fabrics [107].

EM wave absorbing properties of GFRP composites were investigated in recent years. EM
particle filled matrices, heat treatments, surface modifications like thin film coatings are
some of the applications examined on GFRPs [117, 130, 127]. Surface modified glass fiber
reinforced multi-layered structures are also providing efficient EM wave absorption [117].

3.2. EXPERIMENTAL DETAILS

3.2.1. General Procedure

All the glass fiber woven fabrics utilized as a substrate in this study were purchased from
METYX Telateks Textile Products Co. Ltd. Glass fibers were woven in quadraxial
geometry with 0° / £45° / 90° reinforcement angles in order to provide a robust mesh.
Schematic view of quadriaxial glass fiber woven fabric is given in Figure 3.12. The areal
density of the glass fiber woven fabrics is 625 gr /m?, the thickness of a woven sheet is
about 0.40 pm and the tensile strength of a glass fiber woven fabric is given as 208 MPa
[141]. Fiber diameter and the tensile strength value have an inverse proportion, where
decreasing fiber diameter provides increased strength values. Figure 3.12 illustrates the
woven glass fiber bundles and the geometry.
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Figure 3.12 Schematic view of quadriaxial glass fiber woven fabric.

In order to investigate the EMI shielding properties, glass fiber woven fabrics and
conductive SWNT networks were used. Inherently Q625 type woven glass fibers transmit
EM radiation. Therefore, in order to supply an increased EM loss, glass fiber woven fabric
surfaces were modified through the deposition of SWNT networks at different densities.
Spray coating method was preferred to prepare large area, homogeneous SWNT films. All
samples had a size of 10 x 10 cm. EMI shielding properties of the SWNT network coated
glass fiber woven fabrics were characterized by free-space method with a network analyzer.
Analyses were done through 18 — 40 GHz frequency range.

3.2.2. Spray coating of SWNT films

Before starting the experiments to prepare SWNT coatings, all glass ware (petridishes,
beakers etc.) were cleansed as written in Section 2.2.1.1. In order to fabricate large area
SWNT films on a rough surface like glass fiber woven fabrics, spray coating method was
utilized.

Spray coating process can be summarized within two steps. First step is the dispersion of
SWNTSs in a suspension. Arc-discharge synthesized and purified P3 type SWNTs were
purchased from Carbon Solutions, Inc. in powder form. Dispersions of SWNTs were
prepared in N-methyl-2-pyrolidone (NMP) (Sigma-Aldrich) at a nanotube concentration of
0.1 mg/ml. SWNT suspensions were sonicated for 10 minutes using a 20 kHz ultrasonic
tip-sonicator. The ultrasonic tip-sonicator (Sonopuls, HD 2070) was operated at 80 % for
an approximate sonication power of 70 Watts. All suspensions were subsequently sonicated
in a low power ultrasonic bath for 10 minutes. After sonication, SWNT dispersions or inks
were kept at rest for a while to let the SWNT bundles precipitate.
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Second step is the spray deposition of SWNT inks. Glass fiber woven fabric substrates
were placed onto a hot-plate and maintained at 230 °C. An air-brush was utilized for the
spray coating of SWNT inks onto the glass fiber woven fabric surfaces.

3.2.3. Characterization Methods
3.2.3.1. Scanning Electron Microscope (SEM)

SWNT film coated glass fiber woven fabrics were analyzed by field emission scanning
electron microscope (FE-SEM, Nova NanoSEM 430) that is operated at an accelerating
voltage of 10 kV. Despite the presence of conductive SWNT film coatings; in order to
prevent charging top surfaces of the fabrics were coated with gold.

3.2.3.2. Free-Space Technique

EMI shielding characterization method for the SWNT film coated glass fiber woven fabrics
was free-space technique. Free-space technique is the most suitable and applicable method
on anisotropic and inhomogeneous samples. The system utilized for the analysis is shown
in Figure 3.13. As mentioned in Section 3.1.3 free-space system consists of two antennas,
two lenses and a specimen holder. All the analyses were done by the network analyzer
(Anritsu 37269E) within 18- 40 GHz frequency range. Before the measurements, TRL
calibration was done.

Figure 3.13 Free-space measurement set-up and the network analyzer.
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Free-space set-up can evaluate both reflected and transmitted waves. Transmission and
reflection losses were collected and recorded through the frequency range of interest for
several samples. Network analyzer shows the reflection loss Sy;, caused by the EM wave
which is emitted from horn antenna 1 and reflected back to horn antenna 1. Sy, is basically
the return loss and can be described as the ratio of the reflected wave power (Pgr) to the
initial wave power (Po). S, represents the EM waves which are emitted from horn antenna
1 and transmit through the sample finally reaching to horn antenna 2. In other words S, is
the transmission loss that is the ratio of transmitted power (P+) to the initial power. Sy, and
Sy, are the expressions of the reflection and transmission losses from the second port in a
symmetrical sense.

Reflection (S.1) and transmission losses (S,;) are given as:

S, = 10log ! (3.19)
1Pl
_ |P|
S,, = 10log2t! (3.20)
IPol

Reflection and transmission loss values were utilized in the equation below to calculate the
EM wave absorption percentage (% EM Wave Absorption) based on the conservation of
energy.

% EM Wave Absorption = (1 — 10511/10 — 10521/10) x 100 (3.21)

3.3. RESULTS

Free-space method was utilized for the characterization of the samples, and the effect of the
SWNT film density on the EMI shielding characteristic of the glass fiber woven fabrics was
investigated.

The films were coated on Q625 woven fabrics, using the air-brush spraying method at a
stable SWNT dispersion concentration of 0.1 mg/ml. Various dispersion quantities (25 —
100 ml) were sprayed and analyzed. Figure 3.14 shows a photograph of SWNT films
coated on glass fiber woven fabrics with three different dispersion volumes corresponding
to varying SWNT areal densities. 2.5x10° mg/mm? 5.0x10° mg/mm? 7.5x10° mg/mm?®
and 10x10° mg/mm’ are the areal density values corresponding to sprayed dispersion
volumes of 25, 50, 75 and 100 ml, respectively.

SEM images given in Figure 3.15 also show the areal density difference and the
morphologies of the SWNT films on glass fiber woven fabrics at two different sprayed
dispersion volumes of (a) 25 and (b) 100 ml. SWNT film morphologies observed in the
SEM images provide information about the correlation between the electrical conductivity
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and the areal density of the SWNT film. A SWNT film should provide a homogeneous
conductive layer. Otherwise, the inhomogeneous SWNT network cannot overcome the
degradation due to charging. 25 ml SWNT dispersion sprayed glass fiber woven fabric is
less conductive than the sample coated with 100 ml spraying volume. High surface
roughness and large level differences within the sample surfaces cause an inhomogeneous
SWNT distribution. Therefore, sheet resistance values of the SWNT films on the glass fiber
woven fabric surfaces could not be measured precisely using the sheet resistance
measurement set-up. Sheet resistance values of the SWNT thin films on glass substrates
that have the same SWNT dispersion concentrations were measured in order to analyze the
effect of varying areal density. Sheet resistance values of the SWNT films on glass
substrates change within 1 — 10 kQ/o range.

Figure 3.14 Photograph of spray coated SWNT films on glass fiber woven fabrics for (a)
25 ml, (b) 50 ml and (c) 100 ml sprayed dispersion volumes.

Figure 3.15 SEM images of spray coated SWNT films on glass fiber woven fabrics for (a)
25 ml and (b) 100 ml sprayed dispersion volumes.
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Q625 type glass fiber woven fabrics are insulators and they do not possess any magnetic
properties. Thus, transmission loss can be expected to be more dominant over reflection
loss. Glass fiber woven fabrics show dielectric characteristics due to 57% glass content.
This amount provides mainly a dielectric loss and the resulting interaction with the incident
EM wave can be seen in Figure 3.16, on the reflection loss curve for the bare glass fiber
woven. In this graph lower reflection loss (R) values in terms of dB correspond to weaker
reflection from the material surface. Therefore, the uncoated bare glass fiber woven fabric
seems to be the least reflective against the EM radiation.

Due to the surface conductivity achieved, SWNT film coated glass fiber woven fabrics
become more reflective. Reflection loss curves show the direct proportionality between the
SWNT amount and the reflection loss. As the SWNT film areal densities increase, the
surface conductivity of the spray coated glass fiber woven fabrics increases. Therefore,
maximum reflection loss was achieved at the maximum SWNT film density at a 100 ml
sprayed dispersion volume. Even though reflection loss values of 25, 50, 75 and 100 mi
SWNT dispersion coated Q625 type woven fabrics show slight variation, it is evident that
reflection loss increases with increasing SWNT film areal density, and hence surface
conductivity. Reflection loss amount can be controlled by changing SWNT film areal
density. There is not a significant reflection loss fluctuation through the 18 — 40 GHz
frequency range. However, it was found that reflection loss slightly increases with
frequency.
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Figure 3.16 Reflection loss versus frequency plot for the SWNT film coated glass fiber
woven fabrics with different spraying volumes.
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In Figure 3.17, transmission loss curves for the same samples are given. Transmission
characteristic difference between SWNT film coated and bare Q625 type glass fiber woven
fabrics is remarkable. Q625 type woven fabrics are insulators mainly composed of glass,
silane as the polymeric sizing and air trapped in the woven structure [4]. Thus, they behave
transparent to EM waves, where bare glass fiber woven fabric shows the maximum
transmission loss, as expected. Conductive SWNT film coating for 100 ml sprayed
dispersion volume reduces the transmission loss by about 50 % at 30 GHz. Transmission
loss decreases with increasing SWNT film areal density.

SWNT film coated glass fiber woven fabrics both reflect and transmit EM waves within the
18 — 40 GHz frequency range. 100 ml sprayed dispersion volume provides an average
reflection loss of -9 dB and an average transmission loss of -1.2dB. This sample providing
the highest surface conductivity shows 11.5 % EM wave absorption according to Equation
3.21.
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Figure 3.17 Transmission loss versus frequency plot for the SWNT film coated glass fiber
woven fabrics with different spraying volumes.

EM wave absorption percentages were calculated using Equation 3.21 based on the
reflection and transmission loss values. % EM wave absorption versus frequency plot is
shown in Figure 3.18. Approximately a maximum of 15 % EM wave absorption can be
achieved by SWNT film coated Q625 type glass fiber woven fabrics. Although absorption
values of 25, 50, 75 and 100 ml SWNT dispersion coated Q625 type woven fabrics show
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slight variation, it is evident that absorption increases with SWNT film areal density, and
hence surface conductivity.

Despite the electrical conductivities they provide, SWNT film coated glass fiber woven
fabrics did not show the expected EMI shielding performance improvement, especially in
terms of reflection loss. This is probably caused by the inhomogeneous and discontinuous
film coverage on the rough glass fiber woven fabric surfaces. This problem may have
resulted from insufficient SWNT dispersion, inevitable droplet formation during the spray
coating, NMP — glass fiber woven fabric interaction or the porous structure of the Q625
type fabrics.

An improved SWNT dispersion prepared in a different solvent with a different surfactant
can change the results. It can be seen obviously from the plots that increasing surface
conductivity increases the reflection loss, and consequently EM wave absorption
percentages also show certain increase. In addition to this, cascading SWNT film coated
glass fiber woven fabrics to form a multilayer structure, in which the surface conductivities
are increasing from the outermost fabric to the interior may result in more absorbing
characteristics where, such multilayer structures can potentially be used as reinforcements
in polymer matrix EM wave absorbing composites.
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Figure 3.18 % EM wave absorption versus frequency plot for the SWNT film coated glass
fiber woven fabrics with different spraying volumes.
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CHAPTER 4

CONCLUSIONS AND FUTURE RECOMMENDATIONS

4.1, Conclusions

In this thesis, SWNT thin film fabrication processes and EMI shielding characteristic of the
SWNT thin films were investigated.

In the first part, SWNT thin films were fabricated utilizing two different cost-effective
deposition techniques. Vacuum filtration and spray coating methods were used to fabricate
SWNT thin films at different densities. At the first stage of the fabrication, SWNT
dispersions were prepared. Effect of surfactants, SWNT types, sonication type and also
sonication time were examined and a stable SWNT dispersion was optimized. It is found
that; SDS assisted P3 type SWNT dispersions provide the most stable and homogeneous
solutions when compared to different surfactant - SWNT combinations. At the second
stage, utilizing that stabilized SWNT dispersion, deposition of the SWNT thin films were
done using vacuum filtration method at different filtration volumes on glass and PET
substrates. Transmittance of the fabricated SWNT thin films was found to be varying
between 50 % - 91 % (at 550 nm) and sheet resistance values were within the 500 Q/o-2
kQ/o range, respectively. SWNT thin films that were deposited at different filtration
volumes were immersed in HNO3 and SOCI, baths, in order to enhance their optoelectronic
properties. Optoelectronic measurements of the fabricated SWNT thin films revealed that
lower sheet resistance values can be achieved at higher transmittance, following acid
functionalization. Thin films with a sheet resistance of 180 Q/o was obtained at a
transmittance of 91%. Centrifugation of SWNT dispersions and the effect of centrifugation
on SWNT thin films was further investigated and it is found that, 200 /o sheet resistance
can be achieved at an optical transmittance of 90 % (at 550 nm) without any acid treatment.
Mechanical stability of the SWNT thin films on PET substrates was also evaluated and
compared with the ITO. Electrical measurements revealed that sheet resistance of SWNT
thin films were unaffected, while ITO failed due to crack propagation. SWNT thin films
were coated on 10 x 10 cm glass substrates for large area applications using both vacuum
filtration and spray coating methods. Vacuum filtration technique needs larger filtration
setups for large area applications, thus spray coating method is more suitable for SWNT
thin film deposition over larger areas. However, sheet resistance values of the SWNT thin
films were not homogeneous as in vacuum filtered SWNT thin films.

In the second part, EMI shielding properties of the SWNT thin films were investigated
within a frequency range of 18 — 40 GHz. SWNT thin films were spray coated on glass
fiber woven fabrics and EM wave reflection and transmission properties were analyzed
using a network analyzer and free-space method. Moreover EM wave absorption properties
were calculated utilizing reflection and transmission data. The results revealed that SWNT
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film coated glass fiber woven fabrics were more reflective and the reflection loss amount
can be controlled by changing SWNT film areal density. As the SWNT film density
increase, surface conductivity of the spray coated glass fiber woven fabrics increase.
Maximum reflection loss was achieved at the maximum film density. In contrast, maximum
transmission was achieved at the minimum film density. However, SWNT film coated glass
fiber woven fabrics did not show the expected performance despite the electrical
conductivities they provide. The densest SWNT film showed approximately a maximum of
15 % EM wave absorption and 7 dB reflection loss at 36 GHz.

4.2. Future Recommendations

In this thesis, NMP dispersed SWNT solutions were used for spray coating in the second
part. An air-brush technique was preferred for SWNT film deposition due to the practical
usage for large area applications. Another solvent or surfactant assisted SWNT can be
utilized to improve the stability of the SWNT dispersion and spray coating can be done
using ultrasonic atomizer as mentioned in Section 2.2.3 in order to make a more
homogeneous SWNT film. Spraying parameters can also be changed depending on the new
SWNT dispersion. Different SWNT dispersion concentrations can be examined with less
destructive solvents unlike NMP in order to have a continuous SWNT network.

On the other hand, EM wave properties of SWNT thin films electrical conductivity can be
improved; thus, the EMI shielding efficiency can be further increased by the increasing
reflection loss. Moreover, SWNT thin film coated glass fiber woven fabrics can be
investigated within lower frequency ranges in order to compare with the literature.

Magnetic nanoparticles can be attached onto the SWNT thin films and their reflection
properties can be investigated.

Multilayered specimen analysis can be done as a further investigation following the SWNT
dispersion and deposition improvements.
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