ABSTRACT

BARBOUR, SPENCER ANDREW. Surface Modification of Polyester Films with
Electrically Conductive Carbon Nanotube Sheets. (Under the direction of Dr. Philip
Bradford).

Due to their unique electrical, thermal, and mechanical properties, carbon nanotubes
(CNTSs) provide a potential alternative to traditional transparent conducting films such as
indium tin oxide (ITO). While most current research in this field involves carbon nanotube
films produced via dispersed solutions or solvents, highly aligned spinnable CNTs present
the potential for simpler production methods that could scaled up for industry. In this project,
a continuous calendering process was developed to incorporate CNT sheets drawn from
highly aligned, spinnable multi-wall arrays into the surface of a glycol modified polyethylene
terephthalate (PETG) film. The process was optimized to achieve a high level of embedding
which improved the electrical properties of the films. It was shown that by altering the
growth parameters of the CNTSs, the electrical and optical properties of the produced films
could be controlled to a certain degree. Wiping the surface of the films with an ethanol
soaked cloth removed any unembedded or insufficiently embedded CNTs which improved
the transparency at the cost of increased the sheet resistance. A post production acid
treatment reduced the sheet resistance without significantly affecting the transparency. Sheet
resistances as low as 286 Q/square were obtained at a transmittance of 42.55% at 550nm. A
transparency of 65.83% was achieved at a sheet resistance of 1921 Q/square. Various
microscopy and spectroscopy techniques were used to analyze the film morphologies and
better understand the mechanisms of the electrical, optical, and mechanical properties of the
films. The flexibility of the films and potential applications such as strain sensing and

electrically induced heating were also demonstrated. This process is a viable method for



producing continuous, semi-transparent, and electrically conductive CNT films. The process
is versatile and can be altered to accommodate various polymer films. With further research
in the area of CNT growth parameters and consistency, it is possible that these films could

meet the standards set by ITO.
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1 Introduction

With the ever growing demand within the consumer electronics market, research in
the area of alternative conductive materials has become more important and will continue to
increase. ITO is the most commonly used material for applications that require high
transparency and low sheet resistance such as liquid crystal displays, flat panel displays,
plasma displays, touch panels, and solar cells. Although ITO dominates the market, there are
drawbacks. Indium is a rare earth metal with a volatile market that presents risk to
manufacturers. ITO is relatively inflexible and thus the electrical properties suffer upon
bending. Deposition of ITO on substrates is also difficult and expensive, as it is usually
deposited in a process that requires vacuum.. Due to their unique electrical, thermal, and
mechanical properties, CNTs have been a key focus of widespread research to develop
alternatives to ITO.

While most research has focused on producing semi-transparent conductive films
with CNTSs through dispersion methods such as filtration, dip coating, and air brushing, the
relatively recent discovery of highly aligned, spinnable CNT arrays has opened the door for
new processing methods. The ability to draw an aligned sheet directly from the array allows
for simpler methods that can directly incorporate the CNTs into polymer films. Throughout
this research project, a continuous calendering process was developed to directly incorporate
the drawn CNT sheets into a polymer film using only heat and pressure. This process is
introduced and optimized in Chapter 4. A post processing wiping method was also
introduced to remove any unembedded or insufficiently embedded CNTs from the surface of

the film which increased transparency at the cost of increased sheet resistance. Chapter 5



explores methods by which to control and improve the properties of the produced films.
Once the process was optimized, it was necessary to look into the CNT production
parameters since the CNTSs are the driving force for the electrical and optical properties of the
films. By adjusting the growth parameters to alter the height and diameter of the CNTSs, the
properties of the films could be changed. Although double wall CNTs are ideal for their
combination of electrical and optical properties, our current growth process is unable to
produce CNTs with so few walls. The benefit of our growth process is the ability to grow
millimeter tall arrays which provide long pathways and many contacts points for electrons to
travel along the CNTs. Microscopy and spectrophotometry were performed to analyze the
morphology of the films and provide insight into the mechanisms behind the resulting
electrical, optical, and mechanical properties.

Chapter 5 also demonstrates an acid treatment which can be used to decrease the
sheet resistance of the CNTs through p-type doping without affecting the transparency. The
simple post production process is beneficial in improving the properties of the produced
films. Tests were also performed to demonstrate potential applications for the films such as
piezoresistive strain sensing and electrically induced heating. The initial results from these
tests were promising, however further research must be done in the area of CNT growth to
improve the uniformity, consistency between growth runs, and the properties of the grown
arrays to fully realize to the potential for these semi-transparent, electrically conductive

films.



2 Literature Review
2.1 Carbon Nanotubes
2.1.1 Carbon Nanotube Properties

Although their discovery has been debated [1], there is no doubt that Ijima's work in
1991 [2] greatly increased scientific interest in carbon nanotubes. Carbon nanotubes have
become focus of much research due to their unique mechanical, chemical, electrical and
optical properties. Due to these unique properties, carbon nanotubes have many potential
applications in the areas of sensors, reinforcement, energy storage, and conducting panels
and films to name a few.

The basis of carbon nanotubes, the carbon atom, has an electron configuration of 1s2
2s2 2p? in its free state. To form covalent bonds between atoms, one of the 2s electrons is
promoted to 2p. Depending on where covalent bonding occurs, various allotropes of carbon
such as diamond, graphite, and amorphous carbon can form. In graphite, a 2s electron is
promoted to the 2p orbital and hybridizes to form three sp? orbitals, leaving one unhybridized
p orbital. Graphite can be visualized as layered sheets of carbon atoms covalently bonded
together in hexagonal patterns with a carbon-carbon bond length of 0.142 nm [3]. Each
carbon atom has one free electron which forms delocalized planes on either side of the plane
of their carbon atom. These free electrons are able to move between parallel planes a thus
give graphite its electrical and thermal conductivity. Because the electrons can move between
parallel planes but not adjacent planes, the electrical and thermal properties are anisotropic.

Carbon nanotubes are comprised of sheets of graphite rolled into a seamless tubular

structure with a hollow center. A tube consisting of a single sheet of graphite, also known as



graphene, is referred to as a single walled carbon nanotube (SWCNT). Two sheets of
graphene rolled concentrically are called double wall carbon nanotubes (DWCNTSs) and by
adding more than two layers results in multi-walled carbon nanotubes (MWCNTS). When
forming a carbon nanotube, the way in which the graphite layer is wrapped, known as the
chirality, affects the resulting properties. The chirality is represented by integers (n,m) which
indicate the number of unit vectors in two directions within the structure of the graphitic
layer with the chiral vector being defined as Ch = na1 + maz where n > m [3]. Depending on
the values of n and m, the symmetry of the carbon nanotube structure will differ. If n =m, the
CNT is referred to as "armchair” and if n > 0, m = 0, the CNT is called "zig-zag". All other
integer combinations are called "chiral." Figure 2.1 provides a visual representation of these
structures. The chirality affects the electrical properties of the CNTs. with armchair being
metallic and zig-zag and chiral being semiconducting [4]. The chirality applies to a single
wall, thus making it easier to determine for SWCNTs. For MWCNTSs, there are multiple
walls with differing chiralities which create a mixture of metallic and semiconducting
properties.

The physical properties of CNTs are affected by the structure, number of walls,
diameter and presence of defects. A wide range of moduli from 0.5 to 5.5 TPa have been
predicted from simulations whereas experimental data shows the range to be 0.27 to 1.8 TPa
[5]. The reason for the high variation of predicted data is the researchers must make an
assumption about the wall thickness. The commonly accepted value of 0.34nm for the wall
thickness yielded values around 1 TPa, whereas some authors chose much smaller values

which resulted in higher predicted moduli.
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Figure 2.1 Schematic representation of the unit vectors of graphitic layer (al and a2)
and various structures [6].

The electrical properties of carbon nanotubes are also anisotropic due to reasons
previously discussed regarding graphite. Along the length of CNTSs, ballistic conduction is
exhibited. MWCNTSs pose a different scenario perpendicular to the tubes due to electrons
having to travel between the walls. A study by Li et al. [7] showed that MWCNTSs exhibit
quasi-ballistic electron transport behavior in MWCNTs which allowed the CNTs to carry

large current at low bias voltage. This behavior is beneficial for the mass production of CNT



conductive films because MWCNTSs can be produced more easily and in larger quantities

than SWCNTs and DWCNTSs.

2.1.2 Carbon Nanotube Synthesis

There are many known methods for growing carbon nanotubes, however the three
most common are arc discharge [8], laser ablation [9], and chemical vapor deposition (CVD)
[10]. Although arc discharge and laser ablation methods produce consistent nanotubes with
few to no defects, they cannot produce a large quantity of nanotubes. CVD, which was the
method used to grow CNTs for this research, is able to produce large quantities of CNTSs,
however the consistency is lower and the number of defects is higher compared to CNTs
produced by arc discharge and laser ablation. Although the quality of the CNTs is lower than
other methods, utilizing CVD is a more economically viable option for large scale CNT
production. A typical CVD setup includes a chamber in which the substrate can be held. This
chamber is heated and gases are able to flow into the chamber. Figure 2.2 shows a typical
thermal CVD setup with a quartz tube as the chamber. Within the CVVD chamber, it is crucial

to have precise temperature control along the tube.
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Figure 2.2 Typical chemical vapor deposition reactor set up for growing carbon
nanotubes [3].

Although CVD has been used to produce carbon filaments since the 1960s [11], it
was not until 1993 that a CVD method was modified to produce CNTSs, using acetylene as
the feedstock and Fe as the catalyst [12]. While there are many parameters than can vary
between CVD processes, the basic steps remain the same. First the catalyst, usually a metal
such as Fe, Ni, or Co), is deposited on a substrate. Upon heating to a certain temperature, a
hydrocarbon gas is flowed. At this temperature, the catalyst restructures into nanoparticles
and the hydrocarbon decomposes. The carbon species then dissolves into the metal and upon
reaching the solubility limit, the dissolved carbon and grows from the catalyst particle in the
form of a tubular structure [13]. Fe, Ni, and Co are generally the most effective metals in
CVD of CNTSs. It is believed that these metals are effective due to their catalytic activity in
decomposing carbon compounds, their formation of metastable carbides, and the ability of
carbon to quickly diffuse through them [14]. The catalyst compound is a key part of the CNT

growth process and keeping them active is important in growing longer CNTs. A 2004 study



by Hata et al. [15] determined that introducing water vapor in the growth process helps
improve catalyst lifetime. The water is an oxidizer that removes amorphous carbon that
would otherwise coat the catalyst particles and reduce their lifetime. This will become more
apparent as the growth models of CNTs are discussed later in the section.

Common precursors used for CVD grown CNTSs are acetylene [16], ethylene [17],
methane [18], and ethanol [19]. It has been shown that the molecular structure of the
precursor affects the CNT structure. Generally straight CNTs are produced by linear
hydrocarbons such as acetylene and ethylene because at growth temperatures they
decompose into linear carbon dimers and trimers [20]. Precursors consisting of cyclic
hydrocarbons produce CNTs with many bends along their tube axis [21]. Because the
precursor is a vital part of CNT growth, research is continuously being performed to improve
the lifetime of catalyst for improved growth.

There are two widely used models for the growth of CNTs: base growth and tip
growth. In the base growth model, the metal catalyst has a large contact angle with the
substrate which does not allow the precipitated carbon to push the metal away from the
substrate. Because the metal particle cannot be pushed up, the carbon precipitates out of the
particle, which serves as the base for the CNT [22]. Conversely, in the tip growth method, the
metal particle forms a small angle with the substrate. As the carbon precipitates from the
metal particle, it is able to be pushed upward away from the substrate and continues to grow
from the top until excess carbon caps the metal particle [23]. These two growth models are

illustrated in Figure 2.3.
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Figure 2.3 CNT growth models a) tip growth model and b) base growth model [20].

As carbon nanotubes break into more markets, the demand will continue to grow.
CVD is currently the best method for production in terms of simplicity and quantity. Because
of this, more research must be conducted in all areas of CVD growth of CNTSs including
equipment, precursors, catalysts, and growth mechanisms in order to improve growth rates,

CNT lengths, and overall uniformity.

2.1.3 Vertically Aligned Spinnable Carbon Nanotubes

An intriguing aspect of vertically aligned CNTSs is that when grown under the right
conditions, they can be drawn from the array as fibers to form a thin sheet or can be twisted
into a yarn. [24-30]. This characteristic provides a new and interesting range of applications

for carbon nanotubes.



Spinnable CNT arrays are grown by CVD and because there are many variables
involved in the sensitive process, few research groups can achieve spinnability with their
arrays. Variables such as temperature, catalyst, hydrocarbon source, carrier and reactant gas
flow rates and ratio, growth time, and substrate can all have an effect on the resulting
spinnability of a grown array [31]. In order for the CNTs to pull from the array into a sheet,
they must have very clean surfaces which allows for strong Van der Waals interactions with
surrounding CNTs [32]. The Van der Waals interactions allow the CNTs to support one
another and assemble into an aligned structure [33]. A model of the spinning process can be

seen in Figure 2.4.

Superaligned CNT Array

Figure 2.4 Model of continuously drawing CNTs from a vertically aligned array [32].

When the full width of CNTs from the array are pulled, they generally remain parallel
and form a continuous sheet. Spinnable CNT arrays are beneficial in that they can form a

network for materials in a simple manner without needing to be dispersed in a solution which

10



can degrade the final product properties due to contamination and CNT breakage from
sonication. Spinnable CNT arrays can be drawn into a thin sheet or twisted into a yarn. The
spinnability of CNT arrays presents interesting possibilities due to the high strength and light
weight of the drawn sheets and yarns. Directly spun CNT yarns have exhibited strengths in
the range of 1.35 to 3.3 GPa and stiffnesses in the range of 100 to 263 GPa [28]. CNT sheets
have markedly lower mechanical properties than yarns with a strength of 7.9 MPa and a
modulus of 310 MPa being reported by Pohls et al. [34]. This study also explored the
electrical properties of MWCNT sheets and reported the expected semiconducting nature
with electrical conductivities of around 20 S cm™. CNT sheets can be drawn at 30 m/min and
research has shown that a 1cm length of CNTs at a height of 0.245mm can produce 3m of
drawn CNT sheet. The drawn CNT sheets also exhibit very low volumetric density (1.5
kg/m®) and good sheet resistance (500 ohms/square). [35].

Although theoretically the drawn CNT sheets should be very aligned, they generally
are not. As shown in Figure 2.5, this misalignment is a key contributor to the lower
properties compared to individual CNTs and spun CNT yarns. The misalignment of CNTs
within the sheet can function as a defect which yields lower mechanical properties. The
misalignment generally proves to be beneficial for electrical properties. More contact points
create more paths for electrons to travel throughout the sheet. This has been shown by Wei et
al. through comparing the properties of drawn CNT sheets before and after shrinking [36].
Within the sheet, the electrical properties may be lowered due to high defect concentration
[37] which causes localization of electrons. The electrical properties may also decrease due

to the interfacial resistance between individual MWCNTSs [38]. It has also been shown that

11



longer CNTs produce more bundles within sheets than shorter CNTs [26]. While the
presence of bundles improves the electrical properties of CNT sheets, they also decrease the
degree of polarization and optical transparency. Polarization is affected because electron
transport within the bundles creates random electric field radiation which interrupts the
polarization caused by electron transport along the CNTs and reduces the degree of
polarization. The presence of more bundles also decreases the optical transparency of the
sheet. Bundling of CNTs causes more light to be absorbed by the sheet compared to a

perfectly aligned sheet with no bundles or crossover points.

Figure 2.5 Scanning electron microscopy image showing misalignment within a drawn
CNT sheet [34].

Vertically aligned spinnable CNTs provide an interesting new avenue for potential
macro scale CNT applications. Although many advancements have been made in this area,
more research must be conducted to enable the widespread availability of spinnable CNT

arrays. We are able to alter growth parameters to achieve different mechanical, electrical and
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optical properties depending on the desired application. The unique properties of spinnable
CNTs could yield new products that can be industrially produced through easier and cheaper

methods than the current commonly used dispersion and solution routes.

2.2 Electrically Conductive Films
2.2.1 Transparent Conducting Oxides

Transparent electrically conductive films are important to many applications such as
touch screens, solar cells, liquid crystal displays, and organic light emitting diodes [39]. The
most widely used materials on the market in this area are transparent conducting oxides
(TCOs). Since the production of the first TCO, cadmium oxide, by Badeker in 1907 [40]
interest in these materials has grown greatly. Within the field of TCOs, the currently most
common oxide that is commercially available is indium tin oxide (ITO). ITO is popular due
to its low sheet resistance and high transparency. Typical ITO films will have sheet
resistances less than 11 ohms/square with transparencies above 80% [41]. This combination
of properties makes ITO an excellent choice for applications such as touch panels, liquid
crystal and plasma displays, solar cells, and energy efficient windows. With the increasing
market for electronic display devices such as mobile phones and televisions, the demand for
TCOs has increased dramatically. Because the performance demands have also increased as
the display sizes become larger and the data transfer speeds improve, research is
continuously being performed to improve the electrical properties of TCOs while
maintaining the optical transparency. Although ITO is the market leader, the continuous

research in this field has yielded many different transparent conducting oxides with various
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advantages and disadvantages. Table 2.1 displays a range of properties and the associated

oxides of choice.

Table 2.1 Optimum transparent conducting oxides based on various properties [42]

Highest plasma frequency
Highest work function, best contact to p-Si

Property Material
Highest transparency ZnO:F, Cd2Sn04
Highest conductivity IN203:Sn
Lowest plasma frequency SnO2:F, ZnO:F

Ag, TiN, In203:Sn
SnOz:F, ZnSn0Os3

Lowest work function, best contact to n-Si ZnO:F

Best thermal stability SnOz:F, TiN, Cd2Sn04
Best mechanical durability TiN, SnOz:F

Best chemical durability SnOz2:F

Easiest to etch ZnO:F, TiN

Best resistance to H plasmas ZnO:F

Lowest deposition temperature In203:Sn, ZnO:B, Ag
Least toxic ZnO:F, SnO2z:F
Lowest cost SnO2:F

Within the field of TCOs, there are two types of semiconductors: n-type and p-type.
Most commercial TCOs that are produced from binary compounds such as SnOz, In203, and
ZnO or ternary compounds such as ITO function as n-type semiconductors [43]. N-type
conductive oxides are typically used for TCOs due to their superior combination of electrical
and optical properties compared to p-type [44]. N-type semiconductors, where the "n™ stands
for negative, are a class of doped semiconducting materials in which electrons are the
majority carrier and electron holes are the minority carrier. The surplus of electrons creates
an overall negative charge. These semiconductors are created by taking an intrinsic

semiconductor and adding a dopant with donor impurities, which are atoms with more
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valence electrons than those that they replace. The extra valence electrons are then donated to
the conduction band which creates a larger concentration of electrons compared to holes.
Conversely, p-type semiconductors, where "p" stands for positive, involve doping an intrinsic
semiconductor with acceptor impurities that accept valence electrons from the conduction
band. This creates a greater concentration of electron holes and thus the holes are the
majority carrier and the electrons are the minority carrier. Figure 2.6 shows the energy band
diagrams for n-type and p-type semiconductors. From this we can see that the high
concentration of electrons in the conduction band for n-type semiconductors causes the Fermi
level to increase and lie closer to the conduction band. Alternately, the higher concentration

of electron holes for p-type semiconductors causes the Fermi level to decrease and lie closer

to the valence band.

a) Conduction band b Conduction band
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Figure 2.6 Energy band diagrams for a) n-type and b) p-type semiconductors [45].

When choosing a material for a TCO, it is important to select an oxide with a wide
band gap (typically > 3 eV) and the ability to be doped to degeneracy [46]. The wide band

gap allows for high optical transparency in the visible region and the capability to be heavily
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doped yields low electrical resistance. ITO fits these criteria very well with high dopability
and a band gap of 4 eV [47].

ITO is typically produced via various forms of sputtering [48-51] but can also be
produced through methods such as CVD [52-54], pulsed laser deposition (PLD) [55-57], and
sol-gel processes [58-60]. Table 2.2 shows various methods reported in literature with their
resulting electrical and optical properties. The figure of merit displayed in the table comes
from the equation developed by Haacke [61] which is useful in comparing transparent
conducting films based on their electrical and optical properties:

T10

Prc Rs

Where T is the optical transmittance and Rs is the sheet resistance. A larger figure of merit is
obviously preferred because high transmittance and low sheet resistance is the goal for

transparent conductive films.
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Table 2.2 Electrical and optical properties of ITO films produced by various methods.

Production Film Sheet Visible
Process Thickness |  Resistance Transmittance (or?r;g'l) Reference
(nm) (ohms/square) (%)
Diode
Sputtering 600 11 80 9.76x10° 41
R.F.
Magnetron 2
: 800 5 85 3.94x10 51
Sputtering
Sol-gel 250 60 93 8.07x10° 60
cvD 160 125 80 850x10° 52
PLD 300 3 84.7 6.33x10° 56

While ITO films contain the best combination of electrical and optical properties,
there are several drawbacks. The major economic drawback of ITO is the rarity of indium as
a natural resource within the earth's crust [62]. This has resulted in price volatility due to the
unstable market caused by an unsteady supply of indium. ITO is also a brittle crystalline
material that may fracture upon bending which poses problems for applications that require
maintained conductivity upon flexing. With the market demand for transparent conductive
films expected to continue to increase and more research going into flexible electronics,
OLED lighting, and thin film photovoltaics [63] these issues with ITO pose a potential
problem for the future. Because of this, research is ongoing in regards to alternatives for ITO.
Specific areas being studied include various metal oxides [64], graphene [65], and carbon

nanotubes.
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2.2.2 Carbon Nanotube Electrically Conductive Films
Films incorporating CNTs for the purpose of electrical conductivity can be produced
in multiple ways. In general, CNTSs are incorporated through either a solution based process
or a dry process. Solution based processes encompass at least two steps where the CNTs are
dispersed in a liquid and then assembled into a randomly oriented network structure. Dry
processes are more desirable for industrialization due to their simplicity and the need for
fewer processing steps. Solution based processing of CNTs into a network structure was first
reported in 1997 by Niu et al. [66] where the CNTs were dispersed in water and then
reassembled into an entangled structure. A key challenge in CNT dispersion involves
overcoming the Van der Waals forces between the CNTs that encourage agglomeration. In
addition to dynamic mixing methods such as sonication, researchers have also introduced
functional groups on the surface of the CNTs [67], utilized organic solvents [68], and
introduced surfactants into the solutions [69, 70]. Of these various methods, surfactants have
proven to be the most effective for producing transparent films from CNT solutions. Adding
functional groups to CNT surfaces leads to the formation of covalent bonding which alters
the conjugated sp? structure of the CNTs [71]. Furthermore, the common solvents used, N-
Methyl-2-pyrriolidone (NMP) and N,N-dimethylformamide (DMF), are toxic which creates
safety concerns for processing.
Solution based processes generally fall under three categories: filtration, dip coating,
or airbrushing. In a study by Li et al. [72], the optoelectronic properties of CNT films
produced by filtration and airbrushing methods were compared. This study found that

airbrushing vyielded slightly better optoelectronic properties than filtration. A possible
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explanation of these results can be drawn from the processes themselves. In the airbrushing
method, the CNTs are dispersed in a solution but then sprayed onto the substrate. As the
CNTs land on the flat substrate surface, they are generally remain within that plane and are
able to for a well-connected random 2-D network. By filtration, the CNTs are affected by the
flow direction of the dispersion and may not all lie in the same plane which reduces the
number of connections between CNTs. Another study by Liu et al. [39] compared filtration,
airbrushing, and dip coating and found dip coating to have the best optoelectronic
performance. One explanation for the superior performance of dip coated films is that better
CNT alignment is imparted through forces from the linear motion of dipping and the forces
induced by evaporation. Table 2.3 shows the electrical and optical properties of films

produced using these methods from the literature.

Table 2.3 Comparison of optoelectronic properties of CNT conductive films
manufactured by various methods

Method CNTs S.h eet Transmission at Reference
Resistance 550nm
(©2/square)
Filtration DWCNTs 83 79% 73
Filtration SWCNTs 80 75% 74
Filtration SWCNTs 30 70% 75
Filtration MWCNTs 213 7% 76
Dip Coating SWCNTs 80 80% 77
Airbrushing SWCNTs 1000 90% 78
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Most studies regarding these processes for producing transparent conductive films
have utilized SWCNTs. SWCNTSs possess better overall properties than MWCNTS due to
their structure. As stated in section 2.1, CNTs with "armchair" chiralities are metallic while
"zig-zag" and chiral CNTs are semiconducting. In a given array of CNTSs, the electronic
properties will vary because not all CNTs will have the same structure, however recent
studies have exhibited the ability to successfully produce a high percentage of metallic
SWCNTs [79, 80]. Because the chirality can vary between the walls of MWCNTSs, the
overall array exhibits semi-metallic behavior. The potential for metallic behavior of
SWCNTs makes them more appealing for conductive films. Unfortunately, SWCNTSs are
more difficult to grow and require methods that cannot currently match the quantity of
MWCNT synthesis. More economical methods have been introduced using vertically aligned
spinnable CNTSs. In the work that has been published, only MWCNTSs have been able to
produce continuous wide sheets drawn from the array. The ability to drawn continuous sheets
from a CNT array, as shown in Figure 2.7, brings promise to continuous production of CNT
transparent conductive films. Because few research groups are able to achieve spinnability of
their arrays, there has not been widespread research in producing or incorporating these
arrays into transparent conductive films. In addition to the potential for continuous
processing, this new capability provides a few advantages over solution methods because the
CNTs are highly aligned and agglomerations that occur while mixing in solutions are not a

problem.
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Figure 2.7 Wide semi-transparent sheet drawn from a spinnable vertically aligned
MWCNT array [81].

In a study conducted by Lin et al. [82], sheets from spinnable MWCNT arrays were
drawn and an electrodeposition process was used to deposit polyaniline (PANI) to form a
composite film for use as a flexible, transparent supercapacitor. The addition of the
conducting polymer, PANI, to the MWCNT sheet improved the specific capacitance
significantly compared to pure PANI, the bare MWCNT sheet, and similar composite film of
PANI and randomly dispersed CNTSs. In another study by Di et al. [83], a simple method of
winding a spinnable CNT sheet onto a rotating spindle was performed. Because many layers
were wound, the resulting film was not transparent, however it did exhibit high strength and
conductivity that was maintainable upon bending. This simple process shows steps toward a
continuous method of creating transparent CNT conductive films.

Flexibility is a key component of CNT conductive films, as they can potentially find
uses as flexible electronics for which ITO is not suitable. Through a continuous process of

producing a conductive film from a spinnable array via a roll to roll process, Feng et al. [81]
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showed that the electrical resistance upon flexing of their CNT/PET films was much more
stable than that of ITO/PET. During the course of bending and coming to a conclusion as the
films were folded, The CNT/PET film had a resistance increase of only 13% while the
ITO/PET film had a resistance increase of 12708%. This is a very promising result that could
lead to CNT conductive films meeting the needs of certain applications such as OLEDs,
smart windows, and solar cells that may not require the conductivity and transparency on the
level of ITO.

Some of the applications have already been demonstrated in the literature. The
previously discussed study by Feng et al. produced a transparent touch panel using their CNT
film made from spinnable MWCNTSs and PET. These touch panels had transparency on par
with similar ITO products and proved to be more durable after scrape tests. Li et al. [84]
constructed an OLED using a flexible SWCNT/PET film for the anode. The resulting
properties were acceptable, however still not on par with ITO. Although the properties were
lower, the CNT film did provide good property stability upon flexing. Work is continuously
being performed to improve the optoelectronic properties of these films. Solar cell anodes
have also been constructed using MWCNTSs [85] and SWCNTs [86]. Using SWCNTs, the
solar cells performed similarly to ITO with comparable transparency. Although the electrical
conductivity was not sufficient, the anodes showed superior properties upon bending
compared to the ITO, which cracked and became insulating. Although CNT conductive films
are in the early stages of research, these initial results and ensuing applications are promising

for future prospects.
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When analyzing the electrical and optical properties of CNT sheets, there is typically
a tradeoff between the two. Longer CNTs will have more contact points which should
improve the electrical properties by decreasing the overall contact resistance. Longer CNTs
also produce more bundles than shorter CNTs which causes the sheet to absorb more light
and thus the optical transparency decreases. Decreasing the electrical resistance and
increasing the transparency will be an ongoing goal in this field. Because this is a relatively
new field, much more research must be conducted to fully understand the mechanisms of
spinnable CNT arrays in order to improve these properties. Variables such as growth
parameters, CNT diameter, CNT height, and purity may all affect the spinnability and the
ensuing optoelectronic properties of CNT sheets and films. The current results are promising
and the intrigue of spinnable CNTs will promote more research to improve these properties
in order to meet the needs of already established and also emerging markets for flexible,

transparent electronics.

2.2.3 Characterization of Electrically Conductive Films

The most important properties of electrically conductive films are the sheet
resistance, measured in ohms per square, and the transmittance, measured as a percentage.
Achieving a combination of low sheet resistance and high transmittance is generally very
desirable. For this reason, ITO is commonly used due to its superior combination of the two
properties. There are multiple ways to measure sheet resistance, however a four point probe
is the most common method. When using a four point probe, current is delivered to two of

the probes and the voltage difference between the other two is measured. There are multiple

23



terms that are often used to describe four point probe measurements such as sheet resistance,
sheet resistivity, volume resistivity, bulk resistivity, surface resistance, and surface
resistivity. Depending on the source, these terms can have different interpretations. When
referring to electrically conductive films, sheet or surface resistances are typically measured
in ohms per square whereas resistivities are measured in ohms-cm (or any other unit length).
In 1954, L.B. Valdes used a linear four point probe method to measure resistivity of
germanium transistors [87]. This work was later expanded on by Arthur Uhlir who looked at
various geometries and the relationship between the resistivity, voltage, and current [88].
These studies focused on three dimensional materials and thus it can be concluded that the
measurements being made were volume, or bulk, resistivities. Later, F.M. Smits defined a
method by which to measure sheet, or surface, resistivities [89]. This work is applicable to
thin films and materials in which electrically conductive layers have been deposited or
embedded in the surface of an insulating material.

To determine the relationship between voltage, current, and sheet resistivity (which
has also been referred to as sheet resistance for thin films), Smits begins with the logarithmic

potential resulting from a current source in an infinite sheet:

@ — @y = — Izi;ln r
where ¢ - @o is the potential difference, I is the current, ps is the sheet resistivity, and r is the
distance from the current source. In a system with two current sources, one positive and one
negative, a dipole is created which yields the following equation:

_ gy = Py
P — Qo 2n T,
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In a four point probe configuration with equal spacing, current flows through two points and
the voltage between the other two points is measured as shown in Figure 2.8 When applying
the previous equation to a four point probe with equal spacing between each point, the
potential difference is equal to the voltage, V, being measured between the inner probes and
can be written as:

I
@ — o=V = —&mz
2n

Which can be rearranged and simplified to the commonly known equation for sheet

resistance:

Figure 2.8 Linear four point probe configuration where current is delivered to the outer
probes and the voltage difference is measured between the inner probes.
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The previous equations all assume that the specimen being measured is of infinite
size in all directions. Because this is never the case, there are correction factors for various
sample dimensions. The correction factor, C, is incorporated into the sheet resistance
equation as follows:

nVC
I

Ps Tz
Geometric correction factors have been calculated for circular [90-92], semi and

quarter circular [93], and rectangular shaped samples [94]. For the purpose of this study, only
correction factors for thin (thickness < %) rectangular samples will be discussed. When
analyzing rectangular geometric factors, the important dimensions are length, width, and

probe spacing. Figure 2.9 depicts the dimensional sample setup and Table 2.4 shows the

corresponding correction factors.

NOY
/

Figure 2.9 Rectangular dimensional setup for linear four point probe measurements
[89].
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Table 2.4 Four point probe correction factors for thin rectangular samples where a is
the width and b is the length [94]

Recg‘j‘:g'e alb=1|ab=2|ab=3|ab>4
1.0 0.2204 | 0.2205
1.25 0.2751 | 0.2751
1.50 0.3263 | 0.3286 | 0.3286
1.75 0.3794 | 0.3803 | 0.3805
2.0 0.4292 | 0.4297 | 0.4297
25 05192 | 05194 | 05194
3.0 0.5422 | 0.5957 | 0.5958 | 0.5958
4.0 0.687 | 0.7115 | 0.7115 | 0.7115
5.0 0.7744 | 0.7887 | 0.7888 | 0.7888
75 0.8846 | 0.8905 | 0.8905 | 0.8905
10.0 0.9313 | 0.9345 | 0.9345 | 0.9345
15.0 0.9682 | 0.9696 | 0.9696 | 0.9696
20.0 09822 | 0983| 0983| 0983
40.0 0.9955 | 0.9957 | 0.9957 | 0.9957
o 1 1 1 1

2.3 Polymer Calendering

Calendering is a common method used to produce films and coated sheets of plastic
and rubber materials. A calender is a simple system consisting of two rollers that rotate
simultaneously and are usually heated to either melt a raw material or fuse two materials
together. Additional roller can be added within the system if necessary. Although the capital
investment is very high, calendering is usually preferred to extrusion because higher
production rates with tighter tolerances can be attained. When calendering plastics, the
polymer is generally heated prior to entering the calender. While still in the molten state, the

polymer will pass through heated rollers which are set to the appropriate gap in order to
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achieve the correct film thickness. Cold rollers are then used to quench and solidify the semi-

molten film. A typical calender system can be seen in Figure 2.10.

Blenders

"

N
|

Feed system Calender
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Figure 2.10 A typical multi-roller calender system used for producing films and sheets
[95].

Calendering systems are also used for technical textiles such as airbag materials,
breathable outdoor wear, filters for industrial and medical applications, parachute silk,
packaging materials, and protective clothing [96]. Roll to roll processes involving
calendering have also become promising in the area of electronic textiles as well [97, 98].
When producing electronic textiles via calender systems, the rollers are typically patterned to
impart the desired circuit design in the surface of the film or fabric. The rollers can also be

coated to transfer a conductive material such as a metal to the surface of the film or fabric.
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An example of this process is depicted in Figure 2.11 where an organic material is first
deposited on the film and then a metal layer is deposited. The textured roller then imparts a
circuit pattern into the surface of the film and then the metal is etched away to complete the

circuit.

Metal deposition

Metal etch : b
Organic deposition

Figure 2.11 Calendering process for producing an electronic textile material [97].

In addition to being beneficial in producing electronic textiles, calenders have also
been shown to improve the properties of printed electronic materials. A smooth surface is
key for these materials and utilizing a calender can help reduce or create a more uniform
surface roughness. In a study be Lee et al. [99], a calender was used to smooth a PET film
printed with silver ink which resulted in a 10.2% average surface roughness decrease.

Calendering was also shown to be beneficial in increasing the efficiency of TiO2 films used
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as solar cells nearly as well as static pressing [100]. This is a promising finding because it
could lead to dynamic processing of these materials which would greatly increase production
rates.

Calendering has proven to be a beneficial production and post-production process for
electronic textile fabrics and films. The ability to quickly produce these materials with a high
degree of uniformity is a key gateway to mass production and lower product prices. As more
research is conducted in the field of electronic textiles, calender systems should prove to be a

major component for the industrialization of products.
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3 Experimental
3.1 Materials
3.1.1 Spinnable MWCNT Array Synthesis

MWCNT spinnable arrays were produced using CVD. A flat quartz substrate and
quartz tube were first burned at atmospheric pressure at 800°C and then etched in a diluted
hydrofluoric acid bath for one to two hours to remove an contaminates. The quartz substrate
was then placed on a stage within the quartz tube above a boat with 1g of FeCl2 powder,
which functions as the catalyst during growth. Prior to heating, the tube was loaded into the
chamber and was vacuum pumped down to below 8 mTorr in order to remove any moisture
or particulates from the system. Once the furnace pumped down to the appropriate pressure,
the temperature was raised to 760°C. Upon reaching the set temperature, the gases were set
to flow into the chamber. Two different gas setups were used during this project. Initially,
600 sccm of acetylene, 300 sccm of pure argon, and 100 sccm of argon/chlorine mixture
(1.5% chlorine) was used. The argon/chlorine mixture became problematic and affected the
spinnability of the grown CNT arrays. After analyzing the process using residual gas
analysis, it became apparent that the argon/chlorine mixture was not consistent between
growth runs as the chlorine concentration would vary. To solve this problem, a tank of pure
chlorine gas was installed in place of the argon/chlorine mixed tank. With the new setup, 600
sccm of acetylene, 400 sccm of argon, and 1.5 sccm of chlorine was used. For both setups the
pressure controller maintained a pressure of 3 Torr during growth.

Growth times were varied from 5 to 20 minutes to achieve different heights of the

CNT arrays. Within the stated growth time range, the CNT height typically varied from 0.5
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to 1.5 mm. After the arrays had grown for a given amount of time, the acetylene flow was
turned off while the argon and chlorine flows remained constant. This process, which gives
the CNT array its spinnability, is referred to as the post treatment because growth is
terminated once the acetylene is no longer flowing to react with the catalyst. The post
treatment proceeded for 20 minutes for each growth run.

After the post treatment, system was purged with pure argon for two minutes to flush
out any remaining gases. The furnace was turned off and a fan was used to expedite the
cooling process. Once the furnace reached 100°C, the system was closed off from the pump
and argon was flowed to increase the pressure to atmosphere and allow the access door to
open. The tube was then removed and cleaned. To analyze the spinnability, tweezers were
used to draw the CNTs from the array. The spinnability was determined to be acceptable if a
full sheet across the width of the array was able to be drawn and if the sheet could be
maintained at drawing speeds of up to 0.5 m/min for processing. CNT arrays were grown for
5, 10, and 20 minutes with both the original growth setup (600 sccm acetylene, 300 sccm
argon, 100 sccm argon/chlorine) and the pure chlorine setup (600 sccm acetylene, 400 sccm

argon, 1.5 sccm chlorine).

3.1.2 PETG Film

The glycol-modified polyethylene terephthalate film (Eastar™ Copolyester 6763)
was provided by Eastman Chemical Company. A second glycol, cyclohexanedimethanol
(CHDM) was added which results in an amorphous polymer that will not crystallize. This

allows for a wider range of processing parameters compared to polyesters that do crystallize.
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The amorphous film was 4 mils (101.6 microns) thick with a glass transition temperature of

approximately 85°C and a transmittance of 91% in the visible region.

3.2  Equipment
3.2.1 Platen Hot Press

Initially, a platen hot press was used to get a basic understanding of the parameters
required and the interaction between the CNTs and the PETG film. The hot press used was
custom built for the laboratory. The press has a manual pressure adjustment system with a
corresponding gauge and heat controllers for the top and bottom plates. A water cooling

system allows for faster cooling by flowing water through the plates.

3.2.2 Calender

A customized calendar was designed and ordered from DPM Solutions. The DPM-
6000HT calendar contains two 4" diameter steel rollers which were hardened to 57RC and
plated with electroless nickel to provide a smooth and durable surface. Each roller has width
of 7" and a 750W heater cartridge which can operate safely up to 200°C. The temperature of
each roller is controlled by an 13222 Omega temperature controller and is measured with a K
type thermocouple. An Enerpac hydraulic pump is used to apply pressure to the rollers and
the gap between the rollers can be set by a screw system. Figure 3.1 shows the calender

system as well as a diagram depicting the internal components.
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Figure 3.1 (a) Complete calender system and (b) diagram showing internal components.

The roller speed is adjustable from 0 to 6 rpm (0 to 2 m/min). The speed is adjustable
by a dial on the side of the system. The dial is labeled with tick marks in increments of 10
from 0 to 100, however the rollers do not start rotating until the dial has reached 20. To
simplify the speed determination for production, a tachometer was used to measure the speed

at each incremental setting. Table 3.1 shows the corresponding speed at each setting.
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Table 3.1 Dial settings of calender speed control system and corresponding roller
speeds.

Dial Setting Speed (m/min)
10 0
20 0.12
30 0.35
40 0.57
50 0.83
60 1.05
70 1.30
80 1.63
90 1.85

100 2.00

3.3  Equipment and Sample Production
3.3.1 Batch Heat Press Process

When making samples of CNTs embedded in PETG film using the heat press, first
two polished steel plates were wiped with ethanol to remove any debris. Next, a 2" x 2" piece
of PETG film was placed on one plate and the CNT sheet was pulled across with tape and
carefully laid on top. The other polished plate was then carefully placed on top and a razor
blade was used along the edge to cut the excess CNTs. Next, the plates were transferred to
the heat press. This process is shown in Figure 3.2. After pressing and heating for a given
amount of time, the system was cooled to below the glass transition temperature
(approximately 80°C) of the PETG film using water, which flowed through hoses attached to
the top and bottom plates of the heat press. The pressure was maintained during cooling
because it was found that removing the pressure at elevated temperatures caused the PETG

film to deform. The CNTSs provided a buffer layer which prevented the top side from sticking
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to the steel plate even though the film was heated above the glass transition temperature.
After cooling, the pressure was released and the plates were removed from the heat press.
The plates were then carefully separated and if there was any sticking present, a plastic razor
blade was used to remove the samples from the plate so as to not cause any scratches in the

plate which could affect future samples.
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Figure 3.2 Process of producing batch samples of CNT embedded PETG films. (a) CNT
sheet is pulled across PETG film on metal plate (b) Top plate is carefully placed (c)
Plates are transferred to heat press.
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3.3.2 Continuous Calender Process

Prior to receiving the calender, a custom enclosure was built. The aluminum
enclosure was made with acrylic paneled access doors on all sides, an adjustable stage for the
CNT arrays, an adjustable holder for the PETG film spool, and a variable speed take up roller
was installed on the back side. The stage for the CNT arrays needed to be adjustable because
the angle of CNTs being pulled from the array is important for processing. An angle too large
resulted in too much upward force which pulled the array away from the substrate and caused
problems during drawing. An angle too small caused the drawn CNT sheet to rub against the
edge of the substrate which caused the sheet to snag and break apart. An optimal angle was
between 10 - 20 degrees. Extruded aluminum bars were installed under an aluminum sheet to
support the weight of the 200 pound calender. A ventilation system was installed on top of
the enclosure to remove any airborne CNTs. The enclosure and the installed parts can be seen

in Figure 3.3.
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Figure 3.3 (a) Custom built enclosure with installed calender system (b) Adjustable
holder for PETG film spool (c) Adjustable stage for CNT array (d) Tension rods at the
entrance of the calender (e) Tension rod at exit of calender (f) Variable speed take up
roller.

Upon receiving the custom built calender system, the processing variables had to be
identified and optimized. The variables involved in the process were the roller temperatures,

roller speed, roller gap, and take up speed. Because it was difficult to achieve perfect
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alignment between the CNT sheet and the PETG film, a slightly wider film was used to allow
for processing to continue in the case that the alignment shifts. The CNT sheets were 2.5"
wide whereas the PETG film was 3" wide. During testing, it was found that at higher
temperatures the edges of the film without CNTs embedded would stick to the metal roller
and cause deformities as the take up roller pulled the film away from the calender roller. To
resolve this problem, adhesive backed Kapton and Teflon (2 mils thick) films were tested by
adhering them to the calender roller. The Kapton film proved to be more durable than the
Teflon, however the PETG film would stick to it along the outer edges causing deformities as
it was taken up. The Teflon film prevented adhesion and allowed for a smooth release of the
film from the roller, however durability was an issue. When the gap between the rollers was
too small, the PETG film pressed into the Teflon and create indentations and wrinkles. A
thicker Teflon film (10 mils) was ordered and applied which proved to be more durable than
the 2 mils Teflon. Figure 3.4 shows the film exiting the calender with the uncovered
electroless nickel plated roller, the Kapton covering, and the 10 mils thick Teflon covering.
From these images it is clear that the Teflon covering was most suitable for the process as the

film made a smooth exit and there was little to no adhesion of the film to the Teflon.
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Figure 3.4 Calender exit uniformity with (a) no roller covering (b) Kapton covering
and (c) Teflon covering.

3.3.3 Sample Handling

To determine the level of embedding, the samples were wiped after removal. It was
found that wiping with an ethanol soaked cloth removed more CNTs than simply wiping with
a dry cloth. The same effect was observed when using water in place of ethanol. The
moisture allowed the wipe to make better surface contact with the sample and also provided
capillary hydroscopic forces which both made the CNTs more likely to attach to the wipe and
become removed from the surface of the film. Well embedded CNTs will not detach from the
surface, however unembedded and some partially embedded CNTs will be removed. Wiping

was found to increase both the transparency and sheet resistance of the films and may be
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necessary for certain applications where touching the surface is required and unwiped films
may pose a health hazard due direct contact with CNTs. The samples were wiped carefully in
a circular motion until it was apparent that no more CNTs could be removed. Figure 3.5
displays unwiped, dry wiped, and ethanol wiped samples on top of text to better depict the
transparency of the films. From these images, it can be seen that wiping with a dry cloth
removed some of the lose CNTs from the surface and the film became less hazy. A more
significant difference can be seen with the ethanol wiped sample, where many of the bundles

of unembedded CNTs were removed and the transparency noticeably increased.

Figure 3.5 (a) Unwiped sample, (b) dry wiped sample, and (c) ethanol wiped sample.

3.4  Testing Procedures
3.4.1 Electrical Testing

The sheet resistance of the produced films was measured using a Jandel RM3-AR
four point probe. The probes were aligned linearly with a 1mm spacing. In order to ensure
accurate measurements with no edge effects, the measurements were taken towards the

middle of each sample. 5 measurements were taken in each direction to get a good
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representation of the sheet resistance both parallel and perpendicular to the CNT alignment.
Although rounded tips are preferred to prevent any penetration into the film, only pointed
tips were available. The height of the probe was carefully adjusted to ensure good contact
with the film but little to no penetration beneath the surface. In order to ensure consistency
between measurements, the current was adjusted to obtain a voltage of 15 mV before the

sheet resistance was recorded.

Figure 3.6 Four point probe measurement (a) parallel and (b) perpendicular to the
CNT alignment direction.

For the electrical heating experiment in section 5.3.4, an Electro Industries Model
DIGI 360 regulated DC power supply was used. The samples were cut to 1" x 2" and copper
foil was used at each end to clamp the leads from the power supply. The voltage was
increased in increments of 5V up to the maximum output of 30V. A Fluke thermometer was
used with a k-type thermocouple placed on the surface of the CNT film to measure the
temperature. At each voltage interval, the voltage was held until the temperature stabilized

before recording.
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Figure 3.7 Heater setup using a sample cut from the continuously produced CNT/PETG
film. Leads connected using copper foil.

3.4.2 Spectroscopic Testing

Transmittance measurements were taken for each film using a Varian Cary 300 UV-
Vis spectrophotometer. A 2 cm x 2 cm section was cut out of each sample and placed in the
holder. Samples were tested in the wavelength range of 800-200 nm. The value at 550nm
was reported which is standard for transparent conductive films because this value is in the
middle of the visible range region. Three different areas were tested for each sample to
achieve an average transmittance value.

To determine graphitic quality and defect density, Raman spectroscopy was
performed on the CNT arrays using a Renishaw Ramascope with a laser wavelength of 514
nm. The laser spot was focused using a Renishaw microscope. The radiation was collected
within a wavelength range of 1200 - 1800 cm™. After collecting the data, the G (1350 cm™™)
and D (1580 cm™) peaks were identified and used to calculate the G to D ratio for each CNT

array.
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3.4.3 Microscopy

Scanning electron microscopy (SEM) images were taken using a FEI Verios 460L.
Samples were cut and attached to holders using carbon tape. The samples were then imaged,
removed and wiped with ethanol, then imaged again to achieve a comparison between
unwiped and wiped samples.

Transmission electron microscopy (TEM) images were taken using a JEOL 2010F.
CNT samples were taken from each array and sonicated in ethanol for 30 minutes to achieve
an adequate dispersion. Drops of the dispersion were then placed on C-Flat holey carbon
grids produced by Protochips. Next, the grids were baked at 70°C to evaporate the ethanol
and prepare them for imaging.

Atomic force microscopy (AFM) was performed using a Bruker D3000 Scanning
Probe Microscope. Samples were first wiped with an ethanol soaked cloth to remove any
unembedded CNTS from the surface. This step was necessary because testing samples
without wiping to remove excess CNTSs resulted in unclear images as the probe tip would get

caught on the loose CNTSs.

3.4.4 Mechanical Testing

Nanoindentation testing was performed using a Hysitron Triboindenter. A Berkovich
tip with a 100 nm radius was used. Samples were cut to 2cm x 2cm and measurements were
taken in 3 separate areas on each sample. Within each area, the load was varied from 50 to

450 uN in increments of 50 uN.
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Strain tests were performed using a MTS Landmark Servohydraulic 250kN test
system. The CNT films were cut to 25.4mm x 50.8mm and attached to the center fiber glass
composite cut to dimensions of 300 mm x 30 mm x 6.35 mm using epoxy. The film was
adhered with the CNT side facing the composite, so as to best reflect the behavior of the
composite. The fiber glass composites were tabbed at the ends with 2 mm thick fiberglass
sheets with a taper angle of 20°.Prior to attaching the CNT film, copper foil was adhered to
the composite to function as electrodes at each end of the film. Lead wires were soldered to
the exposed copper film. A metal foil strain gauge (Vishay Micro-Measurements 250LW)
was mounted on the opposite surface of the composite substrate in order to measure the
actual strain data and correlate it to the resistance change of the film. The monotonic tensile
tests were performed with a fixed displacement rate of 1.5 mm/min during which the
resistance data was recorded using an Agilent 34420A multimeter. The fiberglass composites

were strained until failure. Figure 3.8 shows the set up of this test.
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Figure 3.8 Monotonic tensile test set up showing the CNT film adhered to the fiberglass
composite with leads connected at each end.

4 Optimization and Preliminary Results
4.1  Platen Hot Press Trials

Before the calender system was received, the platen hot press previously described
was used to manufacture samples and get an understanding of the interactions of the PETG
film and the CNTs under the presence of heat and pressure. Knowing that the glass transition
temperature of the PETG film was 85°C, the trials were started at 90°C and increased in
increments of 10°C up to 130°C. At 140°C, some melting of the film was observed which
resulted in deformation and difficulty removing it from the plates. The maximum achievable
pressure of 4000 psi was used to achieve the highest possible level of embedding and two

samples were produced at each temperature. One set of samples was held under temperature
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and pressure for 1 minute before being cooled and the other set was held under temperature
and pressure for 5 minutes before being cooled. The 1 minute samples were meant to
simulate a quick exposure to the temperature like the calender system. Although the exposure
time will be much less with the calender, exposure times of less than 1 minute in the heat
press proved to show very little embedding. This is due to the presence of the steel plate
between the film and the heat press. The heat must transfer through the steel plate which
takes time. With the calender, there will be no buffer layer between the film and the heat
source. The 5 minute trials were performed to ensure the film met the desired temperature for
an extended amount of time to fully understand the effect of temperature on embedding.
After production, the wiping method described in section 3.4 was utilized and thus each
sample can be separated into three different categories: unwiped, dry wiped, and ethanol
wiped. The unwiped samples were not modified and were characterized in their as-produced
state. The dry wiped samples were wiped with a dry nonwoven cloth and the ethanol wiped
samples were wiped with an ethanol soaked nonwoven cloth. Samples were wiped until it
was apparent that no more unembedded CNTs could be removed from the surface. This was
judged by initially wiping with one area of the cloth and then moving to a clean area of the
cloth to determine if more CNTs could be removed. When the new area of the cloth was
clean after wiping, the wiping was deemed sufficient. Figure 4.1 Shows the resulting sheet
resistance parallel to the CNT alignment and transmission for the unwiped, dry wiped, and

ethanol wiped samples.
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Figure 4.1 Comparison of sheet resistance in the parallel direction and transparency
measurements for varying temperature for (a) and (b): 1 minute heat press samples and
(c) and (d): 5 minute heat press samples.

From this data, the correlation between processing temperature, sheet resistance, and
transmittance is clear. For the unwiped samples, the transmittance remained constants at
around and 40% for all temperatures. Although it is not apparent in the graph due to the
scale, the sheet resistance showed a slight increase (325 to 380 Q/square) as the temperature
increased. This increase can be explained by the higher level of embedding. The polymer

film becomes softer at high temperatures and allows the CNT sheet to become further
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embedded which means there were less CNTs exposed on the surface of the film. As the
temperature increased, the gap in sheet resistance and transmittance between the unwiped,
dry wiped, and ethanol wiped films decreased. This further proves that the level of
embedding improved as temperature increased, as few CNTs were able to be removed from
the surface of the film.

In comparing the 1 minute and 5 minute samples, there is a noticeable difference
between the wiped samples. Maintaining temperature and pressure in the heat press for 5
minutes allowed for a higher level of embedding which can be interpreted from the lower
sheet resistance and transparency values compared to the 1 minute samples. Complete
embedding could not be achieved even at 130°C. This could be the result of the steel plate
not having a smooth enough surface, CNTs protruding in the z direction from the CNT sheet,
or the presence of thicker CNT bundles. Complete embedding could be achieved at higher
temperatures, however this was a result of melting and the resulting films became very
distorted and difficult to remove from the plates.

The sheet resistance was also measured in the perpendicular direction to the CNT
alignment. A slight increase was found from the parallel direction. For comparison purposes.
Figure 4.2 displays the parallel and perpendicular sheet resistance of only the sample pressed
at 130°C for 5 minutes. The reason for only a small increase between the parallel and
perpendicular measurements is the small probe spacing. Sheet resistance measurements were
made using another four point probe with a 5mm spacing and the difference between parallel
and perpendicular directions was much greater. Although the CNTs have a general alignment

in one direction, there are many crossover points within the sheet. The alignment may also be
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altered during processing and handling. With the small probe spacing used, the presence of
crossover points and bundles makes a significant impact on the perpendicular measurements.
With a larger spacing, the presence of these misalignments within the sheet should be less
influential. Because the films are most likely to be used in the direction of the best possible

electrical properties, only the parallel sheet resistances will be reported going forward.
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Figure 4.2 Comparison of sheet resistance parallel and perpendicular to the CNT
alignment direction for a sample pressed at 130°C for 5 minutes using (a) 1mm probe
spacing and (b) 5mm probe spacing.

Unfortunately an effective method of breaking the films and imaging to analyze the
cross-section and level of embedding could not be achieved. Cryo ultramicrotome was
performed on the samples, however the PETG film was unable to exhibit a brittle break and
the shearing force of the knife skewed the CNTs which made determining the cross-section
depth of the CNTs difficult. Focused ion beam SEM (FIBSEM) was also attempted to

analyze the cross section of the samples. This method was also unsuccessful as the beam
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melted the film and the CNTs in the cut area and made determining the depth difficult.

Images from these two processes can be seen in Figure 4.3.

(b)

cross section image of a sample using FIBSEM..

An alternative method of embedding the CNT sheet into the PETG film using a
solvent instead of heat was also attempted. Tetrahydrofuran, a known solvent for PETG, was
applied to the surface of the film using an adjustable spray gun attached to a nitrogen gas
line. The film was sprayed to full coverage and then placed on a steel plate. The CNT sheet
was then drawn across the film and another plate was placed on top. The plates were then
placed in the heat press at room temperature and pressed at 4000 psi for 1 minute. Upon
removal, it was apparent that the solvent created a tacky surface and did not yield a

uniformly embedded sample. Because of this, the solvent embedding method was not
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explored further with the calender system. The solvent spray system and a sample can be

seen in Figure 4.4.

Figure 4.4 (a) Solvent spray system, (b) CNT-PETG film manufactured using solvent
method.

4.2 Initial Calender Trials

After the custom built calender and the additional parts were installed, the proper gap,
speed, and temperature had to be determined. The calender system is capable of speeds up to
2 m/min, however it was determined that roller speeds in excess of 0.83 m/min (2.6 rpm)
resulted in processing problems. At higher speeds, the spinnability of the CNT array was
compromised and gaps in the sheet would form which are not ideal for samples. The gaps
also exposed the PETG film and caused it to stick to the roller. Having a complete sheet
across the width of the array is important for producing samples that are conductive
throughout. Gaps with no CNTSs result in insulating areas of just PETG film within the
samples. Furthermore, higher speeds often caused the PETG film to migrate across the width

of the rollers. Although careful precautions were taken to ensure an even gap, proper tension,
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and good alignment, the migration proved to be unavoidable at high speeds. Because of these
reasons, only speeds below 0.83 m/min were used for producing samples.

Because the PETG film is 4 mils (101.6 microns) thick, the gap between the rollers
had to be less than that to provide compression of the film and allow for embedding of the
CNT sheet. Gaps of 3.5 mils, 3 mils, and 2.5 mils were tested and it was found that a gap of 3
mils or less resulted in too much compression and the Teflon film being damaged. The
damage to the Teflon film caused wrinkles and air bubbles to form which resulted in a non-

uniform surface. This result can be seen in Figure 4.5.

Figure 4.5 Wrinkling and loss of adhesion of Teflon roller cover caused by increased
pressure.

To confirm the results from the previous heat press trials, samples were produced
within the same temperature range using the calender system. With the upper limit of

appropriate processing speed being 0.83 m/min, two samples were produced at each
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temperature: one sample at 0.83 m/min and another at 0.57 m/min. As a lab scale version of a
potentially industrial process, faster speeds are more ideal for production. The effect of roller

speed and temperature on the resulting sheet resistance and transmittance can be seen in

Figure 4.6.
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Figure 4.6 Comparison of sheet resistance and transparency measurements for varying
temperature for (a) and (b): 0.83 m/min and (c) and (d): 0.57 m/min samples.

These results show a similar trend to what was reported with the heat press in the

previous section. Increasing the temperature resulted in a decrease in sheet resistance and
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transmittance for the wiped films, while the unwiped samples remained constant. Processing
at 0.57 m/min resulted in improved electrical properties over using a roller speed of 0.83
m/min. At 130°C, the average sheet resistances of the dry wiped samples for 0.57 m/min and
0.83 m/min were 596.2 and 707.8 Q/square, respectively. A larger difference was seen
between the ethanol wiped samples, which had sheet resistance values of 2608 and 4606
Q/square. The decreased sheet resistance for the 0.57 m/min samples also resulted in a lower
transmittance compared to the 0.83 m/min samples, with the average values of the 130°C
ethanol wiped samples being 55.2% and 59.4% respectively. Two sample t-tests were
performed to determine the significance of the results for the ethanol wiped samples
produced at 130°C. The parameters and results of the t-tests can be seen in Table 4.1. Based
on these tests, it was concluded that the sheet resistance of the 0.83 m/min samples was
significantly greater than that of the 0.57 m/min sample. In regards to the transmittance, we
were unable to conclude that the average value for the 0.83 m/min sample was significantly
greater than that of the 0.57 m/min sample. The goal of any transparent conductive film is to
have the lowest sheet resistance and highest transmittance possible. Because producing
samples at the 0.57 m/min resulted a significantly lower sheet resistance without a
significantly greater transmittance than samples produced at 0.87 m/min, a speed of 0.57

m/min was advantageous. A speed of 0.57 m/min was used for the proceeding experiments.
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Table 4.1 Two sample t-tests performed on ethanol wiped samples produced at 130°C

under speeds of 0.83 m/min and 0.57 m/min

Sheet Resistance Transmittance
0.83m/min  0.57 m/min | 0.83 m/min  0.57 m/min
Sample Size 5 5 3 3
Mean 4606 2608 59.4 55.2
S.D. 209.2 235.5 1.38 0.86
Ho pl -u2 <0 pl -u2 <0
Ha pl - p2>0 pl - p2>0
t* 14.18 0.09
d.f. 8 4
Rejection region t* > 1.860 t*>2.132
for a.= .05
Conclusion Reject Ho Fail to reject Ho

After achieving these results, samples were also produced at higher temperatures,
with varying results. 140°C was attempted at the previously determined speed of 0.57 m/min,
however at this temperature the PETG film became too soft and the tension imparted by the
take up roller resulted in tearing and distortion. A film produced at this temperature can be
seen in Figure 4.7. As discussed in the previous section with the heat press, processing at
140°C softened the film too much and may have caused significant creep of the film between
the calender rollers and the take up roller. A processing temperature of 135°C was then
attempted with more promising results. The film remained intact and did not distort due to
the tension from the take up roller. Because the highest level of embedding possible is
desired to enhance the electrical properties of the films, it was decided that 135°C would be

used going forward.
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Figure 4.7 Sample produced at 140°C exhibiting temperatre induced deformation.

4.3  Conclusions

These initial trials suggest that embedding the CNT sheet into the PETG film was
possible. Based on the experiments using the heat press, it was determined that a temperature
of at least 130°C would be necessary for the calender process. In optimizing the calender
process, it was found that complete embedding was not achievable while producing a
dimensionally stable film due to the low residence time between the rollers. A Teflon roller
cover proved to be beneficial in preventing the film from sticking to the roller and improving
the uniformity of the film. Temperatures of 140°C and above caused the film to soften too
much and the tension caused by the take up roller distorted the film. 135°C was deemed an
appropriate temperature for achieving the highest level of embedding possible while
maintaining the dimensional stability of the resulting film. By wiping the films with a dry or

ethanol soaked clothes, unembedded CNTs were removed from the surface which improved
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the transparency but increased the sheet resistance. These two properties are inversely
correlated and the main goal of all transparent conductive films is finding a balance between
the two. Faster production speeds are desirable for mass production however in order to
achieve the best possible level of embedding, a maximum speed of 0.57 m/min was used.
Going forward, methods to improve the embedding level and alter the electrical and optical

properties of the films will be explored.
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5 Results and Discussion
51  Calender Production

After determining that 135°C and 0.57 m/min were the optimal temperature and
speed combination for producing uniform, dimensionally stable films, the next step was to
determine how to increase the level of embedding. As previously discussed, decreasing the
gap between the rollers was not viable due to damage to the Teflon film. Another method
explored was passing the film through the rollers multiple times. After undergoing the initial
pass with the CNTs, the film was then taken off of the take up roller and sent through the
calender again. This was performed up to five times. This method was successful and could
be easily integrated into a manufacturing process by having multiple calenders in series with
one another. The gap was slightly decreased for subsequent passes to account for
compression in the film from the first pass. After producing each sample from one to five
passes, the electrical and optical properties were measured. The results can be seen in Figure

5.1.
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Figure 5.1 (a) Sheet resistance measurements and (b) Transmittance measurements
obtained from samples produced with multiple passes through the calender.

To better visualize these results, a picture was taken of each sample with text in the
background. As shown in Table 5.1, the transmittance increased as the wiping progressed for
each sample. The unembedded large bundles of CNTs were removed which made the

background text appear more clearly.
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Table 5.1 Visuals of samples produced with multiple passes showing the progression of

transmittance upon wiping

Unwiped

Dry Wiped

Ethanol Wiped
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These results show that both the sheet resistance and transmittance of the ethanol
wiped sample decreased as the number of passes increased. Beginning at two passes, very
few CNTs were able to be wiped away using a dry wipe, which is depicted in the data as
there is little difference in sheet resistance and transmittance between the unwiped and dry
wiped samples after two passes. This indicates there were more CNTs embedded well into
the surface that were unable to be wiped away with an ethanol soaked wipe. After five
passes, very few CNTs could be wiped off with ethanol, which is apparent from the only
slight increase in transparency between the unwiped and ethanol wiped samples (36.8% to
37.3%). The sheet resistance demonstrated a more drastic increase (406 Q/square to 827.6
Q/square). SEM was used to further investigate the effect of multiple passes on the films. As
shown in Figure 5.2, the five pass samples exhibited a greater level of embedding. It is
apparent that there are fewer CNTSs protruding from the surface after five passes and a greater
concentration underneath the polymer. Ethanol wiping the sample after only one pass
removed many CNTs from the surface and left areas of pure polymer film with no CNTs
where the level of embedding was not sufficient and the CNTs were removed via wiping.
This is a major reason for the drastic increase in sheet resistance and transmittance between
the one pass unwiped and ethanol wiped samples. Furthermore, there are CNTs which were
partially embedded that could not be removed by the wipe but were instead misdirected
which decreased the level of alignment of CNTs within the film. This may have also been a
contributing factor to the increased sheet resistance in the parallel direction. With the five
pass unwiped sample, we can see that there is more misalignment compared to the one pass

unwiped sample. This misalignment may be attributed to handling or could have been caused
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by the additional passes through the calender. Wiping the five pass sample with an ethanol
soaked cloth removed significantly less CNTs than doing so after only one pass. A higher
concentration of CNTs can be seen in the five pass ethanol wiped sample with better
alignment, indicating there were fewer unembedded or partially embedded CNTs on the
surface that could have been misaligned by the wiping process. Even after five passes, the
CNT sheet was unable to be completely embedded. Additional passes were performed,
however the film began to deteriorate and non-uniformity became an issue. Because the
system only contains one set of rollers, the samples had to be produced, then removed and
put through the calender again for each additional pass. In an industrial process, more than
five passes may be possible because the process would be continuous with multiple sets of

rollers to ensure constant tension and alignment throughout.
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Figure 5.2 SEM images of (a) 1 pass unwiped, (b) 1 pass ethanol wiped, (c) 5 pass
unwiped, and (d) 5 pass ethanol wiped samples

Atomic force microscopy was performed on the one, three and five pass samples to
observe the surface characteristics imparted by the CNTs. Only the ethanol wiped samples
could be tested via AFM because the presence of loose and unembedded CNTs caused the
probe tip to snag and resulted in distorted images with inconsistent surface profiles. For each
sample, a 100 um? area was tested and 512 measurements were taken. Figure 5.3 shows the
average surface roughness of each sample. The zero pass sample is the control sample and is
simply the plain PETG film as it was received with no CNTs or post processing performed.

From the data, we can see the average surface roughness increased as the number of passes
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increased. With the plain film only having a surface roughness of 0.224 nm, the presence of
the CNTs caused a significant increase in surface roughness. The surface roughness
increased from 28.807 nm (one pass) to 54.651 nm (five passes) with the three pass sample
falling in between at 37.413 nm. This trend indicates there are more CNTs embedded in the
film with increasing passes through the calender. The embedding of the CNTs alters the
surface characteristics of the film, as shown in Figure 5.3b. With a higher amount of
embedding, the surface of the film should become rougher due to more CNTSs being present.
After only one pass, more of the CNTs from the sheet were able to be removed by wiping
and thus there was more undisturbed PETG film with smoother surface characteristics.
Increasing the number of passes through the calender caused more complete and partial
embedding of the CNTs which resulted in less being able to be removed from the surface by
wiping. It should be noted that although the trend in surface roughness is indicative of better
embedding, the average values may not be indicative of that of the entire sample. The CNT
sheet is non-uniform and the surface characteristics of the produced film may vary over a

large area.
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Figure 5.3 (a) Atomic force microscopy analysis of the surface roughness of samples

produced with various passes through the calender and (b) a 3D rendering of a sample
analyzed with AFM.

5.2  Variable Growth of Carbon Nanotubes

After optimizing the process and analyzing the electrical and optical trends of
samples made from the same CNT array, the next step was to alter the CNT array parameters
and determine how the morphology of the CNTs affect the optoelectronic properties. The
most direct way to alter the CNT parameters is to perform the growth for a different amounts
of time which will yield arrays of varying heights. In addition to the standard 20 minute
growth time, CNT arrays were also grown for 5 and 10 minutes. Samples with growth times
of less than 5 minutes were also made, however the spinnability was not adequate. A possible
explanation for this is that in the early stages of growth, the CNTs grow in a wavy
morphology and are not very aligned, which does not allow for the Van der Waals forces
necessary for the CNTs to attach as they are pulled out synchronously. After growth the

heights of the CNT arrays were analyzed using an optical microscope. Table 5.2 displays the
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growth times and the corresponding approximate heights of the arrays. Referring back to
section 3.1.1, it is important to note that the CVD gas setup was altered during the variable
growth experiments. Initially, the same setup in the previous experiments was used. A
common problem during these experiments was inconsistent spinnability of CNTs grown for
times shorter than 20 minutes. By utilizing residual gas analysis, it was determined that the
argon/chlorine mixture was inconsistent and the concentrations would vary during and
between growth runs. To resolve this problem, a pure chlorine tank was installed in place of
the argon/chlorine mixture. This ensured a constant chlorine concentration and improved the
uniformity of spinnability across the array. The results in this section were obtained using
CNTs grown with the pure chlorine gas. To view the results obtained from the variable

growth trials with the previous setup, see Appendix A.

Table 5.2 Growth times of vertically aligned spinnable CNT arrays grown via CVD and
corresponding heights.

Growth Time (min) Height (mm)
5 0.5
10 1.0
20 1.6

The diameters were also measuring using TEM images. Measurements were taken of
100 different individual CNTs from each array and averaged to achieve a representative
result. The results can be seen in Figure 5.4. From these measurements, it can be seen that the

average diameter of the CNTSs increased with increased growth time. While there is a broad
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range of diameters for each growth time, the histograms exhibit a general shift to the right
with increasing growth time. To determine if these results were significantly different, an
analysis of variance (ANOVA) test was used. ANOVA was deemed appropriate because the
samples are independent, the variances are similar, and by the central limit theorem, the
samples are normally distributed. The null hypothesis for this test, Ho, stated that all means
were equal, while the alternative hypothesis, Ha, stated that not all means were equal. Using
an F-table corresponding to dfi = 2 and dfz = 297 at o = 0.05, the rejection region is F > 3.03.
Because the computed F statistic was 46.95, the null hypothesis was rejected and it was
concluded that the growth time made a significant difference in the resulting tube diameters.
While there are many factors involved, a possible explanation for the increase in diameter
with increasing growth time was proposed by Hasegawa and Noda [101]. As the growth
duration increases, the catalyst particles coarsen. This coarsening can be explained by
Ostwald ripening, where larger catalyst particles increase in size while smaller particles
decrease in size due to their higher strain energy and ultimately disappear due to atomic
interdiffusion [102]. Over time, the total number of particles decreases and the average
diameter increases which causes a lower overall density. Another cause for the increased
diameter, as shown by Faraji et al. [103], is that the acetylene used during the growth process

can deposit carbon on the tube walls which grows the CNTSs radially.
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Figure 5.4 Histograms of the diameter measurements of CNTs grown for (a) 5 minutes,
(b) 10 minutes, and (c) 20 minutes.

Table 5.3 ANOVA results of variation of CNT diameters from variable growth times.

F Statistic
Source ss df MS fora=0.05
Between 9396.1 2 4698
Samples
e 46.95
N 297184 297 100
Samples

Total 391145 299

Both the CNT diameter (influenced by the number of walls) and height have been

shown to play a role in the electrical and optical properties. Longer CNTs with larger
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diameters will have a greater tendency to agglomerate and form bundles due to increased
contact area between the CNTS. The presence of bundles has a significant effect on the
transparency of the CNT films. Figure 5.5 shows images taken of samples produced with 5,
10, and 20 minute grown CNTs using an optical microscope. From these images, the
increased bundling can be seen with increasing growth time. Chen et al. studied the effect of
wall number and diameter on the electrical properties of CNT thin films and determined that
there were offsetting factors that occurred with increasing the wall number (and thus,
increasing diameter) [104]. While the height remained constant, increasing the wall number
resulted in increased effective electrical conductivity however the packing density decreased.
The effective electric conductivity increases because the metallicity of the CNTSs increases
with increasing wall number [105]. Because conduction occurs through the outermost shell,
increasing the diameter causes the energy gap to decrease. This increased electrical
conductivity is offset by the decrease in packing density that comes with a higher number of
walls. Having fewer CNTSs per unit area reduces the number of contact points and increases
the chances of gaps that will increase resistance. The study by Chen et al. as well as a study
by Li et al. [106] concluded that CNTs with approximately 2 walls (DWCNTS) exhibit a
superior combination of electrical and optical properties compared to SWCNTs and
MWCNTSs. Unfortunately, the growth setup used in this process is unable to produce
DWCNTs at this time. The size of the catalyst that precipitates out of the vapor phase is the
main factor in determining CNT size and this depends on the total chamber pressure, the
partial pressures of the catalyst vapor and gases, and the temperature. It may be possible to

alter these conditions and still achieve spinnable arrays, but because there is such a small
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window for array spinnability in terms of alignment, catalyst spacing, and density, altering
the established growth setup was not explored. However, this could be an interesting avenue

for further research.

=

(a)

3
t't::"

§ A ‘.."'-; W% rdt | ¥4
Figure 5.5 Presence of CNT bundling shown in samples produced with CNT arrays
grown for (a) 5 minutes, (b) 10 minutes, and (c) 20 minutes.

After growing and analyzing the dimensional attributes of the CNTs, films were
produced using the same method discussed in the previous section. Based on the findings
from the previous section, the measurements were taken on samples passed through the
calender one time and five times. Figure 5.6 shows the electrical and optical measurement
results of these samples. Only unwiped and ethanol wiped samples were tested. Dry wiping
was not performed because based on the previous results, there is little difference between
the unwiped and dry wiped samples under these processing conditions. From these results, it
can be seen that the resistance and transmittance decreased as the growth time increased.
These results were expected because, as previously discussed, the height and diameter of the
CNTs increases with increasing growth time. The CNTs with a larger diameter will absorb
more photons and the corresponding height increase results in more bundling because there is

more contact between the CNTs. The bundles are agglomerations of CNTs that will absorb
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more photons than an area of well aligned and evenly spaced CNTs. The increased number of
walls and diameter increases the metallicity of the CNTs which decreases the resistance.
Furthermore, the increased height allows for more contact points between the CNTs which
decreases the chances of an open gap of insulating polymer existing within the measured area
which would increase the resistance. The tradeoff between transparency and sheet resistance
can be seen with these samples. For the one pass unwiped samples, the 5 minute grown array
(height = 0.5mm, average diameter = 34.5nm) had an average sheet resistance of 1921
Q/square at an average transmittance of 65.83%. Both values decreased for the 10 minute
grown sample (height = 1.0mm, average diameter = 38.97mm) to 1623 Q/square and
55.94%. A more drastic decrease was seen when using the 20 minute grown sample (height =
1.6mm, average diameter = 47.96nm) to 384 Q/square and 43.56%. The gap in sheet
resistance between each individual wiped and unwiped sample decreased as the growth time
increased. A possible explanation is that when using taller CNTs during the process, more
out of plane tubes are likely to become at least partially embedded and unable to be removed
by wiping. Shorter CNTs have less length that can become partially embedded in the film
and thus may have more unembedded CNTs that can be removed from the surface by wiping.
Furthermore, the gap in transmittance between the unwiped and wiped CNTSs increased with
increasing growth time. This can be explained through bundling. Taller CNTs with more
walls are more likely to form bundles during processing [26]. Bundles provide more contact
points for electrons to travel but also absorb more photons because of a high density of
CNTs. Because the bundles are thicker and are likely to contain many out of plane CNTSs, the

level of embedding is expected to be relatively low compared to the non-bundles areas. By
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wiping with ethanol, the unembedded CNTs within the bundles will be removed and the
transparency of the film will increase. Shorter CNTs are less likely to form bundles and thus
there is less room for increasing transparency under the same processing conditions. Table
5.4 shows the differences between samples with different growth times at the wiped and
unwiped stages. From these images, it can be seen that the haziness of the unwiped increases

with increasing growth time which is indicative of CNT bundles in the film.
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Figure 5.6 Sheet resistance vs. growth time and transmittance vs. growth time for (a)
and (b): 1 pass samples and (c) and (d): 5 pass samples.
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Table 5.4 Visuals of samples produced with variable growth times showing the
progression of transmittance upon wiping

Growth Time 5 Min 10 Min 20 Min

Unwiped

Wiped

In addition to height and diameter, another aspect of the CNTs that affects the
electrical properties is the defect density. To analyze this, Raman spectroscopy was used. It is
necessary to analyze the D-band (1350 cm™) and the G-band (1582 cm™). The D-band is
indicative of any disorder in the material that may lower the crystal symmetry of the lattice
and the G-band is induced by in-plane vibration of graphite within the material [107]. By
comparing ratio of the G-band and D-band intensity peaks (Gi/D1), the relative defect density
and graphitic quality can be ascertained [108]. For this experiment, each array was analyzed
using Raman spectroscopy. The laser was focused on at the front of each array lengthwise
and at the middle widthwise to attain values that best relate to the electrical and optical

measurements. In addition to determining the difference between each array, it is relevant to
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analyze the variation within an array. Because the process is continuous, it is important to
know if the quality and defect concentration vary along the length of the array. In order to
determine the variation in quality and defects along the array, the 10 minute array was chosen
and Raman measurements were taken at the front, the middle, between the middle and back,
and at the back of the array. Furthermore, the consistency of our growth process was
assessed. Three different arrays were grown for 10 minutes each under the same settings and
each array was analyzed. These results can be seen in Figure 5.7 As seen in 5.7a, Gi/Di
increased with increased growth time. This indicates a decrease in defect concentration with
increasing growth time. The decrease in defect concentration contributes, along with the
diameter and height, to the decreasing sheet resistance with increasing growth time. From
Figure 5.7b, it can be seen that Gi/Di remained constant from the front to the middle of the
array but decreased in moving from the middle to the back. A common problem with the
arrays is the decrease in spinnability at the back of the array. This data indicates that the
defect density increases, which is a contributing factor to this problem. Figure 5.7¢ shows
that there is variation in defect density between arrays grown in our reactor. Two of the
arrays showed the same Gi/Di of 1.60, however the third array increased to 1.72. The
controllable settings (catalyst amount, gas flow, temperature, pressure, growth time, post
treatment time, and position within the furnace) remained constant, however factors such as
catalyst quality, moisture content, and flow dynamics within the reactor may contribute to
this variation. With further research and monitoring accessories within the reactor, it should

be possible to improve the consistency between arrays.
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Figure 5.7 Raman spectroscopy analysis of (a) 5, 10 and 20 minute grown arrays, (b)
variation along length of a single 10 minute grown array, and (c) variation between
different arrays grown under the same conditions.

To further confirm the effect of Gi/Dion the electrical properties of the produced film,
samples were produced using the positions and arrays from Figure 5.6b and 5.6¢. Only one
pass unwiped samples were analyzed because the basic properties of the CNT sheet were the
main focus. Adding additional passes and wiping may introduce more variation between the
samples which is undesirable for these basic comparisons. Figure 5.8 shows the results from

these trials. As expected, the sheet resistance decreased as Gi/Di increased. Although other
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factors may influence the sheet resistance as well, it is reasonable to conclude that the defect
concentration is a key contributor to the variation in sheet resistance within and between the
arrays. Improving the consistency of electrical properties within and between arrays should

be further studied in order to achieve appropriate properties for applications with tight

tolerances.
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Figure 5.8 Sheet resistance measurements showing variation of (a) positions along one
array and (b) between different arrays.

To analyze the change in mechanical properties of the film due to embedding CNTs
in the surface, nanoindentation was used. The methods and set up used are described in
Section 3.5.4. During testing, the surface of the film is indented and the resistance to
indentation is monitored. From this data, the Young's modulus and hardness of the material
can be determined. These tests were performed on the one pass and five pass ethanol wiped
samples using the 5, 10, and 20 minute grown arrays. The unwiped samples proved

problematic and gave inconsistent results which was due to unembedded CNTs on the
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surface shifting during indentation. The modulus and hardness are both a function of the
indentation load. For comparison purposes, only the data from a 50uN load is displayed in
Figure 5.9. It should be noted that the modulus and hardness values will decrease with

increasing load.
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Figure 59 (a) Young's modulus and (b) hardness values calculated from
nanoindentation data for wiped samples produced with 5, 10, and 20 minute growth
arrays at a load of 50 uN.

The nanoindentation results show that both the modulus and hardness increase when
using CNTs grown for longer periods of time. As expected the modulus and hardness both
increase from one to five passes through the calendar. This is a result of there being more
CNTs embedded in the surface of the PETG film after five passes compared to only one pass.

The nanoindenter can calculate the reduced modulus, Er, based on the slope of the load-
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displacement curve. From the reduced modulus, the Young's modulus can be calculated from

the following equation:

1 (- VZ)Jr (1-v?)
E, E E;

Where vi and Ei are the poisson's ratio and Young's modulus of the indenter material, in this
case diamond. These values are 0.07 and 1140 GPa, respectively. v and E are the poisson's
ratio and Young's modulus of the material being measured. In the case of these films, the
poisson's ratio was estimated at 0.35. It is likely that the hardness and Young's modulus can
both be attributed to the diameter and number of walls of the CNTs. With more walls, the
CNTs should become stiffer in the transverse direction and more resistant to indentation. By
increasing the number of passes and thus the number of CNTs embedded in the surface of the
film, the nanoindenter is less likely to contact bare polymer which gives an overall increase
in hardness and modulus across the measured areas. These improved mechanical properties
may be beneficial to some applications where the surface may be vulnerable to scratching or

impact.

5.3  Additional Improvements and Applications
5.3.1 Effect of Acid Treatment on Electrical Properties

Various studies have shown that treating CNTs with acids can improve the electrical
properties. Kaskela et al. [109] demonstrated this increase in electrical properties by treating
CNT transparent films with nitric acid. It was shown that this treatment caused p-type doping

of the CNTs with electron acceptors which increased the conductivity of the semiconducting
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CNTs. Because the majority of transparent CNT conducting films in literature are produced
via dispersion, there has been debate over whether the main benefit of the acid treatment is
doping or simply removal of the solvent or dispersion fluid from the CNTSs. Shin et al. [110]
conducted experiments and showed that the p-type doping has a larger effect on the sheet
resistance than the removal of residual dispersant. These results show that the acid treatment
could be beneficial for the samples produced in this study because the CNTs are directly
incorporated into the polymer film with no dispersion necessary. A study by Geng et al.
[111] determined that the ideal treatment time in nitric acid for CNT transparent films was
one hour. After one hour, the sheet resistance began to increase due to the CNTs being
damaged.

For the following experiments, the samples were treated in 50% HNO3 for one hour.
To initially determine how the acid treatment affected the samples at various stages of
calender passes and wiping, only the samples produced using the 20 minute grown array
were used. The results can be seen in Figure 5.10. From these results, it can be seen that the
sheet resistance decreases by 33% (384 to 257 Q/square) for the one pass unwiped sample,
however there is little to no decrease in sheet resistance for the other samples. Because the
wiped samples as well as the five pass sample have fewer CNTs on the surface, the HNOs is
unable to contact and dope as many CNTSs as with the one pass unwiped sample. Because of
this, there is little to no effect seen in regards to the sheet resistance. An added benefit of the
HNOs treatment, as shown in Figure 5.10b, is that there is little change in the transmittance.

Based on these results, the HNOs treatment is beneficial for the 1 pass unwiped samples that

80



have many CNTs exposed on the surface of the film, however it is not beneficial for the

wiped and 5 pass samples that have fewer CNTs exposed.
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Figure 5.10 Comparison of (a) sheet resistance and (b) transmission for untreated and
HNO3 treated samples at various stages.

After analyzing the previous results, the samples produced with the 5 and 10 minute
grown arrays were treated as well to determine if the effect of the treatment differs based on
the CNT parameters. As shown in Figure 5.11, a similar trend follows for the samples
produced with 5 and 10 minute grown arrays. The 10 minute sample exhibited a 37.6%
decrease (1623 to 1012 Q/square) and the 5 minute sample decreased by 16.8% (1921 to
1596 Q/square). Similar to the previous results, the transmission data showed little change
after the acid treatment. These results show a promising method to improve the electrical
properties of the CNT films without significantly affecting the optical properties. Further
research of this treatment in regards to acid type, concentration, and duration will be helpful

in fully optimizing the properties of the films.
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Figure 5.11 Comparison of (a) sheet resistance and (b) transmission for untreated and
HNO3 treated samples using CNT arrays grown for 5, 10, and 20 minutes.

5.3.2 Bending Tests

A key benefit of using CNTs to make semi-transparent conductive films is the
flexibility. Although ITO can be deposited on flexible polymer films, the electrical properties
decline upon flexing. Very short CNTs (10 um) may rupture upon bending, which was the
case in [28]. However our CNTs are much longer and are able to remain intact and bridge
across the elongation induced by bending. To exhibit the effect of bending on the electrical
properties of the samples produced in this research, a simple screw driven adjustable plate
was used. Two 12mm x 50mm piece of film were cut from a one pass unwiped sample
produced from a 20 minute grown array, one with the CNTs parallel to the ends and one with
the CNTs perpendicular. The lead wires were attached at each end using silver epoxy and
were connected to a multimeter which displayed the resistance. The screw was then turned to

decrease the distance between the plate and the edge and the bend radius was measured using
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a ruler. Figure 5.12 shows the experimental set up and Figure 5.13 shows the resulting data
after bending. After the minimum bend radius was achieved, the film was then completely

folded over.

Figure 5.12 Bending test set up showing the leads connected to each end of a (a) flat
sample and (b) bent sample.
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Figure 5.13 Resistance change as a function of bend radius for samples with the CNTs
parallel and perpendicular to the bend direction.
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These results show that there was virtually no change in resistance upon bending and
only a 4% increase for the parallel direction and a 13% increase for the perpendicular
direction when the sample was folded. These results are superior to the results obtained by
Feng et al. [81] using a CNT-PET film produced from a spinnable CNT array. In this study,
the resistance remains constant during bending but increases by 13% upon folding, two
orders of magnitude higher than our results. An ITO-PET film was also measured by Feng et
al. and it was found that the resistance increased by 30% at a bending radius of 5mm and by
12708% upon completely folding which indicates that bending causes the ITO to crack.
Although the optical properties are not up to par with ITO, the combination of flexibility
while maintaining fairly constant resistance of these CNT films provides a unique attribute

that may be useful in some applications that require extreme bending of the film.

5.3.3 Piezoresistive Strain Sensing

One potential application of these semi-transparent CNT conductive films is as a
strain sensor. CNTs exhibit piezoelectric behavior which causes the electrical resistance to
change as strain is applied. By monitoring the change in resistance of the conductive CNT
films upon straining, a model can be developed and unknown strains can be determined
based on the change in resistance of the film. The strain sensing capabilities of CNT-polymer
films have been exhibited [112-114], however in most cases the films are fabricated using a
dispersion method. The calendering process utilized in this research would be beneficial in
quickly producing films that could be cut or directly applied as strain gauges with few no to

extra steps necessary.
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To test the strain sensing performance of CNT films produced in this research,
monotonic tensile tests were performed as described in Section 3.5.4. Samples were tested
with the CNT alignment parallel and perpendicular to the loading direction. The results can
be seen in Figure 5.14. From these results, it is apparent that the CNT orientation
significantly affects the piezoresistive behavior of the films. With the CNTSs parallel to the
loading direction, the response was much more sensitive than with the CNTs perpendicular.
The main mechanisms that can explain the piezoresistive behavior of the CNT films involve
the CNT interconnections and the tunneling effect between individual CNTs [115]. Under
normal conditions, the CNTs in the film have many contact points with one another due to
the general alignment and the presence of bundles. As the film is strained, the CNTs will
shift and possibly break. This movement can create more junctions where CNTs are not
connected and there is a gap between them.

The high sensitivity of the parallel sample can be attributed to the previously
discussed factors. Because the strain is being applied in the same direction of the CNT
alignment, the movement will likely shift the CNTs and decrease the number of contact
points which are the primary mechanism of electrical conductivity in this direction.
Decreasing the number of contact points causes a more difficult path for electrons to travel
which increases the resistance reading. The strain may also cause tearing or cracking along
the CNT direction which would further contribute to this increased resistance. Another factor
that may play a role is load transfer to the CNTs. CNTs have intrinsic piezoelectric properties
and straining of the individual CNTs in the film should allow this to contribute to the overall

resistance change. Although a complete analysis was not performed, one potential reason the
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sample with the CNT film perpendicular to the loading direction showed very low sensitivity
is that tunneling could be the main mechanism for resistance within the sample. Although
there are some crossover points because the CNTs are not perfectly aligned, the resistance is
generally governed by tunneling where electrons must travel across the insulating polymer
between the CNTs in the perpendicular direction. By increasing the strain, the gaps could
slightly increase, however this should not significantly affect the overall resistance. Any
damage or cracks that occur in the film will be in the transverse direction to the CNTs and
thus will not significantly affect the resistance that is controlled mainly by tunneling. As
shown by the parallel sample, contact points between the CNTs are a much more influential

aspect of overall resistance.
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Figure 5.14 Piezoresistive behavior of the CNT films during monotonic tensile testing.
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These promising results show that the films produced in this research could
potentially have applications as strain sensors where transparency is necessary. The films are
simple to apply to a desired substrate and may be cut to various sizes to fit. Utilizing the
films with the CNTs aligned parallel to the loading direction is much more beneficial than
having them aligned in the perpendicular direction in terms of sensitivity. The elastic nature
of the PETG film should also allow for strain sensing at higher strains that those
demonstrated in this research. Further research will be necessary to determine the correlation

between the sensing capabilities and the transparency of the films.

5.3.4 Electrically Induced Heating

Another potential application for these CNT films is for use as a semi-transparent
film heater for use as defrosters. ITO coated substrates are often used as transparent heaters,
however limitations arise from slow thermal responses, inflexibility, and intricate production
methods. CNTs could provide a new material with additional benefits as transparent film
heaters due to their electrical and thermal conductivities. CNT film heaters have been
produced using both dispersed CNTs [116] and CNTs drawn from aligned arrays [117, 118].
Using aligned CNTs is beneficial for potential mass production of the heaters because there
are fewer steps involved in fabrication.

For this experiment, the one pass unwiped samples produced with 5, 10 and 20
minute grown arrays were used to determine how the CNT parameters affect the voltage-
temperature relationship. The testing setup can be seen in section 3.5.1. All samples were cut

to the same size (1" x 2") and the same voltages and currents were used to ensure that there is
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no variation between samples in terms of input power and surface area. The thermocouple
was placed directly on the film to achieve an accurate measurement of the surface
temperature. Indirect temperature measurement may be affected by convection. Figure 5.15

shows the resulting temperatures as various voltages were applied to each sample.

90 —=—5Min 1921 Q/Square
1 —e— 10 Min 1623 Q/Square
80 —&— 20 Min 384 Q/Square

Temperature (°C)

Voltage (V)

Figure 5.15 Temperature vs. voltage for 1 pass unwiped samples produced with 5, 10,
and 20 minute grown arrays.

From this data, it can be seen that the 20 minute grown sample heats up much higher
than the other two samples. At an applied 30V, the 20 minute sample reached a temperature
of 87.7°C which was above the glass transition temperature of the PETG film and caused it
to soften. The influence of sheet resistance of the films is very apparent from this data. Of
course, the transparency decreases as sheet resistance decreases and high transparency is

ideal for thin film heaters for use as defrosters. At a standard voltage of 12V, the 5 and 10
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minute samples may not have adequate electrical properties and the 20 minute sample may
not meet transparency standards. Further research could be done with these films in order to
optimize the resistance and transparency of the films for use as thin film heaters. These
preliminary results show that the films produced in this research do exhibit electrically
induced heating and may be adequate for applications with further optimization. The
flexibility of the films and the simple fabrication through a continuous process make them an

intriguing material for future research.

54  Conclusions

The results from this section show that by altering the growth times of the CNTSs,
their height and diameter can be altered. These properties influence the electrical and optical
properties of the CNTs. This influence was shown by embedding the CNT sheets from
different arrays using the same calendering process and measuring resulting the properties of
the conductive films. Performing a post production nitric acid treatment was shown to lower
the sheet resistance of the films via p-type doping without affecting the transparency. The
lowest sheet resistance (257 Q/square) was obtained after acid treating a sample passed
through the calender only once at 135°C without wiping. This sample had a transparency of
42.55%. The highest transparency achieved (70.29%) corresponded to a 5 minute grown
sample that was passed through the calender once at 135°C at wiped with an ethanol soaked
cloth afterwards. The sheet resistance of this sample was 9224 Q/square. The relationship
between sheet resistance an transparency is exhibited throughout this study. Applications

such as strain sensing and electrical film heaters were demonstrated, although further
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research is required to optimize the properties and determine the viability for consumer
industry. More research must go into improving the properties and consistency of the CNTSs,
however the flexural properties of the produced films and simple continuous fabrication

process make these films unique with the potential for scaling up to industrial production.

6 Suggestions for Future Work

Although this research has presented a viable process to directly incorporate CNTs
into a polymer film through a continuous process, there is much room for further research. In
regards to the calendering process, more polymers and roller coverings should be tested A
better non-stick relationship between another cover and polymer film may be found that
allows for more compression of the film that was unattainable with the Teflon and PETG
film due to deformation. With the ability to compress the film more, it may be possible to
better embed the CNTs without the need for additional passes. Being able to obtain optimal
properties with only one pass through the calender would be more appealing for industrial
production due to decreased production time which would allow for higher throughput. A
polymer with a lower glass transition temperature would also require less heating and thus
lower energy consumption.

Additional research is also required in the area of vertically aligned spinnable CNTSs.
Although the processing parameters do affect the resulting film, the CNTs are the dominating
factor in regards to the final optical and electrical properties. As demonstrated in this
research, there is variability in the properties within and between CNT arrays grown under

the same set of conditions. In order to meet tight tolerances that some products may require,
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the uniformity and consistency of the arrays will need to be improved. Because there are
many factors involved, multiple studies will be required to analyze aspects such as
temperature, pressure, catalyst, substrate, and precursor gases to determine their affect on
spinnability, uniformity, and consistency of properties of arrays. Ideally very tall CNTs with
few walls and good spinnability will be produced which will result in films with high
transparency and low sheet resistance. Furthermore, methods by which to improve the
electrical and optical properties of the spinnable CNT arrays after growth should be explored.
Methods to reduce or eliminate bundles and dope the CNTs during processing would be
beneficial in improving the optical and electrical properties. Incorporating these methods into

the continuous process would add greater benefit.
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Figure A.1 (a) Sheet resistance and (b) transmittance of CNTs with variable growth
times grown with original growth setup using an argon/chlorine mixture..

104



	LIST OF TABLES
	LIST OF FIGURES
	1  Introduction
	2 Literature Review
	2.1  Carbon Nanotubes
	2.1.1  Carbon Nanotube Properties
	2.1.2  Carbon Nanotube Synthesis
	2.1.3  Vertically Aligned Spinnable Carbon Nanotubes
	2.2  Electrically Conductive Films
	2.2.1  Transparent Conducting Oxides
	2.2.2  Carbon Nanotube Electrically Conductive Films
	2.2.3  Characterization of Electrically Conductive Films

	2.3 Polymer Calendering
	Calendering is a common method used to produce films and coated sheets of plastic and rubber materials. A calender is a simple system consisting of two rollers that rotate simultaneously and are usually heated to either melt a raw material or fuse tw...

	3 Experimental
	3.1 Materials
	3.1.1 Spinnable MWCNT Array Synthesis
	3.1.2 PETG Film

	3.2  Equipment
	3.2.1  Platen Hot Press
	3.2.2  Calender

	3.3 Equipment and Sample Production
	3.3.1  Batch Heat Press Process
	3.3.2 Continuous Calender Process
	3.3.3  Sample Handling

	3.4  Testing Procedures
	3.4.1  Electrical Testing
	3.4.2  Spectroscopic Testing
	3.4.3 Microscopy
	3.4.4 Mechanical Testing


	4 Optimization and Preliminary Results
	4.1 Platen Hot Press Trials
	4.2 Initial Calender Trials
	4.3 Conclusions

	5 Results and Discussion
	5.1 Calender Production
	5.2 Variable Growth of Carbon Nanotubes
	5.3 Additional Improvements and Applications
	5.3.1  Effect of Acid Treatment on Electrical Properties
	5.3.2 Bending Tests
	5.3.3  Piezoresistive Strain Sensing
	5.3.4 Electrically Induced Heating

	5.4 Conclusions

	6 Suggestions for Future Work
	Although this research has presented a viable process to directly incorporate CNTs into a polymer film through a continuous process, there is much room for further research. In regards to the calendering process, more polymers and roller coverings sh...
	Additional research is also required in the area of vertically aligned spinnable CNTs. Although the processing parameters do affect the resulting film, the CNTs are the dominating factor in regards to the final optical and electrical properties. As d...
	REFERENCES
	APPENDICES

