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ABSTRACT

Electronic technology is moving towards flexible, durable, and smaller devices with
multifunctional capability. To accelerate this movement, creating materials with outstanding
properties is critical. Nanocomposites based on single wall carbon nanotubes (SWCNTs) have
received considerable attention because of their unique mechanical and electrical properties.
When SWCNTs are formed as a sheet, they provide large contact area and ease of control,
especially when incorporated into a flexible format. However, when SWCNT films are adhered
to an elastic substrate, there are challenges with their use in flexible electronics, such as a
reduction Young’s modulus under deformation. SWCNT films can undergo plastic behavior at
even a small strain because individual SWCNTs slide past each other in response to deformation.
To address these challenges, a strain-induced elastic buckling instability for mechanical
measurements (SIEBIMM) method was used to query SWCNT film mechanics. The buckling
wavelength and the film thickness are two main factors that influence the mechanics of
nanocomposite thin films adhered to elastomeric substrates.

SWCNT films coated with a second nanomaterial, such as a polymer thin film or
nanocrystals (NCs), have shown a significant enhancement in elasticity. The studies described in
this dissertation demonstrate that polymer thin film can reduce the strain softening of SWCNT
films, where both yield strain and Young’s modulus increase with the introduction of SWCNT-
polymer layers. Specifically, the films started to exhibit a strong synergy between SWCNT and
polymer at a film thickness of around 20 nm, which is attributed to the thickness approaching the
characteristic interfacial width between the two materials. Both a ‘passive’ polymer thin film (for

example, polystyrene-PS) and an ‘active’ polymer thin film, the conducting polymer poly(3,4-

il



ethylenedioxythiophene)-poly(styrenesulfonate)(PEDOT:PSS), were investigated, spanning a
bilayer to the bulk limit of SWCNT-polymer multilayers.

In addition, ultrathin SWCNT films coated with colloidal NCs have also been
investigated. We have utilized two approaches to coat SWCNT films with NCs: Langmuir-
Blodgett (LB) and spray coating. Both Si and CdSe nanocrystals showed a roughly two-fold
enhancement in film elasticity, which was attributed to an excluded volume effect that prevents

the SWCNT rearrangement under an applied strain.
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1. INTRODUCTION TO NANOMATERIALS AND NANOCOMPOSITES
1.1. The Definition of Nanotechnology
Nanotechnology corresponds to the size of technological materials being reduced to the
scale of nanometers, causing material properties to be altered. Put simply, “nanotechnology”
refers to the control and understanding of matter at dimensions between 1 and 100 nm, which
can lead to novel properties and applications. A nanometer is one billionth of a meter, which

means a sheet of paper is about 100,000 nm in thickness [1]. Figure 1.1 shows the size and scale

of nanomaterials.
- 1mm
Lung alveoli - Neuron
(400 um) | . . (200 um)
-
®) e ‘
(1’ Pollen 5:;:,—:
Q (100 um) JESEEES
—_ A3e Hair
2 (60 um)
Bacteria
(1 um)
Red
blood
o cell
(7 um)
Virus
(10-150 nm)
/ DNA helix
4 y ! diameter o
Comrbush‘on ‘ - (2 nm) - 4
exhaus'
(20 nm) <
=
ol ‘
oS8 p o
P IR C60
Atom C »ids (1 nm)
(0.1 nm) RO
o0 o¢
0.1 nm

Figure 1.1. Nanomaterial size and scale in comparison to bulk materials [1].

Richard Feynman was the first one who introduced the idea of nanotechnology to the
public in 1959 through his lecture “There’s Plenty of Room at the Bottom™. In this lecture,

Feynman described how scientists might control matter at an atomic level. In 1981, a part of his
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dream came true with the discovery of the Scanning Tunneling Microscope (STM) with
nanoscale resolution [2-3].

“Nanoscale material” is an alternative term for nanomaterial, which can be distinguished
from bulk materials. In general, nanomaterials are divided into four groups: zero dimensional
nanoscale structures (particulate like shape), one-dimensional nanoscale structures (fiber-like
shape), two-dimensional nanoscale materials (sheet-like shape) and three-dimensional nanoscale
structure (3D network) [2]. How nanomaterials impact science, technology, and the environment
is a principle concern for nanotechnology research.

To understand the implications of nanoscale materials, suppose that we have a mid-size
cube of gold. If we are able to bisect the bulk gold in all 3 dimensions, it would exhibit the same
intrinsic properties until we reach the nanoscale, where quantum effects would start to emerge.
At this nanoscale level, the material’s properties — including such things as color, melting point,
and interparticle forces — would change. Additionally, the structure of nanomaterials provides
high surface to volume and in some instances high aspect ratio, which makes them suitable for
many applications including nanocomposites [4].

In addition, the electronic properties of materials have the potential to be influenced by
the wave-like properties of electrons inside a material at the nanoscale, which can lead to
alteration of the electrical and optical properties. For example, reducing the size of
semiconductors to the quantum confinement level (typically below 10 nm) will introduce new
optical properties, such as efficient photoluminescence, that have no analogue in bulk

semiconductors [3-4].



1.2. Composites and Nanocomposites

Generally, solids are divided into several groups, such as polymers, ceramics,
semiconductors, and metals. This classification is based on the chemical and atomic structure.
However, composites are formed when two or more of these groups are combined together. In
composites, one material is typically a reinforcing phase that could be particles, fibers, or sheets.
These are embedded into the base material, which is called the matrix phase. The reinforcing
agents provide strength to the matrix associated with low density. Therefore, the combination is
stronger, tougher and lighter than individual materials [2-4].

However, when the composite materials have at least one phase at a nanoscale level,
nanocomposites are formed. Due to the power of nanoscale materials, the properties of the
composites will be maximized, and new properties can emerge. In addition, cost effectiveness in
industry is important, and just a small fraction of nanoscale “fillers” can be enough to change the
material properties. Lately, nanocomposites containing both organic and inorganic phases have
received tremendous attention. The properties of nanocomposites depend not only on the
properties of the individual components, but also on the degree of attraction or compatibility
between the two phases, which means the bonding and interfacial characteristics between two
materials are important and critical [7-8].

However, Toyota has started commercially using nanocomposites in automotive
applications in the form of polymer/clay auto parts. Since their introduction, there has been
growing attention directed toward nanocomposites with promising potential applications. One of
the most important applications is electronics, where nanocomposites in the form of thin films

can improve and enhance the electrical properties of materials [2,4].



1.3. The Applications of Nanocomposites in Flexible Electronics

Four decades ago, the thickness of crystalline silicon solar cells was reduced, and they
became more flexible for aerospace applications. Today, integrated circuits based on silicon are
thinner and more flexible, so smart cards remain active and resist breakage in response to applied
strain. The precise meaning of “flexibility” can carry many definitions: elasticity, lightweight,
roll-to-roll manufacturability, and stretchability. On the industrial side, flexible electronics
means flexible displays and flexible sensors, particularly for biomedical applications. In the
research field, researchers have investigated conformally shaped displays, wearable electronics,
and skin sensors [9]. Reducing the material thickness to micrometers makes them flexible but
sometimes reduces other properties such as crystallinity and electron mobility. Therefore, in
some instances the device’s conductivity has the potential to be negatively affected.

To overcome such negative effects, nanocomposites open new possibilities for
simultaneously enhancing both mechanical and electrical properties. For example, embedding
silver nanowires (AgNWs) into a nonconductive polymer enhances the electron mobility through
the matrix while the device remains light, flexible and cheap. Combing the conductivity of
AgNWs and the flexibility of plastics can improve the conductivity of flexible electronics, but
this can only be achieved when nanomaterials are used in the composites [9-11].

The main applications of nanocomposites in flexible electronics are as transparent
conductive electrodes (TCEs), active layers in solar cells, and light emitting diodes (LEDs).
TCEs and solar cell applications will be discussed in the following sections, 1.3.1 to 1.3.2.

1.3.1. Transparent Conductive Electrodes (TCEs)
Transparent conductive electrodes play a crucial role in optoelectronic devices such as

light emitting diodes (LEDs), touch screens, and solar cells. TCEs work as windows for
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optoelectronic devices by allowing light to enter or leave the device. Additionally, TCEs work to
extract either electrons or holes from the active area of the circuit. Indium Tin Oxide (ITO) is
commonly used in TCEs due to its high transparency and low sheet resistance. However, ITO is
not abundant and is brittle. Therefore, ITO does not meet the requirements for a new generation
of electronics designed to operate normally under deformation.

To replace ITO, alternative materials are required that can meet the same standards while
accommodating new platforms. These alternative materials should be transparent and conductive
as well as flexible. Several materials have been studied to replace ITO, such as conductive
polymers, carbon nanotubes (CNTs), and metal nanowires. However, these materials still show
some limitations for ITO replacement. For example, conductive polymers are negatively affected
by moisture and radiation, such as degradation in response to UV light exposure [10].

Instead of using individual materials, combining two nanomaterials together to form
nanocomposites has shown promise in this regard. For example, coating conductive polymers
with nanomaterials such as single-wall carbon nanotubes (SWCNTSs) enhances the electrical
properties of the polymers while protecting the polymer films from environmental damage. In
addition, the device remains flexible, transparent, and conductive [10-11].

1.3.2. Solar Cells

Solar cells are photodiode devices that convert solar energy into electrical energy. The
main component of a solar cell is the p-n junction, which is formed when p-type and n-type
semiconductors are brought together. A solar cell or photovoltaic (PV) cell is the basic unit in a
PV system. Today, most are made with Si, which needs to be purified and doped in order to use

it in PV cells. The purification step is a major factor that makes such PV systems expensive [9].



In the purification step, the top of a Si wafer is doped with a material such as phosphorus
with an excess of electrons, which makes a thin layer of n-type semiconductor. However, the
base side of the Si wafer is doped with a different material, such as boron, that has an excess of
holes. Thus, this forms a p-type semiconductor in the base. When the p- and n-type materials are
brought together, they form a p-n junction, with the electrons travelling to the p-side and the
holes going to the n-side until equilibrium is reached. When the solar cell is exposed to sunlight,
photons excite electrons in the p-n junction, and the electrodes then pull these electrons and holes
out of the cell through a circuit [14]. Figure 1.2 shows the basic elements of a PV cell (right) and

the semiconductors commonly used to form either p- or n-type materials in solar cells (left).
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Figure 1.2. Semiconductor groups (left) and the PV cell structure (right) [15].

As mentioned above, purifying Si is very costly. One solution to overcome this is to use
thin film solar cells based on nanocomposites, which are the combination of nanomaterials such
as nanoparticles or CNTs.

In addition, the band gap will be altered by quantum confinement when the size and

shape of an inorganic material are reduced. This also opens new possibilities for choosing the

6



spectral window or the complementary absorption profile. Additionally, these nanocomposite
thin films can be easily deposited by various deposition techniques, such as vacuum filtration,
drop casting, spin coating, electrospinning, spray coating, or dip coating. Thus, nanocomposites
can be a good replacement for TCEs in PV cells. Figure 1.3 shows the areas that can be
improved upon in order to achieve high-efficiency flexible solar cells [10-11].
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Figure 1.3. Solar cell structure [17].

1.4. Objectives and Approaches

In this dissertation, we mainly focus on the possible replacement of ITO and the
concurrent enhancement of thin-film mechanics utilizing nanocomposites. The main materials
utilized here are SWCNT thin films, which are then “filled” with other nanomaterials in order to
prevent individual SWCNTs from bundling in response to the applied strain. In Chapter two, the
properties of nanomaterials that form nanocomposites will be covered in detail. Single wall
carbon nanotubes (SWCNTs) and SWCNT thin films will be examined, as well as the potential
fillers, such as silicon nanocrystals (SiNCs) and poly(3,4-ethylenedioxthiophene)-
poly(styrenesulfonate) (PEDOT:PSS) films. Chapter three covers the experimental procedures
and the characterization methods, whereby SWCNT thin films are coated with a second
nanomaterial such as NCs or polymer thin films in order to enhance the mechanical properties

such as elastic modulus and yield strain. In Chapter four, the rigidity and bulk limit of SWCNT-
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polymer multilayer nanocomposites are discussed. Chapter five covers the mechanical
enhancement of a conductive polymer layer sandwiched between two SWCNT films. Chapter six
covers the elasticity enhancement of ultrathin SWCNT films coated with a monolayer of CdSe
NCs, while Chapter seven covers SWCNT films coated with SiNCs using a different deposition
technique. Finally, Chapter eight provides a summary and outlook for nanocomposites in the

flexible electronics field.



2. THE PROPERTIES OF NANOCOMPOSITE MATERIALS

CNTs have been intensively studied due to their extraordinary electrical, mechanical, and
thermal properties. They are promising nanomaterials for many applications, including flexible
electronics. In this Chapter, SWCNTs and other nanomaterials such as SiNCs and PEDOT:PSS
will be considered. First, the properties of SWCNT and SWCNT thin films will be examined in
the following subsection. Then, thin films made from the conductive polymer (PEDOT:PSS) and
quantum dots (SiNCs) will be reviewed, where their properties and synthesis methods will be
discussed in detail. In addition to our own work, we also include a review of the recent literature
on the properties of SWCNT, PEDOT:PSS, and SiNCs.

2.1. Single Wall Carbon Nanotubes (SWCNTs) and SWCNT thin films

Carbon, with an atomic number equal to six, is the fourth most abundant element in the
universe. In comparison to the other elements, carbon has a number of unique allotropes. Most
notably, carbon nanotubes (CNTs, a high-aspect-ratio cylindrical allotrope), were discovered in
1991 by Sumio Iijima. CNTs are a sheet of graphite “rolled up” into a cylinder [18]. Recently,
CNTs have received a large amount of interest focused on a better understanding of their
structure and potential applications, specifically the impact of their diameter, length, and
chirality. In addition, CNTs can be either single-walled (SWCNTSs) or multi-walled (MWCNTSs).

In this subsection, SWCNTs will only be considered because the properties of SWCNTs
are superior to MWCNTs and SWCNTs are the material studied in this dissertation. SWCNTs
can be thought of as “rolled-up” graphene sheets, with diameters that range from 0.3 nm to 3 nm
and lengths that can be up to several millimeters. Due to their small diameter and large length,
SWCNTs have very high aspect ratio, which makes them appealing for many applications. In

addition, SWCNTs can be either metallic or semiconductor, depending on their molecular
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symmetry. In other words, they can be conducting or semiconducting depending on how the
graphene sheet is “rolled up”. Because of this unique attribute, SWCNTSs are of interest for
numerous applications in microelectronics and flexible electronics [18].

The chiral vector (n, m) is used to describe the structure of the tube, where n and m are
integers (shown in Figure 2.1). When n and m are equal, an armchair structure is formed, where
the armchair SWCNT is metallic. On the other hand, if m is equal to zero, a zig-zag structure is
present and the SWCNT is semiconducting [19]. In general, the chirality of SWCNTs determines

their electronic properties: metallic vs. semiconducting [19].
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Figure 2.1. SWCNT (a). The chiral vector (n, m) (b) [19].

In addition, SWCNTs can withstand high current densities due to their strong C-C bonds
and they can accommodate high signal frequency (up to 10 GHz) when utilized as interconnects
on semiconductor devices, where electron transport occurs along the tube axis [20]. The chirality

also plays a very important role in determining the diameter of a SWCNT through d =

~v/n? + m? + nm, where a is the length of the C-C bond [19].

SWCNTs exhibit high material strength due to the nature of the bond between carbon

atoms associated with their unique tube-like structure. In a SWCNT, each C atom is bonded with
10



three carbon atoms, which forms three sp? orbitals through hybridization. For example, to cleave
a SWCNT, 10 bonds must be broken with each bond having 2.7 eV bond energy. This bond
energy is strong and leads to unique mechanical properties [21].

Theoretically, the Young’s modulus of a SWCNT is predicted to approach 1.2 TPa,
which is in good agreement with experimental data showing 1.3 TPa for individual SWCNTs
deposited on an elastic substrate [22]. The tensile strength, where the material fails under stress,
theoretically falls between 150 to 180 GPa for SWCNTs [23]. However, the maximum tensile
strength that has been obtained experimentally is 70 GPa, which has been attributed to defects. In
addition, SWCNTs have lower density (~0.8 g/cm?) in comparison to other materials [19].

To synthesize CNTs, chemical vapor deposition (CVD), arc discharge, and laser ablation
are the three main methods. In CVD, a mixture of hydrocarbon gas (C,Hu) is inserted into an
inert chamber in the presence of a metal catalyst. At high temperatures (700-900 °C), the
hydrocarbon gas is decomposed at atmospheric pressure, and both MWCNTs and SWCNTs are
formed and deposited on the chamber surface. The second technique is arc discharge. Here, two
carbon sources are placed end-to-end in an inert closed chamber at low pressure. These carbon
sources are separated by 1 mm. A 20 V potential difference is applied, causing a high
temperature discharge between the two sources. This causes one carbon electrode to vaporize. As
a result, CNTs and other carbon related materials are deposited on the other electrode. However,
this technique requires a further step for purification. The third method is laser ablation in which
an intense laser pulse is used to vaporize the carbon target in an inert tube furnace at 1200 °C.
The inert gas passes through the tube to collect the grown nanotubes on a cold surface. This
method is used to synthesize SWCNTs in the form of ropes. Figure 2.2 shows schematics of all
three methods that are used to produce CNTs [19].
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Figure 2.2. CNT synthesis methods [24].

A sheet-like morphology of SWCNTSs provides a rather simple structure that can be
readily processed and modeled. Intuitively, a layered structure also offers a large interfacial
contact area, but without the need to focus on the true state of nanotube dispersion in the matrix,
which is not ideal in most practical scenarios. The theoretical properties of SWCNT films have
not yet been fully realized, while the unique properties of individual SWCNTs are due to their
individual structure. van der Waals interactions are the forces that holds individual SWCNTs
together to form a film. This force is weaker than the C-C bond that exists in the individual
SWCNT. However, van der Waals forces can also cause the SWCNT network to form bundles
and ropes, which will affect the mechanical properties of the film. The strain induced coarsening
of these bundles and ropes results in the strain softening of SWCNT films, which means that the
Young’s modulus will decrease in response to an applied strain, even at a small magnitude [25-
26]. In contrast, large scale bending of SWCNT films suspended in a fluid, such as ethanol, can
show nearly ideal behavior [27].

In general, a SWCNT thin film is a semi-porous material, as shown in Figure 2.3.
SWCNT thin films can be fabricated through many techniques such as spin coating, drop casting,
and vacuum filtration. In this dissertation, SWCNT thin films made via vacuum filtration will be
discussed.
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Figure 2.3. TEM image of a SWCNT film produce via vacuum filtration [28].

The attraction between SWCNTs in a film is not limited to van der Waals interactions.
Excluded-volume repulsion and sliding friction are other forces that impact the properties of
SWCNT thin films. The effective van der Waals attraction becomes stronger when the diameter
of the SWCNT is smaller and their length is longer, which is attributed to the higher electron
density in smaller diameter SWCNT [28-29].

In contrast to 1 TPa individual SWCNTs, SWCNT thin films still show a high Young’s
modulus on the order of 10-100 GPa [28-29]. However, a SWCNT thin film adhered to a soft
substrate can show plastic changes in microstructure under a small compressive strain. This is
because SWCNTs form bundles through van der Walls interactions between individual
nanotubes, which is associated with the small diameter, long length, and high aspect ratio of a
typical SWCNT. Once a compressive strain is applied to a SWCNT thin film adhered to an
elastic substrate, individual SWCNTSs and bundles slide and rearrange, which leads to plastic
deformation and a Young’s modulus that decreases with increasing strain [25-29].

Extensive work was done by Semler et al on SWCNT thin films capped with polystyrene

(PS) thin films for different electronic SWCNT types [28]. In that work, both the Young’s
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modulus and yield strain of the thinner capped films were enhanced, while thicker films showed
a reduction in Young’s modulus and an increase in yield strain [25,28]. Therefore, PS fillers
reinforced the thinner SWCNT films due to the infiltration of PS into the porous structure, while
they acted as plasticizers for thicker films [28]. Figure 2.4 shows the relationship between
Young’s modulus and film thickness for different electronic type for both capped and uncapped

SWCNT films [28].
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Figure 2.4. Zero-strain modulus vs. film thickness for metallic SWCNT films (a) and
semiconducting SWCNT films (b), both pristine (UC) and capped (C) with a think polymer layer
[28].

In addition to their mechanical properties, the electrical properties of SWCNT films can
be negatively affected when they are subjected to an applied strain. This is due to a reduction in
the number of quality SWCNT-SWCNT contacts in response to strain, a situation that can be
compounded by residual surfactant. Doped SWCNT thin films exhibit a reasonable resistivity
that makes them a suitable replacement for ITO, but they are still less conductive in comparison
to individual SWCNTs. This is due to the relatively large contact resistance associated with a

CNT-CNT junction [25-28]. Figure 2.5 shows the sheet resistance of thin SWCNT films, both

with and without chemical doping.
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Figure 2.5. The sheet resistance of SWCNT films for a variety of film thickness, both with and
without chemical doping. Reprinted with permission from Ref. [27]. Copyright 2019 American
Chemical Society.

2.2. Poly(3.,4-ethylenedioxthiophene)-poly(styrenesulfonate) (PEDOT:PSS) thin films

Conjugated polymers can compete with inorganic materials for conductivity. In addition,
polymers are flexible and tough. Combining these two features, conductivity and flexibility, is
key for new applications in flexible electronics. One of these polymers has gained much recent
attention: Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS). PEDOT:PSS
is a macromolecular salt of two monomers, PEDOT and PSS. PEDOT (3.4-
ethylenedioxythiophene) is a conjugated polymer and carries positive charges, and PSS (sodium
polystyrene sulfonate) carries negative charges, with the chemical structure of each shown in
Figure 2.6. PEDOT:PSS can be manufactured at a large scale. The main approaches that are
commonly used to fabricate PEDOT:PSS thin films include vacuum filtration, wet spinning, drop

casting and spin coating [30, 31].
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Figure 2.6. Chemical structure of PEDOT:PSS [31].

The PEDOT:PSS is a conductive, transparent polymer. In addition, it is a ductile mixture
that can be shaped easily. Good electrical conductivity is the most attractive PEDOT:PSS
property and this makes it a suitable choice for use as transparent electrodes in OLEDs, touch
screens, or electronic paper [32]. However, factors that affect the quality of films include 1) the
viscosity of the complex, 2) adhesion between the film and the substrate, and 3) the surface
tension of the film [33]. All these factors can be controlled by using different grades of
PEDOT:PSS, which can be done by tuning the solid content in the complex, the ratio of PEDOT
to PSS, the gel-particle dispersion state, or by adding additives, such as surfactants, binders or
cross-linking agents. Another feature of the complex is its thermal stability. To remove water,
the complex has to be heated and baked [33]. Thin films, for example, are dried by heating them
on a hot plate to temperatures above 100 °C and annealing them there for several seconds. Drying
can also be initiated by applying vacuum or using infrared (IR) radiation. PEDOT:PSS can be

thermally stable up to temperatures of 200 °C [33]. However, PEDOT:PSS can degrade and be
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affected by ultraviolet light and water, so isolating the PEDOT:PSS film from moisture is
essential for film durability [33].

Recently, the mechanical properties of PEDOT:PSS thin films have been studied
extensively. The theoretical Young’s modulus for each constituent polymer is predicated to be
3.5 GPa [34]. Thus, PEDOT:PSS films should have the same or even higher modulus according
to polyelectrolyte multilayer (PEM) theory [34-36]. In composite theory, the Young’s modulus
of the composite is theoretically 2-3 times higher than the parent polymer due to strong ionic
bonding or electrostatic cross-linking between the layers [34]. Tahk, et al. experimentally found
the Young’s modulus for PEDOT:PSS films to be 2.3 GPa, and they attributed the lower
modulus to a weak ionic bond and a low ratio of PEDOT to the long PSS chain in the
PEDOT:PSS films [34]. However, other work has shown 2.5-to-3 GPa for the Young’s modulus
when the tensile test was done on thick PEDOT:PSS films, which is in good agreement with a
composite theory where PEDOT prevents the system from achieving full cross-linking [37].

Due to the conductivity of PEDOT:PSS thin films, this material has been used and
investigated widely to replace current electrodes based on indium tin oxide, or ITO. PEDOT:PSS
is more flexible and is more abundant [37-38]. From the literature, the conductivity of
PEDOT:PSS can be up to 4600 (S/m), and transparent conductive electrodes require conductivity
higher than 1000 (S/m) [32]. Figure 2.7 shows an example of PEDOT:PSS conductivity for a

variety of film thicknesses.
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Figure 2.7. The conductivity of PEDOT:PSS for a variety of film thicknesses [38].

The conductivity of PEDOT:PSS films shows a slight reduction for films thicker than 40
nm and thinner than 90 nm, while films higher than 90 nm show an improvement in conductivity
[38]. Greco, et al. attributed this change in conductivity to the nature of the electronic pathways
[38]. The conductivity pathway is almost straight, where PEDOT forms a pancake-like shape
inside the PSS chain. Increasing the film’s thickness leads to the conductive PEDOT staking
together. For thicker films, the PEDOT forms at least two parallel paths so the electrons can pass

easily, as illustrated in Figure 2.8 [38].
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Figure 2.8. Conductivity path as function of PEDOT:PSS film thickness [38].

2.3. Silicon Nanocrystals (SiNCs)

Generally, material properties become altered when the particle size approaches the
nanoscale. Because of this, nanomaterials are targeted for potential opportunities covering a wide
range of applications, such as LEDs and solar cells. Currently, bulk silicon still dominates the
electronics market [39].

Over the past several years, silicon nanocrystals (SiNCs) have received considerable
research attention due in part to their low toxicity in comparison to other quantum dots, such as
CdSe nanocrystals [40]. Desirable photoluminescence and other optical properties can be
achieved when the size of Si materials is reduced below the exciton Bohr radius, or ~ 4.5 nm
[41]. Specifically, the band gap energy can be increased by decreasing the SiINC size, making it
possible to shift the bandgap energy in the vicinity of the optimum energy gap (i.e. 1.12 eV) and
enhance the photoluminescence quantum yield [40-42]. A reasonably strong photoluminescence

in the visible-to-red region of the spectrum can be achieved [42]. Additionally, multiple-exciton
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generation in SiNCs is another property that has been widely investigated for utilizing SiNCs in
solar cells [42-44]. An exciton with energy much larger than the bandgap energy (at least twice)
has an increased probability of splitting into multiple excitons instead of losing its excess energy
in the form of heat and relaxing to the band edge. If extracted successfully from the dot, these
multiple excitons have the potential to lead to a higher photocurrent in the solar cell, or if the
excitons recombine radiatively, an enhancement in photoluminescence efficiency [42-44].

Recently, reasonably high conversion efficiency has been demonstrated in a new
generation of solar cells based on colloidal QDs, such as SiNCs [44]. One platform that recently
exploited confinement effects in Si-based nanostructures is inorganic/organic solar cells [42].
There are two potential reasons for using SiNCs in hybrid solar cells: 1) light-harvesting
improvement by broadening the region of the solar spectrum over which light is absorbed by
using different sizes of SiNCs, and 2) the extension of device lifetime by replacing organic
molecules with more stable inorganic dots [26,42].

The synthetic methods used also play an important role in determining SiNC optical and
electrical properties [44]. For instance, using a non-thermal plasma method to produce the SiNCs
leads to nanocrystals with a diameter of 3-4 nm and photoluminescence in the red region (600-
800 nm) of the visible spectrum [45]. In contrast, blue emitting (400-500 nm wavelength)
crystalline Si QDs with a 2-3 nm diameter can be produced through a reverse micelle containing
silane [46]. However, using a non-thermal plasma method to synthesize the SiINCs has produced
NCs with higher crystallinity, which leads to an improvement in SiNC optical and electronic
properties. The non-thermal plasma approach typically utilizes a mixture of silane and argon gas
flowing through a small diameter tube under low pressure. The quartz tube is surrounded by two

electrodes and is powered by a radio source [45,83]. The plasma that forms when the gas mixture
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passes through the quartz tube leads to nanoparticle nucleation and growth. The nanoparticles
(NPs) are collected through a filter and then dispersed in an organic solvent for passivation.
Generally, the size of the NPs can be controlled by regulating the gas-flow rate [43,45]. Figure

2.9 shows the schematic of nonthermal plasma for SiNC production.

gas inlet

quartz tube
3/8" OD"
1/4" 1D

Figure 2.9. Non-thermal plasma for SiNC production. Reprinted with permission from Ref. [45].
Copyright 2019 American Chemical Society.

Bulk Si material has been used extensively in electronics applications over other
semiconductors. However, bulk Si is not suitable for photonic devices due to its very limited

radiative efficiency and indirect energy gap, as shown in Figure 2.10 [43].
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Figure 2.10. Band structure of bulk Si [43].

For indirect band-gap material, the valence band is filled completely with electrons while
the conduction band is empty at zero degrees Kelvin, and the bands are separated by a region of
forbidden energy (the band gap). As mentioned above, Si has an indirect band gap, where the
maximum of the valence band and the minimum of the conduction band are not aligned in -
space. The valence band has a maximum peak at the Brillouin zone center (I" point), while the
minimum of the conduction band is close to the X point [43].

Due to the limitations of bulk Si with respect to the absorption of photons with energy
less than the band gap, improvements in device efficiency require new approaches. Moreover,
the band gap value of bulk Si implies that the interaction with the visible spectrum has
limitations [42-43]. Adjusting the gap through quantum confinement could help Si find new uses
for both electronic and optical applications. Photoluminescence (PL) at room temperature can be

observed for Si nanostructures in a porous silicon (p-Si) structure [47]. Consequently, silicon
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nanoclusters, silicon quantum dots (Si-QDs) and silicon nanocrystals (SiNCs) have attracted
considerable research interest [39-51]. As shown in Figure 2.11, shrinking SiNC size increases

the band gap energy due to quantum confinement, leading to the emission of different colors

[49].
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Figure 2.11. Silicon quantum dots emit different colors depending on their size (a) [49]. Band
gap energy as function of SINC diameter for colloidal nanocrystals (b). Reprinted with
permission from Ref. [50]. Copyright 2019 American Chemical Society.
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3. EXPERIMENTAL PROCEDURE

This Chapter will mainly focus on sample preparation and characterization. The first
section (2.2) will cover the preparation of the materials and nanocomposites. The second section
(2.3) will be about the characterization methods that we have utilized to analyze the
nanocomposites films.

3.1. Nanocomposite Preparation

3.1.1. Polystyrene-SWCNT Triple Bilayer Films

The substrate is an important component of any electronic device, and for a device to be
mechanically flexible, the substrate needs to be soft and elastic. The substrates discussed in this
dissertation were made out of polydimethyl siloxane (PDMS, Sylgard 184, Sigma-Aldrich). A
10:1 ratio of an elastomer to a crosslinker was prepared. To get a 2 mm final thickness of the
PDMS substrate, 13.86 g of the elastomer was thoroughly mixed with 1.38 g of crosslinker. The
mixture was then poured into a mold (100 mm x 100 mm) and the mold was placed under 80 kPa
vacuum for an hour to remove the air bubbles. The vacuum was then decreased to 40 kPa and the
mixture was baked at 90 °C for 2 hours. After that, the mold was removed from the vacuum oven
and the PDMS was allowed to cool down to room temperature. A PDMS slab with dimensions of
80 mm x 20 mm x 2 mm was cut and cleaned with deionized water and ethanol. Finally, the two
ends of the PDMS were clamped in a strain stage, where a pre-strain was applied to the substrate
before depositing the nanocomposite films. The strain stage and the PDMS slab are shown in

Figure 3.1.
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Figure 3.1. A slab of PDMS (a) and the strain stage (b).

Using tip sonication, 1 mg of SWCNT per mL was dispersed in an aqueous solution of
2% mass sodium deoxycholate (DOC) solution. Then, large bundles and impurities were
removed by centrifugation for 2 hours at a speed of 21000 rpm [25]. SWCNT thin films with
different thicknesses were prepared through vacuum filtration.

Appropriately diluted colloidal SWCNT suspensions were deposited on filter paper to
achieve targeted thicknesses of # = 10, 20 and 40 nm. For example, 18 ul of colloidal SWCNT
was mixed with 482 ul DI water and 100 ul of this solution was deposited on filter paper starting
from the middle of the filter, where the final thickness of SWCNT film on filter paper was
around 10 nm. To remove surfactant from the SWCNTSs, a 10 % solution of ethanol in water was
pulled through the film and filter paper by applying 50 kPa of vacuum pressure until the solvent
was gone. Then, we waited at least 30 minutes to make sure that the SWCNT film and filter
paper had dried. After that, the SWCNT films on filter paper were cut into small strips with
approximate dimensions of 4 mm x 12 mm. A similar procedure was used to get 20 nm and 40
nm films by adjusting the amount of colloidal SWCNT deposited on filter paper. For 20 nm
SWCNT films, we mixed 7.2 ul with 492.8 ul while 14.4 ul of colloidal SWCNT was mixed
with 485.6 ul to get a 40 nm SWCNT film on filter paper. To get freestanding thin films, three
acetone baths were used to dissolve the filter paper followed by three ethanol baths to remove as
much (DOC) surfactant from the film as possible. Residual (DOC) surfactant has been shown to
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have a detrimental impact on the film’s response to an applied strain [6,11]. Figure 3.2 shows a

SWCNT film on filter paper, a freestanding film in an ethanol bath, and thin film being

transferred by pipette.

(a)

Figure 3.2. SWCNT film on filter paper (a). Freestanding SWCNT film in an ethanol bath (b).
Thin SWCNT film transferred by pipette (c) [25].

We used polystyrene thin films (PS) made by spin coating. The Polystyrene used in this
experiment was manufactured by Sigma-Aldrich and had a molecular weight of M,,=213 kg/mol.
Different PS-in-toluene concentrations were used to get 10, 20 and 40 nm PS films. Three drops
of 0.36 %, 0.72 %, and 1.44 % wt. PS in toluene were spin coated onto a clean cleaved mica
surface at 3000 rpm for 30 seconds to get 10, 20 and 40 nm PS films, respectively. Then, we cut
the PS film in-place on the mica into small squares of 4 mm x 4 mm. The films were then floated
off the mica onto the surface of a DI water bath.

Lamellar nanosheets were assembled by first transferring the SWCNT thin film (n = 1)
from an ethanol bath using a pipette. The second layer (n = 2), which was a polystyrene thin
film, was placed on the SWCNT film by grabbing the PS film gently from a water bath using a
piece of mica. All films within a composite were chosen to have comparable thickness. The
process was then repeated where the even layers (n = 2, 4, and 6) were PS while the odd layers (n

=1, 3, and 5) were SWCNT. A small portion of each layer was isolated for independent

26



thickness and wrinkling analysis. Thermal annealing above the glass transition temperature of PS
(T = 110 °C) was applied for 2 hours to ensure PS infiltrated into the porous structure of the
SWCNT film. The annealing was done under 50 kPa vacuum. Finally, we took the
nanocomposite out of the vacuum oven to cool it down to room temperature, and then
compressive strain was applied incrementally (from 1% to 10%) by releasing the prestretch in
the PDMS. Three targeted thicknesses (hy,= 10, 20 and 40 nm) with n = 1-6 layers were used in
this experiment.
3.1.2. PEDOT:PSS-SWCNT Multilayer Films

In this experiment, a PEDOT:PSS film was assembled between two SWCNT films as a
sandwich. The substrate and SWCNT thin films were assembled in the same manner as the first
project mentioned in section 3.1.1 while the PEDOT:PSS films were assembled through vacuum
filtration. Appreciable amounts of colloidal PEDOT:PSS mixed with DI water were used. The
mixture was then deposited on the filter paper, using vacuum filtration (40 kPa) to pull the
colloid through the filter once the colored PEDOT:PSS solution was evenly distributed over the
filter paper. After deposition, the PEDOT:PSS film on filter paper was dried for 30 minutes. The
PEDOT:PSS was then cut into small strips with dimensions of 8 mm x 12 mm and the filter
paper was dissolved through three acetone baths. Both SWCNT and PEDOT:PSS films were
transferred to and assembled on 15% pre-stretched PDMS substrates using a plastic pipette tip.
We started with layer n = 1 (SWCNT) then n = 2 (PEDOT:PSS) and finally » =3 (SWCNT). All
films had comparable thicknesses and three targeted thicknesses (hy = 10, 20 and 40 nm) were
investigated in separate experiments. We isolated a small portion of each layer for thickness and

wrinkling measurements. The layered nanocomposites on the strain stage were baked under
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vacuum for an hour at 100 °C to ensure all solvent was evaporated. Finally, the nanocomposites
were removed from vacuum and cooled to room temperature prior to the application of strain.

In addition, we used three strain cycles to investigate the durability of the PEDOT:PSS-
SWCNT- PEDOT:PSS trilayer films. The first cycle was a compressive strain from 2% to 12%,
while the second cycle consisted of stretching the multilayers from 4% back to 12 %. The third
and final cycle involved relaxing the multilayer films from 2% to 8%. Figure 3.3 shows a
schematic of a PEDOT:PSS-SWCNT multilayer film on 15% pre-strained PDMS.

s SWCNTSs Film

< Pre-stretched PDMS >

Figure 3.3. Schematic of a PEDOT:PSS-SWCNT multilayer film on 15% pre-strain PDMS.

3.1.3. SWCNT/CdSe NCs Bilayer

SWCNT films were assembled on the pre-stretched PDMS as described in section. 3.1.1,
where a pipette was used to transfer the SWCNT film onto pre-strained PDMS. In this project,
we investigated the effectiveness of NCs as mechanical stabilizer on a variety of SWCNT films
by depositing a monolayer of CdSe nanocrystals (CdSe NCs) in a zero-strain (SWCNT
perspective) prestretched configuration. 5 mg/mL of colloidal CdSe NCs dispersed in toluene
using hexadecylamine ligands as a surface stabilizer (Sigma-Aldrich Lumidot©). Density-
gradient ultracentrifugation (DGU) was then used to purify the NCs by size and remove the
excess ligands [26].

A Langmuir-Blodgett (LB) method was used to deposit the CdSe NCs on a SWCNT film
adhered to pre-stretched PDMS. It was not possible to cast mixed particle films from a common
solvent in a single step, since the SWCNT is suspended in water while the NCs were suspended

in organic solvents. First, the SWCNT films were deposited on the pre-stretched PDMS substrate
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as described in section 3.1.1, and then 10 uL of DI water was deposited on top of the SWCNT
film forming a small droplet. Next, 8 uL of a size-purified chloroform/CdSe NC solution was
placed on top of the water droplet. Because the solvents both evaporate at vastly different rates, a
NC monolayer is formed on top of the SWCNT film as shown in Figure 3.4 [26]. The final step

was applying compressive strain to the bilayer by incrementally releasing the prestrain in the

PDMS base, where optical reflection microscope images were collected at each strain for all

A

layers.
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Figure 3.4. Schematic diagram of a SWCNT film coated with CdSe NCs through the Langmuir-
Blodgett (LB) method. Reprinted with permission from Ref. [26]. Copyright 2019 American
Chemical Society.

3.1.4. SWCNT/Si NC Bilayer

In the fourth project, silicon nanocrystals were used instead of CdSe NCs due to the
promising applications of SiNCs in the semiconductor field, as well as their lower toxicity. We
investigated the effectiveness of SiNCs for enhancing the elasticity of thin SWCNT films. A
non-thermal plasma was used to synthesize SiNCs, which were passivated with 1-dodecene, as
detailed in other publications [47,85]. A mixture of chloroform and m-xylene was used to

separate the NCs into size-resolved fractions based using the DGU method [86-89].
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To assemble the bilayer, a SWCNT film was first transferred onto prestretched PDMS,
where we used spray coating to deposit the SiNCs layer. A Kapton mask (polyimide) was used to
partially cover the SWCNT film during spraying. The uncovered SWCNT film was adjusted
identically down to the spray gun at distance equal to 12 cm. At this distance, we ensured that we
had as thin a SiNC layer as possible on top of SWCNT film without dewetting. 20 uL of 4.5%
hexane/SINC solution was airbrushed onto a SWCNT film for three seconds using a
commercially available airbrush (Master Airbrush-mini) powered by air under 15 psi pressure.
The SWCNT/SINC bilayer on PDMS mounted in the strain stage was put under vacuum for one
hour to ensure all hexane solution was evaporated. We released the strain and took reflection
images for pristine SWCNT, SWCNT/NC, and the interface at each applied strain. In this
experiment, we investigated five different SWCNT thicknesses of 15 nm, 25 nm, 27 nm, 30 nm
and 50 nm.

3.2. Nanocomposite Characterizations

In this section, all characterization methods that were used in this dissertation will be
detailed.

3.2.1. Strain-induced Elastic Buckling Instability for Mechanical Measurements
(SIEBIMM)

To investigate the mechanical properties of the thin nanocomposite films, we used the
SIEBIMM method. Among the other techniques, SIEBIMM has proven to be a cheap and quick
method for the mechanical measurement of thin films. Stiff thin films adhered to elastomeric
substrates produce periodic wrinkles (buckling pattern) when subjected to a compressive strain,

and the wavelength of these periodic wrinkles can be used to deduce the films elasticity [52-54].
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The buckling wavelength and the film thickness can be related to the Young’s modulus of the
compressed film as

(1-vp),, 1
=5 G’ (3.1)

where A is the buckling wavelength, hy is the film thickness, and v is the Poisson ratio. The

plane strain modulus is E, = 1Ei? where i is either s for the substrate or f for the film [25-26,52-

-v
54,73,74].

The SIEBIMM method has been widely utilized as a characterization technique to extract
the Young’s modulus of thin homogenous films such as polymers. In addition, it has been
applied to complex structures such as polyelectrolyte multilayers [52].

SIEBIMM is a linear model, and when applied to a homogeneous thin film it predicts
harmonic wrinkles. However, SWCNT films produce disordered wrinkles due to quenched
fluctuations in SWCNT film thickness [54-56]. Recently, Harris, et al. have done extensive work
to apply this method to thin SWCNT films, where it was argued that SIEBIMM can also be used
to quantify inhomogenous films such as SWCNT films. The wrinkles in thin SWCNT films can
be modeled through random thickness fluctuations [55,56]. This disorder produces higher
amplitude wrinkles that are further apart, in comparison to the usual wrinkles that are fainter and
have a periodic structure [25]. These fainter wrinkles — which show strong regular periodicity —
are our target for extracting the buckling wavelength, and we refer to these wrinkles as having
the fundamental wrinkling wavelength A. We used optical reflection microscopy to image the
wrinkled films. Film thickness was measure by two approaches: atomic force microscopy and

light transmission/extinction using a broadband lamp for excitation and a spectrometer for light
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detection. Figure 3.5 shows the wrinkling behavior of polymer, SWCNT, and polymer-SWCNT

bilayer films.

Figure 3.5. A 20 nm PEDOT:PSS film (a). A 20 nm SWCNT film (b). A bilayer of SWCNT-
PEDOTS:PSS (10 nm each film) (c). All films are at 2% applied strain in the horizontal
direction.

To extract the fundamental wrinkling wavelength A, a perpendicular line was drawn
through the faint wrinkles (ImageJ) and the distance between each fundamental wrinkle was
measured in pixels. The wavelength values were then converted to um, in which at least three
lines were drawn at each image to average the wavelength values.

More quantitatively, the two-point height-height correlation function ¢(r) = (u(r)u(0)) has
also been used to extract the wrinkling wavelengths. The projection along the strain direction,
c(x) has peaks at x = A, 24, or 44 [56]. Image] was used to compute the correlation functions
from thresholded binary images, averaging together correlation results from four images, each
250 by 250 pixels in size. In some cases, we had to account the doubling and quadrupling of the
wavelength because the fundamental wavelength became smaller at higher strain for thinner
films [25]. Figure 3.6 shows how A can evolve to 24 or 44 in some cases. Figure 3.7 shows the
correlated image and a typical plot of the correlation function, where the bottom panel indicates a

scenario where 1 goes to 4 4.
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Figure 3.6. Schematic diagram of A going to 24 or 41 [56].
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Figure 3.7. 2D correlation-function image (a). The x-projection of ¢(x) indicating A4 going to 44

(b).
3.2.2. Reflection Optical Microscope

Reflection optical microscopy was used to determine the wrinkling wavelength of
SWCNT films and the nanocomposites at all strains. We utilized an Olympus BX51 microscope

with 50x lens in bright field mode. For the polymer-SWCNT multilayer projects, we took two
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images for each layer at each strain. For the SWCNT/NC bilayers, we captured two images for
pristine SWCNT, SWCNT/NC, and the interface between the two surfaces. This was also done
at each strain.

3.2.3. Atomic Force Microscope

AFM was used in all projects to determine the SWCNT, PS, NC, and PEDOT:PSS film
thicknesses. A Veeco DI-3100 atomic force microscope was utilized in tapping mode. A 10 nm
radius tip was used to measure the film thickness. We measured at least three different spots
(step heights) for each film, and we slope-corrected the profiles to obtain average step heights.
We were able to obtain AFM images for the nanocomposites on a variety of substrates such as
wafer Si, glass, and PDMS. In addition, the NC thickness was also measured at the SWCNT-NC
interface.

Furthermore, AFM was used to determine the aspect ratio of individual SWCNTs and the
wrinkling amplitude of the nanocomposites at 10% applied strain. To measure the aspect ratio,
we immersed a small chip from a silicon wafer for 24 h in a refrigerated solution consisting of 30
pL of colloidal SWCNT mixed with 150 pL of DI water. The silicon chip was then soaked in
ethanol for 2 h before measurement. To obtain good images for SWCNT length and width
measurements, we increased the scan line resolution from 256 to 512 and we decreased the scan
size to 10 um. The wrinkling amplitude was measured using AFM for nanocomposites at 10%
applied strain. To do that, we removed the nanocomposites from the strain stage after we
released the strain at 10% from a prestretched position.

3.2.4. Optical Transmission of Thin Films

SWCNT film thickness is critical and important when applying SIEBIMM because film

thickness enters the modulus to the power of three. We used other approaches to determine film
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thickness beyond AFM. Specifically, SWCNT films were deposited on glass cover slips where
the step heights were measured by AFM. Simultaneously, the optical extinction of the SWCNT
films was determined in transmission using a broadband lamp for excitation and a spectrometer
(Ocean Optics QE65000) for light detection at a wavelength of 583 nm. In this approach, we
applied the Beer-Lambert law for varied SWCNT film thicknesses, I(h) = I,e"*"), where I is
the transmitted intensity and I, is the incident intensity at the extinction wavelength. This
provided us with the extinction coefficient «. The power of this approach is that after calibration,
it allowed us to optically measure the local thickness of SWCNT films in situ without AFM. The
same approach was applied to PEDOT:PSS films where we optically measured the films
thickness after determining the extinction coefficient & for PEDOT:PSS at a wavelength of 650

nm. Figure 3.8 shows the optical extinction curve as function of SWCNT thickness.
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Figure 3.8. The optical extinction curve as function of SWCNT thickness [25].
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3.2.5. Photoluminescence Microscopy

We used photoluminescence (PL) microscopy to study the PL emission from NCs and to
quantify the thickness of NCs coated on SWCNT films. Quantum dots (QDs) can emit light at
certain wavelengths depending on their size and shape and PL intensity can be used to determine
NC size [57, 58]. In our experiment, we used PL images and peak spectral emission strength to
determine NC layer thickness on SWCNT films [26]. Figure 3.9 shows the PL spectra of the

colloidal CdSe NC fraction that was used in SWCNT/CdSe NCs bilayer project [26].
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Figure 3.9. The PL spectra of the colloidal CdSe NC fraction. Reprinted with permission from
Ref. [26]. Copyright 2019 American Chemical Society.

3.2.6. Transmission Electron Microscopy

TEM was utilized to determine NCs size, to characterize the morphology of the SWCNT
films and SWCNT/NC bilayers, and to gain insight into the characteristic width of the SWCNT-
polymer interface. We used a JEOL JEM-2100 analytical TEM (200 kV) with a GATAN Orius
SC1000 CCD. TEM provided us with useful information about the size and shape of NCs. Figure

3.10 shows a TEM image of a single CdSe NC and NC diameter histogram [26]
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Figure 3.10. A TEM image of a single CdSe NC showing how NC size is extracted from TEM
images using ImageJ (a). CdSe NC diameter histogram shows that the mean NC size is 3.98 nm,

with a polydispersity index of 1.005. (b). Reprinted with permission from Ref. [26]. Copyright
2019 American Chemical Society.

In addition, we used TEM to investigate the interfacial structure of SWCNT coated with
thin polymer films, from which we were able to determine the interfacial thickness [25].
3.2.7. Tensile Tester

The Young’s modulus of PDMS substrates was measured using an Instron 5545 Tensile
Tester with a load of 100 N. The small-strain slope of the linear part of the stress-strain curve
was used to extract the Young’s modulus. The Young’s modulus for all PDMS substrates that we
used was (1.4 < E; < 2.5 MPa) and the value measured for a specific substrate was used in the

wrinkling analysis of a given film.
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4. THE RIGIDITY OF SWCNT-POLYMER MULTILAYER NANOCOMPOSITES
4.1. Introduction

Polymer nanocomposite hybrid ‘soft’-‘hard’ materials with enhanced mechanical and
transport characteristics are one of the most expansive and diverse themes in the broader field of
nanotechnology. In particular, SWCNTs as hard materials are uniquely polymer-like in their own
right and can be used for a wide range of applications, including transparent conducting films
and field-effect transistors. In polymer nanocomposites, SWCNTs can impart outstanding
transport characteristics to a polymer matrix at relatively low volume fractions [25].

An emerging theme in polymer science and nanotechnology is the use of SWCNTs as a
phase in a sheet-like morphology, since this provides a rather simple structure that can be readily
processed and modeled. Intuitively, a layered structure also offers a large interfacial contact area,
without the need to focus on the true state of nanotube dispersion in the matrix, which in most
practical scenarios is not ideal. In general, as the sheet thickness starts to approach the nanoscale,
we can expect the properties of the composite to be altered in ways that reflect how the
SWCNT—polymer interaction is modified at the nanoscale. In the limit of a small number of
layers, a lamellar nanosheet also offers a structural paradigm for a large number of hybrid or
heterojunction morphologies, with particular relevance to applications in flexible electronics
[25].

On a more fundamental level, measuring the mechanical properties of thin films offers an
interesting and challenging problem in polymer science and nanotechnology, specifically in the
context of a thin stiff film adhered to a thick soft substrate [25]. A strain-induced wrinkling

approach has proven to be a powerful method to query the mechanical properties of nanoscale
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thin films, and this method can also be used to query the elastic response of high-order
structures, such as multilayered nanocomposite films [25].

In our experiment, we used the wrinkling approach to study the mechanical properties of
flexible SWCNT-polymer lamellar nanosheets. Using the deposition techniques detailed
previously, alternating layers of SWCNT and polymer were transferred through fluid assembly.
Both the elastoplastic behavior of flexible SWCNT films and the impact of film structure (e.g.
thickness and composition) were investigated using the wrinkling approach. In our notation, n =
1 corresponds to a pure SWCNT film, » = 2 denotes a SWCNT/polymer bilayer, n = 3
corresponds to SWCNT-polymer-SWCNT, and n = 4 denotes SWCNT-polymer-SWCNT-
polymer, etc., with all layers in a sheet having a common targeted thickness h,. The results that
showed the greatest mechanical synergy between SWCNT and polymer nanosheet were for
nanosheet thicknesses h, < 20 nm. We explained this enhanced mechanical synergy by focusing
on the magnitude of the layer thickness, hg, in comparison to the characteristic interfacial width,
w. For all values of layer thickness, a comparison with a simple rule of mixtures suggested that
the nanosheets have reached the bulk limit by # = 6. These results have potential significance for
controlling the durability and rigidity of thin hybrid SWCNT films [25].

4.2. Materials and Methods
The experimental procedures are described in section 3.1.1.
4.3. Results and Discussion

The lamellar nanosheets were assembled by first pipetting a pure SWCNT film from an
ethanol bath onto the clean surface of a pre-stretched PDMS substrate. The next layer (n = 2) was
deposited by collecting a polymer film of comparable thickness from the surface of a DI water
bath using a piece of mica and gently depositing it on the SWCNT film. The process was then
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repeated, where the odd layer was SWCNT (n = 1, 3, 5) and the even layer was polymer (n = 2,
4, 6). In addition to making the composite, we also isolated a small portion of each film to
facilitate thickness and wrinkling wavelength measurements, as described in section 3.1.1 [25].

We considered three targeted layer thicknesses: hy, = 10, 20 and 40 nm, with » = 6 in total
for each experiment. After thermal annealing, the strain in the PDMS was released
incrementally, and multiple reflection optical micrographs were taken at each strain for each
layer. The nanocomposite was treated as a homogenous film with no slip or delamination.
Specifically, we have used the fundamental wrinkling wavelength A to calculate the modulus
using equation 3.1 [25].

Figure 4.1 shows the strain dependent modulus for each value of » at each targeted value
of hy, where the legend in Figure 4.1 applies to each panel. For many of the films, we observe
signatures of the strain softening typical of compressed SWCNT films. Specifically, for the pure
SWCNT (n = 1) at all thicknesses, and for the bilayer (n = 2) at the smallest h,. This behavior
has been explored, and it was suggested that it arises from rearrangements in the SWCNT
network in response to the applied strain [25]. For all three values of the target thickness h, the
response resembles purely elastic behavior as the number of layers increases [25]. In addition,
we observe that the Young’s modulus of PS thin films increases with respect to film thickness as

shown in Figure 4.1, dashed line.
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Figure 4.1. Strain dependent modulus of 10 nm nanocomposites (a), 20 nm nanocomposites (b),
and 40 nm nanocomposites (c) [25].

In Figure 4.2, the modulus for n = 6 is intermediate to the moduli of the pure materials.
To quantify this, the lamellar geometry is ideal for applying a simple rule of mixtures [25,100].
Uniform strain (ideal behavior) is used to model the upper bound, E} = ¢pEcyr + (1 — ¢)Epgyy,
while the uniform stress (non-ideal behavior) is used to model the lower bound, 1/E, =
¢/Ecnr + (1 — @) /Epoy,,. Because the layers of a nanosheet all have close to a common
thickness, h,, we use 0.5 for the volume fraction (¢). We also use the measured SWCNT (purple
curve, Figure 4.2) and polymer (gray curve, Figure 4.2) modulus for Ecyy and Epgyy,

respectively. The resulting upper and lower bounds are shown in Figure 4.2 (black dashed line)

[25].
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Figure 4.2. Extrapolated zero-strain modulus as a function of layer thickness for the SWCNT (n

= 1), pure PS, and the triple bilayer composite (n = 6). The dashed lines are the upper and lower
bounds [25]

Our results suggest that lamellar nanosheets have reached the bulk limit by » = 6 for
thicknesses of 10 nm < hy < 40 nm, based on a comparison with a simple rule of mixtures in
Figure 4.2 [25]. The results also suggested that 20 nm lamellar nanosheets show a unique
response. This can be seen in Figure 4.2 where the modulus of n = 6 for the 20 nm experiment
exhibits nearly ideal behavior [25].

A somewhat similar effect was observed by Semler et al, who focused on the interfacial
width of a SWCNT-polymer bilayer [28]. In that work, they associated the better mechanical
performance with layer thicknesses near the characteristic interfacial width w, where TEM was

used to extract the thickness of the interpenetration layer h;p. For comparison, the interfacial

width was estimated through w = —= in terms of an effective Flory-Huggins interaction
g ry-Hugg

Jx
parameter y and a characteristic length scale of the mixture a. The interactions include SWCNT-
polymer, SWCNT-SWCNT, and polymer-polymer. The estimate of characteristic width based on

this model was w = 20 — 30 nm, which we suggest explains why the 20 nm experiment showed
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better performance. Figure 4.3 shows TEM images of the SWCNT-polymer interface, where the

interpenetration depth is indicated [25, 28].
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Figure 4.3. TEM image of a SWCNT-polymer interface with a characteristic thickness of 30 nm
[28].

In our findings, the interaction between SWCNT and polymer could be seen in two ways.
First, the modulus of nanocomposite thin films could be enhanced in an ideal manner. Second,
the reduction in SWCNT film modulus (i.e., strain softening) was reduced using soft, elastic
fillers such as a polymer. We attribute this enhancement to the effects of excluded-volume in a
semi-porous structure in a SWCNT network. The polymer filler reduces the ability of SWCNT
bundles to rearrange [25].

4.4. Conclusion

In conclusion, the wrinkling approach was used to examine the mechanical properties of
lamellar nanosheets, where the Young’s modulus was specifically extracted from the data. In
addition, the elastoplastic behavior of the lamellar nanosheets was investigated as function of the
number of layers and film thickness. At hy = 20 nm and below, the nanosheets showed ideal

behavior with reduced strain softening. The optimal diffusion width between polymer and
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SWCNT at the interface occurs at 20 nm lamellae thickness, which was explained through the
characteristic interfacial width w between the two immiscible phases. The nanocomposites
fabricated at thicknesses of 10 nm < hy < 40 nm have realized their bulk limit by » = 6 based on a
comparison with a simple rule of mixtures. The results demonstrate an easy way to control the
rigidity and the durability of a layered hybrid structure for many applications, including flexible

electronic devices [25].
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5. DURABLE CONDUCTING TRANSPARENT SWCNT-PEDOT:PSS MULTILAYER
FILMS FOR FLEXIBLE ELECTRODES
5.1. Introduction

Transparent conductive electrodes (TCEs) play a critical role in optoelectronics such as
light emitting diodes (LEDs), touch screens and solar cells. TCEs work as windows for
optoelectronic devices, which also allow light to go through the device. In addition, they either
extract holes or electrons from the active area. Right now, indium tin oxide (ITO) is commonly
used as a TCE. However, ITO is facing two main challenges. First, ITO is costly because indium
is becoming a rare material. Second, ITO glass is fragile while modern electronics is moving
toward flexible skin-like devices, and ITO is not suitable for such applications due to its rigidity
and brittleness. A substitute for ITO should maintain its conductivity under deformation. In

addition, any new material is required to meet minimum electronic standards, which are low
sheet resistance (less than 100 Q/ sq) as well as high optical transparency in the visible region of

the electromagnetic spectrum [60].

Single walled carbon nanotubes (SWCNT) and their composites have received much
attention because of their outstanding properties. High Young’s modulus (~ 1.2 TPa) and
strength, high conductivity, and optical transparency for sufficiently thin films are the attractive
properties that make SWCNTs suitable for TCEs [25,60]. In simple terms, SWCNTs are
graphene sheets rolled up into a tube, which can be either metallic or semiconductor depending
on the molecular symmetry of the SWCNT [25]. These quoted properties are for individual
SWCNTs, while SWCNT networks show reduced properties. However, using a sheet-like

morphology for SWCNTs would provide a large contact area and precise thickness control [25].
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Undoped SWCNT films have shown conductivities of 1.5 x 10* S/m, where the

minimum standard for ITO replacement requires values higher than 5.3 X 10° S/m coupled
with high optical transparency (above 90%) [59, 60]. However, the conductivity of SWCNT
films can be improved by acid treatment and gold chloride doping, for example, but these
treatments may negatively affect the active layer in such organic LED applications [27, 60].
Extensive work has been done to incorporate SWCNTs into conductive polymers such as
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS), and PEDOT:PSS can

impart high conductivity and flexibility to SWCNT networks by bridging adjacent CNTs. The

conductivity of PEDOT:PSS thick films have reached up to 4100 S / cm under strain [31], and the

films show durability when subjected to 1000 strain cycles up to 100% applied strain, while the

film conductivity was constant at ~ 3600 S/ cm [31]. However, PEDOT:PSS is environmentally
sensitive and can be degraded by UV-light while its conductivity can be affected negatively by
moisture [12]. Protecting PEDOT:PSS films from the environment is necessary in order to make
them applicable to electronics, and this can be done through the thermal treatment of
PEDOT:PSS thin films [12, 38].

Recently, an increasing number of studies have provided excellent results for SWCNT-

PEDOT:PSS composite films. De, et al. showed film conductivities of up to 10° S/m with
optical transparency above 80% at 0.55% volume fraction of SWCNT mixed with PEDOT:PSS
[60]. However, the precise control of the dispersion state, which in most practical scenarios is far
from ideal, renders the composites challenging to make. Intuitively, a layered structure of
SWCNT as a thin film offers a large interfacial contact area, but without the need to focus on the

true state of nanotube dispersion [25].
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Based on the results of the previous Chapter, a SWCNT-PEDOT:PSS multilayer
approach might control both the conductivity and the rigidity of the composites. Previously,
SWCNT thin films coated with polystyrene thin films have shown a significant enhancement in
their ability to resist strain softening. We attributed this to the filling the porous structure of
SWCNT film by a second nanomaterial (PS). PS infiltrated into the porous structure of the
SWCNT film to prevent the SWCNTs from bundling and realignment in response to an applied
strain [25].

In this work, we have sandwiched an active polymer filler (i.e., a PEDOT:PSS thin film)
between two SWCNT films on a pre-stretched elastic substrate. We measured the Young’s
modulus as function of the applied strain for each layer by utilizing the wrinkling approach.
Specifically, we studied the mechanics of each layer as function of the film thickness. Three
strain cycles were applied to study the durability of the nanocomposites, where the first cycle
was a compressive strain, the second cycle was stretching, and the third cycle was compressing
the composites back to the initial state. Three nanocomposites have been investigated in this
work, where each one had different thickness while all layers in each composite had a common
thickness h,. For a 10 nm composite, n = 1 corresponds to a SWCNT film with a thickness of 10
nm, while » = 2 was a 10 nm thick PEDOT:PSS film. The last layer for the 10 nm experiment
was a 10 nm thick SWCNT film, which we denote as n = 3, and so on for 20 and 40 nm
composites. We found that the greatest mechanical synergy between SWCNT and PEDOT:PSS
occurred for hy < 20nm at all strain cycles, which we again attribute to a characteristic
interfacial width, w, and to the interpenetration of PEDOT:PSS into the porous structure of a
SWCNT network. In addition, the thin PEDOT:PSS film acted as a plasticizer for thicker

SWCNT film (40 nm), where it decreased the SWCNT film modulus and increased the SWCNT
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film yield strain. Our results have potentially useful implications for controlling the rigidity and
durability of thin hybrid films and heterojunctions based on multilayer conductive films.
5.2. Materials and Methods
The experimental procedure was described in section 3.1.2.
5.3. Results and Discussion
The multilayer films were assembled by pipetting SWCNT and PEDOT:PSS films from
an ethanol bath to a pre-stretched PDMS substrate. The bilayer (n = 2) was then coated with a
second SWCNT film (n = 3), where we isolated a small portion for each layer to facilitate
wrinkling and thickness measurements. In our experiment, all films had a common thickness h,.
Figure 5.1a-c shows a schematic diagram for all three cycles, where we captured two images for

all strains at each layer.
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Figure 5.1. Schematic diagram of three strain cycles of the SWCNT-PEDOT:PSS multilayers:
1t strain cycle (a), 2" strain cycle (b), 3™ strain cycle (c).
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The second important factor here is the film thickness. We have used two approaches:
AFM and optical transmission, as noted in 3.2.3 and 3.2.4, respectively. Figure 5.2a shows an
AFM image of the edge of a PEDOT:PSS film, while Figure 5.2b shows the step height of the
PEDOT:PSS film (32 nm). In addition, we used optical transmission to find the extinction as a
function of film thickness for a variety of PEDOT:PSS film thicknesses to get the extinction

coefficient &, as shown in Figure 5.2c.
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Figure 5.2. AFM image of a PEDOT:PSS thin film (a). Step height of a 32 nm PEDOT:PSS film
(b). Optical extinction curve as a function of PEDOT:PSS film thickness from AFM (c).

To find the Young’s modulus, we utilized SIEBIMM as noted in section 3.2.1 and
equation 3.1, which assumes good adhesion between all the layers. Figure 5.3 shows optical

reflection images of the 20 nm experiment, showing all strain cycles for each layer.
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Figure 5.3. Optical reflection images of 20 nm SWCNT-PEDOT:PSS multilayers: 1% cycle (a),
27 cycle (b), and 3™ cycle (¢) at 4% applied strain in the horizontal direction.

The strain dependent modulus for each layer at each targeted thickness h, is shown in
Figure 5.4a-c. Interestingly, we observed that the modulus of PEDOT:PSS films dropped slightly
with a decrease in the films thickness [25], which we attribute to a reduction in the crystalline
structure of PEDO:PSS [64,71]. In general, PEDOT:PSS has a semi-crystalline structure, where
PEDOT forms a semi-crystalline polymer and PSS is an amorphous polymer [61-65,71]. In
PEDOT:PSS films, the number of PEDOT chains is lower than PSS chains. Thus, reducing the
film thickness leads to a decrease in the amount of PEDOT in the system, which reduces the

percentage of crystalline structure [34,61-65].
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Figure 5.4. Strain dependent modulus for each layer at each targeted thickness hy: 10 nm (a), 20
nm (b), and 40 nm (c). 1% row is 1% strain cycle, 2™ row is 2™ cycle, and 3™ row is 3™ strain
cycle.

In addition, it was obvious that n = 1 for all experiments shows strong strain softening.
However, the strain softening was reduced for SWCNT-PEDOT:PSS nanocomposites once the
number of layers increased. Previously, we attributed this to the excluded volume effect where
filling the porous structure of the SWCNT film reduced the strain softening by preventing the

rearrangement of SWCNTs in response to the applied strain [25]. Compared to all other
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experiments, the 20 nm experiment shows the most durable composite films, where the strain
softening was reduced for all cycles as the number of the layers increased. In addition, the
PEDOT:PSS film enhanced the elasticity of the 20 nm SWCNT film where the Young’s modulus
increased for the second and third layer. Again, we attribute the enhancement to the layer
thickness approaching the characteristic interfacial width between the two materials.
PEDOT:PSS fills the porous structure of the SWCNT network rather than forming sharp
interface. Figure 5.5 shows an example of this for a TEM image of the interfacial adhesion
between polymer and SWCNT films [25,28]. We attribute the PDOT:PSS results to a similar

effect.

Figure 5.5. TEM image of SWCNT-Polymer interface [25].

However, the 10 nm experiment showed a reduction in the Young’s modulus even with
an increase in the number of layers. This was explained by the thickness fluctuations in the
ultrathin SWCNT films when the films started to approach the percolation threshold: significant
fluctuations in thickness couple strongly to the rigidity of the layers and decrease performance.
The 2D percolation threshold of the SWCNT films used in this study is around 10 nm, and there

is limited enhancement in mechanical properties for a film that is thinner than 10 nm [25].
52



In addition, 40 nm showed a reduction in strain softening but the Young’s modulus was
reduced. In this case, the polymer film acted as plasticizer. PEDOT:PSS reduced the modulus but
enhanced the yield strain [25,28]. It is obvious in Figure 5.6 that PEDOT:PSS thin film has
eliminated the wrinkles in the second layer of the 40 nm experiment at the second strain cycle.
Here, the PEDOT:PSS film also reduced adhesion between the bilayer and the substrate due to

less favorable interactions between PEDOT:PSS and SWCNT at 40 nm thick films [25,28].

Figure 5.6. Pure SWCNT (a). Pure PEDOT:PSS (b). SWCNT-PEDOT:PSS bilayers (c) of the
40 nm experiment during the 2" strain cycle at 2% tensile strain in the horizontal direction.

To further enhance the mechanical properties of the SWCNT films, we need to optimize
the interfacial width by enhancing the compatibility between the two phases. Here, we
demonstrated that the PEDOT:PSS enhanced the mechanical properties of SWCNT without
introducing ionic bonding, which requires chemical treatment to the films [25]. In addition,
SWCNT films protected the PEDOT:SS film from structural damage a simple way and without
any physical or chemical treatments. Some of these treatments might prevent the PEDOT:PSS
films from being used in certain applications such as organic light emitting diode where the

active layer could be harmed [38].
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5.4. Conclusion

In conclusion, we have used the wrinkling approach to investigate the mechanical
properties of nanocomposite films consisting of SWCNT-PEDOT:PSS multilayers. We have
studied the durability and rigidity of PEDOT:PSS films sandwiched between two SWCNT films.
Among the three nanocomposites films, the 20 nm layers showed the most durable behavior,
which we attribute to the penetration of PEDOT:PSS into the porous structure of the SWCNT
network. The strain softening in the 20 nm and 40 nm experiments was reduced with an increase
in the number of layers. However, the 10 nm trilayer showed strain softening. Significant
fluctuations in thickness strongly coupled to the rigidity of the layers and decreased the
performance of the films with 10 nm layer thickness. In addition, the modulus of PEDOT:PSS
dropped with decreasing film thickness due to the reduction of crystalline structure in the
PEDOT:PSS. Our results suggest that the rigidity and durability of SWCNT-PEDOT:PSS
multilayer films can be enhanced for flexible electronics applications by focusing on film

thicknesses that are comparable to the interfacial length scale between the two layers.
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6. ENHANCING THE ELASTICITY OF ULTRATHIN SWCNT FILMS WITH
COLLODIAL NANOCRYSTALS
6.1. Introduction

Thin films and coatings are present in everyday life, from consumer products to
electronic devices. For most applications, fluid-based assembly techniques are beneficial for
their ease and scalability, while the rigidity and durability of the thin films are critical to their
performance. For some applications, such as touch-screen displays, solar cells, and light-emitting
diodes, the electrical characteristics of the film are critical. Within the rapidly evolving field of
nanomaterials, single-wall carbon nanotubes continue to show considerable promise and
potential for a wide range of applications. Their high Young’s modulus (1.2 TPa) makes them
suitable for nanocomposite applications, although their full mechanical potential has not yet been
realized. SWCNT thin film adhered to a soft substrate and compressed show plastic change
(strain softening) in some instances even under small strain. This is because of bundling between
SWCNTs mediated by van der Walls interactions between individual SWCNT, which is also
associated with small diameter, long length, and high aspect ratio [26].

Recently, the mesoscopic distinct element method (mDEM) was used to explore an
excluded-volume approach to stabilizing SWCNT networks against strain-induced plastic
change. The main motivation for this hypothesis was reducing the rearrangement of the SWCNT
network in response to an applied strain by filling the porous structure with a second
nanomaterial, specifically colloidal nanocrystals (NCs) [26,75].

In our work, the wrinkling approach was used to experimentally test the effectiveness of
the excluded volume method. Adhered hybrid SWCNT-NC bilayer films on a soft elastic

polymer substrate have shown a nearly two-fold enhancement in the Young’s modulus. This

55



enhancement was associated with a thin monolayer of NCs interpenetrating the SWCNT network
and preventing the SWCNTs from restructuring in response to the applied strain. The results
suggest potential routes to durable hybrid multifunctional nanocomposites films [26].
6.2. Materials and Methods
The experimental procedure was described in section 3.1.3 and Figure 3.6.
6.3. Results and Discussion
The wrinkling approach was used (described in section 3.2.1) to query the film
mechanics. The question of whether or not there was an enhancement in modulus associated with
the NC monolayer thus came down to a precise knowledge of how much the nanocrystals
increased the total thickness of the bilayer. To answer this, we utilized a combination of in situ
PL spectroscopy/microscopy and in situ AFM, as shown in Figure 6.1b-c. There is an AFM step-
height associated with a small jump in thickness at such an interface, with an overall average

value of Ah = (2.65 £ 0.25) nm indicated in Figure 6.1d [26].
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Figure 6.1. TEM image of a SWCNT-SWCNT/NC bilayer interface (20 nm scale) (a). PL image
of the bilayer edge over an underlying SWCNT film (10 um scale) (b). Overlay of PL and AFM
images for the region indicated by the yellow rectangle (5 um scale) (c¢). Mean step height from
SWCNT to NC based on the AFM data (d). Reprinted with permission from Ref. [26]. Copyright
2019 American Chemical Society.
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A significant change in wrinkling behavior associated with the presence of a CdSe NC
monolayer was clearly evident in composite reflection/PL optical micrographs (Figure 6.2) and
in situ AFM measurements of the wrinkling amplitude at the same type of

SWCNT-SWCNT/NC interface [26].
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Figure 6.2. Reflection optical micrograph of wrinkling at a NC film edge (2 = 21 nm, 10%
strain, 5 um scale) where the right panel is a composite PL image of the same spot (3 um scale,
NC = green) (a). Measured wrinkling amplitude measured with AFM on either side of the bilayer
edge (4 =40 nm, 10% strain) (b). Reprinted with permission from Ref. [26]. Copyright 2019
American Chemical Society.

Accounting for the measured Ak, Figure 6.3a-c shows the strain-dependent Young’s
modulus, both with and without the NC-capping layer, for three SWCNT films over varied
thicknesses. For the thinner SWCNT films, the Young’s modulus in the presence of the NC

monolayer exhibited almost a factor of two enhancement, while the thicker film still suggested

somewhat of an improvement in yield strain (Figure 6.3a) [26].
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Figure 6.3. Young’s modulus of SWCNT and SWCNT/NC for SWCNT film thicknesses of 13
nm (a), 17 nm (b), 40 nm (c). Reprinted with permission from Ref. [26]. Copyright 2019
American Chemical Society.

Filling the porous structure of a SWCNT network with second nanomaterial prevented
the nanotubes from restructuring in response to the applied strain. In Figure 6.4a-b, it is apparent
that the T1 and T2 SWCNT networks filled with NCs obtained by mDEM simulations are stiffer
than pure networks [9,15]. The Young’s modulus of a network with 2000 NCs was 9.7 GPa
while the pristine network was 7.2 GPa, at 1% tensile strain. These findings are similar to our

experimental results for the thinnest SWCNT films coated with NCs [26,75].
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Figure 6.4. Schematic of a SWCNT network filled with NCs (a). Stress-strain curve of SWCNT
(T1, T2) and SWCNT/NCs (T1 and T2 with 2000 NCs) based on mDEM simulations (b).
Reprinted with permission from Ref. [26]. Copyright 2019 American Chemical Society.
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6.4. Conclusion

In conclusion, the wrinkling approach was used to experimentally test the mechanics of
hybrid, structured nanotube/nanocrystal bilayers subjected to compressive strain on pre-stretched
elastic PDMS substrate. Our measurements indicated a nearly two-fold enhancement in the
Young’s modulus of ultra-thin films associated with the presence of a monolayer of nanocrystals.
These findings are in agreement with mDEM simulations demonstrating an elastic enhancement
for thin SWCNT networks filled with NCs. Physically, this is due to the second nanomaterial
filling the porous structure of the SWCNT thin film, which reduced the SWCNTs ability to

rearrange in response to the applied strain [26,75].
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7. DURABLE TRANSPARENT SWCNT/SiNC BILAYER FILMS
7.1. Introduction

Electronic technology is moving toward flexibility and durability. To accelerate this
development, it is necessary to have materials with outstanding related properties. Since their
discovery, single wall carbon nanotubes have received attention because of their unique one
dimensionality. Additionally, they have a high aspect ratio, and 1.2 TPa Young’s modulus. The
ability of SWCNTs to conduct electricity also makes them attractive for applications in
electronic materials. SWCNTSs can be either conducting or semi-conducting depending on their
molecular symmetry. These properties make SWCNTs ideal for optoelectronic applications,
while the sheet-like morphology of SWCNT films is beneficial for many other applications such
as touch screens and solar cells that require large contact area [25-27].

However, SWCNT films can suffer from plasticity when they are subjected to applied
strain. Previously, we investigated porous structures of SWCNT networks filled with a second
material such as CdSe NCs. In that work, we found a significant enhancement in the film
elasticity when the porous structures were filled by a second nanomaterial. The second
nanomaterial (NC) increased the mechanical stability of the network by filling the gap between
the SWCNTs. Moreover, nanocrystals are the best choice to enhance the elasticity of SWCNT
films due to a large surface to volume ratio [26].

The combination of SWCNT with other inorganic nanomaterials is a thus a promising
approach. Among semiconductor nanoparticles, silicon nanocrystals (SiNCs) have received
recent interest due to their low toxicity. Unlike bulk Si, SiNCs have shown photoluminescent
properties at different wavelengths depending on their size. SWCNT/NC nanocomposites might

replace fragile electrodes and enhance solar cell performance [79-80]. However, a full
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understanding of SWCNT-SiINC interactions is rather limited, and considerable effort will be
required to take SWCNT-SiNC nanocomposites to the industrial level.

In this work, we have investigated the mechanical properties of ultrathin SWCNT films
decorated with SiNCs. Specifically, we have utilized the wrinkling approach to extract the
Young’s modulus of SWCNT films coated with a thin layer of SiNCs. Using a spray coating
method to deposit the SINCs on SWCNT films, we found a nearly two-fold enhancement in the
Young’s modulus for ultrathin SWCNT films, while thicker film (~50 nm) suggested a reduction
in strain softening. As in previous sections, we attribute the enhancement of the ultrathin
SWCNT film elasticity to excluded volume effects, where SiNCs prevented the SWCNTs from
aggregating in response to strain. Our results suggest an easy and controllable way to synthesize
durable nanocomposites films for multifunctional applications.

7.2. Materials and Methods

The experimental procedure was described in section 3.1.4.

7.3. Results and Discussion

We have utilized the spray coating method to deposit SiNCs on top of SWCNT films
partially covered by a Kapton mask. As a result, a sharp interface exists between pristine
SWCNT and SWCNT/SINC bilayer. Additionally, we have used SIEBIMM (as covered in
section 3.2.1) to query the mechanics of such thin films adhered to elastic substrates. The
changes in wrinkling behavior observed between SWCNT and SWCNT/NC bilayer provide
information about the material’s response to an applied strain. The other important factor here is
how much the SiNC monolayer increases the total thickness of a SWCNT/SINC bilayer. To
address this, atomic force microscopy (AFM) was used to measure the monolayer thickness in

situ. Figure 7.1a shows a schematic diagram of the spray coating method of creating

61



SWCNT/SINC bilayers. We have kept the same distance (12 cm) between the spray gun and the
SWCNT film for all experiments. At fixed SiNC concentration and SiNC flow rate, we tested
different distances and found that dewetting occurs below 12 cm, with small circles of SINC
droplets instead of a continuous layer. On the other hand, a larger separation distance shows

discontinuities in the SINC monolayer with isolated islands.
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Figure 7.1. Schematic diagram of spray coating SiNCs onto a partially masked SWCNT film
(orange color mask) (a). AFM image of a SWCNT film edge (scale bar is 5 um) (b). Step height

of a SWCNT film in (c). Mean step height from SWCNT to SiNC based on AFM (d). TEM
image of SiNCs (scale bar is 4 nm) (e).

An AFM height image of a SWCNT film is shown in Figure 7.1b, where the step height
of the film is shown in Figure 7.1c. Additionally, Figure 7.1d shows a jump in the NC thickness
at such an interface with an overall average of (Ah =2.50 + 0.13) nm. The TEM image of SiNCs
is shown in Figure 7.1e and is associated with a NC size of 3 nm.

We have utilized equation 3.1 to extract the Young’s modulus of both pristine SWCNT

and SWCNT/SINC films. It was clear that the distance between each wrinkle in a bilayer was
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larger than the pristine SWCNT for a 30 nm SWCNT film, as shown in Figure 7.2a. The
wrinkling wavelength of the bilayer was higher than that of the pristine SWCNT (Apj1gyer >
Aswents) Without a significant change in the total thickness. In addition, the AFM wrinkling
amplitude of a SWCNT film and a SWCNT/SIiNC bilayer is shown in Figure 7.2b. The AFM
amplitude confirmed that the bilayer had fewer wrinkles in comparison to the pristine SWCNT,
which at comparable total thickness thus implies a stiffer film.
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Figure 7.2. Optical reflection image of 32 nm SWCNT-SWCNT/SINC interface where the
interface is indicated by a dashed line (a). AFM wrinkling amplitudes of 52 nm SWCNT and
SWCNT-SiNCs bilayer at 10% compressive strain in the horizonal direction (Sum scale) (b).
Accounting for both the buckling wavelength A and the total film thickness h, the strain
dependent modulus is shown in Figure 7.3 for five experiments with different SWCNT film
thicknesses. A significant enhancement in film elasticity is apparent for ultrathin SWCNT films

coated with SiNCs. The presence of the SiNC layer enhanced the Young’s modulus of the

SWCNT films up to two-fold.
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Figure 7.3. Strain dependent modulus of 16 nm (a), 25 nm (b), 27 nm (¢), 31 nm (d), and 52 nm
(e) SWCNT films with and without SiNC monolayer.

fill the porous structure of the SWCNT network [26,27]. Previously, we investigated the
elasticity of SWCNT films coated with CdSe NCs. There, we found a two-fold enhancement in
the Young’s modulus of ultrathin SWCNT films coated with CdSe NCs using the Langmuir-
Blodgett (LB) method. We attributed this enhancement to the excluded volume effect in the
presence of NCs monolayer [26]. In this work, however, we have used a different approach,
spray coating, to coat SiNCs on top of SWCNT films. Unlike LB, spray coating provides a larger
area of a uniform NC coating. Additionally, time was an issue in the LB method since we had to

wait for all solvent to be evaporated. However, spray coating is not suitable for CdSe NCs due to



SiNCs have promising applications due to the familiarity of the semiconductor industry
with Si-based electronics and these materials have less toxicity in comparison to CdSe NCs.
Hybrid SWCNT-SINC materials represent a promising area of research, especially the
combination of different electronic SWCNT types and SiNCs. Understanding these interactions
could have potential applications for LEDs and solar cells, for example, where high performance
is essential.

7.4. Conclusion

In conclusion, we have utilized a wrinkling approach to understand the mechanics of
SWCNT films coated with SINCs. The SWCNT films were adhered to elastic substrates, where
we have used a spray coating method to disperse the SiNCs on top of the SWCNTSs. A nearly
two-fold enhancement in the elasticity of ultrathin SWCNT films was indicated. We attributed
this result to the excluded volume effect of SINCs on the porous structure of the SWCNT
network. Our findings with SiNCs were similar to our previous work, where we found elasticity
enhancement in ultrathin SWCNT films coated with CdSe NCs. However, spray coating has the
potential to be a faster way to deposit the NCs. In addition, SWCNT-SiNC hybrids are a
promising nanocomposites material for many optoelectronic applications such as LEDs and solar

cells.
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8. OUTLOOK

Colloidal nanomaterials in general are of interest on a number of fronts, particularly in
the context of flexible thin films [76-118]. SWCNT films still face some challenges before they
can be implemented in flexible electronic devices. Synthesizing and producing SWCNTs
remains quite expensive. In addition, there is a potential health concern when it comes to
handling SWCNT in a dry state [119]. A full understanding of any potential health issues related
to SWCNTs is needed, as well as a reduction in SWCNT production costs.

Aside from the above concerns, SWCNT films can show plastic behavior when strain is
applied. This plastic deformation has the potential to limit the application of SWCNT films in
flexible electronic devices. Coating SWCNT films with polymers such as passive filler (PS) and
active filler (PEDOT:PSS) can reinforce the SWCNT films and reduce strain softening [25]. In
this dissertation, we studied the bulk limit of SWCNT-polymer multilayers and found that the
films have reached the bulk limit of SWCNT-polymer nanocomposites by six total layers (n = 6).
In addition, we found significant synergy between SWCNT and polymer occurring for
nanocomposites with a common thickness below 30 nm for both active fillers (PEDOT:PSS) and
passive fillers (PS) [25]. We attributed the enhancement to the characteristic interfacial width w
over which the polymer films penetrate into the porous structure. Further work is needed to
understand and optimize the characteristic interfacial width between SWCNTs and polymers
where thicker films should be reinforced instead of plasticized [25].

In addition, we have investigated the enhancement of SWCNT films coated with
nanocrystals (NCs) by focusing on changes in SWCNT film strain softening. Our goal was to
increase film elasticity by reducing the interaction between SWCNT bundles. Specifically, we

incorporated both CdSe and Si nanocrystals (NCs). We were able to enhance the film elasticity
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by up to a factor of two [26]. We have utilized two different deposition methods to deposit the
NCs: Langmuir-Blodgett (LB) and spray coating. We have utilized the LB method to coat
SWCNT films with CdSe NCs while a spray-coating method was used to coat SiNCs on
SWCNT films. Further work is needed to understand the presence/absence of NCs and how NC
concentration, for example, affects the nanocomposite film morphology. The synergy could be
further optimized through a design approach based on the relative Hamaker constants of
SWCNT-NC interactions and through a more efficient overlay deposition process that optimizes
the interpenetration of the NCs into the underlying SWCNT film. For these needs, the soft-stamp
approach is a promising transfer method to deposit NC superlattices onto SWCNT films. NCs in
a superlattice have the potential for enhanced the electrical properties in SWCNT/NC bilayers if
the tunneling resistivity between NCs is reduced. Such an effect would be attributed to the close
packing of NCs, which enhances the electron mobility of NC-NC junctions.

Strain-induced elastic buckling instability for mechanical measurements has been utilized
here to investigate the mechanics of the nanocomposites. SIEBIMM is a fast and inexpensive
tool in comparison to other techniques such as nanoindentation by AFM, an expensive and time-
consuming process. However, both SIEBIMM and AFM are destructive methods where the
sample will be damaged after testing. Thus, it is necessary to find a new method to query the
mechanics of SWCNT films and composites. A macroscopic viscoelastic approach is one
promising nondestructive method for studying the mechanics of thin SWCNT films [27]. The
van der Waals interactions between the individual SWCNTSs can be screened when a SWCNT
film suspended in a solvent is deformed and allowed to relax. The relaxation time associated
with the film thickness, length, and width can then be used to extract the Young’s modulus of the
SWCNT film [27].
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APPENDIX. FILMS THICKNESS VALUES

Table A1. Actual thicknesses of SWCNT-PS films. Odd n is SWCNT films while even n is PS
thin films [25].

n 10 nm Experiment 20 nm Experiment 40 nm Experiment
1 14.6 (nm) 20.5 (nm) 40.3 (nm)

2 10 (nm) 20.6 (nm) 42.3 (nm)

3 11 (nm) 18.4 (nm) 40 (nm)

4 10.4 (nm) 18.7 (nm) 41.6 (nm)

5 14.4 (nm) 19.8 (nm) 41.3 (nm)

6 11 (nm) 21.5 (nm) 40.8 (nm)

Table A2. Actual thicknesses of SWCNT-PEDOT:PSS films. Layers (n) 1 and 3 are SWCNT
films while » = 2 is PEDOT:PSS. Pristine PEDOT:PSS films are included (last row).

n 10 nm Experiment 20 nm Experiment 40 nm Experiment

1 12.88 (nm) 17.88 (nm) 41.45 (nm)

2 12.53 (nm) 20.05 (nm) 39.43 (nm)

3 14.63 (nm) 19.93 (nm) 39.03 (nm)
PEDOT:PSS 10.72 (nm) 20.16 (nm) 42.32 (nm)
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Table A3. Actual thicknesses of SWCNT-CdSe NCs bilayers. The 1% row is pristine SWCNT
and the 2" row is SWCNT/NC bilayer.

Layer 10 nm experiment 17 nm experiment 40 nm experiment
SWCNT 12.72 (nm) 15.70 (nm) 38.68 (nm)
SWCNT/NCs 13.30 (nm) 18.79 (nm) 40.40 (nm)

Table A4. Actual thicknesses of SWCNT-SiINC bilayers. The 1% row is pristine SWCNT films
and the 2" row is SWCNT/NC bilayer.

Layer 15 nm 25 nm 27 nm 30 nm 50 nm

SWCNT 13.43 (nm) 25.71 (nm) 27.56 (nm) 31.50 (nm) 52.50 (nm)

SWCNT/NCs  16.16 (nm)  24.86(nm)  28.71 (nm)  32.01 (nm)  53.21 (nm)
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